
24 February 2011    Physics Today © 2011 American Institute of Physics, S-0031-9228-1102-010-2

Observational oceanographers face daunting chal-
lenges in their efforts to adequately observe the ocean. The
large area and volume make representative measurements
difficult. Yet ocean processes affect human activities and vice
versa. Hurricanes form in places with warm surface water.
Ocean currents and waves spread pollution. Steady ocean
currents such as the Gulf Stream transport heat from the trop-
ics to higher latitudes; the warm flow is balanced by the deep
return flow of cold water. Carbon dioxide sequestered in the
ocean affects climate. Sea level is rising by about 3 mm/yr,
threatening to inundate many small islands and vast regions
of low-lying land. It is vital for the sake of lives and property
that those phenomena be routinely observed and their vari-
ability understood.

For example, hurricanes take many lives and cause bil-
lions of dollars in damage. The ocean spawns and affects hur-
ricanes, but the interactions between the atmospheric cyclone
and the underlying ocean are difficult to observe. Although
satellite and aircraft sensors yield much of the data needed
to forecast a hurricane’s intensity and path a few days in ad-
vance, they do not provide enough subsurface information
to assess and understand the ocean’s contribution to air–sea
feedbacks and its response to hurricanes.

Physical principles underlie many of the means by
which we study the ocean. In one way or another, electro-
magnetic and acoustic emissions or receptions reveal ocean
properties and water motion, often remotely. This article dis-
cusses the physics behind the three main sensor types: elec-
tromagnetic, satellite based, and acoustic.

Faraday’s law and electromagnetic measurements
How is it possible to measure water velocity as a function of
depth in the middle of a hurricane? GPS signals cannot pen-
etrate the ocean. Ships avoid the great danger posed by the
storms. Moorings cannot be deployed rapidly in the path of
the cyclone. Current meters on autonomous floats would
measure only the relative velocity of the float through the sur-
rounding water. Instead, the velocity profile is derived from
measurements of motionally induced electric fields.

When seawater, an electrical conductor, flows with re-
spect to Earth’s magnetic field, the charges in the water feel
a Lorentz force, and electric currents flow throughout the
ocean. The currents, in turn, generate electromagnetic fields
whose time dependence is associated with further induced
fields and so on; the complex system is ultimately governed,
of course, by Maxwell’s equations. In general, the theory of
oceanic motional induction predicts that the electric effects of

an ocean current extend far from the current itself. However,
the ocean’s depth is usually small compared to its width, and
that relative shallowness leads to a great simplification: Elec-
tric currents form closed circuits that are about as wide as the
ocean is deep. As a result, electric currents sample ocean lay-
ers with different velocities and yield an electric field that is
nearly uniform with depth and proportional to the vertically
averaged velocity.1,2 Thus a single measurement of the electric
field by a stationary observer at a single depth determines the
depth-averaged velocity for an entire ocean column.

Moreover, on an autonomous float moving with the sur-
rounding water, the measured field also depends on the local
water velocity. So from a float that “profiles” (oscillates up
and down between prescribed depths), one can determine
the water velocity as a function of depth and time. Several
such floats, profiling continuously between depths of 30 and
200 m, were deployed ahead of Hurricane Frances as it
passed north of Hispaniola in September 2004. Figure 1
shows the velocity profiles measured by one float dropped
55 km to the right of the eye in the region of high wind.
Within a few hours of the hurricane’s arrival, the surface wa-
ters were turbulently mixed to a depth of 120 m by the stress
from the 60-m/s winds. The wind stress accelerated the upper
ocean waters, resulting in rapid increases in velocity and ver-
tical shear, a decrease in temperature, and an increase in
salinity. As the upper ocean waters rotated clockwise at the
inertial period [in hours, 12/sin(latitude)], the momentum
propagated downward into the stratified ocean. The changes
in water properties are consistent with the vertical turbulent
mixing expected at low values of the Richardson number
Ri = N2/S2, where N is the buoyancy frequency (frequency 
at which a vertically displaced parcel would oscillate in a 
statically stable environment, a function of the vertical 
gradient of density) and S is the vertical shear (or velocity
gradient, dv/dz). The bottom panel shows the so-called re-
duced shear, S2 − 4N2. Regions of positive reduced shear, and
thus low Ri, tend to be unstable to shear and thus subject to
turbulence. The float’s rapid vertical profiling under the 
extreme conditions provided clear examples of vertical mix-
ing by shear instability.

