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Abstract. The goal of this paper is to present an origi- cancel them as soon as possible. Confirmation of tsunami
nal real-time algorithm devised for detection of tsunami or generation comes only from the actual measure of tsunami
tsunami-like waves we call TEDA (Tsunami Early Detec- waves, either recorded offshore or along the coast by tide
tion Algorithm), and to introduce a methodology to evaluate gauges. The timely identification of tsunamis based on sea
its performance. TEDA works on the sea level records oflevel records is therefore a topic of great importance in the
a single station and implements two distinct modules run-common practice of any TWS, which was first solved only
ning concurrently: one to assess the presence of tsunantiy visual inspection of the records. The problem of auto-
waves (“tsunami detection”) and the other to identify high- matic detection was tackled relatively recently. One of the
amplitude long waves (“secure detection”). Both detectionfirst examples of a tsunami detection algorithm was pub-
methods are based on continuously updated time functionished by McGehee and McKinney in 1997, who proposed
depending on a number of parameters that can be varied a¢e estimate the tsunami amplitude by multiplying a short av-
cording to the application. In order to select the most ade-erage of the sea-level record slope by the fagttz where
quate parameter setting for a given station, a methodology td@" is the expected predominant tsunami period. In the same
evaluate TEDA performance has been devised, that is basegear, Mofjeld (1997) from US NOAA (National Oceanic
on a number of indicators and that is simple to use. In thisand Atmospheric Administration) devised a real-time algo-
paper an example of TEDA application is given by using datarithm to discriminate anomalous waves recorded by offshore
from a tide gauge located at the Adak Island in Alaska, USA,buoys based on the deviation of the signal from the predicted
that resulted in being quite suitable since it recorded severaiide. For coastal tide gauges, an automatic detection algo-
tsunamis in the last years using the sampling rate of 1 min. rithm was in operation (Mero, 1998) till the DART buoy
system was developed and activated. In British Columbia,
Canada, tide gauges installed for tsunami recording are pro-
vided with a real-time algorithm, whose detections are used
to warn responsible personnel in order to further investi-

Tsunami Warning Systems (TWSs) are complex structure%"lte tht? tsuf:larr:;]evzegéil?lag!novg h andt Stephgnsl;gn, ?fOOt4).
that include monitoring networks of seismic events and of ecently, arter the ndian Lcean tsunami, big etiorts

sea surface elevation. In the common TWS practice, tsunarr{']avte been put ‘;VOTd;V'de t? |(rj1_stalgnew TVI\\/|/S§'tm the basgs
alerts follow standards that are designed specifically to pro- atwere unprotected (e.g. Indian Ocean, Mediterranean Sea,

vide clear information about the real tsunami threat. Tsunampa”bbean Sea) and to enhance the existing TWSs (e.g. the

alerts are initially issued only on the basis of seismic data,PaCIfIC TWS). In parallel, the interest on real-time tsunami

but, since the knowledge that can be extracted from seismigeteaion ha_s in_creased in the s_cientific comm_unity (see e.g.
data alone on a possible tsunami generation is incomplet ecent contributions by Beltrami, 2008; Bellotti et al., 2009;

it is very important for a TWS to get a quick “validation” ela and rez, 2009; Wijeraine and Woadworth, 2009; II-

of tsunami generation, either to confirm tsunami alerts or toIIgner and Schine, 2009; Tolkova, 2009, 2010).
The present TWSs handle only tsunamis induced by earth-

guakes. However, tsunamis caused by submarine or coastal
Correspondence td:. Bressan landslides can be quite disastrous and are not too rare, be-
BY (lidia.bressan@unibo.it) ing in fact the second category of tsunamis in the tsunami
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statistics as regards frequency. For such tsunamis, a warr2 Description of TEDA and main principles
ing based on seismic data is nowadays impracticable. Rapid
detection at the coastline implemented on the tide gaugd EDA has the goal to detect tsunami waves or high-
records might be the fastest way to release a warning for th@mplitude long-period waves that can be dangerous to peo-
population, though the time left to react can be quite short. Ple, harbours, and properties. It is composed of two parallel
This paper presents the algorithm TEDA (Tsunami Early algorithms: the TEDA “tsunami detection”, that is focused
Detection Algorithm) and a method of performance eval- on the identification of tsunami waves and is based on a sig-
uation that can be used to optimise the setting of TEDANal slope discriminating approach; and the TEDA “secure
parameters for a better adaptation to local ambient condidetection”, which is based on incremental sea level estima-
tions and to user needs. TEDA is designed to detect théiOn. Both algorithms work at station level, which has the
arrival of a tsunami as soon as possible or to sense hazdvantage to use functions updated at every new data acqui-
ardous sea level oscillations like big seiches or infragrav-sition, without the need of waiting for a great load of data to
ity waves in coastal basins. It is based only on the analy-make a decision on a possible alert.
sis of sea-level data of a single station, and it is therefore

independent from other data that could help tsunami iden2-1 TEDA tsunami detection

tification, such as the time of the tsunamigenic earthquakeI_EDA tsunami detection is based on the hypothesis that

occurrence, or the estimated tsunami arrival time. In this : . . .

. . . tsunami waves leave a signature in the sea level time se-
paper, the algorithm is described and assessed on sea-leve : oy

. . . ) . rles, and at any time (hereafter called the actual tini

time series recorded by a tide gauge installed in the har-

bour of Adzk,the Adak Island, Alaska, USA. The harbour of ComeerS (o Eme functions representing the instanianeous
Adak (51.872 N, 176.636 W) is found on the north-eastern be Sig 9 pe sig

coast of the island and is oriented EW, opening on the eastgir\]/gllluc\)lgi[g ngégiiﬂ?‘? treaéezzzuns?n;';?hrﬁl;?nsérggzgr
ern side to a bay. This bay is in turn protected from the Y, P gsig Y

) een by analysing variations of sea level rather than the sea
open ocean on the southern, western, and eastern side by the y ysing

Adak Island and by other islands of the Andreanof Islands evel itself. More specifically, TEDA makes use of the av-
group. The tide gauge data are collected by NOS/CO-OP%
of NOAA and are available online at a 1-min sampling rate
at http:/tidesandcurrents.noaa.gov/tsunami/

The station selected to show how TEDA works is inten-
tionally a coastal rather than an offshore station, since weg
want to stress the importance of coastal tide gauge records ip
tsunami detection. It is a frequent argument against coast
stations that they would allow no time for warning, since

the tsunami would be identified when it is already attack—Oletioled version of I§(:), which is obtained by subtracting

ing the coastal zone where the stations are installed. HOWfrom ISy (1) the estimated slope of the tide, say Tidele.

ever, there is a number of reasons justifying the applicatio _ 5 . i
of tsunami detection algorithms based on coastal sea Ievre],!P(t)_ ISr (1) — Tide). The function IS( therefore repre

records. The first is that a tsunami could be identified be-sentS the avergge slope of the sea !evel S|gnal without th? In-
. . ) . . fluence of the tide, and can be considered instantaneous if the
fore it floods the coast, if the tsunami leading front is nega-

. . o . durationz s of the intervalls is short enough. How TEDA
tive and/or if flooding is not caused by the first waves. Sec'computes the time function Ticgwill be explained later.

ond, one shquld .bear in mind that detectmg a tsunami at one The TEDA Background Slope function B$(represents
coastal location is useful to all other locations that are more,

. e . .the detided sea-level slope over a longer time interval
remote and are reached later. Third, the existing coastal tid P : 9 .
. s(t) = [t —tc —tgs, t —tg], of durationzgs, starting from
gauge stations are more numerous than offshore tsunameter ;
tihe 7 — rc — tgs, With rgs much larger thams. The delay

and much cheaper to install and to maintain (and even to UPiime tc is a gap that is introduced to reduce the correlation

grade, if needed, to make them suitable for tsunami record; ,
ing). Fourth, very many tide gauge stations are today in_between IS0 and BS(). Three ways of computing BE(

tegrated in the monitoring network of TWSs and equippedare possible for TEDA, which correspond to three methods

; . . L . designated hereafter as Al, A2, and A3. The correspond-
with real time data transmission facilities, so that implement-. :
; \ ) . ) .. ing functions are denoted by B3},(BS2¢), and BS3().
ing a real time detection algorithm seems to be feasible with, ~. - .
limited economic efforts As is clear from the definitions given below, the Background
' Slope is computed by making use of the previous values of
the Instantaneous Slope 1§(with ¢’ belonging to the inter-

val Igs(?):

BS1(t) = [max(1S(t")) —min(IS(t'))1/2; ¢ elgst) (l1a)

rage slope of the sea-level record corrected for tide, so that
oth functions 1) and BS() have the dimension of a sea
level time change (cm mint). A sketch of all functions and
time intervals used in TEDA is provided in Fig. 1.

To compute 1S(), TEDA first calculates the average slope

7 (1) over the time interval|s of the most recent data, of
ngth s, going back from the actual time(i.e. I;s(t) =

t —ns, t]). Actually, ISy (¢) is the slope of the straight line
least-square fitting the sea level record withi 1S(¢) is the
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Fig. 1. Scheme of TEDA functions and of the TEDA time intervals described in the text.

