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ABSTRACT

Current terrestrial and hydrographic laser remote sensing research and applications are briefly reviewed. New
progress in airborne oceanic lidar instrumentation and applications is then highlighted. Topics include the unique
role of airborne active-passive (laser-solar) correlation spectroscopy methods in oceanic radiative transfer studies.
Based on a perceived need for high resolution, improved specificity, and wider range of applicability than
fluorescence methods, laser-induced resonance Raman and atomic emission spectra of oceanic constituents are
suggested.
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1. INTRODUCTION

Airborne laser (active) systems are presently contributing to NASA's Earth Science Enterprise (ESE) through the
development and validation of satellite algorithms for the Moderate Resolution Imaging Spectroradiometer
(MODIS)123. Such passive (solar) algorithms are used to retrieve the optical properties and constituents of the global
oceans. MODIS is scheduled for launch in July 1999 aboard the Earth Observing System (EOS) AM1 platform.
The EOS is the cornerstone of the observational strategy of the United States Global Change Research Program
(USGCRP). In turn, the USGCRP is an integral part of the International Geosphere-Biosphere Program (IGBP) and
the World Climate Research Program (WCRP).

The oceans are sinks and sources for key compounds in global biogeochemical cycles. Likewise primary production
is a major factor in the global carbon cycle and a governing factor in atmospheric CO2 balance. Ocean productivity,
especially in coastal zones, fundamentally limits fish harvests and related direct societal exploitation of ocean
biological resources4.

2. GLOBAL CHANGE RESEARCH AND ACTIVE-PASSIVE (LASER-SOLAR)
SPECTRAL MEASUREMENTS

2.1 Active (Laser) Spectral Measurements

Carbon cycle studies are being addressed using both shipboard laser fluorometers (SLF) and airborne oceanographic
lidar (AOL) systems to develop satellite algorithms for global retrieval of optical properties and/or carbon-containing
constituents (phytoplankton chlorophyll and chromophoric dissolved organic matter, CDOM)12'3.

Typically a 532nm Nd:YAG laser is used to induce fluorescence emission at 683iim from the intracellular
chlorophyll5'6'7'8. Spectra from the ship or the airborne system includes the water Raman line at '-'645nm providing
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water column attenuation information9"0. Furthermore, the spectra include the laser-induced fluorescence of
phycoerythrobilin (PEB) fluorescence at —560nm to 585nm depending on the presence of phycourobilm (PUB)
chromophores substituted at PEB chromophore sites7. The phytoplankton containing phycoerythrin are important
since they have been shown to fix nitrogen11, a nutrient used by phytoplankton, and can therefore limit growth.

The concurrently available 355nm UV pulsed output from the Nd:YAG laser is used to simultaneously stimulate an
adjoining water parcel to yield the CDOM fluorescence whose broad peak occurs at --45Onm. This fluorescence
spectral signal can be normalized by the water Raman at 4O2nm. This water Raman normalized CDOM can be
readily converted to the absolute absorption coefficient of CDOM, aCDOM(355)""'3. Recent work'4 strongly suggests
that the molar carbon can be derived from the absorption coefficient. Thus, the eventual satellite retrieval of the
CDOM absorption coefficient could lead to the global satellite mapping of carbon in the upper several meters of the
ocean seen by satellite. In turn the quantification of the large pool of oceanic dissolved organic carbon could lead
to improved knowledge of the global carbon cycle.

2.2 Active-Passive (LaserSo1ar) Spectral Measurements

Passive spectroradiometers have been flown together with airborne lidar fluorosensors to provide remarkable
quantities of correlative data215'16"7"8. These data quantities are far in excess of individual-station sampling from
ships2 and allow the precise test and validation of radiative transfer models needed for passive retrieval of oceanic
optical properties and/or constituents. Typically, for forward modeling, the laser chlorophyll fluorescence is
converted to chlorophyll biomass and then to absorption coefficient using typical specific absorption coefficients.
The water-leaving radiance is then calculated using an oceanic radiance model derived from the radiance transfer
equation (RTE)'9. Such experiments have allowed the determination of the high precision of both the RTE-based
models and the airborne active-passive measurements2. More importantly, the passive RTE-based model can be
readily inverted using matrix methods to retrieve the absorption coefficient of chlorophyll, the absorption coefficient
of CDOM and the backscatter of all the constituents°. Using airborne water-leaving radiances, it has been recently
shown that the inversions are well-conditioned and additionally can be validated by using the laser induced
chorophyll fluorescence and CDOM3. Such passive radiance model inversions are directly applicable to satellite
derived water-leaving radiances and can therefore be used to concurrently produce global maps of phytoplankton
absorption and CDOM absorption both of which can be converted to molar carbon. While the algorithms for
converting chlorophyll and/or CDOM to carbon are under development they are not expected to be the primary
problem. The principal problem is the accurate removal of atmospheric radiance from the satellite measured
radiances.

