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(Japan Sea Proper Water : JSPW) & M35 T W» %,
Fig. 1 (a) i3##EHIZIX (Fig. 1b) ich i E AL TR L7
SM3903 (/KX 3,653 m) ITHWT, KRTA 2003 4E 10
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(b)

(a) Buoyancy frequency
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Fig. 1 (a) Vertical profile of buoyancy frequency (N) computed from the potential density (Fig. Alb) observed
at SM3903 in October, 2003 by the Japan Meteorological Agency. Its CTD cast down to the bottom is shown by
an open white circle in (b). fs denotes the local inertial frequency. Deep stratification is feeble, especially N ~ 0
at the Bottom Water (BW). (b) Bottom topography around the Japan Sea with three isobaths of 400 m (black;
N~10f;), 1,000 m (red; N ~ 4f;) and 1,800 m (blue; N ~ 2f;). BW Areas deeper than 2,600 m (N~ f;) and 3500 m
are highlighted by gray and black, respectively. Closed yellow circles of St.8 and St.7 show the sites of mooring
in September 1997 and May 1998 by the Japan Coast Guard. Locations of the Japan Basin (JB), Yamato Basin
(YB), Yamato Risc (YR), Ullecung Basin (UB), Tsushima/Korean Strait (TKs), Soya Strait (Sys), Hokkaido (HK),
Honshu (HS), Korean peninsula (Kp) and Russia (RS) are shown.

129 HE L 72 CTD (Conductivity-Temperature-Depth )
WWkBRT vy VKiE -7 —2HOCEIR L
TEAIREEN OSRE 7 1 7 7 A4 )L (BUHIEE X 3648 db
ET)ThD, B, MEAIKKELT, SM39032SHA
MEERETI2EMETHEIL, COMETRT 7 A
IVOFHETTIE R 2600 db A DEE — 2 KT v o x
VKR AR, N~02HElshs 2L %2R L7,
O RMERRIE, BHTEE @ =425°N D a v 4 V85 X —
Y DERE Y fs= 20 sing =985 x 10°s ! (Q 1FHLER D
Hs A, EERR 177 BE) 2 LT, f-

o+ Afs - 10fs & 75 5 HUBHE (N) OETH 5, 400db
DIZED JSPW 1% N<10fs THUEDIER 1255 <, R, 2,600
~2800 db PUFRIEE D SRIEMITIZIEYS—7 N~0 & 7x
b, K&K (Bottom Water: BW) L ME-iZN T3 (Ga-
mo and Horibe, 1983), SM3903 & #;4, BW O & & 1%
L000maEl icb iz b, ZD kD REREDEEE—KDOF
B, BAMECEWEE b OSBRI X 2 HEE NS
NERALEZEZ 6N TWw 3 (Hl 2 1E, Park ef al., 2013;
Matsuno et al., 2015; ¥ 1% 2, 2015; #f H - # H,
2022), Fig. 1 (b) OWEHZRICR U 72 SR, N~
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2fs £ 72 2K E 1800 db % H EM, N~Afs L 7 5 K%
1,000 db % ZRSEME, N~10fs & 72 57K 400 db % 5
TRL, KON RTH % BW BEFFET 5 2,600 db
DR (N~ fs) @ 5 i B 70 8H30 2 K B (IR W K
3,500 db LAEE) CHEER L 72,

B0 & HREAEAT 2 84 C fo<N OBESAFE D
L E, SR OMIPNEE (NEIEME ) 23 e
= 5B oL, fs<o<NoHPHIZHIE S 35 (Gil,
1982), & -, Fig. 1 (a) @& 5 %2555 /&REICH 5 H
KRR IC B VT, B2 6 THNMBIET 2 WK
Wk N=f; (2600 db fH3E) AR bV Ry 7LD, %
NOEICFBATE R, S5, ZhDED BW NES
T, BN OFIHME» T, N BRI FEETE R
v, UL, COWENGELZICKL, HAREDORER
TIRELHIRE R 512, BW N2 & REHCRd 2L
TR E BT EER R ICH 2 L PMESIN TS
(21X, Takematsu ef al., 1999a, b; Mori et al., 2005;
Senjyu et al., 2005) .

