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ADRIATIC SEA 

PRISILNE OSCILACIJE NIVOA MORA ZA VRIJEME OLUJNIH 
CIKLONALNIH PRODORA NA ISTOCNOJ OBALI JADRANA 

Nenad Leder 

Hydrographic Institute of the Yugoslav Navy, Split, Yugoslavia 

A statistical method for •the forecasting of storm surges 
along the east coast of the Adriatic Sea was developed. On 
the basis of the theoretic~l results obtained by solving 
equations of motion and applying the multiple regression 
method the models for calculation of the residual sea levels 
were constructed. Models were tested fol" meteorological 
situations with strong cyclonic SE wind at Koper, Split and 
Dubrovnik stations. It was found that the multiple regression 
models present very good estimate of the residual elevations 
fo!r the situations wi-th ,perrnanent ai-r pressure decrease 
and SE wind increase. 

INTRODUCTION 

ln An.glo-American literature atmospherically forced sea level changes 
caused by rpassage of storms aTe usually called storm surges. Investigations 
of .storm sur.ge problem have very special and practical importance because 
the rise ·of the sea level can be significant in coastal regions and inundations 
sometimes can cause a lot of damage alild losses of lives. For examrple, in Bay 
of Bengal, according to W elan d e r (1961) two surges due to hrurricanes in 
1864 and 1878 killed 250 000 peorple. 

Ln this ,paper storm su!l'ges along the east coast of the Adriatic Sea aTe 
studied. Although the surges in the Adriatic Sea are smaller than in ocean re­
gion, they are stil! of significant amplitude and cause inundations, specially in 
the northern Adriatic Sea. 

The most important components ,of the forced sea ·level changes in the 
Adriatic Sea are tides and storm surges. Tides are caused by the permanent 
gravitational action the Moon and the Sun. Storm surges are consequence 
of the mechanical effect of the atmo.sphere on the sea (wind, air pressure) 
which is variable in space and time. Component ,of the sea level elevation due 
to storm sur.ge is usually called residual e1evation. Many theoretical studies 
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as well as analysis of the experimental data suggest that in the Adriatic Sea 
these two components ,aire llineady super imposed (M ~ch e 1 at o et al., 1983). 

Nowdays, the methods mostly used among researchers to so:lve storm 
surge problem, especially for the pur,pose of the operative forecastings, are 
statistical methods amd hydrodynamical numerical models. A review of sta­
tistical m ethods developed for the Adriatic Sea will be presented. 

Storm surges were studided in the Adr.iatic Sea for periods characterized 
by ';he passage of different atmospheric formations: planetary waves, cyclones 
and anticyclones and rnesoscale formations, as well as in functions of different 
meteoro:1ogical parameters: air pressure, wind and geopotentiat 

The influence of air pressure on sea level changes was examined by 
Kasumović (1958), Po Ili (1960) , Mosett ,i and Purga (1978/79), Ka­
rabe g and O r I i ć (1982) and Gači ć (1983). Using different methods they 
have concluded that the sea level elevation is genera11y pro.po,rtional to air 
pressure accord1ng to inverse barometer effect (-1 crn/hPa). 

Literature dealing with the wind influ8:lce on sea level changes is sma11er. 
This can be attni:buted to the difficulties when exact quantita.tive analysis is 
performed. Po 11 i (1968) published a table with residual sea level ele­
vations for clifferent wind speeds. Sea level elevations va,ry fr.om 20 to 100 cm 
fo,r mean hourly wind speeds between 10 and 60 km/h. Considerable prngress 
was obtained by Mo s e t ti and Bar to I e (1974). They found empirical rela­
ticm for residual elevation in function of instantaneous wind speed and wind 
speed time integral from the moment of wind appearance. 

