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Abstract: This study aims to establish a comprehensive workflow for developing emergency response
plans for both actual and scenario oil spill incidents in the Taiwan waters while addressing the
resource allocation for oil spill containment as well. This workflow comprises two vital components.
The first component involves the integration of numerical tools and observational data, which
includes the incorporation of wind data from sources such as the National Centers for Environmental
Prediction (NCEP) or meteorological stations. Additionally, it incorporates ocean current data
simulated by the semi-implicit cross-scale hydroscience integrated system model (SCHISM) into the
general NOAA operational modeling environment (GNOME) model, which is a new approach for this
purpose. In order to assess the efficacy of this component, two distinct case studies were conducted.
The first case study focused on an incident in a northern coastal area of Taiwan under open sea
conditions, whereas the second case study examined an incident within a major commercial harbor in
central Taiwan. The second component of this workflow involves creating oil risk maps by integrating
the results from the first component with specific geographical factors into Google Earth. These oil risk
maps serve multiple purposes. They offer real-time information to emergency response commanders
regarding oil spill hazard prediction, and they also enable the effective development of emergency
response strategies and disposal plans for potential oil spill incidents. This is achieved by generating
risk maps for various scenarios using the approach outlined in the first component. Additionally,
these maps assist in the assessment and planning of resource allocation for oil containment.

Keywords: oil spill; SCHISM; GNOME; GIS; risk map; emergency response

1. Introduction

Taiwan, located along significant shipping routes in East Asia, faces a high risk of oil
spill incidents. Adverse weather conditions often contribute to ship collisions, groundings,
or accidental spills during oil transportation operations, resulting in oil spill incidents in
open sea areas. In order to address such incidents, Taiwan enacted the Marine Pollution
Control Act in 1990 and has continuously enhanced its emergency response mechanisms
for oil spills over the past two decades, keeping pace with technological advancements.

In the context of oil spill response, the timely dispatch and allocation of pollution
control materials are crucial. However, the circumstances and extent of oil spill incidents
vary and are subject to constant change. Allocating limited emergency materials effectively,
in terms of location and quantity, requires the consideration of various factors such as local
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ocean currents, tides, wind speed and direction, environmental sensitivity levels, and risk
assessments for potential oil spill impacts with varying time delays.

Oil weathering refers to the behavior of oil on the sea surface, including spreading,
evaporation, dispersion, emulsification, dissolution, oxidation, sedimentation, sinking, and
biodegradation [1,2]. The weathering process of oil spills is highly complex, influenced
by variations in marine meteorological conditions. Numerically, simulating this process
typically requires significant computational resources. However, advances in computer
technology over the past two decades have facilitated the development of numerical models
capable of describing the weathering process of oil spills [3-7].

Among the various factors influencing the simulation of oil spill dispersion on the sea
surface, wind and currents play significant roles [8-10]. High-resolution numerical models
for ocean currents can capture the changing characteristics of nearshore currents influenced
by curved topography, improving the accuracy of oil spill dispersion predictions [11].
Remote sensing technology, such as X-band marine radar, is commonly used to detect
the extent of oil spill diffusion on the sea surface, providing valuable information for
establishing the initial area parameter in oil spill diffusion models [12,13]. By combining
computer numerical models with X-band marine radar data, the accuracy of oil spill
dispersion simulations can be enhanced [11].

Utilizing numerical models to simulate scenarios in open sea areas [14] and within
harbors [15] provides crucial reference data for emergency response planning and resource
allocation. Effective oil spill emergency response requires a comprehensive understanding
of the affected maritime area’s ecological environment, sensitive resources, and relevant
geographic information [16-19]. Integrating these factors and establishing them on a web-
based platform enables on-site emergency response commanders to rapidly access the
latest information on oil spill incidents. This allows them to formulate initial emergency
response strategies promptly. The generation of risk maps for oil spills in the maritime area
further assists in emergency response planning and resource allocation.

Fernandes et al. [20] conducted an evaluation encompassing 19 oil spill models, which
included both commercial and open-source variants. Among these models, the general
NOAA operational modeling environment (GNOME) model received the highest rating.
The GNOME model is an open-source tool developed by the Hazardous Materials Response
Division (HAZMAT) of the National Oceanic and Atmospheric Administration Office of
Response and Restoration (NOAA OR&R), as detailed by Duran et al. [21]. Notably, this
model accommodates diverse environmental conditions, such as wind fields and ocean
currents, which can be derived from observations or other numerical tools. In light of these
advantages, GNOME has been selected as the 0il spill model for this study. Ocean currents
play a pivotal role in propelling the dispersion of oil spills. Integrating GNOME with other
ocean models to acquire reliable ocean current data is a prevalent practice. Recently, the
semi-implicit cross-scale hydroscience integrated system model (SCHISM), developed by
the College of William & Mary [22-24], has gained widespread popularity as a numerical
tool for simulating ocean currents in various applications related to environmental fluid
mechanics. Nonetheless, the effectiveness of integrating GNOME and SCHISM has not yet
been assessed. This study endeavors to address this critical gap.

