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Abstract

Tides are the dominant physical process in the coastal environment. During high tide, water from the ocean flows through
the bays and estuaries, causing inundation and raising water elevation. When low tides condition, the water level becomes
lower than average and recedes into the sea. This process continues for a long day. Tsunami waves will interact with all
coastal processes and affect the hydrodynamic forces of tsunami waves. In the deep sea, tides do not significantly
influence wave propagation. However, in the shallow water zone, tides can change tsunami heights and affect the extent
of inundation. Tides are usually ignored in tsunami hazard analysis. This would be an underestimate of the tsunami hazard
calculation. This study aims to investigate tides' influence on tsunami runup hydrodynamics in Banda Aceh. The potential
tsunami from an earthquake in the Aceh-Andaman subduction zone is modeled using COMCOT (Cornell Multi Grid
Coupled Tsunami Model) with magnitudes Mw 9.2, 8.6, and 8.2. We simulated the response of the three earthquake
magnitudes on two different types of high and low tides. Several virtual gauges were placed to observe the tsunami height.
Virtual gauges were also used to observe the tsunami arrival time at four tsunami escape buildings in Banda Aceh: the
Ulee Lheue escape building, the Deah Glumpang escape building, the Alue Deah Teungoh escape building, and the
Lambung escape building. The results show that the highest tide amplifies the tsunami inundation will be extended to
about 30% farther inland compared to the condition if the tsunami occur during mean sea level condition. The interactions
between tsunami and high tide significantly shorten tsunami arrival time on small magnitude tsunamis and are not
significant in a large tsunami. This information is useful for enhancing early warning systems and evacuation procedures
that can be adjusted to the tidal conditions in the study area.

Keywords: tsunami-tide interaction; escape building; tsunami maximum; tsunami arrival time; numerical simulation.

Introduction

Tsunami waves interact with all physical ocean processes such as tides, currents, wind- and storm-driven waves,
water movement in estuaries, and other coastal hydrodynamic processes. Tides are the most dominant physical
process in coastal environments. Tsunami waves and tidal waves are both long waves (Dean & Dalrymple, 1991).
However, they are different and occur due to unrelated natural phenomena. In the deep sea, tsunamis do not
influence by tides due to the relatively small wave height and deep sea depth. However, the interaction of
tsunamis with tides in the shallow sea significantly affects the height of the tsunami (Gao & Niu, 2022).
Theoretically, changes in sea depth will affect the speed and magnitude of tsunami waves in shallow areas
(Kowalik & Proshutinsky, 2010). Previously, tides tended to ignore in tsunami mitigation calculations. Ignoring tide
can reduce the accuracy of estimates for tsunami disaster mitigation planning. Recently, many studies have shown

the influence of tides on tsunamis. Studies on the coupling of tsunami waves and tides have been conducted in
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several cases and gained new insights. They also strongly recommend including tides' effects in the tsunami

analysis study.

Mofjeld et al. (Mofjeld et al., 2007) proved that tides affect tsunami heights in the Pacific Sea. Other studies
investigated the impact of tsunamis and tides in river estuaries (Zhang et al., 2011); (Shelby et al., 2016) and Canal
(Winckler et al., 2017), which caused the final wave run-up and inundation to be larger. The research results by
Ayca et al. (Ayca et al., 2017) showed that tsunami and tidal interaction can cause maximum current inside Port
and Harbor. Some studies focus on tsunami-induced wave propagation with tides (Lehfeldt et al., 2007);(Lee et
al., 2015). Coupled modeling of the tsunami and astronomical tide was also conducted in the East China Sea,
finding the wave propagation speed to be faster and the propagation time to be shorter (L. Wang & Ying, 2018).
The results of Gao et al.'s study (Gao & Niu, 2022) in the nearshore area explained that high tides cause the
tsunami height to increase. From these studies, it is known that the role of tides in influencing the hydrodynamics

of tsunami waves is significant and, therefore, important to consider in assessing the threat of future tsunamis.

The hydrodynamic characteristics of tsunami waves, in this case, the height and speed of the waves,
will affect the arrival time of the tsunami. By knowing the tsunami arrival time, early warning planning
for evacuation can be carried out. After the 2004 tsunami, Banda Aceh built 4 Escape Buildings that
functioned as temporary shelters for evacuation during a tsunami (Yuzal et al., 2017). This study aims
to investigate the influence of tides on tsunami hydrodynamics conditions (flow depth), and this further
is used to determine the tsunami arrival time at the four escape buildings in Banda Aceh. This research
was conducted with a numerical experiment to see the influence of tides on the tsunami arrival time at
the Escape Building.

