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You now know as much 
as Nansen did 

We have covered the Navier-Stokes eqtns.

You have basic scientific training

So, what now?  What would you do to try to 
understand the physics of the ocean?  What 
would you measure and how?



The Old Days.

For hundreds of years, sailors had been 
keeping logbooks and learning navigation

But, in the late 1700s, two thing happened:

1) B. Franklin and others started using the 
logbooks scientifically (1769)

2) The Harrison clock was built (1760), 
allowing sailors to know their longitude as 
well as latitude. Made famous by J. Cook.



Franklin’s Gulf Stream (1769) 



Cook’s Voyages: 1st 
(1768-1771)



Cook’s Voyages: 2nd 
(1772-1775)



Cook’s Voyages: 3rd 
(1776-1779)



Now that Science was 
active in the sea...1800s 

boomed
Logbooks were analyzed, famously by Maury

Instruments were developed (current meters, 
moorings, tide gauges, reversing 
thermometer, reversing water bottle, 
messengers, bathythermograph)



And the cruises:
Beagle



And the cruises:
Challenger
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Figure 2.1 Example from the era of deep-sea exploration: Track of the H.M.S. Challanger during the

British Challanger Expedition 1872-1876. From Wust (1964).



And the 
cruises:

Challenger



The Cruises: The Fram (1893-1896)

Norwegian explorer, oceanographer, statesman, and 
humanitarian who led a number of expeditions to the 
Arctic (1888, 1893, 1895–96) and oceanographic 
expeditions in the North Atlantic (1900, 1910–14). For 
his relief work after World War I he was awarded the 
Nobel Prize for Peace (1922).



20th-Century Science: The Meteor 
(1925-1927)



20th-Century Science: The Meteor 
(1925-1927)



20th-Century Science: The Atlantis 
(1931-1964)10 CHAPTER 2. THE HISTORICAL SETTING
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Figure 2.3 Example from the era of new methods. The cruises of the R/V Atlantis out of
Woods Hole Oceanographic Institution. After Wust (1964).

tions, especially near colonial claims. The major example is the Challenger
Expedition (figure 2.1), but also the Gazelle and Fram Expeditions.

3. Era of National Systematic Surveys: 1925–1940. Characterized by detailed
surveys of colonial areas. Examples include Meteor surveys of the Atlantic
(figure 2.2), and the Discovery Expeditions.

4. Era of New Methods: 1947–1956. Characterized by long surveys using
new instruments (figure 2.3). Examples include seismic surveys of the
Atlantic by Vema leading to Heezen’s maps of the sea floor.

5. Era of International Cooperation: 1957–1978. Characterized by multina-
tional surveys of ocean and studies of oceanic processes. Examples include
the Atlantic Polar Front Program, the norpac cruises, the International
Geophysical Year cruises, and the International Decade of Ocean Explo-
ration (figure 2.4). Multiship studies of oceanic processes include mode,
polymode, norpax, and jasin experiments.
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Figure 2.4 Example from the era of international cooperation . Sections measured by the
International Geophysical Year Atlantic Program 1957-1959. After Wust (1964).

6. Era of Satellites: 1978–1995. Characterized by global surveys of oceanic
processes from space. Examples include Seasat, noaa 6–10, nimbus–7,
Geosat, Topex/Poseidon, and ers–1 & 2.

7. Era of Earth System Science: 1995– Characterized by global studies of
the interaction of biological, chemical, and physical processes in the ocean
and atmosphere and on land using in situ (which means from measure-
ments made in the water) and space data in numerical models. Oceanic
examples include the World Ocean Circulation Experiment (woce) (figure



A Lull until WOCE



But, Still little Data:
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inside a frame, with 12 or more bottles around it (Figure!2.2). The water samples collected

in the bottles are used for calibration of the CTD sensors. In addition, oxygen and nutrient

content of the water can be determined from the samples in the vessel's laboratory.

