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[1] We report observations of water surface elevation, currents, and suspended sediment
concentration (SSC) from a 10-m deep site on the inner shelf in northern Monterey Bay
during the arrival of the 2010 Chile tsunami. Velocity profiles were measured from 3.5 m
above the bed (mab) to the surface at 2 min intervals, and from 0.1 to 0.7 mab at 1 Hz.
SSC was determined from the acoustic backscatter of the near-bed profiler. The initial
tsunami waves were directed cross shore and had a period of approximately 16 min.
Maximum wave height was 1.1 m, and maximum current speed was 0.36 m/s. During the
strongest onrush, near-bed velocities were clearly influenced by friction and a logarithmic
boundary layer developed, extending more than 0.3 mab. We estimated friction velocity
and bed shear stress from the logarithmic profiles. The logarithmic structure indicates
that the flow can be characterized as quasi-steady at these times. At other phases of the
tsunami waves, the magnitude of the acceleration term was significant in the near-bed
momentum equation, indicating unsteady flow. The maximum tsunami-induced bed shear
stress (0.4 N/m2) exceeded the critical shear stress for the medium-grained sand on the
seafloor. Cross-shore sediment flux was enhanced by the tsunami. Oscillations of water
surface elevation and currents continued for several days. The oscillations were dominated
by resonant frequencies, the most energetic of which was the fundamental longitudinal
frequency of Monterey Bay. The maximum current speed (hourly-timescale) in 18 months
of observations occurred four hours after the tsunami arrived.
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1. Introduction

[2] Over the past decade measurements of tsunamis have
proliferated, documenting both their propagation across the
ocean and conditions at landfall. However, these data are
almost exclusively records of water surface elevation, with
very few measurements of current speed. Tsunamis traveling
across the deep ocean have small amplitudes and negligible
currents, but as they move into shallow coastal waters, wave
height and current speed increase. While inundation is the
most obvious hazard associated with tsunamis, the drag
force, which is proportional to velocity squared, carries much
greater potential for destruction [Yeh, 2006]. Thus, mea-
surement and accurate prediction of the currents generated by
tsunamis is an important component of hazard assessment.
Previously, Bricker et al. [2007] published tsunami current
data measured under relatively small oscillations in water
surface elevation (<0.17 m), and Lynett et al. [2012] reported

currents generated by the 2011 Tohoku tsunami at two
remote locations. In addition, overland current speeds have
been estimated from survivor videos taken during the
Tohoku and Samoa tsunamis [Fritz et al., 2006, 2012].
[3] Modeling of tsunami propagation across the ocean

neglects friction, which is reasonable in deep water, where
the bottom boundary layer is a very small fraction of the
depth. As the tsunami approaches shore this fraction increases,
both because the ambient depth decreases and because cur-
rent speed and thus bed friction increase. The potential for
bed drag to influence tsunami-generated currents is much
greater than for wind waves, because tsunami periods are an
order of magnitude longer. Measurements of currents in the
bottom boundary layer under tsunamis are critical for evalu-
ating the treatment of bed friction in models of tsunamis as
they approach shore. They are also needed to determine bed
shear stress and estimate sediment mobilization by tsunamis,
and can contribute to accurate hindcasting of tsunami currents
from characteristics of sedimentary deposits, an important
goal of paleo-tsunami research [Huntington et al., 2007].
[4] Tsunamis can cause damage far from their source, and

much of the damage is due to currents [Lynett et al., 2012].
The potential for tsunamis to initiate seiching (free-surface
oscillations in enclosed basins) in harbors and bays has long
been known [Miles, 1974; Murty, 1977]. Coupling between
the initial tsunami forcing and local resonance produces
variation in tsunami signals along a coast, and can lead to
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local enhancement of tsunamis [Tang et al., 2008; Munger
and Cheung, 2008; Dengler et al., 2009]. Narrow harbors
are particularly susceptible to damaging current surges pro-
duced by remote tsunamis. The 2011 Tohoku tsunami
caused significant damage in the harbors of Crescent City
and Santa Cruz, California, as well as Brookings, Oregon
[Allan et al., 2012]; and Crescent City has repeatedly been
impacted by tsunamis [Dengler et al., 2009]. Accurate pre-
diction of harbor and bay responses to tsunamis requires
understanding the transformation of currents generated by
tsunamis as they traverse the inner shelf.
[5] Although the amplitudes of far-field tsunamis are

commonly no greater than the local tidal range or maximum
wave heights, the periods of tsunami are quite different from
these other types of oscillations. As a result, at coastal sites
with relatively weak tidal currents, far-field tsunamis have
the potential to create unusually strong pulses of mixing,
transport, and bed mobilization that may affect both benthic
and pelagic ecosystems.
[6] In this paper we describe the currents and suspended

sediment transport associated with the arrival in Monterey
Bay, California, of the 2010 tsunami originating in Chile,
as well as the subsequent seiching. The tsunami was caused
by a magnitude 8.8 earthquake with epicenter offshore of
Maule, Chile, occurring at 06:34 on 27 February 2010 UT
(www.quake.usgs.gov;nctr.pmel.noaa.gov/chile20100227). It
arrived in Monterey Bay approximately 14 hours later. Water
surface elevation, currents, and suspended sediment con-
centrations (SSC) were measured on the inner shelf in northern
Monterey Bay. The data set includes profiles of velocity and
SSC in the meter above the seafloor. We evaluate terms in the
momentum equation during the initial tsunami oscillations,
and show that the flow alternated between unsteady and quasi-
steady. We estimate tsunami-generated bed shear stress for
periods of quasi-steady flow during the largest tsunami wave,

