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Figure 1: Movie (click to play*): Surface relative vorticity ζ = ∂v

∂x −
∂u
∂y (green & blue are cyclonic, yellow & red

are anticyclonic) of the East Australian Current from the Bluelink Reanalysis 2.1.
*Playing the movies in this PDF requires Adobe Reader or Adobe Acrobat Pro; they won’t work in Apple Preview or iOS.
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1 What are western boundary currents (WBCs)?

Figure 2: A rough sketch of the time-averaged circulation of the upper 1 km of the oceans (above the ther-
mocline, roughly speaking). Note the mid-latitude gyres in each ocean basin, with intense boundary currents
(WBCs) on the western sides. Subtropical WBCs flow poleward and are warm (red); subpolar WBCs flow
equatorward and are cold (blue). Source: Peixoto and Oort (1992)
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The time-averaged horizontal circulation of the upper ocean is sketched in figure 2. Notice that at mid-
latitudes (between about 10◦ and 50◦ latitude in each hemisphere) the circulation consists of more-or-
less closed recirculations — these are called midlatitude gyres. Those closest to the equator are called
subtropical gyres and those closer to the poles are called subpolar gyres (the latter are well-developed
only in the North Atlantic and North Pacific).

Recirculation in these gyres is very asymmetrical: the flow along each gyre’s western boundary (along
east coasts!) is very narrow and fast (these are called western boundary currents, or WBCs), and this
water returns to the start of each WBC via a much broader (and therefore much slower) return flow which
occupies most of each basin. Subtropical WBCs (the East Australia Current, Kuroshio, Gulf Stream, Brazil
Current and Agulhas Current) are warm because they carry equatorial water poleward; subpolar WBCs
(the Oyashio and Labrador currents) flow equatorward and are cold. Subpolar and subtropical WBCs
collide and separate from the coast to form eastward currents (WBC extensions), which divide warm, salty
subtropical water from colder, fresher subpolar water and are therefore regions of very strong temperature
and salinity gradients.

It’s important to realise that the circulation shown in figure 2 is only the time-average of a flow which
is actually very turbulent (see figures 1 and 3). At any instant in time, the circulation is dominated by
numerous mesoscale eddies (of around 100 km diameter and lifetimes of months to a few years), and by
meandering of the WBCs. The mean gyre circulation can only be seen if we average out these fluctuations
(e.g. figures 4 and 5). Another example is shown in figure 6, which is output from an idealised computer
model of mid-latitude circulation. At any instant in time the flow is dominated by eddies, but if we average
it over a long enough time we can see the mean flow (a subtropical gyre in this case).
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.
Figure 3: Movie (click to play): Sea-surface temperature from a simulation of the Atlantic between 25◦S and
65◦N, using the MICOM model. The white lines indicate the observed range of Gulf Stream location. The
meandering Gulf Stream is clearly visible amid a mass of turbulent eddies. The ocean circulation is driven by
a combination of monthly varying forcing including wind stress, surface temperature, humidity, precipitation
and solar radiation. Source: Bleck, O’Keefe & Sawdey. More info: http://www.psc.edu/science/OKeefe/OKeefe.html.
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Figure 4: One-day snapshot of sea surface height and surface relative vorticity (green & blue are cyclonic,
yellow & red are anticyclonic) from the Bluelink Reanalysis 2.1. The flow is dominated by numerous eddies
which appear, move and dissipate on timescales of weeks to months.
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Figure 5: As for figure 4 but a 12-month mean. The eddy variability has been mostly averaged out, allowing
the mean East Australian Current to be seen.
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Figure 6: Example model output from Q-GCM for a subtropical gyre driven by steady anticyclonic wind in
the southern half of a square basin with no-slip boundaries in the Northern Hemisphere. White contours
are streamlines (flow follows these lines and is faster where contours are closer together, for example in the
WBC), and colours indicate potential vorticity (angular momentum due to the Earth’s rotation and the water’s
rotation relative to the Earth). Left: Snapshot at end of year 10, showing how the flow is dominated by
turbulent eddies at any instant in time, so the gyre is conspicuous only in the time-average. Right: Mean
over 6 years, showing a broad, slow equatorward flow in most of the gyre, returned in a rapid WBC which
separates from the coast as a jet.
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Ocean Western boundary current Approx. transport (Sv)
South Pacific East Australia Current 22± 30 (very variable!)
North Pacific Kuroshio 57
Indian Agulhas Current 95–135
North Atlantic Gulf Stream (off Florida) 30
North Atlantic Gulf Stream (off Cape Hatteras) 70–100

Table 1: Transports in various subtropical western boundary currents. Data from Tomczak and Godfrey (2003)
and Mata et al. (2000).

The rough scales of WBCs are: 100 km wide, 1 km deep, and moving at 1 m s−1 (figure 8). So total transport
is roughly 105 m× 103 m× 1 m s−1 = 108 m3 s−1 = 100 Sv, where one “Sverdrup”1 (Sv) is 106 m3 s−1 (this
is a huge amount: 100 Sv is 8640 cubic kilometres of water per day!) In fact the transport of each WBC
is different, and also increases downstream (see table 1). For comparison, the Amazon River’s average
transport is just 0.3 Sv — and this is more than any other river. The heat transported by these currents
contributes to the global climate balance.

Midlatitude circulation is intriguing because it displays the same basic pattern of western-intensified gyres
in every ocean basin, despite the very different sizes and shapes of these basins. So this circulation pattern
is clearly something to do with some very basic dynamics which are common to all these basins.

1Who was this Sverdrup guy anyway? And what did he do to get a unit named after him? Stay tuned to find out!
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1.1 Questions

In this lecture we’ll set up some basic theoretical models of gyre circulation which will provide answers to
these questions:

1. Why do midlatitude gyres exist?

2. What drives them?

3. What determines their volume transport and direction of circulation?

4. Why are they so asymmetrical (western-intensified), with a narrow, fast WBC?

5. What determines the width and speed of WBCs?

These questions were first answered by Sverdrup (1947), Stommel (1948), and Munk (1950) (see figure 7).
Their theory showed that gyres are driven by the surface wind stress, but in a surprisingly subtle and
counter-intuitive way that at first glance seems full of impossible contradictions:

I Throughout almost their entire thickness, the “wind-driven” gyres feel no stress from the wind.

I The wind drives the gyres via a tiny (micron per second) vertical velocity, which somehow sets in
motion WBCs travelling a million times faster.

I Wind forcing can be strongest at locations where the wind isn’t blowing at all.

I Direct wind forcing is negligible for WBCs.
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Figure 7: Left to right: pioneering ocean circulation theorists Harald Sverdrup (1888–1957), Henry Stommel
(1920–1992), and Walter Munk (1917–). Sources: http://www.nap.edu/readingroom/books/biomems/hsverdrup.html, http://www.nap.
edu/html/biomems/hstommel.html, http://scilib.ucsd.edu/sio/archives/siohstry/munk-biog.html.

http://www.nap.edu/readingroom/books/biomems/hsverdrup.html
http://www.nap.edu/html/biomems/hstommel.html
http://www.nap.edu/html/biomems/hstommel.html
http://scilib.ucsd.edu/sio/archives/siohstry/munk-biog.html


2 A barotropic model of an ocean basin
We will find answers to these basic questions by using an idealised model of the ocean with constant
density ρ0 and a flat bottom. Several other approaches will also lead to the same conclusions. For more
information see Vallis (2006), Pedlosky (1987), and Pedlosky (1996), Dengg et al. (1996), McWilliams (1996),
Chassignet and Marshall (2008), and Haidvogel and Beckmann (1999).

Start from the incompressible Boussinesq Navier-Stokes (momentum) equations on a rotating sphere (p. 10
of the primer). Choose locally Cartesian coordinates, with the z axis pointing upwards from mean sea
level, the x axis pointing eastward (i.e. zonally), and the y axis pointing northward (i.e. meridionally).

