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Abstract. The Adriatic Sea meteotsunami research andmillions of euros (Jansa et al., 2007; Viltet al., 2008). The
warning network is described. The network is located in theNagasaki Bay meteotsunami of 31 March 1979, again with
middle Adriatic, an area where the most destructive of the5m high waves, resulted in the drowning of three elderly
Adriatic meteotsunamis (destructive tsunami-like sea levelwomen (Hibiya and Kajiura, 1982). Meteorological tsunamis
oscillations generated by air pressure oscillations) occur. Thalso occur at other highly populated coastal areas, e.g., the
network consists of three microbarograph meteorologicalUnited Kingdom (Haslett et al., 2009), east of the China Sea
stations, and is supplemented by four permanent tidecoast (in particular Langkou Harbour, Wang et al., 1987),
gauge stations. The two strongest air pressure disturbanceByitish Columbia (Thomson et al., 2009), the United States
detected in almost a year and a half of measurements, ar@Paxton and Sobien, 1998), and other places (Monserrat et
examined in more detail and used to test functionality andal., 2006).

applicability of the network. Both of these disturbances Although differing from tsunamis by their origin, and
had a meteotsunami favourable velocity, however, only onemethod of propagation, meteotsunamis are often mistaken
generated a meteotsunami. Itis discussed why this happenggr tsunamis. The 6m high tsunami-like waves which hit
and additional information on creating a meteotsunamiyg|a Luka in the Adriatic Sea on the 21 June 1979 (FHod
warning system are obtained. Methods to construct a simple 979/1980) and which caused 7 million US dollar damage
low-cost meteotsunami warning network are given. at that time (equaling a quarter of the annual income of
the whole Kotula Island municipality) were first assumed
to be a tsunami generated by an earthquake in the Aegean
Sea (Zore-Armanda, 1979), or by a landslide in the Adriatic
Sea (Bedosti, 1980), and are even listed in the catalogue of

Devastating tsunamis causing severe damage end evepdriatic tsunamis as the second strongest observed tsunami
greater human loss are well known (e.g., Lay et al., 2005)(Tinti et al., 2004).  However, recent studies based of
Due to their number and destructivity, highly efficient numerical modelling and a fresh look at the data classifies

warning systems have been created for the endangered® €ventasameteotsunami petic etal., 2009; OrB etal.,
coastal areas (e.g., Meinig et al., 2005; Titov et al., 2005)'_2010). Likewise, a re(_:ent tsunaml-llke sea level _osc_lllanon
However, there is another kind of a tsunami-like danger thai" the Black Sea was first recognized as a land-slide induced
has not been so extensively researched and for which there [§Unami (Ranguelov et al., 2008) but a subsequent analysis
yet no reliable operational warning system: meteorologicalShowed that it is most likely a meteorological tsunami
tsunamis (Monserrat et al., 2006). These are tsunami{Vilibi € etal., 2010).

like disastrous sea waves generated by atmospheric activity, Due to their relation with atmospheric processes and
in particular, air pressure fluctuations. Meteotsunamis ardn particular with air pressure disturbances, meteorological
known to cause extensive damage and even loss of humaisunamis could presumably be forecasted more easily and
life. The Balearic Island meteotsunami of 15 June 2006at a lower cost than tsunamis. Meteorological tsunamis are
with 5 m high waves caused economic loss of several tens ogenerated by intense, low-dispersive and rapid (one with
a high rate of air pressure change, e.g., 5hPa10Hin
air pressure disturbances which, as we will show, can be

Correspondence tal. Sept tracked on the ground. Meteorological tsunamis are most
BY (sepic@izor.hr) likely to be generated when a disturbance is propagating
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towards the coast, and its speed of propagatioequals
the speed: of barotropic sea waves= ./gH (whereg is
the gravity acceleration an# is the water depth). In this
case, the air pressure disturbance resonantly transfers energ
to long open sea waves (Proudman, 1929). Upon reaching
the coast these long sea waves can enhance natural mod¢
of oscillations (seiches) of bays and harbours to destructive
heights through harbour resonance (Raichlen, 1966). Theg
question is whether these theoretical considerations can b
applied to real atmospheric disturbances and ocean waves i
real basins and especially in real time, as a tsunami warning
system should have the latency on a minute timescale.

