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Abstract. Partial pressure of CO(pCOp) in surface wa- 1 Introduction
ter and vertical profiles of the carbonate system parameters _
were measured during austral summer in the Indian sectofhe Southern Ocean is an area of a large, @@x between
of the Southern Ocean (64-%63, 32-58 E) in January 2006  ocean and atmosphere because of its large surface area and
to understand the CQdynamics of seawater in the seasonal strong regional winds (Sabine and Key, 1998). Furthermore,
ice zone. Surface-wateiCO, ranged from 275 to 400 patm, Wwater formed in the Southern Ocean ventilates the intermedi-
and longitudinal variations reflected the dominant influenceate and deep depths of much of the world ocean (Rintoul and
of water temperature and dilution by sea ice meltwater be-Bullister, 1999). Limited seasonal observations show that the
tween 32 and 40E and biological productivity between 40 air-sea CQ flux in the Southern Ocean varies over a wide
and 58 E. Using carbonate system data from the temperaturéange, reflecting its oceanographic complexity (e.g., Taka-
minimum layer (1.9°C<7 <—1.5°C, 34.2<§<34.5),we  hashietal, 2009). Recently, McNeil et al. (2007) computed a
examined the winter-to-summer evolution of surface-watertotal CO; uptake of—0.4thCyeaT1 by the Southern Ocean
pCO, and the factors affecting it. Our results indicate that on the basis of C@partial pressure{CO) in surface wa-
pCO, increased by as much as 32 patm, resulting mainlyter, calculated from carbonate system parameters in seawater
from the increase in water temperature. At the same time athat were parameterized separately for the summer and win-
changes in sea ice concentration and surface-waf,, ter seasons as a function of temperature, salinity and nutrient
the air-sea C@ flux, which consists of the exchange of levels. More recently, however, Takahashi et al. (2009) es-
CO; between sea ice and atmosphere, changed fri o timated a smaller C@uptake of—0.05 GtCyear? by in-
+0.9 mmol C nr2day ! between winter and summer. These corporating newpCO, data from the 2000s and from the
results suggest that, for the atmosphere, the seasonal ice zoseasonal ice zone (SIZ), where relatively higBO; exists
acts as a C@sink in winter and a temporary GGource in  in the water under the ice (Bakker et al., 1997, 2008; Rubin
summer immediately after the retreat of sea ice. Subsequer@t al., 1998; Bellerby et al., 2004) and where the release of
biological productivity likely decreases surface-wah€O, CO; to the atmosphere is limited to.small areas of open water
and the air-sea COlux becomes negative, such that in sum- (€.g., polynyas, leads and cracks) in the ice-covered area.
mer the study area is again a £€6ink with respect to the The SIZ is the region where sea ice covers the surface of
atmosphere. the ocean in winter and melts in summer (Moore and Abbott,

