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ABSTRACT 

The M2- co-oscillating tide has been investigated numerically in 
the Mediterranean with grid resolution of IS'X 15'. The basin is co­
oscillating with the Atlantic through Gibraltar Strait. The observed 
oscillatory movement of the water level at Gibraltar was taken to 
represent the boundary condition at the opening. 

The co-oscillating motions caused a change in the time of 
occurrence of malimum amplitudes ( co-tidal lines) for about one to 
two hours in the eastern and the western basins. The changes in the 
amplitude values due to such co-oscillations are more pronounced in 
the western basin than in the eastern one. 

The ratios of the co-oscillating to the independent tides are 
relatively higher in the western basin than in the eastern basin. A 
minor influence has been observed in both Adriatic and Aegean Seas. 

Generally, the results are mostly in good agreement with 
observations elcept at some locations where relatively higher 
amplitude values were obtained. These may be attributed to the high 
energy penetrating at the opened boundary, which may be improved it 
more fine grid resolution is used. The influence of shallow water 
depths has been considered. In addition, the spatial distribution of 
currents at different lunar times were also presented which showed the 
way of elchange of water between the different basins in the 
co-oscillating conditions. 
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lBTRODU~TION 

The tides 1n the Med1terranean Sea are known to be relat1vely weak .D genera. 

(with ranges of about 50-70 cm) 1f compared w1th other adJacent seas as North 
Sea, Red Sea and Arabian Gulf. The Mediterranean Sea 1S composed only of two 
basins (eastern and western baS1nS), though 1t 1S connected freely w1th two 
other small seas (Adriat1c and Aegean Seas). Such structure makes 1tS bottom 
topography and coastal configuration too compl1cated that they 1nfluence greatly 
its tidal pattern. The greatest depth 1S about 4500 mln the northern part of 
the Ionian Sea. Mostly, the shallow area is conflned ln front of Egypt. Llbya 
and in the straits. 

During the last four decades, different numer1cal methods have been developed 
by many investigators (e.g Hansen, 1956, 1962), concern1ng the study of tldes 
and water circulation ln the North Sea. Flscher i1929) Bretschne1der :1968). 
Ramming (1968), Trepka (1968), Flather & Heap (1975), and Hunter (1984) have 
applied these methods in different regions to compute the tides mainly 1n 
shallow waters. Sterneck (1915) and Defant (1916 and 1961) found that the 
Mediterranean is of particular interest, because of its shape and depth, and 
hence they made attempts to compute its tides as canal - shaped sea areas. Thelr 
results are agreeable at some locations. The tidal motlon in closed rectangular 
basins like the Mediterranean has been studied by Eid ~t al. (1993), while that 
with real shape and different boundary conditions has been cons1dered by 
Abdallah ~j al. (1993). Krauss (1973) and Soliman &Mayiza (1993) have mentioned 
that the wave patterns change markedly with changes ln depth. Such conclusion 
reveals that the resolution of the grid system must be 1ncreased WhlCh 1S the 
target of the present work. This work would require enormous computatlon effort 
The oscillations caused by the external forces are not only produced by the 
tide-generating forces but also through the co-oscillating motion w1th the 
Atlantic. At the entrance near Gibraltar, the water elevation was prescribed 
periodically from the observations. The computation has been repeated such that 
the shallow areas of less than 50.0 mhave been assumed to be of constant depth 
of 50.0 mwhile the offshore deep water areas have not changed. 

The spatial distribution of depth mean current deduced from the 
M2-independent and -co-oscillating tides are shown at lntervals of three Lunar 
hours covering one tidal period. 
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THE KODEL 

The model appl1ed is of the Hansen type uS1ng the follow1n9 hydrodynamlcal 
equat10ns 

o U 0 J 
tv + ku + q --- X = 0 11 ) 

o t 0 I 

ovol 
+ iu + kv + g ---- - Y = 0 ..... (2) 

otoy 

oj o (Hu) b (Hv) 
+ ------ + ------ = 0 ( 3) 

o t bib y 

where: 
I,y cartesian co-ordinates in the east and north direction respectlvely. 

t time, 

J : water elevation of the sea surface,
 

u, v components of the depth mean current 1n I &Ydirectlons respectlvely,
 

H total depth of water,
 

t Coriolis parameter,
 

k : coefficient of bottom friction in the linear form,
 

g : acceleration ot the earth's gravity, 

X, y : the components of the tide - produc1ng force 1n east and north direct10ns 
respect1vely. 

