-VJ

Education and Culture DG

/3

a \_VUlvilrivl

ERASMUS MUNDUS MSC PROGRAMME

COASTAL AND MARINE ENGINEERING AND MANAGEMENT
CoMEM

TYPHOON-INDUCED EXTREME WATER LEVELS NEAR

SINGAPORE
A NUMERICAL MODEL INVESTIGATION

Serene Tay Hui Xin

Delft University of Technology
June 2010

NTNU 2 54 NIVERSITAT B . UNIVERSITY OF o4
B Norwegian University of TU Deft : __'IIZ_L 6 rl I.:;_,v:\('l o boly Southalﬁpton :ﬁq CITY UNIVERSITY

Science and Technology Sehool of Givil Engineering AL /. LONDON
and the Environment



’VJ a

Education and Culture DG .

a- \_UlvliLrlivl

The Erasmus Mundus MSc Coastal and Marine Engineering and
Management is an integrated programme organized by five European
partner institutions, coordinated by Delft University of Technology (TU
Delft). The joint study programme of 120 ECTS credits (two years full-
time) has been obtained at three of the five CoMEM partner
institutions:

¢ Norges Teknisk- Naturvitenskapelige Universitet (NTNU) Trondheim,
Norway

e Technische Universiteit (TU) Delft, The Netherlands

e City University London, Great Britain

¢ Universitat Politécnica de Catalunya (UPC), Barcelona, Spain

¢ University of Southampton, Southampton, Great Britain

The first year consists of the first and second semesters of 30 ECTS
each, spent at NTNU, Trondheim and Delft University of Technology
respectively.

The second year allows for specialization in three subjects and during
the third semester courses are taken with a focus on advanced topics
in the selected area of specialization:

e Engineering

e Management

e Environment

In the fourth and final semester an MSc project and thesis have to be
completed.

The two year COMEM programme leads to three officially recognized
MSc diploma certificates. These will be issued by the three universities
which have been attended by the student. The transcripts issued with
the MSc Diploma Certificate of each university include grades/marks
for each subject. A complete overview of subjects and ECTS credits is
included in the Diploma Supplement, as received from the CoMEM
coordinating university, Delft University of Technology (TU Delft).

Information regarding the CoMEM programme can be obtained from
the programme coordinator and director

Prof. Dr. Ir. Marcel J.F. Stive

Delft University of Technology

Faculty of Civil Engineering and geosciences
P.O. Box 5048

2600 GA Delft

The Netherlands

§

NTNU % 2 o HIVERSITAT POL cMICA UNIVERSITY OF Ay
B Norwegian University of T Deft daclisy R I ,.:_,_,,,r\(" el Southal‘r{pt()ﬂ :ﬁ CITY UNIVERSITY

Science and Technology T A\ L. LONDON

School of Civil Enginecring
and the Environment




2,
Education and Culture DG F\

e \_VUlvllilvl

DELFT UNIVERSITY OF TECHNOLOGY
FACULTY OF CIVIL ENGINEERING AND GEOSCIENCE
SECTION OF HYDRAULIC ENGINEERING
DEPARTMENT OF COASTAL ENGINEERING

TYPHOON-INDUCED EXTREME WATER LEVELS NEAR

SINGAPORE
A NUMERICAL MODEL INVESTIGATION

Serene Tay Hui Xin

Graduation committee

Prof.dr.ir. M.J.F. Stive (Chairman, Delft University of Technology)
Dr.ir. M. Zijlema (Delft University of Technology)

Ir. M. A. Burgmeijer (Delft University of Technology)

Ir. D. K. Vatvani (Deltares|Delft Hydraulics)

A dissertation submitted in partial fulfillment of the degree of
MSc Coastal and Marine Engineering and Management
June 2010
(TNU £
B iIJ:::églﬂn University of T Deft

Science and Technology el Gty Techmla

School of Civil Enginecrir
and the Envin

#
™ RIVEASITAT POLITECHIGE UNIVERSITY OF ey
SR pasaanes. oy Southampton a@a CITY UNIVERSITY

2\ /. LONDON



Abstract

Due to the diminishing Coriolis force towards the equator, the equatorial zone is known to be
cyclone-free. However, on 27" December 2001, a tropical cyclone Vamei was formed near Singapore;
1.4 degrees latitude North from the equator, and made a landfall about 60 km northeast of
Singapore. Although this event did not cause any major destruction to Singapore, the neighbouring
areas such as states of Johor and Pahang of Malaysia had suffered inland flooding and landslide
caused by the heavy precipitation of the storm.

Chang et al. (2003) has suggested that the return frequency of a typhoon similar to Vamei is
approximately 1 in 400 years, thus the possibility of a tropical storm occurring in Singapore could not
be ignored. With the population density of over 7000 per square kilometer, the consequences of
flooding due to storm surge can be devastating for Singapore.

This study aims to provide a quantitative assessment to estimate the possible storm surge induced
by typhoon near Singapore using numerical hydrodynamic modeling tool Delft3D. In order to
simulate the hydrodynamic condition of both the tide and the storm surge in the Singapore Strait,
the so-called Singapore Regional Model (SRM) will coupled offline with the cyclone model; Wind
Enhanced Scheme (WES), both developed by Deltares|Delft Hydraulics (2004 and 2009b). The
hindcast of the typhoon Vamei event has been attempted in this report to examine the applicability
of the model in Singapore waters. Then the sensitivity of different typhoon’s tracks, forward speeds
and radii of maximum winds on the storm surge will be examined closely to estimate the worst case
scenario in terms of surge that could cause by a typhoon in this region.

This report also acts as a preliminary study of the possible extreme high water levels which includes
storm surge, tide and sea level anomaly that could occur along the coast of Singapore. According to
the result of this study, the extreme event with an estimated return frequency of 1 in 400 years can
cause the water level to reach as high as 2.0 to 2.8 depending on location.
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1 Introduction

On 27" December 2001, a rare equatorial tropical cyclone event, typhoon Vamei had made landfall
on the southeast coast of Malaysia Peninsular (approximately 60 km from Singapore). The tropical
storm brought strong winds and intense rain which resulted in flooding and landslide to the states of
Johor and Pahang of Malaysia, causing more than 17,000 people to be evacuated (Johnson and
Chang, 2007). The storm event had also brought heavy precipitation to Singapore and caused
disruptions to the air traffic at the Singapore Changi Airport (Williams, 2004). Fortunately this event
took place during the period of neap tide and hence no severe coastal floods had occurred.

1.1 Problem description

Even though the 2001 event of typhoon Vamei described above did not caused much damage to
Singapore and the probability of another similar cyclone event to hit Singapore with occurrence of
higher water level is not zero. Chang et al, 2003, determined that the probability of occurrence of a
tropical cyclone in Singapore is about once in 100 to 400 years. Uder more unfavourable
circumstances than in Vamei case, the level of damage to Singapore could be devastating as the
island is more densely populated. Infrastructures and buildings such as ports and skyscrapers could
be heavily affected by the flood and coastal reservoirs which hold one of Singapore’s scarce
commodities, freshwater, will be affected due to the sea water intrusion. Being the sole cause of
extreme water level conditions in Singapore it is essential to study and understand the possible level
of the surge that can be induced by a tropical cyclone in the south of South China Sea and Strait of
Singapore. If proven necessary preparation can then be taken to minimize the potential damage.

1.2 Objectives

The main objective of this study is to provide a quantitative assessment of the surge level along the
coast of Singapore induced by a tropical cyclone similar to typhoon Vamei. Based on this and
combined with the effect of high tide and the so-called Sea Level Anomaly (SLA) (Section 2.2.3) we
aim to determine a realistic extreme water level conditions for Singapore with a recurring interval
between 100 to 500 years.

The following issues are identified and studied to fulfill the stated objectives:

1. understand the surge propagation in the Singapore region during the 2001 typhoon Vamei
event,

2. understand the sensitivity of different parameters of a typhoon on the induced surge level
and how they will affect the propagation of the surge along the Singapore Strait,

3. study the effect of storm surge in different extremes of a tidal cycle; spring and neap,

4. determine a typhoon track that could produce highest surge level for Singapore and

5. estimate the return period of a near equatorial typhoon of similar intensity as typhoon
Vamei in the Singapore region

1.3 Approach

In order to fulfill the objectives, an accurate numerical hydrodynamic model of the Singapore region
is required and has been used to carry out this study. Using an application of the Delft3D modeling
system, the so-called Singapore Regional Model (SRM) is forced with winds generated by a cyclone
model, the so-called Wind Enhanced Scheme (WES) to reproduce the hydrodynamic condition of
both the tide, Sea Level Anomaly (SLA) and the storm surge in the Singapore Strait. Both models
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were, both developed by Deltares|Delft Hydraulics (2004 and 2009) to simulate the hydrodynamic
condition of both the tide and the storm surge in the Singapore Strait

As a first step the hydrodynamic model, forced with synthesized typhoon winds generated for the
typhoon Vamei, was run to hindcast the water level observations during the 2001 event. After the
calibration of the hydrodynamic and wind models, the sensitivity of the surge in the Singapore Strait
induced by different types of typhoons in terms of track, speed and size were examined. A track that
could produce higher surge levels for Singapore was determined.

As the Vamei occurred during a neap tide in December 2001, the effect of tide (spring and neap) was
investigated to investigate how the storm surge is affected.

The results are then combined to produce a water level conditions that could occur in Singapore
region which can be categorized as an extreme event with a certain return period. For this purpose
extreme wind analysis based on 13 years wind data of a station on land has been performed.

1.4 Assumptions and limitations

Due to time limitation and lack of detailed topographical data, the flooding extent and inundation
along Singapore coast caused by storm surge will not be studied. For similar reasons, another
important feature for typhoon-induced storm surge study, i.e. contribution of short waves on will
also not be included.

The model also assumes that the effect of river discharge on water level is small in comparison with
the tidal and wind-driven flows. The large scale wind effect in the model will be introduced at the
boundaries.

1.5 Overview

Section 2 will briefly discuss the Singapore coast and sea climate, basics of typhoon in brief, and
typhoon Vamei, which will provide the necessary knowledge and information to the subsequent
sections.

Section 3 discusses the modeling aspects of the study focusing on the cyclone modelling approach in
WES, configuration and setting of SRM, and processing of observation data for model result
comparison in the hindcast of typhoon Vamei event.

Section 4 will describe and evaluate the results of sensitivity analysis of different typhoon
parameters and effect of spring and neap tide on the surge level. A ‘worst’ track will then be
proposed for the extreme scenario. The return period for the typhoon wind used in the simulation
has been compared to the statistically derived return period by Chang et al. (2003).