and find that it exceeded the critical shear stress. The influ-
ence of the tsunami on SSC could not be distinguished,
because the bed shear stress due to surface waves was much
greater than that of the tsunami, but the tsunami clearly
enhanced cross-shore sediment flux. Sediment flux in the
along-shore direction continued to be elevated during the
seiche that persisted for several days after the tsunami
arrived. We identify frequencies of oscillation in both water
surface elevation and currents during this period using sin-
gular spectrum analysis, to determine the influence of seich-
ing on currents.

2. Methods

2.1. Study Site

[7] The study site was located on the inner shelf of
northern Monterey Bay (36.95690�N 122.01700�E), 40 m
south of the end of the Santa Cruz wharf at a depth of 10 m
relative to mean-lower-low water (MLLW) (Figure 1). Tidal
range is 1.63 m during spring tides, and tidal currents are
typically very weak, with magnitudes less than 0.05 m/s. Bed
sediments are medium-grained sand. In late February 2010,
grain size was 315� 120 mm (mean � s.d.), based on hourly
measurements using digital images (D. Buscombe at al.,
manuscript in preparation, 2012).

2.2. Data Collection and Processing

[8] The data reported here were collected as part of a
long-term deployment designed to investigate wave-driven
sediment dynamics. Instruments mounted on a tripod on the
seafloor were connected by ethernet cable to a PC on the
Santa Cruz wharf, allowing control of the instruments and
transmission of data. Ordinarily, sampling consisted of high-
frequency bursts at two hour intervals to capture surface
waves, as well as more frequent measurements of tidal

Figure 1. Study site in northern Monterey Bay, CA, with bathymetric contours at 2-m intervals. Triangle
in inset indicates tripod location, south of the end of the Santa Cruz wharf.
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currents and stage. At about 22:00 UT on 28 February 2010,
sampling frequency was increased in anticipation of the
arrival of the tsunami. An upward-looking acoustic Doppler
current profiler (ADCP) collected current profiles averaged
over 50 s from 3 m above the bed (mab) to the surface with
0.5 m vertical spacing, as well as water surface elevation, at
2-min intervals. A downward-looking Sontek pulse-coherent
acoustic Doppler profiler (PCADP) collected near-bed current
profiles and acoustic backscatter at 0.1 m vertical spacing
from 0.08 to 0.55 mab at 1 Hz for 25 min out of every 30.
A pressure sensor logged by the PCADP measured water
surface elevation at the same frequency, resolving surface
waves as well as the tsunami. A Sontek acoustic Doppler
velocimeter (ADV) Hydra system measured velocity and
pressure 0.16 mab at 4 Hz for 17 min every two hours, and
for 120 s every 30 min.
[9] To characterize the tsunami fluctuations, tidal time-

scale variations were removed from the water surface eleva-
tions and velocities measured by the ADCP. Data from
before the tsunami were interpolated to 2-min intervals,
concatenated with the 2-min data during the tsunami, and
filtered with a high-pass Butterworth filter (2 hr�1 pass band,
3 hr�1 stop band). Vertical velocities measured by the ADCP
were not filtered, but were smoothed using a 3-point moving
average.
[10] Data from pulse-coherent velocimeters must be cor-

rected for ambiguity errors, which occur when velocities
exceed the resolved range [Lacy and Sherwood, 2004]. To
assist with this correction, the Sontek PCADP measures
velocities (called resolution velocities) at a single point at
relatively short range, where greater velocities can be resolved,
before collecting each profile. For this data set we first cor-
rected ambiguity errors in the resolution velocities, attributable
to the high instantaneous speeds produced by the combina-
tion of surface waves and the tsunami. Then ambiguity errors
in the current profiles were corrected as described in Lacy
and Sherwood [2004]. To investigate currents and water
surface elevation fluctuations associated with the tsunami,
surface waves were removed from the PCADP data with a
low-pass Butterworth filter (360 s�1 pass band, 240 s�1 stop
band). Tidal variation in water surface elevation was
removed by subtracting low-pass-filtered ADCP elevations.
[11] At times when a bottom boundary layer was visible in

the data, friction velocity u* associated with the tsunami was
determined from the PCADP velocities based on the law of the
wall. Logarithmic profiles were fit to 10-s averages of the low-
pass-filtered north-south velocities in the three cells closest
to the bed (centered 0.08–0.27 mab) using linear regression,
and u* and hydrodynamic roughness z0 were determined by
solving v(z) = (u*/k) log(z/z0). To check whether a velocity
profile from these three cells (the minimum number for
regression) could reasonably be characterized as logarith-
mic, we applied two criteria: the coefficient of determination
R2 > 0.985, and 10�5 m < z0 < 10�2 m. u* is only reported
for profiles meeting these criteria.
[12] Suspended sediment concentrations were determined

from the PCADP backscatter amplitude. Methods for cal-
culating SSC from ADCP acoustic backscatter [Wall et al.,
2006] were adapted for the PCADP, an approach that has
been validated by Ha et al. [2011] and Yu et al. [2011].
Measured SSC at one elevation is required for calibration.
We used SSC calculated from ADV backscatter (R2 = 0.76),

