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Radiance-ratio algorithm wavelengths for remote
oceanic chlorophyll determination

Frank E. Hoge, C. Wayne Wright, and Robert N. Swift

Two-band radiance-ratio in-water algorithms in the visible spectrum have been evaluated for remote oceanic
chlorophyll determination. Airborne active-passive {laser—solar) data from coastal. shelf-slope. and blue-

water regions were used to generate 2-D chiorophyll-fluorescence and radiance-ratio statistical correlation
matrices containing all possible two-band raueo combinations from the thirtv-twe avaiiable conliguous i, 20
nm passive bands. The principal finding was that closely spaced radiance-ratio bands vield chlorophyli
eslimales which are highly correlated witn laser-induced chluropnyil Huorescence witiun SEVETa, Uintiin
regions of the acean color spectrum. Band combinations in the vellow (~565/575-nm). orange-red 1~A7A
685-nm), and red (~695/705-nm} spectral regions showed considerable promise for satisfactory chlorophyll
bigment estimation in near-coasial Case Il waters. BRased on very limited data. pigment recovervin Case |
Wwaters was best accomplished using blue-green radiance ratios in the ~490/500.nm region.

I Introduction

This paper describes recent efforts to find improved
in-water two-band radiance-ratio algorithms for chlo-
rophyll pigment concentration measurement. While
two-band differences, slopes, and ratios have all been
considered for chlorophyll measurement, the ratic
method is presently the most widely used. The stud-
ies herein were primarily directed toward coastal re-
gions having a high probability of containing Case I1
waters.!  Active-passive (laser-solar) correlation
spectroscopy methods were applied over the visible
ocean color spectrum to systematically evaluate hun-
dreds of algorithms. Summary results of this analvti-
cal investigation are presented following a brief review
of the evolution of the ocean color radiance-ratio algo-
rithm, the airborne instrumentation, and the active—
passive spectroscopy methodology.

The radiance-ratio algorithm is today the mainstay
of satellite ocean color remote sensing. Characterized
by empirical simplicity, it is used to estimate chloro-
phyll, seston, and water attenuation. ! By straightfor-
ward statistica! analysis of shipboard data, two linear
regression coefficients are determined for a desired
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property, say chlorophvll. Then. depending on the
type of water being observed. a pair of spectral bands
and appropriate coefficients are selected to calculate
the chlorophyll concentration from the atmospherical-
lv corrected satellite measured radiances. The suc-
cess of the radiance-ratio method for estimating ocean-
ic chlorophyll concentration has been remarkable
when one considers the complexity of the vast biogeo-
chemical processes that drive the observed color spec-
trum.

The radiance-ratio algorithm is important for sever-
al other reasons. Because of the complexity of the
ocean color processes as viewed through the atmo-
sphere, no one has ever recommended use of a single-
band algorithm. Thus two bands are probably the
minimum number necessary torecover a water column
constituent under varied conditions. From an engi-
neering and/or economic standpoint, the two-band
Sensor requires minimum data transmission, storage,
reduction, and algorithm application requirements ta
obtain the water constituents and/or water optical
properties. This can lead to significant economic
benefits for spaceborne sensor design and instrumen-
tation. Of the two-band possibilities, the radiancc
ratio (as opposed to radiance difference or radiance
slope) does not demand exceptional measurement pre-
cision. The two-band radiance ratio has anormalizing
property caused by the division of the radiance trom a
longer wavelength channe).

The radiance-ratio algorithm evolved Over a time
period exceeding one decade. In 1968 Ramsev: dis-
cussed several remote sensing chlorophv!! measure.
ment schemes. one of which was the use of the ra-



diances in the 470- and 540-nm bands. He did not
specify whether the bands were to be used in a differ-
ence, slope, or ratio calculation. Jerlov® reported the
construction in 1969 of a two-band color meter which
used the ratio of the 450- and 520-nm bands as a color
index. The meter was not deployed until 1971. In
their landmark paper, Clarke et al.! indicated that
changes in the slope of their airborne spectral ra-
diances correlated quite closely with differences in
chlorophyll concentration. Clarke and Ewing® report-
ed use of a 540/460-nm color ratio for experiments
beginning in 1969. This color ratio was later adopted
by Curran® and Arvesen et al.” Later Arvesen et. ald
successfully used the 443- and 525-nm bands in a dif-
ferential radiometer mode. Ramsey and White® and
Hovis and Leung!® likewise chose a two-band radiance
ratio to infer chlorophyll. Clarke and Ewing® credit
the color ratio scheme to Strickland!! who used a more
sophisticated form to normalize the blue and green
energy to that in the red.

Use of the radiance ratio to infer chlorophyll was
solidified by the findings of Morel and Prieur.!? They
showed that the ratio of the irradiance reflectances at
440 and 560 nm and the chlorophyll plus phaeophytin
a (hereafter called chlorophyll) concentration yielded
a crude linear relationship when plotted in the log-log
domain. This latter finding eventually led to the
present-day power-law algorithm, which will be subse-
quently discussed in more detail. Their choice of the
wavelengths for the chlorophyll algorithm was not ar-
bitrary but was predicated on known physical process-
es such as absorption. The specific wavelengths se-
lected by Morel and Prieur!? were based on the
respective absorption maximum at 440 nm and ab-
sorption minimum at 560 nm.

This paper describes results from a systematic in-
vestigation of radiance-ratio combinations for esti-
mating chlorophyll concentration regardless of the
causative physical processes. However, the physical
processes are usually identifiable. The efforts herein
are in partial response to a standing recommendation
by the Working Group on Ocean Color who suggested
that a continuing program be directed toward estab-
lishing a data base to enlarge the applicability of the
general algorithm [to be used by NASA to carry out
basic Coastal Zone Color Scanner (CZCS) processing]
and to aid in development of more accurate algo-
rithms.!3 The wavelength investigations here are di-
rected toward improved in-water or bicoptical algo-
rithms without immediate concern for their suitability
for correction of other effects such as scattered radi-
ance from the atmosphere. Furthermore, since satis-
factory algorithms are presently available for Case I
waters, the efforts described herein were primarily
focused on Case II waters.

