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ABSTRACT

Along the southern Turkish continental shelf, the intensity of the observed mean flow has a considerable
degree of variability. The relatively strong currents along the straight portion of the coast is reduced signif-
icantty in the nearshore region upon encountering irregularities in the form of bays and headlands. As a
possible explanation of such blockage by coastal irregularities, a linear, homogeneous, wind-stress free model
is presented incorporating the constraints of topographic steering and linear bottom friction. Solutions are
given for an idealized case of an abrupt indentation on a straight coast adjoining a linearly deepening shelf.
The directional preference of biocking and the applicability of boundary layer approximations are discussed.
Numerical solutions are obtained for the realistic bathymetry and coastal configuration along the southern
Turkish continental shelf. The concepts developed are applied to the observed blocking features.

1. Introduction

A cyclonic circulation in the eastern Mediterra-
nean has been proposed as a dominant mean current
system (Wiist, 1961; Lacombe and Tchernia, 1972).
Accordingly, the steady surface current follows the
coasts of Israel, Lebanon and Syria and turns west
to flow along the southern Turkish coast. Using the
observed density and wind fields, Ovchinnikov (1966),
Engel (1967), Moskalenko (1974) and Gerges (1976)
have confirmed computationally this picture of mean
motion. Collins and Banner (1979) have utilized the
computed geostrophic fields together with ERTS im-
agery and secchi depth measurements to provide the
details of the flow in the northeastern corner of the
Levantine basin. The patterns of the subsurface flow
essentially follow that of the surface motion (Gerges,
1976).

Recent observations (Unliiata et al., 1978, Unliiata
et al., 1980) confirm the existence of a mean westerly
motion along the southern Turkish coast. These ob-
servations were made at station E2 off Erdemli (Fig.
1a). Additional long term current data obtained (un-
published) at the same station during 1980 provides
further confirmation of the existence of the steady
flow with velocities of the order of 10 cm s™'.

While the westerly mean flow is detectable off the
relatively smooth coastline extending from Mersin to
Goksu river (Fig. 1a), its magnitude 1s found to be
significantly reduced in the nearshore areas west of
the Goksu river delta. In particular, during 1977-78
nearly a year-long, and in 1980 a four-month current
measurement program was carried out at station A2
{Figs. la, b). The maximum observed mean flow was
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less than 4 cm s~ in magnitude during all measure-
ment periods, and there was no predominant direc-
tion. In 1980, the data collection at A2 was simul-
taneously carried out with that of E2. During this
period the four-month average of the currents mea-
sured at E2 was near 15 cm s™' while that at A2 was
nearly zero.

A summary of current measurements in stations
A2 and E2 with observed mean values are given in
Table 1. The coordinates to which mean currents are
referred are shown in Figs. la, b (the current com-
ponents in station E2 have been aligned with the
coastline). The overall mean values (statistical aver-
age weighted by data length) show that mean currents
in station A2 are virtually non-existent, while in sta-
tion E2 a south-westerly mean current of 7.5 cm s~
is aligned with the isobaths. During the period 26
August 1978-31 January 1979, current-meters de-
ployed continuously show reversals in the direction
of mean current at E2 due to (Unliiata, 1982) very
low frequency oscillations (some periods larger than
individual record lengths), but they too have a
southwesterly mean of 4.3 cm s '. The better set of
observations that can be used to compare station E2
with station A2 is the 1980 measurements, indicating
mean southwesterly currents at 13.7 cm s™' in station
E2 and mean currents of less than 4 ¢cm s™' in sta-
tion A2,

A distinguishing feature of the coastline between
the Goksu River delta and Anamur is its ruggedness,
reflecting the presence of a series of bays and head-
lands. The reduction in the intensity of mean motion
along this segment of the coast evidently implies a
significant amount of blockage of the flow by the well-
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pronounced coastal features. In particular, station A2
is located within a bay and to the west of a headland
(Figs. 1a, b}. .

The biockage of the mean flow as far as the location
of A2 is concerned may come about for various rea-
sons. An earlier offshore deflection of the fiow by the
coastal perturbations on the east of A2 could lead to
an effective blockage. On the other hand, the head-
land on the east may induce flow separation, leading
to the formation of an eddy in the bay and a dead
water area around AZ2.