Wind and air pressure joint influence on the sea 1evel changes is presen­
ted in several studies for the Adriatic Sea. M o s e t t i and B a j c (1972) 
associated the greatest sea level elevations in Venice with zonal air pressure 
gradi,ent. S g u a z zero et al. (1972) developed the model for Ven'ice 
that •residual elevations associate with earlier residual elevations in Venice 
and earlier air pressure gradients. Mi ch e 1 at o et al. (1983) proposed 
the method, based on the multiple reg,ression equation for 3 to 24 hours fore­
casts of residual elevations. Lede r (1985) investigated partial effects of 
ai-r pre· sure and wind velocity, as well as their joint effects on the residual 
elevatiuns in Sp1it. He concluded that residual elevations were function 
of air pressure, wind speed and wind speed square. 

Ka s um o v d ć (1958) and S q u a z zero et al. (1972) established 
that rincreas·e and decrease of sea level resulted from cyclonic and anticydonic 
activity respectively. 

It has been shown that long term oscillations of sea. level are pr,edomi­
nantly caused by planetary atmospheric waves (P e n za r et al., 1980 and 
O r'1i ć, 1981). 

THEORETICAL BASIS 

Wind and air pressure time changes over the sea area are consequence 
oi the passage of different atmospheric formations. In middle latitudes the 
most important wave distu1:1bances are: 
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a) planetary waves; characteristic horizonta! space sca.Ie is 103-10" km 
and time scale is about 10 days; 

b) synoptic atmospheric formations; cyclones and anticyclones; characte­
ristic horizonta! space scale is about 103 km and time scale is 1-2 days; 

c) meso-scale atmospheric formations; characteristic horizo[ltal space scale 
is 10-102 km and time scale is about 1 hour. 

Cyclo:nes and anticyclones have the most important influence on sea level 
change. From tide gauge reoords it is known that the highest positive sea 
levels appear on the east coast of the Adriatic Sea during passage of an 
i;ntensive cyclone, when horizonta! air pressure gradients cause strong southern 
wind (Mi ch e 1 at o, 1975). 

The theoretical basis for the dynamical relations· between atmospher.ic 
forcing a:nd sea response are storm surge equations which are obtained from 
equations of motion after introducing some assumptions (Groe n_ and Gr o­
v e S, 1962; Q ,r 1 i Ć, 1983). 

Since storm surge equations are linear it ii.s possible to examine the 
influence of wind air pressure independently. If one examines the influence 
of air pressure, the solution may be expressed as: 

pa-p:i 
Y=---- (1) 

gP 

where Y is the res1dual sea level elevation, pa is air pressure, pa is mean value 
of air p-ressure taken over the basin area, g is gravity acceleration and p is 
density of sea water. Wd.th g = 9.81 ins-2 and E = 1030 kgm-3 decrease (incre--
ase) oE air pressure for 1 hPa, with constant p~, will cause ii.ncrease (decrease) 
of sea level for 1 cm. It is so called inverse bammeter effect and equation 
(1) is called statical equation. 

The influence of the wind on sea level changes may be expressed as: 

1 -+ - >-

Y = --T· r + C1 
gPh 

-+ -+ 

. . ... . (2) 

where T is wind stress, r is wind fetch, Ct is constant and h is depth. There 
are many empfrical relations for wind stress. One of the most used is (Mi­
c h e 1 at o, 1975): 

-+ -+ 
T = Kpa (v2x + v2y) 112 (iv,.+ jvy) .. . ... (3) 

where Vx and Vy are zonal and meridional wim.d speed components, Pa is air 
density and K is cxmstant. It can be seen from equattons (2) and (3) that resi-



8 N . L e de r 
Storm surges in the Adriati c S ea 
Acta Adriat. , 29 (1/2) : 5-20 (1988) 

dual elevation Y is proportio1nal to w:ind speed sqruare, air-sea dermity ratio 
and wJ:nd fetch, !but in an inverse proportion with sea depth. 

The multiple regression model of the surge 

The general form of the model can be eXJpressed in multtregression equa­
ti!cm as (Draper a'Illd Smiith, 1981): 

.. .... (4) 

I\ 
where the predictand Yi is described as a Hnear com'bination of k predictors 
Xki. The nltlffibers Ai (j = 1, . . . , k) a!I'e t he so cai11ed ,partiall :r,egressdon ooeffi,c;ents 
and term Ao us the :iJntercept of the regressiOIIl. 

