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Oceam'c phytoplankton chiorophyll is known to
. produce a very significant influence on the optical
properties of the ocean. The chiorophyll-driven
optical properties are in fuct so strong as to allow
global setellite mapping aof the pigment concen-
tration in the upper ocean using upuwelled water-
leaving radiances. In this paper, extensice experi-
mental evidence is presented to strongly suggest
that wpwelled water-leaving spectral radiances {and
therefore the submarine light freld source) also
include physical scattering and absorption effects
of photosynthetic accessory pigments such as phy-
coerythrin. In the water column, the presence of
phycoerythrin was measured over wide regions of
the ocean wsing well-established airborne laser-
induced spectral fluorescence techniques. Active—
passive correlation spectroscopy methods revealed
that concurrently measured water-leaving speciral
radiances in the ~ 600 nm spectral region were
highly correlated with the laser-induced phycoery-
thrin pigment fluorescence. The analysis was per-
formed on data sets in which the phycoerythrin
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and chlorophyll fluorescence were not coherent in
order to permit the unambiguous evalvation of
results.

INTRODUCTION

The chlorophyll pigment found in marine phyto-
plankton dominate the optical properties of the
world's oceans. This is amply demonstrated by the

. fact that a) the in-water diffuse attenuation coef-

ficient for downwelling spectral irradiance und the
chlorophyll-like pigment concentration can be di-
rectly related to each other through optical models
(Smith and Baker, 1978) and b} the in-water radi-
ant energy scattered toward the zenith (water
leaving radiance} can be detected by satellite mul-
tispectral sensors and used for global mapping of
chlorophyll pigment concentration (Gordon and
Morel, 1983). To date, chlorophyll (and chloro-
phyll-like material) is the only phytoplankton com-
ponent specifically linked to ocean color spectral
variability (Smith and Baker, 1978 Morel and
Prieur, 1977). There are a number of other con-
stituents in the water column {Gordon and Morel,
1883) and within marine phytoplankton (Bidigare
etal, 1985 Gieskes and Kraay, 1983) that can
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contribute 1o the spatial (Esuias et al. 1956) and
spectral (Hoge and Swift, 1986a) variability of the
color of the ocean. However, the specifie inluence
of euch of these ather constituents, such us phyco-
ervthein, on the marine light field may he masked
by the dominating effect of the chlorophyll pig-
menl and/or spectral overlap with each uther.
Phycoerythrin is an important accessory pigment
te chlorophyl! in marine phytoplankton und is one
of the major light-harvesting elements for photo-
synthesis in the cyanobacteria, rhodophytes, and
cryptophytes (Glover, 1985, hEocha, 1962
Cohen-Bizire and Bryant, 1982; Yentsch and Phin-
ney, 1985; Exton et al., 1883).

The photosynthetic accessory pigments do not
influence the in-water spectral radiances and irra-
diances quite so profoundly as does chlorophyll a.
This situation is indicated by the fact that, despite
thousands of measurements of the spectral charac-
teristics of the submarine light field, there have
been no reports of the presence of the phycobilin
pigments within the spectra (Lewis et al., 1986).
Problems in determining the spectral manifesta-
tion of phycobilin pigments arise in part due to the
difficulty of extracting and quantitatively measur-
ing pigments such as phycoerythrin at the same
time that the spectral properties are being mea-
sured. A technique for extraction of the phycoery-
thrin pigment has only recently been published in
the scientific journals (Stewart and Farmer, 1984)
and methods for using standard flow-through Au-
orometers to measure phycoerythrin pigment fu-
orescence aboard research vessels have not been
satisfactorily developed (R. C. Smith, Univ. of
California, Santa Barbara, private commaunication).

The lack of definition of the effects of phyco-
erythrin on the marine light field is not sur-
prising since the discovery, widespread existence
(Waterbury etal, 1979; 1986), and physiological
competence of some phycoerythrin-bearing organ-
isms have only recently been reported (Li etal,
1983; Platt et al., 1983). However, interest in phy-
coerythrin and the role of this pigment in total
ocean productivity and in the fundamentally im-
portant carbon and nitrogen biogeochemical cycles
has been increasing. The measurement of phyco-
erythrin Auorescence is quite feasible since the
flucrescence cross section has been roughly esti-
mated to be an order of magnitude higher than
that of chlorephyll (Houghton et 4l., 1983). The
recent reports of HPLC measurements of other
phytoplankton constituents also provides optimism

for the increased availability of phytoplankton p”-
ment data to aceompany shupboard measured spu
tral data (Bidigare et al., 1985; Gieskes and Kra ©
1983). Fhe devetopment of fluorometers whicl v
a laser excitation source tor stimulating phycoe
thrin Huorescence could provide underway
surements of the distribution of this photopigme

Knowledge of the influence of accessory p
ments on the submarine light feld is important
several reasons. First, primary production is driv
by the submarine light heid. il phycobilipigme
are influencing the submarine light field, th
they must be absorbing sigmificant amounts
radiation wseful to the photosynthetic process a
1o primary production in general. [The degree .
which the absorhed radiastion is efficiently oy
verted to useful Rxation of carbon is, of cour |
arguable since phycoerythrin expels considera) |
fluorescent energy in the 560-578 om bw
{Alberte et al., 1984; Houghton et al,, 1983).] Hc
ever, laboratory cultures have shown that intrac
lular phycobiliproteins in cyanobacteria inere
as a response to low light levels (Kana and Gilts
1987, Wyiaan etal, 1985; Barlow and Albe
1985), thus increasing the absorption cross sect’
of the cell. Second, the primary production cap
ity of the phytoplankton ensemble is altered
the extent to which the underwater light fele
absorbed or scattered (or example, by a phy
bilin chromophore). These photons are a) remer
from further direct use or h) wavelength-shil -
via Huorescence and Raman emission 10 wi |
lengths more (or fess) useful to other pignn.hj.
such as chilorophyll, carotenoids. or other aec "
sorv pigments, Third, phycobilin-modified
welled spectral radiances can cause errors in
measurement of chlorophyll since, for examy
the usual 550 nm chlorophyll remote sensing b:
on the Coastal Zone Color Scanner {CZCS) co
contain signal from an interfering accessory |
ment {phycoerythrin). Fourth, if the phycobilip
teins influence the submarine light field, 0
resulting upwelled radiunces (that ultimately le
the water and enter the atmosphere and spe
can then be detected and used for spacebo
satellite measurement of the pigment. Fifth,
optical variability can affect oceanic heat budf.
(Marru and Hartwig, 1984).

