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ABSTRACT

Hydrographic and current meter data, gathered in different periods in the Strait of Sicily and in the southern
Tyrrhenian Sea, allow the outflow characteristics from the eastern toward the Western Mediterranean basin to
be analyzed. The evolution through the strait of a deep vein of dense water coming from the Eastern Mediterranean
is described, together with the dynamic interaction with overlying layers. These data are related to a slightly
generalized version of recent density current models, such as those of Emms and those of Baringer and Price.
Taking into account the dynamic influence of the overlying currents, and in particular their friction and mixing,
this model explains the path of this deep flow and enables estimates of entrainment and bottom friction to be
made. With these new data, a phenomenon of considerable interest, namely the dynamics of density currents
crossing and outflowing from a strait, is examined and discussed.

1. Introduction

The Strait of Sicily (Fig. 1) connects the Eastern and
the Western Mediterranean basins. It has a minimum
width of about 150 km and a length of about 600 km.
At its northern boundary lies the rather irregular Sicilian
shelf, while eastward there is the Tunisian shelf and the
Malta Bank. Two sill systems delimit the strait: on the
western side, two passages, respectively ;430 (section
IV) and ;365 m deep (section V), connect the strait
with the Western Mediterranean basin; on the eastern
side the deep connection with the Ionian Sea is south
of Malta Bank, across a sill ;560 m deep. The central
region, the real deep part of the strait, is 50–100 km
wide and 700–900 m deep with some trenches even
reaching 1800 m.

The water masses present in this region are charac-
terized by an eastward surface flow of Modified Atlantic
Water (MAW) in the upper ;200 m, below which a
westward flow of Levantine Intermediate Water (LIW)
crosses the strait before entering the Tyrrhenian Sea.
Recently a vein with slightly different characteristics
was observed to flow immediately over the sea bottom,
following approximately the same route as LIW (As-
traldi et al. 1996). This dense water, fresher and colder
than LIW, is present in the Ionian Sea filling the tran-
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sitional layer between LIW and Eastern Mediterranean
Deep Water. It was referred (Sparnocchia et al. 1999)
to it as transitional Eastern Mediterranean Deep Water
(tEMDW) but in the following we call it EMDW. At
the entrance to the strait, its mean hydrographic char-
acteristics are T 5 13.538C, S 5 38.723 psu, and su ;
29.17. At the western exit of the strait this vein was
observed to descend from a depth of ;300 m over the
sill to a depth of ;1800 m in the southern Tyrrhenian
Sea, along the Sicilian slope. This sinking process is
made possible (also) because EMDW (su ; 29.10) is
denser than the Tyrrhenian LIW (su ; 29.05). The path-
way and the water characteristics of this current, to-
gether with its evolution, mixing, and entrainment, will
be described here on the basis of data measured during
four hydrographic cruises from 1993 to 1998.

A density current model related to some hydrographic
and current observations is discussed herein. We are in
particular interested in two intriguing physical effects:
first, the sharp deepening of EMDW and, second, its
crossing the strait midline or, more precisely, the in-
version of the interface slope. Indeed, along its travel
from the eastern to the western basin the cold dense
EMDW vein, on reaching the western sill, does not flow
along the Sicilian shelf but over the opposite shelf break
along the Tunisian coast at an unexpectedly shallow
depth, less than ;300 m, beneath a more vigorous west-
ward LIW current. Subsequently, farther downstream,
west of the sill where LIW decreases in velocity, the
deep vein reestablishes its geostrophic position along



3458 VOLUME 31J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

FIG. 1. Map of the Strait of Sicily. Dots represent the locations of the hydrographic stations (sections indicated by roman numerals);
triangles indicate current meter positions.

the Sicilian coast but at a much deeper level (1500–
1850 m deep).

This evolution of the interface slope is ultimately due
to the geostrophic balance between buoyancy and Cor-
iolis forces, depending on both the LIW and EMDW
layer velocities. Note how the dynamic effect of the
overlying flows, although not particularly novel, is an
interesting mechanism for the deepening of the density
currents that was not included in previous stream-tube
models (Smith 1975; Killworth 1977; Bignami et al.
1990; Chapman and Gawrkiewicz 1995) and is some-
what reminiscent of classical analyses, such as that of
Kinder and Bryden (1990) on Gibraltar.

So the vein dynamics are discussed here, paralleling
a theoretical analysis of Emms (1997) and a careful
inspection of deep baroclinic flows downstream from
Gibraltar by Baringer and Price (1997a,b) in order to
diagnose the properties and the processes influencing
the flow of EMDW and, more specifically, the role
played by entrainment and bottom stresses in modifying
the vein characteristics. The role of the mixing of the
upper layers in accelerating the bottom current, so as
to allow the crossing of the channel sill, is examined
on theoretical and experimental grounds, generalizing a
recent model of Lane-Serff et al. (2000). Note also that
in all these considerations internal modes and transient

phenomena, as recently discussed by Pratt et al. (2000),
have been disregarded.

2. The data
In the frame of different European Union Marine Sci-

ence and Technology programme projects, different hy-
drographic measurements were obtained in the Strait of
Sicily, Sardinia Channel, and the southern Tyrrhenian
Sea to describe the various water mass characteristics.
These measurements consisted of CTD profiles carried
out using a Neil Brown MKIII CTD probe, calibrated
before and after each cruise. The estimated precision
was 5 3 1023 for temperature and 2 3 1023 for salinity.
In addition, salinities of deep water samples were an-
alyzed on board using a Guildline Autosal salinometer,
and some direct current measurements were obtained
on the western sills of the strait and at the southern
entrance of the Tyrrhenian Sea (Fig. 1).

The in situ data cover different periods from Novem-
ber 1993 to May 1998: four hydrographic cruises will
be considered here, together with current meter data.

a. PRIMO 93 cruise (Nov 1993)

The hydrographic measurements were made along
sections that allow the progressive monitoring of the
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TABLE 1. Main experimental quantities measured in the Strait of Sicily and in the southern Tyrrhenian Sea during the PRIMO 93 cruise.
The geographical positions of the sections are shown in Fig. 2; we estimated g9 5 gDr/r as the difference in averaged layer densities
(maximum plus minimum of r over two) of both EMWD and LIW; rbottom is the maximum su observed in the hydrographic casts; dist is the
distance between adjacent sections, and h is the bottom layer thickness. The other quantities are discussed in the text.

Section

IV V VII VIII X

g9 (m s22)
sbottom

h (m)
b (m)

8 3 1024

29.150
50

400

7 3 1024

29.145
30

280

6 3 1024

29.125
170

1000

6 3 1024

29.123
600

1700

6 3 1024

29.120
450

1800
dist (km)
W (km)
AEMDW (km2)
ALIW (km2)

25
15
0.6
7

90
15
0.3

14

90
12
0.4

18

110
25
2.2

15
4.6

TABLE 2. As for Table 1 but relative to the MATER 1 cruise (Fig. 3).

