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ABSTRACT

A High-Frequency (HF) radar was installed by Ocean Networks Canada
in Tofino, BC, to detect tsunamis from far- and near-field sources on
the Pacific Ocean side of Vancouver Island; in particular, from seismic
sources in the Cascadia Subduction Zone. Based on a classical analysis
of the Doppler spectrum, this HF radar can measure ocean surface cur-
rents up to a 85-110 km range depending on sea state. However, an inher-
ent limitation of detection of small and short-lived tsunami currents is the
conflicting requirement for short integration time and sufficient accuracy
(resolution) of the Doppler spectra. This limits a direct tsunami detection
typically to shallow water areas over the continental shelf where tsunami
currents have become sufficiently strong due to wave shoaling.

To overcome this limitation, the authors have recently proposed a new
detection method, referred to as “Time-Correlation Algorithm (TCA)”,
that does not require inverting Doppler spectra for the tsunami currents
and can thus potentially detect an approaching tsunami in deeper wa-
ter, beyond the continental shelf. This algorithm is based on comput-
ing space-time correlation of the raw radar signal in different radar cells
aligned along precomputed tsunami wave rays, and time-shifted by the
precomputed tsunami propagation time between cells. A change in pat-
tern of such correlations indicates the presence of a tsunami. They vali-
dated the TCA with numerical simulations for both idealized (Grilli et al.,
2016a) and realistic (Grilli et al., 2016b, 2017) tsunami wave trains and
seafloor bathymetry, using data simulated with a radar simulator.

Here, the TCA is for the first time applied to actual radar data mea-
sured with the ONC WERA HF radar and numerically modified by a
synthetic tsunami current. Using a state-of-the-art long wave model we
perform tsunami simulations with realistic source and bathymetry, and
combine the resulting currents with the background currents and radar
backscattered signal measured by the HF radar system. This combina-
tion makes it possible to evaluate the performance of the proposed TCA
detection algorithm, based on an experimental rather than numerically
simulated, data set of radar signal. Our findings confirm that an actual
detection can be achieved beyond the continental shelf, where tsunami
currents are small (as low as 5 cm/s), in deeper water than when using
an algorithm based on a direct inversion of currents from the measured
radar Doppler spectra.

INTRODUCTION

The use of shore-based High Frequency (HF) radars to detect incoming
tsunami waves was proposed almost 40 years ago by Barrick (1979) and,
more recently, was supported by numerical simulations (see, e.g., (Lipa
et al., 2006), (Heron et al., 2008), (Dzvonkovskaya et al., 2009), (Gurgel
et al., 2011) and (Grilli et al., 2016a)), and by HF radar measurements
of the Tohoku 2011 tsunami made in Japan (Hinata et al., 2011; Lipa
et al., 2011, 2012), in Chile ((Dzvonkovskaya, 2012)), and in Hawaii
((Benjamin et al., 2016)). HF radars are routinely used to estimate sur-
face currents based on the analysis of the Doppler spectrum over a grid
of radar cells, covering a sweep area of tens to hundreds of kms, and
new radars have been installed or existing radar used as a means of de-
tecting tsunami currents as well. To do so, tsunami detection algorithms
were proposed (see some of the above studies), based on identifying the
oscillatory nature of tsunami currents, in space and/or time in the radar
measurements. There are, however, some intrinsic limitations to this de-
tection method. In order to be detectable, the magnitude of the tsunami
current should be larger than the threshold of accuracy of the Doppler-
based estimation. This accuracy depends mainly on the radar frequency
and integration time used to compute the Doppler spectrum. Estimating
small currents requires large integration times, but this is in contradic-
tion with the oscillatory nature of tsunami currents, as a large integra-
tion time will cause averaging and significant decrease of these currents,
which will become less measurable. Hence, the integration time must
remain short enough (up to a few minutes) to avoid averaging out the
tsunami induced current, which will reduce the resolution and detection
threshold of the Doppler-based methods. In practice, this limits a direct
detection of tsunami currents by way of Doppler shifts to the continen-
tal shelf where currents have become sufficiently large due to shoaling;
hence, this also means small warning times, unless there is a very wide
shelf.