We have been developing the Adriatic Sea meteotsunam
research and warning network, and our first aim is to
empirically quantify the relation between the characteristics_.

of air pressure disturbances and sea level oscillations. Oug'g' 1. Bathymetry for the C.entr_al coastal region Adriatic Sea.
d aim is t b " ¢ fficient — “Squares mark tide gauge stations: Zadar (Za), Split (St§eRiBl),
second aim 1S 1o subsequently create an efncient warning, .\ nix (Du). Circles mark microbarograph stations: Vrboska

system, baged on a real time a8§gssment of the rate (N/r), Vis (Vi) and Vela Luka (VL). Triangles mark possible future
change of air pressure over the regltﬁepc_et al., 2009a) _microbarograph stations: Svetac (Sv)38a (Su), Palagia (Pa),
and other characteristics of meteotsunamis. The network i$astovo (La), St and Mali Ston (MS). In the last 30years, strong

located at the middle Adriatic where two highly destructive meteotsunamis have occurred at Stari Grad (near Vr), Vela Luka
meteotsunamis have occurred in the last 30 years, the 21 JurfgL) and Mali Ston (MS).
1978 Vela Luka meteotsunami (Hzid, 1979/1980) and the
27 June 2003 middle Adriatic meteotsunami (Vititet al.,
2004). functioning of up to 7 days in a case of electricity failure and

In this paper, we will present the network and demonstratewith GPRS internet connection. Air pressure is measured
how a possible low-cost, low-maintenance meteotsunamgach second; data are stored on an embedded computer and
warning system consisting of as little as three air pressuresent each hour to a central processing unit in Split where
measuring units can be constructed. The system has &min averages of data and 5 min rates of air pressure change
potential of being adjusted and applied to other world wideare calculated (difference between a pressure measured at a

locations and added to the existing tsunami warning systemgiven time and a pressure measured 5min before the given
time). The data and the products are stored in the Institute

2 The Adriatic meteotsunami research and of Oceanography and Fisheries data base. All measured
warning network air pressure data and rates of change of air pressure can
be visually inspected online &ttp://jadran.izor.hr/barograf/
2.1 Present state of the network — pilot phase indexeng.htm The recovery of data in the last year of

operation is at least 95% at any individual station, including
At present, the Adriatic meteotsunami network is in a the longest loss of data of 10days at the Vela Luka station
pilot phase, running continuously since March 2009 anddue to a prolonged electricity loss.
is used solely for research purposes. It comprises of a Intense air pressure disturbances (e.g., ones related to
central processing unit located in Split and three air pressurgravity waves and convective jumps) can occur at time scales
measuring stations (Fig. 1) located in the middle Adriatic of 1 min, and our calculation of 5min rates of air pressure
area. There is also a possibility of using sea-level data fronchange, could result in smoothing and even disappearance
permanent tide gauge stations in Zadar, Split,tPland  of some shorter lasting disturbances. However, based on
Dubrovnik. Air pressure measuring stations are located at thelata from the previous Adriatic meteotsunamis, we find that
islands of Vis (town of Vis), Kotula (Vela Luka town) and meteotsunamis are generated, not only by intense but also, by
Hvar (town of Vrboska). Towns of Vela Luka on Karla, longer lasting air pressure disturbances (longer being at least
Stari Grad (6 km from Vrboska) on Hvar and Mali Ston on 5min). Three of the four strongest observed meteotsunamis
the mainland are places where the most destructive Adriatiavere generated by air pressure disturbances with rates of
meteotsunamis have occurred (Vifband SepE, 2009).  air pressure change surpassing 1.5hPa5Hirthe Stari
All air pressure stations are equipped with Vaisala PTB330Grad meteotsunami of 2003 (Vilibiet al., 2004); the Ist
high precision microbarographs (precisiei0.01 hPa), an meteotsunami of 2007Sgpt et al., 2009c) and the Mali
embedded simple computer which can log data for 30 day4 0Sinj meteotsunami of 2008 (Bdliz and Strelec-Mahoti
and serve as a link between the central unit in Split and ar009). Analogue air pressure records of the strongest
air pressure station, a battery which provides an autonomouédriatic meteotsunami, the Vela Luka meteotsunami of
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1978, were not of a sufficient quality to estimate a ratewhen constructing the warning matrix. Table 1 presents a
of air pressure change, but Grlet al. (2010) successfully preliminary warning matrix for Stari Grad and Mali Ston