An important result of the Hurricane Frances study is
the calculation of the drag coefficient CD, which is used to es-
timate the momentum flux from the atmosphere into the
ocean. Calculating CD based on observed wind speeds and
ocean velocities gave a smaller value than had been reported
previously based on atmospheric measurements. The un-
precedented observations of ocean velocity are extremely
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useful in understanding how the upper ocean responds to
tropical cyclones and as verification of results from numerical
models. As a result, there is now the potential for more accu-
rate predictions of a hurricane’s track and intensity, which
will allow better preparation in the places where the hurri-
cane is likely to make landfall.

Motionally induced electric fields can also be exploited
in simpler but still useful measurements. Ever since Michael
Faraday first attempted to measure tidal flow in the Thames
river, many researchers have used underwater cables to
measure the motionally induced voltages (MIVs) produced
by mean and tidal motions. Henry Stommel measured the
MIV across several cables, most notably from Key West,
Florida, to Havana, Cuba, under the Florida Current. In a suc-
cessful ongoing measurement scheme, MIV is monitored
from West Palm Beach, Florida, to Grand Bahama Island;
some of the results are shown in  figure 2. The measured volt-
age—about 1.3 V—is just the lateral integral of the motionally
induced electric field and corresponds to a volume transport
of 32 × 106 m3/s. The decadal changes in the Florida Current
transport are significantly correlated to the North Atlantic
Oscillation index, which is associated with several factors
that affect North American and European interannual
weather; the North Atlantic Oscillation Index and the Florida

Current transport may be manifestations of a com-
mon, as yet poorly understood process. Much de-
tailed transport information can be obtained from
MIV signals with little expense and effort.

Satellite- mounted sensors
Satellite measurements are widely applicable in
oceanography: for understanding the dynamics of
ocean circulation; for monitoring climate change; for
navigation and fisheries management; and for im-
proving models of ocean circulation, air–sea interac-
tion, weather forecasting, and climate. Both passive
radiometers and active radars are routinely used in
oceanography. Radiometers imaging in the visible
part of the spectrum create maps of ocean color,

which is related to biological productivity. Measurements
from high-spatial-resolution IR radiometers are combined
with those from cloud-penetrating microwave radiometers to
produce global maps of sea-surface temperature. Microwave
radiometers can also measure precipitation and sea ice and
soon will be able to measure ocean-surface salinity.3,4

Many of the radars used in oceanography are based on
World War II–era technologies, which were developed into a
new series of sensors on the 1978 Seasat mission. The satellite’s
sensors included an altimeter to measure sea-surface topogra-
phy and a scatterometer to measure surface wind speed and
direction. Although the Seasat mission lasted only three
months, the prodigious data stream launched a revolution in
ocean observations, and many successful oceanographic mis-
sions followed. Altimeters, which are steadily improving in ac-
curacy, can now monitor changes in global sea level. Scatterom-
eter measurements have contributed greatly to improved
weather and hurricane forecasts and are now used to study air–
sea interaction and the forcing of the ocean by winds. 

An altimeter’s basic measurement is in principle quite
simple: the time it takes for a radar pulse to travel from the
satellite to the ocean surface and be reflected back, which is
readily translated into a distance, as shown in figure 3. The
measurements reveal regions of high and low ocean pressure,
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Figure 2. Monthly mean values of
Florida Current transport (solid) inferred
from submarine cable voltage measure-
ments compared with monthly mean val-
ues of the North Atlantic Oscillation index
(dashed), a measure of large-scale fluctu-
ations in atmospheric pressure. (Adapted
from ref. 18.)

