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ABSTRACT

We used three numerical experiments for developing and evaluating a storm surge warning to
examine the performance of storm surge forecasting when triggered by typhoon forecasts from
TAPEX (Taiwan Cooperative Precipitation Ensemble Forecast Experiment) and to identify the
characteristics of storm surges along Taiwan's coast. The results show that the accuracy of storm surge
forecasting is dominated by the track, the intensity, and the driving flow of a typhoon. However, in
some cases, €.g., Typhoon Soulik in 2013, the wave effect on storm surges is not negligible, and the
simulations exhibit a significant bias. To determine the source of this discrepancy, we observed surge
deviations from the tide gauge measure for 23 typhoon events and found that the distribution of
maximum surge heights peaks at both 40 and 160 cm. Since mechanisms for the rise in water level to
160 cm are not induced only by a storm forcing, we proposed that the wave effect on storm surges
was responsible for the bias at this specific location. Due to the lack of observation of wave setup, this
hypothesis was confirmed by results from the simulation of wind waves, which showed that an
energetic wave pool lasted more than 6 hours along northeast Taiwan when Soulik passed. Wave
breaking occurred when waves propagated to the coast and increased the water level there. Therefore,
we suggest that the effect of wave breaking on storm surges should be considered for the next
generation of storm surge warning systems along the northeastern coast of Taiwan.
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1 INTRODUCTION

According to Kinsman [1], storm surges can be categorized as forced waves since they
propagate along with a typhoon. Scientists usually use shallow water equations to present
the motion of storm surges; however, these simplifications become unrealistic when the
typhoon moves near the shore. When a typhoon approaches landfall, the horizontal and
vertical scales of surge motions are comparable, and the topography and the wave effect
become significant. Resio & Westerink [2] pointed out that when modeling the physics of
storm surges on the coast, local geometry, storm size, regional bathymetry, river discharge,
and bottom drag play important roles and that any omission or simplification produces
errors. However, including all mechanisms in a surge predicting system delays the warning
process. Hence, when simplification is unavoidable, the sources of these resultant errors
should be identified and classified.

Taiwan is located in a subtropical zone and experiences 3 to 4 typhoons annually, which
cause the most common natural disasters on the island, including the potentially fatal
catastrophe of heavy rainfall. The intensity of rainfall over the past 60 years has increased
(Chang et al.[3]); the 12 heaviest rainfall events (exceeding 3500 mm within 48 hours),
resulting from 8 typhoons, have occurred in the last 7 years. When rain falls on the land
surface and forms floodwater, it runs quickly to the coast within 12 hours. The
concentration time for mountainous topography is much shorter than for rivers. When
excessive floodwater pours into the open ocean, the risk of inundation is low. However,
when a storm surge blocks the gateway to the ocean, the risk of inundation increases, along



with the depth and breadth of the affected area. One famous example is Typhoon Nari in
2010, which, due to heavy rainfall at the same time as storm surges and high tides, flooded
the metro system in Taipei and left it inoperable for almost 6 months. Therefore, heavy
rainfall and storm surges are two important factors for assessing the risk of inundation, and
increased information about these factors will improve warning and mitigation strategies.

Regarding modeling and forecasting, the characteristics of a typhoon's rainfall pattern
and its sensitivity to Taiwan's topography have been discussed in many studies [4]-[6].
Wang et al. [4] studied the influence of the Central Mountain Range (CMR) on rainfall and
showed that an asymmetrical pattern forms on the lee side. Using ensemble simulations to
analyze the uncertainty and predictability of rainfall from a typhoon influenced by CMR,
Wu et al. [5] categorized patterns into three types associated with the northwesterly,
westerly, and southwesterly tracks of a typhoon. Sun [6] also inferred that the interaction
between a typhoon and the topography, including the important factor of surface friction (as
interpreted by a detailed dynamical process), highly influences the shape, intensity, and
track of the former. However, since the interaction is a highly nonlinear process, the
uncertainty in rainfall forecasting is still difficult to eliminate. Lorenz [7] demonstrated that
slightly differing initial states can evolve into considerably different states through
nonlinear dynamical systems and that deterministic forecasting is unable to cover the
uncertainties from initial. Therefore, some famous operational centers (Met Office;
ECMWEF, European Centre for Medium-Range Weather Forecasts; NCEP, National Centers
for Environmental Prediction; and JMA, Japan Meteorological Agency) proposed an
ensemble forecast that provides a confidence interval to cover the uncertainties and
potential risks in numerical weather prediction (Bauer et al. [8]). This method has been
applied to storm surge forecasts in many studies [9]-[13], including one typhoon event
when typhoon and storm surge forecasts were unified to provide rainfall and storm surge
information. In this study, we measure the performance of this approach by using TAPEX
results as storm forcing and comparing our results with observation.

