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Tidal Regime Evolution in the Malacca Strait: Real-Time Tide Gauge Records

Ulung J. WISHA!? and Yukiharu HISAKT!

1. Physical Oceanography Laboratory, Department of Physics and Earth Sciences, University of
the Ryukyus, Nishihara, 903-0213 Japan
2. Research Center for Oceanography, National Research and Innovation Agency (BRIN), Jakarta,
14430 Indonesia

1. Introduction

The Malacca Strait is significant because it serves as
the main channel for international interests among
Indonesia, Malaysia, and Singapore. Due to its
proximity to the equator, this funnel-shaped strait is
experiencing a notable global sea level rise at an
approximate rate of 0.46 cm per year (Luu and
Tkalich 2023).

Tidal constituents in shallow water environments are
highly responsive to changes in sea level due to
interactions among resonance, wave speed, bottom
friction, and coastal morphology. This sensitivity
highlights the importance of understanding and
predicting tidal changes in response to sea-level rise,
which is crucial for effective coastal management
and planning. This study investigates the impact of
estimated sea-level rise (SLR) on tidal regime
deformation in the Malacca Strait.

2. Materials and Methods

To illustrate the sea level trends in the Malacca Strait,
we utilized tide gauge time series data from Kukup,
Tanjung Keling, Kelang Port, and Lumut stations,
covering an approximate period of about 33 years
(1984-2017). These datasets were provided by the
Permanent Service for Mean Sea Level (PSMSL) and
accessed via
https://psmsl.org/data/obtaining/map.html on 21
October 2024 (Figure 1).

The time-series sea level data collected were
analyzed using the Continuous Wavelet Transform
(CWT), which is a powerful mathematical technique
employed in signal processing and analysis. CWT
decomposes a signal into different frequency
components while preserving time information
(Cheng et al. 2021).
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Figure 1. PSMSL observation stations in the
Malacca Strait

A tidal harmonic analysis was performed using time-
series tidal elevation data to assess the tidal regime
and its evolution over time based on least squares
spectral analysis with the ERG program. This
program comprises three main subprograms:
ERGRAM, ERGELV, and ERGTIDE. The tidal
model was enhanced with Fourier analysis during the
simulation, enabling the creation of a distribution
map of co-tidal constituents across the study area.

3. Results

One of the key findings of this study is that the tidal
amplitude in the Malacca Strait tends to increase as
sea levels rise. This estimation is supported by
approximately 33 years of field-measured tidal
analysis in the equatorial Malacca Strait, which
indicates that the tidal range has gradually increased
over this period, with tidal peaks occurring earlier
than before.

Despite the harmonious fluctuations in sea levels, the
calculated trends show slight differences, with
deviations ranging from 0.16 to 0.19 cm per year.
Notably, the highest sea level trend was observed at



the Kukup station in the equatorial Malacca Strait,
where it reached 0.45 cm per year. In contrast, the
trend was significantly lower at the Tanjung Keling
station, recording only 0.26 cm per year. As one
moves northward, the sea level trend gradually
increases (Figure 2).
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Figure 2. Sea level trends in the Malacca Strait
based on PSMSL tide gauge data in the Kukup
station (A), Tanjung Keling station (B), Kelang Port
station (C), and Lumut station (D).
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The CWT analysis presented in Figure 3 reveals the
prevalence of long-term cycles across all observed
data, indicated by the log2 scale values between 5.5
and 7, sea level exhibits significant and persistent
variations over several years. These variations reflect
robust multi-year trends, influenced by phenomena

-10-

such as El Nifo and La Nifia, large-scale ocean
currents, and other climate-related fluctuations. The
regions marked in red and orange at these scales
suggest a dominant low-frequency pattern, reflecting
annual and multi-year oscillations that are most
prominent between time indices 100 and 250. In
contrast, the upper section of the plot, which
corresponds to shorter-term cycles (log2 scales
between 1.5 and 3), captures higher frequencies such
as monthly or seasonal variations. The yellow-red
areas in this range (between scales 1.5 and 2.5)
indicate some degree of periodicity in the shorter-
term cycles, suggesting that these short-term
variations are intermittent but still noticeable, likely
representing seasonal changes. However, the overall
power of these shorter cycles appears to be weaker
compared to the long-term patterns. These short-term
changes may be related to seasonal effects, such as
temperature-related sea level wvariations, tidal
influences, or other short-term climatic factors
(Cheng et al. 2021).
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Figure 3. Continuous Wavelet Transform analysis
of sea level data in Kukup (A), Tanjung Keling (B),
Kelang Port (C), and Lumut (D).

