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ABSTRACT
In order to clarify the CO, exchange between the seawater and the overlying air during the sea-ice formation, we have

carried out tank experiments in a low-temperature room. CO, concentration above the sea-ice began to increase since
the beginning of the sea-ice formation, and increased at larger rates with time and the decrease in air temperature. This
increase of CO» concentration in air was mainly caused by the increase in dissolved inorganic carbon concentration in

the brine of the upper part of sea-ice, changes in CO; solubility and dissociation constants of carbonic acid. The CO,

flux increased logarithmically with time, and reached a level of 2 x 107* to 5 x 10™* g-C m~2 hr~! at 50 mm ice

thickness. We found that the CO, flux was correlated well with the salinity and negatively with the volume of the brine

in the upper part of the sea-ice. These suggested the larger role of the difference in partial pressure of CO, between
brine and air as compared to that of competitive change in the brine volume. Present results suggest the necessity to
examine the CO; exchange between the seawater and air in seasonal sea-ice areas.

1. Introduction

In high latitudes, oceans are covered with sea-ice whose extent
of surface area varies seasonally within a range of 3—6% of the
earth’s surface (Comiso, 2003), and the impacts of sea-ice cover
on the global environment are significant. For example, sea-ice
increases albedo, which implies an increase of short-wave so-
lar radiation that has simply been reflected back to space from
the surface. Discharge of brine from sea-ice to seawater leads
to dense water formation, which plays an important role in de-
termining ocean circulation and transferring carbon from the
surface to the abyssal depths of the ocean (Wakatsuchi, 1983;
Wakatsuchi and Ono, 1983; Anderson et al., 2004; Hoppema,
2004).

From the viewpoint of geochemical cycles, sea-ice has been
considered to impede the gas exchange between the ocean and
atmosphere (Tison et al., 2002 and references cited therein).
Hence, no carbon cycle models have included CO, exchange
between the two through sea-ice. However, there have been a
few studies that report the possibility of gas exchange through
the sea-ice. For example, Gosink et al. (1976) noted that, unlike
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ice formed from pure or freshwater, sea-ice is a highly perme-
able medium for gases when the surface temperature is higher
than —15°C. They evaluated the rate of penetration for gases
(CO,, sulphur hexafluoride, perfluoromethyl bromide and per-
fluoroethyl bromide) through the grain boundaries in sea-ice,
and briefly discussed the mechanism involved in this process.
Tison et al. (2002) indicated the gas composition change in the
bubbles of sea-ice during ice formation and melting on the basis
of tank experiments, and discussed the mechanism controlling
the composition of the bubbles.

Extensive sea-ice provides a unique habitat for polar biolog-
ical assemblages such as summer algal blooms, which signifi-
cantly affects the oceanic carbon cycle as well as the polar ma-
rine ecology (Arrigo, 2003). In the Arctic Ocean, a drawdown
of partial pressure of CO, (pCO,) in surface seawater occurs
from winter to spring/summer because of biological activities
(Semiletov, 1999; Pipko et al., 2002). Semiletov et al. (2004)
show that sea-ice melt ponds and open brine channels act as
an important sink for atmospheric CO, that must be included
in Arctic regional CO, budget. In the Southern Ocean, there
is a disagreement on estimates of air—sea CO; flux. For exam-
ple, the estimate using a combination of direct and climatolog-
ically derived pCO, measurements which were mainly on the
basis of Austral summer data ranged from 0.5 to 0.7 Gt-C yr~!
(Takahashi et al., 2002). On the other hand, the atmospheric
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(Rayner et al., 1999) and oceanic inverse models (Gloor et al.,
2003) gave lower atmospheric CO, uptakes of about 0.1 Gt-C
yr~!. A flux of about 0.1 Gt-C yr~! was determined from the total
dissolved inorganic carbon (DIC) and the total alkalinity (TA)
in seawater by including winter-time data (McNeil et al., 2005).
These studies suggest the necessity of better understanding of
the Southern Ocean winter-time CO, flux, including the effect
of sea-ice existence.

