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CORIOLIS FORCE. You may experience the Coriolis force directly at a playground where
there is a merry-go-round. Stand or sit at the perimeter of the merry-go round when itis
rotating counter clockwise as viewed from above (the sense in which the earth rotates when
viewed from the pole star). Attempt to throw a pebble directly towards the center of the
merry-go-round. You will see the pebble veer off towards your right, it will not hit the
center of the merry-go-round. The force that causes this veening is the Coriolis force. The
reason it exists is explained in the following diagrams:

Rotating merTy-go-round viewed from above Rotating merry-go-round viewed
by a fixed (non rotating) observer. { from above by an observer
rotating with merry-go-round.

component of 2 path of _
velocity given - "~ pebble

1o pebble by '

yous arm. component of

velocity pebble
has because you
moved with mermry-
go-round when
vou threw.

x 7 x

\\
Your starting location is x in both diagrams. The fixed observer sees you move to @ while
he sees the pebble go to #. To the moving observer you don't change position but the
pebble moves 1o #. In both diagrams pebble starts at x and is later at #, not at center of
merry-go-round.To the observer rotating with merry-go-round, this is because Coriolis
force deflected pebble. To the non rotating observer it is because pebble didn't sjart out
moving towards center; it started with one component of velocity towards center and
another along perimeter. This experiment correctly shows that (a) Coriolis force is exerted
only on moving objects (if you don't throw the pebble it doesn't veer), that (b) Coriolis
force on a moving object is to the right of the horizontal direction of motion of the object in
the northern hemisphere. Also true but not clear from this experiment are that (a) Coriolis
force is exacdy 90 degrees to right of moton in northern hemisphere, (b) Coriolis force is
exactly 90 degrees to left of horizontal direction of moton in southern hemisphere (you can
see the change in direction by redrawing the diagrams with a clockwise rotating merry-go-
round), that {c) Coriolis force is greatest at poles, vanishes at equator, and that (d) Corlolis
force doubles, triples ... if object's speed doubles, giples ... .



WEATHERMAP i.e. GEOSTROPHIC FLOW IN THE ATMOSPHERE. In the
amnosphere, air pressure at sealevel varies from place to place. The average pressure Is one
atmosphere i.e. 1000 millibars (mb). In a severe hurricane, sea level pressure might drop
as low as 960 mb, but in most high and low pressure systems it ranges between about
1030 mb and 970 mb. Its range is thus about three percent of its average value. '_I'hcsc
place-to-place differences in sea level air pressure are uldma;cly caused by solar heating of
the atmosphere and by cooling of the atmosphere when it radiates energy (o outer space.

Meteorologists measure sea level pressure with barometers, which effectively give air
pressure at their location on a dial. Meteorologists maintain many barometers at many
different locations, and every day they use their readings 1o draw a map of sea level air
pressure. Such a map is given below for the north Atlantic ocean and the eastern US. The
solid lines labelled in mb are lines along which the pressure has the labelled value, they are
called isobars or lines of constant pressure. Isolated regions of high or low pressure are
labelled H or L, respectively. "

Why do meterorologists draw these maps? It is because these maps tell us how the air
moves at sea level, i.e. they tell us sea level winds without our having to measure the
winds themselves (it is much easier to install and maintain a barometer than an
annerometer). You might think that if there were an isolated region of high pressure on
suchz map, then the wind would blow horizontally away from that high pressure region
towards surrounding low presure regions. If you think this, your intuition has correctly
told you that pressure forces on air parcels are directed from high pressure towards low
pressure. Such forces are called pressure gradient forces because they are produced by
place-to-place pressure differences i.c."'pfe'ﬁsu'ré"”g‘:féa‘i’eh‘éf

But air does not_move horizontally away from regions of high pressure. Instead, it mainly
moves around high pressure regions - in the clockwise sense viewed from above. Why?
This happens because in the atmosphere, the pressure gradient force awdy from the high
pressure center is almost exactly balanced by the Coriolis force; the Coriolis force is thus
towards the high pressure center. The Coriolis force is however to the right of the direction
of moton of the air on which it acts in the northern hemisphere, so that motion itself has to
be clockwise around the high pressure center.

Thus for exampie, at the point marked # on the sea level air pressure map below, the
pressure gradient force is towards the west (from high towards low). The Coriolis force
has thus to be towards the east (opposite to the pressure gradient force). The Corolis force
is exactly to the right (30 degrees) of the wind, so the_ngg,cl,m%WD

~You can repeat these arguments to convince yourself that, viewed from above, winds blow
clockwise around northern hemisphere high pressure centers and around southern
hemisphere low pressure centers, but counter clockwise around northemn hemisphere low
pressure centers and around southem hemisphere high pressure centers.

