Notes on Wind Stress Forcing of the Ocean

Vorticity Equation

The horizontal momentum equations may be converted into an equation describing the
vertical component of absolute vorticity n,

a_rl+ u,
ot X ay

where u isthe windin the zonal (x) direction and v isthe windin the meridional (y)
diredion. The left side shows the locd change in time and rate of change dueto
advedion. Theright side shows the rate of change due to haizontal divergencewith the
“tilting” and “solenoidal” terms left off since they are small for large-scde flows.

Absolute vorticity isthe sum of f, the Coriolis parameter (Earth’s rotation), and ¢, the
relative vorticity (local rotation) of the flow
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Asauming equili brium, the loca change in timeis zero and haizontal advection o
absolute vorticity balances divergence of absolute vorticity. Sincefor large-scde
midlatitude flows  is much lessthan f, we can reducethe vorticity equation to
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Recdli ng that f only varies with latitude (y) and using the ntinuity equation for an
incompressble fluid
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we obtain

Repladng with df/dy with the mnventional symbol (3 yields the first equation listed in
Deser et a. (1999).

Convergence in the Ekman layer (the near-surface part of the ocean affected by wind
stress) will result in a profile where the vertical motion w is downward. Vertical motion is
strongest near the surface and goes to zero at depth, so 0w/0z < 0. Since 0f/dy is aways
positive, the meridional velocity v must have the opposite sign of f (i.e., negative and
southward in NH and positive and northward in SH) and thus is always equatorward.
Divergence in the Ekman layer will result in positive ow/dz, so meridional velocity must
have the same sign asf (i.e., northward in the NH and southward in the SH) and thusis
always poleward.



Wind StressCurl

The stressforce of wind gives the ocean an initial velocity in the diredion d the wind,
but the Coriolis effed due to the Earth’ s rotation exerts an accéeration proportional to
velocity and at right angles to the diredion d motion. This turns the ocean velocity away
from the diredion d the wind, and the resulting Ekman transport is 90°to the right of the
wind dredionin the NH and 90°o the left of the wind dredionin the SH. The Ekman
transport may be cal culated by balancing the wind stress force with the Coriolis forcedue
to ocean velocity integrated over the Ekman layer,
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where p, isthe density of seawater, T, and Ty are the wind stresses in zonal and
meridional diredions, and
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where ze is the base of the Ekman layer.

Using the cntinuity equation again we can calcul ate the vertical motion through the base
of the Ekman layer, wg, resulting from layer mean Ekman transports

0
—_ a_VVdZ:aUE +%
0z ox oy
:aUE +%_
£ o ay

Repladng the Ekman transport terms with the wind stressterms yields the relationship
between Ekman pumping and the aurl of the wind stress
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Positive wind stress curl causes divergence in the Ekman layer and upward Ekman
pumping and negative wind stress curl causes convergence in the Ekman layer and
downward Ekman pumping.
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The mean wind at midlatitudes is primarily zonal and from the west. This generates
equatorward Ekman transport proportional to the magnitude of the wind. The magnitude
of equatorward Ekman transport is maximum at the latitude where the wind is maximum
and decreases towards both the pole and equator. This causes convergence in the Ekman
layer and downward Ekman pumping in the subtropical gyre and divergence in the
Ekman layer and upward Ekman pumping in the subpolar gyre. The easterly trade winds
generate poleward Ekman transport, which also causes convergence in the subtropical

gyre.



The previous equation
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can be integrated from the level of zero vertical motion at depth in the ocean (z,) to the
base of the Ekman layer to derive the equation for Sverdrup balance,
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where Vy is the vertically integrated meridional geostrophic transport. Thisis equation (1)
in Deser et a. (1999). Rearranging the curl term to separate T and f yields
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Note that the last term is—{3 multi plied by the verticadly integrated Ekman transport, Ve
(as mentioned in Deser et al. 1999. Thus,
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where the right side of the bottom equation is the Sverdrup transport mentioned in Deser
et a. (1999. Theleft side of the bottom equation shows that the Sverdrup transport is the
total meridional transport of 3, the sum of the transport by the Ekman layer (Vg) and the
layer below the Ekman layer (Vy). | suppcse Vy is cdled the geostrophic transport
becaise thereis no contribution by frictionin the lower layer (unli ke the Ekman layer)
and steady flow must hence be in geostrophic balance

Positi ve wind stresscurl causes poleward Sverdrup transport and regative wind stress
curl causes equatorward Sverdrup transport. Return flow occurs along the western
boundry andis paeward in the subtropica gyre and equatorward in the subpdar gyre.



Physicd Interpretation

To interpret the equations, | like to understand the fundamental physicd processes
involved. Sinceit is more difficult for me to conceptuali ze pseuddorces like the Coriolis
effect, | often consider flow in anonrotating coordinate system.

Consider an acean basin that is gationary with resped to the Earth but has angular
velocity from the Earth’ s rotation. If awesterly wind stressis applied, the angular
velocity of the ocean increases and the centrifugal aaceleration nolonger balances the
gravitational accderation. This causes outward radial motion which gravity constrainsto
be towards the equator (Ekman transport). If the zonal wind stresshas a maximum, the
equatorward motion converges equatorward and dverges pdeward of the wind
maximum. By masscontinuity there must be upward motion unaer the divergence and
downward motion undr the mnvergence (Ekman pumping). Again by mass continuity
there must be underlying convergence with the upward motion and unaerlying
divergence with the downward motion. The subpolar region d underlying convergence
brings together water from diff erent latitudes and dff erent angular velociti es. Because
thereislessarea @ higher latitudes, the lower latitudes with greaer angular velocity
dominate and angular velocity increases. To conserve angular momentum, the radius of
angular motion must decrease through pdeward motion. The oppasite happens for the
subtropicd region d underlying divergence