In this paper, in order to clarify the CO, exchange mecha-
nism and quantify CO, flux during sea-ice formation, we car-
ried out the tank experiments by using natural seawater in a
low-temperature room. We present direct evidence for CO, re-
lease from sea-ice by measuring the CO, concentration in the
air quasi-continuously, the DIC concentration, and the physical
properties of sea-ice. Processes controlling CO, flux through the
sea-ice are discussed in detail.

2. Experiment

2.1. Apparatus

The CO, measuring system consists of a sea-ice formation tank, a
non-dispersive infrared gas (NDIR) analyser (LI-6262, LI-COR
Inc., Lincoln, USA), a chemical desiccant column [Mg(ClOy),,
CDC], an electric dehumidifier (ED), solenoid valves (SV), a
diaphragm pump, a mass flow controller (MFC), a pressure gauge
and a data-acquisition unit connected to a personal computer
(PC) (left panel in Fig. 1). The squared sea-ice formation tank
(300 x 300 x 650 mm, right panel in Fig. 1) has been installed
in the low-temperature room. The tank is made of transparent
acrylic boards with 10 mm thickness and surrounded by the
insulator with 100 mm thickness to avoid freezing from the side
of the tank. We installed a stirrer under the sea-ice formation tank
and put a magnetic spinbar at the bottom of the tank to provide
homogeneous physical/chemical properties of seawater.
Sample seawater used in this experiment was collected off
the eastern coast of Hokkaido, the northern area of Japan and in

the sub-Arctic gyre of the western North Pacific. The salinity of
coastal water is relatively low (29.89-31.20), and high (33.45)
in the western North Pacific. Seawater was injected into the tank
up to 550 mm height from the bottom (49.5 L), and the top of
the tank was covered with an acrylic board (320 x 320 x 10
mm) attached with Teflon tube connectors that introduce sample
air into the NDIR analyser’s cell via the 1/4 inch Teflon tube.
In order to avoid any effects of pressure change during the sea-
ice formation on measurements of air CO, concentration in the
headspace of the tank, an aluminium bag (2 L, GL Science Inc.,
Tokyo, Japan.) has been used as a pressure regulator, and installed
at the outlet of the NDIR analyser.

In a closed circuit shown by the solid thick line (left panel in
Fig. 1), air was circulated at a flow rate of 125 ml min~". In order
to determine the CO, concentration precisely, it is necessary to
measure the sample air at the same condition as that of standards.
Prior to A/D integration of output voltage, we stopped the air-
flow for 25 s to establish temperature equilibrium in the NDIR
analyser’s cell. The small effect of pressure on measurements
of CO, concentration was corrected by the relationship between
output voltage of the NDIR analyser and pressure in the sample
cell of the analyser. Four standards (typically 324, 341, 363 and
406 ppm CO; in natural air) traceable to the WMO mole frac-
tion scale (Inoue and Ishii, 2005) were used to calibrate the CO,
measuring system prior to the sea-ice formation experiment.

2.2. Methods of experiment

Before sea-ice formation, air temperature in the low-temperature
room was kept constant at —1.3 °C (or +1.0 °C), and CO, con-
centration in dry air equilibrated with seawater was adjusted to
be in the range from 216 to 292 ppm by adding small amounts
of H;PO,4 or NaOH solution. Then we preserved the seawater
for 2 d, which was enough to establish equilibrium between the
seawater and overlying air. After the confirmation of constant
CO; concentration in the air of the headspace (2.5 ppm), the
experiment was initiated (elapsed time = 0 hr) by decreasing
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Fig. 1. Schematic diagrams of the CO;, measuring system (left panel) and sea-ice formation tank (right panel). In the left panel, solid thick lines
indicate the closed circuit that flows air to measure the CO, concentration in the headspace of the tank.
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room temperatures from —1.3 °C (4-1.0 °C) to those ranging
from —15 °C to —30 °C. For each experiment, the sea-ice thick-
ness grew up to about 50 mm to evoke natural sea-ice/seawater
conditions (Toyota, 1998). CO, concentration in the air has been
measured at 10 min intervals.

To examine the effect of salinity on the CO, release from sea-
ice, we conducted an experiment by using fresh water. Prior to
ice formation from fresh water, CO, equilibrium between the
water and overlying air was established, and room temperature
decreased from +1.0 °C to —25 °C. To avoid the destruction
of the sea-ice formation tank as a result of high pressures of
the ice from fresh water, we stopped the ice formation when its
thickness became about 30 mm.

