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Lecture # 9

Recapitulation
Elementarstromsystem
Ekman transport
Ekman pumping
Sverdrup transport
Sverdrup meets Ekman

Wind driven circulation
Western boundary currents
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> Schematic of the near-surface circulation (after Schmitz 1996).
Subtropical gyres are red, subpolar and polar gyres blue
equatorial gyres magenta, Antarctic Circumpolar Current is blue

green lines represent exchange between basins and gyres
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» momentum equation in vector form for Ro < 1

1 10
kau:——Vhp—i———T with k x u = (—v,u,0)
Po po 0z

> 7 = (7%,7Y) is a stress vector with 7(z = 0) = 72 where 77 is the
surface wind stress in N/m? acting on the ocean



Recapitulation

Elementarstromsystem

momentum equation in vector form for Ro < 1
1 1o .
fkxu=——Vyp+—— with kxu=(-v,uf)
Po po 0z
T = (7%,7) is a stress vector with 7(z = 0) = 72 where 72 is the
surface wind stress in N/m? acting on the ocean

split the flow into geostrophic and frictional (Ekman) components,

u=ug+ ug (and w = wg + wg), governed by

1 1
fk xug=——Vup and kauE:—a—T
Po po 0z
and the same for continuity equation
9] 0
Voue+ 2% —0 and V.ourt+ o
0z 0z

> sum ug + ug satisfies full momentum and continuity equation

6/ 36



Recapitulation

Elementarstromsystem

> Elementarstromsystem (for p = const)

7/ 36
> u=u¢+ ug (and w = wg + wg)

surface and bottom Ekman layers superimposed on geostrophic flow

N
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» vertically integrated velocity

0 0
U:/ udz:/(uG+uE)dz:UG+UE
—h —h
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» vertically integrated velocity

0 0
U:/ udz:/(uG+uE)dz:UG+UE
—h —h

> with the (total) transport vector U, dimension m?s™!



Recapitulation Ekman transport 9/ 36

» vertically integrated velocity

0 0
U:/ udz:/(uG+uE)dz:UG+UE
—h —h

2,—1

> with the (total) transport vector U, dimension m*s™~

> transport by the geostrophic velocity — geostrophic transport Ug
transport by the Ekman velocity — Ekman transport Ug

107

fk = —
X Ug 2 dz



Recapitulation Ekman transport 9/ 36

» vertically integrated velocity

0 0
U:/ udz:/(uG+uE)dz:UG+UE
—h —h

2,—1

> with the (total) transport vector U, dimension m*s™~
> transport by the geostrophic velocity — geostrophic transport Ug

transport by the Ekman velocity — Ekman transport Ug

10T
fk X UE — %g
0 1
ka/ ugdz = —(m(z=0)—7(z=-h))
—h £o
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» vertically integrated velocity

0 0
U:/ udz:/(uc+uE)dz:UG+UE
—h —h

2,—1

> with the (total) transport vector U, dimension m*s™~
> transport by the geostrophic velocity — geostrophic transport Ug

transport by the Ekman velocity — Ekman transport Ug

10T
fk = ——
X Ug 2 dz
0 1
ka/ ugdz = —(m(z=0)—7(z=-h))
—h Po
1
fkxUg = —(7°—17p)
Po
U = —ik X (19— Tp)
E = Foo b

with surface wind stress 72 and bottom stress 7
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» vertically integrated velocity

0 0
U:/ udz:/(uc+uE)dz:UG+UE
—h —h

2,—1

> with the (total) transport vector U, dimension m*s™~
> transport by the geostrophic velocity — geostrophic transport Ug

transport by the Ekman velocity — Ekman transport Ug

fhxue = ~OT
po 0z
0 1
ka/ ugdz = —(m(z=0)—7(z=-h))
—h Po
1
fkxUg = —(7°—17p)
Po
Ug = —ikx( ?—Tp)
£ fpo T b

with surface wind stress 72 and bottom stress 7

> split Ug into surface and bottom Ekman transport



Recapitulation Ekman transport

> vertically integrated velocity U = U + Ug with geostrophic
transport U and Ekman transport Ug given by

1
= —7,( a_
Ue oo X (17 —Tp)

with surface wind stress 72 and bottom stress 7
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> vertically integrated velocity U = U + Ug with geostrophic
transport U and Ekman transport Ug given by

1 b
Ug = —f—k x (17 — 1) = UZP + UF*
Po
with surface wind stress 72 and bottom stress 7

» split into surface Ekman transport in surface Ekman layer

top 1
U =——kx7?

