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ABSTRACT

Significant loss of life and damage to properties, marine facilities and ecosystems are caused by typhoons (also
known as cyclones or hurricanes). Climate change is likely to worsen the problem. Typhoon modelling results are
used for deriving robust design conditions for coastal and marine structures and facilities. These are also used for
emergency planning and decision-making to estimate potential loss of life, damage to properties and marine
facilities and to develop rescue and mitigation measures and plan clean-up operations. Typhoon Haiyan (2013),
known in the Philippines as Super Typhoon Yolanda, was the deadliest and costliest typhoon in the Philippines
and, therefore, this paper has focused to this event. Raw data (such as track, wind speed, central pressure, and
radius of maximum wind speed) were obtained from IBTrACS. Two-dimensional wind and pressure fields along
the entire track were then generated using the Cyclone Wind Generation Tool developed by DHI. Two-
dimensional wind and pressure fields at selected locations along the track are presented in this paper. Time-series
wind speed and pressure over the entire passage of the typhoon are also provided at these selected locations.
These wind and pressure fields are useful for numerical modelling of waves and surge. Structural design
considerations and typhoon risk reduction measures are also described in this paper. The methodology described
in this paper for generating wind and pressure fields from Typhoon Haiyan could also be applied for other
typhoons around the world.

Keywords: Natural Hazards, Cyclones, Hurricanes, Typhoons, Typhoon Haiyan, Port Development, Royal
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INTRODUCTION

Formation of Typhoons
Tropical cyclones (also known as hurricanes or typhoons) are associated with warm and moist air and hence they
form only over warm ocean waters near the equator (within latitude 30° north and south). They need some
favourable conditions to form such as:

a) Warm sea surface temperature

b) Large convective instability

c) Low level positive vorticity

d) Weak vertical wind shear of horizontal wind

e) Coriolis force
Warm ocean waters of at least 27°C throughout a depth of about 50m from sea surface is required for cyclone
formation. The warm and moist air rises causing an area of lower pressure beneath. Cooler air moves into the lower
pressure area and becomes warm and moist and rises too. When the warm and moist air rises, it cools down and
forms clouds. The entire system of clouds and winds spins and grows and is fed by ocean’s heat and evaporated
water continuously. Cyclones that form north of the equator spin counterclockwise whereas cyclones south of the
equator spin clockwise due to the difference in Earth's rotation on its axis.
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Storm surges from cyclones are generated due to an interaction between air and water. The atmosphere forces the
water body and consequently oscillations are generated in the water body with periods ranging from a few minutes
to a few days. A cyclone becomes deadly by causing inundation along the coastline if the maximum surge coincides
with a high astronomical tide.

There are essentially two major forcing factors when a weather system moves over a water body:

a) Atmospheric pressure gradient normal to the sea surface. This is known as “inverse barometer effect” or
“static amplification” or “the static part of the storm surge”. A decrease of one hectopascal (hPa) in the
atmospheric pressure raises the sea level by one centimeter (cm). This static part has only about 5-15%
contribution in the magnitude of a surge.

b) The dominant factor, known as “dynamic amplification”, is caused by the tangential wind stress
(associated with the wind field of the weather system) acting over the sea surface which pushes the water
towards the coast resulting to a pile-up of water at the coast.

The Saffir-Simpson Hurricane Wind Scale

The well-known Saffir-Simpson Hurricane Wind Scale [1] is designed to help determine wind hazards of an
approaching hurricane easier for emergency officials. The scale is assigned five categories with Category 1 assigned
to a minimal hurricane and Category 5 to a worst-case scenario. The Saffir-Simpson Scale classifying hurricane
Category 1 to 5 is given in Table 1 [1]. Conditions for tropical depression and tropical storm are also provided in

the table.

Table 1: Saffir-Simpson Hurricane Classification [1]

Minimum 1-minute maximum sustained wind speed
Storm type  Category pressure Knots moh km/h mis (Srﬁ;ge Damage
(hPa, mb) P
Tropical oy : <34 <39 <63 017 0 :
Depression
Tropical TS - 34-63  39-73  63-118 1832 009 -
Storm
Hurricane 1 > 980 64 — 82 74 -95 119-153  33-42 1.0-1.7  Minimal
Hurricane 2 965 — 980 83-95 96 - 110 154 - 177  43-49 1.8-26  Moderate
Hurricane 3 945 — 965 96 - 113 111-130 178-210 50-58 2.7-3.8  Extensive
Hurricane 4 920 - 945 114-135 131-155 211-250  59-69 3.9-5.6  Extreme
Hurricane 5 <920 > 135 > 155 > 250 >70 >5.7 Catastrophic

Damages from Typhoons

Typhoons are associated with high-pressure gradients and consequently generate strong winds, torrential rain and
storm surges at landfall making these one of Earth’s most destructive natural phenomena. The destruction from a
tropical cyclone depends on its intensity, size and location. Very strong winds may damage installations, dwellings,
transportation and communication systems, trees etc. and cause fires resulting in considerable loss of life and
damage to property and ecosystems. Cyclones also impose significant risks during construction and operation of
seaports and other marine structures and facilities.

