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Every year, an average of 19.4 typhoons traverse the Philippine Area of Responsibility and
the country receives around nine landfalling typhoons. These typhoons can generate storm
surges along the coasts and cause inundation of coastal communities. Dagupan City is a
a low-lying city located along the coast of Lingayen Gulf where 30% of its population live in
the coastal barangays. As a coastal community located along the head of the Lingayen Gulf
where the bathymetry is shallow, Dagupan city is susceptible to storm surges. This study
:i aims to evaluate the storm surge behavior due to different typhoon tracks and windspeeds
os along the coast of Dagupan City. To achieve this objective, this study implements numerical
. simulation of storm surges using the Advanced Circulation (ADCIRC) model. A simple
. I . methodology is employed by selecting representative historical typhoons and creating
0 Lia 20 vit0 synthetic typhoons by shifting the tracks along the latitude. Simulations of typhoons with
; i different typhoon tracks reveal the critical tracks that give highest storm surges in Dagupan
City. Finally, storm surges are simulated for windspeed intensities of 60, 80 and 100 knots
which are applied to the identified critical tracks. The results of this study show that shifting
the typhoon tracks affects the magnitude of storm surges in Dagupan City. Generally, the
tracks that pass near the center of Lingayen Gulf generate the highest storm surge along
the coast, however, eastward synthetic tracks near the mouth of the gulf can also
potentially produce storm surges in Dagupan City. In addition, it is found that typhoon
o WL tracks coming from the West Philippine Sea can generate higher storm surges in Dagupan
. ’Tl I Sl ; City compared to tracks from the Pacific Ocean. The highest storm surge generated by the
L ; representative historical typhoon is 1 m produced by Typhoon Vicki 1998 while a storm
surge of 2 m could be potentially generated along Dagupan City by a typhoon with
windspeed of 100 knots. The results of this study can be helpful in predicting storm surges
for different typhoon tracks and windspeeds which can be used for coastal disaster
preparedness in Dagupan City.
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1.0 INTRODUCTION and damages to coastal properties and infrastructure. There

were many occurrences of storm surges that happened in the
The Philippines is an archipelagic country located in the country, but the most devastating event was the storm surge
Northwest Pacific Typhoon Basin, which is the most active generated by Typhoon Haiyan in San Pedro Bay in 2013. Typhoon
typhoon generating basin. Every year, an average of 19.4 Haiyan brought 7-8 m of storm surge in San Pedro Bay and killed
typhoons traverse the Philippine Area of Responsibility and 6,300 lives, most of which were due to drowning and trauma [2].
around 9 of these typhoons make landfall in the country [1]. This The magnitude of storm surge is influenced by the (1)
makes the country exposed to coastal hazards such as storm typhoon-related parameters such as track, wind speed intensity,
surges, waves, and coastal erosion which may cause loss of lives pressure drop, storm size and forward speed, and the (2)
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geographical area factors such as topography, bathymetry,
reefs, and rivers [3]. The estimation of storm surge is thus very
specific to the location of the study area. In the advancement of
technology, numerical modelling is now an important tool in the
investigation and prediction of storm surges for coastal hazard
assessment [4,5]. Many studies have used numerical modelling
for storm surge prediction and the output of these numerical
studies gave acceptable results [6,7]. To carry-out numerical
modelling of storm surges, the surface wind and pressure fields
are needed and therefore the required input typhoon
parameters, such as track, and intensity, critically influence the
results of the storm surge models [8].

As the wind intensity of the typhoon increases, the generated
storm surge also increases. This was presented in the study by
Ma et al. (2022) where the increase in typhoon intensity also
increases the storm surges [9]. In addition, the increase in
intensity presents a noununiform and nonlinear patterns of
storm surges around their study area [9]. Several studies
determined the effects of typhoon paths on storm surge using
numerical modelling. A study by Du et al. (2020) performed nine
storm surge simulations based on three historical typhoons and
found that the typhoon track significantly affects the storm
surges in Pearl River Estuary [10]. Islam and Takagi (2020)
considered the typhoon track in the sensitivity analysis of
typhoon parameters on storm surges in Tokyo Bay and found
that the critical track that produced the highest storm surges
typically made landfall southwest of the central Tokyo Bay axis
[11]. Yuxing et al. (2020) performed numerical modelling and
evaluated the impacts of typhoon parameters on storm surge
based on Hato storm over the Pearl River Mouth, China. They
found that the sensitivity in typhoon landfall point changes the
storm surge distribution [12]. Villalba et al. (2022) also
determined the effects of varying typhoon tracks in Manila Bay
and observed that the behavior of storm surge variation along
the coast is mostly influenced by the bathymetry and shape of
the bay [13].

