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Abstract. The paper explores the potential of tsunami gen-Castellammare. The main conclusion of the study is that the
eration by pyroclastic flows travelling down the flank of the light component of the pyroclastic flows produced by future
volcano Vesuvius that is found south of Naples in Italy. The large eruptions of Vesuvius are not expected to set up catas-
eruption history of Vesuvius shows that it is characterised bytrophic tsunamis.

large explosive eruptions of plinian or subplinian type during
which large volume of pyroclastic flows can be produced.
The most remarkable examples of such eruptions occurred ig
79 AD and in 1631 and were catastrophic. Presently Vesu-

vius is in a repose time that, according to volcanologists,vesuvius has the longest continuously-recorded history of
could be interrupted by a large eruption, and consequentlyany volcano on Earth. The first reports are due to Pliny the
proper plans of preparedness and emergency managemep@unger and are the first exceptional examples in the history
have been devised by civil authorities based on a scenarigf mankind of description of a volcanic eruption written by a
envisaging a large eruption. Recently, numerical models ofscholar with scientific attitude: the narration is contained in
magma ascent and of eruptive column formation and collapsgyo letters that are addressed by Pliny the Younger to Taci-
have been published for the Vesuvius volcano, and propatys and account the last lifedays of his uncle, Pliny the Elder,
gation of pyroclastic flows down the slope of the volcanic kijled by the large 79 AD eruption that devastated the roman
edifice up to the close shoreline have been Computed. The%wns of Pompei, Herculaneum, Stabiae and Oplon“ \esu-
flows can reach the sea in the Gulf of Naples: the denser slowjys eruptions can be classified into three classes of mag-
part will enter the waters, while the lighter and faster part of hitydes (Rosi et al., 1987; Scandone et al., 1993): large-
the flow can travel on the water surface exerting a pressure 0Bcale plinian eruptions such as the 79 AD event (with Vol-
it. This paper studies the tsunami produced by the pressurggnic Explosivity IndexVEl = 5/5+; see the paper by
pulse associated with the transit of the low-density phase of\ewhall and Self, 1982, for the definition MEI), sub-
the pyroclastic flow on the sea surface by means of numerpjinjan intermediate-scale eruptions such as the 1631 event
ical simulations. The study is divided into two parts. First (v £ = 4), and small-scale, predominantly effusive erup-
the hydrodynamic characteristics of the Gulf of Naples astions, mostly characterising the post-1631 Vesuvian activity
regards the propagation of long waves are analysed by study+/ £7 = 1 — 3). The eruptive life of the volcano can be ex-
ing the waves radiating from a source that is a static initialmained by means of a simple model based on the repetition
depression of the sea level localised within the gulf. Thengt cycles (Santacroce, 1983). Each cycle begins with a large
the tsunami produced by a pressure pulse moving from thexplosive eruption (plinian or subplinian) that interrupts a
Vesuvius toward the open sea is simulated: the forcing pulsgeriod of quiescence and opens the volcanic conduit. The
features are derived from the recent studies on Vesuvian PYlonger the quiescence, the larger the mass filling the magma
roclastic flows in the literature. The tsunami resulting from chamber and the larger the size of the eruption. The cy-
the computations is a perturbation involving the whole Gulf cle continues with a phase of persistent effusion-dominated
of Naples, but it is negligible outside, and persists within the activity controlled by the chamber refilling rate and by the
gulf long after the transit of the excitation pulse. The size of conduit condition, until an explosive eruption closes the con-
the tsunami is modest. The largest calculated oscillations argy;jt again. The 79 AD plinian eruption started a cycle af-
found along the innermost coasts of the gulf at Naples and afgy g very long repose period, and also the 1631 subplinian
eruption is the first one of a new cycle or subcycle that
Correspondence tdS. Tinti (steve@ibogfs.df.unibo.it) lasted for about 300 years and was terminated by the 1944
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VEI = 3 effusive-explosive eruption. Since 1944 Vesu-
vius entered a quiescent period with no activity, that could
be interrupted abruptly by an intermediate-size subplinian ,. ..
eruption. Presently, what volcanologists expect and what has
been taken as the basis for preparadness and emergency a
tions by the Italian Civil Protection Department is that the
future eruption of Vesuvius can be at most of sub-plinian
size. The envisaged scenario assumes (1) that the activity
will start with a phreato-magmatic phase with repeated ex- ;o 54
plosions accompanied by seismic shocks, (2) that an eruptive s
column up to 15-20km height will later develop, with ash TS
and coarser patrticle fall-out that may heavily involve an area *