A scaling analysis of the momentum equations readily shows that WBC flows will be hydrostatic

∂p
∂z

= −ρg (1)

and scaling also shows that the horizontal momentum balance in a WBC will be very close to geostrophic

− f v =
−1
ρ0

∂p
∂x

(2x)

f u =
−1
ρ0

∂p
∂y

. (2y)

https://www.climatescience.org.au/sites/default/files/Primer.pdf
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Combining these (and neglecting ∂ f
∂y ) yields the thermal wind equations:

∂v
∂z

=
−g
ρ0 f

∂ρ

∂x
(3x)

∂u
∂z

=
g

ρ0 f
∂ρ

∂y
(3y)

from which it is evident that if ρ is independent of horizontal position (e.g. ρ is the constant ρ0), the
horizontal velocity will be independent of depth (∂u

∂z = 0 and ∂v
∂z = 0). This result (the Taylor-Proudman

theorem) states that geostrophic, hydrostatic, unstratified flow moves horizontally as columns (“Taylor
columns”) aligned with the z axis which cannot tilt away from the vertical. From the continuity equation
∇ · u = 0 it also follows that Taylor columns have ∂2w

∂z2 = 0, so vertical stretching ∂w
∂z is independent of z.

See GFD0 and GFDVII here for movies of lab demonstrations of these effects.

Using these results, under near-geostrophic conditions the locally horizontal components of the momen-
tum equation (i.e. parallel to Earth’s surface) can be written

Du
Dt︸︷︷︸

Lagrangian acceleration

+ f k× u︸ ︷︷ ︸
Coriolis

= −∇p
ρ0︸ ︷︷ ︸

pressure gradient

+Ah∇2u + Av
∂2u
∂z2︸ ︷︷ ︸

eddy viscosity

, (4)

where we have made several changes of notation from the primer: u = (u, v) is now the horizontal
velocity, ∇ =

(
∂

∂x , ∂
∂y

)
is the horizontal gradient operator (including within the material derivative D

Dt ),
f = 2|Ω| sin φ is the Coriolis parameter and φ is the latitude. Here we have presumed that mixing of

http://ocw.mit.edu/courses/earth-atmospheric-and-planetary-sciences/12-003-atmosphere-ocean-and-climate-dynamics-fall-2008/labs/
https://www.climatescience.org.au/sites/default/files/Primer.pdf


Figure 8: Typical WBC scales are: velocity
U ≈ 1 m s−1, horizontal width L ≈ 105 m,
depth H ≈ 103 m. If we take reasonable
values Ah = 100 m2 s−1, Av = 0.01 m2 s−1,
we have Ro = U

| f |L ≈ 0.1, Eh = Ah
| f |L2 ≈ 10−4

and Ev = Av
| f |H2 ≈ 10−4.

momentum by eddies can be parameterised by constant eddy viscosities Ah and Av in the horizontal and
vertical (these take the place of the molecular kinematic viscosity ν). k is a unit vector in the local vertical
direction (i.e. radially away from the Earth’s centre).

Equation (4) approaches the geostrophic balance (2x,2y) as the Rossby number Ro = U
| f |L and the hori-

zontal Ekman number Eh = Ah
| f |L2 and the vertical Ekman number Ev = Av

| f |H2 all approach zero. These
dimensionless numbers indicate the size of the Lagrangian acceleration, horizontal eddy viscosity, and
vertical eddy viscosity terms (respectively) relative to the Coriolis term for a flow of typical horizontal
velocity U and horizontal and vertical length scales L and H. These three numbers are all significantly less
than 1 for WBCs and gyres (figure 8), so these are near-geostrophic flows.

Note that (neglecting ∂ f
∂y ), perfect geostrophic balance implies ∂u

∂x + ∂v
∂y = 0, and so ∂w

∂z = 0. For these near-

geostrophic flows we must allow nonzero ∂w
∂z but horizontal nondivergence remains a good approximation

(this is basically the quasigeostrophic approximation), so we can write u = k×∇ψ =
(
− ∂ψ

∂y , ∂ψ
∂x

)
, where ψ

is the streamfunction; notice by comparison with (2x,2y) that ψ = p
f ρ0

, i.e. streamlines are isobars.
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3 Vorticity equation
The vertical component of the curl of (4) yields (check this yourself!)

D( f + ζ)

Dt
−( f + ζ)

∂w
∂z︸ ︷︷ ︸

stretching term

= Ah∇2ζ︸ ︷︷ ︸
viscous torque

, (5)

where ζ = k · (∇× u) = ∂v
∂x −

∂u
∂y = ∇2ψ is the relative vorticity (twice the local rate of rotation of the

fluid relative to the Earth — see figures 1 and 9).

The momentum equation (4) shows how the the linear momentum evolves; in contrast, the vorticity equa-
tion (5) shows what controls the angular velocity (i.e. the absolute vorticity f + ζ). We now see the sig-
nificance of allowing nonzero ∂w

∂z , as this gives the stretching term: ∂w
∂z > 0 (stretching) will make Taylor

columns skinnier (think of a spinning skater pulling in her arms), reducing their moment of inertia and
making their relative vorticity more cyclonic and/or forcing them poleward. The opposite happens for
∂w
∂z < 0 (squashing).

Figure 9: Vorticity example: a zonal flow in the north-
ern hemisphere ( f > 0). Flows with ζ the same sign
as f are called cyclonic; those with ζ and f of opposite
sign are called (you guessed it!) anticyclonic.



4 The stretching term

We saw above that ∂w
∂z is independent of z in a hydrostatic, near-geostrophic flow. Therefore ∂w

∂z = wT−wB
h ,

where wT and wB are the vertical velocities at the top and bottom of a layer of thickness h.

There is a contribution
1
h

Dh
Dt

(6)

to ∂w
∂z due to downstream variations in layer thickness (figure 10).

Figure 10: The three-dimensional velocity does not
pass through the sea surface ηn or seabed ηn+1. Ne-
glecting entrainment and Ekman layers, this requires
wT = Dηn

Dt and wB = Dηn+1
Dt , so ∂w

∂z = wT−wB
h = 1

h
Dh
Dt ,

where h = ηn − ηn+1 is the layer thickness.
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In addition, there are contributions to wT and wB due to Ekman pumping at the surface and bottom. The
columnar motion implied by the Taylor-Proudman theorem eliminates the contribution ∂u

∂z to the stress
(see the primer). This is not compatible with the condition that the surface stress matches the imposed
wind stress (τx, τy), nor is it compatible with the no-slip condition that the tangential velocity is zero at the
seabed. The geostrophic balance must therefore break down near the boundaries to satisfy the boundary
conditions. This occurs in thin Ekman layers of thickness

√
2Av/| f | (of order 10–100m in the oceans),

yielding a vertical Ekman number Ev ∼ 1 so that vertical eddy viscosity is of the same order as the Coriolis
acceleration. The direction of horizontal flow in these layers differs from that in the depth-independent
geostrophic flow. In the surface Ekman layer there is a depth-integrated transport to the right (left) of the
wind in the northern (southern) hemisphere. The bottom Ekman layer transport is opposite to what you
might expect: to the left (right) of the geostrophic current in the northern (southern) hemisphere; in the
bottom Ekman layer, friction slows the flow, so Coriolis doesn’t quite balance the pressure gradient force,
so there is some leakage across isobars towards low pressure (this is why surface convergence occurs
in atmospheric low pressure systems2). Horizontal divergence of the Ekman layer transports induces
vertical velocities at the top and bottom of the geostrophic layer given by:

surface: wTEk =
1

ρ0 f

wind stress curl (WSC)︷ ︸︸ ︷(
∂τy

∂x
− ∂τx

∂y

)
anticyclonic WSC⇒ downward wTEk ⇒ squashing (7)

bottom: wBEk =

(
f
| f |

)(
Av

2| f |

)1
2

ζ anticyclonic ζ ⇒ downward wBEk ⇒ stretching (8)