. Radiance-Ratio Algorithm for Oceanic Chiorophyll

Morel and Prieur’? presented a log-log graph of the
irradiance reflectance ratio R(440)/R(560) vs the chlo-
rophyll a {plus phaeopigment a) concentration Cin

mg/m®. A generally linear relationship was obtained.
This suggests a power law of the form

C=Arf, (1

where r;; = reflectance at wavelength \;/reflectance at
alonger wavelength );, and A and B are constants to be
determined by linear regression in the log-log domain.

Satellite remote sensors do not, however, measure
reflectance but instead measure upwelling radiances.
Fortunately, the two measurements are related by a
geometrical factor.!* This factor is slightly dependent
on wavelength, and its variability is generally felt to be
small.! Accordingly, remotely measured radiances
will be directly used rather than reflectance. Further-
more, since in-water algorithms are of interest here,
water-leaving radiances will be utilized in the calcula-
tions, since the observed total radiance recorded on-
board the aircraft contains unwanted atmospheric
path radiances and reflected sky-radiance contribu-
tions.

The form of Eq. (1) has been routinely used for
estimating chlorophyll concentration levels from
CZCS imagery using band ratios at 443/550 and 520/
550 nm. We assume in this analysis that the generally
linear relationship between r;; and chlorophyil pig-
ment C is maintained for all available radiance ratios
of the ocean color spectrum. The extent to which the
r;;-chlorophyll fluorescence relationship deviates from
linear is not addressed.

A. Classical Shipboard Algorithm Data Acquisition

Conventionally, the correlation coefficient and the
recovery of the regression coefficients A and B require
tens if not hundreds of pairs of chlorophyll pigment
and radiance-ratio measurements obtained by ship-
board instruments in numerous global locations. An
example of the desired spatial diversity of the mea-
surements is given in a paper by Gordon et al.’® Gen-
erally, chlorophyll concentration is obtained by direct
measurement of a water sample along with concurrent
radiance measurements. These point measurements
of chlorophyll are sometimes supplemented by under-
way fluorometry determinations of the pigment con-
centration. The amount and diversity of such truth
data are essentially limited by the speed of the surface
vessel.

B. Airborne Data Acquisition

Recently, airborne laser systems have demonstrated
that chlorophyll @ and phycoerythrin fluorescence
along with laser-induced water Raman backscatter can
be reliably measured over wide areas of the ocean both
rapidly and at a high sample density.!5! Hardware
improvements to the NASA airborne oceanographic
lidar (AOL} implemented over the past two years have
enabled the instrument to acquire simultaneous active
and passive ocean color measurements.?-?! The volu-
minous laser-induced and solar-induced spectra syn-
optically available from essentially the same footprint
permit studies of the variability of ocean color spectral
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Table . AOL-POCS Paramelers

Transmitter:
Wavelength 532 nm
Puise width 15 n=
Pulse rate 6.25 pps
Peak output power imax) =3MW

Beam divergence 0.2-2 mrad® (adjustable)
Receiver
Bandwidth
Spectral resolution (min
Field of view (FOV}

350-800 nm* (32 channels)
11.25 nm
1-20 mrad ‘ variable,
vertical and horizontal

° Approximate 2-mrad beam divergence was utilized for the ex-
periments discussed herein.

* The thirty-two contiguous flucrosensor channels provide a 360-
nm bandwidth which can be placed between 350 and K00 nm.

"A 2 X 5-0r2 X T-mrad FOV was utilized for the experiments
discussed herein.

radiance and subsequent development of algorithms.
A typical airborne flight mission produces ~350,000
pairs of active—passive observations,

C. Validity of Airborne Active-Passive Methods

The airborne laser-induced chlorophyll flucrescence
from the water column has been shown to vield a high
correlation with the pigment concentration as derived
by shipboard extractions and underway fluores-
cence.'®222%  Thege findings are in spite of known
chlorophyll fluorescence variability caused by ambient
light and nutrient changes.* The effects of solar pho-
toinhibition on airborne laser-induced chlorophyll flu-
orescence have been reported.”> However, our obser-
vations indicate that this effect is not evident in data
sets acquired in relatively cloudless conditions over a
relatively short 2-3 h period. Thus, with the singular
assumption that the airborne laser-induced chloro-
phyll a fluorescence is a reliable indicator of the pig-
ment concentration, it will be used as the sole
source of data for identification and evaluation of radi-
ance-ratio chlorophyll algorithm spectral regions.

.. Instrumentation and Airborne Field Experiments

The AOL with its integral passive ocean color sub-
system (POCS) was used to obtain the field data pre-
sented here. The AOL has been discussed in detail in
papers dealing with various marine applications in-
cluding other chlorophyll mapping field experi-
ments!®-19 as well as oil spill,26-27 tracer dve,” oceanic
turbidity cell structure,.?® water depth,® and laser
backscatter®*! measurement investigations. The
AOL isalso capable of performing terrestrial investiga-
tions**3 including leaf fluorescence.’ The POCS in-
strumentation subsystem has been recently described
in detail. ™ Its application to the airborne measure-
ment of oceanic pigments has also been given.2! To-
gether, the AOL-POCS functions as an effective ac-
tive-passive ocean color measurement system. 2!
The system yields active—passive data which will be
utilized in an effective technique known as active—
passive correlation spectroscopy.™ Principal features
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Fig. 1. Map showing the locations of flight lines selected for analy-
sisin the two-band radiance ratio study. The individual flig bt lines
are designated with small letters. while the ftight direction is indicat-
ed by arrows. The name of the field experiment flight mission
associated with each of the flight lines is shown within the firure.

of the AOL-POCS are given in Table I.

