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Morphological Response of a Coastal Alluvial Fan to Typhoons in
Northeastern Taiwan

Hsien-Ter Chou " Da-Wei Chen? Ching-Fang Lee® Shiaw-Yih Tzang
Tse-Hsuan Hwang !

ABSTRACT This study investigated the geomorphological evolution of the Donao coastal alluvial fan between 2009
and 2022 and its associations with typhoon events through field surveys, underwater measurements, image analysis,
and numerical modeling. Specifically, the associations of wave-induced erosion of the coastal alluvial fan area with
rainfall, landslide area, and tidal correction were explored. The typhoon paths and intensities during Typhoon Goni
(2015) were simulated to investigate their effects on wind waves and sediment transport. From 2009 to 2013, the shore-
line prograded due to typhoons associated with rainfall-induced landslides. Conversely, the shoreline retreated during
typhoons characterized by low rainfall and hourly wind speeds exceeding 135 km/h. These typhoons generally tracked
over the offshore waters of northeastern Taiwan and moved toward Japan (Type VI). Therefore, shoreline retreat during
a single intense typhoon can outweigh the seasonal effect of the northeast monsoon. Numerical modeling was per-
formed to investigate sediment transport trends in the study area during Typhoon Goni (2015). The results revealed the
development of strong nearshore currents under both swell and storm conditions, with a dominant east-to-west flow.
The simulations indicate that the beach zone (approximately 1 to 3 m in elevation) is highly susceptible to erosion due
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to large breaking waves. High-velocity alongshore currents transport and deposit sediments southwestward and off-

shore. Over the study period, the dominant control on the coastal alluvial fan shifted from early rainfall-induced land-

slides supplying sediment at the fan apex to wind-wave erosion at the fan skirt due to changes in mitigation measures.

In summary, this study elucidated how the coastal alluvial fan evolves during typhoons and how this process relates to

rainfall-induced landslides, offering guidance for slope-land disaster prevention and coastal hazard mitigation.
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Fig.1 The Don-Ao peak coastal alluvial fan and the ge-
ological setting of Daken drainage area (115.9K
of Route 9)
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Fig.2 Coastal shoreline changes of the alluvial fan as-

