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Airborne lidar detection of subsurface oceanic

scattering layers

Frank E. Hoge, C. Wayne Wright, William B. Krabill, Rodney R. Buntzen, Gary D. Gilbert, Robert N.

Swift, James K. Yungel, and Richard E. Berry

The airborne lidar detection and cross-sectional mapping of submerged oceanic scattering layers are reported.
The field experiment was conducted in the Atlantic Ocean southeast of Assateague Island, VA. NASA’s
Airborne Oceanographic Lidar was operated in the bathymetric mode to acquire on-wavelength 532-nm
depth-resolved backscatter signals from shelf/slope waters. Unwanted laser pulse reflection from the air-

water interface was minimized by spatial filtering and off-nadir operation.

The presence of thermal

stratification over the shelf was verified by the deployment of airborne expendable bathythermographs.
Optical bearn transmission measurements acquired from a surface truthing vessel indicated the presence of a
layer of turbid water near the sea floor over the inner portion of the shelf.

l. introduction

The terrestrial biomes, oceans, and troposphere
form the major global pools of carbon, nitrogen, sulfur,
and phosphorus. The present state of these elemental
pools and the fluxes between them must be accurately
determined if we are to effectively establish man’s
influence on the future state of the major biogeochemi-
cal cycles. One of the best methods to study global
phenomena is from spaceborne platforms. Accord-
ingly, the U.S. National Academy of Sciences has thus
established that the highest priority objective for the
study of the global biogeochemical cycles from space is
to accomplish several important goals, one of which is
the measurement of the concentration of chlorophyll a
in the world’s oceans.! Qur lidar program (of which
the work described herein is a part) addresses the
measurement of oceanic constituents and water opti-
cal properties in general and the active-passive mea-
surement of phytoplankton pigments specifically.

Recent models show progress in relating satellite-
derived chlorophyll to oceanic primary production.?
Since the oceans account for about one-third of the
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total global plant fixation of carbon,? accurate remote
measurements are required to both establish and im-
prove total productivity estimates. As suggested by
the ocean science community, the satellite data should
be validated by a modest sea truth activity.4

The most serious reservations about remotely
sensed chlorophyll data have been recently summa-
rized.* First, such satellite sensors view or detect only
a small fraction of the total phyteplankton biomass in
the upper water column (5% or less, accounting for up
to 11% of the biomass turnover). Second, satellite
data miss the peaks of the vertical distribution of bio-
mass and production.® Third, all information of the
vertical structure is lost. In spite of these limitations,
it is generally felt that there is a role for satellite-
derived chlorophyll measurements and primary pro-
duction estimates in regional oceanographic applica-

‘tions, provided that a supporting sea-truthing

program is carried out as well .4

Research vessels have generally been employed to
provide the surface truthing measurements essential
to the quantitative interpretation of satellite ocean
color imagery. A well-equipped research vesse!l is ca-
pable of making very accurate measurements of a large
number of physical, chemical, and biological parame-
ters. Moreover these measurements can be extended
into the water column to provide the vertical distribu-
tion of these parameters. Unfortunately, research
vessels have a significant limitation: their speed se-
verely restricts the area of coverage. Accordingly, as
the ship steams within a satellite-imaged area, the
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simultaneity of the satellite-ship data continually di-
minishes. To partially overcome this problem, more
ships can be used. However, the cost of using more
and more vessels eventually dilutes the attractiveness
of the very satellite method itself.

More recently, instrumented aircraft have been uti-

lized in coordinated experiments involving ship and

satellite platforms. The aircraft is used in conjunction
with the research vessel(s) to significantly extend their
_ area of contemporaneous truthing within the satellite
image. The measurements made from the research
vessel are used to ensure the validity of the low flying
airborne sensor measurement. The speed of the air-
craft (15-25 times that of the research vessel) allows
the extension of the validated measurement over wide
areas. Present capabilities of aircraft sensors for sup-
porting satellite ocean color applications are, however,
restricted to the upper surface layer. Active laser-
induced fluorosensor chlorophyll measurements are
essentially restricted to the upper several meters of the
water column,® while passive ocean color observations
include the integration of information coming from
deeper in the surface layer.” To utilize the full poten-
tial afforded by the speed of an aircraft platform, in-
strumentation and techniques need to be developed to
extend the phytoplankton photopigment measure-
ment capability of the airborne sensors into the water
column.

