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ABSTRACT

The steady circulation of a homogeneous ocean is investigated in the region where the
bottom rises to meet the surface at the coast as over a continental shelf. In this region
the bottom Ekman layer becomes important and carries the coastal upwelling from
the shelf interior region to the surface Ekman layer. A strong longshore current is
produced in the shelf boundary layer and for certain distributions of wind stress an
offshore deep counter-current is formed. At a given latitude the longshore flow near
the coast depends on the local wind, whereas the offshore counter-current and the
net northwards transport in the shelf layer are a function of the latitudinal distribu-

tion of wind stress.

1. Introduction

Theories of ocean circulation with variable
Coriolis parameter that take account of bottom
topography generally close the ocean basin by
a shallow vertical coast rather than allow the
depth to tend to zero as the coast is approached.
Examples include the transport theories of We-
lander (1968), Schulman & Niiler (1970), and
the three-dimensional theory of Johnson et al.
(1971). The reason for this inclusion of shallow
vertical coasts is that all these theories break
down as the depth of the ocean approaches
zero. A theory in which account is taken of the
shallowing shelf region is given by Birchfield
(1973). This latter theory is based on an f-plane
and is more appropriate to a lake or small sea
where variations in Coriolis parameter f are
unimportant.

In this paper the bottom of the ocean is al-
lowed to rise slowly, as over the continental
shelf, until it reaches the surface at the coast.
Away from the coastal region where the depth
is small, the interior solution given by Johnson
et al. (1971) is used. In the neighbourhood of
the coast a boundary layer correction has to be
applied to deal with the singularity in the in-
terior solution. In this region the lower Ekman
layer becomes important and a significant long-
shore flow occurs.
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Observations made over the continental shelf
off Oregon are discussed by Smith et al. (1971).
A typical width of the shelf is =30 km and
at this distance from the coast the depth is
about d =200 m. This produces a typical gra-
dient of d/l =2/3 x 10~2. In the model developed
below the variables are scaled by typical values
for an ocean basin. The horizontal scale is
L =2x10* km and the vertical scale is D =
4 x 10® m. The scaled gradient of the continental
shelf in terms of the dimensionless scaled vari-
ables is

d/iD 0.5x107"
= ——— = }.33,

L 1.5x107%

an 0(1) quantity. Hence in terms of dimension-
less variables the width and depth of the shelf
boundary layer have the same order of magni-
tude. The aspect ratio of the ocean, § = D/L is
2 %103,

In the model of Birchfield (1973) the depth
of the boundary layer is considered to be greater
than the width so that vertical scaling is not
introduced into the analysis. A theory for a
slope region in which the scaled gradient is large
is presented by Killworth (1973). He shows how
the surface Ekman layer transport is transferred
into the interior of the ocean when the lower
Ekman layer overlaps with the upper Ekman
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Fig. 1. Notation and position of boundary layers.

layer at the top of the slope. The theory pre-
sented below will be concerned only with shelf
slopes that have an O(1) gradient.

The notation to be used is illustrated in Fig. 1.
The coordinate axes are chosen so that £ is
eastward, § northward and £ vertically upward.
The surface of the ocean is at 2 = 0. The bottom
of the ocean is £ = —H(£) and near the eastern
boundary H = &(L ~#£) + O(L —£)* where tan-! &
is the angle that the bottom makes with the
surface at the coast. The gradient of the shelf
is Hy(L) = — &

The solution is illustrated in section 7 for a
particular wind stress. The distribution of
velocity across the shelf is determined and the
total transport calculated. A discussion of the
solution is given in section 9.

2. Equations of motion and boundary

conditions
Let the dimensionless variables be defined by
z, y= (& §)L;z=4/D;u,v= (4, 8)/U; w=9/(6U);
H = H|D; « = 6/8; | = ffo; 8 = BLifo
where U is a horizontal velocity scale, f =
fo + 7 is the variable Coriolis parameter and
4,9, W are the dimensional velocity compo-

nents. The dimensionless equations of motion
for steady linear barotropic flow are

—fv = —p, + Eyluy, +u,,) + Bu,
fu = —p, + Ey(v,, +v,,) + Ev,, "
0 = —p, +6*Ey(w,, +w,,) +6tEw,,

U, +u, +tw, =0,

where p is the reduced pressure, f =1 +fy and
the Ekman numbers are defined as

Ey =vy/(fol?), E =v/(fo D?)

where vy, v are horizontal and vertical coeffi-
cients of eddy viscosity respectively. For con-
venience of presentation it will be assumed that
E,=E. In the theory of the shelf boundary
layer it will be assumed that the weak restrie-
tion & < E*'* holds.

