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Fig. 1.

Schematic diagrams of the CO, measuring system (left panel) and sea-ice formation tank (right panel).

The CO; measuring system consists of a sea-ice formation tank, a non-dispersive infra-red gas (NDIR) analyz-
er (LI-6262, LI-COR. Inc.), a chemical desiccant column (Mg(ClO4)s, CDC), an electric dehumidifier (ED), so-
lenoid valves (SV), a diaphragm pump, a mass flow controller (MFC), a pressure gauge, and a data acquisi-
tion unit connected to a personal computer (PC) (left panel). The squared sea-ice formation tank (300 mm x
300 mm x 650 mm, right panel) has been installed in the low-temperature room at ILTS, Hokkaido Universi-
ty. 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. (From Nomura ez al. 2006)
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Fig. 2. Time-series of the CO; concentration in the air above the sea-ice for each experiment for Exp. 1 (pink:

CO, flux (X 10 g-C m™ hour")

—15°C of room temperature, used seawater), Exp. 2-A (orange: —20°C of room temperature, used seawater),
Exp. 2-B (yellow : —20°C of room temperature, used seawater), Exp. 3-A (light blue : —25°C of room tempera-
ture, used seawater), Exp. 3-B (red: —25°C of room temperature, used seawater), Exp. 3-C (blue: —25°C of
room temperature, used seawater), Exp. 3-D (yellow green: —25°C of room temperature, used seawater), Exp.
3-E (black: —25°C of room temperature, used MQ water), and Exp. 4 (purple: —30°C of room temperature,
used seawater). CO; indicates the increase in CO, concentration since the beginning of decreasing room temper-
ature to form the sea-ice. CO; concentration increased at a larger growth rate (lower room temperature) with
the growth of sea-ice, increasing by 90 to 150 ppm at the end of the experiment 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 con-
stant 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; concentration in the air equilibrated with the seawater was constant for all experi-
ments. After cooling, ACO, decreased slightly due to the temperature effect on pCO; in seawater (4.23 %°Cl,
Takahashi et al, 2002). The horizontal dashed line indicates the COs = 0 ppm. (From Nomura ez al. 2006)

6 [ Fig. 3. CO; flux versus the difference in pCO; be-

[ 1 tween brine and overlying air (pCO2 prine—pCO2 4ir)
5F 3 .

[ % i at the end of each experiment for Exp. 1 (open

4 b o B circle), Exp. 2-A (open triangle), Exp. 2-B (open

e x ] cross circle), Exp. 3-A (open square), Exp. 3-D

3k A 3 (cross), and Exp. 4 (open star). The CO; flux in-

i ] creased along with the increase of the difference

2F © - in pCO; between the brine and the air. We also

. found that the CO; flux was correlated well with

1 3 B the salinity and negatively with the volume of the

oberie brine in the upper part of the sea-ice (see Nomura

0 100 200 300 400 500 600 et al., 2006). These suggested the larger role of the

difference in partial pressure of COs; between

pCO," — pCO,* (i atm) brine and air as compared with that of competi-

tive change in the brine volume. (From Nomura ez
al. 2006)
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Fig. 4. (a) Photographs of the CO; flux chamber
system during the spring melt-onset north of Sval-
bard during the Norwegian Polar Institute's Cen-
tre for Ice, Climate and Ecosystems (ICE) cruise
in 2011 on R/V Lance (Station ICE11-11 on 30
April 2011) and (b) scaled close up of one of the
chambers. (¢) Schematic diagram of the CO, flux
chamber system. Sample air from the chambers
was passed at a flow rate of 1.0 L min~! by a dia-
phragm pump (P) through 1/4 in. Teflon tubes
connected to a non dispersive infrared gas (NDIR)
analyzer, a chemical desiccant column of Mg(ClO,)2
(CDCQ), solenoid valves (SV), and a mass flow con-
troller (MFC). Solid and dashed lines indicate the
closed loop of flowing air for measuring the air
CO; concentration in the chambers and the elec-

tric circuit, respectively. (From Nomura et al.
2013a)
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Fig. 5. Relationships between the Feow/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. 2010, star: 11 Jan. 2010, cross: 18-19 Jan.
2010), JARES1-S (plus), ICE11-11 (triangle) and ICE11-20 (square). JARES] is the 51st Japanese Antarctic
Research Expedition. Snow surface CO; flux (Fsnow) measures CO; flux at the snow-atmosphere interface.
CO; flux measurements over the flooded slush layer (Fapq) were similar to measurement of Fgnow, except
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. Fsuow/Frooa ratio indicated the measure how potential
COq flux across the flooded slush surface was reduced due to the presence of the snow and/or superimposed-
ice. In order to characterize the ice surface condition combined with snow depth and density, the water
equivalent of snow was calculated by multiplying snow depth by snow density. For stations where superim-
posed-ice was formed over the flooded slush layer, water equivalent of superimposed-ice was also evaluated.
A strong relationship between the Fgnow/Frood ratio and water equivalent suggests that the CO; flux is clear-

ly affected by snow and superimposed-ice properties. Dashed lines indicate the fitting curve used to describe
the relationship. (From Nomura ez al. 2013a)