modelled the event by forcing the sea with an air pressureand Table 2 for Vela Luka.
this is a preliminary matrix, and that an extensive analysis of

disturbance having a 1.5hPa5minrate of air pressure

It has to be stressed out that

change. Nevertheless, upon obtaining tide gauge data fosimultaneous sea level and air pressure data is still needed to
endangered locations we plan to quantitatively determine theonstruct an operational matrix. Upon comparing sea level
most appropriate period for estimating rates of air pressureand air pressure data, we also plan to add a column with
change relevant for generation of meteorological tsunamis. expected wave height to the warning matrix.

The main shortcoming of the pilot network is a lack of
tide gauge stations at the most endangered locations (Veld-2
Luka and Stari Grad). Four tide gauge stations (Zadar, Split,
Ploce and Dubrovnik; Fig. 1) which are present in the middle

Future state of the network — research and warning

Once all quantitative relations are established, the me-

Adriatic area can be used for estimating the influence of aif€otsunami research network will be transformed into a

pressure disturbances on sea level. In order to get mor

meteotsunami warning network which will comprise of

precise relations at the most endangered areas, tide gaug}¢ Same instruments and structure as the pilot network.

will be installed at Stari Grad on the island of Hvar and a
Vela Luka on the island of K@ula as soon as funding is
obtained.

After it has been fully operational for two years, all data
from the network will be processed. Air pressure time series@"
will be examined for distinctive air pressure disturbances,

their velocities estimated and the resulting sea response§ndangered harbours, in _ :
and S@ac giving a warning lead time of about 15min.

The final product of the first part of The meteotsunami detection algorithm will then function as
follows:

at vulnerable harbours and at the wider middle Adriatic
area determined.
the project will be a meteotsunami warning matrix relating
specific characteristics of air pressure disturbances to the
level of a meteotsunami danger. A preliminary matrix has
already been established. The preliminary matrix is based
on previous meteotsunami events, theoretical estimations, —
and numerical modelling. Two destructive meteotsunami
events have been previously observed at Stari Grad and Vela
Luka. The air pressure disturbance which generated the
2003 Stari Grad meteotsunami propagated with a speed of
22ms! and a direction of 290(Vilibi € et al., 2004); and

the air pressure disturbance which generated the 1978 Vela
Luka meteotsunami propagated with a speed of 22ms
and a direction of 238(Orlic, 1980). According to the
Proudman resonance (Proudman, 1929), the most dangerous
meteotsunamis should be generated by an air pressure
disturbance propagating towards the entrance of a harbour
or a bay resulting in a range of favourable angles of 270—
290 for Stari Grad and 220-280or Vela Luka. The speed

¢ of this disturbance should be equal to the spaedf
barotropic ocean waves. As the speed of barotropic ocean
waves is a function of sea dep#ih (c = /gH), it follows

that air pressure disturbance should propagate with speeds of
21-23ms? to generate a strong Stari Grad meteotsunami  —
(corresponding to depths of 45-55 m found in front of Stari
Grad); i.e. with speeds of 32—37 misto generate a strong

Vela Luka meteotsunami (corresponding to depths of 100—
140m found in front of Vela Luka). Finally, results of
numerical modelling of meteotsunamis done for Stari Grad

by Vilibi¢ et al. (2004) and for Vela Luka by Otliet

al. (2010) also indicate a range of most favourable speeds and
directions for both locations and were also taken into account

www.nat-hazards-earth-syst-sci.net/11/83/2011/

+ However, the present configuration of the instruments does
not allow for a timely warning.
pressure disturbance is measured at Vela Luka or Vrboska, a
meteotsunami has probably already occurred. This problem

Once a dangerous air

be overcome by moving existing or installing new

microbarographs at the islands to the south and west of

in particular at PalagruSvetac

Air pressure is measured and averaged (30 s averages)
at all stations.

Five min rates of change of air pressure are calculated
at stations.