Dagupan City is a low-lying coastal city in the Province of
Pangasinan located along the inner coast of Lingayen Gulf. It is
considered as the center of commercial and financial activities in
the province and the next destination for Information
Technology and Business Process Management (IT-BPM)
industries in the country. Due to the high frequency of typhoons
entering the country and the shallow bathymetry along the inner
Lingayen Gulf coastline, Dagupan City is prone to storm surges.
As of 2015 data of the Philippine Statistics Authority, around 30%
of the city’s population live along the coastal barangays of
Bonuan Binloc, Bonuan Boquig, Bonuan Gueset and Pugaro [14].
Very few studies have been conducted in Lingayen Gulf where
Dagupan City is located, specifically in understanding the storm
surge response in the gulf. In addition, there are currently no
tide gaging stations in the Lingayen Gulf that could be used for
tides and storm surge studies [15].

This study aims to explore the storm surge behavior due to
different typhoon tracks and windspeeds along the coast of
Dagupan City in Lingayen Gulf. The results of this study will
provide understanding to the storm surge hazard in Dagupan
City which is important in disaster prevention and mitigation
strategies such as in coastal hazard information and education
campaigns, early warning systems, development of coastal
zoning policies, identification of evacuation areas, and initial
planning of coastal hazard protection structures. Essentially,
with the prediction of typhoon wind strength and track by

weather forecasting agencies, the possible storm surge height
along Dagupan coastline could be estimated which is very much
important in disaster preparedness and prevention.

2.0 METHODOLOGY

To be able to achieve the objective of this research, the
Advanced Circulation (ADCIRC) model was implemented in the
simulation of storm surges. First, a computational model domain
was developed and calibrated using the observed tidal data in
San Fernando, La Union. Next, historical typhoon data were
collected using the best track data from the Joint Typhoon
Warning Center and the Japan Meteorological Agency. From the
historical data, representative historical typhoons were selected
based on the track and intensity. The use of hypothetical
typhoons for storm surge estimation have been useful for
generating information that could be used for disaster risk
management [3,11]. In addition to the historical typhoon tracks,
this study also used synthetic typhoons derived from the
selected historical typhoons. The synthetic typhoons were
developed by shifting the selected historical typhoon track by
0.1° interval along the latitude covering the Lingayen Gulf area.
Third, storm surge simulations were performed using the
historical typhoons and synthetic typhoons. The results of the
simulations were processed and analyzed to assess the effects
of typhoon tracks on storm surges along Dagupan City coastline
in Lingayen Gulf. In this study, we also evaluated the effects of
windspeeds by simulating different windspeeds of 60, 80, and
100 knots using the identified critical tracks.

2.1 Model Description

In this study, the Advanced Circulation (ADCIRC) model, a finite-
element based hydrodynamic circulation code developed by
Leuttich and Westerink, was used to numerically simulate the
storm surge [16]. The ADCIRC model was selected for this study
because it is open-source and is widely used and verified in tidal
simulations, storm surge studies, and coastal inundation
modelling [17,18,19]. In addition, it uses an unstructured flexible
mesh which has an advantage of modelling complex coastline of
interest with high resolution mesh while keeping other areas
with coarse resolution which makes it computationally efficient.
The two-dimensional depth-integrated form (2DDI) of the
ADCIRC model which solves the shallow water equations was
implemented in this study. The governing equations in spherical
coordinates are as follows:
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where tis time; A and @ are longitude and latitude, respectively;
Cis the free surface elevation relative to the geoid; H is the total
water depth, H={ + h, where h is the bathymetric depth relative
to the geoid; U and V are depth-integrated west-east and south-
north components of velocity, respectively; f is the Coriolis
parameter, f = 2Qsingp, where Q is the angular speed of the
Earth; ps is the atmospheric pressure at free surface, a is the
effective Earth elasticity factor, p, is the reference density of
water; g is the acceleration due to gravity; n is the Newtonian
equilibrium tide potential; R is the mean radius of the Earth; T
and 15, are longitudinal and latitudinal components of free
surface shear stress; My and M, are the momentum diffusion
terms in the longitude and latitude, respectively; and C is the
bottom friction coefficient.