A harmonic analysis of tidal constituents reveals that
the primary diurnal and semidiurnal components are
highly sensitive to changes in sea level, particularly
the M, and S, components (Figure 4). Notably, M,
amplitude variations are most pronounced in the
southern Malacca Strait, specifically at the Kukup
station, over a 33-year period. The M, amplitudes at
this station ranged from 90.7 cm to 92.95 cm, while



the phases inversely varied from 59.45 degrees to
60.8°. In contrast, during the same observation period,
M2 amplitude and phase variations recorded at other
stations were minimal, less than 2 cm and 2°
respectively. In addition to the significant response
of the M, constituent to sea level changes in the study
area, other primary constituents such as S,, K;, and
O also demonstrate similar relationships between
their nodal amplitudes and phases, albeit with
smaller magnitudes compared to the M, properties.
The interaction between short-term rises in sea level
and tidal features creates a complex relationship that
can amplify certain tidal constituents in specific areas,
particularly in Southeast Asia (including Malaysia
and neighboring countries). This region experiences
a strong and cohesive seasonality in all tidal
constituents, both spatially and temporally.

4. Conclusion

Rising sea levels in the Malacca Strait are increasing
tidal amplitudes and causing earlier tidal peaks.
Long-term analysis confirms a gradual rise in tidal
range, with the highest sea level trend at Kukup
station and a northward increase. Wavelet analysis
reveals dominant multi-year oscillations driven by
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climatic factors, while shorter-term variations are
weaker but present. Harmonic analysis shows that
key tidal constituents, especially M, are highly
sensitive to sea level changes, with the strongest
variations in the southern Malacca Strait. These
findings highlight the complex interplay between sea
level rise and tidal dynamics in Southeast Asia.
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FEBA R N EDEEN S IR E L O &R D
PLESA > REEALERSCA v KR T DK/ —
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BRI O HIBRIREZ(ES° 10D BLG D288, il
Y =y MRFTOMITEA WO RE L Z1F T
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DERIEDONLEIZ G 2 D8 BE FITRIET 5729
DEAEEBRRLLR LT dAPDF 7 — & OFENT % 47
HVEENH D,
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Twakiri and Watanabe (2020) , Journal of the
Meteorological Society of Japan, 98(6), 1245
1260.
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1. HiEEOHK - HEY

W 170 F [ I RERII KRS EA L
H AT C b BHE i L 2Bl S h v 2 (5
RIT)s ERJERIZ COs7t & DIREMNEHN 2D
Bincd b, ko EF IR QR PEEE
BeR~% K% 5 2 % (Yara et al. 2014),
%&%;®ﬁ%k Il ceBFHEINTVS

v FERIICIRBELNEZ T2 568 8 L n;
Af@ﬂm%%%m«#k@lo KT D
HHRES 2 Z EBARMEDOHNITH S5, £zim
A% L, CO 2 BIEDHICER L 2RI,
St KR A TCDIRBEIC I 2 222 B & 221§
5, T, mELNEZ 2040 2 5 AW
ICFEITT 5846 (SSP5.3-4) & L 72 W54 (SSP5-
8.5)ICB 3 % MMt 7 VEBE R % T 5,
2. T2 LBBWHE

IEITIChRA RS (JAMSTEC) ThRIF I L

7-HiER > 2 7 4 & 7 v MIROC-ES2L(Hajima et
al. 2020) % FH T 11 b 7= EEk (Historical,
SSP5-8.5, SSP5-3.4) %t 5 % fi##r 9 %, Historical
13 1850 20 5 2014 F £ TOXMRMIER TH
%, SSP5-8.5 (3fFk D CO. DA > F U
TH Y. 2100 4EIC COL%% 1100ppm 125E L (]
1). 2300 4ELAREIZ 2100ppm CHERF X N 2 S8R
TH 5, SSP5-3.4 FhiiiZ 2040 FELEH H COD
IEROHEE 2 23S T F VA ThH Y (X
1), 2100 4 ic 500ppm, 2140 4 ICHIE & [F L
420ppm ICR 2 FEERTH 5 (X1 3), 2100 flii T
DT — 2%, BNV — 3= (ESGF) 2 & Hife
zwoﬁuh@r~&ilikﬁﬁ®ﬁ%ﬁiu
PRl L T de v de, MRAT (3 Rz i (Tl A
10~30° BHHL 120~150° ) S 2BRDOEKIE.