of about 16 km? around the cone, and (3) that the column
collapse will give rise to pyroclastic flows and surges travel-
ling downslope and causing large devastation (Barberi et al.rijg. 1. Bathymetric map of the Gulf of Naples. The area shown
1991; Dobran et al., 1994, Neri and Macedonio, 1996; Tode+ere is the same area covered by the finite-element mesh used for
sco et al., 2002). Further, partial caldera collapse can takésunami simulations. Bathymetric data have been made available
place, and, finally phreato-magmatic explosions as the resuffor this study by the Istituto di Geologia Marina di Bologna (IGM-
of magma-water interaction can be the end of the eruptiorCNR). Isobath labels are in m.
with associated dangerous lahars and mud flows, that may
involve the Vesuvius edifice but also further areas around the
volcano (Pareschi et al., 2000). graphic positions of these localities in Fig. 1) in the form
Tsunamis associated with Vesuvius activity are rare. How-Of high-density material forming small peninsulas. Histori-
ever, according to historical documents, anomalous sea ol sources narrate that sea retreat occurred earlier than the
cillations and waves in the Gulf of Naples were observedpenetration of the dense pyroclastic flows in the sea water,
not 0n|y Concomitanﬂy to the |argest eruptions (79 AD and since it occurred when the flows were still travelling down
1631), but also to some of the smaller events, such as théhe Vesuvius flanks. One conjecture is that the main cause
cases of 14 May 1698, 17 May 1813 and April 1906 (seeOf this tsunami was the impact on the sea of the low-density
Tinti and Saraceno, 1993; Tinti and Maramai, 1996). TherePhase of the pyroclastic flows that are known to travel much
are no records of catastrophic tsunamis. The 79 AD tsunamiaster, and so could have affected the sea some time before
is described in the second letter by Pliny the Younger and octhe denser material reached the coastline. In this paper we
curred in the morning of the second day of eruption, that isWill explore the tsunamigenic potential of the low- density
on 25 August: the sea withdrew and a lot of fish and marinePhase of the pyroclastic flows, and we will refer to the sce-
animals were left on the uncovered sea bottom. More in-hario of the largest expected eruption the Italian Department
formation is available for the tsunami caused in 1631 that isOf Civil Protection makes use of in order to plan emergency
depicted by several coeval sources (Anonymous, 1631; Bracactions, such as the evacuation of the people living in the
cini, 1632; Giuliani, 1632; Mormile, 1632; see Rosi et al., Circum-Vesuvian area, that is one of the highest populated
1993 for a modern reconstruction of the event). Also thisdistricts in the world (DPC, 1995). In this paper we will
event took place in the second day of eruption on 17 De_firSt Stl,ldy the hydrodynamic characteristics of the Gulf of
cember: the sea retreated by 1000 to 2000 m in the southNaples seen as an open basin subjected to long- wave exci-
ern part of the Gulf of Naples, and by several tens of meterdation, second we will analyse the sea perturbation provoked
in the northern coast, and correspondingly its level lowereddy the light component of the pyroclastic flows that, being
by some meters; coastal flooding followed and, accordingmuch less dense than the sea water, moves on it and does not
to some accounts, this repeated at least three times, Causi,ﬁ@netrate beneath the sea surface, and third we will discuss
damage to boats and vessels. The tsunamigenic mechanis@tlr results.
of the Vesuvian tsunamis is not certain. They may be at-
tributed to sea floor displacement determined by the earth-
quakes accompanying the volcanic activity, or to rapid in-2 The Gulf of Naples
flation or deflation of the volcanic flanks involving the sub-
marine area of the Gulf of Naples, or to pyroclastic flows The Gulf of Naples belongs to the Tyrrhenian sea and is
affecting the sea. In 1631, the tsunami occurred during thea 40km long and 25 km wide rectangular basin elongated
pyroclastic flow phase, with no concomitant seismic activity. approximately SW-NE that is embraced by four sides: the
These flows were very disastrous and abundant. They formedorthern side begins from the islands of Ischia and Procida
between 10:00 and 11:00 LT of 17 December, the front sepaepposing the headland of Capo Miseno, and, running through
rated into several branches, the most massive of which weréhe coasts of the Phlegrean Fields, it reaches the harbour of
some hundreds of meters wide and entered the sea at Toriéaples; the second side is the mainland low-plane coastal
Annunziata, Torre del Greco and Granatello (see the geosegment from Naples to Castellammare; the third one is
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Fig. 2. Propagation of the tsunami caused by a static depression. Water elevation fields are plotted every 8 min until 40 min after tsunami
initiation. The initial sea level depression is graphed in the upper-left-corner map of the figure corresponding to the im@ositive
(solid) and negative (dashed) contour lines of water elevation are labelled in cm.