It is the purpose of this paper to pres =
experimental field evidence that strongly sy
that phycoerythrin influcuces the wnderwater 1
field and the resulting upwelling, water-leas



diances. For Case 1 (Gordon and Morel, 1943)
aters, some limited evidence for the influence of
hycoerythrin on the submarine light Reld has
ready been given (Hoge and Swift, 19864) to-
sther with the initial technical details of the
‘tive—passive correlation spectroscopy {APCS}
ethodology used to study ocean color variability
{oge and Swift, 1987). The results presented in
is paper provide some additional Case 1 field
sservations but principally address Case 1l
sordon and Marel, 1983) waters and the diverse
id highly variable bicoptical properties that exist
ere. These additional findings serve to comple-
ent and expand the previous Case | findings
loge and Swift, 1986a) and, as more applicable
dd data is obtained in the ensuing field missions,
too will be presented to further the understand-
g of the influence of the accessory pigments
won the underwater light field.

The spectral composition of the underwater
‘ht field is determined by the penetrating solar
adiance as well as ahsorption and scatter by
ytoplankton, water molecules, and dissolved and
trained particulate matter. The submarine spec-
1 radiant energy scattered in such a way that it
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escapes the surface on an upward path (and is thus
“hackscattered” or “upwelled”) maintzins the
spectral signature of the suspended and dissolved
material in the ocean volume. Thas a study of the
witer-leaving radiances ullow one to gain informa-
tion about the materials in the water volume (Smith
and Baker, 1978). These latter up-welled spectral
radiances will be used to infer the influence of
phycoerythrin on the submurine light field when
the pigment is being concurrently measured within
the water column by established airbormne laser-
induced Auorescence methods.

The mathematical nomenclature and physical
measurement units to be used in this paper are

defined and described within Table 1.

INSTRUMENTATION AND AIRBORNE
FIELD EXPERIMENTS

The Airborne Oceanographic Lidar (AOL) and its
integral passive ocean color subsystem (POCS)
(Hoge etal., 1986a,b) were used to obtain the
water-leaving radiances and the in-water phyco-
erythrin and chlorophyll fluorescence data pre-

Table I. The Mathematical Symbals, Their Descriptions, and Physical
Measurement Units Lised within This Paper

Symbol Description Units

A, wavelength of jth spectral chanoe] nm

LR correlation valuwe of passively unitless;
derived phycoerythrin with center values
band of curvature algorithm at between
A, similar definition for =land +1
chluruphyll, p A4}

144)) water-beaving radiances obtained W Som® /
from airborme sensor rudiunces by sr/nm
the subtraction of reflected sky
radiances; at 150 m flight alti-
tude, the atmosphernic path cadiance
i ignored

[ W] difference uperator defined by unitless
A )= flatw/D) - flh—w/2)

G (a,} defined by Eq. (3) in text (uW fem® /

sr/nm) !

Fa} pigment Auorescence F{A} dimenyion
divided or normaliced by the rutio
water Ramun signal F(A ). ie,

Fabm FlA )/ Fla,)

ah litear regression constants in o vary
chlonyshvll algarithm such as according
emats ", similar but not 1
dentical definitions for A. B algorithm
and o, g

P ply cowrvthnn pigmunt coneeniration wgsl
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Tubde 2. Tentification of the Ficld Exprrinent

Conbignration amd Assoviteed Information

Lavation and Dt Water Type, amd Missian

Asvociated -
igtht Oceanuvgraphic (TN AT Lo
Flicht W;'f" Flight Type Flt)‘:t:::‘ Expurriment Anple Ri e nees
tine Claxs o

Vo vt al - V98T

prig. T LW 15 ofl nhin 7
A Case Il transit w1 CUS-3 Calih e Moot 9
° Gaw 11 trime AR 5'|5|-‘|" 157 off nahir Chimtee amd Swalt,
C Casee | mMapping w12/ A i
‘ Mente anad Bwiblt,
L r
Y whir Alaera amd Hartwng,
Sast system test LY1Vn RIOAWATT e s
v Cometl and vaaluation o

“SEEFP = Sheli Edge Eschuige Provesses.

sented here. The AOL instmmen'tation_ has b.een

discussed in detail in pupers dealing w1:‘l; \mrl;‘)u‘sl

marine applications including other ¢ ;mspwgfﬂ

mapping field experiments (Hoge anTh w,'de'
1981a.b; 19683; 1985, Smith et al.'. 1987;. e e
range of other possible oceanic an t-e:;e[,een
applications of an airborne lidar have alt:e.::j' beer

given (Hoge, 1988} and will not be list ber;;
The POCS instrumentation subsystem hms19 8:)
recently described in detail (Hoge etal., " )
Its application o the airborne measureme

“2

T ra T3
LONGITUCE (Deq)

12 - -T0

oceanic pigments has alsu been given (Hngc 1:_! :IL
19861). The principal hardwure fcumn:-a. of he
AOL-POCS and their combined npcrutu)(;\ (‘E ae
aclive—passive mode have been p-“*f:m?t 2?.:.“
et al., 19863, 1) together with upplwalu‘ms.f o ;);8:”
color spectral variability (Hoge a\n(.l f}\;’lﬂt, ‘ ami
satellite color sensor band evnlu.atmn .(;\gt_ nd
Swift, 1986b), and radwance ratmﬂnl},{t{nt ms‘l. ‘
Case 11 waters (loge et al., 1987). The Sy:(.l‘ll
active—passive ocean color data which

}quires Wine
. nvestigate the phycoervthrin in-

was utilized to t

Erogre [ Vap showiog the ;.'.--.ugmN;l-t.n] ]:Ill -
| r.;l‘iuns of Hight lines selected for l‘."“‘;:ﬁ:\.l,l

‘ s ph\'(-m-rgllnin \hul'\'. The wecral 1
diveetion is indeated by arruws.