The objective of the work described herein was to
initiate the development of airborne lidar techniques
for depth resolving chlorophyll concentration and the
distribution of scattering layers in marine waterbod-
ies. Previous investigations in the U.8.A.,8 Canada,?
Sweden,!” and Australial! have established that accu-
rate hydrographic determinations to depths in excess
of 30 m can be achieved with properly equipped air-
borne lidar systems in clear/low turbidity conditions.12
In these applications, the on-wavelength backscatter
from a blue-green laser transmitter is temporally re-
solved between the ocean surface and bottom. The
scattering layer investigations involve refinement of
these airborne hydrographic techniques to allow an
assessment of the vertical distribution of particulate
matter within the water column. With further im-
provements in instrumentation and techniques and
the addition of a second laser wavelength, the acquisi-
tion of depth resolved reflectances at two wavelengths
could be retrieved. Then, two-band algorithms, simi-
tar to those now in use with passive upwelled spectral
radiances, could be used to determine the vertical
structure of chiorophyll. The scattering layer investi-
gations were also executed to examine the feasibility of
detecting and measuring internal waves from modula-
tion in the pattern of lidar backscatter returned from
particulate layers. In certain water masses, develop-
ment of a persistent scattering layer at the maximum
density gradient near the top of the thermocline is
expected to provide sufficient backscatter cross sec-
tion to be resolved by a properly equipped airborne
lidar system.

The airborne lidar observations described in this
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paper were confined to night flights to improve the
SNR and thus establish the feasibility of the lidar
methodology. With additional development, depth-
resolved lidar backscatter data could be obtained in
daylight conditions together with spectral radiances.
Variations of correlation spectroscopy methods such
as those recently developed by Hoge and Swift!® could
then be utilized to relate the ocean color observations
to the scattering layer and vertical chlorophyll mea-
surements to provide a more solid understanding of
the integrated ocean color signals.

Observations of particulate matter extending to the
bottom of the mixed layer have been made using acous-
tic echo-sounding instrumentation’* from a moving
ship. Also, particulate matter and/or acoustic index
of refraction variations have been observed from ship
track data and corroborated by aircraft and satellite
observations.!®16  Shipboard lidar remote sensing of
internal waves and optical properties has only been
reported recently.!?

Airborne on-wavelength depth-resolved laser return
signals have been used to provide a measurement of
the effective attenuation of the water column.’®* Dur-
ing the coarse of airborne laser bathymetry and water-
optical-properties measurement experiments two lay-
ers of water with markedly different turbidity
characteristics were apparently detected in one verti-
cal column of water.!! However, no cross-sectional
display or presentation of the phenomena was given.
The airborne detection of oceanic turbidity cell struc-
ture has also been reported through the use of depth-
resolved laser-induced water Raman backscatter.!?

We report here, for the first time, the airborne lidar
detection and cross-sectional mapping of a subsurface
oceanic plume. This feature extended for several kilo-
meters in an on-shore/off-shore direction. The fieid
investigation was conducted during early June 1986 as
a cooperative endeavor between the National Aero-
nautics and Space Administration and the Naval
Ocean Systems Center. The flights were part of a
longer range program designed to develop the capabili-
ty of detecting and measuring the spatial distribution
of scattering layers in open ocean environments. This
initial flight was aimed at evaluating various elec-
trooptical components in the AOL system and their
compatibility with a high-powered Nd:YAG laser.
The flight was a precursor to making a number of
modifications necessary to optimize the sensor to meet
the scattering layer measurement program objectives.
In conducting this initial experiment, some changes 1o
the existing electrooptical system were necessarv.
These changes are described in the next section. We
realize that the system, as configured for the investiga-
tions described herein, was less than ideal for making
scattering layer measurements and that improvements
to the sensor over the next several vears will signifi-
cantly improve the results. Nonetheless, the results
thus far serve as a notable milestone and are sufficient-
ly encouraging to warrant the continued development
of the sensor for the scattering layer application.



