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Experimental feasibility of the airborne measurement of
absolute oil fluorescence spectral conversion efficiency

F. E. Hoge and R. N. Swift

Recent theoretical work has shown conceptual feasibility for the airborne measurement of the absolute oil
fluorescence spectral conversion efficiency (AOFSCE) of crude and refined petroleum oils on the ocean sur-
face without a priori knowledge of the film thickness. Reported herein are airborne lidar oil spill experi-
ments conducted to determine the practical feasibility of the AOFSCE computational model. The results
of these investigations demonstrate that the AOFSCE model is practical over a considerable range of oil film
thicknesses provided the fluorescence efficiency of the oil does not approach the minimum detection sensi-
tivity limitations of the lidar system. Separate airborne lidar experiments to demonstrate measurement
of the water column Raman convetsion efficiency have also been conducted to ascertain the ultimate feasi-
bility of converting such relative oil fluorescence to absolute values. The AOFSCE model shows excellent
potential, however, further airborne water column Raman conversion efficiency experiments with improved
temporal or depth-resolved waveform calibration and software deconvolution techniques are required for

final feasibility determination.

l. Introduction

Each year millions of liters of crude and refined pe-
troleum oil are spilled or pumped into the world’s
oceans. Except for spills of catastrophic proportions
the activities of the transporting oil tankers largely go
unnoticed. It is apparently during routine day-to-day
operations that most oil is released into the oceans.!
Granted some natural seepage of crude oil occurs but
these quantities are small. It is believed by many
governments that the release of oil by tankers could be
significantly reduced if good scientific and legally ac-
ceptable methods of monitoring and identifying the
discharge could be developed. The fingerprinting of
surface oil by laser-induced fluorescence is a promising
method that has been under study by various countries
for the past decade.2*

Early airborne lidar development and field experi-
ments in the U.S. were reported by Fantasia and In-
grao.6 They also reported the laboratory measure-
ment of the conversion efficiency (unitless power ratio)
of a large number of petroleum oils. The absolute oil
fluorescence conversion efficiency concept was intro-
duced by Horvath et al.,7 and spectral data were mea-
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sured and presented for several general oil types. The
concept of applying the oceanic water Raman back-
scatter for the calibration of absolute oil spectral fluo-
rescence conversion efficiency (AOFSCE) was first in-
troduced by Kung and Itzkan.®8 The feasibility of ac-
quisition and practical utilization of the requisite air-
borne lidar field data for use with the Kung-itzkan
model is the subject of the investigations reported
herein.

Investigators from the Canada Center for Remote
Sensing (CCRS) reported the field trials of an airborne
multichannel lidar fluorosensor.®1® More importantly
they revealed a correlation technique which, when ap-
plied to the data, clearly allowed the differentiation of
crude oil from a fluorescent dye release and the general
fluorescence background (Gelbstoff) of the surrounding
ocean water. Their correlation technique is applied to
intensity-normalized spectral fluorescence data so that
only the wavelength variations of the targets are dis-
criminated. Thus, they could not spectrally differen-
tiate between the two crude oils observed during their
airborne field trials. As a practical consideration, they
suggest that differentiation would be possible between
the two oils if the ~10X absolute fluorescence conver-
sion were considered. The AOFSCE technique can
potentially allow a general classification of oils without
any a priori knowledge of the oil film thickness or the
spectral properties of the oil. Furthermore, the tech-
nique properly accounts for the background interfer-
ence oceurring in the spectra due to Gelbstoff or dis-
solved organic matter. It is believed that the AOFSCE
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technique, while powerful in its own right, would be
enhanced further if embedded within the framework of
the O’Neil et al. correlation procedure.

The experimental results presented in this paper are
intended primarily as a status report on our efforts to
date in applying the AOFSCE technique to airborne
laser fluorosensing data. The results indicate that the
technique is feasible over a range of oil thicknesses
provided the fluorescence of the oil is within the sensi-
tivity limits of the system. Our efforts to independently
determine the Raman conversion efficiency of water-
masses are also presented, however, system related
problems have thus far prevented the successful im-
plementation of this application of the NASA airborne

. oceanographic lidar (AOL). Improvements to system
components to facilitate the measurement of optical
transmission properties using water Raman backscatter
have since been implemented and are discussed in the
concluding section of this paper.

. Theory

A method to calculate the characteristic infinite
thickness absolute spectral fluorescence conversion
efficiency from finite thickness oil films has been given
by Kung and Itzkan.? The method applies to a laser
transceiver utilized on a low-flying aircraft. The theory
considers the use of the laser-induced water Raman
backscatter cross section for the essential calibration
of the il fluorescence conversion. Furthermore, the
usual interfering background fluorescence due to
Gelbstoff is also handled by the theoretical develop-
ment.