Section

IV V VIb VII

g9 (m s22)
sbottom

h (m)
b (m)

7 3 1023

29.153
30

530

7 3 1023

29.148
20

300

6 3 1024

29.121
140
750

5 3 1024

29.123
260

1100
dist (km)
W (km)
AEMDW (km2)
ALIW (km2)

25
15
0.3
7

20
15
0.2

16

30
18
0.8

15

12
2.4

18

LIW and the EMDW outflows, starting from the western
sill of the strait (Fig. 2). Current meter measurements
are also available over the western sill (section IV) in
correspondence with section VIII (Fig. 1). These data
evidence for the first time the presence of a deep vein
in the Eastern Mediterranean outflow. A detailed de-
scription of the hydrographic characteristics and a first
discussion of the dynamics of the outflow can be found
in Sparnocchia et al. (1999). The evolution of this bot-
tom EMDW density clearly indicates how the vein
moves through the strait along the Sicilian shelf break
towards the Tyrrhenian Sea. At first (section IV) the
vein is characterized by su ø 29.15 and, at its lowest
depth (section V), reaches a density of ;29.14. Section
IV has two passages, but the passage in section V is
connected only with the westward passage. A subse-
quent decrease is found in section VII with su ø 29.12.
The same su is also found in section X, when the vein
leaves the bottom and reaches its buoyant equilibrium,
lying at the level of resident Tyrrhenian Deep Water.
The comparison among the different sections and, more
specifically, between section V and X clearly shows the
deepening of EMDW from ;300, over the sill, to
;1850 m depth in the southern Tyrrhenian Sea. It is
important to observe that, in the vicinity of the sill, the
vein is found only in the westward passage along the
Tunisian slope (section IV), maintains this characteristic
over the sill (section V), and inverts its slope only when
it enters the Tyrrhenian Sea (section VII). The u–S di-
agram (Fig. 2b) shows that the most substantial changes

in the hydrographic characteristics are observed be-
tween the strait and the Tyrrhenian entrance, namely
between sections V and VII.

Direct current measurements indicate that in section
IV the EMDW current has an intensity of 12.5 6 11.6
cm s21. Along section VIII the current is directed toward
the Tyrrhenian Sea: the alongshore velocity is 17.9 6
8.3 cm s21 at about 500 m, 13.3 6 6.5 cm s21 at 900
m and 19.4 6 10.3 cm s21 at 1200 m. The two deepest
velocities correspond to the LIW and EMDW veins,
respectively. The cross-shore velocities are much small-
er, and this supports a geostrophic description of these
flows. The most important parameters describing the
vein evolution, as well as quantifying the previous in-
formation on the hydrograhic characteristics more sat-
isfactorily, indicate significant changes in the geometric
dimensions of the vein, which are deeply influenced by
the topography (Table 1). Its thickness, 50–100 m over
the sill, increases to more than 500 m after the vein has
reached its buoyant equilibrium (section X).

b. MATER 1 cruise (16 Sep–13 Oct 1996)

This dataset essentially covers the region between the
strait and its Tyrrhenian entrance. The density values
(Fig. 3a) do not display any significant changes with
respect to the previous cruise. While the density in sec-
tion IV is very similar to the PRIMO 93 cruise, in sec-
tion V the interface slopes downward to the east. Section
VI, not present in the previous cruise, shows a consid-
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FIG. 2. PRIMO 93 cruise (Nov 1993) isopycnal cross-sections: (a) in each section interfaces between surface (MAW), intermediate (LIW),
and deep (EMDW) layers are indicated. Note in addition that section IV has two passages, but only the western passage is connected with
the EMDW passage of section V. The view of these sections is from the eastern toward the western basin: Sicily is always on the right-
hand side. u–S diagram (b) of EMDW hydrographic characteristics, close to the bottom.
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FIG. 3. As in Fig. 2 but for MATER 1 cruise (16 Sep–13 Oct 1996).
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FIG. 4. As in Fig. 2 but for MATER 2 cruise (Jan 1997).

erable density decrease. This suggests that an important
mixing region can be located immediately downstream
from the sill. Between sections V and VI the largest
sinking of the vein occurs, from ;370 m to ;750 m
in depth, over a distance of only 25 km. The u–S diagram
(Fig. 3b) presents the same shape as observed on the
previous cruise and confirms the isopycnal evolution
(Fig. 3a). After the significant change at the western sill,
between sections V and VIb, the hydrographic char-
acteristics of the vein seem to be very close to buoyant
equilibrium. Table 2 summarizes the principal properties
of the vein and indicates that its geometry does not
present any significant changes with respect to PRIMO
93. Conversely, a comparison among the hydrographic
parameters indicates a significant decrease both in tem-
perature and salinity, which corresponds to a weak over-
all increase in density.

c. MATER 2 cruise (Jan 1997)

These hydrographic stations cover the region from
the eastern sill (Malta sill), the basin interior, and across
the western sill (Sicily–Tunisia sill), as far as the south-
ern Tyrrhenian Sea (Fig. 4). While the previous cruises

evidenced the peculiar dynamics of the dense vein
downstream of the western sill of the strait, this and the
following cruise allow attention to be focused on the
dynamics along the strait and especially around the
western sills. The isopycnal signature of EMDW can be
followed through the channel (Fig. 4a).

This EMDW enters the basin at the deepest passage
of the Malta sill at a depth of 500–550 m along the
Sicilian shelf (section I). Inside the basin, besides filling
two deep trenches (Fig. 1), it flows along the African
side of the strait at a depth of about 700–800 m (section
III). Farther westward, the vein rises up to depth 500
m (section IV) and 350 m (section V) over the African
shelf. Note that over this distance of ;320 km the vein
presents only weak changes: su decreases from 29.16
to 29.145, while the isopycnal inclination gives a geo-
strophic westward flow. It is also worth noting that sec-
tions IV and V show an opposite isopycnal slope, which
switches back into the usual position only over section
VII. Along the same section, at the entrance into the
Tyrrhenian Basin, the vein is found to flow deeper than
800 m.

In general, the evolution of the hydrographic char-
acteristics of EMDW from its entry to the strait to the
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TABLE 3. As for Table 1 but relative to the MATER 2 cruise (Fig. 4). In addition, the entrainment parameter E* [ 0. This unrealistic
result underlines the efficacy of intermittent velocity jumps in mixing these water masses. Indeed, the Baringer and Price (1997a,b) estimate
of E*, as described by (16), gives more realistic E* values. These last estimates are finally used in the main entrainment equation (17) as
a check on the effectiveness of our E* values: here DfEMDW is the alongstream variation of the EMDW flux.