i. Airbome Lidar Instrumentation Descriplion

The NASA Airborne Oceanographic Lidar {AQL)
was used to obtain the field data presented here. The
AOL and associated equipment were flown on a four-
engine NASA P-3A aircraft from Goddard Space
Flight Center (GSFC) Wallops Flight Facility. The
AOL has been discussed in detail in papers dealing
with various marine applications including other chlo-
rophyll mapping field experiments?>-2? as well as oil
spill, 4% tracer dye,® oceanic turbidity cell struc-

ture,!® water depth,® and laser backscatter?’?® mea-

surement investigations. The AOL is also capable of
performing terrestrial investigations?3% including leaf
fluorescence.3! The AOL also contains a passive
ocean color subsystem (POCS),?? which is applicable
to the measurement of oceanic pigments.3 The
POCS instrumentation was not used in these experi-
ments, but this or a similar spectroradiometer could be
used for the correlative studies of depth-resolved back-
scatter and passive ocean color as discussed in Sec. L.

Several new modifications to the AOL were made to
execute the scattering layer experiments described
herein. Since the changes have not been previously
reported in any of the above referenced AOL papers, a
brief narrative is provided here. A Spectra-Physics
DCR-2 laser was used as a transmitter source in this
experiment. The frequency-doubled output (532 nm)
of the laser provided a 5-ns pulse (measured at half of
the maximum pulse amplitude) at 300 mJ energy/
pulse. Although the laser is capable of operation at 20
pulses per second (pps), it was operated at 10 pps
during the scattering layer experiments because the
existing cooling equipment onboard the P-3A did not
have sufficient capacity to support sustained opera-
tion at 20 pps. A 10-cm (4-in.) square 5-nm band-
width interference filter (centered at 532 nm) was in-
serted in front of the photomultiplier to reject any
small amount of ambient light encountered during the
night mission.

Figure 1 gives the new orientation of the AOL optical
table in the NASA P-34 aircraft. It is shown horizon-
tally rotated 90° from its previous position®2:33 to bring
the laser beam directly out of the aircraft using only a
single folding mirror. The AOL scan mirror and com-
panion scan-folding mirror were not needed in this
investigation. The two-mirror scanning assembly was
removed to eliminate signal losses introduced by the
additional mirrors and to avoid damage to the mirror
surfaces from the high-powered frequency-doubied
Nd:YAG laser. The elimination of the scanning sys-
tem also helped avoid adverse effects to the receiver
components produced as a result of strong laser back-
scatter from these additional mirror surfaces. The
removal of the scan mirror assembly also necessitated
that the entire optical table be canted ~5° (forward)
relative to the floor of the aircraft to utilize an existing
portin the aircraft. The 5° tilt combined with the ~2°
nose-up attitude of the aircraft during flight results in
a ~7° off-nadir incidence angle with respect to the
mean ocean surface. This off-nadir incidence angle of
the transmitted laser beam significantly reduces the
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Fig. 1. Optical and mechanical configuration of the AOL in the P-

3A aircraft during the conduct of the scattering layer experiments.

The aperture stop and spatial filter were added to the usual optical

train to improve the rejection of the strong Fresnel reflection at the

air—water interface. The laser is positioned diagonally on the opti-

cal table for added mechanical strength and to allow the beam to exit
the aircraft after only a single mirror reflection.

strong Fresnel reflection originating at the air-water
interface. The increased dynamic range of the total
backscattered signal introduced by this strong surface
reflection is a major impediment to the straightfor-
ward detection of scattering layers.