2000). The distribution of surface-wateCO; in the SIZ in

the Southern Ocean is characterized by large variability in
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space and time. In winter, both supersaturation and underfokyo, Japan). This system consisted of a unit for the re-
saturation of surface-waterCO, with respect to the atmo- moval of water vapor in sample air (a chemical desiccant
sphere has been reported (Hoppema et al.,1995; Bakker epblumn (Mg(ClQ);) and an electric dehumidifier). Seawa-
al., 1997; Rubin et al., 1998; Gibson and Trull, 1999; Stoll etter was taken continuously from a depth of about 10 m and
al., 1999; Bellerby et al., 2004; Metz| et al., 2006; Takahashiintroduced into the shower-type equilibrator (Inoue and Ishii,
et al., 2009). McNeil et al. (2007) demonstrated the seasona2005). A non-dispersive infrared gas analyzer (Model 800,
difference of surface-watgrCO, between winter and sum- LI-COR, Inc., Lincoln, NE, USA) was used as the detector
mer in the Southern Ocean, and both positive and negativéor CO, concentration measurements. The analyzer was cal
differences were distributed inhomogeneously. These resultibrated every 1 h with four C@standards (200, 266, 320 and
suggest that it is difficult to characterize the seasonal andl00 ppm) traceable to the World Meteorological Organiza-
areal surface-wategrCO; distribution in SIZ. tion mole fraction scale (Inoue and Ishii, 2005). For measure-
In winter, sea ice formation and the associated release ofments of atmospheric CQconcentration, air samples were
brine to the underlying seawater is the main driver of deeppumped through a Teflon tube from the ship’s mast and intro-
water formation, and this process contributes to the forma-duced to the C@analyzer every 6 mirpCO, was calculated
tion of high-pCO, water (Nomura et al., 2006; Rysgaard et from xCO, taking into account the saturated water vapor
al., 2007). Respiration creates higlcO, water during the  pressure and atmospheric pressure. The precisigrCal,
season of low sunlight. In addition, sea ice may inhibit the measurements was less than 2 patm, as estimated on the ba-
release of C@from the sea surface to the atmosphere, lead-sis of the uncertainty of the rise in seawater temperature be-
ing to the accumulation of Cfunder the sea ice, although tween the surface and a non-dispersive infrared gas (NDIR)
recent studies have proposed thatd©released directly analyzer (1 patm). The rise of seawater temperature between
from sea ice (Nomura et al., 2006; Miller et al., 2011; Geilfus the surface and the equilibrator was typically AC7 and the
et al., 2013). On the other hand, observations of low surfaceeffect of the seawater temperature rise on the measured value
water pCO, during winter (e.g., Hoppema et al., 1995; Stoll of pCO, was corrected using the isochemical temperature
et al., 1999) have been explained as a remnant of jG@, dependence gfCO, given by Copin-Montegut (1988).
water formed during earlier seasons (Sweeney et al., 2000; Sea surface temperature (SST) and salinity (SSS) were
Sweeney, 2003; Hales and Takahashi, 2004; Metzl et al.measured continuously with a CT sensor (Falmouth Sci-
2006; Takahashi et al., 2009). In general the literature depictentific, Inc., Cataumet, MA, USA). The accuracy of tem-
CO, dynamics in the SIZ as a complicated subject because operature and salinity is£0.005°C and +0.001, respec-
the sparsity of samples and imprecision in the parameterizatively. Seawater samples were taken in order to cali-
tions for processes including eddy mixing, ice formation andbrate the salinity sensor. Sea surface fluorescence was
melting and biological processes (Takahashi et al., 2012). measured with a fluorescence probe (WETStar, WETLabs
This study investigated the dynamics of €@ seawa- Inc., Philomath, OR, USA) at an inlet of the equilibra-
ter and its interaction with the atmosphere on the basis otor. The sensitivity of this probe is 0.03ugt (http://
surface-watepCO, data and the vertical profile of carbon- www.wetlabs.com/content/wetsjarThe fluorescence was
ate systems in the SIZ in the Indian sector of the Southerrconverted to the chlorophylk concentration based on
Ocean, measured in January (austral summer) of 2006. Wihe relationships between fluorescence and chlorophyll
used data from vertical profiles of carbonate system parameconcentration determined by a fluorometer (Model 10AU,
ters in the temperature minimum layer to analyze changes ifurner Designs, Inc., Sunnyvale, CA, USA) for the
the surface-watepCO, and evaluate their relation {CO, same water sample. The detection limit of this fluorome-
dynamics of the surface water and air—seg @Qx. ter is 0.025 pg £ (http://www.turnerdesigns.com/products/
laboratory-fluorometer/10au-laboratory-fluoromgter
Vertical profiles of temperature and salinity were mea-
2 Methods sured with a conductivity—temperature—depth (CTD) probe
(SBE 911 plus, Sea-Bird Electronics, Bellevue, WA, USA)
We sampled from the R/\Umitaka-Maruin the Indian sec-  that was calibrated by the manufacturer before and after the
tor of the Southern Ocean (64-63, 32-58 E) from 12 to  cruise. In addition, seawater samples were taken to calibrate
19 January 2006 (Fig. 1 and Table 1). Stations L1-8 were fathe salinity sensor. Seawater samples were collected verti-
from the coast, and station FG3 was near the coast of Antarceally (0, 10, 20, 30, 50, 75, 100, 150, 200 and 500 m) in
tica (Fig. 1). rosette-mounted 2.5 L Niskin bottles (Ocean Test Equipment,
During the cruisepCO, in surface water was evaluated Inc., Lauderdale, FL, USA). Seawater was subsampled into a
through the underway water measuring system (Inoue and20 mL amber glass vial (Maruemu Co., Ltd., Osaka, Japan)
Ishii, 2005; Nakaoka et al., 2009). G@oncentration (mole for the determination of dissolved inorganic carbon (DIC)
fraction of CQ in dry air; xCOp) was measured quasi- and total alkalinity (TA) and into a 500 mL Nalgene polycar-
continuously in the air equilibrated with seawater using anbonate bottle (Thermo Fisher Scientific, Inc., Waltham, MA,
automated C@ measuring system (Nippon ANS Co. Ltd., USA) for the determination of chlorophydl concentration.
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Figure 1. Location map of the sampling area in the Indian sector of the Southern Ocean showing the cruise track (blue line) and CTD station
locations (red circles). Bathymetric contours are at 750 m intervals.

Table 1. Sampling dates, times (UTC) and locations of CTD sta- mum layer (TML). Tomczak and Liefrink (2005) proposed
tions. that a water mass beneath the summer surface water with a
temperature between1.9 and—1.5°C and a salinity be-
Station Datein2006 Time Latitude Longitude tween 34.2 and 34.5 constitutes the TML, and the TML is

