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The Challenger tragedy Ras temporarily
halted the U.S. space shuttle program. When
the program resumes in early 1988, the op-
portunity to use the shuttly for ocean re-
search will be renewed. In'the U.S. Navy, we
are using this hiatus ¢ )developﬁ long-range
program for an oceanographer in space. This
program will become part of a fully integrat-
ed Office of the Chief of Naval Research
{OCNR) science and technology plan to guide
future programs in space oceanography. )

The following is based on the report of the
OCNR-sponsored Ad Hoc Oceanographic
Committee on the Use of Shuttles in Ocean-
ography and on discussions of a recent meet-
ing of the Office of Naval Research/Office of
Naval Technology (ONR/ONT) Man-in-Space
Working Group.3These activities gerve two
purposes, with the first twe-hope)Teading to

the second: to show the current ideas on

shuttlesbased oceanography and to elicit com-
ments from the scientific community that
might improve those thoughts. e

In the 2 decades that unmanned satellites
have been providing ocean data, our concept
of the ocean has greatly changed. Satellite
data now give us instantaneous information
on vast ocean regions that previously took
days and even weeks to explore by using
ships. The assimilation of this information
into our knowledge of the oceans has not
been easy. Because of the limitations (as well
as the novelty) of the data, oceanographers
were slow in accepting the information that
the data provided. Although the oceano-
graphic importance of the data is now gener-
ally accepted, oceanographers have learned
that the satellite data alone are not a panacea
but are best combined with in situ data to de-
rive their greatest potential.

In many respects, we are going through
similar stages in using ocean data from
manned spacecraft. The dight of a dedicated
ocean observer, Paul Scully-Power (shuttle
mission STS-41-G, October 1982), has once
again provided us with both the wonder (and
beauty) of the oceans and a practical method
of collecting data previously unavailable. The
mission demonstrated the researcher-in-space
concept to the best advantage: a knowledge-
able person in space, controlling the data col-
lection instrument and working with a team
of experts on the ocean below. Under the di-
rection of the on-board oceanographer, shut-
tle photographs taken of the oceans generat-
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Cover. The Strait of Gibraltar as seen
from an altitude of 198 km by the crew of
shuttle mission STS-41-G on October 12,
1984. The figure is a montage of two pho-
tographs taken less than a minute apart.
The photographs show the noon sun re-
flecting oft variations in roughness of the
ocean surface (very little of the two photo-
graphs contains clouds). Since the surface
of the ocean is not smooth, the sun does
not appear on the surface as a disc but as
a distorted, vaguely edged image whose
distortion is determined by the amount of
roughness of the surface and the solar in-
cident angle. In simple terms, the ocean’s
roughness varies according to the pres-
sure of the wind, air/sea-surface tempera-
ture differences, and water movement.
Because of this, the patterns created by
the ocean roughness can delineate the
ocean events involving these parameters.
The effect is similar to the displays of im-
aging radars, such as the Synthetic Aper-
ture Radar (SAR), only the solar reflec-
tance in the photographs does not involve
coherent energy.

In the right photograph, the most
prominent roughness features are those
seen bowing eastward into the Mediterra-

nean Sea. These teatures are the surface
manifestations of a packet of 10 or more
progressive internal waves whose origin is
the bathvmetric sill located in the western
approaches to the strait. In the left photo-
graph, the sun’s reflection defines a stand-
ing internal wave situated over the bathy-
metric sill at — 1 h before high ude. Note
the packet of progressive internal waves
emerging from the southern portion of
the standing wave. Other photographs
taken seconds later show that the earher
waves had traveled at least 100 ki east-
ward into the Mediterranean. Another set
of approximately tour progressive waves
can be faintly seen in the strait where the
two photographs join. It should be em-
phasized that the internal waves have ver
small surface amplitude and that the
brighter reflections come from disturbed
(and thus more reflective) water that con-
stitutes the rip area (NASA photographs
40-049 and 40-150). For more informa-
tion about future use of the space shuttle
as an oceanographic instrument, see the
article "An Oceanographer in Space: The
Next Step” by Paul E. La Violette et al,
p- 121
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ed questions on exactly what the photographs
show and also provided a number of unex-
pected answers.