See Pedlosky (1987) for derivations. Lab demo movies are here and also GFDX and GFDXII here.
2This phenomenon is also seen in the accumulation of tea leaves in the middle of a stirred cup and in the flow near the

bottom of a river rounding a bend; a paper on this problem was published by none other than Albert Einstein (Einstein, 1926).

https://www.climatescience.org.au/sites/default/files/Primer.pdf
http://dennou-k.gaia.h.kyoto-u.ac.jp/library/gfd_exp/exp_e/exp/ek/1/res.htm
http://ocw.mit.edu/courses/earth-atmospheric-and-planetary-sciences/12-003-atmosphere-ocean-and-climate-dynamics-fall-2008/labs/


5 Potential vorticity equation
Subsitituting (6), (7) and (8) into the stretching term in (5) yields the potential vorticity equation

Dq
Dt︸︷︷︸

PV change

=
f + ζ

ρ0 f h2

wind stress curl (WSC)︷ ︸︸ ︷(
∂τy

∂x
− ∂τx

∂y

)
︸ ︷︷ ︸

surface Ekman pumping

− f + ζ

h2

(
f
| f |

)(
Av

2| f |

)1
2

ζ︸ ︷︷ ︸
bottom Ekman pumping

+
Ah
h

(
∂2ζ

∂x2 +
∂2ζ

∂y2

)
︸ ︷︷ ︸

horizontal friction

(9)

where q = f+ζ
h is the potential vorticity, which is proportional to the angular momentum of fluid

columns. Equation (9) is a statement of conservation of angular momentum: it says a fluid column can
change its angular momentum only when subject to a net torque (the terms on the right-hand side).

We will consider an ocean with constant depth h and look for steady flow with Ro � 1; this implies
|ζ| � | f | (since ζ ∼ U/L), so q = f

h and Dq
Dt = βv/h, where β is the meridional gradient of f :

β =
∂ f
∂y

=
2Ω
a

cos φ ≈ 2× 10−11 m−1s−1 at mid-latitudes, (10)

where a = 6.368× 106 m is Earth’s average radius. Under these conditions fluid columns must change
their potential vorticity in order to change latitude and (9) becomes

v︸︷︷︸
1

=
1

ρ0βh

wind stress curl (WSC)︷ ︸︸ ︷(
∂τy

∂x
− ∂τx

∂y

)
︸ ︷︷ ︸

2 surface Ekman pumping

− 1
βh

(
Av| f |

2

)1
2

ζ︸ ︷︷ ︸
3 bottom Ekman pumping

+
Ah
β

(
∂2ζ

∂x2 +
∂2ζ

∂y2

)
︸ ︷︷ ︸

4 horizontal friction

(11)



Equation (11) states that when h is constant and Ro � 1, steady meridional flow is only possible in the
presence of a net torque, i.e. when the right-hand side is nonzero. We will investigate three extreme cases
in which the meridional velocity 1 is balanced only by one other term on the right-hand side.

6 Scaling: which terms in (11) are biggest on the basin scale?
Take typical values:
ρ0 ∼ 1000 kg m−3 f ∼ 10−4 s−1 Ah = 100 m2 s−1

h ∼ 1000 m β ∼ 2× 10−11 m−1s−1 Av = 0.01 m2 s−1.

Wind stress is τx ∼ 0.1 Pa and varies over ∼ 1000 km, giving WSC∼ 10−7 Pa m−1 and wTEk ∼ 10−6 m s−1

from (7) (see figures 11, 12 and 13).

Basin-scale time-mean flows have speeds U ∼ 0.01 m s−1, varying over length scales of L ∼ 107 m, giving
|ζ| ∼ U/L ∼ 10−9 s−1 (so |ζ| � | f |, as assumed, i.e. basin-scale mean circulation has Ro ≈ 0).

From this we can estimate the size of the terms in (11) (check this yourself!):

v︸︷︷︸
1

=
1

ρ0βh

wind stress curl (WSC)︷ ︸︸ ︷(
∂τy

∂x
− ∂τx

∂y

)
︸ ︷︷ ︸

2 ≈ 5× 10−3 m s−1

− 1
βh

(
Av| f |

2

)1
2

ζ︸ ︷︷ ︸
3 ≈ 5× 10−5 m s−1

+
Ah
β

(
∂2ζ

∂x2 +
∂2ζ

∂y2

)
︸ ︷︷ ︸

4 ≈ 5× 10−11 m s−1

So on the gyre scale 1 is driven by 2 , because 3 and 4 are negligible.
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veat that there are very few in situ ship observations in
this region, that the NOC wind stress magnitude is
about 40% weaker than annual mean ECMWF and
NCEP–NCAR reanalysis wind stress fields between 50°
and 55°S. An interesting exception to the general find-
ing that NCEP99 wind stress magnitude tends to be
stronger than that of SCOW south of 40°S is the region
of the South Indian Ocean between 40° and 45°S and
25° and 70°E where SCOW wind stress magnitudes are
stronger than NCEP99. This region of locally increased
wind stress magnitude is most visible in July and is
attributable to air–sea interaction over the meandering
Agulhas Return Current, which results in locally inten-
sified wind stress over warm water and decreased wind
stress over cold water (O’Neill et al. 2003, 2005). This
well-documented phenomenon, discussed in greater de-
tail in sections 3b,d, is poorly resolved in the coarse-

resolution NCEP–NCAR reanalysis fields (see Figs. 6,
8). There is little to no evidence of these air–sea inter-
actions in the HR, NOC, and TLO climatologies.

Other notable differences between SCOW and
NCEP99 exist in regions close to the Hawaiian Islands,
off Central America, and south of Greenland, arising
from corner accelerations and gap wind features that
are poorly resolved in the NCEP–NCAR reanalysis
wind fields. These phenomena can be important to
ocean and atmosphere dynamics. Pickart et al. (2003),
for example, suggest that the Greenland corner accel-
eration is an important precursor to localized deep
ocean convection in the southern Irminger Sea, provid-
ing an additional source of the so-called Labrador Sea
Water. The effects of the Hawaiian Islands are dis-
cussed by Xie et al. (2001) and the effects of Central
American gap winds on the Pacific ocean–atmosphere

FIG. 4. (a) SCOW January and (b) July wind stress fields. (c), (d) The January and (e), (f) July wind stress fields are shown for
NCEP99 and NCEP48. For the purpose of comparison, the NCEP–NCAR fields are interpolated to the SCOW 0.25° ! 0.25° grid. Wind
stress vectors are plotted on a coarse 4° ! 4° grid for clarity. Contours of spatially smoothed vector-averaged wind stress magnitude
are plotted in all six panels with a contour interval of 0.05 N m"2.