The airborne ocean color data were acquired from a
NASA P-3 aircraft flying ~150 m above the ocean
surface. The AOL final mirror was adjusted so that
the ocean was viewed at an off-nadir angle of 15° and
azimuthally away from the sun.

The data herein were obtained during the execution
of severa] airborne field experiments in the northwest-
ern Atlantic Ocean. The missions were part of three
separate investigations called (1) NEMP-CZ(S. (2
SEEP, and (3) BIOWATT.

The NOAA-CZCS airborne field experiments were
conducted during Aug. 1984 in coordination with the
(1) National Oceanic and Atmospheric Administration
(NOAA) North East Monitoring Program (NEMP)
and (2) NOAA-CZCS calibration. Two passes from
the series of four flight missions have been selected for
consideration in this investigation. The locations of
these two passes are designated in Fig. 1 as a and b.
Both flight lines were conducted over Case II waters,

Surface truthing measurements of chlorophyli were
obtained during these investigations from the R/V
Cape Henlopen by the NOAA/NEMP investigators.
Unfortunately, due to several logistical problems over
which we had no control, many of the ship and aircraft
observations were not coincident in either time or
space. Thus a large portion of the truthing data ob-
tained during the NOAA-CZCS airborne field experi-
ments is not concurrent enough to utilize for verifving
individual measurements of laser-induced chlorophyvli



fluorescence. However, in most cases, the separation
in time and space is small enough to permit the truth-
ing measurements to be utilized to some extent for
verifying the range of pigment concentration within
certain study areas.

The shelf edge exchange processes (SEEP) flights
were conducted in the New York Bight as part of a
Department of Energy (DOE) program designed to
assess the assimilative capacity of the continental shelf
to absorb energy by-products introduced into the
nearshore ocean environment from coastal communi-
ties and marine activities such as offshore oil opera-
tions. One pass acquired from the inner portion of the
SEEP study site during a mission flown on 2 Apr. 1984
was chosen for analysis in this study. Its location is
identified in Fig. 1 by the letter c. This water was not
typed but is felt to be Case II waters that may have
been advected into a typically Case I region by a sus-
tained strong westerly wind event the day prior to the
flight. No reasonably concurrent surface chlorophyll
measurements are available for the aircraft data ac-
quired on flight line c. The research vessel was operat-
ing in another portion of the SEEP study site at the
time the aircraft observations were acquired along
flight line c.

The BIOWATT airborne missions were flown in
support of a Navy program to study bioluminescence
and the optical variability of the ocean, as principally
driven by plankton population.® These experiments
were conducted in Case I waters as shown. The flight
line (identified as d in Fig. 1) was located SW of Ber-
muda and flown on 16 Apr. 1985. No supporting sur-
face truth observations were acquired in the area of
flight line d.

The present CZCS sensor and two-band ratio algo-
rithms r;; = 443/550 nm and 520/550 nm recover chlo-
rophyll quite well in Case I waters.1® Accordingly,
our efforts are principally focused on Case II waters
and the need for more effective algorithms there. The
Case 1 example is offered herein primarily for the
purpose of comparison.

The data from the above field missions were evaluat-
ed for several important criteria prior to beginning the
analysis with the active-passive correlation spectros-
copy technique described in the next section. Specifi-
cally, these criteria were:

(1) Only those flight lines that provided a reason-
ably wide range of chlorophyll concentration were se-
lected. The linear regression process requires a suffi-
cient variation in the variables to yield an accurate
solution.

(2) Only passes which contained distinct sections
where the concentration of chlorophyll was found to be
nonceherent with the concentration of phycoerythrin
were considered for this analysis. This precaution was
adopted to assure that the chlorophyll algorithms are
not responding to phycoerythrin which often covaries
with chlorophyll. Phycoerythrin is the other phyto-

_plankton photopigment which is currently measurable
with the AOL using a laser excitation wavelength of
332 nm.

(3) Passes were selected which exhibited some
small-scale variability or patchiness. The relatively
small 1-10-km patches of elevated chlorophyll concen-
tration provide excellent visual contrast between pro-
files of laser-induced chlorophy!l fluorescence and es-
timates of chlorophyll concentration developed
following application of the active-passive correlation
spectroscopy technique.

(4) Only data which were free of sun glint or glitter
were retained for further analysis. Those data found
to meet the first three criteria were then edited to
remove from consideration those spectra which were
contaminated with sun glint. Only passes which re-
quired the removal of 10% or fewer observations were
ultimately used for analysis.

During each flight mission a considerable amount of
active and passive data is actually acquired. However,
only a very small subset is found to meet the above
criteria for use in the analyses.

Prior to further analysis the data were averaged to
reduce the volume of samples and to partially smooth
high-frequency variability. The laser-induced fluo-
rescence observations which were acquired at 6.25
samples/s were subjected to a ten-point simple aver-
age. The passive ocean color spectra which were ac-
quired at a rate of 12.5 samples/s were averaged over
the same 1.6-s time interval (after removal of observa-
tions containing sun glint). At the nominal 100-m/s
velocity of the aircraft, this process effectively aver-
ages the samples over a space of 160 m. A more com-
prehensive treatment of the data handling can be
found in Ref. 21.

IV. Active—Passive Correlation Spectroscopy Methods

Briefly, active—passive correlation spectroscopy
(APCS) is a highly sensitive technique which allows
subtle constituent-driven variations in the airborne
ocean color spectrum to be easily detected.® During
postflight analysis, all possible radiance ratio combi-
nations from the thirty-two available passive color
bands of the instrument were used to compute inde-
pendent chlorophyll concentration estimates. (The
actual methodology is presented in more detail in the
following section.) Each of the resulting 496 radiance
ratios were then linearly regressed against the AOL
laser-induced and water-Raman-normalized chloro-
phyll fluorescence for each sampling point along the
flight line. High regression coefficients (p > 0.80)
revealed those regions of the spectrum where the ocean
color spectral variability was strongly correlated with
the chlorophyll fluorescence. The APCS technique
was recently used to find three regions of the ocean
color spectrum, 460-510, 645660, and 680-695 nm,®
where the spectral curvature algorithm?®=" can be
fruitfully applied for chlorophyll pigment estimation.