BW N CitE M A o s 22 8 23 5k & 2 Y3 70
2R L EOMRICIE = 2H 5, —2ik Wata-
nabe and Hibiya (2018) ic X biR/RENiz, REDEE
PR IR S N7 BIER R IE DO NER I & L CORIRTH
%, 5 I3LFHAE O JEGRH] CBKE) S 11 2 K T
@ % J& MITgcem (Massachusetts Institute of Technolo-
gy general circulation model) @ € 7 VSR DS, FLlE®E
EREENRERME L-RER2EET VT RAH
HWT&E32Eh5, BWNOITEM: IO ZE) X
Evanescent ZifHIEIRE EFE X TV, b5 —DdHHE
E2 (2019) ICk VERIRE N, VAV IRT A =T DK
W4 (% 72 dHBREIER X 27 b oV D KRS fo=20Q
cosp ZEETNIE, N~0Lt%x2BWHNTOHEAETE?
Gyro-scopic Wave ([Et:io—fE<cH b, LIT, GsW &
M9) 2 ME LB CTH 5, D GsW D4R, LeB-
lond and Mysak (1978) D#EHEYEF DHBIETHO T
EH L., L2L, O linEBERLIFRIFERY
i2b e, BT C 1 Gerkema and Shrira (2005)
DV E 2 —FX, KRR CIIRE R AL 0B E
Hz T3 o RicowT, BIBER (7L,
[fs<N OIRESEME) & 524 v FTERENTH 5 HE L
7z Yasuda and Sato (2013), #IEELHIC I3 FRE DIE B

I & b FEERH R O N~ 0 FH380C GsW O FFFEZ R L
72 Haren and Millot (2004) 25 %13 & 72\,

AN LIz 0 ORI, Wb BEE 7OV RO
%2 b LI Lo RICE £ 0, HEOEM
F— & 2 FICHEL L 2T R v, 22T, Ko 2
fiiCl13iF ERLTIC & > CT—EFO M, N~0D BW
WICHREE S 7= 2 HifS 2 T8 o WE B R 2 AT L, JTiEh:
JEISAZE Bl D FE R 2 b 378 3 A F o B8 75 1) 2 4 P T
w, ETEONHEESORMEERE L2, ZL 48D
HAMRESZ B L - BUEFERR T, Z ORED%RE D
GsW i E & LCHiHaN 3 2R T, LHL,
— R R BEYHAOBRIEICB VT, a2Vt )85
A= DRNIY fo #EE L I HBIBERIZIE L A ERAN
STy, zhYwz, Mo IHIcEWT, f
& fe DMy % BRI HERE MBI EL, RHE
BoBZICHO 7 NEEEE I (GsW 2 &) O
BAFAEHEib, JTEVER O AGHE & SO © 27z 2 FEXTR
7 n B (Ray path), & 5T U 72 itdiE M
OUKFHER) OMIRZE(LE BT %,

2. BW ADBIRELEICH T 2 EEMHRELEE)

2.1. MRTARER

T L 7zl E R, JODC (Japan Ocean Data Center)
dDWeb site (https://www.jodc. go.jp/jodeweb/JDOSS/
index_jhtm) ICEFHEI N TV A HIET— 2 o, FRE
FrOBREARESAARHED BW N (2600 m BUFE) 2H 5 b
DEFENL 72, 05273 F CBLIHIE O fiE &
khcid, Fig. 1 (b) B EAHITRL 7 280 H - 7z,
T AR O P E RN, HAMIC 8 5 A LU E O
3XILHH & Z DEBETE D D, #F ERELFIC X -
TR E 721997 F 9 H 13 H 15KeH 5 1998 5 A 9
HIbRE comiirT —2 Ttdh s (fRE - /S, 2011),
oT, MHAHFZIIZOHEBHEOEFETEZMML, KE
3650 m D Av#E AL 267 77, WS 13T E 257371 H B
B % St7, K 3680 m o AbfE 43 B 004 43, A% 137
308 97icd Al E S8 LT 5, RERFEEDL LD
6 BFART, B oiREE, 2 A 2 olHE (7 —v
7 7% RCM-8), YIbH#ELEE, v vh—CHEIN,
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B X L IS E50m & 100m D2 THh
5, £oC, FHR2EDE 4 > DMET — & DM &
b, KmCTR&ET—2%2XKHT 57, HlziE, St7
DiFIE (bottom) F50m 57 —# 1% "7b 450, (I,
7b +100, 8b + 100, 8b +50) & E£FlT %,