500 . 500pym

Fig. 6. Photographic image of ikaite crystals from
first-year Arctic pack ice, overlying snow and
slush layers during the spring melt-onset north of
Svalbard during ICE cruise in 2011 on R/V
Lance. (From Nomura et al. 2013b)
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Fig. 7. Size distribution of dp.x for ikaite crystals
(n = 918) from first-year Arctic pack ice during
the spring melt-onset north of Svalbard during
ICE cruise in 2011 on R/V Lance. The image
analysis program Image] was used to investigate
the shape and size of the ikaite crystals from mi-
crographs. The dm.y indicates the maximum cali-
per diameters for each crystal. (From Nomura ez
al. 2013b)
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Fig. 8. Relationship between log-transformed bulk-
ice DMSP+DMS and chlorophyll a concentrations
in the Antarctic sea ice during the 48th Japanese
Antarctic Research Expedition (JARE48) over
fast ice in Liitzow-Holm Bay off Syowa Station,
Antarctica. The combined concentration of total
DMSP and DMS (DMSP+DMS) were measured
for melted ice samples. The chlorophyll a concen-
trations in melted sea ice samples were used as
an indicator for the abundance of the ice algae
within sea ice. Dashed line indicates the fitting
curve used to describe the relationship. (From
Nomura et al. 2011a)
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Fig. 9. Relationship between DMS concentrations
in slush and melt pond water and DMS fluxes
measured over the slush (Fgush) and the snow
and superimposed ice (Fys) at the melt pond, ice-
crack, and time series stations. These measure-
ments were done over landfast multi-year sea ice
in Litzow-Holm Bay, off Syowa Station, Antarcti-
ca during the 5lst Japanese Antarctic Research
Expedition (JARE-51). (From Nomura et al. 2012)
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Fig. 10. Vertical profiles of (a) NOs~, (b) NH;", (¢) NOy~, (d) POs*™ and (e) Si(OH)4 concentrations in snow, sea
ice and under-ice water in the southern Sea of Okhotsk during cruises on Japan Coast Guard icebreaker P/V
Soya in the southern Sea of Okhotsk on February 2007 (blue) and 2008 (red). The solid blue and light blue
bars indicate the portion of the sediment layers for St. Al and A2, respectively. Inset in (a) indicates the NO3~
concentration in snow. High NO;~ and NH," concentrations were found in snow and snow-ice implying that
these were supplied from the atmosphere with snowfall and incorporated into the sea ice through snow-ice
formation. In the sediment-laden layers, which were categorized as frazil ice, NO; ", PO®~ and Si(OH) concen-
trations were highest of all the ice types and considerably enriched compared to parent seawater, suggesting
the remineralization of the particulate organic matter. On the other hand, NOs; concentrations in sediment lay-
ers were low (depleted), leading to extremely low N (NO3 +NH, +NO;) : P ratios in sediment layers, from 0.2
to 0.8, with respect to that of under-ice water or Redfield ratio. These results suggest that in part of sediment-
laden layers fixed-nitrogen was removed partially as molecular nitrogen (N») from the sea ice environment by
anaerobic nitrate reduction processes (denitrification) by denitrifying bacteria while adding phosphate from
associated remineralization of organic phosphorus. (From Nomura ef al. 2010c)
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Effects of sea-ice growth and decay processes on the
biogeochemical cycles in the polar oceans

Daiki NOMURA"?

Abstract

In order to understand effects of sea-ice growth and decay processes on the biogeochemi-
cal cycles in the polar oceans, field observations in the Arctic, Antarctic, and Sea of Okhotsk
as well as laboratory experiments were carried out. Sea-ice has not been considered in estima-
tions of biogeochemical cycles, especially in gas exchange, in ice-covered seas because of the
assumption that sea-ice acts as a barrier for atmosphere-ocean exchange. However, recent
works have shown that sea ice and its snow cover play an active role in the exchange of gas-
es between the ocean and atmosphere. In this paper, results obtained in my previous studies
were reviewed.

Key words : CO,, sea ice, biogeochemical cycles, and polar oceans.
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