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Turbulent mixing and heat/salt balance in the ice-ocean boundary layer

Yusuke Kawaguchi'

We conducted on-site investigations in the central Arctic Ocean about turbulent mixing and heat and
salt transport in the sea ice-ocean boundary layer, related to the growth and melting of sea ice. During these
observations, continuous measurements were performed beneath the sea ice while drifting with the icebreaker,
RV Polarstern, providing insights into the spatiotemporal structure of water temperature, salinity, and turbulent
mixing in the boundary layer associated with the periodic sea ice drift. Using an acoustic Doppler current profiler,
the survey clearly captured the Ekman spiral in horizontal currents which rotate clockwise with the depth. The
direct measurement of microscale current shear was conducted to estimate the production and dissipation terms of
turbulent kinetic energy in the mixed layer. In its upper part, the two terms were well balanced. Meanwhile, in the
lower part, the dissipation term significantly exceeded the production term, attributing to the near-inertial internal
waves generated by the inertial oscillations of sea ice.
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HIEDFIE) \CE I O RFEIN LK A — R 2 58421 2k
bNBREBIIH L. TR ) — T v FILHO#HIET
&, ZAKOEEDHINE W7-D12 1 R %8 LTk
WZHE b NIRREEZ kB L T\ 5 (Kawaguchi et al. 2012).
L L&A, 4tk HEKRBEILOMETE &SI, B
ISR WER RIS B W T ZAKROH AL, b L
&, RWIHIKIEDH /NS 5 2 12Xk - T, PGk
& FARIC BRI E R T 2 W RIEDBETE W
(Vivier et al. 2016).

JeHE 30T BEKIE ORERIE, 1A, BOIEN
BRI o THRESING. BIFNREHRE L TL, ik
J& Y OB DOAIIBAEAE R B 2 & TR 2RO
SOZALTH L. NFMREFRE LTL, BT 258N
WZHEA T Bk & SIRAMC T 3 2 ik O AR O AR 12
E2bo, &L IE, WEOZLIEWOR - FEHL - 35 12
P 2 (DU CIIOKIRAL, SR T BROKTE O 8 1
BIEE)DE Z NS, WEIH OB KIEDZALIE
RN ZBRRZTH Y, TR C#lie % 27206, B
DAL B E D BT T 5 FH ST E 5 (Leppéranta,
2005). WUHRAANOWHIZE LTI, Ui LR S
DU D T T LA 8 L 72BN OWKEEAE 2 S
5. F7YAKR=F—=FY 7 MR (TPD) &IN5 i
PR OTAUHE ) kO TH 5 (Rudels et al. 1996;
Dickson et al. 2007). TPDIZ & % kit ic B1) 5 £
M 22 By 25 LA N S Dok BB A 5 2 2 W &
TETE VDS, 1980 LLREIC L & N 2 KAt I BT %
=MW ML Y FEORELR—FUIMERI N TV W
(Sumata et al. 2022).

—HZ, Tk & OB SRS
DONTREIND:

B LBONT V2T

WTY =weQL+ ¢ 1)

TIZT, W), WEDS ORBET T v 7 ATH
b, WT0, wikZhZhpk L iEOBERT, B XU
MWERE ROV E R T, 77425 ()IIEBHLERT.
A EIEIEAHZALIC X 28T, w, SRR T O B &
R, O, BHAARFES ) OfFRE R, H25H (¢) 13
RNERZ BT A BRE T T v 7 AT, #KOSHE O
REA B 53RO S (e.g. Untersteiner, 1961; Vivier et al.
2016) :

JIE

5

=

dar;
—K; 2./ PwCp 2)

TANIRN DI, KANK O BAREAREL, p, 25K D
R, CONMARDIETH 5. BT 7 v 7 ADEE
M2 RHNE, BT & KIROZE S I LT, Bl

DOREENTRBCBIIL, L5z shs 2 T3 (v
bW s, “HE") 255 o & bEFEMEAE N (Shirasawa &
Ingram, 1997) . LA L7%230, oty —2H\T
IR T Ok o CE S A O EAR I OB &2 SEBL$ 5121
% ORBREZMPVEL b, 20720, KR - @l
RDOBNT o A% DL L3, BT 7 v 7 A%
GWNZETIMEL 72V 7 RE R LTw% (McPhee &
Martinson, 1994; Kawaguchi et al. 2012) :