Here we examine another possibility emerging
from the fact that the steady flows free of wind stress
tend to follow isobaths. Consider the simplest situa-
tion involving a single bay located on a coast with
rapidly increasing water depth so that the coastline
essentially acts as a vertical wall of height H, excemt
in the bay area (Fig. 2). Within the bay. the water
depth decreases from H,. Now, in the absence of ex-
ternal and frictional forces. the water column moving
along the coastline must preserve its height status.
Consequently, upon arriving at the bay it would fol-
low the isobath of value Hy, the flow penetrating only
partially into the bay area. The vertical fluid column
along the H, isobath thus acts as if it were a rigid

barrier and the water mass in the dotted area in Fig.
2 stays stationary.

The form of blockage that is envisioned here con-
stitutes just another result of the Taylor-Proudman
theorem (Greenspan, 1968). We also note that if the
other coastal perturbations are ignored, the situation
depicted in Fig. 2 is sufficiently well approximated
by the bay shown in Fig. 1b, where the water depth
very rapidly attains a value of the order of 50 m off
the headlands on the east and the west.

The lateral and the bottom frictional effects will
undoubtedly influence the blockage arising as a result
of the steering along isobaths. Especially, the com-
petition between the lateral friction and the adverse
pressure gradients is expected to lead to the separation
of the approach flow. It is felt, however, that for suf-
ficiently low intensity motions, the topographic effect
will dominate the tendency of the flow to separate.

We study the blockage induced through topo-
graphic constraints by neglecting the horizontal dif-
fusion of momentum but retaining the bottom fric-
tion (Section 2 and 3). An idealized case involving
an abrupt semi-infinite intendation on an otherwise
straight coastline (Fig. 3) is utilized to demonstrate
the flow blockage in terms of analytical soluitons
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TaBLE 1. Mean currents.
Mean current
Measurement Data (cm s™")
period length Depth
{month/day/year) (h) (m) i v
Station A2 {Akkuyu)
8/23/77-9/11/77 490 5 0.4 -0.1
8/23/77-10/14/77 1231 t5 -0.2 0.2
10/2/77-10/23/77 513 5 1.1 1.0
10/24/77-12/12/77 1153 15 -0.5 0.2
2/13/78-3/14/78 746 5 33 2.1
2/13/78-3/14/78 746 15 0.3 1.9
4/9/78-5/13/78 856 5 0.3 —4.1
4/9/78-5/13/78 826 5 -0.6 -1.0
5/18/78-6/19/78 806 5 -27 -0.9
5/18/78-6/19/78 860 15 -1.3 -0.3
6/19/80-9/4/30 1878 20 -0.7 2.2
6/19/80-9/20/80 2269 20 -20 35
Overall mean. 0.5 09
Station E2 (Erdemli}
3/22/78-4/6/78 363 5 -83 0.3
3/22/78-4/6/78 363 10 —4.6 0.2
8/26/78-9/29/78 822 10 -94 -1.2
10/4/78~-10/30/78 628 15 09 | 1.2
11/7/78-12/1/718 590 15 44 :(-43) 17 ,(0.5)
12/9/78-12/29/78 504 15 —=12.7] 0.6
12/31/78-1/31/79 768 15 —4.4. 0.6 J
6/6/80-8/19/80 1777 20 —-137 0.1
Overall mean: —7.5 0.3

(Section 3c). Numerical solutions relevant to the re-
gional setting will then be provided in Section 4.

2. Formulation

We consider linear, barotropic motions taking
place over variable topography on an f-plane. Forcing

by wind and the effect of lateral friction will be ne- -

glected. The bottom friction is assumed to be linearly
proportional to the velocity. The depth integrated
equations of motion are then of the form

k Xu=—gVy—ru/H
f ¢ gVn — 1/ }, (2.1a,b)
V.(Hu) =0

where u is the averaged horizontal velocity, f the
Coriolis parameter, k the unit vector along the ver-
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Fig. 2. Topographically induced blockage. Flow approaches
from right. Solid lines imply the isobaths.
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FIG. 3. A semi-infinite indentation on a coastline.

tical, g the gravitational constant, 1 the free surface
displacement, r the frictional constant, H the depth
and ¥ is the horizontal gradient operator.
Eq. (2.1b) allows the introduction of a stream func-
tion such that
Hu=—-kXV¥ (2.2)

and a single scalar equation for ¥ can then be ob-
tained from (2.1.a), i.e.,

FVH-k X V¥ = r(V¥ — 2V VH/H). (2.3)

This is the vorticity equation of motion, expressing
simply the static balance between the vorticity in-
duced because of the changes in the height of a fluid
column and the frictional torques exerted by the
bottom.