For limited typhoon information, the study used the symmetric
Holland 1980 Typhoon Model which is already integrated in the
ADCIRC model. This parametric typhoon model is widely used
and is capable of satisfactorily producing wind results especially
at the inner part of the typhoon [13]. Using this typhoon model,
the wind distribution and pressure field can be generated given
the typhoon central pressure, maximum windspeed, and radius
of maximum windspeed. The Holland 1980 model for wind and
pressure fields are described as follows [20]:

A
p(r) = p.+ (pn — pc)e_(r_*‘), (4)

2’

Vo) = [(R%)B RGN (_f)] g s

where r is the distance from the center of the typhoon; V is the
gradient wind at radius r; p is the pressure at radius r; p. is the
central pressure; p, is the ambient pressure; Ry is the radius of
maximum wind speed; Vmy is the maximum wind speed; f is the
Coriolis parameter; and A and B are scaling parameters, given by

A=RE,, (6)
Viaw
B = pe s 1< B <25, (7)

here p is the density of air. While the Holland 1980 typhoon
model is simple and can generate wind and pressure
distributions from a few typhoon parameters, it assumes that
the typhoon is axisymmetric.

2.2 Model configuration

The model domain used for the ADCIRC simulations is presented
in Figure 1. This model mesh was developed with 200 m mesh
size along the coast and 1 km mesh size in the open ocean
boundary. The model mesh has a total of 22,285 nodes and
44,142 elements. The open ocean boundary of the model
domain is driven by eight tidal constituents (K1, K2, M2, N2 O1,
P1, Q1, and S2) which were generated from the Le Provost Tidal
database. The bathymetric data that was used in the model

mesh was obtained from digitizing the National Mapping and
Resource Information Authority (NAMRIA) Bathymetric Chart
4209 [21] and from the General Bathymetric Chart of the Oceans
(GEBCO) [22]. Figure 2 shows the bathymetry of Lingayen Gulf
with depths of 0-100 m. The bathymetry of Lingayen Gulf shows
a relatively shallow and mild sloping bathymetry at the head of
the gulf where Dagupan City is located.
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2.3 Model Validation

The ADCIRC computational mesh was validated using the
observed tide data from the nearest NAMRIA tide station in San
Fernando, La Union. Figure 3 shows the comparison of the
observed tide and simulated tide for the period September 1-30,
2016. The calculated root-mean-square error (RMSE) of the
actual and simulated tides is 3.3 cm, which is considered
acceptable [10]. There are no tide stations located inside of the
Lingayen Gulf, and therefore there are no data that could be
used for the validation of the simulated storm surges.
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Figure 3 Time series of actual tide data and simulated tide at San
Fernando, La Union from September 1-30, 2016

2.4 Selection of Historical Typhoons and Creation of Synthetic
Typhoons

To determine the representative historical typhoons, the
methodology in determining critical typhoons introduced by
Camelo et al. (2017) was implemented in this study [23]. A
search radius of 150-km centered from Dagupan City coastline
was used to shortlist the historical typhoons using the best track
data from the Joint Typhoon Warning Center (JTWC) and the
Japan Meteorological Agency (JMA) within the period of 1977-
2019 [24][25]. These typhoons were then ranked according to
the maximum windspeed and distance from the study area. In
addition, considering the counterclockwise direction of typhoon
winds, only tacks traversing north of the study area and east of
the study area were considered. Further analysis of historical
typhoon parameters within the search radius showed that the
minimum recorded historical central pressure is 940 hPa and the
highest recorded 10-min maximum sustained windspeed is 45
m/s [15].

Table 1 presents the selected representative historical
typhoons and Figure 4 shows the tracks of these typhoons.
Typhoon Sarika, and Typhoon Nalgae originated from the Pacific
Ocean while Typhoon Linfa, Typhoon Halong and Typhoon Vicki
came from the West Philippine Sea. From these typhoons,
synthetic typhoons were created by moving the tracks along the
latitude with an interval of 0.1 degree north and south within the
area of the Lingayen Gulf. Overall, there were 28 different
typhoon tracks that were simulated.

Table 1 Selected representative historical typhoons

Year Name Central Max 10-min Forward
Pressure sustained Speed
near Study windspeed (kph)
Area (hPa) near study
area (m/s)
2016 Sarika 965 40 36
2011 Nalgae 965 40 29
2003 Linfa 985 25 25
2008 Halong 975 30 18
1998 Vicki 980 30 11

Linfa:2003

Dagupan City

Vicki 1998

Figure 4 Tracks of selected representative historical typhoons

Analysis of the results of the simulations of different typhoon
tracks determined the critical tracks that produced the highest
storm surges among the representative historical tracks and
shifted tracks. Using the critical tracks that were determined in
the evaluation of different typhoon tracks on storm surges,
additional synthetic typhoons were created by changing the
intensity of the critical tracks. In order to determine the
parameters that will be used in the development of synthetic
typhoons with different windspeeds, analysis of the
relationships of the central pressure to the maximum windspeed
and radius of maximum windspeed was done using the JTWC
typhoon data. The central pressure, maximum windspeed and
radius of maximum windspeed were extracted from the
typhoons that passed the 150-km search radius from 2001-2018.