Recently, (Grilli et al., 2016a,b, 2017) proposed a new detection
method, which we refer to as the “Time Correlation Algorithm” (TCA),
which does not require inverting Doppler spectra for the currents, but is
based on the space-time correlation properties of the radar signal along
pre-computed tsunami wave rays. By performing numerical radar and
tsunami simulations for both idealized (Grilli et al., 2016a) and realis-
tic (Grilli et al., 2016b, 2017) seafloor bathymetry, we found that the
TCA detection algorithm could be applied beyond the continental shelf,



in deeper water, where tsunami currents are small (a few cm/s).

Here, for the first time, we report on the implementation of the TCA
using actual measured radar data measured off of the Pacific Ocean
side of Vancouver Island (radar deployed at Tofino, BC), together with
simulated tsunami currents using a state-of-the-art tsunami propagation
model. As it has been customary in other related works, we superim-
pose the effect of tsunami currents on the measured radar signal by the
introduction, in each radar cell, of a phase shift depending on a current
memory term (see details below). We show results for a Mw 9.1 far-field
seismic source in the Semidi Subduction Zone (SSZ; Fig. 1). The nu-
merical generation of a tsunami for this source was presented elsewhere
and we refer to (Grilli et al., 2016b, 2017) for details.

16
60 1
12
_55 i B
= |
(0]
o
~ 4
= 50 ]
- 0
45
-4
40 -8
-170 -160 -150 -140 -130 -120

Lon. E. (Deg.)

Fig. 1: Zoom-in on area of the Pacific Ocean covered by the 2 arc-min
grid GO, with initial surface elevation (color scale in meter) of the M,, 9.1
SAFRR seismic source in the Semidi Subduction Zone (SSZ); bound-
aries of nested model grids off of Vancouver Island, BC, are shown as
black boxes: G1 (0.6 arc-min), G2 (270 m), and G3 (90 m)

WERA HF RADAR SYSTEM USED IN THIS WORK

To mitigate the elevated tsunami hazard along the shores of Vancouver
Island in British Columbia, Canada, Ocean Networks Canada (ONC) has
been developing a Tsunami Early Warning System combining instrument
deployment on the seafloor as part of their Neptune Observatory, and a
shore-based High-Frequency (HF) radar installed near Tofino (BC) (Fig.
2), which has been operational since April 2016. This WERA HF radar,
with carrier frequency fry = 13.5 MHz, can detect and estimate ocean
radial currents up to a 85-110 km range depending on sea state, as the
propagation losses increases with sea surface roughness. An example of
a typical current map is shown in Fig. 2.

The radar sweep area is outlined in Fig. 4 and is covered by radar
cells, within which the received radar signal is averaged. The cells all
have a radial length AR = 1.5 km and an angular opening A¢, = 1 de-
gree in the azimuthal direction; the detection sector of the sweep area
is 120 degree, implying that cells are 1.48 km wide at a 85 km range
and narrower closer to the radar (cell area: AS = RARA¢, increases with
range). The orientation of the radar array of 12 antennas (275 deg. from
N, clockwise; centered at 49° 4’ 24.82” N, 125° 46’ 11.55” W; Fig. 2)
is such that one side of the sweep area boundary is nearly parallel to the
coastline southeast of Tofino, and the array length (110 m) allows for
approximately a 12 degree azimuthal resolution. In the direction find-
ing algorithm, as the radar signal is processed for overlapping angular
windows, surface currents are estimated in a larger number of radar cells
with a 1 degree azimuthal resolution.
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Fig. 2: The ONC WERA HF radar site in Tofino, BC.

DR i
R o s _1onm| koo
¢ 5 10 15 km N

1.0m/s 015 030 045 060 075 090 1.05 120 135 150

P N
a v v = =

WERA Remote Sensing 457
27-MAR-2015 21:05:00 UTC Tofino

[(CIapyright Relzel Wesstechmik GrmbH 2075 ]

127°W 500 40 30 200 10 126°W 50" 40 30 20" 10

Fig. 3: Typical map of radial surface currents measured by the WERA
HF radar installed in Tofino, BC, by inversion of the Doppler spectra.