sociated with major typhoon and rainfall events

during different periods (base image: UAV ortho-
photo acquired on 27 July 2022)
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Table 1 Geomorphic evolution of the Dong’ao Ridge alluvial fan
Date Area (m?) Event Apex to edge (m) WS Max. (m/s) note
2009/10/5 - 2009/9/26~10/16 15 HEJE - 15.2 -
2010/10/21 49,040 2010/10/14~10/23 FREERETE, 214.5 12.3 -
2011/10/2 63,370 2011/9/30~10/10 ZA&EEE, 198.7 12.3 -
2012/5/12 65,920 218.0 - -
2012/82 77,828 2012/6/16~21ZEFBEE, 2012/7/26~8/A%FHHE 5554 ZFI7.5 ]
& FRHI14.8
2012/8/27 78,123 2012/8/17~30 FKFLHE 242.0 9.2 Ki# (2.5 m)
2012/9/11 80,335 2453 - K% (5m)
2012/10/22 72,368 2012/9/18~10/1 73k 2143 9.4 Ki# (5m)
2013/2/25 72,902 2012-2013 5L E, 214.3 - K## (2.5m)
2013/3/23 71,823 217.1 - Ki# (2.5m)
2013/8/19 78,837 2013/7/7~14%% 1 JHEJE, 212.3 #SIRaE16.4 SR
2013/12/1 76,479 212.6 HRIEZRJE K& (2.5 m)
2014/2/17 70,299 2013-2014 5L JE, 210.5 - K (1.5m)
2014/7/9 69,869 2014/7/21~24 255 4G 203.5 20.7 Ki# (2.5m)
2014/7/29 67,428 193.6 - K% (5m)
2014/9/30 61,104 195.7 - K (1.5 m)
2014/10/16 54,695 2014/10/7~13 251 FEE, 175.2 7.8 Ki& (2.5m)
2014/12/31 54,490 2014/11/2~73EHEREE, 166.9 6 K& (2.5 m)
2015/2/14 53,455 2014-2015 5L JE, 170.2 HAEEE, K (1.5m)
2015/5/29 51,758 166.3 - K (1.5m)
2015/8/10 55,441 2015/8/6~1 0% 4l &5 e i 172.4 31.6 K (1.5 m)
2015/9/18 44,748 2015/8/20~24 K HEfEE 146.2 7.2 Ki# (1.5 m)
2015/10/27 44214 2015/9/27~30F1-HERE 1452 32.3 K& (1.5 m)
2016/7/20 41,137 2015-2016 5L E, 143.2 - K# (1.5m)
2016/1012 36.954 2016/9/12~9/15EF§%}}'@E&, 2016/9/25~291 136.2 BRI S K& (1.5m)
Y E MG E 281
2017/6/29 33,482 é%ﬁﬁ?;gf%tﬁ% 133.8 6.5 K& (1.5 m)
2017/7/12 33,378 130.3 - K (1.5m)
2017/8/7 36,300 2017/7/28~30 JEIHERRE 136.3 25.1 Ki& (1.5m)
2017/9/9 32,856 2017/8/20-9/12 ZEFRAE, 130.3 8.6 K& (1.5m)
2017/11/26 31,818 2017/10/16-10/23 [ R & 128.8 9.9 Ki& (1.5m)
2018/1/15 31,267 2017-20185 112, 127.9 HALFE K (1.5 m)
2018/11/11 27,415 - - google (2.5 m)
2019/11/23 29,942 - - google (2.5 m)
2020/6/22 27,953 2019-20208 1L ZEJE - - google (2.5 m)
2020/9/18 23,430 2020/8/31-9/9 g 111.3 8.1 K (1.5 m)
2021/3/11 23,324 118.8 K# (1.5m)
2021/7/3 22,406 - - google (2.5 m)
2021/9/9 19,610 111.2 - HhEFUAV
2022/7/27 24,303 118.4 - AHEBRUAV
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locity,Cy) Z 7Rk (wave shoaling) » ZEPUTEF /R
SRRV LM S SRR 2 R - S TH
ARG (BT E T B 81k - [ N R
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HIG B S o/ o= FIFH AR T AW HEARE - G
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tions) ~ JERPRIEENE B2 S HEUR RIS - 2Ly
HARRELFERD R RS A KRIEK 2 2k - SWAN 55K
B 4131 BiARST » BEUSSR A RRB SO KRS
(NOAA) ZJES & H#HE (NCAR, CCMP) fE R R RUE
RS AT A B R - HZERIRAT S A 6 /1N

F—ZEHE - £ SWAN B UERER s g L &2
SRR AR RS 53 I R BRER 110-140 Rz Jb4% 10-34 J&
22 RIS By 20 km 5 FRIskAVAR GRSy A Ry AR 119-
123 FE R db4% 21-26 [ > ZERAMENTIE & 4 km 5 ATHK0Y
ERaB 43 R Ry B4R 121.80-121.95 & Ky 648 24.44-24.59
& ZZMERENTE Ry 100 m > SR &R 15 min
g R N 7 D R R SO MY R A R
-

(2) XBeach {5z

Xbeach R B—HF I E{EEZ, (Bolleetal., 2010;
McCall et al., 2010; Roelvink et al., 2009) » FFA K figlr
B R/~ (time-dependent short wave action bal-
ance) ~ BHBEAERE J7IZ (roller energy equation) ~ /& &)
EIELRMEE/K5FE (nonlinear shallow water equation of
mass momentum) ~ JJEiD#gE HFEZ (sediment transport
formulation) FURZEEREFFER EHIRE - Xbeach
FHTORORIE ST Bk P 712 =0 -

2N+ [(Cy+ UIN] + 2= CoN + = CoN =

Dy+Ds+Dy

- (6)
Hepz{ (60) =Mz B () MHE-3 (6) AR
BOKPHTOREA L S RI AR AR (Dw) ~ JER
FEiETT (Dy) BUEME (Df) « BERZ A EURR o H T 20
G
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KA FERE R x-y JF R ZER AV P A

cx(x,y,t,08) = c5cos 0 (8a)

cy(x,y,t,0) = c4sin @ (8b)
on . ah

cp(x,y,t,0) = Sin:2kh (asm 0 — 3, €08 0) (8c)