A common mistake: people sometimes look at the flow around a northern high pressare
center in the atmosphere or the ocean and say "the reason the flow curves to the right is
because the Cor_lohs force pushes fluid parcels to the right of their direction of mogon,"
This statement is wrong. You can see that it would give the wrong curvature of flow
around an isolated low pressure center. In both cases, the flow pattern is determined by the
pressure field; once you have the pressure map you can convert it to flow like 2
meteorologist. So the real queston is, what determines the pressure field? A weathermap
doesn't tell us directly (although a forecaster uses it in conjunction with lots of other
information to forecast changes in the pressure field).
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Fiz. 9.1 A simplified weather chart (November 20, 1955, 1200 GCT) showing the
manner in which the sea-level winds are related to the distribution of pressure. In the
Southern Hemisphere the winds would blow with low pressure L on their right, and
hizh pressure H on their left. The heavy lines with attached symbols show the position

of the polar front. /=



WEATHERMAP 1.e. GEOSTROPHIC FLOW IN THE OCEAN. Meteorologists measure
sea level air pressure with a barometer. Air is so light that, for practical purposes, we get
the same barometer reading whether we put the barometer in the attc or in the cellar. But
water 1s mouch heavier (technically, much more dense) than air. If we put a water-proof
barometer on the ocean floor at exactly 4000 meters depth below the sea surface, it will
read about 401 atmospheres (one from the atmosphere and about 400 from the 4000 meters
of water, roughly one atrmosphere for every 10 meters of water). It will thus read about
401,000 mb (401 am x 1000). :

To make a "weather map” of pressure at the sea floor we would have to put lots of
barometers on the sea floor and record their readings, then draw the map. If we could do
this, we could then draw sea floor ocean currents on our map just as meterologists draw
sea level winds on a sea level air pressure map. We would like to be able to do this,
because it is very expensive to put current meters on the sea floor and recover them, and

ey are prone to mechanical failure. But imagine putting out many barometers in a region
where the sea floor is 4000 meters below the sea surface and is perfectly flat, except for
one rock a meter high. If one of our barometers landed on the rock instead of beside it, it
would read 100 mb too low, 400,900 mb instead of 401,000 mb. If we didn't know it had
landed on the rock, we might mistakenly believe that there was an intense (100 mb) low

ressure center where the rock is. Our map of ocean floor currents would be all wrong
there.

is is the problem with measuring pressures in the ocean and using them to get currents.
We can make waterproof barometers with plenty of accuracy to make the measurements we
need, but we don't know precisely enough where to put the barometers to get accurate
horizonal pressure differences. You might think that we should hang the barometers at a
precisely measured distance from the actual sea surface. We probably could do this with the
requisite precision, even allowing for waves, etc., but some thought will show you that
this doesn't solve the underlying problem, which is that we don't know the horizontal
direcion at the barometers because we don't know the horizontal directon at the surface (it
is not just the average sea surface!). We will return a the more precise statement of this
difficulty in the next section. To do the things described in the rest of this secton, we don't
have 10 know the horizontal direction very well.

Even though we thus can't determine horizontal ocean pressure differences directly, we can
easily measure horizontal differences between the weights of different water colums of the
same length in the ocean. The pressure difference between the top and the botiom of a
column of seawater whose area is one square centimeter is just the weight of that column;
we can and frequently do get that weight easily just by measuring the temperature and
salinity of the water at various heights in the column and then using standard formulae to
calculate the weight of the column (more technically, we use temperature and salinity to
calculate the density of the water and from that we get its weight). So once we know the
horizontal distibution of the weight of seawater columns between any two levels, we can
draw a map of the pressure difference between those levels and then follow the
metecrologists' reasoning to get a map of the difference in horizontal flows between the
two levels. We can do this without having to know to within a few centimeters where the
acwal tops and bottoms of the colums are, all we need to know are their weights.