Study Area
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Figure 1. The study area. The map represents the map elevation and the location of the Escape Building in
Banda Aceh: Escape Building Ulee Lheue, Deah Glumpang, Alue Deah Teungoh, and Lambung. The map is
overlayed on DEM data.
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The city of Banda Aceh, which is located in the northern part of Sumatra Island, does not directly face a subduction
zone like the west coast of Aceh. Tsunami waves from this source first reached the west coast of Aceh and then
arrived in Banda Aceh. Based on studies of tsunami arrival times on the west coast, for example, in Calang, the
tsunami arrived 29 minutes after the earthquake. In comparison, in Banda Aceh, the tsunami arrived 35 minutes
after the earthquake (Syamsidik et al., 2015). Even so, the tsunami's impact was more significant in Banda Aceh
because the dense population and relatively flat topography made it easier for tsunami waves to run up without
obstacles. Fig. 1 is a topographic map of Banda Aceh. Elevations below 2.5 m dominate land height. Land
elevations above 2.5 m are found in the southern part of the city. In Banda Aceh, areas with ground elevation
higher than 5 m are limited and they are located far to the inland ward direction. Therefore, the absence of such
higher ground areas requires the city to construct tsunami evacuation buildings to facilitate the tsunami evacuees.
There are 4 single purpose escape buildings in Banda Aceh (Jihad et al., 2023): Ulee Lheue, Deah Glumpang, Alue
Deah Tengoh, and Lambung Escape Building. All four buildings are located in the Meuraxa sub-district. Fig. 1 also

shows the location of escape buildings in Banda Aceh.
Methods
Tsunami Hydrodinamic Model

This research was performed using a numerical simulation method. The hydrodynamic model used for numerical
simulation is COMCOT (Cornell Multi Grid Coupled Tsunami). COMCOT has been widely used for tsunami hazard
assessment globally. COMCOT requires earthquake parameter data and information on sea depth and bathymetry
to generate tsunami waves. This study uses earthquake sources from Sumatra-Andaman. The tsunami wave
generation earthquake was modeled with 3 earthquake magnitudes. The 9.2 Mw earthquake was proposed by
Koshimura et al. (Koshimura et al., 2009). The Well and Coppersmith equations were used to estimate the rupture
dimension for moderate and small magnitudes, namely 8.6 Mw and 8.2 Mw (Wells & Coppersmith, 1994).
Detailed characteristics and dimensions of the rupture area due to the simulated earthquakes can be seen in
Table 1.

Table 1. The fault parameters for designed tsunami source in the Sumatera-Andaman Subduction Zone.

8.2 Mw 8.6 Mw 9.2 Mw
(single fault)  (multi fault) (multi fault)
Fault Parameter 1 1 9 1 9 3 4 5 6
Epicenter, Lon (°) 94.162 93.32 92.87 944 93.32 9287 9234 9188 91.9
Epicenter, Lat (°) 5.67 4.48 551 3.03 4.48 551 7.14 8.47 11.0
Length of Fault Plane (km) 216.77 125 180 200 125 180 145 125 380
Width of Fault Plane (km) 56.49 80 80 150 150 150 150 150 150
Focal Depth (km) 10 10 10 10 10 10 10 10 10
Dislocation (m) 59 9.4 9.4 14 12.6 15.1 7 7 7
Strike direction (°) 329 335 340 323 335 340 340 345 7
Dip angle (°) 8 15 15 15 15 15 15 15 15
Rake (slip) angle (°) 110 90 90 90 90 90 90 90 90

The mathematical equations used to generate tsunami waves were the NSWE and SWE equations shown below.
Detailed information on the theoretical background and validation of COMCOT can be found in Wang and Liu (X.
Wang & Liu, 2006).

an 1 (@ B ,
e RCOW{@‘*@(COS(PQ)}—O, (1)

o _gh oM _ 5 _ ,
ot  Rcos@ oY fe=0, (2)
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The nonlinear SWEs are explained in Eq. (4) — (10) as follows:
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Where 1 is the elevation of water’s surface; (P, Q) stand for the volume fluxes in X (West-East) and Y (South-
North) direction, respectively; (¢@,) denotes the latitude and longitude of the Earth; R for radius; g for its
acceleration due to gravity and h is the water depth; f is symbolized the Coriolis force. H is the total water depth;

and n represents Manning’s roughness coefficient.