— When an air pressure disturbance with a rate of

change surpassing a critical one (preliminary set to
1hPa5min?) is detected at the Palagiai or Svetac
station, a signal is sent from that station to the central
unit and from the central unit to the other stations.
The Svetac and Palagra stations are chosen as the
trigger ones because any air pressure disturbance with
ability to generate a meteorological tsunami at the most
endangered middle Adriatic areas will come from the
southwest to northwest directions (see Table 1) and will,
thus, first be at one of those two stations.

— All stations enter a burst mode and start sending

data each second for a predetermined period of time
(e.g.,3h).

A disturbance tracking and velocity estimation algo-
rithm is applied to incoming data. The algorithm
searches for a dangerous disturbance at the other
stations in predetermined time intervals which depend
on lower and upper ends of possibly dangerous speeds
and direction of propagation. For example, in case
of Stari Grad meteorological tsunami, a possibly
dangerous air pressure disturbance will come to the Vis
station 9—38 min, to the Sac station 18—72 min, to the

Nat. Hazards Earth Syst. Sci., 91, B84
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Table 1. Preliminary meteotsunami warning matrix for Stari Grad and Mali Ston.

Rate of air pressure change  Velocity Incoming direction Meteotsunami danger

(hPa 5 mirm1) (ms™1 ©)

>2.0 [21-23] [270-290] Destructive meteotsunami possible
>2.0 [21-23] [235—-270] or [290-325] Moderate metetosunami possible
>2.0 [17-21] or [23-27] [270-290] Moderate

[1.0-2.9 [21-23] [270-290] Moderate

>2.0 [17-21] or [23-27] [235-270] or [290-325] Weak meteotsuanmi possible
[1.0-2.9 [21-23] [235-270] or [290-325] Weak

[1.0-2.9 [17-21] or [23-27] [270-290] Weak

[1.0-2.9 [17-21] or [23-27] [235-270] or [290-325] \Very weak meteotsunami possible
<10 Any range Any range No meteotsunami danger

Any range <17 or> 27 Any range No meteotsunami danger

Any range Any range <2350r>325 No meteotsunami danger

Table 2. Preliminary meteotsunami warning matrix for Vela Luka.

Rate of air pressure change  Velocity Incoming direction Meteotsunami danger

(hPa 5 mirrl) (ms™1 )

>2.0 [32-37] [200-250] Destructive meteotsunami possible
>2.0 [32-37] [180—-200] or [250-270] Moderate metetosunami possible
>2.0 [22-32] or [37-40] [200-250] Moderate

[1.0-2.9 [32-37] [200-250] Moderate

>2.0 [22-32] or [37-40] [180-200] or [250-270] Weak meteotsuanmi possible
[1.0-2.9 [32-37] [180-200] or [250-270] Weak

[1.0-2.9 [22-32] or [37-40] [200-250] Weak

[1.0-2.9 [22—32] or [37-40] [180—200] or [250-270] Very weak meteotsunami possible
<10 Any range Any range No meteotsunami danger

Any range <22o0r>40 Any range No meteotsunami danger

Any range Any range <180 or> 270 No meteotsunami danger

Vela Luka station 30—70 min and to the Vrboska station
15-85min after observed at the Svetac station. Large
range of travel times at any individual station is due to
a large range of favourable speeds and directions of air
pressure disturbances. Arrival times are calculated for
disturbances propagating with all speeds and directions
listed in & meteotsunami warning matrix (Table 1; €.9., Next, we will try to demonstrate applicability of a future
speeds of 17-27 nt$, and directions of 230-325or warning system on two real cases.

Stari Grad). Minimum and maximum of these travel
times at any individual station represent ranges of travel
times for that station.

direction can be estimated with the least square method
(e.g., Orlt, 1980).

— Velocity of the disturbance is compared to values given
in a meteotsunami decision matrix and appropriate
warning is issued (Tables 1 and 2).