formed by the high coastline of the peninsula of Sorrentosumption we do not mean that the Gulf of Naples is an active
and continues offshore up to the island of Capri; and the lasteismic area passible of allowing tsunamigenic tectonic de-
one connects ideally the open sea stretch going from Capri tbormations. We use the hypothesis only as a means to run
Ischia. The gulf is shallow with the lowest bathymetric gra- a numerical experiment involving excited long waves trav-
dients that are found in the south-east corner at the base @lling in the basin. The non-linear shallow water equations
the Sorrento peninsula around Castellammar&:{0 near-  are:

shore slope). The sea bottom lies mostly between 100m an _

200 m depth. The offshore side of the basin can be taken tcT gtg _ _VV' [(ﬁ—(l— ;);] )= C rolo|(h + ¢)~ L
correspond to the sharp transition from 200 m down to 500 m v =—gVi— (v Vo o ¢
depth: this has a quite complex shape, due mostly to a lowand are completed by the following boundary conditions:
altitude relief located in the sea floor at mid-distance between g
the islands of Ischia and Capri (see the bathymetric map irf % = ;¢ 0N the open boundary (2a)
Fig. 1).

1)

v-n=0 on the solid boundary (2b)
To study the main features of the propagation of long water L N
waves in this basin we use the shallow water approximatiornd by the initial conditions:
theory and simulate a tsunami produced by an in_stantane_ouéséx’ y)=¢o(x, y)  atr=0 (3a)
displacement of the sea surface as the one that is associate
with a submarine earthquake. Notice that by making this asv(x, y) =0 atr =0. (3b)
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Fig. 3. Tsunami records computed at various coastal nodes of the grid until 50 min after the tsunami excitation. Node location is given in the
geographic map of Fig. 1.

In the above equationgsis the water elevation above the 1 2 345 6 7 8
mean sea levely = (u, v) is the horizontal fluid velocity A i
vector whose x- and y-components are respectivendov,

h is the basin depthy is the gravity acceleration,= (gh)/?

is the wave celerityy is the unit vector, normal to the bound-
ary and directed outwardly, andy is the bottom friction
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coefficient. In this paper we have used a depth-dependentex = ]
pression forC s given in terms of the Manning’s roughness £ 1
coefficientn, that is: % -0.1 B}
£ -0.2
_ k=l ]
Cp=gn’(h+1¢)~ 13 2 051
with n taken to be equal to 0.03 in units of 13 s. To solve 04— —
. . X . 0 20 40 60 80 100 120
Egs. (1)—(3) we use the finite-element technique described in
the papers by Tinti et al. (1994) and by Tinti and Gavagni Distance Along The Coast (km)

(1994), implying that the basin has to be covered by a grid

of triangles built in such a way to match the irregular coast-Fig. 4. Maximum (solid) and minimum (dashed) water elevation
line and to optimise the distribution of the times taken by the computed along the mainland coastline. Vertical lines mark the po-
wave to cross the triangles (see the optimal criteria of mestsition of the localities shown in Fig. 1: 1-Miseno, 2- Bagnoli, 3-
building for tsunami equations solvers explained by Tinti and Naples, 4- Granatello, 5- Torre del Greco, 6- Torre Annunziata, 7-
Bortolucci, 1999). The initial excitation functiop(x, y) is Castellammare, 8- Sorrento. On the coast outside the gulf, the sea
a moderate, about 40 cm deep, sea surface depression witfe! remains almost unperturbed.