Section 5 presents the conclusion and recommendations of this thesis.
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2 Literature Review

2.1 Singapore coast

Singapore is a relatively small country in terms of land area; 710 km?, currently (Statistics Singapore,
2010) with only 193 km long coastline (Singapore’s National Climate Change Strategy, 2008). In
many ways, the entire country of Singapore can be considered as coastal as nowhere on the
Singapore main island is more there 12 km from the coast (Chia, 1998). Figure 2.1 shows the entire
Singapore; the distance from the most northern point and southern point of Singapore is less than
23 km, and the distance between the most eastern and western point is less than 50 km.
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Figure 2.1 Singapore and its land use (Adopted from URA, 2008)

According to Chia et al. (1989), the Singapore coast, like other areas in the humid tropics, is
characterised by accumulation rather than erosion; mainly due to the low wave and tidal energy
conditions (Swan, 1971). During the Pleistocene Era where the sea level was low, large quantities of
sediments were generated by the deep weathering of exposed continental shelf, and as the sea level
rose, this eroded material was then reworked by the transgressing shore zone and re-deposited as
extensive plain of coastal accumulation (Thomas, 1991).

In the past four decades, large-scale land reclamation projects have been carried out around the
coast of Singapore main island. Though land reclamation in Singapore started as early as 1820s
during the British colonial rule when the total land area was only 523 km? (Glaser and Walsh, 1991).
Presently, there are still several ongoing land reclamation projects in the offshore islands around the
main island such as Pulau Tekong.

Figure 2.1 also shows the land use of Singapore Island. Along the coast, the main air and sea ports
are located on the east and south part of the main island, respectively. The southwest coast of
Singapore and the offshore reclaimed Jurong Island consist mainly of marine industries such as ship
building and petrochemical industry. The further offshore islands in the south such as Pulau Bukom
and Semakau are used for petrochemical industry and landfill, respectively. In the south of the main
island where the central business district (CBD) is located, consists also of Singapore’s largest coastal
freshwater reservoir, Marina Barrage. As Singapore is one of the water scarce cities in the world,
freshwater is considered to be a national asset. Eleven freshwater reservoirs have been built from
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damming the mouth of the rivers or estuaries along the northern coast of the main island. Other
areas along to coast are mostly residential or nature reserve sites. The two offshore islands in the
northeast are Pulau Ubin and Tekong respectively. Pulau Ubin which used to have numerous granite
quarries until 1970 is one of the few un-urbanised areas in Singapore which still preserves the rich
flora and fauna of its island. On the other hand, Pulau Tekong is currently undergoing land
reclamation works in the southern part while other part of the island is temporarily used for military

training purposes.
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Figure 2.2 Coastal water reservoirs of Singapore

2.2 Singapore Strait climate

The topography and bathymetry of the Singapore Strait will be described in configuration of the
Singapore Regional Model in Section 3.2. This section will focus on the sea climate of the strait such
as hydrodynamic forces and water levels. Figure 2.3 shows the Singapore Strait and part of the large

water bodies connected to it.

Johor, Malaysia

Figure 2.3 Singapore Strait

15




2.2.1 Waves

Around Singapore, the wave fetch is generally short, and the directions of maximum fetch rarely
coincide with those of the strongest winds (Chia et al., 1989). A metre high openwater waves may be
generated by the Sumatran squalls during the southwest monsoon and by swell from the South
China Sea. However due to the obstruction by shallow waters and small offshore reefs, most of the
energy from these waves are dissipated before they reach the coast of the main island (Wong, 1985
and Chew et al., 1975). Hence the average breaker height is less than 20 cm (Chew, 1974 and Swan,
1971).

2.2.2 Tides

The tide in the Singapore Strait is generated mainly from North Indian Ocean and South China Sea, in
which the tidal characteristics of both water bodies are different from each other. The Indian Ocean
is dominated by semi-diurnal tides while South China Sea is dominated by both diurnal and semi-
diurnal tides (Chen et al., 2005). The major tidal constituents which dominate the tidal flow in the
Singapore Strait are SE, K1, 01, M2, SW and N2 (Indonesia, Japan and Singapore, 1979). The tidal
waves, especially M2 component (Indonesia, Japan and Singapore, 1979) generated from the Indian
Ocean and South China Sea meet and interact approximately at the western part of the Singapore
Strait which creates a complicated tidal dynamics along the strait (Chan et al., 2006). This also results
a higher tidal range in the west compare to the east within the strait (Chen et al., 2005); 2.7 m and
1.4 m in the west and east respectively during spring tide, and 40 percent of spring tidal range across
the strait during neap tide.

2.2.3 Sealevel anomalies

Sea level anomalies (SLA) are variations of the sea level from the mean sea level which are not
generated by tides. They are caused by several large scale oceanographic and meteorological
parameters such as winds, atmospheric pressure gradient, sea surface temperature and fresh water
run-off (Tkalich et al., 2009a). This non-stationary non-periodic ocean bahaviour of varying temporal
and spatial scales is a characteristic observed in the shallow waters of Singapore Strait (Raghuraj et
al., 2010). Both Tkalich et al. (2009b) and Raghuraj et al. (2010) found that the SLA in this region is
strongly correlated with the monsoon winds of the seasonal monsoon seasons; Northeast monsoon
from November to February and Southwest monsoon from May to August. Especially during the
Northeast monsoon period, strong wind from the Asia continent prevails over the South China Sea
and triggers the positive SLA events in the Singapore waters (Rahuraj et al., 2010). Tkalich et al.
(2009b) concludes that the SLA is positive in the Singapore Strait and negative in the Taiwan (other
end of South China Sea) during Northeast monsoon and the opposite stands for the case during the
Southwest monsoon.

2.2.4 Sealevelrise

According to the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4)
(IPCC, 2007), the global mean sea levels are projected to rise by 34.3 cm over the 1990 levels by
around 2100 based on the average of all global emission level scenarios in the future.

2.3 Basics of tropical cyclones

A tropical cyclone is the generic term for a non-frontal synoptic scale low-pressure system over
tropical or sub-tropical waters with organized convection (i.e. thunderstorm activity) and definite
cyclonic surface wind circulation (Holland, 1993). The terms hurricane and typhoon are regionally
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specific names for a strong tropical cyclone (maximum sustained winds of 64 knots (34 m/s) or
more). The maximum sustained winds of a tropical cyclone represent the highest winds expected
over a one to ten minute time span anywhere within the tropical cyclone. The shape of a tropical
cyclone over sea are determined by large scale weather pattern, but they are often more
symmetrical compared to the pattern near landmass. Details about the formation of tropical cyclone
can be found in many textbooks such as Anthes (1982) and Thurman (1999).

2.3.1 Classification
There are different terms to classify the different progressive levels of disturbed weather in the

tropics that are less than a typhoon or hurricane status. The Saffir-Simpson Hurricane Scale which is
widely used in the United States has classified these different levels of tropical cyclone by their

maximum sustained winds (Table 2.1).

Table 2.1 Saffir-Simpson Hurricane Scale

Maximum sustained wind speed

Category

m/s knots
Tropical depression 0-17 0-34
Tropical storm 18-32 35-63
1 33-42 64-82
2 43-49 83-95

3 50-58 96-113

4 59-69 114-135

5 70 and above 136 and above

In the Northwest Pacific region, the Japanese Meteorological Agency (JMA) and United States’ Joint
Typhoon Warning Centre (JTWC) have classified these different levels of tropical cyclone by their
maximum sustained winds as shown in Table 2.2.

Table 2.2 Tropical cyclone classifications of JMA and JTWC

Maximum sustained wind speed IMA TWC
m/s knots
0-17 0-33 Tropical Depression Tropical Depression
18-24 34-47 Tropical Storm Tropical Storm
25-33 48-63 Severe Tropical Storm Tropical Storm
34-58 64-114 Typhoon Typhoon
59 and above 115 and above Typhoon Super Typhoon

2.3.2 Storm Surge
Storm surge is water that is pushed toward the shore by the force of the winds generated by the
strong winds. This rise in water level can cause severe flooding in coastal areas, especially when the

storm surge coincides with the normal high tides.

The level of surge in a particular area is also determined by the slope of the continental shelf. A
shallow slope off the coast will allow a greater surge to inundate coastal communities. Communities
with a steeper continental shelf will not see as much surge inundation, although large breaking
waves can still present major problems. Storm surges, waves, and currents in confined harbours
severely damage ships, marinas, and pleasure boats.
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In the northern hemisphere, the direction of the wind around the cyclone eye is anti-clockwise
(cyclonic). When the cyclone approaches a shore, which projects from north to south, from the east
to west, the surge will be higher on the right side than the left side of the eye (relative to the
forward motion of the cyclone) (Figure 2.4a). As the cyclone makes the landfall, the wind on the
right side of the eye is on-shore while the wind on the left side is off-shore. The on-shore wind will
drive the water towards the shore and create a surge while the off-shore wind will push the water
away from the shore generating negative surge. Hence the track of the cyclone plays an important
role in the level of storm surge.
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Figure 2.4 (a) Contour map of surge level in metres of a typical typhoon (left) and (b) Wind distribution in
metres per second of a moving typhoon (right)

The forward speed of the cyclone also plays a part in the level of storm surge. The wind speed on the
right side of the eye in Northern Hemisphere is increased with the translation speed of the typhoon
(and decreased at the left side) (Figure 2.4b). Consequently, in an ‘open’ coast (coast which faces
the ocean or sea), a fast moving cyclone will cause a higher surge than a slow moving one. However,
in an enclosed basin such as the bay, estuary or river system, a slower moving cyclone will cause a
higher surge. Slow moving cyclone will have more time to push the water inland than the fast
moving one. In other words, the surge does not dissipate so long as the cyclone stays in the basin.

As for the case of Singapore Strait in which water area is only partially enclosed (Figure 2.3), the
situation is more complex and highly depends on the track of the cyclone which will be discussed
further in Section 4.

