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Abstract: The displacement of a large amount of water in a moderate-sized estuary by a fast-moving
mega-ship can generate tsunami-like waves. Such waves, generated by cruise ships, were observed
in Tampa Bay, Florida, USA. Two distinct, long tsunami-like waves were measured, which were
associated with the passage of a large cruise ship. The first wave had a period of 5.4 min and a height
of 0.40 m near the shoreline. The second wave had a period of 2.5 min and was 0.23 m high. The peak
velocity of the onshore flow during the second wave reached 0.65 m/s. The shorter, second wave
propagated considerably faster than the first wave in the breaking zone. The measured wave celerity
was less than 50% of the calculated values, using the shallow water approximation of the dispersion
equation, suggesting that nonlinear effects play an important role. A fundamental similarity among
the generation of tsunamis, as induced by mega-ships, landslides or earthquakes, is a process that
causes a vertical velocity at the sea surface, where a freely propagating wave is produced. This mega-
ship-generated tsunami provides a prototype field laboratory for systematically studying tsunami
dynamics, particularly the strong turbulent flows associated with the breaking of a tsunami wave in
the nearshore, and tsunami-land interactions. It also provides a realistic demonstration for public
education, which is essential for the preparation and management of this unpreventable hazard.
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1. Introduction

Tsunamis are among the deadliest and costliest natural hazards worldwide. The risks
can increase significantly in the future, as population density in coastal zones increases and
sea-levels rise. The tremendous property damages and fatalities associated with tsunamis
are mainly caused by the very strong flow associated with the breaking of the long wave,
superimposed on the elevated and fast-rising water level [1,2] (Flow velocities of over
10 m/s, and up to 17 m/s, associated with breaking tsunami waves were estimated by Jaffe
and Gelfenbuam [3] based on field observations.

A tsunami is a series of waves generated by a sudden displacement of a large volume
of water in the ocean. Common mechanisms inducing sudden large water displacement
include earthquakes [4-7] and landslides [8-11]. Tsunamis induced by landslides display a
greater variety depending on their origin, compared with earthquakes [9]. The generation
mechanisms for landslide-induced tsunamis are more diverse, spanning from impulsive
waves due to subaerial landslides hitting the water with high-impact velocities [12] to
submerged landslides moving farther at lower speeds [13,14]. The mechanism by which
landslides occur also plays a key role in wave features and total energy [15]. Sources
range from events of local character to large-volume landslides with substantial regional
impact [16]. Owing to the above complications, the nature and hazard posed by landslide
tsunamis are not as well understood as those by earthquakes [9].

Because these generating mechanisms are not currently predictable, the exact timing
and location of a tsunami cannot be forecasted before the occurrence of the generating
events. Therefore, the probability approach is typically used to assess potential tsunamic
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hazards [17]. Once the initial tsunami is generated, the wave form (i.e., free surface eleva-
tion) propagation across the ocean can be computed rather accurately [17-20] (Bellotti et al.,
2009). Because of the very short time (from minutes to hours) between the generation of
a tsunami and its arrival at the shoreline, public knowledge of tsunami behavior in the
nearshore zone is crucial to developing effective response plans in the preparation for this
unpreventable natural hazard.

A moving vessel can generate both short and long waves in an estuary. Soomere [21]
provided an extensive review of long waves generated by moving ships in semi-enclosed
shallow water bodies. Fenical et al. [22] measured a water surface elevation fluctuation of
up to 1 m in magnitude and 120 s in period caused by deep-draft vessels in the Corpus
Christi Ship Channel, Texas, USA. Didenkulova et al. [23] discussed the potential of using
waves generated by fast-moving ferries as a physical model for studying tsunami and
found that ship-generated tsunamis would provide an ideal natural laboratory to simulate
landslide-induced tsunamis. Grue [24,25] examined the physics underlying the ship-
generated tsunamis and suggested that depth change in shallow waters plays an important
role in the generation of a tsunami.