elliptical shape, and with the major axis almost parallel to

the coast as shown in the first map of Fig. 2. It involves a5 hoints that can be learnt from this numerical experiment
great pgrt of the gylf and decreases.toward the open sea. T'?fan be summarised as follows:

tsunami propagation may be seen in snapshots of the water

elevation field taken at regular intervals of 8 min, given in 1. A perturbation that is initially set in the gulf propa-
the other graphs of Fig. 2. Synthetic tide gauge records com-  gates toward the Tyrrhenian sea, but the energy is par-
puted at various coastal stations are given in Fig. 3, and the tially trapped within the gulf: here a series of transver-
maximum and minimum water elevations calculated along sal oscillations is engendered that travel back and forth
the mainland coastal boundaries are graphed in Fig. 4. The from the northern coast (Miseno-Napoli) to the Sorrento
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(Self and Rampino, 1981; Stothers, 1984; Self et al., 1984).

= 12 | Also for the famous catastrophic explosion of Krakatau in
v 104 the Sunda Straits between Sumatra and Java that took place
et ] in 1883 pyroclastic flows have been invoked to explain the
2 084 large tsunami that killed more than 30000 people living in
é:’ | the coastal villages of the Straits (Latter, 1981; Self and
=~ 064 Rampino, 1981). Interaction between the sea water and py-
2 ; roclastic flows was studied and classified by Cas and Wright
£ 044 (1991), who concentrated on the pyroclastic flow emplace-
g 1 ment and on the properties of the ignimbrite deposits. From
% 0.2 a tsunamigenic point of view, the mechanism of tsunami pro-
& 1 duction by a dense flow of hot material that penetrates into
0.0 — T T T T T T T T T the sea does not differ from that one associated with a land-
0 30 60 90 120 150 180

slide or rockfall entering the sea water, since the temperature
Time (s) of the moving body is ineffectual: the penetrating body dis-
places the water moving it upward. What matters most are
Fig. 5. Pressure pulse function used for tsunami forcing in this pa-the body volume and velocity: the larger the volume and the
per. It is plotted at the distanog = 6.7 from the crater. It has closer the body velocity is to the celerity of the tsunami, the
the amplitude A of 1 kPa and the durati@nof 165s. It propagates  greater will be the amplitude of the generated water waves
radially from the Vesuvius vent with amplitude decay proportional (see Tinti and Bortolucci, 2000; Tinti et al., 2001). Therefore
tor~—L. the process can be modelled by the same numerical codes,
or by variants of them, that are used to simulate landslide-

. , . induced tsunamis (see the study on waves generated by sub-
peninsula and that decay slowly, leaking energy mainly

: cqeous pyroclastic flows by de Lange et al., 2001). On the
through the open gulf entrance between the islands 0ﬁther hand, light pyroclastic flows tend to float and are ex-
Ischia and Capri (see Fig. 2).

pected to travel on the sea surface over long distances until

2. The waves computed at the coastal nodes have OlomF_hey slow down and deposit on the sea floor. Their action on

nant periods around 8-12 min (see Fig. 3). As is known the sea surface is hypothesised to be similar to the effect of
these depend upon the source size and the geometric’ Overpressure pulge that is due both to the vyeight of _the
characteristics of the basin. In our case, since the se’ owing material (static pressure) and to the vertical velocity

lected source has typical length comparable with theagainst/away from the sea surface (dynamic pressure), and

basin's, the tsunami period and wavelength reflect thethat depends on the instantaneous dynamic condition of the

characteristics of the oscillation modes of the gulf. pyroclastic flow. Hence merIIing _ts_unamis .implies mod-
elling the pyroclastic flows with sufficient detail to compute
3. The amplitude of the oscillations is of the same orderthe data on static and dynamic pressure, Bay, y, 1) and
as the initial depression. The basin does not amplify Pa(x. y. 1), at the sea surface that are to be used as input for
a perturbation that is initially found within the gulf, tsunami simulations. The overpressures exert a vertical force
while expectedly it would amplify a tsunami incoming ©N the the sea surface and cause it to move from the equi-
from the open sea. The largest positive signals are comlibrium level. Let us suppose that there is proportionality
puted at Naples and to the north of Torre del Greco with between the forcing pressure pulse and the water elevation
other local maxima at the Phlegrean Fields and alongl s thatis¢s(x, v, 1) = aPs(x, y, 1) where the subscript
the Sorrento peninsula (see Fig. 4), while on the main-f denotes the total forcing pressure that can be taken as the
land coasts outside the gulf the computed waves aréum ofP(x, y, 1) andPy(x, y, 7). The coefficientr can be
very low. On the other hand, the minimum values are determined by balancing the pressutg(x, y, ) with the
found in the central part of the gulf coast between Torre Pressure exerted by a column of water of heigft, y, 1),
del Greco and Torre Annunziata and correspond to the-€--
initial perturbation depression.
Crlx, v, 1) = —(pg) Pr(x, ¥, 1), @