Previous studies ([14]-[17]) have indicated that storm surges are sensitive to typhoon
forcing, tides, bottom topography, and wind waves, but ensemble typhoon forecasts do not
account for these factors as of yet. Some observational and theoretical studies [18]-[20]
have inferred that waves can increase the water level by 5-20% on a plain continental shelf
and up to 35% on a steep bottom topography. Furthermore, numerical studies [21]-[24] also
confirm that surge modeling improves when waves are included in the system. Sheng et al.
[25] set up a test-bed for storm surges and coastal inundation models to examine whether
using different grid systems or different numerical schemes affects the results; their
findings indicate that no model appears to be consistently superior or inferior to any other.
Therefore, the effect of numerical schemes on a surge modeling system will not be
considered at this time, and we will instead focus on unresolved physical processes when
significant errors occur in storm surge forecasting.

The organization of this paper is as follows: Section 2 describes the storm surge warning
system and evaluates it according to three numerical experiments. Section 3 identifies the
characteristics of storm surges at the Longdong station on the northeast coast of Taiwan in
the past decade and notes that two peaks exist in the distribution of maximum surge heights.
Wave setup may be another important mechanism that increases the water level at the
Longdong station. Finally, Section 4 reports our main conclusions.

2 STORM SURGE WARNING SYSTEM AND EVALUATION
We evaluate the performance of the storm surge warning system (Fig. 1) and identify the
characteristics of storm surges along Taiwan's coast by implementing three numerical
experiments. The first experiment (NE 1) establishes the framework of the system; the



storm forcing is obtained from the WRF (Weather and Research Forecasting) Model
members in TAPEX. The second experiment (NE II) uses a higher grid resolution and an
advanced typhoon initialization scheme (Nguyen & Chen [26]) (NC scheme) to provide
better prediction for typhoon movement. This experiment checks whether improved
prediction of storm forcing also improves the prediction of storm surges. The storm forcing
for the third experiment (NE III) is obtained from an analytic hurricane wind model in
which the best track observation is included but the horizontal distribution of wind and
pressure fields is idealized. The Holland wind model, which is widely used in engineering
applications, is used as a basis of comparison.

2.1 Numerical experiments and modeling system

The framework for NE | is based on a joint typhoon and storm surge forecasting system
that was developed using results from WRF Model members in TAPEX and POM (The
Princeton Ocean Model). In terms of performance, TAPEX is comparable to ECMWF,
NCEP, and JMA. The three-nested grid system is used by these typhoon forecasting
members, and the grid resolution from the outer domain to the inner domain is 45, 15, and 5
kilometers, respectively. For the storm surge modeling system in NE 1, the grid resolution is
15 kilometers, which is the same as the second nested domain in typhoon forecasting. A
global tidal model (PX06.2: TOPEX/POSEIDON), which is included in the surge
modeling system, simulates the water level with tides and storm surges.

NE Il implements the NC scheme, which is generated by a dynamical initialization
method proposed by Nguyen & Chen [26] and offers a more realistic balance between the
background circulation and the typhoon vortex. Chen et al. [27] provided a systematic
evaluation of this method using 18 typhoon events and showed that the accuracy of the
intensity forecast is improved. The margins of error for low central pressure and maximum
wind can be smaller than 10 hPa and 10 m/s, respectively. The grid resolution of the
three-nested domain for the typhoon model is 18, 6, and 2 km, and the resolution of the
adjusted grid system for the surge model ranges from 1 to 15 kilometers.