In this study, we observed a series of tsunami-like waves generated by mega-ships,
cruise ships in this case, in the upper Tampa Bay, Florida, USA. The water level and current
were measured using an array of sensors in the nearshore zone where the breaking of
the long wave occurred. The purpose of this paper is to provide a case study on the
hydrodynamic conditions associated with breaking tsunami waves in the nearshore zone.
The field scenario can be used for the systematic measurement of tsunami dynamics and
tsunami-land interaction at prototype scales. The rather realistic tsunami-like wave can
also be used for public education on tsunami behavior in the nearshore area.

2. Study Area and Methods

Our field measurements were conducted in the Upper Tampa Bay (Figure 1A,B),
Florida, USA. The Upper Tampa Bay is approximately 10 km long and 7 km wide (Figure 1C).
The 11-m-deep main shipping channel is roughly 2.5 km east of the shoreline where the
measurements were conducted. Two large spoil islands are located east of the main channel.
Water depth outside the main shipping channel ranges from 2 to 5 m. Shallow water, less
than 1 m deep, extends about 200 m from the shoreline where the field measurements were
conducted (Figure 1D).

The large cruise ship involved in this study is 294 m long with a 32 m beam width and
7.8 m draft. The ship sails at approximately 15 knots (28 km/h) in front of the study site,
displacing a significant amount of water relative to the bay size, and generates tsunami-
like waves. This mechanism bears considerable similarity to tsunami generation by a
landslide [26,27]. As the long wave propagates toward the shoreline, it shoals and breaks.
The present field measurements were focused within the breaker zone (Figure 1D). Two
sets of measurement were conducted, one on 9 January 2011 (referred to as the 010911
measurement in the following) and one on 29 January 2011 (the 012911 measurement). The
beach profile, as shown in Figure 1D, was surveyed at the beginning of the experiment. Both
experiments and the rising and falling of water level were recorded with a video camera.

For the 010911 measurement, three synchronized pressure sensors and current meters
(acoustic Doppler velocimeters (ADVs)) were deployed to measure the tsunami wave
and the associated currents (Figure 1D). The offshore gauge malfunctioned and did not
yield reliable data. The middle sensor was sampling at 2 Hz. The inshore sensor was
connected to the shore-based power source and data storage, sampling continuously at a
high frequency of 8 Hz. For the 012911 measurement, only the inshore sensor was used
with the goal of repeating the 010911 measurement. Similar tsunami waves were measured
on 012911. The following discussion focuses on the first measurement with more sensors.
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Figure 1. The field study site at Upper Tampa Bay. (A) The Southeast US and the Gulf of Mexico
coasts. (B) Tampa Bay. (C) Upper Tampa Bay, illustrating the main shipping channel (green line)
and the study site (yellow circle). (D) The gentle nearshore profile and locations of the three
measurement stations.

Spikes sometimes occur in ADV measurements as caused by the Doppler signal
aliasing and/or air bubbles [28]. A 3D phase space method, originally developed by
Goring and Nikora [29] and validated by Mori et al. [30], was applied to eliminate the
erroneous spikes. The removed data points were replaced using a cubic polynomial curve
fitting. The Butterworth low-pass filter (with a half-minute threshold) was applied to the
water level and velocity data in order to examine the long tsunami-like wave. The velocity
skewness of the two long waves was computed based on Ribberink and Al-Salem [31] as

umax

R,=———"7-—"—
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@)
where Uy is the maximum value of onshore-directed velocity and U,,;, is the maximum
value of offshore-directed velocity during a one wave cycle.

The propagation speed of the tsunami-like wave form can be obtained from the
measurements at the two gauges, which were 43.7 m apart (Figure 1). The speed of the
wave form was calculated using two methods. For the first method, the travel time was
determined based on the arrival of the wave crest at the two gauges. In the second method,
the travel time was obtained using a cross-correlation analysis [32], which identified the
phase lag between the waves measured at the two gauges. The first method considered
only the wave peak, while the second method incorporated the entire wave form. Based on
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the linear wave theory (Equation (2)) and the Boussinesq approximation of solitary wave
theory (Equation (3)), the wave speed in shallow water can be calculated as [33,34]

c=+/gh )
c=y/g(h+ H) ®)

where c is wave speed, g is gravitational acceleration, & is water depth, and H is wave
height. The measured wave speed was compared with the calculated values to investigate
the applicability of these commonly used analytical methods.