2.4 Typhoon Vamei

Historically, 300 km north and south of the equator is known to be cyclone-free (Anthes, 1982),
because of diminishing Coriolis force. However, on 27" December 2001 a tropical cyclone Vamei had
made an exception to this rule and was formed near Singapore; 150 km north from the equator. Its
circulation circle was at 1.5°N and a near 200 km radius of convective cloud area (Figure 2.5). Naval
ship reports had indicated up to 75 knots of wind sustaining within the small eyewall and 105 knots
of gusts (JTWC, 2001).
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NASA researchers found that a combination of topography and meteorology, rather than Earth’s
rotation triggered the cyclone. A strong monsoonal wind from Asia continent surged rapidly down
over the South China Sea, reaching the equator in a narrow stretch of ocean between Malaysia
Peninsula and Borneo Island.

by Y |

Figure 2.5 05:30 (UTC) 27th December 2001 Multispectral image of typhoon Vamei located just Southeast of

Malaysia Peninsula (Adopted from Chang et al, 2003)

2.4.1 Formation

Chang et al. (2003) proposed that typhoon Vamei was the result of a weak Borneo vortex and a large
background cyclonic vorticity at the equator. The Borneo vortex is a quasi-stationary low-level
cyclonic circulation due to the deflection of persistent northeast monsoonal winds in the South
China Sea caused by the mountainous topography of the northwestern Borneo Island (Johnson and
Houze, 1987). On 21 December, the vortex drifted from the northwest coast of Borneo island to the
open water in the southern tip of South China Sea and remained there for four days. During that
time, the seasonal strong northeasterly surge which was persisting in the background was deflected
slightly to the northwest of the vortex. This created a flow which wrapped around the vortex and
triggered the spinning of a rapid anti-clockwise circulation, and led to the development of typhoon
Vamei. In fact this is the main cause of typhoon in Singapore. At the end of the paper, Chang et al.
(2003) has also presented the return frequency of a typhoon as 1 in 400 years and the method to
achieve this value is summarized in Appendix A.

Chambers and Li (2007) have attempted to simulate the formation and intensification of Vamei by
using a mesoscale model which involves the interactions between the scales of background cyclonic
circulation (the Borneo Vortex of order around 100 km) and of mesoscale convective vortices (MCVs,
of order around 10km), and vorticity budget analysis. From both observations and model results,
Chambers and Li (2007) concluded that a near equatorial cyclone is only able to attain Category One
intensity (64-82 knots, Saffir-Simpson Hurricane Scale).

Without the aid of navy ships and satellite images, typhoon Vamei, because of relatively low wind
speed compared to other typhoons at landfall, would not have been detected (Chang and Wong,
2008 and Chambers and Li, 2007). Hence it is suggested that some near-equatorial cyclone events
occurred in the past may have been missed, especially during the pre-satellite era.

19



2.4.2 Intensity and track

Both Joint Typhoon Warning Center (JTWC) and Japan Meteorological Agency (JMA) have reported
on the best track information of typhoon Vamei (Table 2.3 and Figure 2.6). Note that JMA did not
report the maximum sustained winds of less than 35 knots (tropical depression). JTWC continued to
report on Vamei after 06:00 UTC 28" December 2001 when it was crossing North Sumatra and
degrading to tropical depression. However, it attained energy when it moved offshore again into the
Indian Ocean and sustained maximum winds of 35 knots. By 06:00 UTC 1* January 2002, Vamei had
completed dissipated.

Table 2.3 JTWC and JMA reports on Vamei

Maximum sustained Radius of Maximum

Date and Time winds (knots) Winds (nm) Central Pressure (hPa)
uTc JTWC IMA JTWC IMA JTWC JMA
26-Dec-2001 12:00 25 - 15 - 1005 1010
26-Dec-2001 18:00 35 - 20 - 997 1010
27-Dec-2001 00:00 65 40 30 100 976 1008
27-Dec-2001 06:00 65 45 20 120 976 1006
27-Dec-2001 12:00 45 35 30 100 991 1008
27-Dec-2001 18:00 40 - 30 - 994 1010
28-Dec-2001 00:00 30 - 30 - 1000 1010
28-Dec-2001 06:00 30 - 25 - 1000 1012
28-Dec-2001 12:00 25 - - - 1002 -
28-Dec-2001 18:00 25 - - - 1002 -
29-Dec-2001 00:00 20 - - - 1004 -
29-Dec-2001 06:00 20 - - - 1004 -
29-Dec-2001 12:00 25 - - - 1002 -
29-Dec-2001 18:00 25 - 35 - 1002 -
30-Dec-2001 00:00 25 - 35 - 1002 -
30-Dec-2001 06:00 25 - 35 - 1002 -
30-Dec-2001 12:00 25 - 35 - 1002 -
30-Dec-2001 18:00 35 - 35 - 1000 -
31-Dec-2001 00:00 35 - - - 997 -
31-Dec-2001 06:00 35 - - - 997 -
31-Dec-2001 12:00 35 - - - 997 -
31-Dec-2001 18:00 30 - - - 1000 -
01-Jan-2002 00:00 25 - - - 1002 -
01-Jan-2002 06:00 25 - - - 1002 -
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Figure 2.6 JTWC and JMA Vamei track

The conflicting reports on the typhoon wind speed from JTWC and JMA (Table 2.3) is caused by the
fact that JTWC upgraded the intensity of the storm to that of a typhoon after the observation
reported made by the ship (refer to earlier text). In Figure 2.6, the typhoon passed through the
Malaysia Peninsular within two days (27" to 28" UTC), and suggested that the effect in Singapore
only lasted two days. Section 3 will model the storm surge around Singapore caused by typhoon
Vamei.

From the reports of JTWC and JMA, the typhoon Vamei is moving at about 3.5 m/s. However,
according to the Atlantic basin hurricane database (HURDAT) the average forward speed of the
hurricanes at this latitude (close to equator) is about 7 m/s (Atlantic Oceanographic and
Meteorological Laboratory, http://www.aoml.noaa.gov/hrd/tcfag/G16.html).

Figure 2.7 is an image of typhoon Vamei observed by Quick Scatterometer (QuikSCAT) in the South
China Sea. It shows the distribution of wind of Vamei at 22:32 UTC 26" December. The wind
distribution is clearly not a perfect symmetrical cyclone and more intense winds are located in the
south of the eye. Interestingly, the observed wind speed is actually higher (more than 27 m/s) on the
left side of the typhoon eye (relative to forward direction which is towards the west) than on the
right side (about 20 m/s), this is an unusual phenomenon to observe from a tropical cyclone as the
higher winds should usually be on the right side due to the additional speed contributes by the
forward motion of the typhoon.

Also in Figure 2.7, there is a large scale meteorological weather pattern (northeast monsoon) in the
north. This suggests that there is a ‘mixture’ of a classical typhoon and a large scale monsoon
pattern, which could explain the inconsistency of the reports, including the radius of maximum
winds and central pressure made by the two agencies. Therefore we have to be aware that the
model result based on the agencies’ information is of high uncertainty.
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Figure 2.7 22:32 UTC 26th December 2001 QuikSCAT observed wind speed contour map and streamlines at
surface of South China Sea showing typhoon Vamei (Adopted from NASA Earth Observatory, 2003)
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3 Modelling aspects

3.1 Wind Enhanced Scheme (WES)

The WES model is developed by Deltares|Delft Hydraulics for cyclone modeling (Deltares|Delft
Hydraulics, 2009b). Generally, the accuracy of storm surge computation depends on the accuracy of
the wind forcing. However, in most Numerical Weather Prediction (NWP) models, cyclone winds,
especially the strong variations of the wind gradients near the centre, are not accurately
represented in the NWP models due to low grid resolution. Due to this and the lack of observations
in many parts of the tropical oceans, many meteorological agencies used ‘bogus’ observations to
define the cyclone’s location and structure in the NWP model to bring out the cyclone in the analysis.
Methods such as Rankine Vortex and synthetic vortex are used to illustrate cyclone winds. In the
WES model, wind is generated based on the analytical model by Holland (1980) which is described in
Appendix B, and further improved by introducing asymmetry. This asymmetry is brought about by
the forward speed of the cyclone centre displacement as steering current and by introducing
rotation of wind speed due to friction. For detailed description of the scheme, one may refer to
Deltares|Delft Hydraulics (2009b).

3.2 Wind stress in Delft3D-FLOW
In Delft3D-FLOW, wind stress term is prescribed in the momentum equations at the free surface
boundary condition (Deltares | Delft Hydraulics, 2009a) as shown

vy u -1z

H aalazo = |75| cos(6) (3.8)
v v = L2 |

H 90lgmo ~ pg |51 S0(0) (39)

where vy, is the vertical eddy viscosity, H is the total water depth, u and v are the flow velocities in
the £ and 7 direction (in generalized Cartesian coordinate system) respectively, g is the scaled
vertical coordinate (Phillips, 1957), p, is the referenced water density, 6 is the angle between the
wind stress vector and the local direction of the grid-line n, and |7,| is the magnitude of the wind
shear-stress. Without wind, the stress at the free surface is zero. The magnitude of the wind shear-
stress is defined as

I‘?sl = Po a)=o=s|ﬁ)*s| (3.10)

where 1, is the friction velocity at the surface. The magnitude is determined by the following widely
used quadratic expression;

75| = paCalUfy (3.11)

where p, is the density of air, U is the wind speed 10 meter above the free surface (time and
space dependent) and C; is the wind drag coefficient, dependent on U, .

In this study, the C; used is based on Charnock relation (Charnock, 1955) as shown

2
Zo = % (3.12)
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where 8 is the Charnock constant and a value of 0.032 gives optimum results in the Dutch
Continental Shelf model (Gerritsen et al., 1995), g is the gravitational acceleration, and z, is the
roughness length which is applied in a logarithmic wind profile

u(z) =“In (i) (3.13)

Zo
where uy is the wind speed at height z above the sea surface, k is the Von Karman constant (= 0.4).

The other formulation and conceptual description of Delft3D-FLOW module can be found in Lesser
et al. (2004) or Deltares|Delft Hydraulics (2009a).

3.3 Singapore Regional Model

The SRM was developed by Deltares|Delft Hydraulics, the Netherlands in 2004, with the intent to
provide reliable hydrodynamic information of the water surrounding Singapore (Deltares|Delft
Hydraulics, 2004 (Zijl and Kernkamp)). The well calibrated and validated SRM could be used to
accurately simulate large-scale tide and wind-driven flows. Large parts of the seas around Singapore;
the Andaman Sea, the South China Sea and the Java Sea (Figure 2.3), have been covered in the
model. Eight main tidal constituents; Q1, 01, P1, K1, N2, M2, SW and K2, are used to simulate the
forcing at the open sea boundaries.

The model grid consists of around 36,500 grid cells, and the sizes of the grid cell vary from about 500
m to 600 m around Singapore Island up to over 15 km at the open sea boundaries. Singapore Strait,
Malacca Strait, Selat Riau, Selat Durian, Johor Strait and Sungai Johor have been given a relatively
high resolution (Figure 3.1) to obtain detailed hydrodynamic information in these areas which are
near the area of interest. The bathymetry is based on Admiralty charts with maximum depth of
about 2000 m in the Andaman Sea and 160 m in Singapore Strait (Figure 3.1). The SRM requires
about 0.5 hour of computation time on a 2.0 GHz PC for a 10 day simulation period.