NOVEMBER 2008 R I S I E N A N D C H E L T O N 2389

Figure 11: January average wind stress calculated from scatterometry data (Risien and Chelton, 2008). Winds
are mostly zonal, and blow predominantly towards the west in the topics (the Trade Winds), towards the east
at mid-latitudes (the Westerlies) and towards the west nearer the poles (the Polar Easterlies). Contours are
every 0.05 Pa.
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FIG. 6. (top) Global SCOW and (bottom) NCEP99 wind stress curl maps for (left) January and (right) July. The SCOW fields are plotted on a 0.25° ! 0.25° grid. The
NCEP99 fields are plotted on a grid that has a zonally uniform spacing of 1.875° and a meridionally nonuniform spacing that varies from 1.89° at the poles to 2.1° near the
equator. The wavelike variations that appear throughout the NCEP99 fields are artifacts of spectral truncation of mountain topography in the spherical harmonic NCEP–
NCAR reanalysis model (Milliff and Morzel 2001).
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FIG. 6. (top) Global SCOW and (bottom) NCEP99 wind stress curl maps for (left) January and (right) July. The SCOW fields are plotted on a 0.25° ! 0.25° grid. The
NCEP99 fields are plotted on a grid that has a zonally uniform spacing of 1.875° and a meridionally nonuniform spacing that varies from 1.89° at the poles to 2.1° near the
equator. The wavelike variations that appear throughout the NCEP99 fields are artifacts of spectral truncation of mountain topography in the spherical harmonic NCEP–
NCAR reanalysis model (Milliff and Morzel 2001).
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Figure 12: January average wind stress curl calculated from scatterometry data (Risien and Chelton, 2008).
Anticyclonic curl (blue in northern hemisphere, red in southern hemisphere) predominates in the subtropics.
The units are 10−7 Pa m−1.
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on the surface wind stress field is poorly represented in
global numerical prediction and climate models, includ-
ing NCEP–NCAR (Fig. 6, bottom), resulting in an
overly smooth structure in the global wind fields in
these models (Chelton et al. 2004; Chelton and Wentz
2005; Maloney and Chelton 2006).

2) EKMAN PUMPING

The curl of the wind stress generates open ocean
upwelling and downwelling, often referred to as Ekman
pumping. The Ekman upwelling velocity at the base of
the surface Ekman layer is

w !
1
!

curl!"

f" !
1
!f

curl""# $
#

f 2 "x,

where, % is the vector wind stress, %x is the eastward
component, f is the Coriolis parameter, and & is the
water density, assumed to be 1025 kg m'3. Figure 7
shows average global distributions of w, estimated from
SCOW wind stress curl fields for January (top left),
April (top right), July (bottom left), and October (bot-
tom right). Except near eastern boundaries, upwelling
and downwelling regions tend to be zonally oriented. In
association with the large-scale wind stress curl pat-
terns, subtropical regions tend to be associated with

downwelling, while the reverse is true of subpolar re-
gions. The Ekman model breaks down close to the
equator where f approaches zero, resulting in very
strong upwelling and downwelling. The upwelling esti-
mates in Fig. 7 are probably not valid closer than 5° to
the equator.

Seasonal changes in Ekman pumping are clearly evi-
dent in the North Pacific and Atlantic Oceans, where
upwelling velocities exceed 20 cm day'1 in January but
are reduced to less than 5 cm day'1 in July. In the
North Indian Ocean, intense downwelling associated
with the southwest monsoon is observed in July. While
not as marked, seasonal changes in the Southern Hemi-
sphere are also observed in Fig. 7. This is particularly
true of the South Indian Ocean where downwelling val-
ues of approximately 5 and 10 cm day'1 are observed
for January and July, respectively.

3) WIND STRESS DIVERGENCE

While wind stress divergence has no effect on ocean
currents, it is a clear indicator of the ocean–atmosphere
interaction discussed above. Figure 8 shows the wind
stress divergence fields for January (left) and July
(right) for SCOW (top) and NCEP99 (bottom). SCOW
shows parallel zonal bands of strong divergence just

FIG. 7. Average SCOW Ekman upwelling velocity (w) maps for (a) January, (b) April, (c) July, and (d) October. Given that curl(%/f )
is undefined at the equator, values of w are not plotted between 3°S and 3°N. Contours of w with an interval of 5 cm day'1 are overlaid
to aid interpretation. Dashed and solid contours correspond to negative and positive upwelling velocities, respectively. The zero contour
is omitted for clarity.
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on the surface wind stress field is poorly represented in
global numerical prediction and climate models, includ-
ing NCEP–NCAR (Fig. 6, bottom), resulting in an
overly smooth structure in the global wind fields in
these models (Chelton et al. 2004; Chelton and Wentz
2005; Maloney and Chelton 2006).

2) EKMAN PUMPING

The curl of the wind stress generates open ocean
upwelling and downwelling, often referred to as Ekman
pumping. The Ekman upwelling velocity at the base of
the surface Ekman layer is

w !
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f" !
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!f

curl""# $
#

f 2 "x,

where, % is the vector wind stress, %x is the eastward
component, f is the Coriolis parameter, and & is the
water density, assumed to be 1025 kg m'3. Figure 7
shows average global distributions of w, estimated from
SCOW wind stress curl fields for January (top left),
April (top right), July (bottom left), and October (bot-
tom right). Except near eastern boundaries, upwelling
and downwelling regions tend to be zonally oriented. In
association with the large-scale wind stress curl pat-
terns, subtropical regions tend to be associated with

downwelling, while the reverse is true of subpolar re-
gions. The Ekman model breaks down close to the
equator where f approaches zero, resulting in very
strong upwelling and downwelling. The upwelling esti-
mates in Fig. 7 are probably not valid closer than 5° to
the equator.

Seasonal changes in Ekman pumping are clearly evi-
dent in the North Pacific and Atlantic Oceans, where
upwelling velocities exceed 20 cm day'1 in January but
are reduced to less than 5 cm day'1 in July. In the
North Indian Ocean, intense downwelling associated
with the southwest monsoon is observed in July. While
not as marked, seasonal changes in the Southern Hemi-
sphere are also observed in Fig. 7. This is particularly
true of the South Indian Ocean where downwelling val-
ues of approximately 5 and 10 cm day'1 are observed
for January and July, respectively.

3) WIND STRESS DIVERGENCE

While wind stress divergence has no effect on ocean
currents, it is a clear indicator of the ocean–atmosphere
interaction discussed above. Figure 8 shows the wind
stress divergence fields for January (left) and July
(right) for SCOW (top) and NCEP99 (bottom). SCOW
shows parallel zonal bands of strong divergence just

FIG. 7. Average SCOW Ekman upwelling velocity (w) maps for (a) January, (b) April, (c) July, and (d) October. Given that curl(%/f )
is undefined at the equator, values of w are not plotted between 3°S and 3°N. Contours of w with an interval of 5 cm day'1 are overlaid
to aid interpretation. Dashed and solid contours correspond to negative and positive upwelling velocities, respectively. The zero contour
is omitted for clarity.
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Figure 13: January average vertical Ekman pumping velocity (Risien and Chelton, 2008); 10 cm day−1 =
1.16× 10−6 m s−1. Downward pumping (blue) predominates in the subtropics in both hemispheres; this acts
to reduce the potential vorticity of fluid columns, driving them equatorward in both hemispheres via the
Sverdrup balance.



7 Sverdrup balance

On the gyre scale, wind stress curl drives meridional motion 1 via surface Ekman pumping 2 .

This is the Sverdrup balance (Sverdrup, 1947).

v︸︷︷︸
1

=
1

ρ0βh

wind stress curl (WSC)︷ ︸︸ ︷(
∂τy

∂x
− ∂τx

∂y

)
︸ ︷︷ ︸

2 surface Ekman pumping

(12)

Notice that flow is driven by the curl of the wind stress, not the wind stress itself .

Anticyclonic WSC (as in subtropical gyres) reduces |q|, driving equatorward flow.

Cyclonic WSC (as in subpolar gyres) increases |q|, driving poleward flow.

Notice that our scaling showed that v ∼ 0.01 m s−1 — this is about 10,000 times faster than the vertical
Ekman pumping wTEk ∼ 10−6 m s−1 which drives it. This speedup is due to the smallness of β, i.e. how
far you need to move to change f for a given change in q. It’s a little like squeezing a lemon pip between
your fingers: its horizontal velocity can far exceed the speed with which your fingers approach each other
if they are nearly parallel (since it has to move a long way to avoid being squashed).