Relationships between the central pressure and 1-minute
sustained windspeed, and central pressure and radius of
maximum windspeed were determined. Analysis showed that as
central pressure decreases, the wind intensity increases
(Figure 5). Meanwhile, the radius of maximum windspeed
generally decreases as the central pressure decreases (Figure 6).
However, the correlation is relatively low and the range of the
radius of maximum wind is relatively wide for corresponding
central pressures.
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To vary the windspeed, we selected three windspeeds — 60,
80, 100 knots, which represent the Typhoon, Strong Typhoon,
and Very Strong Typhoon categories in the World
Meteorological Organization (WMO) typhoon classification,
respectively [26]. Table 2 shows the parameters selected for the
typhoon wind scenarios based on Figure 5 and Figure 6.

Table 2 Parameters of Typhoon Wind Scenarios

Vmax (knots)

Wind Scenario (1-min sustained)

Pc (hPa) Rmax (nm)

W60 60 980 20
W80 80 963 20
W100 100 944 20

3.0 RESULTS AND DISCUSSION

This section presents the results and discussion of the
simulations of storm surges using the Advanced Circulation
model. Dagupan City is located at the inner part of the Lingayen
Gulf along the mild sloping coast at the head of the gulf. We have
selected five representative historical typhoons, namely, TY
Sarika 2016, TY Nalgae 2011, TY Linfa 2003, TY Halong 2008 and
TY Vicki 1998. These typhoons have different typhoon track
approaches and directions with respect to the Lingayen Gulf.
Based on the selected representative historical typhoon tracks,
synthetic tracks were created by shifting the historical track by
aninterval of 0.1° latitude covering the area of the Leyte Gulf. By
shifting the tracks, we aim to understand how the location of the
tracks affects the storm surges along the coasts of Lingayen Gulf

where Dagupan City is located. The historical typhoon data used
in the simulations were obtained from the best track data of the
Joint Typhoon Warning Center. Since the historical typhoon have
different typhoon parameters, discussion of the results is
referred to each selected representative historical typhoon. In
the analysis of results, we present the surface plots of the
simulated maximum water surface elevation (maximum storm
tide) and the simulated maximum storm surge for the
representative historical typhoon. The simulated maximum
storm surge is calculated by subtracting the simulated
astronomical tides to the simulated water surface elevations and
getting the maximum values at all time steps. Then for the
shifted tracks, we present the surge difference with respect to
the base historical typhoon track. First, the results of the two
typhoons originating from the Pacific Ocean are discussed
followed by the three historical typhoons from the West
Philippine Sea. From the analysis of storm surges generated from
the different tracks, we then determined the critical track per
historical typhoon group of synthetic tracks. The critical tracks
were used to simulated the storm surges for different maximum
windspeeds of 60, 80 and 100 knots.

3.1 TY Sarika 2016

Typhoon Sarika originated from the Pacific Ocean and traversed
the Lingayen Gulf with a maximum 10-minute sustained
windspeed of 40 m/s on October 16, 2016. The track of TY Sarika
is towards the northwest direction. There are three synthetic
typhoons created by shifting the base historical track of TY Sarika
along the latitude. Figure 7 shows the results of the simulations.
The simulated maximum water level along the coast of Dagupan
City is 0.6 m and the maximum storm surge ranges at 0.4-0.5 m.
Shifting the TY Sarika track northward decreases the storm
surges while shifting it southward closer to Dagupan City
increases the storm surges. The critical track that produces the
highest storm surge along Dagupan City is the Sarika 1S track,
which is the track shifted 0.1° latitude south of the base
historical TY Sarika track.

