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Active—passive correlation spectroscopy:

a new technique

for identifying ocean color algorithm

spectral regions

Frank E. Hoge and Robert N. Swift

A new active-passive airborne data correlation technigue has been developed which allows the validation of
existing in-water pcean color algorithms and the rapid search, identification, and evaluation of new sensur
band locations and algorithm wavelength intervals. Thus far, applied only in conjunction with the spectral
curvature algorithm {3CA), the active-passive correlation spectroscopy {APCS) techmique shows that tai the
usual 490-nm (center-band ! chlorophvtl SCA could satisfactorily be placed anywhere within the nominal 460-
510-nm interval, and (b) two other spectral regions, 645-660 and 650-695 nm, show considerable promise for
chlorophyll pigment measurement. Additionally. the APCS method reveals potentialtly useful wavelength
regivns tat 600 and ~670 nmi of very low chiorophyvli-in-water spectral curvature inio which accessory
pigment algorithms for phvcoerythrin might be carefully positioned. In combination. the APCS and SCA
melhuds strongh suggest that significant information cuntent resides within the seemingly leatureless vecan

color spectrum.

l. Introduction

Primary production in the oceans is presently esti-
mated to be about one-third of the total global plant
fixation of carbon dioxide.! The actual mean and
variance of carbon fixation in the sea, however, is high-
ly uncertain. To assist the scientific community in
improving the estimates of global productivity, NASA
developed the Coastal Zone Color Scanner (CZCS) and
launched it aboard the Nimbus-G spacecraft in Oct.
1978. This color sensor was primarily designed to
measure or infer the photosynthetic pigments con-
tained in phytoplankton residing within the upper-
most water column or near-surface layer of the ocean.
Estimates of the attenuation coefficient of downwell-
ing irradiance as well as seston apparently can also be
obtained using two-band ratio algorithms.® Regard-
ing planktonic pigments in general, only the principal
photosynthetic pigment, chlorophyll a (plus other
chlorophyll-like pigments such as phaeopigment a),
has been inferred using algerithms applied to ocean
color upwelled spectral radiance.

Chlorophyll algorithms for application to remotely
sensed upwelled spectral radiance have to date been
developed using shipboard truth data. These on-sta-
tion point measurements are sometimes supplementecd
by underway fluorometric chlorophyll determinations,
The amount and diversity of such truth data are then
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essentially limited by the speed of the surface vessel.
Recently, airborne laser systems have demonstrated
that chlerophyll @ and phycoervthrin fluorescence
along with laser-induced water Raman backscatter
could be obtained both rapidly and at a high sampling
density.’5 Accordingly, at laser pulse rates readily
available today large numbers of independent mea-
surements may be obtained over wide oceanic regions.
Recently, oceanic upwelled spectral radiance measure-
ment capabilities have also been added to an airborne
laser spectrofluorometer.’# Voluminous laser-in-
duced and solar-induced spectra synoptically gathered
by such an airborne active-passive instrument allow
rather high precision studies of the ocean color radi-
ance spectrum via computational algorithms. A typi-
cal airborne flight mission produces ~50.000 pair of
active—passive observations.

The airborne laser-induced chlorophyll fluorescence
from the water column has been shown to vield high
correlation to the actual pigment concentration as de-
rived by shipboard extractions and underway fluores-
cence.3%19 These findings are in spite of known pho-
toplankton fluorescence variability caused by ambient
light and nutrient changes.!* Thus, under the singular
assumption that the airborne laser-induced chloro-
phyll e fluorescence is a reliable indicator of the pig-
ment concentration, it will be used as the sole source of
truth data for identification and evaluation of the pas-
sive ocean color chlorophyll algorithm spectral regions.

In the initial portion of this paper the new active-
passive correlation spectroscopy (APCS) technigue 15
introduced and described. The method is then ap-
plied to airborne active-passive field data to illustrate
its potential for the rapid search, identification. and
evaluation of spectral bands or wavelength positions
suitable for use in ocean color algorithms for measur-
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ing chlorophyll. At this time only the three-band or
SCA will be evaluated for photoplankton pigment
measurement. The APCS technique will also be simi-
larly applied to determine spectral band combinations
for the detection and measurement of the accessory
pigment, phycoerythrin, since its laser-induced fluo-
rescence is aiso measurable concurrently with the pas-
sive ocean color spectrum. While not specifically ad-
dressed herein, it is expected that the APCS technique
will in future efforts be extended to standard two-band
ratio algorithms, case II waters, other accessory pig-
ments, Gelbstoff, water attenuation, etc. Researchers
in other disciplines may also find the technique useful
for land and atmospheric spectral pattern recognition.

IIl. Active-Passive Correlation Spectroscopy

A. Background

Conventional correlation spectroscopy has been
used in various configurations for ~60 years.l? In
dispersive, gas filter, and interferometer instruments a
known spectrum, gas, or interferogram is stored within
the instrument for correlation with the atmospheric
trace gas being observed in absorption or emission.
Dedicated correlation instruments can possess one or
more possible advantages over standard spectrometers
including high throughput, spectral simultaneity, data
simplicity, and high sensitivity or SNR.

Active-passive correlation spectroscopy described
herein differs from these previous applications in sev-
eral distinct ways. First, it is applied to oceanic waters
instead of the atmosphere. Second, the fundamental
spectral reflectance, absorption, and emission charac-
teristics of the ocean are not as narrow or well defined
as those of the atmosphere. Third, since the spectral
character of the ocean is not highly defined, active or
laser-induced fluorescence emission spectroscopy is
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used as known correlation information. A technique
will be described for determining the spectral loca-
tion(s} of the subtle variations in the passive ocean
color reflectance caused by water column constituents
(phytoplankton pigments, dissolved organic material).
In the interest of brevity active—passive correlation
and conventional correlation spectroscopy are com-
pared in Table L.

Relative to the APCS technique discussed here, the
nearest equivalent remote sensing analog is the oil spill
detection method of O'Neil et al.’* They correlated
airborne laser-induced fluorescence spectra against
similar laboratory fluorescence emission spectra of the
target oils overflown. Accordingly, their method
could be labeled active airborne-laboratory correla-
tion spectroscopy. Their active-only technique ciear-
ly allowed differentiation among a dye, two crude oils,
and the general fluorescence background of ocean wa-
ter.