BS2(r) = standard deviation of I8)-v/2; '€ Igs (1b) much higher than the pre-tsunami level. In this example (see
Fig. 2), soon after the tsunami state ends a new detection is

_ / . /
BS3(r) =max(|IS(t)I); 7 € Ies (1c) triggered and the corresponding tsunami state lasts till the

The Instantaneous Slope 1$(is compared to the Back- end of the ringing of the tsunami oscillations.
ground Slope BS{ through the Control Function CF( de- )

fined as the ratio CF) = |IS()|/BS(). TEDA assumes that 2-2 TEDA secure detection

a tsunami detection occurs at the actual tim&hen both

CF() and|IS(r)| exceed a given threshold, that is: TEDA secure detection has the goal to identify long period

waves, such as tsunami or seiches, that are large enough to
1S = Mis (2a)  produce strong currents that might damage boats at moor-
CE(1) > A e 1S > r~cBS(t 2b ings. Fpr this purpose we have_mtroduced_ the funcait),

(t) 2 Acr 1501 = AcrBS(1) (2b) which is calculated by integrating the detided Instantaneous
Notice thath|s has the dimension of a slope and will be given Slope ISf) over the intervallsp(z) = [t — tsp, ¢] of duration
in cmmin~1, while Acg is a number. Once a detection is trig- rsp, that is:
gered, a tsunami state condition starts, during which tsunami , )
detection is suspended. During the tsunami, BR( ex- M@ =AY 1S, ' €lsp(r) (3a)
pected to grow to values higher than normal, and therefore S .
the tsunami state condition is assumed to last untikB®¢ where the summation is extended overalielonging to the

verts back to (or below) the value it had at the detection time.'merva.lI ISD.and AL IS the_samplmg _mterval. TEDA secure
An example of how TEDA works is given in Fig. 2, where detection triggers a warning every time the absolute value of

the application to a record of the 2006 Kuril Islands tsunamiM(t) passes a given thresholdp:

(later named E3 in this paper) is shown. Here, the origi-|M(t)| > AsD (3b)

nal record and the time functions IS, BS, and CF are plot-

ted. Notice how low the functions IS and BS are before theand starts an alert state of one hour duration. In case of
tsunami arrives. The arrival of the first tsunami wave causesonsecutive exceedances, the alert state ends one hour after
IS to increase, together with CF, while BS increases with athe last warning. The threshol&p has the dimension of a
delay equal tag. For this case, IS and CF pass the respec-length and will be given in cm.

tive thresholds, therefore triggering a TEDA detection. Dur- We note that from the way it is computed, the function
ing the tsunami, while the tsunami state is on, BS increased/(¢) is influenced by two characteristic times, namely

www.nat-hazards-earth-syst-sci.net/11/1499/2011/ Nat. Hazards Earth Syst. Sci., 1152492011
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Fig. 2. Example of TEDA functions for the record of the Kuril Islands 2006 tsunami at the Adak tide gauge. Method usgg=AB0 min,

tg =15 min,1gg=60min,A\jlg=1cm min1, Acg=2.15. Sampling interval is 1 min. From top to bottom: sea level original record), 1S(

BS3(), and CF3(). Time is counted starting from the tsunami arrival time=(0). In every panel, detections of tsunami are indicated with
vertical red lines. In the first panel showing the recorded marigram, it also shows the tsunami state duration (red horizontal line), the secure
detections (orange vertical lines), the secure alert duration (orange horizontal lines), and the end of the tsunami signal (black vertical lines).
Notice that, soon after the first tsunami state ends (about 33.6 h), a new detection is triggered and the corresponding tsunami state lasts fo
about 24 h more. Horizontal green lines in the IS and CF3 function panels indicate the corresponding thkgshaoldscr, while in the

BS3 panel they indicate the values assumed by BS3 at the detection time.

(involved in the calculation of IS) angdp. If we assume that where the gain factar and the delay timé are given respec-
the detided sea elevation is a pure sinusoidal signal of theively by:
type A singt) with period T = 27 /w and amplitudeA and

that IS¢) can be taken as the mean slope of such a signal inv = (2/wts) Sin(wt|s/2) Sin(wtsp/2) (3¢)

the interval,s, it may be easily shown that the functiof(r)

assumes the following expression: 8§=(tsp+ns—T/2)/2 (3d)

M(#; A, T s, 1sp) = A/(wns) {[cOSw (7 ~15D)) The above analysis shows that the integral operator intro-
—coYw(t —tsp—1is))] — [cOYwt) — coSw (t —115))]} duced in Eq. (3a) may be interpreted as a pass-band filter

acting on the detided residuals of the sea surface elevation
where the dependence &f(z) from the relevant parameters  with lateral decay of 6 dB per octave, corresponding tean
of the signal(A, T) and of TEDA {s, tsp) has been made increase in the low-frequency range and touart decrease
explicit. As expected, the functiait is periodic with period  in the high-frequency range. The gain (or transfer) function
T. By using trigonometric identities, it is easy to see that theof such a filter is plotted in Fig. 3a. Examples of the function

above expression can be rewritten as: M(t) are given in Fig. 3b wher@/(r) is compared against
the detided signal, which is computed by estimating the tide
M(t; A, T, tis, tsp) = (2/ (wt5)) Asin(wtis/2) sin(wtsp/2) off-line through cubic-spline approximation. The position
coqw(t —tsp/2—1s/2)) and width of the passing band depend on the time param-
etersns andrsp, both of which should be selected in such
or also as: a way to filter out short-period waves and very long waves.
In the examples shown in the figures, the passing band goes
M(t;A,T,ts,tsp) = a ASiN(w(t —8)) approximately from 15 to 50 min.
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L. Bressan and S. Tinti: Structure and performance of a real-time algorithm to detect tsunamis 1503

1
10 off, tig = 8, tgp = 8) 1
off, g =12,tgp=8) ———
10°
3 \
c \
8
Q \
3 \
g | N
: // | /\ N
'_
101 I 11\1 - 7'
Vil I | - | N
1] | [ | [EN
{ I NN
| A | N
Tl
1
1072
1072 10t 10° 10!

Angular frequency o (rad/min)

Fig. 3a. Transfer functionx(w) given in Eq. (3c) for the function (¢) for two different values ofis (6 min and 8 min) and forgp = 8 min.
The transfer function decays as 6 dB per octave towards both high (see the envelope) and low frequencies. In the shown examples, the passir
band covers the periods approximately between 15 and 50 min.

2.3 TEDA detiding algorithm 2.4 Why does TEDA use signal slopes?

To detide the function I§(z), a Tide¢) function is intro- Both algorithms of TEDA, i.e. the tsunami detection and the
duced, which is the Tide Slope Estimation. It is calculatedsecure detection algorithms, make use of the slope of the sig-
on the basis of the previous values of the function (£, nal rather than the signal amplitude. The main reason is re-
and in particular on the intervdlige(t) = [ — fTide — GTider lated to the need for real-time detiding and the fact that real-
t —taTide], Of lengthtige, With @ gap timegTige in order to  time detided slope estimations are more accurate than esti-
make the Tide Slope Estimation independent from an incom-mations of real-time detided amplitudes. Indeed, it is quite
ing anomalous wave. The function Tidp{s simply the ex-  difficult to get a detided signal with very small (and with
trapolation to the actual timeof a polynomial, least-square a zero mean) tidal residuals through simple real-time filters
fitting the function 1S (') with " in Ljge(r). In this work a  (Tolkova, 2010; Kulikov, 1990). On the contrary, the de-
polynomial of degree zero has been used, so that in practicdided slope signal presents smaller tidal residuals, and com-
Tide (¢) is the average of the function %) over the inter-  puting detided slopes is a more robust process. Indeed, de-
val Itige(t). Observe that the lengthige Of ITige Should be  tided slopes could be computed in the way it is performed by
appropriately adapted to the degree of the fitting polynomial. TEDA (i.e. by estimating the slope of the signal and of the
In case of degree 0, the timgge should be short enough to tide, and then by subtracting the latter from the former), but
allow one to approximate the tidal slope with a constant. Thealso by following the alternative procedure (i) of estimating
function Tide¢) is then averaged over an interval of length the tidal amplitude, (ii) of calculating the detided signal by
tsm to further reduce oscillations of the tidal slope due to thedifference, and (iii) of calculating its slope. Itis to be stressed
influence of long period waves. In the application shown inthat even though the detided signal resulting from step (i)
this paper, the interval lengths used afge =60 min and  may be affected by unacceptable tidal residuals, slopes re-
tsm= 6 min. As for the intervaigrige, the following relation-  sulting from step (iii) usually are not, and are quite similar
ships have been assumegdiige=tc+ 1 min. to the one computed by the TEDA technique. From detided
slopes, one can obtain unbiased detided functions by integra-
tion over a predetermined time interval, as is made in TEDA
secure detection.

www.nat-hazards-earth-syst-sci.net/11/1499/2011/ Nat. Hazards Earth Syst. Sci., 1152492011
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Fig. 3b. The figure shows the detided signalr) of the Andreanov 1996 tsunami recorded at the Adak tide gauge together with the
functionsM (r) of the TEDA secure detection computed for differggtvalues fjs =6, 8, 10, 12 min) and for the same integration interval
(tsp =38 min). Detiding ofm(¢) is computed off line through the cubic splines fitting of the tidal signal and by further subtraction. For the
selected combinations of parameters, it is seenih@j is delayed with respect ta(r) and amplified, with gain increasing ag decreases.