For NE I11, typhoon forcing is set up using the Holland wind model (Holland, [28]) and
best track observational data. The grid resolution for both the typhoon and surge modeling
systems is 15 km. This numerical experiment provides a baseline for comparison and shows
the difference between analytic and real wind models for surge modeling results.

2.2 Performance of the storm surge warning system

Four typhoon events (Morakot in 2009, Fanapi in 2010, Saola in 2012, and Soulik in
2013) are used to evaluate the storm surge warning system; their tracks are shown in Fig. 2.
We simulate the movements of these typhoons via the three methods described in numerical
experiments I, 11, and I11. These storm forcings trigger storm surges, which are evaluated by
tide gauge observation along Taiwan's coast (the stations are shown in Fig. 3).

2.2.1 Evaluation of storm forcing

Figs. 4-8 display the evaluation of storm forcing for NE | while 9 and 10 exhibit the
comparison between NE | and NE |1, revealing several issues.

The first issue concerns track errors, as the landfall location of a typhoon is an important
factor in determining which watershed should be monitored. The suspected region for storm



surge disasters is located on the path of a typhoon and within the maximum storm wind
radius. Since the storm forcing from TAPEX is a type of ensemble forecast, ensemble
spread is usually used to determine the range of forecasting errors (Barker, [29]; Grimit &
Mass, [30]). Cases with large (or small) ensemble spread should be associated with large
(or small) forecast uncertainty. Fig. 4 shows the track forecasts from TAPEX for Typhoons
Saola in 2012 and Soulik in 2013, which indicate that forecasting from TAPEX can identify
the trend of a typhoon; however, the ensemble spread for Saola is larger than that of Soulik.
Since Soulik is a strong typhoon, whose path is less affected by Taiwan topography, its
forecast uncertainty is small. The low central pressure is about 960 hPa for Saola (Fig. 5)
and about 940 hPa for Soulik (Fig. 6). Hence, we expect that Soulik's simulation provides
better forecasts, as shown in Section 2.3.

The second issue involves typhoon intensity forecasts, as the strength of storm surges is
an important factor in determining the resistance to flood water at a river mouth. Since a
storm surge is induced by the wind and pressure stresses of a typhoon, uncertainty in
intensity forecasts decreases the reliability of storm surge forecasts. Therefore, we must
determine which forecast run provides a more accurate intensity forecast. For example, Fig.
5 displays the results for central pressure from two runs on July 31 and August 1 for Saola.
The lead time for landfall is approximately 48 and 24 hours for the former and latter runs,
and the maximum difference among forecasting members for the lowest pressure is about
25 and 20 hPa, respectively. The later run provides a higher reliability. However, when the
forecast is initiated very close to the time of landfall, it underestimates the intensity due to
the influence of Taiwan's topography. As an example, Fig. 6 reveals that the central pressure
for the run initiated on July 12 is higher than observation. Therefore, we evaluate a storm
surge using forecast runs between 24 and 48 hours prior to landfall.

The third issue relates to the translation speed of a typhoon, as the timing of the storm
surge is an important factor in determining river flooding. Fig. 7 exhibits three runs from
NE | for Saola initiated at 18 UTC on July 31, 2012 (2012073118), 0 UTC on August 1,
2012 (2012080100), and 6 UTC on August 1, 2012 (2012080106), respectively. The
uppermost panel shows a significant time lag for the storm surge forecast, indicating that
the driving flow in the case of the 2012073118 run is slower than the other two. Hence,
longer forecasts have more uncertainty in predicting the translation speed of a typhoon. Fig.
8 shows more results from different tide gauge stations (Longdong, Fulong, and Suao) near
the location of landfall and more initiated runs (with lead times of 32, 26, 20, and 14 hours)
for Saola. The dotted symbols represent results from different forecasting members,
revealing a significant time lag for the runs with longer lead times.