Figure 3.1 Grid and Bathymetry of SRM

In accordance to the land use of Singapore coast (Section 2.1), the coastline is divided into 13
segments with one station representing each segment (Figure 3.2). In the simulation, the surge level
at any of the 13 stations will represent the surge of its respective segment.
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Figure 3.2 Division of coastline into segment and the representative stations

3.4 Determination of typhoon-induced surge

There are two types of typhoon-induced surge; observed and modelled. However, before either can
be determined, the observation or modelled result has to be processed. The following describes the
two methods on how the typhoon-induced surge, observed or modelled can be obtained.

3.4.1 Determine typhoon-induced surge in model

In the model, typhoon is simulated with tide to get the water level over the whole model domain. In
order to obtain the typhoon-induced surge level only, the output of the model is subtracted with the
output of another model which only simulated tide;

(Modelled typhoon-induced surge) = Model(Typhoon+Tide) — Model(Tide only)

3.4.2 Determine typhoon-induced surge in observation

Usually, measurement recorded by an in-situ gauge is the overall water level at a particular location.
For waters around Singapore, the observation data contains several signals like tide, SLA and even
typhoon induced surge if there is a presence of a typhoon. This section will describe how the tidal
and SLA signals are removed from the observation data to distinguish the typhoon-induced surge
which is summarized as follows:

(Observed typhoon-induced surge) = (Observed water level) - (Tidal prediction) - (Modelled SLA)

3.4.2.1 Observation water level

Hourly water level data at various stations around Singapore are obtained from Singapore Maritime
Port  Authority (MPA) and University of Hawaii Sea Level Centre (UHSLC)
(http://ilikai.soest.hawaii.edu/uhslc/data.html). Observations at four selected stations; Sedili,
Tanjong Changi, Bukom and Kukup (Figure 3.3) will be used for calibration during the hindcast of

Vamei later. Each of them represents the different sections of the affected region; Sedili is located
on the east of Singapore Strait in the South China Sea, Tanjong Changi is located in the Johor Strait,
Bukom is located near the middle of the Singapore Strait and Kukup is located in the western end of
the Singapore Strait near Malacca Strait.
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Figure 3.3 Locations of the four selected stations

Figure 3.4 shows the observed water level in December 2001 at Bukom station. The observed water
level contains several signals like the tide, SLA and the typhoon-induced surge;

(Observed water level) = (Tide) + (SLA) + (Typhoon-induced surge)
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Figure 3.4 Observed water level at Bukom station during spring and neap tides

3.4.2.2 Residual water level

As the water circulation in the Singapore Strait is tide dominated, any water level anomaly is difficult
to observe directly from the observation data (Figure 3.4). Therefore the influence of tide will be
eliminated from the observation data by making a prediction using 65 dominant tidal constituents in
this region and subtract it from the observation. The 65 tidal constituents used here can be found in
Appendix C.

(Residual water level) = (Observed water level) - (Tidal prediction)

Figure 3.5 show the residual water level which represents the SLA and the typhoon-induced surge.
Though the tide effect could also be achieved by a tide simulation in model (like in Section 3.4.1), a
long term harmonic tidal analysis with many tidal constituents is able to provide a more accurate
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tide effect which will then lead to better accuracy of the observed typhoon-induced surge
determined later.

AR R v

Figure 3.5 Observed and residual water level at Bukom station

3.4.2.3 Observed typhoon-induced surge

The residual water level above is still consisting of both the SLA and typhoon-induced surge.
Unfortunately the SLA could not be well defined or predicted at the present moment. Several papers
such as Tkalich et al. (2009b) and Raghuraj et al. (2009) have attempted to explain the cause, but
none has able to predict the SLA in this region successfully. As presented earlier in Section 2.2.3, the
SLA is highly correlated to large scale wind patterns associated with the monsoon. Therefore the
determination of SLA can only be achieved with the help of numerical model.

There are two methods to account for SLA in the model. The first is by applying NCEP wind in a much
larger model; South China Sea model (SCSM) (Gerritsen et al., 2003) to simulate the strong
Northeast monsoonal wind over the South China Sea and then nest SRM in it. The second method is
to correct the water level at the open boundaries of SRM which has been attempted by Twigt (2007)
using satellite altimetry data. The latter has been decided to be used for this study to account for
SLA in model which will then determine the ‘modelled SLA’ by:

(Modelled SLA) = Model(Tide+SLA) — Model(Tide only)

The residual water level from Section 3.4.2 is then subtracted by the modelled SLA to determine the
typhoon-induced surge;

(Observed typhoon-induced surge) = (Residual water level) — (Modelled SLA)

Figure 3.6 shows the observed typhoon-induced surge for all the four selected stations during the
two days (27" and 28™ December 2001) when the typhoon is near Singapore. Note that the time is
adjusted to Singapore local time (UTC+0800).
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Figure 3.6 Observed typhoon-induced surge level at four stations

Referring to Figure 3.6, the observed surge during these two days at Sedili varies between -0.2 m
and +0.2 m and highest surge is at 14:00 27" December. For Tanjong Changi and Bukom stations,
there is a significant negative surge of -0.45 m and -0.32 m respectively at around 18:00 27"
December. Other than this significant negative surge, both stations are experiencing only 0.2 m
surge. As for Kukup, a negative surge of 0.35 m is observed at 16:00 27" December and a positive
surge peak of only 0.15 m at 06:00 28" December. The observed surge levels cannot be quantified as
significant, as the surge levels are in the similar order of magnitude as SLA. The following section will
attempt to perform a hindcast of the event using WES and SRM with the available information.

3.5 Hindcast of typhoon Vamei
This section describes the hindcast of typhoon Vamei event in 2001 using the information provided
by JTWC and JMA, and water level observation. The purpose of this hindcast is to examine the
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applicability of the model in the Singapore region, and determine the surge propagation during the

event.

The position of the typhoon eye (track) provided by JTWC and JMA and the stations where the surge

will be examined during the hindcast are shown in Figure 3.7.
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Figure 3.7 Map of Singapore with 4 stations for calibration of typhoon Vamei with the original JTWC and
JMA track

Considering the original track given by JTWC or JMA both of which are similar in Figure 3.7, referring
to Figure 3.6, the surge at Sedili is expected to be positive and at Tanjong Changi, Bukom and Kukup
it is expected to be negative because of the high onshore winds on the right side (relative to the
typhoon’s forward motion) of the typhoon where Sedili is located and opposite wind direction for
the left side of the typhoon where eastern opening of the Singapore Strait (Section 2.3.2). However,
the strange thing here is that the negative surge of Kukup occurred earlier than that of Tanjong
Changi and Bukom which are located nearer to the approaching typhoon from the east.

3.5.1 Hindcast approach

As presented in Section 2.4, both JTWC and JMA have provided information for the central position,
Vmax, Parop @ahd RMW of typhoon Vamei. Besides the central position (Figure 3.7), all other tropical
cyclone (TC) parameters differ substantially. JTWC provides a larger vy,qy and Pgyqp but smaller
RMW than JMA.

Because of this it was not easy to construct a TC wind and pressure field to properly force the
hydrodynamic correctly. Observation data for winds are insufficient (temporally and spatially) to
calibrate the winds generated by the WES program. Moreover the WES program was initially
designed to produce winds for strong hurricanes sufficiently far away from the equator. Finally
typhoon tracks are usually specified as pair of geographical coordinates (latitude, longitude) with
It is therefore accurate within +

one decimal behind the comma. 0.1 degrees in both direction -

approximately 15 km (see Section 2.4), explaining the difference between JMA and JTWC track.
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Consequently we were unable to check the quality of the winds generated by the WES program.
Hence we decided to play with some input parameters of the WES program, generate a number of
winds and then use the hydrodynamic simulation results (i.e. storm surge results) to select the
appropriate typhoon characteristics that matches the surge produce by the hydrodynamic model.

As WES provides the options to choose which parameters to input for the wind and pressure
distribution, the following presents the result of using two different input options of WES for both
JTWC and JMA. After some tests, we decided to use the standard option of WES to hindcast Vamei
as shown in the following. The results of using other options have been presented in Appendix D.

3.5.2 First attempt using JTWC and JMA’s information (Simulation 1)

WES and Delft3D simulation results for typhoon Vamei based on the data from two meteorological
agencies’ are shown in Figure 3.8 using the standard option; vy, and Py;.op. Based on JTWC's data,
the simulation results show larger surge ranges in terms of positive and negative peak surges than
that using JIMA’s data.
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Figure 3.8 Simulated surge level (metres) using typhoon information provided by JTWC and JMA

The results in Figure 3.8 represents the effect of surge of different typhoon intensities (JTWC and
JMA), the positive and negative surge peaks are not only differed in scale but also in phase from the
observation. As both agencies have provided the central position of typhoon with one decimal
behind the comma (i.e. accuracy of + 0.1 degrees in both direction - approximately 15 km), and due
to large radii of the typhoon specified, it is decided to calibrate the model is by adjusting the
typhoon’s track instead of intensity.

In the given track (central positions), only 14:00, 20:00 and 02:00 (27" to 28" December) are the
time where the typhoon is near Singapore. Hence positions of these three points will be adjusted
with the intensities (Vp,qx and pgrop) provided by JTWC at these three points remain unchanged.
During the calibration process, the position of these three points will be adjusted one by one
systematically in four directions (North, South, East and West). More than forty simulations have
been made before arriving at the final one. The following will only present the two main simulations
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of progressive improvement relative to the original one (first attempt) and then the final simulation
which is concluded as the model for typhoon Vamei. Note that the first attempt made using the
original track by JTWC will be named ‘Simulation (1)’. The track of the simulations is shown in Figure
3.9 and results are described in the following sections.
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Figure 3.9 Tracks of the four simulations for Vamei hindcast

3.5.3 Simulation (2)

Looking at result of Simulation (1) (Figure 3.8), the positive surges at Sedili is too high. Tanjong
Changi and Bukom show ‘undesired’ positive surge peaks at 12:00 and later at 21:00 and 04:00 for
Tanjong Changi only. The position surge peak at Kukup is in the wrong phase; 02:00 instead of 07:00.
As discussed in Section 2.3.2, storm surge is high at the right side (relative to forward motion) of the
typhoon especially during landfall. In order to reduce the surge at Sedili, the track before landfall is
shifted to the North which makes Sedili on the left of the typhoon during landfall. Positions of 14:00,
12:00 and 02:00 have been moved to the North by 20 to 45 km (Figure 3.9). The result is shown in
Figure 3.10.
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Figure 3.10 Surge level (metres) of Simulation (2)

As seen in the result above, Sedili shows a significant decrease in surge (around 30 cm) at the
positive peak, and the positive surge peaks at Tanjong Changi and Bukom have reduced significantly.
However there is no improvement for Kukup.