3 TEDA performance indicators tively, while in the second the exceedance occurrence is per
se the event, and in a sense, the detection is always true and
In order to evaluate the performance of TEDA it is conve- never false, by definition.
nient to introduce one or more quantitative indicators that can
be distinguished between elementary indicators and group All indicators are not computed in real-time, but in an off-
indicators: in the first category we include all indicators re- line mode. Here we concentrate on tsunami detections and
ferring to the analysis of a single event, while in the secondintroduce a number of elementary indicators, for which we
category we put indicators concerning the analysis of groupsirst need to define the Tsunami Interval (TI), which is the
of events. interval where the tsunami signal is present: it starts at the
We should point out that all indicators introduced in this tsunami arrival time and ends when the tsunami can be taken
section regard only the TEDA tsunami detection algorithm, as finished. How this is identified in the actual records will
i.e. how well TEDA performs in detecting tsunamis, since be explained later. We distinguish between detections falling
only in this case is it possible to express an evaluation: in-within the Tsunami Interval (T1) and detections falling within
deed, (1) in the case of a tsunami we can verify if TEDA the first 3h of Tl that we call the Detection Window (DW).
tsunami detection algorithm sees it or not, and if it does,The Number of Tsunami Interval Detections is denoted as
with what amount of delay and how many times, etc; andNTID, and the Number of “Acceptable” Detections is de-
likewise (2) in case of no-tsunami, we can count possiblenoted as NAD. For records with no visible tsunami, it was as-
false detections. We observe that concepts as true, misseslimed that Tl and DW coincide and therefore NTID is equal
and false detections, which are essential to build a set of peto NAD. Further, we introduce the Number of False detec-
formance indicators, loose meaning when they are appliedions (NF), where a detection is considered false when it oc-
to the TEDA secure detection algorithm. Both algorithms, curs outside the TI. Observe that if NAD is equal to zero this
i.e. TEDA tsunami detection and TEDA secure detection, aremeans that TEDA has failed to detect a tsunami, and this is a
based on exceedance of prescribed thresholds (see Egs. 2 acake of a missed detection. Another elementary performance
Eq. 3b), but in the first case the exceedance occurrence is asgidicator is the Delay Time (DT) of tsunami detection that is
sumed to reveal the occurrence of another event (the tsunamipeasured from the beginning of TI, and it is only used for
and the goodness of this association can be judged objedhe acceptable detections (i.e. when the NAD) occurring

Nat. Hazards Earth Syst. Sci., 11, 149921, 2011 www.nat-hazards-earth-syst-sci.net/11/1499/2011/
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within the Detection Window (DW). A further elementary  Correspondingly, a Detection Function Dig) can be in-
indicator that applies in cases of detections within Tl is thetroduced that is equal to 1 whewr belongs to QDI and is
Tsunami State Duration (TSP), defined as the percentage ofero elsewhere, that is:
Tl that is covered by the active tsunami states triggered by .
all the detections falling within TI (NTIBZ 0). We reiterate DF(icp =1 if AcreQDI (5a)
that a tsunami state lasts from the tsunami detection insta%F(ACF) -0
until the function BS() reverts to the pre-alert values. If TSP
is quite low (that is much smaller than 100), it means thatwhen QDI is empty, it follows that DF is identically equal to
TEDA alerts cover only a little portion of the Tsunami Inter- zero. Through the indicator QDI we introduce a more strin-
val and that the tsunami is not recognised as such for most ofjient requirement on the mere event detection. Indeed, for
the time. It might also happen that a detection occurs beforeaill values oficr belonging to ADI, TEDA makes a detec-
the starting of Tl and that the related tsunami state is activaion of the event, but it might be a “low-quality” detection
during the tsunami oscillations contributing to the determi- since it might be accompanied by false undesired detections.
nation of TSP. However, in such cases, the detection has t@nly detections occurring within QDI are high-quality, since
be considered a false detection and TSP is meaningless. TEDA detects the event with no false alarms. In the TEDA
A further elementary indicator is built, starting from the application shown in this paper, the concept of high-quality
values of the thresholdcr. It is clear, even with the help detections has been linked to the absence of false detections.
of Fig. 2 depicting the functions 18 BS(¢), and CFf)  In principle, the Number of False detections (NF) should be
calculated for a specific tsunami record, that changing theminimised, since measures taken in case of a wrongly de-
value ofAcr influences the number of TEDA detections. If clared tsunami state result in economic losses and undesired
Ack is too small, then false detections are to be expectednterruption of services. But the requirement can be relaxed
(NF#0), while if it is too large, the tsunami can be unde- by accepting, for example, a maximum number of false de-
tected (NAD =0). Therefore, the elementary indicators NF tectionsMpp, that is, by imposing that NE Mgp instead of
and NAD are seen to depend upbgr and those values of NF =0. In the following, we will consider as detections only
Acr ensuring no false detections, and at the same time athe high-quality detections as discussed here.
least one acceptable detection can be considered adequate NFI, ADI, QDI, and DF¢cF) are elementary indica-
In general, for each event two intervals can be defined on theors since they are computed on each single tsunami event,
Acr axis, descending directly from NE¢F) and NAD@Q.cr):  though they are built on two more basic indicators such as
namely the No-False Detection Interval (NFI) and the Ac- NF(Lcp) and NAD@cr). On the other hand, starting from
ceptable Detection Interval (ADI), whose formal respective elementary indicators, other indexes can be built in TEDA
definitions are given here below: that belong to the group indicator category, since they apply
to more than one event and, preferably, to all the considered

otherwise (5b)

NFI=[2cr: NF(icr) =0l (4a) events. One key group indicator is built in the following man-

ADI = [Ace: NAD (Acp) > 1] (4b)  ner. Letus consider a set oftsunami events, and let ND be
the number of those detected by TEDA<NND < N), and

Notice that NFl is an infinite interval since, whgr is suffi- let us further consider the QD)) of the j-th detected event.

ciently large, no detections (either false or not) occur, and carsince we limit our attention to detected events, Qpt{an-

be characterised by its lower end point NEiat is therefore  not be an empty interval. We define as the Group QDI (de-
the limiting value oficr beyond which no false detections noted GQDI) the interval of thicr, which is comprised be-
are made by TEDA for the specific event under analysis. Onyeen the maximum of the lower end points of Nfland

the other hand, ADI is Certainly a finite interval, therefore the maximum of the upper end points of the QDl(that is:
admitting a lower and an upper end point ARInd ADb. If

an event passes undetected by TEDA, then ADI is an empty>QDI=[AcF: max(NFl1(k))(k=1.2,....N) < AcF
interval and introducing AQl and ADL, in this case is use- <maxQDly(j))(j =1,2,...,ND)] (6a)
less. i o )

In addition, we can define the Quality Detection Interval It is easy to prove that the above definition is equivalent to

(QDI), which is the intersection of NFI and ADI and is there- the following one:

fore given by the following expression: GQDI = [Ace: NF(Acg k)) = O for anyk € [1, N] and
QDI=[Acp:NF(Acp) =0 and NADAMcp)>1] (4c) NAD (Acr, k)) > 1 for at least one value @f| (6b)
Notice that QDI results to be an empty interval when the where NF{cr, k) denotes the indicator Nk¢g) of the k-th
event is undetected (since ADI is empty) and when{NEl  event, and likewise for NAD(cF, k). In other words GQDI
larger than ADj. In all other cases, QDI is not empty and is the interval of thercg axis in which one or more of the

its lower and upper end points can be denoted respectively a& analysed events are high-quality detected. Correspond-
QDI; and QDb, where QD} = NFI; and QDb = ADI . ingly, with GQDI it is convenient to define a Gain Function
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Table 1. Scheme of TEDA performance indicators.

