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ABSTRACT

This paper describes the application of a coupled surge-wave
model for simulating storm surge and wave along Taiwan coast.
The simulations were conducted with an integrated surge-wave
modeling system using a large coastal model domain wrapped
around the island of Taiwan, with a grid resolution of 50-400 m.
Simulations were made with tide only, with wind and tide, and
with tide and wind and wave.

The first part of the paper describes the hindcasting of his-
torical typhoons. Hindcasting of Soudelor in 2015 revealed the
significant effect of waves on storm surge when wave exceeded
11 m. Both the water level and wave were well simulated by the
surge-wave model. The second part of the paper describes the
forecasting of typhoons in 2016 With a focus on typhoon Napartak
and Megi to examine the reliability, accuracy, and efficiency of
the protopype forecasting system for Taiwan coast.

The system uptime is estimated at 78% during the three months
of operations. While the tide prediction has about 3-10% error
(relative root-mean-square-error), the water level prediction error
increases from 5.8-13.5% for now cast to 9.8-17.4% for 6-hour
forecast, 11.4-18.2% for 12-hour forecast, and 20.3-31.4% for
24-hour forecast. The forecast error increases quickly for 24-hour
forecast, due to the quick decline of typhoon track/intensity fore-
cast accuracy beyond 24 hours. The forecasting system is run
using an Intel-based PC with the Intel® Core™ i7-3770 CPU @
3.40 Ghz (4 cores/8 threads) with 32GB RAM. Wall time varies
between 0.8 and 1.8 hours.

Paper submitted 02/13/17; revised 07/24/17; accepted 09/07/17. Author for
correspondence: Y. Peter Sheng (e-mail: pete.pp@gmail.com).

! University of Florida, Gainesville, Florida, U.S.A.
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I. INTRODUCTION

More than 75% of the world’s population live within 100 miles
from the coastline. Coastal communities and ecosystems around
the world are subjected to increasing hazard from storm surge
and coastal inundation due to tropical cyclones as well as cli-
mate change and sea level rise. In Taiwan typhoons are an an-
nual threat. Not only bringing torrential rain, but often cause
storm surge and coastal inundation that impacts areas near the
coast and amplifies the flooding from rainfall. The impact of tro-
pical cyclones on the coastal regions in Taiwan depend on the
tropical cyclone characteristics and coastal region characteristics.
For example, along the southwest coast of Taiwan with low ele-
vation and gentler bathymetric slope, major flooding often occurs
due to storm surge during tropical cyclones. Typhoon Fanapi
caused major flooding along the southwest coast of Taiwan in
September 2010. Along the rocky northeast coast of Taiwan
where the bathymetric slope is steep, waves often break very
close to the coastline and contribute significantly to the storm
surge. During July 2013, Typhoon Soulik cuased significant
storm surges and waves along the northeast coast of Taiwan.
This is also true for Typhoon Soudelor (2015). Although storm
surge is typically not as high as waves along the coast of Taiwan,
rising sea level and increasingly more intense typhoons are mostly
likely to result in higher storm surge in the 21* century which,
coupled with increasing precipitation and subsidence in south-
west Taiwan, could significantly increase the risk of coastal
flooding in Taiwan. Therefore, a robust storm surge and wave
forecasting system for Taiwan is urgently needed.

Numerous storm surge studies have been conducted around
Taiwan using a number of different storm surge models, e.g.,
CWB-1 model (Yu et al., 1994), CWB-2 model (Wu, 2014),
TORI (Taiwan Ocean Research Institute) model (Liau and Chen,
2015), and HMTC (Harbor and Marine Technology Center) mo-
del (Lee et al., 2015). According to a review by Sheng (2015),
these models did not include wave effects. In addition, the grid
resolution of the CWB-1 and CWB-2 are relatively coarse
(>200 m). These factors contributed to the relatively large errors
in the storm surge simulation during past typhoons including
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Fig. 1. Computational domain and track of Typhoon Soudelor in 2015.

Fanapi in 2010 and Soulik in 2013. Sheng et al. (2016) has
shown that coupled wave-surge model can significantly improve
the water level predictions where waves play a major role.