°S) CE) thought to retain the winter condition. Therefore, we used a
L1 13 January  10:23 65.0 36.0 salinity of 34.25 for the normalization of DIC and TA data
L2 13 January 03:31 65.3 36.0 as an initial condition before the change by the input of ice
L3 12 January 22:25 65.7 36.0 meltwater.
L4 12 January ~ 03:49 66.2 36.0 Satellite images of sea ice concentration near sampling
L5 14 January ~ 16:59  65.0 38.0 stations were derived from passive microwave imagery
L6 14 January 22:36  65.3 38.0

from the Advanced Microwave Scanning Radiometer—Earth

t; 12 \J]Z:E:g 8253(1) 22; 23'8 Observing System (AMSR-Etp:/nsidc.org/data/amsre
FG3 19 January 0719 659 514 the Level-3 gridded product (AE_SI12) was downloaded

from http://nsidc.org/data/ae_silSpatial resolution was a
12.5kmx 12.5km grid, and temporal resolution was 1 day;
we used 8-day averages of data in this study. For deriving

Immediately after DIC and TA sampling, a saturated mercuryS€@ €€ concentrations, we used the enhanced NASA Team
chloride (HgCh) solution (100 pL) was added to stop biolog- (NT2) algorithm. _
ical activity. Samples for the measurement of DIC and TA Satellite images of the chlorophydl concentration near

were stored in a refrigerator a#4°C until analysis. Samples ©Ur sampling stations were derived from Sea-viewing
for chlorophyll a measurement were immediately filtered Wide Field-of-view Sensor (SeaWiFsS) data from NASA

through 25 mm Whatman GF/F filters, and filters were stored(ttP://0ceancolor.gsfc.nasa.gov/SeaW)r-Specifically the
in a deep freezer«80°C) until analysis (Suzuki and Ishi- Standard Level-3 products of 8-day composite SeaWw-

maru, 1990). Chlorophyli concentration was determined by 17> chlorophyll concentration data. We derived chloro-
fluorometry (Parsons et al., 1984). phyll a concentrations with the OC4 chlorophyll algo-

DIC was determined by coulometry (Johnson et al., 1999)rithm (O'Reilly et al., 2000) I(\ttp://ocegncolor.gs_fc.nasa.
using a coulometer (CM5012, UIC, Inc., Binghamton, NY, gov/REPROCES_SING/R2009/00\)!68pat|§1I resolution was
USA). The precision of DIC analysis from duplicate deter- & 9 kmx 9km grid, and temporal resolution was 1 day; we
minations is within0.1 % (Wakita et al., 2003). TA was de- used 8 days of composite data in this stgdy._ Cannizzaro et
termined by the improved single-point titration method (Cul- &!- (2013) compared chlorophylidata from in situ and Sea-
berson et al., 1970) using a pH meter (PHM240, RadiometelIFS mezasurements and found that they were highly cor-
Analytical, Lyon, France). The precision of the TA analysis rela_tgd ¢ = 0.84,n = 289) although SeaWiFS values were
from duplicate determinations is withit0.2 % (Wakita et ~ POSitively biased by 259%.
al., 2003). Measurements for DIC and TA were calibrated
by using the certified reference material distributed by the
A. G. Dickson of Scripps Institution of Oceanography. To
correct for the effect of dilution on DIC and TA due to the
melting of sea ice during the winter-to-summer transition,

DIC and TA data were normalize@&{DIC andr-TA) to a
salinity of 34.25, the mean value of the temperature mini-
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3 Results 420
(@)
3.1 Longitudinal distribution of pCO,, SST, SSS § %0 - ——
and chlorophyll @ concentration & 0]
2 300 ]
Surface-watepCO, ranged from 275 to 399 patm, and mean 260
air pCO, was 366.2t 4.0 patm (meantl1 SD) (Fig. 2a). 10

Most pCO; in surface water was undersaturated with re- 1®

spect to the atmosphere in the area between 38 ah&.58
Surface-watepCO, decreased from 399 patm at 3628/
to 275 patm at 4%E and then increased to 340 patm &t B3
Chlorophylla concentrations ranged from 0.2 to 0.9 pg'L.
(Fig. 2b), reaching their maximum at 425B. SST ranged 2.0
from —1.5 to+1.2°C and was generally low in the areas of
33-40 and 45-58 (Fig. 2¢). SSS ranged from 32.5t0 34.1,
reaching its minimum at 3% (Fig. 2d).

Chlorophyll a (ug L-")
o
S

SST (°C)

3.2 Satellite images of sea ice and chlorophyd _20
concentrations 345

3 ) . . 34.0 1
Temporal images of the sea ice concentration near sampling

stations were shown in Fig. 3. Before the middle of Decem-
ber 2005, the area near the sampling stations was >80 % cov-
ered by sea ice (Fig. 3a). In the middle and at the end of De-
cember 2005, sea ice areas decreased from north to south
(Fig. 3b—d). Sea ice was absent north of stations L1-8 in
the middle of January 2006 (Figs. 3e, f and 4a). Sea ice just
reached its minimum before disappearing in the summer in
the middle of March 2006 (Fig. 3g). For station FG3, sea ice
concentration began to decrease in early November 2005 and
covered less than 80 % of the surface until the middle of De-
cember, when coverage grew again to 80% (Fig. 4a). The o~
sea ice minimum occurred later here (end of February) than s 2
at the other stations (middle of January) (Fig. 4a). 30 33 36 39 42 45 48 51 54 57 60
Temporal images of the chlorophyllconcentration near Longitude (°E)
our sampling stations were shown in Fig. 5. After sea ice
had retreated, chlorophyll concentrations near sampling
stations increased, particularly near the ice edge (Figs.
and 5). At station FG3, a rapid increase of chlorophylNas
observed in early February (Fig. 4b). At the other stations,
chlorophylla concentration remained constant from January
to March 2006.
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Figure 2. Longitudinal distribution of surface-watesCO, (a),
Xhlorophylla (b), SST(c), SSS(d) and location mayge). Blue line
in (a) indicates atmospherigCOo.

