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Foreword

These are the course notes for Descriptive Physical Oceanography,
taught at the University of Victoria, School of Earth and Ocean Sci-
ences, a 13-week undergraduate course.

Unlike many physical oceanography courses, students taking this
course are not expected to have studied vector calculus or differential
equations, nor are they expected to have learned classical mechanics
beyond what is typically offered in a first-year physics course. Many
of the students have a deep interest in understanding the ocean and
often approach the course with considerable intuition. The challenge
of a course like this is to offer more than just a list of facts, but rather
to try to give a feeling for the forces that drive the ocean, without
becoming too bogged down in mathematical formalism. As such, this
course tries to strike a balance between knowing about the various
physical phenomena in the ocean and understanding the dynamics
that give rise to them, while still giving students some practice in
practical calculations.

The course is divided into three unequal parts: overturning cir-
culations driven by lateral buoyancy differences and mixing; waves
and tides; and wind-driven circulations. We start with estuaries as
a nice introduction to overturning circulations, but also because the
students do work in Saanich Inlet, and understanding estuaries early
is very helpful.
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Overturning circulations
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Thermohaline overturning circulation
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The water masses we saw in the previous chapter are the result
of water formation at the ocean’s surface, and for those that make it
to depth, sinking of water. From the picture in figure 5.3a it is very
evocative of the idea that dense water is created in the Southern
Ocean and then sinks along the bottom to the north and fills the
bottom basin of the Pacific. However, if that sinking of cold salty
water happens all the time (and evidence is that it does), then there
are two choices for where that water ends up eventually. The deep

ocean could fill up with cold, salty water, or heat and fresh water can
mix from above and modify it.
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We sketch this here, where the 1.1°C isotherm is highlighted (fig-
ure 6.1. The dense water flows counter clockwise in this sketch, and
must cross isotherms in order to complete the closed circuit. If water
crosses an isotherm, it must warm, and the only way for this to hap-
pen is by vertical mixing. This chapter discusses this circulation, the
evidence for it, and the mechanisms that drive it.
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6.1 Inferring the overturning circulation from other tracers

6.1.1 Bio-active tracers

The physical tracers like temperature and salinity are conservative

in that they cannot be destroyed or consumed in the water column.
This is not the case with bio-active tracers which change as the water
is exposed to biological activity. In general, the upper ocean where
sunlight can penetrate is dominated by photosynthesis, where plants,
largely phytoplankton, convert CO2 and nutrients to Oxygen. Out-
side the euphotic zone, the ocean is dominated by respiration, where
animals and bacteria consume oxygen and respire CO2. This leads to
the general picture in figure 6.2. The youngest water near the surface
is high in O2 and low in CO2 and nutrients like Nitrate and Silica.
The Antarctic Intermediate water is a clear plume of high-O2 water
being pushed south under the subtropical gyre. The Antarctic bottom
water is seen pouring into the Pacific and losing oxygen as it moves
north and gaining COz2. The lowest oxygen and highest COz are
found at around 1000 m in the north Pacific. Based on this logic alone
we might argue that the oldest water is where this oxygen minimum
is. That would not quite be correct - the oldest water is thought to be

Figure 6.1: Sketch of deep overturn-
ing circulation in the Pacific. Green
contour is the 1.1 degree-C isotherm
(approximately) and the purple lines
are idealized paths taken by the water.



112 INTRODUCTION TO PHYSICAL OCEANOGRAPHY

about 1000 m deeper (see the next section), and that is because the
net respiration rate tends to decrease with depth.

Nitrate and Silica are also highest at this point, though the have
maxima at slightly different depths. Nutrients accumulate in the wa-
ter column largely due to sinking of particles from the near-surface
ocean. The particles that have large silica content like shells and
bones tend to sink deeper than more labile material (bodies, fecal
pellets) that contains significant nitrate. So, similarly to oxygen, the
minimima and maxima of the nutrients gives the correct sense of wa-
ter sinking in the Southern Ocean and rising in the North Pacific, but
the details depend on biological processes.