MR, MEREDOZILICER L TIT I,
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3. WRLER

F R C IR T 1850 4E & 2014 4E
D 165 F M THEE/KEAH 0.8 FiRL T3
Z L AHERTE 35, MIROC-ES2L ic X % FHi%E
B (Historical) T3 & OfE 2> 72 b A % B 22
EEfEIcHBRTECTw 3, FERoKiEZELE R 2
&. SSP5-8.5 > F U A4 Tl 2100 FEic, HfEL

e L CcEIicf 4.0°C, £k 3.5°CEAT 2
MEARONSE, — K., SSP5-3.4 > F VU F Tt

BT 2070 £ELEICH+1.5 °C, Tl 2060 4ELH
ICHI+1.5  CoFEDB R b L, Z DM D ITH
YI B, o T, IRELN R OA T 2100 4
DKImDH) 2.5 °CREER R - TL 5 2 L Aorh
> 77 HKEZEALDZER A% R 5 L. SSP5-
3.4 v ) A ORKEELRICE T, HEE
FCXRICHNTEDO S 2549 1.5~2.0°CiE v SST
LT\,

IR % 3% SSP5-3.4 & F V) 4 Tl3,
CO.2% 2140 4EUEICBIYED 420ppm < [H]1H 3
%, LA LT < 12 i S i 28 BE (2025
AEEE) D KR ICIE VIR BB IC [ 3 5 o 1d 2230 4F
EEEND Z LB oTz, THICITIEEDK
FRARENEBRLTCVWE I LBEZLNS,
F BRSO W TCHERDINT 21T 9 &, CO228
JCICR - TH AIRKRMAMRIZTICRE L R &
DD o Teo T AT AR S BRI, <R R AL
DBIFH I N W EREETH > 72, #IHOHR
WAL IC X o TR o oK 2380 5 B I Rl L
TR FEIRBZE & KGO E B %
B2 XIHIChb-0THsb, ZOHE, CO,
T CTHIBKAEIE L v T, I RIREE
DR EHEL TR 27 BREZWZ 5,
JiC. AbfE 60° | FEfE 60° JEH D —&8 o Hi
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BRI IR TE D 7 23547 1.5~2.0°C
B 2 oo Te, fENTREIN TR
B gk A3 1R 3 2 1T 13 B AE BT T o IREE
EET L b otz, TT, HHEDOERK
HPKZWDIC, —EiRE o iEO#%E K
K[ LsHI 3 2 O ICRFFHE S 5 729 T
Hb, T, BERNICIZ SR EIE L 72 W s
BPHET b oT, ZOFKE LT
(. FIS MK B LD QRElfEL TL E .,
Z DFE xR mE L X 2 2 203 L IRIRL R I
% SST DI O E i35k & . BlfE L 3
B2 LWEEEZ2S®ZIZ W TP
5, SEOFEE LT, SRFAKOERZIT]R
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AEFEEZ G S 2 LE 2D 5,
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Yara et al. (2014), Hydrobiologia, 733, 19-29.
Tebaldi et al. (2021), Earth Syst. Dynam, 12,
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Hajima et al. (2020), GMD, 13, 2197-2244.
Mori et al. (2014), Nature Geoscience volume
7,869-873.
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1. kLo
% 2.1 T T O ROk B A (Last Glacial
Maximum, LGM) (€ 1, K5 D CORE 1T 190
ppm TH 0, JLPERICE RZBOKIKRAFEE L TW»
72 7= DK EERMEK T L T\ 72, Asami et al. (2021)
(L RN T N LVAC N Y vl s Bl = K (2 S
H%i % F v T LGM TofEA o SR E It L
TH Y, LGM DEZFOMHRIZIA & e~ T kU
25 6.3 CREK C GREL2.5°C), ME o FeME:
bPEINTVE, —J7, WO D
EFIZ35°ClcEE3 e ERINTH Y (K
i 8.7~13.7°C, /KR 18.7 °C), HuR5AUR & ifF
KR ORI 7.5 CoOAEGEEL25°C)A R LN
2. HROXAFoMEOHE LI & KR
#1347 CICBE 570, PELLiBEOREZED
LGM ICIZ KEL B o Tz 2 ERT 3,
COEPEL BFRKZFHAT 52 L1, LGMIC
B 5 AL O SRR B O B % o 5 ET
BETH L. AFETIR, FFEEoBERELTHT
Fv b2 mETO5IEE T 425 Asami et al.
(2021) T/RME X N 7= iR D X Z SR HE % TR
TE 2 0Dh, FrCHIR SR & IFRIKIR D 725K
L7500, FEEoTwioriciFEHLT
D,
2. TR LN

