From Pressure Maps and Wind Velocity to Northern Lights and Other
Fascinating Phenomena on the Rotating Earth

Owing to the presence of the Coriolis effect, the rotation of the Earth has a multitude of surprising
consequences that make the mechanics of the atmosphere or the oceans different from that of a fluid in a
container. Since the Coriolis effect also captures the imagination of screenwriters, contributing to the
continual exposure of students to bogus science, it is important to address these ideas in the physics
classroom. This paper assumes that students are familiar with the Coriolis force acting on moving bodies in
a rotating reference frame, and suggests a possible algebra based approach. The information encoded in
pressure maps is used to obtain an expression for wind speed, and the result is applied in various contexts to
learn about tilting sea surfaces, northern lights and fluids flowing around phantom obstacles.

The Earth’s rotation in films

Since there are numerous websites listing instances of pseudoscience in movies, a couple of representative
examples will suffice to illustrate the necessity of classroom treatment.

The newscast announcing an enormous hurricane-like storm over Canada in The Day After Tomorrow shows
a cloud system spiraling clockwise. In my experience, students with a background in geography can tell that
— could a hurricane ever form over Canada at all — on the northern hemisphere it should certainly rotate the
other way. Students reliably remember what they have learnt about low-pressure systems, that is why they
so readily give credit to the drain hole fallacy. This fallacy appears in Escape Plan, too, where the inmates in
a maximum secure prison are not even told where on the globe they are. The hero observes the water
swirling in the toilet bowl and concludes that the prison is situated somewhere on the northern hemisphere.
In the episode Bart versus Australia of The Simpsons, the behaviour of drains occasions diplomatic
embroilment. It all starts with Bart Simpson refusing to accept that drains rotate differently on the two
hemispheres. His intelligent sister Lisa points out that he should simply try and see, that is, she formulates
the principle that experiment is the way to verify a scientific hypothesis. However, in spite of some writers
of The Simpsons having degrees in science, they do not actually try for themselves, and we are shown water
consistently draining differently. In the episode Die Hand Die Verletzt of X-Files even wrong science is
remembered wrongly and, as evidence that occult powers are at work, agent Moulder claims that the
counterclockwise rotation of the water in a drinking fountain would otherwise be characteristic of the
southern hemisphere.

Wind direction and wind speed
Students are aware that air currents are determined by the distribution of atmospheric pressure. Physics
students have presumably seen isobar charts in the geography class. Although an isobar chart is the most
widely known graphical representation of pressure distribution, it is not easy to interpret the information
conveyed by the curves. Before applying pressure maps to learn about wind speed and direction, it is
essential to familiarize students with pressure maps. There are a lot of educational websites! that offer
student activities to introduce the pressure gradient force, that is, the force acting on an air parcel owing to
pressure difference. In order to proceed, we will need the following result:
If the pressure difference over a small distance AX is Ap, then the force acting on the air contained in a
volume V between two surfaces A normal to AX is
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The second factor is the pressure gradient that can be read from an isobar chart.

When students are shown an isobar chart and asked what the wind direction is, they usually conclude that it
is perpendicular to the curves. Some charts, however have the wind direction, too, revealing that the wind
blows almost parallel to the isobars. This intuitive answer, therefore, is in error, and there are two reasons
for that. First, the conclusion that the wind blows from the high-pressure region towards the low-pressure
region disregards the Coriolis effect. The other error is more subtle and yet more profound: Even though the
distribution of atmospheric pressure is responsible for winds, pressure distribution only changes very slowly



in time, and large-scale wind patterns of fairly constant speed and direction persist for long periods. Since
the moving air does not accelerate (with respect to the Earth's surface), wind should not be interpreted as a
result of one force or another: it is determined by an equilibrium of forces®.
For simplicity, consider the wind blowing at a high altitude above the ground, where frictional effects can be
disregarded. The pressure gradient force (1) is thus balanced by the Coriolis force, expressed as
F. =mv-2Qsing
where Q stands for the angular speed of the Earth's rotation and ¢ is geographic latitude. In the case of
equilibrium, this is equal and opposite to the pressure gradient force (1):
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Hence, by replacing m/V with the density p, the wind speed
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is obtained. Since the Coriolis force acts sideways on a moving object, the pressure gradient force is also
sideways in such an equilibrium situation, which implies that wind blows along the isobars (called
geostrophic wind, in meteorological terms) rather than across them. Although this counterintuitive result is
remarkable enough, by investigating pressure distribution in a little more depth we can also explain some
further unexpected behaviour of the atmosphere and the seas.

The topography of pressure surfaces

If we have a closer look at pressure maps, we will realize that isobars are only used in ground level pressure
charts. The maps representing upper level pressure distributions are different: they show lines of constant
altitude for some specific isobaric surface. Meteorologist call these curves isohypses®. Figure 1 is a 500-hPa
isohypse chart, that is, it can be interpreted as a chart showing the topographic contour lines of the surface
enclosing the lower half the atmospheric air.