Another airborne active-passive multispectral scan-
ner (APMSS) instrument (besides the AOL) has been
built and successfully flown.! Active and passive ter-
restrial images were obtained. This same APMSS
instrument was later used to make active-passive mea-
surements of water depth.!> No computations of spec-
tral correlation between the two data types were re-
ported for either experiment.

B. Passive Ocean Coior Spectrum

In Fig. 1 an idealized solar-stimulated ocean color
reflectance spectrum is presented for the case of high
and low chlorophyll concentration. It is not distin-
guished by numerous or prominent spectral features.
The most obvious chlorophyli-induced characteristics
are (a) the slope change in the nominal 450-570-nm
region, (b) the spectral flattening in the 450-510-nm
section, and (c) the fluorescence emission in the 675-
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Fig. 1. Idealized low-altitude oceanic spectral reflectance for low-
and high-chlorophyll bearing waters. The principal differential
chlorophyll features are presently known to be the slope and curva-
ture in the biue/blue-green region and the fluorescence emission in
the red.

695-nm segment. For remote sensing of chlorophyll
(and phaeopigments) band ratios,2 curvature,’-8:16-18
and amplitudes of solar-induced spectral fluorescence
emission,220.2! have all been used with varyving degrees
of success. The band ratio changes have been used
most often and form the basis of the satellite CZCS
chlorophyll bicoptical algorithms.?® Increasing
amounts of chlorophyll pigment also lead to spectral
flattening. These curvature variations have recently
been used to infer quite accurately chlorophyll from
airborne platforms.7816-18 Only the fundamental in-
tensity (and not slope or curvature) of the fluorescence
emission line has to date been used to infer chlorophyll
concentration.219.20.21

C. Active or Laser-induced Ocean Color Fluorescence
Spectrum

Figure 2(a) represents a typical airborne fluores-
cence spectrum?*4® resulting from laser stimulation at
532 nm. Incontrast to passive ocean color spectra, itis
distinguished by rather narrow identifiable spectral
liness The laser, phycoerythrin, water Raman, and
chlorophyll lines are identified by L, P, R, and C,
respectively. This is the type of spectrum against
which all correlations herein are performed. The re-
sults reported here will be confined only to correlations
using the individual spectral lines of the chlorophyll
and phycoerythrin pigments. Future plans call for the
addition of a shorter wavelength laser transmitter to
produce fluorescence from other phytoplankton pho-
topigments,

D. Active-Passive Cormelation Spectroscopy
Methodology

Figures 2(a) and (b) schematically illustrate paired
active and passive measurements as obtained with the
Airborne Oceanographic Lidar. For all practical pur-
poses the spectral pair is taken at the same time ¢, and
essentially within the same footprint. The active data
are processed only by normalization with the water
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Fig. 2. Schematic i{lustrations of (a) typical 532-nm laser-induced
fluorescence spectrum showing the laser backscatter L, phycoery-
thrin fluorescence P, water Raman backscatter R, and chiorophyil
fluorescence C: (b) idealized solar-stimulated ocean color reflec-
tance spectrum S{\); (¢} water-Raman-normalized laser-induced
fluorescence spectrum F'(x;); (d) so-calied spectral curvature ob-
tained by applving second difference operator to logS:{)); (el repre-
sentative chlorophvll spectral correlation function pclA;} obtained
by correlating normalized chlorophyll fluorescence F'{A;} with Al
logSiA;) for all A,.

pc(lﬂ

Raman backscatter.#622324 Thus from the original
laser-induced fluorescence spectrum, F(};), the nor-
malized spectrum F'(\) = FO\)/F(xg) is produced as
illustrated in Fig. 2(c). The along-track or temporal
chlorophyll profile F'(A.tx) is iltustrated within Fig.
2(c), and actual profiles of field data will be presented
later.

The passive ocean color spectra S();) represented in
Fig. 2(b) can be used in an unprocessed form, but
unfortunately the high variability of the entire spectral
waveform completely masks the desired subtle color
variations impressed on the clear ocean water spec-
trum by the water column constituents. The slope or
first derivative spectrum dS(X;)/dA could likewiz¢ be
used in the correlation process, but it too contained
variability which we were not prepared to correct. (As
shall be pointed out later, the field data sets used
herein were not specifically gathered for this correla-
tion study but were simply the best available at this
time.) The curvature spectrum [related to the second
derivative doS(X\;)/dA?) does, however, yield results
which are reasonably free of unwanted environmental
factors.’6-1® Furthermore, it can be applied to uncali-
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brated and uncorrected passive ocean color data taken
from relatively low aircraft altitudes. All data used
here were obtained at 150-m flight altitude. With
these considerations in mind we chose to process the
passive color data with a curvature algorithm. The
algorithm chosen is essentially that of Campbell and
Esaias,'8 A% logS()\;), where A_( }is a difference opera-
tor defined by

Aj[A]=f(A+§)—f(A—§)- {1

If @« = 30 nm and the operator is applied twice as
required, Campbell and Esaias!® showed that

AZ logSin) = ~logG (M), €2)
where

SEN)
SO0+ 300 - S(x, — 300

GA) = (3)

Thus processing the S()\,) spectra is performed by
starting with data from the bluest spectral band of the
instrument, S(A; — 30), then selecting data from the
spectral position 30 nm redder S();) and another 30 nm
to the red S(\; + 30). These three spectral radiances
are used to compute G_(\,) via Eq. (3). Iilustrated in
Fig. 2(d) is the —logG.();) or Al logS(A;). The index
label is changed to ; to identify the fact that the origi-
nal 32 band spectra were first linearly interpolated to
“create” additional bands having a width of 1 nm
instead of 11.25 nm as actually provided in the passive
ocean color subsystem (POCS) of the AOL. The A, are
successively incremented by 1 nm, and the calculation
is repeated until a complete curvature spectrum, such
as schematically illustrated in Fig. 2(d), is obtained.
For the actual data set to be discussed herein, the
procedure is started at 443 nm and conducted 288
times until the final curvature value is obtained from
the raw radiances at 701, 731, and 761 nm. The curva-
ture spectrum G.())) is thus shorter than the spectral
radiance S(A,) by 60 nm (30 nm each on the blue and
red ends). A curvature spectrum is produced from
each raw spectrum S(,).