If we knew the rate of oxygen consumption, or the rate of particle
fluxes in the deep ocean, we could use this information to estimate
the strength of the overturning circulation. So if this rate were on
average ¢ umol/kg/day, and there is 200 umol/kg difference between
the AABW oxygen content and the oxygen minimum in the north
Pacific, we could make an estimate of how many days it would take
for the water to get to that minimum. Unfortunately, for most of
the biological tracers, the consumption/production rates are poorly
constrained, and understood to be spatially variable, so this approach
is not typically used.
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Oxygen (umol/kg) for P16 150°W (1000:1)
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Figure 6.2: Bio-active tracers in the
Pacific ocean along P16. From the
WOCE Atlas of the Pacific.
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6.1.2 Radioactive and tracers from the crust

The age of water can be relatively accurately determined by car-
bon data using the radioactive isotope *C. This carbon isotope is
produced in the atmosphere when cosmic rays impact nitrogen
molecules. As such, *C concentrations are highest in the surface
ocean (figure 6.3). 14C decays, but unlike bio-active tracers, it decays
at a known steady rate, with a half-life of 5,730 years. Knowing this
decay rate, and the relative abundance in the atmosphere, we can ar-
rive at an average age for a water parcel, keeping in mind that there
has necessarily been mixing with the water masses above. From this
we can see that the oldest water in the Pacific is probably at about
2500 m depth in the North Pacific.

There are some caveats to looking at 14C tho most obvious one is
that the water signal can be contaminated by organic matter raining
down from above. This organic matter will have younger #C in
it, so the water will be deduced to be younger than it is. There is
another bias that will make the water look younger, in that if young
water is mixed with old water, the age is actually a logarithm of the
concentration, and logarithms cannot be added linearly. This turns
out to be a difficult problem, so that accurately estimating the age of
the water requires complicated inverses of where the water has been
and what water masses have mixed to produce it over its history.

Recent attempts to estimate water mass age using *C give esti-
mates of water as old as 1500 y in the north Pacific, and at the north
end of the Indian Ocean. Atlantic water tends to be younger, reach-
ing about 700 years old, because it is heavily influenced by the shal-
lower overturning of the North Atlantic Deep Water. These number
speak to the sluggishness of the overturning circulation. In the Pa-
cific, the bottom water is almost 1000 years old by the time it reaches
the equator, or a speed of approximately 7.7 km-per-year in the hori-
zontal, or 2.5 x 1077 ms™~!

The isotope 3He is an interesting tracer because it largely comes
from ocean hydrothermal vents (figure 6.3c). The two large peaks in
the middle of the section arise because the cruise passed close to the
East Pacific Rise at these locations.


https://en.wikipedia.org/wiki/Carbon-14
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AMC (%) for P16 150°W (1000:1)
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Figure 6.3: Radioactive and crust tracers
in the Pacific ocean along P16. From the
WOCE Atlas of the Pacific.
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6.1.3 Man-made tracers

Anthropogenic tracers are also useful for tracking ocean processes.
The only problem is that most of these are modern, and hence only
track the upper ocean (figure 6.7). In fact these tracers give an idea
of just how slow the circulation is. Tritium is largely a product of
nuclear weapons testing, which was predominantly carried out in
the atmosphere in the 1960s (figure 6.5). This makes for a nice tracer
spike that shows how far water transited in the 35 years when the
WOCE lines were run (figure 6.7). Similarly, CFC-11 and -12 saw an
exponential increase in emissions until the 1970s when the danger
of CFCs to the ozone layer was realized, and dropped off after the
Montreal Protocol, when they were finally banned.
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All three man-made tracers had relatively minimal penetration
into the deep ocean when the P16 lines were occupied, but clearly
show up in the Southern Ocean as a plume of high concentrations.
Of course the upper ocean has substantial quantities of these tracers.

The WOCE cruises along P16 spanned the years 1991-1993. These
waters were resampled again as part of the CLIVAR/GO-SHIP pro-
gram in 2014-2015 (figure 6.8) and the intervening 21-24 years do
show some change. These changes are particularly pronounced in the
intermediate waters with CFCs transiting substantially deeper and
more equatorward. The CFCs also appear to have mixed from the
surface ocean to deeper, with the CFC-gradient descending around
200 m in most of the basin. In the deep ocean, however, there is still
little evidence of CFC penetration. Looking south of 60 S, there is
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some evidence that high CFC waters are trying to push over the
ridge, and there are perhaps some heightened values along the bot-
tom south of 30 S, but if so, then these values are very diluted. Over-
all the manmade tracers show how old and slow the deep ocean
bottom circulation is.