3 Testing the meteotsunami network

3.1 The event of 19 February 2010
If the disturbance is detected at any other two stations

in predetermined time intervals, speed and directionStari Grad on the island of Hvar (Fig. 1) was struck by a
of the disturbance are automatically calculated with anmeteorological tsunami around 14:00 UTC on 19 February
algorithm described b@epb etal. (2009a) and repeated 2010. When the meteotsunami hit, the sea level was already
in Appendix A of this paper. When a disturbance extremely high due to a storm surge generated by a low
is detected at more than three stations, its speed angressure system and associated winds. The low pressure

Nat. Hazards Earth Syst. Sci., 11, 832011 www.nhat-hazards-earth-syst-sci.net/11/83/2011/
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Fig. 2. Sea level time series for Zadar, Split, Béoand Dubrovnik. ‘ ‘
Series have been filtered with a 3-h Keiser-Bessel filter. Red arrows 0.5F (b)

indicate the arrival time of the first meteotsunami-related sea wave 0
at the stations.

(hPa)

system was centred over the Atlantic just to the west of the
French coast, but encompassed most of Europe, including £
the Adriatic Sea. During the meteotsunami, the sea level -
suddenly rose and flowed over the town’s promenade, rising
above it by approximately 30 cm. Although the sea level rise -
was not particularly high, associated currents were strong & -0.5

™
s
]

esidual air pressure
o £ o
o w 9 o w»

enough to pull one car and several large garbage containers xsla Luka
into the sea (newspaper reports). Vrboska
Stronger than usual sea level oscillations were recorded at 10 1 3‘2‘,..--'-13 Y 1‘5___ 6 17 18

permanent tide gauge stations at Split.&@land Dubrovnik . 19 February 2010 (UTC) ™"+,

(Fig. 2) near the time of the meteotsunami. Further 150"+ ———————"=

X . Vis

to the north, the Zadar tide gauge station recorded no_ () Vela Luka
oscillations which could, with certainty, be associated with € 4 - = 2o o o e oo com oo - Vrboska |1

the meteotsunami. Sea level oscillations at the southern tide;‘f
gauge stations started with the arrival of a distinct wave <

which had a height of 30cm at Split, 25cm at &oand 2 os
10cm at Dubrovnik. The wave first arrived at Split at <
13:37 UTC, then 41 minutes later at Béoand another 36 min -~ £ 0
later at Dubrovnik. Although the travel time of the waves 2

and the distances among the stations are known, it is not= 05
possible to use the data to determine the velocity of seag
waves. This is because the three tide gauge stations are in & -1
line, whereas a triangular configuration of stations is needed®
for the determination of velocity and direction. After the first 1.5 ‘
wave, sea level oscillations continued in Split andt@ldwo 13:00 19 Febru;r?;:;%m (UTC) 14:00

harbours prone to seiches, for several hours.

Air pressure time series from the three microbarographrFig. 3. (a) Air pressure records for the 19 February 2010
stations (Vis, Vela Luka, and Vrboska) show a suddenmeteotsunami eventb) residual records (after filtering with a
air pressure drop of approximately 2.5hPa between 13:08-h Kaiser-Bessel filter); shaded areas in (a) and (b) show the
and 14:00UTC (Fig. 3a). Note that observed sea levelatmospheric disturbance, a@) 5-min rates of air pressure change.
oscillations in Split were 30 cm, more than 12 times higherDaShed Iin.esldenote the 5-min rate of air pressure change threshold
than expected only from inverted barometer effect. The(thPasmin=).
air pressure disturbance was first measured at Vis, then

www.nat-hazards-earth-syst-sci.net/11/83/2011/ Nat. Hazards Earth Syst. Sci.,91,, &RB1



88 J.Sept and I. Vilibic: Meteotsunami warning newtork

at Vela Luka and finally at Vrboska. The 5min rates of 1018 ‘ : : ; ——
change of air pressure from the three stations were put into (a) x'rzoska

the disturbance tracking and velocity estimation algorithm. 1017} Vela Luka 1
The disturbance had an estimated speed of 22 to 23ms

and direction of 235 so that the disturbance was roughly = 1546l

moving toward the northeast, and was recognized as an £

event during which a weak meteotsunami was possible 10151 W
(Table 1). A velocity of 22—-23ms" was also previously

reported for the 2003 middle Adriatic meteotsunami (Vibi

et al., 2004). The February 2010 rate of air pressure I |

Air pressure (hPa

N
o
=
IS

change of~ 1.0hPa5min? is considered strong enough to
generate a meteotsunami, but not a highly destructive one  1913f
(the destructive meteotsunami that impacted Stari Grad in

i i i 1012 : i i i
2003 was generated by an air pressure disturbance with a 0 21 22 23 0 p > 3 4 s