Typhoons have been responsible for the deaths of about 1.9 million people worldwide during the last two centuries.
It is estimated that 10,000 people per year perish due to tropical cyclones [2]. Bangladesh is especially vulnerable to
tropical cyclones with around 718,000 deaths from them in the past 50 years [3]. The deadliest tropical cyclone in
Bangladesh was Cyclone Bhola (1970), which had a death toll of at least 300,000 [4] possibly as many as 500,000
[5, 6]. An estimated over 138,000 people were killed [7] with an equal humber of injured [8] and about 13.4 million
people were affected [8] by the 1991 Cyclone in Bangladesh.

During the 50 years since Cyclone Bhola, 1942 disasters were attributed to tropical cyclones worldwide which
killed 779,324 people and caused US$ 1,407.6 billion in economic losses with an average of 43 deaths and US$ 78
million in damages every day [9].

Maximum damages from a cyclone occur if landfall takes place at high tide. There was a severe cyclone in the Bay
of Bengal in October 1960 which claimed only over 5,000 lives [10] although the strength of this cyclone was like
that of Cyclone Bhola (November 1970). The significant difference in fatalities is because the November 1970
cyclone crossed the coast at high tide while the October 1960 storm moved onshore at low tide [11].

A list of deadliest Pacific typhoons is provided in Table 2 [12]. The August 1931 China typhoon in 1931 killed
300,000 [13] as reported in [12]. Typhoon Nina in 1975 killed 229,000 [14] as reported in [12]. The costliest known
Pacific typhoons (adjusted for inflation) are shown in Table 3 [15] as reported in [16]. Tables 4 and 5 show the
deadliest [17] and costliest [18] hurricanes in the Atlantic Ocean. A list of the deadliest cyclones in the Northern
Indian Ocean is provided in Table 6 [17].
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Table 2: Deadliest Pacific typhoons [12]

Rank Typhoon Season Fatalities
1 August 1931 China typhoon 1931 300,000
2 Nina 1975 229,000
3 July 1780 Typhoon 1780 100,000
4 July 1862 Typhoon 1862 80,000
5 Shantou 1922 60,000
6 China 1912 50,000
7 Hong Kong 1937 10,000
8 Joan 1964 7,000

9 Haiyan 2013 6,352
10 Vera 1959 >5,000

Table 3: Costliest known Pacific typhoons [15]

Rank Typhoon Season Damage (2023 USD)
1 Doksuri 2023 $28.4 billion
2 Mireille 1991 $22.4 billion
3 Hagibis 2019 $20.6 billion
4 Jebi 2018 $17.0 billion
5 Yagi 2024 $16.5 billion
6 Songda 2004 $15.0 billion
7 Fitow 2013 $13.6 billion
8 Faxai 2019 $11.9 billion
9 Saomai 2000 $11.1 billion
10 Lekima 2019 $11.1 billion

Table 4: Deadliest Atlantic hurricanes [17]
Rank Hurricane Category Season Fatalities

1 Great Hurricane ? 1780 22,000-27,501
2 Mitch 5 1998 11,374+

3 Fifi 2 1974 8,210-10,000
4 Galveston 4 1900 8,000-12,000
5 Flora 4 1963 7,193

6 Pointe-a-Pitre ? 1776 6,000+

7 Okeechobee 5 1928 4,112+

8 Newfoundland  ? 1775 4,000-4,163

9 Monterrey 3 1909 4,000

10 San Ciriaco 4 1899 3,855

Table 5: Costliest Atlantic hurricanes [18]

Rank Hurricane Category Season Damage

1 Katrina 5 2005 $125 billion
2 Harvey 4 2017 $125 billion
3 lan 5 2022 $113 billion
4 Maria 5 2017 $91.6 billion
5 Irma 5 2017 $77.2 billion
6 Ida 4 2021 $75.3 billion
7 Sandy 3 2012 $68.7 billion
8 Ike 4 2008 $38 billion
9 Andrew 5 1992 $27.3 hillion
10 Ivan 5 2004 $26.1 hillion

Table 6: Deadliest cyclones in the Northern Indian Ocean [17]

