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Geofisica. — A  numerical experiment on w ind effects in the 
Adriatic sea. Nota di F r a n c o  S t r a v is i  (,), presen ta ta0  dal Socio 
A. M a r u s s i .

RIASSUNTO. — Si studiano gli effetti di una forza tangenziale costante sul livello e sulla 
corrente orizzontale media del mare Adriatico, per mezzo delle equazioni di storm surge 
linearizzate. Tali equazioni sono risolte numericamente con uno schema esplicito alle diffe
renze finite, la cui coerenza è assicurata dalla validità delle leggi di conservazione per l’energia 
meccanica e per la massa totale.

I n tr o d u c tio n

This paper studies the effects induced by a constant wind force in the 
A driatic sea, by m eans of the standard  storm  surge equations, num erically 
solved with a difference scheme. The A uthor has previously [8, 9, 10] applied 
this scheme to rectangular, circular, and elliptical basins, w ith particular 
emphasis on boundary conditions. M echanical energy and mass are conserved, 
as a necessary (but not sufficient) condition for the reliability of the employed 
num erical procedure.

Ba sic  eq u a tio n s

The storm  surge equations derive from the N avier-S tokes and continuity 
equations for a fluid of constant density p, linearized and vertically averaged 
in the long wave approxim ation [2, 5, 9, 13]. Dealing with a small adjacent 
sea, its equipotential free surface at rest is approxim ated by an (x  , y)  plane, 
norm al to a uniform  earth  field g  ; the vertical component 1/2 /  of ea rth ’s 
rotation vector is considered as a constant.

T he continuity  and m om entum  equations are:

I drì

( 0 ) *
j du
( dt

with:
7] sea '

=  —  V • (HU)

=  — gVri — KU +  C +  F

U ~  (U , V) vertically averaged horizontal velocity;
C — /  (V , —  U) Coriolis acceleration;
F — (X ,Y) wind force per unit mass on the sea surface; 
H depth of the basin;
K constant bottom  friction coefficient;
V =  (ffiX , 2y) gradient operator. (*) (**)

(*) Istituto di Geodesia e Geofisica dell’Università di Trieste.
(**) Nella seduta del 15 gennaio 1972.
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The system  (i)  is linear, and invarian t for a rotation of the fram e of refe
rence in the (x , y )  plane. The boundary condition at the coast is th a t the 
norm al com ponent of the velocity m ust vanish; on the open end of the basin 
a node for the level is imposed (4 =  o), w ith the assum ption th a t the external 
sea has an infinite capacity.

Conservation laws can be easily obtained [9] from equations (1):

(2) E ( 0  =  W ( 0  +  E (o )

(3) +  TT(p)

where:

(4) E ( 0  =  - p j d S [ ^ 2 +  H U 8]
S

(5)

(6)

(7)

t

W  (/) =  p / cit
0 s

dS H [ F . U —  KU2]

dS 7]

d d  H U . n

are: (4) the total potential and kinetic energy, (5) the work done by the exter
nal force F  and the resistence —  KU, (6) the total volume, referred to the 
rest one, (7) the volume exchange through the open boundary &, w ith outward 
directed norm al n ; S is the surface of the basin. No energy exchange appears 
in (2) because of the imposed boundary condition on <9L‘

D i f f e r e n c e  sch em e  

A forward tim e differences explicit scheme [7, 8, 9, 10] has been adopted:

(8) V +1 -  i f  —  A* { D , (H U y  +  Dy (H V)*}

(9) u ’'+1 =  ( I  —  K A*) IT  4- At { /V ! Dx (7)7+1 +  X 1' }

(10) V ’+1 =  ( I  —  K  A /)V ' - A / { / U i+1 + g D ,  ( V + 1 — Y ’-} .

B y m eans of (8, 9, 10) the r\ , U  , V  fields are evaluated, separately and 
in the indicated order, in all their own grid points, stepping from i  At  to 
(i +  ï) At, the initial conditions y]° , U° , V° being assigned.

