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ABSTRACT

The response of the Mediterranean Sea to a diversion of rivers, such as the Nile, for agricultural
use, is investigated by a simplified dynamical model for the Mediterranean basin. Solutions are
obtained by using the principle of “hydraulic control” at the Straits of Gibraltar, volume and
salinity conservations, and perturbation techniques. It is found that such a diversion causes an
increase of salinity in the basin and alters the exchange between the Mediterranean Sea and the
Aflantic Ocean. The predicted result is an increase in the ‘transport through the Straits of
Gibraltar. This increase of both the transport into and from the Mediterranean is about eight
times larger than the amount of water which is diverted and is expected to take place within 25
50 years after the diversion. For the Nile alone, which has been diverted in the mid-1960s, an
increase of ~0.5% In the transport through the Gibraltar Straits will occur and, if all runoff
flowing into the Mediterranean Sea was to be diverted, an increase of ~3.5% will take place.

1. Introduciion of the Aswan High Dam basin had been com-
pleted and the discharge of the Nile into the MS has
been reduced to negligible amounts (Rzoska,
1976). As we shall see, the effects of diverting
rivers flowing into the MS are less severe than those
associated with a diversion of rivers flowing into

the Arctic, but they are not entirely negligible.

Recently, attention has been drawn fo the
changes of salinity that would ocecur if rivers
flowing into the Arctic Ocean were diverted south-
ward for agricultural purposes; the predicted result
being a reduction in the Arctic sea-ice cover

(Aagard and Coachman, 1975; Woods, 1978). In
this paper the effects of a diversion of rivers flowing
into the Mediterranean Sea (hereafter, referred to
as MS) are investigated. Such a diversion has
already been done in 1964, when the construction

1

The circulation in the MS is partly controlled by
the exchange of water through the Straits of
Gibraltar (Fig. 1). About 175 x 10f m¥/s of
Atlantic water with a salinity of 36.25% flow into
the MS from which ~70,000 m¥/s are lost by the
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Fig. I. Schematic diagram of the exchange of water between the Atlantic Ocean and the Mediterranean Sea.
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excess of evaporation over runoff and precipi-
tation (Defant, 1961; Sverdrup et al., 1942), The
Atlantic water circulates in the MS in a counter-
clockwise sense (Sverdrup, 1942) and returns to
the Atlantic Ocean having a salinity of 37.75%,
{Defant, 1961, Sverdrup, 1942). Since the salinity
of the return flow is determined by the excess of
evaporation over runoff and precipitation, it is
expected that a diversion of rivers may cause an
increase in the salinity of the return flow. This
study examines the possible increase of salinity and
its effects on the exchange between the Atlantic
Ocean and the MS,

We shall consider & dynamical model for the
Mediterranean basin (Fig. [) and examine the
steady-state balances before and after the diver-
sion. The equations for conservation of volume and
salinity are applied and the principle of maximum
transport through the Straits of Gibraltar is
invoked. Since the equilibrium state after the diver-
sion is expected to differ onty slightly from the state
prior to the diversion a perturbation technique is
applied,

A complete renewal of all the water in the MS
basin requires a period of about 75 years (Sver-
drup, 1942) and it is therefore expected that any
changes which are made along its shores will reach
the Straits of Gibraltar in a peried which is shorter
than this time. Since most rivers enter the basin in
the eastern and northern regions a period of 25-50
years will probably be sufficient to reach the new
steady-state balance in the Straits of Gibraltar,

This paper is organized as follows: The formula-
tion of the problem is discussed in Section 2, and
Section 3 contains the mathematical solution, In
Section 4 we discuss the results and validity of the
approximations made in Sections 2 and 3. Section
5 summarizes this work,

2. Formulation

The mode! is fornmulated under the assumption
that the diverted water is completely removed and
does not enter the MS via evaporation from land
and a subsequent precipitation over the sea nor via
groundwater. It is further assumed that the excess
of evaporation over runoff and precipitation,
excluding the amount of water which is diverted,
remains unaltered, That is, we assume that the
diversion causes negligible variations in the actual
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evaporation rate and negligible changes in the
exchange between the M8 and the Black Sea, and
in other sources of fresh water. Under such condi-
tions the diversion causes an increase in the excess
of evaporation over precipitation and runoff. While
this approximation is plausible, it is not a priori
obvious that it is a valid assumption since varia-
tions in the sea surface temperature which affect
the evaporation rate may occur as a result of the
diversion. It will be shown later, however, that the
expected variations in the evaporation rate and in
the exchange between the MS and the Black Sea
are much smaller than the amount of water which
is diverted and therefore can be neglected.

