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Tsunamis, or “harbor waves” in Japanese, are so-named due to common observations of enhanced wave
heights, currents and damage in harbors and ports. However, dynamic currents induced by these waves,
while regularly observed and known to cause significant damage, are poorly understood. Observations and
modeling of the currents induced by the 2011 Tohoku and 2004 Indian Ocean tsunamis allows us to show
that the strongest flows in harbor basins are governed by horizontally sheared and rotational shallow fea-
tures, such as jets and large eddies. When examining currents in harbors, this conclusion will generally re-
quire a simulation approach that both includes the relevant physical processes in the governing equations
and uses a numerical scheme that does not artificially damp these features. Without proper representation
of the physics associated with these phenomena, predictive models may provide drag force estimates that
are an order of magnitude or more in error. The immediate implementation of this type of analysis into tsu-
nami hazard studies can mean the difference between an unaffected port and one in which 300 m long con-
tainer vessels are detached from their moorings and drift chaotically.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction and background

Basin resonance and geometric amplification are two reasonably
well understood mechanisms for local magnification of tsunami impact
in harbors (Raichlen, 1966; Synolakis, 2004), and are generally the
mechanisms investigated when estimating the tsunami hazard poten-
tial in a port or harbor (Borrero et al., 2005). On the other hand, our un-
derstanding of and predictive ability for currents is lacking. Many
records of tsunami effects note large shallow coherent turbulent struc-
tures, more commonly referred to as whirlpools. Observations of
tsunami-induced whirlpools have been described throughout history;
glyphs and carvings of indigenous peoples in the Pacific Northwest de-
pict tsunami whirlpools associated with sea monsters, making the
ocean boil and swallowing fisherman (Ludwin and Colorado, 2006).
We remark here that while these large turbulent eddies are often re-
ferred to as whirlpools in the media and during casual discussions, the
term whirlpool is most commonly connected to a horizontal vortex
with a strong downdraft in the center (i.e. the drain analogy). The phys-
ics of the structures examined here are quite different, and thus the de-
scriptor whirlpool will not be employed for the rest of the paper.
l rights reserved.
More recent history is detailed with accounts from ship captains
and harbor masters. An 1867 earthquake in the Lesser Antilles caused
extreme damage in many Caribbean ports (Reid and Taber, 1920). In
the Port of Saint Thomas, an Admiral of the U.S. Navy noted the for-
mation of a large eddy in the center of the bay, pulling floating debris
towards it. Another Naval vessel in the port was spun around 20
times in the receding waves, until finally settling in the large gyre in
the center of bay, spinning slowly for hours. During the 2004 Indian
Ocean tsunami, damage to harbors was noted in a series of papers
by Okal et al. (2006a,b,c). The most remarkable of these events oc-
curred in the Port of Salalah, Oman. About 90 min after tsunami first
arrival, strong currents near the most offshore unloading berth
broke all of the mooring lines on a 285-m ship and pulled it away
from the terminal. The vessel then drifted on the currents for hours,
spinning numerous times, before beaching on a nearby sandbar.

Here we put forth that, during tsunami events, the damaging cur-
rents inside ports and harbors are driven by coastal-structure-
induced or topographically-controlled fluid jets and large shallow
turbulent coherent structures. Furthermore, when there is little or
no flooding of port facilities, as would typically be the case unless
the incoming tsunami was extremely large, the only significant mech-
anism for damage is the currents. A clear example of this is the previ-
ously discussed Salalah Port during the 2004 tsunami; here the
maximum tsunami elevation was a relatively small 1.5 m (Okal et
al., 2006a), yet the currents were strong enough to break all 12 of
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the ~500 kN strength mooring lines on a large freighter (Gaythwaite,
2004). If the conclusion of this observation was that, in general, a
“common” tsunami of approximately 1 m was capable of detaching
the largest of ships in any given port, the required preparation and
mitigation measures would likely be unmanageable and unreason-
able. Here we will show, through a combination of observations and
data from the 2011 Tohoku tsunami and complimentary modeling,
that the strongest currents in a port are governed by horizontally
sheared and rotational flow, and that the location of these features,
while chaotic in the turbulent sense, can be reasonably predicted
with an appropriate model. With an improved physical understand-
ing of the creation and evolution of these complex features, ports
and harbors should be better capable of identifying particularly vul-
nerable areas.