That is what has been done in the example shown below. Measurements of temperature
and saliniry at between perhaps five to as many as perhaps fifteen different heights in the
water column from the surface to 1000 meters have been made at each one of the many
locations shown by dots. The weight of the column at each dot has been calculated, and
isolines of the weight difference between the surface and 1000 meters have been drawn.
Thus for example surface-t0-1000 m colums lying below the line labelled 1.5 weigh more




per unit area than those lying along the line l_abelled 1.4; the; difference in weight is the
weight per unit area of a column 0.1 meters high. You may interpret this map to get the
flow just as you do a regular weathermap, except ghat now the flow around, for example,
the high pressure difference center (marked H) just east of Japan, is the surface flow
relative to whatever flow may exist at 1000 meters. So a map constructed this way doesn't
give us the flow itself at some level, instead it gives us the flow at one level relative to the
flow at another, it gives us the difference between the flows at the two levels. We learn the
flow difference between levels but not the flow at either individual level.

When you look at the surface-1000 meter map below you will however recognize most of
the features of the Pacific surface circulation that you can see on the accompanying current
map derived from ship drift data. This means that the difference between the surface flow
and the flow at 1000 meters is dominated by the surface flow itself, i.e. that the surface
flow is much more intense than the flow at 1000 meters. This is generally true in the world
ocean.

You might (should!) be surprised that two such different data sets (termperatures and
salinities on on hand, and ships drifts on the other) give such similar surface circulations.
On both maps you see the subtropical gyres in northern and southern hemisphere, you see
the Alaska subpolar gyre, you see the California and Peru currents, and you see the
circurnpolar current as well. The Kuroshio is also visible but hard to see on the surface-
1000 m map simply because it is so narrow that, on the map scale, it is hard to disunguish
from the coast of Japan itself. The high pressure center marked H has the the Kuroshio on
its western side; but the isobars are so crowded together that you can't distnguish them
west of the H on the map. ’

The two maps are similar in their general fearures but very different in details. This is not
surprising when you realize that they are two very different smoothed approximate views
of the circulation; the temperamres and salinities were taken at many different times at
stations located very irregularly whereas the ships drifts were taken over many years and
then somehow averaged 1o estimate the current (they probably also reflect windage on the
Teportng ships).

We've noted that on the surface-1000 meter map isobars are labeled in meters. You can
think of these isobars in terms of pressure of you convert them to mb by multplying by
100. If you do this you will see that horizontal pressure differences across the near-surface

_ocean correspond at most to about one meter or 100 mb, i.e. about a tenth of an
atmosphere. These isobars are also lines along which the sea surface is everywhere the
same height above the exactly horizontal surface which we wanted to find earlier in this
section but were unable to define. It will be defined in the next section, but for now, notice
that sea level varies relative to it by about a meter or a little less from California to the
and then fall by about a meter from the H to Japan (you can't see this last on the surface-
1000 map because the isobars are too crowded together, but it would be visible on an
expanded presentation).

The flows shown on these two maps are near surface flows. They are driven by ocean
surface winds. This may seem to contradict the idea that in ocean currents, pressure
gradient forces are balanced by Coriolis forces - why are't wind swmesses included if the
winds drive the currents? The answer is that the geostrophic balance of pressure gradient
forces and Coriolis forces holds throughout most of the water column, but very close to the
ocean's surface that balance is disturbed by frictional wind-induced stresses. The region in
which this occurs is called the Ekman layer (although what happens there is now
recognized to be much more complicated than in Ekman's simple picture).



The Ekman layer is only a few tens of meters thick. Wind-induced stresses are large at its
top (the sea surface) and virtually vanish below 1t Although the flow profile from top to
bottom of the Ekmnan layer is complex, the total wind stress driven transport of water from
top to bottom of the Ekman layer is simple - that ansportis 90 degrees to the right of the
wind in the northern hemisphere (90 degrees 1O the leftin the southermn hemisphere). Thus
under northern hemisphere mid-lattude westcrhc_zs (ﬂndifgnm,thwﬂ) the Ekmnan
ransport is equatorward while under northern hemisphere tropical trades (winds from the
cast) it is poleward. The prevailing patiern of topical trades and mid latitnde westerlies thus
drives Ekman layer waters together between the trades and the westerlies. This water has to
go somewhere, it sinks down out of the Ekirnan Iayer (at speeds of several tens of cm per
day) in the centers of the major subtropical gyres. Itis this g that actually causes the
<ater below the Ekman layers to move; that ‘modtion is geostrophic (pressure gradients and
Coriolis force balance) because the wind stress is only appreciable within the Ekman layer.