Nowhere is the latter more true than in the
photographs of the Mediterranean Sea. At
the western approaches to the Strait of Gi-
braltar, the photographs defined lines of
rough water delineating a standing internal
wave sitting on the sill of the strait, as well as
progressive internal waves generated at the
sill and moving eastward through the strait to
more than 100 km into the Mediterranean
Sea (see cover). They indicated the periodic-
ity of these waves and, in combination with
surface data, indicated that the periodicity is
in tune with the tide.

Farther east in the Mediterranean, in the
region of the prime meridian, the photo-
graphs showed evidence of the current shear
of an ocean front (Figure 1). The front is un-
usual in that, while it had been previously
noted in satellite infrared imagery, it had not
been detected in oceanographic analyses of
wcean data or included in the modeling of
the region.

Most of the questions concern the photo-
graphic depiction of spiral eddies, not only in
the Mediterranean Sea but in the Atlantic re-
gion north of the Gulf Stream (Figure 2).
How these features fit into the dissipation of
energy in the ocean has 1o be resolved.

All this information has come from photo-
graphs of the sun’s reflection off the surface
roughness of the ocean. Few of the basic data
are quantitative, yet they have provided a
great deal of qualuative information. Much of
this information was derived when the shuttle
photographs were coupled with near-simulta-
neous data collected by surface platforms and
other spaceborne sensors.

Future shuttle missions must evolve from
the sole use of photography to equipping fu-
ture shuttle crews with other remote sensing
instruments that can provide quantitative
ocean data. In addition, the program must
continue 1o take advantage of trained ocean
observers who work interactively with data
collection instruments and scientists posi-
tioned on the ocean’s surface. The questions
then become What are these instruments?
How should they be used? This issue will be
the main thrust of the remainder of this pa-
per. Three unique paths of ocean research
appear to be possible aboard future shuttle
Hights. These topics are presented in order
ot decreasing sophistication.

Process-Oriented Studies Made in Collabo-
ration With Surface Experiments

These stand-alone experiment results
would be «xpanded greatly by the input of
shuttle . uservations. However, dedicated sur-
tacesshuttle experiments could be conducted
to study some special ocean process that is
not definable except by such an effort. In ad-
dition, the shutte could be used 1o test new
remote sensing instrumentation.

Repeated Surveys of Known Ocean Process-
es or Events

Many ocean procer-.os could benefit from
such surveillance, e.g., internal waves, phyto-
plankton blooms, bioluminescence, and river
outflows.

The Search for Previously Unrecognized
Ocean Phenomena

Lhese phenomena could indude submesos-
cale avdonsc eddies, open ocean plankion
blooms, and extensinve surtactants.
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It is worth noting that manned and un-
manned satellite observations appear to com-
plement rather than compete with one anoth-
er. For example, unmanned satellites operate
in fixed configurations, gather data continu-
ously, use proven technology, and have site
revisit capabililty. The shuttle data-gathering
capabilities are characterized by considerably
more flexibility, and judgments are often
conditioned by space crews and/or ground
scientists, as well as the opportunity to re-
trieve, modify, and refly instrumentation.
Perhaps most importantly, much of the shut-
tle data interpretation can be conditioned lat-
er by the on-board experience of the ocean-
ographer/astronaut.

The price paid for the flexibility of doing
oceanography from the shuttle is in the short
flights of the spacecraft and the difhiculty in
scheduling. A final important limitation is im-
posed by each mission’s orbit angle north or
south of the equator. In other words, will the
mission’s orbit go far enough north (or south)
to reach a given area of study? In the period
before Challenger, only one mission in six
went closer to the poles than 28° north or
south.