If we multiply v ∼ 0.01 m s−1 by the width L ∼ 107 m and depth h ∼ 1000 m we get the a volume transport
of 108 m3 s−1 = 100 Sv, matching the order-of-magnitude WBC transport given in section 1.
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Equation (12) only gives us the meridional velocity v, but we can find the zonal velocity u by assum-
ing we can neglect the horizontally divergent part of the horizontal velocity (despite retaining a nonzero
∂w
∂z induced by Ekman pumping — this is the quasigeostrophic approximation). This allows us to write

(u, v) =
(
− ∂ψ

∂y , ∂ψ
∂x

)
, where ψ is a streamfunction. Substituting this into (12) and integrating in x yields

ψ(x, y) =
1

ρ0βh

∫ x

x0

(
∂τy

∂x
− ∂τx

∂y

)
dx, (13)

which we can then differentiate in y (neglecting variation in β for simplicity — this is the “beta-plane”
approximation) to get u:

u =
−1

ρ0βh

∫ x

x0

(
∂2τy

∂y∂x
− ∂2τx

∂y2

)
dx = −

∫ x

x0

∂v
∂y

dx. (14)

Notice that u depends on second derivatives of the wind stress (because it depends on ∂v
∂y since we derived

it from nondivergence).

In these integrals, x0 represents a longitude where u = 0. Now, we must have u = 0 at both the east
and west coast of an ocean (assuming a rectangular basin), so both of these coasts are obvious choices for
x0, and are equally valid from within Sverdrup theory (see figure 14). It is clear that both cases require
a return flow to close the loop, but Sverdrup theory does provide a mechanism for this, and gives us no
explanation for why the return flow occurs at the west (i.e. in a WBC). However, if we assume (from our
knowledge of oceanography) that x0 is on the east coast, Sverdrup theory allows us to calculate the pattern
of circulation in most of the gyre purely from wind stress data (figure 15).
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Fig. 14.3 Two possible Sverdrup flows,  I , for the wind stress shown in the centre.
Each solution satisfies the no-flow condition at either the eastern or western bound-
ary, and a boundary layer is therefore required at the other boundary. Both flows
have the same, equatorward, meridional flow in the interior. Only the flow with the
western boundary current is physically realizable, however, because only then can
friction produce a curl that opposes that of the wind stress, so allowing the flow to
equilibrate.

From Vallis (2006)

From Vallis (2006)

Figure 14: ψ contours (streamlines) showing two possible Sverdrup solutions for a given wind stress profile
τx(y) (with τy = 0) in the northern hemisphere (Vallis, 2006). Left: x0 is the eastern boundary. Right: x0 is the
western boundary. Flow is everywhere parallel to the contours. Notice that with this particular wind stress,
v = 0 where the wind stress is strongest (because the curl of the wind stress − ∂τx

∂y happens to be zero there), so
these latitudes form the northern and southern limits of the gyre. Also notice |v| is largest precisely where the
wind isn’t blowing at all (because with this profile the curl of the wind stress − ∂τx

∂y happens to have its largest
magnitude there). These relationships do not apply with more realistic wind stress distributions which lack
these artificial symmetries (e.g. figure 16).
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of Fig. 11 shows January vector-averaged wind stress
magnitude depicted in color. Overlaid are vectors that
show vector-averaged wind stress direction. Two broad
regions of relatively strong wind stress, one centered at

39°N, 61°W and one centered at 48°N, 43°W, are evi-
dent. The middle panel of Fig. 11 shows the January
wind stress curl field in color with contours of ASMR-E
crosswind SST gradients overlaid. Positive (negative)

FIG. 9. Sverdrup volume transport streamfunction (Sv) computed from the 12-month-
average (a) SCOW and (b) NCEP99 wind stress curl fields. (c) The differences between the
two estimates of the Sverdrup circulation are contoured. The contour interval for the top and
middle panels is 10 Sv. The contour interval for the bottom panel is 5 Sv, and the zero contour
is omitted for clarity. Negative contours are dashed in all three panels.

NOVEMBER 2008 R I S I E N A N D C H E L T O N 2397

Figure 15: The annual-average volume transport (Sv) calculated from scatterometry wind stress data (fig-
ure 11) using Sverdrup balance and the Island Rule (Risien and Chelton, 2008).
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7.1 Several surprising subtleties of the Sverdrup solution

1. Wind data alone is sufficient to predict the location, circulation direction and volume transport of
gyres (e.g. figure 15).

2. The meridional velocity v is largest where wind stress curl (not wind stress itself) is largest — in fact
(e.g. figure 14), this may be where the wind stress is zero!

3. The zonal velocity u is largest where the meridional gradient of wind stress curl (not wind stress or
wind stress curl) is largest.

4. Sverdrup theory gives us no reason to choose between the eastern or western boundaries for the
return flow.

5. There is no northward flow across the zero wind stress curl line, but this will only define the bound-
ary between gyres if it is aligned east-west (see figure 16).

6. If a latitude of locally maximum |u| is not a latitude of zero v we obtain nested gyres, e.g. the southern
hemisphere supergyre and partial separation of the EAC (figure 17).

7. If the western boundary is an island, its boundary pressure (i.e. streamfunction ψ) may differ from
that at the eastern boundary due to transport leakage around the island (e.g. the EAC is weak due to
leakage through the ITF); this can be handled by the “Island Rule” (Godfrey, 1989).
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Figure 16: The zero wind stress curl contour does not define the boundaries of Sverdrup gyres unless it is
aligned east-west (Rhines and Schopp, 1991). Left: wind stress curl. Right: Sverdrup streamlines. Negative
contours are dashed in both panels.
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FIG. 4. (a) Mean transport streamfunctions from the 1/88 linear 1.5-layer simulation RG1 for the Southern Hemisphere depicting the
interbasin supergyre and the nested intrabasin gyres. The contour interval is 7.5 Sv (106 m3 s21). The modeled land boundaries are chosen
to be the 200-m isobath and are shown in all figures with the actual land superimposed over the modeled land. Flow proceeds with higher
valued streamfunction to the right. Note the locations of the EAC, EAUC, ECC, and Tasman Front. The EAC and ECC separation points
agree with observations. The contours are colored to allow identification of different gyres. (b) Close-up of the mean transport streamfunctions
from the 1/88 linear 1.5-layer global simulation RG1 for the region surrounding New Zealand. Note the incorrect direction of the EAUC.

along the Tasman Front continuing along the northeast
coast of New Zealand. Heath (1985b) describes an east-
southeast flow of 2–10 Sv, while other observations
(Stanton et al. 1997) describe larger transports of 11–
34 Sv. The simulated ECC (2.1 Sv southward) is much
less than the observed 22 Sv (Stanton et al. 1997). The
simulated net southward transport through the Tasman
Sea (12.1 Sv) is higher than observed values of 7.1 Sv
at 448S (Ridgway and Godfrey 1997) and 6.3–9.2 Sv
at 438S (Chiswell et al. 1997). Also, the southward-
flowing boundary current along South Island disagrees
with the observed northward-flowing Southland Cur-

rent. These discrepancies suggest that linear dynamics
are unable to explain some aspects of the flow field, and
more complicated processes are necessary to fully de-
scribe this region.
Since the linear model agrees with observed locations

of EAC separation, we are able to use linear theory to
investigate the baseline dynamics behind this phenom-
enon. The unique position of New Zealand (directly in
the path of a separating western boundary current) has
fueled speculation concerning the role of the island in
the separation of the EAC. Two main theories concern-
ing its role focus on two different aspects of the flow.