This paper uses an integrated storm surge modeling system
(Sheng et al., 2010a, 2010b) to simulate storm surge and coastal
inundation during typhoon Soudelor (2015). The simulations
use a coastal model domain (Fig. 1) wrapped around the island of
Taiwan with a grid resolution of 50-300 m coupled to a larger rec-
tangular domain to provide boundary conditions for the simu-
lation capturing surge and waves away from the coast. The same
basic modeling system, with appropriate supporting modules,
is used to forecast the storm surge and wave during 2016 and
results during Nepartak and Megi are presented in this paper.
The reliability, accuracy, and efficiency of the prototype fore-
casting system is assessed.

IL.TYPHOONS IN 2015 AND 2016

We describe Typhoon Soudelor in 2015 and Typhoon Nepartak
and Megi in 2016 below.

1. Typhoon Soudelor (2015)

Typhoon Soudelor (Wikipedia, 2017) was the most intense
tropical cyclone to develop in the Pacific Ocean and the third
most intense cyclone worldwide in 2015, and the strongest ty-
phoon since Typhoon Vongfong. Soudelor had severe impacts
in the Northern Mariana Islands, Taiwan, and eastern China,
resulting in at least 38 confirmed fatalities. Lesser effects were
felt in Japan, South Korea and the Philippines. Soudelor formed
as a tropical depression on July 29 near Pohnpei and was the
thirteenth named storm of the 2015 typhoon season. It was slowly
strengthening and several days later started intensifying on
August 2.

The center of the storm made landfall in eastern Taiwan at
04:40 a.m. local time on August 8. By about 9 a.m., Soudelor had
maximum sustained winds of 173 km/h, according to Taiwan’s
Central Weather Bureau (CWB-MMC). Winds caused Taipei
101°s tuned mass damper to sway a record 100 cm. Yilan County

Fig. 3. Typhoon Megi (2016) track.

2. Typhoon Nepartak (2016)

in eastern Taiwan experienced the heaviest rains from the ty-
phoon, with accumulations peaking at 1,334 mm. Rainfall in
the Wulai District reached 722 mm in 24 hours. Twelve-hour
accumulations amounted to a record 632 mm.

Typhoon Nepartak (Fig. 2) is the second most intense tro-
pical cyclone in 2016 in terms of atmospheric pressure. Nepartak
severely impacted Taiwan and East China, with 86 confirmed
fatalities. It caused 3 deaths and NT$677 million (US$21.1
million) of damage in Taiwan. The first named storm and ty-
phoon of the annual typhoon season, Nepartak developed into
a tropical storm south of Guam on July. Steadily tracking north-
westward and becoming a typhoon on the next day, Nepartak
reached peak intensity with a pinhole eye on July 6. Nepartak
started to decay on July 7 and then crossed Taiwan later, before
emerging into the Taiwan Strait and weakening into a severe tro-
pical storm on July 8. It eventually made landfall over Fujian,
China on July 9 and dissipated over land one day later.

3. Typhoon Megi (2016)

Typhoon Megi (Fig. 3), known in the Philippines as Typhoon
Helen, was a large and powerful tropical cyclone which affected
Taiwan and China in late September 2016. It is the seventeenth
named storm and the seventh typhoon of the annual typhoon
season.
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Fig. 4. Basic schematic diagram of the ACMS.

A tropical disturbance formed northeast of Pohnpei on Sep-
tember 19. Two days later, the Japan Meteorological Agency
(JMA) upgraded the low-pressure area to a tropical depression
early on September 21, and the Joint Typhoon Warning Center
(JTWC) also issued a Tropical Cyclone Formation Alert shortly
after that; however, the low-level circulation center (LLCC) of
that disorganized system was exposed with fragmented con-
vection. The JMA upgraded the system to a tropical storm and
named it Megi early on September 23, when the JTWC also
indicated that the monsoonal circulation had consolidated, re-
sulting in upgrading it to a tropical depression but lacking of a
definitive center. Six hours later, the JTWC upgraded Megi to
a tropical storm.

