Lecture 8

Lecture 1

Wind-driven gyres

Ekman transport and Ekman pumping in a typical ocean basin.
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8.1 Vorticity and circulation
The vorticity of a parcel is a measure of its spin about its axis.
Imagine a closed contour encircling an
ocean eddy. We define the circulation
around the contour as
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By convention, an anticlockwise circulation is defined as positive.
e.g. for a cylindrically
symmetric eddy, the
circulation around a
streamline at radius r is:
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e.g. consider a rectangular path in a
fluid whose velocity varies spatially.
The circulation is:

Note that C depends on the size of the path. It is therefore useful to define
the vorticity (ξ) as the circulation per unit area:

Where flow fields are continuous:
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Vorticity is directly related to the horizontal
shear of a flow field:
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8.2 Kelvin’s Circulation Theorem
In the absence of viscosity and density variations, the circulation is
conserved following a fluid parcel.
This means we can think of vortex tubes:

e.g. smoke rings are advected by the
flow, conserving their circulation.
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Divergence of the flow in a direction parallel to the axis of spin leads to an
increase in the vorticity:

ξfinal
h0

ξ0

hfinal

Stretching
→ vorticity increase

The bath plug vortex - water columns
are stretched as they exit through the
plug hole, increasing their vorticity!

Does this have anything to
do with which hemisphere
you are in?!

4

8.3 Absolute vorticity
The planet’s rotation also introduces local spin. We therefore call the
Coriolis parameter (f) the planetary vorticity.
Planetary vorticity =

8.3 Absolute vorticity
The planet’s rotation also introduces local spin. We therefore call the
Coriolis parameter (f) the planetary vorticity.
Planetary vorticity =
Relative vorticity =
Absolute vorticity (ζ) = planetary vorticity + relative vorticity

What are their relative magnitudes in the ocean interior?
Scaling:

<< 1
⇒ planetary vorticity dominates!
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8.4 Vorticity balance of a fluid column - Sverdrup balance
z=-dEk
stretching

Consider a column of
fluid in the subpolar
ocean where wEk > 0

Upwelling into the Ekman layer ⇒ fluid column is stretched
⇒ must increase the magnitude of its vorticity
⇒ must move poleward
(to increase f and hence ζ)
Conversely, where wEk < 0 a fluid column is squashed, must decrease its
vorticity, and hence move equatorward.

Sverdrup balance relates the
direction (and magnitude) of
the depth-integrated ocean
circulation to the surface
wind stress (independent of
stratification, buoyancy
forcing etc…)
Harald Sverdrup
(1888-1957)
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8.5 Boundary currents
Water flowing equatorward in the interior of the subtropical ocean must
return poleward somewhere! This occurs in narrow western boundary
currents where the Rossby number is no longer << 1 and Sverdrup
balance breaks down. E.g. the Gulf Stream in the North Atlantic.

Benjamin Franklin

Once we know where the Sverdrup transport is returned, we can deduce
the zonal currents from continuity. Our final picture for the depthintegrated geostrophic circulation beneath the Ekman layer in a typical
ocean basin is therefore:

subtropical gyre

subpolar gyre
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What drives ocean gyres?

Zonal surface wind stress
⇒ Meridional Ekman transport
⇒ Convergence/divergence
in surfce Ekman layer
⇒ Ekman pumping/upwelling
⇒ Stretching/squashing of fluid columns in interior
⇒ Meridional Sverdrup transport to conserve vorticity
⇒ Western boundary currents to return flow

Sverdrup flow in the ocean interior is in geostrophic balance. Due to
convergent Ekman transports, water piles up in the subtropical ocean
basins, creating pressure gradients…

mid-latitude
westerlies

high sea surface

trade winds

sea surface
height anomaly
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… which balance the Coriolis force associated with the flow around the
subtropical gyres.
pressure
gradient force
geostrophic
ocean current

Coriolis force

geostrophic
ocean current
pressure
gradient force

Sea surface height measured from space (satellite altimetry)
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Depth-integrated
circulation predicted by
Sverdrup balance (Sv)

Josey et al. (2002)

There is good agreement between the circulation predicted by Sverdrup
balance and that observed…

Circulation predicted by
Sverdrup balance

Dynamic topography at
100m (mm)
Gill (1982)
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Sverdrup transport across 24oN in the Atlantic from Sverdrup balance and
two hydrographic sections.
Schmitz et al. (1992)

8.6 Heat transport associated with wind-driven gyres
Although driven by surface winds,
the subtropical gyres interact with
air-sea heat fluxes to drive a
substantial poleward heat transport.
Water advected poleward in the
western boundary current is
warmer than the water returning
equatorward in the basin interior.

heat transport
= (volume transport) ρ0 cw (Tbc - Tint)
≈ 30 x 106. 103. 4 x 103. 5
≈ 0.6 x 1015 W
≈ 0.6 PW poleward
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Heat transported northward by each of the three major ocean basins.

Trenberth and Caron (2001)

Summary of key points
• The vorticity of a fluid parcel is a measure of the spin about its own axis,
and consists of both planetary and relative components.
• When a fluid column is stretched or squashed it must change its vorticity.
• Sverdrup balance relates the depth-integrated circulation to the Ekman
upwelling velocity, and hence to the surface wind stress.
• In the subtropical ocean the interior circulation is equatorward, whereas in
the subpolar ocean the interior circulation is poleward.
• These interior transports are compensated by intense western boundary
currents, in which Sverdrup balance breaks down.
• Interaction of the wind-driven gyres with air-sea heat fluxes leads to a
poleward heat transport in each basin.
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