[7] In Figure 2 we show that the circulation structure of
the system is far more complicated than implied by Figure 1
with a high degree of baroclinicity. At the surface the Pacific
and Indian Ocean can be considered to form a single system
connected by the Indonesian Throughflow (ITF). In each
basin the northern arm of the gyre shifts to the south with
increasing depth. In the Pacific the whole central core of the
gyre moves some 20! of latitude poleward between 150 and
1000-db. This anisotropic nature accounts for the apparent
weakness of the Pacific system in a depth-averaged sense. At
1000-db the central core regions of the Indian and Pacific
gyres become more focused to the south - the SPG concen-

trates east of the Lord Howe Rise and the Kermadec Ridge,
and elongates to the east. Note that at this depth the Pacific
and Indian gyres are equally intense.

3.2. Gyre Connection: Tasman Outflow

[8] The most important result in Figures 1 and 2 is the
detailed picture shown of the connection of the two mid-
latitude gyres south of Tasmania. While the central core of
the gyre transport in each basin exists as discrete recircula-
tion cells, a peripheral component follows a complex
trajectory around the outer rim of each gyre. The greater
gyre flow is squeezed into a narrow band between Tasmania
and the Antarctic Circumpolar Current (ACC). In this

Figure 1. The interbasin gyre system for the Pacific and Indian Oceans as shown by the depth-integrated steric height
(a) P0/2000, and (b) P400/2000, derived from the T and S fields in CARS. The contour interval in Figure 1a is 50-m2 and in
Figure 1b 25-m2.

Figure 2. The mean steric height, (a) h0/2000 (contour interval 0.02-m), (b) h400/2000 (contour interval 0.01-m), and
(c) h1000/2000 (contour interval 0.01-m).

L13612 RIDGWAY AND DUNN: SOUTHERN HEMISPHERE OCEANIC SUPERGYRE L13612

2 of 5

Figure 17: The southern hemisphere “supergyre”, an interbasin gyre with nested sub-gyres. Top: ψ contours
(Sv) for a linear Stommel-Munk calculation (Tilburg et al., 2001). Bottom: Observed depth-integrated steric
height at 400db, referenced to 2000db (Ridgway and Dunn, 2007).



8 Scaling for the return flow
OK, so we saw in section 6 that large-scale flow must be in a Sverdrup balance, in which the torque from
the wind stress curl alters the angular momentum of fluid columns, driving them equatorward in the
subtropical gyres (poleward in subpolar gyres). Let’s return to equation (11):

v︸︷︷︸
1

=
1

ρ0βh

wind stress curl (WSC)︷ ︸︸ ︷(
∂τy

∂x
− ∂τx

∂y

)
︸ ︷︷ ︸

2 surface Ekman pumping

− 1
βh

(
Av| f |

2

)1
2

ζ︸ ︷︷ ︸
3 bottom Ekman pumping

+
Ah
β

(
∂2ζ

∂x2 +
∂2ζ

∂y2

)
︸ ︷︷ ︸

4 horizontal friction

A return flow requires a torque in the opposite direction, to push water against the direction imposed by
the WSC. This must come from one of the other terms ( 3 or 4 ) in equation (11) above.

But how can we make these big enough to do the job?

Notice that 3 and 4 are proportional to the vorticity and its second derivative, which scale as vWBC/LWBC

and vWBC/L3
WBC where vWBC and LWBC are the speed and width of the WBC. As LWBC decreases, 3 and

4 get larger relative to 1 (which also increases, though not as quickly, because a narrow WBC needs a
faster vWBC to return the Sverdrup transport). So if LWBC is small enough, 3 or 4 will be large enough
to balance 1 providing a torque strong enough to drive a rapid return flow poleward against the WSC.
In fact, since vWBC is not only in the opposite direction to the Sverdrup velocity, but very much faster, 1
must far exceed 2 so the wind stress curl is negligible in the vorticity balance of the return flow.
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So how do we work out the required LWBC?

Since we can see that the return flow must be narrow, this means that x derivatives of u are much larger
than y derivatives, so we can make the boundary-layer approximation and write (11) as

vWBC︸ ︷︷ ︸
1

=

�
�
�
�
�
�
�
�
�
�
��>

negligible

1
ρ0βh

wind stress curl (WSC)︷ ︸︸ ︷(
∂τy

∂x
− ∂τx

∂y

)
︸ ︷︷ ︸

2 negligible

− 1
βh

(
Av| f |

2

)1
2 ∂v

∂x︸ ︷︷ ︸
3 ∼
√

Av| f |/2
βh

vWBC
LWBC

+
Ah
β

∂3v
∂x3︸ ︷︷ ︸

4 ∼ AhvWBC
βL3

WBC

(15)

The scales 3 and 4 are written below these terms.

There are two limiting cases: 1 ∼ 3 and 1 ∼ 4 .

1 ∼ 3 ⇒ LWBC ∼
√

Av| f |/2
βh ≡ LStommel: the Stommel WBC balance (Stommel, 1948)

1 ∼ 4 ⇒ LWBC ∼
(

Ah
β

)1
3 ≡ LMunk: the Munk WBC balance (Munk, 1950)



9 The Stommel WBC balance
Stommel (1948)

vWBC︸ ︷︷ ︸
1

= − 1
βh

(
Av| f |

2

)1
2 ∂v

∂x︸ ︷︷ ︸
3 bottom Ekman pumping

(16)

In a northern hemisphere subtropical gyre the return flow is northward, so vWBC > 0. For this balance to
work, ζ = ∂vWBC

∂x must be negative (anticyclonic in the northern hemisphere). This is only possible if the
return flow occurs at the western boundary, i.e. in a WBC (figure 18). This is also the case in the southern
hemisphere and in subpolar gyres.

We can easily solve this first-order ODE for vWBC(x), which gives an exponential dependence of vWBC on x

(figure 19) with decay scale LStommel =

√
Av| f |/2

βh .

For a typical Av = 0.01 m2 s−1 we obtain LStommel ≈ 35 km, which (given it is an exponential decay scale)
is in the right ballpark.

So Stommel balance can explain why WBCs are on the west. Their narrowness (about one percent of the
basin width) requires a flow speed about 100 times greater than the Sverdrup velocity and therefore about
a million times the Ekman pumping velocity.
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Figure 18: Bottom friction (i.e. bottom Ekman pumping) applies a torque of the opposite sign to the vorticity.
Bottom friction in a Stommel balance applies torque of the correct (cyclonic) sign to allow poleward return
flow for a western boundary current (left) but has the wrong sign for an eastern boundary current (right). This
figure shows a subtropical gyre in the northern hemisphere. Exercise: sketch diagrams for subtropical and
subpolar gyres in both hemispheres to show that all cases require western (not eastern) return flow.
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Fig. 14.5 The Stommel and Munk solutions, (14.49) with ✏S = ✏1/3
M = 0.04, with

the wind stress ⌧ = � cos⇡y, for x,y 2 (0,1). Upper panels are contours of
streamfunction in the x-y plane, and the flow is clockwise. The lower panels are
plots of meridional velocity, v, as a function of x, in the centre of the domain (y =
0.5). The Munk solution can satisfy both no-normal flow and one other boundary
condition at each wall, here chosen to be no-slip.

From Vallis (2006)

From Vallis (2006)

Figure 19: The Stommel and Munk solutions (Vallis, 2006). Top: streamlines; Bottom: northward velocity.
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vWBC︸ ︷︷ ︸
1

=
Ah
β

∂3v
∂x3︸ ︷︷ ︸

4 horizontal friction

(17)

In a northern hemisphere subtropical gyre the return flow is northward, so vWBC > 0. For this balance to
work, ∂2ζ

∂x2 must be positive, i.e. ∂3v
∂x3 > 0. This only works if the return flow occurs at the western boundary,

i.e. in a WBC (figure 20). This is also the case in the southern hemisphere and in subpolar gyres.