To further reduce the strong surface reflection prior
to its detection by the photomultiplier tube, a spatial
filter was placed in the optical train. The desired
position for the spatial filter was at the telescope focal
plane. However, the arrangement of receiver optical
components in the AOL system at the time of these
preliminary scattering layer experiments precluded
installation of the spatial filter at the telescope focal
plane without significant modifications of the optical
components., Accordingly, a less optimal position was
temporarily selected at a secondary focal plane just
ahead of the repositioned bathymetry photomultiplier
tube. Itslocation is also shown in Fig. 1. The spatial
filter was an opaque obscuration matched to the diam-
eter of the brightest portion of a laser illuminated 150-
m distant target surface (as viewed by the optical svs-
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tem). The planar outline of the spatial filter was
originally ink-drawn on a transparent optical sub-
strate while directly viewing the laser-irradiated target
board. Several square-area spatial filters Fig. 1) hav-
ing varying spot sizes were constructed to allow some
limited degree of experimentation during the flight.
More sophisticated photographic methods applied in
the telescopic focal plane would no doubt allow a more
optimal filter to be developed. Ground test results
indicated that the image in the secondary focal plane
was not adequately focused to permit a reasonably
complete obscuration of the laser footprint. The in-
sertion of an aperture stop (Fig. 1) in front of the lens
that forms the secondary image was found to increase
the effectiveness of the spatial filter and was, there-
fore, included in the instrument configuration.

The inclusion of the spatial filter and field stop was a
relatively crude measure performed to allow the acqui-
sition of requisite engineering data from which an eval-
uation of the increased dynamic range afforded by
such measures could be assessed. Follow-on tests to
design and engineer the spatial filter into the telescope
focal plane are currently being conducted. Placement
of the spatial filter in the telescope focal plane is ex-
pected to provide much improved results. The aper-
ture stop reduces signal levels and is not expected to be
necessary when the spatial filter is located at the tele-
scope focal plane.

The unusual diagonal orientation of the laser head
on the AOL optical table was used to provide more
mechanical support without utilizing additional heavy
support brackets. The AOL beam-split mirror and
fluorosensor spectrometer were not used in these ini-
tial experiments since only the bathymetry mode of
the instrument was being used.

The usual AOL bathymetry waveform acquisition
electronics® were utilized only for data validation.
The 5-ns aperture of the thirty-six LeCroy 2249-SG
digitizers and the 180-ns data collection window were
both considered insufficient for performing scattering
layer measurements. Instead a Tektronix R-7912
high-resolution waveform digitizer was used to depth
resolve the on-wavelength backscatter data. The R-
7912 digitizer was set to sample the return waveform at
1-ns intervals over a 512-ns window. The digitization
of the signal was set to begin some 50-ns prior to the
arrival of the surface return so that the entire surface
return could be captured in the waveform information.
The R-7912 digitizer was separately interfaced to a
Heurikon model HK68/ME and HK68/M10 multibus
minicomputer. To compensate for the exponential
decay of the signal within the upper portion of the
water column, the gain of the R-7912 digitizer was set
to digitaily saturate the signal from surface return and
the upper portion of the water column. The analog
signal was kept below the saturation limit of the PMT.

The temporal measurements from the R-7912 digi-
tizer were routed to a Heurikon multibus computer
and were recorded on a computer compatible tape
along with time of day to millisecond resolution. The
- time of day was received from the same digital clock
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Fig. 2. Location of the various experiment flight lines executed

during the scattering laver experiment. The segments labeled 4a,

16, and 4c are geographical locations of the scattering layer profile

panels illustrated in grey tone in Fig. 4 and in color on the front cover.

utilized by a Hewlett Packard (HP) 1000-E series
minicomputer, which was used to record the remaining
digital information, including slant range, Loran-C po-
sitions, aircraft attitude, and position from an inertial
navigation system (INS), and the cutput from an air-
borne expendable bathythermograph (AXBT) subsys-
tem. The AXBTs were launched at various intervals
along the flight line to provide the vertical tempera-
ture structure as a function of depth.

. Airborne Field Experiment Description

The results given herein were obtained during an
airborne fieid experiment conducted in an area of the
Atlantic Ocean southeast of Wallops Island, VA. The
location of the flight experiment is shown in Fig. 2.
The observations were acquired over a number of dii-
fering water mass including near-coastal, shelf, slope.
and Sargasso Sea waters. The mission was performed
on the night of 10 June 1986. The flight commenced
~1 h after sunset. However, the pass from which the
results were presented in this paper was flown ~2.5 h
after sunset.

