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CO, exchange process with atmosphere in sea ice areas

Daiki Nomura"**

Sea-ice has not been considered in estimations 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 cover play an active role in the carbon dioxide (CO,) exchange between the
ocean and atmosphere. This paper describes the relationship between the physical properties of sea ice and gas
exchange, laboratory experiments and field observation efforts, and progress in our understanding for sea ice—
atmosphere CO, exchange. We also introduce our recent efforts to evaluate the carbon budget of sea ice areas on a
global scale by integrating data and to establish methods for CO, exchange with the atmosphere in sea ice areas.
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Sea ice, brine, carbon dioxide, gas exchange
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Bt kN7 T4 Y - Fr A VOBRAR., 79542 - Fx
AWVHIETIA Y TililzE3NTw5b. 7547 - Fx 2 NVOR
WIEHGEK ORAER > & Bk L 72#KAEAES 5. Lake and
Lewis (1970) % .
Figure 1: Schematic illustration of brine-channel network in sea
ice. Brine-channel is filled by the brine. Pure ice frozen from the
pure water portion of the seawater exists around the brine channel.
Modified from Lake and Lewis (1970).

DEBICKEREEEZE5 2T, Bz, KOS
&, REA—IGEH CodE®% (Maykut, 1978), KK
TOKREEOFF#E (7 VX F) (Shine and Henderson-
Sellers, 1985), #ERNTOT A AT IV Y OERE R E L
ey T 7 v o b RS kAR (Thomas et
al, 2010) 7z &, HIRBIBLO LB B R R BB K 2
WeHATwA, LT, BT, HERERILOE

L ABIR TORMABRLHPBEINTnD

RFETIE, #ROFIED, KA EDCOKIIE 2 5%
BIZOWT, Tk EREE & SR O BRI
VW T1960-19804E R ICFE R SN R OMH E 1T, ZD
%, BUEICE S E TOMR—KAMOCOIHIZHT 5%
PN FZ R R B A MBI O U D LA & B O HEJR 12DV TR R
A, 512, EEEDDDODH B HIKIBTORL L DCOK
W — ¥ ORI X B 7T — NV 2 — L TOFHM, B
FLEOME.O 720 O HILEINGE, HTEHRIZOWTO
DA DOWTHINT 5.

2. SEIKOMIERME & RUFIRDRIRME

WIS TR DS > TTE BAWUS, W7 EDOYRIBE -
TTEDPRAOKE NI BB R D, WKAE LT
WS BRIZBWT, AR OMAKIERSAE S TV T4

L RPIZE TN TW AP TH BB ST

FEE OB PIIZIE RN L WA 2Z B E-TL B, Th
BTIAVENE ZOT T4 VIZEKROEEIZL 5T
MK TSP SN ABEOIRITBEE LTTI4 ¥ - Fr AL
(Bennington, 1963) & :EIL 5 b D Z WK ANERICIEK T 5
(). IO X CKROBDLE) BT IA Y - Fx R
L, ZORFDITIEIRDOED X H IR v PROF v %
VDFAET B, T OBOTFOKRS T4 THEL 258
IVA—IVDOBDFETH5S (Lake and Lewis, 1970). #l
R DMK ETIE/MEORZIIZEIHETLHE0H
5 (FEHRIZE 2V uxiiToBgE). WkNT74 > -
F X ANVRWKP SR ENDE T T A V2O TORE
A gEid, i E R AR A A JE T T D AE I RIS S
SN T&7z (Wakatsuchi and Ono, 1983; Wakatsuchi and
Kawamura, 1987). Z® X )12, #ERKIGHEKATH S AT
HROFIZT T A ¥ - F 2 RVHAAEL, WKFFERC BT
IR A B £, IRAORIZIE R AR RR 7 B 2 A
n g