Manning's formulas are explained as follows:

2
Fy = £ P(+QD)'2,
2
B =m0+ 0,

H=n+h,
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Figure 2. The layout of computational grid for tsunami numerical simulation.
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The research utilized a system of six nested grids, as illustrated in Fig 2. The purpose of using a nested grid is to
reduce computation simulation time and obtain detailed grid resolution in the study area. The Layer 1 was aimed
to simulate the initial tsunami propagation from its source and propagated around the Indian Ocean basin, with
a resolution of 1 arc-min (approximately 1856 m). This grid was created using data from the 30 arc-min General
Bathymetric Chart of the Oceans (GEBCO). The Layers 2, 3, and 4 of the simulation domain were derived from
Layer 1 with their grids the resolutions are 928 m, 309 m, and 103 m, respectively. The Layers 3 and 4 covered
the Aceh Province. Layer 5 of the simulation covered Aceh Besar and Banda Aceh with their resolutions were
three times smaller than grid size in Layer 4 (34 m). The finest grid is at Layer 6 with its grid size was 8.6 m. The
finest grid level was built from bathymetry data provided by Indonesia National Bathymetry (BATNAS) and
nearshore bathymetry were surveyed by Tsunami and Disaster Mitigation Research Center (TDMRC) in 2017. High
resolution of topography was adopted from Japan International Cooperation Agency (JICA).

In this research, bottom frictions were characterized by applying a Manning's roughness coefficient, with spatial
variation according to difference land uses/covers on 2004, before the tsunami. We classified the study area into
six types of landuses as recommended by (Syamsidik et al., 2017). This was done through digitizing aerial images
of the targeted area taken in June 2004 (before the tsunami). Land uses/cover types and Manning's coefficient
used are: water (0.013), bare land (0.02), built-up area (0.04), ponds (0.017), and vegetation (0.035) as
recomended by (Li et al., 2012). The values were chosen based on the guide for selecting Manning's coefficients
for natural channels and floodplains (Arcement & Schneider, 1989). Manning’s roughness was applied in Layer 6

where tsunami inundation and tsunami time of arrival were observed.

The numerical simulation’s validation was performed using parameters K and k, as define by Egs. (11) and (12)
(Aida, 1978).

logK = % n . logkK; (11)
logx = \/%Z?zl(logl(i)z — (logK)? (12y

Where hobs-i represents the observed depth of the tsunami flow at location i and hsim-i represents the simulated
tsunami flow depth at the same location. The model results will be good agreement if K is in the range of 0.8 <
K < 1.2and k < 1.60 (Aida, 1978).

Tidal Level in Banda Aceh

Tides significantly affect Banda Aceh's coastal areas. Banda Aceh has a border length of 60 km. A quarter of this
border is directly adjacent to the Andaman Sea, with a coastline length of 15 km. Along the coastline, Banda Aceh
features two primary river estuary outlets, as well as smaller outlets for fishing boats. During low tide, fishing
boats may encounter difficulties navigating these channels, requiring fishermen to wait for the tide to enable
entry or exit. Additionally, Banda Aceh has large water bodies, including lagoons and ponds (Meilianda et al,,
2019). The Highest High Water Level (HHWL) is 0.86 m, and the Lowest Low Water Level (LLWL) is -0.79 m from
the Mean Sea Level (MSL). During certain conditions, such as a supermoon, the tide range can be higher than
usual (Flick, 2016); (Banno & Kuriyama, 2020). In this research, tides levels were taken from a series of
measurements conducted by TDMRC in 2015 around the river mouth of the Ulee Lheue estuary. The 15-day tides
data are shown in Fig. 3.
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Figure 3. Tidal phase in Banda aceh from field measurement on 2015.

To investigate the impact of tides on tsunami waves, affecting the arrival time, observations were conducted at
the escape building location. A total of nine simulations were performed as described in Fig. 4. Tidal data were
integrated into the COMCOT model by adding tidal values to the initial water level. A value of 0.0 m represents
tsunami-only cases (Tsunami Only). A value of 0.86 m is used to observe the tsunami's impact during high tide
conditions (Tsunami + High Tide), while a value of -0.79 m examines the influence of the tsunami during low tide
conditions (Tsunami+ Low Tide). Tsunami arrival time is determined based on the arrival phase of the first tsunami
wave (Benazir et al., 2022). The ETA was indicated when the tsunami wave reaches 0.5 m from its initial level. It
is interpreted as a moment when a potentially tsunami hazards start to take place. BMKG (Indonesia's
Meteorology, Climatology, and Geophysics Agency) will issue a “Advisory” alert for the implementation of

precautionary measures for coastal communities (BKMG, 2012).
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Figure 4. Tsunami simulation scenarios.
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Result and Discussion
Changes in Sea Surface Elevation Around Earthquake Zones