In addition to establishing oil spill simulation using GNOME and SCHISM, this study
aims to create a comprehensive workflow for developing emergency response plans for
both real and scenario oil spill incidents in the waters around Taiwan. This workflow also
includes addressing resource allocation for oil spill containment. It comprises two main
components. The first component focuses on oil spill simulation, utilizing observational
data, SCHISM, GNOME, and a numerical tool for wind simulation. The second component
is dedicated to generating oil risk maps. It involves integrating the outcomes from the first
component with specific geographical factors and visualizing them within Google Earth.

In order to evaluate the effectiveness of the two components, two distinct oil spill
incidents in the Taiwan waters were chosen as case studies. The first case study is centered
around the TS Taipei oil spill incident, which is a well-documented maritime accident with
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a known spill location and time. The second case study pertains to an oil spill incident
within Taichung Port, originating from an unknown source, where both the spill location
and time are uncertain. Following these case studies, oil risk maps for both scenarios were
generated, and the subsequent discussions revolve around their applications in planning
emergency response and resource allocation for oil containment.

2. Numerical Tools and Observational Data
2.1. Oil Spill Simulation

Oil spill models play a crucial role in assessing risks and impacts on natural resources
resulting from actual and potential spills. Simulation results are essential in guiding the
development of strategies for oil spill planning and response [25]. Typically, oil spill models
employ the random walk method to predict the transport of surface oil slicks [26,27].
Two-dimensional oil spill models utilize wind and current velocities, which can be either
constant or variable, to simulate the movement of surface oil slicks.

In this study, the general NOAA operational modeling environment (GNOME) model
was utilized for oil spill simulation. This 2D Eulerian-Lagrangian model has been widely
employed in marine, coastal, and riverine regions [28-30] to track the movement of oil
slicks [31,32]. When an oil spill incident occurs in the ocean, the US NOAA utilizes
GNOME to simulate the dispersion and drift trajectory of the oil spill on the sea surface [30].
The simulation results provide valuable guidance for the government in dealing with
oil spills and formulating emergency response strategies. GNOME is extensively used
worldwide [33] for oil spill incident simulations and has been recognized as the top-
performing oil spill model by the Joint Research Centre of the European Commission [20].

Wind kinematics are essential inputs for the oil spill model. In this study, the primary
source of wind kinematics data was obtained from observational data acquired at weather
stations situated in the vicinity of the regions of interest. In the case study of the TS Taipei
oil spill incident, we extended the oil spill simulation to incorporate the simulated wind
kinematics generated by the National Centers for Environmental Prediction (NCEP) model.
The comparison between the use of observed and simulated wind kinematics enables us to
assess the NCEP model’s suitability for local coastal applications.

Ocean hydrodynamics play a crucial role in the dispersion of oil spills, resulting from
the complex interaction of wind, currents, bathymetry, and coastal topography. For ocean
hydrodynamics, SCHISM (semi-implicit cross-scale hydroscience integrated system model)
was employed in the present study. Within SCHISM, the Navier-Stokes equations are
solved in a hydrostatic form using a semi-implicit finite-element/finite-volume method,
and momentum advection is solved using an Eulerian-Lagrangian method [34]. SCHISM
utilizes mixed triangular-quadrangular unstructured meshes for horizontal considerations
and a flexible co-ordinate system called localized sigma co-ordinates with shaved cell
(LSC?) to solve the pressure gradient and reduce the pressure gradient error (PGE) in
the vertical [35]. It is essential to highlight that vertical mesh smoothing is not required
when implementing the LSC? method in areas characterized by steep bathymetric slopes
or highly variable depths. This circumvents the numerical stability issue that many ocean
hydrodynamic models typically face in such areas.

Moreover, SCHISM accounts for air-sea exchange and can be coupled with the wind
wave model-III [36,37] to enhance the accuracy of predicted coastal hydrodynamics. The
utilization of unstructured triangular meshes in SCHISM enables the accurate represen-
tation of the complex coastal topography. This feature is particularly advantageous for
conducting oil spill simulations on the northeast coast of Taiwan, owing to bays and rugged
coastlines [11,38]. It facilitates precise simulations of the variable ocean currents appearing
in these areas.

Windage is a critical factor that affects the movement of surface oil spills. The GNOME
model recommends a default wind factor ranging from 1% to 4% [39,40]. In this study,
a wind factor of 3% was adopted based on analytical derivation and empirical observa-
tion [39]. The diffusion coefficient is another significant factor associated with the random
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spreading of spilled oil. A default diffusion coefficient of 100 m? /s was utilized, consider-
ing its extensive use in GNOME for simulating the movement of spilled oil [30,31,41]. For
large-scale simulations, such as those in coastal or open sea areas, the second version of
the climate forecast system re-analysis (CFSv2) models [42,43] can be employed to obtain
surface wind data for the GNOME model. For small-scale simulations, such as those in
harbors, it is recommended to utilize wind data collected from nearby buoys and coastal
stations. This data typically provides sufficient spatial resolution for accurate modeling
and analysis.

It is essential to mention that SCHISM and GNOME have been extensively docu-
mented in the literature across various applications. In order to avoid redundancy, readers
are encouraged to refer to the previously mentioned references for more comprehensive
information and related mathematical expressions.