W'T") = an(Ty — To)ug @)

CIT, qlIBASIRARE, TIIBEF R OWEE, TA3iE
BEEONFYKILTH B, u, %, BEHIEIZBT 5 B
BET, WL T OKRKEIRE L Rk Fiie Tl
R 2 FUEMC R { & & T %15 5 (McPhee, 2008) :

=%(log:—z‘*’o—A-T-iB) )

ALBRIERTH Y, BELoldtwiEOBN L VSN
BiizRALTWS (4=23B=21). Uik

’# ﬂi av ity }—J(EZ%{ Zyl i(@ﬂ( ﬁ@*ﬂﬁﬁ Kl v~
VEBO04HTH 5.
ARWFZETIE, A S 2380 BT B K- S

JEIZ B0 2K OEA & HKER TOBIENT > 208
Hh S, ALt DR EFIZOVTFHFLWERZIT).
AFROWNEIE, TTIT7 A 7 tERYE S84 (American
Geophysical Union) ®Journal of Geophysical Research
Oceans?* 5 HEICHIE 725 C (Kawaguchi et al. 2022)
ZH LI, —Ho - KERE L, X7 EER IS
IR E LR RO L E2—F 50D THb.

2. FAFEET—9

A THW 27 —%1d, FAYOTLVILy F- Yz
FF—WEM SO & R D, 20194610 2 52020
EIH 12 47 b N 72MOSAIC (Multi-disciplinary drifting
Observatory for the Study of Arctic Climate) il %
YR=VYOFESLZIZBWTHIR SN ToMH, ik
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Figure 1: Observation Area and Drift Trajectory in the Arctic Ocean.
Colors indicate drift speed, and star symbols indicate the starting and
ending points of MOSAIC Leg 5.

FICERBE LB 7 — Y 3 VI3 513 LRV
I (Jb#EE88-89KE, WAE100-1208F) %yt L CTw 7z (IX1).
MOSAICIX, BKMTHER—F Y 27V r5EEET S
ZLT, WROFERE EHITRE L A5, [FH—0ikic
BMLTI7 Y77y 2R BllEITo T b, AW TIE
WKL OBNGE 2 WS T 572018, #K, #E, KR
BERLTENCE L C, OBk T RAER 2 EH 2 Fit
L7

MoK T OBERIEC B 2 B iE A 1B 3 2 P B
RS L7201, A2 DF — L TIEMSS (Sea & Sun
Ltd) &IN5 BlE FROEGE 2 AT, K (7) -
Higr () OWAFE & B IR OWHE S 7R3 2 fHig
OB %177 - 72 (Rabe et al. 2022). MSSTI, &~ —
ZAPICHIHE T S5 2 L TREDIME MO Y 7 %Gt
WS 5. MSST— % OFICE LT, #5 mA> 5400 m®
WEA ML, AMUEo T2 fEL 72 BT, $iiE]l m
DRI L Cw b, FEOHE > 72 58T
PN F =B (o) #FH T 5 H3:13, Schultz et al. (2022)
B X U'Kawaguchi et al. (2014)% ZHE L7z,

BIA 7 — ¥ a Y ASELI T L KBEITH % 55HT R
mlHE 722 & DA 2 15 & 15 5 72012, — 2 H%950-100
mOPEEEIC R 5 £ 912 3MHGPSEE  (Marlin-Yug Ltd.)
ok FICEE L7 (X12). GPSIZ & A iE il 13105 =
LilAtbh, AT AMEBIZEYV YTV AL LT—F
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ROV ice thickness
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Figure 2: Horizontal distribution of sea-ice draft detected by ROV
and the arrangement of observation instruments. A, B, C denote the
positions of GPS, while M indicates the placement of ADCP. SHIP
represents the mooring location of RV Polarstern.