Rank Name/Year Region Fatalities
1 Bhola 1970 Bangladesh >300,000
2 Unnamed 1582 Bangladesh 200,000
3 Unnamed 1876 Bangladesh 200,000
4 Unnamed 1897 Bangladesh 175,000
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5 Bangladesh 1991 Bangladesh 138,866
6 Nargis 2008 Myanmar 138,373
7 Unnamed 1911 Bangladesh 120,000
8 Unnamed 1847 Bangladesh 75,000
9 Unnamed 1917 Bangladesh 70,000
10 Unnamed 1699 Bangladesh 50,000
11 Unnamed 1767 Bangladesh 50,000
12 Unnamed 1822 Bangladesh 50,000
13 Unnamed 1919 Bangladesh 40,000
14 Unnamed 1831 Bangladesh 22,000
15 Unnamed 1965 Bangladesh 19,270
16 Unnamed 1965 Bangladesh 12,000
17 Unnamed 1958 Bangladesh 12,000
18 Unnamed 1963 Bangladesh 11,520
19 Unnamed 1961 Bangladesh 11,468
20 Unnamed 1985 Bangladesh 11,069
21 Unnamed 1971 Bangladesh, India 11,000
22 Unnamed 1961 Bangladesh 10,466
23 Unnamed 1965 Pakistan 10,000
24 Unnamed 1977 India 10,000
25 Unnamed 1999 Bangladesh, India, Myanmar 9,899
26 Unnamed 1960 Bangladesh 8,149
27 Unnamed 1941 Bangladesh 7,000
28 Unnamed 1988 Bangladesh, India 6,240
29 Unnamed 1999 Pakistan 6,200
30 Unnamed 1960 Bangladesh 6,000

Benefits from Typhoons

Despite their devastating effects, tropical cyclones are essential features of the Earth’s atmosphere as they bring rain
to dry areas and transfer heat and energy from the equator to the cooler regions nearer the poles.

Impact of Climate Change on Typhoons

The observed and the projected impacts of climate change on tropical cyclones presented in this section were
obtained from the Intergovernmental Panel on Climate Change (IPCC) [19].

Past Observations [19]

Globally the frequency of tropical cyclones has not increased and in fact the number may have fallen. However, it is
likely that a higher proportion of tropical cyclones across the globe are reaching category three or above meaning
these reach the highest wind speeds. The frequency and magnitude of rapid intensification has likely increased. This
is where maximum wind speeds increase very quickly which can be especially dangerous. In some places, the
average location where tropical cyclones reach their peak intensity has shifted poleward exposing new communities
to these hazards. There also seems to have been a slowdown in the speed at which tropical cyclones move across the
Earth's surface. This typically brings more rainfall for a given location. There has been an increase in the average
and peak rainfall rates associated with tropical cyclones. There is high confidence that humans have contributed to
increases in precipitation associated with tropical cyclones and medium confidence that humans have contributed to
the higher probability of a tropical cyclone being more intense.

Future Projections [19]

Rising temperatures affect tropical cyclones in several ways such as a) warmer ocean waters mean cyclones can
pick up more energy leading to higher wind speeds b) a warmer atmosphere can hold more moisture leading to
more intense rainfall and c) sea-levels are rising due to melting glaciers and ice sheets; storm surges from tropical
cyclones on the top of already elevated sea levels worsen coastal flooding. The number of tropical cyclones globally
is unlikely to increase. However, as the world warms, it is very likely that these will have higher rates of rainfall
and reach higher top wind speeds. This means a higher proportion would reach the most intense categories four and
five. The more global temperatures rise, the more extreme these changes will be. The proportion of tropical
cyclones reaching categories four and five may increase by around 10% if global temperature rises are limited to
1.5°C, increasing to 13% at 2°C and 20% at 4°C.

Major Typhoons in the Philippines

The Philippines is a typhoon-prone country with approximately 20 typhoons each year. Typhoons regularly form in
the Philippine Sea and less regularly in the West Philippine Sea. June to September are the most active months and
August being the month with the most activity. Each year at least ten typhoons are expected to hit the island nation
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with five expected to be destructive and powerful [20]. The Philippines is the most exposed country in the world to
tropical storms [21].

Typhoons typically make an east-to-west route in the Philippines heading north or west due to the Coriolis force
effect. As a result landfalls occur in the regions of the country that face the Pacific Ocean especially Eastern
Visayas, Bicol Region, and northern Luzon whereas Mindanao is largely free of typhoons [21]. Typhoon activity in
the Philippines reaches to a minimum in May before increasing steadily to June and spiking from July to September
with August being the most active month for tropical cyclones. Activity reduces significantly in October
[22]. Climate change is likely to worsen the situation with extreme weather events including typhoons posing
various risks and threats to the Philippines [23].

The Philippines was hit by 565 natural disasters since 1990 that claimed the lives of more than 70,000. Millions are
left homeless by each extreme weather event, with their livelihoods destroyed and clean water and food in short
supply. Each year an average of 20 typhoons make landfall leaving affected communities repeatedly grappling with
hunger, disease, and chronic poverty [24].

Figure 1 shows the tracks of tropical cyclones worldwide (1945-2006) [25]. The Philippines is under the red and
yellow tracks (which indicates stronger intensity) northeast of Borneo in the figure. Tables 7, 8 and 9 respectively
show the deadliest, costliest, and wettest typhoons in the Philippines [26].

The tables suggest that the deadliest typhoon was Typhoon Yolanda (Haiyan) in 2013 Killing 6,300 [27] as reported
in [26]. This typhoon was also the costliest event with an estimated damage of $2.2 billion [28] as reported in [26].
The wettest typhoon was the July 1911 typhoon with total precipitation of 2,210mm in Baguio [29] as reported in
[26]. The tables suggest that the deadliest typhoons are not necessarily the costliest or the wettest. Information in
this section was obtained from Wikipedia [26].