The temperatures at 300 mm above the tank, at 50 mm above
the seawater surface (in the headspace of the tank), and at water
depths of 15, 30, 300 and 500 mm were measured by copper-
constantan thermocouples every 10 min. Sea-ice thickness was
measured visually every 3 hr.

The seawater samples for measurements of salinity (10 ml)
were taken carefully through a rubber cap placed 300 mm below
the seawater surface by using a plastic syringe every 6 hr. This
was stored in a room at ordinary temperature for a few days, and
salinity was measured with a TOA SALT ANALYZER SAT-210
(TOA Electronics Ltd., Tokyo, Japan). Standard deviation for
measurements of salinity was estimated to be 0.03 (n = 15).

The seawater samples for measurements of DIC (120 ml)
were sampled after the establishment of chemical equilibrium.
DIC concentration was determined by the coulometry technique
(Johnson et al., 1985). Working seawater standards traceable to
the Certified Reference Material distributed by Prof A. G. Dick-
son (Scripps Institution of Oceanography, USA) were used to
calibrate the DIC measuring system (Wakita et al., 2003). Ana-
lytical precision (1) was estimated to be 1.5 umol kg~! based
on duplicate seawater samples (n = 8).

At the end of the experiment, a piece of sea-ice (150 mm x
150 mm x about 50 mm) was removed, and kept in another low-
temperature room of —15 °C for a few days until it was ready for
analysis (Toyota, 1998). Two pieces of the sea-ice sample with 50
x 50 mm were then made by using an electric band saw, and each
piece was divided into three layers: the upper layer with 15 mm
thickness (layer 1), middle layer with 20 mm thickness (layer 2)
and bottom layer with 15 mm thickness (layer 3). We measured
the sea-ice bulk volume, weight and salinity after melting to
calculate the average brine volume fraction (F,) in sea-ice for
the two pieces by equations following Cox and Weeks (1983)
and Eicken (2003).

The brine volume fraction can be derived as:

Vo pSi

b=

vV prb’

6]

where V), is the brine volume, V is the sea-ice bulk volume, p
is the sea-ice bulk density and S; is the salinity after melting. In
a temperature range higher than —23 °C, brine salinity (S}) and

density (pp) in g cm™ as a function of sea-ice temperature and
salinity can be approximated by the following:

oo =1+8x 107y, )

5411\
Sb = 1 — T X ]OOO, (3)

where T is the temperature in °C.

3. Results & discussion

3.1. Experimental conditions

Table 1 summarizes the experimental conditions used for re-
spective experimental runs. In this work, we conducted exper-
iments at four different room temperatures. After decreasing
room temperature from —1.3 °C to —15 °C for Exp. 1, —20
°C for Exp. 2-A and 2-B, —25 °C for Exp. 3-A, 3-B and 3-C,
and —30 °C for Exp. 4, the room temperature was kept constant
during the experiment. The room temperature decreased from
+1.0 °Cto —25 °C for Exp. 3-D and 3-E. Air temperature in the
headspace of the tank was higher than that in the low-temperature
room. This is caused by the heat transfer from seawater to
air.

After decreasing the room temperature (elapsed time = 0
hr), it took 3.3-7.8 hr for the sea-ice formation tank to form
sea-ice at the seawater surface, except in Exp. 3-D, where it
took 11.8 h as a result of high seawater temperature (+1.0 °C)
when room temperature was decreased. The ice thickness in-
creased almost rectilinearly because ice thickness was very thin
in our experiment (Wakatsuchi, 1983). The growth rate of sea-ice
was calculated to be within the range from 0.9 to 1.8 mm hr™!
(Table 1) depending on the air temperature in the headspace,
and these values were approximately the same as those in the
Okhotsk Sea (Toyota et al., 2004).