Figure 6.6: Global CFC emissions, esti-
mated from atmospheric concentrations

12l.
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Figure 6.7: Man-made tracers along
P16. From the WOCE Atlas of the
Pacific. Note that this section was
collected in 1991.
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Figure 6.8: CFC-11 along P16, dur-

ing WOCE (1991-93) and the GO-
SHIP/CLIVAR re-occupation (2015-16).
Note there are some poor-quality sam-
ples in the WOCE section deeper than
2000 m between 30S and 15 S. Figure
courtesy S. Mecking.
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6.2 Deep water formation processes

The densest water in the global ocean is formed at the high lati-
tudes. The densest water is formed in the Wedell and Ross Seas in
the southern ocean. Deep water formation processes are notoriously
hard to observe, but the mechanisms are relatively well understood.

6.2.1 Antarctic Bottom Water

In the Antarctic, dry cold continental air blows off the continent fig-
ure 6.9. These winds can be quite strong and work to push sea ice off
the landmass, often opening up leads and polynyas, despite the cold
air. These polynyas are regions of very large heat loss, both latent
and sensible. Further, they create more ice (which is then pushed
offshore), and ice creation leads to brine rejection, which makes the
water very salty.

This process is summarized in figure 6.10: dense water formed
by brine rejection sinks away from the ice edge, mixing as it goes,
but remaining dense enough to reach the ocean bottom. Deep-water
formation of this kind isn’t limited to the coastline itself — polynyas
held open by wind, or in some places by tidal mixing, can form well
offshore, and are especially effective because they combine open-
water heat loss with ongoing brine production.

\
" Carabatic Wind ;“
~ eat

Precipitation

Ice formation

Back stress

Grounding line

Detailed observations in the Southern ocean make this process
clear figure 6.11. In these observations, the cold water that comes
from the shallower basins to the southeast are observed hugging
continental slope. The very cold water at the bottom is colder than
Antarctic Bottom Water, but mixes with the shallower as it descends
the slope to make water that is between -1 and o C.
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Figure 6.9: Schematic of deep water
formation in the marginal seas of
Antarctica [?].

Figure 6.10: Schematic of ice processes
off the Antarctic continental shelf.
Katabatic winds blow off the continent
and push the ice offshore. New ice

is formed, dense water produced by
brine rejection and cooling, and the
dense water sinks, bringing up new
warm, fresher water from mid-depth.
(From Hannes Grobe, Alfred Wegener
Institute for Polar and Marine Research,
Bremerhaven, Germany)
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6.2.2  North Atlantic Deep Water

North Atlantic Deep Water starts in a similar way to Antarctic Bot-
tom Water, with an origin on the Barents Sea shelf. Conversely to

the Antarctic, this water forms largely free from ice cover, and hence
brine rejection is not too important a part of the process. This cold
water flows into the Greenland Sea where it mixes with cold water
experiencing convection (figure 6.12). This water pours over the Den-
mark Straits just east of Greenland, and is further diluted with warm
salty water from the North Atlantic. This current is added to from
convection in the Larbador Sea.

Deep-water convection is very easy to observe in the Labrador Sea,
between Labrador and Greenland. In the winter, convective mixing
can create a mixed layer that is over 2000 m deep figure 6.13. This
is caused by cooling, and mixing of relatively fresh water near the
surface with warmer saltier water that comes in from the side. This
process varies each year, and sometimes the convection is not as
deep in one year as in other years (figure 6.14). In some years there
is no convection at all, like 2007, whereas in others there is very deep
convection, like in 2008.