which had in turn been calibrated to 10 days of SSC mea-
surements by a laser in-situ scattering and transmissometry
particle size analyzer (LISST) at the same elevation (R2 =
0.49). Acoustic backscatter was not corrected for sediment
attenuation as. For the median grain size in suspension of
100–150 mm (measured by the LISST), as is less than water
attenuation for SSC less than 1 g/L [Ha et al., 2011]. The
error (an underestimate of SSC) introduced by neglect of as

was estimated as less than 5% for these data.
[13] Surface wave statistics (significant wave height Hs,

representative bottom orbital velocity ubr, wave period T,
and wave direction) were calculated from the velocity and
depth data from the PCADP bursts as well as the 17-min
ADV bursts, following Madsen [1994]. Wave shear stress
was estimated using a wave friction factor (fw) approach
[Nielsen, 1992]:

tw ¼ 1=2ð Þr fw u2br
fw ¼ exp 5:213 kb=Að Þ0:194 � 5:977

h i
ð1Þ

where A is the orbital amplitude and kb is a roughness length
scale. A kb value of 0.72 cm was used, based on kb = 8g2/l
[Nielsen, 1992], and typical values of ripple wavelength l
and height g observed at the site. Temporal variation in
ripple roughness was not accounted for.
[14] We used singular-spectrum analysis (SSA) [Vautard

et al., 1992] to identify the primary frequencies of oscilla-
tion in water surface elevation and currents. SSA essentially
applies principal components analysis to lagged segments
of a single time series, by determining the eigenvectors of the
covariance matrix of the lagged times series. The eigenvalue
associated with each eigenvector (or component) corresponds
to its proportion of the total variance. Periodic elements of
the signal produce pairs of nearly equal eigenvalues and
components. Frequencies of the pairs of reconstructed com-
ponents were determined by counting zero-crossings. The
amplitudes of the components can vary in time, making SSA
well suited to the intermittent oscillations produced by
tsunamis. The frequencies detected by SSA depend on the
length of window that defines the matrix of lagged time
series. We applied SSA in two steps. In the first step, the
window was 200 min, to examine the low-frequency (tidal
timescale) variation in the time series. The second or residual
SSA used a window of 60 min, to identify frequencies in the
range of the fundamental frequencies for Monterey Bay, i.e.
10–60 min periods [Breaker et al., 2010].

3. Results

3.1. Overview

[15] The tsunami originating in Chile arrived in Monterey
Bay at 20:36 on 27 February 2010 UT. At this time, tidal
stage was falling. Surface-wave height and period increased
between 12:00 on 27 February and 24:00 on 28 February.
During the last four hours of 27 February significant wave
height Hs was 1.3 m, representative bottom orbital velocity
ubr was 0.4–0.5 m/s, representative wave period Tr was 10 s
and wave direction was 185–190�.
[16] As tsunamis propagate from the source to far-field

coastal regions, they are transformed first by dispersion,
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refraction, and reflection, and then by local bathymetry [Tang
et al., 2008]. As a result, the first tsunami wave rarely has the
greatest amplitude. In Monterey Bay, the effects of the
Chile tsunami can be divided into two phases. The first phase
(a couple of hours) was dominated by the incoming tsunami
waves, with heights up to 1.1 m. The second phase consti-
tuted a local response to the perturbation of the tsunami, and
consisted of trapped waves which persisted for several days,
as well as enhanced tidal-timescale currents (Figure 2). This
sequence of incident tsunami waves followed by resonant
secondary undulations is typical in coastal bays [Murty,
1977], and seiching has been observed in Monterey Bay
following previous large earthquakes [Breaker et al., 2009].
Although fluctuations in water surface elevations, cross-
shore velocities, and acceleration were greatest during the
initial tsunami waves, the secondary response produced
greater along-shore currents and total transport.

3.2. Characteristics of the Incident Tsunami Waves

[17] The first five oscillations in water surface elevation h
produced by the tsunami had an average period Tt of 16 min.
The fourth wave was the largest, with a local crest-to-trough
heightHt of 1.12 m (0.56 m amplitude). Propagation speed C
was approximately 9.4 m/s, estimated as C =

ffiffiffiffiffi
gh

p
, where g is

gravitational acceleration and h is water depth. Wavelength

lt = Tt
ffiffiffiffiffi
gh

p
was 9 km; the approximately 800-m distance

from the study site to shore was less than 0.1 lt. These
results are specific to the depth of the study site, because the
height, propagation speed, and maximum current speed of
tsunami waves change rapidly with decreasing depth, as the
tsunami approaches land.
[18] During the initial oscillations, the tsunami currents

were directed north-south (cross shore). North-south velocity
v was highly correlated with h during the first five oscilla-
tions, with a phase shift of approximately 90� (Figures 3a
and 3b). High-pass-filtered v led h by 4 min in the ADCP
data. In the PCADP data, low-pass-filtered v led h by an
average of 262 s. Maximum depth-averaged v reached
0.36 m/s during the largest tsunami wave (Figure 3b). Depth-
averaged smoothed vertical velocities w measured by the
ADCP led h by 2–3 min, and had a maximum magnitude of
0.02 m/s (Figure 3d). There were no evident tsunami-related
fluctuations in the near-bed w measured by the PCADP.