Detection Window Tsunami Interval Tl Background
DW (contained in TI)
Number of Acceptable Number of Tsunami Number of False
Detections NADLcF) Interval detections NTID(cp)  detections NP(cE)
DT(Acp) Delay time (from the
beginning of the Tl interval)
TSPQcp) Duration of the tsunami

states (percentage of TI)

Elementary performance indicators (one event)

Ack interval definition Missed event Detected event
No-False Detection Interval: NFI#EE: NF(Lcp) =0] [NFl4, o0] [NFI 1, 00]
Acceptable Detection Interval: ADIEg: NAD(Acp) > 1] (/] [ADI4, ADI>5]
Quality detection:
Quality Detection Interval: QDI =)cE: NF(A.cp) =0 and NADQcp) > 1] (/] =[QDl 1, QDIy]
= NFIN ADI = [NFlq, ADIy]
Detection Function DF: DRcp) =1, Aicpe QDI 0 =1,Acpe QDI
=0, otherwise =0, otherwise

Group performance indicators (N events, of which ND detected)
Ack interval definition

Group Quality Detection GQDI=[AcE: (NF(AcE, k) =0 for Vk) and
Interval: (NAD(AcE, k) > 1 for at least 1 value of), k=1,...N]
= (Nk=1,...n NFI(k)) N (Ux=1,...nD ADI(k))
= [max(NFl (k)), max(QDb())], k=1,2,...,.Nandj=1,2,...,ND

Gain function GF: GP(cP) =2 _t=1....np DF(AcF.k), Acrpe GQDI
=0, otherwise
Detection Tsunami Range: DTRE[AcE: GFcE) k], 1<k<ND

GF(Acp) that is obtained as the sum of the DF of all the ND ing the best performance of the algorithm. A scheme of the
events, that is: performance indicators is provided in Table 1.

ND
GF(.cp) = ), DF(icrk), AcreGQDI

=0, otherwise (7 4 The data

For each value of the detection threshalgk, GF provides The el_ementary and group indicators for TEDA have been
onceived as a set of tools to evaluate the performance of

the value of the number of tsunami events that are detectea1

by TEDA, hence assuming values that are comprised petn€ algorithm. One of the main reasons to use them is to

tween 0 and ND. Moreover, we can also introduce the in_help select the TEDA parameter setting that optimises its ef-

terval DTR(k), what we call the Detection Tsunami Rangeﬂc'ency' Indeed, befo_re applying TEDA in a real-time mod_e
and define as: to the records of a given coastal station, a test or learning

phase should be carried out where an appropriate “learning
DTR(k) = [Ace: GF(Acp) > k], 1<k<ND (8)  data set”, consisting of previous records of that station, if
available, or of similar stations, should be processed offline
DTR(k) is therefore the interval ofcg, where there are at by means of different configurations of TEDA settings with
leastk event detections and no false detections. the purpose to find the most adequate configuration, that is,
The above indicators, when properly organised in criteria,the configuration that performs best.
serve to select the setting of the TEDA parameters provid-
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Fig. 4. Spectral analysis of the Adak Island tide gauge records. Sample interval is 1 min. The black line is the background spectral density
(with no tsunami) averaged over 70 days, with the gray lines representing the corresponding 10th and 90th percentile. The lines above are
average spectral densities computed for the Andreanov 1996 (E1), the Kuril Islands 2006 (E3), the Peru 2001 (E5), the Rat Island 2003 (E7),
and the Tonga 2006 (E14) events. Spectral densities curves are shifted through an amplification factor to make an easier inter-comparison
Spectral densities are calculated through FFT on 10.5h moving windows over intervals of various length: for tsunamis, such intervals are
adapted to the duration of the tsunami signal. Notice that all spectral densities have similar shapes, indicating that local eigenmodes are the
dominant factor. The main spectral peaks are around 3-4, 10, 13-14, 16, 21-24, 35 and 48-52 min.

In order to show how TEDA works, a learning dataset is (see Table 2). Spectral analysis has been carried out on the
used in this paper that was made available by PMEL/NOAAdetided sea level records covering about 70 out of the 123
and that consists of sea-level time series recorded by a tidedays with no tsunami events by applying the FFT technique
gauge station located in the Adak Island, Alaska, that is oneover a moving window of 10.5h. Only the background sig-
of the oldest stations in the USA coastal station network, withnal before the event, but not after, has been here considered
a rich archive of records including many historical tsunamito avoid any influence of the event on the calculated back-
events. ground spectral densities. One of the results of the analysis

The station is located inside a harbour, in a bay on thelS that the average background_spectral density i_s not SO dif-
NE coast of the Adak Island. The local tide has a maximumférent from the ones computed in case of tsunamis. In Fig. 4,
range of about 2m. The site is frequently windy, which is a Where such spectral densities are plotted, one sees that most
factor favourable to the onset of local seiches that are ampli®f the spectral peaks of the (no tsunami) background per-
fied by the resonant effect of local basins (Rabinovich et al, Sist even when a tsunami arrives. It is also relevant to stress
2006). One should bear in mind that often times, tsunamidhat the background spectral density was found to remain
and seiches go together because tsunamis can excite locjgnificantly stable and that the same spectral peaks can be
resonances, with the consequence that tsunami spectra m@pserved not only in the average curve, but also in all sea
be dominated by resonant peaks masking the source sign&onditions (from calm to rough sea), which means that lo-
ture (see Honda et al., 1908; Miller et al., 1962; Miller, 1972; cal oscillations are easy to excite and well persistent. The
Sanchez and Farreras, 1983: Van Dorn, 1984 Rabinovich?onSiderable number of peaks and their corresponding peri-
1997; Rabinovich et al., 2006). ods ranging from 2—3 min up to more than 30 min testify that
eigenmodes of basins of various size and complicated ge-
%metry are involved (from the harbour basin where the tide
gauge station is installed to the larger bay where the harbour

The Adak Island learning dataset includes about 141 day
in the period 1996-2010, of which about 18 with tsunami
signal and the remaining 123 with only background signal
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Table 2. Tsunami events. Date and location of the tsunami are listed, together with the magnitude of the tsunamigenic earthquakes. Event E4
is of volcanic origin. For each event, the total length (in days) of the examined record is given and it is further split into the length of the
tsunami signal and the length of the background signal. Additional time series with no tsunami have also been examined, with length given
in raw B1. Altogether the total length of the background signal analysed is about 123 days. The event E1 is indeed a double tsunami with
two earthquake sources: the main shock followed 11 h later by a smaller aftershock.

Event Date Earthquake Record Event background Source location
magnitude  (days) (days) (days)
El 10 June 1996 7.9 6.66 0.57 6.09 Andreanof Islands, AK, USA
7.3
E2 27 February 2010 8.8 3.00 2.41 0.59 Chile Off Southern Coast
E3 15 November 2006 8.3 18.00 2.14 15.86 Kuril Islands, Russia
E4 7 August 2008 — 2.00 0.44 1.56 Kasatochi volcano, USA
E5 23 June 2001 8.4 4.98 1.06 3.92 South Peru
E6 15 August 2007 8.0 2.00 0.75 1.25 South Peru
E7 17 November 2003 7.8 10.12 0.51 9.61 Rat Island, Aleutian Islands, AK, USA
E8 26 December 2004 9.0 9.25 1.97 7.28 Indonesia off West Coast of Sumatra
E9 29 September 2009 8.0 2.00 1.80 0.20 Samoa
E10 7 October 2009 7.6 1.00 0.53 0.47 Vanuatu
E11 1 April 2007 8.1 3.00 2.33 0.67 Solomon Islands
E12 13 January 2007 8.1 2.25 0.57 1.68 Kuril Islands, Russia
E13 3 January 2009 7.6 1.00 0.57 0.43 North Coast of Papua New Guinea
E14 3 May 2006 8.0 23.00 1.70 21.30 Tonga
E15 5 December 1997 7.8 5.56 0.12 5.44 Kamchatka, Russia
E16 26 November 1999 7.5 3.33 0.12 3.21 Vanuatu
E17 25 September 2003 8.3 1.57 0.12 1.45 Hokkaido Island, Japan
B1 No tsunami - 42.20 0.00 42.20 Background record
Total 140.92 17.71 123.21

is placed and to channels separating the Adak Island from th&uinea 2009, Samoa 2009) and in the Indian Ocean (Sumatra
other islands of the Aleutian archipelago). The most promi-2004).
nent peak seems to be located at 13—14 min. The spectral densities of some sea-level records are shown
in Fig. 4, and, as already remarked in the previous section,
they are quite similar to each other, which can be interpreted
5 Tsunami events as the proof that tsunamis excite oscillation modes typical of
the site. However, different tsunamis may be characterised
The records examined by TEDA in the application shown inby different source signature and so they may also exhibit
this paper include 17 tsunami events, which are listed in Ta-distinctive peaks in the record: indeed, the E1 tsunami has a
ble 2 and that will hereafter be denoted by Ek=(1,17). distinctive peak around 30 min and the E7 tsunami shows an
They have been ordered according to their descending magadditional peak with a period of 63 min.
nitude in the local records, that is measured through the The detided signals of the 17 tsunamis are plotted in Fig. 5.
tsunami range (see last column of Table 3). These eventblotice that in this case, detiding was not performed by means
were recorded by the Adak Island tide gauge from 1996 toof TEDA that always works on original sea-level records in-
2010 with a sampling interval of 1 min. One event (E4) hascluding tides and uses its own real-time detiding algorithm
volcanic origin, generated during the 2008 explosive erup-described in Sect. 2. Detiding was performed off-line with
tion of the Kasatochi Volcano near the Adak Island. All estimates of tide obtained by cubic splines fitting with the
the remaining events have seismic origin. The Andreanowpurpose to better show the tsunami signal in the graphs. The
1996 (E1) and the Rat Island 2003 (E7) events can be conlearning dataset includes events that occurred in different
sidered near field, while all other earthquake-induced eventsnonths of the year, which ensures that different climate con-
are far field since they were generated along the Southditions are taken into account in the application of the algo-
American (Chile 2010 and Peru 2001, 2007), Russian (Kam+ithm, which is reflected in the different magnitude of the
chatka 1997, Kuril Islands 2006, 2007), and Japanese coastsckground signal. All events have moderate amplitudes,
(Hokkaido 2003); or near South Pacific Islands (Vanuatuwith the largest being of about 50 cm for the tsunami E1 (see
1999, 2009, Tonga 2006, Solomon Islands 2007, Papua Newlso Table 3). It is worth further noting that the event E1 is
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Fig. 5. Detided sea-level records of the 17 tsunami events analysed. Detiding was obtained through cubic splines fitting. The vertical red line
at time 0 indicates the time of tsunami arrival, while the orange vertical line at time 3 h indicates the end of the tsunami Detection Window
DW. The subsequent red vertical segments in each record are the end of the tsunami signal. The interval comprised between the beginnin
and the end of the tsunami is designated as the Tsunami Interval TI. For some events Tl is longer than 24 h.