The source of tsunami waves in this research was generated from earthquakes in subduction zones of the Aceh-
Andaman segment. The sea level is disturbed when an underwater fault occurs that causes an earthquake. Fig.5a
shows the initial sea level conditions during the 2004 earthquake and tsunami. The source of the fault was located
from the southern part of Aceh to Andaman Island (Aceh-Andaman Segment) (Sieh, 2005); (Koshimura et al.,
2009); (Meltzner et al., 2010); (Jihad et al., 2020). The modeling results show that the water level decreased or
receded shortly after the earthquake on the west coast of Aceh. Fig. 5b. and Fig. 5c. show the modeling of
moderate earthquakes with magnitudes of 8.6 Mw and 8.2 Mw that produced initial surface elevation at the

source and could have potentially propagated the tsunami to Banda Aceh.

-6-8-64-20 2 4 6 8 10 -10-8-6-4-20 2 4 5 810 1086420246810

(a) (b) (c)

Figure 5. Initial sea surface conditions following earthquakes with magnitudes (a) 9.2 Mw, (b) 8.6 Mw, and (c) 8.2
Mw around the ruptured area. The red color indicates the sea level is rising, and the light blue indicates the water
level is falling.

Model Validation

The 2004 tsunami had an impact on the tsunamiinundation in the study area of Banda Aceh. Several post-tsunami
surveys were conducted to measure the tsunami heights, recorded through tsunami poles (lemura et al., 2012).
This dataset were used as a benchmark for validating the parameters of the tsunami simulation model using the
Aida equation (Aida, 1978). The validation process has been comprehensively performed in previous research and
it indicated a strong correlation between the simulated tsunami height and the observed results. A more detailed
report on this can be referred to the studies (Tursina & Syamsidik, 2019) and (Tursina et al., 2021). The validation
was also conducted by creating inundation maps, comparing the simulated tsunami inundation boundaries with
those obtained from satellite image interpretation. The validation results show that the simulation model
adequately represents the extent of the tsunamiinundation. Furthermore, the comparison results reveal that the
2004 tsunami occurred under normal sea level conditions. The validation of tsunami inundation between

simulation results and field measurement can be seen in Fig. 6.
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Figure 6. The validation of a tsunami numerical model conducted based on water depth and the inundation area.
The colored map overlaid on world imagery is the maximum tsunami map resulting from the simulation. The black
line denotes the boundary of the 2004 tsunami inundation. The blue point marks the location of the tsunami pole,
indicating the watermark of the 2004 tsunami.

Influence of Tides on Tsunamis

To see the influence of tides on tsunamis, simulations with and without tides were conducted. Fig. 7 illustrates
the time series results of tsunami heights and arrival times at each escape building. Fig. 6a shows the arrival time
of the tsunami caused by the 9.2 Mw earthquake from three simulations: high tide, low tide, and tsunami only. In
each line plot on the graph, the tsunami height with high tide shows the most significant results with an
amplification range of 0.5 — 1.0 m. The lowest tsunami height is found at low tide, and the moderate tsunami
observes at the tsunami only without tide. This indicates that the tsunami wave height is enhanced by the high

tide's interaction and declined by the low tide. The wave pattern shows the same trend in all four escape buildings.

The arrival time of the tsunami at the escape building can also be observed in Fig. 7a. Tsunami waves caused by
an earthquake of Mw 9.2 will arrive at the escape building in Banda Aceh about 40 minutes after the earthquake.
The arrival time of the first wave is approximately the same at all four escape buildings. The simulation results
found that high and low tides caused the arrival time of tsunami waves to be faster or slower by an average of 0.5
- 1.0 minutes compared to tsunami waves alone. Tsunami waves arrive faster at the escape buildings during high
tide conditions and slower during low tide. The simulation results of Case Mw 9.2 found that adding tides does

not significantly affect the tsunami arrival time at the escape building. This implies that in the worst-case scenario
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(the most significant earthquake), the tsunami wave itself is more dominant so that the tides do not significant

affect the arrival time of the tsunami on the run-up area.