This water flows South, hugging the western boundary of the At-
lantic ocean in a narrow order 100-km wide flow, that mixes as it
goes (figure 6.15). The boundary current is remarkably persistent, be-
ing traced as far south as Florida (figure 6.16), where bathymetry
roughens and disperses the flow. The flow hugs this side of the
basin due to the Coriolis force, and doesn’t fall down the slope for
the same reason. Bottom friction does cause it to move downslope
slowly, but despite 1600 km of distance between the two sections, its
clear that the current hasn’t descended very much.

Both Antarctic Bottom Water and North Atlantic Deep Water can
be traced throughout the world’s oceans as anomalously cold and
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Figure 6.12: Sketch of paths taken by

North Atlantic Deep Water. [?]
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salty water; the closer to the source region, the colder and saltier the
water is. This is clearly visible in T/S sections in the major ocean
basins — for example, figure 6.17 shows Antarctic Bottom Water pour-
ing north into the Pacific along P16.

6.3 Inferring the strength of the overturning circulation from data

The strength of the overturning circulation is almost impossible to in-
fer directly from measuring ocean velocities, and hence it is inferred
from “inversions” of data collected on hydrographic cruises such as
the WOCE and CLIVAR cruises mentioned above. We haven't dis-
cussed geostrophic transport yet, but it will be discussed in future
chapters. However, knowing the density distribution along a section
will give us an estimate within a constant of the transport of water
across that section (figure 6.18. This somewhat un-intuitive result is
because the Coriolis force acting on the moving water balances the
pressure gradients.
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Figure 6.13: Evidence of convection

in the Labrador Sea from a section
across the Sea in June 1993. Note the
very homogeneous water in the central
Labrador Sea, with mixing deeper than
2000 M.
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Figure 6.14: Time series of convection
TI°C] in the Labrador Sea as measured by
S autonomous Argo profiling floats [?]
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Figure 6.15: Observations of Deep
Western Boundary Current off the
Grand Banks.[?]

Figure 6.16: Observations of the Deep
Western Boundary Current off Blake
Outer Ridge (32 N) [?]
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Figure 6.17: North-south sections in
the Pacific ocean at a longitude of 150
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There are unknowns in making these estimates, which can be
constrained for by making mass, heat, salt, and other tracers balance
in the basins. We start with a concrete example of how this works,
and then discuss the global results.

6.3.1 How to make an inverse calculation

The inverse calculations that go into estimating the overturning cir-
culation are simple in concept, but complicated in execution. The
simplicity comes from just assuming a simple mass balances as we
did in previous chapters, and assuming that the ocean is broadly in
steady state.

A very simple example of such an inverse calculation comes from
the flow of Antarctic Bottom Water into the Brazil Basin figure 6.19.
Water colder than 1 deg C enters in the Vema Channel from the
south, but is not observed to make it out of the Brazil Basin. This can
be seen in figure 6.20, where water 1.2-degrees and colder is blocked
at the north end of the basin.

Channels like the Vema Channel are nice, because the flow can
be monitored with moorings, which was done in the late 7os [?] and
again late gos [?]. These moorings found, on average, 3.7 Sv of water
flowed in the channel that was colder than 1.2 degrees [?]. This water,

on average, is 0.2 degrees-C.

he qu 4
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We can apply a volume budget and a heat budget to the problem,
by considering a volume bounded by the Vema channel at the south,
the north end of the Brazil Basin, and the 1.2 degree isotherm at the

Figure 6.18: Sketch of cross section

in a basin. A hydrographic cruise

that has crossed the basin making
measurements will give estimates of the
pressure gradients along the section,
which can be used to estimate the
velocity across the section.

Figure 6.19: Map of the Brazil Basin [?]
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Figure 6.20: Hydrography along the
Brazil Basin. Note that water colder
than 1.2 degrees C does not make it out
the north end. [?]

30°S 26°S 22°S 18°S 14°S 10°S 6°S 2°S
Latitude

top. The volume budget is straight forward - if 3.7 Sv enters in Vema
Channel and there is no outlet to the north, it must cross the 1.2
degree isotherm. Q;, = Qout.

