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Probabilistic tsunami forecasting for early warning

J. Selva® '™, S. Lorito® 2, M. Volpe?, F. Romano® <, R. Tonini® 2, P. Perfetti', F. Bernardi® 2, M. Taroni?,
A. Scala®, A. Babeyko?, F. Levholt®, S. ). Gibbons® >, J. Macias@ ©, M. J. Castro®, J. M. Gonzélez-Vida®,
C. Sanchez-Linares®, H. B. Bayraktar® 23 R Basili® 2, F. E. Maesano® 2, M. M. Tiberti® 2, F. Mele?,

A. Piatanesi? & A. Amato?

Tsunami warning centres face the challenging task of rapidly forecasting tsunami threat
immediately after an earthquake, when there is high uncertainty due to data deficiency. Here
we introduce Probabilistic Tsunami Forecasting (PTF) for tsunami early warning. PTF expli-
citly treats data- and forecast-uncertainties, enabling alert level definitions according to any
predefined level of conservatism, which is connected to the average balance of missed-vs-
false-alarms. Impact forecasts and resulting recommendations become progressively less
uncertain as new data becorne available. Here we report an implementation for near-source
early warning and test it systematically by hindcasting the great 2010 M8.8 Maule (Chile)
and the well-studied 2003 M6&.8 Zemmouri-Boumerdes (Algeria) tsunamis, as well as all the
Mediterranean earthquakes that triggered alert messages at the ltalian Tsunami Warning
Centre since its inception in 2015, demonstrating forecasting accuracy over a wide range of
magnitudes and earthquake types.
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T naBHOE 0 MeTo4e BEepPOATHOCTHOIO NPorHosa

I: [po3payHoe 1 No BO3MOXXHOCTW MOJIHOE “TpaccupoBaHue”

HeonpeAeNeHHOCTEN 1N NOrpeLLIHOCTY NpeackasaHus.

MpeacTaBneHne NporHo3a B BuAe hyHKUMN pacnpeaeneHus
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Il: YeTkoe pa3geneHue
KOJINYECTBEHHOr0 NporHosa ("y4eHble”)
N NPUHATUA pelleHns 06 aBakyauuu,
T.e. (hyKcaLmm YPOBHS TeKyLLeN
OMacHOCTY U BbITEKAKOLLINX
meponpuaTuii (“MUC”)
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Tekywana npaktuka: Decision Matrix for the Mediterranean

Depth Epicenter Location M Tsunami Type of Bulletin
Potential
<100 km | Offshore or close 55=M=6.0 Nil
the coast (= 40 km
inland) 6.0<M=6.5 Weak potential
of local
tsunami
Inland (>40 kmand | 5.5=M=6.5 Nil
= 100 km)
Offshore or close 6.5<M=7.0 Potential of Local
the coast (= 100 destructive Tsunami
km inland) local tsunami Watch
<100 km
7.0<M=75 Potential of Local Regional
destructive Tsunami Tsunami
regional Watch Watch
tsunami < 400
km
M>7.5 Potential of Local Regional Basin-wide
destructive Tsunami Tsunami Tsunami
tsunami in the Watch Watch Watch
whole basin >
400 km
=100 Offshore or inland M=5.5 Nil
km (= 100 km)
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Local = 100 km

100 = Regional <400

Basin-wide = 1000

. no tsunami/damage expected
. run-up < 1m or height < 0.5m
Watch: run-up > 1m or height > 0.5m
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Uncertainty in Tsunami Early Warning

4N

Some Examples of (inherent) Uncertainty Sources - f;-'

* Magnitude, location, focal mechanism |_

«  Fault geometry and slip distribution (scaling Basili et al., NHESS, 2013
laws variability and slip variations), up to local

complexity of potential tsunami sources Romano et al., Sci. Rep., 2014

Satake et al., BSSA, 2013
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Uncertainty in Tsunami Early Warning

Some Examples of (inherent) Uncertainty Sources l = 5: Ildlh“___

Glimsdal et al., PAGEOPH, 2019

* Uncertainties in tsunami modelling and
inundation, especially near coast = S Bl e

