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Seasonal and interannual variability of M, tide around Japan

Makoto HARUYAMA, Akira MASUDA, Yutaka YOSHIKAWA and Akira OKUNO
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tE-mail of corresponding author: harumako@riam.kyushu-v.ac.jp

Seasonal and interannual variability of My tide is investigated by the harmonic analysis of the sea
level observed at 63 tide stations along the coast of Japan for about 40 years. The amplitude of M2
tide turned out to have a distinct seasonal modulation that differs from one area to another. The
approximate magnitude of the seasonal modulation relative to the long-term average of the amplitude
of M tide is (a) 4% along the coast of the Tsushima Strait, (b) 10% along the coast facing the Japan
Sea, (c) 2-3% along the northeast coast of Honshu facing the Pacific, (d) 2% in Ariake Bay, and (e)
6% in Osaka Bay. This means that, in a crudest sense, the seasonal variation of the amplitude of
M, tide is proportional to its long-term average. The amplitude attains its maximum in (a) March
along the coast of the Tsushima Strait, (b) February along the coast facing the Japan Sea, (c) August
along the northeast coast of Honshu facing the Pacific, (d) June in Ariake Bay, and (e) December in
Osaka Bay. Seasonal variability of M, tide is not clear around the Ryukyu Islands and along the coast
from southeast of Honshu to south Kyusyu facing the Pacific. As regards interannual variability, the
amplitude of Ms tide mostly showed a long-term decrease at a rate of 0.5% a year or less in the past 20
years. This trend of decrease has been reported in recent articles on the tide of Ariake Bay, Tokyo Bay,
and so on. Moreover that trend was often overlaid by a conspicuous though slight modulation of 4%
or less with periods of 10 to 20 years. Similar decadal oscillations are observed for the mean sea level
as well, which has been inferred to be associated with a decadal change of climate on a global scale.
The decadal modulation of the amplitude of My tide was found in antiphase with that of the mean sea
level at more than 70% of the tide stations analyzed here. As a whole, various characteristics of the
amplitude of M» tide, either mean or variability, have one extreme along the coast facing the Japan Sea
and the other along the coast facing the Pacific.
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Fig. 1 Map of the tide stations the sea level at which was
investigated in this study (see Table 1 for more
details). Each station is assigned a number in the
order circulating Japan clockwise beginning from
Ariake Bay.

Table 1 The tide stasions anlyzed in this study. The
numbers assigned to each station are the same
as those in Fig. 1. Indicates (a)-(k) refer to
the areal group the station belongs to, where
the areal classification is given in the legend of
Fig. 4. The last column indicates the period of

the record.

No. Area Location Period

1 (a) Kuchinotsu 1968-2002
2 (a) Misumi 1961-2002
3 (a) Oura 1968-2002
4 (b) Nagasaki 1968-2002
5 (b) Sasebo 1950-2003
6 (v) Fukue 19672002
7 (b) Tzuhara 1947-2003
8 (b) Hakata 1966-2003
9 (b) Moji 1958-2003
10 (c) Saigou 1961-2002
11 (c) Sakai 19692002
12 (c) Tajiri 1967-2003
13 (c) Maizuru 1947-2003
14 (c) Mikuni 1968-2003
15 (c) Wajima 1933-2003
16 (c) Toyama 1972-2002
17 (c) Kashiwazaki 1956-2003
18 (c) Ogi 1974-2003
19 (c) Awashima 1965-2003
20 (c) Nezugaseki 1956-2003
21 (c) Oga 1971-2003
22 (c) Fukaura 1972-2002
23 (c) Oshoro 1933-2003
24 () Wakkanai 1967-2002
25 (a) Monbetsu 1955-2003
26 (e) Hanasaki 1967-2002
27 (e) Urakawa 1965-2003
28 (e) Muroran 1967-2003
29 (f) Hakodate 1969-2002
30 () Ominato 1952-2003
31 (e) Hachinohe 1969-2002
32 (e) Miyako 1967-2002
33 (e) Kamaishi 1953-2003
34 (e) Ayukawa 1968-2002
35 (e) Onahama 1967-2002
36 (e) Choshi-Gyoko 1981-2002
37 (8)  Mera 1968-2002
38 (g) Aburatsubo 1936-2003
39 (g) Uchiura 1961-2002
40 (8) Omaezaki 1961-2002
41 (8) Maisaka 1967-2002
42 (2) Nagoya 1961-2002
43 (g) Owase 1967-2002
44 () Uragami 1974-2002
45 (g) Kushimoto 1961-2002
46 (g) Shirahama 1968-2002
a7 (b) Osaka 1961-2002
48 (b) Sumoto 1965-2002
49 6) Takamatsu 1969-2002
50 @) Hiroshima 1952-2003
51 @) Tokuyama 1950-2003
52 @) Uwajima 1967-2002
53 (g) Murotomisaki 1969-2002
54 (g) Tosashimizu 1961-2002
55 () Hosojima 1933-2003
56 (8) Kagoshima 1969-2002
57 (g) Odomari 1965-2003
58 (e) Nishinoomote 1965-2003
59 )] Naze 1957-2003
60 @) Naha 1966-2002
61 G) Ishigaki 1969-2002
62 (k) Hachijyojima 1951-2003
63 (k) Chichijima 1975-2002
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Table 2 The component tides to be analyzed from hourly
records for one year. Monthly harmonic analysis
was made for the 23 tides denoted by a circle.