£ fpo

orthogonal to wind stress direction (to the right for f > 0)

does not depend on parameterisation of 7 in the interior



Recapitulation Ekman transport 10/ 36

> vertically integrated velocity U = U + Ug with geostrophic
transport U and Ekman transport Ug given by

1
Us = ———kx(17—1p) = U+ UL
f po
with surface wind stress 72 and bottom stress 7
» split into surface Ekman transport in surface Ekman layer
top 1 a
Ul =——kxT
fpo
orthogonal to wind stress direction (to the right for f > 0)
does not depend on parameterisation of 7 in the interior
> and bottom Ekman transport in bottom Ekman layer
1

Ubot —
g fpo

kXTb

depends on parameterisation of 7 in the interior



Recapitulation

Ekman transport

> Elementarstromsystem

11/ 36
> u=u¢+ ug (and w = wg + wg)

surface and bottom Ekman layers superimposed on geostrophic flow

N
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» zonal (left) and meridional component (right) of 72 in 1072 N/m?

100°E 160°W 60°W 40°E 100°E 160°W 60°W 40°E

> surface Ekman transport in surface Ekman layer

1
UgP=———kx
Po

orthogonal to wind stress direction (to the right for f > 0)
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» zonal (left) and meridional component (right) of 72 in 1072 N/m?

100°E 160°W 60°W 40°E 100°E 160°W 60°W 40°E

> surface Ekman transport in surface Ekman layer
top 1 a
U =——kxrT
f po
orthogonal to wind stress direction (to the right for f > 0)

» equatorward in west wind region poleward in trade wind region
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» zonal (left) and meridional component (right) of 72 in 1072 N/m?

100°E 160°W 60°W 40°E 100°E 160°W 60°W 40°E

> surface Ekman transport in surface Ekman layer
top 1
U =——kxt?
£ f po
orthogonal to wind stress direction (to the right for f > 0)
» equatorward in west wind region poleward in trade wind region
> convergence between west wind and trade wind region

» divergence at high latitude and at equator
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> integrating the continuity equation for ug and wg from zto z =10

V'UE+%:O
0z

yields the vertical Ekman velocity

0 0
/ V - ugdz + welz=70) — wg(z) =0 — WE(z):V~/ ug dz
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> integrating the continuity equation for ug and wg from zto z =10

V'UE+%:O
0z

yields the vertical Ekman velocity

0 0
/ V - ugdz + welz=70) — wg(z) =0 — WE(z):V~/ ug dz
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> integrating the continuity equation for ug and wg from zto z =10

V'UE+%:O
0z

yields the vertical Ekman velocity

0 0
/ V - ugdz + welz=70) — wg(z) =0 — WE(z):V~/ ug dz

> since ug ~ 0 below Ekman depth D ~ 50m

0
1
WE|z<—D%V-/ up dz=V U =-V.—kxr?
z<—D fpo

with Ekman pumping wel|,<_p
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> integrating the continuity equation for ug and wg from zto z =10

V'UE+%:O
0z

yields the vertical Ekman velocity
0 0
/ V - ugdz + welz=70) — wg(z) =0 — WE(z):V~/ ug dz
> since ug ~ 0 below Ekman depth D ~ 50m

Ta

0
1
WE|z<_D%V-/ uEdeV-U?p:—V-kaTa:ka-
z<—D fpo pof

with Ekman pumping wel|,<_p



Recapitulation Ekman pumping 15/ 36

» Ekman pumping wg in m per year

Ta
Wel;«cp = V- U =kx V. —
Po
with Ekman depth D ~ 50 m (depends on A,)
BON —3
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80°S
100°E 160°W 60°W 40°E

» Ekman transport UtEOP and pumping wg do not depend on A,
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» coastal upwelling

Northern
Hemisphere

<
&

from Talley et al 2011



Recapitulation Ekman pumping

> equatorial upwelling

(a) Ekman transport (northward)
Northern
Hemisphere
Trade Winds Equator

¢ * Southern
Hemisphere

Ekman transport (southward)

(b)