'f::::nu I.)y lf.\ing a highly  effective technigque
(Hl Uus u(..'tl\fcv[xnsivv correlation spectroscopy
oge and Swilt, 1946u). "
The duta used for the phycoe i
were obtuined during four [:quml?t.ln::ll:::r::ﬂg:l“;
missions conducted over the Atluntic Ocean cast rAI'
the United States in 1984 and 1987, All but une ul'
these data sets were obtained either on test . (:j
evaluation fights or on trunsit legs to the .u::.d
field experiment sites. We will simply designate
:-‘l'l.t‘ s?par.lte airborne mission fight lines as‘ Flight
ﬁ:l:;es A B.‘C, and D. Table 2 provides the major
field e_xpe_nmenl associated with eachi of these
ight lines, the type of Hight, the water type, and
rel'e.re'-nces that the reader may wish to wnsuit fi
;dbcllltu?na! information about the overall scientifti)r'
b ](l:ctwes of the oceanographic experiment, Non::
36 the f.ielc_l. experiments had as their objective the
termination of the influence of phycoerythrin
:ll: submarine light field. Thus, more optimu(::
mt;dcatz probfnbly be obtuined on missions dedi-
ated to Pastsi:vgn pigment detection. As will be
diseusse lm ecle.next section, many Hight lines had
tobe < aluated in order to select those suitable for
an ysis. The locations of Flight Lines A, B, C, and
|wa[“:1 ..'.hou./rT in Figure 1. All Right lines are
ated in Case I waters except for Flight Li
(Hoge and Swilt, 1987). e €

AIRBORNE DATA ACQ
h UISITION,
EVALUATION, AND PREPROCESSING

:‘::f&ufi.a airbome laser systems have demon-
strae t chlorophyll a and phycoerythrin fluo-
lmckm:e along with laser-induced water Raman
be sr:ait'ter can be reliably measured over wide
eds O lhe.ocenn, both rapidly and at a high
:mple c:::nslty {Hoge and Swift, 1981a; 1985;
th:g: 3:‘ l;;198('30,.&!). Hardware improvements t(;
the AO ve Efmbled the instrument to acquire
ultanecus active and passive ocean color me
surements (Hoge et al., 1986a,b). During the a;
:sv:rn.l years a large volume of data mntaj:i:ls
r:lnduced and solar-induced spectra have b<3eg
ucquuied while participating in major ocennnr-'
g;raplhnc field experiments. These paired active and
passive spe(ftnll observations, obtained from th
same _ﬁ:fotpnntS. permit advanced studies of the
vanablll!y in ocean color spectral radiances (Ho, .
and Swift, 1987) and the development of algE:
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rt‘thl.us for the detection and measurement of Hud

rescing constituents in the upper luver of th:
oceun. A l)’picul airbome Hight mission produces
~ 59‘(?00 pairs of active—passive observations. ‘
acli::’iur‘ ::: selectlim'l for anulvsis with the
el datga.;mn:' ﬁm:'rne a';l‘on spf:cln)sc‘)py technique,
the data from m i:‘ p‘:ﬂt |me.s were first evalu-
these criteria were: t criteria. Spocificaly

1. The active-passive correlation spectroscopy
(APCS) technique uses a linear regression i)ro-
cess .tu evaluate the results. Linear regression
requires a reasonable range in the luser-in-
duced pigment fluorescence to vield an accu-
rate solution. Only those Hight lines that pro-
;Idﬂ a relative wide range of phvcoerythrin

, vuorescence were utilized in the analysis.

- Very often the phycoerythrin fluorescence co-
varies with the chlorophyll Huorescence. In
order‘ to ussure that the passive phycoerythrin
algorithms are not responding to c'hlomphvll
anly Right lines having segments of noncol;er.-
ent chlorophyll and phycoerythrin fluores-
cence were considered for analysis.

3. Fllght lines having some small scale phycoery
thrin fluorescence variability or patch'iness:'-
were selected. The relatively small, 1-10 km
p.atches of elevated phycoervthrin concentra-
tion provide excellent visual contrast betwee
profiles of laser-induced phycoervthrin ﬂuo-n
rescence k_and estimates of pl'\ycoe.ryt]'lrin con-
wfr;:‘mtmn. developed following the application
of the active~passive correlation spectrosco
technique. >

4. Only glint-free data can be used for analysis
Data found to meet the first three criteria '
above were then edited to remove spectra
conta?n.nnated with sun glint. Then, only passes
requiring the removal of 10% or fewer obser-
vations were ultimately used for analysis

5. The passive water-leaving spectral mdlance
al:;:d be tested to insure that no residual rve-s
fiect dilw radl'al!ce and path radiance remain
sipm:te fla. This is done by testing the passive

e ra ::] the recovery of chlorophyll using

the pec ral curvature algorithm (Campbell and
saias, 1983). If application of the APCS

n.lelhocl_ reveals that reasonably high correla-
tion exists between the laser-induced chloro
phyll fluorescence and curvature algorithms-

Hoze and Swift

applicd to blue andd for ved racliances, then the
patssive spectra ase assumed 1o be esscutially
free of unwanted cadiation and ready for phy-
coerythrin analysis.
During the various flight missions 2 considerable
amount of active and passive data was acejuired.
However, only a relatively small subset was found
to meet all the above criteria for use in the analy-
ses.
The data used for analysis were subjected 0 a
simple average over each 1.5-s interval prior Y0
Processing. This uveraging was done to reduce the
volume of samples and to smooth high frequency
variability, The active and passive ocean color
ohsenvations were cach acquired at 625 samples /s
on Flight Lines A, B, and C and at 10 samples/s
on Flight Line D. Passive ocean color spectra
containing, sun glint were removed prior to the
averaging. At the nominal 100 m/5 velocity of the
aircraft, this process effectively averages the sum-
ples obtained over a space of ~150 m. A more
comprehensive treatment of the data handling can
Lbe found in a recent paper (Hoge and Swift,

1983).