D* , are central difference operators in the interior, and forward or 
backw ard operators at the boundary points. The grid arrangem ent is shown 
in fig. I : at each velocity point, the missing com ponent of U is evaluated with
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Fig. I.  -  Adriatic sea: (a) grid, reference points and corresponding transverse sections. 
ip) Depth profile along the A-B-C-W0 section.

an arithm etical m ean. A t the points by the coast of the basin, both of the 
velocity components are taken to be zero [9, 10]. The open contour & is a 
straight segm ent in the a: direction, at y  — o. The finite surface elements are 
squares centered at the yjM, or U  ,V [+] points (fig. 1):

AS0 — 4 A x  Ay  AS + =  2 A x A y .
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Energy, work and volume integrals (4, 5, 6, 7) reduce to summations:

(11) E ' = i A S + 2 H + [U2 + V 2] V + - i ^ A S 0 2 h o ] 2
2 + 2 o

(12) W ‘ =  At  AS+ 2  2  H + {[ X U  +  Y V ]'; —  K  [U2 +  V 8]“ }
n = 0  +

(13) ^ = A S o 2 > l Óo

(14) ^ ‘■ =  A /A *2 S « i H 1,0v ; >„.
n — 0 k

D ensity p =  i c.g.s., and does not appear in ( u ,  12); the open end confi
guration is taken into account by suitable weights in (14), depending from 
the considered (k , o) point on d .

A  working criterion for the num erical stability of (8, 9, 10) is the 
C ourant-F riedrich-L ew y one:

At <  1/2 A s ^ g H  

where As =  m in (Ax  , Ay) and H — m ax (H (x  , y)).

N u m er ic a l  e x p e r im e n t s

The solution of the storm  surge system for a rectangular basin is of the 
kind:

i 4 =  7)0 +  Y)f
I U =  Uo +  U f

where 7)0 , U0 are a superposition of £-(K/2p dam ped free modes, t]f , UF 
are characteristic of the wind force F [9, 10]. In the case of F  constant, directed 
along the y  axis of the basin, t)f represents a plane surface, with a slope F fg 
in the y  direction, and Up is equal to zero; so the w ater oscillates around this 
configuration, reaching it asym ptotically in time. The total mechanical energy 
E(7) and volume ^ ( t ) ,  whose m ean and asym ptotic values are those perta in
ing to the described y)f  , UF configuration, have a similar behaviour. These 
general features can be applied to a real basin, with irregular boundary.

The A driatic basin and grid are represented in fig. 1. The fram e of refe
rence is so oriented th a t th e y  axis is parallel to the opening at O tranto (y  =  o), 
so the boundary conditions there are: 7) =  o , U  =  o.

T he basin is initially at rest; for t  >  o a constant wind force is directed 
along the longitudinal axis towards the closed end of the A driatic. Com pu
tations are perform ed for 120 hours (real time) for two models: one of con
stan t depth, the other for “ r e a l ” depth, both for F  =  6.4 X io“4 cm sec"2. 
U sing F  =  yH ~xw w  and y =  3.2 X io "6 and H =  200 m, this corresponds 
to a wind velocity w  =  20 m/sec. The bottom  friction coefficient is taken 
K =  2 X io "5 sec"1.
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A  constant m ean depth H =  200 m  is assumed. Fig. 2 shows com puted 
sea level r\ ( W i , t) in function of tim e for five points W 2- (i =  i,- • • 5) on the 
west coast. The first longitudinal seiche with T  — is evident; it is the 
dom inant mode because of the unidirectional wind force assumed; from the 
nodal line at the open end the am plitude increases northw ard, reaching a 
ra ther large value of 28 cm at W5 due to the discontinuous im pact of F at

Fig. 2. -  Sea level r) in function of time at W 1 ,• • •, W5 on the west coast of the Adriatic 
(H =  200 m), with constant wind force.

t  — o. The m inor short period dam ped oscillations are transverse modes, 
as seen from the elevation profiles on the corresponding W f- —  E,- sections. 
The asym ptotic values correspond to a plane surface y)f .

Fig. 4 shows the equal level lines after ioh, th a t is toward m axim um  
elevations (there is a piling-up of w ater at the east coast), and after u o h, 
when the energy passes through its equilibrium  value and the asym ptotic

Fig. 3. -r Velocity V in function of time at W0 , E0, and sum, on the open end 
of the Adriatic (H =  200 m), with constant wind force.

plane surface is approxim ated. Fig. 3 shows the velocity V  (Wo , / ) , V( Eo , - / )  
at the open end, and their sum; while the total flux tends to zero w ith time, 
a counterclockwise steady circulation appears in the m outh region after the 
first period. This circulation does not occur in a rectangular open basin, and 
is probably  due to the asym m etry of the opening in the A driatic. In  the 
rem aining basin, the current tends to zero with time.