The CTD developed from a prototype built in Australia in the 1950s and has been a

major tool of oceanography at the large research institutions since the 1970s. Two decades

are not enough to explore the world ocean fully, and regional oceanography still has to rely

on much information gathered through bottle casts, which produce 12!-!24!samples over

the entire observation depth and therefore are of much lower vertical resolution. Although

bottle data have been collected for nearly 100 years now, significant data gaps still exist, as

is evident from the distribution of oceanographic stations shown in Figure!2.3. In the deep

basins of the oceans, where variations of temperature and salinity are small, very high data

accuracy is required to allow integration of data from different cruises into a single data set.

Many cruise data which are quite adequate for an oceanographic study of regional importance

turn out to be inadequate for inclusion in a world data set.

To close existing gaps and monitor long-term changes in regions of adequate data

coverage,  a major experiment,  planned  for  the  decade 1990!-!2000,  is under way.  This

World Ocean Circulation Experiment (WOCE) will cover the world ocean with a network

of CTD stations, extending from the surface to the ocean floor and including chemical

measurements. Figure!2.4 shows the planned global network of cruise tracks along which

CTD stations will be made at intervals of 30 nautical miles (half a degree of latitude, or

about 55!km). As a result, we can expect to have a very accurate global picture of the

distribution of the major oceanographic parameters by the turn of the century.

Because of the need for a global description of the oceanic parameter fields, researchers

have  attempted  to  extract  whatever  information  they  can  from the  existing  data base.

Fig.!2.3. World wide distribution of oceanographic stations of high data quality shortly before

1980. Unshaded 5° squares contain at least one high-quality deep station. Shaded 5° squares

contain at least one high-quality station in a shallow area. Black 5° squares contain no high-

quality station. Adapted from Worthington (1981)



The WOCE Era:
1980-2002

WOCE (World Ocean Circulation Experiment)

Set out to measure all time and space scales

Global coverage

Repeat Sections

Moorings, Drifters, Ships, Satellites, 
Numerical Models, Data Assimilation,...



A traditional view...
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Regional Oceanography: an Introduction
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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.!2.2. 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 to

some of them carry precision reversing thermometers.

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 !t.

CTD
Measures:
Conductivity
Temperature

Pressure



XBT (eXpendable 
bathythermograph)

09/05/2007 10:57 PMWhat is an XBT?
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ADCP (Acoustic Doppler Current 
Profiler, Shipboard or mooring)



GPS (Global Positioning 
Satellites)

 Advanced Navigation



Side-Scan Sonar:
Detailed Mapping

Shipwreck

Submarine Canyons



Automated 
Floats



Satellite Altimetry

Other Satellites
Ocean Color (T & Chl)

Rainfall
Wind Scatter

Geoid



Directly
 Observe
Theorized
Waves



Directly
 Observe
Eddies:
Validate 
Models



Interannual
 Variability

Global
Coverage



Detailed, High-res Wind Stress

Preferential Generation of Anticyclonic Vorticity by Narrow Wind-Jets
Leif N. Thomas and Peter B. Rhines

School of Oceanography, University of Washington
leif@ocean.washington.edu

Objective and motivation
Wind-driven currents have been traditionally considered to be characterized by gyre-scale lengths and
thus small Rossby numbers (where is a velocity scale for the Ekman flow, is the Coriolis
parameter, and is the lengthscale of the wind-forcing), and therefore Ekman dynamics have been
approximated as being linear. However, this is not a good approximation when the lengthscale of the
wind-forcing approaches the ocean mesoscale and the wind-stress forcing is strong. It has recently been
discovered that narrow wind-jets with widths of order the oceanic Rossby radius , characterized by
Ekman flow with significant Rossby numbers are a ubiquitous feature of scatterometer-derived winds, see
figure 1. Classical, linear theories fail to accurately describe the spin-up by wind jets of ocean currents with
high Rossby numbers. To this end, both a weakly nonlinear theory and numerical simulations are used to
illustrate how the spin-up process is greatly modified when nonlinear Ekman dynamics are included.

Fig. 1: Global map of the wind-stress curl based on three-year averaged QuikSCAT winds. Wind-jets with
lengthscales approaching the oceanic Rossby radius can be seen across the oceans and arise from a variety
of phenomena such as mountain gap winds in Central America, island wakes (e.g. Hawaiian Islands), and
air-sea interaction with tropical instability waves in the equatorial Pacific (Chelton et al., 2001). Figure
courtesy of Dudley Chelton, OSU.