On September 26, the JMA indicated that Megi had reached
its peak intensity at 18:00 UTC, with ten-minute maximum sus-
tained winds at 155 km/h (100 mph) and the central pressure at
940 hPa (27.76 inHg). Megi’s large eye was temporarily more
defined early on September 27; however, it soon became cloud-
filled as the typhoon had approached the eastern coast of Taiwan.
Shortly before Megi made landfall over Hualien City at 14:00
NST (06:00 UTC), it had already intensified into a stronger ty-
phoon at around 03:00 UTC, with one-minute maximum sustained
winds at 205 km/h (125 mph) indicated by the JTWC, equi-
valent to Category 3 of the Saffir-Simpson hurricane wind scale.
Subsequently, interaction with the high mountains of Taiwan
caused Megi to weaken significantly and the typhoon emerged
into the Taiwan Strait from Mailiao at 21:10 NST (13:10 UTC).
At 04:40 CST on September 28 (20:40 UTC on September 27),
Megi made landfall over Hui’an County of Quanzhou, China as
a minimal typhoon.

III. NUMERICAL MODEL AND SETUP

1. ACMS Modeling System

This study uses the Advanced Coastal Modeling System
(ACMS, see Fig. 4) which is an integrated storm surge mo-
deling system (Sheng et al., 2006, 2008, 2010a, 2010b; Sheng
and Liu, 2011; Tutak and Sheng, 2011) built upon the CH3D
(Curvilinear-grid Hydrodynamics in 3D) circulation model (Sheng,
1987; Sheng, 1990). The CH3D model solves the continuity equa-
tion and the horizontal momentum equations in non-orthogonal
boundary-fitted horizontal coordinates and a sigma coordinate
system in the vertical dimension, making it suitable for com-
plex coastal zone applications. CH3D can be run in both 3D and
2D vertically integrated modes. A robust turbulence closure mo-
del (Sheng and Villaret, 1989) is used to represent vertical mixing,
while horizontal mixing is represented with Smagorinsky type
mixing coefficients. A flooding and drying algorithm based on
an enhanced version of Davis and Sheng (2003) is included in
the model to enable accurate storm surge and inundation simu-
lation. At the air-sea interface, the shear stress is produced by
wind as well as waves, while at the bottom, current-wave inter-
action produces enhanced bottom stress. Detailed motion and
boundary condition equations are described in Sheng et al. (2010a).

The ACMS has the capability of using a variety of wind fields
and related boundary conditions as forcing, including the GFDL
(Geophysical Fluid Dynamics Laboratory) model (Kurihara et al.,
1998), NOAA (National Oceanic and Atmospheric Administration)/
HRD (Hurricane Research Division) H* (e.g., DiNapoli et al.,
2012), NAM (North Atlantic Mesoscale) model which is basically
the WRF (Weather Research and Forecast) model operated by
the National Center for Environmental Prediction (NCEP)
at the U.S., NOGAPS (Navy Operational Global Atmospheric
Prediction System, see Rosmond 1992), Advanced Research
WRF model (http://www2.mmm.ucar.edu/wrf/users/docs/user
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guide V3/contents.html), TWRF (Hsiao et al., 2010, 2012) etc.
In addition, the ACMS implements several parametric synthetic
wind models such as Wilson (1960), Holland (1980), and Xie,
etal. (2000). It also has the capability to add wind dissipation due
to land roughness based on land cover data (IPET 2008, Sheng
et al., 2010b), and wind data assimilation.

In the ACMS, the CH3D model is dynamically coupled to
the SWAN (Simulating WAves Nearshore) wave model (Ris
et al., 1999): wave results obtained by SWAN are passed to the
CH3D and water depths and currents obtained by the CH3D
model are passed onto SWAN. This allows accounting for wave
setup and wave-current interaction within the CH3D model, which
features several formulations for calculating wave stresses, in-
cluding vertically varying formulations (e.g., Mellor 2008) as
well as the vertically uniform formulation of Longuet Higgins
and Stewart (1962, 1964). For simplicity, however, vertically
uniform wave stress formulation is used in this study. Opera-
tionally, the CH3D model is run every 15-30 minutes and its re-
sults passed to SWAN for wave simulation once and its results
passed back to CH3D. This process repeats itself throughout
the forecast cycle.