Hrh By7KZE ~ k Byl - B NFHBUR R o B R i A
{EA] (wave current interaction) A& T » SFAGREER
SIEfE (w, absolute radial frequency) °

Xbeach 53X 3 735D R 5 {50 FH AR S5 B
fhny 7 BT - HEEIRRE (source-sink)
ZEESFRZEFFOT

00,800 8051, (0,4)

7 (Dah%) = £ (Coq =€) ©)

H 9) FCRRERENTZENRRE - AR
HFE R 8L > Dy Ry EMBRUAEL - JIEYH S~
HTENFE LAT R ~ h sk ~ ws Ryeibyjof iR
[ o EFERF R (Ts) ZENEm NI (Tomin) BRI 3%
B/NEREFRBIFED & (time-step) HY—{EKAF- fr,
Ty —(ER R B E AH - DL SRRE LUK T 7
AERIEEY (W) PR skAYERRS » HAZAT ¢
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TR Ty [m B > FRE#R R R b i B LR ECE D
HEZE Rk INEIx T A B AL R e b 2 R
qx(sediment transport rate) :

Gx = hCu® — Dyh S an

A3 AT Y XBeach AR EED
% (locally refined) HYESHEMEAERE » fiEHTIE S 10-40
(Manning’s formula) » HAAE{ELYFy 0.02-0.04 [ » 3if:
WRER 5 /K] WD Bk 3 Ry 0.04 5 ZKTET T L5
0.02 - boh > JEY A R (Sediment transport pa-
rameter) F5{RSFE 0.1 > BEREIRITEARIE - B
& (Dso) HCERIG I Ry 0.6 mm » (R R FEE I Ry =X
A& Van Rijn (1993) AFCHE -

bl R TEA Y B T B b BT R SRR
e o AT T EERFRA 41.31 19 SWAN 5 > 71
GETG IR ES TR B S B G E DU 5B R
JLEBHIRATEIEIE - SWAN 7SS e - 49t fiiE
520 km - GHREEFREPFRE Sy 15 min o J035H 2 888K
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4. AR E BT AEHERHEIE

AIZESHESATH (2022 ) Z P EA - BRI e S i
ARST#ELE (Unmanned Aerial Vehicle, UAV) #E{T{KZE R
A - R RS R HY R IR £ R A S i
72 HEaFEEEY, - BRI AL SE RS RT - fi
EREITREERRAE (Double Grid) 2 SORITIT=ETT » MEE
FIRESHI ORI (89-60 90 [T) - DUR/ VS Bl
T AR EHCURE - AT = SR E R R4 60 2 100 AR »
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1. WRERIREHEE LR

BROBEE S W B RS R HIR TS 2 5 | BB e 88 42
HHEERR SR ZE BIAIER 2 B » BI/NSG TR I 201 AT Ry s
2 (1), () BLHIRERERR 5 [ 5855 2 I8 S Al TR PR 5 [y
FAERIEfE (Chouetal.,2017) {5 - AL ESELL 2016 4F 11
H 23-26 HZ RIS EITERES - RS RRZAE 3
B » BRSNS KIS P 8 By 36.5 mm/hr ~ A5 RRATEFT &
B 594 mm - EAREREELY 7,159 m? o

3 IHYEE SR Ky Chou et al.(2017) FELLFES [EAAIRZ
FIREMRIT: - BIZC (1a) » BARIERIS, 2 HoAh e R B ol B R T
L - @ 3 F B ReE (Lan, 2017/10/16-23) Kt #f il #f
(Soudelor, 2015/8/6~10) & [z i FEAZ AR ZEF I AH » fE9A
SR ARSS - 2016 4 11 H 23 -26 HRRERIE(HIHE R
5 2R PR AT & AT Z [ P IR (B 4 FE R R A D
=36 /NI - R S09mm o @I AFIR 2 s T
BRI GRAE Ry 12.12 mm/hr » JER Ky 49 /N > HLIS B[
PRIGRIE By 594 mm o FRIZFTHATN (2a) HERASS BRI Ky
594 mm BF 7 FEHEHEASE Ky 7,183 m? - B2 G PiS RS
R 7,159 m? AHATANGE 4 Ao - USRS soRss
M [ g BT 1 R 5 T R B BR R R BT & 4T B (K
(2a)) > HpgtpeEE 2 R B P ERT & Re=282 mm -
%2 B (2009-2016) WEAHSEHEERRMAERTEY
Table 2 Slope-failure area and corresponding ty-