Section

I II III IV V VIc VII

g9 (1024 m s22)
sbottom

h (m)
b (m)
dist (km)

3
29.168

120
550

80

3
29.165

150
600
135

4
29.163

140
800
170

6
29.157

100
530

25

6
29.150
50

350
65

3
29.124

150
600

25

2
29.117

200
1200

W (km)
AEMDW (km2)
ALIW (km2)
V2 measured (cm s21)
fLIW (Sv)

20
1.7

16

80
3.2

40

40
4

62

15
1.5

5.0 1 2.2*
18 and 51*

2.0

15
0.7

1.3 1 12.5*
53 and 10*

1.9

30
2.3

18

20
2.2

30

V2 (cm s21)
U [ V2 1 (U 2 V2) (cm s21)
fEMDW estimated (Sv)
Fr 5 |U 2 V2|/Ïg9h
E (1024)*Baringer Price

DfEMDW 5 |U 2 V2|W E*dist (1024 Sv)

12
13.5
0.23

0,1
0
/

5
8
0.26

0,2
1025

8

3.2
5
0.2

0,1
1024

2

18
14
0.23

0,2
2 3 1024

2

53
46
0.32

0,8
9 3 1024

5

11
15
0.35

0,2
3 3 1024

68

7
17
0.34

0,5
/
9

* This value corresponds to the Sicilian-side passage of sections IV and V (Fig. 1), which is crossed only by LIW water. Note that
E , the entrainment computed following Turner’s estimate, is zero.*Turner

Tyrrhenian Sea (Fig. 4b) shows a gradual increase both
in temperature and in salinity, which corresponds to a
progressive lightening of EMDW from section I (eastern
sill) to section IV, indicative of rather weak mixing pro-
cesses. This change is particularly evident between sec-
tions IV and VI. Between IV and V this is probably
due to the topographic blocking effect of the sill, which
permits only the passage of the upper part of the vein,
and between V and VI it is due to the strong mixing.
The current measurements available at the western sill
(positioned in sections IV and V at about 125 m and
20 m from the sea bottom, respectively) indicate that
the current is always running westward at a mean ve-
locity of 18 and 53.2 cm s21, respectively; the maximum
observed values are 38 and 67 cm s21 in sections IV
and V, respectively. From Table 3 we can also observe
the maximum density reached by the vein: the vein en-
ters the Malta sill with su ; 29.168, crosses the western
sill with a value of su ; 29.152, and reaches the Tyr-
rhenian Basin with su ; 29.117, very close to buoyant
equilibrium with the resident water. The geometric pa-
rameters of the vein do not change significantly along
the strait either: the most significant changes are at the
western sill (section V).

d. MATER 4 (May 1998)

The same measurements were repeated during the
spring period of 1998. The vein is heavier than during
the previous cruise along the whole channel, even if it
reaches the same density at the entrance to the Tyrrhe-
nian Basin (Fig. 5a). Also in this case the isopycnal
slope is the same as that of MATER 2. Also of interest
is the new section IIIa (Pantelleria Island), where the

same general behavior as detected in sections IV and V
is found. Thus, the ‘‘anomaly’’ in the isopycnal slope
is not confined to the western sill region but begins
earlier when the bottom becomes narrower (Fig. 1). The
u–S characteristics confirm the previously observed be-
havior. In terms of current dynamics in this period ve-
locities, and the corresponding fluxes, are ;30% smaller
than those observed during January 1997 (Table 4).

In a preliminary synthesis, the vein monitoring over
the different seasons and years may be said to indicate
that the presence of dense water is a quasi-permanent
feature of the region. The dense water vein, deeply con-
strained by the topography, displays almost the same
trajectory as it crosses the strait and reaches the Tyr-
rhenian Sea (Fig. 6). The vein enters the eastern sill and
sinks to a depth greater than 800 m. It later rises to less
than 300 m before definitively sinking to more than 1000
m. All measurements agree in showing almost stable
characteristics of the vein as far as the western sill. So
the most interesting region corresponds to the western
sill and immediately downstream from it (sections IV–
VI). It is important to observe that in this region, char-
acterized by two distinct passages (Fig. 1), the vein
flows through the Tunisia-side passage. Also signifi-
cantly stable are the hydrographic characteristics during
all the periods examined, while the current intensity and
the associated flux seems to be more energetic during
the cold season, as is usual in the Mediterranean Sea.

3. The model of multilayer steady flows in a strait

The above described features are general enough to
encourage a theoretical discussion on the dynamics of a
bottom current flowing steadily along a rather regular
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marine strait, under some other moving layers. The sea
bottom b(x, y) is such that ]b/]x K ]b/]y. Here x(y) is
the alongstrait (cross-strait) coordinate; the interfaces
among the various layers are Hi 1 hi(x, y, t), with Hi 5
const. The corresponding hydrostatic pressure field is

p 5 p 1 gr (h 2 z) in the upper layer,1 0 1 1

p 5 p9 1 gr (h 2 z) 1 gr (h 2 h )2 0 2 2 1 1 2

in the second layer,

p 5 p0 1 gr (h 2 z) 1 gr (h 2 h ) 1 gr (h 2 h )3 0 3 3 2 2 3 1 1 2

in the third layer (1)

with p0, , constant. In the cross-strait direction thep9 p00 0

interface slopes ]h1/]y 5 g1 are approximately uniform
across the strait (Fig. 7a). Consequently, assuming den-
sities and velocities homogeneous inside each layer
from (1), the geostrophic balance (Gill 1977; Salusti
and Travaglioni 1985) gives

f V 5 g g1 1

r 2 r r r 2 r2 1 1 2 1f V 5 g g 1 f V . g g 1 f V2 2 1 2 11 2 1 2r r r2 2 2

r 2 r r3 2 2f V 5 g g 1 f V3 3 2r r3 3

r 2 r3 2. g g 1 f V ,3 21 2r3

(2)

where f is the Coriolis parameter and Vi the geostrophic
alongchannel velocities. It has to be stressed that, if the
sea bottom b(x, y) is not particularly regular, a deflection
and a centrifugal force have also to be considered. Con-
sequently (2) holds as long as fVn k /Rn, these Rn

2V n

being the internal radii of curvature of the various lay-
ers.