The n-TA decreased slightly with depth (Fig. 6d). Chloro-
phyll @ concentration was low at the surface and below
3.3 \Vertical profiles of temperature, salinity, n-DIC, a 130m depth although some stations had peaks up to

-1 .
n-TA and chlorophyll a concentration 1.0pg ™" deeper than 50 m (Fig. 6e). _ _
For station FG3, near the coast of Antarctica, vertical

For stations L1-8, vertical temperature profiles indicatedprofiles showed lower temperature, salinity an®IC and
higher temperatures above a 30 and below a 100 m depth arltigher chlorophylla concentration than at stations L1-8
lower temperatures between these depths (Fig. 6a). SalinitfFig. 6). For n-TA, profiles at all stations were similar
was low in the top 30 m, particularly at station L8 (32.5), and (Fig. 6d).
increased up to 34.7 with depth (Fig. 6b). The TML was at
a 50 m depth at stations L1-8 and at 200 m at station FG3
(Fig. 6). 4 Discussion

The n-DIC was almost constant in the top 50 m of the
water column (1 SB= + 4 umol kg™1) (although differentat  The longitudinal distribution ofpCO, in surface water
each station), then increased down to a 100 m depth (Fig. 6c)aries with environmental factors. To understand the fac-
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D. Nomura et al.: Winter to summer evolution of pCO> in surface water and air—sea CQ flux 5753

66°S

68°S - Antarctic continent - Antarctic continent

11-17 December 2005

8-14 January 2006
|

68°S Antarctic continent

18-24 December 2005

Antarctic continent

15-21 January 2006
70°S !

64°S

66°S

68°S Antarctic continent Antarctic continent

‘ 12-18 March 2006

25-31 December 2005
70°S I

64°S

30°E 36°E 42°E 48°E 54°E 60°E

N 7T =

0 10 20 30 40 50 60 70 80 90 100

Sea ice concentration (%)

68°S - Antarctic continent |

1-7 January 2006
Il

70°S S
30°E 36°E 42°E 48°E 54°E 60°E

Figure 3. Seasonal variation in sea ice concentration in the study area for 1&);118—24(b), 25-31 December 200%&), 1-7(d), 8-14
(e), 15-21 January 200%) and 12-18 March 2006, representing the annual minimum ice ¢gydmages derived from AMSR-E satellite
data.

tors controlling surface-watgrCO,, we compared theCO, Previous studies in spring and summer have reported both
distribution with chlorophylle, SST and SSS. The chloro- undersaturation of surface-watgpCO, with respect to the
phyll @ concentration was low (020.0ugL1) (mean atmosphere (Rubin et al., 1998; Metzl et al., 1999, 2006;
+1SD) (median=0.2 ugL~1) between 32 and 4@ and  Chierici et al., 2004; Inoue and Ishii, 2005) and supersatura-
relatively high (0.4 0.1 pug L) (median= 0.4 ugL-1) be-  tion (Bakker et al., 1997, 2008; Jabaud-Jan et al., 2004; Shim
tween 40 and 58E (Fig. 2b). Figure 7 compares surface- et al., 2006). Ishii et al. (2002) reported that surface-water
water pCO;, with SST for longitudes 32-40, 38—-40 (an area pCO, changed from supersaturation to undersaturation with
strongly affected by meltwater dilution) and 40=%8 At respect to the atmosphere after the retreat of sea ice near our
32-40 E, the increase in surface-wate€O, with SST was  study area. Bakker et al. (2008) observed the same transition
14.4 patn?C1, or 3.9%°C~1 (Fig. 7a); this is close to the in the Weddell Gyre as retreating sea ice gave way to biolog-
previously estimated value of 4.29€! due to thermody- ically productive water.
namic effects (Takahashi et al., 2002). For the area affected The TML is thought to retain the chemical characteris-
by freshwater input, particularly at 37-4B (Fig. 2d),pCO, tics of the surface mixed layer in winter (Ishii et al., 1998,
decreased due to dilution by meltwater from sea ice (Fig. 7b)2002; Rubin et al., 1998; Hoppema and Goeyens, 1999; Pon-
although surface-watepCO, was also dependent on SST daven et al., 2000). In the TML, carbonate system parame-
(4.6%°C1). In 40-58 E (Fig. 7c), there was no signifi- ters were nearly identical at all stations (2202 umol kg1
cant relationship between surface-wap0, and SST. In  for n-DIC, 2328+ 2 umolkg! for n-TA), and we treated
this biologically productive aregCO; in surface water was these values as representative of winter conditior3IC )
apparently strongly affected by biological processes. and n-TAw)). Surface-waterpCO; in winter (pCOoyw))

was computed frome-DIC ) andn-TA, at the freezing

www.biogeosciences.net/11/5749/2014/ Biogeosciences, 11, 5743-2014
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o4 [ ‘ revised by Dickson and Millero (1987) and tli&o, deter-
\qg Rt oy 37 mined by Dickson (1990). The resulting value @€ Ooyw)
l = was 349.9t 6.4 patm, which agrees well with theCO, in

winter derived frompCO,—SST relationship (Fig. 7a).