If the bottom friction were negligible, the right-
hand side of (2.3) would vanish, implying that VH-
u = 0, i.e., the motion is then directed along isobaths
and the height of each water column is therefore pre-
served. If this were the case, the water mass in the
dotted area in Fig. 2 would be completely stationary.
The presence of bottom friction will augment a com-
plete blockage in accordance with (2.3).

The extent in which the bottom friction will influ-
ence a complete blockage can be demonstrated by
studying the relatively simple situation depicted in
Fig. 3. This will be done after some general features
of the solutions of (2.3) as applied to the flows in a
channel are considered.

3. Analytical solutions

a. General features

In this section we first consider some general fea-
tures of wind-stress free motions occurring in a chan-
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nel of width /. The water depth is assumed to vary
only in the transverse direction x (Fig. 4). The steady
vorticity equation (2.3) can then be cast into the fol-
lowing dimensionless form

—a¥, +y¥, = VA 8 (3.1)
where

a=HJ{(fHy/2r), v=HJ/H. (3.2ab)

In obtaining (3.1) the variables [(x, ), H, ¥] have
been scaled by {/, Hy, VoHol} with 1/, being the scale
of the velocity field u, and H; being an appropriately
chosen depth.

It is an easy task to show that, the solution of (3.1)
that is independent of the longshore coordinate y, is
of the form

¥, =Cf H?dx.

0

The constant of proportionality ¢ can be found in
terms of the discharge 3, and in dimensioniess vari-
ables ¥, reads

v, = Q(J; szx)/(J: Hzcix) R

In particular, the values of ¥ on x = 0 and x
= 1 are zero and @, respectively. The solution ex-
pressed iy £3.3) is valid for arbitrary H(x) and implies
a basic asymptotic state in which the motion occurs
only in the y-direction, the transverse component u
being zero. The corresponding iongitudinal compo-
nent is proportional to depth, implying intensifica-
tion in the deeper sections of the channel.

Consider now the general problem in which inter-
est lies with the motions occurring in the semi-infinite
region y < 0 when an arbitrary along-shore velocity
vo(x) is prescribed on ¥y = 0 and 0 < x < | in terms
of ¥ as

Yolx) = W(x, 0) = f " OHMdx.  (3.4)

0

It is worth noting that ¥{0) = 0, while ¥y(l)
= (), and these values agree with those for ¥ .
Clearly, the flow prescribed on v = 0 will be per-
turbed, unless ¥ = ¥, on y = 0 m which case the
only solution of (3.1) satisfying (3.4) and the bound-
ary conditions on x = 0, | is given everywhere by
¥ . In the general case when V¥, differs from ¥ __,

- rara
y l X
L
M
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F1G. 4. Definition sketch for channel flows.
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the asymptotic state reached by ¥ as v — —oc is
¥ . We must set

¥ =¥+, (3.5)

with the function W describing the perturbations from
the basic state and satisfying

'—a‘if_,, + ’y‘i’x = HhUH,
¥=0 on x-= 0,1,

Y=¥ -V =Fx) on y=0,

V-0 as y— —o. (3.6a-d)

If the problem were posed for the domain y > 0,
then (3.5) and (3.6) still apply but now ¥ must vanish
as y — + oo.