2.2. X-Band Marine Radar

Remote sensing technology plays a crucial role in monitoring and observing oil spills
in both open waters and coastal areas [2,13]. It provides real-time information and accurate
spatial mapping of spilled oil, as well as continuous 24 h monitoring of sea surface currents,
waves, and the location and movement of oil slicks. Various remote sensing technologies,
such as aircraft, satellites, and radar, can be utilized to detect oil slicks of different sizes.
For spills in open waters, aircraft or satellites are commonly used to assess the distribution
of oil slicks [44]. For coastal spills, the utilization of X-band marine radar, characterized
by superior spatial and temporal resolution, is the preferred option. X-band marine radar
offers real-time, convenient, fast, and cost-effective oil slick detection compared to other
methods, such as synthetic aperture radar [45,46].

In this study, X-band marine radar was primarily employed to evaluate the initial
extent of the oil slick on the sea surface, offering essential initial conditions for the oil
spill simulation. Among the two oil spill incidents investigated in this study, only the TS
Taipei oil spill incident incorporated the use of X-band marine radar. For the other incident
that occurred within the harbor, X-band marine radar was not available. This issue was
addressed by extrapolating the initial oil slick extent according to the information from
media reports.

2.3. GIS

GIS (geographic information system) has gained widespread recognition as an ex-
cellent management tool for response and planning, damage assessment, and resource
allocation evaluation in oil spill incidents [47-49]. It provides users with a universal and
user-friendly interface for analyzing the impacts of oil spills. One key advantage is the
integration of oil spill modeling and GIS, which facilitates the creation of dynamic and
interactive platforms, enabling decision-makers to visualize and explore oil spill scenarios
in a spatial context [50]. This integration leads to quicker decisions and more accurate
estimation of the magnitude and trajectory of oil spills. Furthermore, it can establish oil spill
risk maps for marine environments, offering valuable reference information for emergency
response plans, the design of rescue equipment, and accident mitigation. These maps also
serve as useful references for risk assessment and management [51,52], which the present
study aims to generate for both case studies.

In this study, Google Earth was selected as the GIS tool in order to eliminate the need
for specialized GIS software (QGIS Desktop 3.16.16 & Python 1.2), as it is accessible across
various computer operating systems and mobile devices. In order to create the oil spill risk
maps, the simulated results and relevant information, such as environmentally sensitive
areas, are initially converted into the KML file format. Subsequently, these data in the KML
format can be directly imported into Google Earth, enabling a visual representation and
analysis of the potential impact of oil spills.
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3. TS Taipei Oil Spill Incident on the North Coast of Taiwan
3.1. Overview of the TS Taipei Oil Spill Incident

The waters surrounding Taiwan hold significant international importance, serving as a
crucial shipping route for a substantial number of oil tankers and cargo vessels. During the
winter season, the northeast area of Taiwan is significantly affected by prevailing northeast
monsoon winds, which occasionally lead to ship grounding incidents [53]. These incidents
can lead to hull breakage and subsequent oil spills. One notable incident occurred on
10 March 2016, when the cargo vessel TS Taipei lost power and ran aground near the
shore in Shimen, New Taipei City, approximately 300 m off the coast. This coastal area
boasts rich fishery resources and sustains diverse ecosystems. Consequently, any oil spill
incident in this vicinity would exert a significant influence on the local marine environment.
Therefore, the TS Taipei oil spill incident was chosen as a distinctive case study in our
current simulation, focusing on the oil spill scenario in a coastal region under open sea
conditions. Moreover, besides comparing the observed extent along the coastline, we
undertook an assessment of the potential risks and consequences of oil spills in the region.

The local computational domain spans a horizontal area of 71 km by 32 m, as shown in
Figure 1, and unstructured triangular meshes were utilized. Note that there are 118,132 hor-
izontal grid points in this setup. Figure 2 demonstrates the nearshore flow fields dominated
by tidal currents near the site of the TS Taipei incident, simulated using SCHISM, during
flood tide and ebb tide, respectively. The flow patterns reveal the intricate circulations
arising from the interaction between the prevailing currents and the jagged coastlines. This
outcome not only suggests the suitability of the current mesh deployment and SCHISM’s
capability to resolve the intricate nearshore current patterns resulting from complex coastal
topography but also signifies the potential complexity of oil spill dispersion in the sur-
rounding coastal regions.
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Figure 1. Horizontal computational domain filled with unstructured triangular meshes for the
simulation of the case study of the TS Taipei oil spill incident. Locations of the incident site, buoy,
tidal station, and the nearby district of Shimen are displayed as well.

It is worth noting that these circulations can potentially trap oil spills within bays,
which can be advantageous for oil containment and cleanup. However, it is important
to recognize that this phenomenon may have a more pronounced impact on the coastal
ecological environment. On the contrary, if oil slicks drift offshore, they can disperse to
nearby coastlines through tidal currents, leading to a wider-reaching impact on the marine
environment.
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Figure 2. Current flow fields simulated by SCHISM during flood tide (a) and ebb tide (b) in north-
eastern Taiwan during March 2016.