The ACMS uses a high resolution horizontal grid that can vary
from 20-30 m near the coast to a few hundred meters in off-
shore areas. Because it uses an efficient implicit/semi-implicit
algorithm to resolve surface gravity wave propagation, CH3D
allows the use of relatively large time steps (1-60 s). To main-
tain high efficiency in CH3D simulations, a high resolution grid
is usually used only in the coastal domain, which extends from
the coastline to 50-100 km offshore. The coastal domain is usually
coupled to a basin scale (large scale) domain which covers all
or part of a large basin, e.g., the Gulf of Mexico, or the North-
west Pacific Ocean, which can be simulated using a variety of
ocean circulation models, e.g., CH3D, NCOM (Barron et al.,
2004), HYCOM (Bleck and Benjamin, 1993) etc. While NCOM
(Navy Coastal Ocean Model) and HYCOM (HYbrid Coordi-
nate Ocean Model) do not simulate tides, CH3D can be used to
simulate both tides and storm surge during typhoons in the
coastal domain.

ACMS, which is also known as CH3D-SSMS (CH3D-Storm
Surge Modeling System), has been compared to other storm surge
models including ADCIRC (ADvanced CIRCulation Model;
Luettich et al., 1992), CMEPS (Peng et al., 2004), FVCOM
(Finite Volume Coastal Ocean Model; Chen et al., 2006), and
SLOSH (Sea, Lake and Overland Surges from Hurricanes;
Jelesnianski et al., 1992). Detailed comparison of models (Sheng
et al., 2012) were made in terms of simulated storm surges during
historic storms as well as coastal inundation maps including the
surge atlas and the 1% annual chance coastal inundation maps
which is also known as the Base Flood Elevation (BFE) accord-
ing to the Federal Emergency Management Agency (FEMA)
of the US (NAS 2009).

2. Model Domains

For ACMS simulations, this study uses two computational
domains which differ in area covered and horizontal resolution.

Legend
e Data stations

Fig. 5. ACMS-TW Model Domain.

Fig. 6. ACMS-TW500 Domain including the ACMS-TW domain.

The smaller domain ACMS-TW, as shown in Fig. 5, covers the
entire Taiwan Island coastline, containing 2 million grid cells
with an average grid cell size of 150 m but a minimum grid of
50 m. This computational domain is nested inside a large rec-
tangular domain ACMS-TWS500, as shown in Fig. 6, with 500 m
by 500 m grid resolution, which provides boundary conditions
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to the TW domain. The ACMS-TW500 domain is always run in
2D mode and is only forced by wind and pressure fields and does
not include the tide effects. Its purpose is to capture the larger
scale effects of a typhoon. The SWAN model is run within the
ACMS-TW domain and is dynamically coupled to the CH3D
model. Both CH3D and SWAN use the same curvilinear grid with
flooding and drying.

Bathymetry and topography for the model domain are de-
rived from a dataset with 200 m horizontal resolution. CH3D
model uses sigma vertical coordinates and 3D simulations dis-
cussed in this paper are carried out using eight vertical sigma
layers.

The data stations located over the Taiwan coastline are shown
in Fig. 5. For simplicity, selected model results at only a num-
ber of select stations where storm surge effects are most promi-
nent are shown and discussed.

3. Initial Conditions

Numerical simulations are started with water level located
at the mean sea level and a 2-day spin-up time allows tides to
fully develop and properly initialize the water level before the
storm reaches the model domain.

4. Tide Forcing

The water level at the open boundary of the TW domain con-
sists of two components—surge and tides. The surge along the
open boundary are simulated water level from the TW500 do-
main. TWS500 model simulations are always done in 2D and
are only forced by wind and sea level air pressure (tides are not
included).