Finally, we wish to produce a correlation spectrum
for some desired water column constituent. If the
constituent is chlorophyll, scatter plots of —logG( Aj)
vs F'(A.) are generated (internal to the computer) for
all1 < <288 and forall t, in a flight line. These
scatter plot data then vield a chiorophyll spectral cor-
relation function p.(\,). This spectral correlation
function (SCF) for chlorophvll is illustrated in Fig.
2(e). A spectral correlation function for phycoery-
thrin p,(A\)) can be similarly calculated by using the
normalized laser-induced fluorescence spectrum
(evaluated at A,) F'{)\;). Typically from 5000 to
10,000 pairs of active and passive waveforms are ob-
tained during the traversal of a flight line. The spec-
tral correlation functions, p.(},) and pp(A;), are usually
produced from data acquired along the entire flight
line. Both the identification and evaluation of spec-
tral intervals are provided by this spectral correlation
function. Values above 0.8 are selected for further
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study. Theeffectiveness of an algorithm is then quali-
tatively judged by visually comparing along track pro-
files of the active with the passively derived pigment.

Finer details of the actual handling of active and
passive ocean color spectra are provided in Refs. 7 and
8. A brief summary is provided here for the conve-
nience of the reader. Initially, all the passive data
were filtered to remove any observations contaminat-
ed with sun glint. During the experiment sun glint
was minimized by avoiding sampling during the period
L h on either side of local noon and by pointing the final
steering mirror of the AOL ~15° off-nadir and away
from the sun. During processing, spectra containing
sun glint were recognized by keying on the passive
signal in the longest wavelength channel, the center of
which was located at ~761 nm. On some of the initial
passes (acquired within 1 h of local noon), this filtering
procedure amounted to removing as much as 20% of
the passive observations, while on some of the later
passes as few as 3% of the passive spectra were rejected
during processing. The remaining active and passive
observations were then subjected to a ten-point simple
average. This averaging was done to reduce the vol-
ume of data and to minimize any effect on the results
from shot-to-shot variability associated with the laser-
induced fluorescence measurements. The spatial in-
terval over which the data were averaged amounts to a
distance of ~125 m at the ~100-m/s aircraft velocity.
Along a typical flight line, some 5000 to 10,000 laser-
induced fluorescence waveforms were recorded from
which fluorescence emission peaks corresponding to
chlorophyll and phycoerythrin can be extracted. An
equal number of passive upwelled ocean color radiance
spectra were obtained simultaneously. After filtering
and averaging, some 500-1000 paired, active and pas-
sive, observations remain for analysis.

E. Spectral Curvature Algorithm Forms

In the previous section all linear correlation scatter
plots were performed as —logG.(})) vs F'(\;), where ;
corresponds to chlorophyll A. or phycoerythrin Ap.
Since the laser-induced chlorophyll fluorescence has
been shown to be linearly related to the chiorophvll
concentration?¥ C, an algorithm of the form

C=A-8B iogG_1x;) 4)

isthus inferred. This form has been found to produce
more consistent results in our work than the form by
Campbell and Esaias,!

log(C = a ~ b iogG (A, 5)

or the form by Grew and Mayo,16.17
log,C = a ~ 3G _(x,,). 6

where A, is 490 nm, and A4, B, a, b, and a, 3 are the
linear regression coefficients of all the respective
forms. OQur choice of algorithm in Eq. (4) does not
significantly alter the results described since all three
forms of the algorithm produce quite good correlation
with actual chlorophyll measurements.”8i6-18 ()¢

-



course, G.(\) is common to all the algorithms in Eqs.
(4), (5), and (6).

Campbell and Esaias'® found that the curvature al-
gorithm effectively eliminates variations due to
changes in incident irradiance while at the same time
enhancing spectral features of the water medium.
Utilizing a model based on earlier work by Smith and
Baker,2* Campbell and Esaias'® were able to show that
the irradiance reflectance of ocean water exhibits a
distinctive curvature spectrum with a large negative
curvatureat 430nm. As chlorophyll-like pigments are
added to the water this negative curvature monotoni-
cally approaches zero. This latter feature is the fun-
damental physical basts for the high sensitivity of the
algorithm to chlorophyll in water.

As indicated previously. the curvature algorithm is
essentially a difference operator applied twice to the
logarithm of the radiance in the middle spectral band.
At least several important consequences result: {1)
cince this difference is extremely emall. relative to the
large radiance values involved, the leveraging imposed
by the form of the algorithm necessitates high-sensor
precision and stability: (2) the calibration of the spec-
tral radiance of the sensor is not a requirement al-
though mission-tu-mission stability iz essential if the
constants in Eq. (4) are to become anchored for real-
time use: and (3) the algorithm may be applied in real
time to ocean color spectra obtained at relatively low
altitudes without serious consequences from atmo-
spherically related effects. (Of course, at high-alti-
tude, additive, independently varying, atmospheric
path radiance must be removed before further process-
ing with the three-band algorithm.)

F.  Validity of the Airborne APCS Technique

For defining passive ocean color algorithm spectral
regions, the validity of the APCS technique rests solely
on the validity of the laser data as it relates to actual
chlorophyll concentration. If the laser system does
not vield fluorescence measurements which are some-
how directly relatable to the actual extracted photo-
pigments, the APCS technique will fail.

For the chlorophyll pigment. ship extraction/air-
craft fluorescence comparison studies during the past
several vears indicate that a linear relationship exists
between the laser-induced chlorophyli fluorescence
signal and corresponding pigment extraction measure-
ments determined onboard cooperating research ves-
sels.2210  Additionally, in data sets acquired during
the shelf edge exchange processes (SEEP); experiment
(and utilized for the bulk of the enalvsis for this paper)
corroborating investigators from the University of
South Florida and Brookhaven National Laboratory
have compared the airborne fluorescence measure-
ments with surface measurements. For all four NASA
airborne oceanographic lidar (AOL) SEEP missions
the results® indicated a linear regression correlation
coefficient of 0.93 between the aircraft and ship mea-
surements of chlorophyll in the near-surface laver.

No comparisons have yet been made between air-
borne phycoerythrin fluorescence and shipboard pig-

ment extractions. Phycoerythrin extraction and mea-
surement methods have been reported.”** However.
phycoerythrin measurements are not yet routinely
conducted onboard research vessels, Moreover. the
lack of a strong cw light source in the ~530-nm region
prevents monitoring the phycoerythrin fluorescence
signal from a standard flow-through fluorcmeter.