indeed a double one, with two tsunamis generated by two diseletided records are shown with indication of the identified
tinct earthquakes: am = 7.3 aftershock following the main  or assumed tsunami start and end instants, while Table 3
M =7.9 shock 11 h later, which produced a second tsunamiprovides information on the tsunami wave amplitudes and
In this work, the two tsunamis have been considered togetheheights during the initial phase (first wave) as well as within
as a single event. the Detection Window DW and the Tsunami Interval TI.

In most cases the tsunami signal in the detided records has
been identified manually by visual inspection, and the tem-
poral limits of the tsunami beginning and end have been as6 Assessment of the tsunami detection algorithm
signed correspondingly (see Fig. 5), also by taking into ac-  performance
count data from papers (e.g. Eble et al., 1997; Wang and Liu,
2006) and from tsunami catalogues (NOAA/WDC Historical In the application shown in this paper, the performance of
Tsunami Database at NGDC and WCATWC Tsunami Cat-TEDA has been evaluated by using only a subset of the pos-
alog), and by considering estimated arrival times from nu-sible options of TEDA, namely by using all the methods A1,
merical simulations. We recall here that the identified inter-A2, and A3 to compute the function B$(see Egs. 1la—c),
val between the start and the beginning of the tsunami haand by varying the temporal parametggstg, andrgiige, that
been denoted as Tsunami Interval (TI). In cases of an unenter in the definition of the basic intervdlg(z) andIgs(?),
clear tsunami signal, as is the case for the E15, E16 and E1@nd also in the detiding algorithm. Seven different combina-
events, the tsunami start has been assumed to occur 30 miions of the temporal parameters have been tried, which are
before the estimated arrival time, extrapolated from tsunaminamed Cn £ = 1,7) with association explained in Table 4.
propagation maps obtained by means of Websift, NOAA, andin total, therefore, as many as 21 TEDA configurations have
the tsunami has hence been taken to last 3h. In TEDA terbeen tested. The parameters that have been assumed as in-
minology, we can state that Tl has been assumed to be equahriant in this application argss = 60 min, t1ige = 60 min,
to the tsunami Detection Window (DW): TI=DW. The as- andtsm= 6 min. Even the thresholds for |IS| has been kept
sumed shifting of 30 min aims to account for uncertainty in constant and equal to 1 cmmih For each event (Ek) and
the tsunami arrival time estimation. In Fig. 5, the tsunamieach configuration Cn, TEDA tsunami detection has been
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Table 3. Tsunami amplitudes and heights. The minimum and maximum sea elevations are denoted by m and M respectively: they refer to the
first wave, to the Detection Window DW (i.e. the 3 h long interval within which a TEDA detection is considered successful), and the Tsunami
Interval Tl (i.e. the interval where tsunami signal is present). In particular, in the various columns the following quantities are given: the 1st
half-wave amplitude (positive for a crest and negative for a trough); the 1st wave height; the largest peak in the DW, the largest peak in the
whole TI; and the tsunami range, i.e. the difference between the maximum and the minimum in the DW and in the TI. Notice that events
have been numbered according to the descending range of the tsunami waves within Tl (last column). Given the difficulties in identifying
the first wave for events E15, E16 and E17, the respective information is not given.

Event 1sthalf-wave amplitude: 1stwave height: DW wave peak: Tl wave peak: DW tsunamirange: TItsunamirange:

morM M-m morM morM M-m M-m
(cm) (cm) (cm) (cm) (cm) (cm)
El 12 36 -51 -51 100 100
E2 12 36 —-37 -37 71 72
E3 8 15 19 26 35 45
E4 -4 12 -10 20 18 37
E5 -4 9 10 13 16 27
E6 6 9 6 -11 10 21
E7 5 9 12 12 20 21
E8 3 7 9 10 16 21
E9 5 6 8 12 14 20
E10 -6 15 —-10 -10 19 19
El1 -2 4 -3 7 6 14
E12 2 5 -6 8 12 14
E13 -5 9 —6 -7 11 13
E14 -5 8 7 7 12 14
E15 -9 -9 18 18
E16 -5 -5 10 10
E17 3 3 6 6

Table 4. Combinations of the temporal parametegs g, and certainly limit the number of false detections when TEDA is
ToTide We recall that in this workigs, rTige, @ndsm are kept applied real-time in the operational routine. This topic will

constant and equal tgs = 1ige = 60 min andism= 6 min. be touched upon later on in the paper.
We further recall that an event is detected by TEDA if

the corresponding Detection Function DF in GQDI is not
identically zero, i.e. if TEDA shows no false detection and
Cl 6 16 17 NAD > O for at least one value ofcr (see Egs. 4c and 5).
c2 6 1 12 The firstimmediate observation is that most of the tested con-

Combination 7 (Min) g (Min)  rGTige (MiN)

gj 2 1(15 g figurations detect no events, or at most they detect only one
cs 10 16 17 (namely E1, which is the tsunami showing the largest oscil-
c6 10 11 12 lations — see Table 3). There are as many as 11 events missed
c7 12 16 17 by all configurations (namely E5, E6, E7, E8, E9, E11, E12,

E13, E15, E16, E17). All the missed events are small and
some of them (E15, E16, E17) cannot be recognised in the
records, even in post-processing.
) ) Looking at the results, it is evident that method A3 is the
tested with the CF thresholtr ranging from 1.0 t0 5.0 at gt efficient, while method A2 detects only the E1 event
steps of 0.05. and only with combination C7. Therefore, method A2 turns
Table 5 shows the events that are detected. We recall thaiut to be quite inefficient. This is a result to be stressed,
the learning dataset on which TEDA has been applied in-since the way BS2 is computed, which is based on the calcu-
cludes about 141 days of data and 17 tsunami events (see Ttion of the standard deviation of the background noise (see
ble 2). We observe further that imposing no false detectionEq. 1b), is one of the most common ways to characterise
for TEDA on the learning dataset, which includes about 123the background in signal detection techniques (see e.g. au-
no-tsunami days, does not guarantee that TEDA will alwaystomatic seismic picking algorithms: Allen, 1978; Earle and
avoid false detections. However, this strict requirement will Shearer, 1994), comparing short-term to long-term averages.
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Table 5. Events detected (that is with DE{F) in GQDI not identically equal to zero) by all tested TEDA configurations, that are obtained
by applying methods A1, A2 and A3 with different combinations of temporal parameters (see Table 3 for event codes and Table 4 for
combinations).

Combination  Method A1  Method A2 Method A3
C1 - - E1l
Cc2 E1l - E1l
C3 El - E1l
C4 E1l - E1, E3
C5 E1l,E14 - E1, E2, E3, E4, E10,E14
C6 El, E14 - E1l,E2,E3,E14
Cc7 E1, E3, E10 El E1, E2, E3, E4, E10

Table 6. Detection results for the configurations A3C5 and A3C7 for all events detected within the respective interval DTR(&RcEBR

ranges from 2.15-2.35, while DT3¢ 7(5) ranges from 2.05-2.15 (see Fig. 6). The value at the detection time of functions IS, BS3 and CF3

is also given together with the Delay Time (DT), the Tsunami State Duration (TSP) and the Number of Tsunami Interval Detections (NTID)
falling within the Tsunami Interval (T1), and the Number of Acceptable Dections (NAD) falling within the Detection Window (DW). To
reiterate, the only detections within the DW are TEDA detections, though the NTIDs are not considered false detections and contribute to
TSP.