ERETAHLOICEEL WEomEICELTIE £
JERI DRI - ##EF (Acoustic Doppler Current Profiler
= ADCP) ZH VBl 2172 > T2 (XM20" M").
ADCPIZ X 28l TlZ, 400 kHz AquaDopp (Nortek) #
T, KT O] mOREICHE SNz, K- iE
FHROFN - FEIZDOWT, SHH2 mOFRET, FE2
m72* 5 #7160 mDGE S F TR O 55 % 5k T BUH 2 Hel )
TWb. WEORTFREDNTIZH 720, IREITHX 1 %
JERER (X, Y) 2 & M BRIZ B 2 S 72 LR (B, N) N ZE
WA AT > TV 5.

__(cosb, —sinf,
Uy(2) = (sin 6, cos8, ) Uw_xy(Z) +U; ©)

22T, U, ,\3X, YEEE TG S 7z ADCPOEDE,
U,, U35k AR 1T 2896 S 7 U 0 i & 1 IR 0D T3 34
JERRT. RBITHT A28, ik RICHE S XS
77— HR5N72EE10 mT ORI A - JEE & F
AL Tw% (Cox et al. 2021). MSS - ADCP - GPS7T—%
IE— M2 & T 4 (Schulz et al. 2020; Kawaguchi et
al. 2021a, b).

[} 212, ROV (Remotely Operated Vehicle) 2 X 5 i
KK O MM &R g. IKROE S 0H—TiE %<, F

(CADCPAS R I & 7= A7 (M) OFEIRTKIRIC & % K
WOMMYAHER S NS,



60

Power log,, (cm? s2 /CPD)

Power log, (cm? 572 /CPD)

N A&
10
9
8
& 7
o
S
&
5 ° 1
g | ’I
3 LD
: - ’*’Q -------- ﬁ
! @c?«é > -én.
SQ_OG . ! : Sep16 Sep26 \ Oct16 Oc$26
1 - z
2
-
o
S 4
g5
[0}
36
o
w7
8
9
10 Sep06 Sep16 Sep26 Oct06 Oct16 Oct26
B3 : ok OFGHEE IS 2 = —7 Ly MEST. BRI (clockwise = CW) & JUKFETAT ) (counterclockwise =
CCW) IZ4 8. R\ EHRUE95% DS IR, HLRUEBE R o 2B HiPA (cone of influence) 27”9 . DK M
B LT 12 B0 2 R (2.0 cycle per day).
Figure 3: Wavelet analysis of sea-ice drift speed with separation into clockwise (CW) and counterclockwise (CCW)
components. Thick white lines represent the 95% confidence limits, while black lines indicate the boundary of the cone of
influence. The white horizontal dashed lines represent the inertial period (2.0 cycles per day) in the observed latitudes.
3. f&R

3.1. EIKEE & EMEIRED

GPS7' A OIFW OB &, WK SREFTE ) Ol % i &
ISR DF IR LTz (K1), GPSIZ X Zgﬁ

EIEWMOT— % ZWEMES L, WKEEZFNT 2 & —
mﬁwﬁﬁﬁ@méné.%@H%imumu@ﬁﬁmt
THEY, WROFERPEEIREIC L o TR SN T W72
CENHZ L (K3). BTN RO, Wk
[ O BEER R 22T K B B B O LAVINE <, B
WCIEWIREBIZH 572, KEORBAT—Y a yTHLN:
JGHDORE S LIS 5 &, ko B E R 6 L
T2-3%DM S OHFPAICH 2. i, BEOBMNE b
H1TH S (Zubov, 1945). § P72 L) R 7 IR
BAT— VTS &, BN SBT % H R oMok o8
PERBYIC & 2 258 3ROKIILLRE T2 odiRiE2sE L IR L
TWwa., Zhud, I IEOKE L O BRURE A 5
CETHB T ALF —OHEINRAONDL T EE2EKRT S
(Leppéranta, 2005).
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Figure 4: Rotation spectrum around the vertical axis for horizontal
current velocity measured by ADCP. The left-side panel corresponds
to clockwise (CW) rotation with respect to time, while the right-side
corresponds to counterclockwise (CCW) rotation. The white dashed
lines represent the Coriolis frequency in the observed latitudes.

