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Abstract

for various earthquake scenarios in the WMB.

Tsunami data assimilation

Western Mediterranean Basin (WMB) is among tsunamigenic zones with numerous historical records of tsunami dam-
age and deaths. Most recently, a moderate tsunami on 21 May 2003 offshore Algeria, North Africa, was a fresh call for
strengthening tsunami warning capabilities in this enclosed water basin. Here, we propose to deploy offshore bottom
pressure gauges (OBPGs) and to adopt the framework of a tsunami data assimilation (TDA) approach for providing
timely tsunami forecasts. We demonstrate the potential enhancement of the tsunami warning system through the
case study of the 2003 Algeria tsunami. Four scenarios of OBPG arrangements involving 10, 5, 3 and 2 gauges are con-
sidered. The offshore gauges are located at distances of 120-300 km from the North African coast. The warning lead
times are 20, 30, 48 and 55 min for four points of interest considered in this study: Ibiza, Palma, Sant Antoni and Bar-
celona, respectively. The forecast accuracies are in the range of 69-85% for the four OBPG scenarios revealing accept-
able accuracies for tsunami warnings. We conclude that installation of OBPGs in the WMB can be helpful for providing
successful and timely tsunami forecasts. We note that the OBPG scenarios proposed in this study are applicable only
for the case of the 2003 Algeria tsunami. Further studies including sensitivity analyses (e.g., number of OBPG stations;
earthquake magnitude, strike, epicenter) are required in order to determine OBPG arrangements that could be useful
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Introduction

Western Mediterranean Basin (WMB) is a tsunami-
genic zone within the Mediterranean Sea posing tsunami
risks to Italy, France, Spain, Morocco, Algeria and Tuni-
sia (Fig. 1). The region has experienced several tsunamis
in the past; most recently on 21 May 2003 when a 2-m
tsunami was generated following an Mw 6.9 earthquake
offshore Algeria (Fig. 1) (Alasset et al. 2006; Sahal et al.
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2009; Heidarzadeh and Satake 2013). The tsunami was
recorded on several tide gauges in the WMB including
the four stations of Ibiza, Palma, Sant Antoni and Bar-
celona (Fig. 1). Other notable tsunamis in the WMB are:
the 23 February 1887 event on the Ligurian Coast (Lar-
roque et al. 2012; Eva and Rabinovich 1997) and the 21
August 1856 Dijijelli (Algeria) tsunami (Roger and Hébert
2008) (stars in Fig. 1). Based on historical data of tsu-
nami occurrences in the WMB, Soloviev (1990) identi-
fied four tsunamigenic zones in this basin namely: the
coast of Spain (CoS), the North African Coast (NAC),
the Ligurian Sea (LS) and the west coast of Italy and Tyr-
rhenian Sea (WCITS) (Fig. 1). Historical earthquake data
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Fig. 1 The Western Mediterranean Basin (WMB) showing the epicenters of tsunamigenic earthquakes in May 2003 (offshore Algeria), 1887 and
1856 (their epicenters are shown by stars). Green triangles indicate locations of tide gauges. Four main tsunamigenic zones in the WMB (blue boxes)

based on the United States Geological Survey’s catalogue
(M>5) reveal that these four zones correspond to those
with highest seismic activities within the WMB, in par-
ticular NAC and WCITS. The high seismic activity in this
region is the result of the complicated tectonic bounda-
ries between the African and Eurasian plates involving
several micro-plates as well as multiple convergent and
divergent plate boundaries (Fig. 1).

Due to such high seismicity and existing records of tsu-
nami occurrences, tsunami warning systems have been
developed for the Mediterranean basin in the frame-
work of the NEAMTWS (North East Atlantic, Mediter-
ranean and Connected seas Tsunami Warning System)
since 2005 (Tinti et al. 2012; Papadopoulos and Fokaefs
2013; Papadopoulos 2015; IOC 2015; Necmioglu and
Ozel 2015; Necmioglu 2016; Okal et al. 2009; Synola-
kis and Bernard 2006; Satake 2014). Starting from 2017,
several countries (i.e., France, Greece, Italy, and Turkey)
are equipped with national tsunami warning centers and
act as Tsunami Service Providers (TSPs). Some other
countries, including Portugal and Spain, will develop
such capacities in the near future (Heidarzadeh et al.