19704 RUSHRIZZILETH 5 2 L ITHEH L 725K MA0E#
PS5 BINFEERHTT D N7z (Gosink et al, 1976). 75
A FrAnid, L OREEGHAET B L)
&, KRNI TOXKORBERRE, RO EDENIT
EREL D EVWH T LY, ENIEE FH L L7k
DEMAE VBT 2 EBENIE S E S 7z, Z BRI
X0, MROMEIZZILVETH D, AL & 25
AR SNz, —FHT, TOHREDIOFEL EHTIS, kAN
DRI D 53T DGR TEIT DWFFEH T & o THEIC & &
Tz (Miyake and Matsuo, 1963; Matsuo and Miyake,
1966). BMOKI, 5, ik ED S0 2ZKOH DKM
WG DoHT E TR L, BEOKIZHR LCTlikiZidmb £ < @
RAEVBEEINE I EEHLNIIL T, oGk
WL 2 JE L 72 R T TOHE L 25,

FRED X9 K QW& IR T 5 700 O ST SR A
Z O (19604 51980 T A) IHEATE. LaL, £0
B, HWERERLZ XD Za— iz Eons:
EERBELCTORFIGERMEDSEL 2 L &b, FFICCOLMT
FIZOWTHE, KAHICERT 5COMMEN LI TERN
EEWILES DD E V) & 2T HHCICA - 72
(Bl 21X Takahashi et al, 2002). L2L, Bl2STE 2w
WKIBIEE) LCOHEMBHEE Led ol 20720, Kk
FIWBRE T NIIB VT, kI TE R AR o CO,
MmN D D& SN TE 7 (Yager et al, 1995; Sun and
Matsumoto, 2010). Z 4k, oK ToO R FIGELER LA
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K2 : Wk (1) ECOME Y AT & (f) OBKIN. 7 27 V) VEOWEIRAEREEHIHEKEZ60Y v MVAR, #FE LT, MKAEK
I SAHN DCOL M EE 2 Wi T % 2 & THlk—RZMCO, M &2 w5l 5. COLMIE ¥ A 7 A&, 4SO H 7 5 COLi HE DFFEHE 77
A, NDIR (CO247#75t), MFC (iiitit), CDC (###)), ED (EFHHIE) & &2 M S 5. Nomura et al. (2006) % 8%,

Figure 2: Schematic diagrams of the sea ice formation tank (right panel) and CO, measuring system (left panel). Seawater (60 L) was injected into
the tank, and the top of the tank was covered with an acrylic board. CO, concentration in the head space of the tank was measured to calculate the
CO, flux between sea ice and atmosphere interface. CO, measuring system was composed from four CO, standards gases, a non-dispersive infrared
gas (NDIR) analyzer, a mass flow controller (MFC), a chemical desiccant column (CDC), an electric dehumidifier (ED). Modified from Nomura et

al. (2006).

HCTho72l b —HWTho72bEZOND. LEHDL)
7 IR O AR IR 53 50T R SR i 7 KR B o B S
BEDFIEIL 8 221 A S 724 (Miyake and Matsuo,
1963; Matsuo and Miyake, 1966; Gosink et al, 1976), H#k
RADBIG RN X 5 WKIT T O G 8 34l 3R
%728, WK RFNFEBFRITAHTH S &) miid Y
R (20004E 160 T 2) it RALBO R TH - 7.

ZD XD WRRO LD, KGMIEHT QKN ORI
g 2 MR THO TH L2 =R EF UFRE) Tt
DCOLMFZE % 5T HE D TV 7235 I A K sk il K 2
WCBo7 TERUSY A I v 7 TREBRICAZELIZEEL,
FINKOWEE ZF 5 2 EHRTELRNE o7z RN
BHICHES>TI—F2# 68T LI n) 2 LT,
MWK NDO TN L THRATAD EREMKITTLEST
Wiz, WK X B BURFMCHR ORIK LT A T4 T
2RI & L, Wk O AR KE IR DO COZLH 5 2
LB, WKOYHIZHHEH LoD, EFRITBIT Bk
DEFFE D 78— OV AR FE D W 7R A320044F &
BB SNz, HKICEI L Cid, b R AR A -1
ZEHT O B A IS, BAMBIING, (RAH AT FERT B A R —
v 7 BIIEE £ > & — DRk T % AR 28 i A I

g% CGRLBITT) 20 S AL o 7o 1B B KIC iR %
ZF 7.