Analytical solutions of the boundary value prob-
lem defined by Eq. (3.6) can be obtained by assuming
the water depth to vary linearly with x. For such
changes in depth, (3.6) is separable and the solutions
can be found without invoking the boundary layver
approximation that ¥, » ¥, This will enable us
to demonstrate explicitly a fundamental directional
asymmetry, namely that unless the shallower depth
is to the right of the flow, the boundary layer ap-
proximation cannot be utilized. Actually, this fact is
implicitly imbedded in the character of the governing
equation, When the right-hand side of (3.6a)
is replaced by ¥, the equation becomes parabolic.
The problem is then ill posed in the domain v < 0
if @ < 0, and in the domain y > 0 if @ > 0. In an
investigation of arrested topographic waves Csanady
(1978) has encountered a similar situation, for his
assumptions essentially amount to the boundary layer
approximation. In a model of the flow of an estuary
onto a continental shelf, Beardsley and Hart (1978)
have in particular examined the motions generated
by a source located on a straight coast discharging
into a semi-infinite ocean. It is shown that the bound-
ary layer approximation leads to a source solution
that is (for the Northern Hemisphere) valid in the
region lying to the right of the source (looking out
onto the shelf) and the flow spreads by taking the
shallower depth to its right. When the full equation
1s used, the solution valid for the entire haif-space is
obtained and it reveals that there exists a degree of
asymmetry in the spread of the source depending on
the parameter (fHy/r). For small values of this pa-
rameter the source spreads symmetrically into the two
quadrants of the half-space. Typically, however,
fHer ™' » 1 and the flow favors spreading towards
right. It is worth pointing out that we can infer this
type of source behaviour directly from the governing
Eq. (3.1}. The equation is similar to the convective—
diffusion equation with —« and v standing for the
“velocities” in the y and x directions, respectively, In
this analogy then boundary layers will develop oniy
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for sufficiently large values of —a viz., proportional
to fHy/r.

We now proceed to discuss the aforementioned
type of asymmetry as it is related to the present prob-
lem. The salient aspects of this asymmetry will then
be utilized in studying the blockage problem in an
idealized situation.

b. The channel flow

Consider the boundary value problem (3.6) when
the dimensionless water depth varies as # = x. Then
a = fHy/2r and v = x7', with H, standing for the
water depth along the coast on x = 1. The water depth
on x = 0 could be taken non-zero but this does not
influence the features to be demonstrated.

The solution to equation (3.6) is easily found to
be of the form

¥ = 2 AP 06500, (3.7a)
=l

where the functions
¥, = SN A, X — A, X COSA, X (3.7b)
form an orthogonal set in the sense that
( 0 , N¥Em
1
- o (3.7¢)
J; X Nl midx = < VaA} sin®),, n=m

~

with the eigenvalues A, being determined by the roots
of

tani = A, (3.7d)

In (3.7a) the functions ¢, are evanescent in y and are
given by

¢ = exp{y[—a + (a® + M)}, y<0, (3.7e)
while the coefficients A, are found by utilizing (3.7¢c).

1
2 f X" (xX)F(x)dx
o

A, = ;
" ALsin®A,

{3.7)

If the probiem is posed for the domain y > 0, then
the solution is still given by (3.5) but the function
¢~ appearing in (3.7a) must be replaced by

¢n = exp{—Ma + (> + AD'?]}, y>0. (3.8)

Consider first now the solution that is valid in y
< (. It is seen that the decay of the nth mode of the
perturbation stream function ¥ is measured by the
normalized distance

0= [N <ol (39)

The parameter o = fHo/2r is typically much greater
than unity. Assuming the predominance of the first
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few modes of ¥, A, = O(1) and it therefore follows
from (3.9a) that

Y == 2afA,. (3.9b)

Consequently, the development of the flow to ¥
occurs within distances much greater than the chan-
nel width. Moreover, it is a simple task to show that
v = ~H 'YW, =0(1) while ¥ = Ew = Ol/a)
< v. Therefore, the boundary layer approxxmation for
the problem in y < 0 would have been appropriate.

Considering next the problem posed for v > 0, we
infer from (3.8) that the decay of ¥ would occur, for
a » 1 and A, = O(1), within a distance

P = Y, (3.10)

This implies a decay distance of the order of one
percent of the channel width, i.e., the rapid variations
occur in the direction of the flow. When the problem
is posed for y > 0 the boundary layer approximation
hence fails. Moreover, consistent with this failure we
can show that ¥ = O(a) and v = O(1).

The fact that the motion very rapidly decays to the
basic state for the region y > 0 has important rami-
fications with regard to the blockage problem to be
studied next.