Along the open boundary of TW tidal constituents are ex-
tracted from the TPXO model (http://volkov.oce.orst.edu/tides/
tpxo8_atlas.html) and the following constituents are used:

Primary: M2, S2, N2, K2, K1, O1, P1, Q1
Long period: Mf, Mm
Non-linear: M4, MS4, MN4

These constituents are locally adjusted to provide a better fit
to local data. Tides are verified by running a no-wind scenario
and comparing simulated tides against the prediction values (only
five major constituents: K1, M2, N2, O1, S2 areprovided by CWB
for verification) against measured data and verification results
are displayed in Fig. 7. The surge and tidal boundary conditions
are then combined to form an open boundary condition for the
ACMS-TW domain. The tidal verification, which was conducted
during the study of Typhoon Fanapi, is provided here as an ex-
ample to show the generally good tidal prediction by the ACMS-
TW system.

Wave boundary conditions at the open boundary are drawn
from SWAN results on the ACMS-TW500 domain.

To examine the impact of large scale circulation on coastal
currents during typhoons, it is possible for our model to use the
results from the large scale ocean circulation model (e.g., Ko
et al., 2016) as open boundary conditions.

5. Wind Forcing
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Fig. 7. Simulated vs. measured tides at two stations.

Three different wind models could be used to force the coastal
modeling system:

1. An analytical parametric wind model with some modifica-
tions from Xie et al. (2006). This model is driven by such
storm parameters as: location of the center of the storm, cen-
tral pressure, maximum wind speed and several radii to constant
wind. Four radii are defined for each constant wind contour
(one for each quadrant) giving the wind field an assymetric
shape. The wind field is then calculated as a function that is
fit to these parameters. All parameters are obtained from best
tracks provided by the CWB and the US Navy Joint Typhoon
Warning Center

2. An analytical parametric wind model originaly designed by
Holland (1980). This model is also driven by parameters
from the best track, but the wind field is defined using the
following parameters: location of the storm center, pressure
in the center of the storm, translational speed of the storm,
maximum wind speed and the radius to maximum wind.
All parameters are obtained from best tracks provided by
the CWB and the US Navy Joint Typhoon Warning Center.

3. The Weather Research and Forecasting (WRF) model (e.g.,
Skamarock et al., 2005, Hsiao et al., 2010) which is a next-
generation mesoscale numerical weather prediciton system.
Wind snapshots output from the TWRF model at 6-hour in-
tervals provided by the Central Weather Bureau (Hsiao et al.,
2010) were used to define the wind forcing.

For parametric wind models, wind dissipation by land cover
and land use features is usually applied to the wind profiles,
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following the procedure described in Interagency Performance
Evaluation Task Force (IPET, 2008) and Sheng et al. (2010b).
However, due to lack of high resolution land data for this study,
the detailed land dissipation procedure is not used. Instead, a
simpe wind reduction factor, based on the logrithmic wind pro-
file above the land surface vs. water surface, is applied to the
typhhon wind over water to calculate the over-the-land wind.

When parametric wind models are used, wind fields are up-
dated at every model timestep. For the WRF-driven model runs,
wind fields are interpolated using a method that takes into ac-
count the position of the storm from 6-hourly wind fields (see,
e.g., Sheng et al., 2010a).

Available wind observations are limited, especially given the
fact that models use wind at 10 m elevation but available ob-
served data is at 1-5m elevation, an adjustment is needed in order
to compare the simulated to observed wind. Moreover, the TWRF
wind fields were provided to us very late in the typhoon season,
hence no comparison of the three wind fields were made in this
study. The forecasting results presented below are based on the
CWRB typhoon tracks and the Holland (1980) wind field.

6. Model Parameters

CH3D model runs in 2D and 3D modes are made. The 2-D mo-
del uses Manning’s bottom friction formulation with the Manning’s
n =0.025. The 3-D model uses 4 vertical sigma layers and a
bottom roughness Zy, = 0.4 cm. As explained in Lapetina and
Sheng (2015), these values are typical values for storm surge
model simulations. Both two-dimensional and three-dimensional
models use a 30-second time step.