2. Observations: tsunami currents in ports during the Tohoku
tsunami

The Tohoku tsunami provided one of the most comprehensive ob-
servational and instrumental data sets describing both near and far-
field tsunami effects on modern port infrastructure. While water sur-
face elevation measurements are widespread, this is not the case for
water current measurements. In this section, we describe select records
of the limited set of tsunami current data and effects at sites in Japan,
California, New Zealand and the Galapagos Islands.

In the extreme near field, the Port of Oarai in Japan provided the
one of the most vivid examples of rotational currents (BBC, 2011,
and other widespread news coverage). A snapshot of the aerial
video taken from a helicopter is shown in Fig. 1. This turbulent struc-
ture was filmed approximately 3 h after the earthquake, and thus
well after the initial waves. Video of this eddy indicates its existence
for tens of minutes, before it was likely flushed out by a following se-
ries of waves. The whitewater streaks seen throughout the rotating
fluid are indicative of a complex 3D flow pattern with distinct areas
of surface flow convergence and divergence.

In California, the most severe tsunami effects occurred in Crescent
City (Wilson et al., 2011). Crescent City is well known for its tendency
to amplify far-field tsunami surges (Horrillo et al., 2007; Kowalik et
al., 2008) and experienced significant damage in 1964 following the
great Alaska earthquake (Griffin, 1984) and more recently in 2006
Fig. 1. Selected sites where significant tsunami currents were observed during the Tohoku
tsunami surge jetting in to Crescent City's inner harbor; (bottom right) Pillar Point Harbor
by a tsunami generated in the Kuril Islands (Dengler et al., 2008). Re-
pairs from that event were nearly complete when the harbor was yet
again severely damaged by the Tohoku tsunami. Current speed time
histories at the entrance to Crescent City's inner harbor reconstructed
from security camera footage indicated speeds of up to 8 knots (4 m/
s), generally slower than estimates reported by experienced mariners
who witnessed the event (Dengler et al., 2011). A current meter
installed in Humboldt Bay, a natural bay and coastal lagoon located
roughly 100 km south of Crescent City, recorded a detailed time his-
tory of the event. Maximum current speeds of 1.7 knots (0.9 m/s)
were recorded and accurately simulated to first order using NOAA's
tsunami forecast model (Dengler et al., 2011). At Pillar Point harbor,
south of San Francisco, the orientation of the harbor entrance and
breakwaters induced a clockwise rotating vortex in the outer harbor
basin with a smaller, counter clockwise rotation in the inner harbor
(see Fig. 1). Local captains estimated the currents to be on the order
of 5 to 10 knots (2.6–5.1 m/s). Indeed, significant and at times dam-
aging currents were noted along the entire US West coast and were
the main ‘story’ of this tsunami event.

Across the Pacific in New Zealand, several locations experienced
strong and dangerous currents that primarily affected recreational mar-
itime activities. At the Port of Tauranga in the Bay of Plenty, three water
level gages and a current meter recorded the tsunami (Fig. 2). Water
levels fluctuated on the order of +/− 0.5 m while maximum current
speeds (tsunami+tide) exceeded 4.5 knots (2.3 m/s), coinciding with
the falling tide approximately 10 h after the tsunami first arrival. The
maximum tsunami current (tidal component removed) was on the
order of 2 knots and occurred shortly ~3 h after first arrival on the in-
coming tide. Looking at the tsunami perturbations in both the speed
and water level, it is clear that relative to the “background” tidal
speed and water level, the current deviations are significant. Spectral
analysis of the tsunami signal indicates that the strongest currents oc-
curred during peak tsunami energy which persisted for ~8 h after first
arrival. It should be noted that these currents, although significant, did
not disrupt operations at the Port of Tauranga.

In the Galapagos Islands, strong currents were noted in all of the
main harbors including Puerto Ayora, where a tidal gage and a current
meter recorded the event (Fig. 3). However, the 20 minute sample
rate only provides a coarse representation of the current time histories.
Note that the current meter is located in approximately 8 m water
tsunami. (Left) Port of Oarai and the shallow turbulent coherent structure; (top right)
which experienced counter rotating eddies in the inner and outer basins.



