
GEO2320 - Problem set 3
Due 21 November 2019

November 7, 2019

Problem 1: Ekman transport and Ekman pumping
The winds are blowing steadily eastward over the ocean in the northern hemisphere
mid-latitudes.

1. The wind stress is τx = 0.1Nm−2. Assuming a Coriolis parameter f = 10−4 s−1

and a water density ρ0 = 1000 kgm−3, estimate the depth-integrated Ekman
transport in the upper ocean. In which direction is it pointing?

2. Assume now that the zonal winds decay linearly in the northward direction and
attain zero strength over a distance of 100 km. Explain how this causes a vertical
velocity at the bottom of the oceanic Ekman layer. What is the size of this vertical
velocity in this particular case? Is it pointing up or down?

Problem 2: A wind-driven Sverdrup gyre
We want to examine the wind-driven transport in a flat-bottom square basin in the
southern hemisphere. The basin has dimensions 4000 km × 4000 km and we assume
a so-called ’beta-plane’ with β ≡ df/dy = 1.5 × 10−11m−1s−1. We also assume a
purely zonal wind stress with the meridional profile

τx(y) = τ0 cos

(
π

Ly
y

)
,

where y is the distance from the southern boundary, τ0 = 0.1Nm−2 and Ly =
4000 km.

1. Draw, qualitatively, the surface Ekman transport and explain in what way this
drives flows below the Ekman layer.

2. Write down the Sverdrup balance for the depth-integrated flow in the interior of
the basin and describe how the expression has been derived.

3. Is the Sverdrup transport in this gyre, with the given wind stress, northward or
southward? Draw, qualitatively, the depth-integrated flow field (with directions),
including the position of a Stommel frictional boundary layer.
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4. The width of the Stommel boundary layer can be estimated by examining the
balance expected to hold in this boundary layer, i.e. a balance between the ad-
vection of planetary vorticity and bottom friction:

βV = R
∂v

∂x
.

Scale this equation and find the representative (zonal) length scale, i.e. the width
of the boundary current. Assume that the ocean has depth H = 3000m and that
V = Hv. Finally, use bottom friction coefficient R = 1× 10−3ms−1.

5. What is the transport in the boundary current, at y = 2000 km, i.e. at the center
’latitude’ of the domain (magnitude and direction)? (Hint: The meridional trans-
port in the boundary current has to balance the meridional flow in the interior.)

Problem 3: Closed f/H flows
We will estimate the wind-driven transport in a closed-f/H gyre in the Nordic Seas.
Assume that the f/H field is circular and centered at x = 0, y = 0. Also assume a zonal
wind stress over the domain of the form

τx =
τ0
Lw

y,

where τ0 = 0.1Nm−2 and Lw = 500 km.

1. We assume that flow through the top and bottom Ekman layers balance, at least
when integrated over a closed f/H contour. Write down the integral balance, both
using area integrals and contour integrals.

2. We pick a contour having a radius of 1500 km and a mean depth H = 2000m
(assume this is constant around the contour since H dominates the f/H field in
the Nordic Seas). If the bottom friction parameter is R = 1 × 103ms−1, what
is the average ocean flow velocity around the contour (assume a constant density
ρ0 = 1027 kgm−3)? In what direction does the ocean flow spin?

3. The closed-f/H theory presented in class is based on the assumption of a homo-
geneous ocean, i.e. an unstratified ocean where the geostrophic flow is given by
the sea surface tilt and is the same from top to bottom. We now wish to allow for
stratification and a thermal wind flow (due to horizontal density gradients). We
then modify the theory by saying that it’s only the bottom velocities that have to
follow f/H contours, but the flow above the bottom (described by the thermal
wind shear relative to the bottom) is allowed to go in other directions. The orig-
inal theory assumes that there is a balance between the transports in the top and
bottom Ekman layers. Can you explain how the presence of the thermal wind
flow might disrupt this balance somewhat? (Hint: look for whether there may
be a divergence or convergence in the thermal wind flow...and for how such di-
vergence/convergence may modify the original balance between the two Ekman
layers.)
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Figure 1: Refraction of shallow-water waves as they approach a rugged coast.

Problem 4: Waves
1. Explain the difference between phases velocities and group velocities of waves.

2. Discuss the difference between deep-water and shallow-water waves in terms of
their phase and group velocities and in terms of whether they are dispersive or
not. What does it mean that waves are dispersive?

3. Figure 1 (taken from the lecture notes) show waves approaching a rugged coast
line. Explain the concept of wave refraction and also why this process may
eventually cause the coastline to get smoother.

4. Write up and sketch the dispersion relationship for shallow-water Poincaré waves.
Then use this information to explain why the Rossby radius is “the lateral scale
at which Earth’s rotation becomes important [for shallow-water waves].” What
is the typical size of the Rossby radius in the mid-latitude deep ocean? Is a
Poincaré wave with wavelength 2000 km dispersive? What about a Kelvin wave
with similar wavelength?
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