Method Event DTR(5) DT(min) TSP% NTID NAD IS(DT)(cmmid) BS3(DT)(cmminl) CF(DT)

A3C5 El 2.15-2.35 2 99.7 1 1 1.30 0.48 2.72
A3C5 E2 2.15-2.20 159 4.0 1 1 -9.13 4.07 2.24
A3C5 E3 2.15 18 99.0 3 1 —1.60 0.71 2.26
2.20 18 64.9 2 1 —1.60 0.71 2.26
2.25 18 64.9 1 1 —1.60 0.71 2.26
2.30-2.35 19 64.9 1 1 —-1.73 0.71 2.44
A3C5 E4 2.15-2.35 38 94.1 1 1 1.35 0.57 2.36
A3C5 E10 2.15 27 58.7 1 1 1.25 0.57 2.19
2.20-2.35 28 58.5 1 1 1.49 0.57 2.62
A3C5 El4 2.15 12 22.0 2 1 1.09 0.42 2.57
2.20-2.35 12 15.2 1 1 1.09 0.42 2.57
A3C7 El 2.05-2.15 2 99.7 1 1 1.01 0.44 2.27
A3C7 E2 2.05 28 9.6 1 1 —3.05 1.46 2.09
2.10 29 9.6 1 1 -3.09 1.46 211
2.15 160 4.0 1 1 —7.85 3.59 2.19
A3C7 E3 2.05 19 99.0 2 1 —1.40 0.59 2.38
2.10-2.15 19 64.9 1 1 —1.40 0.59 2.38
A3C7 E4 2.05-2.15 39 93.9 1 1 1.13 0.47 2.39
A3C7 E10 2.05-2.10 28 58.8 1 1 1.08 0.51 2.12
2.15 29 58.7 1 1 1.30 0.51 2.55

Methods A1 and A3 work better with almost all parame- The performance of the various TEDA configurations can
ter combinations, detecting at least one tsunami event, wittbe further evaluated by means of the Group Quality Detec-
the exception of A1C1 that misses all tsunamis. The maxi-tion Intervals, GQDIs, defined by Eq. (6a), which are plotted
mum number of events detected is six, which was by methodn Fig. 6, and from which one can also easily deduce the re-
A3CS5, followed by five events detected by A3C7, four eventssulting Gain Function (GF)(cp) and the corresponding De-
detected by A3C6, and three by A1C7. tection Tsunami Ranges DTR)( In terms of GF{cF), we
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Fig. 6. For every TEDA configuration (i.e. for each method and parameter combinations), the Group Quality Detection Intervals (GQDI, see
Eq. 6a) are given (in orange). In addition the intervals QDI of the detected events are plotted but only when they overlap with the GQDI. We
observe that the QDI plot of the event E1 would coincide identically with the GQDI for all configurations. From this figure one can deduce
easily both the gain function Gk¢p) as well as the Detection Tsunami Ranges DTR. In the text particular attention is given to the range
DTR(5). Vertical red bars indicate the last value of the teatggfor which NF# 0.

can rephrase the above statements by stating that the maxlable 6 and are also compared in Fig. 7, while Fig. 8 shows
mum value of GF is 6 for the configuration A3C5; and is 5 the DTs graphically marked on the detided records of the de-
for the configuration A3C7. These configurations turn out totected events. From the upper panel of Fig. 7 regarding DT, it
be the best performing and are therefore the ones on whiclkan be seen that there are no substantial differences between
the attention will be focused in the following. the Delay Times obtained by the two configurations for four

In order to compare the detection results obtained byevents, namely E1, E3, E10, and E4, listed here in ascend-
A3C5 and A3C7, we first take into account the interval ing order of DT. The main differences regard events E14 and

; : . E2. Event E14 is seen quite soon (DT =12 min) and only by
DTR(5) as defined through the expression (8), which 'SA3C5. In contrast, event E2 is detected by both configura-

the interval of \cp where both reveal at least 5 events: tions: it is seen by A3C5 at time DT = 159 mife = 2.15,

DTRa3cs(5) =[2.15,2.35] and DTRazc7(5) =[2.05,2.15]. P e .
Results are shown in Table 6. We observe that both in-2'20)' out of scale in Fig. 7; while ASCY gives much faster

. detections only for thresholdscg = 2.05, 2.10, with Delay
tgrvals are quite shor';. We further observg that the .analyTimes respectively DT =29, 30 min. Notice that raising the
sis of such TEDA indicators cannot help give an univocal

. hreshol =21 he Delay Tim incr
evaluation. Indeed, we note that the length of the DTR(5)t eshold toicr 5 causes the Delay etoincrease to

range is longer for A3C5, which is an element in favour of DT =160 min.
A3CS, since a longer DTR suggests that a tsunami can trig- The comparison of TSP (Table 6 and Fig. 7) confirms that

. . alues resulting from the two configurations are quite sim-
ger a detection alert for a wider range of threshold values an(¥ 9 g q

therefore allows more flexibility for TEDA operational pro Nar for the group of four events also having similar DTs.
) " Notice further that th re the only on ing TSP
cedures. On the other hand, DA4R7(5) contains smaller ofice further that these are the only ones possessing TS

o . values about or larger than 60%, with a consequent tsunami
values than DTR?{C5(5)’ which is in favour qf A3C7’. SINCE  grate that covers at least 50% of the tsunami duration. Some
lower thresholds imply that the corresponding configuration

would have the potential to triaaer a detection for Smallerdifferences can be observed for the other events for which,
P 99 . however, TSP is too low (less than 25%).

tsunami. The elementary indicators DT and TSP are given in
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Fig. 7. Comparison of Delay Time (DT) and Tsunami State Duration (TSP) for configurations A3C5 (on the left) and A3C7 (on the right)
within the Detection Tsunami Range (DTR(5)). Every event can be identified by a different color.
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Fig. 8. Comparison of TEDA detections resulting from configurations A3C5 and A3C7 by applying the tsunami detection and the secure
detection procedures. All thresholdgg belonging to the respective DTR(5) have been considered. Delay Times (DT) (vertical lines) are
shown for both TEDA tsunami detections and for TEDA secure detections on the detided records for the six events that are seen by TEDA.
The vertical scale is the same in all graphs. Records are plotted for a 4 h long interval, including the Detection Window (DW).
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Table 7. Values of TEDA functions IS and BS3 within the tsunami Detection Window (DW) and within the preceding time interval of
20 min length for both configurations A3C5 and A3C7. Time is measured from the beginning of the Tsunami Interval (T1). It is interesting to
compare the maximum value of BS3 in the 20 min long interval with the maximum IS value of the Detection Window. Notice that for events
E6, E11, E13, E17, the functidi| remains below the thresholds =1 cm mir1 within the entire Detection Window.

Event Time interval A3C5 A3C7
(min) max(1S|) max(BS3) mean(BS3) majx$|) max(BS3) mean(BS3)
(cmmin 1)  cmminl)  (cmmin 1) (cmmin )  (emminl)  (cmmin 1)
El [-20,0] 0.5 0.56 0.49 0.42 0.46 0.45
E1l [0,180] 13.17 13.17 9.6 10.51 10.51 7.66
E2 [—20,0] 0.97 0.52 0.52 0.83 0.44 0.44
E2 [0,180] 9.13 9.13 3.98 7.85 7.85 3.36
E3 [-20,0] 0.67 0.58 0.56 0.54 0.48 0.46
E3 [0,180] 4.33 4.15 2.52 3.65 3.41 2.14
E4 [—20,0] 0.25 0.44 0.44 0.26 0.37 0.37
E4 [0,180] 2 2 1.41 1.72 1.72 1.17
ES5 [—20,0] 0.28 0.33 0.33 0.28 0.3 0.3
E5 [0,180] 1.65 1.34 0.93 15 1.23 0.85
E7 [-20,0] 0.9 0.9 0.6 0.81 0.8 0.55
E7 [0,180] 2.67 2.67 1.79 1.99 1.99 1.4
ES8 [-20,0] 0.4 0.89 0.74 0.44 0.75 0.66
E8 [0,180] 1.47 1.47 0.67 1.19 1.19 0.59
E9 [-20,0] 0.36 0.36 0.32 0.31 0.31 0.28
E9 [0,180] 1.85 1.85 1.41 1.36 1.36 1.08
E10 [-20,0] 0.57 0.5 0.5 0.51 0.46 0.46
E10 [0,180] 1.82 1.82 141 1.6 1.6 1.2
E12 [-20,0] 0.33 0.42 0.42 0.27 0.35 0.35
E12 [0,180] 1.58 1.58 1.19 1.29 1.29 0.97
E1l4 [-20,0] 0.47 0.44 0.44 0.37 0.41 0.41
E14 [0,180] 1.42 1.42 1.07 1.17 1.17 0.89
E15 [-20,0] 0.73 1.04 1.04 0.58 0.77 0.77
E15 [0,180] 1.45 1.45 1 1.32 1.32 0.83
E16 [-20,0] 0.69 0.92 0.92 0.53 0.8 0.8
E16 [0,180] 1.32 1.32 1.04 1.1 1.1 0.85
E6 [0,180] 0.91 0.91 0.84 0.77 0.77 0.71
Ell [0,180] 0.45 0.45 0.38 0.39 0.39 0.34
E13 [0,180] 0.92 0.92 0.57 0.81 0.81 0.52
E17 [0,180] 0.8 0.65 0.39 0.59 0.5 0.32
7 Discussion of the tsunami detection results maximum values that are taken by the time functigSgt)|

and BS3(), as well as by the average of B8B(separately
In general, the number of events detected for each configwithin a 20-min long window just preceding the event and
uration is quite low. The only events detected are E1, g2 within the Detection Window (DW). Notice further that the
E3, E4, E10, and E14, while all other events are missed witfevents E15, E16, and E17 are too small to be distinguished
every method and parameter combination. The Andreanodrom the background noise (see Table 3), and missing detec-
1996 tsunami (E1) is the one with the highest number of deion is not a serious problem.