¢. Blockage problem

Consider the following idealized problem involving
the interaction of a wind-stress free flow with an
abrupt semi-infinite indentation on an otherwise
straight coast bounding the offshore extent of the
water mass at a distance / (x = | in dimensionless
units) which is qualitatively identified as a shelf width.
The flow approaches the coastal transition from the
+y direction. In the region of y > 0 the shelf termi-
nates at a coastal wall, while in the region y < 0 the
depth vanishes at the coast. We assume that the ap-
proach flow is in the basic state, i.e., it is given, as
y — too, by

Q J: ) H(x)dx

— s, (3.11)
f H3dx

3

( being the discharge.

The exact solution of the problem just posed is
obtainable by first considering the regions y > 0 and
¥ < 0 separately and matching the solutions later on
the common boundary y = 0 (by requiring the con-
tinuity of pressure and the velocity components v).
This procedure leads to an integral equation which
is solvable by variational or numerical techniques.
Instead of doing this we utilize the results of the earlier
problem as follows.

In y < 0 the solution is given by (3.5} and (3.7)
with F(x) left yet unspecified and ¥_ being deter-
mined through (3.3).
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In the region y > 0, the solution is given by the
superposition of (3.11) and (3.7a) with the under-
standing that ¢, are to be replaced by ¢>. However,
the functions of ¢ rapidly decay so that in effect the
value of the stream function ¥ on y = 0, ie., ¥,
is given by (3.11)in ¢ < x < 1| while ¥, = Q in 0
< X < €,

Consequently, from Eq. (3.6¢),

-V, (x) . D<x<e
Filx) = (3.12)
Wolx) — ¥ (X)), e<x<l

with ¥ and ¥, being given by (3.3) and (3.11),
respectively. Eq. (3.12) specifies F{x) and therefore
the streamfunction ¥ through (3.7a-f). For H = x,
the complete solution (3.5) is found to be

3 6 YulXWnl€)on(¥)

(- AMsinh,

wherein we have set O = 1.

It is important to note that {3.13) implies vanishing
longshore velocity v = —¥ /H on x = 0. Consec-
quently, it is expected that the horizontal diffusion
of vorticity plays a minor role. We further note from
(3.13) that in the absence of bottom friction complete
blockage would occur in the region x < e. The role
of bottom friction on the amount of blockage of the
mean flow is deduced from (3.13) by varying the
value of nondimensional parameter «. The results for
different & values and for the case of ¢ = 0.25 are
depicted in Fig. 5. The streamline pattern correspond-
ing to a = 100 shows a significant amount of
blockage along the coastline at x = O for the region
¥ < 0. The increase in the bottom friction of almost
one order of magnitude (i.e., & = 10) still shows a
considerable amount of blockage along the coastline
without affecting the interior geostrophic flow pat-
tern. Finally, the parameter ¢ reflects the amount of
blockage in the sense that larger ¢ characterizes the
region where more blockage might occur for the flow

¥ =x

(3.13)

as

0

FiG. 5. The streamline pattern for a semi-infinite indentation on
a coastline with ¢ = 0.25. Continuous line corresponds to o = 100,
broken line to o = 10,
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FI1G. 6. As in Fig. 5, but for ¢ = 0.5 and a = 100,

approaching to the region. This is evident by com-
paring Figs. 5 and 6, the latter corresponding to the
case of e = 0.5.

4. Numerical solutions

This section deals with the topographically con-
trolied blockage of the mean flow along the southern
Turkish coastal waters between the Goksu River delta
and Anamur. The region has a complex coastal ge-
ometry associated with a series of bays and headlands
and is further characterized by the presence of a steep
and narrow shelf with rapid deepening to 1000 m in
~10-15 km offshore (Fig. 1a).

Considering that the cross-shelf depth variations
are sufficiently rapid along the coast under study, to-
pographic effects on the flow dominate and lateral
diffusion effects become relatively unimportant. The
wind-stress free mean circulation driven by the large-
scale steady currents of the northeastern Levantine
Sea is then described by numerical solution of
Eq. (2.3). :

The model incorporates realistic bathymetry of the

shelf region. A false constant bottom is however, as-

sumed for places deeper than 300 m, in a region 36
km wide in the offshore direction. The offshore extent
of the region being modelled is terminated by a ver-
tical wall across which the normal flow is set to zero
as being consistent with the assumption of geo-
strophic balance.