Trade
Winds
Sea surface
warm warm
Ekman (— <« cqd Ekman
transport transport

Thermocline

Southern

Northern
Hemisphere Equator

Hemisphere

from Talley et al 2011
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» momentum equation in planetary geostrophic approximation

fkxu= —ivhp+ial with k x u = (—v,u,0)
Po po 0z



Recapitulation

>

Sverdrup transport

momentum equation in planetary geostrophic approximation

fkxu= —ivhp+ial with k x u = (—v,u,0)
Po po 0z

neglect sea surface height z = ¢ — assume rigid lid at z =0
assume flat bottom at z = —h = const
vertically integrate from bottom to surface

0

pofk x U:—Vh/ pdz + T, —Tp
~h

. 0
with transport U = f_h udz, surface and bottom stress 7, and T,

19/ 36



Recapitulation

>

Sverdrup transport

momentum equation in planetary geostrophic approximation

fkxu= —ivhp+ial with k x u = (—v,u,0)
Po po 0z

neglect sea surface height z = ¢ — assume rigid lid at z =0
assume flat bottom at z = —h = const
vertically integrate from bottom to surface

0

pofk x U:—Vh/ pdz + T, —Tp
~h

. 0
with transport U = f_h udz, surface and bottom stress 7, and T,

take curl and it follows the famous Sverdrup relation
poBV = kxV-(1,—Tp)

where T, is often neglected

depth integrated transport V' calculated from wind stress curl only

19/ 36



Recapitulation Sverdrup transport 20/ 36

» since V- U = 0 introduce volume transport streamfunction, with

u="2  v_9 L y_kxwy
oy Ox

transport U is parallel to contour lines of 1
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» since V- U = 0 introduce volume transport streamfunction, with

_o V—a—w - U=kxVy

U:@’ - Ox

transport U is parallel to contour lines of 1

» 1) determines transport perpendicular to or "across” section A — B
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» since V- U = 0 introduce volume transport streamfunction, with

0 0
u=-2%  v_9%  y_kxwy
oy Ox
transport U is parallel to contour lines of 1
» 1) determines transport perpendicular to or "across” section A — B

» Sverdrup relation becomes

0
PV = poie = kx V-7,
X

for 7, =0



Recapitulation

>

Sverdrup transport

since V, - U = 0 introduce volume transport streamfunction, with

u=-% % L y_kxve
dy Ox

transport U is parallel to contour lines of 1
1) determines transport perpendicular to or "across” section A — B

Sverdrup relation becomes

0
PV = poie = kx V-7,
X

for 7, =0

integration from eastern boundary (x = xg) where ¥(xg) =0

- k .
P(x,y) poﬁ/ x V -1, dx

¥(xg) = 0 along east eastern boundary but not at western boundary
— western boundary current not included

20/ 36
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> 1 =—1/(poB) [ k x V -T2 dx from realistic wind stress
in 10m3/s = 1Sv

60°N
40°N
20°N

0°

50°E 150°E 110°W 10w
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> 1) in a global state estimate in 10°m?/s = 1Sv




Recapitulation Sverdrup transport

23/ 36

» Streamfunction ¢ in Sv = 106 m?/s from simple Sverdrup relation

> Streamfunction 1 for a realistic model of the Atlantic Ocean

40°N

o

100°w 80°W 60°W 40°W 20°W 0

> simple Sverdrup relation works surprisingly well
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> vertically integrated momentum equation

o [° oP
—pofV = pdz +75=—— 4717
h X

S ox )

g [° P
U = —— d y=_2" 4+
po GY[hpZ+Ta 8y+Ta
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> vertically integrated momentum equation

o [° . oP

—pofV = 7& 7hde+Ta :75 +7‘a
o [° oP

pofU = —@[hde‘FTg/E—w‘FT;

» split in Ekman transport Ug und geostrophic transport Ug
—pofV = —pof (Vo + VE) = ———+75

pofUEpof(U(;—l-UE) = —74—7'3/
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> vertically integrated momentum equation

o [° . oP
7p0fv = *a 7hde+Ta :75 +7_a
o [° oP
poflU = —@[hpdz+rg’z—w+rg’
» split in Ekman transport Ug und geostrophic transport Ug
oP
—pofV = —pof (Vo + VE) = ~ oK + 77
oP
pofU = pof (Ug + Ug) = 3y +7)

» with Ekman transport

7p0fVE:T:, pofUE:Tg — pokaUE:Ta — pofUEszXTa
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> vertically integrated momentum equation

o [° . oP

—pofV = 7& 7hde+Ta :75 +7‘a
o [° oP

pofU = —@[hde‘FTg/E—w‘FT;

