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Satellite retrieval of inherent optical properties
by inversion of an oceanic radiance
model: a preliminary algorithm

Frank E. Hoge, C. Wayne Wright, Paul E. Lyon, Robert N. Swift, and James K. Yungel

A previously published radiance model inversion theory has been field tested by using airborne water-
leaving radiances to retrieve the chromophoric dissolved organic matter ~CDOM! and detritus absorption
coefficient, the phytoplankton absorption coefficient, and the total backscattering coefficient. The radi-
ance model inversion theory was tested for potential satellite use by comparing two of the retrieved
inherent optical properties with concurrent airborne laser-derived truth data. It was found that ~1!
matrix inversion of water-leaving radiances is well conditioned even in the presence of instrument-
induced noise, ~2! retrieved CDOM and detritus and phytoplankton absorption coefficients are both in
reasonable agreement with absorption coefficients derived from airborne laser-induced fluorescence
spectral emissions, ~3! the total backscattering retrieval magnitude and variability are consistent with
expected values for the Middle Atlantic Bight, and ~4! the algorithm performs reasonably well in Sargasso
Sea, Gulf Stream, slope, and shelf waters but is less consistent in coastal waters. © 1999 Optical
Society of America

OCIS codes: 010.3640, 010.4450, 280.3640, 300.6280.
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1. Introduction

Present empirical radiance ratio algorithms1 ap-
plied to satellite ocean color data provide an esti-
mate of only the chlorophyll pigment and cannot
properly account for the absorption and backscat-
tering from other constituents including chro-
mophoric dissolved organic matter ~CDOM!. Our
bject in this paper is to describe the results from
eld tests of a theory2 for simultaneously retrieving

three dominant inherent optical properties ~IOP’s!
f water-leaving ocean radiance: the CDOM and
etritus absorption, phytoplankton absorption, and
otal backscattering coefficients from satellite ocean
olor data by linear matrix inversion of a water-
eaving radiance model. ~Note that the variable,
otal constituent backscattering ~TCB!, is actually
etrieved and the total backscattering is simply ob-
ained by adding the constant backscattering coef-
cient of seawater.!
Radiance model inversion is tested using airborne
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cean color radiance spectra acquired during two
issions flown under clear sky conditions. The per-

ormance of the algorithm is primarily evaluated us-
ng concurrent airborne laser-induced fluorescence
ata with a limited amount of supporting measure-
ents made from samples acquired during a cruise of

he University of Delaware Research Vessel ~RyV!
ape Henlopen. Airborne laser-induced fluores-

ence data were chosen as the primary test set be-
ause of ready availability of large numbers of
ssentially paired active ~laser-induced fluorescence!
nd passive ocean color radiance spectra and the
reviously demonstrated agreement between ship-
erived chlorophyll and CDOM measurements.
ore than 7000 pairs of such active and passive

pectra are acquired along ;450-km flight track in
single hour covering several different types of

ater masses. By comparison, ship data to sup-
ort a similar radiance algorithm evaluation would
equire more than 24 h to traverse and would thus
ave considerable smearing because of advection
nd natural changes in the phytoplankton popula-
ion. Moreover, the number of supporting ship
amples would be far lower and statistically less
obust.
At this stage of development, the algorithm is des-

gnated preliminary because ~1! airborne laser-
nduced chlorophyll fluorescence data were used for
20 January 1999 y Vol. 38, No. 3 y APPLIED OPTICS 495
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phytoplankton absorption coefficient validation with
only partial supporting ship observations of CDOM
and chlorophyll; ~2! the coastal zone retrievals are not
as consistent as the shelf, slope, Gulf Stream, and
Sargasso Sea retrievals; ~3! the CDOM and detritus
absorption coefficient is treated as a single IOP to
reduce the required number of spectral bands; and ~4!
one of the three IOP’s ~backscattering coefficient! has
not been validated.

The detailed theoretical development for linear
matrix inversion of an oceanic radiance model has
been given elsewhere.2 The reader is urged to be-
come familiar with the paper in Ref. 2 because much
of the salient material is not repeated here.