ACTIVE-PASSIVE CORRELATION
SPECTROSCOPY METHODS

The Passive Ocean Color Spectrum

The solar-stimulated ocean color reflectance spec:
tram is not distinguished by pumerous ‘or promi-
nent spectral features due to the phycoerythrin
pigment. Rather, the most obvious characteristics
of ocean color spectra are those induced by chioro-
phyll: a) the slope change in the nominal 450-370
nm region (Smith and Baker, 1978), b) the spectral
fattening in the 450-310 nm section {Campbell
and Esaias, 1983), and ¢} the fAuorescence emis-
sion in the 675-695 nm segment (Neville and
Gower, 1977). These attributes of the ocean color
spectrum are 50 agsertive that chlorophyll (and
phacopigments) can be remotely sensed using bhand
ratios (Hoge etal. 1087), spectral curvature
(Campbell and Esaias, 1943, Hoge and Swilt,
1986b; 1987), and the amplitude of solar-induced
spectral fAluorescence emission {Neville and Gower,
1977). Sipce no obvious spectral characteristics
have been teported for phycoerythrin, then very
sensitive  detection methods must be used.

We have fowd spedtral cnnvature (¢
Camnpbell andd Enunis,
19660} techuigues to be awons the nosl Tespon-
sive proveduores avaiiluble.
the principal «
ratio alggarithns have uot exhilnted as
tion sensitivity as curvature m
tion of the effects of phycocrythrin in e upwelled

aew, 1981
1usd Hope and  Swilt,

Accordingly, it will b
nadytical toul wsed herem, Radianee
much detec-
cthuds for the detee-

radiunces.

The Active or Luser-Induced Ocean Color
Fluorescence Spectrum
Previous papurs have presented typical airborne
Huorescence spectra (Hoge and Swift, 1981al;
1685) resulting from pulsed laser stimulation at
532 nm. By contrast to passive ocean color spectra,
the laser-induced Huorescence speclra are distin-
guished by rather narrow. wentifable spectral lines
due to phyeoerythrin and chlorophyl! fluorescence,
water Raman scatter, as well ay the 532 nm laser
backscatter from the water colunmn. The water-
Raman line is used @ normalize the phycoeryl'hrin
band {and the chlorophyll band) to reduce cHects
on the levels of phycoerythrin and chlorophyll
fuarescence due tu spatial variability in the atten-
wation  prupertics of the upper water colunin
{Bristow etal., 1981 Hoge and Swill, 19415). All
corvelation unalysus were performed with the nor-
malized phycoerythrin spectral line.

ACTIVE-PASSIVE CORRELATION
SPECTROSCOFY

Active -passive correlation spectroscopy (APCS) is
a highly sensitive technique which allows subtle
constituent-driven variations in the airbarme ocean
color spectrum to be casily detected (Hoge and
Swift, 1986a). The details of active—passive come-
lation spectroscopy (APCS) have been given in
previous papers dealing with its application lo
ocean color algorithm wavelength selection (Hoge
and Swift, 1986a; Hoge et al.. 1987). The reader
should consult those papers for other a} instri-
mentation details, D) active—passive correlation
spectroseopy methodology used with the ocedn
color spectral curvature algorithm, and ©) the ini-
tial limited examples of phyeocrythrin nunifesta-
tions within ocean color radiances required in
Case | waters (Hope and Swift, 1986a). A brief

o

I
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APCS technigue used in the
o iy given below.

all possible se-
from the 32 available
f the AOL/POCS instrument
ependent phyveoerythrin

wription of the
SIS prt-wntud in this pape
During post-Hight
atial curviture
sive color bands o
used to compute ind
stimates. (The actual me
il in the following sec-
sulting curvature ritigs are
ssed against the corres
- Ramun-normalized phy-
g the entire fight
ts {p > 080 reveal
where the ocean

yresented in more det
1) Euach of the re
n linearly regre:
sp-induced and wate
rythrin Huorescence value ald
». High correlation coefficien
se regions of the spectrum,
ral variability is stronygly corre
yeverythrin fuorescence.

lidity of Airborne Active—Passive Methods

duced chlorophyil fluores-
1 has been shown to
the chlorophyll pig-
J by shiphoard extrac-

e airborne laser-in
1ce from the water calumi
4d high correlatio
mt concentration derive
as and underway fuorescence meas
e and Swift. 198
1987). The high correla-
phyll fluorescence
found in spite of
chlorophyll  fluorescence
ient light and nutrient
rvthrin  pigment

ristow et al., 1981; Hog
al. 1986; Smith et al.,
ns of laser-induced chloro

own photoplunkton
riahility caused by amb
Regretiully, no phycoe
re available with which to compare
orescence findings.
rythrin pigment is

w airhorne phycoerythrin flu
here is little doubt that phycoe
sing detected since its spec
m region is routinely observ
tiddle Atlantic Bight (Hoge
986). Thus, under the assun
omne laser-induced ph
reliable indicator of U
oncentration, it will be used as t
lentification and evaluation of in-wate
variability attributable

tral peak in the ~ 380
ed especially in the
and Swift, 1983
tion that the air-
hrin Auorescence is
he phycoerythrin pigment
he sole source for

he APCS processing each
urvature combimation is lin
he water Raman normilized
hlorephyll Buorescen
n spectral correlation
r plA) where A is th
and of the passive spectromete