22, ERURAPEEBOHMETTE

AHiTld St8b +50 Dft#E 7 — % &2 T, BWAT
FEEERASAEBRL Tw B T L, ZORAUHOLE %
T 25ROV CHIET 5, Fig 2 (a) 3yi#Elet
DR u LFILER S v 0 LRI TH B, DR
DTl IRIE N R E 2o 12 &, 11 A2 H
235 4 H 22 H 14 W% To 4,096 @ (Fef) o5 —%
ZHWTEELZE#E 2R LV (FFT #) 23Fig. 3(a)
Thb, Falalb (KIFEHED ) DR D 2 (R) %
TR L, St8 OB IC B T 2B MEEE f (=
992X 10°s!) L2 2f5E IEDEBEE, WY OEFE4
KHITH 5 KL 01 M2+ S2 (~2Q:Q 1FHiFER D A )
DRI B AR T L7z, St8b+50 ThHed High L
T 228 AR E 1005 o BRI chy, 20
WM & OIS BAER 2R T % 2f; % 3fs O B
TICb /NS e—o 8B 6N05, HRBOFMPIZ/NZ 0
CEMHISENTED, WAL, 4 ROEINITIZIZE — 22
Aohizv, —ic, FTEERNZS I, HBO TR
M E 72 2 KRB AL & 72 2 5603% <, dbf
BR-Cld ] b R ARG I Hilkd 5, £ 2 A4, St8b
+ 50 OV E M AT KREEFE D B b RERFE] D AR
NEFEBEOE =7 23A 50, T HUITEE M2 -
EloTWwWBZE%ETRT, TITREIAEHRWA, St8b+
100 o &k JE £ D [F U 1.005f5, St.7 ol Jg o &8k
Bd & bIc L024f (272 L, f;=963%x10%s1) TH b,
WIN SR L BRI O FEE M 2R T 5 AT
M OVIEHTRE SR &2 7R U 7z,

Hilh U 7B A o B8 2 T 5 720100, KR
Ti¥ HAB (Harmonic Analysis Band-pass) %% i L
7o (BHZ 72, 2003), HAB i & 3B EF L HEE, FF
IF I & 2 fENTIE L 2 B8 S 245075, /N _3Ekic
K B FRMENT (IRIE & A2MH) 26> TER o FAS %
BT BNV FASRETH B, RIENTCIBTEERRHO
ZEhEME T2 2 EXENEOT, MET 20 EE

T=18 FFfH] (St.7 & St8 o E 4 A, 1813 IKfi] & 17.60
IR D 133 R EIE), FAFIMNTIRZ L =37 RefICEE L

Z O R EAME O W EUEE BI% (Response function) %
Fig. 3 (b) Icn L7z, T s d L, FH 18 BT o
EHIRIEZ1EEA RV SETICHETES 2 Lbh
%, K1+ Ol OEBESUEIK 05 L b, EHORIEDY:
DREENTER->TLEH 2, EBRICIIHEEZEIL AL
Twizw (Fig 3a 22M) 7z, fiHEhs357—2~0
BEIT/NE v, M2 - S2 KU 2fs - 3fs OIBEHBUIZIZIE
FETHD, TOHABIEICK Y Ny FRR I N B
A O A HR K ORRS1 % Fig. 2 (b) R L7z, k

(a) Raw velocity (8b+50)
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(b) Near-inertial band-passed velocity (8b+50)
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Fig. 2 (a) Time series of raw velocity for EW and
NS components (u,v) of 8b+50, whose nota-
tion means the data of 50 m high above the sea
bottom at the mooring site of St. 8. (b) Same as (a),
but for “near-inertial” band-passed velocity using
the Harmonic Analysis Band-pass (HAB) filter
shown in Fig. 3b (Kuroda et al., 2003).
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B 7—% (Fig 2a) icAa LN AMEEDIFEAL
FZNY RASAEERINCHER > TEB Y, Zid s brEER”
HOZEB O HESHE SN D,

2.3. EIRMAPEED/N > F/NZEERS

HAB B E 8 v RS2 S 7 B2 50 (Fig. 2b) & [FIF;