Under such conditions conservation of volime
gives (see Fig, 2} for the steady states prior and
after diversion:

QJZQZ'E'E (N

where ¢, and ¢, are the inflow and outflow through
the Straits of Gibraltar and £ is the excess of
evaporation over runoff, precipitation and the net
inflow from the Black Sea.

Since there are no sources of salt in the MS,
conservation of salt gives:

g 8,=9,5, (2)

where S, and S, are the salinities of the upper and
lower layer (inflow and outflow) respectively.

Following Whitehead et al. (1974} we assume
that the Straits of Gibraltar act as an “hydraulic
control”, That is, we assume that for a given
amount of energy the transport will be maximized
which implies that the internal Froude number will
be unity {Officer, 1976):

qi/m + @i/ (1 —np =g* > D* 3
i
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Fig. 2, Schematic diagram of the flow through the Straits
of Gibraltar, g, and g, are the transports of the upper and
lower layer respectively. £is the height difference between
the free surface in the Atlantic Ocean and the free surface
in the strait.
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where #D is the depth of the upper layer, D the
total depth, & the strait width and g* is the “reduced
gravity’ given by:

g*=(p2_pl)gz (Sz“St)JBg @
P £

where p;; p, are the densities of the upper and
lower layer respectively, and f is the “expansion”
coefficient for salinity.

The effect of the average temperature difference
between the upper and the lower layer (1°C
according to Sverdrup, 1942) on the density differ-
ence has been neglected since the salinity differ-
ence (1.5 %) has a much larger contribution which
is comparable to a contribution of ~8 °C tempera-
ture difference.

EBquation (3) does not include effects of the
earth’s rotation which have been considered by
Whitehead et al. (1974) nor frictional effects which
have been studied by Assaf and Hecht (1974).
However, since for the Straits of Gibraltar these
effects do not alter the condition of “hydraulic
control™ substantially it is believed that our model
will serve adequately to illustrate the fundamental
points under discussion.

The height difference between the free surface in
the Atlantic Ocean and the free surface at the strait
(&) is found by applying the Bernoulli principle
along the free surface. Assuming that the velocity
in the Atlantic Ocean is very small compared to the
velocity in the strait, one finds?

&= qi/2gh* n* D? (5)

Equations (1), (2), (3), and (5) hold for both equii-
brium stages, For the basic state (i.e., the steady-
state balance prior to the diversion) all quantities
are known but for the state after diversion only S,
b and £ are known since 8, and b remain unaltered
and E can be found from the excess of evaporation
over runofl, precipitation, and the amount of water
which is diverted. In other words, for the state after
diversion we have six unknowns [g,, ¢, §,, #, &£and
D] but only four equations [(1}, (2), (3}, and (5)];
two additional conditions are necessary in order to
solve the problem. It will be shown in the next
section, however, that a perturbation analysis and
scaling indicate that the variations of # and D can
be neglected and this enables us to solve th

problem. :

3. Analysis

In order to solve the set (1-5) the variables are
split into two parts and a perturbation technique is
applied. The basic state is taken to be the one cor-
responding to the state prior to the diversion and
the perturbations are the deviations caused by the
diversion, e.g.,

Gi=g,+ gy n=n+n (6)

where bars denote the basic state and primes
denote perturbations. As mentioned earlier the
salinity §, is taken to be unaltered since it cor-
responds to Atlantic water.

Equations (1) and (6} give for the basic and per-
turbed states:

41:‘?24‘}2“1\] D
gl =g+ gy + £ (8)

where £ is the excess of the evaporation over
precipitation and runoff, excluding the amount of
water which is diverted (N). Equations (7) and (8)
give:

gi=a,+N %

By substituting (6) into (2), (3), (4) and (5),
neglecting products of the perturbations and sub-
tracting the basic state the following equations are
obtained:
g Stzéz S+ g S'z ‘ (10
2.q; 25,4 [ & a ]

3n

Gy (- (1—-at @)
=g'h? (f))3 + 3z (J‘_'))2 b D {11)
g =fSielp, (12)
D=, (§, w7 — g)g(@)? (DY b2 (13)

Equation (13) has been derived by considering the
condition that the free surface height of the Atlantic
Ocean is fixed (which requires & = — D) and
noting that [l < D.