So the wind driven circulation 1§ geoswophic below the Ekman layer. The wind driven
circulation at the ocean's very surface consists of this geostrophic part plus the Ekman layer
flow itself. The Ekman layer flow is however not strong enough to make the pattern of
very-surface and sub-Ekman-layer flow unrecognizably different. The surface-1000 m map
below shows the sub-Ekman-layer flow, the ships drift map approximates the very-surface

flow.
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INTERPRETING A HYDROGRAPHIC SECTION FOR THE SENSE OF
GEOSTROPHIC FLOW. We've just seen that hydrographic (temperature and salinity) data
can be used to construct geographical maps of the flow at one level relative to tha:t at
another. It is however more common to display thatdataon a vertical hydrographic section,

Such a section, this one across the Gulf stream, is shown at left below. Here temperatures
have been measured at a number of depths within the columns whose numbered labels
appear at the top of the section. Water is warm near the surface (top of the figure) and
coldest near the sea floor (bottom of the figure). Isotherms (solid but curved lines along
which the temperature has the labelled value) dip downward through and under the Gulf
stream so that they are several hundred meters TOWeT 1 the Sargasso sea (east of the Gulf
stream, to the right on the figure) than over the US conl;mental shelf (west of the Gulf

stream, towards the left edge of the figure).
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Fig. 26. Temperature section scross the Gulf Stream, Chesapenke Bay to
Bermmuds, April 17-23, 1932, according to Iselin (1338, fig. 5).

What does such a section tell us about the i i
) geostrophic flow? 1
fv;/ay: Suppose that at some fairly great depth, perhaps about 20—1;3110c r;xgxllmtﬁm}msl;cgn%; ttk;llg
- ow 1s very slow (the fact that in the previous section the surface-1000 m flow was mzinl
surface flow encourages us to make such an assumption). Horizontal pressure diﬁ'ercnce)s(



at this depth will therefore be very small. For the sake of ar gurnent momentarily suppose
the pressure is the same at all stations at 2000 m on the section above. Now imagine going
upward from 2000 m through both column 6 in the Sargasso sca and column 9 over the
shelf. As you go up, the water pressure in both columns will decrease but the pressure in
column 6 will decrease more slowly than the pressure in column 9 because the water of
column 6 is warmer and therefore lighter than the water of column 9. So when you have
gone upward equal distances in each column from the 2000 m level to just a few meters
below the sea surface, you will find a higher pressure in column 6 than in column 9. On
this section it will be about 100 mb higher. /

Just below the surface then, the pressure gradient force on water parcels between columns
9 and 6 is from high to low pressures i.e. it is westward, towards the left on the figure. As
in the atmmosphere, it will be balanced by the Coriolis force. The Coriolis force on these
water parcels is therefore eastward, towards the right on the figure. The Coriolis force is o
the right of the direction of flow in the northern hemisphere; the flow qf these near surface
parcels of water between colums 9 and 6 must therefore be northward, into the plane of the
figure. That flow is the Gulf Stream.

The foregoing argument shows you that the horizontal pressure gradient force is greatest
near the surface and decreases with depth. We assumed it decreases to zero at 2000 meters;
if this assumption is correct it may reverse direction below 2000 m. Correspondingly, the
flow is into the plane of the figure i.e. northward most srongly at the surface, decreases in
strength to no flow at 2000 m, and may reverse i.e. be southward at even greater depth.
The part of this flow between stations 7 and 8 1s sketched in perspective in the right hand

panel of the figure above.

The argurnent just given is really the same one given in the last section, where maps of the
flow at one level relative to that at another were drawn. Here, for the sake of arguinent, we
started by saving the flow vanished at 2000 m. It doesn't exactly, and need not do soeven.
approximately. We can however completely correct our statements about the flow inorout
of the plane of the figure by saying they are about the flow relative to the flow at 2000 m.

You should memorize the form of the Gulf Stream section shown here, with
its isotherms or isopycnals sloping downwards from left to right, and
remember that in the northern hemisphere this slope of isopycnals in a
water column means that water at a given depth in the column flows into
the plane of the figure relative to deeper water in the same column. When
you see a new northern hemisphere section, you can apply this rule by rote to get the sense
of relative geosrophic flow between levels. If you try 1o reason it out from first principles
each time, you'll probably be wrong about half the time (at least initially). In the southern
hemisphere, a section showing this sense of isopycnal slopes means that water at a given
depth flows out of the plane of the figure relative to deeper water.,