Changes in the seawater salinity during the experiment (AS)
increased as a result of drainage of the high saline water (brine)
expelled via the brine channel. AS values showed large variabil-
ity for each experiment, and there were no correlations with the
ice growth rate (Table 1). Unfortunately, during the experiments,
there occurred a small amount of sea-ice formation (about 5 mm
thickness) on the side and bottom of the sea-ice formation tank,
caused by heat transfer from seawater to room air via the insu-
lator. Hence, salt balance calculated from seawater and surface
sea-ice volume, salinities and densities were not established.

3.2. Air CO; concentration

Increases in CO, concentration in the air before and after the
sea-ice formation (ACO,) were plotted against time in Fig. 2.
The time when ACO, began to increase agreed well with the
beginning of sea-ice formation. CO, concentration increased at
a larger growth rate with the growth of sea-ice, increasing by
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Table 1. Experimental conditions for each experiment
Temperature, °C Sea-ice Sea-ice
growth rate thickness,

Room Headspace 2Seawater bSea-ice + SE, mm hr~! ¢(?) mm AS
Exp. 1 —153 -7.0 —2.0to —2.4 —2.7t0 =2.5 0.9 + 0.05 (0.96) 45 2.66
Exp. 2-A —20.2 —8.7 —1.7t0 -2.2 —3.1t0 —2.9 1.4 +0.04 (0.99) 50 3.23
Exp. 2-B —21.8 -7.8 —19t0 2.2 —3.3t0 -2.6 1.5 +£0.18 (0.96) 55 3.23
Exp. 3-A —-259 -9.9 —1.8t0 —24 —3.8t0 —2.8 1.6 = 0.09 (0.98) 53 3.61
Exp. 3-B —25.6 —10.0 —1.6t0 —2.3 —3.9to —3.1 1.6 £ 0.10 (0.96) 55 2.27
Exp. 3-C —25.8 —-10.4 —1.5t0 -24 —3.8t0 3.1 1.8 £0.12 (0.95) 53 3.04
Exp. 3-D —26.6 —10.0 —2.1to =2.5 —3.8to—34 1.3+ 0.15 (0.96) 53 3.19
Exp. 3-E —24.4 -9.0 —0.2t0 —0.3 - - 30 0
Exp. 4 —30.7 —10.7 —1.8t0 —2.5 —4.1t0 —3.3 1.7 £ 0.13 (0.96) 50 3.09

4Seawater temperatures at the beginning of sea-ice formation ranged from —0.2 °C to —2.1 °C, which was caused by the rapid cooling near the
surface, and super-cooling of seawater (Wakatsuchi, 1974). At the end of the experiment, the seawater temperature was about —2.4 °C, except for

Exp. 3-E, due to super-cooling of seawater (Toyota, 1998).

bTemperatures at 15 and 30 mm below the sea-ice surface at the end of experiment.
¢72 indicates the squared correlation coefficients of the linear fitting for estimations of sea-ice growth rate.
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Fig. 2. Time-series of the CO, concentration in the air above the
sea-ice for Exp. 1 (—pink), Exp. 2-A (—orange), Exp. 2-B
(—yellow), Exp. 3-A (—light blue), Exp. 3-B (—red), Exp. 3-C
(—blue), Exp. 3-D (—yellow green), Exp. 3-E (—black), and Exp. 4
(—purple). ACO;, indicates the increase in CO, concentration since
the beginning of decreasing room temperature to form the sea-ice. The
horizontal dashed line indicates the ACO, = 0 ppm.

90-150 ppm at the end of the experiment (Table 2) except for
Exp. 3-E. For Exp. 3-E, at the beginning of ice formation, ACO,
increased slightly (5.5 ppm). During ice formation, ACO, was
constant within the range of 1.3 ppm. The slight increase in
ACO,; at the beginning of ice formation might be caused by
the same process that occurred during sea-ice formation. Before
cooling the room temperature (elapsed time < 0), the CO, con-
centration in the air equilibrated with the seawater was constant
for all experiments. After cooling, ACO, decreased slightly due
to the temperature effect on pCO, in seawater (4.23% °Cl;
Takahashi et al., 2002).
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Table 2. CO, concentration in the air before and after ice formation,
and DIC concentration and salinity in seawater prior to sea-ice
formation