A. Reflected Sky-Radiance Corrections

The correlation technique is effective since it exam-
ines the passive ocean color spectrum for responses or
variations which are related only to the presence of the
chlorophyll pigment {as indicated by laser-induced
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fluorescence). From this standpoint, other variations
which are not associated with chlorophyll pigment are
basically disregarded. The refiected skvspectral radi-
ance is very nearly constant during the time period of a
single airborne flight line (~15 min). The skv radi-
ance can in turn be modulated by surface gravity and
capiliary waves. However, these sky-radiance varia-
tions are essentially uncorrelated with the chlorophvll
pigment content. Other variations in the ocean color
spectrum are similarly disregarded by the correlation
process. However, to maintain as much completeness
as possible a straightforward skyv-radiance correction
wag made to the upwelled spectral data.

The total sensor radiance detected by the airborne
radiometer L(}) is composed of (a) the water-leaving
contribution which contains the desired ocean color
contributions Ly(\); (b) the sky radiance Ls(}) specu-
larly reflected at the ocean surface toward the airborne
sensor; and (c) the sensor-to-pixel path radiance scat.
tered toward the sensor by the atmosphere and its
constituents including aerosols. The undesirable re-
flected sky radiance L.{)\) must be subtracted from the
total radiance detected by the passive spectroradiom-
eter. The pathradiance contribution is small*! for our
low-flight altitude, especially in the rather clear atmo-
spheric conditions existing during our airborne experi-
ments. Accordingly, it will be neglected. Also, the
atmospheric attenuation of the water-leaving and re-
flected sky radiances is assumed to be neglectable for
our 150-m flight altitude. The water-leaving radiance
Lw(A) is thus

Ly = Lpny = ruLo(a), (2

where ry is the effective Fresnel reflectance for the
observing angle and wind speed during the field ex-
periment. After consideration of the wind speed and
direction obtained via the aircraft inertial navigation
system, a value of 0.021 for the reflectance rq was
used.?? Likewise, since the skv radiance Ls(A) was not
measured during the experiment, representative val-
ues were obtained from the data of Austin.*> The total
spectral radiance Ly()) at the sensor was then correct-
ed for reflected sky radiance according to Eq. (2). The
water-leaving radiances Ly(\) were used exclusively to
compute the passive r;; or radiance-ratio values, which
were in turn regressed against the laser-induced and
water-Raman-normalized chlorophyll fluorescence
measurements. The sky-radiance correction had only
a modest effect on the computed radiance ratios and
their correlation with the laser-induced fluorescence.
However, the effect on the computed regression coeffi-
cients 4, B in Eq. (1) was found to be considerable.
Accordingly, experiments aimed primarily at develop-
ing the actual in-water algorithm would have to be
designed to allow far more rigorous reflected radiance
corrections. Qur efforts were confined to algorithm
wavelength determinations.

V. Radiance-Ratio Aigorithm Wavelength Determination
Using Active-Passive Correlation Spectroscopy

The log form of Eq. (1) is

2086 APPLIED OPTICS / Vol. 26.No. 11 / 1.June 1987

logr = juzd + Iy Lo

The chlorophyll C is obtained from the AOL laser-
induced and water-Raman-normalized chlorophvll
fluorescence, while the radiances are obtained from
the POCS. Specifically, the laser-induced fluores-
cence spectrum!619 js denoted F()\ '), where A 1s the
midpoint of each of the thirtv-two calibrated bands of
the AOL. The water-Raman-normalized spectrum
F'(\) is formed by dividing F()\;) by the signal at the
water-Raman wavelength F(Ar). Thus F'(A) = Fia
F(Xg). If at the chlorophvll emission wavelength X, =
A, = 685 nm the signal is F(),) = F. and at the Raman
wavelength Ag the signal is F(Ar) = R. then simplv F' =
F./R. Since laser-induced fluorescence has been
found te be linearly correlated to the chlerophyll con-
centration,'64043 the chlorophvll pigment concentra-
tion is adequately modeled by the linear relationship*

C=a+hF, L

where a is the background fluorescence and/or instru-
ment bias and & is the slope of an F' vs ¢ regression.
The 532-nm laser-induced fluorescence spectrum con-
tains little or no background. A small amount of digi-
tizer bias is rernoved during calibration.’* Thus C =
bF’. Then from Egs. (3) and (4)

logF" = logfé + B logr .. (A1

The linear regression of the laser-induced and water-
Raman-normalized chlorophyll fiuorescence F' and
the radiance ratio ri; yields a correlation coefficient i
and the constants log {A/b) and B.

For N radiometer spectral bands the radiance-ratio/
chlorophyll-fluorescence correlation matris is

Py pra Pra-oont
Poa Paneopra
Pl = ByseePyN {6}
{symmetric) Pan

When i = j, a spectral band is being ratioed with itself
to yield p;; = 1. For this eondition logF” would be
regressed against logr;; = 0. Accordingly. we have set
pi; = 0 for i = j and utilize only the meaningful off-
diagonal elements, i = j. Band i is the short wave-
length, and band j is the long wavelength or normaliz-
ing band. Note that the wavelength spacing (Ax;: = \-
= A increases as one departs further from the diago-
nal. Likewise, closely spaced bands occupy regions
nearer the diagonal. Of course, for any particular
diagonal A — ) = constant.