Fig. 2. Measured current speed, water level and spectral content from the Tohoku tsunami at Tauranga Harbour, New Zealand. The highest total current speed (tsunami+tide, red
dashed line) occurred ~10 h after first arrival and corresponded with the falling tide. The highest tsunami-only current speed (tidal component removed, blue dashed line) occurred
~3 h after first arrival during the third and largest surge, mid way through the rising tide. The peak tsunami energy persisted for ~8 h after first arrival. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

70 P.J. Lynett et al. / Earth and Planetary Science Letters 327-328 (2012) 68–74
depth,while thewater levelmeasurement is essentially at the shoreline
in 2 m depth. Tsunami currents persisted for more than 24 h after the
initial wave arrival. The maximum tsunami-induced currents, which
are associated with the first waves, are ~0.6 knots (0.3 m/s). Note
again, however, that the measurement location of this device is away
from any structures or flow constrictions and in deeperwater; themea-
sured currents are very likely associated with straight-line currents of
the water inflow and outflow.

3. Simulation: tsunami-induced hydrodynamics in ports

That strong currents are formed as tsunamis enter ports and har-
bors is not surprising to those that study such events (e.g. Okal et
al., 2002). Likewise, when a free surface flow is forced through a geo-
metric constriction, it is readily expected that the enhanced potential
gradient will drive strong, possibly unstable currents with associated
turbulent structures such as shallow coherent structures (Socolofsky
and Jirka, 2004); a simple example would be tidal flow through an
inlet channel. However, these fundamentals have not been quantita-
tively connected with respect to understanding tsunami hazards in
ports and harbors. A plausible explanation for this oversight is the ob-
servation these eddies are turbulent phenomena with spatial and
temporal scales much smaller than that of a typical tsunami. Our abil-
ity to model and then dissect them has only recently developed.

Ideally, one would use a fully three dimensional, turbulence-
resolving hydrodynamic model to simulate the generation and evolu-
tion of jets and coherent structures near coastal infrastructure (e.g.
Hinterberger et al., 2007). However, due to the spatial scale of these fa-
cilities (e.g. the Los Angeles/Long Beach Port complex encompasses
more than 50 km2) and the need to properly couple the entire tsunami
time history within a single simulation (Synolakis, 1995), researchers
utilize simplifications and approximations. The approach presented
here differs significantly from established tsunami hydrodynamic
simulations in that we use a multi-physics nested model, wherein a
high-order Boussinesq-type model is embedded within a large-scale
nonlinear shallow water solver. Specifically, this model, in addition to
the standard Boussinesq terms, accurately accounts for horizontal and
vertical turbulent mixing, bottom stress and depth averaging effects
that might locally govern tsunami currents.

The governing equations utilized in the simulations to be pre-
sented here are given in dimensional form as:

∂η
∂t þ∇⋅ H⇀u

� �þ EDISP þ EVISC ¼ 0 ð1Þ

∂⇀u
∂t þ⇀u⋅∇⇀uþ g∇ηþ⇀FDISP þ⇀FVISC þ⇀MHOR þ⇀MVERT þ

τ
ρH

¼ 0 ð2Þ

where the continuity Eq. (1) is integrated in time to yield the ocean
surface elevation, η, and the momentum Eq. (2) is integrated for ⇀u,
some reference horizontal velocity vector. Additionally, H is the
water depth, g is gravity, ∇ is the horizontal gradient operator, t is
time, τ is the bottom stress, ρ is the fluid density, and bold variables
indicate horizontal vector quantities. Note that there is no vertical de-
pendency in these models, as they are depth-integrated and funda-
mentally limited to hydrodynamic phenomena that have horizontal
length scales much greater than the local water depth. This aspect
also has implications for turbulence modeling. The vertical structure
of the model is analytical; any turbulent 3D processes and their asso-
ciated mixing must be handled in an averaged and approximate
manner.

In the continuity equation, the two “E” terms represent 2nd-order
corrections to the basic shallow water model, and provide frequency
dispersion corrections (“DISP” subscript) and viscous corrections
(“VISC” subscript). If the reference velocity, ⇀u, is specified as the
depth-averaged velocity, then these two “E” terms must by definition



Fig. 3. ADCP current and sea surface elevation measured in Port Ayora during the tsunami event. (Upper left) Raw tidal data and de-tided signal for ocean surface elevation for data
from tidal station (depth=2 m); (Upper right) raw tidal water surface elevation data and fluid speed at the ADCP location (depth=8 m); (Bottom left): overview of the Galapagos
Islands and the location of Puerto Ayora; (Bottom right): GoogleEarth image of Puerto Ayora, showing both the ADCP and tide gage locations.
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be zero; in many Boussinesq-type wave models, a velocity at an arbi-
trary elevation in the water column is used, and these terms are not
zero. In the momentum Eq. (2), we similarly have the 2nd order cor-
rection “

