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Wind Driven Circulation
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Learning Objectives

• Know the general patterns of wind 
stress, and how it varies seasonally

• Know the three kinds of common wind 
driven surface flows

• Know the flow patterns that each of 
these can produce individually 

• Understand that these individual 
patterns combine to produce complex 
surface flow patterns



10/13/2019 MARS 6080 3

Annual Mean Wind Stress
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Wind Stress (June- August)



10/13/2019 MARS 6080 5

Wind Stress (December – February)
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Surface Ocean Circulation

• 5 subtropical gyres, 2 subpolar gyres
• Atlantic and Pacific equatorial 
countercurrents (flow west to east)
• Antarctic circumpolar current

• No subtropical gyre 
in North Indian ocean 
because of monsoonal 
reversing winds

Evidence of wind-driven Circulation
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Subtropical gyres generated by 
trades and westerlies
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Western and Eastern subtropical gyre 
boundary currents have distinctive 

characteristics

• Western boundary currents 
(little upwelling)
– Fast 
– Narrow
– Deep

• Eastern boundary currents 
(coastal upwelling)
– Slow
– Broad
– Shallow
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Wind Driven Circulation

• Produces three common kinds of flows:

– Inertial currents

– Langmuir circulation cells

– Ekman layer flow
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1. Inertial Currents
A response of the ocean to wind forcing when 
friction and pressure gradients are small.

Considered within context of equations of motion.

After about a day, 
the ocean responds 
to wind forcing with 
circular flows called 
inertial currents.
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Inertial Currents

• If we assume that pressure and friction can be 
ignored on short time scales, then acceleration 
in the ocean (∂u/∂t) is a function of the coriolis 
force acting on a moving particle.

• Coriolis force appears as particles move on the 
surface of the Earth away from the equator

• In this case the equations of motion reduce to:
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Inertial Currents

∂u/∂t = fv and ∂v/∂ t = -fu

– Where f is the coriolis parameter and u and 
v are velocity in the x and y direction

– The modified equations of motion above allow 
us to be specific about our assumptions

– Of course pressure gradients and friction 
are present in the sea, but if they are small 
relative to Coriolis, they can be ignored.

– Ignoring them helps us to understand what 
mechanisms cause these inertial motions.
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• These currents are particularly evident away 
from equator after a storm or strong wind.

• The wind starts moving the water and then 
Coriolis turns the water to the right in the 
NH and to the left in the SH

• Friction slowly dissipates the motion

– Note: because we are dealing with U and V, 
acceleration does not necessarily mean an 
change in speed. It can simply mean a 
change in direction of motion.

Inertial Currents
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2. Langmuir Circulation

• Another short term response to wind 
forcing is often observed as streaks of 
flotsam (foam, debris) on the sea.

• Described in the Sargasso Sea                        
(i.e., North Atlantic Subtropical Gyre).

• Important 

foraging 

habitat:
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Surface Evidence

Shallow coastal water Sargassum spp. windrow 
in the Atlantic
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3-D Langmuir Circulation: Data
Series of parallel circular flows generating 
convergence and divergence at the surface.

Weller et al. 1985
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3-D Langmuir Circulation: Data

Size / depth of cells can vary 10 to 100s of meters.

Downwelling (0.2 m / s) below surface convergences.

Modify water properties in the mixed layer

Weller et al. 1985
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3-D Langmuir Circulation: Model
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3. Ekman Flow

• Fridtjof Nansen observed that ice 
moved 20 to 40o to the right of wind 
direction (in northern hemisphere)

The Fram Expedition (1893-1896)
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Historical Perspective

• Nansen asked a 
professor friend 
to explain the 
observation

• The professor 
assigned problem 
to grad student 
Vagn Walfrid
Ekman in 1890’s
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The Theory
• Ekman considered that internal friction and 

wind stress (tau) would be two forces at play.  

• Assumed no horizontal pressure gradients

• Thus, water motion would be a balance between 
friction and Coriolis.
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The Theory

• Wind Stress 

Τwind = ρair * drag coefficient * (wind speed)2

• Friction (in the interior of the ocean)

ρAz( Τδ2𝑉
δ𝑧2) meridional OR ρAz( Τδ2𝑈

δ𝑧2) zonal

(where Az is kinematic viscosity)
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Assumptions

• Made several  assumptions to simplify problem:

– No Acceleration (i.e., steady consistent wind)

– Constant Az (eddy viscosity in vertical)

– Also: 
• No boundary friction (i.e., no horizontal 

boundaries)

• No bottom friction (i.e., infinite depth)

• f (coriolis parameter):
– very small latitudinal changes 
– basically, constant CF acting on water 
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Ekman’s Equation

Solved these equations for V and U as a function of depth

Solutions to these equations are very complex

No Acceleration
No Pressure Gradient

Coriolis = Friction
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The Ekman Spiral
• Surface current 45o to direction of wind

• Spiral water motion, down to 20 – 30 m

• Decreasing current velocity with depth

• Integrated water motion (i.e., net water 
transport) 90o to direction of wind
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Other Results
derived from Ekman’s equations

Note: These are theoretical calculations               
(i.e., based on assumptions)

Related to changing Coriolis, with latitude

Apply to the Eckman layer: defined as 
the layer in a fluid where there is a force 
balance between pressure gradient force, 
Coriolis force and turbulent drag.
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1. Ekman Layer Depth

Ekman depth = Ed ~ 4.3 W / (sin(lat)) 0.5

(where W = wind speed)

With constant 
wind speed,  
Ekman depth 
decreases with 
latitude.

At given 
latitude, with 
stronger wind, 
Ed gets deeper
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2. Surface Current Velocity

Surface current velocity (m/sec) = 
Tau / (Az * ρsw

2  * f) 0.5

With 
constant 
wind 
speed,  
(10 m/s) 
surface 
current 
decreases 
with 
latitude
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3. Mean current speed over Ekman layer

mean u = Tau / (Ed * ρ * f)  

With 
constant 
wind 
speed,  
mean U 
decreases 
with 
latitude
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Summary
given a constant tau(wind) across latitude

• Ekman layer depth decreases with latitude

• Surface current decreases with latitude

• Mean current decreases with latitude

• Therefore:

Ekman transport decreases with latitude
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Coriolis Force Revisited

• Units of Coriolis force: Newtons

• CF = m * f * u
– m = kg

– f = 1 / ses

– u = m / sec

f = 2 * Ω * sin (latitude) (Ω =7.29*10-5 sec-1)

• kg * 1/sec * m/sec = kg m/sec2 = newton
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Coriolis Force Varies with Latitude
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