» split in Ekman transport Ug und geostrophic transport Ug

—pofV = —pof (Vg + Ve) = _54-7'3
oP
pofU = pof (Ug + Ug) = —@-1-72{

» with Ekman transport
7p0fVE:T:, pofUE:Tg — pofk)( UE:Ta — pofUEszXTa

» and with geostrophic transport
oP

P
—pofVG:—af s pofUG:—f — pofUG:kXVhP
X dy

0
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>

Sverdrup meets Ekman 25/ 36

vertically integrated momentum equation

o [° oP

o - _ d X — 7 X

pofV I 7hp z+7; ox T
o [° oP

poflU = —@[hpdz+rg’z—w+rg’

split in Ekman transport Ug und geostrophic transport Ug

oP

—pofV = —pof(VG + VE) = —a -|-7';
oP

pofU = pof (Ug + Ug) = 3y +7)

with Ekman transport
7p0fVE:T:, pofUE:Tg — pofk)( UE:Ta — pofUEszXTa

and with geostrophic transport

P oP
—pofVG = —87 s pofUG = -7 — pofUG =k x VP

0 dy

Ekman transport 4+ geostr. transport = Sverdrup transport
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» Ekman transport + geostr. transport = Sverdrup transport
» with Ekman transport
—pofVe =715 , pofUe =7 , pofUe=—kxT,

» and geostrophic transport

oP oP
7p0fVG:77 s pofUszf s pofUG:kXVhP
Ox dy

26/ 36
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v

v

v

v

Sverdrup meets Ekman

Ekman transport + geostr. transport = Sverdrup transport
with Ekman transport
—pofVe=15 , pofUe =71 , pofUeg=—k xT,

and geostrophic transport

oP oP
—pofVo = ——= , pofUc = ——— , pofUc =k x VP
Ox dy
both transports are divergent
Vh~UE = —Vh'kXTa:kXVh-Ta:WE

pof pof

26/ 36
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Sverdrup meets Ekman

Ekman transport + geostr. transport = Sverdrup transport
with Ekman transport
—pofVe=15 , pofUe =71 , pofUeg=—k xT,

and geostrophic transport

oP oP
7p0fVG:77 s pofUszf s pofUG:kXVhP
Ox dy
both transports are divergent
Vh~UE = —Vh-kXTa—k Vh 7-a:WE
pof pof
g (0P 1 0 (0P 1 oP 0 1
nue 3X(3ypof>+3y<3><pof) Ox dy (pof)
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» Ekman transport + geostr. transport = Sverdrup transport
» with Ekman transport
—pofVe =715 , pofUe =7 , pofUe=—kxT,

» and geostrophic transport

oP oP
7p0fVG:787 s pofUszf s pofUG:kXVhP
X dy
> both transports are divergent
Vh~UE = —Vh'kXTa:kXVh-Ta:WE
pof pof
g (0P 1 0 (0P 1 oP 0 1
V, Us = —— 22— i et A
nue 3X(3ypof>+3y<3><pof) Ox dy (pof)
1 df oP B8 OP

Cpof2dy Ox  pof? dx
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» Ekman transport + geostr. transport = Sverdrup transport
» with Ekman transport
—pofVe =715 , pofUe =7 , pofUe=—kxT,

» and geostrophic transport

oP oP
7p0fVG:77 s pofUszf s pofUG:kXVhP
Ox dy
> both transports are divergent
Vh~UE = —Vh'kXTa:kXVh-Ta:WE
pof pof
g (0P 1 0 (0P 1 oP 0 1
V, Us = —— 22— i et A
nue 3X(3ypof>+3y<3><pof) Ox dy (pof)
1 df OP B8 OP B

Cpof2dy Ox  pof20x  f
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Sverdrup meets Ekman 26/ 36

Ekman transport + geostr. transport = Sverdrup transport
with Ekman transport

—pofVe =715 , pofUe =7 , pofUe=—kxT,

and geostrophic transport
oP oP
—pofVg = —— fUs = —— fUg=kxV,P
pofVe 6)<7t)oUc; gy @ PofUs XV
both transports are divergent
Vh~UE = —Vh'kXTa:kXVh-Ta:WE
pof pof
0 (0P 1 0 (0P 1 oP 0 1
V, U = —— 22— I G .
nue 3X(3ypof>+3y<3><pof) Ox dy (pof)
_ __ 1 dfop B OP_ B
 pof2dy Ox  pof20x  f ¢

but the total transport U = Ug + Ug is non-divergent
V,-U=0 — WEOngvG

Ekman pumping generates southward geostr. transport (for f > 0)
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» Ekman pumping generates southward geostr. transport (for f > 0)