Carbonate system parameters are changed by various pro-
cesses, including biological (photosynthesis and respiration),
gas exchange (C{release and uptake) and carbonate min-
eral dissolution and formation (Anderson and Sarmiento,
1994; Zeebe and Wolf-Gladrow, 2001). A plot afDIC
againstn-TA in water above the TML (Fig. 8) suggests a
complex mix of these processes. Stations L1 and FG3 appear
Antecticconient to be governed by biological or gas exchange processes. The
data establish regression lines with a slope 6f1 for station
L1 and—0.5 for station FG3, which are similar to those for
biological (slope= —0.14) and gas exchange (slope 0)
processes. The decreasingeDIC from TML during winter
to summer transition (Fig. 8) would reflect photosynthesis or
| a CO release. The areas around these stations (Stations L1
008 ah Antarctc contnent By and FG3) were characterized by rapid ice melting and retreat
(Figs. 3 and 4a), thereby starting gas exchange at the air-sea
interface and promoting biological productivity at the ocean
surface (Figs. 4 and 5). High chlorophyliconcentrations in
vertical profiles (Fig. 6e) also reflected high biological pro-
ductivity at the surface, particularly for station FG3.

For station L8, the slope of the regression line is 1.7
(Fig. 8), similar to that of the carbonate mineral process
25 January - 1 February 2006 (slope= 2.0) for the precipitation of ikaite (CaGQ 6H,0)
during sea ice formation (Dieckmann et al., 2008; Nomura et
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al., 2013b) and its dissolution during the ice melting season
O_H—U O}H ‘ 05 | .2_0 (Rysgaard et al., 2013). The increas@ oA from TML dur-
Chiorophyll @ (ug L") ing winter-to-summer transition (Fig. 8) would reflect ikaite
dissolution during the ice melting season.
Figure 5. Seasonal variation in chlorophyll concentration in the The low salinity (32.5) at station L8 at the surface (Fig. 6b)

study area for 1-8a), 9-16(b), 17-24 Januarfc) and 25 January— s clear evidence of the influence of meltwater. Based on the

1 February(d) from SeaWFS_ imagery. White area indicates no data change in salinity from 34.25 in winter to 32.5 in summer in

due to the presence of sea ice or clouds. the upper 20 m of the water column, we calculate that sea ice
thickness was 1 m. The amount of ikaite in Antarctic sea ice

. . has been estimated to be 100-900 umofkige (Rysgaard
temperature of-1.8°C using the program CO2SYS, version ) N T .
peratur using brog versl et al., 2013). Under the assumption that all ikaite in sea ice

01.05 (Lewis and Wallace, 1998). We used the carbonate dis-" . i . . .
sociation constantsk andK) of Mehrbach et al. (1973) as Is dissolved in sea ice and that meltwater is supplied to the
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Figure 7. Relationship between surface-waje€O, and SST for

32-40 E (a), the area affected by freshwater input (SSS <33.0) in
38-40 E (b) and 40-58E (c). Dashed lines are best-fit lines de- (ApCOow)T = Z(dpCOuy/dt)T,

scribed by the regression equations. The black squaga)imdi-

cates surface-watgrCO; in winter (349.9 patm), calculated from  where (¢pCOy/df)T was evaluated from the following
the carbonate system parameters in the TML.
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upper 20 m of the winter water column, the meltwater input
should alter-DIC from 2206.6 to 2211.6—2251.6 pmolid
andn-TA from 2327.6 to 2337.6-2417.6 umolky during
the transition from winter to summer at station L8. These
n-DIC andn-TA variations correspond to aCO, decrease
from 380.7 to 300.3—-370.0 patm at constant salinity (34.25),
temperature (0C) and barometric pressure (1atm), as cal-
culated using the program CO2SYS. Our estimate is consis-
tent with ikaite formation and dissolution, which has been
proposed as a contributor to changes in carbonate system pa-
rameters during the ice melt season (Fransson et al., 2011,
Rysgaard et al., 2013). For the remaining stations (L2 and
L4-7), a complex mixture of processes appears to be operat-
ing (Fig. 8).