A comparison of storm forcing between NE I and NE Il is shown in Figs. 9 and 10. The
track obtained from NE Il (the blue dotted line) is almost consistent with observation (the
black dotted line) (Fig. 9), and results for low central pressure (Fig. 10) are accurate. Since
the main difference in storm forcing for NE Il and NE 111 is the horizontal distribution of
wind and pressure fields, we use this factor to assess whether the Holland wind model is
applicable to the wind and pressure field around Taiwan.

2.2.2 Evaluation for storm surges

The level of seawater increases and propagates with a storm during storm surges,
interacting with tides, wind waves, local geometry, and river flows. This phenomenon can
be observed by tide gauge measurements with a sampling rate of every few minutes.
However, our storm surge warning system does not consider the nonlinear interaction with
wind waves or ocean currents. Thus, when we compare simulations of storm surges with
observational data, we should anticipate some discrepancy. In this section, we identify
sources of potential bias, as shown in Figs. 11-15.



Figs. 11 and 12 display the comparisons between observations and the three numerical
experiments at different tide gauge stations. Tidal residual components from observation
are obtained from the tool T_TIDE (Pawlowicz, [31]) in MATLAB. For Saola (Fig. 11),
surges induced by NE I (the yellow lines) indicate a time lag compared to observation (the
blue dotted line), but the surge induced by NE Il (the red line) matches the timing of the
latter. Since the timing for NE Il and NE I1I (the green line) is consistent, we infer that the
transmission speeds of a typhoon from simulation and observation are comparable, i.e., the
method of simulation in NE Il provides a better driving flow (background circulation) than
in NE I.

The surge simulated by the Holland wind model incorporating observational data (NE 111)
is intended to minimize the bias in track between simulation and observation. However,
results show that the bias along the east coast (at Longdong, Fulong, Suao, and Hualien) is
smaller than along the west coast (at Danshuei and Kaohsiung), which suggests that the
Holland wind model is insufficient for interpreting the horizontal distribution of wind and
pressure fields for Saola. However, if a typhoon is strong enough (refer to the example of
Soulik in Fig. 12), the results for stations along the west coast improve, which may be due
to the typhoon's path being less affected by mountains.

Based on the timing and the intensity observed at the tide gauge stations, the simulated
water levels for Soulik are generally more accurate than for Saola. However, Fig. 12
reveals significant underestimates for the former at Longdong and Fulong in northeastern
Taiwan. Furthermore, this bias does not appear for Suao, a nearby station (as shown in Fig.
3) that experienced similar effects, which suggests that mechanisms other than errors from
storm forcing must be responsible. Fig. 13, which compares simulations with observations
of the surges for Morakot, Fanapi, Saola, and Soulik at Longdong and Suao, indicates that
while the intensity of surges can be accurately predicted at Suao for these four typhoons,
the intensity is underestimated at Longdong for Morakot and Soulik. Moreover, when we
compare the timing (Fig. 14) and intensity (Fig. 15) of these typhoons with the results from
NE | (black diamonds), NE Il (red squares), and NE Ill (blue circles) at all stations, we
discover that the simulations cannot predict the water level (as observed) at some locations
(marked by arrows in Fig. 5). Fig. 16 shows the simulation of storm tides from NE Il. Since
the difference still exists, tide-surge interaction may not be responsible for the discrepancy
between simulation and observation. In the next section, we examine clues that suggest this
bias may be produced by the effect of wind waves.

3 OBSERVATIONS AND ANALYSIS

The discrepancy between forecasts and observation indicates that the storm surge
warning system failed to provide accurate forecasts about Soulik and Morakot along the
northeast coast of Taiwan (at Longdong and Fulong). As exhibited in Fig. 13, Soulik caused
a far higher increase in water level at Longdong than Saola, but the increase in water level
at Suao was approximately the same for both typhoons. Since the distance between Suao
and Longdong is only about 50 kilometers, we conjecture that waves may account for the
difference. Due to the lack of observational data on wave height, we simulated wind waves
and the distribution of surge height from historical typhoon events as references.