Inhibition of chlorophyll fluorescence by high-solar
irradiance levels!! could possibly invalidate the laser
fluorescence results. Although the effects of solar
photoinhibition on airborne laser-induced chlorophyvll
fluorescence have been reported,?’ we have never seen
the effect in our field data. Additionally, lidar receiv-
er linearity must be carefully measured and operating
parameters established to avoid misinterpretation of
instrument responses as photoinhibition effects. The
operational settings of the AQL were established by
ground tests and validated further by field experi-
ments.”®

. Experiment Descriptions

The airborne data utilized to demonstrate the ac-
tive-passive technique for passive ocean color algo-
rithm band location were acquired primarily during a
flight mission conducted in the New York Bight during
1984. Some earlier data gathered during the National
Science Foundation’s warm CoTe ring (WCR) field ex-
periments in 1982 were additionally used to assess the
potential extendibility of the initial results obtained
during the SEEP experiments for direct application in
other water masses. Results from the above experi-
ments were specifically chosen because (1) simulta-
neous active and passive ocean color data were avail-
able and (2) sufficient contrast between chlorophyll
and phycoerythrin patches existed to aliow evaluation
of the effectiveness of the technique for two different
pigments.

The Department of Energy (DOE) sponsored SEEP
investigations along the east coasl area of the U.5. are
designed to assess the assimilative capacity of the Con-
tinental Shelf to absorb energy by-products intro-
duced into the near-shore ocean environment from
coastal communities and marine activities such as en-
ergy production plants and offshore oil operations.
This capacity depends to a great extent on rates of
removal by sinks in the marine ecosyste. According-
ly, the distribution and abundance of marine phyto-
plankton over the Shelf and in the adjacent slope water
masses are of fundamental importance in this process.
The initial SEEP studies, conducted between Feb. and
Mayv 1984, are part of a longer range program for the
mid-Atlantic region which is planned to continue every
2 years over the next decade. Other institutions par-
ticipating in these field studies are Brookhaven Na-
tional Laboratory (BNL;, Yale University, LalMont
Doherty Geophysical Observatorv, University of
South Florida, and Woods Hole Oceanographic lnsti-
tution.

Oceanographic observations within the SEEP test
area were acquired from ship {RV Endeavor), moored
buoy, satellite, and aircraft platforms. As previously
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Fig. 3. New York Bight location of the SEEP field test site where
most of the airborne active—passive data were obtained. Line H had

the highest pigment variability and was selected for this study.

mentioned, high correlation has been obtained in com-
parisons conducted between the laser-induced chloro-
phyll fluorescence measurements and near-surface
chlorophyll data obtained from the research vesge} 26
Similar agreement has been found between airborne
surface temperature measurements and surface layer
temperature measurements acquired from the re-
search vessel. The airborne ocean surface tempera-
ture measurements were obtained with a Barnes PRT-
5 IR radiometer and recorded by the lidar data
acquisition system. The Eulerean measurements of
chlorophyll fluorescence recovered from recording flu-
orometers attached to the moored buoy lines have
yielded interesting results when compared to the near-
ly synoptic wide-area airborne laser-induced fluores-
cence values.2

Airborne lidar and passive ocean color data were also
obtained during the 1982 warm core ringsSé experi-
ments. These warm core ring experiments were con-
ducted to provide increased understanding of the bio-
logical, physical, and chemieal Processes associated
with warm core rings as they interact with surrounding
shelf, slope, and Gulf Stream water masses.

A total of four missions was flown with the Airborne
Oceanographic Lidar (AOL)3 and jts integral passive
ocean color subsystem (POCS)78 during the SEEP
experiments. For detailed analysis, we focused our
attention primarily on the SEEP mission flown 2 Apr.
This mission was chosen because calibrated ocean col-
or data acquired with the NASA Multichannel Qcean
Color Sensor (MOCS)16.17 were also available for com-
parison and analysis. Active and passive ocean color
spectra obtained with the AOL during the 8 Apr. mis-
sion were also analyzed to determine general agree-
ment with the 2 Apr. results. However, no corrobora-
tive data from the MOCS were available from the
latter mission for comparison. In addition, both mis-
sions were flown following moderately strong westerly
wind events which resulted in a general increase in
both the level and spatial variability of chlorophyll o
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concentration within the surface layer, especially in
the inner portion of the SEEP study site."8

The location of flight lines occupied during the 2
Apr. mission is shown in F ig. 3. Only the uppermost
line is provided with a letter designation H, which will
be referred to during subsequent discussions. (The
locations of the 8 Apr. flight lines are virtualily identical
to those in Fig. 3 and accordingly will not be shown.)
The perimeter of the flight lines essentially defines the
SEEP study site. The flight lines were designed in
conjunction with BNL to complement their sampling
strategy with the moored fluorometer arrays. The
aircraft data provided periodic synoptic assessment of
the distribution of chlorophyll a and ocean surface
temperature between the buoys, egspecially along-
shelf, which was expected to be the dominant direction
of surface current flow and, therefore, the net trajec-
tory for entrained particulate matter.

IV.  Appiication of the Band Location Technique to
Airbome Fleid Data

Line H from the 2 Apr. flight was chosen from the
SEEP missions for detailed analysis for this paper.
This line was primarily selected because the chloro-
phyll and phycoerythrin concentrations were found to
be both elevated and variabie. Spatial variability and
adegree of noncoherence in the relative concentrations
of the two photopigments were considered essential for
development and demonstration of the active-passive
technique for ocean color algorithm spectral region
location development. As will become evident in the
succeeding discussion, both chlorophyll and phycoery-
thrin have considerable effect over wide sections of the
passive ocean color spectrum, thus the spatial variabil-
ity and noncoherence of the photopigments permit any
passive chlorophyll or phycoerythrin algorithm to be

‘tested for functionality throughout all regions of a

flight line regardless of the relative loading of the other
photopigment.