I\ 
In equation (4) Yi is estimated residual elevation and Xi (j = 1, ... , k) are 

I\ 
meteornlogical parameters which will be chosen in such a way that Yi will 
be the best approxima,te value for measured residual elevat:i10n Yi. The most 
oommon method for calculatiOIIl of e< efficients Ai is the least-sqiuares method. 
wich assl\.lillles that: 

N I\ 
,J; (Y; - Yi)2 = min. 

t ~1 
. . .. (5) 

where Y; are the N measured values o.f the resi,dual elevatioru. From minim:­
zation condition (5) one obtains the following system of linear equation (nor­
mal equations): 

Ao (1,1) + A1 (l,X1) + .. . + Ak (1 ,Xk) = (1,Y) 

Ao (X1,l) + A1 (X1,X1) + ... + Ak (X1,Xk) = (X1,Y) 

where the sy,rnbOil ( ) wndiiicates summa,tilon i. e. : 

N 
(u, v) = X u; vi 

1~1 

.. .... (6) 

By solving the system (6) the ooefficients of the multiple regression Ao, At, 
.. . , Ak are obt.ained. F.rom ali combinations of independent variables the best 



N. Leder 
Storm surges in the Adriatic Sea 
Acta Adriat., 29 (1/2) : 5-20 (1988) 

9 

OIIle is with the greatest value of the multiple cocrelatdon ooeff:icient whđ.ch is 
caloula ted from the foUowing formula: 

N /\ 
.S (Yi-Y) • (Yi-Y) 
i=l 

R = ------------- ...... (7) 
N - N /\ 

(.S (Yi - Y)2 • .S (Yi - Y)2)1/2 

i=l i=l 

where Y is mean value of Yi. 
It is known that R is linear coefficient between deipendent vari.able Y and its 

I\ 
Linear regression Y in relation to X1, X2, . . . , Xk. Multiple (l()rrelation ooefficient 
has values between O and 1, i. e. O ::::,; R::::,; 1. If the R value is near 1 H means 
that Y strongly depends on Xi. Value R = 1 means functional dependence and 
R ::::,; 1 stohastic dependenoe. 

RESULTS 

From hourly values of wind vector, air piressure and sea level data for 
Koper, Splirt and Dulbrovnik (Fiig. 1) and the yeair 1982, the situations wi,th 
highest po.sitive residual elevations are chosen. These situations a re characte­
rised by intensive cyclonic activity and strong SE wind over the Adriatic area. 

Fig. 1. Tide-gauge stations 

Time and s.pace chail1:ges of wi,nd friield during a passage of some intensive 
cyclones across the Adriamc Sea are too much oomplicated to :be defined 
ex;actly. But, it can be seen that storm surges with highest residual elevations 
appeared in meteorological situations when wind from south quadrant blew 
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at least 30 hours .in two days with mean hourly speed g,reater than 7 m/ s. 
A:n a,rea of such a wind faeld must be Nor,th, Mtddle and South AdrJatic or 
larger area for Koper, Split and Duhmvnik respectively. 

A number oE such meteorologkal situations was investigated but here 
only one typical w;11 be presented. m period from December 17 to 21, 1982, a 
strong SE wind was blowing along the entire Adraitic Sea. Synoptic situation 
for December 18, 1982, is shown in Fig. 2. 

990 

~u 

1007,5 

Fig. 2. Air pressure distribution at sea level, December 18, 
1982, 04 GMT 

Using the multiiregression equation (4) a,nd storm surge equations (1) and 
(2) three models were tested for calculaLon of sea level residuals at Koper, 
Split a,nd Dubrovnik. The equations for models may be wr.itten: 

/\ 
Y(t) = Ao + A1 P(t) + A2 V(t) ... ... (8) 

. . .. . . (9) 

/\ 
Y(t) = Ao + A1 P(t) + A2 V(t) + A3 V2(t) . .. . . (10) 
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where t is t ime, Y(t) fo estimated residual elevation in cm, P(t) is air pressure 
in hPa, V(t) ii.s wind speed in ms-1 and Ai are consta,nts calculated from hourly 
values of data. shown in. F,1gs. 3,4 and 5. 
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Fig. 2a. Crnss correlation coefficients r(k) between air pres­
sure and residual elevation (A) and wind speed and 
residual elevation (B) at Koper, Split and Dubrov­
nik stations 

All va:rjables are function of time t. This means that sea res,ponds to atm'.) ­
spheric forcing instantaneously. This a.ssumption was exam.1n.ed previously by 
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STA.TIPN: OUBROVNIK DATE: 17.12.82. 