The flight tracks indicated in Fig. 2 were designed to
originate near the shoreline, to cross a relatively shal-
low stretch of shoals which parallel the coast, and to
extend seaward into areas where comparatively clear
water (outer shelf, slope, and Sargasso Sea) was known
to exist. The shoals were included in the flight track
so that at least some portion of the sea floor would be
measured in the temporal waveform captured by the
lidar system. This would provide an independent re-
cord of the instrument performance that could be re-
lated to previous experience in bathyvmetry experi-



ments, which in turn could be used to gauge the
relative strength of any scattering layer signals ac-
quired in the near shore area.

Surface truthing measurements were obtained at
five stations along the inner portion of the flight line.
The surface truthing observations were made from a
locally chartered vessel outfitted with a hydraulic
winch and cargo boom. Optical measurements were
obtained at a number of depths between the surface
and bottom with a beam transmissometer. Diffuse
attenuation coefficient measurements were made with
an irradiance meter at three of the stations occupied
during daylight conditions. The optical measure-
ments acquired with the beam transmissometer will be
subsequently discussed along with the airborne re-
sults. The data from the irradiance meter would re-
quire processing before further analysis is undertaken.

Unfortunately, due to several logistical problems
over which we had no control, many of the ship and
aircraft observations were not coincident in either time
or space. Thus a large portion of the truthing data
obtained during the airborne field experiment was not
concurrent enough to utilize for directly verifying the
airborne lidar measurements. However, the truthing
measurements can be utilized for verifying the pres-
ence of submerged scatterers within the study area.

IV. Description of Results

The first three passes of the mission were largely
consumed in optimizing the lidar system for making
the scattering layer measurements and thus were not
processed. During these passes, several different size
spatial filters were inserted into the secondary focal
plane to determine the most effective size for damping
the surface return while retaining a reasonably high
SNR for measuring the volume backscatter. Since
computerized methods for quality control had not
been developed for this application, the selection of
the most effective spatial filter size was empirically
derived from viewing a digital scope trace of the R-
7912 temporal waveform. The flight line, shown in
Fig. 2, began at point A (~2 km off the beach) and
extended into the Sargasso Sea with a dogleg at B.
Passes 1 and 3 were flown from west to east, while
passes 2 and 4 were flown in the reverse direction.
Passes 1 and 2 were shortened to provide coverage only
between points A and B. Only the results from pass 4
are discussed in this paper and labeled within Fig. 2.

A distinct region of elevated laser return from a
scattering layer in the vicinity of the shoals flanking
Assateague Island was noted on all passes. The strong
signal from the scattering layer was easily discerned
since a separate return from the ocean floor was also
apparent in the digital waveform. A typical waveform
from the inner portion of the flight line is shown in Fig.
3. The locations of the reflected signal from the ocean
bottom and return signal from the scattering layer are
labeled within the figure. As expected, the width of
the bottom return is considerably narrower than the
return pulse from the scattering layer. Notice that the
surface return from the air-water interface is off-scale.
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Fig.3. Typical on-wavelength backscatter waveform obtained dur-

ing transect over the shoal region identified as segment 4cin Fig. 2.

The location of the waveform is also labeled W in the density profile

shown in Fig. 4(c).