We calculated the winter-to-summer evolution of surface-
waterpCQOy in terms of four factors in the following equation
(Bakker et al., 1997; Shim et al., 2006):

ApCOxwwios)= (ApCO)T + (ApCOon) F
+ (ApCOow) B + (ApCOw) R,

)

where ApCOowwios) is the pCO, change from winter
(349.9 patm) to summer (observe€O,), (ApCOuy) T is
the pCO, change from the temperature effeas f(COy) F
is the pCO, change due to air—sea G@ux, (ApCOyy) B
is the pCO, change from biological activity and\pCO,\)
R is aresidual term mainly reflecting upwelling, mixing and
variability of water masses including carbonate mineral dis-
solution/formation.

For the first term, we calculated the dependence of tem-
perature on surface-watgerCO, for each week and then
summed these for the period from winter to summer:

@)

equations (Takahashi et al., 2002):

(dpCOw/dN)T = pCO(11) — pCO(10), 3

Biogeosciences, 11, 5743-2014
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1 OL2 OL4 OL5 OL6 OL7 OL8 OFG3‘ pCOZa is the atmo_sphenq?coz (366 patm), A is the sea
2370 T— - - ice concentrationy is the wind speed from NCEP (National
] CaCO, dissolution [l Centers for Environmental Prediction) reanalysis (Kalnay et
] 4 al., 2006) and Sc is the Schmidt number (Wanninkhof, 1992).
2360 T Photosynthesis/ CO, Th differi .. di h . .
1 oo wptake | ere are differing opinions regarding the parameterization
1| release Respiration ) of the gas exchange process in the polar ocean (Ho et al.,
T; 2350 11 _ / 2006; Edson et al., 2011). In this study, observational data
= JlL Cecosformaten _ A were obtained from the open ocean and we assumed that sea
g 23401 ’ ice may or may not act as an insulator under the normal water
< 1 @ condition. Therefore, we used the parameterization of Wan-
i Vo ninkhof (1992) in this study.
€ 2330 I AP0 /008y, o : I
] e . S For the third term, we calculated the contribution of the
2320 1 ) biological effect on surface-wateCO, for the period from
1 57 y OO winter to summer:
L[ A — (ApCO2) B = —B - pCOzw)(NCP /TDIC), 9)
2180 2190 2200 2210 2220

n-DIC (umol kg™")

where pCOoww) is winter pCO, in surface water
(349.9 patm) and NCP is the net community production,

: . . - _ evaluated as follows:
Figure 8. Relationships between the salinity-normalized DIC (

DIC) and salinity-normalized TA#-TA) for water samples shal- ZTMin

lower than the TML. The inset indicates theoretical slopes of theNCP= _/0 [(n—=DIC(z2)) —n—DICtmL

different processes affectimgDIC andn-TA. Blue and red lines in-

dicate theoretical slopes for Cag@issolution/formation and pho- §(2)p(2)/34.29]dz,

g’lscy r::;:ligﬁzpiﬁzt?&,LrespectlveIy. The gray square indieates where Ztmin is the depth of the top of the TMLy-DIC (z)

' is the value ofz-DIC at depthz, n-DICtyL is the value of

n-DIC in the TML, andS(z) and p(z) are, respectively, the

salinity and density of seawater at depth

Table 2 summarizes the resulting contributions of tem-
perature, air-sea gas exchange and biological effects on

(10)

pCOoy (1) = pCOL(20) - exp[0.0423Tt1— Tt0)]. (4)

In these equations, is time (g <r1) andT is the tempera-
ture of seawater in the°1x 1° grid of optimal interpolation  the winter-to-summer evolution of surface-waje€O, for
analysis data from Reynolds et al. (2002). each station. Between winter and summer, the surface-water
For the second term, we calculated the dependence of airpCO; for stations L1-8 increased by 15.4 to 42.0 patm (posi-
sea CQ flux on pCO;, for every week and then summed tive ApCOxww t0's), and the contribution of temperature was
these for the period from winter to summer: dominant (30.4—40.9 patm). Surface-wae€O, for sta-
tion FG3 decreased by 13.2 patm (negathyeCOowwto s),
and biological production was the greatest contributor
(—23.8 patm) for negativé\pCOxyw to sy The NCP value
(13.5gC n72) at station FG3 was the highest among all sta-
tions, supporting this result. The high chlorophygllcon-
centrations near station FG3 (Figs. 2b, 4b and 5) are also
consistent with this result. A previous study reported even

where is the buffer factor (we used the value of 14 from higher NCP values, up to 34g Cth in this area in Febru-
Takahashi et al., 1993&02( ) is the CO flux between air a7y (Ishii et al., 1998). Station L8 had a smaller value of

and water, and TDIC is the total amount of DIC between thetAhp Coz"tv(f’tv)tot.s) (15f'f'h“itm) trt]han _sdtatllop S tLl_Z and th.erlte
surface and the top of the TML. To calculdteo,, we used h_ehco(g_rl u f{?‘n ? © I(')u'; ’ ][e5| fua ac ?r wats ?st;?e0|aL8y
the following equation: igh. Given the low salinity of surface water at station

(Fig. 6b), we believe that the residual factor mainly reflects
Fco, . =k-s(pCOx— pCOuy) - (100— A)/100,  (7) the effects of meltwater containing carbonates on surface-
(@-w) water pCO,.