2CO;2, A CO,, Elapsed time, DIC,
Experiment  ppm ppm hour umol kg~!  Salinity
Exp 1 235.1 123.8 553 2181.8 30.96
Exp 2-A 257.1 121.1 44.0 2112.6 30.60
Exp 2-B 291.4 92.5 37.7 2159.3 33.45
Exp 3-A 226.0 1493 36.0 2379.1 31.20
Exp 3-B 2875  133.7 35.7 - 30.02
Exp 3-C 2159 139.6 35.7 - 29.89
Exp 3-D 269.7  136.1 50.5 2196.6 33.45
Exp 3-E 261.0 35 222 553 0
Exp 4 236.6 1493 335 2117.5 31.08

2CO; concentration in dry air equilibrated with seawater at —1.3 °C or
+1.0 °C (Exp. 3-D and Exp. 3-E)x.

YCO; concentration increased by 5.5 ppm at the beginning of ice
formation (see text).

*pCO; can be calculated by multiplying a factor of about 0.994.

If no outgas occurred from the brine, the relative increase
in DIC concentration will be equal to that of salinity, which
would lead to a significantly high pCO, value. By measur-
ing two variables describing the carbonate system in seawa-
ter, we could calculate the pCO,; in the brine/seawater during
the sea-ice formation. The CO, solubility was given as a func-
tion of temperature ranging from —1°C to 40°C and salinity
from 0 to 40 (Weiss, 1974). Equilibrium constants of carbonic
acids were also given as a function of temperature from 0°C to
45°C and salinity from 5 to 45 (see e.g. DOE, 1994; Millero,
1995). For all experiments, brine salinity was higher than 42
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Table 3. The brine salinity and brine volume fraction for each
experiment

Brine salinity: S Brine volume fraction : Fy, %

Experiment Layer 1 Layer2 Layer 3 Layer 1 Layer2  Layer3
Exp. 1 48.1 45.7 432 155 16.4 19.2
Exp. 2-A 56.7 51.7 46.6 13.8 16.0 22.3
Exp. 2-B 59.9 51.0 41.9 - - -
Exp. 3-A 68.5 56.6 444 124 12.6 235
Exp. 3-B 73.6 58.6 43.0 13.8 12.9 20.4
Exp. 3-C 69.8 58.6 47.0 13.3 14.0 224
Exp. 3-D 68.0 61.6 55.1 - - -
Exp. 4 75.2 62.4 49.3 9.7 13.5 22.3

(Table 3) and sea-ice (brine) temperature was lower than —2°C
(Table 1). The equilibrium constants reported earlier as func-
tions of temperature and salinity may have lead to the results
that deviated fairly largely at conditions during sea-ice forma-
tion, but would help us to discuss changes in pCO, at least quasi-
quantitatively. As examples, we have calculated the pCO; in the
brine existing in layer 1 of Exp. 1 and that of Exp. 4. Due to the
condensation effect of DIC and changes in solubility and dis-
sociation constants, the pCO, increased by 203 patm from 234
patm for layer 1 of Exp. 1 and by 667 patm from 235 patm for
that of Exp. 4. During the sea-ice formation, salinity of seawater
below sea-ice increased by 2.7 to 3.6 (Table 1). The pCO; in
seawater increased by 28 patm for Exp. 1 and 32 patm for Exp.
4, which are smaller than the increase of air CO, concentration
observed for each experiment. These results show a predomi-
nant role of the brine in sea-ice by adding CO, to the air in the
headspace.

Previous work for sea-ice formation experiments in the lab-
oratory reported an abiotic drop in pH in the brine with ionic
strength, and a smaller increase in DIC concentration in the
brine as compared with salinity (Papadimitriou et al., 2003).
The sea-ice formed in this work is expected to be permeable for
gases since surface temperature was higher than —15°C (Gosink
et al., 1976).