(a) Rotary spectra (8b+50)
f5=9.92x 105"

(cm s')?/cph K1 \ L \(iIOSf *M2 (Latitude 43°)
104 01 20(~82)
N v
> 10° 2f, 3f,
-% 1023 | Clockwise
= Anti-
£ 107 Clockwise
& 100
107 I T
0.01 0.1 0.5

Frequency (cph)

(b) Response function of HAB
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Fig. 3 (a) Rotary frequency spectra for horizontal
current of 8b+50 (November, 2, 1997 to April, 22,
1998). Blue and red lines represent the compo-
nents of clockwise and anti-clockwise rotation re-
spectively. Symbols of K1, O1, M2, and S2 are
four major tidal constituents. (b) Response function
to frequency by the HAB method used for the
near-inertial variation with 18-hour period.
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J&TIonEE AR A S 2 FE SR 2R CEILE A T
5L, BIEICIEVIE EKIRIE E 72 2 RO, M
DIRIEE MM E () 2R 7 < v ERENOZE
{ECIF@ATE RV L2RT, HEDHEWKEL 7 < 5
REOE XX, 50m UNOE 10m BE Ll n 5,
O CIREME (Rl L s oRIE T, TEME X IREGT
[[0) OFEFZELKIZR S 2 \0s, IRIBOKE & b+50
X b+ 100 IC N THEMRIZ—1 (EMoEEHE b ) 1ot
¢, b+100 DFEMHKIZ 0 ~—05 DEFIC H 5 5A 1%
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LTw3, Zhi, AFi#E25%AE (180°) & 7 % 6h
BT — VB 100 m NI H b, $hiE SR o B
it GRIEMEAMOME Y 7 —i) 2H#EHsE 5,

72, St8 & St7 DIRMEME ORI ORTIFLTE
53 (M@ (a) ZHE), Pl ed, BT
170 km B 20 72 i 1k A UL & A RRIC I3 2 C v de
VW, 2wz, Tk, St8ix 11 X4 (Fig.
4), St71%x8 X% (Fig. 5) OIrEMFAMZEB D2 HIc>
WCEIR S %, St8 TROIREDKNE D - 72X E DI
#, b+50 oFHEEHIEHFICE WS DD, b+100 i
JEH-FER A IC R Z b - A5 TH 5, RIELE
K E L, FARBEABREXS A LGICbALN
%, X B EDIEb+50 & b+100 %1% 12 [ R i§ o
Wicehb, MELDICRFEIRE BFEMEM (R
—05fhE) THY, REFHDONTYXHREL, X5
C BRAEMICIRIES NS VS 0@, Mi— b+50 DIRIE
2b+100 X b b/INSVIRHITH 2, Z ORI DHRNE 8
X 0EFFICH 5720, BEERECD DD, KEFRHE D

DFEMER S FIEL T b, X9 F1~ F5 idifi LT 5
FIRREEHBL L 72 BELCTH b, b+ 100 OHRNE 231 b 1< /N
L, MEH A oMK o EER (FBHEIE— 05
~—10) 2b+50 DATHEBL T3, St71FSt8 D&
IR 2R EHT 2EEIX T TIE AL, H@L 7R
e L THRL 2RO~ FH»5—»HoME
THREDIBENTVE EIHIICARZ D,

3. £, & f, OEHRA %28 L - ERIBEE S
DR

3.1. [FHEENL fFEITRB SN KRIAEEOHRY

HBERIRIES % 0 BB AR T 13, ShIE T 0 ES) I
B 2aV4V 52— DAFEESTE ((A3h) Ko 7E
WE 21, DT, fIH) 2% A ((A3b) X% 1
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Fig. 4 Time series for the “near-inertial” band-passed currents of 8b+100 (red) and 8b+50 (blue); (a) amplitude
and (c) phase difference Aa between both sites (black). Values with a cross mark in (c) mean that the corre-
sponding amplitude is less than 1 cm s, and thus its reliability is somewhat low. For convenience, the distur-
bances of near-inertial variation are divided into 11 periods from A to G. (b) Hodograph of the “near-inertial”

band-passed currents at each site for every 11 periods.
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Fig. 5 Same as Fig. 4, but for the sites of 7b+100 and 7b+50, the disturbances are divided into 8 periods from A