KERHE ) O HEM OIRB) 258 F TH % (K4). FE40 m
F CTORETHI S N7z KTP2KITT DGR LT Juliiz A
N7 MVEFELIRER, WKISEN T ERE M7 m) &
Br&, k23 mfERE F CREENI Y oM E SRk A
MRTED., T, KL EBROEEREICL > ThhES
NIZMER AN TOEMIRE) L Z 2 Shb. kOB
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12h-mean from 03-Sep-2020 01:10 UTC
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Kawaguchi et al. (2022)% S 1.

Figure 5: Ekman spiral structure of horizontal flow velocity (averaged from 1:10 to 12:10 UTC on September 3). In (a), the left and right panels
respectively show the distribution of horizontal currents in 3D and 2D space. In the right panel of (a), the red line represents the trajectory of the
Ekman spiral inferred from the boundary layer theory. (b) Frequency distribution of rotational angles from sea-ice drift at each depth. The CCW is set
to be positive. Panel (b) is calculated from ADCP velocity obtained during MOSAIC Leg 5 (September 2 to September 19). For further details, refer

to Kawaguchi et al. (2022).

PWEE, MR A RN OB MEIRD) % L1512 X > T XD b
&¥ 5. Kawaguchi et al. (2022) T, EAEANOENIR
BT HBMET VAR T 52 LT, HIEORE
ORE D ER T HBIZOWT LV IEVERZ TR > T
W5,

oK T OBERE CHII S ARSI LT, Z o
ER S L CATW L (K5). 22T, iR

LRk, o MR IS A S 7ok & 2K (10 misi )
DRFSG 2B BT 5. 2 THITICH W SITE A

NOTPHRBEZRELTHDH I LITERLTUILY FEL
{ 1ZKawaguchi et al. 2022% £14) . i LA FERL 0T -
<D AT 2 HHORETIED 2 b0, HE FEHO
TG 2 IR e R OS2 WD AT E S, WHHDN
7 PVIZEESIZE CCTREHRI D (I2ls L, o K& 213
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Figure 6: Vertical profiles of variables related to turbulent mixing
obtained by a turbulent instrument, MSS: (a) water temperature (7),
(b) salinity (S), (c) potential density anomaly (o,), (d) buoyancy
frequency (N), (e) turbulent kinetic energy dissipation rate (¢), (f)
eddy diffusivity (K.), (g) buoyancy flux <w’b”) , (h) heat flux (HF
=p,C, <w'T> ), (i) vertical shear of horizontal flow [(dU,)/0z], (j)
eddy viscosity (K,), (k) momentum flux {u'w "> . The thick black lines
represent the median, and the gray shading indicates the interquartile
range. The blue dashed line in (e) represents the observation limit
(electrical noise) of the measuring instrument.

Depth, m

WELLDITMALTwE. =7 VR EOMGEOBLIN
25, BT S N IREER O KR E I3 2 il &
WHRTLHE, ZOREIERNILTmTHo7: (K5a). =7
Y IEOE S EHERE (K) 2w TERbE N D5 —
T & % (McPhee, 2008).