14. — RENDICONTI 1972, Voi. LII. fase, 2,
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Fig. 4. -  Equal level lines (in cm) after (a) ioh, (<b) u o h of constant F wind force on
the Adriatic (H =  200 m).

Looking at the instant when the m axim um  elevation is reached at each 
E,-, W ï point (smoothing the corresponding y) (t) curve), a wave is found tra 
velling counterclockwise w ith a velocity about 42 m/sec along the east coast, 
and g.bout 45 m/sec down the west coast, with a period of about gh. This 
corresponds in direction and speed to a Kelvin wave, whose velocity for 
H =  200 m is 44 m/sec.

In  general it can be observed th a t the first m axim um  incoming flux from 
the external sea appears about T /4  after the wind started (fig. 3), while the 
first m axim um  elevation on the north coast of the basin (W5 —  E5) is reached 
after ;T/2 (fig. 2).

Com puted total m echanical energy, work, volume, volume exchange 
( i i  ,*• • 14) do satisfy the conservation laws (2, 3) (fig. 5, 6): their general 
behaviour resembles th a t for a rectangular basin.
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Fig. 6. -  Volume (mass) balance for the Adriatic (H =  200 m), constant wind force.

Fig. 7. Sea level 7) in function of time at , • • •, W5 on the west coast of the Adriatic 
(H real), with constant wind force.

Fig. 8. -  Velocity V in function of time at W0 , E0 on the open end of the Adriatic 
(H real), with constant wind force.
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The real depth  is now considered for the A driatic basin: its longitudinal 
section along the A— B— C—Wq line is shown in fig. 1. Com putations give 
the following differences between the constant and variable depth cases: 
(a) the first longitudinal seiche period is T  =  21.5k, very close to the observed

Fig. 9. -  Equal level lines (in cm) after (a) ioh, (b) n o h of constant F wind force on
the Adriatic (H real).

periods of about 21.311 [6]; its am plitude increases rap id ly  in the north (48 cm 
at W5), because of shallow w ater effects (fig. 7, 9 a), (b) T he transverse seiches, 
related to the transverse profiles of the basin by M erian’s formula, are: the 
i h seiche through the O tranto channel (section 1), those of about 2h through 
the middle part of the basin (sections 2, 3), and the 3h seiche in the gulf of 
Venice (section 5) (fig. 7); the last one has been observed [1 ]. (c) A  counter
clockwise travelling Kelvin type wave is found w ith a wave velocity of about 
34 m/sec along the east coast, 26 m/sec around the northern part of the basin,
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79 m/sec down the west coast. These values correspond to a depth  of 116, 
67, 630 m respectively; the travel tim e is about 12.5 hours, id) T he first m ax i
m um  incom ing flux takes place about 3h after the wind started, instead of 
T /4  =  5 4 h (fig. 8), while the m axim um  elevation on the closed end appears 
after T/2 (fig. 7), as before.

Fig. 10. -  Mechanical energy balance for the Adriatic (H real), constant wind force.

The same counterclockwise circulation is found in the m outh region; 
in fig. 8 V  (Wo , /) and V  (Eo , t) have different asym ptotic values because 
of the different depth at the two points, such tha t the total flux tends to zero. 
T he asym ptotic equilibrium  surface is still a plane one (fig. 9 b). Conser
vation laws are satisfied by the num erical scheme (fig. 10, 11).

Fig. i i .  -  Volume (mass) balance for the Adriatic (H real), constant wind force.

Characteristic data  for the num erical com putation are:

F =  6 .4 X io ~ 4 cm sec“2;
X =  —  3.2 X io ~ 4 cm sec"-2.j
Y =  5-5 X IO~4 cm  sec“2;
K =  2 X IO '5 sec“1 ;
g =  980 cm sec"2 ;
f =  9.9 X 1 0 -5 sec"1;
A x  =  Ay  — 20.6 km;
H =  200 m  : At =  6m tim e length: i20h =  1200 At)
H real : At  =  3m tim e length: i20h =  240oA^.

C om puting tim e is about 2.5 m inutes for 100 grid points and 1000 tim e 
steps, on the IBM  7044 machine.
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These num erical experim ents dem onstrate th a t the employed difference 
scheme adequately conserves total energy and mass in a very general case; 
this property, together w ith the preceding [8, 9, 10] tests, assures th a t the 
scheme can be applied with a high degree of reliability to hindcasting and 
forecasting sea levels.
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