THE TIME-CORRELATION ALGORITHM (TCA)

According to first-order Bragg theory, the complex backscattered signal
received at time ¢ for a given radar cell p is of the form:

Vq(t) — qt ¢ 2infst +o~ e t2im st (1)

where aT are constant complex coefficients function of sea state, range,
and radar calibration, and fp = +/g/(mAgpy) is the Bragg frequency
(Agpm is the electromagnetic wavelength). In the presence of a constant
current U, the complex radar signal experiences a Doppler frequency
shift fy = —2U/Agy and is thus multiplied by a complex exponen-
tial %%/v! For a variable current in time, U (¢), the Doppler frequency
shift is obtained through the integration of the instantaneous Doppler fre-
quency fy(t) = —2U(t)/Agp, and the radar time series is multiplied by

the complex exponential el™ (*), where
4 1

M) =T / U()dr @)
AEM —oo
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Fig. 4: Footprint of ONC WERA HF radar sweep area off of Tofino, BC,
with the marked trace (red solid lines) of 2 wave rays corresponding to
tsunami sources originating from the North-West (285) and South-West
(225) direction.

In the presence of a tsunami wave train, we therefore have the modified
radar signal:

V, (1) = (a* e Anfal 4 o e+2iﬂfgt) AM() 3)

The additional phase shift is sometimes referred to as the “memory term”,
as it integrates the past values of the current.

Now, the presence of a tsunami wave train within a given sea state
manifests itself as a slowly varying induced orbital current, proportional
to the local wave elevation, which propagates with the tsunami phase
speed. The main idea underlying the TCA is to take advantage of the
unique large scale coherency of this tsunami-induced current, to iden-
tify its occurence in the radar signal through its effect on the memory
term. As the tsunami wave train propagates over large distances with lit-
tle deformation, along wave rays and at a known (depth-dependent) phase
speed (approximated by ¢ = /gh, with h the local depth), the induced
currents at successive locations along such rays should be strongly corre-
lated. More specifically, we expect the strongest correlation to occur be-
tween the current U (¢) at cell p and the time-shifted current Uy (t +1,4)
at cell g, where ¢, is the tsunami travel time from cell p to cell g. This
property carries over the memory term and therefore also to the radar sig-
nal itself. The TCA thus calculates correlations of the complex backscat-
tered radar signal time series (V,(¢),V,(t +1p4)) received from 2 given
cells (p,q), located along the same tsunami ray:

Cpq(T31) = ‘COIT{VP(“LT*ED):V:;(’*tq)}| ) 4

where t), and ¢, are the travel times from some reference cell pg to the
cells p and g, respectively, and 7 an additional time lag.

With this definition, the maximum correlation is expected at T = 0,
that is when the time lag between the two signals is 7,4 = f, — t,,. Hence,
when a change in pattern of correlations Cp, occurs near 7 = 0, this in-
dicates that a tsunami is propagating through the radar sweep area. In
practice, the ensemble average is obtained through a temporal average
with a running time window:

15
Cpq(T31) = E/tfi V(i +1—1,) Vi (t' —14)dt" | 5)
2

with 7¢ the length of the time window, which should be sufficiently large
to capture the oscillations of the tsunami current, that is at least one-third
to one-half the tsunami dominant period 7;.

TSUNAMI SIMULATIONS

Time series of tsunami currents are obtained in each radar cell from re-
sults of simulations performed with the state-of-the- art long wave model
FUNWAVE-TVD (Shi et al. 2012; Kirby et al. 2013a), by one-way
coupling, using nested grids GO, G1, G2, G3 (Fig. 1). Time series of
simulated tsunami horizontal currents u, are projected in the radar radial
direction R as U;, = u, - R and spatially-averaged over individual radar
cells covering the radar sweep area. Here, we only detail results obtained
for a M,, 9.1 far-field seismic source located in the Semidi Subduction
zone (SSZ; Fig. 1), but simulations were also performed for large seis-
mic sources in the Cascade Subduction Zone (Insua et al., 2015). Figure
5 shows 4 snapshots of the radial tsunami current magnitude computed
over the radar sweep area for the SSZ incident tsunami.