Following the TS Taipei incident on 26 March 2016, a research team from the Coastal
Ocean Monitoring Center at National Cheng Kung University deployed an X-band marine
radar to observe the extent of the oil spill on the sea surface. For a comprehensive under-
standing of the application of X-band marine radar in oil spill detection and its specific
application in observing the TS Taipei oil spill incident, please consult the work by the
authors of [11]. The detected extent of the oil spill, represented by the black shaded area in
Figure 3, covers an area of approximately 1 km?. This observation provides valuable input
for the initial oil spill extent in the oil dispersion simulation.

3.2. Validation

Both SCHISM and NCEP were utilized to generate environmental inputs for GNOME
in this case study. Validation for both models was conducted by comparing their simulated
results with observational data from the Fuguei Cape buoy (for wind speed and direction)
and the Lingshanbi tidal station (for sea water level), for which their locations are marked
in Figure 1.
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Figure 3. Surface oil slick was detected by X-band marine radar (area in black) at 11:00 a.m. on 26
March 2016. The black color in the picture represents the extent of the oil spill’s spread range.

Figure 4 presents the validation result for NCEP. In Figure 4, the time series reveals that
during the period from 21-28 March 2016, the prevailing wind direction was predominantly
from the northeast, accompanied by high wind speeds. Starting from 29-31 March, the
dominant wind direction began to change. The comparison of both datasets shows a
disparity in magnitude, which can be attributed to the limited spatial resolution of the
computational grids used by NCEP for such local coastal regions. Note that NCEP is a
global weather model with a spatial resolution of 0.205 degrees (approximately 22.76 km).
Nonetheless, it is crucial to acknowledge that the consistent trends and differences of less
than one order of magnitude suggest that the wind fields predicted by NCEP in this region
during the period of interest can be considered reliable for confidently predicting the extent
and drift direction of oil spills.

| ——— Observation NCEP|

Wind speed (km/h)

Wind direction (deg)

+#+
+
T T T 1 | —

25 Mar 2016 27 Mar 2016 29 Mar 2016 31 Mar 2016
date

0+=T—
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Figure 4. Comparison between the prediction by NCEP and the observation collected by the Fugui
Cape buoy for wind speed and wind direction.
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Figures 5 and 6 present the validation results for SCHISM. Figure 5 displays the
validation of sea water level for the period from 21 March-30 April 2016, showing a strong
agreement between the simulated and observed data. Figure 6 presents the validation of
current velocity and direction from 1-11 April 2019 and demonstrates the reliability of
SCHISM in representing variations in currents off the northeast coast of Taiwan. The reason
we did not conduct validation for the same period in 2016 is due to the unavailability
of observational data from the Fuguei Cape buoy during that time. However, given the
similarities in seasonal ocean currents, the validation results presented in Figure 6 provide
a reasonable basis for demonstrating the effectiveness of SCHISM in predicting current
velocity and direction for the TS Taipei oil spill incident.
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Figure 5. Comparison of sea water level between the simulated result obtained from SCHISM and
the measurement recorded at the Linshanbi tidal station during the period of 21 March to 30 April
2016.
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Figure 6. Comparison between the prediction by SCHISM and the measurements collected at the
Fuguei Cape buoy for current velocity and current direction during the period of 1-11 April 2019.

3.3. Oil Spill Simulation Result

Table 1 provides the main parameters employed in the GNOME simulation for the
TS Taipei oil spill incident. The oil spills in this incident consisted of fuel oils commonly
used for ships and vessels. The initial condition for the oil spill area and location were
obtained from the X-band marine radar detection of the oil slick on the sea surface, with
an estimated area of approximately 1 km? (as depicted in Figure 3). The color of the oil
slick on the sea surface was described as brown to black, indicating an oil film thickness
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greater than 0.1 mm according to ITOPF-TIP1 [54,55]. The estimated quantity of oil released
was approximately 60 metric tons. The start time for the oil spill on the sea surface was
determined based on the moment of oil slick detection by the X-band marine radar, resulting
in an instantaneous oil spill duration of 0 hr. In the present simulation, we have defined
two cases using different sources of wind data: Case I relies on predictions from NCEP,
while Case II utilizes observational data collected from the Fuguei Cape buoy.

Table 1. Parameters for the simulation of the TS Taipei oil spill incident.

Parameters Description
Oil type Fuel oil
Spill area About 1 km?
Amount released 60 KL
Release start At 11 am on 26 March 2016
Age at release 0h
Splots 1000
Diffusion coefficient 10 m2/s
Current SCHISM
Wind NCEP and Buoy (Case I and Case II)

Simulation duration

1 day, 3 days, and 34 days

Figures 7 and 8 present the simulation results at four moments for Case I and Case II,
respectively. Note that each Splot in the figures corresponds to an individual oil particle
point [40]. The oil distribution is visualized with red triangles representing oil slicks
adhered to the coast and green dots representing oil floating on the sea surface. Additionally,
the movement of oil on the sea surface was influenced by the combined forces of 100%
surface current velocity and 3% wind speed [39]. The GNOME model suggests using
windage values of 1% to 4% [30,56], and in this study, windage was set at 1% to 4% in the
GNOME model.