rate of air pressure change surpassing 2 hPa 5ilibi ¢ 27 - 28 May 2009 (UTC)

et al.,, 2004). The direction of 235s at the lower end w w \ \ —

of meteotsunami favourable directions for Stari Grad, as (b) x'rioska
determined by numerical modelling (directions of 230 to 17 Vela Luka ||
310, Vilibi € et al., 2004), and, together with the lower rate 0" N T

of air pressure change, there might be a reason why the
2010 meteotsunami was not very pronounced. Again, the
destructive 2003 meteotsunami had an incoming direction
of 29°, which together with the rate of air pressure change
higher than 2 hPa 5 mirt and speed of 22-23 m4,, raises

the meteotsunami warning to a “destructive meteotsunami -

possible” (Table 1). T w :
OM fr ™ N NN T

3.2 The event of 27-28 May 2009 T 1

. . . 20 2122 23 0 1 2 ™3 4 5
Aside from the event described above, during almost one 27 - 28 May 2009 (UTC) ™.

and a half years of air pressure measurements, there were

Residual air pressure (hPa)

no other meteotsunamis reported in the middle Adriatic area. (c) x‘rzoska
However, inspection of microbarograph data revealed that, ol } Vela Luka 1

at several more instances, strong air pressure oscillations
were measured. On the most of these occasions air pressure
oscillations were not measured at all stations indicating that
disturbances were either short-lived or had limited spatial
dimensions. We have found only one other occasion during
which an intense air pressure disturbance was observed at all
stations, but this time no meteotsunami was reported.

On the night of 27-28 May 2009 between 23:00 and
01:00UTC, intense air pressure oscillations were observed
at all microbarographs stations (Fig. 4). The disturbance
consisted of a sudden air pressure rise followed by an air
pressure drop and several weaker oscillations varying in 27 - 28 May 2009 (UTC)
intensity and duration between different stations. The rate
of air pressure change was much higher than during the 1®ig. 4. Same as Fig. 3, but for the 27-28 May 2009 event.
February 2010 event and on two stations even surpassed
2hPa5minml. We input time series into the algorithm and
obtained a velocity estimation of 21-24 mtsand 243-276 very similar shape at all stations, while the May 2009 one,
These values are associated with a danger of a weak or evaithough stronger in intensity, was much more dispersive:
a moderate meteotsunami at Stari Grad and of a very weakk changed significantly between the first and the other
meteotsunami at Vela Luka (Tables 1 and 2). However,two stations, and reached its maximum intensity only upon
no noticeable event was reported. When comparing twareaching the coast. It is possible that the disturbance was
air pressure disturbances, the February 2010 one had even weaker before reaching Vis and that it did not have

Rate of air pressure change (hPa/5 min)

Nat. Hazards Earth Syst. Sci., 11, 832011 www.nhat-hazards-earth-syst-sci.net/11/83/2011/
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have been completed. At present, only the meteorological
service of the Balearic Islands issues meteotsunami warnings
(Jansa et al., 2007). But since they are based solely on
presence of meteotsunami favourable synoptic conditions,
they lack information on strength of a meteotsunami; and,
when a devastating meteotsunami like the one of 15 June
Ploce 2006 does happen, induced damage can be enormous in spite
of the warning issued (Jansa et al., 2007). There is now
an attempt to create a more reliable meteotsunami warning
network for the Balearic Islands (Marcos et al., 2009). As
. opposed to ours, the Balearic network is based more on
| Pubrovnik 1 analysis of sea level oscillations at different locations than
P N P o AN on analysis of air pressure data. The assumption is: if a
I S S SO SRS SN SN S S R “beacon” harbour far enough from an endangered harbour
00 04 08 12 16 20 00 04 08 12 16 20 00 observes strong sea level oscillation, then similar but even
27 - 28 May 2009 (UTC) N

stronger oscillation can be expected at endangered harbours
prone to destructive meteotsunamis. On the other hand, we
place a main focus of the Adriatic meteotsunami warning
system on air pressure measurements.

