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Abstract The authors recently proposed a new method for detecting tsunamis
using High-Frequency (HF) radar observations, referred to as “Time-Correlation
Algorithm” (TCA; Grilli et al 2016a,b, 2017). Unlike standard algorithms that
detect surface current patterns, the TCA is based on analyzing space-time corre-
lations of radar signal time series in pairs of radar cells, which does not require
inverting radial surface currents. This was done by calculating a contrast func-
tion, which quantifies the change in pattern of the mean correlation between pairs
of neighboring cells upon tsunami arrival, with respect to a reference correlation
computed in the recent past. In earlier work, the TCA was successfully validated
based on realistic numerical simulations of both the radar signal and tsunami wave
trains. Here, this algorithm is adapted to apply to actual data from a HF radar
installed in Tofino, BC, for three test cases: 1) a simulated far-field tsunami gener-
ated in the Semidi Subduction Zone in the Aleutian Arc; 2) a simulated near-field
tsunami from a submarine mass failure on the continental slope off of Tofino; and
3) an event believed to be a meteotsunami, which occurred on October 14th, 2016,
off of the Pacific West Coast and was measured by the radar. In the first two cases,
the synthetic tsunami signal is superimposed onto the radar signal by way of a
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current memory term; in the third case, the tsunami signature is present within
the radar data. In light of these test cases, we develop a detection methodology
based on the TCA, using a correlation contrast function, and show that in all three
cases the algorithm is able to trigger a timely early warning.

Keywords High Frequency radar remote sensing · tsunami detection

1 Introduction

Tsunamis are among the most destructive natural disasters that can impact highly
populated, low lying, coastal areas. In recent past, the world was reminded of their
destructive power by the 2004 Indian Ocean (IO) (e.g., Titov et al 2005; Grilli et al
2007; Ioualalen et al 2007) and Tohoku 2011 (e.g., Mori et al 2012; Grilli et al 2013)
mega-tsunamis, which caused nearly 250,000 combined fatalities. While their most
common generation process is seismicity, tsunamis can be generated by a variety of
non-seismic processes, such as volcanic activity (e.g., Abadie et al 2012; Tehranirad
et al 2015), submarine mass failure (SMF; e.g., Fine et al 2005; Tappin et al
2008; Grilli et al 2015), and atmospheric disturbances known as meteotsunamis
(Monserrat et al 2006; Thomson et al 2009).

Mitigating tsunami coastal impact, particularly loss of life, requires issuing
early warnings to the population. In the US, the two NOAA tsunami warning
centers, operate around the clock in Hawaii and Alaska to do so, using extensive
numerical modeling together with data from a variety of instruments, such as deep
water pressure sensors (DART buoys; e.g., Bernard and Titov 2016). Recently,
High Frequency (HF) oceanic radars deployed along the shore have proved effective
in detecting tsunamis, while they are still a large distance away from shore (see,
e.g., Grilli et al 2016a, 2017, and reviews and references therein). Although most
of these detections were made in a posteriori reanalyses of radar data (e.g., Lipa
et al 2014; Benjamin et al 2016), a HF radar deployed in Tofino, BC (off of the
Pacific Ocean side of Vancouver Island) detected a potential meteotsunami in real
time on October 14, 2016 (Dzvonkovskaya et al 2017).

The detection of tsunamis by HF radars was first proposed by (Barrick 1979),
but it is only in the aftermath of the IO 2004 tsunami that this possibility was
confirmed by numerical simulations (e.g., Lipa et al 2006; Heron et al 2008; Gurgel
et al 2011; Fuji and Hinata 2017), and following the Tohoku 2011 tsunami in a
posteriori reanalyses of radar data (e.g., Hinata et al 2011; Lipa et al 2011, 2012a;
Benjamin et al 2016). HF radars can measure properties of the ocean surface
(e.g., radial surface current, significant wave height,...) beyond the horizon, over a
large sweep area reaching up more than 100 km offshore (depending on frequency,
antenna power, and environmental noise), with a ∼120 degree or greater aperture.
In most HF radar systems, radial surface currents are reconstructed over a dense
grid of radar cells (a few by a few km in size), based on the shift they induce
in the backscattered Doppler spectrum (so-called Bragg scattering phenomenon;
Crombie 1955; Barrick 1972a,b,d,c; Stewart and Joy 1974; Barrick 1978). This
ability of HF radars to provide a dense dataset of time series of radial surface
currents, makes them more suitable to detect tsunami currents generated by non-
seismic sources (e.g., SMFs, meteotsunamis) than traditional point-based sensors
(e.g., pressure or tide gauges). Indeed, such tsunamis can occur at any location
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on or near the continental shelf and shelf break, without the advance warning of
an associated strong earthquake to orient the detection of a possibly generated
tsunami.

Tsunami Detection Algorithms (TDAs) based on radial surface currents in-
verted from HF radars have been proposed in some of the studies referred to
above, which identify the oscillatory nature of tsunami currents in space and/or
time, and TDAs are operational at a few radar locations (e.g., in Tofino, BC).
These will be referred to in the following as “Doppler Method” (DM) TDAs.
There are, however, some limitations to this detection method (Grilli et al 2016a,
2017). Essentially, to be detectable, tsunami currents must rise above the thresh-
old of accuracy of the Doppler-based estimation, which is inversely proportional
to the radar frequency and integration time used to compute the spectrum; thus,
estimating small currents requires large integration times. However, this conflicts
with the oscillatory nature of tsunami currents, as averaging radar data over a
large integration time reduces the estimated current magnitude, making tsunamis
less detectable. Hence, one must use a short enough integration time (up to a
few minutes) to avoid averaging out tsunami currents. Another limitation is the
radar Signal-to-Noise Ratio (SNR), which must remain sufficiently large at the
chosen integration time to allow for a reliable estimation of the surface currents.
In practice, this limits tsunami detection by way of Doppler shifts to either strong
currents (hence on the continental shelf due to shoaling effects), or weak currents
but strong SNR (hence in the short ranges), as was for instance the case for the
weak 2012 Indonesian tsunami (Lipa et al 2012b). It should be pointed out that,
assuming an integration time of a few minutes, this limitation is more important
for the shorter period non-seismic tsunamis (T ∼5-10 min), than for the longer
period co-seismic tsunamis (T ∼10-40 min).