For the inviscid case the alongstrait equations of mo-
tion and the corresponding Bernoulli functions are

in the upper layer: 

] ] 1
2V 1 B 5 0, B 5 V 1 gh1 1 1 1 1]t ]x 2

in the second layer: ] ] 1 1 r 2 r r2 1 12 2V 1 B 5 0, B 5 V 1 gh 1 gr /r (h 2 h ) 5 V 1 g h 1 g h (3)2 2 2 2 2 1 2 1 2 2 2 1 ]t ]x 2 2 r r2 2

in the third layer:

] ]
V 1 B 5 0,3 3]t ]x

1 r 1 r 2 r r 2 r r1 3 2 2 1 1 2 2B 5 V 1 gh 1 gr /r (h 2 h ) 1 g (h 2 h ) 5 V 1 g h 1 g h 1 g h .3 3 3 2 3 2 3 1 2 3 3 2 12 r 2 r r r 3 3 3 3

Note that in the inviscid time-independent case equa-
tions (3) correspond to (Lane-Serff et al. 2000)

] ] 1
2B 5 V 1 gh 5 01 1 1[ ]]x ]x 2

] r ] 1 r 2 r r 11 2 1 12 2B 2 B 5 V 1 g h 2 V 5 02 2 2 2 11 2 [ ]]x r ]x 2 r r 22 2 2

] r ] 1 r 2 r r 12 3 2 22 2B 2 B 5 V 1 g h 2 V 5 0.3 3 3 3 21 2 [ ]]x r ]x 2 r r 23 3 3

(4)

Interestingly, these equations show how the kinetic en-
ergy of the ith layer plays an important role in the dy-
namics of the lower (i 1 1)th layer but with an opposite
sign, the classical Bernoulli suction.

Now Bi are no longer constant along a streamline if
friction and mixing are to be taken into account. Calling
riMi the total effect of these stresses on the ith layer,
the equations of motions (3), now integrated over a cross
section of a layer of area Ai, give

] ]
A V 1 A B 5 M (5)i i i i i]t ]x

since we assumed that velocities, densities, etc., can be
considered as homogeneous inside each layer. Note that
the terms Mi, here assumed to act into the layer below
the interface, are essentially retarding the currents. In
addition, these stresses are mainly localized in the upper
and lower viscous boundaries of each layer, so it is
probably more realistic to consider Vi, ri, etc., as av-
erages over a cross section of these quantities, as in
classical stream-tube models (Smith 1975; Killworth
1977). Note also that these relations are general but for
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FIG. 5. As in Fig. 2 but for MATER 4 cruise (21 Apr–14 May 1998).

the lowest layer the interaction of the current with the
bottom has to be considered.

In conclusion, the steady equations (4) now become

] 1 r 2 r 1 ri i21 i212 2A V 1 g h 2 Vi i i i211 2]x 2 r 2 ri i

r Ai21 i5 M 2 M , (6)i i21r Ai i21

which, explicitly developed in appendix A for the Strait
of Sicily, will be further discussed in the following.

4. The stream-tube model

As far as the lowest layer dynamics are concerned,
even explicitly taking into account friction and mixing,
a steady model that parallels recent studies by Emms
(1997) and Baringer and Price (1997a,b) on density cur-
rents in a still environment will be now discussed. We
consider incompressibility, downstream momentum and
across-stream momentum for a steady flow, not under
motionless layers but under two steady currents of dif-
ferent densities flowing in opposite directions, as in the
Mediterranean case discussed above. In more detail, the

EMDW is assumed to be a steady current of dense fluid,
symmetrical about its centerline, identified by the
streamwise coordinate j and with almost negligible var-
iations in the across-stream direction c (Fig. 7b). The
model equations are derived by introducing a transfor-
mation in a streamwise coordinates system (j, c) that
makes an angle b with the usual (x, y) coordinates, and
then space averaging over a cross section of the current
(Smith 1975; Killworth 1977; Emms 1997). This ide-
alization may appear rather crude, in particular when
Rn is small, but affords good insight into these complex
dynamics.

If the thickness of the bottom current is h(j) and the
average alongvein fluid velocity is U(j), then for a small
angle b incompressibility implies

] ]
hU dc 5 (AU ) 5 E 5 E*|U 2 V |W, (7)E 2]j ]j

where A 5 # h dc is the bottom current cross-sectional
area, W is the current width, and E represents the total
entrainment between the dense cold current and the up-
per layer of LIW, the velocity of which is V2.

Entrainment has been extensively discussed in Ellison
and Turner (1959), Turner (1986), and others. A par-
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FIG. 6. Schematic route of the vein from the eastern boundary of the strait to the Tyrrhenian Sea.
This trajectory corresponds to the centerline of the vein in the different hydrographic sections.

ticularly simple idealization has been chosen in (7),
namely E 5 E* | U 2 V2 | W, where the entrainment rate
E* is assumed to be constant, and U and V2 are the
deepest layer velocities, here considered as almost par-
allel. More generally, E* can be taken as a function of
the Froude number

2(U 2 V )2F 5 , (8)! g9h

namely

0 for F # 1.25 (subcritical flow)
E* 5 0.08F 2 0.1

 for F . 1.25 (supercritical flow).
25 1 F

For the Mediterranean its efficacy will be discussed in
the following.

Denoting the bottom current density as r(j), for small
b conservation of mass gives

]
(rAU ) 5 r (z)E 5 r (z)E*|U 2 V |W, (9)e e 2]j

where re(z) is the local environmental density, even-
tually depending on the depth z. Note how similar re-
lations hold for any tracer present in the sea water.

The total downstream steady momentum is assumed
to be balanced by friction, mixing, and the hydrostatic
pressure gradient. Thus, incompressibility (7) and the
conservation of momentum give

] h
2U A 1 g9A b 1[ ]1 2]j 2

WFs5 2 2 f V A sinb 1 D cosb, (10)2r

where b is the bottom depth, h the thickness of the vein,
and Fs 5 rKU 2 is the bottom drag. The first term in
Eq. (10) combines the incompressibility (7) and the ki-
netic energy (Smith 1973, appendix A). The second term
is the baroclinic pressure term, which accounts for
changes in the hydrostatic pressure due to variations in
buoyancy of the mean height of the vein, b 1 h/2. In
early density current models this term was often dis-
regarded, although Emms (1997) notes that near the
edges of the current (Whitham 1955), and over sharp
topographic features, this hydrostatic pressure term must
be included in the bottom layer dynamics to balance the
frictional term at the current head, as also done by Bar-
inger and Price (1997a,b).