The wind stress condition at the surface
requires

u, =E-#* v, =E- %, w=0;2=0
On the sloping bottom,
u=v=w=0,2z=-H(x).

To find a solution that is valid as the depth
of the ocean tends to zero as x> 1, the ocean is
divided up into the regions illustrated in Fig. 1.
Away from x =1 there is an interior region
where frictional effects are not important, with
Ekman layers at the surface and at the bottom.
The lower layer here is weak and does not carry
any significant transport. Near the coast there
is a shelf boundary layer. Here the northward
velocity is larger and the lower Ekman layer
becomes important and carries the coastal
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upwelling. The interior solution is discussed
briefly in the next section. The remainder of
the paper is devoted to a discussion of the solu-
tion in the coastal layer and its associated Ek-
man layers.

3. The interior solution

As the scaled gradient of the shelf is O(1),
the solution of Johnson et al. (1971) for the flow
over bottom topography may be used in the
interior region away from the coast. For this
solution the velocity components are

= E_mﬂ * 2 ﬁ f ’ -1
ur= me {f 6n(ﬂHk-curlf)dx —c(n )} (2)

Ellez T 2 -
o B[ o)

we f o T
+E ,BHk curlf, (3)

w=E"k. curI; + /3721)1

where 7 = —f/H is a characteristic coordinate
and C(n~!) is an arbitrary function to be deter-
mined by matching with the shelf layer solution.

As z—1 and H(x) becomes small, the behav-
iour of these interior solutions, to lowest order,
is described by

EI/Z E1/2H
u,~0(—§), v,~o(Tf’) (4)

Hence u; and v; are singular as H—~0 and to
avoid this singularity in the solution a boundary
layer must be inserted near the coast.

The general character of the interior solutions
and its attendant Ekman layers does not change
much so long as v, remains less than O(1). The
upper Ekman layer transmits the wind stress
to the interior and carries the O(E?) Ekman
transport. The lower Ekman layer is weak and
merely serves to satisfy the bottom boundary
condition. It carries only O(E) transport and
so does not take part in the lowest order cir-
culation.

When the northwards velocity between the
Ekman layers becomes O(1) a distinet change
takes place. An O(1) eastward flow is induced
in the lower Ekman layer due to the Ekman

Tellus XXVII (1975), 3

251

O(F.V%@ O(EVZ) -
E1 12 u~ E1I4
U~
H
v-g0
12
E
Ve _gia
ﬁ} w~E
172
Wo —
O(E)

Fig. 2. Magnitude of the velocity components in
the shelf layer and interior regions. The open arrows
represent the transport in the Ekman layers.

spiral and the lower layer can now carry an
O(E*) transport and take part in the basic
circulation. The lower Ekman layer is able to
carry the upwelling water to the surface layer
which carries it offshore. It may be seen from
(4) that for the case in which the scaled gradient
H, is O(1), the northward velocity v; will be-
come O(1) when H =O(E"*). This occurs at a
distance O(E""*) from the coast and from (4),
up = O(E'), v, = O(E)

In this coastal layer of depth O(E"*) and width
O(E"*) the northward transport will be O(E"?)
and so forms part of the basic circulation.
Fig. 2 is a summary of the magnitudes of the
velocities of the various layers and of the trans-
port in the Ekman layer.

4. The E"* eastern shelf layer

The order of magnitude discussion presented
in the preceding section is used to determine a
formal expansion for the velocity field in a
shelf layer of thickness E'* near the eastern
boundary of the ocean. The theory has to be
modified considerably for use on the western
side of the ocean as the interior solution (2)
and (3) has a different asymptotic form as
2 - 0 because of the asymmetry of the westward
intensification of the interior circulation.

In the eastern shelf layer, let

X_w—l _ z B z (5)
R 8T w1 EFaX
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'so that the upper surface of the layer is ¢ =0
and the lower surface is ¢ =1, and expand the
velocity components and pressure so that

u=E""Uy+ BiU, + ...,
v=Vo+ BV, +...,
w=E"W,+BW, +..,
p=E"P,+ EP, +...