7. Prototype ACMS-TW Forecasting System
The basic ACMS as described above has been applied to si-

mulate historical typhoons in Taiwan, including Fanapi (2010)
and Soulik (2013), as shown in Sheng et al. (2016). In July-
September 2016, the ACMS-TW modeling system was used in
a forecasting mode to test the feasibility of using ACMS-TW
for longterm forecasting of storm surge and wave along the
Taiwan coast.

As shown in Fig. 8, the system consists of several modules:

(1) Data Acquisition Module: This module collects, analyzes
data and performs pre-processing. The module monitors the
CWB-MMC FTP site (where typhoon track information is
stored by CWB) by connecting with it every 5 minutes and
checking for new file contents. New files are downloaded
and compared to existing data (since track files can be du-
plicated). If new data is found, the files are converted to
internal format, saved in the archive and records are added
to the catalog database. A new simulation is then prepared
by creating appropriate input files for CH3D and SWAN
models.

(2) Job Management Module: This module monitors the da-
tabase for newly created simulations, polls existing simu-
lations and marks them up for post-processing when finished.
It utilizes HTCondor to submit/poll/cancel and re-submit
jobs. Optional support for prioritizing certain simulation
scenarios and/or computing resources is available.

(3) Simulation Module: Consists of CH3D and SWAN model
executables and their service utilities that are used to per-
form model runs.

(4) Post-Processing Module: This module post-processes the
data for finished runs. A variety of output options are avai-
lable such as ASCII output files (tab delimited, comma-
separated, etc.), NetCDF (with CF conventions), ESRI Shape-



Y. P. Sheng et al.: Storm Surge and Wave Forecasting for Taiwan Coast 123

Observed
Simulated

E 10}

= |

.20

5 L

<= L

2 |

= |

0 -b-r i " " " L " " " L
2015-08-06 2015-08-08 2015-08-10
Fig. 9. Observed vs predicted wave height at station 46699a (Hualien)

during typhoon Soudelor.

Observed
Simulated

E 10f

s |

.2

s L

<= L

2 s

= |

0- T L L
2015-08-06 2015-08-08 2015-08-10
Fig. 10. Observed vs predicted wave height at station 46708a (Guis-

)

handao) during typhoon Soudelor.

files, Google KML files, etc. Converted files are stored in
the archive and cataloged.

Publishing Module: Consists of software which handles data
publishing and dissemination. Many options are available
via a THREDDS server serving NetCDF files which can be
manipulated on the fly. ACMS-TW can publish results on
the web in the form of maps, time-series plots and down-
loadable products in a variety of user-friendly formats. Cur-
rent implementation of ACMS-TW uploads r.L and ss.L files
to the CWB-MMC FTP site along with 12-hour averaged
maximum tide, water level, and difference snapshot files.

Operation of the ACMS-TW forecasting system in 2016 con-

sists of the following steps:

1.

2.

CWB-MMC places forecast tracks and TWRF winds on their
FTP server.

ACMS-TW monitors the CWB-MM FTP server and down-
loads new data when available. New data triggers new simu-
lations.

. Each new dataset triggers a start of two new simulations

(scenarios):

(a) simulation forced only by astronomical tides

(b) simulation forced by astronomical tides + wind and at-
mospheric pressure

. ACMS runs a nowcast for to fill the gap between the previ-

ous dataset that was available and the current one, usually 6
hours, but it can vary. Both tide-only and full scenarios are
done.

Table 1. Water level RRMSE (Relative Root-Mean Square
Error) (%) based on nowcast ACMS-TW simula-

tions of Nepartak.