Figure 1 shows the Mediterranean Sea with its basins, adjacent seas and the
 
location of stations at which observations are available as given by Defant
 
(1961), Mosetti (1981) and the Admiralty Tables.
 

The approlimation method with an elplicate finite difference scheme has been
 
established and described by the authors in other work (Soliman ~t ~l. ,1993).
 

The finite difference grid used 1S shown in Pig.2. The basic array comprises
 
10816 points with I = 64 and J : 169.
 

As lnitlal values zero values were assiqned for water elevatlon and current
 
velocity components
 

Accordin; to Courant Priednchs Lewy cntena Ii 1= 22.66 km.41 
27.79 km. and 6t : 62.1025 seconds were chosen. 
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RESULTS AKD DISCUSSION 

The investigation of the tidal motion in the Mediterranean Sea has been 
carried out as previously mentioned, by few investigators as attempts to improve 
the methods used either analytically or theoretically in order to get as most as 
possible satisfactory results with the observations particularly along the 
coast. Actually, many difficulties arised on applying such methods due to the 
numerous irregularities found in the coastal and bottom configurations and the 
influence of frictional forces. Up-till now, and due to the disagreement between 
the theoretical values and observations, there is a continuous need for getting 
more informations through observations at different locations along the 
Mediterranean coasts. Indeed much efforts have been done in the last decades by 
filing new tide gauges along these coasts specially along the European side. 
Meanwhile, on the African side there is still a great lack in getting such 
informations. 

In fact,' numerical methods have been improved considerably on studying tides 
and water circulation in oceans and seas. It is evident from numerical 
computations of M2-tide in closed basins of different shapes by the authors (Eid 
et al., 1993 ; Abdallah et al.,1993 ; Soliman and Maiyza, 1993) that the coastal 
boundaries and bottom topography influence greatly the tidal pattern. 
Accordingly, more fine grid resolution has been established with dimension 15' X 
15'. The co-ranges and co-tidal patterns for K2-tide in the Mediterranean as a 
closed basin have been discussed (Pig. 3a &b), in another work (Soliman et al., 
1993). The mean depth currents of that motion as well as the co-oscillating 
motions with the Atlantic will be considered in the present study. 

Generally, the independent tide in the Mediterranean was found to consist of 
a nodal line in each basin as well as in the Straits of Missinia and Cicily. The 
nodal line in Cicily Strait has been developed into an amphidromy (Pig. 3a &b). 
Great tidal ranges were found in Syrits Minor and Gulf of Gabes (300 em) north 
Adriatic (100 cm) and Agean Sea (60 em). Meanwhile, small ranges were obtained 
in the eastern basin (30 em), Ligurian Sea (14 em) and Alboran (10 em). 

On considering the co-oscillation of the Mediterranean with the Atlantic 
Ocean, the water elevation at the opening (near Gibraltar) was assumed to vary 
periodically according to the relation: 

$= H cos (cY t - ;). 

where: 
H is the amplitude of the penetrating oscillation at the opening 

which is taken as 38.0 em., 
~ is the frequency of the oscillation, and 
~ its phase angle. 

60 
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M2-TIDE IN THE MEDITERRANEAN SEA ITS REAL BOUNDARIES. 

By uS1ng the hne gnd resol 1ltlon wlth dunenslon lS'X 15' ,a good agn·errltf. 
was found between the computed values and observatlon::; ITablr· II. The te~;IJ:' 

are presented ln charts with co-ranges (In em) and co tidd! lInes cort~spG~~ 

llm;.u hour~ at high tide after jUlldl - trdnsit at Gre~·llwHJj,Flq~:. 4a. t~). 

Tl,t patterns show thE: tldal dlstrlbu!.lon over the whole Medl.tE:rtan~an 3nj 't.' 

locatlon ot the nodal llnes a~ obteuned by corrlputatlon:.=:. These llnes han· U;I'! 

descnbed ln prenous .war L. a~, LJE'lng extendEd bet weer: two di tf eren t reg 1,[1. . 

Detant 'l'jo1) mentlo£led that lor.'hLle one nodal hne 1n t.he western baSH .:' 
between Cape de la Nao, between Valenc1a and Allcante - and some pOlnt on t~? 