Table 7: Deadliest typhoons in the Philippines [26]

Rank Typhoon Season Fatalities

1 Yolanda (Haiyan) 2013 6,300

2 Uring (Thelma) 1991 5,101-8,000

3 Pablo (Bopha) 2012 1,901

4 Angela 1867 1,800

5 Winnie 2004 1,593

6 October 1897 1897 1,500

7 Nitang (Ike) 1984 1,426

8 Reming (Durian) 2006 1,399

9 Frank (Fengshen) 2008 1,371

10 Washi (Sendong) 2011 1,257

Table 8: Costliest typhoons in the Philippines [26]
Rank Typhoon Season Damage (USD)
1 Yolanda (Haiyan) 2013 2.2 billion
2 Odette (Rai) 2021 1.02 billion
3 Pablo (Bopha) 2012 1.06 billion
4 Glenda (Rammasun) 2014 771 million
5 Ompong (Mangkhut) 2018 627 million
6 Pepeng (Parma) 2009 581 million
7 Ulysses (Vamco) 2020 418 million
8 Rolly (Goni) 2020 369 million
9 Paeng (Nalgae) 2022 321 million
10 Pedring (Nesat) 2011 356 million

Table 9: Wettest typhoons in the Philippines [26]
Precipitation

Rank Typhoon Season .
mm Location

1 July 1911 cyclone 1911 2,210 Baguio

2 Pepeng (Parma) 2009 1,854 Baguio

3 Trining (Carla) 1967 1,216 Baguio

4 Iliang (Zeb) 1998 1,116 La Trinidad, Benguet
5 Feria (Utor) 2001 1,086 Baguio

6 Lando (Koppu) 2015 1,078 Baguio

7 Igme (Mindulle) 2004 1,013 -

8 Dante (Kujira) 2009 902 -
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9 September 1929 typhoon 1929 880  Virac, Catanduanes
10 Openg (Dinah) 1977 870 Western Luzon

The recent Typhoon Gaemi (known in the Philippines as Super Typhoon Carina) was a powerful and
destructive tropical cyclone that impacted East China after severely affecting Taiwan and the Philippines in late
July 2024. Strong winds and heavy rainfalls during Typhoon Gaemi caused widespread flash flooding, landslide
and damages to people and properties in the Philippines, Taiwan, China and Vietnam. Total deaths were 126 and
total damages were $253 million in these countries [30].

The Present Study

Typhoon Haiyan (2013), known in the Philippines as Super Typhoon Yolanda, was the deadliest and costliest
typhoon in the Philippines and, therefore, this paper has focused to this event.

Raw data (such as track, wind speed, pressure, and radius of maximum wind speed) were obtained from the
International Best Track Archive for Climate Stewardship (IBTrACS) [31]. Two-dimensional wind and pressure
fields along the entire track were then generated using the Cyclone Wind Generation Tool developed by DHI [32].
Two-dimensional wind and pressure fields at selected locations along the track are presented in this paper. Time-
series wind speed and pressure over the entire passage of the typhoon are also provided at these selected locations.
The wind and pressure fields presented in this paper are useful for numerical modelling of waves and surge.
Structural design considerations and cyclone risk reduction measures are also described in this paper. The
methodology described in this paper for generating wind and pressure fields from Typhoon Haiyan could also be
applied for other typhoons around the world.

TYPHOON HAIYAN (2013)
Formation of Typhoon Haiyan
Typhoon Haiyan (2-11 November 2013), known in the Philippines as Super Typhoon Yolanda, was one of the most
powerful tropical cyclones ever recorded. Haiyan devastated portions of Southeast Asia, particularly the Philippines
upon making landfall. It is one of the deadliest typhoons in the Philippines on record Killing at least 6,300 people in
that country alone. Haiyan is tied with Meranti in 2016 for being the second strongest landfalling tropical cyclone
on record, only behind Goni of 2020. Haiyan was also the most intense tropical cyclone worldwide during 2013.
On 2 November, the Joint Typhoon Warning Center (JTWC) [33] began monitoring a broad low-pressure area
about 425 kilometers (264 miles) east-southeast of Pohnpei, one of the states in the Federated States of Micronesia.
As the system moved through a region favouring tropical cyclogenesis the Japan Meteorological Agency (JMA)
[34] classified it as a tropical depression early on 3 November. JMA classified Haiyan as a typhoon on 5 November.
JTWC estimated the storm to have attained Category 5-equivalent super typhoon status on the Saffir—Simpson
hurricane wind scale (SSHWS) [1] around 12:00 UTC on 6 November. Around 12:00 UTC on 7 November, Haiyan
attained ten-minute sustained winds of 230 km/h (140 mph) and a minimum central pressure of 895 mbar (hPa). Six
hours later, the JTWC estimated Haiyan to have attained one-minute sustained winds of 315 km/h (196 mph) and
gusts up to 380 km/h (240 mph). At 20:40 UTC on 7 November, Haiyan made landfall in Guiuan, Eastern Samar at
peak intensity. The JTWC's unofficial estimate of one-minute sustained winds of 305 km/h (190 mph) would make
Haiyan the most powerful storm ever recorded to strike land. This record was later broken by Typhoon Goni in
2020.
Typhoon Haiyan, with its core disrupted by land interaction with the Philippines, emerged over the South China
Sea late on 8 November. Continuing across the South China Sea, Haiyan turned more northwesterly late on 9
November and through 10 November, as it moved around the southwestern edge of the subtropical ridge previously
steering it westward. Rapid weakening ensued as Haiyan approached its final landfall in Vietnam, ultimately
moving ashore in the country near Haiphong around 21:00 UTC, as a severe tropical storm. Once onshore, the
storm quickly deteriorated and was last noted as it dissipated over Guangxi Zhuang Autonomous Region, China, on
11 November. The information in this section was obtained from Wikipedia [35].