L 6)

8= |5

Bl Sz r < Y EORE (117 m) x5 2 Ktk iRE
E, K,o=12 x10 m* s"E AL s, W UHIRICHES
N6 OMSST — & OF¥g & L TR SN2 Mtk il
(s

K,=13 x10m’s'"CTh Y, HMBREo#G (X6) & 1%
F—FHLTwb,

A

5

=

ADCPIZ X % JHe0 2 R BV 4 Ml oM R, i
K= GET N R EDRKM Y I 2L —2 3 VIZBITS
EHE U TCEELREHRE %% (Leppiranta, 2005). ADCP
TH B N7 RE TORFFRAN DN T, HKEB IS
B R RATIICEE R L7 (IX5). 5,9, 15 mD AR
B2l EN S RFEIR ) ORRZRLTE Y, Eh
ZFN, 15,35,42° L WHRERTH o 72,

3.3 BEREREICHIFIBETES

MSS® il 2 & g _F g T O WK OFELIERAICET %
SERI A SN (6). Kl - 3550 $iiE 55 2
5, A S EEART0 mF T-1C % [l 2 il 7 K A3
e B Z HoTw b (K6a). His L Kiiy HErh s
RF VX VEET /<) (o) OEESiZERLE, 20
GG 255920 mOIREE CEEMIZHB SN Tnd 2 &8
bhb (M6c). BEEBE DM S 2R3 iR IREIE (N) % &
5L, ZOWER, BEBTHOBEERRBISIELTW.
(Ked). =2 Tid, dtkiEDBEDBRAFEBIZHE, 6,78
I 7 £0.125 kg m*HIN$ 2 3 2 RAEIE (D,,) L ek
3% (Toole et al. 2012). Z D%, BHNMIM &4 TD,, 1%
184 mEtii s,

IAZMSS DM 72 Bk 2 7 2 5 FHE S N B ELfE = % )V
F—HER () OB 2 T (M6e).  eld,
POHREE THOES ETIRIZT M E Lo, MSS
OO NL K - DML, HithoD ¢ DRAD D 2#
Af DR TR (K) Z 5H§ 4 (X6f) -

Te
K= (7)

CIT, RAEE(T)IZ02%2 48 L7z, BIEEHE (V)
B TFoXTEZONS:

NZ=-2% ®)

gRENNEEOKEE, p@IHKOBEETH L, B
WO 2R THIE T 2 & D 510 migk F TlEK.
= 010" ~ 10° m® s) L IR K & e fliz LY, REET
HoOmERRE L) THTRAWEBLEZRLTVS (K. =
0(10° m* sY). K. #1852 LT, HLIRIC X BHEADHRE
BT RMIE T 7y 7 AOFHEDSTREE 2B, HIZIE, K
MGOE 7 5 v 7 2 TFToOX Ttk S 5:
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_ ; -2
y= IoglO(EO), Wm

——MOSAIC Leg5
—OE82

X = IoglO(Em), W m™2

7: (/) Ejke, (£) E ke Bfh, BEOBEMIAMEOBMNT -5, FhoBBIE
Oakey & Elliot (1982)12 & 2 MIE D [AlJGE 7 V. 8l T D FIRIHER.
Figure 7: (Left) Relationship between E, and ¢,, (Right) Relationship between E,, and ¢, The black
lines represent observational data from this study, while the blue lines depict a linear regression model
proposed by Oakey & Elliot (1982). Note that the axes are displayed on a logarithmic scale.

WT') = K, 5 )

BEEAKRIIHLT7 Iy 7 Z5E%21TH &, BRE
T OB ETEOMAEIZE -7 3B b Z &b
5 (Kbgh). 2F 0, BEICX->THTONE DD
KL, RETENOMWELTR A L - TRzt

HoTWhb.

WIZ, ADCPH 515 5N 5 K FiHE OB AR (¥ 7) &
¢ ZHlAEDE TR K 2RI %:

&€

(arvwl)z (10)

0z

K, =

T S T ORISR AT TRAMEZ I, BEAET
WT2OHOY —7 2 DR H 5 (X6). T OFHE)
5, KiFZIKERERWIZRABEERIIBLTHRKRIAE
il (0(10° m? ™) 2HoZ Eavbh b (M6)). Ho5N7z

iR 2 T RLIRICHE ) B R OSiE 7 7 v 7 A (L
A 7 VRIEH) RS %:

ww) = -, 721 an

Z ORER, WEh R OMOR AL E I ENE T X (2% S .

Z OAEIZREEL0 mff TRKMEZ & 5 (1X6k).