2.3. Metric Measurements

Global change can also be studied and potentially assessed using high accuracy short-pulse airborne lidar systems2'
to address global warming issues and the possibility of melting of polar region ice masses. Here, the ice sheet is
mapped and/or profiled by airborne pulsed laser systems. The laser spot must be accurately located on the ice sheet
in order to meet the necessary accuracy requirements (<20cm). Accordingly the aircraft laser system position is
determined by dual frequency carrier phase Global Positioning System (GPS) receivers. A ring laser gyro inertial
navigation system (INS) is used to determine and account for aircraft attitude variations. Widely separated GPS
antennas further allow independent aircraft attitude information to monitor drift in INS pitch, roll, and heading.
Results from flight data over the Greenland ice sheet indicate that ice surface elevations can be reliably measured
to an accuracy of -2Ocm and possibly —10cm21.
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3. REGIONAL ENVIRONMENTAL CHANGE: PULSE TIM&OF-FLIGHT,
SPECTRAL, AND TIME-DECAY MEASUREMENTS

3.1 Pu1se.Tinie-ofFIight Measurements

Pulse time-of-flight measurements were among the first applications of pulsed laser systems and even today are still
being applied to important environmental problems. In the 1970's and 1980's the applications to terrain mapping
and bathymetry were hampered by the lack of a practical means of positioning/locating the airborne platform that
carried the lidar system. Additionally, the location of the laser footprint on the surface also demanded accurate
roll/pitch attitude information available then by mechanical/inertial gyroscopic systems. Today, the availability of
the Global Positioning System and laser-based gyro systems has significantly improved the application of lidar
systems to regional environmental problems. For example, beach erosion mapping missions over vast stretches of
the California and Eastern U.S. coastlines have recently been completed. Today's technology would allow past
demonstrations of submerged plumes (suggestive of underwater erosion) to be more accurately pinpointed and
modeled. While coral reef mapping has not enjoyed the attention and success of hydrographic mapping, the threat
and realities of extensive coral bleaching is leading to renewed interest in establishing interagency programs to
provide baseline and continuing measurement efforts as witnessed by a recent February 1999 conference in florida.
The extension of pulse time-of-flight measurements to include laser-induced-fluorescence may be possible but
probably difficult to accomplish in the case of chlorophyll fluorescence emission at 683nm because of water-column
attenuation at this wavelength. The observation of fluorescence emission at —570nm from symbiotic phycoerythrin-
containing zooxanthella may prove more viable. Finally, it is recommended that active-passive (laser-solar) methods
be tested over coral reefs. Such active-passive correlation spectral correlation (APCS) methods have had
considerable success in ocean color studies'7'18 most notably the development of satellite algorithm development
for the retrieval of global oceanic inherent optical properties such as phytoplankton absorption coefficient, CDOM
absorption coefficient, and total backscattering coefficients. The application of such algorithms to satellite data is
presently hindered by the lack of algorithms to accurately remove the residual atmospheric radiance contributions.

3.2. Vegetation Height Distribution and Canopy Fluorescence

The remarkable potential of airborne lidar systems to evaluate vegetation parameters such a timber volume was
recognized early27 and continues today. The possibility of simultaneously assessing the health of vegetation was
soon demonstrated by observing the leaf fluorescence emission together with the vegetation profile.

3.3 Plant Physiology

In addition to the vegetation height and leaf/canopy fluorescence, the inclusion of yet another parameter, the time
decay of fluorescence° suggests the remote definition of plant physiology31. The study of these methods has led to
the specification of the laser pulse energy requirements32 and the development of leaf and canopy fluorescence
models to better relate chlorophyll fluorescence and photosynthesis33. The instruments and techniques are undergoing
more development in Europe than in the U.S.34'35'36.