3.5.4 Simulation (3)

Simulation (3) will have the landfall later by two hours at 18:00 instead of 16:00 in Simulation (2) by
adjusting the 14:00 and 20:00 (27" December) points to the east (Figure 3.9). Also, the landfall is
shifted slightly further North. The result is shown in Figure 3.11.
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Figure 3.11 Surge level (metres) of Simulation (3)

Referring to Figure 3.11, the positive surge peak at Sedili is reduced to 0.43 m and Kukup finally
shows a negative surge peak, though the phase is still incorrect; 21:00 instead of 16:00 27"
December. However, there is no improvement for Tanjong Changi and Bukom stations.

3.5.5 Simulation (4)

In this simulation, the 14:00 and 20:00 (27" December) points are moved further east by 10 km
compared to Simulation (3) which delays the landfall by another hour to 19:00. The 02:00 and 08:00
(28" December) are also moved to the North by about 25 km (Figure 3.9). The result is shown in
Figure 3.12.

34



0.50 T T T T T T T

——— Observation
Sedili Simulation {3)
Sedili Simulation (4)

0.25

0.00

_025 | | | 1 1 1 1
00

06 12 18 00 06 12 18 00
2001/112/27 2001/12/28 2001/12/29
0.25 T T T T T T T
Observation
Tanjong Changi Simulation (3)
0.00 E Tanjong Changi Simulation (4) [
025 \-/ i
—0. 50 | | | | | 1 1
06 12 18 00 06 12 18 00
200112727 2001/12/28 2001/12/29
0.25 T T T T T
Observation

Bukom Simulation (3)

0.00 Bukom Simulation (4) |_|
-0.25 b
_050 | | | | | 1 1

00 06 12 18 00 06 12 18 00
2001/12/27 2001/12/28 2001/12/29
0.25 T T T T T T T

———— Observation
Kukup Simulation (3)
Kukup Simulation (4) |_]

~

0.00

_050 | | | 1 1 1 1
00 06 12 18 00 06 12 18 00

200112727 2001/12/28 2001/112/29

Figure 3.12 Surge level (metres) of Simulation (4)

The positive surge peak in Sedili has been further reduced to just 0.38 m, the negative surge peak at
Tanjong Changi is also in phase with the observation, and the 06:00 (28th December) positive surge
peak at Kukup is more ‘pronounced’ than the previous simulations. As for Bukom, no significant
improvement is observed.

Among all the four simulations above, Simulation (4) has proven to give the best results particularly
when the observation is added with a constant 0.1 m as shown in Figure 3.13. This may be due to
the difference between the mean sea level of recorded in the field tidal gauge and the mean sea
level in model which apparently is about 0.1 m. The propagation of the surge is shown in Appendix E.
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Figure 3.13 Surge level of simulation (4) and the adjusted (shifted) observation

3.5.6 Discussion

As presented above, Simulation (4) shows the best result among the other simulations by comparing
the storm surge at the four stations of the observations. Comparing to Simulation (1) which uses the
track provided by JTWC, Simulation (4) has showed great improvement in the surge level. The track
used in Simulation (4) may have deviated from the one reported by JTWC which can also be seen in
the TRMM (Tropical Rainfall Measuring Mission) imagery (Figure 3.14).
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, p o
Figure 3.14 Comparing JTWC track (pink) and model track (blue) with TRMM image which reveals the eye of
Vamei on 08:00 (UTC+0800) 27th December 2001 (Adopted from JTWC, 2001)

Due to insufficient detailed and low temporal resolution information of the typhoon Vamei, the
cyclone wind distribution could only be modelled as an almost symmetrical cyclone’s, which is not
the case in reality as observed in Figure 2.7 and 3.14.
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4 Defining the extreme water condition

This section will determine the height of water level caused by an extreme event which involves the
typhoon, tide, SLA and sea level rise. Being the primary source of surge level, the assumed typhoon
maximum intensity will be checked against available wind data for Singapore. This is followed by
examination of the surge induced by the typhoon by carrying out sensitivity analysis of the typhoon
parameters on the surge in Singapore waters. Secondly, the ‘worst’ track that will give a high surge
level relative to the wind intensity will be proposed and the effect of spring and neap tide on the
surge will be briefly investigated. Thirdly, the intensity of the cyclone wind will be estimated using
extreme wind prediction based on local wind data. Finally, the water level of the extreme event will
be approximately computed.

In short the following steps are taken to determine the extreme water level condition for Singapore:

Extreme wind analysis using wind data at Changi station
Sensitivity analysis on track, forward speed and RMW
Derive the ‘worst track’

Run the worst track in both spring and neap tide

vk wN e

Extreme case scenario
a. Surge (from worst track) + High tide + SLA

4.1 Extreme wind event estimation

The return period of typhoon Vamei proposed by Chang et al. (2003) did not convey the intensity of
the typhoon (Appendix A). As typhoon Vamei was the first and only typhoon found in this region,
there is only one record of typhoon. Hence, in this section an attempt is made to estimate the wind
intensity with recurrence interval of 1 in 400 year based on wind data of 13.5 years at Changi Airport
Station (Figure 4.1). The data is obtained from the (Weather Underground,
http://www.wunderground.com/history/). A priori it is known that the duration of the data is too
short to produce a desirable result. Nevertheless, this is the only data that is available.
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Figure 4.1 Wind data 13.5 years (1996 July till end of 2009)

Figure 4.1 show the wind speed every 30 minute. As the focus of this exercise is to determine
extreme wind, only records that are higher than 8.5 m/s will be used in the analysis. Because high
wind speed occurrences under storm conditions usually last for few hours, two or more consecutive
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extreme value records will be considered as one event. Table 4.1 shows the number events of each
extreme wind speed

Table 4.1 Data of events with wind speed greater than 8.5 m/s in 0.5 m/s bins

Wind speed (m/s) Number of events
8.5-9.0 41
9.0-9.5 16
9.5-10.0 9

10.0-10.5 11
10.5-11.0 2
11.0-11.5 0
11.5-12.0 4
12.0-12.5 0
12.5-13.0 0
13.0-13.5 0
13.5-14.0 0
14.0-14.5 0
14.5-15.0 0
15.5-15.5 1

Weibull distribution (Weibull, 1951) has been commonly used, accepted and recommended in most
literatures (Eskinazi and Cramer, 1982 and Garcia et al, 1998) to express the wind speed frequency.
This distribution has been applied here to fit the 13.5 years of wind data based on maximum
likelihood estimation method. The Weibull distribution is a two-parameter model: the shape
parameter k that defines the shape of the distribution and mainly depends on the regularity of the
wind regime and the scale parameter ¢ which is a measure of the mean wind speed. The probability
density function of a Weibull random variable x is

k (x\k~1 k

k(X =(x/c)

f(x; c, k)= {c (c) € xz0 (6.1)
0 x<0

Based on the extreme events within the 13.5 years (Table 4.1), k and c are found to be 6.891 and
10.162 respectively. With these values, a return period of 1 in 400 years yields only a wind speed of
13.8 m/s (27 knots) which according to the tropical cyclone classification of both JTWC and JMA is
considered to be a tropical depression, not a typhoon. As mentioned earlier, we already anticipated
that 13.5 years of wind data is not sufficient to estimate very high wind speed. The result of this
analysis should therefore regard as the lower limit for the wind speed with a recurrence interval of 1
in 400 years. It is to be expected that this analysis would have yield a higher wind intensity if longer
historical wind data would have been available

Although this exercise did not confirm the conclusion presented by Chang et al. (2003) (Appendix A)
for an occurrence of a 1 in 400 years typhoon of intensity similar to Vamei, but given the lack of wind
data we can assume that Chang’s conclusion may still be applied for this study.
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4.2 Sensitivity analysis of typhoon parameters on storm surge in the
Singapore region

Typhoon Vamei, as shown earlier, did not produce high storm surge levels for Singapore. Our earlier

investigation suggests that with a slightly different track the effect for Singapore could have been

much worse.

For the determination of an extreme water level condition we decided to perform sensitivity tests of
the surge levels in Singapore region as a function of a number of typhoon parameters. However, as
the extreme wind analysis performed in previous section did not provide a conclusive indication for
the wind speed that we could apply for a typhoon with 1 in 400 years return period it was decided to
fix the wind intensity and pressure drop during the tests, respectively at 28.3 m/s (55 knots) and
2200 Pa'. Both of which are obtained simply by taking the average of the highest record of JTWC and
JMA (Section 2.4)

Consequently the sensitivity tests will focus on the effect of other three typhoon parameters in the
Singapore region (see also earlier discussions in Section 2.3):

e track,
e forward speed and
e radius of maximum wind

At the end of this systematic sensitivity tests, a ‘worst’ track will be proposed based on the test
results. Then the effect of spring and neap tide on the surge will be investigated using the proposed
worst track.

The water level behavior at Tanjong Pagar station will be presented as part of the sensitivity tests as
an indication of the surge in the Singapore Strait (see Figure 4.2). However, the main analysis will be
carried out focused on the map of the surge contour levels. The inflow and outflow of water in the
strait (see Figure 4.2) will also be examined in this context. Note that the cross sectional discharge is
inclusive of tidal flow fluxes of the model, but all the case runs in a parameter test will have the
same tidal flux (consistent simulation time frame), and the discharge of simulation without typhoon
(tide only) will also be presented to see enhancement or weakening of fluxes caused by the different
typhoons.