Symbol  Freq. (cph) | Symbol Freq. (cph)
Sa 0.000114 O M, 0.080511
Ssa 0.000228 MKS, 0.080740
M. 0.001512 A2 0.081821
MS; 0.002822 Lo 0.082024
My 0.003050 Ty 0.083219
2Q 0.035706 O 8§ 0.083333
a1 0.0353809 R, 0.083447
Q1 0.037218 K. 0.083561
P 0.037421 MSN, 0.084845
O 0 0.038731 KJ, 0.085074
MP; 0.038959 O 2SM: 0.086155
M; 0.040256 O MOg 0.119242
X1 0.040471 O M 0.120767
w1 0.041438 SOs 0.122064
P, 0.041553 O MK; 0.122292
S1 0.041667 O SKs 0.125114
O K 0.041781 O MN, 0.159511
h 0.041895 O M 0.161023
$1 0.042009 SNy 0.162333
8, 0.043091 O MS, 0.163845
O I 0.043293 MK, 0.164073
SO, 0.044603 O 8, 0.166667
O 00, 0.044831 SK, 0.166895
O 0Qq 0.075949 O 2MNg 0.240022
MNS, 0.076177 O M 0.241534
O 2N, 0.077487 MSNg 0.242844
U2 0.077689 O 2MSs 0.244356
O N, 0.078999 2MKs 0.244584
v 0.079202 O 2SMs 0.247178
OP; 0.080283 MSKs 0.247406
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Fig. 2 Time series of the seasonal variability of the am-
plitude of My tide at Saigo (station number 10):
OBS (solid line) and EST (dashed line).
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Fig. 3 Time series of RES (= OBS — EST) for M2 tide
normalized by the long-term average of the ampli-
tude of M2 tide at Saigo (solid line). The dashed
curve indicates a sinusoidal function with a period
of 1 year that was determined as the best-fit to
RES, where the correlation between them is 0.77.
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Fig. 4 Correlation coefficient between RES of M3 tide and
the sinusoidal function that is determined so as to
fit it to RES by the least-square method, where
the abscissa denotes the number of the 63 tide sta-
tions labeled in Fig. 1. The correlation measures
how the seasonal modulation of the amplitude of
M, tide (RES) is represented by a single sinusoidal
function with a period of 1 year. As shown the Ta-
ble 1, the indices (a)-(k) in the figure classify the

tide stations into areal groups: (a) Ariake Bay, (b)-

the Tsushima Strait, (c) the Japan Sea, (d) the
Okhotsk Sea, (e) northeast Honshu facing the Pa-
cific, (f) the Tsugaru Strait, (g) southeast of Hon-
shu to south Kyusyu (h) Osaka Bay, (i) the western
part of the Seto Inland Sea and the Bungo Chan-
nel, (j) the Ryukyu Islands, (k) Hachijyo Island
and Chichi Island.
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Fig. 5 Two magnitudes with respect to Mz tide against
the station number: the double amplitude of the
seasonal variation of RES with a period of 1 year
(solid line) and the long-term average of the ampli-
tude of M tide (dashed line). The unit and range
are shown on the left vertical axis for the former
and on the right one for the latter.
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Fig. 6 Seasonal variability of M3 tide against the station
number: the double amplitude of the seasonal vari-
ation of RES with a period of 1 year normalized by
the long-term average of the amplitude of Mz tide
(solid line) and the month when RES becomes the
largest in a year (dashed line). The unit and range
are shown on the left vertical axis for the former
and on the right one for the latter.