Damages from Typhoon Haiyan
Strong winds and heavy rainfalls during Typhoon Haiyan caused widespread flash flooding, landslide and damages
to people and properties in the Philippines, Vietham, Mainland China, and Taiwan. Deaths and missing by country
are provided in Table 10 [35].

Table 10: Deaths and missing from Typhoon Haiyan by country [35]

Country Deaths Missing
Philippines 6,300 1,061
Vietnam 14 4
Mainland China 30 6
Taiwan 8 0

Total 6,352 1071
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Track and Data of Typhoon Haiyan

The track (route) of Typhoon Haiyan was obtained from [31, 36] and is shown in Figure 2. The cyclone data was
obtained from IBTrACS [31]. The IBTrACS archived cyclone data contains 3-hourly information including date
and time, track (path) and the maximum sustained wind speeds (1-minute mean). Data on Typhoon Haiyan is
provided in Table 11 [31]. Figures 3 and 4 show respectively the wind and central pressure intensity and radial wind
information for Typhoon Haiyan obtained from IBTrACS [31].

Table 11: Track and data of Typhoon Haiyan (2013) [31]
Max 1-minute Central  Radius of
wind speeds Pressure maximum winds

Date and Time Latitude Longitude

[UTCl [°N] [°E] [knots] [hPa]  [nm]
03/11/2013 06:00 6.3 1557 25 1004 45
03/11/2013 09:00 6.5 155.0 28 1002 45
03/11/201312:00 6.6 154.3 30 1000 45
03/11/201315:00 6.5 153.6 30 1000 45
03/11/2013 18:00 6.3 152.9 30 1000 45
03/11/2013 21:00 6.2 152.2 33 998 45
04/11/2013 00:00 6.1 1515 35 996 45
04/11/2013 03:00 6.1 150.8 38 995 40
04/11/2013 06:00 6.1 150.1 40 993 35
04/11/2013 09:00 6.2 149.4 43 991 35
04/11/2013 12:00 6.3 148.7 45 989 35
04/11/2013 15:00 6.4 148.0 50 986 30
04/11/2013 18:00 6.4 1472 55 082 25
04/11/2013 21:00 6.4 146.4 63 976 20
05/11/2013 00:00 6.4 145.7 70 970 15
05/11/2013 03:00 6.4 144.9 73 969 15
05/11/2013 06:00 6.5 144.2 75 967 15
05/11/2013 09:00 6.7 1436 83 962 15
05/11/201312:00 6.9 142.9 90 956 15
05/11/2013 15:00 7.0 1421 100 949 1
05/11/2013 18:00 7.1 1413 110 041 7
05/11/2013 21:00 7.2 1405 120 934 7
06/11/2013 00:00 7.3 139.7 130 926 7
06/11/2013 03:00 7.4 138.9 133 924 7
06/11/2013 06:00 7.6 138.0 135 922 7
06/11/2013 09:00 7.7 1371 143 917 7
06/11/201312:00 7.9 136.1 150 011 7
06/11/2013 15:00 8.0 1352 153 909 10
06/11/2013 18:00 8.2 1343 155 907 12
06/11/2013 21:00 8.4 1335 155 907 14
07/11/2013 00:00 8.7 132.7 155 907 15
07/11/2013 03:00 9.0 131.9 158 905 16
07/11/2013 06:00 9.4 131.0 160 903 17
07/11/2013 09:00 9.8 130.0 165 899 17
07/11/2013 12:00 10.2 129.0 170 895 17
07/11/201315:00 104 1280 170 895 17
07/11/201318:00 10.6 126.9 170 895 17
07/11/2013 21:00 10.8 1258 168 897 16
08/11/2013 00:00 11.0 1247 165 899 15
08/11/2013 03:00 11.2 1236 155 907 13
08/11/201306:00 114 1225 145 914 10
08/11/2013 09:00 11.6 1215 138 920 13
08/11/201312:00 11.8 1204 130 926 15
08/11/201315:00 12.1 1191 125 930 13
08/11/201318:00 124  117.9 120 933 10
08/11/2013 21:00 12.5 117.0 118 935 13
09/11/2013 00:00 12.6 116.2 115 937 15
09/11/2013 03:00 12.9 115.4 110 941 15
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09/11/2013 06:00 13.4 114.6 105 944 15
09/11/2013 09:00 13.9 113.8 103 946 15
09/11/2013 12:00 145 113.1 100 948 15
09/11/2013 15:00 15.0 112.3 98 950 13
09/11/2013 18:00 15.5 1115 95 952 10
09/11/2013 21:00 16.0 110.7 93 954 13
10/11/2013 00:00 16.5 110.1 90 956 15
10/11/201303:00 17.2 109.6 85 960 15
10/11/2013 06:00 17.9 109.2 80 963 15
10/11/2013 09:00 18.6 108.6 80 963 18
10/11/201312:00 19.3 108.0 80 963 20
10/11/2013 15:00 19.9 107.6 75 967 20
10/11/2013 18:00 20.5 107.4 70 970 20
10/11/201321:00 21.1 107.3 65 974 25
11/11/201300:00 21.8 107.3 60 978 30
11/11/2013 03:00 22.5 107.5 53 984 30
11/11/2013 06:00 23.2 107.9 45 989 30