Scientific Program

What can be done by way of “hard” weean
science from the shuttle? The answers, condi-
tioned by short flights and the difhculty of
courbilsnting wmstoerall ol olap srhasbedles
utilize a part or all of the three research
paths mentioned.

Origins and Dynamics of Submesoscale
Baroclinic Fddies

The recognition of the ubiquitousness and
cyclonic nature of the surface submesoscale
eddy field. such as shown in Figure 2, is
clearly one of the major results from shuttle
flight STS-41-G. Whether the eddies are truly
oceanic 1s moot (re., do thev have a signih-
cant subsurface extension, or are they atmo-
spherically induced surface ettects?). A set of
experiments needs to be conducted, probably
in the Mediterranean, in which observations
of the ocean density field on a hime gnid are
made corcurrently with shuttle camera re-
cordmgs and. 1i possibie, Synthetc Aperture
Radar (SAR) obsvervations.

The objectives of such a set of experiments
would be to test the hypotheses that the ed-
dies are oceanic and that they are shed from
the ‘Gvddome side™ ot larger-scale geostrophi-
cally balanced currents. Repeated observa-
tions ot the same edd+ with accurate camera
pointing and geographudal locanon are essen-
tial to this type of experiment. In a survey
mode, the temporal and geographic distribu-
tion of the eddies in th= world’s oceans would
be highly informatne.

Oceanic Phytoplankton

Many areas of the ocean are not accessible
by ship tor studies ' phytoplankton activity.
Thus knowledge o. his phenomenon is virtu-
ally nil. Shuttle sui .¢'vs of such remote re-
gions by colorimetre would add to our under-
standing of biologicai activity in the sea. In
addiion, provocative mages and photo-
graphs of greenish Lues in open ocean areas
suggest productivity :n regions that conven-
tional wisdotn says are relatively sterile. Even
coarse measurements of pigment concentra-
tions would, i these «ases, be valuable.

Generation and Propagation of Internal
Solitons

Packets of internal waves, or solitons, such
as shown in the composite photograph on the
cover, have been observed from both manned
and unmanned spacecraft at a number of
sites around the world. While recent oceanic
experiments have delineated many of the dy-
namcal characteristics of these waves, much
work remains to be done on their generation
and lissipation. A surface/shuttle experiment
would include thermistor chain and/or con-
ductivity-temperature-depth (CTD) and ex-
pendable bathythermograph (XBT) work to
measure the subsurface properties at a given
position, and repeated camera and SAR im-
ages of the area from a shuttle would reveal
much of the horizontal extent. Candidate
sites are the straits of Messina and Gibrahar,
the New York Bight, the Gulf of Califorpia,
and the Sulu, Andaman, and Celebes seas.

A survey of the distribunon, rate of occur-
rence, and ume behavior of internal waves
would aid in a deeper understanding ot the
factors that control their generation, propa-
gation, and dissipation. Certain regions, such
as continental shelf edges and island avcs, are
espectdly attracuve candidates, but much ot
the work could take place on a target of op-
portunity basis, given a moderatehy well-
trained and perceptive shuttle crew.

Uceanit Biocluminescence

Occurrences of natural bioluminescence
would be visible from shuttle altitudes. 1ts na-
ture and distribution in the ocean is compli-
cated. In general, bioluminescence patterns
follow the overall patterns of primary pro-
ductivity in the oceans. However, since many
of the photosvnthetic organisms are nonbio-
luminescent, it is dithcult to equate the abun-
dance of bioluminescence directly with pro-
ducuviny.

Global measurements could idenuty re-
gions of active bioluminescence. which could
supply predicne information. Since most
bioluminescence is caused by stimulation, ex-
periments can be carned out by using a shap
to stunulate the lumimescence and observing
the emission with aircratt and the shutle.
Amv expernimentaton will be ditheult because
of the problems of idenufving the phenome-
non and (because of spurious light sources) in
making measurements. A camera that intensi-
fies images at low light levels and moonless
nights are necessary. Possible sites tor such an
experiment indude Jamaca Bav, the Arabian
Sea, and the Gult of Bengal.