RES OEEN% EDEE 1 FAMDERRKRSHLE
MEHT N 2HET 2 ITHES TR EXKERE RES
EOHBRE (REBICHNT S 1 FARRSOFE) 2
Rnd&w. Fig. 4 1IREIFRES 28#ic LTI OHE
REERRLEDOTHS. AF—VIiERAE ), B
B S MEE TN TORFERES (g) &, BEE#EE ()
TIRMHBEREME. FVRANBZINSOHR T 1
FEEBOEXRBERZHETIAR TRV, LMD
WRIZOWTIIEREWHEEZRL TWSOT 1 F£HM
DEHBHBREHEHNEBL TBVARERS.

DX SIZUT RES ORRINTES S ¥ 1 ££8H
DIEFZBHORIE « MHE NI ZDDOEMN M, FHRIED
FHLEHEXBTS. ZOEKBEEIRKITRZFLHR
WLUAZ TRIBRARSE) LERZEITS. £k, £
OmiEiEE [RHEBIR) THRY. RARIC [FHEHE
B8 & [EBHEHE] 24878 M, BIRIETHERL
LEbDRBTIEIILLD. FHEENE FHEBHE
AiE, RBRARFERES LBREOFHEHORYN



R 164

AMKEREREREGETERE

B2k HB3F —369—

S MTiEoTL 3.

Fig. 5 [CRBITHLRIZBIT 5 M, BIRIEDORHEEE
ERT (EH). COHTREMMFEEO M, BHRE (%
) bHFETRRL T3, BEICBITIE/ENENT
W5, EHiEHELDBR<EMETIEDIC, FHRED
BEFEEZEEOTBIS. M, HiRIEIR (1) FHIET
B TREN, (2) MBEREVIZFHEHBICRSKEX 2
HD, (3) HARMEHRETIRIEEERICES £ THD T/
WV, (4) FRWEREIRT T R—Y 20D 5 IbiEE
REZMITIIEFRBELIOAEN, (5) FicEitMn5A
NEERICET T LS DOHAT S, (6) BRRMAEIZ NG
FRE, RETREINEETHS, (7) KRB TIIFRIL
& RHREE AN i T R MR IC R & .

DD SEFEGRBORENE ZAZEETDRHE
BEDRENZERDND. DEVEHTBICTII IR
SROWRFFEN DS, LML TFHIZRZ L, BHTFEER
TR A & N OIZBHEENEIL/N X VIR & B TEISRIE
A INDIZEHEBIIRENEERD . FIHEOH
EREN SERICNTIT, BEOHIZAFERRRWVI
Aohs ZoOREZ2IDELIRAZ DI, &FNMH
RICBI 2 RHEBEISIEZ Fig. 6 ITRT. ZORICIE
FREBARELHPRTRL TS,

ETEHEHEFCRICEETS. NBEWREER (b)
TIEH 4%, FIth SBERIZMNT TOXREERER (e) T
X 2-3%, B NEET & BEKERT (i) TIEH 2%,
M (a) TIIK 2%, KBRS (h) TIIK 6%DEHEE)
EAERD 5. ULOERTRELOENRDZITEEL 3
%R DEHLBESFITBOTNS. EZAMEEHE
REE (c) TREMNEBE B 10 BRIRICEL,
DWHRITHARTHEU LB H 5. BEHERERHROEL
BNLEEEL THID TWBDTHERBRKERESS. —
F, FlEm S BRI TIIEEHEEE SR/ E W E
IZRio T3, Fig. 4 iIzkiud, & TR 1 £AKOE
SRR EGHTENHER TR o & 2BR L THL.

RICRERARSEEZRLS. NB/ERRES (b) TiX
3 AEIZ, BFEREE (c) TiX 2 AEIC M, FRIEN
BAkERD. i, RibhSERITMITORTEHERE
B (e) TIE 8 REICEALRS. i, BARGREERE
KEERRE & TIE M, BREASA & 723 RHHMIC
o T35, BRENEERESHKERT ()3 34 A
ETHABRERELTWS., £, NBOEDEEZ
SN CREREHEHbH o/, FHE (a) Tid 6
ATAEI, KKE (h) T 12 AFHEIThETH M,
HHRESRAE2S.

ZELHESE, RERFARFONTIIONTS, X
Bk BEBOREERLICEFBEA R—Y I BOE
ARTRETHHFRZORNS LMD, ZhiZEH
VHOWEBREEHETHILEZBAL TRELL. X

o, MBI ANE S & ARBORHTHREEES
PCOBSEEERELTWBE S THS. BE 29 TR
THRERETD, AABINEEKEEARIARED
HREIORKENRZS. 551U < bd D HEKEN.