Essentially, if L.(A;) are the water-leaving ra-
diances in k spectral bands corresponding to m ditter-
ent chlorophyvll concentrations C,, (or laser-induced
fluorescence levels F, ), one is essentially mapping the
L, C... A+ space into p, A,. A, space. The mapping or
transformation is accomplished via the empirical sta-
tistical correlation required by the power law algo-
rithm in Eq. (1) [or its fluorescence analog in Eq. (5)).
Herei < j < k.
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Fig. 2. Contour plot of the correlation coefficients obtained on

flight line a (see Fig. 1) from the linear regression of the two-band
radiance rativs against the laser-induced chlorophyll fluorescence.
The section of the plot to the left of the diagonal is contoured in units
of0.1. The svmmetric equivalent section 1o the right of the diagonal
has been plotted in units of 0.01 to provide additional definition in
areas where the absolute values of the correlation coefficients were
found to be >0.9. The regions of highest correlation are labeled with
capital letters to facilitate discussion within the text. The midpeint
wavelength of channels 1 and 32 are 413.75 and 762.5 nm, respective-
1y,

VI. Description of Results

Results obtained from the analysis of data acquired
from flight line a (Fig. 1) during the NOAA-CZCS
airborne field experiments during Aug. 1984 will ini-
tially be discussed. The northernmost segment of
flight line a is located within 3 km of the coast and thus
is difficult to discern on the scale used in Fig. 1. The
pass was flown from nearshore to offshore as can be
seen by the labeling on the figure.

During the flight experiments the AOL system was
configured to operate in the active-passive mode and
record N = 32 contiguous bands, each having a width of
~11.25 nm. The 32-band data are discussed first.
Subsequently, these bands were linearly and evenly
interpolated to yield effectively 2N — 1 or 63 bands
whose separation was 5.625 nm. These spectrally in-
terpolated data are then discussed.

Figure 2 shows the radiance-ratio/chlorophyll-fluc-
rescence correlation matrix for the 415-760-nm spec-
tral region. The correlation coefficients p have been
contour plotted for ease of interpretation. The areas
of highest correlation have been contoured in the sym-
metric or transdiagonal portion of the matrix to aid
further in the analysis. As expected, broad areas of
high correlation were found in the blue and blue-green
spectral regions and are labeled A in Fig. 2. A second
region of high correlation can be seen in the red spec-
. tralregion and is labeled E. Surprisingly, and perhaps
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off-diagonal elements (A%, = 1125 nm) of the matrix shown in Fig.
2. The regions of highest correlation (4, B, C, D, E) correspond to
similarly labeled near-diagonal areas of Fig. 2. The two-band ratios
chosen for the along-track profile plots in Figs. 4, 5. 6, and 7 are
labeled R,. R., Ri, and R;. (b) Along-track profile of the laser-
induced chlorophyll fluorescence and the 560/571.25-nm radiance
ratio. Contemporaneous chlorophyll concentration measurements
obtained from a cooperating research vessel are shown plotted as
enlarged and shaded symbols within the figure.

more important, these sections of high correlation ex-
tend into the area nearest the diagonal where adjacent
contiguous channels were used in the calculation.
This latter finding suggests that (1) important correla-
tive information is contained in adjacent and nearly
adjacent bands, and {2) it is, therefore, not necessary to
choose widely separated bands for radiance-ratio algo-
rithms. Advantageously, closely spaced color bands
can then share an atmospheric correction procedure
whose working values are more likely to be consistent
due to the smaller wavelength separation interval.
Note that other areas of relatively high correlation
with chiorophyll fluorescence can be seen in Fig. 2 at
spectral regions labeled B, C, and D corresponding to
~605, 650, and 675 nm, respectively. These additional
regions of high correlation are smaller and confined to
the portion of the plot near the diagonal where the A);
issmall. Asshall be subsequently discussed, the areas
of high correlation {A,E) are related to chlorophyll
absorption and chlorophyl! fluorescence emission. To
aid further in the interpretation of the radiance-ratio/
chlorophyll-fluorescence correlation matrix, a plot of
the off-diagonal elements for A\;; = 11.25 nm is shown
in Fig. 3(a). As discussed previously, the AOL bands
are contiguous and 11.25 nm wide. In Fig. 3(a) the
correlation p is plotted as a function of the band {
wavelength A, The normalizing band at X;is11.25nm
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redder or AN = 11.25 nm. In correspondence to the
area labeled A in the contour plot of Fig. 2, high corre-
lations with the chlorophyll fluorescence are found for
a broad region, 430-560 in the blue-green and vellow.
Likewise, corresponding to regions B, C, D, and E in
Fig. 2, high correlations are found at ~605, 650, 675,
and 690 nm, respectively. The latter two regions of
high radiance-ratio correlation at [ and £ are general-
ly consistent with the results obtained when active—
passive correlation spectroscopy methods were ap-
plied via the spectral curvature algorithm.* The cor-
relation peaks found in the 605- and 650-nm regions
[see B and C in Fig. 3(a)] have not been consistently
and repeatedly found in the analysis of other data sets.
Thus their occasional appearance [as in the correlation
spectrum of Fig. 3(a)] is not as significant as are the
correlation peaks at A, D, and E.