HAEET ALK oY 27 b D7 2 —X 4
L 3(PMIP4, 3)Ic B L 7= 13 o &fke 7 TH
T E 172 LGM EBfE & B SR B R
(piControl) 7 — X % fi#tT 3 5. Fric, fgELD
SR, KR, MEE#N5. 72, 0.03
kg/m*/day LA EOREE 2L L T 2556, BEH
HY LA 5. KfEE T v OB
%Ml % 729, T T — % ERAS % w7z,
TRCOMMFERER1ICEL DTS,
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EReEE
T4 oET VTR ORIR A B REH L
TWw3Z e hiERLZ. LGM ToMRLRE R
2L, BHRXVHPFHSCETLTED, 131
th 8 {l @ & 7 L% Asami et al. (2021) D 5HE %
HLTw=2(M1)., T/, HELE L EHERKIED
721 Asami etal. (2021) T/RENZE D, £TH
ETLTLOGM DA BKE N & Bbh o7 (R
1, RKREAF9.5°C). ZOFERKL LT, LGM
TIRIBKHENMET L Ch 0 iiRIZERR X v K
BEICER -2 e RHITFoN5(X2). LGM T
DIFE OFEZ R L -fE 8, HR[EOHE
HEoRWET L SEHCHE IR I N
(X3, £1). -REoOFMIIE, HiFEL 850
hPa TORIRIRIRVPEETH B 2 L 3bd o 72,
INHDETINE Asamietal.(2021) Z A S D
THZ % &, LGM D4 D IZITE D LN RS
DI BRRMETH -7z E 2N, FFICFENH
THNIEERE-> Tzt Bbh b,
4. T LHEE

LA EDE T DS Asami et al. (2021) TR
INSAPEREEZHHL Tk, T/, HRK
i & EH KIS D 75 1% Asami et al.(2021) TR S 7z
WY, BETOETALTLGM DJTHKE NI &
oz, ZOERKE LT, LGM Tlig/KiE)
KT L CH O HIEEMA L Y & hEKREEICED
Sl RBHIToNG. BEORMEICIE, MK
& 850 hPa CTO(KIRBRIE A EECTH 5 Z L 3b D
INHDETINE Asamietal. (2021) % fH
AEDETE LB L, LGM DI kREDFE
ERIRELEMLLTE Y, BEDIMNEED
DY RAMETHoTEEZLND., S, T
HEFNL LIEHEET L OEWLRES, Fkid
FRICOWTHFHRDMEDRD 5,

3.
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REHE1H | LoMhiB1A8 818  [ERA5(17.5°C)& LGMSMQM%Q LGMEET LGM 850 hPa| BR{X SST-SAT | LGM SST-SAT
FHREC] | FHTEPC | [iERZE °C |RADREZE°C| [kg/m?/day] DR [°C] [°Cl [°C]
PMIP4 | AWI-ESM-1-1-LR 16.31 13.96 -2.35 -1.19 0.014 X 0.65 4.02 4.71
INM-CM4-8 18.10 10.73 -7.38 0.61 0.016 X tafE L 3.29 5.82
MIROC-ES2L 15.88 13.43 -2.45 -1.62 0.045 @) -0.33 4.58 5.81
MPI-ESM1-2-LR 16.26 12.29 -3.97 -1.24 0.076 @) -0.47 4.55 6.32
PMIP3 |ccsM4 16.17 9.33 -6.85 -1.32 0.098 O -0.64 5.46 9.28
CNRM-CM5 16.53 12.08 -4.46 -0.96 0.006 X 0.11 3.86 7.26
COSMOS-ASO 16.87 10.50 -6.37 -0.62 0.112 (@] -2.36 SSTHEL | SSTEL
FGOALS-g2 14.18 8.29 -5.88 -3.32 0.268 O -1.43 SSTHE L 9.57
GISS-E2-R 17.46 10.36 -7.10 -0.04 0.077 (@) -35 4.67 7.88
IPSL-CM5A-LR 14.88 7.51 -7.36 -2.62 0.485 O -2.7 4.12 P dth
MIROC-ESM 17.30 13.46 -3.84 -0.19 0.013 X 0.41 4.43 7.14
MPI-ESM-P 16.78 13.63 -3.15 -0.72 0.03 O -0.57 4.72 5.51
MRI-CGCM3 14.77 10.17 -4.60 -2.72 0.048 O -2.7 5.55 7.31
1. NG
LGM Temperature Change vs LGM Temperatur
GM Temperature Change vs LGM Temperature CCSM4LGMpranan.
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LTI, MBI OB W Tl &
FFE LB, EBDKIIHIT TOEEED KL
AT L, EEEARL TS, L,
W E L CRESINEHBRPF TN ZOHOK
L —HLAWEAELH D, FlziE, 2019 Fi2iX
6 A 29 HIZHERNAI NI R S 7228, 7TH 7T HIZ
I T 120.0mm/day O REK B & Fidkd D K
FAEL T\, 20Xk 512, HRHITHZICERN
HETLHHEAGLH 0, BEFORFIEEL LU,
HEAERIZS R85 LT T A[REER H 5,
ZOXO I EERE 2. AR TIEHER O &
HIZBl SN T —2 b HEHE & L COMN
%2 LY EfElCHcEa0aflEdT o2 &
L L7, ZODIC, BRHITOERE LV EE
RIS L, Bric e iug (BUR, THERRR O (75)))
BRRE LIz BT, BT — 2 ORI O 7
FNERD Z &R AT, BUAT — 213, 2022 4F
& 2023 FFOMERICEHERR = CEM SNz mE
TIOF Y TN ERE 375 BYDETHT — X &
MBRETHEIZLT,