Nonlinear Ekman dynamics
Consider a zonal wind-jet with a wind-stress , is the co-ordinate perpendicular wind, that drives
Ekman flow with a significant Rossby number. For such forcing, advection of momentum cannot be
neglected from Ekman dynamics. Advection of down-wind momentum by Ekman flow results in an
Ekman transport

(1)

that varies inversely with the absolute vorticity rather than the planetary vorticity
( is the vertical vorticity at the surface). The most striking consequence of (1) is that Ekman
pumping/suction

(2)

can occur even if the wind-stress does not have a curl, as a result of spatial variations in the vertical
vorticity, i.e. the first term of (2). The second term of (2) describes how curl driven Ekman
pumping/suction is amplified (reduced) in regions of anticyclonic (cyclonic) vorticity. It will be shown that
this term is critical to the spin-up of currents by wind-jets.

Stratified spin-up
Fig. 2: A wind-jet of width drives convergent (divergent) Ekman
transport at ( ) where the wind-stress curl is nega-
tive (positive). Ekman pumping/suction sets up an ageostrophic sec-
ondary circulation whose streamfunction is contoured in black. The
secondary circulation is confined in the vertical to a Prandtl depth

on account of the stratification. For wind-jet with , is a frac-
tion of the total depth . The secondary circulation displaces isopyc-
nals and at the same time, so as to maintain geostrophy, accelerates a
down-wind flow via the Coriolis force. This process of stratified spin-
up is subinertial, i.e. it occurs over a timescale larger
than an inertial period owing to the smallness of the Ekman depth .
See Allen (1973) for more details.

Nonlinear stratified spin-up
Both a weakly nonlinear analytic theory, in which flow variables are expanded in a regular perturbation
expansion in , and a numerical simulation are used to document the spin-up of currents driven by a
sinusoidal wind-jet (e.g. Thomas and Rhines, 2002).
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Theory and numerics both demonstrate that, in spite of the symmetric wind-forcing,
Anticyclonic vorticity is stronger than cyclonic vorticity.
Anticyclonic vorticity grows more rapidly than cyclonic vorticity.
Downwelling is stronger than upwelling.

Vorticity-Ekman pumping feedback mechanism

In regions of negative wind-stress curl
Ekman pumping, through vortex squashing generates anticyclonic vorticity.
Anticyclonic vorticity enhances the Ekman pumping on account of nonlinear Ekman dynamics, e.g. (2).
Vortex squashing is strengthened and the generation of anticyclonic vorticity is accelerated.
Positive feedback.

In regions of positive wind-stress curl
Ekman suction, through vortex stretching generates cyclonic vorticity.
Cyclonic vorticity reduces the Ekman suction on account of nonlinear Ekman dynamics, e.g. (2).
Vortex stretching is weakened and the generation of cyclonic vorticity is slowed.
Negative feedback.

This leads to the preferential generation of anticyclonic vorticity. This asymmetric response is fastest for
wind-jets with strong curl and with widths at or below the Rossby radius of deformation ,

When the Prandtl depth is a fraction of the total depth, vortex stretching/squashing is
strong.

Asymmetric oceanic response to wind-jets over the Gulf of
Tehuantepec
An oceanic example where nonlinear Ekman dynamics appears to be at work is in the Gulf of Tehuantepec,
Mexico.

Figure adapted from Barton et al. (1993).

Forcing by wind-jets is symmetric with equal strengths of positive and negative curl.
Oceanic response is asymmetric as anticyclonic eddies ( ) are stronger than cyclonic eddies
( ).

Evidence that nonlinear stratified spin-up is active:
The wind-jets have strong curl and hence drive Ekman flow with significant Rossby numbers. For
example, based on the nine-month-averaged scatterometer winds (Milliff and Morzel, 2001), the wind
jets yield wind stress curls of order N m . Using an Ekman depth of 25 m, the Rossby
number of this flow is estimated to be:

N m kg m s m ,
which is the same scale as the Rossby numbers used in the analytical and numerical solutions discussed
above. This calculation is based on averaged winds, Rossby numbers for individual wind events are
likely to be much larger.
The width of the wind-jets km is comparable to the oceanic Rossby radius at these low latitudes,
so that the Prandtl depth is small.