Fig. 5. Residual elevation, wind vector and air pressure time series in Dubrovnik 
on December 17, 1982, 04 GMT. 

calculating cross correlation coefficients between air pressure and residual 
elevation and wind speed and residual elevatk>n to time lag of 5 hours (Fig . 
2a.). At all statiions zer,o-lag cross cor,relatio,n coefficient was highest. Henc:e 
the assumption of ,ims,tanrtaneo1us resiponse .i:s cor:rect. 

From storm surge equations it was expected that the model (9) would be 
the most appropri,ate for the description of sea level dependence on the a.ii' 
pressure and speed. However, for all stati<ons the model defined w ith equation 
(10) dJS the best one, lits multiple oorirelat~on coeffiic'.ernt being always hli.gher 
than that for models (8) and (9). This means that model (10) -is the best appro-­
xi:mation for measured residuaJs. 

It can be exiplained by the fact that drag coeff.icient K in equatiorn (3) for 
wind stress is not constant. W u (1982) determimed that drag ooefficient is 
oomplex function of wi:nd speed V. 

AH statistical parameters included in multiple regression caloulation are 
presented im. Taible 1. Regression equations for residuals may be written for 
Koper, Split and Dubrovnik res,pectively: 

I\ 
Y(t) = 1292,0 - 1,27 P(t) + 0,81 V(t) + 0,06 V2(t) 11) 

/\ 

Y(t) = 1194,8 -1,17 P(t) -1,43 V(t) + 0,10 V2(t) .. .. . (12) 
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I\ 
Yt) = 1391,3 - 1,36 P(t) - 0,86 V(t) = 0,03 V2(t) 

15 

..... (13) 

It must be taken in consideration that P(t) and V(t) are measured at different 
heights: 92, 122 60 m for Koper, Split and Dubrov,nik respectively, depending 
on the locations of meteor-ological stations. 

Testing -of equations (11), (12) and (13) was done for similar meteocrologd.cal 
situations by comparing observ·ed and calculated values. Comparisons between 
observed and calculated values by model of residual elevations are shown in 
Figs. 6, 7 .a1nd 8 f.o<r Koper, Sp1it and D,ubrovndk Some sta,t1stica,l .parame.ters 
for those situat-ions are presented in Table 2. 

Table 1. Mean values of residual elevations Y, air pressure P, wind speed V, coef­
ficients of regression Ao, A1, A2 and A3 and multiple correlation coefficient 
R for situations shown on Figs 3, 4 and 5. 

KOFER SPLIT DUBROVNIK 
DATE December, 20-22 December, 17-19 December, 17-19 

Y {cm) 38.3 30.0 29.9 
P {hPa) 991.9 984.3 994.6 
V {ms-1) 5.9 9.6 9.9 
Ao {cm) 1292.0 1194.8 1391.3 

A1 {cm/hPa) -1,27 -1.17 -1.36 

A2 {cm/(ms-1)) +0.01 -1.43 -0.86 
A3 {cm/(m2s-2)) +0.06 +0.10 +0.03 
R 0,92 0.96 0.95 

Table 2. Mean values of residual elevations Y, air pressure P, w;ind speed V and 
multiple correlation coefficients R for situations shown on Fi-gs, 6,7 and 8. 