2. F—4
HERRHIT O EREZ TS T HI2HT2D . AMeDAS
IR BLAIFTIZ B T B Rk &R L OVH B o8l

WF—5 . 25 NNCREGTIREDOR R T — X ITHL
RSN EEALMH L, £ BRI FHOH
ENZB L CTIE, BRERR TR v 3R B N T
FEha LT-EmE T oA T BT —# (2022 4 6
H 9 H 00UTC-7 A 20 B 12UTC 3 X T 2023 4 5
A 31 H 15UTC=7 A 10 H 06UTC)% fv 7=,
HxOBMRIZL D8RI, HERATRES
ERBHEBEND O/ W5 &b
ENEET DL ENT L L, SHITEES
O EBENEMT HEEICH D 2 & BRI
IRIBE TNz, ZHDKRKADHEMEZ LV
FEMNCRRIT T D720, AR CIXZ VA Y T
Yo THRBFREZRR H 2 D KRR DO EMEEICEH
L7z 2B, HH LE-EOFEEITETEL NI
KETDTIRE LTZHDOTH D,
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(CAF. THERB(OMA)) Y& ka5 2 &, 2022
TR T OMA) EHERBAIT ()& B2 6 A 20
H&7polz, 2023 FIIHERBIT (IMA)DS 6 H 25
A, WRHTERTHSBLERo7,
32. BAlT—aIhLBONLEREAITOITFIL
Hx DBIRIZKXD2EZEOELEZ LD EEMITR
T2, RELEZEERSIO#HELY L &I HEE
TEA R L, M=, B 2 & > 72k
A A AERL L 72 (K 1), B ENTE O FECRIZEFE O
PENIATOT, HREER O E R 2SRRI &
BHITH DN EMER LT, 20224 6 A Ol % fL5
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Moteki, Q., Uyeda, H., Maesaka, T., Shinoda, T.,
Yoshizaki, M., and Kato, T., 2004: Structure and
development of two merged rainbands observed over
the East China Sea during X-BAIU-99 Part I: Meso-
B-scale structure and development processes, J.
Meteor. Soc. Japan, 82,1944 .

IR OO TE % & AT (FfE R AITHR) https://www.jma.go.j
p/jma/kishou/know/expert/pdf/tenkizu/05_teigi.pdf
(2025/02/20 ).
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2024 £ 7 H 25 H, IWERCcHY L&KM, Ft
2 [BIFRIRFEARET 235842 U 7=, BRAE, dbBEHbTT I
B 2 AR O RFIENT IZPEH A D Z L e
RTZlLwv, ZoHFT, Z oHIRDFRIKEK

7 % i £ L 72 Tochimoto and Hirockawa(2024) C

AR FE2E 6 S5 (Kato 2020, 3R 1)D %Y
PR RIEDFHE, A VIRRIEDTFIEIC DWW T
EEETE w3, LA L. Hamadaand
Takayabu(2018)*° Tsuji et al.(2021) TE Ef: 235
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ResUNet34
epoch 50 100 200 300 400 500
EWE F{E| 0.8778 0.8716 0.8604  0.8871  0.9205 0.9132
loU] 0.7914  0.7887 0.7721 0.8064 0.8555  0.8488
#UVE FE| 05529 05861  0.6387 05457  0,5443 05921
loU]| 0.4121 0.4369 0.3976 0.4003 0.3973  0.4465
ResUNet50
epoch 50 100 200 300 400 500
EWE FfE| 09012 0.8580 0.8855  0.9041  0.8623 0.9152
loU| 0.8334 0.7757 0.8043  0.8346  0.7782 0.8476
#HUWE Fff| 06355 0.6066 0.5612  0.5885  0.5528  0.5791
loU| 0.4926 0.4639 0.4163  0.4416  0.4067 0.4303
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loU] 0.6914 loU |0.3954
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