To alleviate this limitation of DM-TDAs, (Grilli et al 2016a) proposed a new
method, referred to as “Time Correlation Algorithm” (TCA), that does not require
inverting currents from Doppler spectra, but instead detects changes in patterns
of correlations of radar signal time series, computed between pairs of cells located
along pre-computed tsunami wave rays. Performing numerical simulations of both
radar signal and tsunami current, for idealized (Grilli et al 2016a) and realistic
(Grilli et al 2016b, 2017) seafloor bathymetry and tsunamis, the authors showed
that the TCA-TDA, which does not depend on an integration time, may be able
to detect weaker tsunami currents (a few cm/s) in deeper water, beyond the con-
tinental shelf, without averaging them out. More specifically, (Grilli et al 2017)
validated the TCA-TDA using a radar simulator developed using the characteris-
tics of the Tofino WERA HF radar system (manufactured by Helzel Messtechnik
GmbH), combined with actual measurements of its signal-to-noise ratio (SNR) as
a function of range. The simulator was applied to tsunami currents simulated in
the area off of Tofino, using a long wave model, for two cases: (i) a Mw 9.1 far-field
co-seismic tsunami, sourced in the Semidi Subduction Zone (SSZ; Fig. 1); and (ii)
a near-field SMF tsunami triggered on the continental slope, directly off of Tofino
(Fig. 2). They concluded that the TCA had the potential to detect the incom-
ing tsunamis further offshore, in deeper water, than using an algorithm based on
currents directly inverted from the Doppler spectra (DM). Despite these encour-
aging results, no definitive conclusions could be drawn before the TCA algorithm
was tested using actual radar data. Indeed, besides the idealization of the radar
signal in the simulator, the background oceanic currents were also simplified in
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earlier work (as purely random) and ionospheric contamination as well as Radio
Frequency Interferences (RFI) were ignored.

Fig. 1 Zoom-in on part of 2 arc-min grid G0 used in FUNWAVE-TVD’s simulations of the
Mw 9.1 co-seismic tsunami sourced in the Semidi Subduction Zone (SSZ); black boxes mark
boundaries of nested model grids off of Vancouver Island, BC: G1 (0.6 arc-min), G2 (270 m),
and G3 (90 m). The color scale (meter) is the initial surface elevation of the SAFRR seismic
source used in simulations.

In view of this, in this paper, we first apply the TCA to actual data measured
with the Tofino radar (for a few days with different oceanic conditions and wave
climate), over which effects of tsunami currents simulated for the same two cases as
in (Grilli et al 2017) (Figs. 1, 2) are superimposed. [We refer to (Grilli et al 2017)
for details of numerical simulations of tsunami generation and propagation for the
SSZ and SMF sources (e.g., Fig. 3).] While one cannot get a tsunami on demand
and see its impact on radar data, one can, however, numerically simulate the effects
of simulated tsunami currents on measured radar data; this works by introducing,
in each radar cell, a phase shift depending on a current memory term (see details
below). This technique was already used for instance in (Gurgel et al 2011) to
simulate the effects a past tsunami event would have produced on radar data. If
not a definitive assessment of an operational TCA-TDA, this approach represents
a further step towards a better evaluation of its performance. In a second part
we apply the TCA to radar data acquired during an event, which on October 14,
2016 triggered a warning from the DM-TDA that is part of the standard WERA
radar system. This event was determined to be a potential meteotsunami event
(Dzvonkovskaya et al 2017), although some other long wave phenomena cannot
entirely be ruled out, and, hence, this test case represents a fully realistic, albeit
offline, validation of the TCA tsunami detection abilities.

2 HF radar system and data used in this work

In April 2016, Ocean Networks Canada (ONC) installed a WERA HF radar near
Tofino, BC, on the west coast of Vancouver Island (Canada) (Fig. 2), as a com-
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Fig. 2 Bathymetry/topography (color scale and contours) and sweep area (black sector; as-
suming a 85 km maximum range) of the WERA HF radar located in Tofino, BC (TF; �). The
solid yellow ellipse (centered at 48.70822 Lat. N. and -126.53669 Lon. E.) and dashed line mark
the initial SMF footprint (w = 8 by b = 6 km) and direction of motion (209 deg. clockwise
from N), respectively; the dashed ellipse marks its final location (sf = 9 km downslope). The
numbered red solid lines mark 6 wave rays selected to apply the TCA-TDA, and the brown
line is a selected azimuth (70th).

ponent of their ocean observing systems. This radar was equipped with a com-
mercial tsunami detection software, provided by the Helzel company, with the aim
to evaluate real-time tsunami detection by HF radar data on the coast of British
Columbia. This radar has a carrier electromagnetic frequency fEM = 13.5 MHz
and a 110 m long array of 12 antennas, centered at 49◦ 4’ 24.82” N, 125◦ 46’
11.55” W, yielding an 85-110 km range, depending on sea state and atmospheric
conditions, and a ∼12 deg. azimuthal resolution at the center of the beam. The
orientation of the radar array, 275 deg. from N, clockwise, and its 120 deg. beam
opening, yield a sweep area for which one side is nearly parallel to the coastline
southeast of Tofino (Fig. 2). In the radar signal processing system, the sweep area
is divided into radar cells, within which the received radar signal is averaged (and
radial surface currents are inverted). These cells all have a radial length ∆R = 1.5
km and the angular opening ∆φr = 1 deg. is used in the beam forming algorithm
to process the radar signal in overlapping angular windows; hence cell width and
area: ∆S = R∆R∆φr increase with range.

In the application of the TCA-TDA to synthetic tsunamis presented later,
several days of radar data corresponding to different oceanic conditions will be used
(Julian days 200, 227, 238, 287, 289 in 2016), including one day with a strong swell
(i.e., day 289, with a 4.3 m significant wave height and 10.7 s peak spectral wave
period), over which effects of simulated tsunami currents will be superimposed (see
details below). In the application of the TCA-TDA to the detection of the potential
meteotsunami event of October 14, 2016, the algorithm will be directly applied to
radar data measured on that day (Julian day 288). The main sea state parameters
of the different days are summarized in Table 1. These were extracted from records
of a nearby buoy (La Perouse, station C46206), available online on the Canadian
Marine Environment Data Service (http://www.meds-sdmm.dfo-mpo.gc.ca).
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Day Hs Tp WD WS
200 (0-2) 1.1 8.4 - -
227 (11-13) 2.15-2.41 6.9 183 9.9
238 (1-2) 1.01 6.9 36 0.2
287 (0-2) 2.75 6.9 106 14.8
288 (6-8) 4.54 16 183 10.1
289 (6-8) 4.32 10.7 155 6

Table 1 Available sea state conditions as recorded at La Perouse Bank station (462006) for
the different days of radar data. From left to right column: Julian day (UTC hour of the day),
significant wave height (Hs, in m), Wave peak period (Tp, in s), Wind direction (WD, in degree
TrueNorth), Wind speed (WS, in m/s)

(a) (b)

Fig. 3 Instantaneous surface elevations (color scale in meter) simulated in grid G2: (a) with
FUNWAVE-TVD for the SSZ source (Fig. 1), at t = 7200 s; b) with NHWAVE for the SMF
source (Fig. 2) at t = 800 s.