In (10) the term D takes into account the alongstrait
hydrostatic pressure field acting on the vein, due to the
overlying layers. If friction and entrainment are small,
D is simply the Bernoulli suction

r 1 ] 1 ]2 2 2(AV ) . (AV )2 2r 2 ]j 2 ]j3

as discussed by Lane-Serff et al. (2000). For realistic
cases where mixing and friction are important, as
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FIG. 7. (a) Schematic representation of the three-layer geostrophic
situation. The layer boundaries are at z 5 H1 1 h1 5 H1 1 g1y for
Hi 5 const, z 5 H2 1 h2 5 H2 1 g 2y, and z 5 H3 1 h3 5 H3 1
g 3y. In this sketch g1 . 0, g 2 , 0, and g 3 , 0 to simulate the
situation described in the text. (b) Coordinate system of the model;
the symbols are as explained in the text.

shown in appendix A, we have that for the deepest
layer

r ] 1 M2 22 2D 5 E*W(U 2 V ) 1 V A 2 A2 25 6r ]j 2 A3 2

] 1 AM 22 2. E*W(U 2 V ) 1 V A 2 (11)2 2]j 2 A 2

with M2 5 E9W(V2 2 V1)2 2 E*W(U 2 V2)2.
Note also how the preceding relations (9)–(11) hold

for a narrow channel, while the stream-tube models are
valid under rather different conditions such as the flow
being a narrow turbulent vein in a hydrostatic pressure
field, moving over a regular mild slope, as fully dis-
cussed by Smith (1973). So the validity of (9)–(11) has
to be checked in each practical case.

In addition it has to be stressed that, like the Bernoulli
suction for inviscid fluids, friction and mixing in the

upper layer play an important role in the dynamics of
the lower-layer alongstream momentum, also in this case
with opposite sign. Consequently these retarding effects
for MAW and LIW actually accelerate the EMDW cur-
rent (appendix A).

Finally, we equate the effect of the cross-stream com-
ponent of gravity perpendicular to the direction of flow,
the upper-layer hydrostatic pressures, and the Coriolis
force to give

]
2U ]b /]j 1 f U 1 [g9(h 1 b)]

]c

5 f V cosb 1 D sinb. (12)2

Note in this equation the presence of

fV cosb 1 D sinb2

synthesizing the pressure effect of the cross-stream
steady currents flowing over the vein (Emms 1997). In
addition, centrifugal effects U 2]b/]j can be disregarded
if the deflection radius Rn is such that fU k U 2]b/]j
5 6U 2/Rn.

5. The diagnostic model of the bottom current in
the Strait of Sicily

Now we focus our attention exclusively on incom-
pressibility and steady momentum conservation, while
(9) will be used in the following to discuss entrainment.
Since ]b/]x K ]b/]y, as one would expect for regular
sea bottom, for small b we have

]b ]b ]b ]b
2. cosb ; [1 1 ](b )] ; (13)

]c ]y ]y ]y

and consequently the error, of the order of b2, can be
considered small. This finally gives for b ; 0 that

]
(AU ) 5 E*|U 2 V |W (14a)2]j

]
2 2[U A 1 g9A (h /2 1 b)] 1 KWU 2 D 5 0 (14b)

]j

]
f (U 2 V ) 1 g9 (h 1 b) 5 0.2 ]y

(14c)

It is interesting to note how, formally, the third equation
becomes the classical thermal wind equation.

Equations (14a–c) can be discussed perturbatively, as
in appendix B, but in the following will be used to
diagnose our dataset in order to gain some insight into
the Strait of Sicily cold dense water dynamics. Gener-
ally, at the sill, the LIW velocity V2 is larger than the
lowest layer velocity U. Therefore, the cold dense cur-
rent cannot flow near the Sicilian coast, but is pushed
toward the African coast by the energetic LIW current.
But farther west, where the channel is wider, V2 weakens
and at a certain distance from the sill it is U that becomes
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larger than V2. The dense cold water can thus reach the
deepest bottom layer and then start flowing in accor-
dance with the geostrophic relations. This can explain
the deepening and the subsequent crossing of the sill
midline by the dense cold current. Note how this is
actually a geostrophic motion that, under the effect of
the upper-layer velocities, can also appear as ageos-
trophic.

In practice, in the following paragraphs we first iden-
tify the position of EMDW and its center in the various
hydrographic sections. This allows us to identify its tra-
jectory and consequently the angle b. From the cross-
strait geostrophic balance the importance of the cen-
trifugal effects U 2]b/]j can thus be estimated, as well
as the reliability of the b ; 0 approximation. Once the
effect of b is determined, from the hydrographic prop-
erties of EMDW and LIW in the various sections the
cross-sectional areas ALIW 5 A2 and AEMDW 5 A can be
obtained and, using continuity, also the velocities V2

can be estimated. The thermal wind equation then gives
U in the various sections. Finally the alongstrait mo-
mentum allows us, as in Baringer and Price (1997a,b),
to analyze the various physical mechanisms that rule
the EMDW dynamics, namely entrainments, friction,
and alongstrait pressure fields. In the end we also discuss
if this stream-tube model can reasonably be applied to
analyzing the deep EMDW current dataset.

6. Comparison with observations in the Strait of
Sicily

Since the PRIMO and MATER 1 cruises do not con-
cern the eastern mouth of the Strait of Sicily, we chose
to present only the datasets of the MATER 2 and 4
cruises in light of the previous model. This will allow
us to compare model results and data in this two-sill
system and verify the model behavior in different rising
and sinking situations of the vein.

a. MATER 2 cruise

Data collected during the MATER 2 cruise in the
Strait of Sicily (Jan 1997) are now compared with model
results. The various sections are located as shown in
Fig. 4; the bottom topography far from the sill is com-
paratively regular but the sill topography is particularly
complex, with some deep canyons (Fig. 1). In Table 3
we have also resumed the most important data relative
to the seven sections of the MATER 2 cruise.

Let us first consider the cross-strait balance. The bot-
tom current of EMDW is easily identified in each sec-
tion. Consequently, g9 [ g(rEMDW 2 rLIW)/rLIW and su

on the sea bottom are determined (Table 3). It is worth
noting that su on the sea bottom is constantly decreasing
westward, from section I to section VII. This clearly
shows that EMDW is gradually mixing with LIW in its
westward travel and justifies the absolute value in Eqs.
(7) and (9). Also of interest is the fact that the deflection

angle b is very small in most sections; in the western-
most sections (IV–VI) we have that b ± 0 and (]b/
]j)21 ; 40 km rad21 (Fig. 6). Since the averaged values
of the bottom velocities are about 10–20 cm s21, the
centrifugal effects are U 2]b/]j ; (3–12) 3 1027 m s22,
while fU ; (1–2) 3 1025 m s22: in the following we
assume b ; 0 without fear of serious errors.

Now, on comparing the continuity equation (14a)
with our data, a more complex situation is seen to
emerge. First we estimate AEMDW and ALIW, the cross-
section areas for these currents. Then we use the (few)
available current meter data to obtain the flux of LIW,
namely fLIW ; 1.9 Sv (Sv [ 106 m3 s21) from the data
of section IV. From section V data we have fLIW ; 2
Sv. Table 3 also shows the corresponding LIW velocities
V2, computed using continuity, the velocities U, using
the thermal wind equation, and the corresponding
EMDW flux fEMDW ; 0.23 Sv (at the eastern boundary
of the strait, sections VI and V) and ;0.37 Sv (at the
western boundary, section VII).