Figure 1. Ocean velocity measured by an autonomous
float before and after the arrival of Hurricane Frances in
2004. The float was dropped in the region of maximum
winds, which exceeded 60 m/s. The top and middle pan-
els show eastward and northward velocity components
versus depth and time. The lower and upper thick black
lines are isotherms at 25 and 29 °C, respectively, and the
thin lines mark every 0.5 °C. The small dots near the sur-
face denote when the up profiles were taken. In the bot-
tom panel, regions of positive reduced shear (shown in
red) tend to be unstable to shear and thus subject to tur-
bulence. The measurements demonstrate that the verti-
cal shear is responsible for the deep mixing. (Adapted
from ref. 17.)
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from which ocean circulation can be derived. However, obtain-
ing that ocean topography requires corrections for moisture in
the troposphere, the asymmetric nature of ocean waves, and
Earth’s gravity anomalies; also needed are a precise tracking
of the satellite altitude and a model of ocean tides. Through
the work of geodesists, tide modelers, geophysicists, and
oceanographers, errors in ocean-topography measurements
have been reduced to 2–3 cm at any single location.

As in the atmosphere, Earth’s rotation plays an impor-
tant role in ocean dynamics: Water circles around a center of
low or high pressure rather than flowing down the pressure
gradient. From the ocean-topography gradient, researchers
can use a simplification of the  Navier–Stokes equations to de-
rive the pressure fields and the balancing currents, which
dominate the large-scale circulation. The altimeter therefore
effectively monitors the global surface ocean circulation.
Since large-scale ocean currents transport heat from the equa-
tor to the high latitudes, changes in ocean circulation can 
affect climate.

Another climate concern is, of course, sea-level rise. Al-
timeter measurements averaged over the past 15 years show
that sea level is rising globally at a rate of 3 millimeters per
year.5 That rate is about double the pre-altimeter estimate
based on tide gauges; sea-level rise may therefore be acceler-
ating. Both ocean warming and glacier melt contribute to sea-
level rise; however, discrepancies between recent trends in al-
timetric sea level, ocean-temperature profiles, and satellite
measurements of ocean mass have not yet been resolved.

A scatterometer measures the surface wind field by
transmitting microwave pulses at an angle to the vertical and
recording the reflected intensity. The radar backscatter meas-
ures ocean-surface roughness, which depends on the local
wind speed and direction. Measuring the backscatter in sev-
eral directions allows both the speed and direction to be 
determined. 

Wind speed can also be measured locally using
anemometers. But whereas anemometers measure winds rel-
ative to Earth, the scatterometer measures the atmosphere’s
motion relative to the moving ocean; the scatterometer meas-
urement is therefore the more relevant quantity for measur-
ing the stress at the air–sea interface and thus for quantifying
the transfer of momentum between the atmosphere and the
ocean. Neglect of the contribution of currents, which typi-
cally are in the same direction as the winds, can result in a
substantial overestimate of the momentum transfer.6

Scatterometer maps of wind vectors over the ocean re-
veal persistent structures on the scale of tens of kilometers,
caused by ocean currents, temperature gradients, or coastal
topography.7 A warm ocean underlying a cool atmosphere
produces atmospheric convection that vertically mixes hori-
zontal momentum. As a result, both the divergence and the
curl of the wind field are enhanced over a sea-surface-
temperature front. Persistent fronts, including those associ-
ated with the Gulf Stream in the North Atlantic Ocean, can
cause convection that penetrates high into the troposphere.8

The combination of altimeter ocean-topography meas-
urements and scatterometer wind measurements is used 
to evaluate the accuracy of models of wind-forced ocean 
circulation. For example, by applying some simplifications
about the vertical structure of the ocean, one obtains a model
describing the adjustment of sea level to changes in wind
forcing by westward-propagating waves called Rossby
waves. As shown in figure 4, the model agrees well with 
observation, both in its description of seasonal sea-level 
cycles and in much of the small-scale structure. The agree-
ment reflects the accuracy of the scatterometer wind fields

compared with previous measurements.9

Proposed new oceanographic satellite missions include
a swath altimeter to produce both detailed maps of ocean ed-
dies and higher-resolution wind measurements.10

Underwater acoustics
Except at optical wavelengths, the ocean is much more trans-
parent to acoustical than to electromagnetic radiation. For ex-
ample, at a wavelength of 1 m, absorption of electromagnetic
radiation in seawater is of order 106 times that of acoustic ra-
diation. The difference explains, in part, the great interest en-
gendered by underwater acoustical methods in oceano-
graphic studies.