KICKREABER G D 5 RIS 725 SN LA T %
VF =k OWTEET 5 (X7). KEASEHREHN10 m)

K- R B A TKEZ 5 v 7 ZEEREFNLL
ToOXTEFENS (Richman & Garrett, 1977) :

Eyp = 14010 (12)
Eo = py (u5)? (13)

2T, 1,7, C, Uy Uy u,id, FRERRKKERAD
LA VRIS, 10 miE RS B 2 P39 2 Jadk, i
FKJE T OBEHEE OMIHE, CIIIPUREL p 3 KRG
R, MR AN TR S M2 TKEHGEE (5) 1220
TIELLF o % M % (Oakey & Elliot, 1982) :

& = fOZDM"pwedz (14)

Dy Oftilx, MSSIZ X bo,08E 707 7 4V X ) HH
SNDZREEBRETH L. HILOHRE, E, E, 03B
HWIZH S % IBIBRICS 5(E Le, Eg&eDHBRE
X ZNZN068L087). BT — 5 ZMalicE L s L,

FNEFNLT OMEEREFTVEHELZEARTE S (KT
ZI) :

& = 0.012E,, (15)

g = 11E, (16)
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Figure 8: Vertical profiles of turbulent kinetic energy (TKE) production term (P,,) and dissipation term
(&) estimated from observations. (a) Mixing length (4,,), (b) P, (dotted line) and ¢,,, . (solid line), (c)
ratio of the two ¢,,,,/P,,. The vertical axis is normalized by the depth of the mixing layer (D,,). The red
and black lines indicate during (II) and after (IV) intense wind events, respectively.

M, REFERIEN Tk S 15 TKED 1%
B RN THEIEIC & o THitERGR$ 5. 2L T, MR
BN THOR T 2 HALRER & 72 ) O TKEIZ I A 5 A
SNBEOI0ELEE V) ERA Y LD, T ORI,
HE ORGSR E TOWE LR —3T % (Oakey &
Elliot, 1982; Lombargo & Gregg, 1989). {RE&REIZHB VT,
WA SHRATATKER L ) HBRT H2EPIKEVE VD
FHEER, WA NCTEESNSTKEXS 145 TH Y,
DD, TOREPHERIZI DIHET S L) IO A
% (McPhee, 2008).

HEK-IEEBE R 1B BT AV F—DIZIZon
TEET 5. BB 72 ) OTKEDAEHE (P,) 1371
MOSEAB (Y 7)B LR EEZ 5N

u*3

Psh = m (17)

BEESEIE (u'(2) BN O EORECEHR S NS =
THY, HEE HITHEMIEET 5 L2 T 5 (McPhee
& Martinson, 1994) :

u'(2) = ugexp(z/g) (13)

22T, 1< VEE () kR (K

Ymax

) & W

UTOXIICEHRENS ¢

8 = /% (19)

K, BUTOLHICEHIN:

Vmax

K,

Vmax

= Updmax (20)

MSSTHAF SNz & & —EDMBERI N TV D
(FH B4R EL230.57).

Il IR EZ R DM L RO 2 r— Vv TH 5 -

Aow = Kz,

|Z| < Zpow,
21
Aomax = A/ If], (@1)

Apre = [
Lre 1z| = zpow

Ao “BEDPHN “ (Law of the Wall = LoWw) 12 & - THLE &
NEZWHETDH D, L IREBREHGE» SHEN SN 5R

GRETHD. A=00280EHE VT TO L) ITER
g5 (McPhee, 2008) :

Aow = Augn?/(lfl)  (22)

TREE(n)ZUTOXTERS N,
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FEfllEKawaguchi et al (2022)% 21,

Figure 9: Estimates of heat and salt balances at the sea ice-ocean boundary interface: (a) water temperature (T,),
and (b) salinity (S,) (black contour lines). Red contour lines represent the difference between the values at the
boundary interface and the mixed-layer average: (a) 7, - T), (b) S,, - S,. Points represent observed 7, and S,, by
MSS, with color (from yellow to navy) indicating the observation date. For more details, refer to Kawaguchi et al.