to F.
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s (fm+ fiKising)? + N*Ki 0
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Fig. 6 Schematic illustration of different propagation surfaces for two wave types at any frequency; (a) inertio
wave for N=0, i.e., Gyroscopic Wave (GsW), and (b) internal inertio gravity wave for N # 0. For these waves,
the surfaces of constant frequency in wavenumber space (k, I, m) are cones as illustrated. The group velocity
Cg is a direction perpendicular to the cone with a wavenumber k. The Vertical rotation axis of Qsin ¢ (¢ and
Q denote the latitude and the Earth’s rotational vector, respectively) consists with vertical axis of z in the di-
rection of —g (g is gravity acceleration). However, in weak stratification, the horizontal component of the
Earth’s rotation 2cos ¢ plays a crucial role in generating inertio gravity. The combined effect of both Qsin ¢
(=f/2) and Qcos @ (=f./2) is called the “non-traditional” effect for internal inertio gravity waves.
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Fig. 7 (a) Maximum and minimum values of wave frequency (Omax, Omin) as a function of buoyancy frequency N
from 0 to 4f; in the traditional f-plane (fz =0). (b) The same as (a), but for the non-traditional f-plane (fz # 0)
in the propagation angles of 8 =90° (red; southward propagation), 8 =45° (pink), and 0 =0° (blue; westward
propagation). The shaded area in (a) shows the frequency domain of waves in the traditional f-plane, which is
exactly the same as the domain of 6 =0° in the non-traditional f-plane.
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Fig. 8 (a) Vertical profile of model buoyancy frequency (N), which is a simplification of the observed N in Fig.
la. BW deeper than 2,600 m has completely N=0. (b) Vertical profile of model density (og) obtained by verti-
cally integrating modeled N in (a), which is used to compute the ray paths in Fig. 9 and to set the initial condi-

tions for the vertical two-dimensional model experiment.
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Fig. 9 Ray paths for a wave whose properties vary with vertical coordinate z under the model stratification in

Fig. 8. The paths are those that would be followed by a

particle traveling at the local group velocity Cg = (Cgn,

Cgv), as shown in Fig. 10. As initial conditions, wave packets are situated at L =0km at 1,000 m depth. (a) Case
showing the incident/reflected near-inertial waves (o = 1.01f;) for various propagation angles from 0° to 90°.
Cases of (b) and (c) are the same as (a), but for the meridional southward propagation (6 =90°) and the west-
ward propagation (8 = 0°) at different frequencies from 1.01f;s to 4f;, respectively.
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Fig. 10 To understand the ray paths in Fig. 9 and horizontal current ellipses in Fig. 11 for the near-inertial
waves, frequency o distributions in wavenumber space (Ky, m) are used to express the dispersion relation of
eq.(1) for the propagation angles of (a) 6 =90°, (b) 8 =45", (c) 6=10°, and (d) 6 =0° when N =4f;, 2f;, L1f;, 1fs
and 0. Green lines represent the wavenumber vectors at a frequency given by o = 1.01fs. The group velocity Cg
is a direction perpendicular to each green line in the direction of increasing frequency, as shown by one set of
arrows.
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Fig. 11 Same propagation angles and same buoyancy frequencies as Fig. 10, but for the horizontal current ellips-

es at frequency o = 1.01f;, which are divided into (a) incident wave and (b) reflected wave. These are comput-
ed from the amplitude ratio and phase difference between u and v, ie., egs. (10) and (11), when v=1. The top is
the north side, and the propagation direction is shown by an arrow. Blue and red ellipses show clockwise and

anti-clockwise rotation, respectively.
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Fig. 12 (a) Meridional two-dimensional model domain (6 =90°) shown together with the theoretical ray path at
frequency o = 1.01f; (red line). Green cross marks on the set of red lines denote the places where the time se-
ries of Fig. 13 is extracted, ie., water depth D=1200m (N =4f;), 1.300 m (N =2f;), 2500 m (N=f;), 2750 m (N
=0), 2900 m (b+100m), and 2,950 m (b+50m). Meridional, zonal and vertical velocities are v, u and w, respec-
tively. Periodical forcing of the meridional current component v(¢) is situated at L =0 km around 1,000 m depth

as schematically shown in the right-hand side panel.

v-component at 10Ty intervals (Tyis the inertial period).