3.3. Variation of Tsunami Currents With Depth

[19] Profiles of v during the two largest oscillations
(21:20–22:00) incorporating data from both the PCADP and
the ADCP, are shown in Figure 4. At low speeds, and at times
of rapid acceleration or deceleration, the velocities are quite
constant with depth. During the periods of peak onshore or

Figure 2. Time series of (a) water depth, (b) depth-averaged east-west velocity, and (c) depth-averaged
north-south velocity, 27 February–1 March 2010, showing fluctuations created by the tsunami and sub-
sequent seiching. Red boxes show the interval included in Figures 3 and 6.
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offshore currents, strong shear developed in the bottom
boundary layer and persisted during the deceleration of the
wave (Figure 4b). In addition, during the strongest onshore
currents, significant shear developed in the upper water col-
umn. At the peak of the onrush the maximum velocity was
measured at the top of the PCADP profile (0.55 mab), and
velocity was likely greater in between the elevation ranges of
the PCADP and the ADCP. The cause of the shear in the
upper water column is not known. Time-series plots of v at
several elevations confirm that the velocities in the upper and
mid water column track the near-bed velocities closely,
except during the peak of the largest onrush (Figure 3b).

[20] Frictional damping can be seen at the bottom of the
PCADP velocity profiles 2–3 min after the beginning of the
largest onrush (Figures 5a and 5c). A logarithmic near-bed
velocity profile, characteristic of steady flow over a rough
bottom, developed and persisted for five min when the cur-
rents were strongest. Friction velocity u* due to the tsunami
was estimated for profiles with a logarithmic region at least
0.27 m thick (see Methods). Estimated u* reached a maxi-
mum of 0.019 m/s, with a 90% confidence interval of 2.6 �
10�3 m/s (Figure 5b). At the time of maximum u*, estimated
z0 was 2� 10�4 m (90% CI 1.57–2.67� 10�4 m). This value
of z0 reflects the influence of surface waves as well as the

Figure 3. Time series of water surface elevation and currents during the tsunami, measured by the ADCP
and PCADP: (a) water surface elevation h, tidal signal removed, (b) north-south velocities at 6.3, 3.5, and
0.27 mab, (c) east-west velocities at 6.3, 3.5, and 0.27 mab, and (d) vertical velocities at 6.3 and 3.5 mab,
3-point moving average.
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physical roughness of the seafloor. The total shear between
0.55 and 0.08 mab, as well as the thickness of the sheared
layer, continued to increase during the deceleration of the
onrush (Figure 5d).

3.4. Near-Bed Momentum Balance

[21] The momentum equation in the direction of propa-
gation of the tsunami wave can be written as

∂v
∂t

¼ �v
∂v
∂y

� g
∂h
∂y

þ 1

r0

∂t
∂z

ð2Þ

where v is the velocity in the y direction (northward), r0 is
water density, and t is total shear stress. On the right-hand
side, the first term represents advection of momentum due to
gradients of v in the y direction, the second represents the
pressure gradient, and the third represents the influence of
bottom friction. Equation (2) neglects lateral and vertical
advection of momentum, which are typically at least an order
of magnitude less than horizontal advection in regions of

gradually varying bathymetry. Density gradients are also
assumed to be negligible.
[22] Acceleration and the first two terms on the right-hand

side of equation (2) were estimated for the north-south low-
pass-filtered PCADP velocities (v) during 20:00–22:00 on
27 February. The spatial gradients for the pressure and
advective terms were estimated as the quotient of the respec-
tive temporal gradients and the tsunami propagation speed C.
Both the acceleration and the pressure-gradient terms have
magnitudes on the order of 10�3 m/s2 (Figure 6). The maxi-
mum value of the advective term was two orders of magnitude
less (<5� 10�5 m/s2) (not shown), and thus can be neglected.
[23] The frictional term is difficult to estimate due to the

unsteady nature of the flow. Bed shear stress due to the
tsunami was determined as tt = ru*

2 for times when u*
could be estimated from the logarithmic bottom boundary
layer (Figure 5b). However, since the height of the loga-
rithmic layer varied with time and was not always known,
the vertical gradient in t could not be determined. In a fully
developed steady flow, the friction term depends directly

Figure 4. North-south velocity profiles (tides removed) at 2-min intervals during the two largest tsunami
oscillations (21:20–22:00). Near-bed data from the PCADP (dots), upper water column from ADCP, with
common color indicating synchronicity. Time of profiles shown in minutes after 21:00. Last profile in
each of the first three subplots is repeated as first profile in the following subplot. No PCADP data were
collected from 21:45 to 21:50.
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on v|v|. In that case the pressure gradient is balanced by
friction (∂v/∂t = 0), with the result that h lags v by 90�. In
contrast, in an acceleration-pressure gradient balance that
neglects friction (shallow water wave equation), h and v are
in phase. Thus the 90� (on average) phase lag in these data
confirms the significance of the friction term to the momen-
tum balance. v|v| is plotted in Figure 6d as an indicator of the
frictional term in the momentum equation for quasi-steady
flow.
[24] Peaks in v|v| coincide with the peaks in the pressure