Wave rays were computed from a number of assumed incident di-
rections by solving the wave geometric optic equation, and radar cells
aligned along selected individual wave rays were identified (Fig. 4).
Tsunami propagation times between such cells are computed based on
the long wave phase velocity, as a function of the local bathymetry. For
the calculation presented here, 2 single rays were selected (labeled by
number 225 and 285 in Fig 4).

The reference of time (f = 0) corresponds to the initiation of the
tsunami wave train at the source. Time is then measured onwards from
this initial event. It takes approximatively 2 hours and 20 min for this
tsunami to reach the shore of Vancouver Island near Tofino, BC (see Fig
5).
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Fig. 5: Snapshot of tsunami radial current signed magnitude Uj,, sim-
ulated for the SSZ far-field seismic tsunami (Fig. 1) in the radar sweep
area (color scale is in m/s). Yellowed numbers indicate propagation times
from the tsunami source.

RADAR TIME SERIES

In earlier work (Grilli et al., 2016b, 2017), a numerical validation of the
TCA detection algorithm was performed for the simulated SSZ tsunami
(Figs. 1,4, 5), on the basis of numerically simulated radar signals us-
ing a radar simulator parameterized using the main characteristics of the
actual WERA HF radar system in Tofino. The conclusion was that the
TCA algorithm had the potential to detect the incoming tsunami further
offshore, in deeper water, than using an algorithm based on currents di-
rectly inverted from the Doppler spectra. Despite these encouraging re-
sults, no definitive conclusions could be drawn before the TCA algorithm
was tested with actual field radar data, which is the object of this paper.
Indeed, besides the idealization of the radar signal in the simulator, par-
ticularly its decay and SNR with range, the background oceanic currents
have also been idealized in this earlier work and ionospheric contamina-
tion as well as RFI ignored.



While it is impossible to generate a real tsunami on demand and see its
impact on radar data, one can, however, numerically simulate the effect
of a synthetic current, including from a tsunami, on a measured radar
signal. This technique was already used for instance in (Gurgel et al.,
2011) to simulate a past tsunami event and simulate the effect it would
have produced on actual radar data. If not a definitive assessment of
an operational TCA detection algorithm, this approach, which will be
pursued here, represents a further step towards a more realistic simulator
and a better evaluation of the detection algorithm performance.

To this aim, large amounts of raw signal recorded by the Tofino HF
radar system, at a sampling rate Ar = 0.26 s, were obtained and processed
in range and azimuth, using the software developed by Helzel Messtech-
nik GmbH, to produce time series of the complex backscattered signal
V(1) for each radar cell ¢ (Fig. 4). Within this data, a few complete
days of records were processed that represented different oceanic condi-
tions.To simulate the impact of the computed tsunami on the radar data,
we multiplied the latter by the complex memory term from Eq. (2), i.e.:

V(1) = V(1) M) 6)

To avoid spurious values sometimes observed in the radar signal time
series 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:

V() - Vi

v = )

where V), and Vst are the temporal means of the signals (without and
with tsunami) in the window of observation.
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Fig. 6: Mean correlation C3¢ ¢ » calculated along wave ray 225 (Fig. 4)
for original radar data from day 238 (i.e., in the absence of a tsunami).
The blue and black solid lines represent the same function computed at
30 min intervals, the red solid line is the difference between these, which
departs weakly from zero (marked by dashed black line). A very stable
pattern is observed for 4 different reference times (yellowed labels).