Figure 3(b) shows the 560/571.25-nm radiance-ratio
algorithm plotted in profile form as a function of along-
track distance (nearshore to offshore, flight line a)
along with the laser-induced chilorophvll fluorescence
profite. In this plot (as well as in subsequent cross
sections) the log of the Raman normalized laser-in-
duced chlorophyll fluorescence (solid line) has been
autoscaled to run between relative units 0 and 1 as a
convenient method for treating the data. The log of
the chlorophyll estimate generated from the radiance-
ratio algorithm (small connected symbols) has been
plotted as a visual best-fit profile for ease of compari-
son. Due to the data density, only one symbol is
plotted for every fourth value determined from the
160-m simple averaging performed during sample pre-
processing. The correlation coefficient for the 560/
571.25-nm band combination is shown as negatively
correlated in Fig. 3(a). Accordingly, the radiance-
ratio values were inverted in the F ig. 3(b) plot to allow
improved comparison with the chlorophyll fluores-
cence profile. Also provided in F ig. 3(b) are the indi-
vidual chlorophyll values determined from surface
samples obtained by the NOAA/NEMP investigators
onboard the R/V Cape Henlopen. The log values of
these chlorophyll concentration Imeasurements have
been visually fitted to the autoscaled chlorophyll fluo-
reacence profile and are shown plotted as larger uncon-
nected symbols. The location of the NOAA/NEMP
cruise track was nearly parallel to the aircraft flight
line but was offset by 3-8 km. Aiso the ship and
aircraft observations are separated in time by a period
varying from <1 to more than 12 h. Thus the ship
chiorophyll values should only be used to gauge the
range of chlorophyll concentration rather than for de-
termining the accuracv of individual laser observa-
tions. The actual chlorophyli concentration levels re-
ported by the NOAA/NEMP investigators ranged
between a low value of 0.08 ug/liter near 175 km to a
high value of 7.6 ug/liter near 60 km.

The observed agreement with the chlorophyvll fluo-
rescence in Fig. 3(b) is generally typical of the closely
spaced algorithms (nearest the diagonal) in segment A
of Fig. 3(a). However, it should be pointed out that
different algorithms with the same correlation coeffi.
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cient relative to laser-induced chlerephyll fluores-
cence can yleld good agreement in different geographi-
cal locations along a flight line. Accordingly. along-
track or profile plots should be used to validate
particular algorithms.

During previous active-passive correlation spectros-
CcOpY investigations, it was found that the use of inter-
mediate bands, generated through interpolation of ad-
jacent passive spectral bands, often improved results
of the correlation technique.® Linear interpolation
was again tried in this study and was found to generally
produce slightly improved results. Accordinglv. the
remaining analysis in this investigation was performed
with the original thirtv-two bands and thirtv-one in-
termediate bands created midway between the original
bands through linear interpolation. Some caution
should be used when interpreting the results, since up
to four channels are involved as different possible com-
binations of the sixty-three channels are examined.
In the case of calculations involving adjacent channels
where an interpolated channel is ratioed with one of
the original channels, the interpoiation procedure
merely provides more or less weight to one or the other
of the original 11.25-nm width channels being used in
the ratio. More complicated methods of weighting by
polvnomial fitting etc. can probably lead to some fur-
ther improvement, but such techniques are beyond the
scope of this paper.

Figure 4 shows along-track or cross-sectional pro-
files of representative closely spaced radiance-ratio
algorithms (labeled K1, R2, R3, and R4) from each of
the high spectral correlation sections A, D, and E
shown in Fig. 3(a). Using the same format discussed
in connection with F ig. 3(b), the logarithm of the 492.5/
498.125-nm radiance ratio is shown plotted in Fig. 4(a!
along with the logarithm of the laser-induced water-
Raman-normalized chlorophyll fluorescence. This
493/498-nm ratio was chosen in particular from the
broad segment A4 of Fig. 3(a) since it will be subse-
quently discussed in connection with some of the other
flight lines. For simplicity, references to the wave-
lengths plotted in this and all subsequent profiles are
rounded to the nearest nanometer since the fractional
portion of a nanometer is not highly significant for a
sensor whose bands are greater than 10 nm wide. Pro-
files of the other highly correlated radiance-ratio algo-
rithms are shown in Figs. 4(b)-(d). These band com-
binations include 566/571, 673/678, and 695/701 nm.
A profile of the Raman corrected chlorophyll fluores.
cence is included in each of the above figures to facili-
tate easier intercomparison of the results.

The logarithm of the Raman normalized phyecoery-
thrin fluorescence is also plotted in Fig. 4(e) along with
the log of the similarly corrected chlorophyvll fluores-
cence profile. The relative strength of the two fluores-
cence profiles are correct as shown in Fig. 41¢0. A
reasonably large range in the concentration of the chlo-
rophyll and phycoerythrin photopigments can be seen
in the figure. Also apparent are areas of noncoherence
between the two photopigments along the inner por-
tion of the flight line between 0 and 80 km.
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Table II provides the correlation coefficient for each
of the radiance-ratio profiles given in Figs. 4(a)—(d).
Also shown in Table II are the correlation coefficients
for the 443/550 and 520/550 radiance-ratio band com-
binations that have been extensively used to extract
chlorophyll concentration values from CZCS imagery.
Recause of the AOL spectrometer adjustment at the
time of these experiments, it was not possible to select
the exact wavelength corresponding to the 443-, 520-,
and 550-nm bands. As a matter of convenience, 442
. nm was substituted for 443, 521 nm for 520 nm and 549
nm for 550 nm, respectively. Plots of the radiance-

during late August, the discharge from the Chesapeake
Bay flows south and typically does not extend far
beyand the inner shelf.

Data from flight line b (see Fig. 1) was next processed
for comparison with the results from flight line a.
Flight line b can be considered nearshore, Case II
coastal water, similar in & number of respects to the
along-shore and inner shelf portions of flight line a.
During the transit aleng the Delaware and New Jersey
coastlines, the aircraft was flown in a zone from 2t0 5
km off the coast to conform with certain Department
of Defense airspace flight restrictions. Numerous
plumes extending from lagoonal inlets were crossed
during this flight along the coast. Several well-devel-
oped fronts were also crossed at the entrance to Dela-
ware Bay. Unlike flight line a, there were no offshore
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observations on flight line b which might be considered

Case 1.