gradient, and at these times acceleration is close to zero,
indicating that the pressure gradient is balanced by drag
(Figure 6). Peaks in the magnitude of ∂v/∂t occur both dur-
ing the acceleration and deceleration phases. During accel-
eration, peaks in ∂v/∂t are opposite in sign to the pressure
gradient and occur before the turbulent drag has developed
enough to balance the pressure gradient. During decelera-
tion, peaks in ∂v/∂t are the same sign as the pressure gradient

and are produced by the lag in the decay of the turbulent
drag relative to the decrease in the pressure gradient. This
lag is characteristic of unsteady flow, and is not captured by
v|v| (Figure 6d).
[25] The lag between velocity and drag is illustrated by the

relationship between friction velocity u* and v (Figure 7).
For a given v, the strength of turbulence as indicated by u* is
lower during acceleration than during deceleration. In
steady, hydrodynamically rough flow the drag coefficient
Cd = u*

2/V2 is constant for a given bed roughness, where V
is the depth-averaged or reference velocity. In contrast, dur-
ing the largest oscillation, Cd increased by almost an order of
magnitude in 350 s, from 1.8 � 10�3 to 8.9 � 10�3 (using V
at 0.55 mab). During the 40 s of peak velocity, Cd was fairly
constant at 2.6 � 0.12 � 10�3 (mean � s.d.), a typical value
for steady flow over sandy bottoms [Sternberg, 1968]. Closer
to the bed the u*/V ratio was greater and deceleration
began sooner, reflecting the greater role of bed friction.

Figure 5. Bottom boundary layer currents during the largest tsunami wave. (a) Near-bed north-south
low-pass velocity profiles from the 25-min PCADP burst starting at 21:20 on 27 February. (b) Friction
velocity u* and bed shear stress t due to the tsunami currents, for times when the Figure 5a profiles were
logarithmic. Error bars on u* are 90% confidence intervals. (c) Profiles for 21:28–21:32 at 30-s intervals,
illustrating development of logarithmic bottom boundary layer. (d) Profiles for 21:32.5–21:36.5 at 30-s
intervals. Arrows indicate temporal progression.
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We observed similar hysteresis between velocity and friction
velocity during a water surface oscillation following the 2009
Samoa tsunami (Figure 7b), although the maximum Cd was
greater, perhaps due to the shorter period of the oscillation.
[26] The persistence of turbulent drag can produce a

reversal of flow direction with depth at the end of the decel-
eration phase, because the drag force (directed opposite to
the direction of flow) causes velocities close to the bed to
change direction before ∂h/∂x changes sign. At the end of
the strongest onrush, the velocity at the lowest point in the
PCADP profiles reversed direction 30 s before the top of
the PCADP profile and more than 60 s before the lowest
point in the ADCP profile (Figure 8). An important con-
sequence of this phenomenon is that during the interval of

flow reversal, the direction of bed shear stress is opposite
to that of the mean flow.
[27] The importance of accounting for friction in hydro-

dynamic modeling depends on the thickness of the bottom
boundary layer. For a steady flow (∂v/∂t = 0), the thickness
of a developing turbulent boundary layer can be estimated as

d ¼ ffiffiffiffiffiffi
nt t

p ð3Þ

where nt is eddy viscosity and t is elapsed time [Kundu, 1990].
In a logarithmic boundary layer over a rough bottom, nt = ku*z
near the bed, where z is height above the bed and k = 0.41 is
the von Kármán constant. Based on equation (3), the time
required for the boundary layer to develop to a detectable

Figure 6. Time series of water surface elevation and estimates of several terms in the momentum equation
for the near-bed north-south velocity, during the first two hours of the tsunami: (a) water surface elevation h
(tides removed), (b) acceleration Dv/Dt, (c) pressure gradient �gDh/Dx, and (d) v|v|, an indicator of fric-
tion for steady flow.
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thickness (d = 0.27 m) is about 2 min, using z = 0.15 m and
u* = 0.01 m/s. During the largest oscillation, a logarithmic
boundary layer with d > 0.3 m was present for about 300 s.
Based on the average u* during this period of 0.017 m/s and
nt at z = 0.3 m, the thickness of the logarithmic boundary
layer predicted by equation (3) increases from 0.35 to 0.79 m
between t = 1 min and t = 5 min. These calculations neglect
the dependence of nt on d, and thus overestimate d at the
beginning and underestimate it at the end. The observations
of shear developing throughout the PCADP profiles during
the strongest onrush are consistent with these estimates
(Figure 5c). Although the maximum d in this case is only
about 10% of the water depth, this percentage increases as the
tsunami approaches shore, and would be greater for large
oscillations.