Substituting these expansions into (1) and -ob-
serving from (lc) that the pressure does not
vary with depth to O(E*"), it follows that

Up=Uypy=0, Vo=Vy,=0

Therefore the equations of motion reduce to

fVo=Pox, [Vi=Pix (6)
fUo= =Py, U= —Py +Voxx (7)
Py =0, P;,=0 (8)
1 1
U0X+Voy+;}Wog=0, U1X+Vw+“—)—(Ww=0

(9)

The derivative of the continuity equations (9)
with respect to g gives

Woge =0, Wip=10
and hence
We=Ay+Bye, W,=A4,+Bp (10)

where A,, A,, B,, B, are unknown functions of
z and y. The Ekman suction conditions at ¢ =0
determine 4, and 4,. In the upper Ekman layer
the flow produced by the wind stress has the
well-known solution for the vertical velocity,
wyg = Et{k-curl (t/f) +exponential terms} + O(E)
Asymptotic matching with the shelf layer as
o~ 0 implies that

Ay,=0, A4,=k-curl (t/f) (11)

If the pressure is eliminated from (6a) and
(7a), and the result is substituted into (9a), then

fWo(;:“XﬂVo: —faX(Upx + Vo) {12)
Similarly to the next order
Wiy = aXBV, —aXVoxxx (13)
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Equations (10)-(13) show that
fWo=aXBoV,
fWy = fk-curl (v/f) + aXfoV, — aXoVoxxx (14)

The following analysis of the lower Ekman
layer will give a second equation connecting
W, and V, from which the differential equation
for V, may be obtained.

5. The Ekman layer beneath the shelf layer

Let the vertical and horizontal coordinates
be scaled to

so that the bottom is 7 =0. In this layer the
O(1) northward velocity in the shelf layer must
decay to zero to satisfy the boundary condition.
The Ekman spiral and the sloping boundary
require that all the velocity components are
O(1). Hence let

(@, D, W) = (g, Do, Wo) +EIM(an Dy, Wy) Ty
- 4 =
p =P+ EP, +...

and substitute into (1). After a little mani-
pulation it may be shown that the Ekman layer
equations are modified to
(1 + o) 2By + [Py = O (15)
(1 + &) @i + [y = O (16)

The solutions of (15) and (16) that match the
shelf layer as 7j— oo and satisfy the boundary
condition @, =%, =0 on 7 =0 are

Bo= Vo(X, y)[1 —dexp { —(1 +4) F7j}
—%exp { — (1 —2) Fr}],
Gy = 3Vo(X, y)[ — % exp { — (1 +¢) F'j}

(17)

+3exp { —(1 —4) F7j}]

where F? =1f/(1 +a?).
O(E""*) reveals that

A similar analysis to

@, = Ug(X, y) + exponential terms

Tellus XXVII (1975), 3
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The continuity equation to zeroth and first
order is
— iy + Woy =0, Tgx — allyy + Wiy =0
Integration of these two equations with respect
to 77 and use of the boundary conditions
Wy =, = Wo = Wy = 0 at 77 = 0 leads to

Wy = oty

—9% . %U, + exponential terms (18)

vooF

6. Completion of the eastern shelf layer
solution

Matching (14) as o—~1 with (18) as 7—>o0
gives the equation

X Vv
(X__ﬁ o_l"_i_“U

f 2F (19)

Equation (12) may be used to eliminate U,
and leave the differential equation for V, as

L - vg-v, -2
2o F 0XX f 0X oy f

This equation may be simplified by transform-
ing the coordinates to &£ =X /f and
2131 + o)

v dyl
Y- =
o 20f F 3o

The maximum range of y is (—f~%, co) as the
solution breaks down at y = —f-! which cor-
responds to the equator where f = 0. The cor-
responding range of Y is ( ~ oo, 2K1 + «®)}/3apf).
As a practical upper limit on y is betweesn one
and two, Y never approaches its upper limit.
Substitution of (21) changes (20) into

V,=0 (20)

- (2

8 )

— (V) = = (V) =0 22
Y (FVo) = o5 Vo) (22)
a form of the one-dimensional diffusion equa-
tion. Carslaw & Jaeger (1959) give a solution
of (22) in the form of the convolution integral,

1 -8 }
a(t) (Y ~t) exp{ XT3

Y

fz Vo(g; Y) = f
(23)
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where. a(t) is given in terms of the boundary
condition at the coast £=0 as
¥
1d [t fV,0,7)

O a) o

(24)

To find a(t) in (24), a condition is required
at £ = 0 on the velocity V,. This is provided by
the transport condition which states that the
eastward transport at the coast in the lower
Ekman layer is equal to the westward transport
at the coast in the upper Ekman layer. In other
words the offshore Ekman transport driven by
the wind stress 7¥ is replaced by upwelling
from the bottom Ekman layer. The eastward
transport in the lower Ekman layer at X =0
(or x=1) may be found by 1ntegratmg (17)
across the layer and is