We can now estimate E . Better, we have two different
ways of estimating the entrainment of EMDW. The first
is inferred from classical tank experiments (Turner
1986): essentially entrainment, ruled by the Froude
number, is

0 for F # 1.25 (subcritical flow)
E* 5 0.08F 2 0.1

 for F . 1.25 (supercritical flow).
25 1 F

(15)

Since in this strait ; 10–20 cm s21 is larger thanÏg9h
| U 2 V2 | , these flows are subcritical. Only over section
V does the Froude number approach 1, so from (15)
everywhere E* ; 0. However, current meter data show
large velocity variations (Astraldi et al. 1996), so an
intermittent E* can easily attain large values, even if
the average velocity corresponds to E* ; 0. To check
this last possibility we computed E* empirically using
volume and mass conservation, as fully discussed in
Baringer and Price (1997b). This essentially consists of
considering both equations (7) and (9), which give

]r
AU 5 E *(r 2 r) . E*W |U 2 V |(r 2 r), (16)e 2 e]j

namely a model way of estimating E* once r, U, W,
V2, A are known with reasonable accuracy. It would be
natural to consider also salinity conservation, but the
existing salinity data showed less significant variations,
so density was ultimately used. The computed E* are
in Table 3; a reasonable synthesis is that E* ; 1025 east
of the sill and E* ; 1023 on the sill, which are not
surprising estimates. In addition these values are in sub-
stantial agreement with the original entrainment idea of
alongstrait increase of EMDW flux,
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FIG. 8. Evolution of vein flux from the eastern sill toward the Tyrrhenian Sea: comparison
between the model results (dashed line) and in situ data (continuous line). Roman numerals
indicate the section numbers for the (a) MATER 2 cruise and (b) MATER 4 cruise.

j

0f 5 f 1 dj9E*(j9)|U 2 V |W(j9), (17)EMDW EMDW E 2

0

as can be seen by analyzing Table 3. Here fEMDW is the
alongstream flux of EMDW, while is the same0fEMDW

flux in section I. In more detail, the reconstructed flux
values using (17) have the correct trend but appear
somewhat small, even taking into account that such flux
estimates often show large approximations (Fig. 8a).

Finally, we use this value E* by assuming, as in Bar-
inger and Price (1997b), that the total entrainment stress
between LIW and EMDW is

2rE*(U 2 V ) W.2 (18)

Since LIW and EMDW are both flowing westward, we
finally obtain a rather small stress, which is analyzed
in more detail in the following.

We can now discuss alongstrait momentum conser-
vation (14b). The situation is again substantially dif-
ferent in the regions east and west of section V, the
western sill. Indeed in the eastern part EMDW is found
at a depth of 300–800 m, while over the sill it is at
220–350 m. Farther west, EMDW is at a depth of 900–
1000 m. It is thus evident that there is some forcing that
pushes the dense EMDW vein toward the sill. The most
natural dynamical candidates are the alongstrait pressure
gradients that push the bottom water toward the sill,
unlike the bottom friction which is always retarding the
current. These two effects are opposite in the eastern
part of the strait, but they concur in the western part.

In conclusion, since in this strait friction and mixing
cannot be disregarded, the term D as formulated in (11)
must be considered.

Estimates of the various forcings are shown in Fig.
9a. It is first evident that the EMDW ‘‘kinetic energy’’
K 5 U 2 A and Bernoulli suction B 5 1/2 are rather2AV 2

regular functions, but with opposite signs that in (14b)
essentially compensate each other (Baringer and Price
1997a,b). The potential energy is strongly related to the
alongflow bottom topography: from east to west, it first
decreases starting from the eastern sill, then increases
toward the western sill, and finally decreases sharply on
arriving at the southern Tyrrhenian Sea. The evolution
of the alongstream gradients of the previous quantities
(Fig. 9b) indicate that they must be compensated for by
bottom friction, a retarding quantity, and by the upper-
layer friction and mixing. But since LIW and EMDW
both flow westward, it is ultimately the stress between
MAW and LIW that plays a fundamental role in D.
Indeed the entrainment stress between LIW and EMDW,
because of the small velocity differences | U 2 V2 | , is
a very small quantity. Consequently, it is essentially the
interfacial stress between MAW and LIW ; E9(V1 2
V2)2W that is large, especially in the sill region where
| V1 2 V2 | * 40 cm s21. If one assumes a realistic
MAW–LIW entrainment parameter E9 to account for the
numerous exchanges of mass and energy between the
two major basins of the Mediterranean Sea, then this
interfacial stress can be estimated.

Note that the overall result of the strong MAW–LIW
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FIG. 9. MATER 2 alongstream momentum balance: (a) ‘‘kinetic energy’’ K (dotted line), Ber-
noulli suction B (dashed line), and potential energy (dot–dashed line). (b) Alongstream derivative
of the previous terms.

FIG. 10. Bivariate linear regression between the alongstream de-
rivative terms and stress terms of (19), assuming E* 5 1024: we
finally obtain E9 5 3.2 3 1022 and K 5 2.6 3 1022. Experimental
data of both MATER 2 and MATER 4 have been used (Tables 3 and
4).

interaction and of the milder LIW–EMDW interaction
is a strong accelerating forcing on EMDW toward the
west, essentially localized in the narrow sill region. And
this allows us to use (11) without fear of serious errors.

So, from the preceding analysis (see also appendix
A) we finally obtain the explicit formulation of (14b)
for the Strait of Sicily, namely

] 1
2 2 2U A 1 g9A [h /2 1 b] 2 A V 2 E*W(U 2 V )2 21 2]j 2

A
2 2 21 [E9W(V 2 V ) 2 E*W(U 2 V ) ] 1 KWU2 1 2A 2

5 0. (19)

Using the previous value of E* 5 1024, a reasonable
estimate of E9 5 3.2 3 1022 and K 5 2.6 3 1022 can
be obtained applying a linear regression (Fig. 10) be-
tween alongstream gradient terms and stress terms of
Eq. (19). The alongstream evolution of these stress
terms, together with the resultant total stress (Fig. 11a),
indicates that E9(V2 2 V1)2 is comparable with the bot-
tom stress, while the total stress is smaller. Finally Fig.
11b shows a good balance between alongstream mo-
mentum gradients and total stresses, as estimated from
the experimental data.

b. MATER 4 cruise

We now repeat the previous discussion on the MA-
TER 4 data (May 1998), paralleling those obtained dur-

ing the MATER 2 cruise. The main results are sum-
marized in Table 4. Concerning the EMDW cross-strait
balance, the midline shown in Fig. 6 is practically equiv-
alent to that observed during the MATER 2 cruise, so,
also in this case, we can assume b ; 0. Interestingly
g9 and su are also quite similar to those of the MATER
2 cruise. A similar trend can be observed for the flux
of LIW: from sections IV and V we have a LIW flux
that can reasonably be estimated as fLIW ; 1.2 Sv. We
tentatively assume this value to be constant throughout
LIW’s travel through the strait, in order to obtain an
estimate of the LIW velocity V2 from continuity.