2017). The performance of the Mediterranean TSPs has
been tested during the 20 July 2017 Bodrum-Kos (Tur-
key—Greece) Mw 6.6 earthquake and tsunami revealing
satisfactory response by three operational TSPs namely:
CAT-INGV (Italy), KOERI-RETMC (Turkey), and NOA/
HL-NTWC (Greece) (Heidarzadeh et al. 2017; Dogan
et al. 2019; Oztiirk and Sahin 2019).

Although the response of the regional TSPs to the July
2017 event was assessed to be satisfactory, that mod-
erate tsunami revealed that more investment should
be devoted to the Mediterranean TSPs in two fronts:
equipment for monitoring tsunamis and public educa-
tion. In terms of equipment, Heidarzadeh et al. (2017)
specifically pointed out the potential application of off-
shore tsunami gauges in the Mediterranean Sea. In the
aftermath of the giant 2004 Indian Ocean tsunami, tens
of offshore bottom pressure gauges (OBPGs) have been
installed across the world oceans which are called Deep-
Ocean Assessment and Reporting of Tsunamis (DART)
(Gonzalez et al. 1998; Synolakis and Bernard 2006; Rabi-
novich and Eblé 2015; Heidarzadeh et al. 2015, 2016)
which are spaced in the range of 400—4000 km from each
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other (Heidarzadeh and Gusman 2018). Two dense net-
works of OBPGs, called Seafloor Observation Network
for Earthquakes and Tsunamis (S-net) and Dense Ocean-
floor Network System for Earthquakes and Tsunamis
(DONET), were deployed by the Japanese Government,
with 150 gauges spaced approximately 30-50 km (Kanaz-
awa 2013) for S-net and 51 gauges spaced 15-20 km for
DONET (Kaneda et al. 2009, 2015). Such relatively dense
offshore observation network provides the opportunity
to use the real-time sea level data for tsunami forecast
through tsunami data assimilation (TDA) (Maeda et al.
2015; Gusman et al. 2016; Wang et al. 2018). Although
the TDA approach requires a relatively expensive net-
work of OBPGs, it greatly improves the accuracy of tsu-
nami forecasts.

The purpose of this study is to investigate whether a
network of OBPGs can be effective for tsunami forecast
in the WMB through a case study of the May 2003 earth-
quake and tsunami. Figure 2 provides tsunami travel time
(TTT) analyses, using the software by Geoware (2011),
for tsunamigenic earthquakes in two zones in the WMB
namely the NAC (i.e., the 2003 tsunami in southern
WMB) and LS (i.e., the 1887 tsunami in northern WMB)
indicating that it takes approximately 70—80 min for the
tsunami generated in each of these zones to arrive at the
opposite coast in the WMB. Such relatively long TTT
may imply that the WMB has the potential for applica-
tion of TDA approach for tsunami forecast. We pro-
pose a hypothetical OBPG network and apply the TDA
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technique to investigate its effectiveness. A preliminary
sensitivity analysis is performed to determine the perfor-
mance of the system for different number of OBPGs.

The May 2003 Algeria earthquake (Mw 6.9)

and tsunami

The 2003 Algeria earthquake was a thrust earthquake,
with Mw 6.8-6.9 (Meghraoui et al. 2004; Déverchere
et al. 2005) that occurred on 21 May at 18:44 UTC off-
shore north coast of Algeria (Fig. 3). The earthquake left
more than 2000 deaths but the tsunami was moderate
and no death was linked to the tsunami whose height
was reported to be up to approximately 2 m (Alasset et al.
2006; Sahal et al. 2009). The tsunami waveform data used
in this study include four tide gauge records in Ibiza,
Palma, Sant Antoni and Barcelona with sampling inter-
vals of 5, 1, 2 and 5 min, respectively (Fig. 2). Detailed
information about these tide gauges are presented in Hei-
darzadeh and Satake (2013). While sampling intervals of
1 and 2 min (Palma and Sant Antoni) relatively well allow
recording of the tsunami signals, the sampling interval of
5 min (Ibiza and Barcelona) may not permit the full reg-
istration of the tsunami. It may be noted that most tide
gauges worldwide were programmed for long sampling
intervals of 5-15 min before the 2004 Indian Ocean tsu-
nami. The sea level data used in this study are provided
by UNESCO-IOC (Intergovernmental Oceanographic
Commission), Puertos del Estado (Spain) (http://www.
puertos.es/) and the European Sea Level Service.
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Fig. 2 Tsunami travel time (TTT) analysis for the 21 May 2003 (offshore Algeria) tsunami and the 1887 Ligurian Coast tsunami with contours of
10-min intervals
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Fig. 3 aTsunami snapshots of the 21 May 2003 (offshore Algeria) tsunami. b Observed (black) and simulated (blue) tsunami waveforms at tide
gauges. ¢ The source model used for simulation which is based on that proposed by Heidarzadeh and Satake (2013). Note that the two stations of
Ibiza and Sant Antoni are very close to each other and their symbols are overlapped. Sant Antoni station is located to the west on Ibiza