121.55 121.56 121.57 121.58 121.59 121.60

(b)
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@™
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Figure 7. (a) Initial oil slicks detected by X-band marine radar and the simulated oil spills after
(b) 1 day, (c) 3 days, and (d) 34 days for Case I. Note that the purple symbol denotes the site TS Taipei
ran aground, and the green and red symbols indicate oil slick drifting on the sea surface and oil slick
adhering to the coast, respectively.
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Figure 8. (a) Initial oil slicks detected by X-band marine radar and the simulated oil spills after (b), 1;
day, , (c) 3 days, and (d) 34 days for Case II. Note that the purple symbol denotes the site TS Taipei
ran aground, and the green and red symbols indicate oil slick drifting on the sea surface and oil slick
adhering to the coast, respectively.

In Case I, following the oil spill incident for 1 day, as depicted in Figure 7b, the
majority of the oil had spread across the Shimen district, with a portion of it adhering to the
coastline, affecting a coastline stretch of approximately 4.3 km. Figure 7c vividly illustrates
that after 3 days from the onset of the incident, the oil had dispersed and drifted over a
significantly broader area around the Shimen district. This dispersion was primarily driven
by the combined effects of winds and tidal currents. A substantial amount of oil slicks had
adhered to the coastline, impacting an extensive coastline length of approximately 15 km.
In Figure 7d, the simulated oil spill dispersion is presented 34 days after the incident. The
result indicates that the oil spill had a significant impact on the entire northeast coast of
Taiwan. Remarkably, some oil had even drifted into the western waters of Taiwan. The
length of the coastline affected by the oil spill had escalated considerably, extending to
approximately 98 km.

In Case 11, 1 day after the oil spill incident, as shown in Figure 8b, the oil primarily
dispersed in the region between Shimen and Keelung, with some adhering to the coastline,
affecting approximately 38 km of shoreline. After 3 days, as demonstrated in Figure 8c,
the oil continued to spread primarily between Shimen and Keelung, and it appeared
that southwest winds were predominantly influencing the oil movement. The impacted
coastline remained at approximately 38 km. By the 34th day after the incident, as displayed
in Figure 8d, there was a noticeable reduction in oil on the northeastern sea surface but an
increase in oil slicks adhered to the coastline. The affected coastline extended from Tamsui
in the west to Sandiaojiao in the east, covering approximately 85 km.

In order to assess Case I and Case II, we referred to a survey conducted by the
Environmental Protection Agency in Taiwan, henceforth referred to as Taiwan EPA. Figure 9
displays the surveyed coastlines impacted by the TS Taipei oil spill incident 34 days later.
Upon comparison with the survey result, Case I demonstrates better performance. This
suggests that the use of simulated wind data with higher spatial resolution is more suitable
for this oil spill scenario. Furthermore, it is important to highlight that, in the aftermath of
the TS Taipei oil spill incident, the Taiwan EPA promptly initiated an emergency response,
mobilizing a range of oil cleanup equipment and personnel to reduce the impact on the
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coastline [52]. Consequently, the actual length of the affected coastline was mitigated due
to these cleanup efforts.

Fugui Cape Buoy T.S. Taipei

“ \ W . ) 4
% X-band radar J8
Shimen X

Linshanbi
i Tide Station

Figure 9. The oil spill extent along the northeast coast of Taiwan, as surveyed by the Taiwan EPA on
29 April 2016, during the TS Taipei oil spill incident. The blue rectangle in the top-left of the Taiwan
map denotes the area visible on Google Earth.

In this case study, a further step was taken to simulate the weathering process of the
TS Taipei oil spill incident over a 34-day period for Case I only, and the result is presented
in Figure 10. Note that the weathering process includes the rate of change in floating oil
on the sea surface, the rate of change in oil reaching the coast, and the rate of change in
evaporated oil. In Figure 10, the abrupt change at the initial stage was primarily caused
by the northeast wind, leading to the drift of oil toward the coastline. Shortly after 2 h of
simulation, at 1 p.m. on 26 March, the amount of oil on the sea surface decreased from
100% to 16.7%, whereas the quantity of oil reaching the coast rapidly increased from 0
to 80.8%. However, after 3 p.m. on 29 March, due to a shift in wind direction, some oil
near the coast was carried offshore by the wind. Consequently, the quantity of oil on the
sea surface gradually increased, whereas the quantity of oil on the coastline exhibited a
decreasing trend.

100 4 -
—e— In water

207 —— On land 3

80 —a— Evaporation L

The rate of oil weathering (%)
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Figure 10. Simulated time series of weathering process over a period of 34 days for Case I.

4. Unknown Oil Spill Incident in Taichung Port
4.1. Overview of the Taichung Port Oil Incident

Taichung Port, situated in the central western area of Taiwan, functions as both an
international commercial port and a hub for the offshore wind industry, encompassing
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construction, operation, and maintenance activities. Given the more frequent shipping
activities in recent years, the potential risk of oil spills in the port has become a rising
concern. Of particular significance is the northern area of Taichung Port, which adjoins the
Gaomei Wetland Nature Preserve. Any oil spill incident in the port has the potential to
adversely impact the ecological integrity of the wetland. On 19 October 2018, as depicted
in Figure 11, an unknown oil spill incident occurred in Taichung Port. In order to precisely
numerically model the oil dispersion within the harbor, enhancements were implemented
to increase the spatial resolution of SCHISM. This improvement allows for capturing
variations in flow velocity within the intricate topography of the area. Regarding wind
data, the spatial resolution of the NECP-CFESv2 wind field is 0.205 degrees (approximately
22 km), which does not adequately represent the wind variations within the port. As a
result, wind data collected from the observation station situated within the port were used
as the input.