The absolute oil spectral fluorescence conversion
efficiency ny is given by3

_[oNGTTY (8 ) {, A%
" Vaetal \1—2\}‘"}( )

where &= Raman cross section.of water,
N, = number density of water,

T,,T, = transmissivities of the air-sea interface at
the laser emission and Raman wavelengths,
respectively,

a,,q, = extinction or beam attenuation coefficient
of seawater at the laser emission and
Raman wavelengths, respectively,

0; = oil fluorescence signal at wavelength A; as
normalized by the water Raman signal
measured outside the slick, K;/R,

A, = Raman signal amplitude measured while
over the oil slick with fluorescence contri-
butions from the oil and Gelbstoff at A, re-
moved by interpolation and subtraction,
R’'/R,Fig. 1, and

= = oil fluorescence measured over the oil slick
normalized or divided by the fluorescence
signal at A; observed outside the slick,
Kldy.

(1)

Finally,
- Ki = Kr

= (2)

Ke + Ky
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Fig. 1. (a) Theoretical or expected laser-induced fluorescence

spectral waveforms over (A) ocean water covered by an optically thin
oil film and (B) ocean water. (b) Spectral waveform of ocean water
normalized by water Raman backscatter R,

where , £,, and . are the extinction coefficients of the
oil at wavelengths As, ., and A, respectively. Figure
1 contains the essential definitions of many of the above
parameters defined for laser-induced fluorescence (LIF)
of oil and water column constituents.

The first multiplicative term in Eq. (1) is known as
the seawater Raman conversion efficiency:

_ oN,T.T:

T+ )
Thus, a straightforward or simplified interpretation of
Eq. (1) is that the absolute oil fluorescence spectral
conversion efficiency is the water column Raman con-
version efficiency modified by two additional multi-
plicative terms whose values depend on the extinction
and spectral flucrescence properties of the oil. 1deally,
the oil fluoresensing lidar can be equipped to remotely
measure the sum of the extinction coefficients of water,
a. + @, by utilizing the temporal variation of the
Raman signal within the water column.® Then

3

ta =2

a,ta = roll (4)
where ¢ is the velocity of light, n is the index of refrac-
tion, and 7 is the Raman signal decay time constant
computed from total elapsed or two-way time decay
data. During our oil spill experiments, the NASA AOL
could not be rapidly reconfigured from the spectral
mode to the temporal mode. Thus, for our oil fluores-
cence portion of this work we will use an estimate of
from the water optical transmission data taken by truth



ships in the immediate vicinity of the spill. We recog-
nize that the ultimate utility of AOFSCE for the general
typing of oil spills with an airborne laser fluorosensing
system will require a measurement of independent of
any supporting surface vessels. Therefore, the latter
sections of this paper will describe our progress to date
in the measurement of - during a separate field exper-
iment. The reader will no doubt recognize the general
oceanographic usefulness of the remote measurement
of  and its interpretation via Eq. {3) of the extinction
coefficient of the water column. These field experi-
ments were performed with this oceanographic utility
in mind. '

A determination of the optical attenuation properties
of the watermass at the oil spill test site was to have been
made from the truthing vessel with an onboard beam
transmissometer. Because of operational problems,
however, only Secchi disk readings were available for
our analysis. To estimate the beam attenuation coef-
ficient of the water, we equated the resuits of Holmes!?
with those of Shannon!? and Ofelt!? to yield

1.44
— =02« + 0.04, (5)

I
where Zp is the Secchi depth and « is the beam atten-
uation coefficient. The numerical results obtained
from using Eq. (5) are not greatly different from the
results of Gordon and Wouters.!? In fact for the Secchi
depths we encountered there is <20% difference be-
tween Eq. (5) and the Gordon and Wouters results.
The reader will note that it has been assumed that the
extinction coefficient of seawater as required by the
Kung and Itzkan fluorescence conversion efficiency
theory is indeed the beam attenuation and not the dif-
fuse attenuation coefficient. The use of classical beam
and diffuse attenuation coefficients in support of or in
combination with lidar measurements is a controversial
subject when oceanographic lidar workers congregate.
Bristow et al. 15 have shown that the laser-induced water
Raman backscatter and beam attenuation are very
highly correlated in fresh water (Lake Mead). Fur-
thermore, normalization of the chlorophyll a response
band with the water Raman backscatter signal ulti-
mately leads to an accurate measurement of chlorophyll
a. Other lidar workers concerned with bathymetryl®
have essentially shown that backscattered signal
strength and depth error are due in large part to the
optical depth. Furthermore, recent Monte Carlo
modeling results by Gordon!” have revealed that the
ratio of the radius of the spot on the sea surface viewed
by the lidar receiver to the mean free path of the pho-
tons in the water column is a significant parameter. For
values of this parameter near zero a lidar system with
a limited field of view will measure a quantity that ap-
proaches the beam attenuation coefficient. The lidar
measurement will approach the attenuation coefficient
for downwelling irradiance for cases where the mean
free path is much less than the radius of the spot at the
sea surface. Essentially similar modeling results were
recently obtained by Poole and Esaias.!® Accordingly
we will herein assume that the extinction coefficient of

seawater described by Kung and Itzkan is the beam
attenuation coefficient since our transmit beam diam-
eter was <0.5 m in these experiments in which the
Secchi disk depth was found to be 9.1 m during the 3
Nov. 1978 LaRosa crude mission. No Secchi reading
was available for the 9 Nov. 1978 Murban crude spill.
The latter airborne mission revealed a Raman back-
scatter which was 1.5 times higher than on 3 Nov. Ac-
cordingly, the beam attenuation was decreased by this
factor for the 9 Nov. data analysis. The experimental
justification for this correction is based on the work by
Bristow et al.1® Solving Eq. (5) for « yields

= 12 -0.2 (6)

o= Z N

Admittedly, this equation will give some sizable stan-
dard errors of estimate.ll However, the airborne ab-
solute oil fluorescence conversion efficiency technique
demands only measurements having an approximate
accuracy of 50%.8 Furthermore, as we shall show, the
feasibility of the oil portion of the AOFSCE measure-
ment technique is believed to be adequately demon-
strated in spite of the potentially large errors in esti-
mating ¥, the water Raman conversion efficiency used
for the absolute calibration.