Taken together, our results suggest that the seasonal in-
crease of surface-waterCO, is mainly caused by the in-
crease in water temperature from winter to summer in the
wherek is the gas transfer velocity (Wanninkhof, 1992; Taka- area of stations L1-8 (Table 2). For station FG3, biologi-
hashi et al., 2009)s is the gas solubility (Weiss, 1974), cal productivity is the dominant factor (Table 2). Figure 9

(ApCOa) F = £(dpCOn/di) F,

where (pCO,y / dt) F was evaluated as follows (Bakker et
al., 1997):

(dpCOu/dN) F = B - pCOm(Feoy, , /TDIC), (6)

k = 0.26u%(Sc/660 %, (8)
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Month of 2005 to 2006 fect was dominant at 32—4&. The positive excursion of this

. o . pCQO, differential at 40-58E would be explained by bio-
Figure 9. Seasonal variations of simulated surface-wa@0; and  |ogical productivity (Fig. 2b), which would redugeCO; ops
SST(a) and sea ice concentration and £@uxes (b). Simulated e gimilarities of the longitudinal distributions pCO, and

P Clozl itn o(laf) s conitrainted bytthe value ir; wiqterth(34_|§)'\./£|>Luakt):n) chlorophylla concentrations are consistent with these rela-
calculated from carbonate system parameters in the ( ac%ionships (Figs. 2b and 10).

square) and the value observed during our observation perio .
(381.5 patm) (black circle). The CQ flux between air and waterFéoZ(a_W)) also

changed in synchrony with the variations of surface-water
pCO, (pCOzy) and sea ice concentration (Fig. 9). In
) _ ) Eq. (7), we treated sea ice as a barrier too@®change be-
is a graph of the calculated seasonal relationships betweegeen air and sea. Thereforkgo, was defined as zero
(a-w)

Earartejters I'_'l tgev\?ter] tlr? our study area asss_rrepresfenteﬂnt" sea ice concentration decreased in late December. Dur-
y stations L1=c. Wi € summer rse in » SUMAce-;y ice retreat, surface water was an early C@urce to

wgterp CQ, rises above gtmosphenc Ievgls n [ate Decemberthe atmosphere because of its supersaturation with respect
(Fig. 9a). Although we did not document it during our obser-

vation period, biological productivity in the study area should to the atmospherez(Flg. ?a). Theref?@(a_w) reached up
increase, as we observed at station FG3 (Figs. 4b, 5, 6e), aftdp +0-9mmol C nr“day™" at the beginning of January 2006
the retreat of sea ice (Fig. 9b). This development would trig-(Fig- 9b). Subsequently, photosynthesis and carbonate crys-
ger the depression of surface-waeEO, reported by Ishii talsin seaice meltwatervyould IpprOzW to the point that
et al. (1998) and Bakker et al. (2008). the water became a GGink (Fig. 9a). OUfFCOz(a,W) (0.0

We examined the longitudinal distribution gfCO, to +0.9 mmol C nt? day 1) falls within the range £8.2 to
(Fig. 2a) to evaluate the thermodynamic dependence of-7.2mmol Cnr?day ') reported in previous studies in the
surface-waterpCQO, in the study area (Fig. 10), using SIZ (Bakker etal., 1997; Metzl et al., 1999, 2006; Chierici et
the difference between calculated and obserygdO, al., 2004; Nakaoka et al., 2009).
(pCO2cal — pCOzop9. We computedpCOycqy from n- Although our estimate treated sea ice as impermeable
DICw) and n-TAw) at the observed SST and SSS us-to CO, exchange, recent studies have proposed thai CO
ing the program CO2SYS. ThugCO, ¢4 indicates only  exchange occurs through sea ice (Semiletov et al., 2004;
the thermodynamic effect on surface-wae€0O,. There-  Delille, 2006; Nomura et al., 2006, 2010a, b, 2013a; Zem-
fore, the difference betweepCO;cq and pCO; ops re- melink et al., 2006; Loose et al., 2009; Miller et al., 2011;
flects other effects (e.g., biological effects) on surface-wateiGeilfus et al., 2012). Early during the period of ice growth,
pCO; from winter to summer. This difference was near pCO, of brine in sea ice attains supersaturation with respect
zero (-0.54+ 7.5 patm) between 32 and 4B and as large to the atmosphere with decreasing temperature and increas-
as +100 patm §¢47.5+ 16.3 patm) between 40 and 9B ing salinity (e.g., Papadimitriou et al., 2003). Thus, brine
(Fig. 10). These results suggest that the thermodynamic efehannels can emit GOto the overlying air and, if the ice

www.biogeosciences.net/11/5749/2014/ Biogeosciences, 11, 5743-2014
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Table 2. Contributions of temperature ApCO»,) T), air—sea flux (ApCO»,) F), biological production #pCOyy,) B) and residual
mechanisms ¢pCOyy,) R) to the winter-to-summer evolution of surface-wapgO, (ApCOzw(w)to (s) for each station.