As previously discussed, to ensure the resolution of
volumetric features it was necessary to increase the
gain of the R-7912 to the point where the surface
return signal was digitally saturated (higher than the
10-bit maximum resolution of the R-7912} by 510X,
A persistent increase in backscatter from layers
within the ocean volume was observed over the entire
inner shelf from B (Fig. 2) landward. Patchy returns
were also detected at various points along the outer
shelf and slope water masses, especially in the slope
water adjacent to the Gulf Stream. The stremgth of
backscatter from layers in the outer shelf and slope
were considerably weaker and more difficult togquanti-
fy because of the rather significant system respense to
the large surface return and near surface signals. Ide-
ally, deconvolution techniques!® which separate the
system response function from the actual totaltempo-
ral backscattered lidar signal recorded by the AOL
should be used to process the individual waveforms.
However, the amplification of the surface retwrn por-
tion of the backscattered waveform into digitalsatura-
tion prevented the application of this formal approach.
Instead, a simple environmental subtractian tech-
nique was used to demonstrate the adequacy ofsome of
the lidar system components for the scattering layer
investigation and to prove the general feasibility of the
airborne methodology. The environmental sabtrac-
tion technique was originally developed and fwand to
be successful for processing bathymetric data?®
Briefly, this technique involves developing a com-
puter matrix look-up table based on obsereations
made in regions known to have extremely low bvels of
particulate scattering and to subseguently sabtract
these waveforms from those waveforms obtaned in
areas where heavier particulate loading is expected to
be present. In practice, the amplitude of thesurface
return is known to produce system related temiporal
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artifacts in the bathymetric waveform which are repro-
ducible. In previous applications of this technique, a
key channel located near the peak of the surface return
was used to match clear water waveforms with similar
amplitude waveforms containing particulate backscat-
ter. However, due to the necessity todigitally saturate
the surface return, it was necessary to instead select a
channel on the trailing edge of the surface return to
serve this purpose.

Prior to processing and plotting, the 512-channel
digital waveforms were resampled with a simple five-
channel block average. This resulted in 102 channels
each 5 ns wide. The averaging was done to reduce
channel-to-channel noise and to decrease the comput-
er memory requirements for the clear water matrix
utilized in the environmental subtraction process.
The clear water matrix is developed by averaging
waveforms obtained in the Sargasso Sea into groups
determined according to the amplitude of the key
channel. The matrix contains some fifty equally
spaced groups arranged between twenty and 1000
counts. During data processing the appropriate clear
water waveform (based on the amplitude of the key
channel in the waveform under consideration) is devel-
oped through interpolation from the matrix look-up
table. This interpolated waveform is subsequently
subtracted from the individual waveform to produce a
residual waveform. Since both the observed and in-
terpolated waveforms possess the system response
function almost equally, the residual waveform can be
considered approximately a measure of the actual dif-
ference in volume backscatter. Accordingly, varia-
tions seen in along-track plots of the backscatter densi-
ty developed from the residual waveforms indicate
differences in optical properties primarily due to par-
ticulate backscattering.

A series of density plots of the residual waveform
data from Pass 4 (flown from east to west) is shown in
grey scale in Fig. 4 as well as in a color coded represen-
taticn on the front cover of this issue. The color coded
image shown on the front cover more clearly iliustrates
the features under consideration and should be re-
ferred to during this and subsequent discussions of the
residual waveform density plots. The density plotofa
representative portion of the residual waveform data
obtained in the Sargasso Sea on Pass 4 is labeled as
segment a in the figure. The geographical locations of
this and the other similarly labeled backscatter densi-
tv plots are given in Fig. 2. The horizontal axis in the
plot represents elapsed flight time or along-track dis-
tance {with each major tick mark representing ~6 km},
while the vertical axis spans ~30 m of depth. Al-
though the Tektronix R-7912 temporal waveform digi-
tizer was set to provide ~50 m of depth measurement,
the svstem resolution during the experiment restricted
the usable measurement range to ~30 m in the envi-
ronmental conditions found on the shelf. The com-
paratively small pulse-to-pulse variability is an indica-
tien of the effectiveness of the environmental
subtraction technique for removing the amplitude re-
lated system response from the residual waveforms.

3974 APPLIED OPTICS 7 Vol 27.No. 19 / 1 October 1988

Sarganas S

8 a ’ -
- = '} - .'-—. -M - -y .-V
]f TEN:

BN T TV

Shsl Watar

Fig. 4. Density plot of the backscatter profiles as developed from

temporal waveforms te which environmenta) subtraction has been

applied: (a) Sargasso Sea region; (b) slope water region; (c) inner

shelf-water region. The geographical location of each of these re-
gions is identified as 4a. 48, 4c, respectively, in Fig. 2.