The tsunami recorded by tide gauges in the region
(Fig. 3) show trough-to-crest wave heights of 59, 116, 196
and 43 cm in Ibiza, Palma, Sant Antoni and Barcelona,
respectively (Heidarzadeh and Satake 2013). Note that
the two stations of Ibiza and Sant Antoni, both in Ibiza
island, are very close to each other and are overlapped
in Fig. 3a; Sant Antoni station is located to the west of
Ibiza. Based on the tide gauge data and TTT analysis,

the tsunami arrived in Balearic Islands (Ibiza, Palma)
after ~40 min, whereas it took 60-75 min for the waves
to arrive at mainland France and Spain (Figs. 2, 3). The
relatively long travel time of up to 75 min for tsunamis
from the NAC zone to the coasts of Spain, France and
other coasts in the WMB enables the application of TDA
approach in a real-time tsunami forecast system.
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Data and methods

Bathymetry data are based on the 30 arc-sec grid of Gen-
eral Bathymetric Charts of the Oceans (GEBCO, Weath-
erall et al. 2015) which was interpolated to a 475-m grid
in this study. Forward tsunami modeling was conducted
applying the Nonlinear Shallow Water tsunami model
TUNAMI-N2 (Goto et al. 1997; Yalciner et al. 2004)
using a time step of 1.0 s and a total duration of 5 h for
tsunami simulations on a single grid with Cartesian coor-
dinate system. The tsunami source of the May 2003 event
was based on that of Heidarzadeh and Satake (2013) hav-
ing dimensions of 60 km x 30 km and a uniform slip of
2 m. The dislocation model of Okada (1985) was used
to calculate the co-seismic crustal deformation as initial
condition for tsunami propagation modeling. The soft-
ware tsunami travel times (TTT) by Geoware (2011) was
used for tsunami travel time analysis.

To examine the performance of OBPGs for tsunami
forecast in the WMB through TDA approach, we con-
sider a case study involving the NAC as the tsunamigenic
zone and the May 2003 tsunami (Fig. 4) as a real tsu-
nami event. We consider hypothetical OBPGs within the
WMB and then investigate whether a TDA approach can
benefit from them to provide timely tsunami forecasts
for coasts of Spain and France in case a tsunami is gener-
ated from the NAC. Since an OBPG network is usually
expensive in terms of installation and maintenance, it is
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important to design an efficient network with minimum
number of OBPGs. Here, we considered four scenarios.
The first scenario contains ten buoys (Fig. 4b) distributed
at two rows with buoy spacing intervals of approximately
50 km. The second scenario contains five buoys (Fig. 4c)
by removing the northern row of the first scenario. The
third and fourth scenarios contain three and two buoys,
respectively, with spatial intervals of ~ 100 km (Fig. 4d, e).
The OBPGs in these four scenarios are distanced approx-
imately 120-300 km from the North African coast.

For TDA, we adopted the optimal interpolation for
tsunami data assimilation, because it has a relatively
smaller computational cost than the ensemble Kalman
filter (Maeda et al. 2015; Yang et al. 2019). This algo-
rithm reconstructs the tsunami wavefield from the data
of offshore tsunami observations through minimiz-
ing the total error of all the observations (Kalnay 2003).
In the numerical simulation, we represent the tsunami
wavefield at the nth time step as the vector x,, defined as:
xn = (h(nAt,x,y),M(nAt,x,y), N (nAt,x,y)), where
h is the tsunami height, M and N are depth-integrated
flow discharge fluxes in two horizontal directions of x
and y. The offshore pressure gauges directly provide data
of tsunami height, but the velocity components of &, are
reconstructed during the assimilation process. The TDA
approach is described by the following two equations
(Maeda et al. 2015):
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By using Eq. (1), we calculate the forecasted tsunami
wavefield «f, in time step # from the assimilated tsunami
wavefield at the previous time step x%_,. The matrix F is
called the propagation matrix which corresponds to the
tsunami propagation model. In Eq. (2), we assimilate the
observed data in order to correct the forecasted tsunami
wavefield. The observation matrix H is a sparse matrix,
which contains only 0 and 1 values. It extracts the tsu-
nami height from the forecasted wavefield, and calculates
the residual with the real-time observed tsunami heights
y,. Consequently, the residual is multiplied by the weight
matrix W to bring the assimilated wavefield closer to the
real observation (Maeda et al. 2015; Gusman et al. 2016).
To minimize the total error, we compute the weight
matrix by solving the following linear system:

w (R + HPfHT) = P'HT, 3)

where Pf = <sf8fr> and R = <SOSOT> are the covariance

matrices of the forward numerical simulation and the
observations, respectively. ! and ¢© are the Gaussian
errors associated with forward numerical simulations
and observations, respectively, and & and ¢°7 are the
corresponding transpose matrixes. We assume that the
computational errors are spatially homogeneous on
numerical grids, and the observation errors are uncorre-
lated among stations because observations are made
independently. These assumptions simplified the matrix
R into a diagonal matrix whose diagonal component was
the standard deviation of the observation error at each
station (Maeda et al. 2015). For both matrices, we assume
a Gaussian-distributed covariance, with a characteristic
distance of 20 km (Maeda et al. 2015; Wang et al. 2018).
By repeatedly solving Egs. (1) and (2) consequently, the
tsunami wavefield is gradually assimilated, and the fore-
casted waveforms at any location inside the model
domain can be obtained.

To evaluate the performance of the forecast, we
selected four points of interest (Pols) where actual tsu-
nami observations from the May 2003 tsunami are availa-
ble (i.e., Barcelona, Sant Antoni, Ibiza and Palma; Fig. 4a)
and are used for waveform comparisons. We defined the
time period during which the observational data are used
for assimilation as the time window (Wang et al. 2017).
A longer time window indicates that the tsunami passes
through more OBPGs, and thus longer waveform data
are assimilated. In this study, a time window of 20 min,
starting from the earthquake origin time, was used for
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TDA (Fig. 5a). The waveforms in Fig. 5a are the results
of forward simulations of the 2003 tsunami using the
source model shown in Fig. 3c. As tsunami travel time
from the source of the May 2003 tsunami to the nearest
OBPG is approximately 7 min (Fig. 3), the time window
of 20 min implies that 13 min of tsunami signals recorded
on OBPGs will be used for assimilation. The time avail-
able to giving tsunami warnings to coastal areas, called as
warning lead time, is the time interval between the end of
the TDA and the tsunami arrival time (Fig. 5b).

The forecasted tsunami waveforms by the TDA are
compared with simulated waveforms and observations
at the Pols. Both simulated and actual observation wave-
forms were used for forecast accuracy analysis in this
study. To quantitatively analyze the accuracy of the fore-
casts, we applied a method for waveform comparisons
by considering both the first-peak amplitude and the
maximum amplitude of the tsunami, similar to the score
of Tsushima et al. (2009) and the index of VRO of Yama-
moto et al. (2016). Our method for waveform compari-
son applies the following equation:

5 (P — HP) 4 5 (1 — H)?

K=1- 5 5
Z (Hgnax) + Z (ngr)

(4)
where N is the number of Pols, the subscripts f and o
represent the forecasted and observed tsunami wave-
forms, respectively. H™® is the maximum amplitude of
the tsunami, and H*" is the first-peak amplitude. A K
value closer to 1 indicates a better forecast. We multi-
plied the results of Eq. (4) with 100 to obtain percentage
of forecast accuracy.

Results and discussion

Results of TDA for the May 2003 tsunami are given in
Figs. 6 and 7 for the scenarios of 10, 5, 3 and 2 OBPGs.
The forecast accuracy analysis is based on the compari-
son of the TDA-forecasted waveforms with observation
(blue columns in Fig. 8) and simulations (orange columns
in Fig. 8). It can be seen that the assimilated waveforms
(red) match fairly well with the first tsunami cycle of the
observations (black) in all four scenarios. Although the
agreement is generally well in terms of wave period, the
assimilated waveform in Sant Antoni arrives~10 min
earlier than the observation. We attribute this travel time
difference to the location of the Sant Antoni tide gauge
station, which is inside the semi-enclosed bay with irreg-
ular coastal geometry and shallow bathymetry that signif-
icantly affect the tsunami travel time. A high-resolution
bathymetry with a spatial resolution of at least 50 m is
required to more accurately model the tsunami travel
time to Sant Antoni. We also note that the relatively
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smooth waveforms of the observations is due to the low
sampling rates of 5 and 2 min while our simulations and
assimilations possess temporal intervals of 1 s. The third
and fourth scenarios (3 and 2 OBPGs) appear to under-
estimate the first and second large peaks in Sant Antoni
although they give acceptable estimations in other three
Pols.