But «, + a, is required in Eq. (1}. Within the ex-
perimental errors introduced by Eq. (5),seta. + a, =
9. Then the seawater Raman conversion efficiency
18

N, T.T.
¢.=_” L . (71

9(7,2_02)

2 _Za .

The OH-stretch, 3300-cm~! Raman backscattering
cross section for liquid water, o, has been measured by
Shusher and Derr? and also by Chang and Young® for
the entire band. A value of 4.5 X 1072% cm*/molecule
.sr is given for 488 nm in Ref. 20 and will be used herein
with appropriate corrections for wavelength. The cross
section ¢ at 337.1 nm may be estimated from?°

vazy — l')‘

Pags — ¥

G337 = 0488( 8

where 0455 = Raman scattering cross section at 488
nm,

Va7, Maag = wave numbers corresponding to wave-

lengths of 337.1 and 488.0 nm in units of

em~!, and
r = water Raman OH-stretch frequency shift
(3300 em™}).
Or
da3; = (553D a4ss {9

The number density of water N, is 3.3 X 10*2 mole-
cules/cm®. Then the a33; N product is 8.28 X 107> m™!
.sr~!.nm~!. A full-power Raman bandwidth of 30.3
nm was extracted from the liquid water spectrum
(2800-3700 em~! for 488-nm excitation)} given in Ref.
19. An air-water transmissivitvof T, = T, = 0.98 will
be used. For a Secchi disk depth of 8.1 m. Eq. (7] vields
Y =22 %107 sr~! - nm~L. This is the value that will
be subsequently used in our calculations.
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M. Instrument:Description

The field experiments were performed with the
NASA airborne oceanographic lidar (AOL). The AOL
is a conically scanning laser radar having three basic
modes of operation: (1) fluorosensing, (2) bathymetry,
and (3) ranging.

The fluorosensing mode utilizes a 40-channel trans-
mission grating/photomultiplier tube array to resolve
the laser-induced fluorescence from targets of interest.
The AOL instrument is configured to accept different
laser transmitters and has been used for airborne oil film
thickness,?! dye concentration,?? and chlorophyll a/
photosynthetic pigment2324 measurements. The flu-
orosensing mode was used for the airborne spectral
measurements described herein. The range of AOL
transmitter and receiver parameters used in the oil
spectral measurements is essentially described in some
previous publications.21.22 For convenience, the im-
portant parameters are summarized in the flucrosensor
portion of Table 1.

The bathymetric mode of the AQL utilizes up to forty
sequentially time-gated analog-to-digital converters
(charge digitizers) to record backscattered signals as a
function of depth. When used to observe the on-
wavelength backscatter, the system essentially func-
tions as a lidar bathymeter.25 For our depth-resolved
Raman measurements, an interference filter centered
on the water Raman band was used to select the proper
wavelength and reject the laser backscatter. A long
pass filter was used in series with the interference filter
to provide additional rejection of the on-wavelength
Fresnel and Mie backscatter. The important system
instrumentation parameters are summarized in the
Raman poertion of Table I for the depth-resolved tem-
poral experiments.

The ranging mode of the AOL is essentially a time-
of-flight intervalometer which measures the combined
round trip time of the transmitted and resultant back-
scattered pulse from the surface and upper water cal-
umn. More importantly this mode provides the timing
synchronization for activation of components to digitize
and record the laser-induced fluorescence returns or the
water column backscatter in the respective fluo-
rosensing and bathymetric modes operation. Accord-
ingly, the ranging mode must always operate before any
other modes can function.

IV. Resuls

A. Oifl Fluorescence Field Experiments

During November 1978 the AOL participated in a
series of missions designed to measure the effects of a
dispersant on the spreading rates of crude oils spilled
on the ocean surface.2827 The test site was located ~64
km (~40 miles) SE of Sandy Hook, N.J., in water having
depths >40 m. The overall coordination of spill, air-
borne, and ocean surface measurements was handled
jointly by personnel from JBF Scientific Corp. and
NASA Langley Research Center (LaRC).