3. BK—ATRETODCO,IHIRDTIFEIED
IREERER

A it R ARG B AT JR AT 1L, iRk LR % 9 it
T 57:0OMENEROBREEBREIB S H o7z 2
S OMIRFERE L, oKW BB § 5 k2 2 WFFEAv5E 0 S
NBICRH SN T& 7 (Bl21E, Wakatsuchi and Ono,
1983). Zo—FEZMM LT, #WKZEHIL, #Rk—KK
B TOCOLMBH 2 TR D FERE AT o 72 FH LI
TOBNRAETH LN L E W) AFEE Iz oD
b, FTIRIKROYEL & & GIET & 2 BNFEEBRTlik—
REAMTOCOLMIHT 2BL 2 W HHIT 5 2 LI2%
L7

WK A R 7 B A I S BR R L S FRE L(1X2), KA -
RS BB 0% IO S PCOLRE 2 W E ¥ 5 Fhk %
AT o 7z WPEBLIIN TR 3 2 BRI L T 72 KREICO,H
EYAT ARHHENDANR—AIZEE, 7700 Fa2—
TEM, KRENOWKE SR BT 52T, A
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HHCOME % SR ETMET 2 Z LWL o7z, £
7o, REOKFEBRHIZ, KO BREICHE ) WIRIC X o THK T
MK DE B 2 B <7212, 3R Z & 12k R 2 2%
O AR EFERT 5% L, HF D ARDFEERZ ()
LD IEL T

B0 R LA X BRORFEBRDAER, kD 5 COATH I &
TR COLMRIED I T 2B 2R 5 Z & H3 IR
(Nomura et al, 2006). Ziud, #KkH7 54 v o5
MEVCAE D BRI OB, COLBMEE DA, RO
FEDOEALIZ X o T, #IRNOCOLREED, KU LT
WA & 7 % 72 (Papadimitriou et al, 2003), 754 ¥ -
F ¥ AV EE L THKD 5 KEAANCO M S 72720 T
BB LTI AENERIL, #KEEOMKAIRSEIC
X LTCO,DMMIEE LTl 2 2R LA 72, i
KA B RAANDCOM R, KK EREORME &3
CHEEI L 7z, MRS IR S R E AR S L )R
&L D, TOD, KO, WREEEEIKE
WIS 2 5.

KN T 74 >~ OMBUE, REICKE (KT 22878
MHENTWD (Assur, 1958). 754 Y EZDRVICH B
FMOKDOMITIE, RIEELIC X 5T, FRRPBRA R ) E S
N5z, 774 v oLFMBIE, 74 Y NOKG DR
EMONTEMH LD, BRICX > THO LN THE
ETEALT B, F2, T4 YHTOREEENIICE 5T
DALFMIIZALT B, X512, 794 Y OEBHREI
X 5 TZAt$% (Cox and Weeks, 1983). #ikHAMEIR T
WEH 21T L, KRGDVEHRET D720, 754 ¥ ORI
XL b, RENERTIE, KREOREZZE(LIES S
& TH A KR EE TOMOKERZ TV, kO
DFEN L KRR E DCOLMDRIEZ W ST L2 BN
EEE, HRBEE IS T ST RBLIBHICAVEL-
T3 72O IRICH 2 i % 2 2N OiBE 53 LT
—O—DFHNAEH L T S L& MREE T 5. whbid
WM TH Y, HENLBRZBET L720DOX—-2F4
VeI TH D I L B UHE LI Ch 1o
HIZFAT

4. BFHSERITOIREIRER

SN TORKERE D, Hk—KER TOCOZHMIZD
WTHBNABETHL PR SN 20k, K
DAT v 7L LTHBMERA 7z L Lens, ik

s /9'-1")}\‘—
,‘ - /§T’//\—

(© Fv )=

Fr)— ' Fr2)t—

CO, WESZF A
Ny FU—

B3 : LA S — VN VR ALK L TOF ¥ Y=k B
MR— KRG COZIRMAEDFET (a). F v ¥ /N —DFEM (b).

COLMIZE Y AT 2 OFEM (¢). COMIEY AT A1, H2TRL
EEMICZ, SC (Y AFLa Y E—=5—), P (Kv7),

SV (BTF/NIVT) HEPLHEKSNS. Nomura et al. (2013)

Figure 3: Photographs of the CO, flux chamber system installed over
the sea ice north of Svalbard, Arctic Ocean (a) and scaled close up of
one of the chambers (b). Schematic diagram of the CO, flux chamber
system (c). In addition to the explanation in Figure 2, this system was
composed by system controller (SC), pump (P), and solenoid valves
(SV). Modified from Nomura et al. (2013).