3. Results

The maximum and minimum values of the free surface elevation time series, induced
by the ship-generated tsunami, are shown in Figure 2. The arrival of the high-frequency
ship wakes at an oblique angle to the shoreline during the trough of the tsunami-like wave
is also illustrated in Figure 2 (lower panel). A large area of the gentle intertidal zone was
exposed during the arrival of the trough. The tsunami-like wave crest arrived first. The
flooding of the beach at the tsunami peak and the exposure of the intertidal zone at the
trough are apparent.

Tro ugh of the tsunami and arrival of the oblique ship wake

Figure 2. Photos of the ship-generated tsunami. Upper image: shoreline condition before the arrival
of the tsunami wave. Middle image: at the peak of the tsunami. Lower image: at the trough of
the tsunami.

Figure 3 shows the measured water level, alongshore and cross-shore the current
velocities. As expected, onshore flow was measured during the rising phase of the tsunami
(Figure 3C), and offshore flow was measured during the retreating phase of the tsunami
(Figure 3C). The tsunami wave arrived at an angle to the shoreline, generating both a
longshore and cross-shore current.
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Figure 3. The measured free surface elevation variations and currents at gauge 1 during the passage
of two consecutive tsunami waves. Blue lines represent the raw record sampled at 8 Hz. Red lines
represent a low-pass filtered record. (A) Water-level fluctuation associated with the two tsunami
waves. (B) Longshore current associated with the tsunami waves. (C) Cross-shore current during the
two tsunami waves; note the much stronger onshore current during the arrival of the second wave.

Two distinctive tsunami-like waves were captured by the nearshore gauge (Figure 3),
located at 24 m from the pre-tsunami shoreline, during the 010911 measurement. Based
on the low-pass filtered water-level fluctuations, the first tsunami-like wave had a period
of 5.4 min (measured between two consecutive zero water levels) and a wave height of
roughly 0.40 m (Figure 3A). The long wave travelled faster and arrived at the shoreline
sooner than the high-frequency ship wakes, which arrived with the trough of the tsunami
wave in this case. Cross-shore velocity skewness, as calculated from Equation (1) was 0.58
for the first wave, indicating that the peak onshore velocity was greater than the peak
offshore velocity: 0.26 m/s versus 0.19 m/s. For the first wave, the rising phase lasted
approximately 1.66 min, while the falling phase was 3.31 min, which was nearly 2.0 times
longer than the rising phase. It is worth noting that the rising phase of the first wave started
at roughly the mean sea level, while the falling phase extended from the peak of the wave
to the trough. The wind waves, superimposed on the long wave, had a wave period of
roughly 2 s and a wave height of less than 10 cm (Figure 3A).

The second tsunami-like wave had a slightly lower peak water level as compared to
the first wave, 0.17 m versus 0.20 m. The trough of the second wave was much higher
than that of the first wave: 0.06 m versus 0.20 m relative to the mean water level. These
resulted in a lower overall wave height of 0.23 m for the second wave versus the 0.40 m
for the first wave. The second tsunami-like wave had a period of 2.5 min, measured
between consecutive zero water levels. This is less than half of the 5.4 min for the first
wave. The rising phase of the second wave took about 0.89 min, while the falling phase
was approximately 1.38 min, which was 1.54 times longer than the rising phase. It is worth
noting that the rising phase started at the lower first trough, while the falling phase ended
at the higher second trough. The cross-shore velocity skewness (Equation (1)) for the
second wave was 0.79, indicating a much greater onshore flow velocity than the offshore

flow velocity: 0.65 m/s versus 0.17 m/s. Due to the arrival of the high-frequency ship
wakes, the instantaneous velocity reached nearly 1 m/s (Figure 3C) at the peak of the
second wave.
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The ship wakes arrived about 2 min after the peak of the first long wave. The ship-
wake waves were more than two times higher than the small wind waves (Figure 3A).
Similar to the long waves, the measured breaking ship wake was also highly skewed, with
a narrow peak and a broad trough superimposed by short wind waves (Figure 4). The time
interval between the consecutive ship-wake waves ranged from 10 to 20 s. Eight distinctive
ship-wake waves were identified from the nearshore measurements. The ship-wake wave
period of 10-20 s (Figure 4), determined based on the time interval between consecutive
peaks, is much longer than the typical wake waves reported, which are likely controlled by
the size of the ship [21-23,35,36].
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Figure 4. The measured water-level fluctuations associated with the arrival of the ship wakes.

