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salinometers, which compare water samples from CTD stations with a seawater standard of
known salinity (for details see Dietrich et al., 1980). A CTD is therefore usually housed

Fig. 2.1.
An example of the basic CTD
data set. Temperature T and
salinity S are shown against
pressure converted to depth.
Also shown is the derived
quantity σt.

Fig. 2.2. A CTD is retrieved after completion of a station. The instrument is mounted in the
lower centre, protected by a metal cage to prevent damage in rough weather. Above the CTD are
24 sampling bottles for the collection of water samples. The white plastic frames attached t o
some of them carry precision reversing thermometers.
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Fig. 2.4. The hydrographic sections of the World Ocean Circulation Experiment (WOCE).
Shaded regions indicate intensive study areas. Dots indicate positions of current meter
moorings.

Figure 2.5 is an example of a recent and widely used attempt. It includes all available
oceanographic data regardless of absolute accuracy and shows that many features of the
oceans can be studied without the very high data accuracy required for the analysis of the
deep basins. Features such as the large pool of very warm surface water in the equatorial
western Pacific and eastern Indian Oceans, the outflow of high salinity water from the
Eurafrican Mediterranean Sea into the Atlantic Ocean below 1000 m depth, the formation of
cold bottom water in the Weddell and Ross Seas near Antarctica, or the outflow of low
salinity water from the Indonesian seas into the Indian Ocean, are all clearly visible in the
existing data base. However, it should be remembered that the number of observations
available for every 2° square varies considerably over the area and decreases quickly with

Fig. 2.5 (pages 19 – 21). Climatological mean potential temperature Θ (°C) and salinity S for
the world ocean. Page 19: (a) Θ at z = 0 m, (b) S at z = 0 m, Page 20: (c) Θ at z = 5 0 0 m ,
(d) S at z = 500 m, Page 21: (e) Θ at z = 2000 m, (f) S at z = 2000 m. From Levitus (1982).
The maps were constructed from mean values calculated from all available data for "2°
squares", elements of 2° longitude by 2° latitude, and smoothed over an area of approximately
700 km diameter. Temperatures below 1°C are not plotted. The lowest values reached at the 2000
m level are around 0.0°C in the Antarctic and near -0.9°C in the Arctic region.
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depth; in the polar regions it is also biased towards summer observations. Detailed
interpretation of these and similar maps always has to take into account the actual data
distribution.
Of itself, such information is only mildly interesting; but it is surprising what can be
deduced from it. These deductions go into much more detail and reach much further than the
examples just listed, which follow from simple qualitative arguments about the shape of
isotherms or isohalines. More detailed analysis is based on the fact that most ocean currents
can be adequately described if the oceanic pressure field is known (just as the atmospheric
wind field follows from the air pressure distribution). Pressure at a point in the ocean is
determined by the weight of the water above, which depends on the depth of the point and
on the density of the water above it. As already noted, seawater density is a function of
temperature, salinity and pressure. It is therefore possible - subject to some assumptions to deduce the pressure distribution in the ocean and thus the current field from observations
of temperature and salinity. How this is done is reviewed in the remainder of this chapter.
The first step in an accurate calculation of the oceanic pressure field is the calculation of
density ρ from the Equation of State

ρ = ρ ( T, S, p ) .

(2.1)

Much care has gone into the laboratory measurements of density as a function of
tempera–ture T, salinity S and pressure p, and the Equation of State of Seawater now
allows the calculation of density to a fractional accuracy of 3·10-5 (0.03 kg m -3) (Unesco,
1981; Millero and Poisson, 1981). We are now able to construct the density field to an
accuracy comparable with the best field measurements of T, S and depth (or pressure p).
The lowest accuracy is actually in the determination of depth since the pressure sensor is
usually accurate to within 0.5 - 1% of full range, i.e. to 5 - 10 m if the sensor range is
1000 m. However, the oceanic pressure field can be determined with much higher accuracy
from the distribution of density, as will be seen in a moment.
The quality of T and S measurements and of the presently-used equation of state can be
checked by examining data collected in the high pressures found at great depth, where our
measurement techniques are given their severest test. Figure 2.6 shows measurements from
the vicinity of the deepest known place in the ocean. The measured temperature T increases
with depth over the last six kilometers, while salinity S varies little. In a constant pressure
environment this would indicate an apparent static instability, i.e. errors in the Equation of
State. However, the same laboratory experiments that gave us the Equation of State allow
us to determine very accurately the temperature drop that would occur if a parcel of water
were brought to the surface without heat exchange. It would cool on decompression,
depending on its salinity by 0.03 – 0.12°C per 1 km, and attain its "potential temperature"
Θ. Figure 2.6 shows both T and Θ. It is seen that Θ is constant within measurement error.
The "potential density" (the density the water would have if it were brought to the surface
without changing salinity and potential temperature) is thus constant within measurement
error, too. The available oceanic observations of today show that it is extremely rare to find
inversions of potential density, i.e. situations where denser water appears to be lying on top
of lighter water. Because in reality such inversions are unstable and overturn very quickly,
their absence in observational data implies that eqn (2.1) obtained from laboratory
measurements is in fact valid in the ocean.
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δ (T, S, p) = ρ (T, S p)-1 - ρ (0, 35, p)-1 (2.4)
is called the specific volume anomaly; it is the difference in volume between a unit mass of
water at temperature T and salinity S and a unit mass at the standard salinity S = 35.0 and
temperature T = 0°C. Steric height h has the dimension of height and is expressed in
meters. To sufficient approximation,