E1/2V
dij= - ¢
X=0 2F

X=0

The westward transport in the surface Ekman
layer is — E'?7Y/f evaluated at z=1. Hence

(25)

r=1

To simplify the presentation the derivation
of a(t) in (24) is carried out in Appendix I,
where it is shown that (23) becomes

Y) { G(-?)}

5
x erfe { - w} ds

where G(Y)=2fF1¥(1, Y) and the complement-
ary error function is defined by

2 f°° —org
1z e t
T

The solution (26) gives the northward velocity
in the shelf layer as a function of &=X/f for
any given Y (or latitude y).

The total northwards transport in the shelf
current at a given latitude is

0 0
Ty=E" f U v, dz] dx
-0 o2 -1)

Vo(é, Y) =

(26)

erfe (T') =
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where X =(x —1)/E""* and the integral is over
the triangular cross section of the shelf layer.
As V, is independent of depth,

0

0
Ty= -E"“f aV,XdX = —E””j af V,&dE
-0

—~a0

(27)

The last integral is evaluated in appendix 11
where (26) is substituted in (27). The result is

T it V(146" V,(0, t)dt
N _up 9 (1 +ﬂt)m

(28)

in terms of the original latitude y. Use of (25)
and the definition of F leads to

T =E1,2f” (L, t)dt
v -1/8 1+ﬁt

(29)
This result may be justified from physical con-
siderations. In section 8 it will be shown that
to lowest order no water passes directly from
the shelf layer to the interior. Hence all the
water downwelling from the Ekman layer must
turn northward or southward in the shelf layer.
The net input into the shelf layer between the
equator at y = —1/8 and a given latitude y is
the integral of the Ekman transport t¥/f at the
coast. This is the integral in (29) which repre-
sents the total outflow northwards at latitude y
if there is no net transport across the equator
in the shelf layer.

As the Ekman layer solution breaks down
at the equator these solutions should all start
just north of y = —1/f. To avoid this difficulty
the example used in the next section has a wind
stress which is zero at the equator and has a
turning point at the equator.

7. The shelf current for a particular wind
stress

The solution (26) is illustrated for a particular
wind stress in Fig. 3. The wind stress chosen at
the coast is
¥ =fcosin (1 +48y) (30)
which is northward just north of the equator
and southwards further north. This induces
coastal downwelling from By =(-1)+, just
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Fig. 3. On the right, the wind stress distribution
at the coast, ¥ =f cos }7r(1 +4fy). On the left, the
corresponding shelf current and counter-current.

north of the equator, to fy =4 and coastal up-
welling between fy = and fy =2.

The northward velocity at the inshore edge
of the shelf layer satisfies (25) and is therefore
northward for Sy <31, and southward for Sy >}
in the region of coastal upwelling. However
further offshore the coastal current is every-
where towards the north. Hence in the region
of upwelling there is a counter-current offshore
that penetrates to the bottom. Although the
velocity distribution just offshore is a function
of the local wind given by (25), further offshore
the direction of the flow depends on the lati-
tudinal distribution of wind stress used in the
integral (26). In this model the presence of a
counter-current at a particular latitude depends
on the distribution of ¥ between the equator
and that latitude.

The total northward transport in the shelf
layer is given by substituting (30) into (29) to
obtain

Tellus XXVII (1975), 3
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3 n
_ gl . 7
Ty=E —2nﬂ{l+sm6(l+4ﬂy)}

which is never negative. Hence the net transport
is northward at all latitudes. The strong south-
ward current near the coast in Fig. 3 for fy >}
does not alter the direction of the net transport
as the depth is very small near the coast. The
total transport in the shelf current depends on
the latitudinal distribution of wind stress and
not on the local wind stress.

8. Asymptotic behaviour of the solution

The matching of the shelf layer onto the
interior is discussed here. The eastward velocity
in the interior is given by (2), which may be
simplified for a zonal wind stress of the form

Tiel= —fj’—”(f) dy, k-curl(t/f)=T(f),
where T' is an arbitrary function of f. Then

a(f T\
ﬂ%(ﬂ_lfk.curl;) = 2HnT(—nH)

—H*%*T"(-yH)

where the prime denotes a total derivative.
Hence, from (2),

1/2
uy= — H {2HyT(-4H)-H*'q*T'(—nH)} da’
El/‘l
~E BC(n™") (31)

The expansion of this integral near x =1 is
required to facilitate matching with the shelf
layer.