phoon-rainfall events from 2009 to 2016

H FRAERZAM’)  FERHEFEAM?) =t

2009/10/5 5,638 5638 EIE
2010/10/21 89,574 83,936 Hgd
2011/10/2 119,449 29,875 ZRHE
2012/5/12 123,387 3,938 SRR
2012/8/2 136,405 13,018 R
2013/11/11 136,530 125 EE|
2016/11/23-26 143,689 7,159 [ErR

* R e T R RURE R I

100 ==

S Qf?8-8070‘54

+

+ el Saol
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+ Y e,
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.
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3 FEEFREJEPERVEFFENILRF le BARERNEERF D
Fig.3 Relationship between rainfall intensity (Ie) and
rainfall duration (D) for historical typhoon events
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- e @ == 2016/11/23-26 event

oor | %
/
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Fig.4 Relationship between effective accumulated
rainfall and relative increase in landslide area

2. HEREBZEMRE

e LR S BT 2009-2022 REHYEIfr A o]
1S AR IO = 0.74 m s (KA -0.63 m >
FERIRELYYE 670-750 m > HLUKHEEES AW - B
(4) (SEDA B RE R R S ORI 2 Ky 3,241 m?J
VECGRE) %k 2,781 m? > 152 3 FoR « &GEI S E g+
TEREE I B CRA) RZig (2011)-2012/05/12 [
B\ (2014) ~ X#§ (2015) F 2017/06/29 5218 AR
AR HFEELAE 5) e BHOPEBEERE (G

B By 2008 £F Google earth Fipég il > B4y » HEL 2012-

2022 AT REEN R T EAER - —HEFTEE
AIfE (A0 2 FRgY 13,361 m?) o FRAEAOR IR R T s L
TR B Bz R\ > R B3 5 Frors » FIR Sa \]%0 2012-
2022 M > HTEREEERE SR 2SS (2010-
2013 fidl) 5 MAE 2015 1% 5 i R Ry AR - t—if%h
88/EEE 2013-2015 f ARy TAEN A - R CURERE{LIE KR
IHECRZERARE o 7R 3 WA SFEERILFRE P ERER
FEA e D HERE /A 321-3,329 m? R » BLEI A (& 1F EAHT >
W HBETHE - HR=KE 5() FIRDHAR L
B EEE(CFESE » 41 2022/07/22 7 5 HERIER AR
o RS RREERE FERREA i H S R f-2781 m?
KB IE R R BT & IR -
3. BiFPIEREEE LB E R

EHFe 1 K= 3 WAl Bem S SE R AR (6 i e i K
THIRIERR 5 | BB AR » I 48 R i ot DR S P R
F 3 BAURERZHPEREE

Table 3 Alluvial fan area corrected for tidal level

T8 (BY:ROREN N R TR nRE g R R T Z RS ) |
e B\ B R 2R RS [ 2 2T EUR BB R A& OB R T R
GHVEah - —H 2 EFERIEIE — KB HEROPER 2 R
8L - LEFEEN I BRI K 2010 F£55E - 2011
EZRAE ~ 2012 SEZRFIBAGRYT ~ KAE ~ 2013 £E6E ST ~ 2015 £F
fRd) ([EAYIUPeIGRARSR) Kk 2017 FEirEReEE
{4 o BRUBSE RS R A I T SRR Ryl R 5 | B ey
THIAASR > R BORE R 0D » 485 B SR F AT 7 7K i
PEEDREER PR RS R RIHE FECR RSB R
HYERIER - BEURIR R Z AT - SRR » ZER
5| BE Y AR 55 0 5 s TE A B 0 Y IR B 2 B AR R B M
(2010), Z=H& (2011) RefwbiBemE (2012),HATERY &5 715
48441, 16934 } 9257 m? o (REVRZEIEFI P ERIVELGL
BY AR AR R R B R e Ay e I L (2014) ~ RS e R
(2015) FeARHuEE (2012), HiIERE 8286, 7203 F 6009 m? -
EEHRILFER > bR Fy 400-3000 m’ o (HE 5 ATAIFEA
GUR A R D1 BB T8 T2 1% - ‘R IREehE
R > DBCERTER LDRNRLELR E - B ERTE
ImtE 4% - 55— 7 > G EAEEIRE - BE B2 R
MOk b H AR PSR » BT AF AR 2 e R S s L
B BRI