The heat budget is almost the same, but we need to include the
heating due to diffusion at the top of our volume:

hin + hdiffusion = hout (6.1)

where h;;,, =~ 3.75v 0.0C = 0Sv C, and hy,; =~ 3.7S5v 1.2C = 4.4Sv C. This
means that the residual has to come into the volume via diffusion:

do
hdiffusian = KEA (6.2)

where % is the average vertical temperature gradient at the top of the
volume, and A = 7 x 1012m? is the area of the 1.2 degree isotherm in
the basin. There were lots of hydrographic cruises made in the Brazil
basin, such that the gradient was found to be % ~21x1073Cm~L.
This leaves us with only one unknown, K, the turbulent diffusivity
necessary to mix the temperature gradient fast enough to counter the
cold water coming into the basin from the south. And carrying out
the math, we get a final answer of K ~ 3 x 10 m?s~1. ? divide the
water in the basin into more layers and determine that the turbulent
diffusivity is between 2 and 3 x 10~* m?s~! . Note that this is over
1000 times the molecular diffusivity of heat, so turbulence must be
responsible for this inferred mixing.
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The amount of turbulence required to maintain such a high tur-
bulent diffusivity is moderately strong. Field work was carried out
there to measure the turbulence directly using instruments called
shear probes, which are 1-cm scale phonograph needles encased in a
silicone tip. The results show that there is indeed substantial mixing
in the Brazil Basin, but that it is not at all homogeneous, with the
strongest mixing occurring on the east side where there is substantial
roughness (figure 6.21). Indirect evidence is that this heightened mix-
ing is due to tides moving back and forth over the rough bathymetry
and creating turbulence with the stratified water above. Note that in
most of the basin, even above the rough topography, the turbulence
is substantially lower than the mean inferred from the inverse calcu-
lation. However, the mean is dominated by the few red and orange
pixels in the data, and there are enough of those that the average
comes out to 0.5 — 1.5 x 107* m?
of the inverse estimate, and probably within error bounds of both.

s~1 [?]. This is within a factor of two

It is also likely that the Brazil Basin is undersampled by the turbu-
lence measurements and there is some mixing “hot spots” that the
sampling missed.

Figure 6.21: Turbulence diffusivity
Brazil Basin inferred from directly measuring

129

turbulence. The cross section is made

white. [?]
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Extending the inverse estimate made in the Brazil Basin to the
global oceans is exactly what was done by ?, whose results we dis-
cuss next. Volumes of the ocean were constrained by the cross-basin
cruises. However, in addition to an unknown diffusivity in the ocean,

west-to-east across the Brazil Basin,
and the 0.8-degC isotherm is shown in
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there were unknown offsets in the velocity measurements (because
we do not have current meters everywhere in the ocean), and sam-
pling errors due to temporal variability. So, what is done for global
estimates is to use substantially more data from other tracers. These
tracers have their own uncertainties; for instance silicate is used, but
the accumulation of silicate in the deep ocean is an unknown. C14
is used, but will be biased by particles raining down from the sur-
face ocean. These data and unknowns are all put into a large matrix,
and then then the best solutions for the unknowns are inverted for
by minimizing error in all the individual constraints. This was the
procedure pioneered by ?, and followed by ?2.

6.3.2 Inverse results

The large amounts of data collected during the WOCE and CLIVAR
cruises have undergone substantial analysis to determine the strength
of the overturning circulation. These extend the approach illustrated
by the Brazil Basin example to the full global ocean. Globally, there
are two overturning cells, one that sinks in the southern ocean, and
the other that sinks in the North Atlantic (figure 6.22. The Southern
overturning cell is denser and flows under the North Atlantic cell on
average. (The way these flows are contoured in figure 6.22 may be
unfamiliar to some readers, so please see Box 6.3.1).

Figure 6.22: Estimate of the strength

of the global overturning circulation
plotted as a stream function. The upper
plot is the streamfunction plotted with
the density of the water as the vertical
axes, whereas the lower plot is the
depth of the ocean [?]. The stream
functions are plotted in units of Sv,
where 150 = 10° m3s~!
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Box 6.3.1: Quantifying flows with streamlines

A “streamline” is a path followed by a parcel in a steady flow.
These paths are plotted in 2-dimensions in figure 6.22 and
represent the average path of the flow averaged around the
world. This tells us qualitatively where the flow goes.
Streamlines also receive a quantity proportional to the total
water transported from the point of the streamline relative

to some zero. So in the sketch below, showing an idealized
river, the zero is the southward bank of the river. The 1 m3s~!
streamline denotes how far across the river you would need

to go to get that much downstream (or along streamline)

transport.
2 o i i | ((
. /
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If the streamlines are drawn so that they have equal trans-
port between them, then the spacing between streamlines is
inversely proportional to the speed. So in the above plot the
streamlines get closer together as the river narrows the speed
necessarily increases.