We can solve this 3rd-order ODE for vWBC(x), which gives an oscillatory exponential dependence of vWBC
on x (see figures 19 and 21, which have used a no-slip condition, i.e. u = 0, on the coasts).

Figure 21 shows that the Munk WBC width (first zero of vWBC) occurs at 2π/
√

3 ≈ 3.63 times the Munk
WBC scale LMunk = (Ah/β)(1/3). The peak velocity occurs at one-third this distance (i.e. 1.21LMunk).

For a typical Av = 100 m2 s−1 we obtain LMunk ≈ 17.1 km, which gives a WBC width of 62 km, also in the
right ballpark.

For numerical modelling we need to resolve LMunk. Put another way, a given grid resolution sets a mini-
mum LMunk, and therefore a minimum Ah. Coarse model grids require overly wide, slow, viscous WBCs
with unrealistically weak vorticity.

So both Munk and Stommel balance can explain why WBCs are on the west, narrow and fast. But we
needn’t take either extreme case and can consider Stommel-Munk flows with both bottom and lateral
friction (e.g. figure 22).
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Figure 20: Bottom friction in a Munk balance applies torque of the right sign (cyclonic) to allow poleward re-
turn flow for a western boundary current (left) but has the wrong sign for an eastern boundary current (right).
This figure shows a subtropical gyre in the northern hemisphere. Exercise: sketch diagrams for subtropical
and subpolar gyres in both hemispheres to show that all cases require western (not eastern) return flow.
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Figure 21: Details of the Munk velocity profile versus x expressed in units of 2πLMunk/3
√

3. The first zero

occurs at 2π/
√

3 ≈ 3.63 times the Munk WBC scale LMunk =
(

Ah
β

)1
3
. The velocity peak is one-third this

distance offshore, so the inner third is cyclonic and the outer part is more weakly anticyclonic. The Sverdrup
component is not shown.
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Fig. 14.6 The solution (streamfunction, in Sverdrups) to the Stommel–Munk problem
numerically calculated for the North Atlantic, using the observed wind field. The
model ocean has realistic geometry, but is flat-bottomed. The calculation qualita-
tively reproduces the large-scale patterns, including the subtropical and subpolar
gyre and the western intensification of both, although the separation of the Gulf
Stream from the coast is a little too far North. Compare with Fig. 14.2.2

From Vallis (2006)

From Vallis (2006)

Figure 22: The Sverdrup-Stommel-Munk transport streamfunction (Sv) for the North Atlantic with realistic
coastlines and forcing but a flat bottom (Vallis, 2006). The WBC transport is weaker than observed and the
WBC separation is too far northward and too diffuse (compare with figure 23).
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.
Figure 23: Movie (click to play): Sea-surface height from a simulation of the Atlantic between 25◦S and 65◦N,
using the MICOM model (see figure 3 for SST). The sea surface is raised (red) by about 1 m, giving increased
pressure and an anticyclonic gyre circulation. The gentle surface slope in most of the basin gives a slow
equatorward geostrophic flow. This returns poleward in a much faster geostrophic flow in the WBC where
the surface slope is steep. Smaller-scale features are warm- and cold-core mesoscale eddies. Source: Bleck,
O’Keefe & Sawdey. More info: http://www.psc.edu/science/OKeefe/OKeefe.html.
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11 So far so good. . . but what’s missing?
1. Stratification: isolates flow from bottom friction; also, separated WBCs are frontal boundaries

2. Topography and coastlines

3. Nonlinearity: we assumed Ro = 0, neglecting vorticity advection u · ∇ζ

12 Nonlinear WBCs: advection of relative vorticity
The Stommel and Munk models are not entirely self-consistent under realistic conditions: if vWBC ≈
1 m s−1 and LWBC ≈ 100 km we obtain ζ ∼ vWBC/LWBC ≈ 10−5 s−1 ≈ 0.1 f , i.e. we have Ro ∼ 0.1 so
the total neglect of the nonlinear advection terms is rather dubious.

With the inclusion of advection, the WBC advects its own relative vorticity downstream via the term
u · ∇ζ. As a result, the gyres lose their north-south symmetry, becoming more intense downstream (fig-
ure 24). In addition, we can no longer make the approximation q = ( f + ζ)/h ≈ f /h. In particular, where
∂ζ
∂y ≈ −β meridional flow is possible without change in q, i.e. without any viscous or wind stress torques.
For example, in the outer WBC in figures 25 and 26 anticylonic ζ has distorted the potential vorticity con-
tours, allowing poleward flow without requiring a viscous torque. This can lead to the development of
an inertial recirculation, a region of closed q contours (see figure 26) in which the flow can recirculate
without need of a wind stress curl, allowing the WBC transprt to grow much larger than that required to
balance the Sverdrup transport (Cessi et al., 1987; Cessi, 1990).



It is possible to find a nonlinear gyre solution in which the q contours close on themselves throughout the
basin, allowing a recirculating flow with no forcing or dissipation (Fofonoff, 1954). The WBC width in this
case is Linertial =

√
U/β, where U is the westward velocity scale in the inflow; this can increase the width

of the WBC inflow beyond that predicted by Stommel and Munk.

Under the no-slip boundary condition (i.e. u = 0 at the coast) the WBC velocity peak is a little way offshore
(e.g. figure 21), so the vorticity is cyclonic onshore of this peak and anticyclonic offshore of it. On the
anticyclonic side ζ reduces q, allowing an inertial q-conserving poleward flow and inertial recirculation.
The situation is very different in the cyclonic layer, where q is increased, which increases the required
viscous torque and can cause the WBC to separate from the coast as a jet (Kiss, 2002); see left panels in
figures 25 and 26. However, the choice of lateral boundary condition is not well-constrained (it amounts
to a sub-gridscale parameterisation), and a free-slip condition (i.e. ζ = 0 at the coast) is also plausible. In
this case the WBC is entirely anticyclonic and the separation behaviour is radically different (right panels
in figures 25 and 26). This dependence on lateral boundary condition is also shown in figure 24.

13 WBCs in models
Ocean models often struggle to produce a realistic WBC separation location (figure 27). Inaccurate sepa-
ration puts warm, salty subtropical water in the wrong location, giving errors in SST, SSS, and heat and
freshwater fluxes (Kiehl and Gent, 2004; Klinck, 1995).

Chassignet and Marshall (2008): “There is not yet a single recipe that would guarantee a correct separation
of all western boundary currents in a global model.” Very few models with resolution coarser than 1

10
◦

have shown realistic separation behaviour, so high resolution seems to be a necessary (but not sufficient)
condition.
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Fig. 14.9 Streamfunctions in solutions of the nonlinear Stommel and Munk problems,
obtained numerically with a Newton’s method, for various values of the nonlinearity
parameter S = R1/2

� . As in the perturbation solution, for small values of nonlin-
earity the centre of the gyre moves polewards, strengthening the boundary current
in the north-western quadrant (for a northern-hemisphere solution). As nonlinearity
increases, the recirculation of the gyre dominates, and the solutions become increas-
ingly inertial.3

From Vallis (2006)

From Vallis (2006)

Figure 24: Stommel and Munk solution streamlines with increasing nonlinearity S =
√

U/βL2 (Vallis, 2006).
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Figure 25: Dependence of WBC separation on slide boundary condition. Left: no-slip (i.e. u = 0 at the coast),
right: free slip (i.e. ζ = 0 at the coast); the models are otherwise identical. The black lines are streamlines
(isobars). Colours indicate relative vorticity: cyclonic is yellow and red; anticyclonic is green and blue (Kiss,
2002). See fig 26 for potential vorticity.
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Figure 26: Dependence of WBC separation on slide boundary condition, in figure 25 but here the colours show
potential vorticity (white is low, red is high). Left: no-slip, right: slip; the models are otherwise identical.
Inertial recirculations have formed in the northwest, where the blue q contours have closed on themselves.
Kiss (2002).
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no separation

separation

Figure 27: Sea-surface height for the Gulf Stream in the NLOM model, with a 14 km grid and νmodel =
100 m2 s−1 (left: unrealistic), and a 3.6 km grid and νmodel = 10 m2 s−1 (right: realistic). Hurlburt and Hogan
(2000)