In the Gulf stream, and in most other locations, the deep flow is substantially gentler than
the surface flow. Arguments like those above thus predict intense near-surface flows with
correspondingly big horizontal pressure differences just below the sea surface. How can
such pressure differences anse? They arise because the actual surface of the ocean is a little
higher over the high pressure regions than over the low pressure ones. Thus on the Gulf
stream section above, the actual surface of the sea {with surface waves and tides averaged
out) at column 6 is about a meter higher than the surface of the sea at column 9. The
departure of the sea surface from the local horizontal is sketched on the right hand pal'lel of
thc ﬁg’urc abOVB.But thiS Situadon iS Still hard. to u-ndersmd, bccause we havcn't Sai'd With
respect t:l)_ what the sea surface is higher or lower, we haven't said what we mean by
horizon




WHAT IS HORIZONTAL THEN? Y our intuitive idea of horizontal is thls;’lf a fx"lcuonls:ss
plane were horizontal and we released a ball on that plane, the ball wouldn't begin to slide
or roll away in any directon. But if the plane were not horizontal, the ball would be pulled
downhill by gravity and would roll away. The technical name for a horizontal surface very
close 1o the surface of the earth is the geoid. The geoid is the shape that the sea surface
would have if the ocean didn't move at all, the ocean surface would then qvc;r)cwhere be
exactly horizontal. You might think the geoid would be a perfect sphere, but it isn't because
the earth rotates and the resulting centrifugal force makes the earth and the ocean bulge out
by about 20 km near the equator; the earth's equatorial radius is about 20 km greater than
its polar radius (the gravitational atraction of the extra material around the equator is also
very important in establishing the ultimate spheroidal shape). Having recognized this you
might think the geoid is a spheroid whose equatorial radius is about 20 ki greater than its
polar radius, but the actual geoid departs from this spheroidal shape by as much as several
hundred meters from one ocean basin to another. These departures occur because some
parts of the solid earth are more dense than others, sO that thelr gravitational attr_action_of
the water is greater as well. The geoid rises up from the spheroid near islands (their gravity
auracts the water) and drops down over trenches (their sides pull the water away from the
center). If the geoid were a solid surface, a ball placed on it would't spontaneously roll in
any direction, because the force of gravity is always at right angles to the geoid. In this
sense, you can think of the geoid as a "flat” or horizontal surface, but it is not a surface
which is equidistant from the earth's center or even from some particular spheroidal
surface. The following figure is a map of the geoid's elevation relative to the spheroid in
the western North Atlantc. You can see that in the center of the mapped region the geoid is
many tens of meters closer to the spheroid than it is at the edges of the mapped region.
Notice also how Bermuda stands out as a local peak in the geoid.
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If there are near surface ocean currents, there must be near surface horizontal pressure
gradients to balance the Coriolis force, as we've seen above. Those near surface pressure
gradients occur because the sea surface departs slightly (a meter at most) from being
horizontal i.e. from the geoid. Remarkably, the difference between actual sea level (relative
to the earth's center) and the geoid (again relative to the earth's center) can be measured
from satellites. A satellite carrying an altimeter sends out a radar pulse whose time of flight
from satellite to sea surface and back can be measured so precisely that the intervening
satellite-to-sea surface distance is known to within a few centimeters. The satellite-to-geoid
distance is measured to within a few centimeters by tracking the satellite relative to the
earth's center, and simultaneously calculating the geoid under the satellite relative to the
earth's center from all the measurements of gravity (both from land and from perturbations
of satellite orbits) that have ever been made. The difference between satellite-to-sea surface
distance and satellite-to-geoid distance is then the sea level relative to the geoid. An example
of how these two distances vary over the Gulf-stream-crossing SEASAT satellite track
shown on the previous figure as well as their difference is given in the figure immediately
below. You can see not only the Gulf stream itself but also eddies (cold rings) which have
spun off the Gulf swream and are driftng in the Sargasso sea.
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On the Gulf Stream section shown earlier, just as in the satellite-to-sea surface minus
satellite-to-geoid difference shown immediately above, sea level thus rises by about one
meter reladve to the geoid from column 9 to column 6. If this sea level rise is measured by
an altimeric satellite, then we can get ocean currents just below the sea surface by
converting the measured sca level rise to pressure at some depth just below the geoid, and
then drawing a pressure map which we then interpret just like a weathermap. Notice that
we actually measure the near surface pressure itself by using the satellite, so that by this
proceedure we get the surface flow itself. Now, at least in theory, we can use the satellite-
measured near surface surface pressure and the hydrographically-measured weight of
subsurface water columns to get the actual flow at any depth below the surface rather than
just the flow difference between levels we got from hydrographic data alone.