In addition to the changes in DIC concentration, equilibrium
constants and CO, solubility, CaCO; precipitation can result in
enrichment of CO, (Anderson and Jones, 1985; Killawee et al.,
1998; Marion, 2001; Papadimitriou et al., 2003):

Ca’* 4+ 2HCO;~ — C,CO; + H,0 + CO,. 4)

In our experiment, the temperature in sea-ice was within the
range of which the precipitation of CaCO3 could occur. But, the
concentration of phosphate, which interferes the precipitation of
CaCOj; (Killawee et al., 1998) was also high because we used the
coastal seawater, sub-Arctic surface water in the western North
Pacific, and H3POy, solution to adjust pCO, in seawater. At the
moment, we have no data that allow us to discuss the precipita-

tion of CaCOs. If the precipitation of CaCO; took place in the
brine, the pCO, was higher than that calculated from solubility
and dissociation constants. A good reproducibility conducted at
different concentrations of DIC and pCO,; in seawater suggests
the relatively minor role of CaCO; precipitation in determining
the CO; flux through the sea-ice.

The present results show that pCO, in the brine is extremely
high when compared with that of seawater bulk. Therefore, gas
bubbles trapped in sea-ice can be expected to contain a high
concentration of CO, (Miyake and Matsuo, 1963; Tison et al.,
2002).

3.3. CO; flux from sea-ice to overlying air

We calculated the CO, flux from sea-ice to the headspace of the
tank by using changes in the CO, concentration measured every
10 min. The time series of CO; flux for each experiment during
sea-ice formation were plotted in Fig. 3. The CO, flux increased
at a larger rate initially, and tended to increase gradually during
the rest of the experiment. The CO, flux occurred largely with
decreases in air temperature. We fitted the CO, flux data to the
logarithmic function to evaluate the magnitude of CO, flux at
the same thickness of sea-ice formed at different temperature
(Table 4).

Here, we examined the relationships between the CO, flux at
50 mm thickness and brine salinity and brine volume fraction
for each layer. The CO, flux at 50 mm thickness versus brine
salinity at layer 1 is shown in Fig. 4a. CO, fluxes at 50 mm
were correlated well with brine salinity of layers 1 and 2, but
not for layer 3 (r> = 0.79 for layer 1, r> = 0.66 for layer 2 and
r? = 0.07 for layer 3; data not shown for layers 2 and 3). Next,
the flux versus brine volume fraction at layer 1 is also shown in

b 3

3
Saif ]
£ ) |

=)

CO, flux (x10* g-C m™ hour™)
[\e}

10 20 30 40 50
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Fig. 3. Time-series of the CO; flux for Exp. 1 (—; pink), Exp. 2-A
(—; orange), Exp. 2-B (—; yellow), Exp. 3-A (—; light blue), Exp. 3-B
(—; red), Exp. 3-C (—; blue), Exp. 3-D (—; yellow green), Exp. 4 (—;
purple). The horizontal dashed line indicates the CO; flux = 0 g-C
m2hr!.
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Table 4. The CO; flux expressed as logarithmic functions of time and
CO;, flux at a thickness of 50 mm

€CO; flux + SE,

Experiment 2Equation b2 g-Cm~2 hr!

Exp. 1 05In () +3.6x 1073 049 (2.140.03) x 10~*
Exp. 2-A 1.1In(r) —13 0.76 (2.8 +£0.04) x 10~*
Exp. 2-B 2.01In () —3.9 071  (3.5+0.10) x 10~
Exp. 3-A 14In () —1.0 0.74  (4.0£0.06) x 10~*
Exp. 3-B 0.91n () +0.2 071  (3.5+0.04) x 10~*
Exp. 3-C 1.6In(r) —1.6 0.65 (3.9 +0.08) x 10~
Exp. 3-D 1.6In () —2.8 0.77 (3.4+0.06) x 107*
Exp. 4 17In(r)—13 0.83 (4.6 +£0.06) x 10~*

4Equation was expressed as logarithmic function with time (¢), since
the beginning of sea-ice formation.

bThe value 2 indicates the squared correlation coefficient(s) for the
least-squares fitting of the logarithmic function.

€CO; flux at 50 mm ice thickness.

Fig. 4b. The two were negatively correlated well at layers 1 and
2, and not for layer 3 (r> = 0.81 for layer 1, r> = 0.69 for layer
2 and r2 = 0.48 for layer 3).