River Outflow/Ocean Interactions

Matertal-laden river outflows have been te-
peatedly photographed trom space. These
unages have provded information on the na-
tute of delta formanon and on the trajectory
ot regional longshore How, Such repeat pho-
tographs uulize the river plumes as Lagrang-
1an tracers to detine the near-shore ocean
circulation. For example, the Amazon out-
How can be used to trace the tormation of the
equatontal undercurrent by the How teversal
that occurs when the Guiana Current im-
pinges on water masses north ot the ouflon.
Lhe slow sahiminy and discoloration that occun
can be seen as tar west as the Batbados is-
lands. The use of ocean color scanners can
vicld measurements of the near-sutface dif-
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fuse attenuation and chlorophyll concentra-
tions, while photographs of the river plume
can serve as high-resolution How tracers that
permit small-scale frontal mixing studies.
Candidate rivers for the repeated seasonal
observations are the Amazon, Ornnoco, Mis-
sissippi, Nile, Indus, Ganges, and Yangtze.

Surface Effects

The origin of organic films, scums, and oily
layers is an intriguing question: Biogenic ma-
terials are suspected of being the source of
much of the material. Such oils damp the
short-length gravity and capillary waves and
thus modify the surface optical reflectivity,
perhaps including the radar backscatter coef-
ficient. This mechanism would possibly allow
camera and SAR imaging of such features as
the submesoscale eddies and internal waves.
However, there are questions as 1o whether
the camera imagery and the SAR imagery
represent the same phenomenon, since the
camera images optical wavelengths in for-
ward scatter and specular reflection, while
the SAR uses backscattered radiation at centi-
meter and decimeter lengths. The determina-
tion of the variability, extent of coverage, and
temporal aspects of these sea surface reflec-
tance patterns is of considerable interest.

Instrument Requirements

A variety of instruments has been consid-
sl Low i i ihie mrons wed prog roems T he
following remarks will discuss these instru-
ments in order of mcreasing sophistication.

Hand-Held Cameras

Although quanutative radiometric anabyses
are chithcult o do wih hlm imagery, their
easy acquisition s an argument for the con-
tnued use of film cameras in e shuttle cab-
. A battery of two 70-mm cameras with lens
turrets, hlters, and polarizers has been
strongly recommended tor use aboard the
shuttle.

Auviomaad ieconding of e e, pomting
angles, exposure patameters, polarization,
hlm tvpeand lens tvpe would signibicantly
mcrease the abiliny to do sennquanttative
analyses of shuttle photography. However,
B mesvmnani Laaul v bttt diskut iieiak <o
the windows presently in the shuttle cabin
prevent the highest resolution spatal o1 spec-
tral data that ate mherent i qualine cameras
In addition 1o opucal-quahity windows, some
method of deaning the outside of the win-
dows s tequired We hope that the shuale
that will teplace the Challenger will have such
unproved windows

Multicamera Battery in the Shuttle Bay

Bartimg unproved data recordimg and the
stallation of optical windows, high-resolu-
tion optical maging svstems mounted i the
shuttle bay would be usetul These systems,
open to space, would be used for imaging
scenes where tesalunon, tather than spectral
mtormation, s of prone nterest (¢ g, \Illl)
wakes and waves)

Phe unut, consisting of 4 multicamera bat-
teny that would unhze a vanets of il and
multispeciral o palanzer filter combinanons,
would be controlled trom made the cabim o
on the ground A charge-conpled device
(CCI video svstem using two video camer as
would be used One video umit would be da
ectable o allow the astronaut or ground ob-
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Fig. 2.

water cutrers (NASA photograph 41 -016/7).