The low residual backscatter seen on the plot would. of
course, be expected since the clear water matrix was
developed from the Sargasso Sea observations of
which this data set is & part. However, the actual base
level of particulate backscatter contained in the Sar-
gasso Sea observations will become apparent in a rela-
tive sense as the elear water waveforms are differenced
from data acquired over the other water masses to form
positive residuals.

A density plot of the residual waveform data from
pass 4 beginning in the vicinity of the shelf break
(eastern portion of the pass) and extending across the
slope and shelf water masses (to point B in Fig. 2) is
shown as b (Fig. 4 and front cover). Inthis figure, only
every twenty-fourth laser measurement has heen plot-
ted to permit the bulk of the shelf and slope water
masses to be viewed in a single illustration. Note the
distinct patterns of subsurface backscatter that are
apparent in the vicinity of the shelf break (near the
beginning of the pass) and along the inner shelf (near
the end of the pass).

A density plot of residual waveforms obtained for
the inner section of pass 4 is presented as ¢ (Fig. 4 and
front cover). The positions of the sea floor and the
scattering layer are labeled within the figure. The
backscattered temporal waveform shown in Fig. 3 was
extracted from the data at the point in the figure
labeled W. The patchy backscatter which was appar-
ent over much of the inner shelf is obvious near the
beginning of the plot. The strong crescent-shaped
bottom return from the shoal is a prominent feature in
this section. A distinct plume is apparent from the
strong backscatter commencing near the top of the
shoal. From the pattern shown in the backscattered
laser return, the plume initially appears along the east-
ern edge of the shoal. As the aircraft proceeded from
east to west, the plume appears higher in the water
column and can be seen to widen. The area of stron-
gest backscatter appears ~7 km west of the shoal.
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Fig. 5. Geographic locations of the ship truth stations and the
airborne expendable bathythermograph drops conducted during the
scattering layer mission.

Thereafter, the plume begins to break down and to lose
gradually its distinct identity, finally appearing as a
series of patches.

During the investigation twelve AXBTs were de-
ployed over the study area to ascertain the approxi-
mate temperature structure of the water column for
aid in interpreting the airborne scattering layer infor-
mation. The locations of these observations are given
in Fig. 5. Temperature profiles at stations 2, 5, 8, and
10 are plotted as a function depth in Figs. 6. The
temperature profiles indicate that a relatively shallow
thermocline had developed at the time of the experi-
ment beginning at a depth of 6-8 m at the inner sta-
tions and at progressively deeper depths further east
on the shelf.

The locations of the five ship truthing stations are
also shown in Fig. 5. The temperature and beam
attenuation coefficient aipha (obtained from the beam
transmissometer readings) data obtained from the
truthing vessel are plotted as a function of depth in Fig.
7. No beam transmissometer data were available for
station 5 due to an electronic problem. The tempera-
ture profiles obtained from the chartered vessel are in
reasonable agreement with the temperature profiles
from the AXBTs. The profile of alpha at the inner-
most station reveals a rather pronounced layer of tur-
bidity several meters above the bottom. The profile at
station 2 indicates almost no change in transmission
with depth. Relatively small inflections in the trans-
missivity profiles at Stations 3 and 4 are indicated at
depths of 16 and 23 m, respectively.

The general objective of the field investigation was
to determine the performance characteristics of AOL
electrooptical components and to establish the poten-
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developed thermocline in the inner shelf region where the scattering
layer plume was seen [see Fig. 4(c}].
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Typical beam attenuation and temperature profiles ob-

tained by the surface truth vessel. The sequential geographic loca-
tions of these data are given in Fig. 5.
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tial feasibility for measuring scattering layers with an
airborne laser system. These objectives could be ad-
dressed without surface truthing support. According-
ly, only a relatively modest support effort was mounted
during the brief period just prior to the flight. No
provision was made to determine the types of particu-
late matter responsible for the observed scattering
layers. Finally, since it was not realized that a signifi-
cant scattering layer or plume would be detected inside
the shoal area, no station was taken landward of the
shoals. In spite of the limitations and lack of simulta-
neity of the surface truthing stations with the bulk of
the airborne observations. the surface truthing is still
of considerable value in interpreting the airborne re-
sults.