Without sea-ice, the CO, flux between the seawater and over-
lying air (J) can be estimated by the product of the gas transfer
velocity (k), solubility of CO, (o, Weiss, 1974), and difference
in pCO, between the seawater and air:

J = ka (pCO3" — pCO3) , (5)

where superscript ‘sw’ means the seawater and ‘a’ the air.
Equation 5 is based on the fact that CO, transfer between sea-
water and air is controlled by processes in the near-surface water
(Liss, 1973). If the processes determining the CO, flux from the
sea-ice occur near the surface of brine existing in the upper part
of sea-ice (Fig. 4), we could use the follow equation to express
the CO, flux,

J = ryka (pCO;—pCO3) (6)

where ry, is the ratio of surface of the brine channel to sea-ice
surface, which is probably proportional to the volume fraction,
F,, and pCOzb — pCO,? is the difference in pCO, between the
brine and air. The CO, flux increased along with the increase
of the difference in pCO, between the brine and the air (Fig. 5)
although r, of layer 1 was expected to decrease. This indicates
a larger contribution of the difference in pCO, between the two
phases to the CO, flux. If we assume that the value of ry, is equal
to that of F,, we can determine the gas transfer velocity. In the
film model of gas transfer developed by Whitman (1923), the
gas transfer velocity can be related to the thickness of the film
(z) by k = D/z, where D is the molecular diffusion coefficient of
CO; in water (Broecker and Peng, 1982). While the experimental
results of air—water gas transfer do not support the film model to
express the processes between the water and the air (Holmen and
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for Exp. 1 (open circle), Exp. 2-A (open triangle), Exp. 2-B (open cross
circle), Exp. 3-A (open square), Exp. 3-B (open diamond), Exp. 3-C
(open reverse triangle), Exp. 3-D (cross), and Exp. 4 (open star).
Dashed line indicates the linear fitting line for each experiment (r? =
0.79). (b) CO; flux at 50 mm thickness versus brine volume fraction at
layer 1 for Exp. 1 (solid circle), Exp. 2-A (solid triangle), Exp. 3-A
(solid square), Exp. 3-B (solid diamond), Exp. 3-C (solid reverse
triangle), and Exp. 4 (solid star). Dashed line indicates the linear fitting
line for each experiment % =0.81).

Liss, 1984; Wanninkhof, 1992), the film thickness gives us a clue
concerning the rate-determining step of CO, transfer from the
sea-ice. The thickness of the film was calculated to be less than
a few hundred micrometres (Broecker and Peng, 1982), which
rationalizes the use of Eq. (6).

By using a buffer factor 8 and the relationship between DIC
and salinity discussed above, Eq. (6) can be expressed as

J = roka {pcogﬂ <Sb - S°/50> — (pCO3 — pcog)} NGO

In Eq. (7), superscript 0 means ¢ = 0, the time when chemical
equilibrium between the seawater and the air was established.
Equation 7 indicates that the CO, flux is proportional to the rel-
ative increase in salinity. The present experiment shows a good
relationship between CO, flux at the same sea-ice thickness
and brine salinity in the upper layer (Fig. 4a), which is partly
due to the relatively large contribution of the first term of the
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Fig. 5. CO; flux at 50 mm thickness versus the difference in pCO,
between brine and overlying air (pCO2® — pCO,?) at the end of the
experiment for Exp. 1 (open circle), Exp. 2-A (open triangle), Exp. 2-B
(open cross circle), Exp. 3-A (open square), Exp. 3-D (cross), and Exp.
4 (open star). rpk calculated from the difference in pCO, between brine
and overlying air at the end of the experiment, seawater solubility and
CO, flux was 0.32 cm hr~! for Exp. 1, 0.14 cm hr~! for Exp. 2-A, 0.15
cm hr~! for Exp. 2-B, 0.14 cm hr~! for Exp. 3-A, 0.12 cm hr~! for
Exp. 3-D, 0.12 cm hr~! for Exp. 4. pCO,* was calculated by assuming
barometric pressure of 1 atm and saturated water vapor of brine in layer
1 (Weiss and Price, 1980).

right-hand side of Eq. (7) and the fairly same value of pCO,%/S°
for each experiment. In order to discuss the CO, flux during
sea-ice formation more quantitatively, data about variations in
rp, and pCO," are needed.