* Ignorance/simplification of the tsunami : i
generation process (source time-dependence ! H g “ S T
for example tsunami earthquakes, non- l |
hydrostaticity,... ) Volpe et aI., NHESS, 2019

Romano etal Sci. Rep 2014
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Uncertainty in Tsunami Early Warning

Some Examples of (inherent) Uncertainty Sources

Trade-off between accuracy and earliness,
since soon after the event not all the
required information are available!
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Probabilistic Tsunami Forecast

e PaccmoTpyM HeomnpeAeneHHOCTb
MCTOYHUKA HA MOMEHT Havasia NPorHo3a;
yuTeMm BCe MOTEHLMa/IbHO BO3MOXHbIE
VCTOUHVIKM

e “Tpaccupyem” HeonpeaeneHHOCTb
NCTOYHMKA Yepes npefcTaBsieHne aHcamb/is
NCTOYHMKOB

e [IpsiMOe YnCNeHHOE MOAENNPOBaHME BCEX
cTaguii pa3BuUTUS LlyHaMW BK/THOUAS LLOY/TAHT
N OLEHKY 3aTOonsIeHNs
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* Best source inversion
Ensemble of
possible sources

* Deterministic forecast

Forecast Uncertainty

T=t1 / Ensemble member
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PTF theory

P(X >x|E;pt)= [, P(X > x|o;p) g(c|E; t)do
~ 2iP(X > x|o;p)P(0; | E; t)

N

PTF: Probability distribution (PDF) Source factor; Probability that a

of different f[suna_\ml intensities at all P_ropagatlon faqt_or: Pr_o_baplllty of scenario well represents the
forecast point, given our different tsu_nam:_mtens:t/es in _aII ongoing event E at the present
knowledge forecast points given a scenario state of knowledge

==l The list of scenarios (ensemble) should be sufficiently large to virtually

represent all possible sources;

* The source factor should account for real-time information (about source
and propagation), dealing also with missing information;

* The quantification of the propagation factor is the computational challenge,
when we consider all potential sources

orE

probability density furction

0.05
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PTF methodology

NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-021-25815-w A R Tl C I_ E

TIME-LINE FOR TW: REAL-TIME C Prob h b.f.*" i
= ropapiiistic -
Origin time = PORIToTNG Tsunami Deﬁﬂ?pﬁts
Forecast
~3-8 min: magnitude and
hypocentre inversion - t=t; AL
i Hypocenter EE . LE
' ¥ —= % L] v
time window for tl s ! 1 = E '-::> O EE
defining alert levels g - \ . . ity
and issuing warning Tenam - T s
message g s Tounami Intensity
: T B =, . . E
g o L
/ £ FocEech‘ahisEs E B @ |c!
RL
~10-15 min: target i ¥ ,d\,""h"‘ E _- . TS
delivery time of alert levels Tsunami data " Teunaemi Intensity
far tsunami warning PR i
= o :
t - w L1 I~ W
3 |:— o I:__L"’ 9 E E
L
a On-the-fly simulations o L d

Fig. 1 PTF concept. a Timeline for tsunami warning: real-time information from an earthquake that just occurred and from the ongoing tsunami gradually
integrates b local long-term hazard information, ¢ progressively increasing the precision of the probabilistic forecasts (hazard curves) produced by the
Probabilistic Tsunami Forecasting (PTF). d At any time, PTF can be transformed into alert levels (here represented as traffic lights) useful for decision
making. In the current study, implementation refers to the time t;, when only earthquake magnitude and hypocentre estimates are available from real-time
observations.
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Probabilistic Tsunami Forecast
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Testing PTF: Maule 2010 M8.8 earthquake
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Fig. 4 PTF for the 2010 M8.8 Maule tsunami. a Epicentre and location of deep-sea (DART) observations (yellow triangles) and b corresponding

comparison between deep-sea observations and PTF forecasts (black lines and grey areas). ¢ Epicentre (star), average of the slip distributions used in the
ensemble, and location of coastal observations (tide-gauges and run-up as blue triangles and green circles, respectively; run-up is halved to compare with
wave amplitude, see Supplementary Note 6). d Graphical comparison between coastal observations and PTF forecasts (black lines and grey areas). e, f

Same as b, ¢ zoomed over the area with run-up measures.