3 Simulation of synthetic tsunamis

In earlier work, (Grilli et al 2016b, 2017) simulated the surface elevations and
currents caused by two hypothetical tsunamis, over the Tofino radar sweep area.
As indicated above, tsunami currents simulated for the same two sources are used
in this paper to test the TCA-TDA, in combination with actual radar data. Details
of source parameterization and tsunami generation and propagation simulations
can be found in the references.

The first synthetic tsunami was co-seismic and generated by a Mw 9.1 far-
field source located in the Semidi Subduction zone (SSZ; Fig. 1). This source was
designed by the SAFRR group as a worst-case scenario for northern California
(Kirby et al 2013) and is also a plausible major tsunami case for the Pacific West
Coast of Canada. The SSZ tsunami propagation was modeled using the Boussinesq
long wave model FUNWAVE-TVD (Shi et al. 2012; Kirby et al. 2013a) by one-way
coupling, using a series of nested spherical, then Cartesian, grids of increasingly
fine resolution towards the coast of Tofino (G0-G3; Fig. 1; Fig. 3a). The second
synthetic tsunami was generated by a near-field SMF of volume 1.7 km3, located
in a 980 m depth on the continental slope, 70 km off of Tofino (Fig. 2); the SMF
geometry was idealized as a sediment mound of quasi-Gaussian shape with 8 by 2
km elliptical footprint and maximum thickness 100 m (Fig. 2). The SMF tsunami
generation was modeled in grid G2 as a rigid slump with a sf = 9 km runout,
using the non-hydrostatic model NHWAVE (Ma et al 2012; Grilli et al 2015),
with 5 boundary conforming layers in the vertical direction. Once generation was
completed, simulations were continued with FUNWAVE-TVD in grid G2 and then
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by one-way coupling in grid G3 (Fig. 3b). In both cases shown in Fig. 3, time is
measured from the initial time (t = 0) corresponding to the initiation of the
tsunami wave train at the source. It takes approximately 2 hours and 20 min for
the SSZ tsunami to reach the shore of Vancouver Island near Tofino, and only 20
minutes for the SMF tsunami.

To simulate their effect on radar data, time series of simulated horizontal
tsunami currents ut are projected in the radar radial direction R as Utr = ut ·R
and spatially-averaged over individual radar cells in the sweep area. Note, as
FUNWAVE-TVD’s G3 grid 90 m resolution was much smaller than most radar
cells’ area, a large number of grid cells were averaged to compute tsunami radial
current time series within each radar cell. To apply the TCA, many wave rays
were computed from a number of assumed incident directions, by solving the wave
geometric optic equation for the specified bottom bathymetry. A small number of
these rays (6 rays labeled 160 to 285 in Fig. 2) was selected, which covered well
the radar sweep area, particularly in its distant shallower parts where currents are
stronger. Radar cells aligned along these rays were identified and tsunami propa-
gation times between such cells computed using the linear long wave phase velocity
c =
√
gh (where g is gravitational acceleration and h the depth), also as a function

of the local bathymetry. Details of the wave ray and travel time computations can
also be found in the references.

4 The Time-Correlation Algorithm (TCA)

According to first-order Bragg theory, the complex back-scattered signal received
at time t for a given radar cell q is of the form,

Vq(t) = α+ e−2iπfBt + α− e+2iπfBt (1)

where α± are complex constant coefficients, functions of sea state, range, and
radar calibration, and fB =

√
g/(πλEM ) is the Bragg frequency (λEM is the elec-

tromagnetic wavelength). In the presence of a constant radial surface current Ur,
the complex radar signal experiences a Doppler frequency shift fU = −2Ur/λEM
and is thus multiplied by a complex exponential e2iπfU t. For a variable current
in time, Ur(t), the Doppler frequency shift is obtained through the integration of
the instantaneous Doppler frequency fU (t) = −2Ur(t)/λEM , and the radar time
series is thus multiplied by the complex exponential eiM(t), where,

M(t) = − 4π

λEM

∫ t

−∞
Ur(t

′)dt′ (2)

is often referred to as a current memory term, since it integrates the past values
of the current.

In the presence of a tsunami wave train, the radar signal of Eq. (1) is thus
modified as,

Vq(t) =
(
α+ e−2iπfBt + α− e+2iπfBt

)
eiM(t) (3)

where the memory term is computed based on the tsunami radial current, space-
averaged within each radar cell Utr.

As seen in tsunami simulations (e.g., Fig. 3) and according to linear long wave
theory, the arrival of an incident tsunami wave train within a given sea state, causes
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the appearance of a slowly varying horizontal current propagating at the long
wave phase speed c, whose amplitude is nearly proportional to the local tsunami
elevation and inversely proportional to

√
h. The main principle underlying the

TCA, proposed by the authors in earlier work, is to take advantage of the unique
large scale coherency of this tsunami-induced current, to identify (i.e., detect) its
occurrence in the radar signal through its effect on the memory term M . As the
tsunami wave train propagates over large distances, refracting along wave rays as a
function of its (depth-dependent) phase speed (well approximated by c), currents
induced at successive locations along such a ray should be strongly correlated.
More specifically, we expect the strongest correlation to occur between the current
Utp(t) at cell p and the time-shifted current Utq(t+ tpq) at cell q, where tpq is the
tsunami travel time from cell p to cell q, and currents used here are projections
of ut on the local wave ray. This property carries over to the memory term and,
therefore, also to the radar signal itself, which is modulated by M (see Eq. (3)),
assuming that most wave rays at far ranges, where detection is most effective,
are directed more or less towards the radar (e.g., Fig. 2) and hence, the effect of
projecting currents from the tangential direction to a ray to the radial direction
is negligible.