Algerlan coast - between Alger and Oran, lS eXlst1ng ln the Aegean Sea near it~ 

openlng. He found that, as the establlshment at Rhodes lS about lO.6h whlle at 
Salonika is about 4.Gh, a nodal llne is thus eXistlng somewhere north of Rhude: 
and south of Leros. Similar descrlption was glven wlth respect to the nodal lln~ 

in the eastern basln. Hence. lt lS concluded that no accurate informations ha~f 

been given to the nodal llnes of the M2- tldal motlon ln the Medlterranea~ 

Therefore, the presentatlons. as gl'Jen ln flgures 4a·d can be cons1dered -3.S tr. r• 
most accurate patterns obtalned t1ll now. 

The co-osc1llatlng motlon wlth the Atlantlc shows Wide varlabliltles from J~' 

location to another. ThlS feature can be clearly observ~d on comparl~g ttl 
resul ts obtalned from both cases uf the 1ndependent ,"lnd co osclll atlng ~ :d~,. 

Instead. of getting, dunng the cJ-osclllatlon motlon. a clear vanatlon lt~ r :,' 

tlme of occupancy of hlgh tlde ln the western basln as 1n, the case Jt ~:. 

lndependent tidal motlon l.e. between Balearlc, Llgurlan and Thyrrhenlar Se5: 
the whole area 1S speclfied wlth the same establishment of 7.Gh. ThiS lndlcal~. 

that mostly the whole baSin nses and falls sllnultaneously. The sea leve: 1':' 

markedly increased wh1ch may be related to the great amount ,)f tidal ~r;"lQ\ 

penetratlng through the Strait of Jlbrdltar. e.q. the amp:ltude~ at Nle~~ 

Genova, Cl Vl ta - Vecchla and Napoll showed vdl ue~ ! e;;;~ t tlafl ~. 'J .::m ln ~~:e ca." 
of independent t1de, whlle 1n the co-osclllat1ng condltlons the amplItudes weL~ 

greater than 10.0 em. 

Contranly. In the eastern baSin the amplltuJes harp been gleatly red', .. ' 
such as ln the nattheln part of Lerant1ne WhlCh derredsed tram lS.C - :U.O :u. 
about 10.0 15.0 em, ln the Gulf 0f Gabes from 300 em to about 160 em. ln ~~f 

Aegean Sea from 30.0 cm to 20.0 cm, ln the northern part of the Adr1atic tram 
50.0 em to less than 35.0 em. Thrse peculiarlties reveal that the co-oscljlatln~ 

motlon with the Atlantlc has d slgnlficant lnfluence on the amplltude not only 
in the western basln but alsJ in the eastern one. On the other hdnd. t~~ 

establlshments showed a mlnor lnfluence in the eastern baSin. 

To undNstand the lnfluence at the depth 10 the shallow aleas Upull tht' tIdal 
motlon. the mod~l has been applied again in such a way that all depths less thdn 
~o.o m have been assumed to be 50.0 m. Figule Sa & b present::i the I t'SIl; L. 

obtatned WhlCh do not differ greatly from that produced 1n the case of llatUtJ: 
depths. This reveals that the shallow depths have only certain Intlllen('e~ tn a 
certain localized coast regions wh1le the off-shore aLeas did not chdnqt· 
(Table 1). 
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SOLlKAH, G.F., ~! !J. 

Bretschne1der (1968) has used the HN method that developed by Hansen 
(1956. 1962) to invest1qate the tides 1n the North Sea. He assumed a 
constant depth of 80 mat the center of the North Sea, while 1n the coastal 
area the natural depths have not been changed. He found that the course of 
the co-range and co-t1dal lines is almost the same as that of the 
corresponding lines of the natural M2-tide. He concluded that the depth 
distribution of a narrow area appoint to coast is of great importance for 
the motion in the whole area and that the depth distribution in the deep 
water areas has no great influence on the results. 

The tidal currents for both the independent and co-oscillating M2-tidal 
motions have been computed and represented for every three lunar hours 
(Figs. 6a-d and 7a-d). While the current pattern in the eastern basin 
showed a slight variation between the motions induced by the 1ndependent ­
and co-oscillating - t1de. the patterns in the western basin reflect the 
strong influence of the co-oscillating motions that exerted between both 
the Atlantic and Ionian Sea from one slde and the western basin on the 
other side. 