Profiles of laser-induced chlorophyll and phycoery-
thrin fluorescence are plotted in Fig. 4(a) as a function
of distance along the flight line H. As mentioned in
the previous section, the data in Fig. 4 and in subse-
quent figures in this section have been subjected to a
ten-point simple average. Both photopigments have
been normalized with the water Raman backscatter
signal to remove effects on the fluorescence signal jev-
els due to variability of attenuation properties in the
near-surface layer along the flight track. (A discus-
sion of the normalization technique using the water
Raman baciscatter signal can be found in Refs, 4,9,23,
and 24.) A profile of the water Raman backscatter
signal is plotted in F ig. 4(b). Profiles of ocean surface
temperature, and the passive ocean color signal at 746
nm, are plotted, respectively, in F igs. 4(c) and (d).
These latter profiles have been included to provide the
reader with a more complete picture of the attendant

temperature distribution and relative ambient light

levels along the flight line.
The most prominent feature of the laser-induced
fluorescence profiles shown in Fig. 4(a) is the large

-
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chlorophyll patch located near the eastern end of line
H (between 10 and 40 km). Also worth noting are the
general coherence between the two photopigment pro-
files over most of the remaining flight line and the
presenceofa number of 1-3-km patches of both photo-
pigments. Sufficient detail existed in this flight line
(as well as in other flight lines of this SEEP mission) to
allow rigorous assessment and evaluation of various
combinations of spectral bands for passively determin-
ing photopigment concentration.

A. Passive Detection of Chlorophyll and Phycoerythrin

Figure 5 shows the results obtained on flight line H
when the curvature values —logG.(A\j) (computed with
the svmmetrical; three-band algorithm as described in
the preceding section) were linearly regressed for each
A; against laser-induced chlorophyll [Fig. 5(a)] and
phycoerythrin [Fig. 5(b)] fluorescence measurements.
In both figures, the linear correlation coefficient p. or
pp has been plotted as a function of the wavelength of
the center band of the three-band curvature algorithm
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Fig. 5. (a} Chlorophyll spectral correlation function p{A). This

function yields spectral regions at 460-510, 645660, and 6B0-695
nm where the upwelled spectral radiance variability of the ocean is
directly related Lo chlorophyll pigments. {b) Phycoerythrin spec-
tral correlation pp(x;). This function gives narrow spectral regions
at 600 and ~670 where the upwelled spectral radiance variability is
stronglv related to phycoervthrin pigment fluorescence. By com-
paring (a) and (b) it is evident that chlorophyl! and phycoerythrin
ocean color spectral variability contributions are inversely related at
their principal correlation wavelengths and that the ocean color
spectrum ig essentially invariant to these pigments at B30 nm.

[Eq.(4)]. Noticethat in both figures there are sections

of the spectral correlation function where the correla-

tion is high (positive and negative) as well as sections

where the computed curvature —logG.(},) is apparent-

lg uncorrelated with the photopigment fluorescence
(A).

In Fig. 5(a) there is 8 broad area of high correlation
beginning at ~460 nm and extending to ~510nm. Itis
thus not surprising that Grew!&!: and Campbell and
Fsaias!® obtained good agreement between spectral
curvature measurements and laser-induced chloro-
phyll fluorescence (and surface truthing chlorophyll
measurements) using a three-band algorithm centered
at 490 nm. In fact these results suggest that location
of the three-band curvature algorithm is not critical in
the nominal 460-510-nm region. Inthis blue segment
the observed reduction in curvature and resulting high
correlation with chlorophyll fluorescence are probably
driven strongly by phytoplankton pigment absorption.

Smaller sections of high correlation are found in Fig.
5(a) in the 645-660- and 680-695-nm regions. Spec-
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tral regions where the correlation is strongly negative
may be interpreted as a region where the curvature of
the spectrum is reduced with increased chlorophyll
loading as is the case for the three-band curvature
algorithm centered at 490 nm as discussed by Camp-
bell and Esaias, '8 Conversely, strong positive correla-
tion is an indication of increased spectral curvature
with higher chlorophyll concentration. The high neg-
ative correlation in the 645-660-nm segment is
thought to be attributable to absorption by chioro-
phyll pigments, 3

The positive correlation seen in the 680-695-nm
region may be due in part to observed solar-induced
chlorophyll fluorescence. This high correlation is in
agreement with other researchers!9-2! who showed that
in spite of the lower signals in the red region as much
information is present there as in the blue-green re-
gion. Increased curvature could also result from addi-
tional reflectance in a particular spectral band(s).
Moreover, we recognize that strong negative (or posi-
tive) curvature in one band will necessarily influence
the apparent curvature in adjacent regions as the mid-
point of the three-band algorithm progressively ap-
proaches the actual spectral feature. Thus, at this
point in our investigations, we cannot absolutely deter-
mine the physical basis for the apparent curvature
variations and resulting high correlations in several of
the spectral regions. Finally, the results in Fig. 5(a)
suggest that improved chlorophyll measurement
might result from combining (or even contrasting)
bands from the three high correlation regions. How-
ever, for widely separated band segments, the water
column sensing depth will probably be different.

In Fig. 5(b) strong positive correlation is found be-
tween —logG.(A) and laser-induced phycoerythrin
fluorescence when the middie band of the algorithm
was centered around 600 nm. At this time a physical
basis for this 600-nm peak is difficult to identify since
the in vivo phycoerythrin fluorescence occurs at 580-
585 nm,*! and its absorption (excitation) maximum is
found in the 530-nm region.>* A second less pro-
nounced area exhibiting high negative correlation can
be seen in the band centered near 670nm. Itsphysical
basis is also puzzling, but like the companion 600-nm
peak, it may be due to covariability with other phyto-
plankton pigments whose functions are coupled to
those of phycoerythrin.

Comparison between the two plots of Figs. 5(a) and
(b) reveals several other potentially important aspects.
First, the correlation with phycoerythrin fluorescence
diminishes to low values in the 460-510-nm spectral
region where there is high correlation with chlorophyll
fluorescence. Low correlation (p, < 0.5) with phycoer-
ythrin fluorescence is also found in the 645-660- and
680-695-nm regions where the correlation with chloro-
phyll fluorescence is also high. Conversely, in the
spectral region near 600 nm, where the correlation with
phycoerythrin fluorescence Is strongest, there is a
broad spectral region where the correlation with chlo-
rophyil fluorescence is at a minimum. Second, and
perhaps more important to the sensor band and algo-
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rithm selection brocess, the plots of the spectral corre-
lation functions in Fig. 5 provide a clear indication of
the profound influence of both photopigments at sev-
eral specific but often widely separated spectral re-
gions. This aspect is an especially eritical consider-
ation for satellite-borne passive ocean color sensors
where a spectral band suitable for removing atmo-
spheric effects must be selected and where budget and
logistical constraints limit the number of available
channels. Current techniques for processing CZCS
imagery utilize the spectral channel centered at 6§70
nm to correct atmospheric effects on the bluer chan-
nels involved in the in-water algorithm for determin-
ing chlorophyll concentration. Third, the 630-nm re-
gion of the ocean color spectrum appears to be
relatively invariant to both chlorophyll and phycoery-
thrin pigments since the spectral correlation functions
have very low values there, These type regions may
thus be useful for atmospheric correction.