3 Tsunamigenic light pyroclastic flows wherep is the density of the sea water. It is seen that a pos-
itive pressure pulse induces a sea level drop, and that con-

Pyroclastic flows have been sometimes speculated to be theersely a negative pressure forces the sea surface to rise. The

cause of tsunamis, though their potential to produce tsunamikbng wave hydrodynamic equations accounting for the sur-

is largely unexplored and geological and numerical stud-face forcing can be written in the following form:

ies on this topic are not frequent. The tsunami associated

with the large 1815 eruption of Tambora was conjectured by( 9, = d,¢¢ — V - [(h + {)v] 5

some authors to be produced by massive pyroclastic flow4 v =—gVe¢— (v-Vv)— Cro|v|(h + o1 ®)
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that differ from the set of Eqgs. (1) only for the presence of historical eruptions showed substantial departure from axial
the forcing term in the continuity equation, that is consideredsymmetry. Considering however that the model handles not
here an input function, known a priori. The boundary condi- only purely isotropic eruptions, but also flows that are con-

tions (2) are still valid here, but the initial conditions should fined within a sector of finite amplitudaé, the approxima-

be replaced by: tion is acceptable, since it enables one to explore the main
features of the process. The goal of those authors is to exam-
§x, ) =0 atr =0 (6a)  ine Vesuvian eruptions in different conditions (various mass
eruption rate, magma water content, magma temperature in-
v(x, y) =0 atr =0 (6b) P g g ’

fluencing the pressure and composition of the mixture at the

stating that the sea is in a still state before pyroclastic flowsvent) and to calculate the evolution of the flow with special

force it to move by acting on the surface. Mathematically theattelm't(_)n ffo the bottom Iziyzrtckr)]se to th_e g_rounditwh(terr]e Fr)]Y'
system of Egs. (5) together with the conditions (2) and (6) jgfociastic flows are expected 1o have major impact on the hu-

similar to the one governing waves excited by a submarinen@ns and the environment (see Baxter et al., 1998; Cioni et

landslide. In this latter case the forcing tefht ; depends al., 2000). In particular, Esposti Ongaro et al. (2002) provide

on the landslide dynamics (see e.g. the simulation of thet'me histories of the static and dynamic presstiy@nd Py

Holocene tsunami produced by the lateral collapse of Strom-at surface points placed at various radial distances from the

boli, Italy, by Tinti et al., 2000). In conclusion, we observe volcanic vent. We note here that their simulation domain is

that numerical codes used to simulate tsunamis produced b} OnI'nfhd torradlal g]'Str?nC;E utF\)Nto Z\.?hkm\;ougi/r;ly cvorrr](tas?]%nt(:]-
moving bodies can be utilised to study also tsunamis gener- g fo the area comprised between e VEsUvilS ven' a €

ated by pyroclastic flows, and this holds both in the case of® horellne.. Ir;r'ihelr pgperllt IS sh'own Fthat the t;mg }:arlathnts Off
very dense flows penetrating underwater, since there is phyégressure N the proximal area IS quite complex. It consists o

ical analogy between the two processes, as well as in the casaese;'?ﬁ of lpulses rr(]e_flﬁc_tlnghclos?ly_ thz z;scten_smrl]al (_jyn dam—
of light flows running on the sea surface, since the analog))CS ot the plume, which IS characlerised by typical épisodes

resides in the mathematical structure of the governing syspf fountain formation and collapse. But at larger distances

tems of differential equations. Notice further that the forcing thei time re]yc;:qtlotn s.|mﬁ)l|f;esdalm?st t.o'? single we!ld?f|ntﬁd
term has to be computed by means of the appropriate set u'se, w I?I IS dypIC_atl ora \1ect_|0rfll. : Corresp(?[_n sdo €
equations, and these are very different because they are di assage ot low-density pyrociastic ow propagating downs-

tated by the landslide dynamics and by the pyroclastic flows P For th? purpose of this ;tudy we have assumed that
dynamics respectively. the tsunami is excited by the light component of the pyro-

clastic flow and have modelled the tsunami forcing function

¢ r(r, t) basing on the results of the paper by Esposti Ongaro

4 Forcing pressure pulse of pyroclastic flows et al. illustrated above. We have considered a single pressure
pulse P(r, t) travelling downslope with constant radial ve-