Station Name | Station ID Station Name Tide only | Hindcast
BRG] 1226 LONGDONG 5.1 10.1
b 1516 KEELUNG 7.7 10.6
b 1821 FULONG 45 10.2
SR 1236 TOUCHENG 5.0 10.4
R 1246 SUAO 4.0 12.0
L5 1256 HUALIEN 5.1 12.7
atd 1566 SHITI 3.5 112
B%)] 1276 CHENGKUNG 4.1 11.1
=B 1586 TAITUNG 6.8 11.8
Kk 1596 DAWU 8.2 12.2
Ed= 1676 LUDAO 113 13.5
a1 1206 SHIHMEN 438 103
RIK 1102 DANSHUEI 4.4 103
B[ 1116 TAOYUAN 3.9 10.8
W 112 HSINCHU 32 11.3
1%7E 113 HOULONG 5.0 11.0
Fi50 1456 FANGYUAN 4.1 10.5
arl 1156 TAISI 3.0 9.0
B 1786 ANPING 4.0 938
FAl 1386 JIAHE 4.0 8.6

i RS 1496 SUNGUANGZUEI 35 7.7
e 1 1196 NANWAN 3.8 7.8
CAL) 1356 PENGHU 33 5.8

5. ACMS forecast for 48 hours starting from the last timestep
of the nowcast. Both tide-only and full scenarios are done.

6. ACMS plots 12-hour maximum values (as contours) of maxi-
mum water level, maximum tide (tide-only simulation) and
difference between the two.

7. ACMS outputs r.L and ss.L files containing time-series of
tide and surge at 32 stations.

8. ACMS plots time-series plots of water levels of the two
scenarios: tide-only and full at 32 stations.

9. ACMS uploads the plots and output files from steps 5-8 to the:
(a) CWB-MMC FTP server and
(b) ACMS server

IV. MODEL RESULTS

1. Hindcasting of Soudelor (2015)

Soudelor produced very large waves along the northeastern
coast of Taiwan. Observed and simulated wave heights ex-
ceeded 11m at Hualien and Guishangdao coast, as shown in
Figs. 9 and 10, respectively. Observed water level at all stations
are shown to be well simulated by the ACMS-TW modeling
system (Fig. 11) with relative root mean square errors between
3-13%. Unfortunately there were missing data at key stations
to allow detailed verification of wave effects on storm surge.
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Fig. 11. Simulated vs. measured water level at various stations during typhoon Soudelor. Simulated results are based on CH3D model simulations

coupled with waves effects from the SWAN model.
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Fig. 12. Simulated vs. measured water level at station 1276 (53/7) during
Napartak.

2. Forecasting of Nepartak and Megi (2016)

Simulated and observed water level during Nepartak are shown
for Station 2176 and 1686 in Figs. 12 and 13, respectively. Si-
mulated and observed wave height at two stations are shown in

Measured (1586)
Simulated (1586)

Water level (m)

2015-08-06 2015-08-08 2015-08-10

Fig. 13. Simulated vs. measured water level at station 1586 (& 5) during
Nepartak.

Figs. 14 and 15.

Relative Root Mean Square Errors (RRMSEs), which is the
RMSE divided by the local maximum value, of simulated water
level are compared for all the stations in Table 1 and Table 2.
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Table 2. Water level RRMSE (Relative Root-Mean-Square-Error) (%) based on 6-hour, 12-hour and 24-hour ACMS-TW
forecasts of Nepartak.

Station Name Station ID Station Name 6-hour forecast 12-hour forecast 24-hour forecast
fiR(El 1226 LONGDONG 13.1 14.0 30.0
HfE 1516 KEELUNG 13.8 13.9 27.6
b 1821 FULONG 13.0 14.4 30.1
SRk 1236 TOUCHENG 15.1 17.8 28.6
i3t 1246 SUAO 14.8 16.7 23.8
iz 1256 HUALIEN 14.8 16.5 314
Gt 1566 SHITI 13.5 15.7 30.1
[p2%] 1276 CHENGKUNG 14.7 16.2 27.2
= 1586 TAITUNG 153 16.6 27.6
Kk 1596 DAWU 153 17.3 28.4
fokks 1676 LUDAO 16.4 18.2 295
a1 1206 SHIHMEN 13.9 15.0 26.6
RIK 1102 DANSHUEI 15.9 16.4 30.8
B 1116 TAOYUAN 13.9 17.4 31.0
BT 112 HSINCHU 13.9 14.3 27.8
%iE 113 HOULONG 16.6 15.6 28.8
5t 1456 FANGYUAN 13.7 14.7 26.0
= 1156 TAISI 9.8 16.5 27.6
T 1786 ANPING 14.6 114 22.0
A 1386 JIAHE 10.5 133 21.9