3.4 Other Spectral and Temporal Measurements

Oil spills have long been an environmental concern. Airborne lidar studies have shown that it is possible to measure
the oil film thickness for thicknesses of .-4OOOnm37 beyond which the laser-induced water Raman signal is too
severely attenuated for reliable measurements. At that point microwave measurements are sometimes used to further
infer the thickness38. Airborne laser-induced spectral fluorescence measurements have been used to show that the
absolute oil fluorescence spectral fluorescence conversion efficiency can be retrieved from temporal decay data
obtained at several wavelengths39. This potentially allows "fingerprinting" the type of crude using a data base of
coefficients for various crude oils.



Man-made° and naturally occurring oceanic surface films can quite easily detected using airborne lidar systems.
The detection is accomplished through the modification of the water column backscatter by the suppression of
capillary/short water waves by the film41. Such films are also detectable by microwave radar42.

4. ADVANCED OCEANIC LIDAR SYSTEMS

4.1 Resonance Raman Spectroscopy

The laser induced fluorescence of oceanic constituents is of course limited to those that actually fluoresce. For
constituents that do not fluoresce, or are weakly fluorescent, no information is obtained by airborne laser induced
spectrofluorometry. hi the case of oceanic phytoplankton the carotinoids and phycocyanins are essentially
inaccessible by fluorescence methods leaving only the chlorophyll and phycoerythrobilins available for study.
Additionally, a very large number of oceanic constituent molecules/atoms/ions are not accessible by fluorescence
methods.

Fortunately, algal carotenoids and chlorophylls have a resonance Raman spectrum43. Generally, resonance Raman
spectroscopy (RRS) possesses (1) high specificity (or molecular spectral signature), that is (2) independent of the
excitation wavelength, (3) molecular signatures that are the sum of the individual components, (4) nearly independent
of the state (solid, liquid, gas), (5) can be calibrated by comparison to co-existing species, (6) insensitive to water
molecule quenching. RRS has been demonstrated in aqueous suspensions of marine plankton and the sensitivity and
rapidity of the method suggested that it may be useful in remote sensing applications42. Fortunately, ground-based
remote RRS systems for atmospheric research are now appearing and laboratory work suggests that ground and
airborne remote sensing systems may be possible for marine applications especially algal detection and
identification42. While background fluorescence is observed in natural samples, it is not deemed a major problem42
and methods have been suggested to mitigate the proble:m45.

4.2 Laser Induced Plasma Spectroscopy

More than thirty years ago a laser-induced plasma was produced within water. This phenomenon is due to electron
avalanche ionization47. To date this method has not been applied to oceanic remote measurements. The main
difficulty is that the high power densities (via small spot diameter) required to reach the breakdown threshold for
ionization are proportional to the focal length of the lens'49. The focal length is the remote sensing distance and
the spot size rapidly grows too large to produce the needed breakdown threshold power density. New hope for
airborne oceanic feasibility is provided by the recent demonstration of laser induced breakdown spectroscopy (LIBS)
of terrestrial samples at distances of >25m°. While the ocean contains a plethora of living and dead particles and
ions having a molar concentration of >1mM51, trace elements such as iron52 may have significant influence on global
chemical cycling. Thus, the ability to measure oceanic trace elements over wide regions is of high importance.
NASA's forthcoming Earth Science Enterprise Science Implementation Plan will emphasize six science areas
including the Global Carbon Cycle: thus direct airborne laser sensing of elemental carbon via plasma spectroscopy
may significantly assist in the development of global oceanic satellite algorithms for carbon distribution. Airborne
laser-induced plasma spectroscopy offers this possibility while present laser-induced fluorescence capabilities do not.

4.3 Sound Velocity in the Ocean: Brillouin Scattering

Airborne lidar measurement of oceanic sound velocity using Brillouin scattering has not yet been announced. Recent
progress in Faraday filters may provide better background noise rejection and transmission53.

4.4 Imaging Laser Systems

Imaging laser systems are now showing more promise in underwater applications. Gated, sychronously scanned
systems are already capable of ranges beyond conventional floodlight illuminated silicon intensified tube cameras54.
The potential for retrieving 3-dimensional distributions of chlorophyll over a broad range of concentrations has also
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been demonstrated55.

4.5 Earth-Orbiting Lidar

Earth-orbiting spaceborne lidars are poised to make unique contributions to earth science. The Lidar In-space
Technology Experiment (LITE) has recently demonstrated the potential for measurement of stratospheric and
tropospheric aerosols, multilayer clouds, planetary boundary layer, and land/water pulse return energy data. A
satellite-borne tree canopy lidar project57 has recently been approved.
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