2. Linear Matrix Inversion Methodology

There are many constituents within the ocean that
contribute to upwelled spectral radiance, and any
number of absorbers and backscattering components
can in principle be retrieved. But for the prelimi-
nary algorithm presented in this paper, the principal
constituents are assumed to be phytoplankton ab-
sorption, aph~li!; CDOM and detritus absorption,

d~li!; and TCB, bbt~li!. It has been shown2 that
hese three IOP’s can be retrieved from the following
atrix equation:

ph~lg!exp@2~li 2 lg!
2y2g2# 1 ad~ld!exp@2S~li 2 ld!#

1 bbt~lb!~lbyli!
nv~li! 5 h~li!, (1)

where h~li! 5 2@aw~li! 1 bw~li!v~li!# is the column
atrix, or vector, of hydrospheric constants ~seawa-

er absorption and backscattering! and the oceanic
ater-leaving radiances. See Appendix A for the
efinitions of symbols. The aw~li! and bw~li! are

seawater constants. Each of the IOP models for the
chlorophyll absorption coefficient, the CDOM and de-
tritus absorption coefficient, and the TCB have al-
ready been described.2 The IOP model reference

avelengths lg, ld, and lb need not coincide with the
sensor observational bands.2 The matrix formula-
tion of the radiance model inversion exemplified by
Eq. ~1! is a powerful framework for IOP retrievals as

ell as analysis of errors in the retrievals.2 These
error analyses2 have shown that the accuracy of the
CDOM and detritus absorption retrieved by linear
inversion is strongly dependent on the accuracy of the
exponent n in the TCB spectral model bbt~l! 5
bbt~lb!~lbyl!n. Although we obtained reasonable in-
versions with a constant n value, better results are
presently obtained if n is not held constant but al-
owed to vary with the constituent-driven radiances.
ccordingly, the spatially variable n exponent3–6

should be varied to accommodate the different types
of scattering constituents in the water masses under
observation. We accomplished this by varying n
based on a radiance ratio, L1yL3, using two of the
three bands being inverted. Numerous airborne
active–passive7–9 data sets have shown that this ra-
96 APPLIED OPTICS y Vol. 38, No. 3 y 20 January 1999
diance ratio is linearly related to the exponent n such
that

n 5 a1 L1yL3 1 a2. (2)

At the present stage of our algorithm approach we
empirically derive n for each individual data set by
experimentally minimizing the error in the retrieved
CDOM and detritus coefficient compared with CDOM
absorption derived from the laser-induced fluores-
cence measured with the NASA Airborne Oceano-
graphic Lidar ~AOL!. For example, the best
retrievals were found when the n factor algorithm for
the 3 April 1995 inversions used a scale a1 of 0.282
and an offset a2 of 3.82 whereas the 20 April 1995
transects used an a1 of 0.245 and an offset a2 of 4.41.
These values of a1 and a2 are not global, and other
unpublished data sets have given optimal IOP re-
trievals with slightly different a1 and a2 values. The
need to vary the n exponent would be eliminated if
improved backscattering spectral models were avail-
able to better represent the diverse types of scatter-
ers. Finding a single backscattering spectral model
to represent a multitude of constituents requires em-
pirical methods to fit the various combinations of
these scatterers found in the global oceans.

Equation ~1! is linear in the three IOP’s at their
reference wavelengths aph~lg!, ad~ld!, and bb~lb!.
Three sensor wavelengths are required to provide an
even-determined, consistent solution. The oceanic
state vector of unknown IOP’s at their reference
wavelengths, p 5 @aph~lg!, ad~ld!, bb~lb!#T, where T

enotes the transpose, is the solution of a matrix
quation of the form Dp 5 h, where D is the data
odel matrix and h is the vector of seawater absorp-

ion and backscattering hydrospheric constants and
adiance data.2 It is important to emphasize that

the D matrix must be inverted for each radiance spec-
rum because it contains radiance data in addition to
odel parameters. It is potentially possible to ex-

end the matrix inversion to a larger number of con-
tituents as long as accurate IOP models can be found
o satisfactorily represent the spectral absorption
nd backscattering of each ~and sufficient sensor
ands are available in the observational data to yield
solution!. ~The column vectors in the D matrix can
e reformulated so that the constants that represent
he spectral models can be referenced to the first
hosen sensor band wavelength l1. This simplifies

the matrix inversion and retrieves constituent IOP’s
as they exist at measured radiance wavelengths.
Accordingly, an alternate form of the D matrix has
been given2 together with suggestions for the deriva-
tion of constituent concentrations from the IOP state
vector p. Our preliminary algorithm in this paper
ocuses on even-determined solutions in which the
umber of IOP’s ~unknowns! is equal to the number
f sensor bands ~equations!. In this case, the solu-
ions, if obtainable, are unique. Future algorithm
tudies will address overdetermined least squares,
eighted least squares, and other solutions.
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3. Algorithm Validation with Airborne Laser
Spectrofluorometry