(b)-(d) The model results for sequential patterns of
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Fig. 13 Time series of three current components (u, v, and w) at six pick-up depths shown by the cross marks

in Fig. 12.
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Fig. 14 Daily time series of the horizontal current ellipses at six depths, computed from u and v-components
shown in Fig. 13. The thick radial line in each ellipse of b+100m and b+50m indicates the current direction
based on the initial time of the analyzed period, ie., the initial angle. The display format of these ellipses is the
same as that of the theoretical ellipses in Fig. 11. Thus, qualitative elliptical shapes of the model result can be

compared with those for the case of 6 =90 in Fig. 11.
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Fig. 15 Time series of the vertical velocity w (upper panel) and the meridional velocity v (lower panel),
which mainly represent the behavior of the incident wave and reflected wave, respectively, at L =5.1 km in the

BW from D =2500 to 3,000 m.
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Fig. A1 (a) Deep potential temperature profiles show the occurrence of adiabatic bottom layers, which have a
uniform potential temperature. The bottom topography map shows the eight sites of CTD (x, numbered by
year and month; O at SM3903) in the Japan Basin from 1997 to 2009 by the Japan Meteorological Agency. (b)
Typical vertical profiles of potential temperature (red), salinity (blue), and potential density (green) observed

at SM3903 in October, 2003.
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Fig. A2 Left-hand side panels show the same frequency o distributions as GsW in Fig. 10a, but for the south-
ward-propagated GsW at three latitudes of ¢ =90°, 42°, and 0°. Right-hand side panels show the schematic
view to understand the rotation of the current ellipse U for three types. A person’s face with an arrow shows
how it looks from above. The pot lid mark along the wavenumber vector K represented by the green line, is a
side view of a circular current ellipse. If you can see the handle from above, it means clockwise rotation of the

horizontal current ellipse.
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Fig. A3 Left-hand side panels demonstrate the same frequency o distributions of the southward propagated
GsW in Fig. A2, when the latitudes ¢ =90°, 67°, 42°, 22°, and 0°. Right-hand side panels demonstrate the hori-
zontal current ellipses from “A” to “C” corresponding to each latitude ¢. “A” and “B” are the near-inertial in-
cident and reflected waves at ¢ =42° (6 =1.01f;), and ‘C’ is the inertial wave at ¢ =90° (o = 2(2.). Blue and red
ellipses show clockwise and anti-clockwise rotation, respectively.
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Fig. A4 Dispersion relations (frequency o/f; versus wavenumber
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ridional (6 = 90°, —90°) propagation in the five buoyancy frequency ranges of N = 10f;, 4fs, 2fs, 1fs, and 0fs. The
three figures in each case are the same, but the enlarged range of wavenumber ratio Ky/m toward the right-

hand side.
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Reflection of near-inertial Gyroscopic Wave on the sea bottom
in the abyssal Japan Sea

Yurika Echigo'*, Umihiko Itoh? and Yutaka Isoda'

Abstract

In weak stratification, the horizontal component of the Earth’s rotation vector Q cosg (¢ and  rep-
resent the latitude and angular velocity, respectively) plays a crucial role in the behavior of near-in-
ertial waves. In the limit for N = 0, such as the Bottom Water in the abyssal Japan Sea, the momen-
tum equations yield a solution for a pure inertio wave (also called Gyroscopic Wave: GsW).
However, there is little observational evidence to support the existence of GsW. In this study, we
theoretically show an asymmetric ray path from the GsW dispersion relation along with a weak
stratification. Additionally, it is demonstrated that when southward propagating near-inertial GsW
reflects on the sea bottom, it enables an irreversible transformation of a vertical low-wavenumber
to a vertical high-wavenumber. Interestingly, the rotation of the horizontal current ellipse (horizon-
tal projection of true current ellipse) for the incident wave changes transiently from clockwise to
anti-clockwise although the reflected wave rotates truly clockwise. Based on this knowledge and
the reproduction experiment for GsW using a numerical model, the evidence suggesting a reflection
of GsW could be found in the current data of the mooring system installed near the sea bottom.

Key words:; Bottom Water in the Japan Sea, near-inertial wave, Gyroscopic Wave (GsW),
current data of mooring system, numerical model experiment
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