KOPER SPLIT DUBROVNIK 
DATE October, 13-15 October, 04-06 December, 09-11 

Y {cm) 40.8 18.5 11.9 
P {hPa) 989,9 990.8 1005.2 
V (m/s) 8.2 8,4 6.9 
R 0.87 0,87 0.97 

It is easy to realize a good agreement between obsecrved and calculated 
va.lues in Koper and Dubrovnik. The agreement is not so good i.in Split becau-,e 
st rong NE wind decreased sea level previously, but ,it can be seen tlmt the 
agreement is the best at the end of the situation when air pressure quickly 
decreases and wind speed increases. 

Comparisoo. between model (11) for Koper and result obtained by Mi­
ch e 1 at o (1975) focr Venice, was also done. It was noticed that this two-dimen­
sional numerical model for 48 hours SE w;na durabcm and 30 knots final 
wind velocity gives a similar result like model (11) for Ko.per. 

The maximum values of ,observed residuals in 1982 are two times higher 
than mean tidal ranges at all studied statioms. Those values are 125, 60 and 
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55 cm for Koper, Split and Dubrovnik respectively. Residuals inorease gomg 
towavds the North Adr.Latic Sea because wind fetch increases aind depth 
decreases. 

A " ,. 
" · 

3 

"" ! 
9<i0 .i 

A - RESIDUAL ELEVATIONS: 
H - WIND VECTOR 

C - AIR PRESSURE 

-------------------
a) MODEL x- x b) ODSERVED -

STATION, DUBROVNJK DA TE, 09.12.82. 

Fig. 8. Comparison between observed and by model calculated residual elevations 
in Dubrovnik, December 09 , 1982, 14 GMT 

CONCLUSIONS 

Storm siurges are a si-gm:if.icant part of sea 1evel chainges a1ong the easitern 
coast of the AdTi,atic Sea, especially during the ,tntensive cyclonic activity, 
when the~r values ,are two times htgher thain. mean tida!l. ranges. 

The most important oomdusion of the s-tudy here presented is the possi­
bdiliiity of the s-torm surge forecasting at Koper, Split and Duibrovnilk by means 
of very s:imple stohastic models. 

Resddrua!l.s tnarease g,oing towards the northerm Adlriati,c Sea becaruse wtind 
fetch increases and depth decreases. 
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PRISILNE OSCILACIJE NIIVOA MORA ZA VRIJEME OLUJNIH 
-CIKLONALNIH PRODORA NA ISTOČNOJ OBALI JADRANA 

Nenad Lede r 

Hidrografski institut JRM, Split, Jugoslavija 

KRATKI SADRZAJ 

U ovom radu se istražuju prisilne oscilacije nivoa mora nastale djelovanjem 
atmosferskih faktora (storm surges) koje se javljaju na istočnoj obali Jadran­
skog mora za vrijeme olujnih ciklonalnih prodora. Ova istraživanja nemaju 
samo znanstveni značaj, već i praktičnu vrijednost, jer veći porast nivoa mora 
dovodi do poplavljivanja obalnog područja, što uzrokuje materijalne štete a 
ponekad i gubitke ljudskih života. 

Za prognozu prisilnih oscilacija nivoa mora na istočnoj obali Jadranskog 
mor a primjenjena je statistička metoda. Na osnovu teorijskih rezultata koji 
se dobiju rješavanjem jednadžbi gibanja i primjenom metode· višestruke regre­
sije razvijeni su modeli za računanje rezidualnog nivoa mora. Bazu podataka 
su • ,1le satne vrijednosti vektora vjetra, tlaka zraka i nivoa mora za 1982. 
godinu u Kopru, Splitu i Dubrovniku. 

Modeli su testirani za meteorološke situacije sa jakim ciklonalnim jugom. 
N, ,:leno je da modeli višestruke regresije predstavljaju vrlo dobru procjenu 
rezidualnih nivoa mora u meteorološkim situacijama koje se karakteriziraju 
trajnim padom tlaka zraka i povećanjem brzine juga. 

Maksimalne izmjerene vrijednosti rezidualnih nivoa mora u 1982. godini 
su dva puta veće od srednjih amplituda morskih doba i iznose 125, 60 i 55 cm 
za Kopar, Split i Dubrovnik. 