Radar signal correlations were calculated based on S3%(r) between
pairs of cells (p,q) and referred to as Cy(7;1) and Cpyy'(7;1), whether
computed using the actual radar signal S, without a tsunami, or the mod-
ified signal S, simulating the presence of a tsunami. In each case, we
correlated the signal at radar cell p with that at its Mth neighbor, p + M,
for N successive values (that is p = pg,po+1,..,p0 +N —1). The N
resulting correlations were normalized by their maximum and averaged
over the N available pairs:

178 G pam(Tit)

Cpov (531 N p;fo maxz(Cp pm(731)) ®

0.5 0.5
041 01:31:40 0.4/ 01:48:20 s
03 0.3’/\/ A‘-\/"\\ é
8
0.2 0.2M S
8
0.1 0.1 =
Op—=—=—==-= == O -====-=-—==-=--—--—-
-200 0 200 -200 0 200
0.5 0.5
0.4/ 01:40:00 0.4/ 01:56:40 5
0.3 0.3/-/_,./\,\/\,\” -
5
0.2 _/‘/\'\,\/\ 0.2 e
8
0.1 aﬂ% 0.1 =
O -=—-=—-=--=—=-----—~- O -=—=-=-=-=--—==-=--—----
-200 Time lag (91 seconds) 200 —200 e |agQin seconds?oo

Fig. 7: Mean correlation calculated along wave ray 225 (Fig. 4) for day
238, C30,6,2 (blue solid line) original data 30 min before tsunami arrival,
and Cgé(')bfﬁz (black solid line), with tsunami superimposed on the radar
data; 6 pairs of radar cells in the middle range (30-35 combined with
32-37) were used. The difference correlation (red solid line) clearly in-
creases above some positive threshold as the tsunami wave train reaches
the radar cells.

A further smoothing in time was finally applied to remove higher-
frequency oscillations in average correlation. The function C;,so‘f N, u(T1),
in the presence of the tsunami, is defined in a similar way as in Eq. (8).
The mean correlations C3p 6, and Céi)Lfé,z were computed along the 2
tsunami wave rays marked in Fig. 4, using the radar cells numbered 30
to 35 (corresponding to distances/radar ranges from 45 to 52.5 km) and
correlating them with neighboring cells 2 up (i.e., cells 37 to 42), us-
ing an integration window 7. = 900 s and a smoothing window of 120
sec. Several days of radar data corresponding to different meteo-oceanic
conditions were tested.

First, we evaluated the average correlation function C3q ¢ »(7;7) for the
original radar data, using two times series separated by 30 min. Fig. 6
shows an example for a sequence of 25 min of original radar data ex-
tracted from day 238. Note that the observed correlation remains very
stable in time, when considering the 4 reference times marked on the sub-
plots. Next, we computed the average correlation function Cgso"_é‘z(’c; f) in
the presence of the simulated tsunami, where the first time series of com-
plex radar signal was thus multiplied by the additional phase shift due to
the tsunami current memory term (Eq. (7)), while the second time series
(30 min before tsunami arrival) was kept unchanged. Fig. 7 shows a clear
increase of the mean correlation C"YO‘le  at the time where the tsunami
wave train reaches the radar cells. Again, this is due to the very coherent
structure of the memory term across time and space, resulting in a high
degree of correlation once the signal has been shifted by the appropriate
propagation time between radar cells located along the same wave ray.

By contrast with the idealized case developed in Grilli et al. (2016a,b),
where the radar data showed a flat correlation in the absence of the
tsunami, here the correlation of the time-shifted radar data, Cp,(7;¢) ex-
hibits a strong peak in correlation near the zero time lag, even in the ab-
sence of tsunami. This is an artifact of the preexisting cross-correlation
of the radar signals simultaneously recorded at neighbor cells, likely due
to the broadening of the range cell by the filtering window used for range
discrimination in the range finding algorithm processing the raw radar
data. This can be seen in Fig. 8, which plots the normalized cross-
correlation of the radar signals calculated different radar cells (here from
cells 30 to 36), for different values of M (here 0,2,4,6):

corr{S,(t+1),Spm(t)}
corr{S,(1),S,(1)}

(C)]
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Fig. 8: Self-correlation in time of the radar signal calculated along wave
ray 225 (Fig. 4), in the absence of a tsunami current, at cell 30 and its
cross-correlation with neighboring cells 32, 34 and 36. A marked peak
is observed at the zero time lag, even for the farthest apart cells.