JO%EURDHS— 8

EREDETOCOLHE LD I HIZME LDV VD
E D I M LR E o F kil m L., BNE
BRCHREH L 72 OCOMIE ¥ A 7 2 IE KRBT H ) BN
THHKEICHLERZ L IR TH -T2, D0,
MBI dH - 728 & 50, KRBT TR b
CZEWREL T A720I27 =Ky 7 ZOHFIINE L9 4 X
DY AT L %#MATZ (Nomura et al, 2010a; 2010b).  F 7z,
KETOCOLIMEZRET 572DDI2OITF v 3=k
ERHLE. Fr o=t HEBORSZ ok L8k
&, BHNOCOMEZREL, TOWELI XY K
ERAMTOCOZ M % BT 5 D TH 5.

FHIN—RREICHETE2LIHT7— (Fr v
N—% il BR) KBE 7 aF)IRCL, kIcEwRAE
BLIETHMHTEL L) L LREMLIT v N —%1E
WL, yYuxiie7IAh - Nu— (9 VFT77747)
TOBN %R L7 (Nomura et al, 2010a; 2010b). Z#®
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%, IRFHEITZERT OB & o THIZE - fEl gzl
BN T v o3 — (K3) % vy, RIS AL AR DK 1
B Z 06 L 72 (Nomura et al, 2013). 72, #ITldke
BB B BIEIPRAFE TR ST B HIRD T 2 7 A
(Nomura et al, 2018) %, CO,LALod 85 b 52 W] i 7 %
WEBH L, Wok—KEWEORk % 2 B BT 5 Skl
DEEFMA R SIDDdH % (Nomura et al, 2020; 2022).

FRICRT F v YN —EIC X BiER— KA DCO, A0
O g RN & Bk 4 7 ZRET - BT T oM L 22 AR, B KR
GEIRASZ2 WIfEE) & FARIS, KIS BT B CO,D
RWINAHR E 5 Z LR S 7 (Bl 2 1IENomura et al,
2013; Delille et al, 2014). 7z, |HNEBTH L N7H
FRRIZ, R OWTHEE COBHE & O THR &1 % BRI
DWTHMEREN. ThHofEZELT, #ik—KAR
B OCOBHIL, 1) ‘Zﬁikﬁﬁmcoz‘b%fﬁ, 2) K DY
HRRE, 3)iK—RA B DML X 557 & DA%

WHAET 2 LA SN 572,

ZZTl) OBALENE LT, EWIEREIC L 208K -
W & ok o 2R - B IC & B K O - FRDET
LND. KRN O R & R AR & X7
&2 A, HERNEOCOREDZALE b 725§ DI, i
KOARK - BRI X 2 HEROBEN - FRP LN TH -
7o 7272l WM GEKOMEE - Bl 21X — 4K E
72X AEK) DECIT X o THEWIHENIC X 2080 - I
WATZRRIC R 2 E D H o7 KIZ2) OELERE L

T, WROFHIIHEY D o 72HOREIIONT, ik
KM OIRE L COLIMDBREHRZE T A, HERD
BN 2 & ik—RKAMOCOKHEDNE L WA T 52
& D355 H o 72 (Nomura et al, 2010a; 2013).  Z LidifEk
RIS T 2T E 28K & RE D [T DCOSEH: % il
WICHHET 2720 THS. LaL, MERPHZEOKE
124 o TCOLIMDIETIIZALT 5720, —BICRET
MR — KA OCOZL M2 HET 2 H D TIE RV, RKiE
123) OZALERIZOWTIHERS. 2) IZH BT 525 i
KO TN T 2T W EM & LTB <. AR
I~ A F A30EIC 221252 0b 5T, FHEKBOIR
JEIFEE ORI & )~ A F AGFE L IR 2 VI &4
-7 (Nomura et al, 2018). kD&, HKHND T
TAVORGERETDIERELZNNTA—YTHL, 77
4 OB HPREICL > TELAENE E W) T LiE, CO,
L EOBAFETORMEGDMEICL > TEDLLILE
BRI 5. 512, Mol ipkoOREZ7T I A > -