557 584 T 576
TEa
544 Q
552
560
68

578

5

584

=

B8

592 584

/596/\ -

Fig. 1. Isohypse map®: the numbers represent altitudes in 10-metre units. (Credit: weatheronline.co.uk)

In order to see why these curves are more helpful than isobars, consider the acceleration owing to the
pressure gradient force (1), transformed a little further:
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where z stands for altitude. It is known from basic fluid mechanics that pressure decreases with altitude at a
rate proportional to the density of the fluid. Density may vary with position, but in this way density will
cancel out of the equation and there remain only the known value of g and the slope of the isobaric surface:
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Under equilibrium conditions, this acceleration, expressed in terms of the slope of the isobaric surface, can
again be set equal to the Coriolis acceleration, to yield a new expression for the speed:
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For example, consider the region of the English Channel in Figure 1. Az can be read from the contour lines
and Ax can be measured on a geographic map. Figure 2 shows the region magnified, also indicating wind
direction and the necessary geographic information. With these data, the wind speed at a height of about 6 km
above the English Channel is
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Fig. 2. Isohypse map with geographic data and wind direction. '

Note that the speed depends (on geographic latitude and) on the slope of the pressure surfaces. This is a
conclusion that lends itself to further discussion.

Where sea level is not level

One interesting consequence is obtained if the results (2) is applied to the oceans. Evidently, in the case of
the sea there exists a natural isobaric surface: that of the sea level where the pressure equals the atmospheric
pressure. The expression (2) thus implies that a current in dynamic equilibrium involves a tilted surface.
This is indeed the case with the Gulf Stream, a current that everyone is familiar with since it even features in
the popular media, in the context of climate change scenarios.

For simplicity, consider the section of the Gulf Stream where it flows northwards at 30° northern latitude,
near the coast of Florida. The width of the stream is in the order of 100 m, and it flows at a rate of about 1



m/s. These data provide an order-of-magnitude estimate for the tilt of the sea surface across the Gulf Stream.
The numerical value of the slope expressed from (2) is
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That means a rise of about 1 m over a distance of 100 km west to east, in good agreement with values
obtained by satellite altimetry.
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Fluid curtains and phantom columns

Another interesting consequence follows when density can be considered uniform in a fluid (be that air or
water). In that case pressure decreases with height at the same rate along a vertical line erected at any point
of the surface. Thus pressure surfaces have the same slope all along the vertical line, which results in the
same horizontal speed all along the vertical line®.

It should be borne in mind that this conclusion only applies to fluids of uniform density that rotate fast
enough for the Coriolis force to be important. The invariance of rotated fluids under vertical translation can
also be demonstrated in the laboratory. The picture of Figure 3 shows a water tank placed on a rotating
platform in the von Karman Laboratory for Environmental Flows at ELTE University, Budapest. In the
rotating water, a drop of dye has been injected. The same dye injected in a stationary tank would form a
cloud showing turbulence in all three dimensions. Rotation, however, makes a great difference: the dye
spreads along vertical surfaces resembling curtains.

Fig. 3. Dye curtains in a rotating water tank. Demonstration in the von Karman Laboratory for Environmental Flows.

Figure 3 demonstrates more than that: the most surprising behaviour of a rotating fluid is observed if an
obstacle is placed at the bottom of the tank. Although the obstacle is much lower than the water level in the
tank, the dye will not flow over the obstacle. The dye curtains not only flow around it at the bottom where
the true obstacle is but also flow around the imaginary column over the obstacle.



Fluid curtains and the column remaining at rest over an obstacle (a so called Taylor column) can both be
observed in nature, too: Polar lights are emitted by ionised gases in the upper atmosphere. If density is
uniform, gas particles situated along a vertical line will move identically, which results in a display of
curtain-like shapes’. For a natural Taylor column, the most frequently cited example is the photograph in
Figure 4, showing the behaviour of clouds over the Pacific island of Guadalupe. The clouds are a lot higher
than the island, but the well known pattern of the von Kadrman vortex street reveals that the wind flows
around the stationary air column over the island, as if it had hit an obstacle.
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Fig. 4. Karman vortex street over the island of Guadalupe®. (

Credit: NASA/GSFC/JPL, MISR Team)

The example of the summer ice retreat on the Chukchi Sea is not so widely known, but no less instructive.

The Chukchi Sea lies to the north of the Bering strait, bounded by the coasts of Alaska and Siberia (and by
the rim of the continental shelf on the north). The Herald Shoal rises about 20 metres above the seabed that
has a roughly uniform depth of 50 metres. (Fig. 5).
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Fig. 5. T Chukchi Sea® with the Herald Shoal drawn in.

In summer, a warm current arriving from the Bering Strait regularly melts the ice cover of the Chukchi Sea.
Research'®!! revealed that the ice retreat follows the same pattern year by year. Actually, even ship logs of
19th century whalers contain the observation that warm water advances like a tongue on each side of the
Herald Shoal, and when the ice has melted at the sides and even beyond the shoal, there is still an ice cover
over the shoal itself, for a long time. Temperature measurements show a well defined front at the edge of the
shoal, and so do measurements of salinity*%t, Under the persisting ice cover over the shoal, there is colder
and less saline old water, while on either side there is the new water brought by the warm and salty current.
Measurements also reveal that the density of water in the Chukchi Sea is quite uniform. All parameters meet
the conditions required for the formation of a Taylor column.
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