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6. Wind driven circulation
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• Ekman Theory

• Sverdrup theory for the 
wind-driven circulation

• Stommel and Munk theory 
of the western boundary 
intensification



Global atmospheric circulation

Coriolis Land/sea
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
τ = cDρa u10

u10
where:

ρα air density (1.3 kg/m3)
u10 wind speed at10 m (m/sec)
cD drag coefficient (unitless)

Wind stress on the sea

31041 -´= .cD

Measurements showed that cD
is related to the wind speed 
(not a constant). Nevertheless, 
we  usually use a constant 
value for simplicity.
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Examples of cD used: 

Gale winds

Moderate winds

Weak winds

and many more …



Fridtjof Nansen (1898) Qualitative theory, currents transport water at an angle to 
the wind. 

Vagn Walfrid Ekman (1902) Quantitative theory for wind-driven transport at the sea 
surface.

Harald Sverdrup (1947) Theory for wind-driven circulation in the eastern Pacific.

Henry Stommel (1948) Theory for westward intensification of wind-driven 
circulation (western boundary currents).

Walter Munk (1950) Quantitative theory for main features of the wind-driven 
circulation

Kirk Bryan (1963) Numerical models of the oceanic circulation.

Evolution of wind-driven circulation theory:

The surface wind effect (Nansen theory):

W + F + C = 0

Based on 
observations of 
iceberg movements
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(Boussinesq approximation):

N
avier -Stokes equations



Ekman Theory

Assuming that Η is the thickness of the layer affected 
by the wind (through friction) and << of the total depth 
of the ocean
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The Navier-Stokes equation (horizontal) become:

− fυ = − 1
ρ
∂P
∂x

+ AV
∂2u
∂z2

fu = − 1
ρ
∂P
∂y

+ AV
∂2υ
∂z2

(A)
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Ekman
Layer

Geostrophic
Layer
(Interior)

The geostrophic approximation still holds:

− fυg = −
1
ρ
∂P
∂x

y
Pfug ¶
¶

-=
r
1

(B) (Α) - (Β)

− f (υ −υg ) = AV
∂2u
∂z2

f (u−ug ) = AV
∂2υ
∂z2

Ekman 
Equations
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− f υ −υg( ) = AV ∂
2u
∂z2

   (1)

f u−ug( ) = AV ∂
2υ
∂z2

  (2)

at z = 0 ρAv
∂u
∂z

= τ x ;ρAv
∂υ
∂z

= 0

at z→−∞ u = ug ;υ =υg

Boundary conditions:

For simplicity, only zonal wind

Multiplying (2) by                 and adding (1): i = −1
The solution is: V = Ae 1+i( )z/δ + Be− 1+i( )z/δ

where  δ =
2Av
f

B=0, since the solution can not become infinite with z becoming -∞

Using the two surface boundary conditions: A= τ
xδ(1− i)
2ρAvSubstituting in (3):
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if
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V = 0   (3)   where  V ≡ u−ug + i υ −υg( )

                                remember ug ,υg  not ∝  z
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EkmanD

The depth of the 
layer (Ekman 
layer) is defined 
as the depth 
where velocity is 
decreased by e (e-
folding scale)

ΙI. Vertical distribution of Ekman solution:

Ekman Spiral

δ =
2Av
f

ΙI. Surface Ekman velocity:
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Ekman TransportU = u−ug( )
-∞

0

∫ dz = 1
ρ f

τ y

V = υ −υg( )
-∞

0

∫ dz = − 1
ρ f

τ x

45o

90o
Surface Current

Ekman Transport

ΙIΙ. The vertically integrated Ekman transport:

Integrating the ocean velocity due to the direct effect of the wind              
from the interior to the ocean surface:

u−ug( )

Coastal upwelling

Open sea upwelling/downwelling

Consequences:
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= 0From continuity:
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Wind Stress Curl
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At the bottom of the Ekman layer:

IV. Ekman pumping

Coastal Ekman pumping

w(δ) =U
L
=

τ y

Lρ f

We can not define the derivative 
along the coastal zone





Starting from the same equations of motion (with friction):
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Sverdrup theory for the wind-driven circulation

Integrating from the bottom (-Η) to the sea surface:
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Using continuity and the 
fact that w(0)=w(-H)=0

Meridional mass transport My

Wind stress curl

since at z = 0 ρAv
∂u
∂z

= τ x ;

                         ρAv
∂υ
∂z

= τ y
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Depth integrated Vorticity equation 
for the wind-driven circulation

β - effect

Using the depth integrated continuity equation
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Zonal velocity vanishes at one 
boundary. Selection according 
to vorticity conservation

Δ f +ζ( )+ζτ = 0
Eastern boundary:
Δf ↓;  ζ  must be +;  balanced by ζτ −

Western boundary:
Δf ↑;  ζ  must be -;  does not balanced by ζτ −

We need another vorticity term

(⌧y = 0)

The zonal Sverdrup transport

The meridional Sverdrup transport

?



A top view of the wind-driven gyres



A side view of the wind-driven gyres



Why is there a Western Boundary Current?
Ekman’s (and Sverdrup’s) scaling is failing at the western boundary:

@⌧x

@y

is very small at the 
boundaries (weak 
and irregular winds)

L
is now much smaller 
than the open ocean 
ocean O(100 km)

EkH =
AH

fL2
⇠ 1

horizontal 
friction/dissipation 
dominates



Stommel proposed a more general vorticity equation (including the western 
boundary region) that can be applied to the interior (Sverdrup) and the 
western limit of ocean. There is a dissipation term -Rζ
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Munk followed Stommel’s approach but the dissipation term is more 
complicated and appropriate for the ocean dynamics, of the form: z2ÑHA
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Stommel Model:
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We can estimate L
or R/AH.



Which 
mechanism is 
tranposrting 
vorticity/energy 
westwards? (see 
large-scale 
waves)