il 1496 SUNGUANGZUEI 13.0 13.7 23.1
e 1 1196 NANWAN 13.0 16.0 20.5
B 1356 PENGHU 17.4 18.1 25.1

i Observed 3 ez
Simulated
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Fig. 14. Simulated vs. measured wave height at station 46699a (fE3£) durin
& € ¢ ) & Fig. 16. Simulated vs. measured water level at station 1236 (BE3%) during

Nepartak. N
Megi.
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Fig. 15. Simulated vs. measured wave height at station 46708a ($&ILS ) Fig. 17. Simulated vs. measured water level at station 1246 (3%#) during
during Nepartak. Megi.
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Fig. 18. Simulated vs. measured water level at station 1156 (& 7§) during
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Fig. 19. Simulated and observed wave height at Station 46609 (fEi£) during
Megi.

As shown in Table 1, the relative RMS error of simulated results
are 3-8% for tidal simulation, 5.8-13.5% for water level hind-
casting, while Table 2 shows 9.8-17.4% RRMSE for 6-hour
forecast, 11.4-18.2% for 12-hour forecast, and 20.5-31.4% for
24-hour forecast. The sharp increase in RRMSE for 24-hour
forecast is due to the sharp increase in the forecast track error.

Forecasting of Megi produced similar error statistics. 2.8-11.3%
RRMSE for tide forecasting, 7.6-13.4% RRMSE for hindcasting/
nowecasting, 9.9-16.6% for 6-hour forecast, 13.8-18% for 12-hour
forecast, and 20.3-30.8% for 24-hour forecast. Simulated and
observed water level at three stations are shown below in Figs.
16-18. Simulated and observed wave height at Hualien reached
10 m (Fig. 19), while wave height at Suao was almost 20 m (Fig.
20).

V. FORECASTING EFFICIENCY
AND PERFORMANCE

The forecasting system is run using an Intel-based PC with
the Intel® Core™ i7-3770 CPU @ 3.40 Ghz (4 cores/$ threads)
with 32GB RAM. Wall time varies between 0.8 and 1.8 hours.

Despite several issues with connectivity which caused the in-
ability of system to acquire data and perform simulations, the
system uptime is estimated at 78% during the three months of
operations. A total of 578 CSV-formatted storm track files were
issued between July 1 and September 30, 2016. 485 of these were
unique, others were duplicate. 378 of these tracks were proc-
essed within 6 hours or less (within one cycle time of ACMS).
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Fig. 20. Simulated and observed wave height at Station 46706 (8%) during
Megi.

107 tracks were processed late due to several issues which led
to our inability to obtain tracks.

Connectivity issues will be resolved in future forecasting using
ACMS-TW.

VI. SUMMARY

ACMS-TW modeling system has been used for hindcasting
of historical storms in 2015 and forecasting in July-September
2016. Simulation and observation of Typhoon Soudelor (2015)
showed very high waves exceeding 11 m occurred along the
northeast Taiwan coast. Simulated water level and wave agree
quite well with observed data.

The accuracy of the ACMS-TW forecasting system is found
to be quite satisfactory based on comparison between simulated
and observed tide, water level, and wave. While the tide pre-
diction has about 5% error (RRMSE), the 6-hour and 12-hour
forecasts show 10-20% error. The forecast error increases to
more than 20% for 24-hour forecasts. This is due to the fact that
the typhoon track/intensity forecast accuracy declines quickly
beyond 24 hours. Effort is needed to improve the typhoon track/
intensity error. Alternatively, ensemble forecasting (e.g., Davis
et al., 2012) using past forecast errors in intensity and track
could improve the forecasting by showing the probabilistic fore-
casting results.

The ACMS-TW forecasting system could be expanded by
adding a web-based interface to allow real-time tracking of sys-
tem status following the system workflow. Additional output op-
tions with a THREDDS-based server could be added as well.
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