WIND AND PRESSURE FIELDS GENERATION
The MIKE21 Cyclone Wind Generation Tool developed by DHI [32] was used to generate the cyclonic wind and
pressure fields for the passage of Typhoon Haiyan. The tool allows users to compute wind and pressure data due to
tropical cyclones (hurricanes or typhoons). Several cyclone parametric models are included in the tool such as
Young and Sobey model (1981) [37], Holland — single vortex model (1981), Holland — double vortex model (1980)
[38] and Rankine vortex model. The Young and Sobey model (1981) [37] was used in the study. The Young and
Sobey model (1981) [37] as below requires six input parameters (i.e., time, track, radius of maximum wind speed,
maximum wind speed, central pressure, and neutral pressure). The other models require some additional parameters
(such as Holland parameter B and Rankine parameter X) that need to be calculated using empirical relationships.
This adds further uncertainty to the generated wind and pressure fields. Therefore, the other models were not used
for this study.
It should be noted that the 1-minute mean wind speeds in Table 9 were converted into 1-hour mean using the
methodology described in the World Meteorological Organisation (WMO) [39] for use in the Cyclone Wind
Generation Tool. Usually, 1-hour mean wind speeds are used for numerical modelling of cyclone waves and surge.
According to Young and Sobey (1981) [37], the rotational wind gradient speed Vq at a distance r from the centre of
the cyclone is given by:

r o\’ r
v,(r) = me..(—) exp| 7 (1 - ) for r <R,
RTHW me

r -
V,(r) = Vipay - €xp ((0.0025&,% +0.05) (1 — —)) for r > Ryw

mw

Where, Rmw is the radius to maximum wind speed and Vmax is the maximum wind speed.
Following the Shore Protection Manual (1984) [40], the pressure p is given by:

R
p(r) = p.+ (Pp — De)-€xP (— ”’W)

Where, p. is the pressure at the storm centre or central pressure and p, is the ambient surroundings pressure field or
neutral pressure.

Three types of wind corrections are available in the Cyclone Wind Generation Tool of DHI [32] to reflect the
cyclonic wind structure. These wind corrections are described below from the Scientific Documentation of the
Cyclone Wind Generation Tool of DHI [32].

a) Geostrophic Correction

The parametric models usually provide wind information at the geostrophic or gradient wind level above the
influence of the planetary boundary layer. This gradient wind speed (Vg) may be reduced to the standard surface
reference level (V10) by considering the effects of the boundary layers as below:

Vl[}(r) = Km %(?)
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Where, Vy(r) is the rotational gradient wind speed (m/s) at a distance r from the centre of the cyclone, Vo is the
near-surface wind speed (m/s), and Ky, is the boundary layer wind speed correction coefficient.

Three options are available in the DHI tool [32], namely no correction, constant correction, and Harper et al. (2001)
[41]. Harper et al. (2001) [41] empirical formulation was used in the present study where Ky is dependent on
V, through a set of equations as below:

0.81 for V; <é6m/s

0.81 — 2.96 10_3(2% —6) for 6 <V, <19.5

g
Km =

0.77 —4.31 10_3([@ —19.5) for 195 =V, <45

L0.66 for /A

>45m/s

b) Forward Motion Asymmetry

Cyclone winds circulate clockwise in the Southern Hemisphere and anti-clockwise in the Northern Hemisphere.
The wind field is asymmetric so that winds are typically stronger to the left of cyclone’s track and lower to the right
due to the contribution of the cyclone movement.

Two options are available in the DHI tool to consider the forward motion asymmetry at surface level, namely no
correction and Harper et al. (2001) [41]. Harper et al. (2001) [41] empirical formulation (as below) was used in the
present study where the user must specify the proportion of the correction factor, delta (6sm) and the angle of
maximum winds, theta max (6max). The proportion of the added forward cyclone speed (V) can be adjusted using
the correction factor delta (6fm). Theta max (Omax) is measured relative to the cyclone movement direction. In the
DHI tool, the cyclone movement direction and the cyclone speed are computed based on the position of the centre
of the storm given in the best track data table.