Like satellite measurements, underwater acoustic meas-
urements can be either active or passive. Passive acoustic
methods, which exploit naturally occurring sound, yield in-
formation about phenomena such as breaking waves, the for-
mation of bubble distributions, precipitation, the mechanical
behavior of sea ice, and whale migration. The acoustic waves
range in frequency from 0.1-Hz pressure fluctuations on the
sea floor, which may be related to nonlinear interaction of op-
posing surface waves, to the several-hundred-kHz compo-
nent of the sound of breaking waves. Active acoustics in-
cludes the use of sonar systems to study ocean currents,
turbulence, the upper-ocean boundary layer, internal waves,
and many other physical, biological, and geological phenom-
ena. Sound transmissions used in acoustic thermometry at
75 Hz can propagate around the world.11 Doppler sonars op-
erating at frequencies up to several MHz are used to measure
turbulence. This section describes two examples of active
acoustical methods illustrative of current applications.

Doppler sonars detect the Doppler shift of sound scat-
tered by inhomogeneities such as biota and temperature fluc-
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Figure 3. A radar altimeter in orbit above the sea surface.
The altimeter measures the distance h from the sensor to the
ocean surface, and a land-based tracking system or GPS
measures the altimeter’s height h* above a known reference
level. The difference h* − h gives the sea-level anomaly, from
which ocean currents can be derived. (Courtesy of Dudley
Chelton.)
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tuations. From the Doppler shift as a function of roundtrip
time, the water velocity (resolved along the sonar beam) can
be derived as a function of depth. Ship-mounted Doppler
sonars typically use four acoustic beams, slanted downward
in different directions, to derive the horizontal water velocity
at each measured depth. Maximum operating ranges for
ship-mounted Doppler sonars depend on both their acoustic
frequency and the abundance of scatterers in the water col-
umn; they have nominal ranges of 250 m at 150 kHz to more
than 1000 m at 38 kHz. 

When Doppler sonars are mounted on a commercial ves-
sel traversing a regular shipping route, the data provide in-
formation about long-term variations in major ocean currents,
which have important implications for the study of global cli-
mate. For example, the Bermuda Container Line’s CMV Ole-
ander, which runs a year-round weekly service between Port
Elizabeth, New Jersey, and Hamilton, Bermuda, was
equipped in 1992 with an acoustic Doppler current profiler,
which now acquires data for about 40 complete transits a
year.12 Useful observations extend to a depth of 500 m. A rep-
resentative section of observed velocity vectors is shown in
 figure 5, superimposed on a composite satellite image of sea-
surface temperature. Regular measurements along the same
track greatly assist in the interpretation of remotely sensed
images; they have already revealed the oscillatory character-
istics of the Gulf Stream flow, the remarkably stiff control ex-
ercised by Earth’s rotation on the current structure, the lack of
significant trends in transport over the observational period,
and other features of the Gulf Stream current system.

A quite different application of active sonar measure-
ment makes use of an inverted echo sounder, a self- contained
instrument placed on the sea floor to measure the roundtrip
acoustical travel time between the sonar and the ocean sur-
face. Variations in temperature stratification, associated with
ocean currents and other features, perturb the sound-speed
profile and are detected as variations in the arrival time of the
surface echo; a pressure sensor mounted on the sonar allows
removal of effects due to tides and other long-period surface

waves. Background information on
vertical density profiles is combined
with measured acoustic travel times
to infer the corresponding changes
in density stratification.13,14