Figure 8 presents the overall forecast accuracy for each
of the four TDA scenarios by comparing the assimilated
waveforms with both observations and simulations. The
comparison with simulations gives better accuracies than
with observations; we discuss here the forecast accu-
racies based on the comparison of the assimilated and
observed waveforms. As expected, the first and the fourth
scenarios yield the best and the worst performances, with
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forecast accuracies of 85% and 69%, respectively. Since
we used a time window of 20 min for assimilation and
given the TTTs shown in Figs. 2, 3, the tsunami warning
lead times for Ibiza, Palma, Sant Antoni and Barcelona
are 20, 30, 48 and 55 min, respectively. These lead times
are sufficient to allow for effective tsunami warnings in
all of these Pols. We conclude that all of the four OBPG

scenarios result in satisfactory performances towards
forecasting the May 2003 tsunami. This indicates that
deployment of OBPGs is beneficial for the tsunami warn-
ing system in the WMB.

The success of all four scenarios involving 2—10 OBPGs
in forecasting of the May 2003 tsunami could be attrib-
uted to the relatively small size of the tsunami source
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(~70 km; Fig. 3c), the SW-NE strike of the tsunamigenic
fault (Fig. 3c), as well as the short distances of the OBPGs
to the tsunami source area. The two OBPGs in scenario
4 can efficiently capture most of the May 2003 tsunami
characteristics because they are spaced 100 km from
each other, are aligned E-W and are located at the dis-
tance of 120 — 170 km from the epicenter. However, this

result may not indicate that the scenario 4 (involving two
OBPGs) will give the same forecast accuracy for other
tsunamis with different sizes and strike angles. Our expe-
rience (Wang et al. 2019) showed that the larger the tsu-
nami size and wavelength, the more OBPGs is required
for accurate TDA. Clearly, detailed sensitivity analyses
considering various earthquake scenarios (magnitude,
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strike, epicenter) combined with numerous OBPGs
arrangements (number, alignment, spacing) (Mulia et al.
2017, 2019) are necessary to determine the optimum
OBPGs network design for the WMB which can address
tsunami threats from all four tsunamigenic zones in this
basin. This was out of the scope of this study because we
here focused on a single case study considering one tsu-
namigenic zone (i.e.,, NAC) and one real tsunami event
(i.e., the May 2003 tsunami). Nonetheless, this study has
demonstrated that using a considerably less number of
OBPGs compared to that of the S-net and DONET sys-
tems in Japan, TDA can produce reasonable tsunami
forecasts to enhance the tsunami warning system in the
WMB. We note that the sufficiency of a forecast accu-
racy for a particular region is usually decided by the Civil
Protection Authorities (CPA) and warning center guide-
lines; this is normally a function of the characteristics of
the tsunamigenic zones and their distances to population
centers.

Conclusions

We conducted a case study of tsunami data assimilation
(TDA) for the Western Mediterranean Basin (WMB)
considering one of the tsunamigenic zones in this basin
namely the North African Coast (NAC) and a real tsu-
nami event in this zone (i.e., the May 2003 event). The
objective of this research was to study whether deploy-
ment of offshore bottom pressure gauges (OBPGs)
combined with TDA could be satisfactorily applied for
tsunami warning system in the WMB. Four scenarios of
OBPG arrangements involving 10, 5, 3 and 2 gauges were
considered with distances of 120—-300 km from the NAC.
An assimilation window time of 20 min, from the earth-
quake origin time, was considered. Results showed that
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all four scenarios satisfactorily forecasted the May 2003
tsunami with forecast accuracies in the range of 69—-85%
and allowing warning lead times of 20, 30, 48 and 55 min
for Ibiza, Palma, Sant Antoni and Barcelona, respectively.
We conclude that deployment of OBPGs is beneficial
for the tsunami warning system in the WMB. We note
that our proposed OBPG arrangements are applicable
only for the case of the May 2003 tsunami in the NAC.
Detailed sensitivity analyses are required to propose
OBPG designs that could be useful for various earth-
quake scenarios in the WMB.
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