Closed streamlines, as we see above (figure 6.22) indicate that
the flow is circulating around a circuit. The more streamlines
the stronger the recirculation.

The streamlines look different in the two plots of figure 6.22 be-
cause of the different averaging. However, the absolute values are
the same - 20.9 & 6.7 Sv for the Antarctic Bottom Water cell and
17.2 £ 3.2 Sv for the North Atlantic Deep Water cell (the unit Sv is
called a Soredrup after Harald Sverdrup and 1Sv = 10® m3s~1).

An important reason to plot figure 6.22 with density on the y-axis
is to note where mixing is believed to happen. If water is going down
in this reference frame, then it is getting denser, and that must be
happening largely due to cooling or mixing with cold water. If water
is going up along this axis it is being warmed by mixing with warm
water above.

There is a stark difference in the overturning circulation between
the Atlantic ocean and the Pacific and Indian due to Atlantic Deep
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Water formation (figure 6.23). We see that the deep water in the At-
lantic mostly moves south and that there is very little AABW recircu-
lating in that basin. Conversely, in the Pacific the deep circulation is
dominated by the AABW recirculating cell to quite low densities.

Southern

Figure 6.23: As in figure 6.22, but
divided by ocean basin
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The strength of the overturning, divided by basin, is shown in
figure 6.24. The Pacific and Indian each support approximately 10
Sv of upwelling of AABW, while only 5 Sv is upwelled in the At-
lantic. However, 17 Sv of NADW is also upwelled in the Atlantic,
albeit from a less dense water mass. There are numerous complicated
connections of the water int he upper ocean that must be tracked in
order to balance the flux of water, including a very strong exchange
between the Indian and Pacific oceans through Indonesia and near
Australia.

Similar calculations can be presented in different ways. figure 6.25
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shows the transport of various water masses through the world’s
oceans. Sinking in the Southern ocean and Greenland-Icealand Nor-
way (GIN) seas then upwells in the various basins as shown by the
green or blue arrows. Note that 15 Sv that is produced in the GIN
seas eventually is transported to the Southern ocean where it either
downwells again as AABW or upwells into the surface layer via mix-

ing.
6.4 Theory of overturning circulation and Sandstrom’s theorem

From the above, we might have the idea that the overturning circu-
lation is driven by how much cold water you make. Thats true to an
extent - the heating gradient between the poles and the equator is
one part of what drives the overturning circulation, and plus or mi-
nus any net heating or cooling, the heat transport in the ocean must
balance the hating differential (figure 6.26).

Figure 6.24: Strength of overturning
circulation in various basins in Sv. Blue
is the AABW, green is “deep water”,
yellow are “intermediate” waters, and
orange surface water. [?]



134 INTRODUCTION TO PHYSICAL OCEANOGRATPHY

Global circulation summary
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However, just like a river pouring into an estuary, its possible for
that heat flux to be carried in a very shallow current and drive a very
weak volume transport that only affects the very surface ocean. In
such a world, all the deep ocean would be very cold, and a thin layer
at the surface would be very warm (figure 6.27).

So for a given heat difference at the surface, what ultimately drives
the strength of the overturning circulation is how strong mixing is in
the ocean. By mixing the heat down, the ocean creates lateral density
gradients, and lateral gradients create lateral pressure gradients that
ultimately drive circulation (figure 6.27).