Summary
For wind-driven currents with significant Rossby numbers, the Ekman transport varies inversely with
the absolute vorticity so that curl driven Ekman pumping/suction is stronger in regions of
anticyclonic versus cyclonic vorticity.
Owing to feedback between vertical vorticity and Ekman pumping, wind-jets of widths the oceanic
Rossby radius or smaller with strong curl, within several inertial periods accelerate currents
characterized by a marked asymmetry in vorticity preferencing anticyclonic over cyclonic vorticity.
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Microstructure
Measurements



From this:
Franklin’s Gulf Stream (1769) 







But, Variable, Too!
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What to do with all of this stuff? 
Data Assimilation (ECCO)



The Quirks of Ocean 
Observation 

It is relatively easy to measure S, T, P, O2, etc.

It was hard (now easy) to infer density from S, T, P

It is very difficult to measure U, V

It is slightly easier to measure dU/dz

It is virtually impossible to measure W

Subsurface observations are incredibly sparse and 
infrequent



Hydrostatic, 
Incompressible Eqtns.

A similar, but perhaps less prone to error
approximation is the Hydrostatic approxima-
tion:

Consider the momentum equation, this time
with the gravitational potential −gz in place:

Dv
Dt = −∇p

ρ −∇gz + ν∇2v + ν
3∇(∇ · v)

Using the incompressibility approximation, and
expanding out the derivative:

Dv
Dt = −∇p

ρ − g + ν∇2v

20

Dv
Dt = −∇p

ρ − g + ν∇2v

If v happened to be zero, then the pressure
would be:

0 = −∇p
ρ − g

dp
dz = −ρg

Since this is the pressure that results from no
velocity, we call it the hydrostatic pressure.

21

In fact, the pressure is usually nearly hydro-
static, because in the vertical momentum
equation

Dw
Dt = ∂w

∂t + v ·∇w = −∇p
ρ − g + ν∇2w

All of the terms are usually smaller than g,
except the pressure. Again, this doesn’t mean

Dw
Dt = ν∇2w

22

So, using incompressibility and hydrostatic
pressure, our equations are a little different:

Dvh
Dt = −∇hp

ρ + ν∇2vh

dp
dz = −ρg

Along with conservation of volume,

∇h · vh +
∂w

∂z
= 0

But, still 5 unknowns and 4 equations...

23



The Missing Ingredient
The Equation of State

ρ = f (p, . . .) (1)

1

ρ = f (p, S, T ) (1)

1

For the ocean, pressure,
salinity, and temp are the
thermodynamic variables



Often, A linearized EOS 
is OK...

ρ ≈ ρ0(1− βT (T − T0) + βS(S − S0) + βp(p− p0))

βT ≈ 2(±1.5) · 10−4K−1

βS ≈ 7.6(±0.2) · 10−4psu−1

βT ≈ 4.1(±0.5) · 10−10Pa−1

1bar = 106dynes/cm2 = 105Pa

1dbar = 10−1bar = 105dyne/cm2 = 104Pa

1
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ρ = f (p, S, T ) (1)

1

Add the Equation of State:

Add the Conservation of Heat:
Add the Conservation of Salt/FreshH20

ρ ≈ ρ0(1− βT (T − T0) + βS(S − S0) + βp(p− p0))

βT ≈ 2(±1.5) · 10−4K−1

βS ≈ 7.6(±0.2) · 10−4psu−1

βT ≈ 4.1(±0.5) · 10−10Pa−1

1bar = 106dynes/cm2 = 105Pa

1dbar = 10−1bar = 105dyne/cm2 = 104Pa

DT

Dt
= T

DS

Dt
= S

1

ρ ≈ ρ0(1− βT (T − T0) + βS(S − S0) + βp(p− p0))

βT ≈ 2(±1.5) · 10−4K−1

βS ≈ 7.6(±0.2) · 10−4psu−1

βT ≈ 4.1(±0.5) · 10−10Pa−1

1bar = 106dynes/cm2 = 105Pa

1dbar = 10−1bar = 105dyne/cm2 = 104Pa

DT

Dt
= T

DS

Dt
= S

1

These budgets will be next week...
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