(2022).

Aug

-1/
n= [1 + KIfIRcLO] ”

—HEIS, = 09-1L1OHPHICAIET 5. BERY F v —
Ky Y BR)EEE (R=02) #KELTWwh. 22T, %
Ta7REE L,) BUToORXRTERLZENS (Obukhov,
1946) :

23)

o
ez

Lo (24)

TK-AEPEEREIC B 2 H N 75y 7 2 ((wb),) 13,
B S T ORI - WP R 2 e THLNS:

(W’b')o = g(ﬁs(W'SI)n - ﬂT(W'T')o) (25

Z T, Pk fATENE NI IRARE & KR RAR R,
WS HELRIC X AEREH DG 7T v 7 ATH 5.

B FE JEBC BT A TKEIE IO W TR TW L (K8).
9H14-15H1Z, JRDMEMIZHE ) FJAA X FHEH S T
W SEINERE LR L, BAEOEEDML TR
ENTWDLZEIZEZmshzv, BEICHS N TWD I
M (Period I1: 9A 14H) 1, JAUC X 2 #oKDOBTEEEATK &
WeDIZ" BT B SN A MEHAD KE %S
(Me=04D,). L7235 C, BRBHBm LR SN
A BEEE o) IR E v, —T5, i A32 5 72 (Period

IV: 9 H15H) &, " BEEAI" O ShE#EFR 13, <0.2D,, 12 &
(E\‘i b , )\-ch%)l mU\_F <1: W :) Eﬁﬁ%) b i)i‘?%‘%ﬂf:

RAMEICE T 5 Lot b &1, TKEWZIZ
BUFLAER LR E KT S (K8be). 22T, Hakt

K (gyp) 1IMSSA 515 5 72D W N T O e A HE 2 il
(maximum likelihood) % M\ 72 (FEflllZKawaguchi et al.
2022% BIR). Ao (D) L@k V) ISERT % L,
BERE O FEE (2<05D,,) [2BWTEKIH (P,) & kA
() A LA = F OMEZR LTS, HH LOFELS,
FAREOERIHTHBL S N Bk o sk z 1o &,
REBEE (9, 2Dy, =1 FTRIFF—EITEVE
R LTWA (K8c). TKEIZZIZHIT 5 2HD KO T,
REETHOWRERIZB W TR B CIEFHPTE W
TKEBGEFED Y — 7 HHEET B (e0/Py>1). JFIZ, O
Y 73Rl L 2RI XV EHELREEEZ R LTV 5.
L, WO B LB ICRA ORI
HETWVWDLZEERITRLTWA.

3.4. 3 - BT EBE(E

SR OBENTIE, WKL RE BT 58037 ~
AWEALT B & TR T ORMFEAMEIL L, FRRIRA
ERITT A7 ue AN 5Nz (K9). MokHlizsw
T, KK TO D9 KIEOZEALZ IEMEICFHIT 2 2 &
FHEEL V. ARBFJETIE, BRI EOBELZFEL <N
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5 ET, B oBLE S M Eoik ol - i
DWCHmT 5.

BREIBIT2BNEDEHDONT Y A%k EZ D L,
FEMOEIRE T T v 7 A Lk % @ d 5 BRE & OEDS
KT O WOKEEIN - WANCER T4 (D). #ick 2
B75y 7 2% ARG 5T, BRI ORI HK
IEEICE LW LI ER VD, BARAI, WKIRE
RSO TH 5720, BRI B 35N E % 2
% WEHEH 5 (McPhee, 2008) :

W'S")o = as(Sw — Sodup = —wo(S; — So) (26)

2T, ald¥EITR T B AR, SAdiEok D K
SARHEER AR OS5, S ZBRITORS, wo=—2T
BT AV AY Y=k ZE L IKOBIERTH S (po o
EE NZRKOHE, IKEHO ML), #ILX 0
5 (3) LHAMNEOR (26) &l 52 LT, SICHT 5

SRR RS
mSZ + (Ty + T, —mS)Sy — TyS; — TS,y =0 (27)

IC Tu=T-p=ThY, L=22ThHz m
fokAKiR & g% o7 CFREC(0055 K psu’) T, LT O

BXTESNG:

ma =2 (28)

MSSIZ & 2 B A BN DT S kil (1) - 55 (S,)
BT, X @D kusE & Q) L) nofieEs (1
9a,b).