Modelling pyroclastic flows is complex since it entails the locity over a sector centered on the crater. The pulse duration

modelling of the volcanic eruption process including the is supposedly constant and its amplitude decreases inversely

magma ascent in the volcanic conduit and the following dis-with the distance from the crater, i.e.:

persal of a multiphase mixtures in the atmosphere, describing

the formation, sustainment and subsequent collapse of the

eruptive column. The time evolution of the column may be rg

computed through the full set of the thermodynamic Navier- £ (" 1) = (7) fa—r/V)y r=r; @

Stokes equations applied to a system comprising gases and

various particulate phases. The scenario of a large eruption

of Vesuvius has been explored several times and progres-

sively refined by modellers in the recent past years (see Do- Herer,; denotes the shortest distance of the shoreline from

bran 1992; Dobran et al., 1994; Neri and Macedonio, 1996)the Vesuvius vent, and accordingly the domair: r; cor-

The latest contribution is the work by Todesco et al. (2002)responds to dry land, and is the velocity of the advanc-

complemented by the companion study by Esposti Ongarang pyroclastic flow. The functiorf is the pressure function

et al. (2002), where the development of plume from thegiven in Fig. 5: it describes a single pulse having a sharp

Vesuvius vent and the propagation of pyroclastic flows downrise front and a slower decay with duratigh= 165s and

Vesuvius slopes are analysed by means of a sophisticated namplitude A = 1kPa at the distance;, = 6.7 km from

merical model especially developed to deal with mixturesthe vent. The pulse shape, duration, amplitude and velocity

of coarse and fine particles and gases. The model is a 2are calculated roughly from Esposti Ongaro et al.'s analysis

D code solving equations in a cylindrical coordinate system,(2002), and in the present study are taken as plausible val-

and therefore simulates eruptions with cylindrical symmetryues of pressure variations induced by light pyroclastic flows

around the volcanic cone: variables depend on the radial disassociated with large Vesuvian eruptions, that are suscepti-

tance from the vent and on the vertical coordinatebut not  ble to decrease/increase at most by a factor of 5 in a future

on the azimuthal angle. This is certainly a limitation since all plinian or subplinian eruption of Vesuvius.
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Fig. 6. Pressure pulse fields (on the left) computed at different times, given in minutes. The palette for pressure values ranges from 0 to
10hPa. Water elevation fields (on the right) computed at the same instants. Time is measured from tsunami origin time and not from the
beginning of the eruption. Contour line labels are in cm. Positive/negative elevation curves are solid/dashed lines.

5 Tsunami simulation times, with the pulse still moving in the innermost part of the
gulf. Notice that the time is measured here from the instant
The forcing pressure pulse is supposed to propagate radiallin which the pressure pulse reaches the sea and begins to ex-
outward over a sector embracing the whole Gulf of Naples,cite the tsunami, and not from the beginning of the eruption.
advancing with constant velocity according to the law The overpressure induced by the pyroclastic flow forces the
(7). At any instant, forcing is confined spacely within an sea level to drop, and consequently the leading tsunami wave
annulus centered on the Vesuvius crater with radial widthis a sea level depression. The former runs faster than the py-
Ar = VT, and the annulus moves outward at constant speedoclastic flow in the central part of the gulf which is deeper,
V, that in the example treated here is taken to be equal tdut moves circa at the same speed in the nearshore belt which
15m/s (see maps on the left side of Fig. 6). The conseis shallower. This is clearly visible by comparing the instan-
quent forced change of the sea surface elevatjois com-  taneous positions of the leading wave and the pressure pulse
puted through the conversion relationship (4), and the exdin the maps of Fig. 6 corresponding to the same times. By
cited tsunami is calculated by solving Egs. (5) and (6) with inspecting the central plots computed foe 8 min it can be
the finite-element technique. The computational mesh coversbserved that the leading front and the pressure pulse almost
the whole area of the Gulf of Naples depicted in the map ofoverlap in the upper and lower corner of the gulf where the
Fig. 1. This mesh, that has been also used for the numericdbwns of Naples and Castellammare are found, while they are
experiment described in the above Sect. 2, is formed by ovealready distinctly separated in the middle of the gulf, where
4500 nodes and 8500 triangles and has a coastal resolutiomater waves travel at higher speed. This observation is rel-
of about 300400 m. Figure 6 displays side by side the forc-evant since it tells us that the local Froude number is close
ing pressure pulse and the water elevation fields at variou$o one in the inner shore belt and tends to be progressively
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Fig. 7. Tsunami time histories calculated at various coastal stations. To favour comparison, the same nodes of Fig. 3 have been selected
Location of these stations can be seen in the map of Fig. 1.