The tsunami height was also calculated at an earthquake magnitude of 8.6 Mw (Fig. 7b). The interaction of tides
with tsunamis also showed the same tendency, with the highest tide impacting the tsunami height relatively more.
The tidal impact was observed during the first wave at the Alue Deah Tengoh escape building. At this building, the
tsunami height became 2 m due to the interaction with the tide. The tsunami arrival time at the escape building
was 51 minutes after the earthquake. At high tide, the arrival time accelerated by about 2 minutes and slowed by
2 minutes at low tide. Some studies have shown similar results (Gao & Niu, 2022); (Ren et al., 2022) if a tsunami

arrives at the coast when a high tidal level, the arrival time of the tsunami is advanced.

Interestingly, more varied results are found at the smaller magnitude of 8.2 Mw (Fig. 7c). The difference in
maximum tsunami height is relatively larger with and without tidal interaction. The maximum tsunami height at
the Deah Glumpang escape building differs by up to 1 m compared to the tsunami alone. In contrast, the
maximum tsunami height at low tide is only 0.2 m. Previous studies have also highlighted that the interaction of
the highest tide during a tsunami has been shown to increase the height of the tsunami (Mofjeld et al., 2007);
(Lee et al., 2015).
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Figure 7. The comparison of simulated tsunami wave height at four tsunami escape buildings: Ulee Lheue, Deah
Glumpang, Alue Deah Teungoh and Lambung. Each plot presents the sea level variation from the tsunami without
tide (tsunami only), the coupled high tide with the tsunami (tsunami+high tide) and the tsunami height at low tide
(tsunami+ low tide). The first tsunami wave at the observation point determines by the tsunami arrival time.
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Figure 8. The tsunamiinundation maps for tsunami-only scenario compare with a scenario of a tsunami combined
with high tides at different magnitudes. Different markers represent the locations of tsunami escape buildings.
The solid black line indicates the boundary of the 2004 tsunami inundation.

322



Tursina et al.

Regarding the arrival time, at average, the first wave will arrive at the built-up area about 47 minutes after the
earthquake. The arrival time would be 7 minutes faster if the tsunami interacted with the tide. The effect of tides
clearly shows the tsunami wave could onky reach Alue Deah Teungoh and Lambung escape buildings during high-
tides condition. Without tidal influence, the tsunami waves will not reach these escape building locations. These
observations highlight the more significant role of tides when tsunamis are generated by smaller earthquakes,
such as 8.2 Mw (Fig. 7c).

The effect of tidal interaction with tsunamis was also examined in the tsunami inundation area. Fig. 8 shows the
map of maximum inundation in Banda Aceh at different magnitudes with and without the highest tide. The map
shows a large difference between the inundation area without tide and tsunami with the highest tide. The
inundation area of a tsunami extent will reach 30% farther inlandward area when a tsunami occurs during the
highest tide condition compared to the mean sea level condition. Changes in water depth in shallow water due
to tides impact the reach of run-up waves to the land. The higher the sea level elevation, the farther the wave
run-up will be. Similar results were found by previous studies that the combined tidal wave and tsunami play an
important role in the final wave run-up and inundation (Zhang et al., 2011); (Kim et al., 2021); (Gao & Niu, 2022).
Moreover, it should also be noted that the response to the tidal-tsunami combination varies depending on the

elevation of the topography. Land use/cover also contributes to the degree of severity in tsunamis inundation.
Conclusions

This study uses numerical simulations to investigate the impact of tides on tsunami height and arrival time. The
present study is based on the scenario of three earthquakes with magnitudes of Mw 9.2, 8.6 and 8.2 from the
Aceh-Andaman fault that can potentially generate a tsunami in Banda Aceh. Based on the results of these
numerical simulations, the difference in seawater depth in shallow seas due to tides results in higher tsunami
heights at high tides and faster tsunami arrival times in Banda Aceh. Likewise, if the water surface recedes, the

tsunami wave height will be lower, and the tsunami arrival time will be longer when compared to a tsunami alone.

The main conclusion of this study is that the tides influence on tsunami arrival time is insignificant if the
earthquake magnitude is large because tsunami waves are more dominant. However, tides greatly influence
smaller earthquake magnitudes, such as 8.2 Mw. Minor magnitude earthquakes can greatly impact if they occur
during the highest tides. From this study, it can be concluded that tides play a major role in the hydrodynamics of
tsunami waves. For this reason, it is recommended that tsunami early warnings be based on tidal waves. Ongoing

long-term monitoring is required to measure the potential maximum height of local tsunamis.
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