It is easy to show that if §, = 4, and 7i = 0.5 the
quantity in the square brackets in (1) is very small
and the third term on the left-hand side can be
neglected. By using the actual values for 4, ¢,, #
and n' it will be shown later (in Section 4) that the
neglect of this term is justified. Equation (11) can
be further simplified by noting that substitution of
{13) into (11) indicates that the second term on the
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right-hand side of (11) is of the order of the terms
on the lefi-hand side times Ap/p and therefore can
be neglected. Hence, (11) reduces fo:

24,43
(1—-ay

24,4

+

{ny?

It is now clear that the perturbation analysis and
the neglect of the third term on the left-hand side of
{11 reduced the number of unknowns and enables
us to solve the set. Equations (9), (10), (14), and
(12) contain only four unknowns g}, g3, S7 and g’
and it is now possible to obtain an expression for

each of them. By eliminating ¢}, §5, and g’ from
{9), (10), (14), and (12) one obtains:

=g'b* (DY’

(14)

. z 2q, 29, 24,
q“”[”'gs’ ' (1—:‘0*“@)3 Ty
-1
+Vﬂ(szﬁ'§t}] ‘ (15)
where
y=b? (D)] gla, p, {16)

Equation (15) gives-the increase of transport into
thr. MS as a function of the variables correspond-
ing to the state prior to the diversion and the
amount of water which is diverted (N). With the
aid of (15) the increase of the outflow transport and
salinity (g} and S4) can be calculated from (9} and
(10).

We shall now estimate the expected variation in
the temperature field. The Atlantic water enters the
MS with an average temperature of 14°C and is
cooled to 13°C during its residence time (Sver-
drup, 1942). The equation for conservation of heat
flow for a mass flux M, with a temperature T,
which is cooled to T is!

C,M,T,—H=C,M,T, (17)

where C, is the heat capacity at constant pressure
and £ is the heat loss. The latter is given by:

H=0,+Q,+LW—SW (18)

where O, is the heat loss due to evaporation, {;
the sensible heat loss, I W/ the net heat loss by long

wave and SW is the net short wave heat gain.
To find the relationship between the state after

diversion to that prior to the diversion we use, as
previously, a perturbation technique. Noting that
T, remains unaltered, due to its association with
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Atlantic wawer, we take:
M =M+ M T,=T,+T4
H=H+H; T,=T,
By substituling these new quantities into (17) one
obtains:

CeM(T —T)=H' + C, M, T} (19)

where H', the change in the heat loss, is given by:
H =0/ + 0/ +{LWy—(s wy 20y

Assuming that the conditions in the air above the
MS are not affected by the diversion one finds that
the only possible change in the heat loss is due to
variation of the sea surface temperature (hereafter,
referred to as $ST). Since the lower layer is formed
by evaporation and sinking {see Fig. 1) it is not
entirely clear that the diversion will cause any
changes in the SST. However, it is clear that if
there will be a change in the SST it will not be
larger than T, In order to estimate the maximum
temperature change we shall assume that T
corresponds also to a change in the SST but it will
become clear later that this assumption is not
essential, By inspecting the dependence of @, U,
LW and SW on the $8T (see e.g., Bunker, 1%76)
one finds that if 7% > O then H' > 0 and if T3 <0
then H' < 0. That is, an increase of SST causes an
increase of the heat loss and vice versa, Since the
lefi-hand side of (19) is positive (M{>0;
T, > Ty it follows that T3 <0 is impossible and
one concludes that the temperature must increase
after the diversion (7% > 0). Therefore, the upper
bound for T4 is found simply by setting H' =0
in (19):

Moo L
Ty (=1 @1
Equation (21) gives the maximum temperature
change in the lower layer and allows us to estimate
the possible changes in the evaporation rate over
the basin as will be shown in the next section,

4, Results and discussion
In this section we shall evaluate the correspond-

ing changes {g}; g5 S% T%) and examine the
validity of the assumptions made in Sections 2 and

"3, in particular the assumption regarding the

unaltered evaporation rate.
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We shall first determiive the numerical values of. .

the variables corresponding to the basic state. As
mentioned in Section 1, for the Straits of Gibraltar,
g, = L.75 x 108 m¥/s; §, = 1.6805 x 10 m¥/s; §, =
36.25% and 5, = 37.75%. The depth above the
sill is about 300 m and the steait average width
(corresponding to the 100 m depth contours) is
~12.1 km. These values were determined from a
cross section along the sill given by Frassetto
(1960). By taking into account an average
temperature of 13.5°C one finds that the unper-
turbed densities of the upper and lower layers are
1.02710-10% kg/m’ and 1.02835.10° kg/m?
respectively. Using these values and application of
(3) to the basic state [i.e., g3/(AP + /(1 — Ay =
2b* (D) one finds two positive roots for At