Latitude (deg)

22’210 —
119.0 120.0 121.0 122.0 123.0

120.46 120.48 120.50 .52 120.54 120.56 Longitude (deg)

Figure 11. The location of the unknown oil spill incident within Taichung Port, along with the tidal
station (HMTC Tide) and the meteorological station (HMTC Wind) deployed by TPRC.

The local computational domain covers a horizontal area of 110 km by 60 km, as
shown in Figure 12, and unstructured triangular meshes were employed. Note that this
setup comprises 20,000 horizontal grid points, and the smallest mesh size within the harbor
is 20 m. When compared to Figure 1, it is evident that the bathymetry variation around
Taichung Port is relatively gentle, with the slopes perpendicular to the coastline changing
gradually.

Figure 13 illustrates the nearshore flow patterns that resulted from the tidal currents
around Taichung Port. These simulations were conducted using SCHISM, capturing the
conditions during flood tide and ebb tide. The presence of distinct circulations near the
harbor entrance, resulting from the interaction between topography and ocean currents,
is quite evident. During ebb tide, the current direction within the harbor displayed a
northeast-to-southwest pattern, whereas the offshore flow exhibited a parallel alignment
with the coastline. Similar flow patterns were observed during flood tide but in opposite
directions.
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Figure 12. Horizontal computational domain filled with unstructured triangular meshes for the
simulation of the Taichung Port incident.
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Figure 13. Current flow fields simulated by SCHISM during (a) flood tide and (b) ebb tide around
Taichung Port during October 2018.

4.2. Validation

In this case study, SCHISM was exclusively used to generate environmental inputs for
GNOME. For the purpose of validation, a comparison of sea water level was made between
the simulated result and the observational data obtained from a tidal station named HMTC
Tide (as shown in Figure 11). Note that this tidal station is managed by the Taichung Port
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Research Center (TPRC). Figure 14 presents the validation result for a specific period in
October 2018, coinciding with the duration of the unknown incident. The alignment in
both magnitude and phase serves as a clear indication that SCHISM can effectively model
ocean hydrodynamics in this region.

Elevation (m)

-4
18 Oct 2018

T T
19 Oct 2018 20 Oct 2018 21 Oct 2018

Date

Figure 14. Comparison of sea surface elevation between the simulated result obtained from SCHISM
and the measurement recorded at the HMTC Tide station.

4.3. Oil Spill Simulation Result

Table 2 provides the major parameters employed in the GNOME simulation for the
unknown oil spill incident in Taichung Port. For the initial location of the oil spill, a spot
between piers North 2 and North 3, as displayed in Figure 11, was chosen according to
the media reports. The oil spill incident initially occurred at approximately 8:30 a.m. on
19 October 2018. Due to the absence of specific details for this incident, a scenario was
formulated by referencing this with the TS Taipei oil spill incident described earlier. The
scenario simulation assumed a total volume of 30 barrels of fuel oil being spilled, with the

oil being continuously released over a period of 1 h. The simulation covered a time span of
12 h.

Table 2. Parameters for the simulation of the Taichung Port oil spill incident.

Parameters Description

Oil type Fuel oil
Latitude: 24°17/12.6" N

Spill location Longitude: 120°31'33.2" E

Amount released 30 KL
Release start At 8:30 am on 19 October 2018
Age at release 1h
Splots 500
Diffusion coefficient 10 m2/s
Current SCHISM
Wind Meteorological station
Simulation duration 12h

In the GNOME simulation, the input wind data were obtained from observational
data collected at the meteorological station managed by TPRC as well, denoted as HMTC
Wind in Figure 11. Figure 15 provides a rose chart and time series of the wind data for
October 2018, encompassing the timeframe of the oil spill incident. The wind data reveals
that, in October, wind speeds were predominantly greater than 10 m/s, with the primary
wind direction originating from the north-northeast. Note that hourly wind data were
employed in the simulation.
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Figure 15. Observation of wind speed and wind direction recorded at the HMTC wind station in
October 2018. (a) Rose chart and (b) time series.

Figure 16 presents the results of the scenario simulation carried out 5 h and 12 h
following the oil spill incident. In this figure, the red triangles symbolize oil slicks adhered
to the seawalls in Taichung Port, while the green dots represent oil slicks drifting within
the harbor.

120.48 120.50 120.52 120.54 120.56 120.44 120.46 120.48 120.50 120.52 120.56

3 TC unknown oil spill
o In water (12h)
A On land (12h)

24.28

120.48 120.50 . 120.56 120.42 120.46 120.48

Figure 16. Simulated oil spills within Taichung Port after (a) 5 h and (b) 12 h.