teCtionS, followed by the Kuril Island 2006 tsunami (E3) As regards the six events detected’ four (El’ E2' E3’ E4)
We point out, however, that all the events considered inare characterised by the largest wave amplitude and height,
our database of the Adak Island tide-gauge records are modwhile two (E10, E14) are quite small. The events E1, E2, E3,
est with no large amplitudes (see Table 3): in particular, theand E4 are detected by A3C5 and A3C7 all within the first
events E6, E11, E13, and E17 do not meet even the first cord0 min, with the exception of the event E2 (see Table 6). The
dition for detection (see Eg. 2a), since for thdf(r)| never  event E2 is characterised by very long periods (about 40 min)
exceeds the assumed threshibjgd=1cmmirmrl. This can  and by increasing amplitudes, which makes the tsunami de-
be seen in Table 7, where, for each event one can find théection problematic. The detection results for this event are
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indeed quite bad, with Delay Times DT =159 and 160 min, 8 Analysis of the background signal and implication on
and as a consequence a very low TSP (TSP =4%), with TEDA performance
the exclusion of the lowest thresholds for the configuration
A3C7, which gives a reasonable detection (DT = 28, 29 min),In Sect. 4 the background signal has been analysed to identify
but a low value of TSP (TSP =9.6%). the main spectral components, finding that spectral densities
The detection of event E10 is an example of how TEDA are quite stable, exhibiting a series of peaks (the dominant
may detect small events, since the E10 situation meets the hypeing around 13-14 min) that persist even in the case of a
pothesis at the base of the algorithm, that is this event arrivegsunami. In this section we examine the background signal
with a quite high first wave on low background. As for event in view of establishing if the site conditions are favourable
E14, that event is also quite small, noting that its detection isto the application of TEDA, and also in the attempt to distin-
exceptional and fortuitous, since the event occurred in a venguish between the performance of the configurations A3C5
low background condition and with the first wave just pass-and A3C7.
ing the assumed threshold: |IS| =1.09> 1 (cmmirrY). Since we expect that sea surface oscillations, once de-
As for the other cases, i.e. E5, E7, E8, E9, E12 (andtided, depend on weather conditions, we also expect that they
E14), some hypotheses about the missed detections can Iséow a seasonal variability that predominates inter-annual
made. The Peru 2001 (E5) and the Sumatra 2004 (E8thanges, that is predominates changes from one year to the
events are far-field tsunamis and reach the tide gauge witlother. Under this assumption, since analysing one year or an-
a train of waves of slowly increasing amplitude. TEDA other is equivalent, we explored the Adak Island tide gauge
tsunami detection, however, is conceived to work with im- dataset at a 1 min sampling rate to find a concatenated se-
pulsive signals. Indeed, a slowly increasing signal, whichquence of one year of data in the period between July 2005
is also typical of phenomena of atmospheric origin like se-and June 2010. Since this was not possible due to quite fre-
iches, is not supposed to trigger a detection because afiuentintervals of missing data, we have built a virtual year of
the simultaneous increasing of the slope functions IS andlata on a day-of-year basis, grouping together the available
BS. In addition, the E8 tsunami arrives when the func-days from 1 to 365 of different years. For example, for the
tion BS is too high relative to the size of the tsunami first day of the virtual year (1 January) only data from years
(see Table 7 and compare max(BS3)=0.75 cmthagainst 2009 and 2010 could be used, since they have a continuous
max(IS|)=1.19cmminml). A possible reason why E7 is sea level record, while the remaining years have too many
missed by all configurations can be the presence of a big osgaps in data. Likewise for the second day (2 January) only
cillation, well visible in the record (see Fig. 5) right before data from years 2006, 2008, 2009 and 2010 have been used,
the starting of the tsunami event. This increases the funcand so on. Indeed, the main problem derives from frequent
tion BS3 and at the same time keeps CF at about the samgaps in data. If gaps are too long or too frequent in one day,
level, hence masking the following tsunami waves. As for that day is considered inadequate to build the virtual sample.
the missed detections of the events E9 and E12, it happenis the other cases, gaps of missing data have been filled by
that the first incoming wave for both events is too low to interpolation according to a two-step procedure. First, only
pass the assumed threshald. When the first wave is not gaps not longer than 12min and preceded and followed by
recognised, it is incorporated in the background by TEDA: at least 4 min of data have been interpolated. Then in the
therefore the function BS increases, which as a consequenceecond round, the linear interpolation regarded longer gaps,
prevents the function CF to rise. We also note, however, thabut not longer than 18 min and provided that they were sur-
these two events are quite small, as they both reach a maxrounded by at least 90 min of data before and after. Consid-
mum value of|IS| about 1.3 cm min? (see Table 7). ering that the predominant period of the Adak Islands tide
The above considerations and the analysis of the perforgauge records is about 13—14 min (see Fig. 4), the linear in-
mance indicators allows us to judge which ones of the 21terpolation can involve an entire wave period. With the above
explored configurations are preferred for the application ofprocedure we have been able to build a full 365-day long vir-
TEDA to the Adak Island tide gauge station. The choice istual year of no-tsunami data, i.e. a set of 365 intervals 24-h
restricted between configurations A3C5 and A3C7, yet welong referring to consecutive days from the 1 January to the
stress that the analysis of the number of detections, of th&1 December.
Delay Time (DT), of the Tsunami State Duration (TSP), and The background signal B§(has been computed for the
of the Detection Tsunami Range (DTR(5)) has not providedentire virtual-year data set at the time step of 1 min. Since in
us unambiguous elements to make a decision. In the nex$ect. 6 configurations A3C5 and A3C7 have proven to per-
section we will add a further element for the evaluation. form better than the others, the corresponding settings have
been used to compute B$(or more precisely BS3). The
two yearly normalised frequency distributions are shown in
Fig. 9a. The computed values of BS3 have been grouped in
semi-open bins (that include the lower endpoint and exclude
the upper one), with width of 0.1 cm mih. For each of such
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Fig. 9b. Cumulative distribution of BS3 for the configurations A3C5 and A3C?7.
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bins, all BS3 values included in the interval are counted with Analogously we can introdugéSisy(¢)| as the estimate of the
a weight of 1/(36%), with n being equal to the number of tsunami slopé f’(¢)|. It is then possible to maximigéS(z)|
years available for the given day, in order to get a total weightin the following way:

of 1/365 for every day of the year. In the following, each bin
will be referred to by means of its central point. The corre- IS()] < [ISsu(1)] +BS3(#) < max([ISisu(1))) +BS3#)  (9)

oo e e 1o ! 18 o view of h coniions (z4) and (2, sunai canno e
9 pe, detected if eitheflS| < 115 or [IS| < AceBS3, which implies

some clear difference. Frequencies of the A3C5 curve COMz, 4 it is even more so if either
pared to the ones of the A3C7 curve tend to be smaller for
lower values of BS3 and higher for larger values, the dis-max(|IS;,(1)|) + BS3< Ais (10a)
criminant being 0.40 cm mirt. They are both unimodal and
asymmetrical with mode in the bin 0.35cm minfor the or
configuration A3C7 and in the bin 0.45 cm mihfor A3C5.
Furthermore, they are both positive skew with a long right MX(1Ssu()]) +BS3< AcrkBS3 (10b)
tail, but the A3C7 d'Smb'ﬁ't'o.n has a visibly higher _skevx_/- The above inequalities can be transformed into no-detection
ness than the A3C5 distribution. From the cumulative dis- " : .
o . . _conditions in terms of BS3:
tributions we see that the 60th percentile falls between bins