#,=0.514 and 7,=0.496

These two roots differ only slightly from each other
which shows that the uaperturbed basic flow is
close to the state of-“overmixing” as defined by
Stommel and Farmer (1953} for ¢stuaries. We
chose to work with the first root (7, = 0.314) since
a cross section along the strait given by Defant
(1961) shows that above the eastern sill [where the
depth is ~300 m according to Frassetto (1960)] the
limit between currents of different direction lies
somewhat below mid-depth (150 m). It should be
pointed out, however, that the results discussed
below are not very sensitive to this choice. If the
second root had been chosen, similar values would
have been obtained. '

Substitution of the known quantities into (15)
and (9} gives:

g, =8N, ¢i=TN

We see that the increase of transport through the
Straits of Gibraltar is substantially larger than the
amount of water which is diverted (). This results
from the flow in the straits being controlled by the
salinity difference between the upper and lower
layer which is sensitive to the freshwater discharge
into the MS.

For the diversion of the Nile, whose discharge to
the MS was ~1060 m’/s (Rzoska, 1976), one finds
that the transport into the MS will increase by
~8500 m?/s which is ~0.5% of the transport prior
4o the diversion. I all the runoff which enters the
'MS (7300 m*/s according to Sverdrup, 1942) was
to be diverted an increase of ~3.5% will occur.

The increase in salinity of 'the flow into the
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Atlantic Ocean, associated with the diversion of the
Nile alone, is ~1.6 x 1072% which corresponds to
a lower layer new salinity of 37.77% and an
increase of ~I1% in the salinity difference, Using
these new values it is now possible to estimate the
change in the interface depth and to find whether
the neglect of the third term on the left-hand side of
{11), which was made earlier, is justified. To do so
one substitutes the new values into (3} to find that
the new root {corresponding to i = 0.514) is n =
0.517. This gives #' = 0.003, for which the
neglected term in (11) is ~109% of the other terms
which indicates that its neglect is adequate. Note
that the new value of n shows that the interface will
deepen by ~90 cm as a result of the diversion.

We shall now show that the neglect of the
change in the evaporation rate is justified. It is
recalled that the evaporation enters the problem
through its excess over precipitation and runoft as
it appears in eqgs. (7} and (8). Assuming that the
precipitation and all runoff except the Nile remain
unaltered it is sufficient to show that the expected
change in the evaporation rate is much smaller than
the amount of water which is diverted (N). The
gvaporation rate in mm/day has been given by
Jacobs (1942) in the form:

E=0.143(¢,—e) U

where e,, is the vapor pressure over the water in
millibars, g, the vapor pressure in the air (at
anemometer level) and U is the air velocity in m/s
at the same height. Assuming that the conditions in
the air, at anemometer level, remain unaltered we
obtain that the change in the evaporation rate (AE)
is given by:

AE = 0.143A¢e, U (22)

where Ae, depends both on the changes in
temperature and salinity. The maximum change in
the SST due to the diversion is given by (21}, which
for the diversion of the Nile gives T4 < 0.005°C,
Using this value one finds that a typical increase in
the vapor pressure is ~0.005 mb (List, 1971},
Similarly, for a salinity increase of ~0.016 %, one
finds that the vapor pressure will decrease by
~10% mb (List, 1971). By considering these
quantities, a typical air velogity of 5 m/s (at
anemometer level) aqd a total evaporation rate of
145 cm a year, corresponding to 115,000 m?/s
(Sverdrup, 1942), one finds that due to tempera-
ture change the evagoration rate may increase by

Tellus 31 (1979), 6




MAN-INDUCED VARIATIONS IN THE CIRCULATION OF THE MEDITERRANEAN SEA 563

100 m?*/s. Due to the salinity increase the evapora-
tion will decrease by less than 1 mis. Both
quantities are much smaller than the amount of
water which is diverted (1060 m?/s) which shows
that the neglect of the change in the gvaporation
rate is adequate.