{ phycoerythrin and
surements resulting
functions denoted as p{a,)
& wavelenpth of the jth
r. Typically from
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SO0 to 10000 pairs of active and passive wave-
forms are ubtained during the traversal of a single
Hight line of approximately 100 km in length. The
specteal correlation p i) or p LA are uswally
produced from data acuired along a single fight
fine. The intuence of phycoerythrin (or of chloro-
phylD) on the upwelled spectral radiances is read-
ily identified in the correlation spectrum. Flight
lines vielding absalute correlation values above
p=08 are selected for further study. The effec-
tivencss of algorithm bands is then qualitatively
judged by visually comparing along-track profiles
of the active pigment concentration with the pas-
sively derived estimates. The details of this proce-
dure together with examples of the results are
provided in the remaining sections.

APPLICATION OF ACT IVE-PASSIVE
CORRELATION SPECT! ROSCOFY TO
PHYCOERWHRIN-INDUCED OCEAN
COLOR SPECTRAL VARIABILITY

It would be desirable to use the unprocessed
passive ocean color spectra L(A,) to derive pig-
ment concentration values. Unfortunately, the high
variability of the entire spectral waveform com-
pletely masks the desired. subtie color variations
impressed upon the clear ocean water spectrum by
the phycoerythrin pigment. To obtain useful infor-
mation on the effects of phycoerythrin on the
acquired radiances, the spectra must be processed
using more sensitive techniques such as radiance
ratios (Gordon and Morel, 1983; Hoge et al., 1987)
or by spectral curvature (Grew. 1981; Campbell
and Esaias, 1983; Hoge and Swift, 1986a). The
curvature spectrum (which is related to the second
derivative dS(A,)/dA*) methods are qguite sensi-
tive and yield results which are reasonably free of
unwanted environmental factors {Campbell and
Esaias. 19583). The curvature algorithm is essen-
tially a difference operator applied twice to the
logarithm of the radiance in the middle spectral
band. There are several important consequences of
using this algorithm: 1) Since the spectral differ-
ences are usually small relative to the large radi-
ance values involved, the leveraging imposed by
the form of the algorithm necessitates high sensor
precision and stability: 2) the calibration of the
spectral radiance of the sensor is not a require-
ment, although mission to mission stability is es-

8 Hope and Swift

sentiab if the constants in Eq. (4) are to become
anchored for real-time use: and 3) the algorithm
may e applied in real time to secan color speetrit
ohtgined at relatively low altitudes without serious
consequences from atmospherically related effects
(Campbell and Esaias. 1983). (OF course, at high
altitudes, additive, independently varying, atmo-
spheric path radiance must be removed before
further processing with the three-band algorithm.)
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 Esuias (1983) AZ log S(A,), where
a0 ) is a diflerence operator defined by

a,f(A) - (A +w/2)-f(A-w/2)- 1]

If @ = 30 nm and the operator is applied twice as
required, Campbell and Esaias (1983) showed that

A2 log L{A,) = —log G (A}, 2)
where

L*(a,)

GUA) = T3 +30)-L(%, -30) (3)

Thus, the processing of the L(A,) spectra is per-
formed by starting with data from the bluest spec-
wral band of the instrument, L(A, —30), then se-
lecting data from the spectral position 30 nm
redder, L(A,), and another 30 nem to the red.
L(A, +30). These three spectral radiances are used
to compute G (A ) via Eq. (3).

The index label is changed to j in order to
identify the fact that the original 32 spectral bands
were first linearly interpolated to “create” addi-
tional bands separated by one nanometer instead
of 11.25 nm as actually provided in the passive
acean color subsystem (POCS) of the AOL. The
resultant interpolated bands are, in fact, composed
of varied ratios between adjacent 11.25 nm wide
spectral bands of the POCS and the resulting
bands used in our caleulations are thus effectively
22.5 nm in width. Although this method of data
handling may be less than desirable for some
analytical applications, our intent here is only to
demonstrate that phycoerythrin has a measurable
effect on the ocean color spectrum. It is not the
purpose of this paper to derive specific algorithms
for the actual measurement of phycoerythrin.

During this analytical procedure. the A, are
successively ineremented by 1 nm and the caleua-
tion is repeated until a complete curvatare spec-

rum is obtained. For e actual data set o be
discussed herein, the typical procedure is started
at 443 om and excented 2R3 tiues until the final
curvature value i obtained from the raw radianecs
at 701 o, 731 nn, and 761w The “curvature
spectrim,” GUA ) i thus shorter than the spec-
tral radiance LEAY by 60 nn (30 mm cach on the
blue and red ends). A carvature spectrum is pro-
duced from ench raw spectrum LA} Lincar cor-
relation coefficients are then developed  using
—logG (A} versus FA), where FOAD s the
Jaser-indueed Hnorescence at wavelength A, and
where i corresponds to phycoerythrin wan elenzth
A, lor chlorophyll wavelength A, il desired). The
hser-induced  phyeoerythrin Huorescenoe @5 as-
sumed 1o be lincarly related to the phycocrythrin
piggment concentration. We chose an alporithm of
the form

PA-BlagGolA,) (4}

where P is the relative concentration of phycoery-
thrin (or chlorophyli). This form has heen found to
produce more consistent resulls in our waork than
the fornmlation used by Canpbell and  Esaias
{1983).

log P =a—blogG{A,) (5)

or the form by Grow and Mayo (1953) and Grew
(1981),

log P =a — BC (AL (6)

where A, is 00 um and A, B, 4. b, and a, B are
the linear regression cocfficients of all the respec-
tive forms.