Vio(r,0) = K, l’é(l") + 5fm-me-C'5'5(:9max —0)

c) Inflow Angle

All the parametric wind models described earlier assume a circular wind flow pattern which does not represent the
observed surface wind directions. Friction effects between water and air cause a deflection of the wind direction
towards the centre of the cyclone. Two options are available in the DHI tool, namely no correction and Sobey et al.
(1977) [42]. Sobey et al. (1977) [42] empirical formulation (as below) was used in the present study where the
deflection is characterised by the inflow angle (B) in the order of 25° but decreases towards the storm centre.

T
(10 —— for 0<r <R,

me

1
10 + 75 R 1 for Ry =1 < 1.2R,w

mw

\ 25 for r = 1.2R,,,,

=™
|

RESULTS AND DISCUSSIONS
Two-dimensional wind and pressure fields were generated along the entire path of Typhoon Haiyan. Then two-
dimensional wind and pressure fields at key selected locations were extracted. The selected locations are shown in
Figure 5. Coordinates, hourly timesteps and date and time of these locations are provided in Table 12.
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Table 12: Wind and pressure fields extraction locations, timesteps and date and time

Locations _Coordinates Hourly timesteps Date and time
Latitude (°N) Longitude (°E)

P1 9.4 131.0 96 07/11/2013 06:00
P2 10.2 129.0 102 07/11/2013 12:00
P3 10.6 126.9 108 07/11/2013 18:00
P4 11.0 124.7 114 08/11/2013 00:00
P5 114 122.5 120 08/11/2013 06:00
P6 11.8 120.4 126 08/11/2013 12:00
P7 124 117.9 132 08/11/2013 18:00

The top plot in Figures 6 to 12 show the two-dimensional wind fields when the typhoon reached to locations P1 to
P7 respectively. The time-series of wind speeds at these locations during the entire passage of the typhoon are
presented at the bottom of these figures. Figure 13 compares the time-series of wind speeds at the selected locations
during the entire passage of the typhoon.

The top plot in Figures 14 to 20 show the two-dimensional pressure fields when the typhoon reached to locations P1
to P7 respectively. The time-series of pressure at these locations during the entire passage of the typhoon are
presented at the bottom of these figures. Figure 21 compares the time-series of pressure at the selected locations
during the entire passage of the typhoon.

The highest wind speeds and the lowest pressures at the selected locations during the entire passage of Typhoon
Haiyan are summarised in Table 13 from the time-series plots presented earlier and are also shown in Figure 22.
The highest wind speed and the lowest pressure are found in P2 where the typhoon reached to its peak intensity. It
should be noted that 1 Hectopascal (hPa) = 100 Pascals (Pa).

Table 13: The highest wind speeds and the lowest pressures at the selected locations
Locations Highest wind speed (m/s) Lowest pressure (hPa)

P1 47.8 903
P2 50.4 895
P3 49.6 895
P4 46.6 899
P5 40.4 914
P6 36.8 926
P7 34.5 933

RECOMMENDED DESIGN CONSIDERATIONS
The potential impact of a cyclone event on the design of coastal and marine facilities may be summarised as
follows:

1) Shoaling results in an increase in water levels and stronger currents inshore. Measures will be required to
protect structures from scouring of the foreshore and seabed and limit damage to the crest if heavy
overtopping occurs;

2) The foreshore will be subjected to flooding as the cyclone waves and surge approach; and

3) Facilities located on the landward slope are at risk from cyclone wave run-up and surge.

TYPHOON RISK REDUCTION MEASURES

Risks Reduction from Typhoons
Damage due to a cyclone depends on the strength and proximity of the cyclone as well as local bathymetry and
topography and the location of people, structures, and facilities. Damage due to a cyclone also depends on the
landfall timing with a landfall during a high tide increases risks and damages.
It is almost impossible to fully protect people and settlements from major cyclonic events. However, various soft
and hard measures (independently or in combination) could be adopted to reduce fatalities and damage to key
infrastructure.
Some potential measures to reduce the risk of damage and deaths from major cyclonic events are highlighted below:

1) Detection, early warning systems and real-time observation systems are of great importance;

2) Appropriate awareness and understanding among the general public;

3) Mitigation plans and evacuation and rescue preparedness by responsible authorities;

4) Cyclone risk assessment, flood risk and inundation hazard maps;

5) Cyclone shelters;

6) Developing artificial forest such as mangroves and casuarinas of appropriate width behind the shoreline to

reduce cyclone wave energy;
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7) Maintaining natural sand dunes;

8) Regulations for development in the coastal zone;

9) Saline embankments to prevent salt-water entering into fertile lands;

10) Raising ground levels of important structures and facilities such as warehouses, terminals and quays; and

11) Constructing cyclone defence structures such seawalls, dykes, gates, nearshore breakwaters, and offshore

barriers. However, these structures are substantial and very expensive.