Radiance-ratio results from flight line & are shown
plotted in Figs. 5(a)-(d) using the same band combina-
tions and format previously established for flight line

a. Similarly, the log
erythrin and chlorop
ted in Fig. 5(e),

of the Raman normalized phyco-
hy1l fluorescence values are plot-

The large plume associated with the

Delaware Bay outflow (between 15 and 45 km) is obvi-
ous within the figures as are the numerous large
plumes associated with the outflows from lagoons

along the New Jersey

surface truth chlorop

209¢

coastline. Log values of discrete
hyli values have been plotted ina
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visual best fit profile of unconnected larger symbols in
Fig. 5(e). The surface truth chlorophyll values range
from a low of 0.24 ug/liter near 190 km to a high of 13.4
ug/liter in the Delaware Bay outfiow plume near 40
km. As was the case with flight line a. the surface
truth sampling was not precisely coincident with the
aircraft sampling line in either time or space. Spatial
separations varied from ~4 to more than 10 km and
temporal differences in time ranged from nearly 0 to
more than 12 h. Accordingly. the surface truth chloro-
phyll values should again be primarily used to gauge
the range of chlorophvll concentration, and the general
distribution, rather than to determine the accuracy of
individual lidar observations. The correlation coeffi-
cient for each of the radiance-ratio profiles in F igs.
5(aj-(djaregivenin Tablell along with the correlation
coefficients for CZCS radiance-ratio band combina-
tions. The computation of the correlation coefficients
was constrained to the portion of the flight line he-
tween 50 and 200 ki because of the relatively poor
agreement found for all the band combinations when
regressed with the chlorophyli fluorescence values over
the entire flight line {including the region of the Dela-
ware Bay outflow plume).

Reasonably good agreement with chlorophvli fluo-
rescence was found for the 566/571. and 695701.nm
band combinations except in the vicinity of the Dela-
ware Bay plume. Fair agreement was also obtained
for the 493/498- and 695/701-nm band combinations,
again except for the Delaware Bay plume. Band com-
binations that might resolve chlorophyll concentra-
tions within the Bay plume and in the Bay proper
could potentially be determined from a flight line ori-
ented along the main axis of the bav.

Data acquired during the 1985 SEEP experiment
(flight line ¢ in Fig. 1) were next processed using the
same methods. Ocean color spectra obtained on this
flight line have previously yielded good correlation
between laser-induced chlorophyll fluorescence and
pigment estimates produced using a three-band spec-
tral curvature algorithm.% The data collected on this
pass are considered to be particularly valuable for use
in ocean color algorithm testing with active—passive
correlation spectroscopy because of the rather large
range in chiorophyli concentration (<1 to ~8 ug/liter)
and the presence of distinct areas of noncoherence
between chlorophyll and phvcoerythrin. The water
type is more difficult for us to classify on the basis of
the information which we have available. The flight
line is located on the inner portion of the SEEP studv
site and a sustained west-to-east wind flow during the
24-h period preceding the experiment mayv have trans.
ported coastal water into the area. We, therefore.
consider this experiment regicn to contain both Case ]
and IT water tvpes.

Relative chlorophyll values computed with the rad,-
ance-ratio algorithm using the same bands selected for
flight lines @ and b are shown plotted as cross sections
in Figs. 6(a)-(d). The Raman corrected phycoery-
thrin fluorescence profile for flight line ¢ is plotted in
Fig. 6ie). The corresponding water Raman normal-
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ized chlorophyll fluorescence profile is plotted in all
the cross sections in Fig. 6. Again, the 566/571-nm
radiance-ratio produced rather good agreement when
compared to the laser-induced chlorophyll fluores-
cence. 'The 673/678-nm radiance-ratio algorithm
shown in Fig. 6(c) also yielded good correlation with
the laser-induced chiorophyll fluoresecence profile
over most of the flight line. Lower agreement was
found for the 493/498- and 695/701-nm band combina-
tions. The 695/701-nm band combination also gave a
noisier chlorophyll estimate probably due at least in

Line d , BIOWATT

} o
o | e memvE iR v OV
d= agh PASSIVE {R,=493nm/458nm) } f i
= .
&3a "
&_.0
cH A ‘ r,,w
S W w.
o T T T T T
0 50 100 150 200 250 300
b) o
ke BCTIVE (LIF} .
j... e PASSIVE (RfS’f‘.‘.\nm/STBnm] )'r\ q* ?
> T ow !} +
Iz . ] \ s
éﬂ s e 4 i
o-60 rf‘ 3 MM‘F’
2 | n
3] ‘J’J -l"
[=] T T T T T
] 50 100 150 200 250 300
¢} < " <
W win CHLOROPHYLL (LIF) & g A
Fo «is PHYCOERYTHRIN (LIF} f ;
BE .
Uw‘?D g‘ M !
A AN o e
85_‘. [ “T"n. ™ ."“ﬂbﬁﬂ"
T
=} T T T T T
0 80 100 150 200 250 300
DISTANCE (km)
Fig. 7. (a)-(b} Along-track comparison of radiance ratios Rl and

E?2 with laser-induced chlorophyll fluorescence for flight line d. {c)
Compatison of laser-induced phycoerythrin and chlorophyll fluores-
cence.

part to digitization granularity induced by the lower
signal levels in the redder channels.

The correlation coefficients computed for each of
the band combinations in Figs. 6(a)-(d) are provided
in Table II. As shown in the table, the 566/571 algo-
rithm [Fig. 6(b)] provided the best correlation with the
Raman-normalized chlorophyll fluorescence data.
The algorithm rather faithfully reproduces the laser-
induced chlorophyll fluorescence except for a 10-km
section beginning near 65 km. In this region and in
other areas of minor disagreement, the passive algo-
rithm overestimates the chlorophyll concentration rel-
ative to the laser fluorescence.