The presence of three high-correlation peaks also
strongly suggests that significant information content
resides within the ocean color spectrum and that useful
information can be found outside the most obvious
slope, curvature, and fluorescence emission regions of
chlorophyll (refer again to Fig. 1). While these specif-
ic findings are new, this general information-content
finding is in agreement with Lin et al.'® They found
chlorophyll information within numeroys regions of
the ocean color spectrum using eigenvector analysis of
airborne data together with ship truth. The APCS
technique appears to be easier to utilize than eigenvec-
tor techniques. Furthermore, the correlation method
vividly shows the participating spectral bands without
hand-selecting the study spectral regions. Finally, the
algorithm can be specifically applied to bands of inter-
est and thus is not limited to eigenvectors whose physi-
cal meaning is somewhat obscure.

Computed ~logG.(690) and —logG_ {600} values
from the three-band algorithm, which were found from
Fig. 5 to have the highest correlation with chlerophyll
and phycoerythrin, were next plotted in profile form in
Fig. 6. These plots allow visual assessment of the
detailed characteristics of the ~logG.(\,) values by
direct comparison with the respective photopigment
fluorescence signals. The estimated chiorophyll con-
centration computed from the curvature algerithm
with the middle band centered at 690 nm is plotted in
Fig. 6(a) as a function of distance along flight line &
together with laser-induced chlorophyll fluorescence
originally shown in Fig. 4(a). For convenience of han-
dling and plotting, both the active and passive concen-
tration estimates have been autoscaled. As expected
from the high-correlation coefficient found in Fig. 3(a),
the two profiles show good agreement over the entire
flight line even down to relatively small scale features.
Similarly, a profile of —logG..(600) is plotted in Fig.
6(b) together with phycoerythrin fluorescence forigi-
nally shown in Fig. 4(a)]. Again good agreement is
apparent over the entire flight line. Note particularly
how well the phycoerythrin algorithm performs in the
high-chlorophyl] region (10-40 km).

-



a}

3
= EiSN ACTIVE CHLOROPHYLL 40.-POCS
£ ] PASSIVE CHLOROPHYLL LINEH/SEEPC |
£ ‘ |
- . A
&7 o |
3 ‘ SRR} : i
= L
I S . K
e vk b
) i PR “ :
2 \ ~.J"?~‘J; ¥ Toam |
5 ’Eq'f»:" o D ‘i
0 Y L
z 20 RS 8C 10C 1Zc
DiSTANGCE (wm}
1) B
P |
£ e AZTWVE PHYCOERYTHR:N ATL-POCS i
E | __ eaSSIVE PHYCOERYTHRIN LINE H/SEERC
b=
®
2 : :
= ! !
£ #\ ! I
F !} ! !
E | eyl ;_.‘h " -f1 "J, !‘ le ! i
[ Y v i'_-‘|4 H ‘q-‘.‘uv “‘ Jo
g | -HVW.QF: TRRERC NN
; i A )‘_aﬁ‘ ! " 1
o T g i
G o — —
o 2c 40 80 60 100 120
DISTANCE (km)
Fig 6. Passively derived (a) chiorephyll at 690 nm and {br phycoer-

vthrin at 600 nm using a curvature algorithm of the form givenin Eq.
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phycoerythrin fluorescence are. respectively, plotted in each section

for comparison purposes. The data were obtained along line H (Fig.

3) using the active and passive capabilities of the airborne oceano-
graphic lidar.

This initial application of our technique to select
passive spectral bands utilizing data acquired with the
AOL operated in a dual active—passive mode was very
encouraging. In short, these results showed that

(1) several regions of high correlation were deter-
mined for chlorophyll measurement;

(2) one region was identified which showed particu-
larly strong correlation with phycoerythrin fluores-
Cence;

(3) spectral areas of high correlation in the chloro-
phyll regression plot correspond to the lower bands of
correlation in the phycoerythrin regression plot and
vice versa: and

(4) a spectral segment which is relatively invariant
to both chlorophyll and phycoerythrin pigments was
observed.

Although agreement between the results from the
band selection algorithm and the photopigment fluo-
rescence measurements appears 1o provide consider-
able evidence of the potential utility of the technique
for passive ocean color band selection, verification of
the curvature results with a second independent pas-
sive sensor would assure that there was no instrument
related artifacts associated with the results. We,
therefore, undertook examination of some data sets
containing concurrent passive ocean color measure-
ments acquired with the NASA MOCS during the
SEEP experiment and WCR studies {prior to imple-
mentation of the passive ocean color subsystem into
the AQL).

Spectra collected with the MOCS were processed
through the band selection algorithm using essentially
the same procedure described for the AOL passive
spectra. The resulting —logG (X} valyes were then
regressed independently against the AQL active laser-
induced photopigment fluorescence measurements.
The resulting spectral correlation function plots (not
shown) produced guite similar results. although the
peak correlation coefficients were slightly lower. espe-
cially for phycoerythrin estimation. Slightly lower
peak regression coefficients would be expected since
the MOCS passive and AOL active observations were
not obtained from the same exact footprints and be-
cause of the differences in methods of real-time data
capture and handling between the two sensors. For
example, in its present configuration, the MOCS i-
essentially locked in a nadir viewing position and thus
cannot be pointed away from the solar glint pattern.
Moreover, the MOCS integrates approximately fifteen
ocean color spectra per second from near-nadir pixels.
Accordingly, individual observations contalning sun
glint couid not be effectively filtered irom SUITOUNGLIg
observations which are glint-free.