3.2 TY Nalgae 2011

Similar to TY Sarika 2016, Typhoon Nalgae was formed in the
Pacific Ocean and passed the Lingayen Gulf on October 1, 2011,
with a maximum 10-minute sustained windspeed of 40 m/s.
Both TY Nalgae and TY Sarika are stronger typhoons compared
to the other selected representative historical typhoons. The
track of TY Nalgae follows a westward direction and shifting the
tracks along the latitude produced five synthetic typhoons that
were simulated in this study. The results of the simulations are
presented in Figure 8. The simulated maximum water level and
maximum storm surge along the coast of Dagupan City produced
by TY Nalgae is 0.7 m and 0.6 m, respectively. Shifting the track
of TY Nalgae northward decreases the storm surge at the inner
Lingayen Gulf and along the coast of Dagupan City. Meanwhile,
shifting TY Nalgae track southward increases the storm surge but
further moving it closer along the coast decreases the storm
surge in Dagupan City. The critical track that would give the
highest storm surge in Dagupan City based on the track of TY
Nalgae is the Nalgae 2S track, which is the track shifted 0.2°
latitude southward.
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3.3 TY Linfa 2003

Typhoon Linfa crossed the Lingayen Gulf on May 27, 2003, with
a relatively low maximum 10-minute sustained windspeed of 25
m/s. Even though it has a relatively low windspeed, TY Linfa was
selected because it directly tracked Dagupan City. TY Linfa
originated in the West Philippine Sea and its track follows a
horizontal eastward track. Shifting the track of TY Linfa along the
latitude created five synthetic typhoons that were simulated.
The results of the simulations of TY Linfa and its synthetic tracks
are presented in Figure 9. The simulated maximum water level
generated by TY Linfa along the coast of Dagupan City is 0.3 m
and the maximum storm surge is 0.4 m. Shifting the track of TY
Linfa southward where the track already traverses land
decreases the storm surge in Dagupan City. Shifting the track of
TY Linfa northward increases the storm surge in Dagupan City,
especially at the eastern section of the Lingayen Gulf. Synthetic
tracks Linfa 2N, Linfa 3N and Linfa 4N produced similar storm
surge response in Dagupan City and are considered critical to the
study area.
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3.4 TY Halong 2008

Typhoon Halong came from the West Philippine Sea and passed
the Lingayen Gulf on May 17, 2008. Its track is directed northeast
making it parallel to the mouth of Lingayen Gulf. Six synthetic
typhoons were created by shifting the track of TY Halong along
the latitude. lllustrated in Figure 10 are the results of the
simulations for TY Halong and its synthetic tracks. The maximum
water surface elevation and the calculated storm surge
generated by historical TY Halong along the coast of Dagupan
City are 0.7 m and 0.8 m, respectively. Comparison of the surge
differences between synthetic tracks and the base TY Halong
track showed that further shifting the track northward or
southward decreases the storm surge along the coast of
Dagupan City. Surprisingly, the historical TY Halong track is the
critical track for the northeast directed track.
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with respect to the original historical typhoon track of TY Halong 2008

3.5 Typhoon Vicki 1998

Typhoon Vicki traversed the Lingayen Gulf on September 19,
1998, with a maximum 10-minute sustained windspeed of 30
m/s. The path of TY Vicki came from the West Philippine Sea and
directed towards West-Northwest. There are four synthetic
typhoons created from TY Vicki. Figure 11 presents the results of
the simulations using TY Vicki and its synthetic typhoon tracks.
Among the selected representative historical typhoons, TY Vicki
produced the highest simulated water level and storm surge
along Dagupan City with magnitudes of 1.1 m and 1 m,
respectively. Shifting the track of TY Vicki northward increases
the storm surge along Dagupan, however, further shifting it near
the mouth of Lingayen Gulf decreases the storm surge along the
inner gulf. The critical track that gives the highest storm surge in
Dagupan City for this typhoon direction is synthetic track Vicki
2N.

3.6 Alongshore Distributions of Peak Storm Surges along the
coasts of Lingayen Gulf for the Different Typhoon Tracks

While the focus of this study is the determination of the peak
storm surges along Dagupan City, we also evaluated the
alongshore distributions of peak storm surges along the coasts

of Lingayen Gulf with regards to the sensitivity of shifting the
typhoon tracks. Figure 12 presents the alongshore distributions
of simulated peak storm surge levels along the coasts of
Lingayen Gulf for all the tracks per typhoon group. Here, we can
see that there is localized amplifications of peak storm surges
along the coasts of the municipalities of Santo Tomas in the
eastern side and Alaminos in the western part of the gulf. This is
because Santo Tomas and Alaminos have concave coastlines.
Large variation of storm surges is observed along the inner
eastern and western side of the gulf as compared to the head of
the gulf where Dagupan coast is located. This means that storm
surges at the inner eastern and western side of the gulf are
sensitive to typhoon tracks. In addition, we observe that there is
relatively large variation of peak surges for TY Halong and TY
Vicki group of tracks along the eastern side of the gulf compared
to the western side of the gulf. Compared to the study of Villalba
et al. (2022) in Manila Bay where the simulated peak surges are
always found along the coast of Pampanga for different typhoon
tracks, this study showed that the pattern of variations of peak
surges along Lingayen Gulf is not the same for different typhoon
tracks. For the case of Lingayen Gulf, the critical typhoon track
for Dagupan City will not be the same for other coastal areas.
Thus, it is important to evaluate the peak surges for different
typhoon tracks for other coastal areas as well.
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respect to the original historical typhoon track of TY Vicki 1998