The AOL missions were flown onboard a NASA
Wallops C-54 aircraft together with the Naval Research

40 APPLIED OPTICS / Vol 22, No. 1/ 1 January 1383

A Table . AOL Operating Parameters
Depth-resclved
0il fluorosensing mode Raman
Transmitter Nitrogen laser Excimer-
pumped dye
Wavelength 337.1 om 308/422.6
Bandwidth 0.l nm <1 nm
Pulse width 10 nsec 5 nsec
Pulse rate <100 Hz 25 Hz
Peak output 100 kW 700 kW
power (max)
Beam divergence 4 mr 4mr
Receiver
Bandwidth 3500-8000 A 8 nm at 493.5
nm
plus Kodak
No. 4
Spectral 11.25 nm blocking
resolution
{min)
Field of view 1-20 mr, variable, vertical 5mr
and horizontal
Temporal 8-150 nsec, variable 2.5 nsec, 36
resolution channels
Experiment
Aircraft altitude 150 m 150 m
Aircraft velocity 75 m/sec 100 m/sec
Measurement Day Day
background

Laboratory 22- and 31-GHz scanning microwave radi-
ometer?” which was operated by LaRC personnel.
Other instrumentation onboard the Wallops aircraft
during both series of missions included a 70-mm Has-
selblad camera, a 35-mm flight research camera, and a
TV camera with a video tape recorder. Additional
airborne observations from other aircraft were made by
the Canadian Center for Remote Sensing (CCRS) and
JBF Scientific Corp. Shipborne measurements were
performed from the research vessel Annandale operated
by the Marine Science Consortium, Inc. and from the
“National Oceanic and Atmospheric Administration
(NOAA) vessel Kelez, Some results from the CCRS
fluorosensor® and the NASA AOL? were reported
previously. A paper providing an overall assessment
of the effects of the dispersants on oil spreading char-
acteristics using the AOL and NRL scanning microwave
systems along with surface observations has been sub-
mitted?? and a report on the combined airborne in-
strumentation is currently in preparation.

The general scenario of the oil spill experiment has
been described in detaild21.26-27 and will be briefly dis-
cussed here for purposes of continuity and complete-
ness. As approved by the Environmental Protection
Agency (EPA)}, four separate crude oil slicks were de-
ploved by pumping the oil onto the ocean surface from
the research vessel Annandale. Two of the spills were
made with Murban, a light Middle East oil, and two
with LaRosa, a heavy Venezuelan oil.  One of the spills
from each of the oils was treated with a dispersant

. within 10 min after deployment and the other was al-

lowed to age for ~2 h before the application of the dis-
persant from a helicopter. Information regarding the



spills is provided in Table II. Additional physical
characteristics of the two crude oils are given in Table
III. The data analyzed for this paper were from mis-
sions flown over the LaRosa slick on 3 Nov. 1978 and the
Murban slick on 9 Nov. 1978,

The airborne spectra were processed using techniques
described previously in detail.52! For the measurement
of oil film thickness this process invelves removing
unwanted background fluorescence (Gelbstoff) and
normal oil fluorescence from the Raman spectral band
by interpolation. For oil conversion efficiency mea-
surements the Gelbstoff and normat oil flucrescence are
removed from the Raman band in an identical manner.
Background or Gelbstoff fluorescence occurring in other
oil spectral fluorescence bands are accounted for in the
third multiplicative term of Eq. (1). The removal of
Gelbstoff fluorescence can be a significant problem in
nearshore or estuarine areas with high volumes of en-
trained organic matter. Qur observations made within
the test site but outside of the spill itself yielded rather
monotonous spectra with very low Gelbstoff fluores-
cence. This minor amount of Gelbstoff fluorescence
was removed from the Raman band with an interpola-
tion technique to be discussed. The contribution of
fluorescence from the LaRosa oil at the 381-nm water
Raman backscatter line was below the detection limits
of the AOL at the time the 1978 experiment was per-
formed. The detection limit of the AOL at ~500 nm
will be discussed at length in a subsequent section. As
will be seen, the uncorrected Raman backscatter signal
was observed to consistently depress completely over
the optically thick region of the LaRosa slick indicating
no measurable fluorescence signal from the oil itself at
the Raman wavelength. In data obtained over the more
highly fluorescent Murban oil slick, however, the un-
corrected Raman signal did not depress below ~200
counts and was observed to increase somewhat above
this minimum over the optically thick portions of the
slick. Ideally, interpolation through the channel con-
taining the Raman signal from surrounding channels
on both sides of the Raman channel would satisfactorily
remove the oil fluorescence contribution.? During this
initial experiment with the AOL over an oil spill the
system’s fluorosensor was equipped with a rigidly

mounted folding mirror which placed the Raman band
between channels 2 and 3. A small amount of Raman
signal was also found in channel 1 thus making inter-
polation difficult. We therefore extrapolated a slope
from channels 4 and 5 through channel 2 to obtain the
corrected Raman backscattered signal. Recent im-
provements in the AOL, which will be discussed in the
concluding section of the paper, will allow the more
straightforward and reliable interpolation approach to
resolving this problem.