For major coastal infrastructure, the adoption of appropriate design parameters, a proper assessment of structural
loads, forces, and stability in combination with a detailed understanding of cyclone processes will reduce the level
of damage resulting from these events. Furthermore, physical modelling of major coastal and marine structures and
mooring systems to investigate their stability under severe conditions will be helpful to reduce damage due to
cyclones.
Risks Reduction from Mudslides and Landslides
High tides and heavy and prolonged rains during a cyclone may cause floods and submergence of low-lying areas
which may lead to mudslides and landslides in mountainous areas causing loss of life and property. Landslides and
mudslides are downhill earth movements that move slowly and cause gradual damage. They can also move rapidly
destroying property and taking lives suddenly and unexpectedly. They typically carry heavy debris such as trees and
boulders which cause severe damage together with injury or death. Faster movement of mudslides makes them
deadly.
It is not possible to prevent a mudslide or a landslide. However, preparatory steps can be taken to lessen the impact
of a mudslide. Some guidelines are briefly mentioned below:

1) Carrying out risk assessment;

2) Creating public awareness and practicing an evacuation plan;

3) Staying up to date on storm/rainfall/cyclone warnings during times of increased risk;

4) Watching for any visible signs such as cracks on land, debris flows or trees tilting or boulders knocking;

5) Staying alert and awake;

6) Moving out of the path of the landslide or debris flow; and

7) Some erosion control measures might be helpful (such as installing barrier walls, improving drainage

system and planting trees with deep and extensive root systems).

SUMMARY AND FINDINGS
Typhoon Haiyan (2013), known in the Philippines as Super Typhoon Yolanda, was the deadliest and costliest
typhoon in the Philippines and, therefore, this paper has focused to this event.
Raw data (such as track, wind speed, pressure, and radius of maximum wind speed) were obtained from IBTrACS
[31]. Two-dimensional wind and pressure fields along the entire track were then generated using the Cyclone Wind
Generation Tool developed by DHI [32].
Two-dimensional wind and pressure fields at selected locations along the track are presented in this paper. Time-
series wind speed and pressure during the entire passage of the typhoon are also provided at these selected
locations.
The highest wind speeds and the lowest pressures at the selected locations are summarised both in tabular and
graphical formats from the time-series plots at these locations. The highest wind speed and the lowest pressure were
found at a location (P2) where the typhoon reached to its peak intensity.
The two-dimensional wind and pressure fields are useful for numerical modelling of waves and surge. Structural
design considerations and cyclone risk reduction measures are also described in this paper. The methodology
described in this paper for generating wind and pressure fields from Typhoon Haiyan could also be applied for other
typhoons around the world.
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Tropical Cyclones, 1945-2006
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Figure 1: Tracks of tropical cyclones worldwide (1945-2006) [25]

Figure 2a: Track of Typhoon Haiyan [36]
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Figure 5: Wind and pressure fields extraction locations
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Figure 6: Wind field of Typhoon Haiyan at P1 (top — 2D wind field; bottom — time-series of wind speeds)
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Figure 7: Wind field of Typhoon Haiyan at P2 (top — 2D wind field; bottom — time-series of wind speeds)
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Figure 8: Wind field of Typhoon Haiyan at P3 (top — 2D wind field; bottom — time-series of wind speeds)
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Figure 9: Wind field of Typhoon Haiyan at P4 (top — 2D wind field; bottom — time-series of wind speeds)
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Figure 10: Wind field of Typhoon Haiyan at P5 (top — 2D wind field; bottom — time-series of wind speeds)
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Figure 11: Wind field of Typhoon Haiyan at P6 (top — 2D wind field; bottom — time-series of wind speeds)
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Figure 12: Wind field of Typhoon Haiyan at P7 (top — 2D wind field; bottom — time-series of wind speeds)
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Figure 13: Time-series of hourly-mean wind speeds at the selected locations during the entire passage of Typhoon

Haiyan
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Figure 14: Pressure field of Typhoon Haiyan at P1 (top — 2D pressure field; bottom — time-series of pressure)
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Figure 15: Pressure field of Typhoon Haiyan at P2 (top — 2D pressure field; bottom — time-series of pressure)
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Figure 16: Pressure field of Typhoon Haiyan at P3 (top — 2D pressure field; bottom — time-series of pressure)
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Figure 17: Pressure field of Typhoon Haiyan at P4 (top — 2D pressure field; bottom — time-series of pressure)
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Figure 18: Pressure field of Typhoon Haiyan at P5 (top — 2D pressure field; bottom — time-series of pressure)
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Figure 19: Pressure field of Typhoon Haiyan at P6 (top — 2D pressure field; bottom — time-series of pressure)
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Figure 20: Pressure field of Typhoon Haiyan at P7 (top — 2D pressure field; bottom — time-series of pressure)
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Figure 21: Time-series of pressure at the selected locations during the entire passage of Typhoon Haiyan
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Figure 22: Highest wind speeds and lowest pressures during Typhoon Haiyan at the selected locations extracted
from the time-series plots
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