3.7 Evaluation of Different Windspeeds on Storm Surges

To be able to help in the coastal disaster preparedness of
Dagupan City, we also simulated the storm surges for different
windspeeds. The effect of increasing the maximum windspeeds
on storm surges increases the magnitude of storm surges along
the coast [13]. Determining the possible magnitude of storm
surges for different windspeeds will be useful for forecasting the
magnitude of the storm surge given the intensity of the typhoon.
This will also help in coastal disaster preparation especially in
early warning systems.

Figure 13 shows the surface plots of the storm surges for
different wind intensities of 60, 80 and 100 knots for the
identified critical tracks. This figure can be used for predicting

the possible storm surges in Dagupan City for similar typhoon
tracks and intensity. As expected, increasing the wind intensity
results to increased storm surge levels. The synthetic tracks
Sarika 1S and Nalgae 2S which originate from the Pacific Ocean
produced less simulated storm surges compared to tracks
Linfa 2N, TY Halong, and Vicki 2N which all come from the West
Philippine Sea. We find that the maximum simulated storm
surge reached up to 2.2 m produced by the synthetic typhoon
Vicki 2N. However, it should be noted that historically there are
no strong typhoons with wind intensity of 100 knots that passed
the study area.
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4.0 CONCLUSION

Dagupan City is a coastal city in Pangasinan located along the
inner coast of Lingayen Gulf. It is a low-lying coastal city where
30% of its population live in the coastal barangays. Exposed to
typhoons annually, Dagupan City is regarded as vulnerable to
coastal hazards such as storm surges. The objective of this
research is to evaluate the storm surge behavior due to different
typhoon tracks and windspeeds along the coast of Dagupan City
in Lingayen Gulf through numerical modelling. For a coastal city
with no tide gaging stations and limited coastal hazard studies,
results from numerical modelling benefits Dagupan City in
understanding the storm surges brought by different typhoon
tracks. A simple methodology was implemented for the
determination of different typhoon tracks that will be simulated.
First, representative historical typhoons were selected based on
distance, maximum windspeed and track orientation. Next,
synthetic typhoons were created by shifting the representative
historical track along the latitude. The storm surges generated
by the historical and synthetic typhoons were simulated using
the ADCIRC model. The Holland 1980 typhoon model was used
to generate the wind and pressure fields of the typhoons.
Analysis of the simulated storm surges was done to determine
the critical track that produced the highest storm surges among
the historical and shifted typhoon tracks. Using these critical
tracks, additional synthetic typhoons were simulated using wind
intensities of 60, 80 and 100 knots.

Generally, storm surges are observed to occur at the head
and at the eastern side of Lingayen Gulf. Among the
representative historical typhoons that were selected, TY Vicki
1998 produced the highest maximum simulated storm surge
reaching 1 m along the coast of Dagupan City. This study showed
that shifting the historical typhoon tracks along the latitude
northward or southward affected the magnitude of storm surges
along the coast of Dagupan City as well as the characteristics of
distribution of storm surges in Lingayen Gulf. Identified critical
tracks that produce highest storm surges along the coast of
Dagupan City were found to be passing near the center of
Lingayen Gulf, except for the synthetic tracks Linfa 3N and Linfa
4N that are located near the mouth of the gulf and can still
produce high storm surges along Dagupan City. While the focus
of this study is on the evaluation of storm surges along Dagupan
City, we also recognize that the orientation of the typhoon track
affected the variation of storm surges along the coasts of
Lingayen Gulf. This means that critical tracks for Dagupan City
may not be applicable for other coastal areas in Lingayen Gulf.
Thus, is it important to evaluate different typhoon tracks for
other coastal areas through numerical simulation.