Selva et al., 2021, NatComm
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Testing PTF: Alert levels for the Mediterranean set

Albania 2019 M,,5.9
L
Q) Albania 2019 M, 6.5
. o \.\ 4
Lefkada 2015 M,6.5

8 Fiesvos 2017 M,6.5
" & \
Turkey 2019 M,,6.0

Zakynthos 2018 u,,s{ e % e’

DM: Decision matrix
ENV: Scenarios envelope
BMS: Best matching scenario
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From PTF to Alert Levels

Probability A ] Py iele?? 3
Sz N PTF at Forecast Point Set an “acceptable risk” threshold:
POI

h corresponding to 5% exceedance
probability (95" percentile)

0.05 (P95) Example 1: 1.22m = Watch

Example 2. 0.40m -2 Advisory

Tsunami Intensity In the same target, two possible alert levels:

{maxi num run-upy

A Ex1: P(>1.22m)=0.05

Ex2: P(>0.40m)=0.30

: < 0.10 m wave amplitude gu I ER D m gy

: 0.10 < wave amplitude < 0.5 m ‘ #_ different levels of conservatism = %
Watch:  wave amplitude > 0.5m ~ TOHUC&" choice - 4
Ll L
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5 HOAOpA, World Tsunami Awareness Day

INGV npoBoguT lNepBbI OHNaH 3KCNEePUMEHT NpUMeHeHna metoamkm PTF B
pexume Urgent Computing ¢ ncnonos3osaHnem GPU-knactepa CINECA

e PTF B peanmsaunu Urgent Computing a4nsa cumynaunm cutyaumm paHHero nporHosa Aans
3emnetpsaceHns 30 okt 2020 B paiioHe 0. Samos (M7.0)

e 3asgeinctBoBaHo 800 Hopa, cocToAwmx 13 4 Nvidia V100 GPUs kaxaasi Ha knactepe
Marconil00 @CINECA B BosioHbe

e ~ 38 000 Bapuaumin ICTOUHKUKA (415 oXBaTa 2-sigma HeornpeaenieHHOCTU B napameTpax
NCTOYHNKA)

e Kopa: Tsunami-HySea (KOHe4YHble 06 bEMBbI), HEJIMHENHbIE YPaBHEHUS MEJIKON BOAbI C
3aronsieHnem. Cetka 30 arcsec, o6n1actb pacyeta ~5x5°. OnopHble TOYKM pacyeTa: KaxKablK
2 KM BOonb n3obat 50 1 10 M. 3akoH NprHa a1a oueHKn 3an/ieckoB.

e ~10 MUHYT BbIYNC/TINTE/IBHOIO BPEMEHMU
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BbiBOAbI

e PTF no3sBonsaeT ABHbIM 1 Npo3payvyHbiM 06pa3oM OLEHUTb U NpeacTaBUTb
HeonpeaeneHHOCTb U NOrPeLLHOCTb NPOorHosa. Tem camMbiM JaeT MexaHu3m
pasfesnieHnsa 06 bEeKTMBHOIO Hay4YHOro NPOorHo3a 1 3agayun NpuHATUA pelleHns (decision
making).

e [1py MUHMMaA/ILHOW BXOQHOW onepaTuBHON NHGIOPMAaLIMN — OLLEHKN MarHUTy bl 1
MONIOXEeHUS 3emieTpsaceHns — PTF ncxoguT N3 [o/ITOCPOYHOIN perMoHasibHOM Moae
BEPOATHOCTHOM OLEeHKK onacHocTu uyHamu (PTHA), obecneunBas GbICTPbINA
npeasapuTesibHblii onepaTmBHbIA MPOrHO3. STOT MPOrHO3 MOXET BMNOC/1eACTBUM
YTOYHATLCHA UCXOAA U3 NOCTYN/IEHNSA HOBbIX HAG/1H04EHWIA.

e PTF B pexume Urgent Computing no3sosgeT yrnybutb gnckpetmsaymo NCTOYHNKOB U
MNNOTHOCTb TOYEK HABNOAEHMA Yyydllaa pe3y/ibTUPYHOLLY TOYHOCTb MPOrHo3a.
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