Figures 2 and 3 are cross-sectional plots of data ob-
tained on Pass 2 during an overflight of the LaRosa spill
and on Pass 4 over the Murban spill, respectively.
These graphs illustrate typical data obtained from each
of the oil spills and will serve as a reference in the
ensuing discussion of absolute oil fluorescence spectral
conversion efficiency. These data have not been edited
or filtered in any way. At the nominal aircraft velocity
of 85 m/sec these profiles represent a horizontal distance
of ~127 m. Both of these passes were flown early in
their respective experiments, thus the cross-sectional
diameters of the slicks in the downwind direction were
>100 m. On passes made later in time on both missions
considerable spreading was observed, especially in the
downwind direction. The pass over the LaRosa slick
shown in Fig. 2 was flown prior to the addition of the
dispersant, while the pass over the Murban slick shown
in Fig. 3 was flown within 20 min after the addition of
the dispersant. The first three passes over the Murban
slick were taken when the diameter was quite small thus
relatively few data points were available for analysis.
Since we were unable to detect any noticeable effect of
the dispersant in the airborne spectral fluorescence
data, Pass 4 made over the enlarged slick was selected
for presentation in this document. The profiles in both
figures designated (a)} are the corrected Raman back-
scattered signal plotted against time for a short segment
of the flight line in the vicinity of the oil spill. Likewise,
those profiles labeled (b) are the corrected peak fluo-
rescence responses for channel 12 centered at 500 nm.
Both of these profiles are plotted in counts from the
charge digitizers in the AOL data acquisition system.
The third profile, designated (c} in the figures, is the oil
slick thickness determined by the Raman depression
technique.?!

Table Il Experiment and Dala Summary The water Raman backscatter profile for both of the
Crude AOL data passes Total AOL  ©il types depressed as the slick was encountered and
oil  Dispersant before dispersant  data returned to the same level after the slick was passed. As
Date type  applied nonscan scanning  passes previously mentioned, contributions of fluorescence
3 Nov. 1978  Murban After 2 h 0 0 18 from the Murban crude oil were removed from the
3Nov. 1978 LaRosa After 2h 3 5 33 Raman signal, thus both Raman profiles can be seen to
9 Nov. 1978  LaRosa Immediately 0 0 37 depress completely (to 1 digital count) over portions of
9 Nov. 1978 Murban Immediately 0 ! 1 the slicks that were optically thick. There are a number
Tabie lll. Spilled Oll Types and Selected Physical Characteristics
Fluorescence Extinction coefficient (nm—!)
Qil Source Type crude Emission Peak wavelength inm) 337.1 nm 381 nm 200 nm API°
LaRosa Venezuela Heavy Low 490 896 434 189 23.3°
Murban Middle East Light High 505 265 95 26 38.1°
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Fig.2. {(a) Water Raman backscatter and (b} oil fluorescence signals
obtained over the LaRosa oil slick. (c) The computed thickness using
the data in (a) and the extinction coefficients from Table ITI.

of places on both profiles over the slick where missing
data points can be seen, especially over the Murban slick
in Fig. 3. These dropouts occur when the power in the
surface return energy at the laser wavelength is of in-
sufficient strength to trigger the digitization of the
fluorescence spectral signals. Presumably the reduc-
tion of the laser return signal strength is due to a com-
bination of the damping of the capillary wave structure
by the oil film accompanied by increased non-nadir
forward scatter as well as by absorption of laser energy
by the oil. Likewise, as will be subsequently discussed,
a considerable decrease in the modulation of the return
signal of the Raman backscatter profiles is evident over
the slick. A substantial increase in the Raman back-
scatter signal strength can be seen when the Raman
profile from 3 Nov. in Fig. 2(a) is compared with its
counterpart from 9 Nov. in Fig. 3(a) indicating that an
increase in the water column optical transmission had
occurred between the two missions. There was however
no notable change in the background Gelbstoff fluo-
rescence between the two missions accompanying the
change in water clarity.

The fluorescence conversion efficiencies between the
two oils as observed in the aircraft data are different by
a factor of more than 10X as is evident when the two
fluorescence profiles are compared (see Figs. 2 and 3).
Please note that the scale of the Y axes for the individ-
ual profiles has been appropriately chosen for fluores-
cence and thickness to reflect the magnitude of changes
in these parameters on the respective plots. The
weakly fluorescing LaRosa oil shows a detectable return
at 500 nm only over the very thickest portion of the oil
spill, while the Murban oil yielded discernible responses
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Fig.3. (a) Water Raman backscatter and (b) oi] fluorescence signals
obtained over the Murban oil slick. {c) The computed thickness using
the data in (a) and the extinction coefficients from Table IIL.

over practically the entire area where the Raman
backscatter depression is evident. This aspect will be
discussed further in the description of the AOFSCE
results later in this section.

The relationship between the sea surface wave
structure and the resulting modulation in cbhserved
volume fluorescence and Raman backscatter is not
understood and is currently under investigation. This
relationship is illustrated in Fig. 4 which shows profiles
of the peak backscattered Raman signal strength and
the sea surface elevation, both plotted as a function of
time for an expanded segment of Pass 2 over the LaRosa
slick presented in Fig. 2. Both parameters have been
filtered with an 11-point moving average. The sea
surface elevation was determined by subtracting the

‘mean slant range measurement acquired by the AOL

altimeter from individual slant range measurements
and inverting the results such that the peaks represent
wave crests and conversely the depressions represent
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Fig.4. High correlation of water Raman backscatter with sea surface

elevation. The spatial phase lag of the Raman is evident but more

easily seen at A. The correlation persists even over the ocean surface
region covered by the oil slick.