The EMDW velocity U is thus obtained using the
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FIG. 11. MATER 2 data (a) components of Tables 3 and 4 bottom stress KU 2 (dashed line),
LIW–EMDW entrainment stress (dot–dashed line), MAW–LIW entrainment stress E9 A(V2 221A 2

V1)2 (dotted line), and resulting total stress (continuous line). (b) Alongstream derivative terms
(continuous line) and their resultant, namely the stress terms (dotted line), as in (19).

TABLE 4. As for Table 3 but for the MATER 4 cruise (Fig. 5).

Section

I III IIIa IV V VII

g9 (1024 m s22)
sbottom

h (m)
b (m)
dist (km)

8.3
29.167
75

550
155

8.2
29.165

125
700
170

8
29.163

100
650

60

7.8
29.156
50

500
25

7.4
29.148
25

360
90

6
29.119

130
1150

W (km)
AEMDW (km2)
ALIW (km2)
V2 measured (1022 m s21)
fLIW measured (Sn)

15
0.4
12

5
0.9
62

22
2.4
10

15
1

3.4 1 2.2*
13 and 34*

1.2

8
0.4

1.2 1 12*
35 and 6*

1.2

18
1.7
24

V2 (1022 m s21)
U 5 V2 1 (U 2 V2) (1022 m s21)
fEMDW (1022 Sn)
F2 |U 2 V2|/Ïg9h
E (1024)*Baringer Price

DfEMDW 5 |U 2 V2|W E*dist (1024 Sn)

10
12

5
0.1
0.2

2
6
5.4
0.05
0.1

10

12
3
7.2
0.3
1.3

17

13
8
8
0.2
4

49

35
27
10
0.6
4.5

62

5
8

12
0.03

460

* This value corresponds to the Sicilian-side passage of sections IV and V (Fig. 1), which is crossed only by LIW water. Note that in this
case also E 5 0.*Turner

thermal wind equation, and the resulting fEMDW is ;0.06
Sv at the eastern mouth of the strait, while at its western
exit it is higher, fEMDW ; 0.08 Sv at section V and 0.12
Sv in the last section, VII (Table 4).

In general, in this dataset the velocities, stratifications,
etc., have trends similar to those already described for
the MATER 2 cruise but are less energetic, as is usual
during spring for the Mediterranean Sea. Again, the

Turner estimate of E*, as in the MATER 2 cruise, is
zero. The other Baringer and Price estimate gives E*
; 1024 far from the sill. It is larger, E* ; 4 3 1023,
near the sill. As a check, we also computed from Eq.
(17) the evolution of the flux of EMDW namely DfEMDW

(Table 4), for the various sections, which is in reasonable
agreement with the data (Fig. 8b). Finally, we again
examined the role of friction and of D. Repeating the
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FIG. 12. MATER 4 alongstream momentum balance: (a) ‘‘kinetic energy’’ K (dotted line);
Bernoulli suction B (dashed line), and potential energy (dot–dashed line). (b) Space derivatives
of each of the previous terms.

estimates made for MATER 2, we obtained a similar
behavior for the energy terms (Fig. 12a) and the along-
stream derivatives in Eq. (19) as shown in Fig. 12b.
Also for MATER 4 the evolution of stress terms along
the vein trajectory (Fig. 13a) evidences the important
role played by the MAW–LIW entrainment stress. The
balance between alongstream derivatives and total stress
(Fig. 13b) is however not as good as for MATER 2.
This can be partially explained by the poor data cov-
erage (if compared with the MATER 2 dataset) down-
stream of the western sill (Fig. 5), where the larger
imbalance can be observed.

7. Conclusions and discussion

The observations made in the Strait of Sicily during
different seasons evidence the presence of a quasi-
steady current flowing westward directly over the bot-
tom of the strait. It consists of a dense vein of EMDW
that is able to cross the Malta sill, flows along the deep
region of the strait, and finally outflows westward into
the Tyrrhenian Sea. Due to its high density (su ; 29.10),
when it reaches the Western Mediterranean basin it
sinks, finding its neutral buoyancy at a depth of about
1500–1800 m. Interestingly, our data show that in each
of the observational periods the geometric properties of
the current (height, width, path) show only minor var-
iations, a particularly intriguing observation. Some
changes are observed in the u–S properties, while the
mean velocity values seem subject to a seasonal cycle.

The stable behavior of the vein allows us to identify the
main mechanisms responsible for its evolution and in-
dicate the westward sill region (section V) as the site
where the most noticeable changes in the vein properties
and the most significant dynamic effects take place.

In this work we focused our attention especially on
the peculiarities of the interface slope of the vein im-
mediately upstream of the sill, and on evaluating the
relative importance of stresses (bottom and entrain-
ment), alongflow pressure gradients, and Bernoulli suc-
tion. Over most of its path, the vein closely follows the
local bathymetry. Its trajectory inside the strait follows
an almost straight line; its depth is ;550 m at the eastern
entrance, increases slowly to about 800 m in the central
part of the strait, and successively, in proximity of the
western sill, its value is reduced to about 300 m. From
the sill the vein starts to descend and at the same time
turns east so that when it enters the Tyrrhenian Sea
(section VII) its velocity is practically aligned along the
Sicilian continental shelf slope, where it continues to
sink to a depth of about 1800 m. This change of direction
is in agreement with a cross-stream geostrophic balance.

The cross-stream momentum equation, taking into ac-
count also the dynamical effects of the circulation in
the upper layers, demonstrates how deeply the latter can
influence the vein evolution. More specifically, the po-
sition and slope of the vein at the western sill can be
explained in terms of geostrophic balance: the presence
of the vein along the Tunisian side is essentially due to
the effect of the higher velocity of LIW compared with



DECEMBER 2001 3473A S T R A L D I E T A L .