We estimate the amount of CO, transferred from the sea-
ice to the air during the sea-ice formation at an air tempera-
ture of —10°C (Table 1), and compared it with the total amount
of DIC in seawater and brine. At the end of the experiment,
about 0.06% of carbon in seawater (49.5 L) was released to the
air. Assuming conservative properties of DIC, we evaluated its
amount in seawater that became sea-ice by using eqs. (1)—(3),
and volumes and densities of sea-ice/seawater. The amount of
CO, transferred to the air corresponded to 0.8% of the total
amount of DIC in seawater that became sea-ice. About one third
(32.3%) remained in the sea-ice, and two-thirds (66.9%) were
injected into the seawater below the sea-ice due to drainage of the
brine.

Present results suggest CO, release from the sea-ice to the air
during the sea-ice formation period in high latitudes; however,
there are only few data that allow us to evaluate variations in
CO; flux from the sea-ice. If we use the average CO, flux at an
air temperature of —10°C (3.7 x 10™* g-C m~2 hr™!) listed in
Table 4, the surface area and duration of sea-ice growth period
(Comiso, 2003), we could calculate the CO, flux from the sea-ice
in both hemispheres. The amount of CO, released from sea-ice
was calculated to be 13 Mt-C yr~! in the Northern Hemisphere

(10 x 10" m?, 150 d) and 31 Mt-C yr~! in the Southern Hemi-
sphere (16.5 x 10'° m?, 210 d). This is an example when we use
the experimental CO, flux of 3.7 x 107 g-C m~2 hr! to cal-
culate the amount of CO, release from sea-ice in high latitudes.
However, the calculated CO; flux in both hemispheres shed light
on the importance of CO, budget during the sea-ice formation
process. It is necessary to measure CO, exchange between the
seawater and the overlying air in sea-ice formation/melting area
to understand the carbon budget in high latitudes in both hemi-
spheres.

4. Summary

In order to clarify the CO, exchange between the seawater and
overlying air during sea-ice formation and the factors controlling
it, we have carried out tank experiments in a low-temperature
room, installing an ice formation tank made of acryl (300 x
300 x 650 mm). The top of the acrylic tank was covered with
an acrylic board to measure the CO, concentration in the air
above the sea-ice. During the formation of sea-ice frozen from
natural seawater (49.5 L), we measured the CO, concentration
in the air (10 L) by using a NDIR analyser installed outside of
the low-temperature room.

To evoke natural sea-ice/seawater conditions, we made sea-ice
at a growth rate ranging from 0.9 to 1.8 mm hr~! until its thick-
ness became 50 mm. The growth rate of sea-ice was controlled
by changing the air temperature in the low-temperature room
from —15°C to —30°C. At these conditions, the air temperature
above the sea-ice became —7.0°C to —10.7°C.

The CO, concentration above the sea-ice began to increase
since the beginning of sea-ice formation, and increased largely
against unit increases in time, and the decrease in air tempera-
ture above the sea-ice. At a sea-ice thickness of 50 mm, CO,
concentration increased by 90 to 150 ppm. During the sea-ice
formation, the salinity of seawater increased by 2.7 to 3.6, which
led to the increase of CO, concentration by 28 to 32 ppm (DOE,
1994; Millero, 1995). This CO, was considered to be released
from the brine through the brine channel. The larger increase of
CO,; concentration during sea-ice formation occurred due to the
increase in DIC concentration in the brine of the upper part of
sea-ice, changes in CO; solubility and dissociation constants of
carbonic acid, and possibly by the precipitation of CaCOs;.

The CO; flux from the sea-ice to the air increased logarithmi-
cally with time, and reached to the level of 2 x 10™*to 5 x 10~
¢-C m~2 hr™! at 50 mm sea-ice thickness. The present results
show that the CO, flux increased along with the difference in
pCO, between brine and air in spite of decreases in the brine
volume. During the sea-ice formation, less than 1% of the total
amount of DIC in seawater that became sea-ice was transferred
to the air. The present results suggest that sea-ice growth acts as
a CO; source for the atmosphere and is not a simple insulator
for CO, exchange between the sea and overlying air. At the mo-
ment, however, we do not know the CO, flux from the seasonal
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sea-ice in high latitudes; therefore, it is necessary to examine the
CO, exchange between the seawater and the air in the seasonal
sea-ice formation area.
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