Submesoscale spiral eddies caught i the sun glint of the shelt waters oft the
northeastern seaboard of the United States. This photograph was taken trom the shunle ¢n
October 9. 1984 at 1722 UL from an alitude of approximatel 200 km. The Ime of de-
marcation in the lower tight corner of the photograph marks the notth wall of the Gult
Stream. The warm waters of the Sargasso Sea lie to the tight of the ine. To the left of the
line and prion 1o the spiral eddies lies an area of apparent shear rebated to the counter-
movement of the nartheastward moving Gulf Stream and the southwestward moving shelt

server to preview upcoming scenes. The sec-
ond would be bore-sighted with the multica-
mera battery to allow accurate firing of the
flm devices. 1f the system could be hred
from the ground, it would be a facility instru-
ment to be carried on many other tlights in
addition to those with oceanographers on
board.

Low-Light Level Camera

Bioluminescence studies can be made from
the shuttle by using a low-light level camera
in the cabin in controlled experiments. Al-
though strong natural bioluminescence can
be seen from shuttle altitudes, several techm-
cal dithculties are present, indluding the need
to block out light trom the tnng of the hy-
drazene stabilization jews, reduction ot interi-
or cabin lights 1o very low levels, and the
need 1o operate on nights when the moon is
not visible. However, space-qualified svstems
currently exist that appear to meet the re-
quirements.

Multispectral Scanner

Fhe measurement of ocean color with me-
dium-resolinion smaging spectral radiometers
would be of major oceanographic impor
tance. The success of the Nimbus Coastal
Zone Color Scanner (CZCS) in the quantita-
tive determination of chlotophyll concentra-
tons and diftuse atenvanon coethaents sug-
gests that thing sinnlar isttuments on the
shuttle would be usetul (especally since the
CZCS is no longer tunctioning and no un-
wanned saethie sensor replicement s o be
made)

In the shuttle, synoptic camera observa-
tions and human interpretation would sup-
plement color scanner measurements. Such a
svatem may have 1o be mounted in the shuttle
by and used in 4 tashion similar to (and per-
haps in conjunction with) the multicamera
battery alveady discussed.

Optical Spectrometer/Fluorometer

A simple, perhaps hand-held, optical spec-
trometerlescope that tecords spectra either
yraphically or on film can be used to make
qualitative, rapid observanons ot the spectral
content of optical signabs form the ocean sur-
tace Opucal Huotescence trom the sea would
also be usetul, sinceat is currently thought
that such signals e strong enough o be
seen trom spacecratt altitudes. Again, such an
istrament could be used i the cabin or
placed m the bay and bore-sighted with a
mulncamesa batteny

Synthetic Aperture Radar (SAR)

Lhe shuttle thghts that will carry SAR
iShuade Tmaging Radar (STR) C and 1) are
excecdingly unportane opportuniaes for the
oceanographer-m-space program. A wide va-
tiets ol signatuies are apparent i radar -
ages of the ocean sartace, some ot which are
undentood quantitatvels cand some not at
b Evers ettorowill be made 1o place an
oceanogtapher on cach of the SAR missions.
A coordinated surlace shutile program of ra-
b taging, opncal uaging, and visual ob-
servattons will be plained tor these thights
Such phenomena das surtace shoks, ship
wavesonternal wavesand sumlar processes
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that modulate the small-scale surface rough-
ness of the ocean are, in principle, observable
with all these sensors. (Note that SAR mis-
sions are normally planned for higher lati-
tude orbits than other shuttle flights, even as
high as the polar regions).

The Next Step

Uniil now, the shuttle ocean research pro-
gram has been one of using a platform of op-
portunity to conduct ocean surveillance. The
previous remarks show how the ocean re-
search that is to be conducted on future
flights can be expanded to include instru-
mentation that will qualify active and passive
spectral signals of ocean features. To maxi-
mize the utility of such instrumentation, the
shuttle flights carrying these devices should
be coordinated with ongoing ocean experi-
ments utilizing sea observations from ships,
platforms, and/or buovs. This effort can be

facilitated by coordination between agencies
that support ocean research. These programs
should be carefully coordinated programmat-
ically, i.e., there should be a close working re-
lationship between OCNR, the National Sci-
ence Foundation, the National Aeronautics
and Space Administration (NASA), the Na-
tional Oceanic and Atmospheric Administra-
tion (NOAA), and other interested ocean in-
stitutions and laboratories.