Our choice of algorithm in (4) would nut be
expected to significantly alter our phycoerythrin
findings since all three forms of the algorithms
have in the past produced quite good correlation
with chlorophyll  measurements (Hoge et al.
1956h: Grew, 19815 Campbell and Esaias, 1983).
Of course, G AA} is common to all the algorithms
in (4}, (3}, and (6).

Campbell and Esaias (1983) found that the
curvature atgorithi effectively climinates viria-
tions due to changes in incident irradiance while
al the same time enhancing spectral features of
the water medinm. Utilizing a mexde] based on
earlier work by Smith aned Baker (1978, Camphiell
and Esaias (1983) were able o show that the
ivvadiance reflectance of oeean waler exhilnts
distinetive curvature spectrum with a large negi-



tive curvature centered at 490 nm. As chlormphyll-
frke piganonts are added to the water, this negative
curvature monotonically approsches zero. This lat-
ter feature is the Rundwmental physical basis for
the high sensitivity of the algurithm to chlorophyll

in water. Anulogously, we will use the ulgorithm

fur phycoerythrin and further demonstrate that the
vceurrence of increasing amounts of phycoerythrin
pigment vield strong spectral curvature responses
centered at ~ 600 nm.

An example of a phycoerythrin spectral come-
lution function p(A;} generuted by these APCS

methods is shown in Figure 2a und a corvespond- -

ing chlorophyll spectral correlution function in
Figure 2b. These comelation Runctions were ob-
tained from data acquired along Flight C as nwove
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fully discussed in the following section, The phy-
coervthrin correlation peak in the ~ 600 nm spec-
tral region is of specific interest in this paper. This
phycoerythrin correlation  peak. when found in
specific data sets, most often occurs when the
chlorophyll influence at ~ 600 nm is diminished
as indicated by a low chlorophyll correlation value
at this wavelength in Figure 2b. Frequently, but
not always, when the chlorophyll dominance is
found to be diminished at ~ 600 nm, the phyco-
erythrin influence is ullowed to emerge.

At this me a physical basis for the ~ 600 nm
peuk in the phycverythrin correlation spectrun is
difficult to identify since the in vive phycoerythrin
flucrescence occurs at 570-580 nm (Exton etal,
1983) and its ahsorption (excitation} maximum is
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Figure 2 ») Example of spectral

correlation for phycoerythein, g (A,)

for Flightline C of Figure 1. Note
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A pora | Nad i
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for Ailorophydl. p (A} Throwghaut
this paper. the passively derived
~: —.+ chlurophyll compurisons sre ob -

360 600 &40 680 720 tained frum the ~ 850 am chioro -

phyll abhsorption region.
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found in the 330 nm region (Yentsel and Yentsch,
1979). 1t may be due to covariability with other
phytoplankton pigments whase functions are cou-
pled to those of phycoervthiein. For example, the
phyveocvanin shsorption peak is much closer to 600
nm than is the phycoerythrin. Thus, it is possible
thut only phytoplankton species containing both
phvcocyanin and phycoerythrin ure being de-
tected. That is, the luser is stimulating and nea-
suring, the phvcoerythrin Huorescence while the
passive upwelled rudiunces could be measuring
the effects of the phycocyanin pigment. In order to
test this hypothesis (as well as establish the wave-
lengths of color bands for its eventual satellite
measurement), eflorts are now underway by our
group to conduct sirhome field experiments with
an additional laser wavelength at ~600 nm in
order to obtain the phycocvanin fluorescence in
the 630 nm region. On alternuting laser pulses. the
532 nm laser radiation would be emitted to stimu-
late phycoervthrin and thus identify regions of
coexistence with phycocyanin pigment.

The environmental factors that somehow com-
bine 1o occasionally reduce the chlorophyll domi-
nation of the upwelled spectra at the 600 nm
wavelength is at present unknown. The high
chlorophyll correlation in the 680 nm region is
caused by the chlorophyll fluorescence emission
{Hoge and Swift, 1986a,b). Likewise the high
correlation in the ~ 660 nm region is altributed to
chiorophyll absorption. [t is from. this latter spec-
tral region that all the chlorophyll profile plots will
be extracted for consideration.

DESCRIPTION OF RESULTS

We have selected flight lines from four airborne
missions to demonstrate that phycoerythrin pig-
ment affects the underwater light field. In fact, the
results from these missions suggest that the ocean
color spectrum is influenced to the degree that the
phycoerythrin’ concentration cun be reasonably es-
timated from passive ocean spectral measure-
ments.

Flight Lines A and B (Fig. 1) were obtuined
during the conduct of two missions flown te pro-
vide validation data for the CZCS sensor during
August 1984, Flight Line C was acquired during
the Department of Energy Shell Edge Exchange
Processes (SEEP) experiment (Walsh et al., 1946)

in April 1984, Flight Line 1 was acquired during
an dmstnnnent checkout nssion Hown prior o
participation i the U.S. Office oF Naval Rescarch

BIOWATT 11 experient duringg August 1987,
The locations of the respective Hight lies wre !
shown in Figure b Additional informition about ¢
the Hight lines and instrunwent configuration dif-

ferences between the fight lines can be found in

Table 2.

We will wse essentially the same lormat lor tlwi
presentation of results from all four mission Highty
lines. For phyeverytbrin reeovery we used theg
curvature algorithin of Eq. (4} with —log G o (A )X
centered very near to 600 nm. For chlorophyll
recovery  high  correlation  coefficients  hetween
—log € (A,) and laser-induced chlorophyll o,
rescence were obtained in several spectral regions
High negative correlation was found in the charac
teristic blue speetral region as well as near 665 nn
while an clevated region of positive corvelatioy’
was found near 690 nin. The peak (negative) corr
fution in the 645-665 wmin spectral region wa
selected for demonstrating that the ocean col
spectra contained strong chlorophyll influence b
cause this region provided the best overall mrrel}ﬁ}
tion for the entire group of Case 1 water masse;';;

utilized in these analvses. k
.