⇀F” terms as well as the “
⇀M” mixing terms for both horizontal

(“HOR” subscript) and vertical (“VERT” subscript) mixing. These mix-
ing terms represent the turbulence closure scheme. Details of the tur-
bulence closure used in this paper can be found in Kim and Lynett
(2011) and is very similar to what is often used in shallow ocean cir-
culation models, investigating for example nearshore tidal flow (e.g.
Brière et al., 2007). Lastly, the bottom stress term is closed with
some empirical relation, such as Moody's or Manning's equation. In
traditional tsunami simulation, none of the “E”, “⇀F”, or “

⇀M” terms
are included, despite the demonstration that they all exist at the
same order as the bottom stress term (Kim et al., 2009). These
terms can become locally important in rotational and horizontally
sheared flows, as indicated in Kim and Lynett (2011) and Son et al.
(2011).

While the 2nd-order-corrected (high-order Boussinesq) model
provides a more accurate representation of the relevant physics in
shallow, turbulent flows, this accuracy comes at a significant compu-
tational cost. The number of operations hidden in the “E” and “

⇀
F”

groupings is very large. Also, there exist third order spatial derivatives
in these operations, thus requiring a fourth-order accurate numerical
scheme for consistency. The computational cost of the high-order
model is one to two orders of magnitude larger than the simpler, non-
linear shallow water model used in typical tsunami studies, given the
same grid and time step properties. In the following section, we will
present simulation results from this high-order, Boussinesq-type ap-
proach and compare with predictions from an established shallow
water model. In these simulations, the horizontal grid length used is
5 m and the seafloor roughness is approximated with a Manning's
roughness coefficient of n=0.02, a value characteristic of a smooth
and even ocean bottom.

4. Results and discussion: tsunami-induced jet and eddy properties

We developed hydrodynamic models for tsunami induced currents
from the Tohoku tsunami at Oarai Port in Japan and Pillar Point Harbor
in California. The models use the USGS (2011) finite fault model as the
hydrodynamic initial condition with bathymetry derived from online
NOAA National Geophysical Data Center data sources and nautical
charts. The model COMCOT (Wang and Liu, 2006) is used to propagate
the tsunami signal from the source to each location,where detailed sim-
ulations on fine scale bathymetry are carried out using the higher order
Boussinesq techniques described above.

Fig. 4 provides a simulation snapshot of the mid-depth vertical
vorticity in the Port of Oarai at approximately the same time as the ae-
rial views of the giant eddy shown in Fig. 1. Vorticity, a measure of a
fluids circulation or rotation, is calculated as the curl of the 3D velocity
field. For our purposes, we focus on rotation in the horizontal plane,
given as ∂v/∂x−∂u/∂y, where “v” is the velocity component in the y-
direction and “u” the component in the x-direction. In the simulation,
both the reach of the overall circulation and the diameter of the inner
vortex core are qualitatively reproduced. The inner core is wrapped in
an outer ring of very high flow speeds, predicted to be in excess of
6 m/s (11.6 knots). Typical of a shallow coherent structure, the horizon-
tal velocities vanish near the center, where weak upwelling is predicted
and expected (Jirka, 2001). This last point is particularly relevant as dur-
ing the event, some news correspondents, in an attempt to describe the
phenomena to a general audience, invoked the drain (or toilet bowl)
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Fig. 4. Numerical model results of the Tohoku tsunami in the Port of Oarai. Snapshots are from 188 min after the earthquake. (top) Fluid speed, (middle) vertical vorticity at mid-
depth, and (bottom) aerial image of the rotational feature at approximately the same time.
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analogy, stating that objects would be sucked underwater when reach-
ing the center.

In the Pillar Point simulation, both the incident tsunami amplitude
and the current magnitude are significantly smaller than at near field
locations such as Oarai. Fig. 5 provides an observation and the numer-
ical recreation of currents inside the harbor. In the photograph, taken
Fig. 5. Numerical model results of the Tohoku tsunami in Pillar Point Harbor, CA. All im-
ages are from 12 h and 26 min after the earthquake (10:11 am local time). (top left):
Photograph of the coherent structure inside of the outer breakwaters; (top right) a
Google Earth image of the Harbor showing the field of view of the photograph; (bottom
left) fluid speed; (bottom right): vertical vorticity.
12.4 h after the earthquake, the curved ocean surface streaking indic-
ative of rotational current is evident. This coherent structure has a di-
ameter of roughly 50 m, and has been recently created by the jet-like
inflow of a flooding wave. Two snapshots from the numerical simula-
tion show the fluid speed and the vertical vorticity at the same time.
The signature of rotation is clear in both, with flow speeds of 0.75–
1.0 m/s in the vortex ring; such a predicted speed is reasonably con-
sistent with the smooth ocean surface recorded in the photograph.
The simulation predicts maximum flood speeds of 3–6 m/s
(6–12 knots) in and immediately around the breakwater gap, which
is in-line with the qualitative estimates from eyewitnesses.