Mean correlation

0.4r  01:31:40 0.4;  01:48:20
03 03 / \-ﬂ/\_\’\
0.1 0.1

R e T

-200 0 200 -200 0 200

0.5 05

0.4 01:40:00 0.41 01:56:40 5
s

0.3 0.3 °
8

0.2 02 c
8

0.1>M\4 0.1 =

O -=—-—-=—--—---—---- O -—-=—-=—-=-—-----

-200 Time \ag(m second%oo -200 Time Ia&(in second§OO

Fig. 9: Same as Fig. 7 for day 227.

A marked peak in correlation is visible, even when the radar cells are
far apart. Since the propagation time 7,, between neighboring cells is
smaller than the integration time used in Eq. (4), there is an overlap in
the time intervals [t, — T;./2,t, + T /2] and [t; — T /2,1, + T /2], which
yields a peak of the correlation at the time lag T = —1,4.

However, even though the time-shifted correlation in Eq. (4) is not flat
in the absence of the tsunami, the occurrence of the latter manifests itself
through a clear increase of the mean correlation Cp,, v, due to highly
correlated structure of the memory term caused by the tsunami current
for time-shifted radar cell time series. Hence, tsunami detection is easily
achieved, by observing a clear change of pattern of the mean correlation
with respect to some reference function. In an operational way, the ref-
erence correlation for a given sea state in the absence of tsunami could
be simply obtained from the radar signal recorded in the recent past, say,
the previous 30 or 60 min of data, in such a way that the sea state and the
radar characteristics can be assumed to be quasi-steady while the tsunami
wave train has not yet reached the radar cells.

To further confirm these observations, Fig. 9 shows correlations sim-
ilar to those computed for day 238 in Fig. 7, computed for another day
of data, day 227. In both cases for days 227 and 238, tsunami detection
could be achieved at time 1h40 by observing similar changes in pattern
of the mean correlation, in the corresponding subplots of Fig. 7 and 9 (in
fact at 1h40 + 450 s = 1h47 as one should account for the half the inte-
gration time window 7, = 900 sec). Such tsunami detection would thus
take place about 30 min before tsunami arrival at the shore. Note that
in using cells 30 to 35, detection was made possible based on the effect
on correlation of fairly weak tsunami currents, simulated at the border of
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Fig. 10: Bathymetry along wave rays 225 (black) and 285 (magenta),
used for validating the tsunami detection algorithm. The dashed vertical
lines indicate the intervals of radar cells under consideration for middle-
range (cells 30-37, red) and far-range (blue) detection.
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Fig. 11: Time series of cell-averaged tsunami radial currents (time is
measured from the start of the SSZ event), at 6 cells 30 to 35, along
wave ray 225 (Fig. 4). In the various curves, a decreasing current mag-
nitude corresponds to an increasing range and hence cell number. The
red dashed lines mark the 4 times of observations used in the subplots of
Figs. 6,7 and 9.

the continental shelf (see Fig 10). At these cells and in the time interval
around the detection time, the cell-averaged radial tsunami currents are
about 5 to 15 cm/s (see Fig 11).

In view of on these results, in an operational tsunami detection al-
gorithm based on TCA, a detection criterion could thus be developed
based on observing a marked positive difference between, AC, between
the current time mean correlation C;f(ffN, u and a reference mean corre-
lation obtained from the recent past (e.g., 30 min earlier), which can be
permanently computed and archived. A warning could thus be issued
when AC increases above a to be defined threshold. For this a thorough
statistical analysis based on extensive numerical simulations over a large
number of days will be necessary in order to establish a related probabil-
ity of detection.

It is expected that the detection performance of the algorithm can be
improved by considering multiple wave rays and cells, and combining
the corresponding correlations in some way. This is an entire new anal-
ysis, which remains to be done, but to verify this expectation, Fig. 12
shows the same correlation functions plotted at the same 4 times on day
238 using the wave ray labeled 285 in Fig. 4, rather than ray 225 as be-
fore. The continental shelf extends farther along this ray than along the
previously considered ray 225 (see Fig. 10) , hence the induced tsunami
currents reach a stronger magnitude for larger ranges than in the previous
case. We see that detection would again occur at 1h40 min along this ray,
based on the correlation threshold criterion.