' The effect of the barometric pressure drop is straightforward and linked to intensity. The level of the sea
surface is inversely proportional to the pressure drop. A pressure drop of 1 mbar (100 Pa) is equivalent to 0.01
m rise in water column.
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Figure 4.2 Location of Tanjong Pagar station and various cross sections in the Singapore Strait

4.2.1 Sensitivity of surge level as a function of the track
Three horizontal tracks at 1.00 °N, 1.25 °N and 1.5 °N will be defined to check the sensitivity of the
surge on for the prescribed typhoon track (Figure 4.3). A typhoon of constant RMW of 25 km and

3.5 m/s travelling speed will be used here.
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Figure 4.3 Tracks at different latitude with day and time (from reference date) of the typhoon eye (DD,HH)

From the result in Figure 4.4 the track 1.00 °N and 1.25 °N gave a much higher surge than track 1.50
°N at Tanjong Pagar. The reason for this is the same as the case of typhoon Vamei. While the
typhoon is approaching Singapore Strait from the east, the cyclonic character of the typhoon caused
the water to pile up at the north of the storm eye and push the water away at the south of the eye
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(Figure 4.7). Hence, for the case of 1.00 °N (Figure 4.5a and b) and 1.25 °N (Figure 4.6a and b), water
is forced into the Singapore Strait by the typhoon.
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Figure 4.4 Surge level at Tanjong Pagar caused by typhoon track of different latitudes
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Figure 4.5 Surge level in metres caused by typhoon track at 1.00 degree North (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f) bottom
right
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Figure 4.6 Surge level in metres caused by typhoon track at 1.25 degree North (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f) bottom
right
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Figure 4.7 Surge level in metres caused by typhoon track at 1.50 degree North (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f) bottom
right
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The momentary discharge of water into the strait via cross-section E is shown in Figure 4.8. The
inflow of water of track 1.50 °N is smaller than the other two at 07:00 of Day 1, and at around 13:00
of Day 1 high volume of the water is flowing outwards from the strait into the South China Sea. For
the other two tracks, the flow through this cross section is kept in one direction (into the strait). This
is especially true for track 1.00 °N, as the entire time the typhoon is in or near the strait (12:00 to
23:00 of Day 1).
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Figure 4.8 Momentary discharge at cross section E for different typhoon tracks (positive indicates eastward
discharge and negative indicates westward discharge)

Interestingly for track 1.00 °N, because of the presence of Pulau Bintan at the east entrance of the
strait, more water has been forced into the strait after the typhoon made a landfall on the eastern
coast of Pulau Bintan when compared to track 1.25 °N (Figure 4.8). This is again due to the cyclonic
character where the wind is forcing the water along the eastern coast of the island northwards and
into the strait after landfall (Figure 4.5b). After making landfall water is continuously being pushed
towards the west due to the west blowing wind at the north of the eye as the typhoon moves
westward on land. However, when the typhoon is approaching the west of Pulau Bintan, water
starts flowing into Selat Riau between Pulau Bintan and Pulau Batam, which can be observed at cross
section SE (Figure 4.9). In Figure 4.9, the flow discharge out of Singapore Strait through cross-section
SE is higher for track 1.00 °N compared to track 1.25 °N at around 15:00 of Day 1.
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Figure 4.9 Momentary discharge at cross section SE for different typhoon tracks (positive indicates
northward discharge and negative indicates southward discharge)
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At around 21:00 of Day 1, under the influence of track 1.25 °N, water from the Malacca Strait is
directly being forced by the wind into the Singapore Strait via cross-section W (Figure 4.6e) which
however is not the case for track 1.00 °N (Figure 4.5e). Evidence can be observed from the discharge
at cross-section W in Figure 4.10.

- 800000 T T T T T T T
“e Latitude 1.00 N
~ Latitude 1.25 N

§ 400000 F Latitude 1.50 N |

Tide only

< -

I .

?

o 0r

>

g

|_

E -400000 -

=

o]

=

-800000
00 06 12 18 00 06 12 18 00
DAY 1 DAY 2 DAY 3

Figure 4.10 Momentary discharge at cross section W for different typhoon tracks (positive indicates
eastward discharge and negative indicates westward discharge)

The results above leads to the observation that the typhoon-induced surge in the Singapore Strait is
the greatest for track 1.00 °N initially and then for tracks 1.25 °N or 1.50 °N mid-way in the strait;
much of the water from the South China Sea contributes to the surge initially, and after midway of
the strait the main water source becomes the Malacca Strait. However, in reality, the strength of the
typhoon weakens when it moves on land due to lack of moisture source. Unlike in the model, a real
typhoon is unable to sustain its strength while travelling on land. Also, the track which will give the
highest surge is partially dependent on the RMW; if the RMW is 25 km, the highest surge will most
probably occur at 25 km away from the eye at that point of time.

4.2.2 Forward speed
As the forward speed of the only known typhoon in this region is about 3.5 m/s, the values used in
the sensitivity test will centre around 3.5 m/s by + 2.0 m/s.

Figure 4.11 shows the position of the typhoon at different times for the different forward speed; 1.0
m/s, 3.5 m/s and 5.0 m/s. The point in the far east indicates the first position of the typhoon in the
Singapore Strait while the point in the far west marks the last position of the typhoon in the strait
before it moves to the Malacca Strait.
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Figure 4.11 Positions of typhoon eye with typhoon propagating at different speeds 1.0 m/s (Blue), 3.5 m/s

(Red) and 5.0 m/s (Green)

Figure 4.12 shows the surge level of the three cases at Tanjong Pagar. For the three different

propagation speed the surge level at this station is more or less similar.
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Figure 4.12 Surge level at Tanjong Pagar caused by typhoon track of different forward speeds

At the times that the typhoon reaches at the points indicated in Figure 4.8, the contour map of the

surge levels are depicted in Figure 4.14a, 4.15a and 4.16a, respectively.

From the figures one can conclude that the surge level is generally higher as the propagation speed

increases. This can be explained by the fact that the actual wind speed on the right of the typhoon

(relative to forward direction) is enhanced with this propagation speed when it coincides with the

propagation direction and vice versa (see Figure 4.13) Higher propagation speed in the westerly

direction enhances the westerly wind in the typhoon and hence the higher surge level in the strait

and along the East Coast of Malaysia.
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Figure 4.13 Wind distribution in metres per second of typhoon with (a) forward speed = 1.0 m/s (left), (b)
forward speed = 3.5 m/s (middle) and (c) forward speed = 5.0 m/s (right)
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Figure 4.14 Surge level in metres caused by typhoon track of forward speed 1.0 m/s (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f)
bottom right
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Figure 4.15 Surge level in metres caused by typhoon track of forward speed 3.5 m/s (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f)
bottom right
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Figure 4.16 Surge level in metres caused by typhoon track of forward speed 5.0 m/s (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f)
bottom right
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Figure 4.17 and 4.18 show the momentary discharge at cross-section E and SE respectively. Both
figures suggest that water is flowing out of the strait during the period from 08:00 to 18:00 of Day 1
for the case of forward speed 1.0 m/s. For the forward speed 5.0 m/s, Figure 4.17 also shows that
there is constant flow of water into the strait via cross section E from the beginning (16:00 of Day 1)
to the end (22:00 of Day 1) of the time the typhoon is in the strait, which is also the case for forward
speed 3.5 m/s from 15:00 of Day 1 to 00:00 of Day 2.
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Figure 4.17 Momentary discharge at cross section E for different forward speeds (positive indicates
eastward discharge and negative indicates westward discharge)

= 800000 T . T . . : |
mE Forward speed 1.0 m/s
— Forward speed 3.5 m/s
% 400000 Forward speed 5.0 m/s ||
<
I
?
o O
-
%
|_
E -400000 -
=
o]
=
-800000 . ! 1 1 1 |
00 06 12 18 00 06 12
DAY 1 DAY 2

Figure 4.18 Momentary discharge at cross section SE for different forward speeds (positive indicates
northward discharge and negative indicates southward discharge)
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Figure 4.19 Momentary discharge at cross section W for different forward speeds (positive indicates
eastward discharge and negative indicates westward discharge)

After 18:00 of Day 1, surge around the eye begins to increase for forward speed 1.0 m/s (Figure
4.14c and d). This can be supported by Figure 4.17, 4.18 and 4.19 which show the momentary
discharge via cross sections E, SE and W, respectively and all illustrate an inflow of water fluxes from
18:00 of Day 1 to 03:00 of Day 2.

At the final position of the typhoon in the strait, the surge around the eye is highest for the case of
forward speed 1.0 m/s, followed by 3.5 m/s and then 5.0 m/s (Figure 4.14f, 4.15f and 4.16f),
especially at the western coast of Pulau Karimunbesar due to the on-shore wind contributed by the
typhoon at that moment. This is caused by the same mechanism explained earlier but in opposite
direction. In the southern part of the typhoon, the easterly wind is least affected (reduced) by the
propagation speed of the typhoon. The wind speed in the Easterly direction in the typhoon for fast
moving typhoon is the lowest.

In conclusion, for a moving typhoon, wind speed in the typhoon is enhanced when the wind is
blowing in the same direction as the typhoon propagation direction and vice versa. However, the
land topography in the region that may obstruct water flow affects the rate of receding of surge. It
determines how fast the water can move out.

4.2.3 Radius of maximum wind

Three different typhoon’s radii of maximum wind, RMW equals to 15 km, 25 km and 50 km has been
simulated using the same typhoon track and speed, i.e. along 1.25 °N and 3.5 m/s respectively (see
Figure 4.20). The wind and pressure drop field for typhoon with three different RMW 15 km, 25 km
and 50 km are shown in Figure 4.21 and 4.22 respectively. Referring to Figure 4.21, the area with
high wind speed (> 25 m/s) is largest for RMW 50 km, followed by RMW 25 km and 15 km. Similar
feature can be observed for the pressure drop distribution (see Figure 4.22).
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Figure 4.20 Position of typhoon eye with day and time (from reference date) for RMW 15 km, 25 km and 50
km
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Figure 4.21 Wind distribution in metres per second of typhoon with (a) RMW 15 km (left), (b) RMW 25
km(middle) and (c) RMW 50 km(right)
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Figure 4.22 Pressure drop distribution in Pascals of typhoon with (a) RMW 15 km (left), (b) RMW 25
km(middle) and (c) RMW 50 km(right)

In general, by observing the surge levels for these three different cases for identical positions of the
(Figure 4.25, 4.26 and 4.27), the surge around the eye is simply intensified with increasing RMW . At
09:00 of Day 1, RMW 50 km has caused a great effect on the surge outside the strait and at the east
coast of Johor Bahru (Figure 4.27a) compared to RMW 25 km and 15 km (Figure 4.26a and 4.253,

55



respectively). As intense wind of RMW 50 km covers a larger area (Figure 4.21c), the surge begins to
build up even when the eye is still far away. So while the typhoon is approaching nearer and nearer
to the strait, the surge accumulates further and piles up in front of the east coast of Johor and Pulau
Bintan. Figure 4.23 shows the momentary discharge through the cross section E of the three cases.
Obviously, the flow into the strait is the highest for RMW 50 km from 09:00 to 19:00 of Day 1. The
surge level at Tanjong Pagar station is shown in Figure 4.24. RMW 50 km gives surge of more than
0.4 m and lasted for 16 hours (10:00 of Day 1 to 04:00 of Day 1) which is the longest lasting surge
among the three cases.
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Figure 4.23 Momentary discharge at cross section E for typhoon with different RMWs (positive indicates
eastward discharge and negative indicates westward discharge)
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Figure 4.24 Surge level at Tanjong Pagar caused by typhoon with different RMWs

In conclusion, the surge level is positively influenced when RMW is increased. A larger area of
intense wind (large RMW) will have a longer lasting surge effect in the strait.
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Figure 4.25 Surge level in metres caused by typhoon with RMW 15km (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f) bottom right
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Figure 4.26 Surge level in metres caused by typhoon with RMW 25 km (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f) bottom right
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Figure 4.27 Surge level in metres caused by typhoon with RMW 50 km (a) top left, (b) top middle, (c) top right, (d) bottom left, (e) bottom middle and (f) bottom right
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4.2.4 Worsttrack

Without implicating the physical typhoon formation and its evolution characteristics, based on the
finding in the sensitivity tests on RMW, the highest surge is yielded by the 50 km RMW which is also
consistent with the report of JTWC on typhoon Vamei. As for forward speed, though both 1.0 m/s
and 5.0 m/s give s higher surge than 3.5 m/s, these values may be too slow or too fast to apply. The
3.5 m/s forward speed which was the speed of the real typhoon event in this region has been
applied for this ‘worst track’ simulation. Again here the wind speed and pressure drop are
maintained at 55 knots and 2200 Pa throughout the whole course of the typhoon.