δ (T, S, p) =

ρ o - ρ (T, S, p)
ρo2

(2.4a)

so that eqn (2.3) can also be written
z2

h (z1 , z2) = ⌠
⌡∆ ρ (T, S, p) / ρ o (p) dz ,

(2.3a)

z1
where ρo (p) = ρ (0, 35, p) and ∆ρ (T, S, p) = ρ o - ρ (T, S, p). h( z1 , z2) measures the
height by which a column of water between depths z1 and z 2 with standard temperature
T = 0°C and salinity S = 35.0 expands if its temperature and salinity are changed to the
observed values. Typically, h is a few tens of centimeters. Because the weight of the water
is not changed during expansion, the pressure difference between top and bottom remains
the same. It is seen then that h(z1,z2) measures variations in the vertical distance between
two surfaces of constant pressure.
For oceanographic purposes, the sea surface can always be regarded as an isobaric surface.
As any meteorological air pressure map (such as Figure 1.3) tells us, this is only an
approximation. In reality, pressure differences between atmospheric highs and lows are of
the order of 2 - 3 kPa. However, the ocean reacts to these differences by expanding in
regions of low atmospheric pressure and contracting under atmospheric highs. These
vertical movements are of the order of 0.2 - 0.3 m; like the tides, they have little effect on
the long-term flow field and can be disregarded in our discussion, which is concerned with
water movement induced by the oceanic pressure field.
Unfortunately, the sea surface cannot be used as the reference surface for the integration of
eqns (2.3) or (2.3a) because it is not necessarily flat, and its exact shape is not known. We
may, however, assume for the moment that a constant pressure surface which does not vary
in depth can be found somewhere in the ocean and call it, for reasons which will become
clear in a moment, a "depth of no motion". It then becomes possible using eqn (2.3) to
map the oceanic pressure distribution by measuring, for every isobaric surface, its distance
from the position z0 of this depth of no motion. A possible pressure distribution is
sketched in Figure 2.7. Because the weight of the water above the depth of no motion has
to be the same everywhere, the sea surface, which is given by the steric height h(0, z o ), is
lower above the region of high water density than above the region with low water density.
It is seen that a two-dimensional representation of the situation on a horizontal map is
possible in two ways. We can either select a constant depth surface z = z r and map the
intersections of the isobars with the depth surface, or we can select a constant pressure
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A quantity widely found in oceanographic literature is the dynamic height D. It is defined
as
p2
D (p1, p2) =

⌠ δ (T , S , p ) d p
⌡

(2.5)

p1
and is equal to gh, i.e. the product of gravity and steric height. Maps of dynamic height,
also known as dynamic topography maps, are therefore maps of steric height scaled by the
factor g or pressure maps scaled by the factor ρo. We prefer the use of steric height because
it has the unit of length and therefore can be directly interpreted in terms of, for example,
the shape of the sea surface. Other representations do, of course, just as well, as long as we
remember that the "dynamic metre" often given as the unit for D is not a length but
corresponds to m2 s-2.
Is it possible to find a flat pressure surface in the ocean, i.e. one where the horizontal
pressure gradient vanishes? One consequence of zero horizontal pressure gradient would be
the absence of a current at that depth - hence the name "depth of no motion". Observations
support the idea that in the deep ocean flow might, indeed, be so slow that the deep pressure
map can be treated as flat. They show that below about 1300 m temperature and salinity
are rather uniform, at least within a given basin. This comes out clearly in the maps of
Figure 2.5, which would not show any structure at 2000 m depth outside the Southern
Ocean if the relatively coarse contour interval of the 500 m maps were applied here.
Furthermore the T and S gradients contribute roughly equal and opposite amounts to the
density, so that density is remarkably uniform at such depths (even in the Southern Ocean).
Within a basin, the density field is so horizontally uniform that steric height at 1500 m
relative to 2000 m, which is shown in Figure 2.8a, displays horizontal variations of only
a centimeter or so, within a given basin - and those variations look so random that they can
be just as much a result of noise in the small data base as a real effect. By contrast, the
steric height map for the sea surface relative to 2000 m (Figure 2.8b) shows differences of
0.5 m in a single basin and 1.8 m or so from highest to lowest point in the ocean,
because the horizontal gradients of density are much greater (by a factor of several hundred)
near the surface than at depths of 1500 - 2000 m.
These facts do not prove that the ocean is moving relatively slowly at depths of 1500 m
or 2000 m; all they show is that if flow is slow at the one depth, it is slow at the other.
However, in most parts of the ocean similar remarks apply for all pairs of depths (z 1 , z2)
when both lie at or below about 1500 m, so the observations show that if there is any
strong motion at these depths, it must take the form of a nearly vertically uniform flow
everywhere below 1500 m. Because of the ocean's rough bottom it seems unlikely that
such motions can be very strong or extend over great distances. Unfortunately, direct
measurements of deep ocean currents are much harder to make than measurements of
temperature and salinity; but in most parts of the ocean, such measurements as have been
made support the idea that flow at these depths is very slow.
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