During the entire simulation period, the dominant wind direction remained north-
northeast, with wind speeds consistently exceeding 10 m/s. This prevailing wind pattern
was identified as the primary factor driving the oil slicks in a southwest direction, eventually
causing them to adhere to the western pier of Taichung Port. The influence of tidal currents
on the oil dispersion within the harbor was insignificant. The oil spills were effectively
contained within Taichung Port, preventing any impact on the coastal environment in the
vicinity of Taichung Port.

According to [2], in the case of oil spills in open waters, if the wind speed exceeds 5.6
m/s, wind becomes the primary factor influencing the direction of oil spill drift. Based on
the present simulation result, this conclusion seems applicable to the oil spills within the
harbor area. Moreover, it is noteworthy that the simulation result after 12 h agrees with
media reports, further reinforcing the conclusion that wind is the primary factor influencing
the Taichung Port oil spill incident, as well as similar incidents of this nature.

It is important to highlight that the Taichung Port Authority and Taichung Environ-
mental Protection Bureau swiftly executed emergency response measures in response to
the oil spill incident. By the evening of 19 October, these efforts had effectively controlled
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the oil contamination, preventing it from spreading beyond Taichung Port and thereby

minimizing the potential impact on the Gaomei wetland.

5. Information Establishment for Emergency Response

5.1. Oil Spill Risk Map

Oil spill risk maps are generally created through GIS by integrating various geograph-
ical factors, such as simulated oil dispersion, environmental features, ecologically sensitive
areas, and important facilities. In the present study, oil spill risk maps for both case studies
were created by incorporating specific geographical data within Google Earth. These data
encompass geographical information of importance, including oil spill simulation results,
environmental features, and ecologically sensitive areas, all of which are detailed in Ta-
ble 3. The oil spill risk maps for the TS Taipei incident and the Taichung Port incident are

displayed in Figures 17 and 18, respectively.

Table 3. Classification and icon representations of GIS objects in oil spill risk maps.

Class GIS Object Icon
Oil spill location *
Oil spill simulation result Oil in water .
Oil on land A
Environmental feature River
Fishing port .

Exclusive fishing right

Ecologically sensitive area
Artificial reef

National scenic area

Wetland

@ | [l N

121.40 121.45

25.45
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25.35
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25.25

2520

25.15

25.10

25.0
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121.50 121.55 121.60 121.65 121.70 121.75 121.80 121.85 121.90 121.95 122.00 122.05
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Figure 17. Risk map for the TS Taipei oil spill incident after 34 days.



J. Mar. Sci. Eng. 2023, 11, 2094

17 of 22

3 TC unknown oil spill
o In water (12h)
A On land (12h)

O Gaomei Wetland
Dadu Estuary Wetland

= Artificial reef
Exclusive Fishing Right
= River

Figure 18. Risk map for the unknown oil spill incident in Taichung Port after 12 h.

In Figure 17, an oil spill risk map is presented, showing the situation 34 days after
the TS Taipei incident, specifically for Case I. The map reveals that the entire northeast
coast was impacted by oil slicks. Notably, the risk map indicates that the in-water oil
slicks continued to expand and drift offshore, whereas the on-land oil slicks affected rivers,
fishing ports, a national scenic area, an artificial fishing reef area, and an area subject to
exclusive fishing rights.

Figure 18 displays another oil spill risk map for the unknown oil spill incident in
Taichung Port, depicting the situation 12 h after the oil spill. The illustration highlights that
the oil spill, under the influence of north-northeast monsoon winds, remained confined
within the harbor. The oil slicks affected the rivers within the harbor while having no
impact on the neighboring Gaomei Wetland.

The assessment of oil spill risk levels necessitates the analysis of various factors,
such as manpower, aircraft, ships, transportation resources, weather conditions, and more.
Furthermore, assessment methods differ across regions. Therefore, the development of
oil spill risk level assessment indicators is a topic for future research and analysis. In
subsequent studies, additional simulations can be conducted to model oil spill dispersion
during different seasons, taking into account the influence of representative seasonal winds.
The Environmental Sensitivity Index (ESI) provided by NOAA may also be utilized to
generate risk maps and risk level indicators for each season. This approach would aid
in assessing the vulnerability of various environmental areas to oil spills and prioritizing
the allocation of limited response resources and efforts. By establishing a comprehensive
emergency response plan based on these factors, the impact of oil spills on the marine
environment and ecosystems can be swiftly controlled in the event of an incident.

5.2. Oil Spill Emergency Response

As previously discussed, oil spill incidents in coastal areas and harbors can have
detrimental effects on the local marine environment, especially in ecologically sensitive
areas. In order to effectively respond to such incidents, it is essential to establish a well-
structured emergency response workflow that provides critical information to on-site
response commanders, facilitating informed decision-making.

In this research, we propose a comprehensive workflow, as illustrated in Figure 19,
which incorporates various tools and data adopted in our case studies. This workflow inte-
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grates numerical models, remote sensing technology, ocean-meteorological observational
data, GIS, and geospatial information related to the marine environment and ecological
sensitivity. Accessible through Google Earth on various devices and operating systems,
this integrated workflow generates oil risk maps and provides crucial information, such
as the oil spill extent and its impact on the marine environment, enabling more efficient
development and execution of emergency response plans.