During the flight, elevated backscatter from within
the water column was observed in the vicinity of shoals
flanking the coast of Assateague Island over the inner
shelf and in slope waters near the Gulf Stream. Al-
though the particulate matter responsible for the scat-
ter in these different water masses was not specifically
identified, we suggest that the scattering layers ob-
served in the siope water near the Gulf Stream and on
the cuter shelf were due to elevated phytoplankton
concentrations. By contrast, the plume observed to
originate near the shoal was likely due to the entrain-
ment of suspended sediments into the water column.
Measurements of winds prior to and during the experi-
ment as well as the surface truthing observations at
Station 1 support this latter hypothesis.

Observations of wind speed and direction made at
Wallops Flight Facility (located ~13 km inland from
the coast} distinctly indicated the presence of an east
wind during the period prior to the experiment and a
south wind during the experiment. In-flight wind
cbservations made during the experiment (from an
altitude of 300 m with the aircraft inertial navigation
system) indicated a wind velocity of ~20 knots from
the southeast. Measurements obtained with the beam
transmissometer at stations located immediately sea-
ward of the shoaled area indicated the presence of a

fairly dense layer of fluff covering the sea floor. The.

presence of this layer of flocculated particulate matter
near the inner portion of the shelf is fairly common,
especially during the late spring and summer months
when wind events of sufficient strength to redistribute
the material within the water column are infrequent.
Although the westerly flow of water coupled with sur-
face wave action may have been reworking fine materi-
al from the shoal, it is more likely that the wind driven
westerly flow of water had coupled to sufficient depth
to push the relative shallow bottom water over the
shoal extruding the layer of fluff into the water col-
umn. A similar trend, although less apparent, was
observed on Pass 3 flown over the shoal from west to
east. Itisnot expected that any significant portion of
the scattering was related to ocean bubbles. Bubble
concentrations decrease exponentially with depth and
typically have 1/¢ depths of only ~1.5 m.*
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V. Summary and Conclusions

A submerged oceanic plume in the near coastal/shelf
waters of the northwestern Atlantic Ocean has been
detected and mapped in the vertical plane using air-
borne lidar on-wavelength depth-resolved backscatter
methods. Backscattered laser light from particulate
matter was also acquired during the transect over the
outer shelf and slope water masses. Strong undesired
reflections from the air-water interface were success-
fully managed by the use of nonoptimal spatial filter-
ing, off-nadir operation, and adjustment of the wave-
form digitizer gain. The presence of thermal
stratification of the water column was verified by the
use of AXBTs and sea truthing, which also provided
measurements of transmission of the water column,
Although the sources of particulate matter responsible
for producing the laser backscatter were not specifical-
ly identified, it is felt that elevated phytoplankton
concentrations were responsible for the scatter ob-
served in the slope and outer shelf water masses. The
presence of the turbid bottom water east of the shoal
{coupled with the sustained east wind before and dur-
ing the flight experiment) suggests that the resuspen-
sion of the bottom sediments over the shoal (and a
wind driven westerly drift of the water column) were
responsible for the observed plume.

New and more optimal filtering in the telescope
focal plane is currently being implemented. This
modification is expected to significantly reduce the
Fresnel backscatter from the air—water interface. In
addition a gated photomultiplier tube with appropri-
ate gain control is being configured to compensate for
the exponential attenuation of signal with depth in the
water column. Itisexpected that the gated photomul-
tiplier tube will be able to compensate for the loss over
siz or seven attenuation lengths. These techniques
are to be tested in future field investigations to deter-
mine their effectiveness and to ascertain the degree to
which the technique can be utilized during daylight
hours. Daylight operation would allow the simulta-
neous acquisition of passive ocean color data and the
conduct of important correlative active—passive stud-
ies.

The authors wish to extend their personal thanks to
the persons involved with the scientific field experi-
ment, the AOL project, and aircraft operations. We
are particularly indebted to the Department of Energy
for the loan of the frequency-doubled Nd:YAG laser
used to obtain the scattering layer data. We also
thank the Ocean Processes Branch of NASA Head-
guarters for continued support and encouragement.
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