A critical aspect of this article is the solicita-
tion of the thoughts of readers regarding the
conduct of oceanographic research involving
a researcher in space. Please consider the re-
marks that we have presented here and send
us any ideas that you might have on scientist-
in-space ocean research. Also, if you will be
conducting an at-sea experiment during 1988
and believe that shuttle data would expand
vour results, tell us how you think this might
be done. Given the constraints of the pro-
gram, we will try 1o join you in a cooperative
experiment. Send your ideas and comments
to Space Oceanography Working Group,
Ocean Science and Technology Directorate,
Othce of the Chief of Naval Research, 800
North Quiney Street, Arlington, VA 22217-
5000, Your participation would be highly ap-
previated and would significantly help the
nealy tormed ONR/ONT Space Oceanogra-
phy Working Group to develop the most
thorough and meaningtul long-range space
oceanography science and technology plan.

Appendix A. Some
Oceanographic Results That
Have Come From Studies of
the Shuttle Photographs

® [ hie exastence of submesoscale ovelonic
eddies i numerous regions of the world, in-
cluding both the northern and southern
hemispheres.

® Ship wakes vable for 200 km.

o Internal sohtary waves propagating out
of the Strait of Gibralwar into the Mediterra-
nean Sed

® Submesoscate eddies m the area north ot
the Gult Stream

¢ Conrelations between suttace hlamentary
stractutes seen m the sun gling with Larger-
scale thermal flow patterns seen i NOAA
Advanced Very High Resolution Radiometer
CAVHKRY mirared mnagery.

® [\and wakes.
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® The extent of offshore river outflows.
® The presence of phytoplankton blooms.

pendix B. Shuttle-
Related Research
Opportunities

® Submesoscale Eddies. Characteristics
((emporal and spatial), dynamics, \orucnv,
origin, and their possible relationship to in-
ternal wave field.

® Ocean Fronts. Characteristics, dynam-
ics, relationships of apparent shear zone, and
current and temperature field.

® Air-Sea Interaction. Characteristics, dis-

tribution (spatial and temporal), generation,
and propagation.
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® River/Ocean Interaction. Plume distri-
bution, water mass mixing relationships.

® Sediment Fluxes. Coastal/ocean sedi-
ment distribution.

® Bioluminescence. Visibility, distribution
of phytoplankton species, relationship to
physical environment (f any).

® Optical Properties. Diffuse attenuation
coefficient; temporal, spatial, and depth dis-
tribution; coupling with photosynthetic pig-
ments; and ocean color.

® Shallow Water Bathymetry. Optimum
spectral wavelength, bottom type, and map-
ping and charting.

® Estuarine Oceanography. Physical and
biological characteristics, flow patterns and
dynamics.

® Marine Microlayer.

Surfactant films,
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distribution, dynamics, origin, polarization,
wind effects, and optical and radar scattering

® Micrometeorology. Von Karman vorti-
cities, evaporation fluxes, water mass, clouds,
and sea/land breeze distributions.

® Ship Wakes. Kelvin, nested Kelvin, and
turbulent.

® Surface Gravity Waves.
refracted effects.

® Islan] Wakes.
tionships, slablhl)

® Chanyes in Optical Properties Under F!
Nifio. Shoit-term climatic change.

® Upwelling. color/roughness/tempera-
ture correlations, spatial and temporal distri-
butions.

® Zero Gravity Hydrodynamics.
ments within the shuttle).

Spectrum and

Wind stress/current rela-

(Experi-
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