Westerlies

East

Ekman
upwelling

Ekman

downwelling Northern Hemisphere

Ekman
upwelling

from Talley et al 2011



Recapitulation Sverdrup meets Ekman

28/ 36
» Sverdrup relation follows from potential vorticity conservation
> potential vorticity equation for a single layer

Dq ¢+ f fo
o - ~(——h+f
Dt , q L ord ¢ e

q is conserved for fluid parcels in single layer

> we lead to vortex stretching and meridional motion

W, >0,

W,

=
c
N3




Wind driven circulation Western boundary currents 29/ 36

Recapitulation

Wind driven circulation
Western boundary currents



Wind driven circulation Western boundary currents

» momentum equation in planetary geostrophic approximation
or
fk xu=-Vup+ 7 +Ath,u— Ru
z
with stress vector T connecting to surface wind stress
with lateral friction related to the lateral turbulent viscosity Ap

and with turbulent Rayleigh (bottom) friction related to R

30/ 36
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» momentum equation in planetary geostrophic approximation
or
fk xu=-Vup+ 7 +Ath,u— Ru
z
with stress vector T connecting to surface wind stress
with lateral friction related to the lateral turbulent viscosity Ap

and with turbulent Rayleigh (bottom) friction related to R

> vertically integrating from flat bottom to surface (assume 7, = 0)

0 0 0
fk ></ udz = —/ Vhpdz+7'a+/ (AnV3 — R)udz
—h

—h —h
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» momentum equation in planetary geostrophic approximation
or

fk x u:—vhp+5+Ahviu—Ru

with stress vector T connecting to surface wind stress
with lateral friction related to the lateral turbulent viscosity Ap
and with turbulent Rayleigh (bottom) friction related to R

> vertically integrating from flat bottom to surface (assume 7, = 0)
0 0 0
fk x / udz = —/ Vipdz + 7, +/ (AnV3 — R)udz
—h —h —h
» for h = const vertical integration and V commute

0
fkxU = —Vh/ pdz + 7, + (AV2 — R)U
h

with transport U = f_oh udz
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» momentum equation in planetary geostrophic approximation
or
fk xu=-Vup+ 7 +AhV,21u— Ru
z
with stress vector T connecting to surface wind stress
with lateral friction related to the lateral turbulent viscosity Ap

and with turbulent Rayleigh (bottom) friction related to R
> vertically integrating from flat bottom to surface (assume 7, = 0)
0 0 0
fk x / udz = —/ Vipdz + 7, +/ (AnV3 — R)udz
—h —h —h
» for h = const vertical integration and V commute

0
fkxU = —Vh/ pdz + 7, + (AV2 — R)U
h

with transport U = f_oh udz

> use transport streamfunction ¢ with U = k x V)

0

— V) = _Vh/ pdz + T, + (AV2 — R)k x V1)
—h



Wind driven circulation Western boundary currents

> vertically integrated momentum equation
0

—fVpp = —Vh/ pdz + 7, + (A V3 — R)k x V1)
h

with transport U = ffh udz and streamfunction U = k x V1

31/ 36



Wind driven circulation Western boundary currents 31/ 36

> vertically integrated momentum equation

0

—fVpp = —Vh/ pdz + 7, + (A V3 — R)k x V1)
h

with transport U = ffh udz and streamfunction U = k x V1

> now take curl (k x V)- of momentum equation
—(kxV)-fVh =k x V-7, + (A Va — R)(k x V) - (k x V)1
since (k x V) -V, ffhpdz =0
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> vertically integrated momentum equation

0

—fVpp = —Vh/ pdz + 7, + (A V3 — R)k x V1)
h

with transport U = ffh udz and streamfunction U = k x V1

> now take curl (k x V)- of momentum equation
—(kxV)-fVh =k x V-7, + (A Va — R)(k x V) - (k x V)1
since (k x V) -V, ffhpdz =0

> with

—(kxV)-fVp=—F(k X V)- V) — Vyip - (k x V)F =
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> vertically integrated momentum equation

0

—fVpp = —Vh/ pdz + 7, + (A V3 — R)k x V1)
h

with transport U = ffh udz and streamfunction U = k x V1

> now take curl (k x V)- of momentum equation
—(kxV)-fVh =k x V-7, + (A Va — R)(k x V) - (k x V)1
since (k x V) -V, ffhpdz =0