Based on observations during the field measurements, the tsunami-like wave ap-
proached the shoreline at an oblique angle. The ship was sailing past the study site from
north to south. For the first tsunami-like wave, the longshore current was flowing to
the north, opposite to the ship’s sailing direction, at the beginning of the rising phase
(Figure 3B). The flow direction changed to southward as the water level approached the
peak. The southward flow continued as the water level started to subside. The flow
direction switched to northward about one-third of the way during the falling phase. The
longshore current direction changed again during the rising phase of the second tsunami-
like wave. Similar to the case of cross-shore velocity, the strongest longshore current
of 0.29 m/s was measured during the passage of the second wave. Stronger currents
associated with the second tsunami wave have also been reported based on field observa-
tions [37,38]. The second tsunami-like wave also arrived with some of the high-frequency
ship wakes, although they were smaller than the major ship wakes that arrived at the
previous trough.

4. Discussion

Accurately quantifying the speed of the breaking tsunami wave is important for
preparing, managing and assessing this hazard. Based on the dispersion equation, the
wave-form speed in shallow waters can be computed using Equations (2) and (3). The
computed wave speed was compared with the measured speed in Table 1. The distance
between the two gauges was 43.7 m. Based on the cross-correlation analysis of the wave
forms measured at gauges 2 and 1, the phase lags, i.e., the travel times, of 59 s and 41 s
were obtained for the first and second waves, respectively (Figure 5). This yielded a wave
speed of 0.74 m/s for the first wave and 1.07 m/s for the second wave. Based on the arrival
time of the peak water level (Figure 6), the first wave was travelling at 0.59 m/s and the
second wave at 1.12 m/s. The two methods yielded considerably different wave speeds
for the first wave (20%), but similar speeds for the second wave (5%). This is because the
shorter, second wave maintained a similar shape at the two measurement locations, while
the longer, first wave was deformed.
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Table 1. Comparison among measured and calculated wave speeds.
Measured Measured Calculated Calculated
. Arrival of Wave . .
Cross-Correlation Peak Linear Wave Solitary Wave
m/s m/s m/s m/s
1st wave 0.74 0.59 2.46 3.16
2nd wave 1.07 1.12 2.46 291
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Figure 5. Cross-correlation of the two tsunami-like waves. For the first wave, the maximum cross-

correlation coefficient corresponds to a phase shift of 59 s. For the second wave, the maximum

cross-correlation coefficient corresponds to a phase shift of 41 s.
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Figure 6. The low-pass filtered long waves measured at the two nearshore locations. The measure-

ment locations are shown in Figure 1D.

The measured wave speeds for both the first and second waves are much slower
than the speeds calculated based on the dispersion equation (Table 1). The average water
depth between the two measurement locations (Figure 1D) was used in the calculation.
The higher order wave theory yielded a greater wave speed. Nonlinear effects were not
considered in the shallow water approximation (Equations (2) and (3)) of the dispersion
equation. Based on this study, nonlinear effects played a significant role. For the longer,
first wave, the measured speed based on the travel time of wave peak is only 24% of
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the calculated value based on the linear wave theory. For the shorter, second wave, the
measured speed is 46% of the calculated value based on the linear wave theory. Thornton
and Guza [39] found that the measured wave celerity for typical wind waves compared
well, between +20% to —10%, with the linear wave approximation (Equation (2)). For the
long waves examined here, Equation (2) over-predicted the wave celerity by more than
100%. Therefore, nonlinear effects should be incorporated.