Fig. 17 displays the observational data for storm surges in the past 11 years. The red and
blue lines represent the tide gauge observation and the tidal residual component,
respectively. Each rise in water level (the blue line) is related to a typhoon event, and it is
evident that the storm surges induced by Talim in 2005, Krosa in 2007, Jangmi in 2008,
Morakot in 2009, and Soulik in 2013 are much larger than other events. These typhoons
followed a similar track as Soulik, over northeastern Taiwan. Fig. 18 exhibits the



distribution of surge height for these 23 events and reveals two peaks (40 and 160 cm).
Thus, it can be inferred that the mechanism differs for these two groups. In the first group,
the range of surge falls between 20 and 120 cm, with the peak located at 40 cm, while in the
second, the range of surge deviation falls between 160 and 180 cm. Hence, as evident in Fig.
19, the water level at Longdong does not depend only on storm intensity.

The relation between the pressure gradient and the surge deviation is about 0.56 (upper
panel), and the relation between the wind gradient and the surge deviation (lower panel) is
about 0.18, indicating that the rise in water level is due more to the inverse barometer effect
than wind setup. However, since the inverse barometer effect would not solely cause the
water level to rise to this extent (160 cm), we assume that wave setup is also responsible.
Figs. 20 and 21 exhibit the distribution of wind waves when Saola and Soulik passed over
the northeast coast of Taiwan. Although Longdong is located on the windward side of these
two events, the significant wave height for Soulik (about 15 m) is much larger than for
Saola (less than 10 m), which implies that an extremely large amount of wave energy
dissipated on the coast and produced the rise in water level. This energy pool lasted for
approximately 6 hours, indicating that the rise in water level due to wave setup existed for
the same span of time as the rise due to storm forcing. According to experimental results for
wave setup (Holman & Sallenger [32]), the level can reach 72 cm when the wave height is
15 m for a bottom slope of 0.02 and a wave period of 15 s. Since the amount of wave setup
obtained from this empirical formula is consistent with the discrepancy between the
simulation from NE Il and observation, we suggest that the bias at Longdong is due to
surface waves.

3 CONCLUSIONS

The ensemble forecast of a typhoon usually provides warning information for
atmospheric-related factors, such as the track, intensity, and rainfall amount, but it tends to
be less concerned with flooding due to river-blocking storm surges, the timing of which
depends on the driving force. Therefore, forecasts for both storm surges and rainfall must
be combined in order to accurately identify areas that will be inundated during a typhoon,
allowing risk managers to implement effective measures for disaster mitigation.

Our numerical experiments evaluated the performance of a storm surge warning system
based on a joint forecast for typhoon and surges. The first experiment (NE 1) examined the
operational warning system. 12 forecasting members provided warning information for
storm surges, and, prioritizing efficiency, the grid resolution of the modeling system was set
to 15 km. The second experiment (NE Il1) provided a more accurate prediction based on a
higher grid resolution and an advanced typhoon initialization scheme, but it required far
more computing time than NE I. The finest grid resolution for storm surge was set to 1 km
on the northeast coast of Taiwan, where Saola and Soulik made landfall. The third
experiment (NE I11) employed an analytic wind model using the best track data to mimic
the movement of a typhoon. Since this idealized model cannot address Taiwan's topography,
the horizontal wind structure is not as realistic as NE | and NE I1.

The results from these experiments indicate that storm surges are dominated by storm
forcing and then influenced by their interactions with wind waves, local geometry, and tides.
The track, intensity, and transmission speed of a typhoon determine the location, strength,
and timing of surges. When a typhoon passes over northeastern Taiwan, wave effect also
becomes significant.
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Figure 1: Three numerical experiments for the evaluation of a storm surge warning system with
different typhoon forcings and grid resolutions.
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Figure 2: The tracks of Morakot, Fanapi, Saola, and Soulik.
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Typhoon Saola (2012)
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Figure 10: Central pressure forecasts from NE | (colored lines) and NE Il (blue dotted line)
juxtaposed with observation (black dotted line) for Saola.
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Figure 21: The distribution of simulated significant wave height (color) and wind (arrow) for
Soulik.
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