A. Phytoplankton Absorption Coefficient Validation

In our analysis we utilized AOL laser-induced fluo-
rescence measurements to validate retrieved IOP’s.
During the past ;13 years this technique proved
valuable for testing algorithms for the retrieval of
CDOM, chlorophyll, and potentially phycoerythrin
from water-leaving radiance spectra. We corrected
the laser-induced fluorescence measurements for
variation in the surface layer attenuation properties
by normalizing these backscattered signals with the
concurrent laser-induced water Raman signal.10

Numerous comparisons have shown good agreement
between airborne water Raman-normalized laser-
induced chlorophyll fluorescence ~FyR! measure-
ments acquired with the AOL and ship-derived
chlorophyll extraction measurements.7–9,11–15 Re-
gressions between the extracted chlorophyll mea-
surements and the AOL FyR values yielded a
consistent FyR:mgyl conversion factor over various
sections of the north Atlantic Ocean in spite of the
known fluorescence and unit chlorophyll variability
that was due to nutrient and phytoplankton physiol-
ogy. The effects of light history are minimized by
flying under clear skies near the middle of the day.

Because of ~a! the high variability of the fluores-
ence per unit chlorophyll biomass and ~b! the circu-
tous nature of biomass-to-absorption conversions,
e use a more direct fluorescence-to-absorption con-
ersion to provide a test data set to evaluate the
etrieved phytoplankton absorption coefficient.
here is strong evidence that the fluorescence per
nit of phytoplankton absorption coefficient is con-
tant across wide areas of the ocean surface layer.
pecifically, for a 170-km distance a constant
uorescence-to-phytoplankton absorption coefficient
rovided remarkable agreement between observed
ater-leaving radiances and forward-modeled radi-
nces whereas the chlorophyll biomass varied8 from

0.7 to 27 mgym3. Thus we assume that the fluores-
ence per unit of phytoplankton absorption coefficient
s constant across the entire experiment track lines.
he laser-induced chlorophyll FyR ratios are con-

verted to absorption values through equations of the
form FyR 5 k0 @aph~412!#k1 or exp$ln@~FyR!yk0#yk1% 5
aph~412! where k0 and k1 are constants. Fluores-
cence per unit of phytoplankton absorption coefficient
conversion factors is sometimes adjusted for different
locations and dates to account for possible nutrient,
light history, or species physiology. Accordingly, the
parameters k0 and k1 were derived for each mission
location and date to secure the best agreement with
the passively retrieved phytoplankton absorption co-
efficient.

B. Chromophoric Dissolved Organic Matter and Detritus
Absorption Coefficient Validation

Recently it was firmly established through ship and
laboratory experiments that the absorption coeffi-
cient of CDOM is linearly related to the CDOM
fluorescence.16–19 Subsequently it was shown that
the CDOM absorption coefficient IOP can be re-
trieved from airborne laser-induced and water
Raman-normalized CDOM fluorescence in a variety
of oceanographic locations.19 Because the detritus
contributes little fluorescence to the airborne laser-
induced fluorescence signal,16,19 the retrieved CDOM
and detritus absorption coefficient will be only
slightly larger than the airborne laser-derived
CDOM absorption coefficient truth.

C. Total Backscattering Validation

No airborne laser system is presently available for
the retrieval of the total backscattering coefficient.
Thus no truth data are available for the TCB IOP.
Furthermore, little backscattering data are available
from ship cruises, perhaps because multiband instru-
mentation has only recently become available.3 The
passively retrieved backscattering coefficient is con-
sistent with noncontemporaneous determinations for
the Middle Atlantic Bight.

4. Airborne Field Experiments in the Middle Atlantic
Bight

Two airborne experiments conducted in the Middle
Atlantic Bight ~MAB! were selected for the purpose of
testing the retrieval of IOP’s from water-leaving ra-
diances by radiance model inversion. Figure 1
shows a sampling line occupied during a flight on the
afternoon of 3 April 1995 and by the University of
Delaware RyV Cape Henlopen on 2 April 1995. The

Fig. 1. Flight location of the AOL system and spectroradiometers
aboard the NASA P-3B aircraft during the afternoon of 3 April
1995 is shown by the outbound southeast ground track line. This
flight traversed five water masses: coastal, shelf, slope, Gulf
Stream, and Sargasso Sea. Flight of the AOL system and spec-
troradiometers aboard the NASA P-3B aircraft on 20 April 1995 is
shown by the outbound ~toward the northeast! and inbound ~to-
ward the southwest! ground track lines. These latter track lines
traversed only shelf and coastal water types.
20 January 1999 y Vol. 38, No. 3 y APPLIED OPTICS 497
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complete outbound transect allows a stringent test of
the algorithm because five different water masses
were traversed: Sargasso Sea, Gulf Stream, conti-
nental slope, shelf, and coastal. ~The inbound
transect was not analyzed because other experiments
were conducted during that portion of the flight.! To
further test the algorithm in continental shelf and
coastal waters, we selected an active–passive data set
acquired during a flight conducted between Wallops
Island, Virginia, and Block Island, Rhode Island, on
20 April 1995 as shown in Fig. 1. This latter flight
was not supported by observations from a research
vessel.