During low tide (at zero lunar hour. Fig. 7a) the tidal current in the 
eastern basin is directed from Levantine into the Aegean, Adriat1c and 
Ionian Seas and in particular Syr1ts M1nor and Gulf of Gabes. While in the 
western basin, the current is partially directed from the Tyrrhenian into 
the Ionian and the rest is flowed out of the basin into the Atlantic with a 
speed of about 13.2 cm/sec. The same pattern is nearly observed dur1ng the 
last quarter (at n1ne lunar hour, Fig. 7d) except in the Adriatic where the 
water is flowing out and d1rected towards the Ionian Sea. The mean 
out-flow1ng current to the Atlantic attains its maximum value of about 36.0 
cm/sec during that time. On the other hand, high t1des were occurr1nq 
during the other two quarter, when the current is flowing into the western 
basin from both the Atlantic (with a maximum mean speed of about 34.0 
cm/sec) and the Ionian Sea. 

CONCLUSIONS: 

1- The application of the hydrodynamical numerical methods to 
investigate the H2-tide in the Mediterranean Sea showed a fairly good 
aqreement between computations and observat1ons. The results obtained 
encourage the continuity of the research program for investigating the 
other tidal components. 
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H2-TIDE IN THE MEDITERRANEAI SEA ITS REAL BOOIDARIES 

2- The results obviously indicate the location of the nodal lines and the 
developed amphidromies as well as the type of motion which is found to be 
stationary in both basin~. 

3- The slight increase that appeared in the amplitude particularly 1n the 
Levantine Sea may be attributed to the qreat amount of energy penetratinq through 
the straits from one side and due to the constancy of the friction over the whole 
study area. The friction coeffic1ent may not be considered as constant over all 
the grid points, but as a function of depth. Pekeris and Accad (1969) have 
considered this case in order to maximize the tidal friction in shallow waters, 
where they considered the friction coefficient as function of depth. ThlS 
assumption may be considered in other work. More finer resolution of the grid 
points are required to get more reasonable current values throuqh the straits. 

4- The amplitudes and phases of M2-tide, as the lunar transit at Greenwich at 
several points alonq the Mediterranean coast, for both the computed and observed 
values were compiled and determined in table 1. 

5- The co-oscillating motion of the Mediterranean with the Atlantic Ocean has a 
significant influence not only on the H2-tidal ranqes of the western basin but 
also on the eastern basin and its adjacent seas. 

6- The current patterns produced by the model , for both the independent and 
co-oscillating motions, showed in some deta1l the exchange of water between the 
two basins as well as between them and both the Atlantic and the adjacent seas 
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Figure 6b: 
the spatial distribution of depth mean current 

deduced from
 the 

M
2-Independent tide at intervals of three lunar hours. 

(0,3, 6, 
and 9h). 
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Figure 6d: 
The spatial distribution of depth mean current 

K
2-Independent tide at intervals of three lunar hours. 

deduced frOll the 
(0,3,6, and 9h). 
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Flqure 7b. 
The spatial distrlbution of depth mean current 

deduced fram
 the 

M
2-C

o-oscillatinq tide 
at intervals 

of three lunar 
hours. 

(0,3,6, and 
9h). 



--

0
0

 

fr
;-
~i
l 

A
 

r 
J

,
.s"

' •
 

~
 m

 '
\t

l.
. 

f 
II

 ~
 o

j 
•

1
,.

 
,~

~,
 ~ 

11 
­

.;
:c

t'S
 ..

..
 

/
'
\
 

{•
•
•
•
 
'
I
~
,

 
(
1

'I
I
I
t
(
 

•a
 
(
"
.
'
~

 f
..­

~
~ 

C
: ; 

:'
::

"
;;

:'
: 

:..
:':

....
..:
':

:\
 

"'~
~l~

~:"
 ~ :

:·
~S

~ L 
~

 

•
•
 

"
.
.

"
,
"
,
 

• 
, 

• 
:
~
'
"

 
~l"

' •
•
•

"
: 

• 
j'
'l
l 

-­
..

 
~,

 .
.
;
 

...
.·
r
. ,. 

; , 
... •
•
 -:
~~

 
1

1
 ..
..

 
*' 

..
. ~
.
"
-

!f
£.

~.
:"

" 
'
,
'
 

• 1,:
-;"

:
'~

',
.'1 

--
~-

;1
~ <-
-1

. '
. .,
~7
\-
.

-0
1

-
'.

 
~

~
 

•
•
•
 

L
'
 

~ 
,";

 .,-
~

 ~
:~
J.

 
:.. ~

 
r 

... 
• '

1 
~ 

t'
 

.. 
t.'

• 
:

: 
~ 

: 
~

 "
. 