The following expansions are valid near x =1,

H(x)= -a(x-1)+0(x- 1)

as
H(1)=0, H(l)= -a,
T 2
T(-nH)=T + (2 — l)“— +O(x-1)
z=1 o |z-1

=T(0) + (x— 1) gaT’(0) + O ~ 1)
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as

T,= -qnH,T",
™) =C(0) + (z—1) ;‘ C'(0)+ Oz —1)*

as

Substituting in (31), carrying out the integra-
tion keeping # constant, and retaining only
lowest order terms leads to

12| _BCO) -
— +0(x-1)°
[af(x— p* oy
This may be rewritten in the inner shelf layer
variables as

BC(0)
afX

The expression for the eastward flow in the
shelf layer may be obtained from (19) and (23).
It is clear that the solution decays exponen-
tially for large negative &= X/f. Therefore
matching with (32) gives C(0) =0. The deter-
mination of other terms in the expansion for
C(n~1) requires higher order solutions. The
presence of the shear layer makes the lowest
order interior solution well-behaved as the coast
is approached. This means that the interior
gyre is shielded from the coast by the strong
shelf current which takes care of the upwelling
and downwelling into the Ekman layer.

Where the wind stress is northward at the
coast, it produces downwelling which enters the
lower Ekman layer over the shelf. This flow
then passes into the shelf layer and moves north
or south to provide the source of water for the
upwelling being induced by southward winds
at some other latitude.

=B o) (32)

9. Discussion

The wind stress on the surface produces an
O(E*) transport in the Ekman layer just below
the surface. If the surface wind has a southward
component then there is an offshore component
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of Ekman transport in the surface boundary
layer. This removes water from the region
close to the coast which must be replaced by
water upwelling from below. This water is
drawn up from the bottom Ekman layer on
the shelf. To maintain an O(E%) transport in
the bottom layer requires a large O(E®) long-
shore flow V, in the shelf layer, as the magni-
tude of the transport in the bottom layer is
proportional to EtV, (see section 6). Thus a
strong longshore current in the shelf layer is
associated with coastal upwelling.

Further away from the coast, beyond the
shelf boundary layer the northward velocity in
the interior is only O(E?!) and therefore the
lower Ekman layer can no longer provide suffi-
cient transport for the coastal upwelling. Con-
sequently the upwelling’ water must come out
of the shelf layer into the lower Ekman layer
near the coast. In section 8 it is shown that
there is no flow from the interior region into
the shelf layer. Therefore the demand for
water for upwelling in the lower Ekman layer
produces the longshore flow in the shelf layer.
The strength of the longshore current will
depend on the distribution of upwelling and
downwelling along the coast. The solution for
a particular wind stress distribution is presented
in Fig. 3. In this example an offshore counter-
current occurs where the coastal upwelling
extracts less water than is flowing northwards
along the layer, produced by the downwelling
further south.

Allowing for the fact that this model is steady
and homogeneous, how do the results obtained
compare with observations. Smith et al. (1971)
indicate that during coastal upwelling off Oregon
there is onshore flow in a bottom mixed layer
corresponding to the lower Ekman layer in this
model. Bang (1971) observes a similar situa-
tion in the Benguela region. He also states that
the longshore currents and counter-currents are
intermittant in time and space. However very
few actual velocity measurements have been
reported. This situation should improve with
the current programmes of observation in up-
welling regions. When upwelling favourable
winds blow for more than four days (the re-
sponse time for upwelling) it is often observed
that a quasi-steady state is reached in the ocean.
This state may be related to the steady theory
presented here.

The lack of stratification is a serious omission.
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However its inclusion would significantly in-
crease the complexity of the analytical prob-
lem. It is an essential feature in any theory
which tries to model the pycnocline mentioned
by Smith et al. (1971) and of theories in which
the shelf current is allowed to vary with depth
to include an undercurrent. In this homogeneous
theory the counter-current is offshore of the
main coastal current and both penetrate to
the bottom.