We have demonstrated the ability of the Adriatic
sufficient time to create long waves at the open sea. Théetwork to forecast meteotsunamis solely from air pressure
strongest meteotsunamis in the Adriatic Sea, the 1978 Velaneasurements (the Stari Grad meteotsunami of the February
Luka (Orlic et al., 2010), the 2003 Stari Grad (Vilibiat 2010). However, there was one more event of significant
al., 2004) and the 2007 Ist meteotsunarBiegt et al.,  air pressure oscillations during one and half years of
2009c) have all been created by air pressure disturbances noieasurements which our system recognized as possibly
changing significantly while travelling over at least 80 km of dangerous but no meteotsunami was observed. This is not
open sea. a discouraging result as even high-cost tsunami warning

Nonetheless, tide gauges in Split and dlorevealed systems sometimes overestimate tsunami danger as was
pronounced sea level oscillations with maximum heightthe case with the 2010 Chilean tsunami when the Pacific
of 12cm at Split and 30cm at Rie, around 00:00UTC Tsunami Warning Centre (PTWC) and West Coast/Alaska
on 28 May 2009 (Fig. 5). No significant oscillations Tsunami Warning Centre (WC/ATWC) issued tsunami
were noticed at Dubrovnik. The fact that oscillations warning and advisories for a number of Pacific regions at
were strongest at Pte also indicated that the air pressure which no destructive tsunami was observed (reports available
disturbance might have grown in strength as it propagatedit: http://ioc3.unesco.org/itix/
eastward. There is also a possibility that sea level oscillations We have tried to answer why one of the observed
were present at the endangered middle Adriatic stations@ir pressure disturbances at the Adriatic generated a
but that they were not noticed due to a number of reasonsmeteotsunami and created damage, and the second one did
mean sea level on 27-29 May 2009 and a few surroundingiot. We conclude that a dispersion of air pressure disturbance
days was~ 30 cm lower than sea level on 18-20 February and a mean sea level preceding a meteotsunami could both
2010 (according to tide-gauge in Split); the May 2009 air be important factors when assessing a meteotsunami danger
pressure disturbance crossed the area during a low tide, whiland their estimation should be added to a tsunami warning
the February 2010 tide occurred during the sea level risesystem. Mean sea level can be an important parameter since
(adding additional 15 cm to difference between sea levels athe Adriatic harbours are not constructed to withstand large
two dates); and finally the May disturbance occurred in thesea level oscillation. Tidal range at the middle Adriatic is
middle of the night, reducing the possibility for observation. ~ 20 cm (Cushman-Roisin et al., 2001) and, thus, even sea
If the sea level during the February 2010 meteotsunamievel oscillations of smaller amplitudes (e.g. several tens of
was not already extremely high due to a storm surge, se&m) can provoke damage if they occur when mean sea level
water would probably not have inundated Stari Grad and nds high.
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Fig. 5. Sea level time series for Split, Ble and Dubrovnik. Series
have been filtered with a 3-h Keiser-Bessel filter.

damage would have been reported. When additional microbarographs are placed to the west
and south of endangered areas (Fig. 1) the network will be
4 Conclusions and discussion able to issue a warning 11-18 min before an air pressure

disturbance with a velocity value favourable for generation
We have created a simple and a low cost meteotsunamf destructive meteotsunamis in Vela Luka (as defined in a
research network with an intention to upgrade it to anmeteotsunami warning matrix) arrives there, and- 28 min
operational warning network after extensive measurementfefore a disturbance most dangerous for Stari Grad arrives
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there. We are aware that this is a short time. But,disturbances reach Stari Grad. Existing air pressure
given a good organization of civil services, this time should measurements, upper air soundings and analysis of synoptic
be enough to warn people to get out from the sea anctonditions should be enough to examine this relation, and we
off the beaches and immediate coast and thus proteawill do itin our future work.