~
~

 "
: 

( 

• 
• 
.
.
.
.
.

It
 

.
_

..
.~~

. 
, 
•
•
•
•
 

• 
,
.
 

4
'

.
,
 

.
'
 

'
.
,:.

L 
~

 \
\'

",'
 

$;(
:~:,

;ff
:t~

;":
:.:

~~~
~~:

<;~
 '.:'.:

;;;,
':.)

A;~
~::

).i
1·1

d:
.: 

>
 

.'
 
>

->
."

 
.,
..

, 
.,

.,
.•

•
•
.•

.•
.
~ •

.•
.•

•
 r

.,
' 
t
t
l
 ,
,
~
~
,

 '."
,'

,
,

, 
,

, 

,~~
~~i

li~
:··

,~·
~Jl

~\\
\\~

;::
~.;

.;.
~!!

}:!
~·~

·r:
j~~

1~~
·~1

r':
~··

::{
: 

..!
.."

7,
' 
_

_
 

"
_

 
P

_
."

 
~ 

~
.
.
"

 
.p

."
 
#
-
Y
.
~

..
..

..
 ~

 
.
.
.
 
~
-
~
~
_

..
. 

...
..,

..
..

..
..

..
..

..
 
:
\
o
~
-
>
·
l
·
)
·
>
'
"

 
oJ

 
,
I
.
)
 

, 
,
_

,
 

>
.
~
-

...
-
­

,
'r

''
'1

J
 :
.
~
L
~
~
_
,
.

 
• 

~ 
, 

<
,
 
~ 

,
,
',

'.
 

,,
,•

•,
..

..
..

., 
7

--
""

 
'
-
"
"
'
.
 -

f
.
 

~-
­

• 
~;'I 1

\::
;<

i.l:
,. 

.~~
~~

;~
~~

?~
<~

~;
~~

~ 
t·

.. 

Fi
qu

re
 7

c. 
Th

e 
sp

at
la

} 
di

st
ri

bu
tio

n 
of

 d
ep

th
 m

ea
n 

cu
rr

en
t 

de
du

ce
d 

fro
m

 t
he

 
M

2-
C

o-
os

ci
lla

tln
g 

tld
e 

at
 

ln
te

rv
al

s 
of

 t
hr

ee
 l

un
ar

 
ho

ur
s. 

(0
,3

,6
. 

an
d 

9h
l. 

:t:
: ­o ~
 

I o-
oJ tII
II =-
: ­
 o-o
J

:x
: 

tII
II 

:t:
: 

tII
II o -
 ~
 tII
II !:
 

en
 -o-oJ =

 

en
 

f: ~
 

t"
'"

 ~
 ­~ tII
II 

en
 



-..
 .6oJ
., ...
 C
) 

­ iil 
~

 

::J' .. 
f 

~
~ 

II 
' 

J
"C

 
-'. 

", ;~'~':'~ ::.:. 
j'., 4

; 
j.;-

" 
~

•. ~ .•.,
..

, 
; 

~
 .. 

, 
~

 
Ir 

•
.:

.: 
t' 

..' 
If 

.; 
• 

;.;";. 
'~'t:'''' 

~
 

.0
' 

';{~~~Hmjnm!'~ill H~~~·;~·i.;

~ 

.;.
" 

• ~~' 
.< 

t
t 

.; 
" ~ 

;. 
" r
~

 j
j 

J 
:
,
.
.
.
 

.
~

~ 
);; :

~ !-;"':.'.:::.:::;:>;:::;:;'.~',;:-::r (~ 
.~ 

~~~;:.;~-. 

~
 ----....­

a
:
;
~

 •.,-
-

_tI'M
""'.C

.".-.rl
 
~
r

 .... 
~

 ...... _
,..-

,
 

'
5
~
e
.
~
:
~

 ~.lJ 
.-

l 
(j

£
II

I
A

 

S'IE 

Fiqure 1d. 
Ttle spatial distribution of depth mean current 

M
2-C

o-oscillating tide 
at intervals 

of three lunar 
9h) . 

~
~

 . 
iJ.1·t 0 

(
&

,/ ,'e 
0

1
'1

0
 

e ...... e 
10-

iO
 
e
.
~

 
f
(
 

2G
'10 

e ./S
 Ie 

10-40 
e
./s

l(
 

-
>

4
Q

 
c
.
/
I
H

...-
-­

N-

deduced froa the 
hours. 

(0,3,6, and 
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