About sixteen tracks (Figure 4.28b) are simulated before concluding the worst track. A priori we
anticipated that given a certain value for RMW, the surge will be the highest when the distance
between the typhoon and the land is identical to RMW. For RMW equals 50 km then for the coast
of Singapore this track is depicted in (Track 1 in Figure 4.28a).

Final analysis however showed that Track 2 produced the highest surge level (Figure 4.28a).
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Figure 4.28 (a) Position of typhoon eye in track 1 and 2 (left) and (b) other tracks attempted (right)

For this track 2, the typhoon approaches the Singapore Strait from the east and makes a landfall on
the eastern coast of Pulau Bintan. This track allowed more water to enter the strait. Then when the
typhoon gradually moves towards the north while travelling westward mid-way in the strait, it forces
water from the Malacca Strait to flow into the Singapore Strait. Figure 4.29 shows the surge
generated by two tracks at all 13 stations around Singapore (Figure 3.2). All stations except Pasir Ris
and Changi have greater surge for Track 2 than in Track 1. Therefore it was concluded Track 2 is the
worst track that gives the highest surge ranging from 0.64 to 1.60 m. The surge propagation
characteristic for of the worst track scenario is presented in Figure 4.30.
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Figure 4.29 Surge at 13 stations for track 1 and 2
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Figure 4.30 Surge level in metres of 'worst track' scenario
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4.2.5 Effect of spring and neap tide on storm surge

The simulations until now are focused on the neap tide of December 2001 which is the period when
typhoon Vamei occurred. The water level during spring and neap tide in the Singapore Strait differs
about 1.2 m. In large scale hydrodynamic condition, the water depth is often associated with the
resistance of water flow; the shallower the area will impart more resistance to the flow. Hence this
section will examine the effect of spring neap on the storm surge propagation. The following shows
the highest surge induced by the typhoon of the worst track at the 13 stations in spring and neap
tide.
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Figure 4.31 Surge (metres) of 13 stations during spring and neap tides

It can be observed that the maximum surge during the spring tide is lower than in the neap tide
(Figure 4.31).

Figure 4.32 and 4.33 show the plots of surge of all 13 stations during spring and neap tides
respectively. During spring tide, the surge is lower than that of neap tide but the envelope (duration)
is wider (longer). This shows that during spring tide the surge propagate into the strait at a faster
rate that enables the surge to flow in earlier than during neap tide whose envelope is higher and
narrower; surge is experiencing resistance to flow into the strait. This mechanism has been
described in numerous literatures (e.g. Rego and Li, 2010).
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Figure 4.32 Envelope of surge (measurement at all 13 stations) during spring tide
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Figure 4.33 Envelope of surge (measurement at all 13 stations) during neap tide
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4.3 Estimation of water level for extreme scenario
The extreme scenario here referred to the extreme high water level around Singapore. This will
include extreme values of typhoon-induced surge and other hydrodynamic influences in the region
(Section 2.2); tide, SLA and sea level rise. In this study, the occurrence of all these four hydrodynamic
influences are assumed to be independent of each other and the extreme effect of each will be
superimposed on one another to give the extreme high water level.

4.3.1 Typhoon-induced surge

As discussed earlier, a typhoon of the same maximum intensity as typhoon Vamei (around 55 knots,
average of maximum winds recorded by JTWC and JMA) has a return frequency of 1 in 400 years
(0.25 % of a year). The maximum surge induced in the region by this extreme event; typhoon that is
moving on the route of the worst track is shown in Figure 4.28a. As discussed in Section 4.2.5, the
induced surge during the spring and neap are slightly different (surge in neap is greater than in
spring) and this effect on the surge in the Singapore Strait is still not very well understood. Therefore
the average of surge during both spring and neap will be considered in this extreme event, with both
upper- and lower-bound uncertainties as the difference between average surge and the one in neap,
and the difference between the average surge and the one in spring, respectively (Figure 4.34).

WATER LEVEL(METRES)

Figure 4.34 Mean typhoon-induced surge during spring and neap and its uncertainty at 13 stations

4.3.2 Tide

For this extreme scenario, high water of the tide will be considered. As the typhoon is estimated to
last longer than 12 hours in the Singapore Strait (Figure 4.30), the possibility of it occurring during
one of the two high waters of the day (mixed diurnal and semi-diurnal tide) is certain.

A 19 year tidal prediction of 65 constituents (Appendix C) has been carried for all of the 13 stations
except Jurong Island and Tekong as there is no available observation data for those two stations.
However the tidal prediction of nearer stations such as West Coast and Changi will each represent
Jurong Island and Tekong respectively.
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From the 19 years tidal prediction, we obtain the highest high water (HHW), mean high water (MHW)
and lowest high water (LHW) at each station. The HHW here is also the highest astronomical tide
(HAT). Figure 4.35 shows the MHW at each station with its respective upper- and lower-bound
uncertainty which is the difference between HHW and MHW, and the difference between LHW and
MHW, respectively.
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Figure 4.35 Mean high water (tide) and its uncertainty at 13 stations

4.3.3 Sealevel anomaly

According to Tkalich et al. (2009a) and Raghuraj et al. (2010), the SLA is highly correlated with the
northeast monsoon. Chang et al. (2003) also suggests that the occurrence of typhoon in this region
greatly depends on the strong winds of northeast monsoon and bases his approximation of the
return frequency of the typhoon (1 in 400 years) on the duration of the strong winds of more than
10 m/s. Hence the SLA in this extreme scenario with typhoon is dependent on the strength of the
northeast monsoon winds at this time. Looking at Figure 2.7, during the occurrence of typhoon
Vamei, the northeast winds prevailing in the South China Sea near Vietnam is about 14 m/s which is
approximately the same value presented by Chang et al. (2003) (Table A.1 in Appendix A).

Tkalich et al. (2009a) proposed an empirical relationship between the wind off Vietnam (based on
NCEP wind analysis) and the SLA near Singapore during northeast monsoon (Figure 4.36). By
applying the wind-SLA empirical relationship (Figure 4.36), the predicted SLA with a wind speed of 14
m/s is about 0.37 m (mean), 0.68 m (upperbound) and 0.05 m (lowerbound).
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Figure 4.36 Empirical relationship between SLA in the Singapore Strait and winds off Vietham during
northeast monsoon (Modified from Tkalich et al., 2009a)

4.3.4 Sealevelrise

For sea level rise, the value will depend on the year which the projection is carried out as the rise of
sea level due to climate change is progressive and cumulative as the years pass. Hence the value of
sea level rise projected by IPCC AR4 (IPCC, 2007) for the average of all emission scenarios is 34.3 cm
over the 1990 levels by around 2100, will not be take into account as in the extreme water level
estimation and its return frequency.

4.3.5 Extreme water level

The extreme value of each of the hydrodynamic influences on water level with uncertainty has been
mentioned above. Figure 4.37 shows the computed extreme water levels by superimposition of
surge, tide and SLA, and also the superimposed positive and negative uncertainties at each of the 13
stations. This water level is referenced to the local mean sea level.
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Figure 4.37 Water level with its uncertainty resulted from the extreme scenario at 13 stations

As observed in Figure 4.37, the water level is the highest in the Johor Strait which is where Lim Chu
Kang and Sembawang stations are located; up to 2.8 m high. Other stations have water level of 2.0
m. High surge in the Johor Strait high risk of flooding in NE monsoon, surface runoff from the land
may not be able to discharge effectively due to the high water level near the river mouth of Sungei
Johor and Sungei Pulai, located in the east and west of Johor Strait respectively.
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5

Conclusion and recommendations

5.1 Conclusions

1.

The hydrodynamic condition in Singapore Strait is highly complex due to the influences of two
large water bodies; Andaman Sea and South China Sea. In addition, the strait itself also has a
unique topography with Malaysia Peninsular and Singapore in the north and several small
islands including Pulau Bintan and Batam in the south, which makes this area a partially
enclosed basin that further complicates typhoon-induced surge and its propagation.

Observation data at a number of stations showed that it is difficult to make a distinction
between the water level variation induced by large scale meteorological phenomenon (SLA) and
surge level produced by Vamei, as both levels have a same order of magnitude.

Despite this difficulty and lack of wind data for calibration of the typhoon winds, the surge
induced by typhoon Vamei could be reasonably reproduced. The hindcast was achieved by
slightly shifting the track northwards.

Extreme wind analysis based on 13.5 years wind data obtained from a station on Singapore
Island did not support the 400 years recurrence interval of a typhoon mention by Chang et. al.
(2003). The analysis showed that wind speed associated with 400 years recurring interval in this
region is only 27 knots (considered as tropical depression). However, 13.5 years of wind data is
too short to prove this conclusively. We think the wind speed assumption applied here (>33
knots) for the typhoon winds is not unrealistic.

The results of the sensitivity analysis on the typhoon parameters (track, forward speed and
RMW) show that the surge is strongly influenced by the geographical topography of the region
which directly affects the flow obstruction and water surface area (in contact with wind).

e The track can significantly influence the surge propagation in that area. The forward
speed of the typhoon can also enhance the cyclone winds on the right (relative to the
forward motion).

e In partially enclosed waters like the Singapore Strait which is surrounded by land;
Malaysia Peninsular, Singapore and some islands of Indonesia, land obstruction to water
flow affects the rate of receding surge.

e RMW determines the area containing high wind speed which leads to a longer duration
of the surge.

The proposed extreme typhoon track (‘worst’ case) can cause a maximum surge of up to 1.6 m
depending on location.

Typhoon induced surge during neap tide is greater than spring tide, supporting earlier findings
from literature.
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8. The estimated 1 in 400 years mean extreme water level condition which includes the typhoon-
induced surge, high tide and SLA amounts to 2.0 to 2.8 m depending on location.