3.5. Bed Shear Stress and Sediment Transport

[28] Maximum bed shear stress produced by the tsunami
currents tt was 0.4 N/m2 (Figure 5b). During the largest
oscillation the critical shear stress tc = 0.26 N/m2 for the

mean grain size at the site (315 mm) was exceeded for 4 min.
The maximum bed shear stress exceeded tc = 0.36 N/m2 for
435-mm particles (one standard deviation above the mean),
indicating that the tsunami could mobilize essentially the
entire distribution of grain sizes on the bed. However, at
the time of the tsunami the surface waves were also quite
energetic, and bed shear stress due to waves tw was
approximately 2.5 N/m2, almost five times greater than tt.
Both the tsunami and the surface waves were directed to the
north, and the maximum combined wave-tsunami bed shear
stress was 2.9 N/m2.
[29] Near-bed suspended sediment concentrations were

relatively high during the tsunami (>1 g/L) (Figure 9b), but
comparison with SSC late the previous day, when tw was
similar (�2.5 N/m2), indicates that the tsunami did not
increase SSC in the meter above the seafloor over the level
expected from wind-wave driven resuspension (Figures 9a,
9b and 10a). It did enhance cross-shore sediment transport,
because of the strong tsunami-generated currents. Instanta-
neous cross-shore suspended sediment flux (SSF) (the product

Figure 7. Friction velocity u* vs. reference velocity V from two elevations above the bed at 10-s intervals.
(a) Largest oscillation during Chile tsunami, with H = 1.1 m and Tt = 16 min. (b) Oscillation during Samoa
tsunami with H = 0.2 m and Tt = 10 min.

Figure 8. Flow reversal in the bottom boundary layer at the end of the onrush of the largest tsunami
oscillation. (a) Profiles at 10-s intervals for 21:36.5–21:38 from PCADP burst in Figure 5a. Arrow indi-
cates temporal progression. (b) Tsunami currents at 3.5 mab (ADCP) and 0.08 mab (PCADP) for
21:36–21:40.
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of velocity and SSC) was more than three times greater at
the peak of the strongest tsunami onrush than during the
wave event on 26 February (Figures 9c and 9d). Onshore
wave-driven currents at the time were less than 0.1 m/s,
which is typical for wave events at this site. The magnitude
of instantaneous SSF remained elevated during the days
following the tsunami due to strong seiche currents.

3.6. Basin Response

[30] To better characterize the response to the tsunami
over several days, we identified the primary frequencies of
oscillation in h and depth-averaged east-west (u) and north-
south (v) currents using singular-spectrum analysis. Breaker
et al. [2011] used both SSA and ensemble empirical mode
decomposition to identify the importance of fundamental
frequencies in the oscillations produced by the Chile tsunami
in data from the tide gauge in Moss Landing Harbor in
central Monterey Bay. Our goals were to determine whether

the frequencies identified by Breaker et al. [2011] also
dominated h at our study site, and to determine the influence
of the seiching on currents.
[31] The first step of the sequential SSA used a 200-min

window. Variations at frequencies lower than 0.5 cycles/hr
(Figure 11) were captured in the first two reconstructed
components (RC). For h, RC1 and RC2 accounted for 97.2%
of the total variance, and were clearly dominated by tidal
fluctuations. This was not the case for u and v. Low-
frequency u approached 0.3 m/s following the initial
sequence of tsunami waves, much greater than the tidal cur-
rents at the site, which do not exceed�0.05 m/s (Figure 11b),
or wind-wave driven currents, which did not typically exceed
0.1 m/s during the 18 months of observations. The timing of
the first peak in u suggests that it resulted from setup pro-
duced by the initial tsunami waves. The second peak in u
coincides with a period of very large oscillations in u,
apparently created by constructive interference of 51-min

Figure 9. Time series of (a) wave shear stress, (b) suspended sediment concentration (SSC), and (c) north-
south suspended sediment flux (SSF), 25–28 February 2010, and (d) detail of north-south SSF during initial
tsunami oscillations.

LACY ET AL.: TSUNAMI CURRENTS C09028C09028

10 of 15



and 27-min oscillations (Figures 12b and 12e; discussed
below). RC1 and RC2 accounted for a much greater per-
centage of the total variance in h and u than in v (Table 1).
[32] RC1 and RC2 were subtracted from the u, v, and h

data for 27 February–2 March, and a second SSA with a
window of 60 min was applied to the residuals, to identify
the importance of frequencies close to the fundamental
modes of Monterey Bay. Results for the first eight compo-
nents (ordered by decreasing percent variance) are summa-
rized in Table 2. For h there were three pairs (indicating
periodicity) of reconstructed components (referred to as RCr
for the residual SSA). The frequency of the most energetic
oscillations (RCr1 and RCr2) was 0.0195 min�1 (period
51.4 min). This likely represents a Bay-wide seiche along
the north-south axis, as the fundamental longitudinal period
of oscillation for Monterey Bay is 50–55 min [Breaker et al.,
2010] (Figure 12a). The amplitude of this mode approached
0.2 m for more than 12 hours following the tsunami. The fre-
quency of the second pair (RCr3 and RCr4) was 0.037 min�1

(period 25–29 min). This is likely a harmonic of the funda-
mental longitudinal mode, and this frequency was also
identified by Breaker et al. [2011] in the Moss Landing data.
The 17.1-min period of the third pair (RCr5 and RCr6) is
consistent with the period of the initial tsunami oscillations,
and appears to be a natural period of oscillation of water level
at the Santa Cruz wharf [Breaker et al., 2010]. In sum, the
first six RCrs, which account for 83.8% of the residual vari-
ance in h, are associated with resonant frequencies of Mon-
terey Bay, confirming that the post-tsunami undulations are
seiching rather than random fluctuations. The remaining
RCrs each accounted for less than 4%.
[33] The seiching produced measurable currents. All three