Finally, the model is applied to hindcast and quantifies the effect
of sheared and rotational flows observed at the Port of Salalah,
Oman during the 2004 Indian Ocean tsunami. Fig. 6 shows the maxi-
mum fluid speed recorded over the entire tsunami event for a simu-
lation with resolved rotational features and for a simulation without
these features. The rotational model is the high-order Boussinesq
model discussed and used above, while the other results are from a
shallow water equation model wherein the relatively small vortices
are damped out through numerical dissipation. The shallow water
model is COMCOT, which due to the upwind differencing employed
in the model, has significant numerical dissipation when the flow cur-
vature is large (see Son et al., 2011 for additional details); shallow
water models without low-order numerical dissipation would yield
results different from those presented here from COMCOT. While
the fluid speed predictions are quite different between the models,
the predicted water surface elevations at the tidal station inside the
port are very similar and in good agreement with the measured data.
Near the initial location of the ship pulled from its moorings, the eddy
resolving model predicts a flow speed near 6 m/s (~11 knots) with
high horizontal shear, while the non-resolving COMCOTmodel predicts



Fig. 6. Numerical model results of the 2004 Indian Ocean tsunami in Salalah, Oman. (top left) Maximum current speed using the higher-order eddy resolving model and (top right)
a model that damps out the eddies. (bottom) Modeled water surface elevation time histories inside the Port; green vertical line indicates the time that the vessel broke its mooring
lines. The initial location of the vessel is shown by the white rectangle, and the path of the ship after detachment is given by the dashed white line. Path is approximate and digitized
from un-scaled hand drawings presented in Okal et al. (2006b).
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locally-uniform speeds less than 2 m/s (~3.8 knots). As drag force is
proportional to velocity squared, this factor-of-three d
ifference in the predictedmaximum current speed roughly equates to a
nine-fold difference in the drag force; the eddy-resolving model pre-
dicts possible fluid drag forces that are nine times greater than the pre-
dictions of COMCOT. If the vessel rotates, even slightly, with the sheared
flow,mooring lineswill not equally transfer the increasing drag force on
the vessel to the tie-down anchor, leading to a situation where the
mooring lines break sequentially as the vessel is rotated away from its
berth. The maximum currents in this area are associated with a wave
flooding the port between 9:30 and 10:00UTC; the ship broke itsmoor-
ings at 9:42 UTC.

5. Conclusions

The Salalah modeling example (Fig. 6) shows that the accurate
prediction of water surface elevations (the present goal of most tsu-
nami hazard mitigation studies) does not necessarily correlate with
an accurate prediction of the localized and possibly damaging cur-
rents in a port. Furthermore, damage in ports when facilities remain
dry will be strongly related to the current speeds; a model that cannot
reasonably reproduce the rotational flow patterns in a port or harbor
is not likely to skillfully predict damage potential. Our analysis sug-
gests that the local and turbulence-driven currents are an order one
consideration for ports and harbors. Simply put, quantifying vertical
water level rise, buoyancy forces, and straight-line current estimates
are not sufficient for understanding the damage-causing hydrody-
namic phenomena in ports and harbors.

While the current speeds associated with an unbounded rotation-
al structure are significant, as an eddy approaches a solid boundary or
another strong circulation, the potential for enhanced currents exists
(Nicolau del Roure et al., 2009). Near moored ships, high-speed rota-
tional flows may create unbalanced tension in mooring lines. In the
three incidents described during the 2004 Indian Ocean tsunami
where the mooring lines of a large ship were broken and the ship
drifted freely with the currents in the harbors (Okal et al., 2006a,b,
c), each was located immediately adjacent to a 90° corner in the lay-
out of the container terminal. It is thus put forth here that any floating
or submerged object in the vicinity of such a corner in a port or harbor
is significantly more likely to experience strong jet-like and rotational
currents. Such considerations can and should immediately be taken
into account as tsunami mitigation plans in ports and harbors are re-
vised and updated following this most recent disaster.
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