9. Based on the conclusions above, we can conclude that our aim to provide a quantitative
assessment of the typhoon-induced surge and extreme water level conditions with a recurrence
interval of 1 in 400 years has been accomplished in this study. Overall, considering this a first
study of this kind for Singapore, this report provides a substantial information on the surge level
and extreme water level which could be used to enhance public awareness for possible flooding
occurrence in the future especially with the sea level rise due to global warming.

5.2 Recommendations
Improvements to this study can be made with more available data; denser network of wind stations,
longer observation data, and more detailed and higher temporal resolution information of typhoon.

A more thorough statistical analysis of this extreme event can made to estimate a more accurate
return frequency and water levels. In particular for the probability of various surge levels induced by
typhoon; factors such as landfall (relative to tidal timing) and the chance of the typhoon to follow
this worst track, which can greatly affect the level and propagation of surge induced, should be
taken into account.

Also the interaction between the tide and surge; effect of hydrography and tide in different areas
around Singapore especially in the Johor Strait, may have different impact on the surge and further
studies are required for qualitatively conclusion.

Multiple extreme scenarios with various combinations of high/low tide and landfalls at different
stations can be carried out to further investigate on the typhoon-induced extreme water levels in
this region.
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Appendix A. Return period of a near equatorial typhoon near

Singapore derived by Chang et al. (2003)
Data used: NCEP/NCAR data 1951/1952-2001/2002 (51 boreal winters)

Three components required to form a tropical cyclone in this region:

1) Strong persistent cold surge which contribute to the “spinning top effect”

2) Borneo vortex which moves over to water (open sea region in the southern end of the South
China Sea) and stay for four days

3) Other general factors contributing to the development of a tropical cyclone

Strong persistent cold surge

The surge index (average of all northeasterly wind components) is calculated in the dash box in
Figure A.1 (upstream from the region of Borneo vortex) and summarized in Table A.1. Considering
the minimum duration of the persistent surge is 7 days, there are a total of 61 persistent surge
events which added up to 582 days of persistent surges. With the assumption of a three day overlap
between the vortex and the surge to develop into a tropical cyclone, the last 2 days of each surge
will be sufficient, which then left with 460 days (Table A.1). The total number of boreal winter days is
4590 days (3 months x 30 days x 51 winters) between 1951/52 and 2001/02.

Probability of persistent cold surge = 460/4590 = 0.10 = 10% of boreal winter days
If the minimum duration of persistent surge is reduced from 7 days to 5 days,

Probability of persistent cold surge = 625/4590 = 0.14 = 14% of boreal winter days

Borneo vortex

During the 51 boreal winters, there are only six occurrences of Borneo vortex centre stayed
continuously for 4 days or more in the southern end of the South China Sea (southwest box in Figure
A1)

Probability of a pre-existing Borneo vortex stayed in the open water region continuously for
4 days =6/51=0.12 = 12% in a given year

Other general factors

For a pre-existing disturbance to develop into a tropical cyclone, several factors such as background
shears of wind and vorticity, upper level divergence, and a variety of environmental factors (Anthes,
1982 and McBride, 1995). The percentage of pre-existing synoptic disturbances developing into
tropical cyclones in the more favoured tropical cyclone basins of western Pacific and North Atlantic
ranges between 10-30% (average is 20%) during their respective tropical cyclone seasons.

Return period

Return period = P(cold persistent surge which can contribute to tropical cyclone development) x
P(Borneo vortex staying on water long enough) x P(development of tropical cyclone due to other
general factors)

For at least 7 days of persistent surge,
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Return period =0.10 x 0.12 x 0.20 = 0.0024 = 0.24% a year which is about 1 in 400 years
For at least 5 days of persistent surge,
Return period =0.14 x 0.12 x 0.20 = 0.0034 = 0.34% a year which is about 1 in 300 years

To be more conservative, the criterion for the duration of the vortex staying on water is reduced
from 4 days to 3 days and the occurrences during the 51 boreal winters are increased to 21.

P(Borneo vortex on water) =21/51 = 0.41 = 41% in a given year
For at least 7 days of persistent surge,

Return period =0.10 x 0.41 x 0.20 = 0.0082 = 0.82% a year which is about 1 in 120 years
For at least 5 days of persistent surge,

Return period =0.14 x 0.41 x 0.20 = 0.0115 = 1.15% a year which is about 1 in 90 years

1951/12 to 2002/02 all vortex centers

W el

N

N EC

&)

110E

120E

Figure A.1 Location of NCEP/NCAR 925 hPA counterclockwise circulation centers during the 51 boreal
winters. The four sub-regional boxes are enclosed by equator - 7°N, and 103°E — 117°E. The internal
partitions are 3°N and 110°E. The first number in each box indicates the frequency of persistent 925 hPA
cyclonic circulation center that lasted for 4 days or more, based on the 1951/52-2001/02 DJF NCEP/NCAR 2.5
x 2.5’ reanalysis. The second number is total number of days a center is identified. The heavy dashed box
indicates the area in which the northeasterly component of QuikSCAT winds to produce the surge index.
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Table A.1 The frequency of surge durations. The first column is the number of consecutive days (duration)
that the northeast surge index = 10 ms-1 at least once during each day of the duration. The second column is
the total number of events associated with the duration. The third column is the cumulative number of
events that lasted for at least the duration, and the fourth column is the maximum value of surge index
among surges of the duration.

Surge Number of Cumulative Max. Surge Surge Surge
duration events no. events index duration x duration x

1 151 449 13.0 number of number of
2 87 298 13.6 events for events for
3 62 211 14.3 duration 27 duration 25
4 40 149 15.3 days days
5 27 109 15.0 135
6 21 82 15.8 126
7 11 61 14.2 77 77
8 13 50 16.5 104 104
9 15 37 15.1 135 135
10 6 22 15.4 60 60
11 6 16 15.1 66 66
12 4 10 16.0 48 48
13 2 6 15.2 26 26
14 1 4 14.3 14 14
15 0 3 0.0 0 0

16 1 3 14.6 16 16

17 1 2 14.6 17 17

18 0 1 0.0 0 0

19 1 1 14.9 19 19
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Appendix B. Holland’s model (1980)

The wind profile in Holland’s model is expressed as

(B.1)

A
v, = \/AB(Pn_pc) exp(—r—s) n rifz_rf

- parB 4 2

where V; is the gradient wind at radiusr, f is the Coriolis parameter, p, is the density of air
(assumed to be constant at 1.10 kg/m3), pcis the central pressure, p, is the ambient pressure
(theoretically at infinite radius, however in this model the average pressure over the model domain
is used), and A and B are scaling parameters. Physically, B defines the shape of the profile and A
determines its location relative to the origin (Figure B.1). With the same B and v, , values, the
RMW can vary with different A and RMW; A basically determines the wind gradient along the
profile (gentle or steep sloping), while B gives rise to the width of high wind near RMW (thickness of
eyewall).
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Figure B.1 Example of computed wind speed with various B and A combinations

In the region of maximum winds, the Coriolis force is small in comparison to the pressure gradient
and centrifugal forces and the air is in cyclostrophic balance. Equation B.1 then becomes

(B.2)

c
parB

v =\]AB(pdrop)eXp(_riB)

to express these cyclostrophic winds. The pressure drop term pg.p is introduced to represent
(pn, — p.) for simplicity. By setting dV,./dr equals to zero, the radius of maximum winds (RMW) is

(RMW) = AY/B (B.3)
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The RMW is independent of the relative values of ambient and central pressure and is defined
entirely by the scaling parameters A and B. Substituting equation 3.3 back into equation B.2 yields
an expression for maximum wind speed as

’BP
Umax = ﬁ (B.4)

where e is the base of natural logarithm. Parameters A and B can now be expressed as functions of
measurable quantities;

A= (RMW)B (B.5)
vhaxPal
B = m (BG)

and the central pressure drop is given by

Parop = pae;# (B.7)
Synthesis of cyclone wind and pressure field in WES

In order to predict a storm surge, measured or forecasted physical quantitative properties of the
cyclone (usually reported by the cyclone advisories) have to be provided to compute the wind and
pressure fields. Based on these properties, the parameters A and B will be determined and the wind
and pressure drop will be synthesized using the Holland’s model on a circular polar co-ordinate or
‘spiderweb’ type grid (Figure B.2).

ool 1 n_rows = 8
n_eols =12

Figure B.2 shows the definition of the spiderweb grid (Adopted from Deltares | Delft Hydraulics, 2009b)

The displacement of the cyclone in the simulation is demonstrated by the position change of the
entire circular grid in the Delft3D-FLOW model. This elegant technique has helped to minimize data
storage by adopting the required data on a moving polar co-ordinate grid centred on the centre of
the cyclone.

According to (Deltares|Delft Hydraulics, 2009b), there are three options to specify the cyclone
parameters to synthesize the wind and pressure field of the cyclone.

1 Vmax and Parop
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2. Radius of 35, 50 and 100 knots wind
3. Vpax and Holland’s parameter A and B

Options 1 and 2 require values that are usually provided by cyclone advisories, especially for the
strong cyclone. As for option 3, the value of B may be already determined from climatological data
of some regions and the value of A is very unlikely to be known. Option 3 is useful if one wants to
synthesize an arbitrary cyclone of a certain radius of maximum wind which will be applied later in
Section 3 and 4.
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Appendix C. Tidal constituents used in tidal prediction

MSM M2
MM MSP2
MSF MKSW
MF M2(KS)2
SNU 2SN(MK)2
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2SMN sw
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NUK1 MSN2
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Appendix D. Hindcast using Option (2) Vmax and RMW (by inputting

Holland’s parameter A and B)

This option gives unrealistic surge (very high) results (Figure D.1) especially for JTWC. This is due to
the impractical value of B (less than 1) yielded by the RMW with the reported vy, qx and Pgrop
(Equation B.5 and B.6). Also the typhoon eye’s radius (directly proportional to RMW) given by IMA is
too large; 200 km which is unrealistic in this region.
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Figure D.1 Simulated surge level (metres) using typhoon information provided by JTWC and JMA using WES
Option (2)
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Appendix E. Surge propagation in the hindcast of typhoon Vamei
Simulation(4)

Date: 27-Dec-2001 09:00:00 \ Date: 27-Dec-2001 12:00:00

Figure E.1 Surge level in metres 09:00 27" to 00:00 28th December of Simulation (4)
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Date: 28-Dec-2001 03:00:00

Date: 28-Dec-2001 06:00:00
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Figure E.2 Surge level in metres 03:00 to 18:00 28" December of Simulation (4)
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