F ¥ ANV OEREIEET S (Cox and Weeks, 1983).
FEDMRN & 7T 4 ¥ DERRHI/ANES < 72 ) (KSR \ﬁ‘(ﬁk)
WHAVNEL D), 7947 - Fr A VN TOWEOB)
VLB, F B ECOLR EDH AT DHEIRN T DR
REBEMEBEL 5. T I 4 ¥ ORI HERERD K
W2 LC5-75785— 1 » P RAFIC % 5 & KR E B IEA 7% <
%hHEVIHIESLHSH (Golden et al, 1998; Pringle et al,
2009; Zhou et al, 2013). X - T, EEOMPIZL > Tl
K EES (REEFIEH) OIMEI KRR LTE LRSS
L, WK—KRAMOCOLMIZH RE S EHT L. ¥

AL, BBORESE 35— —% 4 X—
VIBHERW) OT, HEELTCO,OKEREDRE D
(Nomura et al., 2018).

F72, MBFOREIL R L MpREMOMEAZ, T
MEGISEITHEREE 25, WEOEVZEELIT RIZTI)
LT 57:0RELNS. ZORECO, b K B~ & s
ENB. TOBE, KA LHKNT Z A ¥ DCO,DWREAIZ
Mz T, TOMNHHRIZ X 5> TCOLMAMEAE S 1L 5 W] T
233 % (Nomura et al, 2018). JT4F, #EK_EOFHE H3h
3 s Em2HE S Twd (B2 (X Tison et al, 2019) &
LD s, KRB ANIK—KAM DO COSLMIT - 2 5 %
WERLDKRELL LI ERTFRENS. 2L, SR
A B L HTE D & 9 1K —KEH DCOZH /A L
KBHT B EDNH B0, COLMEMEME XL H»RHE
SN FPRTLILEHLY. 2O L) IHpKkEMNML
e RE & OFMAZBARIE, BATlER {, 4% I
Wa T 2 LEGH 5.

5. BEBEIC K BBKIRBEDE(LHKTED
[AZIRBIEICS X 2RE

JEAE, HERIRBBL ORI X 2 Bk T oA R BB A B
MRS SN TS, bl CIEpKER TR T 5 L & b
(2, ZARR (IS H RS 2 Wilk) 2> 6 —4ERND T 7 b ad
HHEENTBY (Stroeve et al, 2012), HEKATH: 723 %4
A OREE L & BT H I LBEZONL. Sk

I, KA ERIEM RS TWB 2 &, BT ST
54 YHEDOMEA X Y HKN OIS DMEL %25 (Weeks
and Lee, 1958). F 7z, FAEAHMEL, T L7k (A —
W= YR=ZARTAR) HREEF, WARIFUHRLIKTH
720, 794 v ORS PR GEILWMT 570D AR
ANV OEAELEIZIFIFE O LR, ZOX) R
RiE, PR EHIKEEENFE Nomura et al, 2006),
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Figure 4: Photograph of the floating CO, flux chamber systems installed over the lead water surface during MOSAIC expedition in the central
Arctic Ocean. Comparison experiments were examined for CO, flux measurement by dynamic chamber by USA team (CO, flux was calculated based
on the CO, concentration difference between inside/outside of chamber) and closed chamber by our team (see detail in the text). CO, absorption from
atmosphere was detected because the lead water CO, concentration was low with respect to that of atmosphere. Photograph was taken by author.

Fofiks U729k B (Nomura et al, 2011; 2013; Delille et al., et al, 2023). F 72, WENL VML T, BHEK

2014), AbMiZ4Ekis (Nomura et al, 2018) TOWFEL HER LSRR TSN AT v /l@@ﬁﬁ'ﬂ &

FRHHERR SN TV S, D, MEZMHELTRKADPCOMIMAGEE 5 L iz sh
T/, BRIIEETALIALMRY FEIRENRLKFD Twb (Nomura et al, 2013). ZOEIZ, 5H 2 5 ICRELHE