Simulation of storm surges for increasing wind intensities
produce higher storm surges in Lingayen Gulf. This study
provides estimated storm surges for different wind intensities of
60, 80 and 100 knots which can be used in predicting storm
surges in Dagupan City for similar typhoon tracks. The maximum
simulated storm surge for this study is found to be produced by
synthetic typhoon Vicki 2N with corresponding simulated
maximum storm surge of more than 2 meters generated by a
wind intensity of 100 knots. It should be noted however that
there were no records of typhoons with intensity of 100 knots
passing the Lingayen Gulf. This study also reveals that typhoons
coming from the West Philippine Sea (going towards east or
northeast) can generate higher storm surges compared to
typhoons coming from the Pacific Ocean. However, typhoons

coming from the West Philippine Sea are generally relatively
weaker than typhoons forming in the Pacific Ocean. With
regards to timing of peak storm surges, due to the nature of the
typhoons in the northern hemisphere where typhoon winds are
circulating counterclockwise and the orientation and shape of
Lingayen Gulf, typhoons coming from the Pacific Ocean will
generate peak storm surges as it approaches the Lingayen Gulf
while typhoons from the West Philippine Sea will produce peak
storm surges after it has passed the Lingayen Gulf. This study
only explores the effect of typhoon tracks and windspeeds on
storm surges in Dagupan City. Other typhoon parameters, such
as forward speed and size, can be investigated in the future as
well. Because of the lack of data to validate the simulated storm
surge, the results of this study are purely based on numerical
investigation. It is recommended that tide gaging stations and
meteorological stations be installed in Lingayen Gulf to improve
the understanding of coastal hazards in the area.

Acknowledgement

The main author acknowledges the Office of the Chancellor of
the University of the Philippines Diliman, through the Office of
the Vice Chancellor for Research and Development, for funding
support through the Outright Research Grant. We would also
like to thank the National Mapping and Resource Information
Authority (NAMRIA) for the bathymetric data used in the study.

References

[1] Cinco, T., Guzman, R., Ortiz, A., Delfino, R., Lasco, R., & Hilario, F.,
Juanillo, E., Barba, R., Ares, E. 2016. Observed trends and impacts of
tropical cyclones in the Philippines. International Journal of
Climatology. 36(14): 4638-4650. DOI:
https://doi.org/10.1002/joc.4659

[2] National Disaster Risk Reduction and Management Council (NDRRMC).
2013 (online)). Available:
https://ndrrmc.gov.ph/attachments/article/1329/FINAL_REPORT_re
_Effects_of_Typhoon_YOLANDA_(HAIYAN)_06-09NOV2013.pdf.
[Accessed: September 2021]

[3] Bakker, T.M., Antolinez, J.A.A, Leijnse, T.W.B., Pearson, S.G., and
Giardino, A. 2022. Estimating Tropical Cyclone-induced Wind, Waves,
and Surge: A General Methodology Based on Representative Tracks.
Coastal Engineering. 176: 104154. DOI:
https://doi.org/10.1016/j.coastaleng.2022.104154

[4] Thuy, N.B., Kim, S., Chien, D.D., Dang, V.H., Cuong, H.D., Wettre, C.,
and Hole, L.R. 2017. Assessment of Storm Surge along the Coast of
Central Vietnam. Journal of Coastal Research. 33(3): 518-530.

[5] Andree, E., Su, J., Larsen, M.A.D., Madsen, K.S., Drews, M. 2021.
Simulating Major Storm Surge Events in a Complex Coastal Region.
Ocean Modelling. 162: 101802. DOI:
https://doi.org/10.1016/j.0cemod.2021.101802

[6] Marsooli, R. and Lin, N. 2017. Numerical Modelling of Historical Storm
Tides and Waves and Their Interactions Along the U.S. East and Gulf
Coasts. Journal of Geophysical Research: Oceans. 123: 3844-3874. DOI:
https://doi.org/10.1029/2017JC013434

[71 Freeman, J., Velic, M., Colberg, F., Greenslade, D., Divakaran, P., and
Kepert, K. 2020. Development of a Tropical Storm Surge Prediction
System for Australia. Journal of Marine Systems. 206: 103317. DOI:
https://doi.org/10.1016/j.jmarsys.2020.103317

[8] Zhang, X.J., Wang, D.G., Lai, X.J.,, and Song H.H. 2015. Effect of
Forecasted Typhoon Track Uncertainties on Storm Surge Predictions
for the Coast of Shanghai. Journal of Hydraulic Research. 54(1): 41-55.
DOI: https://doi.org/10.1080/00221686.2015.1095806

[9] Ma, Y., Wu, Y., Shao, Z., Cao., T., and Liang, B. 2022. Impacts of Sea
Level Rise and Typhoon Intensity on Storm Surges and Waves around



51

(10]

(1]

[12]

(13]

[14]

[15]

[16]

(17]