FHEORRE, OH 1 EEZEIC LT, MK A R A
DAEKORENE BB L TWL. EHITREEE, o
HIMICREREOFHESDB3EL BT LTWBE I L TH
5. RETEOFKIRICE L Tidts LA B GRigb)
ZH Y, BHRMMAEE? SHRIKT7 = — XITER L -HH
PSR TIC L 2HKEOBE LIFICL D LN TE 3.
MOSAICBIHIIC B W TIE, MSSAF—¥ 3 YidiEk: &
HIER LTS, ZOWGHEOKTRRITN2HLT
Ho7-MEEHIIEETE 2. L2 Lads, FEAMICHK
B2 TH B BAPIFEL TV L HETH L. I
14 HEBOMROEET, FLIRRAIC & 2 Bt —k
IR L, WK TI0 W mP*% 8 2 % B AT Wi 20 & ik
FICHH L7z,  OBEOERO K E1302-0.3 cm/d & 54

JIE

5

=

H3ns.

EME R E LT, BREICBIT 24K 7 2 — A0
BRIIEHELRT I 4 VROV %8 L ClFEMNICA OF
7597 AFEAL, BFEOH 2 BEEMICALERR
REANELELEEZ H5NA(R25). LaLads, REH
DRSNIEHEFBREZ LMY, FOKOMEMBERE S 2 5
IAHMIZBWT, (wb),dAKE Z12010° W kg )L FT
HY, LA VXTI & BRI A & HRD &34 —
FUEL/NE W (Hde). LT, HFH75 v 2 A0
SN OTELIRB AR L TH 2 2 FERRN g B T
SWEFZ 5.

4. R#&IC

ARGTUE, 20204E8-9H 12 FEHi S 72k T o 8Ll 7 —
5 &b LI, MRS RE I BT A AR A & B - 3
HEICBT 28 LA Z#E L7z, BEARELTwA
EHoOBREICB VT, Wk o/FL ST 2 1T,
LR A1 X 2 B OSRIE IR 1T R & BB N 2o (K1),
72720, FROKIC X 2HENDTRIT T v 7 AW, BifE
WOIREGIZE- 2 5 1M 70 3B REN Tdh - 72, Bf#
D OHRRNDEBERICB VT, BEHOMICERBICERSh
7R OB RO DIE S IREE HRL, EORRER, #
K & B3 ST/ i3 BgE <, i o &fEg
BBV TEELRAATH L. Thid, KOREIH AT
52 LI Lo THIKBIEAZS R $ 5 (b L ITRIKDHEED
AT 2) LI, LB R F Eviko X
I LT HHAOEI, LR HEROLDSRLD.
FEBZ, 19804 E AR B -0 & e < AL D MoK iR D A1,
20104EAR LA Z DA B % $tL S €T 2. EF O
AW RRTIED 525, KA OPEERHEEZRNLEL D
LHIERIRBELICE (HHA) > TWBEHIEBZTERL L
V. G1RIE, ZOHROIIIIAE ORLEE, FB HEKE
BOWAD % Ik 28R H 5 O 258 i 7 i 2 W
Ehp.

Rk L7z Y, AREFZE TR 1% - BT AV F—
DOEAE V7 X THRIEEHVTw S (3, 4). Blito
HE) T AV F— (TKE) RBEEHE (u,), 875 v 7 A
(w'TH) 2B LTI T & 5 R0 2% 3Rl 25 iE©
HY, SHROMEIHE L.

i
*1 ARWFEICBWTHMMABETFERICL 28T 7 v 2
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