Profiles of estimated chlorophyll and phycoeryt hrin
concentration developed from MOGCS ocean color
spectra using the three-band curvature algorithm are
plotted in Fig. 7. Respective estimates of each of the
photopigments computed from the AOL passive data
are included for comparison purposes. The computed
—log(.(490) values were selected for plotting the pro-
files of estimated chlorophyll in Fig. 7(a) rather than
the —logG.(690) values previously shown in Fig. 6(a).
This change in band selection was necessary because
spectral coverage of the MOCS extends only to ~700
nm, thus precluding accurate computation of a
—logG{);) value at 695 nm. Moreover, the MOCS
signal levels were too low in the red spectral region to
vield satisfactory comparative results even at 660 nm.
Other potentially useful passes were flown earlier in
the mission in conditions of higher solar illumination.
The presence of sun glint during these earlier passes
(>20% on initial flight lines compared with 3% on the
final line H) probably accounts for much of the degra-
dation in the overall agreement between the two sen-
0TS,

Profiles of estimated phycoerythrin concentration
are shown plotted in Fig. 7(b) using —logG_ {A;) values
located at-595 and 600 nm for the MOCS and AOL/
POCS. respectively. Although general agreement be-
tween the two phycoerythrin concentration profiles in
Fig. 7(b} is reasonable over much of the flight line, the
level of agreement is certainly below that found for the
chlorophyll profiles in Fig. 7(a). This is especiallv thi
case in the initial 45 km of the flight line where consid-
erable influence from chlorophyll appears to be exhib-
ited in the MOCS phycoerythrin profile when it is
compared with chlorophyll profiles shown in Figs. 6(a)
or 7{a). Note particularly that the features located
between 15 and 35 km along the flight line in Fig. 7(b)
appear to be noncoherent. The reason for the lower
agreement of the passive MOCS phycoerythrin profile
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erythrin fluorescence.

The potential utility of the technique for locating
passive ocean color bands appears successful and wor-
thy of continued development. The actual chloro-
phyll and phycoerythrin results (i.e., the algorithm and
bands themselves), however, require further study.
The potential of these findings would be considerable
if the results were found to be reasonably universal,
ie., if similar results are obtained at other oceanic
locations and under differing environmentaj condi-
tions. Thisis especially the case for the passive phveo-
erythrin algorithm since no alternative passive method
for estimating this pigment has heen previously pub-
lished. To validate the technique further and to po-
tentially establish more of a basis for universality for
the particular bands thus far identified for determin-
ing photopigment concentration, flight lines A and G
(not shown) from the same SEEP mission were also

"examined in the same way. Qualitatively, the results
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were found to be essentially the same. The spectral
regions found to produce the highest correlation with
the respective photopigments were consistent with the
findings for flight line H. Quantitatively, however,
the values of the highest correlation coefficients were
found to be somewhat lower. The remaining three
missions flown in connection with the SEEP experi-
ments were not as suitable for performing this type of
analysis. During the first two missions which were
flown in early March, the concentration levels and
spatial variability of chlorophvll and phycoerythrin
were considerably lower, thug yielding less consistent
results when processed with a linear regression pro-
gram. The 8 Apr. mission wasg flown under overcast
conditions where sky contributions to the passive
ocean color signal are higher. Nonetheless, the flight
lines from the 8 Apr. mission did show results which
were in good general agreement with those from 2 Apr.
However, the peak correlation coefficient values were
somewhat Jower,

Finally, we evaluated a data set from the 1982 WCR
experiment which contained both active and passive

tem to the AOL, we utilized Passive ocean color obser-
vations which were acquired with the MOCS for direct
comparison with simultaneous AOL laser-induced
photopigment fluorescence measurements. The
WCR data set was regarded as particularly valuable
since it contained observations from several new water

The flight lines of the 24 June WCR mission were
arranged to cross the ring at various angles with each
line passing through the ring center, The general
levels of photopigment concentration were relatively

v::u-iab_ility of phycoerythrin levels in the east-west

flight line. Similarly, Fig. 8(b) shows g comparison
between laser-indyced phycoerythrin fluorescence
and estimates of the relative level of the phycoerythrin
concentration using passive ocean color spectra from
the MOCS. The Passive ocean color spectra from the
MOCS were processed through the same three-band
algorithms Previously described for the data presented
in Fig. 7. The ~10-km 8&p appearing in both the
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MOCS chlorophyll and phycoerythrin profiles begin-
ning near the 105-km point in the flight line resulted
when the data from the previous portion of the flight
line were dumped from memory to tape.

The agreement between the profiles of chlorophyll
concentration in Fig. 8(a) is in much lower agreement
than seen in the results from the later SEEP missions
or from results presented previously by Grew!®!" and
Campbell and Esaias.*® Although both profiles ap-
pear to exhibit similar trends over much of the flight
line, an apparent scale difference exists between the 0-
80-km section and the remaining portion of the flight
line. In addition, there is a considerable offset be-
tween the peak area of the observed chlorophyll patch
seen between 80 and 105 km. By contrast, the general
leve!l of coherence between the laser-induced phycoer-
ythrin fluorescence profile and the phycoerythrin con-
centration profile estimated from the MOCS ocean
color data appears to be in quite reasonable agreement
over much of the flight line. Itisalsovery evident that
the large patch of chlorophyll located between 80 and
105 km [Fig. 8(a)] does not appear to influence the
MOCS phycoerythrin profile which remains essential-
Iy parallel to the laser-induced phycoerythrin profile
in that area of the flight line.

V. Summary, Discussion, and Conclusions

We have described in detail a new active—passive
correlation spectroscopy technique which allows re-
gions of ocean color spectral reflectance variability to
be directly related to the presence of specific fluores-
cent waterborne constituents. Subtle variations in
the solar-induced ocean color reflectance spectrum are
shown to be vividly revealed by correlating spectral
curvature changes with laser-induced fluorescence of
chlorophyll and/or phycoerythrin. The three-band
curvature correlations against chlorophyll fluores-
cence are sequentiaily executed in 1-nm intervals
across the ocean color spectrum to generate a go-called
spectral correlation function. Correlation values ex-
ceeding £0.8 then signifv important spectral regions of
ocean color covariability with the known fluorescent
constituent(s). In turn, the identified color spectral
segments are regarded as the most optimum available
for placement of passive sensor bands and resulting
application of their computational algorithms. It has
also been shown that the described method differs
considerably from conventional correlation spectros-
copy in that the known correlation data (laser) are
actually obtained simultaneously with the airborne
passive ocean color spectra. While only applied here-
in to ocean color spectra, the technigque is also expected
to have important application to remotely sensed land
and/or atmospheric radiances.

The recent addition of a passive ocean color subsys-
tem into the AOL has allowed the acquisition of active
and passive ocean color measurements from essential-
ly the same footprint. The relative mobility afforded
by the aircraft platform, coupled with the 6.25-pps
laser transmitter, provides a relatively high sampling
density of paired observations over wide areas and
differing water types. This capability has in turn fa-
cilitated development of a technique for identification
and verification of algorithm spectral regions for re-
motely determining chlorophyll concentration. This
technique may also be applicable for the development
of algorithms for passively measuring other phxto-
plankton photopigments as well as other waterborne
constituents that can be sensed with an active lidar
systerm.