of the most energetic frequencies in h appear in the RCr’s for
u and v, although their relative importance varies. The most
energetic pair of components of v (RCr1 and RCr2) had the
frequency of the initial tsunami waves (Figure 12i). This
mode constituted RCr7 and RCr8 of u (Figure 12h). The
fundamental longitudinal mode appears as RCr1 and RCr2
of u, and RCr3 and RCr4 of v (Figures 12b and 12c). For this
mode, the maximum oscillations in v, which are expected to
dominate a longitudinal seiche at this site (see Monterey Bay
inset in Figure 1), were �0.05 m/s and occurred during the
first 12 hours following the tsunami. The maximum oscil-
lations in u were twice as great, and occurred just before
12:00 on 28 February, coinciding with the second peak in
low frequency u (Figure 11b). The 25–29 min period com-
ponent of h appears in u as RCr3 and RCr4 and in v as RCr5
and RCr6 (Figures 12e and 12f). As with the fundamental
mode, the temporal variation of v follows that of h, whereas
that of u does not. Moreover, the range of frequencies was
slightly broader for u than for h or v (Table 2).
[34] In total, 62.5% of the residual variance in u and

49.1% of the residual variance in v was associated with the
seiche frequencies identified in h. RCr5 and RCr6 of u did
not exhibit the frequencies dominating h (Table 2). Although
the seiche-induced variance was greater for u than v, the
similarity to the temporal pattern in magnitude of oscilla-
tions of h was much greater for v than for u, suggesting that
the north-south currents were a more direct response to
seiche-related gradients in h. Current oscillations at seiche
frequencies had greater amplitudes than local tidal currents
for hours at a stretch, and the same order of amplitude as

Figure 10. (a) Suspended sediment concentration (SSC)
vs. shear stress due to surface waves tw. (b) 10-min cumula-
tive north-south suspended sediment flux (SSF) between 0
and 60 cmab vs. tw. (c) 10-min cumulative east-west SSF
between 0 and 60 cmab vs. tw.
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tidal currents for several days, indicating that the post-
tsunami seiching constituted an important mixing and trans-
port event.

4. Discussion

4.1. Quasi-steady and Unsteady Features

[35] Tsunami propagation across the deep ocean is typi-
cally modeled using the linear long-wave equation [Murty,
1977], in which both the advective and frictional terms of
equation (2) are neglected:

∂v
∂t

¼ �g
∂h
∂x

ð4Þ

This approximation requires that wavelength be much greater
than water depth, which is the case for tsunamis even in the
deep ocean. It also requires a ratio of wave height to water
depth H/h ≪ 1. Under these conditions frequency dispersion
is minimal. Modeling of tsunamis as they approach shore,
and H/h increases, requires more sophisticated models
[Lynett, 2009]. A nonlinear form of the long-wave equation is
used to account for advection and variation in wave celerity
across the tsunami oscillation, which results in wave steep-
ening. The inclusion of friction requires additional mod-
ifications. Depth-averaged models incorporate the effect of
friction based on a drag law [Liu et al., 1995; Fujima et al.,
2002; Lynett, 2009], assuming that the tsunami behaves as
a steady or quasi-steady flow. Our data provide an opportu-
nity to test this assumption.
[36] In a quasi-steady flow (∂v/∂t negligible) the bottom

boundary layer is logarithmic, and its height scales with

depth-averaged speed, which results in a constant drag
coefficient. When the observed tsunami currents and drag
were strongest, the bottom boundary layer was logarithmic,
although with time-varying thickness. The hysteresis between
V and u* (Figure 7) demonstrates that the drag coefficient
was not constant. Use of an average drag coefficient for the
period of maximum currents would produce reasonable
values for maximum speed and total mixing, but would not
accurately identify the timing of the maximum current or
drag, or predict the greater turbulence and shear during
deceleration than acceleration of the tsunami wave.
[37] At times of maximum acceleration and deceleration,

the frictionally influenced boundary layer was very thin, and
the flow cannot be characterized as steady. The flow reversal
near the bed observed during deceleration is a feature of the
unsteady nature of the flow. Treating the tsunami currents as
quasi-steady during the deceleration of the largest observed
oscillation would produce inaccurate estimates of the direc-
tion of stress on the bed, the torque exerted on objects resting
on the bed, vertical variation in horizontal dispersion, and
vertical mixing. The consequences of the assumptions of
steady flow and a constant drag coefficient are relevant to
modeling for the purpose of reconstructing current speed
from paleo-tsunami deposits as well as for predicting tsunami
impacts.
[38] The relative importance of the unsteady aspects of a

tsunami wave depends on the tsunami period as well as its
amplitude. Tsunamis exhibit a wide range of periods in
coastal waters, ranging from 5 to 90 min [Murty, 1977].
Shorter periods allow less time for the bottom boundary
layer to develop, while longer periods extend the interval of
relatively steady flow. With greater amplitude, u* and thus nt

Figure 11. Sum of reconstructed components 1 and 2 for (a) h, (b) u, and (c) v from initial singular
spectrum analysis (200-min window).
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are greater, resulting in more rapid growth of the bottom
boundary layer (equation (3)).