Based on this principle, the TCA calculates correlations of complex backscat-
tered radar signal time series, Vp(t) and Vq(t − tpq), received from 2 given cells
p and q located along the same tsunami ray, shifted by the tsunami propagation
time between these cells (if cell q is located farther offshore than cell p, travel time
tpq is positive),

Cpq(τ ; t) = |corr{Vp(t+ τ),Vq(t− tpq)}| . (4)

as a function of an additional time lag τ ∈ [−Tl/2, Tl/2], with Tl, the length of the
time lag window. With this definition, the maximum signal correlation is expected
to occur at τ = 0. Hence, a change in pattern of previously computed correlations
Cpq near τ = 0 should indicate that a tsunami is propagating through the radar
sweep area. In practice, assuming short time stationarity, the ensemble average is
obtained through a temporal average using a running time window in the recent
past,

Cpq(τ ; t) =

∣∣∣∣ 1

Tc − τ

∫
It

Vp(t′ + τ) V∗q(t
′ − tpq) dt′

∣∣∣∣ (5)

where the integration is performed over the time interval It = [t−Tc, t− τ ]. Here,
Tc > Tl the length of the time window (i.e., correlation time), which should be
sufficiently large to capture a meaningful part of the oscillations of the tsunami
current, that is at least one-third to one-half the tsunami dominant period Tt
(in the following applications we used Tc = 900 to 1200 s). Note that in Eq.
(5), the integration domain decreases as time lag increases, which is due to the
requirement that the calculation of the correlation at the present time does not
require knowledge of the radar time series in the future (t′+τ > t). The reduction of
the integration time as lag increases is compensated by the atypical normalization
factor 1/ |Tc − τ |. This ensures in particular that the correlation of two uniform
signals remains flat and prevents the occurrence of an artificial correlation peak
near zero time lag.
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5 Application of the TCA to actual radar data

We obtained raw signal recorded by the Tofino HF radar system at a sampling
rate ∆t = 0.26 s, for Julian days 200, 227, 238, 287, 289 in 2016 and October
14th, 2016, and processed it in range and azimuth using software developed by
Helzel Messtechnik GmbH, to produce time series of complex backscattered signal
Vq(t) for each radar cell q located along the selected tsunami rays in the sweep
area (Fig. 2). The first 5 days were randomly selected from a larger dataset, as
complete days of records representing different oceanic conditions.

Following Eq. (3), the effect of synthetic tsunami currents on radar data was
simulated by multiplying the measured radar signal time series by the complex
memory term from Eq. (2), computed in each cell based on space-averaged radial
currents Utr, i.e.,

Vp → Vp(t) eiM(t) (6)

To avoid spurious values, which are sometime observed in radar signal time se-
ries, and to equalize their magnitude at different ranges, only the re-centered and
normalized complex values of the radar signal time series were retained, i.e., we
considered signals of the form,

Sp(t) =
Vp(t)− Vp
|Vp(t)| , (7)

where Vp is the temporal mean of the signal in the window of observation.
Time-shifted, radar signal correlations Cpq(τ ; t) between pairs of cells (p, q)

were calculated with Eq. (5), based on Sp(t). In each case, the signal at radar cell
p was correlated with that at its Kth neighbor, p + K, for N successive values
(that is p = p0, p0 +1, .., p0 +N−1). The N resulting correlations were normalized
by their maximum and averaged over the N available pairs,

Cp0,N,K(τ ; t) =
1

N

p0+N−1∑
p=p0

Cp,p+K(τ ; t)

maxτ (Cp,p+K(τ ; t))
(8)

A final smoothing in time (here over a 120 s window) was finally applied to remove
higher-frequency oscillations in the average correlation (which had negligible effect
on the contrast function detailed later).

Figs. 4a,b show plots of correlations Cp0,N,K(τ ; t) computed as a function of
τ , on day 238, for p0 = 31, N = 23 and K = 1, along rays 160, 180, 225 and
285, at two different times t = 1h48’09” and 1h56’09” into the SSZ tsunami event
(red lines), compared to the reference correlation computed using data 1h in the
past (black dashed lines). By contrast with the idealized cases studied earlier using
a radar simulator (Grilli et al 2016a,b, 2017), in which the radar data showed a
flat correlation in the absence of a tsunami, here the reference correlation already
exhibits a strong correlation peak near the zero time lag, even in the absence
of a tsunami. This was first noted by (Guérin et al 2017), who postulated that
this is likely an artifact of the radar signal processing algorithms (i.e., range-
gating and beam-forming), which are applied to raw data to calculate the range-
and azimuth-resolved radar signal. It is difficult to provide a rigorous explana-
tion for this phenomenon without delving into details of the radar signal pro-
cessing algorithm. In short, this is due to the fact that the simultaneous signals
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backscattered from neighboring radar cells cannot be exactly uncoupled in the
range and azimuthal processing. Comparing time-shifted correlations computed
with and without tsunamis, such in Figs. 4c and d, but for more distant cells,
would show that this preexisting correlation between cells is stronger than the
additional signal correlation resulting from the current memory term. However,
even though the computed time-shifted correlations are not flat in the absence
of the tsunami, the occurrence of the latter still manifests itself in a measurable
way, through an increase of the mean correlation Cp0,N,K (Figs. 4a,b). This is
due to the highly correlated structure of the memory term caused by the tsunami
current, for time-shifted radar cell time series. Hence, tsunami detection can still
be easily achieved by observing a clear change in pattern of the mean correlation
with respect to some reference level. In an operational way, as already indicated
above, the reference correlation of a given sea state in the absence of a tsunami
can simply be calculated using the radar signal recorded in the recent past, say
1 h earlier. During this length of time, while the tsunami wave train has not yet
reached the radar cells, both sea state and radar characteristics can be assumed
to be quasi-steady.

Therefore, to quantify this change in correlation pattern, a contrast function
is introduced defined as,

Γp0,N,K(t) =

∫ Tl/4

−Tl/4

(
Cp0,N,K(τ ; t)− Cref

p0,N,K(τ ; t)
)
dτ∫ Tl/4

−Tl/4

(
Cp0,N,K(τ ; t) + Cref

p0,N,K
(τ ; t)

)
dτ

(9)

This function quantifies the change in area of the mean correlation Cp0,N,K with
respect to its reference value Cref

p0,N,K , normalized by the sum of the respective
areas. Note, only the central half of the correlation lags in the correlation window
Tl are considered, since the larger lags are less reliable from a numerical point
of view. The reference correlation Cref

p0,N,K can simply be taken as a correlation

computed in the recent past, that is Cref
p0,N,K(τ ; t) = Cp0,N,K(τ ; t−∆t), for some

time shift∆t to be defined. In the following applications, we use∆t = 1 h, for which
meteorological and oceanic conditions are expected to be quasi-steady. This choice
also results from a technical convenience, as the radar time series is interrupted in
the last 2.5 minutes of each hour for control purposes. Hence, the choice of a one-
hour time shift for the reference signal makes it possible to process an interrupted
subsequent time series of 57.5 minutes.