> with

oy

—(k><V)-thz/J:—f(kxV)-Vhw—Vhw-(ka)f:Ba
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> vertically integrated momentum equation

0

—fVpp = —Vh/ pdz + 7, + (A V3 — R)k x V1)
h

with transport U = ffh udz and streamfunction U = k x V1

> now take curl (k x V)- of momentum equation
—(kxV)-fVh =k x V-7, + (A Va — R)(k x V) - (k x V)1
since (k x V) -V, ffhpdz =0

> with

oy

—(k><V)-thz/J:—f(kxV)-Vhw—Vhw-(ka)f:Ba

and with (k x V) - (k x V) = V1)
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> vertically integrated momentum equation

0

—fVpp = —Vh/ pdz + 7, + (A V3 — R)k x V1)
h

with transport U = ffh udz and streamfunction U = k x V1

> now take curl (k x V)- of momentum equation
—(kxV)-fVh =k x V-7, + (A Va — R)(k x V) - (k x V)1
since (k x V) -V, ffhpdz =0

> with

—(kx V) - fVpp = —f(k x V) - V) — Vpp- (k x V)f = B?Tf
and with (k x V) - (k x V)i = V3
> the Stommel/Munk equation for flat bottom follows as

g%:kxv-ra—l—(AhVi—R)V?ﬂ/}

first part identical to Sverdrup relation, friction related to A, and R
closes circulation at western boundary
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> numerical solution of Stommel's equation

a—w:ka-Ta—RVf,dz
Ox

with realistic wind stress 7, (and A, = 0)

50°E 150°E 110°w 10°W

» HENRY MELSON STOMMEL, * 1920 in Wilmington (USA) 11992 in
Boston (USA), oceanographer.
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> consider a wind stress of the form 7, = (—7o cos 7%, 0)

with A, = 0 — Stommel’s equation (left)
and R =0 — Munk's equation (right)

Stommel Munk

0.5 0.5

from Vallis 2006
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» boundary layer scaling

oY

B = kx V7,4 (AV2 — R)V3y)

> balance bottom friction RV 21 and planetary vorticity 391/dx

B/l ~ Ry/L?
L ~ R/B

Stommel's boundary layer with R/ ~ 50 — 100 km
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» boundary layer scaling

oY

ﬁa =k XV -T,+(AV2 - RV

> balance bottom friction RV 21 and planetary vorticity 391/dx

B/l ~ Ry/L?
L ~ R/B

Stommel's boundary layer with R/ ~ 50 — 100 km

» balance lateral friction Athﬂ/J and planetary vorticity 801 /0x

BY/L ~ Awp/L*
L~ (Aw/B)3

Munk’s boundary layer with (A,/3)%/3

> (An/B)Y/3 is often used to choose value for A, in numerical models

34/ 36
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» why is the western boundary current in the west?

» dominant balance in the western boundary current regime

o o 0% OV
o =BV~ kT RV~ —Ro 5 = —Ro

between bottom friction and change in planetary vorticity
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» why is the western boundary current in the west?

» dominant balance in the western boundary current regime

o 5 0?1 ov
7 BV ~ —+ _ R ~_R- T — _RZL
Ox p kT = RV Ox? Ox
between bottom friction and change in planetary vorticity
» since V < 0 in the interior of the subtropical gyre

V > 0 in the western boundary — SV >0 — ROV /9x < 0
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» why is the western boundary current in the west?

» dominant balance in the western boundary current regime

o o 0% OV
o =BV~ kT RV~ —Ro 5 = —Ro

between bottom friction and change in planetary vorticity

» since V < 0 in the interior of the subtropical gyre
V > 0 in the western boundary — SV >0 — ROV /9x < 0

> for western boundary layer V decreases to the east — 9V /0x < 0

» for eastern boundary layer V increases to the east
— no eastern boundary layer

» westward Rossby waves propagate to the west

> they are reflected at the western boundary as short Rossby waves
with eastward group velocity

» short Rossby waves are dissipated in the west and form the
boundary current
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> Schematic of the near-surface circulation (after Schmitz 1996).
Subtropical gyres are red, subpolar and polar gyres blue
equatorial gyres magenta, Antarctic Circumpolar Current is blue

green lines represent exchange between basins and gyres
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