AR ERIEK EN D, AV MR Y FROKIE, FICH
KN @ > 7o F KK ORFEKIZ & o THEIR S hTw
b, ZDOANERY FOKIZCOLHEE D REIIH L THEW
2DIZ, KA S DOCOMIIF L %2 % Z EARIH S T
% (Semiletov et al,, 2004; Geilfus et al, 2015). S 512, XK
DHENHETH L7 7 v 7)) — FbCOMINAE & 5 T HE
P2 e ST % (Steiner et al, 2013). {KERA
LoT, XDIpKROBEAMEIEL R 2Ty 7)) —FD
TER AL T B REEDSH 72, £ ) KRR T
DRI ANEFALT 5 2 & 3PS N5 (Parmentier et
al, 2013). WTAEFENE S 7z Je Jm i T oD 5 AR i R
MOSAIC (Multidisciplinary drifting Observatory for the
Study of Arctic Climate) IZBW T, ANV FRY KR —
FOWERFIMZEfE L, A0V bR FRY — FRERIC
TEIK & B B K g O Wy B EZEAL & COLIREE D BIFR, K
& DCOZMBARIE LTl %2 F 0t L 72 (94) (Smith

DT & T, WKFDODDDOHET-DZALL, WERE LT
KA E DCOAHMILIZ B E B MDD 5.

KA ZHEREONRREOWUHEL 7253720, b
KA CHLBEA PEASHE N 5 2 & (Arrigo and van Dijken,
2015), IR OFEALIZ & D oK &l L TR IEAN K T I
ELRTL B2 T T F > 7 DT — 24
A Z % Z & (Arrigo et al, 2012) SHiis ST w5, ik
BREEDVEALT B 2 LS X o THBEEBEASHIIN L, & DGR,
IS D RFER R COMREDRAT 5. X oT, AR
DAL S JemiiE g O B BB B 2 T RO
=D L LTEETLILEND 5.

HEIK R K DR X 5 TR E O RURAK A I BERS
ENTW5D. BRKIZEEIMR N2, EEO KBTI
MEDL, 20720, KL OGRMEEHBRICERELEL S
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5. F7z, BBAKIIEAREREGT S LT, BEREER
DELR KA L DCOLMITE LR 726, LA LA
SRR ASEEEDCO B REIZ - 2 5 8, KRANDISE#
BIZOWTHEMT ALEDLDHZHPMESESLN TS 7
W, EEBILSbhoTwRV, BPRWIHIEE LTHIZ
1¥, Horikawa et al. (2022) &, 77V — ¥ F ¥ NLWEIHRD
R=FA 743NV FICBWT, HKITEMEK & HKORE
BT 4 AN FRBORBRIZEG 2 2 EELZEL 2. 2
MWZX B &, KRR &R DG L 2 MFRE R TH
FOMT & L BIZCOMREAMET L7z, — 4T, IR
R LTSI AT 2K RE AR A B 25 & £
NZDOHEM G REOREIL > T, RIEHFIEL LB
KR IG L TECOMEE IR RANME L ) DE L 2o 72
F 72, Meire et al. (2015; 2017) dMEZV =Y T KD
74 30V FIZBWT,  [ARRIOKIT R K A5 2~ IS
ENBHZETCOMEPMET LI LML —T,
Tamura et al. (2022) &, B b v 7 2 KMA/MKIC B
W, WPKETmREORE L s Lz, DK TIRAT S
RO EAR TR G AR DR X o THIRIER 2SRR L, K
ORFEARDPBICD 7256 8NE. Z0kd, v 7 Uk

WA TILIAERME OCOMEEE L, K OEEIC L 2 /N
MR TNEL B, LHL, COMERMRDIZIL, FHPDHE
IVIHWTT 7 b UK BRERDOEENRENT
Wbtz UL, MK CRlE L 72 Bl K A58 H
L, MEREANSPR I N2 ML -LEZ N

. =T, BRI SE A AE S A UK T, R
Wby 7 IOKI/MOK EIE R AR D, COLREE A I
7T P AZEBNER LD B EEAKIC X B WFERD
HEPRKEVEWIHE D H S (Kiuchi et al, 2021). 20
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Figure 5: Photograph of the inter-comparison experiments for CO, flux between sea ice and atmosphere by many kinds
of methods in the Cambridge Bay, Canada. Photograph was taken by author.
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