We now compare the results of the TCA-based detection algorithm
with what would be achievable with the same data using the classical de-
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Fig. 12: Same as Fig. 7 for ray 285. The change in correlation pattern
with and without a tsunami are more drastic due to the stronger tsunami
currents along this ray.

tection method based on the Doppler spectrum. The range-Doppler maps
obtained for the same radar time series along the same ray 225, with
tsunami superimposed to the data, are plotted in Fig. 13 for the same 4
reference times, using an integration time of 2 min (note, this small in-
tegration time is acceptable considering the new method developed for
processing Doppler spectra used here). While small deformations of the
Bragg lines are indeed visible at times 1h48 and 1h56, it is difficult to
discriminate those from the natural oscillations due to the spatial varia-
tions of the background current and not knowing that they are there, one
would not be able to identify these and invert for the tsunami currents.
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Fig. 13: Range-Doppler maps for the same radar data (with superim-
posed tsunami) as in Fig 8 (day 238), with cell numbers on the vertical
axis. A small deformation of the Bragg lines is visible at times 1h48 and
1h56 but is difficult to discriminate from the natural oscillations due to
the spatial variations of the background current.

BEYOND THE SHELF DETECTION

We finally tested the sensitivity of the TCA detection algorithm to range,
and hence current magnitude, by the farthest radar cells, which are well
beyond the continental shelf, with corresponding water depths of 1,000

m or more (Fig. 10). We thus recomputed the same mean correlations as
plotted in Figs. 7 and 9 for days 238 and 227, using the radar data, with
superimposed (weaker) tsunami currents, of cells 40 to 45 combined with
cells 42 to 47. Results in Figs. 14 and 15 show the evolution of the mean
correlation Cﬁf)‘fﬁ_z during the propagation time of the tsunami. A small
but clear overall increase of this function can still be seen, as the tsunami
reaches the selected cells (around 1h40). The lesser values of the con-
trast AC, as compared to the middle range cell case (Cé‘gfs‘z)’ could lead
to false alarms. However, this correlation jump could be reinforced by
considering multiple wave rays, and in any case this could serve to issue
an initial warning, to be confirmed once the tsunami reaches the mid-
dle cell range, where currents become larger and the correlation contrast
becomes higher.
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Fig. 14: Mean correlation calculated along wave ray 225 (Fig. 4) for day
238, C40,6,2 (blue solid line) original data 30 min before tsunami arrival,
and ngféﬂ (blue solid line), with tsunami superimposed on the radar
data; 6 pairs of radar cells in the middle range (40-45 combined with
42-47) were used. Even though the difference correlation (red solid line)
is small in absolute value, there is a clear increase above some positive
threshold as the tsunami wave train reaches the radar cells.
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Fig. 15: Same as Fig. 14 for day 227.

CONCLUSIONS

We tested the TCA algorithm for early tsunami detection proposed and
validated in our earlier work purely based on numerical simulations
(Grilli et al., 2016b, 2017), using for the first time actual radar data mea-
sured by the ONC WERA HF radar deployed at Tofino, BC, on the Pa-
cific Ocean side of Vancouver Island. The effect of an incoming tsunami



(from a M,, 9.1 far field seismic tsunami originating in the Semidi Sub-
duction Zone), simulated using a state-of-the-art long wave model, is
superimposed onto the experimental HF radar data by way of a current
memory term; this method that has been used and validated in HF radar
papers published by other groups (e.g. (Gurgel et al., 2011)).

A detection method was developed that compares mean correlations of
radar signal from various radar cells, time shifted by the tsunami prop-
agation time along precomputed wave rays; a marked increase in the
pre-existing correlation (say 30 min in the past) indicates that a tsunami
is propagating into the radar sweep area. Results obtained so far are very
promising and confirm the predictions made in our earlier work that the
TCA algorithm has the potential for detecting a tsunami in deeper water,
beyond the continental shelf, where tsunami-induced currents are small
(as low as 5 cm/s), than when using an algorithm based on a direct inver-
sion of currents from the measured radar Doppler spectra.

Further tests and improvements are in progress, whose results will be
presented at the conference.
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