Imee Bren Villalba et al. / ASEAN Engineering Journal 13:4 (2023) 39-51

the Coastal Area of Qingdao. Ocean Engineering. 249: 110953. DOI:
https://doi.org/10.1016/j.0ceaneng.2022.110953

Du, M., Hou, Y., Hu, P., and Wang, K. 2020. Effects of Typhoon Paths
on Storm Surge and Coastal Inundation in the Pearl River Estuary,
China. Remote Sensing. 12: 1851. DOI:
http://dx.doi.org/10.3390/rs12111851

Islam, M.R., and Takagi, H. 2020. Typhoon Parameter Sensitivity of
Storm Surge in the Semi-enclosed Tokyo Bay. Frontiers of Earth
Science. 14: 553-567. DOI: https://doi.org/10.1007/s11707-020-0817-
1

Yuxing, W., Ting, G., Ning, J., and Zhenyu, H. 2020. Numerical Study of
the Impacts of Typhoon Parameters on the Storm Surge based on Hato
Storm over the Pearl River Mouth, China. Regional Studies in Marine
Science. 34: 101061. DOI:
https://doi.org/10.1016/j.rsma.2020.101061

Villalba, I.B., Cruz, E., and Adame, A. 2022. Assessing the Effects of
Different Typhoon Tracks on Storm Surge Generation in Manila Bay
using ADCIRC. Philippine Engineering Journal. 43(1): 23-46.

Philippine  Statistics Authority. 2019 [Online]. Available at
https://psa.gov.ph/. [Accessed: November 2019]

Villalba, 1.B. 2019, October 28-30. Numerical Simulation of Storm Tides
Generated by Historical Typhoons along Dagupan City Coastline [Paper
presentation). Philippine Institute of Civil Engineers, Inc. 45th National
Convention and Technical Conference, Pasay City, Philippines
Leuttich, R.A., and Westerink, J.J. 2004. Formulation and Numerical
Implementation of the 2D/3D ADCIRC Finite Element Model Version
44 XX. Technical report. University of North Carolina at Chapel Hill &
University of Notre Dame

Sebastian, A., Proft., J., Dietrich, C., Du, W., Bedient, P., and Dawson,
C. 2014. Characterizing Hurricane Storm Surge Behavior in Galveston
Bay using the SWAN+ADCIRC model. Coastal Engineering. 88:171-181.
DOI: http://dx.doi.org/10.1016/j.coastaleng.2014.03.002

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Wang, K., Hou, Y., Li, S., Du, M., Chen, J., and Lu, J. 2019. A Comparative
Study of Storm Surge and Wave Set-up in the East China Sea between
two Severe Weather Events. Estuarine, Coastal and Shelf Science. 235:
106853. DOI: https://doi.org/10.1016/j.ecss.2020.106583

Xie, D., Zou, Q., and Cannon, J. 2016. Application of SWAN+ADCIRC to
Tide-Surge and Wave Simulation in Gulf of Maine during Patriot’s Day
Storm. Water Science and Engineering. 9(1): 33-41. DOI:
ttp://dx.doi.org/10.1016/j.wse.2016.02.003

Holland, G.J. 1980. An Analytic Model of the Wind and Pressure
Profiles in Hurricanes. Monthly Weather Review, 108: 1212-1218
National Mapping and Resource Information Authority, Hydrographic
and Geodetic Surveys Department, Bathymetric Chart 4209.

General Bathymetric Chart of the Oceans (GEBCO) 2019. (Online).
Available at https://www.gebco.net/. [Accessed: June 2019]

Camelo, J.B., Cruz, E.C., Crugz, L.L.B. 2017. Simulative Analysis of Inland
Inundation behind Roxas Boulevard Seawall due to Storm Tide
Overtopping by Historical Typhoons. Asian and Pacific Coasts 2017:
Proceedings of the 9th International Conference on APAC 2017, 235-
246.

Joint Typhoon Warning Center (JTWC). 2021. Best Track Archive
(Online). Available at
https://www.metoc.navy.mil/jtwc/jtwc.html?best-tracks. [Accessed:
October 2021]

Japan Meteorological Agency. 2021. Regional Specialized
Meteorological Center Tokyo — Typhoon Center, Best Track Data
Online). Available at http://www.jma.go.jp/jma/jma-eng/jma-
center/rsmc-hp-pub-eg/besttrack.html. [Accessed: October 2021]
World Meteorological Organization (WMO). 2021. Classification of
Tropical Cyclones (Online). Available at
https://community.wmo.int/classification-tropical-cyclones.
[Accessed: November 2021]


http://dx.doi.org/10.3390/rs12111851