The other way to think of this is to think of the potential energy of
the system. Recall from previous chapters that the isopycnals surfaces
in figure 6.27 want to flatten out. This means that tilted isopycnals
have potential energy that they would not have if the isopycnals were
all flat. This idea of potential energy and the need to mix buoyancy
to depth in the ocean is nicely encapsulated by Sandstrom’s theorem
which states that heating and cooling at the same depth will not
drive a vigorous circulation in fluid. Essentially surface heating and
cooling does not increase the potential energy of the system, and
hence there is no strong circulation driven.

Conversely mixing of heat down from the equatorial regions does
increase the potential energy. However, it is important energetically

Figure 6.25: Arrows show lateral
transport (in Sv) of upper- (red), mid-
(blue), and deep (green) waters through
WOCE hydrographic sections. X-
symbols show flow downwards out
of a layer into the next layer below.
Dot-circle symbols show flow up out
of a layer into the layer above. So the
upwelling associated with AABW is
shown with green dot-circle signals in
the three oceans. [?]
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Figure 6.26: Sketch of heat input into a
one-pole ocean. The heat flux in must
be balanced by the heat flux out, and
the ocean must transport that heat from
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Figure 6.27: Sketch of two different
oceans with the same external heat
differential. The top panel shows weak
mixing, and the bottom panel shows
strong mixing. The heat transports from
equator to pole are the same, but the
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to realize that this mixing cannot arise because of the overturning
circulation itself. i.e. the 20-30 Sv of overturning noted above cannot
create the turbulence that drives the overturning. This would be the
equivalent of the ocean lifting itself by its own bootstraps. Instead
the energy for the overturning circulation must come from other
sources of deep ocean mixing. This again is directly analogous with
the situation in an estuary - the estuarine circulation is catalyzed by
mixing in the estuary.

This dependence of the overturning circulation on the strength of
the turbulence has been tested numerically. Stronger mixing trans-
ports heat deeper in the ocean (figure 6.28) making for stronger
lateral gradients. This drives a more vigorous overturning circula-
tion (figure 6.29). The scaling of the overturning circulation with the
vertical diffusivity K is approximately K/3 (figure 6.29). These inte-
grations were carried out many years ago, but the basic results have
held up well to more sophisticated treatments.

_J/ \/ T T IK \I\‘L\g T o )
= = - pT T ' ead
200. == 7
T N— 1000. -_O /
— 400, — R T /
o — 2000, F
L) 600, [ R a
=) L 3000, [
800. B o
1000. 1 L L 1 1 4000. 1
b 5000. —— L 4 4
0 T T T \ u
= - 0
200. :—%
T 1000
i~ a00. T
a = 2000
Ll e00. | R a
o Ll 3000
800. - R a
1000. 1 1 L _e 1 4000.
c 5000.
0. - T T T T
= —— :
200.
T 1000.
— a0, 25.0———H T ]
a = 2000.
L 600. S| a
o — L) 3000.
800. q a
1000 N | . . N 4000.
%0, 75. 60. 5. 30. 15, 0.
5000'9(], 75. 60, 45, 30. 15, 0.
LATITUDE LATITUDE

100

(108 m3s7Y)

MERIDIONAL MASS TRANSPORT

P il 1 Far
01 10 100
Ay (em2s1)

The tides and wind are believed to be the energy source for the

Figure 6.28: Left panels: Potential tem-
perature cross section in a numerical
ocean with different vertical diffusivi-
ties: 0.1,0.5 and 2.5 x 10~*m?s~1. Right
panels: Overturning streamfunctions.

[

Figure 6.29: Dependence of the over-
turning circulation strength on the
vertical diffusivity used in the idealized
model [?].



136 INTRODUCTION TO PHYSICAL OCEANOGRAPHY

mixing that drives the overturning circulation. Because the fluid is
stratified, energy is able to radiate into the interior from the bound-
aries as internal waves. There are many sources and pathways of

internal waves, and their importance to the overturning circulation
has catalyzed a significant research into their properties (figure 6.30).
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6.5 Exercises

Inverse modelling Suppose we have a rectangular basin that runs
north-south, is 3000 km long and is 1000 km wide at each end. There
is an isopycnal in this basin that intersects each of the ends (and

of course the side walls). We use the open ends, the sidewalls, to
constrain the sides of a volume of water, and the sea floor and the
isopycnal to constrain the bottom and top of the volume.