wave troughs. Vertical aircraft motion has not been
removed from the data, however, this motion is of little
consequence in the following discussion. The aircraft
vertical motion is normally removed by a recently de-
veloped technique? utilizing a vertical accelerometer,
however, this accelerometer was not onboard during this
mission. The correspondence (outside the oil slicks
themselves) of higher Raman signal to wave crests and
lower Raman signal to wave troughs persisted
throughout the oil spill data sets and, as will be seen,
also exists in our more recently acquired depth-resolved
water Raman backscattered signal discussed in the
concluding portion of this section. Also, note particu-
larly the apparent phase shift between the Raman signal
peak and the wave crests in a number of cases while
there are a few exceptions. Variations in Raman
backscatter signal from the ocean volume appear to lag
corresponding variations in the sea surface record. This
is quite evident in Fig. 4 at the position A where the local
Raman depression appears to lag the wave trough. It
should also be noted that the detection of the ocean
surface is dominated by Fresnel reflection with some
Mie backscatter components from the ocean volume
while the Raman backscattered signal is strictly volu-
metric. As indicated previously, a detailed study of the
relationship between volumetric Raman backscatter
{and on-wavelength surface return power) and sea
surface elevation is in progress in our laboratory.

Figure 5 shows the AOFSCE at 500 nm of both oil
types plotted as a function of oil film thickness. The
upper cluster of data points is taken entirely from Pass
4 over the Murban crude shown in Fig. 3. The lower
cluster of data points was obtained on the first 4 passes
over the LaRosa crude. The computation of AOFSCE,
of course, requires fluorescence measurement and, as
can be observed in Fig. 2, the fluorescence obtained over
the LaRosa slick was confined to a relatively low num-
ber of points on a single pass. Thus, by necessity the
results of several passes were combined.

The computed conversion efficiency at ~500 nm for
the Murban crude oil shown in Fig. 5(a) can be seen to
be approximately the same for all thicknesses greater
than ~2um. The reader is reminded that »; and
thickness are connected through the Raman ratios since
the thickness is
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Fig. 5. (a) Oil fluorescence conversion efficiency of Murban crude
oil as a function of the film thickness. (b} Oil fluorescence conversion

efficiency of LaRosa crude oil as a function of the film thickness.
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Although the theoretical model should recover the same
conversion efficiency for all thicknesses, the fluores-
cence yield is apparently too low for films <2 um thick.
This is especially evident for the more fluorescent
Murban crude. A minimum limit for the AOFSCE
application was not totally unexpected since the cal-
culations of Kung and Itzkan® showed that the film
should be >0.5 um to attain a conversion efficiency
within a factor of 2 accuracy using a lidar having in-
strument parameters similar to the AQOL.

The results obtained in the computation of conver-
sion efficiencies for LaRosa crude oil shown in Fig. 5(b)
are not as succinct. All fluorescence responses below
1 count above background were edited, thus no con-
version efficiencies below ~1 um are shown. In addi-
tion, there is considerable spread in the cluster of con-
version efficiencies throughout the range from 1 to 4.5
um, however this variance is to be expected in cond:-
tions where the peak fluorescence response approaches
the detection limitations of the instrumentation. This
aspect will be addressed and amplified in the concluding
portion of this paper and is not considered a serious
obstacle to the eventual utilization of the AOFSCE
technique. The conversion efficiencies of the two oils
are separated by approximately X30 for all thicknesses
greater than ~2-um. This field result is in poor

d=-~
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Fig. 6. Relative oil fluorescence conversion efficiency of Murban and

LaRosa crudes as measured in the laboratory. An airborne system

detection sensitivity level denoted as A in the figure will account for

the apparent difference in conversion efficiency as measured in the
field.

agreement with the laboratory measurements of the
relative fluorescence intensities already reported.®21
However, we do not think that the theoretical model is
necessarily at fault. Instead, the instrument sensitivity
limit appears to have been reached in the case of the
LaRosa crude o} overpasses. Ignoring the aging of the
slicks (the Murban was overflown 15 min after deploy-
ment, while the LaRosa passes were overflown between
20 and 100 min after spiliage), the disparity between the
laboratory and field measurements can be explained by
referring to Fig. 6. This figure shows relative fluores-
cence emission spectra obtained from laboratory mea-
surements made on Murban and LaRosa crude oils.
The Murban crude is seen to yield approximately X10
higher fluorescence than the LaRosa. However, if a
detection limit is encountered, the apparent ratio of
peak intensities is changed accordingly. Forthe arbi-
trary detection limit shown by level A-in Fig. 6, the ratio
of the peak intensity at ~500 nm is seen to be X30.

The results of these field experiments indicate that
several recommendations should be considered in
planning and conducting future airborne missions of
these kinds. (a) To test the AOFSCE technique (not
test the observing instrument), crude oils having fluo-
rescence conversion efficiencies differing by only X2 or
X3 should be utilized. (b) The weakest fluorescing oil
selected should produce responses above the minimum
detection limit of the lidar system used for the experi-
ment. Accordingly, means should be provided in the
lidar to maintain linearity and avoid saturation in the
detection system when the highly fluorescent oils are
being measured. In short, the dynamic range of the
lidar system should comfortably encompass the oil spill
targets being sensed.