Real/scenario oil spill incident

v
Identify inputs for oil spill simulation

e Spilled oil type * Release rate or volume
e Initial release time * Simulation duration

Wind Current

* NCEP * SCHISM
*  Observation

v v v

Simulation: Oil spill fate & Oil slick trajectory

Adjust to *  GNOME
changes or
specific
requirements Oil slick monitoring

e X-band marine radar

v v
Oil spill risk maps

* Google Earth

e Oil spill fate map

* Oil slick trajectory map

* Map for assessing environmentally sensitive area

v
Emergency response

* Response planning
* Resource allocation for oil containment
*  Proactive measures based on scenario simulations

v

End of oil spill incident

Figure 19. Proposed workflow for emergency response and oil containment resource allocation in
cases of oil spill incidents occurring in coastal areas or within a harbor.

In addition to emergency response for actual oil spill incidents, it is also possible
to proactively develop emergency plans for potential oil spill incidents by employing
the proposed workflow for a variety of scenario simulations. It is worth noting that in
Taiwan, this practice is regularly carried out by governmental agencies focused on marine
environmental protection, such as the Ocean Conservation Administration, as well as by
companies like CPC Taiwan and Formosa Plastics. These proactive emergency plans serve
a dual purpose, enabling not only the swift facilitation of emergency responses but also
the effective allocation of oil spill containment resources, including booms, skimmers, and
dispersants.
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5.3. Resource Allocation for Oil Spill Containment

In order to illustrate the allocation of resources for oil spill containment through the
workflow, we considered the case of an unknown oil spill incident in Taichung Port. Fig-
ure 20 displays the risk map created 12 h after the incident. This map not only indicates the
extent of oil slicks in the water and on land but also identifies four suggested deployment
locations for o0il containment booms: the northern entry of Taichung Port (Location A),
the entrances of fishing ports (Locations B, C, and D), and the entrance to the tourist area
(Location E). These locations have been strategically selected for their potential effective-
ness in containing the oil spill. The deployment of oil containment booms is of paramount
importance in responding to an oil spill incident. Utilizing the information used to create
Figure 20, the boom length for each location can be readily determined.

120.44 120.46 120.48 120.50 120.52 120.54

TC unknown oil spill
o In water (12h)
A On land (12h)
= Oil boom

120.44 120.46 120.48 120.50

Figure 20. Material allocation plan for containing the unknown oil spill incident in Taichung Port
after 12 h (at 8:30 p.m. on 19 October 2018). The following locations are identified: A represents the
northern entrance of Taichung Harbor; B, C, and D represent the entrances to the fishing port; and E
represents the entrance to the tourist area.

For Location A, it is suggested to deploy an oil containment boom of 480 m in length,
crucial for preventing the oil from spreading beyond the harbor and potentially affecting
the sandy beach on the north side of Taichung Port, as illustrated in Figure 20. Locations B,
C, and D require oil containment booms with suggested lengths of 200 m, 50 m, and 120 m,
respectively. These boom lengths align with the widths of the entrances to the fishing ports.
Finally, at Location E, which marks the narrowest part of the entrance to the tourist area, an
oil containment boom of 90 m in length is advised to be deployed.

It is important to emphasize that this practice underscores the role of accurate sim-
ulation results, which are important in generating reliable oil risk maps that inform the
planning and allocation of emergency response resources. Effective emergency response
plans and resource allocation are essential for efficiently managing the spread of oil spills
and for minimizing their impact on the marine environment and ecosystems.

6. Conclusions

A comprehensive workflow has been established for improving information manage-
ment in the context of oil spill emergency response and resource allocation in the waters
of Taiwan. This workflow consists of two primary components. The first component
focuses on oil spill simulation, which is accomplished by utilizing observational data and
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various numerical tools. In this study, the numerical tools employed include SCHSIM
for simulating ocean hydrodynamics, NCEP for wind simulation, and GNOME for oil
dispersion simulation. It is noteworthy that the combination of SCHSIM and GNOME is
demonstrated here for the first time. In order to demonstrate the effectiveness of the first
component, two scenarios were considered: the TS Taipei oil spill incident under open
sea conditions and an unknown oil spill incident in Taichung Port within a harbor area.
The assessment reveals that the first component effectively works for both specific oil spill
scenarios.

The second component of this workflow is dedicated to generating oil risk maps by
merging the outcomes of the first component with specific geographical factors, including
oil spill simulation results, environmental features, and ecologically sensitive areas, into
Google Earth. By leveraging robust simulation tools, these oil spill risk maps for various
time periods during the response phase of an oil spill event can be swiftly produced. These
maps not only offer a visual representation of the risk information in affected marine
areas but also aid on-site response commanders in promptly devising oil spill emergency
response plans.

The workflow developed in this study can have broader applications, including
the evaluation of potential oil incident scenarios and the creation of proactive emergency
response plans. Furthermore, it facilitates the allocation of resources for containing oil slicks.
It is important to note that while this workflow was primarily designed for addressing
oil incidents in the waters of Taiwan, its adaptability and use can be extended to other
locations with the open-source numerical tools employed in this study.
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