The average temperature along the bounding isopycnal is 7 de-
grees C, and dT/dz = +1073 deg/m at that isopycnal.

At the south end section: the thickness of the layer defined by the
isopycnal is 2500 m, the average temperature in the section beneath
the isopycnal is T=3.2 deg C, the average salinity, S=33 psu, and the
average speed through the section is V=0.02 m/s (positive to the
north)

North end section, the isopycnal layer is thinner at 2200 m, with
an average temperature of T= 3.3 deg C, and average salinity of S =
33.01 psu. The average velocity is V=0.0226 m/s, to the north.

* What is the average velocity out the top of the bounding box?

* What is the average turbulent diffusivity of temperature along the
isopycnal?

Figure 6.30: Schematic of the zoo of
ocean mixing processes [?].
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e What is the salinity of the top of the surface, assuming dS/dz = 0
there (i.e. no diffusive flux in or out the top).

6.6  Example problems

The following problems are adapted from past exams, and work
through the ideas in this chapter with specific numbers or data.

Diffusivity from a basin salt budget Water denser than oy = 28 kgm 3
flows into a basin with a transport of 3 Sv and an average salinity

of S = 32 psu. The 0y = 28 isopycnal caps the basin with an area
of A = 1013 mZ; there is no outlet to the north, so in steady state all
of this water must cross upward through the isopycnal. The average
salinity on the isopycnal is S = 31 psu, and the average vertical

salinity gradient there is dS/dz = —1073 psum ™.

e What is the turbulent vertical diffusivity K along the isopycnal?

This is the same style of calculation as the Brazil Basin example in
the text: a volume budget tells you the transport through the isopyc-
nal, and then a salinity budget with Fickian diffusion at the top gives
you the one remaining unknown, K. The salt advected in is Q x 32
psu; the salt advected out through the isopycnal is Q x 31 psu; the
difference must be supplied by diffusion K (dS/dz) A.

Owerturning circulation in a marginal sea  In figure 6.31, potential
temperature and salinity are plotted in a cross section of a marginal
sea, with an inner basin on the left and the open ocean on the right.

® Very briefly describe what overturning circulation you would
expect in the inner basin from looking at this data (a sketch may
be helpful).

¢ What property of the water provides the lateral buoyancy differ-
ence that drives this circulation?

* Why is the deep water of the inner basin so homogeneous?

® Very briefly describe what happens on the ocean-ward side of the
sill.

The salinity is the key: the inner basin is very salty, making the
water dense despite being warm. This is analogous to the deep wa-
ter formation processes discussed in the chapter — here driven by
evaporation rather than cooling or brine rejection. The deep water
is homogeneous because it is well mixed, likely by the same over-
turning that fills the basin. On the ocean side of the sill, the dense

137
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outflow descends the slope and mixes with the ambient water, much
as NADW does after spilling over the Denmark Straits.

Overturning in a basin cooled in the middle Consider a rectangular,
closed ocean basin that spans a polar sea, so it gains heat at both
ends and loses heat in the middle. Assume the basin is in a steady
state.

Roughly sketch what the vertical heat flux into the ocean may look
like as a function of latitude. Be sure to indicate the units.

Roughly sketch what the depth-averaged horizontal heat flux must
look like. Indicate the units.

Roughly sketch what isopycnals (isotherms) may look like in the
basin. Be sure that these isopycnals are physically possible!

Indicate the direction of the overturning circulation(s) in the basin
by drawing approximate streamlines with arrows.

This is a direct application of Sandstrom’s theorem and the ideas

in figure 6.27. Cooling in the middle creates dense water there, which

Figure 6.31: Potential temperature (left)
and salinity (right) in a 2000-km long
cross section of a marginal sea. The
inner basin is on the left and the more
open ocean is on the right.
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sinks and spreads along the bottom toward both warm ends. The
isopycnals must connect the cold middle to the warm ends and must
be mixed downward by turbulent diffusion in order for the overturn-
ing to be vigorous — if mixing were weak, the isotherms would be
nearly flat with a very thin warm layer at the surface near the ends,
and the circulation would be sluggish.
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Wind-driven circulations
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