AIRAFE TR (2009-2022 4F) e F (2 RFERERN
& - e P Em R SRS L BERAE 5()-(c) Fimn
Horp Pl & DA SR S BOR NS Sl R DR T A o
5(c) fFRILAEDEE (2009) ~ #4l (2010) ~ Z=F& (2011) ~ fwhir
(2012) % BN E B BRI E Re =282 mm - &
I (2009) {REEF - FREELAE(ELE 115.9K AR FiME > 16
FopogRPER - Heg = (HReE & 80P R REE I -
JEVR 5 T DA A/ NI ER WS(m/s)iEETT4ET (R 1 BfE
5(d)) > WS i 20 m/s Z BEES AR 8 (2014) - gfRidE)
(2015) ~ HA5 (2015) ~ Hg4RE (2016) ~ JEFS (2017) » HfZefE
i (2014) ~ FRalE) (2015) B fERmmE ARG 0 HEE - Hek
TS (2015) ~ Hg4E (2016) Rl 2 BefE =4 - &g
JEVEN R A/ N 28 3 i o ik R JRG RS PRI 5 | B R 4 — 8 2 ST
Ay AR - WA R TR 2 S0 - B BalthgE (2010) -
R (2011) ~ fff (2012) SE=EREEF T = BRI E M &
B IR PR » 5 7Y R AR R B A A S T SR
WHiERS 2 PR - PO IR R EIER I -

20091005 0 0 0 0
20101021 49,040 48,441 -599 -136 2010/10/14~10/23 HgyEe R,
20111002 63,370 65,375 2,005 436 2011/9/30~10/10 ZEF&HEJE,
20120512 65,920 68,996 3,076 651 -

[
20120802 77,828 78,253 25 88 13,661 éggjggg:g/lf?%gl%%%
20120827 78,123 76,356 -1,767 -371 2012/8/17~30 R ARG E
20120911 80,335 78,739 -1,596 -333 -
20121022 72,368 72,729 361 75 2012/9/18~10/1 73411 %E