Laboratory techniques for supporting airborne
AQFSCE measurements are still under development
and will be reported in a future publication. The fact
that reasonably quantifiable estimates of oil fluores-
cence efficiencies can be obtained over a considerable
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range of thicknesses below optically opaque thicknesses
is the practical utility of the AOFSCE technique.
Furthermore, the ability to recover AOFSCE values in
the presence of interfering background or Gelbstoff
fluorescence gives the technique added value. The
lower limits of thickness where the technique is appli-
cable for each oil can be extended downward with in-
creasing laser excitation power and/or improved in-
strument detection and spectral resolution. Recent
modifications to the AOL since the 1978 oil spill show
promise for improving these aspects of our instrument.
These elements will also be addressed in the concluding
portion of this paper.

B. Water Raman Conversion Field Experiments

Airborne Raman conversion experiments were con-
ducted in May 1981 during the course of a field mission
denoted as the Nantucket Shoals Phytoplankton Dy-
namics Experiment. The independent measurement
of water attenuation properties is a continuing need in
all our other airborne oceanographic applications, and
the demonstration of the general feasibility of the re-
mote measurement of water clarity parameters using
depth-resolved water Raman backscatter was one of the
primary objectives of the initial NASA involvement in
the shoals experiment. The AQOL instrument was
configured in the bathymetry mode for the water col-
umn depth-resolved Raman experiments. Two laser
transmitters were used at 532 and 422.6 nm on separate
missions. The resulting 3300-cm~! Raman emissions
then occur at 650 and 493.5 nm. For simplicity, only
the results from the 422.6-nm laser are discussed in this
paper.

The 420-430-nm spectral region for one of the laser
wavelengths was selected to take advantage of the water
transmission at both the laser and Raman spectral lines.
Additionally, this blue spectral region was ideal and
necessary for directly exciting the chlorophyll ¢ during
‘phytoplankton mapping experiments which were con-
ducted during the same mission. Specifically, the
422.6-nm laser wavelength was chosen because of the
availability of a large diameter 493.5-nm interference
filter centered at the Raman spectral line. A Kodak No.
4 filter was used in series with the 493.5-nm interference
filter to provide additional blocking of the 422.6-nm
on-wavelength laser backscatter. The 422.6-nm output
was obtained from a Lambda Physik dye laser being
pumped with a 308-nm XeCl excimer laser. The vari-
ous transmitter/receiver parameters are summarized
in Table L.

The 493.5-nm depth-resolved water Raman data were
obtained on 2 May 1981, NE of Nantucket Island.
Supporting spectral diffuse attenuation coefficient
observations were obtained from a Brookhaven Na-
tional Laboratories research vessel (Onrust) using a
multiwavelength spectral radiometer (Biospherical
Instruments). Measurements were obtained at depth
intervals of ~2 m and for twelve wavelengths between
410 and 694 nm. The observations obtained from the
research vessel at their Station 5, which we overflew, and
at nearby stations indicated that the watermass was well
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Fig. 7. High correlation between the depth-resolved water Raman
and the sea surface elevation. The sea surface is derived from range
data obtained from the leading edge of the depth-resolved water
Raman return pulse.

mixed with little horizontal or vertical variation in the
diffuse attenuation coefficient. The mean value of the
diffuse attenuation coefficient at Station 5 in the upper
20 m of the water column was determined to be 0.23 m™!
at 441 nm, while the surface chlorophyll g concentration
was measured to be 1.3 ug/liter. The airborne lidar
results likewise indicated little change in the mean
Raman backscattered signal in the vicinity of Station
5.
The pulse-to-pulse depth-resclved water Raman
backscattered signal has considerable variation which
is correlated with sea surface elevation variability as was
the case with the integrated water column Raman
backscattered signals obtained during previously dis-
cussed 1978 oil spill data. Figure 7 is a cross-sectional
or time-series plot of the sea surface elevation and the
peak water Raman backscattered signal amplitude for
a 30-sec period as the aircraft passed near the research
vessel. The data have been smoothed with an 11-point
moving average filter. The high correlation of the
volumetric signals and the surface wave structure
should be noted. The ocean surface height was deter-
mined by the same method described in the discussion
of Fig. 4. Similarly the aircraft motion has not been
removed from this relatively short segment of data since
it does not significantly affect the surface elevation
considerations being discussed. It should be noted that
the slant range measurement used in the computation
of the sea surface elevation was derived from the leading
edge of the received Raman backscattered signal and
not from the on-wavelength laser return signal as was
the case in the oil spill data. Thus the slant range
measurement was derived from the signal received from
the upper water volume. The relationship between the
ocean surface wave structure and our volumetric
backscatter signals is not completely understood and
is currently under investigation. We consider the res-
olution of this problem to be both fundamental and
essential to the refinement of all cceanographic lidar
investigations. Our future studies of this sea surface
modulation of water column coupling will include sur-
face slopes and local roughness as well as laser incidence
angle.
Since the water Raman signal possessed significant
pulse-to-pulse amplitude variation, we selected only
those pulses falling within 20 counts of the mean am-
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Fig. 8. (a) Depth-resolved water Raman backscatter data at 493.5

nm obtained during field experiments on Nantucket Shoals. (b)