The approach has been to select initially a form for
the algorithm. A number of forms are possible. and in
this initial investigation we selected a three-band curt-
vature algorithm with sidebands that are separated
from the center band wavelength by 30 nm. Although
this choice was in part arbitrary, it was based on previ-
ous success demonstrated by an algorithm of this type.
This three-band algorithm is convoluted with (or ap-
plied stepwise in 1-nm intervals to) the upwelled radi-
ance spectrum. The logarithm of the resulting spec-
tral curvature values are then lineariv regressed
against the water-Raman-normalized laser-induced
chiorophyl! {or phycoerythrin) fluorescence measure-
ments obtained concurrently during the flight mission.
The spectral correlation functions thus generated are
then examined to reveal spectral regions where accept-
able correlation between the —logG.(A) values and the
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laser-induced fluorescence values has been achieved.
Useful spectral regions more narrow than ~15 nm were
not expected since the AOL-POCS instrument band-
width is only 11.25 nm. Finally, the —logG (A}) values
showing the highest correlation are graphed ina profile
form along with the fluorescence measurements to al-
low more detailed visual examination and to reveal
additional characteristics of the resulting passive con-
stitutent estimation.

The initial application of the technique to data ob-
tained in the New York Bight during the 1984 SEEP
experiment was extremely successful. In particular,
the processed passive ocean color data obtained on
flight line H (2 Apr. 1984), which exhibited relatively
high chlorophyll concentration variability (0.5-6.0 ug/
liter) and areas of noncoherence between chlorophyll
and phycoerythrin fluorescence levels, resulted in re-
gression coefficients >0.95 and revealed few areas of
inconsistency with the concurrent chlorophyll and
phycoerythrin laser-induced fluorescence measure-
ments. These results were essentially verified or vali-
dated by processing spectra obtained by an indepen-
dent passive ocean color instrument (MOCS) also
flown simultaneously onboard the NASA P-3A air-
craft,

Attempts to apply the same techniques on other
flight lines flown during the same mission were also
successful, although somewhat lower correlation val-
ues were obtained, potentially due to the greater
amounts of sun glint observed on these other passes.
Similar results were obtained when the technique was
applied to data sets obtained during a subsequent
flight which occupied the same flight lines ~1 week
later. Inan attempt to ascertain the potential univer-
sality of the spectral bands identified during the SEEP
experiment, passive ocean color data obtained with the
MOCS on a mission flown 2 years earlier in connection
with the WCR studies were also processed through the
three-band curvature algorithm. The resulting pro-
files of estimated chlorophyil and phycoervthrin were
shown to be in reasonable agreement with respective
laser-induced fluorescence measurements of those
constituents.

Although the correlation between the —logG (X))
values computed from the passive data (using the spec-
tral bands determined to be most optimal) produced
results which varied from highly correlated to more
moderate levels of correlation, the band location tech-
nique itself appears to have been satisfactorily demon-
strated. Both the placement of sidebands in the
three-band curvature algorithm relative to the center
band and the form of the algorithm itself were not
optimized during correlation processing. Numerous
separations of the sidebands are possibie, and the 30-
nm symmetric sideband arrangement may not yield
the most optimum results. Moreover, other forms
need to be examined. These include in-water two-
band ratio algorithms such as those currently utilized
in processing CZCS imagery.

Various environmental factors may have influenced
- theresults. Cloud cover and ambient light levels were
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not routinely monitored on the initjal missions flown
with the AOL passive ocean color subsystem. Recent
modifications to the AOL will ensure that these pa-
rameters will be continuously monitored. Questions
need to be resolved regarding the effects on these re-
sults of other water types, high sediment, and/or dis-
solved organic material loading (Gelbstoff), and
changes in phytoplankton assemblages. For example,
different phytoplankton species could contain a con-
siderably different ratio of photopigments than were
encountered along line H, and this in turn could affect
the spectral location of the bands and degree of corre-
lation achievable with the form of a particular algo-
rithm.

We are, however, somewhat limited in the extent to
which these issues could be addressed with available
data sets. The instrument had only been configured
to operate in the dual active-passive ocean color mode
since spring 1984, restricting the investigations to a
relatively few data sets. In general, the AOL has been
flown in support of large-scale oceanographic experi-
ments that have multi-institutional participation. In
these experiments, the flight patterns as well as the
activities onboard the research vessel are generally
designed to provide data required by the participating
oceanographers, and information essential to improv-
ing remote sensors is often obtained more incidentally
than by design. Accordingly, information on specia-
tion, auxiliary photopigments (other than chlorophyll
a), phaeophytin, dissolved organic material concentra-
tion, and the attenuation properties of the near surface
ocean layer, all of which would he useful in analyzing
results, are essentially unavailable In our existing data
sets.

Nonetheless, the results thus far obtained using the
passive ocean color band selection technique indicate
that photopigments contained in chlorophyll exert
profound influences in specific regions of the entire
ocean color spectrum. These areas extend well into
the red region beyond 670 nm. Currently the 670-nm
CZCS band is assumed to be free of contributions from
within the water column and thus is being utilized to
correct CZCS imagery for atmospheric effects.

The results herein also suggest the presence of win-
dows within the ocean color spectrum where a particu-
lar photopigment appears to exhibit little influence on
the spectrum. It isin these spectral regions that an-
other photopigment may be most optimally deter-
mined. At present too little data exist to evaluate the
potential of this latter finding. It is possible that the
three-band curvature algorithm given here is only indi-
rectly responding to phycoerythrin. For example, if
phycoerythrin is highly correlated to another pigment,
say phycocyanin, the algorithm may actually be mea-
suring the latter pigment. Thus the high correlation
of the active and passive phycoerythrin measurements
may be occurring via the covariability of another pig-
ment.

The algorithm efforts described herein were initiat-
ed to identify algorithms which could recover plank-
tonic chlorophyli accessory pigments from upwelled



spectral radiances. The ultimate objectiveis to devel-
op passive techniques for detection and mapping of
chlorophyll and accessory pigments from satellite plat-
forms. This should in turn greatly assist in develop-
ment and production of global piankton species maps.
In the verv long term it is hoped that spaceborne lidar
techniques can complement passive systems much as
they presently do on airborne platforms.”®
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