It is valuable to compare the mechanism of ship-induced tsunamis with those gener-
ated by other sources. A considerable amount of research has been conducted on tsunami
generations by landslides [8,13,40—42] and earthquakes [5-7,9]. Ship-generated tsunamis
can provide a semi-controlled case for the quantification of the breaking of tsunami waves
and subsequent interactions with land. Grue [24,25]) derived the tsunami generation by
ships. Here, a simplified version of the Grue [25] derivation is applied to qualitatively illus-
trate a fundamental similarity between the ship-generated tsunamis and those generated
by other mechanisms.

Assuming a ship sailing at a constant speed of U, the water depth at time T; is I,
where the sea bottom is flat. At time T, the water depth is reduced to 1/2 over a sloping
bottom (Figure 7). The vertical velocity V; can be approximated by Equation (4) (simplified

from Grue [25]).

_ 44
Vo= —UT(1+2/h) @)

where  is the shape of the ship bow, and z is the vertical coordinate. At T; over the flat
bottom (Figure 7, left panel), z = —h, and V,, equals to zero (Equation (4)). Thus, over a
flat bottom, the ship does not induce a vertical velocity. However, if the ship sails over a
sloping bottom (Figure 7, right panel), a vertical velocity is generated (Equation (4)). For
example, at depthz = —h/2,V,, = —%U% (Figure 7, right panel, blue arrow). Since the
flow cannot go through the sea bottom, a reaction velocity with the same magnitude but
from an opposite direction occurs (Figure 7, right panel, black arrow). The A; velocity
appears as a vertical velocity on the ocean’s surface at the ship’s bow (Figure 7, right
panel, red arrow). This vertical velocity creates tsunamis waves in a similar manner as an
earthquake or a landslide.

vertical velocity
ug—— Uu—
bow,/ bow
2
l A, h/2
h '\
i \ V.
v y '8
V,=0 at
z=h
T, T,

Figure 7. Ship-induced vertical velocity and wave generation at the bow. Left panel indicates time T
with a flat bottom. Right panel illustrates time T, with sloping bottom

Thus, the generation of tsunami waves by a ship, landslide, or earthquake bears a
similar process, which leads to a vertical velocity at the water surface, where a freely
propagating wave is produced. The characteristics of the process at the sea bottom controls
the features of the tsunami wave at the origin. The temporal and spatial scales during the
tsunami generation phase are certainly different among ships, earthquakes, and landslides.
However, when the tsunami waves propagate toward the shore, the overall process can be
rather similar. For instance, Didenkulova [23] found that many governing nondimensional
parameters, such as the Reynolds and Ursell numbers, and the surf-similarity parameters
of large-ship waves and landslide tsunamis, are all of the same order of magnitude.
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The above similarity between ship-generated tsunamis and those induced by other
sources, i.e., landslides and earthquakes, provides a solid scientific basis for the application
of ship-generated tsunamis, to help understand natural tsunamis. Given the easy and
manageable field conditions in harbors and estuaries, as well as the typically regular ship
sailing schedule, ship-generated tsunamis can provide a prototype field laboratory for the
quantification of the breaking of tsunami waves and tsunami-land interactions.

5. Conclusions

The long waves generated by a fast-moving large cruise ship (at 28 km/h) in an
estuary (Upper Tampa Bay) bear significant similarities to tsunami waves and can be used
as a prototype, physical model for systematic studies on the breaking of tsunami waves
and tsunami-land interactions. Two distinct, long tsunami-like waves associated with
the passage of the cruise ship were measured. The first wave had a period of 5.4 min
and a height of 0.40 m near the shoreline. The second wave was 0.23 m high with a
period of 2.5 min, generating the strongest onshore flow of 0.65 m/s. Both waves were
skewed onshore with shorter and, therefore, faster, rising phases and longer falling phases,
corresponding with stronger onshore flow than offshore flow, characteristic of a breaking
wave. The measured wave celerity was less than 50% of the calculated values using
the shallow water approximation of the dispersion equation, suggesting that nonlinear
effects play an important role. The shorter, second wave propagated considerably faster
than the first wave in the breaking zone. This mega-ship-generated tsunami provides
a prototype field laboratory for systematically studying tsunami dynamics, particularly
the strong turbulent flows associated with breaking tsunami waves in the nearshore, and
tsunami-land interaction.
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