Flight Line A

Flight Line A was tlown during August 1984 alo
the New Jersey coast line. As shown i Figure!
the Hight line was oriented roughly parallel to ¢l
shareline at a distance of 3~5 km offshore. Appr
imately 8750 pulsed laser-induced spectra ani -
8750 passive ocean color spectra were acquin -
and used in the analysis of this fight line.

Figure 3a shows the water-Raman-normalize
laser-induced phyveoervthrin and chiorophyll flu
rescence profiles plotted as a function of time. T
values of hoth Huorescence profiles are given! "*
dimensionless numerical ratios resulting frum“; 54
normalization of the respective fluorescence k
the water Ranuan backscatter signal. Fyguee
facilitates direct visual comparison of the relat
strength and the noncoberency of the two
ments aloag a specific Right line. At the nomn -
100 m/s velovity of the P-3A aireraft, the 160
span of data shown in the profile cross sect
represents a distunce of approsinately 160 %
The degree of noncohercuce hetween the ph
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phyll and phiveoceythrin pigments exhibit the
strongest noneaherenee such as in the imtial 400 5.
The piginent estimites from upwelled rudiances
generally follow the tend of the respective laser
induced Huorescence profifes; however, systenatic
differences between the active and passive esti-
mates of the pigments are also apparent at sorne
locations. Ship truth was available along this line
and the range of chlorophyll concentration is given
on the righthand seale of Figure Je {Hoge etal.,
1987}). The ship truth values are plotted with large

symbols within Fumre e tn weneral the ship
trath was in good agreement with the airhorne
it Deviations are attributed o a spatial separa-
tion (hetween aircedt and ship) of 110 kin el
time differences of 6-12 b tHoge ot al, 1987

Flight Line B

Flight Line B was also Bown during August 1984,
As shown in Figure 1, the {light line pasalleled the
Virginia coast, crossed the Chesapeake Bay mouth,
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Figure 3 &) Normaliced phycocrythrin and chloraphyll Hluorescence s! : :
noncoherency of the bwo pigments along Flightline A. b Along-ufu:k comparisen of‘pass::d
phyeoerythrin ohitained with 599 nm center-band curvature algorithm and the laser-indu

and water-Taman-nornialized phycoerythrin

Huorescence obtained along Flight Line A. ¢}

Along-track comparison of passively derived chlorophyll and the normalized laser-induced

chlurophyli fuorescence obtzined along Fligh
was determined from the in situ ship truth a

hrin and chlorophylt profiles, which is re-
-ed for unambiguous active—passive correlation
lysis, is evident in Figure 3a, especially near
beginning of the Right line. From a carrelation
ctrum similar to the one in Figure 2a, it was
nd that the laser-induced and water-Raman-
malized phycoerythrin fluorescence was best
wered with a curvature algorithm —log G,
§) centered at 599 num (p = 0.48). The passive
coerythrin along-track profile for this algorithm
Jotted in Figure 3b together with the laser-

t Line A. The chlorophyll concentration Tange
long the Bight line.

induced and water-Raman-normalized phycoery-
thrin.

The concurrent recovery of the normalized
chlorophyll fluorescence with a passive curvature
algorithm centered at 655 nm is shown in Figure
3¢. The profiles of both pigments recovered from
the pussive ocean color spectra shaw reasonable
apreement with their corresponding laser-induced
fluorescence profile over the entire fight line.
Note the performance of the respective algorithms
along sections of the Hight line wherc the chloro-

Figure 4. a) Nomalized phycoervthrin and chlarophybl Haoreseence showing the usnc -
herency of the two pigments. 1) Aloni-teack comparison af passive phyenerythrin olituined
with 597 nm center-hand curvature algorithm and the nurmalized Taser-imhaced phoa coeny -
thrin Huorescence for Flight Line B. c) Along-track comparison of passrvely dlerived
chloruphyll and the normalized laser-induced chlorophyll Huorescence for Flight Line B.
The chlorophyll concentration range wis determined fron the m situ ship truth abptained
along the Right line.
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and then proveeded in s suutheasterly direction
acruss the inner portion of the shelll The segment
of the Might line along the Virginia coast was Hown
within 3 ki of the beach, The Bay mouth crossing
was conducted in order to obtain active—pussive
sean color ubservations frow a variety of water
masses. The phytoplankton activity is largely re-
stricted to the Case 11 coastal water and bay
outflow phune contained in the initial 750 s of the
tlight line, Depressed offshore levels of the pig-
ments is typical for mid-August. Approximately
10,300 luser-induced spectra and 10,300 passive
ocean color spectra were scyuired und used in the
analysis of this flight line,

FLIGHT LINE C

Phycocrythrin and the Submarine Light Field i3

The results from the analysis of Flight Line B
are shown in Figure 4 using the same format
described in the discussion of Figure 3. The wa-
ter-Ruman-normalized  laser-induced  phycoery-
thrin und chlorophyll Ruorescence profiles are
plotted in Figure 4a as a function of time or
distunce in order to depict the noacoherence of
these two pigments. Extensive sections exhibiting
the requisite noncoherence ure apparent in the
first 750 s of the Hight line,

The curvature algorithm with the center bund
at 597 nm was found to provide the highest corre-
lution with luser induced phycoerythrin Huores-
cence. The —log G_ (587) vulues are shuwn plot-
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ted in Figure 41 along with the laser-induced and
waler-Raman-normalized  phycoenvthrin Huores-
cence profile.

The best passive chlorophyll estimate was re-
covered from the curvature ulgorithm with the
center band at 664 nm. The resulting ~ g G,
(664} values are shown plotted in Figure 4c along
with the [aser-induced and water-Raman-normal-
ized chlorophyll fluorescence profile. The chloro-
phyll concentration given along the rightmast or-
dinate was cbtained from ship truth data (Hoge
et al, 1987). Again, the estimates of the two pig-
ments from the passive spectra are in reusonuble
agreement with their respective laser-induced
Auorescence profiles in both Figures 4b and Hc,

FLIGHT LINE D

AU

but sections where the passive estinrales systenat-
ically disagree with the Huoreseence  measure-
ments are also apparcat.