We also tested several values of the separation distance K between the corre-
lation pairs and found that taking K = 1 (i.e., using the nearest neighboring cell
range-ward) led to computing the most discriminant contrast function. It should
be noted that, in this case where correlations are computed for adjacent radar cells,
the tsunami travel time between cells is very small (on the order of 20 to 50 s)
compared to both the time correlation window Tc and the dominant tsunami wave
period Tt; hence we observed that ignoring this travel time (i.e., setting tpq = 0
in Eq. (4)) had negligible effects on the contrast function. The results below were
nevertheless computed using the travel times.
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(a) (b)

(c) (d)

Fig. 4 (a) and (b), mean correlations C31,23,1 (red solid lines) and their reference values
(black dashed lines) computed as a function of time lag τ for the SSZ tsunami, using radar
data from day 238, at t = (a) 1h48’ (first warning); and (b) 1h56’ (alert confirmation). [The
correlations have been smoothed with a 120 s window.] (c) Time series of contrast function
Γ31,23,1 computed along rays: (cyan) 160, (black) 180, (blue) 225, and (red) 285; based on
a low and high contrast threshold 0.2 and 0.3, respectively (horizontal dashed lines), a first
warning would be issued at 6,480 s (1h48’) and an alert confirmation at 6,960 s (1h56’) into
the event. (d) Same as (c), with no synthetic tsunami current added.

6 Application of the TCA to synthetic tsunami detection

6.1 The far-field SSZ co-seismic tsunami

Fig. 4 shows the mean correlation C31,23,1(τ) and corresponding contrast function
Γ31,23,1(t) (with and without the tsunami), computed along 4 tsunami wave rays
marked in Fig. 2 (160, 180, 225 and 285), as a function of time lag τ and time t,
respectively. In the correlations, time series of radar signal measured in cells 31
to 53 (corresponding to ranges from 45 to 79.5 km) are correlated with those in
the neighboring cells range-ward (i.e., cells 32 to 54), using an integration window
Tc = 1, 200 s. The figure shows results based on data measured on Julian day 238



12 Charles-Antoine Guérin et al.

in 2016 (on which the synthetic tsunami current effect was superimposed), but
several days of radar data corresponding to different oceanic conditions were tested
(Julian days 200, 227, 238, 287, 289 in 2016). Figs. 4a, b show the mean correlation
(here smoothed over a 120 s moving window) and Figs. 4c, d the contrast function
with and without tsunami currents. In Fig. 4c, a clear increase in contrast can be
observed as the tsunami wave train propagates across the radar cells. Based on a
low contrast threshold of 0.2, a first warning could be issued at t = 6, 480 s (1h48’)
while a confirmation (i.e., an alert) could be issued at t = 6, 960 s (1h56’) based
on a higher contrast threshold of 0.3. This is confirmed in Figs. 4a,b, which show
average correlations computed at these critical times for cells 31 to 53, along the 4
selected wave rays; a clear change in pattern of these correlations can be observed
with respect to the reference correlations (calculated based on data 1 h in the past).
To confirm the relevance of this alert, the contrast functions were also calculated
In Fig. 4d using the same radar data time series, but without superimposing the
memory term based on the tsunami current (Eq. (6)); the contrast functions clearly
remain below both low and high contrast thresholds. It is interesting to note that
the detection based on the contrast function is effective even though the magnitude
of the tsunami-induced currents is small in cells 31 to 53. This can be seen in Fig. 5,
which shows the time evolution of radial tsunami surface currents Utr(t) calculated
in these cells, along the ray 225, from FUNWAVE-TVD’s simulations of the SSZ
source. At the time of first warning (1h48’), the magnitude of tsunami-induced
currents is less than 7.5 cm/s, except in the 3 shallowest radar cells (31-33), where
it reaches up to 17 cm/s. Similar results and detection times (not shown) were
obtained using radar data for the other 4 selected days, even on day 289, which
had a strong swell.

Fig. 5 Time series of radial surface currents induced by the SSZ tsunami (Figs. 1 and 3a)
computed at radar cells 31 to 53 along ray 225 (Fig. 2) using FUNWAVE-TVD. The vertical
dashed lines mark the time of first warning (1h48’) and alert (1h56’), while the horizontal
dashed lines mark the region with a ±7.5 cm/s current magnitude.

6.2 The near-field SMF tsunami

The same numerical experiment was repeated using the SMF tsunami currents, for
the same radar cells, rays, and radar time series of different hours and days. Due
to the smaller time scales involved, a smaller integration time Tc = 900 s was used.
Fig. 6 shows an example of the contrast function Γ31,23,1 computed on Julian day
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238 with (a) and without (b) a superimposed tsunami current. In the presence of
the latter, a first warning could be issued 6 min 9 s into the event, using rays 225
and 285, and a confirmation could be given at 8 min 39 s. Numerical experiments
using several other hours and days worth of data revealed a stable pattern for the
evolution of the contrast function, regardless of the oceanic conditions, and showed
that the highest threshold (here a value of 0.3) is never reached in the absence of
a tsunami.

(a) (b)

Fig. 6 Time series of the contrast function Γ31,23,1 computed as a function of time along rays
(Fig. 2): (cyan) 160, (black) 180, (blue) 225, (red) 285, for the synthetic SMF source combined
with radar data from day 238, with (a) and without (b) a superimposed tsunami; based on a
low and high contrast threshold of 0.2 and 0.3, respectively (horizontal dashed lines), a first
warning would be issued 369 s (6 min 9 sec) into the event using rays 225 and 285, and a
confirmation of this warning (an alert) would be issued at 519 s (8 min 39 s).