0.35-0.45 cmmin!; the 80th percentile falls between bins BS3< his — max(|1Swsu(t))=1S1 (11a)
0.45-0.55cmmin! for A3C7 and between the following
bins 0.55-0.65 cm mint for A3C5. Similarly, the 90th per- BS3> max(|1Stsu(t)])/ (Acr—1)=1S2 (11b)

centile is shifted by one bin and passes from between 0.55—
0.65cmminr! for A3C7 to 0.65-0.75 cm mint for A3C5. where IS1 and IS2 are implicitly defined and the second in-
What is relevant in terms of TEDA tsunami detection al- equality holds ifAcp > 1. Let us try an interpretation of
gorithm is the value of the thresholds, since when the such inequalities. On the BS3 axis, they define two inter-
function |IS(¢)| is below A;s, no tsunami detection can oc- vals of BS3, where a tsunami of a given maximum value
cur (see Eqg. 2a). Since BS3 is computed on the basis of thenax(ISisy(2)]) is undetected. More precisely, when the con-
max(1S()|) within the intervallgs (see Eq. 1c), then BS3(  ditions (11a) and (11b) are true, then the tsunami is missed,
< Ais implies that|IS(¢)| < Ajs. Because in the present ap- but it can also be missed even if the conditions are not met
plication it is assumed thats=1cmmirr L, itis relevantto  (for instance, if detection does not occur within the Detec-
observe that the value BS3 =1 cmminis around the 96th  tion Window DW). Therefore, they define the two minimum
(98th) percentile of the A3C5 (A3C7) frequency distribution, intervals of no-detection. Consider that for those values of
which means that TEDA is expected to give no false detecimax(ISisy(z)|) for which 1S1< IS2, the two intervals do not
tions in at least the 96% (98%) of the cases, or, in otheroverlap. On the other hand, when 1$1S2, they overlap
words, in most of the days of the year. This considerationand consequently any value of BS3 satisfies the system of in-
gives us a two-percent element in favour of configurationequalities (11) and the tsunami is therefore undetected. The
A3C7 over A3C5. For the rest of the days, a false detec-frequency distribution of undetected tsunamis can be derived
tion may occur if the second criterion (Eq. 2b) is matched,from the cumulative frequency distribution of BS3 given in
but nothing can be decided on the basis of the BS frequencyig. 9b and expressed as a function of miSg,(¢)|). In
distribution alone. We recall, however, following the per- Fig. 10, this type of frequency distribution is displayed for
formance analysis on the TEDA tsunami detection algorithmconfigurations A3C5 and A3C7 (blue and green curves re-
carried out in Sect. 6, that we have set up the threshgfd  spectively), together with the corresponding complementary
in such a way to get no false detections in the learning datalistributions (red and orange curves). To be more precise,
set, which ensures that false detections are unlikely. in Fig. 10 a number of distributions are plotted correspond-
In addition to false detections, a further relevant issue ising to all the values of the threshol¢:r that are included
that of missed detections. So one question we can pose is the intervals DTR3cs5(5) and DTRy3c7(5). If we inter-
how big a tsunami has to be in order to be detected, giverpret normalised frequency as probabilities, these curves pro-
the distribution of the background signal we have found. Tovide a lower limit to the probability that a tsunami of given
answer, let us assume that the signé) of a marigram with ~ max(ISsy(¢)|) is missed, passing as undetected, while the
a tsunami can be functionally seen as the superposition o€omplementary curves provide an upper limit to the probabil-
the background () and of the tsunami signaf(z), so that ity that such a tsunami will be detected. On comparing such
the total signah(¢) is equal to the sum(z) = b(¢) + f(¢). curves, it is clear that configuration A3C7 is more adequate
With this assumption, the sea level slop&r) is given by  than A3CS5 for all the used values atF, since it guaran-
m'(t) =b'(¢t) + f'(¢). In terms of TEDA functions, taking tees a smaller lower limit for no-detection probabilities and a
into account the definition (1c), we can consif&(r)| asan  larger upper limit for detection probabilities over the whole
estimation ofim’(¢)|, and BS3() as an estimation db’(z)|. range of max(Sisu(?)!).
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Fig. 11. TEDA detections shown on the detided records of the E1, E2, E3, E4 and E10 tsunamis, with the optimal configuration A3C7.
Tsunami arrival time is at time= 0. TEDA detection time (vertical lines) are shown both for TEDA tsunami detection and for TEDA secure
detection. Method A3C7 corresponds©= 12 min,sg = 16 min,zgTige= 17 Min,7gs = f1ige = 60 min, and CF threshold equalling 2.05.
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Finally, we remf':lrk.that tsun§m| size is given here th_rOUQhTabIe 8. TEDA secure detection results. All parameter combina-
max(1Ssu(r)1), which is the maximum SIOpe_eXpressed in ab- tions detect the same three events E1, E2 and E3, which are the ones
solute value of the tsunami waves on the tide gauge recordsyith the largest amplitudes. The Delay Time DT, measured from
It is possible to make an estimate of the correspondingsunami arrival, seems to increase along wjighand to increase as
tsunami height by considering the typical tsunami spectraltsunami size decreases (see Table 3 to compare amplitudes, heights,
density portrayed in Fig. 4, where one can see a num-and ranges of the three events).
ber of resonant peaks. Since the predominant peak is lo-

cated around the peridtheak= 13—14 min, one can translate Cn s G DT: E1 DT:E2 DT:E3
max(1Stsy(z)|) into wave heightd by simply multiplying it (min)  (min) (min) (min) (min)
by the factorTpeal, thatisH = max(|ISisu(t)|) Tpead™ (se€ 1 6 15 12 28 56
McGehee and McKinney, 1997). 2 6 10 12 28 56
3 8 15 13 29 134
. . . 4 8 10 13 29 134
9 The best TEDA setting for the tsunami detection 5 10 15 14 30 136
algorithm 6 10 10 14 30 136
7 12 15 16, 83, 147 31 179

From the analyses performed in the previous sections, the
best choice for TEDA appears to be the settings for configu-
ration A3C7 and, considering that DhE:7(5) =[2.05,2.15],

the best choice for the thresholdeg turns out to be
Acr=2.05, which is the minimum threshold to avoid false
detections.

With this parameter setting, TEDA detects the Andreanov
1996 (E1), the Chile 2010 (E2), the Kuril Island 2006
(E3), the Kasatochi 2008 (E4), and the Vanuatu 2009
(E10) tsunamis, respectively, with Delay Time DT of 2 min,
28 min, 19 min, 39 min, and 28 min from the estimated ar-
rival time. The corresponding Tsunami State Duration (TSP)
percentages are respectively of about 100% for E1, 10% fo

E2, 99% for E3, 94% for E4 and 59% for E10 event (Seetained in the Tsunami Interval (T1) according to the definition

Table 6). Delay Times for the selected setting of A3C7 aregiven in Sect. 5. For all combinations Cn, TEDA detection

shown in Fig. 11. Three of the well detected events are deis triggered only by the events E1, E2, and E3, which are the

:gﬁ;e:meilti;hgeftfgt;zugiﬁlevﬁﬁ\é?.m;i?m%nn?rg??ﬁg %?S‘?G\Ngii)ones with the highest amplitude: the maximum excursion of
. o . ) the detided sea level oscillations given in Table 3 are larger
(that is a positive one), the Chile 2010 (E2) and the Kuril Is- g g

- . o than 25cm. For all the remaining events, the thresh
land 2006 (E3) tsunamis are detected at the first minimum . passed by the absolutel vIaI?Je \c/n‘ the funchibi) elsl

(which is the trough of the first wave). In contrast, the Sin . . . .
. . ce the secure detection algorithm is also triggered by
Kasatochi 2008 (E4) and the Vanuatu 2009 (E10) tsunam'lsunamis, we can use, even in this case, the Delay Time

are detected at the highest maximum of the leading train o T, which is one of the event indicators introduced for the

waves. tsunami detection algorithm. The values of such DTs for the
events E1, E2, and E3 are given in Table 8 for all combina-

10 Results of the tsunami secure detection algorithm tions used. We notice that DT is higher for higher values of
the parametetis and increases as the tsunami amplitude de-

The TEDA secure detection algorithm has been tested wittcreases. Further, in Fig. 8 the DTs resulting from the applica-

different values of parameters, in analogy with the tsunamition of the TEDA tsunami detection algorithm are compared

detection algorithm. More specifically, the duratigyp of with the ones resulting from the TEDA secure detection for

the integration intervalsp (see Sect. 2) has been varied in both configurations A3C5 and A3C7. It appears that in most

the range from 1-60 min and applied to the subset of eventinstances, the DTs of the secure detection are larger than the

composed of E1, E3, E5, E7, and E14 by using all combina-corresponding DT of the tsunami detection, the only excep-

tions of Table 4 in order to select the most suitable value. Thetion being the detection of E2 by A3C5.

criterion used for the selection has been the maximisation of

the integral functionM (¢) given by the Eqg. (3a), since this

ensures a higher sensitivity of the algorithm. The valugef

which provides the highest values turns out to be the same for

all combinations and issp =8 min. With this value ofgp,

the algorithm has been applied for all the combinations to all

the Adak Islands records included in the learning database
(see Table 2), including tsunami events and a total of about
123 days of background. The reason is that the algorithm is
supposed to reveal an event with amplitude high enough to
be potentially dangerous, no matters whether it is a tsunami
or not. The result is that no detections occurred during the
background days, and the only detections were seen in cor-
respondence to tsunami events. We recall here that in TEDA
[erminology, a tsunami is the part of the record that is con-
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11 Conclusions tion with NCTR of PMEL/NOAA, which made available original
Adak Island tide-gauge data at a 1 min sampling rate.
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