smaller offshore, which has effect on the efficiency of the
tsunamigenic mechanism (Tinti and Bortolucci, 2000; Tinti

et al.,, 2001). Notice further that the pulse exerts its direct
influence over a rather narrow annulus, having radial width
VT thatis smaller than 3 km. The water elevation fields show .
that only the leading trough propagates with distinct coher-
ent shape. Behind it, the wave pattern is rather complex: the
perturbation is small in the offshore part of the gulf and is

more relevant nearshore where it moves as a series of edg
waves.

Tide gauge records computed along coastal stations £
through the numerical model are graphed in Fig. 7 in the first = ] : : A
50 min after tsunami start. The signal is seen firstat Torre del  -0.4 — ,
Greco and Torre Annunziata that are closer to the Vesuvius 0 20 40 60 80 100 120
cone and are the first stati.ons to be attack.ed. by th.e pyroc_las Distance Along The Coast (k)
tic flow. At Torre Annunziata the tsunami signal is a train
2ifllgti§nzh?f:;{) ii,rflgﬁcfvvsercrj]gz Izrrgaell \?vr;\?eiguﬂ_doecﬁréns);rp;boosut Fig. 8. Curves of minimum and_maximum v_vater_ elevation calcu-

! - S lated along the coast of the mainland. Vertical lines mark the po-
1_5_20 min. At around 7-8min. the tsunami amves alrnOStsition of the main localities of the gulf: correspondence between
simultaneously at Naples and Castellammare: in both placeg mbers and localities is given in the caption of Fig. 4. Observe
the first arrivals are the largest waves with peak-to-peak amthat the perturbation is confined within the gulf.
plitude about 60cm and 70 cm, respectively. Oscillations
have here main period slightly larger than 5min. The last
stations of Fig. 6 to be reached by the tsunami are Sorrent@ighest correspond to the stations of Naples and of Castel-
and Bagnoli. The marigrams show that after the passage dhmmare (number 3 and 7, respectively in the figure). Other
the main front responsible of the first few waves the tail of maxima and minima are found in correspondence with the
oscillations persists for a long time and decays quite slowly,saddle between Procida and Capo Miseno, of the gulf of Poz-
which is a sign that the basin tends to trap long-wave energyyoli (Phlegrean Fields) and west of Naples. It is seen that
as was already observed in the case discussed in Sect. 2. there are large local variations. The size and sharpness of the

Figure 8 portrays minima and maxima computed alongpeaks of Castellammare and of Naples can be explained by
the mainland coast. The curves exhibit narrow peaks: th@wo main factors: (1) one concerns the geometry of the basin

(m)

on

eme Water Elevat




S. Tinti et al.: Simulation of tsunamis induced by volcanic activity 319

coastline that forms right-angle corners here and enhanceisg the equations of the shallow water theory with a pressure
wave reflection; (2) the other regards the tsunami generaforcing term. The oscillations resulting from the simulations
tion process that takes place here in a regime of local Froudare larger in the gulf and almost negligible outside. Their
number close to the critical value of 1, which is the most amplitude is small, and we believe that even changing the set
favourable case for water wave formation. of the parameters of the forcing pressure pulse function, the
The tsunami amplitude we have computed is modest. Suclsize of the resulting tsunami could be larger yet, but not too
a tsunami cannot be considered hazarduous, and in terms ¢drger than the one computed in this paper.
the Ambraseys-Sieberg scale adopted for European tsunamis
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