6.3 The influence of sea state

An important question is whether the efficiency and ability to issue a warning of
the TCA are robust to sea state and in which respect the contrast functions shown
for the synthetic tsunami test cases are impacted by the variability of the radar
data (which is itself related to the variability of oceanic conditions). To answer
this question, we applied the algorithm to the few days and hours of radar data
which are summarized in Table 1 and evaluated the contrast functions for both the
SMF and SSZ tsunami test cases. We found the same trends in contrast function
from one day to another as for day 238, but also observed that the function levels
was slightly dependent on the selected time period. In some cases, this implied
that a warning threshold was reached on a given day but missed on another. This
is illustrated in Fig. 7 where the SSZ and SMF contrast functions on ray 225 are
evaluated using radar data from five Julian days: 200, 227, 238, 287 and 289. The
figure shows, in this case, that the alert threshold would not be reached on day
289 for the 2 tsunamis while a false warning would be triggered. Julian day 289
(October 15, 2016) was a day with a much larger wave height and period (Hs ' 4.5
m and Tp ' 10.7 s at La Perouse Bank station; see Table 1) than for the other trial
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days. An analysis of the full archive of data at La Perouse Bank station during
2016, shows that such a significant wave height, although not exceptional, is quite
rare as it belongs to the top 8% of the recorded values. As of now, we have no
definite explanation for the lesser performance of the TCA on a day with a strong
sea state, which is an issue that will require further investigation.

For calm or moderate sea states (Julian days 200, 227, 238 and 287), we could
not establish any systematic relation between the “quality” of the contrast function
and sea state parameters. We observed that, similarly to the Doppler Method, the
performance of the TCA is primarily impacted by the SNR (which can be defined
as the ratio of the Bragg peak and the background power in the HF radar signal)
and the strength of the tsunami currents, which depends on local bathymetry.
However, as the TCA is not based on inverting radial currents, this algorithm
is expected to be more robust to a smaller SNR than the Doppler Method and
to be less sensitive to the background oceanic currents. Note that there is no
obvious relationship either between sea state and SNR, as the attenuation in the
propagation of electromagnetic surface waves over a rough sea is compensated
by the increasing strength of the Bragg wave component. Hence, a complete and
reliable assessment of the performance of TCA as a function of sea state could
only be performed on a statistical basis, by testing a large number of days of radar
data and wave rays, which is beyond the scope of this paper.

To further evaluate the robustness of the TCA to strong sea states, we recal-
culated the same contrast functions along different rays on day 289, for the two
synthetic tsunamis (Fig. 8). As seen on the figure, at least in the SSZ case, the
simultaneous use of different rays allows to compensate for the loss of quality of
the contrast function of individual rays in case of a strong sea state. For the SMF
case, the contrast function of the relevant rays (225 and 285) is not sufficiently
marked to raise above the alert threshold, which means that the event could be
missed if the detection is based on those rays only. This confirms that increas-
ing the number of rays taken into consideration in the calculation of the contrast
function improves the probability of detection.

(a) (b)

Fig. 7 Time series of contrast function Γ31,23,1 computed as a function of time along ray 225
(Fig. 2) using the radar data of Julian day: (red) 200, (green) 227, (magenta) 238, (cyan) 287
and (blue) 289, for the synthetic a) SSZ source b) SMF source.
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(a) (b)

Fig. 8 Time series of contrast function Γ31,23,1 computed as a function of time along rays
(Fig. 2): (cyan) 160, (black) 180, (blue) 225, (red) 285, for the synthetic a) SSZ source b) SMF
source combined using radar data from the day with strongest significant wave height (day
289, October 15, 2016). The alert would still be triggered with rays 160, 180 and 285 for the
SSZ source but would be missed with the SMF source.

7 Offline detection of meteotsunami with the TCA

7.1 The October 14th, 2016 event

On October 14th, 2016, at 6h 06 min UTC, the WERA HF radar installed in
Tofino, whose system was running the standard tsunami detection software de-
veloped by Helzel Messetechnik GmbH (DM-TDA based), triggered a tsunami
alert, as the influence of the approaching typhoon Songda was starting to be felt
along the Pacific coasts of the US and Canada. At the time of the alert, long-
period sea level oscillations of ∼20 cm amplitude were clearly measured by some
nearby tide gauges and meteorological stations located off of the coast recorded
the propagation of a strong low pressure front (of about 980 millibar), moving at
an exceptionally high speed of ∼95 km/h (see Figs. 9 and 10). Since no seismic ac-
tivity was reported in the region at the time, it seemed that this event could have
been of atmospheric origin and, in particular, a meteotsunami. (Dzvonkovskaya
et al 2017) provided an initial geophysical interpretation of this event as well as
data on current measurements and tsunami detection achieved by the standard
TDA that was running in real time in the Tofino HF radar system. If, in research
still in progress, this event was confirmed to have indeed been a meteotsunami, it
would be the first example in the history of HF radars, of a real time tsunami de-
tection. To date, it is still not definitely established whether this event was caused
by a storm surge, a seiche, a meteotsunami, infra-gravity waves, or any combina-
tion of these four types of phenomena. A thorough analysis and inclusion of all
available geophysical data is necessary to reach more definitive conclusions in this
respect. Below, we further analyze this event and then assess the TCA detection
performance in this context.

To better understand the event that triggered the tsunami alert in the radar
system, we first analyzed time series of radial surface currents inverted from 3h of
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Fig. 9 Location of NOAA meteorological stations 46002, 46005 and 46206.

Fig. 10 Time series of atmospheric pressure (millibar) measured at NOAA stations 46002,
46005 and 46206 (Fig. 6) from October 13-16, 2016. The propagation of a low pressure front
towards the NNE, at a speed of about 95 km/h, is clearly visible.

radar data acquired between 4h 00 min and 6h 58 min UTC on 10/14/16. Here,
currents were inverted using a Bayesian probabilistic method recently developed by
the authors to efficiently and accurately process data originating from phase array
systems (Guérin and Grilli 2018). In this method, a Bayesian estimation of the
absolute value of the surface currents is calculated based on time series of complex
radar signal backscattered from each radar cell, similar to those processed in the
TCA. Specifically, a “Maximum A Posteriori Probability Estimate” (MAPPE) is
developed using relevant a priori information on the surface currents, which makes
it possible inverting currents in a noisy environment with short integration times;
as discussed above, the latter is important when dealing with tsunami currents.
Figure 11 shows the evolution of the absolute value of radial currents calculated
with the MAPPE method over different cell intervals/ranges along azimuth 70
(Fig. 2). Here, ∼2 min sliding intervals (512 samples; 133 s) were used to produce
surface current time series, with a 16 s update rate. The a priori probability
distribution used in the Bayesian estimation was Gaussian with a mean equal to
the average value estimated over the past 264 s of data and standard deviation set
to 15 cm/s. The starting time in the estimation was 4h 00 min UTC. Figs. 11a,b,c
clearly show a sudden increase in radial current magnitude by ∼25-30 cm/s ( i.e.,
a current front), at 96 (5h 36 min UTC), 110 (5h 50 min UTC), and 129 (6 h 09
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min UTC) min, over cells 40-41, 30-31 and 20-21, respectively. A similar analysis
made in other azimuthal directions on either side of azimuth 70 (not shown here)
yielded a consistent, albeit less pronounced, behavior, supporting the hypothesis
that this unusual current pattern followed a main direction of propagation close
to azimuth 70.