FIG. 13. MATER 4 data (a) components of bottom stress KU 2 (dashed line), LIW–EMDW
entrainment stress (dot–dashed line), MAW–LIW entrainment stress E9 A(V2 2 V1)2 (dotted21A 2

line), and resulting total stress (continuous line). (b) Alongstream derivative terms (continuous
line) and total stress (dashed line), as in (19).

the deep vein velocity. The diagnostic analysis of the
alongstream momentum equation shows that the kinetic
energy reaches a maximum at the western sill (section
V). Taking this western sill as a reference, the potential
energy has negative values both east and west of the
sill. Farther east the elementary mechanism moving the
vein toward the sill consists of the upper-layer pressure
gradients, which are able to raise the vein from ;800
to 300 m depth, thus increasing both the potential energy
and the kinetic energy to their highest values. Subse-
quently, we observe that a decrease of potential energy
does not correspond to any kinetic energy increase but
conversely, to a decrease, especially between sections
V and VI. This underlines the important role played by
stresses downstream of the western sill toward the Tyr-
rhenian Sea. The importance of entrainment down-
stream of the sill is also evident if we consider how the
flux of this vein evolved during January 1997 (MATER
2): estimated as ;0.23 Sv at its entrance to the Malta
sill, the flux maintains approximately the same value as
far as section IV and increases considerably after the
western sill, reaching 0.37 Sv when the vein enters the
Tyrrhenian Basin. During April/May 1998 (MATER 4)
the same flux, considerably weaker than January 1997,
doubles its value from section I to section VII.

In summary, in this study we have documented the
seasonal characteristics of the EMDW deep-layer dy-
namics in the Strait of Sicily, such as velocity field,
forcings, fluxes, and interface evolutions. In addition, a

critical version of geostrophic balances gives current
velocities in good agreement with the data. The appli-
cation of the classical stream-tube model (Smith 1973,
1975; Killworth 1977; Emms 1997; Baringer and Price
1997a,b), generalized by taking into account the effects
of moving upper layers, LIW and MAW, evidenced the
importance of the Bernoulli suction (Lane-Serff et al.
2000) and, more specifically, of the strong influence of
MAW–LIW entrainment stress on the alongchannel
pressure gradients, which finally push the deep vein
through the western sill. Indeed, we show that, while
the entrainment stress between LIW and EMDW has a
rather negligible dynamical effect, the MAW–LIW
stress has the same importance as bottom stress, deeply
influencing the resulting total stress and allowing a con-
siderable uplift of EMDW in the sill region. It is also
interesting to remark that the entrainment stress between
MAW and LIW, being of the same order of 1/2 , also2V 2

has an important effect on the dynamics of LIW over
the sill.

The results obtained in the Strait of Sicily by applying
the previous generalization of the Smith stream-tube
model allows us to assert that, when we are in the pres-
ence of a multilayer system and there is a considerable
velocity difference between the two layers immediately
over the vein, its effect can be very important for the
vein and therefore one has to take into account the dy-
namics of these layers.

It should also be noted how the stream-tube model
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was applied here, in a certain sense outside its theoret-
ical field of applicability. It should indeed be a thin
turbulent narrow current flowing under a still water and
over a regular mild slope, in hydrostatic pressure fields
(Smith 1973). None of these properties are fully satisfied
in this strait. The internal Rossby radii are particularly
small, and this could also give rise to current recircu-
lation. On the other hand the topographic constraint
seems to be strong enough to avoid this likelihood, and,
in addition, reasonable results are obtained here by using
such a model. So this remains an important open ques-
tion, to be further discussed in a forthcoming numerical
investigation.
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APPENDIX A

The Case of the Strait of Sicily

We now explicitly apply to the Strait of Sicily the
dynamic considerations related to (3)–(6), namely a
multilayer hydraulic exchange in a rather narrow strait.
Taking j as alongstrait coordinate from east toward west,
we can write

] 1 1
2V 1 gh 5 M (A1)1 1 11 2]j 2 A 1

relative to MAW flowing eastward. For the LIW flowing
westward we have

] 1 r 2 r r 12 1 12V 1 g h 1 g h 5 M , (A2)2 2 1 21 2]j 2 r r A2 2 2

and for the EMDW, also flowing westward,

] 1 r 2 r r 2 r r3 2 2 1 12V 1 g h 1 g h 1 g3 3 21 2]j 2 r r r h3 3 3 1

1
5 M . (A3)3A 3

Consequently, from (A2) and (A3) we have

] 1 (r 2 r )3 22V 1 g h3 3[ ]]j 2 r3

1 r ] 1 M2 225 M 1 V 2 , (A4)3 21 2A r ]j 2 A2 3 2

where M2 only accounts for stresses between layers,
while M3 includes also the bottom stress.

Following the same parameterization of Baringer and
Price (1997a,b), we have

2 2M 5 E9W(V 2 V ) 2 E*W(V 2 V )2 2 1 3 2

2 2M 5 E*W(V 2 V ) 2 KWV , (A5)3 3 2 3

where E9 and E* are entrainment parameters, K is the
drag coefficient, and W is the cross-sectional area. All
stresses are integrated across each section.

It is interesting to note that the bottom stress and the
effect of MAW–LIW interaction are opposite in sign,
and this constitutes a fundamental effect, finally accel-
erating the deep EMDW current toward the sill.

Not all the stresses are of the same order of magni-
tude. The largest are the bottom stress KW and the2V 3

entrainment between the first (MAW) and second (LIW)
layers, because MAW and LIW flow in opposite direc-
tions. The entrainment between the second (LIW) and
the third (EMDW) layers, due to the small difference
between LIW and EMDW velocity, is generally weaker.

The previous considerations can be applied to Eq.
(10) and (11), where now U indicates the EMDW along-
vein velocity.

APPENDIX B

Perturbative Treatment of Uncompressibility and
Steady Momentum Equations (14)

Let us rapidly outline a perturbative treatment of (14).
Since E* and K are relatively small quantities compared
with the other terms in (14), these equations can be
solved as

j

AU 5 hWU 5 A U 1 E*W |U 2 V | dj90 0 E 2

0

; A U 1 E*W |U 2 V |j 1 · · ·0 0 0 2

] A U 1 E*W |U 2 V |j0 0 0 22U A 1 g9A b 1 1 · · ·5 6[ ]]j 2WU
21 KWU 2 D 5 0. (B1)

Note that we can write (B1) as

] A U0 02U A 1 g9A b* 1 5 D, (B2)[ ]1 2]j 2UW

introducing a kind of fictitious sea bottom,
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2E*|U 2 V | WKU0 2 0b* → b 1 j 1 j. (B3)
2U g9A0

In practice, we can either discuss (B3) as in Gill
(1977) or the differential equation

] A U (U 2 V )0 0 0 22U A 1 g9A b 1 1 E j[ ]1 2]j 2UW 2U
21 KWU 2 D 5 0, (B4)

namely an ordinary nonlinear differential equation that
is readily solved numerically.
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