3.2 BETW

BT 21T 2 22 < OHR T M, BiRiENRERIZH
n, HHE, EEEBRETELRTWIEEOHVYRE
s —BLED. £k, 1020 EFEAYOLHOEET
Hole. ERBPEOBHRLESEBEHRT S AREENDZD
T10-20 EFMEETHLEDNBIRNEE & LB LT
EZ 3, MHEIZRIHENRENHTD.

3.2.1 M, BiREDHM - BAOHEW

T RfT 0 12 Z < DHRT M, BiRIBISEBEEMICH-
7. Fig. 712 1965 £ 5 2001 £ £ TO M, HiRER
RSB DR FIERT. M, BRIEOHEERZ AES
e, BHRoiHAERICERI 20 £/ (1982-2001 £)
B3 M, FiRIBEOHEER 2 RT EREREZHE 3.
%7z, Fig. 8 TERERE D RD=BBTHSRIIBITS
Bl 20 0 M, BRIBOEME (AHEITEOR) 2R
Y. Fig. 8 IZ&3 &, M, BRENEADERZRL TY
DAL 8 FE< BV, E< HEREBRICHITS M, &
RIZRDERICHBEEX 5. BRIELIZARSE, HH
W (a), NBWERE (b), BAWRE () RRVERT
HD, FIZARFERETHRORSKE N, KEERTIE,
RALREHERE (e) SR NIBEL - S58KE (i) 3B
Bz H 548, ThUANAOBED SmEICNITTOKRFE
FNES (g) EEEES (1), A\AXE - RE (k) 138R2
U133 MERIC S 5 Z &N 5.

ZOETH, BEWHRESMOMERE B2 DRELE
2D 0SS ORBEREN. HEBREDN TR
B MR - BRI SHOEK T HAWITBERL
TWBZEEERLTSBL.

3.2.2 10-20 FEHEH

Fig. 7 \OR L7 M, BRBEORELHICEETS. &
AT, BB ERICIA T 10-20 £AKOIRENS
RoTWBLIIZRXS. NEHR (b) 5 HEBRE
8 (c) AT TRIFEREMATEHL TS, 1960 FR
BEIZEAED, 70 FRFEITEAD, 80 FRRICE
X, 80 FEABEITEA, 95 FEHIZHUVEBALZ>TY
3. KBR# (b) Tid, HRBES 47 OKKR, 48 OWED
AR > TIREIL T 5. M, BHRIEAMEKR &7 505
2%, 1970 ERT¥E, 80 AT, 95 FETH D, $FT
NH2600, AREFHOEREBICFRAL THALSIZA
A5, WERNMEER - BH#%0KkE (1) T, HBRES 50 0
B8, 51 O, 52 OFHEVFENAETREIL THh5.
ZDWEH M, BHRIEAMEA &2 2 RH105, 1970 £,
80 fERIY¥, 95 EETHY, HAWHIDORELRE) &AM



—-370— AARGNERICBT 2 M #IWIRIBOZEHLE B X RELH
(4) NAGASAKI( y=-0.1247#x+247.7968 ) (19) AWASIMA( y=0.3592*x+714.5870) _
® 0080 & 0080 E

0.040
0.000 X ==1 0.000

-0.040 S : ] 000

-0.080

(7) IZUHARA( y=-0.0879*x+174.0270 ) (23) OSYORO( y=-0.1611*x+319.6197)

(%]
[%]

(32) MIYAKO( y=-0.0695*x+138.1266 )

0.080 E

0.080 £

[%]

0.040

0.000

-0.040

-0.080

(12) TAJIRI( y=0.0245%x-49.3739 )

1%)

[ pupp—

N -V

:\
.

s §

-0.080
2000

(15) WAJIMA( y=-0.0873*x+173.6373 )

—_
—

0.080 E

%)

& 40

20

(45) KUSHIMOTO( y=-0.1019*x+202.5648 )

(47) OSAKA( y=0.0419*x-84.9805 )

0.040
0.000
-0.040

-0.080

0.080 §
0.040

0.000

0.080

0.040

0.000 0.0 0.000

-0.040

-0.080

YEAR

Fig. 7 Time series of the annual-mean amplitude of M3 tide (solid line) and annual-mean sea level (dashed line) in the
period of 1965-2001. At the top of each panel are the number and name of the tide station along with the regression
formula, which is indicated by a solid straight line in the panel.
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Fig. 8 Long-term trend of the amplitude of M2 tide dur-
ing the period 1982-2001 normalized by its long-
term average. The abscissa denotes the station
numbers in Fig. 1.
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Fig. 9 Correlation coefficient between the interannual
change of the amplitude of M2 tide and the yearly
mean sea level against the number of the tide sta-
tions.
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