The speed of propagation of the observed current front can approximately be
estimated by dividing cell range interval by time difference between Figs. 11a, b
and c. Thus, as the current front occurs at 5:36’ at range 40 and 5:50’ at range
30, a 15 km propagation takes place in 14 min, yielding a 64 km/h propagation
speed between these two locations. Similarly, at range 20 the front is seen at 6:09’,
which in turn implies a propagation speed of 47 km/h between ranges 30 and 20.

Considering the bathymetry variation under azimuth 70 (Fig. 12), these prop-
agation speeds are close to the long wave celerity c =

√
gh computed from the

local bathymetry h: in average, 65 km/h between cells 40 and 30 and 55 km/h
between cells 30 and 20. If it turns out that the propagating current front is caused
by an atmospheric disturbance, this close correspondence with the local free long
wave speed would support the occurrence of a Proudman resonance and, hence,
the hypothesis of a meteotsunami (Monserrat et al 2006). However, we had no
atmospheric data at our disposal to calculate the speed of the pressure front in
the radar sweep area and could only roughly evaluate it between the remote mete-
orological stations 46002, 46005 and 46206 (Fig. 9 and 10), where it was estimated
to be 95 km/h. Nethertheless, the likely slow-down of the low pressure front when
approaching the coast, e.g., as a result of land friction, could have made its speed
match that of the propagating current front in the radar sweep area.

7.2 Detection of a potential meteotsunami event with the TCA

In the following, we investigate whether the TCA would have detected the October
14th, 2016 event, had it been running in real time on the radar system, and
estimate when a first warning could have been issued. To do so, we applied the
TCA to the Tofino radar data acquired over the sweep area during the time period
surrounding the occurrence of the candidate meteotsunami event, i.e., 4h 00 min
to 7h 00 min UTC. Unfortunately, no data were available after 7h 00 min, as the
storm associated with this event caused an electrical outage in Tofino. Figure 13
shows time series of contrast functions calculated along the 6 rays shown in Fig.
2, which cover well the entire sweep area. Although an operational TDA would
systematically check a large number of possible cell intervals on each selected wave
ray, here for illustration we used 3 relevant cell intervals on each ray, namely cells
20 to 30 (Figs. 13a,b), 30 to 40 (Fig. 13c,d), and 40 to 50 (Fig. 13e,f). Radar
data in each cell within these ranges was correlated with that of its neighboring
cell range-ward, yielding 21 correlation pairs (C30−31, C31−32, ..., C50−51). The
reference correlations necessary to evaluate the contrast functions were obtained
by calculating the same quantities one hour in the past, hence before tsunami
arrival. An integration window of Tc = 900 s in the past was used, which was
found to be a good compromise between obtaining stable estimates of the average
correlations and capturing the transient effects caused by the current front. Based
on these correlations, 3 one-hour time series of contrast functions were computed:
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(a)

(b)

(c)

Fig. 11 Time series of inverted radial surface currents (red lines), and smoothed currents
(black lines) computed on October 14th, 2016 (day 288) along azimuth 70 (Fig. 2), averaged
over cells/ranges: (a) 40-41; (b) 30-31; and (c) 20-21 (the time origin is at 4h 00 min UTC).
Radial currents are estimated every 16 s using the MAPPE method ((Guérin and Grilli 2018)),
for overlapping intervals of 512 points (133 sec). The occurrence of a jump in current magnitude
is clearly visible in figures (a-c), at 96 (5h 36 min UTC), 108 (5h 48 min UTC) and 129 (6h 09
min UTC) min, respectively (marked by a vertical dashed line), which propagates from ranges
40, to 30 and 20.

Γ20,11,1, Γ30,11,1, Γ40,11,1, from 5h 00 min to 6h 00 min and 6h 00 min to 7h 00
min UTC in Figs. 13a,c,e and Figs. 13b,d,f, respectively.

Assuming contrast thresholds of 0.3-0.4 or 0.2-0.4, Fig. 13 shows that, based
on the contrast functions computed for rays 180, 225 and 235 over cells 30-40
(45-60 km), a first warning could have been issued by the TCA-TDA at 5h 49
min UTC (Fig. 13c) and confirmed at 5h 55 min UTC (Fig. 13e). This would have
been triggered by the strong increase in contrast function on ray 180, over cells
40-50 (60-75 km). Based on the even more drastic increase in contrast function
on rays 160 and 180 over cells 40-50 (Fig. 13f) confirmed by the large increase in
contrast functions of the entire group of rays over cells 30-40 (Fig. 13d), a second
alert could have been issued at about 6h 35 min. Note that the non-monotonic
behavior of the contrast function, with the occurrence of two maxima separated in
time by 40 minutes (5h 55 min and 6h 35 min), is consistent with the tsunami alert
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Fig. 12 Bathymetry transect along azimuth 70 (Fig. 2).

map issued by the radar system, which is reproduced in Fig. 4 of (Dzvonkovskaya
et al 2017), where the alert threshold was reached twice at about the same time.
The second alert could correspond to a second, stronger, incoming tsunami wave of
tsunami. Unfortunately, the October 14th, 2016, storm caused an electrical outage
at about 7h 00 min UTC, resulting in a few hours of interruption in the HF radar
records. It would have been interesting to check for the arrival of subsequent waves
and possible alerts, to confirm the tsunami-like nature of this event.