System temporal response calibration data at 422.6 nm obtained from
a flat target immediately following the flight mission.

plitude of the Raman backscattered signal for further
analysis of the depth resolution of the water Raman
signal. These return signals were subsequently aver-
aged to produce a single waveform for comparison with
calibration data obtained during a ground test con-
ducted immediately following the flight experiment.
The ground test consisted of radiating a flat target
board with the system configured to temporally resolve
the on-wavelength laser backscattered signal. (The
authors recognize that the photomultiplier temporal
response is wavelength dependent; however the effect
is not well quantified.2%3%) During the ground test the
return pulse amplitudes were adjusted using the re-
ceiver field of view (FOV) to produce a similar ampli-
tude distribution to that obtained from water Raman
backscatter during the flight experiment.

These pulses were then averaged to produce a mean
system temporal response calibration waveform. The
waveforms from the field experiment and ground test
are shown in Fig. 8. A comparison between these
waveforms indicates that the water Raman waveform
shows the requisite time decay stretching that exceeds
the flat-target system response. These results were
very encouraging in that the feasibility for acquisition
of depth-resolved Raman data from low-flying aircraft
platforms has been demonstrated. Initial attempts to
satisfactorily deconvolve®!32 the system response from
the depth-resolved Raman data as yet has been only
marginally successful. The deconvolution process has
been hampered by an amplitude dependent droop
visible in both the Raman and calibration data in Fig.
8. This droop was caused by a video amplifier and
delay line which follow the photomultiplier detector. A
new amplifier and delay line have since been installed
and opportunities to secure new airborne field data are
being sought. Additionally, extensive ground tests of
the hardware and deconvolution software are now in
progress. Future experiments will utilize in-flight
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targets such as a nearby beach or other flat land area to
obtain the system response. This will help reduce
system drift that can possibly occur when too much time
elapses between the acquisition of the experiment data
and the required system response calibration data.

V. Conclusions

The results of our investigations have demonstrated
that consistent AOFSCE values can be obtained from
oil films on the ocean surface with an airborne laser
fluorosensor over a considerable range of thicknesses
provided the fluorescence of the oil is above the mini-
mum detection limit of the fluorosensor receiver.
During the 1978 experiments reported here, the mini-
mum thickness for obtaining consistent AOFSCE values
was ~2 um, somewhat above the 0.5-um thickness
suggested by the calculations of Kung and Itzkan.®
Likewise, the spread and the magnitude of AOFSCE
measurements from individual laser pulses are affected
by the available fluorescence from the oils themselves
relative to the detection limit or sensitivity of the sys-
tem. As could be seen in the results from the LaRosa
oil spill in our data, the calculation of AQFSCE for oils
that have maximum fluorescence yields at or near the
minimum detection limit of the lidar system can give
erroneous absolute values. The sensitivity of a lidar
system, however, can be altered by improving the op-
tical components or effectively by increasing laser
power, thus the 2-um minimum obtained during these
experiments should not be viewed as a physical lower
bound or limitation.

The effective application of AOFSCE will require
reasonably precise spectral calibration of the lidar re-
ceiver. Unfortunately, at the time of the 1978 oil spill
we did not have techniques developed to perform such
a calibration. As a result we were not able to determine
the relative sensitivity of the Raman channel relative
to the peak fluorescence channel, thus the absolute
magnitude of the AOFSCE velues shown may be
somewhat in error. Recent techniques for calibrating
our spectrometer with pulsed calibration sources, the
addition of individua! software driven voltage controls
for the spectral channels, and the acquisition of an ex-
cimer laser with 100X more power than was available
for 1978 oil spill experiments have all enhanced the
capability of the AOL for performing oil spill investi-
gations,

Separate airborne lidar experiments were also con-
ducted to demonstrate measurement of the water
Raman conversion efficiency for converting the fluo-
rescence to absolute values. We were successful only
in showing that no major practical obstacles apparently
exist in performing the airborne water Raman conver-
sion measurements. For example, the water clarity
encountered during our field tests yielded adequate
signal strength to allow Raman measurement as a
function of depth. Unfortunately, airborne Raman
(and immediate postmission ground calibration) pulse
distortion caused by the video amplifiers and delay lines
made satisfatory deconvolution a difficult task. De-
convolution techniques and software have varying de-
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grees of sensitivity to SNR as well as bias in the wave-
forms. The available hardware and software analytical
technigues have not been exhausted. On the contrary
several options are available for additional experiments.
We conclude that the airborne Raman conversion fea-
sibility is still an open question but that the prospects
for success are very positive for fully demonstrating
airborne Raman conversion feasibility.

The potential utility of using AOFSCE to differen-
tiate oil film types is especially promising when com-
bined with spectral fluorescence correlation procedures
such as the one recently reported by O’Neil et al 9
Technigues involving spectral recognition are somewhat
hampered when applied to slicks of varying thicknesses
below the critical or minimum detectable optical
thickness. A technique which incorporated AOFSCE
within the spectral correlation analysis framework could
get consistent results over films that were not opaque
and within coastal waters with interfering Gelbstoff
fluorescence from dissolved organic matter.
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