Flight Line C

Flight Line C was Hlown in the New York Bight
during April 1984 as part ol the Shell Edge Ex-
change Prucesses (SEEP) experiment. Ocean color
spectra obtained on other flight lines from this
field experiment had previously vielded good cor-
relation between laser-induced chivrophyll and
phycoerythrin Huorescence and estimates of the
two pigments using the three-band spectral curva-
ture algorithm (Hoge and Swift, 1946a). The water
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on this Hight line is felt to have a higher
entage of Case 1 water (Gordon and Morel,
3} than the other Hight lines discussed in this
. Approximalely 4375 laser-induced speetra
4375 passive npwelled spectral radiances were
iired and used in the analysis of this flight line.
The results from the analysis of the elata from
ht Line C are presented in Figure 5 using the
e format adopted for the previous two Hight
s. A large degree of noncoherence between the
r-induced phycoerythrin and chlorophyll Ruo-
ence profiles is obvious in Figure 3a, espe-
y in the initial 200-s segment and in the
ion between 300 and 400 s.
The passive —log G, (594) estimate of phyco-
hrin shows excellent agreement in Figure 5b
\ the laser-induced phycoerythrin fluorescence

the entire flight line with only relatively
or svstematic departures. The corresponding
wophyll estimate from the curvature algorithm
\ center channel located at 661 nm shows
er good agreement with the laser induced
rophyl! Auorescence in Figure 5. The chloro-
Il concentration is given in the rightmost ardi-
« of Figure 5¢ based on shipboard measure-
ts {Walsh et al., 1986).

ht Line D

ht Line D was flown in August 1987 in the
ntic Ocean off Assateague Island, Virginia. The
at track is oriented nearly perpendicular to the
stline and traverses approximately 18 km of the
er shelf Approximately 1750 laser-induced
ctra and 1750 passive upwelled radiance spec-
were acquired and used in the analysis of this
at line.

Again, to demonstrate the non-coherence of
pigments, Figure Ba shows the water-Raman-
malized. laser-induced phycoerythrin and
syophyll uorescence profiles plotted as a func-
1 of time.

The highest correlation hetween pigment esti-
s computed with the three-band curvature
srithmn and laser-induced phycoervthrin fluo-
sence seeurred when the center band was lo-
~d ul 599 nm. The resulting active and passive
scoerythrin profiles are plotted in Figure 6b.
= active and passive phycocrythrin profiles are
general agreement, althongh a disparity exists
‘he final 55 s of the pass.
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The highest spectral radiance correlation with
laser-induced chlorophyll Huorescence was fonnd
when the middle band of the curvature alporithm
was centered at 646 nm. The active and passive
chlorophyll profiles are plotted in Figure 6. The
passive chlorophyll profile follows the general
trend of the active chloraphyll profile but numer-
ous departures can be seen. The chiorophyll con-
centration given in the rightmost ordinate of
Figure 6c is hased on our experience with the
fusrescence / Raman ratio in these waters.

CONCLUSIONS

Considerable evidence has been presented to sug-
gest that the submarine light field contains the
scattering and absorption effects of the photosyn-
thetic accessory pigment, phycoerythrin. The pres-
ence of the phycoerythrin pigment in the upper
surface layer of the ocean was determined using
established airborne laser-induced spectral Ruo-
rescence methods, Active—passive correlation
spectroscopy techniques were then used to
demonstrate that the simultaneously-measured
waler-leaving spectral radiances in the 597-600
nm region were highly correlated with the laser-
induced phycoerythrin pigment fluorescence. In
fact the radiances contained sufficient intluence
from the presence of phycoerythrin to permit the
actual recovery of an estimate of the photopigmenl
that was reasonably correlated (p = £0.8 or
higher) with corresponding laser-induced phyco-
erythrin pigment Auorescence measurements.

In a number of other cases where the laser-
induced chlorophyll und phycoerythrin profiles
were noncoberent, the phycverythrin  pigment
could not be recovered to a correlation value of
better than +08. In these circumstances, the
comrelation spectrum  indicated that chioraphyll
and/or other waterborne constituent optical ef-
fects had intruded into the 600 nm region.

The requisite noncoherence of chlorophyll and
phycoerythrin pigment was determined from pro-
file plots of the laser-induced and water-Raman-
normalized pigment fluorescence. The quality of
the passive ocean color spectra was vatidated by
comparing  the water-Raman-normalized  chloro-
phyll Huorescence and the —log G (A) as com-
puted with the spectral curvature algorithm. The
chiorophyll was recovered from the ~ 650 nm

16 Hoge and Swift

spectral absorption region, It is interesting to note
that the aptisum chlorophyll recovery fur the four
separate passes varied from 646 to 664 T, a span
of 18 nm. For the same upwelled spectral radiance
duta, and using the same processing methods, the
phyeoerythrin recovery occurred over a smaller
spectral interval, 597-600 nm or 3 am. This sug-
gests that the phycoerythrin influence is confined
to a considerably more narrow spectral interval
than chiorophyt} absorption effects,

The curvature algorithm (Campbell and
Esaias. 1983) was applied to the upwelled radi-
ances to provide sensitive detection of the phyto-
plankton phycoerythrin  pigment. During the
course of the analysis several of the data sets were
similarly processed using two-band radiance ratio
algorithms. Findings indicated that two-band radi-
ance ratios were not nearly as effective in recover-
ing or estimating phycoerythrin. The tentative ini-
tial conclusion is that the phycoerythrin influences
the passive ocean color spectra in such a way that
the curvature is apparently affected more than the
slopes of the spectra.
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