JARERE ~ BRORME ~ BT - JSEE - IR - ReEUSTE R URA S

AR T

20130225 72,902 71,586 -1,316 -280 2012-2013 8 1LE R,
20130323 71,823 71,841 18 4 -
20131201 76,479 74,378 2,101 -435 2013/7/7~1485 J1Be .,
20140217 70,299 71,049 750 154 2013-20143 L2,
20140709 69,869 67,924 -1,945 -384 -
20140729 67,428 68,995 1,567 331 2014/7/21~24Z5E 4 RE R,
20140930 61,104 63,076 1,972 415 2014/9/19~22J8 B He SR,
20141016 54,695 54,791 96 21 2014/10/7~13 14 HE E,
20141231 54,490 54,221 -269 -59 2014/11/2~THERERE T,
20150214 53,455 53,982 527 117 201420158 1E R,
20150529 51,758 51,211 -547 -124 -
20150810 55,441 54,281 -1,160 258 2015/8/6~10%# 3% HE
20150918 44,748 47,078 2,330 525 2015/8/20~24 KHEHAE,
20151027 44214 43,234 -980 221 2015/9/27~30F-FEHEJE,
20160720 41,137 40,337 -800 -187 201520165 1LE R,
20161002 36,954 37,045 91 21 20;8/196/}92/;21 1259%%%@’
20170629 33,482 36,723 3,241 742 é%féggﬁﬁég’
20170712 33,378 35,579 2,201 510 -
20170807 36,300 35,350 950 215 2017/7/28~30 JEIHEERE
20170909 32,856 34,944 2,088 487 2017/8/20-9/12 ZEFREE,
20171126 31,511 31,598 87 20 2017/10/16-23 [ B Be
20180115 31,267 31,164 -103 24 2017-2018 HILZE[E,
20181111 27,415 28,201 786 181 -
20191123 29,942 28,059 -1,883 -446 -
20200622 27,953 27,931 22 -5 -
20200918 23,430 23,247 -183 -40 2020/8/31-9/9 S HIRE/E,
20210311 23,324 22,017 -1,307 275 HRALZRJE
20210909 19,610 21,712 2,102 463 -
20220727 24,303 21,522 2,781 -630 -
F4 FEHE (2010-2020) gm0 FEREISEE
Table 4 Central pressure and corresponding intensity of typhoons during 2010-2020
iy Jots ol = UL REE (hPa) FE (km/hr) PRSI
2010 i 885 230 9
2011 K% 935 175 5
] 985 95 9
ol BRI 960 130 1
KFE 950 150 6
AhirsE 905 205 6
»013 @:jj 925 185 2
ES 965 110 1
By 965 130 3
014 B, 985 85 6
g 900 215 6
Peie 910 205 6
L) 900 215 3
2015 Kig 930 185 6
MRS 925 205 3
S0l6 LR 890 220 7
5% 940 175 3
IENS 960 150 2
2017 e 935 175 6
A 915 185 6
2020 el 910 195 6
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Fig.5 Variation of alluvial-fan length and area in relation to rainfall and wind speed during past typhoon events
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W LAEER 437 (harmonic analysis, Foreman, 1977) T2 K
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SR E BRSO Horu O B EUR R 200
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T [l 8 ZIR AT ik SR EEBRIE I PN BT  GR
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KRR (E - HAREHE B I(E 2 AGEES Ry 2 m > BUR
PR R T - R e (2 TR A A Je - 281 >
RIS BB () 7 BRe 4 SR = - AR E L BBk R A
HEA K BRI & — 20 BUREZU R R B B 5
[ Z R EEEA BAFATSERE - IGROK S R 2 BRI HEH
ELARRSCFTER A 2 CCMP ISR R Ry 6 /INF
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Table 5 Simulation phases of Typhoon Goni (2015)

Total Duration

ID Interval Name Interval Time
(hours)

Start  2015/08/19 00:00

A Pre-swell 24
End  2015/08/20 00:00
Start  2015/08/20 18:00

B Swell 18
End 2015/08/21 12:00
Start  2015/08/22 18:00

C Storm 18
End 2015/08/23 12:00
Start  2015/08/23 12:00

D Post-storm 11
End 2015/08/23 23:00

6 Super Typhoon (Max wind speed >= 51 m/s)

§ Moderate Typhoon (Max wind speed = 32.7 ~ 50.9 m/s)
% Mild Typhoon (Max wind speed = 17.2 ~ 32.6 m/s)

@ Tropical depression (TD) (Max wind speed < 17.2 m/s)
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Fig.6 Model input settings: (a) boundary-condition wave climate time series; (b) typhoon track and computation inter-

vals



K L ARFEEE > 57(1), 2026

Distance from typhoon center to Suao tidal station (km)
2235 2065 1871 1660 1459 1234 1037 879 759 679 629 583 543 530 511 455 376 275 203 199

1.00
T T

0.75 [—,
0.50
0.25
0.00
-0.25

Sea water level (m)

A
-0.50

-0.75
-1.00 ‘

T T T 1T T 1]
Typhoon GONI

0.50 ‘
0.25 —

0.00

Storm surge (m)

-0.25 —

-0.50 ‘

08/18

08/20 08/22
Date

7 KSR E AR ECRE Y IERE RS OK A SR E REEM b

Fig.7 Observed sea level and storm surge variations at the Suao tide gauge during Typhoon Goni
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Fig.9 Mean significant wave height during four hydrodynamic stages: (a) Pre-swell; (b) Swell; (c) Storm; (d) Post-storm
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