Appendix I

The analysis presented here gives the deriva-
tion of (26). The solution of equation (22) may
be expressed as in (23) by

Y

(Y)Y V(& Y) —f a(t) (Y -7
«©

-£
xexp{;(y_t)}dt (Al)

where a(t) is to be determined from
Y

F(Y) V(0 Y)=f a(t) (Y —) " de
—a0

The inversion of this integral is given by Whitt-
aker & Watson (1965, p. 229) as

d [t 1(s) V,(0, 8)ds

1
t = — — S
o) adt) o (t-8)'"

L EPYOR Vo(0, 8) (t—8)' "l _oo
7 dt

t
L1 f 2<t_3)1/2d1{f(s) Vy(0,5)} ds
—o0 8

In the first term, the lower limit is zero as,
from (21), with Y replaced by s,
&) t-8)"a(—s) ¥ (-8)" for |[s]|>1

Hence

a(t)=l t (t—s)‘l’“f{f’(s)V(o 8)}ds
ds S

T -

and substituting in (A 1) gives, after changing
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the order of integration,

Y V(& )= f

Y/ da
x{f'(8) Vo(0,8)} I(¢, Y,8)ds (A 2)
where
Y
I, Y,8)= f -8 (Y -971"

- &
dt
“oxp {4( Y- t)}
The substitution z = (¥ —s)/(Y - t) leads to

I ¥ _fw ——),-‘z} dz
& Xoa)= | OXP\yy o) 2o 1)

=n erfc{

-§
— A3
2(Y—s)m} (43
where the negative square root of the coefficient
of —z in the exponential in (A3) has been
chosen to select the solution which decays as
&= — co. Substitution for I in (A2) gives

v d .
(v, am—f_w%{f(s)vo(o,s)}

~§
x erfe {mﬂg} ds

The substitution for V,(0,s) in terms of
7¥(1, Y) given in (25) leads to the presented
solution (26).

(A 4)

Appendix 11

To deal with the total northward transport,
substitute (A 4) into (27), giving

1/2 ¢ Y d 2
TyY)=-E af - {f*(s) (0, 8)}
0 _nd8

3
m}ds&ds (A 5)

x erfe {_—
2(Y —s)
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The order of integration may be reversed and
the &-integral is

* £
f_wE erfc {2(Y )1,2}d§

= —-4(Y -3s) [%ot: erfc tJX

L

0
Y—a)f terfctdt
0

0

-4Y —s)f £~

©1
- ._4(Y—s)f §u1/2ﬂ~1/2 e “du=~(Y -8)
[
Substitute in (A 5) to get

¥
T(Y)= —Ewaf (8- Y)

2 {0 V40, 9} do
—E'"%[f(s) V,(0, 8) (- ¥)]¥- _oo

Y
+ BV f £1(8) V,(0, 8) ds
-0

Y
=B f FA(s) V4(0, 8) ds (A 6)
-0

as f*(8)>0 as s— — co. The substitution
1+pt=[1-3afs{2(l+a")} %2?

transforms the coordinate Y back into the lati-
tude y and (A 6) becomes

Tyly) =wa, (1_+_“2)1/2 V,o(0, t) dt
-1/8

2 (1+p)'* A

which is (28).
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TPEXMEPHASI TEOPUSI BEPEI'OBLIX TEUEHMN M IOOHATUA BOO HAJL
HOHTUHEHTAJILHBIM HIEJBOOM

LIMpKyIAGUA OXHOPOAHOrO OKeaHa H3Y4YaeTCH
B ofiacry, rae HO MOBHIIIAETCA KO ITOBEPXHOCTH
y Gepera, Kax HaJ KOHTHHEHTAJNbLHBIM HIEJIb(OM.
B aro#t o6macTM CTaHOBUTCA Ba)KHBIM IIPHUJOH-
HBI{ DKMaHOBCKHIl CJIO, B KOTOPOM NPOUCXOAHT
nogHATHEe Box BONM3NM Gepera M3 BHYTpeHHeit
o6aactn Hay meabdpom. B menbdoBom morpa-
HMYHOM cioe ofpasyercdA CHIBHOe BoOJbLGepe-
FOBOE TeueHHe M NMpPHU ONpeJeNeHHBIX pacmpepe-

JIeHUAX HanpsMeHuA BeTpa olpasyercsa IJy-
6okoe BHebOeperoBoe mportuBoredenue. Ha xan-
HOIt moarote BHOJbGeperoBoe TeueHue BOJU3N
fepera 3aBHCHT OT JOKAJbHHX BeTPOB, B TO
BpeMA HKak BHe0eperoBoe INpPOTHBOTEYEHHE U
YMCTHIl IIEPEHOC MacCHl K CeBepy B Cil0€ Haj
ureiboM FABIATCA (QPYHKIUAMU pacmpegeie-
HUA HaNpAKeHUA BeTpa ¢ IIMPOTOM.
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