8 Probability of false alarms

In the TCA, the choice of the low and high contrast thresholds used for issuing
a tsunami warning and an alert, respectively, is a delicate matter, which would
require a thorough statistical analysis of radar time series under various oceanic
conditions. In light of such an analysis, the selected thresholds would then result
from a trade-off between the probability of detection P(D) and the probability of
false alarms P(F) . In the TCA, besides the selected thresholds, these probabilities
will also depend on the choice of radar cells, integration time used to evaluate
the correlations, and selected wave rays. While it is difficult to evaluate P(D),
as this would require performing statistics over many actual tsunamis, P(F) can
more easily be computed by estimating the probability of the contrast function
to reach a given pre-set contrast threshold in the absence of a tsunami, which
only requires a statistical analysis of archived radar data representative of various
oceanic conditions. Thus, for a given contrast threshold Γε, P(F) could be defined
as the number of occurrences of the contrast function exceeding this threshold
(Γ > Γε) divided by the total number of available values of the contrast function.
Here, a very crude estimate of P(F) was calculated this way based only on the few
hours/days of radar data under consideration. Figure 14 shows P(F) calculated as
a function of the contrast threshold for 4 rays (160, 180, 225, 285; Fig. 2; only the
most relevant rays for this case were processed) and contrast functions Γ20,11,1,
Γ30,11,1,and Γ40,11,1, used in the above meteotsunami detection study. As can be
seen, a detection criterion based on the lowest thresholds 0.2 and 0.3 as used in
Figs. 13c,e, would trigger a warning with a nearly zero rate of false alarms. Note
that the estimation of P(F) could be refined by requiring that the contrast function
exceed some threshold for several rays simultaneously (instead of one at a time),
a task which has not been performed here.
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(a) (b)

(c) (d)

(e) (f)

Fig. 13 Zoom on 1h contrast function time series computed on October 14th, 2016 (day 288)
with Tc = 900 s (in the past), along rays (Fig. 2): (cyan) 160, (black) 180, (blue) 225, (red)
285, (green) 165 (I) and (magenta) 165 (II). (a) and (b): Γ20,11,1 (i.e., using the combination
of gates (20:30)+1); (c) and (d) Γ30,11,1; (e) and (f) Γ40,11,1. The origin of time is 5h 00 min
UTC in the leftward column (a, c and e) and 6h 00 min UTC in the rightward column (b, d
and f). Arbitrary contrast threshold values have been marked by black dashed lines.

The low and nearly zero probability of false alarms observed at the low (0.2)
and high (0.3) thresholds, respectively, confirm the effectiveness of an alert issued
by the TCA, based on a threshold exceedance, such as done above in Fig. 13.

9 Discussion and conclusions

In this study, we further assessed and tested the tsunami detection ability of the
Time Correlation Algorithm (TCA) proposed by (Grilli et al 2016a, 2017), based
on using actual data from the Tofino HF radar, either combined with realistic site
specific tsunami simulations or “as is” for the potential meteotsunami event of
October 14th, 2016. The analysis showed that the original TCA, initially validated
with synthetic radar data, had to be refined and adjusted to account for the pre-
existing correlation of radar signal backscattered from different cells, which is an
artifact of the range and azimuth processing algorithms applied to the raw radar
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(a)

(b)

(c)

Fig. 14 Same data and case as in Fig. 13. Probability of false alarms as a function of contrast
function threshold, for a tsunami warning issued by the TCA, based on the magnitude of the
radar contrast function: (a) Γ20,11,1; (b) Γ30,11,1; and (c) Γ40,11,1, along rays (Fig. 2): (cyan)
160, (black) 180, (blue) 225 and (red) 285.

data. This was done by calculating a so-called contrast function, which quantifies
the change in pattern of the mean correlation between pairs of neighboring radar
cells upon tsunami arrival, with respect to a reference correlation computed in the
recent past. In the paper, we showed, using two synthetic but realistic tsunamis
case studies (for a large far-field co-seismic and a near-field SMF tsunamis), that
a marked change in contrast function can be used as a relevant proxy for tsunami
detection, which allows issuing a timely warning, confirmed by an alert. Note that
different integration times were used in the TCA for the detection of the SMF and
SSZ tsunamis, as the time scale of observation must be adapted to the tsunami
characteristic period. This requires some a priori knowledge of the type of events
that could possibly be detected at a given site. If tsunamis with very different
time scales are plausible at the same location (e.g., longer tsunamis from seismic
sources and shorter tsunamis from SMF or atmospheric sources), the TCA could
easily be run in sequence (or in parallel) using multiple integration times.

The TCA tsunami detection performance was then further tested based on an
actual event, which occurred on October 14th, 2016 and triggered a tsunami alert
in the standard monitoring software running on the Tofino WERA system. Here,
we performed an a posteriori (i.e., offline) analysis of both the meteorological and
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radar data acquired during the 2 hours surrounding the alert (i.e., from 5h 00 min
to 7h 00 min UTC). The identification of a high-speed propagating low pressure
front along the US and Canadian West coasts, and a corresponding marked current
front in the radar sweep area traveling at a local long wave celerity supports the
hypothesis of a meteotsunami, although the occurrence of another type of unusual
long wave phenomenon (e.g., seiche, storm surge, infra-gravity waves) cannot yet
be ruled out. The exact nature of this event could be elucidated both by conducting
a more thorough multi-sensor geophysical analysis and numerical simulations of
tsunami generation by the observed pressure perturbation; the latter are the object
of ongoing work. To assess its detection performance for this event, the TCA was
applied along 6 rays covering the entire radar sweep area and the contrast function
was evaluated for pairs of adjacent radar cells along the rays, in the close- (cells
20-30, 30-45 km), intermediate- (cells 30-40, 45-60 km) and far-ranges (cells 40-50,
60-75 km). Using an appropriate contrast function threshold value in the TCA, a
first warning based on results from different rays could have been issued as early
as 5h 49 min UTC.

The determination of optimal contrast function threshold values, in terms of
maximizing the probability of detection and minimizing that of false alarms, would
require a long-term assessment, over at least a full year of radar data correspond-
ing to a large variety of oceanic conditions. Such a thorough statistical analysis
was recently performed, using a Doppler-based algorithm, using HF radar data
acquired in Japan (Fuji and Hinata 2017), where a detection probability could be
estimated by combining synthetic (numerical) tsunamis with one month of actual
HF radar measurements. It was found that the detection probability crucially de-
pends on the tsunami to background current energy ratio. This limitation is in
principle relaxed with the TCA, where the correlation analysis is performed on
the radar signal itself and, hence, does not depend on the background current. In
addition, the TCA performance could be refined by optimizing the cell ranges and
rays used in the analysis. Both of these aspects will be addressed next in our work
as they are necessary steps to develop a truly operational TDA system, which
could be used as a useful complement to existing algorithms. This will be part of
future work.
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