Eq. (2.3) is discretized in a rectangular mesh of grid
spacing Ay = Ax = 3.0 km in the longshore and
transverse directions, respectively. The value r
= 0.003 m s™' is assumed for the linear bottom fric-
tion coefficient. Coriolis parameter takes the value f
= 1.0 X 107 s7! and gravitational acceleration g
= 9.81 m s~ The vorticity equation (2.3) is solved
for the boundary condition prescribed at the eastern
open-boundary according to Eq. (3.4). The solution
procedure is the Gauss-Seidel iterative method de-
scribed by Ramming and Kowalik (1980).

The mean circulation in the shelf region driven by
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FIG. 7. The depth-averaged steady circulation in the southern Turkish continental sheif.

the large scale current system of Levantine Sea is
shown on Fig. 7. The flow, which is almost in a geo-
strophic balance and tends to follow isobaths along
the continental shelf, penetrates only partially into
the bay areas due to topographic steering and leads
to the aforementioned blockage. The situation is
clearly shown within Tasucu Bay where the flow fol-
lowing the 100 m isobath is deflected partially into
the bay to set up a weak clockwise circulation. Further
experiments have confirmed that the bottom friction
as well as rotation and lateral friction have a minimal
influence on the circulation developed.

5. Summary and conclusions

A linear, barotropic model of wind-stress free
steady motions on a shelf has been used in an attempt
to explain the observed blocking of mean flow near
coastal irregularities on the southern Turkish conti-
nental shelf. In geostrophic flow, regions with closed
depth contours near the coast (such as bays of Fig.
2) should be completely blocked off from the main-
stream flow on the shelf, but such solutions are in-
determinate. To remove geostrophic indeterminacy,
linear bottom friction has been introduced in the
present linear model, although it may be noted that
nonlinear advection terms have been kept in other
applications (for example: Charney and De Vore,
1979). Nonlinear processes such as advection, flow
separation at coastal boundanes and nonlinear bot-
tom friction have not been taken into account on the
basis of sufficiently weak mean currents.

In this model, vorticity changes induced by mo-
tions across depth contours are exactly balanced by
torques applied by the bottom shear stress. Analytical
solutions require that the currents on the shelf evolve
into asymptotic states {Eq. {3.3)] and that this evo-
lution has fundamental asymmetry. Consequently,
boundary layer approximation may only be invoked
if the shallower depth is to the right of the approach-
ing flow.

The behavior of the flow can be directly explained
utilizing Eq. (3.1) which is analogous to the convec-
tive diffusion equation with —« and + standing for
the convective velocities in the y and x directions,
respectively. In this analogy, for H, < 0, there exists
the competitive effects of diffusion (which will tend
to smear an initial profile in x, y) and convection in
—y and x directions. For sufficiently large values of
a, boundary layers will develop in the region y < 0.
Consider, for example, an approaching channel flow
with zero initial vorticity specified at y = 0. Since the
bottom stress (last term in 2.1a} is larger for shallower
depths a negative bottom torque will be applied on
the fluid, which will therefore deflect towards deeper
waterto balance this effect. Two boundary layers will
develop along x = 0 and x = 1 in y < (}, and the flow
will be pumped from one to the other boundary layer
until the basic state (3.3) is reached within distances
much greater than the channel width. In y > 0, the
boundary layer approximation cannot be used due
to directional asymmetry, and the flow reaches its
eventual basic state only within a few percent of the
width scale of the channel. Advantage s taken of this
fact in Section 3 so that the basic state has been spec-
ified for y > 0 in solving the coastal indentation prob-
lem.

The solutions show how bottom friction augments
the geostrophic blockage near coastal and topo-
graphic irregularities, though the effects of friction do
not avoid blockage in a complete sense. While these
conclusions are only valid in the absence of lateral
diffusion of momentum and nonlinear effects, nu-
merical experiments performed in investigating the
flow structure of the southern Turkish continental
shelf have verified that these effects are indeed neg-
ligible so far as blocking is influenced to any extent.
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