4.2. Tsunami-Induced Sediment Transport

[39] The combination of the tsunami currents with the
elevated SSC produced a strong pulse of onshore SSF
(Figures 9c and 9d). To estimate the maximum gross trans-
port caused by the tsunami, we calculated cumulative SSF
for the 10-min duration of the strongest onrush. Cumulative
onshore SSF in the 60 cm above the seafloor was 82 kg/m,
approximately four times greater than during any other

10-min interval of 26 February–1 March (Figure 10b). The
maximum northward water displacement (∑vDt) during this
oscillation was 120 m, so 82 kg/m constitutes transport of
0.7 kg of sediment 120 m towards shore in the 60 cm above

Figure 12. Reconstructed components (RCr) from the residual singular spectrum analysis (60-min
window), grouped by frequency. f = 3.243 � 10�4 s�1 (51.4-min period): (a) h, RCr1 + RCr2, (b) u,
RCr1 + RCr2, and (c) v, RCr3 + RCr4. f = 6.173 � 10�4 s�1 (27-min period): (d) h, RCr3 + RCr4,
(e) u, RCr3 + RCr4, and (f) v, RCr5 + RCr6. f = 9.747 � 10�4 s�1 (17-min period): (g) h, RCr5 + RCr6,
(h) u, RCr5 + RCr6, and (i) v, RCr1 + RCr2.

Table 1. Percent Variance for First Two Reconstructed Components
(RC) of the Initial SSA (200-min Window) for h, u, and v

RC h u v

1 79.7 65.7 37.8
2 17.9 7.0 4.4
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the seafloor, for every square meter of seafloor. Easterly
SSF continued to increase in the aftermath of the tsunami,
due to the easterly currents produced by the seiche. Although
the rate of transport was greatest during the initial tsunami
oscillations, the seiching produced greater cumulative SSF
(Figure 10c).
[40] The estimates of sediment flux may underestimate the

effect of the tsunami because they are limited to the near-bed
region. Both the periods of strongest currents during the
initial oscillations and elevated currents during the following
days have the potential to mix suspended sediment higher up
into the water column than during wave events with weak
currents. Although not captured in our measurements, it is
possible that increased vertical mixing increased the total
mass of sediment in the water column and the total flux,
depending on the grain size (settling speed) of the suspended
particles.
[41] In assessing the mobilization of sediment by tsunamis

it is important to consider local wave conditions. When the
2010 Chile tsunami arrived in Monterey Bay, the bed was
already mobilized by surface waves. In contrast, the 2009
Samoa tsunami produced subcritical bed shear stress at the
study site, and at that time wind-wave shear stress was also
subcritical. However, the combination of the tsunami and the
local waves exceeded the threshold for mobilization of the
bed sediments. The presence of wind-waves also likely
influence bed shear stress produced by tsunamis in the same
way that they interact with other currents, by increasing
apparent roughness [Grant and Madsen, 1979].

5. Conclusions

[42] These are the first reported field observations of
tsunami-generated currents that include the near-bed region.
In Monterey Bay, the 2010 Chile tsunami produced a series
of cross-shore directed oscillations with period of approxi-
mately 16 min for the first couple of hours, followed by
seiching with a range of frequencies and variable direction
that lasted several days. The crest-to-trough height of the
largest tsunami wave was 1.1 m and the maximum depth-
averaged cross-shore current speed was 0.36 m/s at the 10-m
deep study site. During the initial tsunami waves, velocities
led water surface elevation (h) by 90�, and at times of max-
imum current speed a logarithmic bottom boundary layer
developed with thickness greater than 0.3 m. During the

strongest currents the average drag coefficient Cd was 2.6 �
10�3, a typical value for a sandy seafloor. However, Cd

varied by an order of magnitude within 5 min, because
turbulence intensity (u*) lagged current speed. Turbulent
diffusion of momentum and boundary layer thickness con-
tinued to increase into the deceleration phase of the wave.
At the end of the strongest onrush flow reversal occurred
near the bed. Near-bed velocity and bed shear stress were
directed opposite to the depth-averaged velocity for 60 s.
During the maximum onrush and offrush, the currents gen-
erated by the tsunami can be characterized as quasi-steady,
but at other phases acceleration is significant to the near-bed
momentum, and bed drag is not in phase with the mean flow.
This unsteady behavior cannot be simulated by tsunami
models that rely on a quadratic drag law.
[43] The largest tsunami wave produced sufficient bed

shear stress to mobilize the medium-grained sand bed of the
study site. The tsunami did not enhance near-bed suspended
sediment concentrations because at the time it arrived, wind
waves with 1.3 m significant height exerted a much greater
shear stress on the bed. Nonetheless, cross-shore suspended
sediment flux was enhanced, because of the strength and
duration of the tsunami currents.
[44] Seiching occurred in Monterey Bay for several days

following the arrival of the tsunami. The most energetic
seiche frequency was 0.0195 min�1 (51.4 min period), the
fundamental longitudinal frequency of Monterey Bay. Oscil-
lations at three natural frequencies accounted for 84% of the
variance in supertidal (tides removed) h, 63% of the variance
in supertidal u, and 49% of the variance in supertidal v
during 27 February–2 March. The greatest current oscilla-
tions (0.18 m/s amplitude) were in the alongshore (east-west)
direction, and were produced by constructive interference of
modes with 51.4 min and 27 min periods. Easterly hourly-
timescale currents approached 0.3 m/s within hours of the
tsunami arrival, the strongest at this site in 18 months of
observations. Maximum hourly-timescale sediment flux also
occurred at this time, although instantaneous flux was greater
during the initial tsunami waves.
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