We shall now examine the validity of the
assumption regarding the exchange between the
MS and the Black Sea. The neglect of the variation
in this exchange is justified by the following reason-
ing, The principle of maximum transport for the
strait connecting the MS and the Black Sea gives in
view of (3}

gt = O[gR? d] 23

where ¢ is the transport, £ the “reduced gravity”, B
the width and d is the total depth. The relative
change in the transport is:

Aglq = 0lAZ/28] = 0185/2(S, — Sl)} 24

where S, is the salinity of the lower layer
{Mediterranean water), S; the salinity of the upper
layer (Black Sea water) and S} is the increase of
salinity in the MS which was found earlier to be
0.016 %o, The salinity difference between the Black
Sea and the MS is ~17% and the inflow into the
MS is ~17,000 m3/s (Sverdrup, 1942}, For these
quantities one finds by (24) that the expected
change in the exchange between the MS and the
Black Sea is ¢ (10 m3/s) which is two orders of
magnitude smaller\than ﬁhe amount of water which
is diverted. Hence,'the neglect of the change in the
interaction between the MS and the Black Sea is
adequate, : -

Before concluding the discussion it should be
emphasized that since our model is a box model it
predicts the mean changes, in temperature and
salinity, over the whole basin. These predictions are
not necessarily equal to the actual changes that will
occur in various locations.

5. Summary

Before listing our conclusions it is perhaps
appropriate to stress once more the limitations of

this study, The model is formulated under the
assumption that the diversion is complete in the
sense that no diverted water reaches the MS via
evaporation over the land and a subsequent precipi-
tation over the sea nor via groundwater. In reality,
some diverted water may eventually reach the sea
and this may alter the results. Other processes
which may affect the results are the minor changes
in the evaporation rate, and the influence of the
complex geometry of the Straits of Gibraltar which
have been neglected.

The model predicts that a diversion of rivers wilt
cause an Increase in both the salinity and tempera-
ture of the water flowing from the MS into the
Atlantic Ocean. This increase is accompanied by
an increase in the transport to and from the MS
(through the Straits of Gibraltar). 1t is found that
the transport increase is substantially targer than
the amount of water which is diverted and amounts
to about eight times the diverted discharge.

For the diversion of the Nile alone, the predicted
increase in the salinity and temperature differences
between the upper and lower layer in the Straits of
Gibraltar are ~1% and ~0.5% respectively and
the predicted increase in the transports is ~0.5%. If
all runoff flowing into the MS was to be diverted a
transport increase of ~3.5% will take place; the

associated relative increases in the salinity and
temperature difference between the upper and

lower layer are ~796 and ~3.5% respectively.

The main purpose of this study is to point out
that the Mediterranean Sea, being an enclosed
basin connected to the Atlantic Ocean by a narrow
strait, is a sensitive physical system. Consequently,
the effects of a diversion of rivers for agricultural
purposes are not confined to the immediate vici-
nity of the outflow but extend to the entire basin
and to the Atlantic Ocean.
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O BBI3BAHHBIX YENOBEKOM HM3MEHEHHAX HHPKYITALNHA
B CI?E,EI‘HBEMHOM MOPE

C moMolllklo ynpolueHnol ARHAMHAYECKON MOZEIH
Ans Daceceitia CpeMuU3eMHOTO MOPA HCCNEAOBATACH
€ro peakusa Ha 3abop POOEL H3 pek, Takux kax Hun,
AN CeNbCKOXO3AHCTREHHRIX HyXE, Pemuenusa no-
Jy4eHBl TIPH MIMONG30BAHHE NPHHUMOA “‘THHpa-
BiHYeckoro xoutpona® » T'ubpantapckom nponuee,
COXpaHeHHA 0BLeMa M COJISHOCTH M METOHA BO3My-
mennit. Hafipeno, 410 Taxoit 3a6op BeI3BIBACT
YBENMYECHHE CONEHOCTH B Dacceitne it waneHnAeT obmMen
Mexny Cpepu3eMHEIM MODEM H ATIAHTHYCCKHM
okeanod, [Ipedcka3snisaercs yBesTHYEHHE MEpeHOCA

vepes Fubpantapexkufi nponus. 210 yBenuyeHHe
nepenoca xak B Cpefiu3eMHOe MOpe, TAK H W3 HEro,
TPHMEPHO B BOCeMs pa3 Honbuie Konmuyecrsa 3a0-
HpAEMOH BOJIB] H OXHOAETCA, 4TO OHO NPOH3CiAeT
B Tedenne 25-50 ner nocne 3abopa. Eony y4utRIBaTh
Tonexo, Hur, 3alopel W3 KOTOpOrO Hauaduch B
cepemune 1960-x romoe, TO mepenoc ueped I'mub-
PailTADCKUl  TIDONKB  YBENMYMICA TIPHMEPHO Ha
0,5 %, a eciun meck crox B Cpentaemnos Mope GyaeT
3a/lepHBATLCA, TO YBENNYCHHE IepeHoca OyHaeT
npHMepHO Ha 3,597,
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