Flight line d on Fig. 1 from the BIOWATT field
study was processed using the same technigues uti-
lized in the analysis of the data sets from the NOAA
CZCS/NEMP and SEEP experiments. Flight line d
can be considered as representative of Case I waters.
Figures 7(a) and (b) show cross sections comparing
water Raman normalized chlorophyll fluorescence
with relative pigment values computed using band
combinations of 493/498 and 673/678 nm, respectively.
The band combination located near 566/5471 nm did
not produce usable results and was not plotted. Dur-
ing the BIOWATT experiment, the AQL fluorassensor
spectrometer was adjusted to span a shorter-wave-
length portion of the spectrum between 335 and 695
nm rather than the 409-769-nm wavelength setting
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utilized for the NEMP/CZ(CS and SEEP missions.
Accordingly, the positively correlated band combina-
tion located near 695/701 nm was not available in the
BIOWATT data sets. The profile of the Raman cor-
rected phvcoervthrin fluorescence signal is compared
with the chlorophyll fluorescence profile in Fig. 7(c).
The best correlation between chlorophyll fluorescence
and chlorophyll computed with the radiance-ratio al-
gorithm was obtained using the 493/498-nm band com-
bination shown in Fig. 7(a). This algorithm produced
results which were in fairly good agreement in this blue
water region where the chlorophyll concentration was
judged from lidar signal strengths to have been + 2 ug/
liter. No ship truth was available for comparison to
the airborne data. By contrast, the 673/678-nm band
combination in Fig. 7(b} showed numerous departures
from the laser-induced chlorophyll fluorescence over
much of the flight line, especially in the 170-210-km
region where the algorithm rather grossly overestimat-
ed the chlorophyll concentration.

Vil.  Summary and Conclusions

Two-band radiance-ratio algorithms in the visible
spectrum have been evaluated for remote oceanic chlo-
rophyll pigment determination using active—passive
correlation spectroscopy techniques. Airborne ac.
tive-passive (laser-solar) data from coastal, shelf-
slope, and blue-water regions have been used to gener-
ate 2-D chlorophyll-fluorescence and radiance-ratio
statistical correlation matrices containing all possible
two-band combinations of the thirty-two available
contiguous passive bands. The principal finding was
that closely spaced radiance-ratio bands are highiy
correlated with laser-induced chlorophyll fluorescence
within several distinct regions of the ocean color spec-
trum. Closely spaced radiance ratios were found to be
particularly suitable for pigment recoverv in near-
coastal Case I waters. While, in most cases, wider
spaced band combinations also produced good correla-
tion with the chlorophyll fluorescence values (and even
slightlv higher correlation on flight line ¢ obtained
during the SEEP experiment), the benefits of utilizing
closely space bands should be seriously considered in
selecting bands for future ocean color sensors.

Closely spaced radiance-ratio algorithms possess
certain advantages over widely spaced algorithms.
First, for spaceborne applications the Rayleigh and
aerosol atmospheric correction is very nearly the same
for each of the closely spaced bands. For widely
spaced bands the wavelength dependency of the atmo-
spheric corrections can introduce additional errors in
chlorophyll recovery., especially if the correction at one
wavelength is extrapolated from another separated by
a large-wavelength interval. Second, spaceborne sen-
sors such as the Coastal Zone Color Scanner have dis-
crete widely separated bands located in the blue and
green spectral regions (e.g., 443, 520, 550 nm) which are
used to determine pigment concentration, This in-
strument has exhibited a reduction in its radiometric
sensitivity with time. 454 p particular, the blue band
radiometric sensitivity decay has occurred at a steeper
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rate than the longer wavelength bands. For closely
spaced bands the radiometric sensitivity decay would
still have to be corrected, but in the case of closely
spaced bands the decay could be approximately the
same in each band. Thus errors due to differential
radiometric sensitivity decay would be minimized.
The separation of spectral bands in the AQL specirom-
eteris~11.25nm. Thus we cannot determine whether
bands spaced more closely than 11.25 nm would fur-
ther improve the results discussed in this paper. How-
ever, a practical limitation on minimum band separa-
tion arises from the fact that the radiance-ratio
algorithm becorme noisier as the wavelength interval
decreases.

The second significant finding from this study was
that reasonably consistent performance was obtained
from certain longer—wavelength band combinations,
especially in Case IT waters. These longer-wavelength
band combinations also offer benefits that deserve
consideration in the band selection process. For space-
borne sensors, operation at these longer wavelengths
would provide a reduced atmospheric radiance contri.
bution due to lower Rayleigh scatter. Unfortunately,
this advantage would be partially offset by smaller
water-leaving radiance in the orange-red spectral re-
gion. Additional modeling and high-altitude airborne
experimental data are recommended to more fully un-
derstand and quantify the apparent advantages of
closely spaced bands and especially their use in the
orange-red spectral region. Some recent radiative
transfer calculations seem to support some of the long-
wavelength algorithm findings discussed herein. Us-
ing factor analysis, Fischer et al .47 found that the natu-
ral fluorescence of phytoplankton chlorophyli o is
detectable even in turbid coastal waters. Their mod-
eling calculations showed that for coastal waters free of
vellow substance (but with 1 km of boundary laver
atmospheric turbidity) the chiorophyll fluorescence
characteristic is still measurable.

Improved quantitative pigment measurements over
the global oceans are limited by (a) lack of complete
understanding of ocean color spectral variability, (b)
the accuracy of atmospheric corrections, and (c} satel-
lite sensor differential spectral degradation. In a
modest way the work herein was meant to address all
these concerns. Specifically, it is well known that
virtually the entire ocean color spectrum is influenced
or driven to some extent by the presence of chloro-
phyll-bearing phytoplankton. At any given oceanic
location the spectral influence can be readily observed
in radiance ratios of both widely spaced and closelv
spaced sensor bands. However, in spite of the Very
significient ocean color spectral variability in shelf and
siope waters, we have found some degree of constancy
within certain radiance-ratio spectral regions such as
~5%0, ~680, and ~700 nm.

Like some of our other algorithm investigations.™
the results herein further suggest that significant in-
formation content resides within the ocean color spec-
trum. The major challenge is to interpret properis the
findings revealed by the various algorithms and then to



improve further the accuracy of known analytical
schemes.
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