their lives, especially as meteotsunamis in the Adriatic Belusic and Strelec Mahoti (2009) discuss additional
mostly occur in summer months when beaches are crowdegossibilities for a meteotsunami warning system. Often,
(Vilibi € andSept, 2009). The most appropriate way of especially in the Adriatic Sea, meteorological tsunamis are
issuing a short-notice meteotsunami warning would be torelated to convective clouds. It is possible to detect these
connect our warning system with national mobile phoneclouds via meteorological satellites in real time and to
companies which could, in a case of an alarm, send astimate their propagation speed and direction, and thus,
warning message to all mobiles phones registered at again by combining this information with air pressure
specific transmitter. For some protective actions, like movingmeasurements, issue a timely warning. It is our belief
the boats from the harbour to the open sea, a warning leathat based on all these data, once an extensive set of
time of about 15min is not enough. A warning lead time measurements is obtained, we will be able to create a highly
could however be increased by placing microbarographs tefficient low-cost meteotsunami warning system which could
oceanographic buoys placed further away from endangerethen be further adjusted and applied to other world locations.
harbours and available islands. This would allow for an
earlier observation of an air pressure disturbance and thus for
an earlier warning. Microbarographs could also be attached*P

;[;;r(]:g:nographlc buoys at other World locations which IaCkThe speed/ and directionn (measured clockwise from the

. . - . northward direction toward the direction of propagation) of
The probability for a timely preliminary warning can be . Co :
. : . : .a travelling atmospheric disturbance based on observations
increased in a few more ways. Meteotsunami generating air . : , .
n a triangular array of microbarographs with coordinates

pressure disturbances at the Mediterranean usually propagafe . : )
only under specific conditions (Jansa et al., 20@&pt X1, y1), (¥2, y2) and (3, y3) is estimated by applying the

et al., 2009b), and usually following the direction and following assumptions: (i) the disturbance does not change

speed of wind at a height of an unstable atmospheric Iayefjurlng Its travel over the domain (it propagates as a plane

(characterised by values of Richardson numbé).25, and waye), gnd (i) t_he disturbance has a cpnstant sp[éeuhc_i

. ) a directione. Simple plane geometry yields the following
commonly found at heights of about 5000 m; e.g., Monserratexpressions-
and Thorpe, 1992Sept et al., 2009¢). The same was '
true for the first event described in this paper. Upper air .\ _  _ 11,2dy1,3—11,3dy1,2 (A1)

pendix A

sounding data from Zadar at 12:00 UTC 19 February 2010 - 11,3dx12—112dx13’
reveal that wind at the bottom of an atmospheric layer with 14 d 14 d
the lowest stability (between 6000 and 7000 m) had a speed — _~ 2¥12T¢ d¥12 1 dyiz+a-dng
of 22ms! and a south-westerly direction (agreeing well .2 1+a? 1.3 1+a?
with the estimated speed and direction of the air pressurgyheredys 5, dxi 2, dyi 3, anddx; 3 are distances between
disturbance that forced the Stari Grad meteotsunami). Zadagtations 1 and 2 and between stations 1 and 3 in the north-
sounding data from 28 May 2010 at 00:00 UTC show thatsoyth and east-west direction, respectively; andr; 3 are
there was an unstable atmospheric layer between 3000 angeasured time lags of a threshold-exceeding rates of change

4000m. Wind at this layer had a speed of 20Thsthus,  of air pressure between stations 2 and 3 and station 1.
close to estimated speed of the air pressure disturbance;

but wind also had a southerly direction, not corresponding

so well with estimated direction of propagation of the acknowledgementsThe sea level data for Croatia was obtained
disturbance. Difference between wind direction at unstablefrom the Hydrographic Institute of the Republic of Croatia. We
layer and direction of propagation of the disturbance mightthank to Stipe Muslim, Damir lvanko¥iand Sinsa Marasow
have been related to dispersive nature of the disturbancevho have been strongly engaged in creation, development and
Data from upper air soundings, which is freely available maintenance of the meteotsunami network. We also kindly thank
in real-time athttp://weather.uwyo.edu/upperair/sounding. Paul Whitmore and another anonymous referez_e for their ve}luable
html, can be easily implemented to a meteotsunami warnin%%mme”ts- The work was supported by the Ministry of Science,

: (A2)

system. Once a dangerous disturbance is observed at t ucation and Sports of the Republic of Croatia (research grant
first station (Svetac), if the wind speed and direction at 1-0013077-1122 and IT grant IP-OCEAN).

upper unstable atmospheric layers and synoptic conditions

are meteotsunami favourable, a reliable warning might begjjteq by: S. Monserrat

issued 26-38min before the most dangerous disturbancegeviewed by: P. Whitmore and another anonymous referee

reach Vela Luka, and 40-53 min before the most dangerous
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