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The equation of state for sea water
1. (2 points) Figure 1 shows temperature and potential density for a deep

station in the Pacific Ocean. The right panels show potential densities
where the direct pressure effect on density has been removed. But one
profile uses in situ temperature while the other uses potential tempera-
ture (the two temperature profiles are shown in the left panel). Explain
why one of the potential density profiles appears to be statically un-
stable in the deep ocean while the other doesn’t.

2. (2 points) Figure 2 shows profiles of density, salinity and temperature
measured in spring at a position in Vestfjorden, Northern Norway. Here
we often find both coastal water and Atlantic water, but at different
depths. Comment on the salinity and temperature profiles: are each
of them tending to stabilize or destabilize the density profile? Is it
temperature or salinity that dominates in determining density? Where
is the coastal water?

Observations and modeling
1. (2 points) We want to know the horizontal ocean currents (u, v) and

assume that the geostrophic balance holds and that the pressure is
hydrostatic. We should then have
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where ρ is the density, ρ0 is some constant reference density, g is the
acceleration due to gravity, and f is the Coriolis parameter. What are
these equations called and how are they obtained?

2. (2 points) What kind of instruments could you use to get estimates of
the density needed in these expressions?

3. (2 points) Explain why you still need to know the currents at some
depth in order to determine the total geostrophic currents at all depths,
even if you know the density everywhere.

2



Figure 1: Profiles of in situ temperature and potential temperature (left
panel) and potential density anomalies (right panel) using either in situ or
potential temperature.

3



Figure 2: Profiles of density, salinity and temperature measured in spring in
Vestfjorden, Northern Norway.

4. (2 points) Discuss at least two techniques to solve the problem raised
in point 3 above.

5. (2 points) What do we mean by ‘discretizing a differential equation’,
and why do we have to do this to solve the dynamical equations on
computers?

6. (2 points) Let tn = t0 + n∆t and un = u(tn). The variable u(t) is
assumed to be governed by the equation

du

dt
= F (t),

where F (t) is some forcing function. From this differential equation,
derive a difference equation for un+1. Approximately how large is the
discretization error?

The geostrophic flow off South Africa
Figure 3 shows the geostrophic velocities of the Agulhas current which flows
south-westward along the tip of South Africa (see red line on the map).
The surface geostrophic flow has strength vg(0) = 1.5 m s−1—directed south-
westward.
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1. (2 points) Assume a local coordinate system with the x-axis pointing
out from the coast (along the red line). Then assume that the width of
the surface current is L = 50 km, that the local Coriolis parameter is
f = −10−4 s−1 and that the gravitational accelleration is g = 10 m s−2.
What is the sea surface tilt across the current? In which direction does
it tilt?

2. (2 points) Consider the vertical changes in geostrophic velocity that you
can see near the coast in the figure. In what direction is the horizontal
density gradient? Make a sketch of the situation showing both how the
sea surface and isopycnals (lines of constant density) tilt.

Waves
1. (2 points) Assume we have a plane surface gravity wave propagating in

the x-direction. The dispersion relation is

ω2 = gk tanh(kH),

where ω is the wave frequency, k is the wave number, g is the accel-
eration due to gravity, and H is the local water depth. Discuss the
deep-water and shallow-water limits and show how the dispersion rela-
tion can be simplified for these two cases.

2. (3 points) Define the phase velocity c and the group velocity cg and
discuss their physical significance. Show that in the deep-water limit
we have

cg
c

=
1

2
,

while in the shallow-water limit we have
cg
c

= 1.

3. (3 points) What is the difference between wind sea and swell? Assume
we have swell coming in from a very deep ocean. Describe how the
properties of the waves change as they propagate towards land. Include
a sketch illustrating the main points.
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Figure 3: Water velocity in the Agulhas current off South Africa (see red line
on map).
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The tides
1. (2 points) Why does the ’equlibrium tide’ have two tidal bulges, one

on each side of the earth? Explain why we have semi-diurnal (twice
daily) but sometimes also diurnal (once daily) tides.

2. (2 points) Explain the reason behind the spring-neap tidal cycle. A
drawing showing the positions of the moon and sun in each phase would
help.

3. (2 points) Figure 4 shows lines of constant phase for the M2 tide (semi-
diurnal tide due to the moon) in the English Channel and the North
Sea. Explain how this plot indicates that the M2 tide is propagating
as a Kelvin wave.

4. (2 points) Explain what is meant with the ’critical latitude’ for tides.
Can tides propagate as waves above such a critical latitude?

Estuarine flow
1. (3 points) Estuaries are associated with riverine freshwater input. But

observations also show a deep inflow and a surface outflow, both of
which are much larger than the river volume flux. Explain this estuarine
circulation and the role played by vertical turbulent mixing between the
inflowing and outflowing layers. Put another way: why does the inflow
at depth exist?

2. (3 points) Describe what is special about fjord estuaries. How are
they formed and how does the special bottom topography affect the
circulation and hydrographic conditions in a fjord?
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Figure 4: The propagation of the M2 tide through the North Sea and English
Channel.
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