Arrays of inverted echo
sounders, sometimes combined
with current meters, have been used
to measure ocean currents and ed-
dies. That approach has recently
been applied to the study of large-
amplitude nonlinear internal waves
in the South China Sea generated by
tidal currents over ridges in the
Luzon Strait between Taiwan and
the Philippines. Internal waves

occur at the interface between warm surface water and cool
deeper water; they can involve vertical interface displace-
ments of more than 150 m. Generated in many coastal envi-
ronments, they have practical implications for offshore engi-
neering, subsurface navigation, and the vertical mixing of
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different water masses, and large waves can affect surface
roughness. Internal waves are readily apparent in satellite
images such as the one in figure 6a, which shows three suc-
cessive internal tidal wavepackets traveling westward across
the South China Sea. Initially the waves move at about 3 m/s,
but they slow down as they reach the continental shelf. Such
images provide intermittent information about the waves’
overall distribution but give no direct information on their
subsurface properties.

Because the equations governing the internal waves are
nonlinear, waves of tidal frequency can be transformed into
trains of higher-frequency internal solitary waves. The deep
basin of the South China Sea is broad enough to allow Earth’s
rotation to interact with the nonlinearity and thus modify the
shape of the evolving waves by dispersing energy and redi-
recting it transversely to the direction of wave motion. The
transformation acts more strongly on the diurnal (24 h) than
on the semidiurnal (12.4 h) internal tide, due to its relative
proximity to the inertial period (35 h at this latitude).

Inverted echo sounder measurements (the gray line in
 figure 6b) show how the internal tide steepens and evolves
into a train of high-frequency nonlinear waves.15 A one-
 dimensional two- layer model16 (black line in figure 6b),
which allows for tidal forcing over topography in the Luzon
Strait and incorporating weak nonlinearity, dispersion, and
rotation, simulates many features of the observed signal. Al-
though more comprehensive models will undoubtedly pro-
vide improved simulations, the similarity between the simple
model’s predictions and the observations shows that internal
waves can be predicted and that the remotely sensed images
can be related to inverted echo sounder measurements of
stratification changes and associated currents beneath the
surface. The alternating pattern of the waves with each tidal
period is a consequence of the combination of diurnal and
semidiurnal tidal forcing in the Luzon Strait and the resulting
interaction of nonlinearity, rotation, and dispersion.

Those examples illustrate the power of acoustical tech-
niques in probing beneath the ocean surface and thus in com-
plementing images of the ocean surface from space. From its
historical role in bathymetric mapping, fisheries, and mili-
tary surveillance, acoustic oceanography is a rapidly devel-
oping field with a broad range of techniques providing hith-
erto inaccessible insights on ocean processes.

New directions
There is an urgent need for innovative approaches to meas-
urement in physical oceanography. Of course, the develop-

ment of new sensors and the interpretation of new physical
measurements depend on an understanding of the physical
principles involved. The ocean environment’s scale and com-
plexity challenge ocean scientists to develop new and in-
creasingly comprehensive observational concepts, and it is
often the combination of different methods that yields the in-
sight we seek. Passive and active electromagnetic techniques
and novel acoustic methods offer many as-yet-unexplored
opportunities for oceanographic study. A new satellite mis-
sion, Aquarius/SAC-D, will be launched in June to measure
global ocean-surface salinity. Recently abandoned commer-
cial submarine cables are being converted to collect data on
the properties and volume transport of deep ocean water.
And researchers are using time-reversal methods to compen-
sate for the blurring of acoustical signals by ocean variability.
Those and many other developments are yielding new obser-
vational capabilities and insights in the study of Earth’s ocean
environment.
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Figure 6. (a) Satellite image showing three successive nonlinear internal
wavepackets—waves in the interface between the warm upper ocean waters
and cool deeper waters—propagating west from their source in the Luzon
Strait. (Courtesy of the Canadian Space Agency, the Canada Centre for Remote
Sensing, and MDA Geospatial Services Inc.) (b) Vertical displacement of the in-
ternal interface as measured by an inverted echo sounder (gray) and pre-
dicted by a simple model (black). (Adapted from ref. 15.)