Station ApCOxww tos) (ApCO) T (ApCOpw) F (ApCOpy) B (ApCO2w) R

L1 42.0 38.6 -0.1 —-9.2 12.7
L2 38.3 34.7 -0.1 * 3.7
L3 39.8 34.7 -0.2 —6.3 11.6
L4 30.1 30.4 0.0 * -0.3
L5 39.7 39.6 -0.2 * 0.3
L6 40.7 40.9 -0.6 —5.2 5.6
L7 42.0 40.9 -0.7 * 1.8
L8 154 33.9 0.0 * —-185
FG3 —-13.2 24.3 0.1 —23.8 —13.8

* No data due to no significant differencesirDIC between the surface and the upper part of the TML for NCP calculation.
NCP was 2.5 g C m2 for station L1, 1.7 g C m? for station L3, 1.5 g C m? for station L6 and 13.5 g C ¢ for station FG3.

permeability is sufficiently high, to the overlying atmosphere about+0.8 mmol C nT2day ! after the sea ice disappeared

(Delille, 2006; Nomura et al., 2006, 2010b; Loose et al., (Fig. 9b).

2009; Miller et al., 2011a; Geilfus et al., 2012). Furthermore, It has been argued that leads, cracks and polynyas within

during the period of ice melt, sea ice brine may take up atmo-the sea ice area are hot spots for gas exchange between the air

spheric CQ becausgCO, of brine becomes undersaturated and surface water (Zemmelink et al., 2008; Else et al., 2013;

with respect to the atmosphere due to algal productivity andSteiner et al., 2013). However, the formation of surface melt

dilution by meltwater (Semiletov et al., 2004; Delille, 2006; ponds (Semiletov et al., 2004) and carbon uptake by algae

Zemmelink et al., 2006; Nomura et al., 2010a, 2013a). We in-within them (Lee et al., 2012) can also contribute to2CO

corporated this component as follows, using recent observadptake. Even without considering meltwater, the presence of

tions of Antarctic and Arctic sea ice (Nomura et al., 2013a): snow on sea ice also affects the £@ux (Nomura et al.,
2010a, 2013a). For an accurate calculation op@@x in the

Fcoy, ,, +Fco,, =k s(pCOza— pCOw) (11)  siz, itis clear that, in addition to the open ocean surface, ice

-(100— A)/100+ Fi - A/100, areas are influential in the carbon and biogeochemical cycles

of polar seas.

where Feoy, ) and Fco,, ; are, respectively, the GO

flux between air and water and air and ice including S€A  ~onclusions

ice concentrationFcoz(aib is the CQ flux measured over

the sea ice, and it was added to Eq. (7) in order to formThe results of this study shed light on €@ynamics and flux
Eq. (11). Because sea ice melts and becomes flooded dugyring the winter-to-summer transition in the SIZ. For the
ing seasonal warming even while sea ice concentration i%urface-watepCOZ, we demonstrated thatCO, variations
still high, we used the value-1.1+£0.9mmolCm?dayt  have a thermodynamic origin before the onset of active bio-
for Fi, taken from direct measurements by the chamber techiogical productivity. With regard to the CGlux, it is not yet
nique over the melting and flooded sea ice surface (Nomurgertain whether the SIZ acts as a £€nk or source relative

et al., 2013a). The formation of the surface flooded (slushg the atmosphere throughout this season. This study eval-
or gap) layer likely occurs frequently in melting Antarc- yated the air—sea Glux (including the air—ice C@flux)

tic sea ice (Haas et al., 2001, Kattner et a.l., 2004, ACk'aS negative in Winter, indicating a Q@ink (Fig ga) Al-

ley et al., 2008; Zemmelink et al., 2008; Papadimitriou et though sea ice blocks the direct exchange oh®®tween

al., 2009; Nomura et al., 2012, 2013b). Snow accumulationthe ocean and the atmosphepeGO; in the water under
over sea ice and the formation of superimposed ice leads tgnhe ice (349.9 patm) is low with respect to the atmosphere
the formation of a slush layer below sea level (Haas et al.,(;:ig_ 9a), suggesting that, in addition to sea ice, water in the
2001). F (~1.1£0.9mmolCm?day*) was within the 5z is a potential C@sink in winter (Nomura et al., 2013a).
range (5.2 to-+0.9mmol C 2 day™!) reported by previ- |shii et al. (2002), however, reported tha€0; in surface
ous studies using the chamber method (Delille, 2006; Noyater (390 patm) is high in winter with respect to the atmo-
mura et al., 2010a, 2010b; Geilfus et al., 2012). Our calcula-sphere near our study area and that:@8uld enter the at-
tions show that the COflux between air and ice) was  mosphere (indicating a G@ource) through ice-free regions,

dominant until the sea ice retreat beginning in Decembergych as polynyas and leads. Further studies are needed to ad-
when the positive C@flux between air and water overcame dress these conflicting findings.

it and the net CQflux to the air became positive, reaching
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