14 Spinup and response to time-varying wind
The geostrophic gyre flow adjusts to changes in wind forcing via Rossby waves which propagate west-
ward across the basin from the eastern boundary, leaving an equilibrated Sverdrup flow in their wake
(figure 28). Therefore the Rossby wave travel time across the basin sets the timescale for adjustment to
changes in wind forcing (Anderson and Gill, 1975). The Sverdrup transport can only “track” wind stress
curl changes which are much slower than this timescale (Willebrand et al., 1980). Barotropic Rossby waves
propagate relatively quickly, crossing an ocean in a matter of days. So the barotropic transport can follow
wind stress curl variations closely. However, baroclinic Rossby waves are much slower, taking years to
cross an ocean, so the baroclinic transport reflects decadal and longer timescales of wind stress curl varia-
tion (e.g. Holbrook et al., 2011).

The propagation properties of Rossby waves can also be used to explain the westward intensification of
the gyres and the width of WBCs (Pedlosky, 1965).
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Figure 28: Movie (click to play): an idealised gyre spinning up from rest under anticyclonic wind forcing. The
black lines are streamlines (isobars). Colours indicate relative vorticity: cyclonic is yellow and red; anticyclonic
is green and blue. Initially there is no flow, but when the wind is switched on the Sverdrup flow and western
boundary current are established by Rossby waves which propagate from east to west across the basin.


cyl-spinup.mov
Media File (video/mpeg)
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Naturwissenschaften, 14 (11), 223–4.

Fofonoff, N. P., 1954: Steady flow in a frictionless homogeneous ocean. J. Mar. Res., 13 (3), 254–262.

Godfrey, J. S., 1989: A Sverdrup model of the depth-integrated flow for the world ocean allowing for island recircu-
lations. Geophys. Astrophys. Fluid Dyn., 45, 89–112.

Haidvogel, D. B. and A. Beckmann, 1999: Numerical ocean circulation modeling, Vol. v. 2. Imperial College Press,
London.

http://ocean.fsu.edu/faculty/chassignet/recentpubs.html


REFERENCES 48

Holbrook, N. J., I. D. Goodwin, S. McGregor, E. Molina, and S. B. Power, 2011: ENSO to multi-decadal time scale
changes in East Australian Current transports and Fort Denison sea level: Oceanic Rossby waves as the connecting
mechanism. Deep Sea Research Part II: Topical Studies in Oceanography, 58 (5), 547 – 558, doi:10.1016/j.dsr2.2010.06.
007.

Hurlburt, H. E. and P. J. Hogan, 2000: Impact of 1/8◦ to 1/64◦ resolution on Gulf Stream model-data comparisons
in basin-scale subtropical Atlantic Ocean models. Dynamics of Atmospheres and Oceans, 32 (3-4), 283–329, URL
http://www.sciencedirect.com/science/article/B6VCR-40SFH3K-9/2/1ee51e74f36d0e07035c287b0d169062.

Kiehl, J. and P. Gent, 2004: The Community Climate System Model, version 2. Journal of Climate, 17, 3666–3682.

Kiss, A. E., 2002: Potential vorticity “crises”, adverse pressure gradients, and western boundary current separation.
J. Mar. Res., 60 (6), 779–803.

Klinck, J., 1995: Thermohaline structure of an eddy-resolving North Atlantic model - the influence of boundary
conditions. Journal of Physical Oceanography, 25, 1174–1195.

Mata, M. M., M. Tomczak, S. Wijffels, and J. A. Church, 2000: East Australian Current volume transports at 30◦S:
Estimates from the World Ocean Circulation Experiment hydrographic sections PR11/P6 and the PCM3 current
meter array. J. Geophys. Res., 105 (C12), 28 509–28 526.

McWilliams, J. C., 1996: Modeling the oceanic general circulation. Ann. Rev. Fluid Mech., 28, 215–248.

Munk, W. H., 1950: On the wind-driven ocean circulation. J. Meteorology, 7, 79–93.

Pedlosky, J., 1965: A note on the western intensification of the oceanic circulation. J. Mar. Res., 23 (3), 207–209.

Pedlosky, J., 1987: Geophysical Fluid Dynamics. 2d ed., Springer, New York.

http://www.sciencedirect.com/science/article/B6VCR-40SFH3K-9/2/1ee51e74f36d0e07035c287b0d169062


REFERENCES 49

Pedlosky, J., 1996: Ocean Circulation Theory. 1st ed., Springer, Berlin.

Peixoto, J. P. and A. H. Oort, 1992: Physics of climate. 1st ed., American Institute of Physics, New York.

Rhines, P. B. and R. Schopp, 1991: The wind-driven circulation: Quasi-geostrophic simulations and theory for non-
symmetric winds. J. Phys. Oceanogr., 21 (9), 1438–1469.

Ridgway, K. R. and J. R. Dunn, 2007: Observational evidence for a Southern Hemisphere oceanic supergyre. Geophys.
Res. Lett., 34, URL http://dx.doi.org/10.1029/2007GL030392.

Risien, C. M. and D. B. Chelton, 2008: A global climatology of surface wind and wind stress fields from eight years
of QuikSCAT scatterometer data. Journal of Physical Oceanography, 38 (11), 2379–2413, URL http://dx.doi.org/10.1175%
2F2008JPO3881.1.

Stommel, H., 1948: The westward intensification of wind-driven ocean currents. Trans. Am. Geophys. Union, 29, 202–
206.

Sverdrup, H., 1947: Wind-driven currents in a baroclinic ocean: with application to the equatorial currents of the
eastern Pacific. Proc. Natl. Acad. Sci. USA, 33, 318–326.

Tilburg, C. E., H. E. Hurlburt, J. J. O’Brien, and J. F. Shriver, 2001: The dynamics of the East Australian Current
system: The Tasman Front, the East Auckland Current, and the East Cape Current. Journal of Physical Oceanography,
31 (10), 2917–2943.

Tomczak, M. and J. S. Godfrey, 2003: Regional Oceanography: An Introduction. 2d ed., Daya Publishing House, Delhi,
URL http://www.es.flinders.edu.au/∼mattom/regoc/pdfversion.html.

Vallis, G. K., 2006: Atmospheric and Oceanic Fluid Dynamics. Cambridge University Press, Cambridge, U.K., 745 pp.

http://dx.doi.org/10.1029/2007GL030392
http://dx.doi.org/10.1175%2F2008JPO3881.1
http://dx.doi.org/10.1175%2F2008JPO3881.1
http://www.es.flinders.edu.au/~mattom/regoc/pdfversion.html


REFERENCES 50

Willebrand, J., S. G. H. Philander, and R. C. Pacanowski, 1980: The oceanic response to large-scale atmospheric
disturbances. J. Phys. Oceanogr., 10, 411–429.


	1 What are western boundary currents (WBCs)?
	1.1 Questions

	2 A barotropic model of an ocean basin
	3 Vorticity equation
	4 The stretching term
	5 Potential vorticity equation
	6 Scaling: which terms in (11) are biggest on the basin scale?
	7 Sverdrup balance
	7.1 Several surprising subtleties of the Sverdrup solution

	8 Scaling for the return flow
	9 The Stommel WBC balance
	10 The Munk WBC balance 
	11 So far so good… but what's missing?
	12 Nonlinear WBCs: advection of relative vorticity
	13 WBCs in models
	14 Spinup and response to time-varying wind