A. Passive ~Solar! Data

A 256-channel ocean-viewing spectroradiometer was
used to gather upwelled spectral radiance during the
flights conducted from the NASA Goddard Space
Flight Center P-3B aircraft. This spectroradiometer
was set to provide spectral coverage between ;400
and 730 nm and was calibrated by viewing a Lab-
sphere reflectance plaque illuminated by a National
Institute of Standards and Technology ~NIST! trace-
able irradiance standard lamp. The radiometer cal-
ibration was also checked for consistency by viewing
an internally illuminated 0.75-m-diameter calibration
sphere placed beneath the aircraft. This calibration
sphere is similar to the one described by others.20

The output radiance of the calibration sphere is also
traceable to NIST sources. The sphere was a part of
a sea-viewing wide field-of-view sensor intercalibra-
tion round-robin experiment ~SIRREX!21 calibration
ctivity. An AOL team member participated in a
ubsequent SIRREX forum to further enhance our
nowledge of the characterization of the plaque and
he sphere. The spectral calibration of the spectro-
adiometer is validated by viewing a Hg–Cd source.
he spectroradiometer was found by repeated labo-
atory experiments to be at least as stable as the
IST traceable sources. When further tested
gainst nonfilament radiance sources such as light-
mitting diodes, the stability was likewise found to
qual such sources. The field of view ~;2 mrad! and
ntegration time ~;350 ms! yield a pixel size of ;0.3

3 45 m for a flight speed of ;125 mys of the P-3B
aircraft. The radiometer pixels are located ;30° off
nadir ~port or starboard! to avoid Sun glint. ~The
10-pulseys laser footprints are each ;0.3 m in diam-
eter but are located directly under the aircraft at 5°
off nadir toward the nose of the aircraft. Thus the
active and passive pixels are not coincident but are
never more than 90 m apart.!

Although the Ed~01! was obtained from an irra-
diance model, an uncalibrated zenith-viewing 256-
channel spectroradiometer was used to monitor the
hemispherical sky for variability caused by clouds.
Because the airborne data were largely acquired
under blue sky conditions, no retrieval improve-
ment was found by using actual downwelling irra-
diance data. An infrared radiometer ~Heimann
KT-19 Radiation Thermometer! was used to concur-
rently measure sea surface temperature thus allow-
98 APPLIED OPTICS y Vol. 38, No. 3 y 20 January 1999
ing identification and interpretation of important
oceanographic features such as the Gulf Stream
western boundary.

B. Active ~Laser! Data

The laser-induced fluorescence data were acquired
with the AOL. The laser-induced fluorescence mea-
surement methods were analogous to those already
described.7,8,22 Briefly, 355-nm laser pulses are
transmitted into the ocean to induce the broad spec-
trum CDOM fluorescence ~;360–650 nm! and water

aman emission ~;402 nm! from the surrounding
ater molecules.22 The resulting FyR ratio FCDOM

~450!yR~402!, is linearly related to the CDOM ab-
sorption coefficient16,19 and provides the truth data
for comparison with the CDOM and detritus ab-
sorption coefficient retrieved from the upwelled
radiances.9

Also, 532-nm laser pulses are transmitted verti-
cally downward into the ocean to induce chlorophyll
~and phycoerythrin fluorescence emission23,24! from
waterborne phytoplankton and water Raman emis-
sion from the surrounding seawater molecules. The
concurrent chlorophyll ~;670–690-nm! and phyco-
erythrin ~;540–595-nm! fluorescence and water Ra-
man spectral emissions ~;645 nm! are collected by
the same telespectroradiometer.

A spectral and radiometric calibration is also per-
formed on the laser receiver radiometer before and
after each flight mission by viewing the 0.75-m-
diameter calibration sphere placed beneath the air-
craft laser-viewing port. Because the laser receiver
radiometer contains photomultiplier tubes ~PMT’s!,
additional steps are taken to maintain the calibration
during flight. Immediately following the 0.75-m
sphere calibration, a 10-cm-diameter calibration
sphere within the AOL system is viewed by mechan-
ically introducing ~at the focal plane of the telescope!
the radiation through fiber optics. The 10-cm
sphere calibration is followed by viewing 40-ns pulsed
radiation from a bank of red light-emitting diodes
located behind the diffraction grating and in front of
the fiber-optic face plate. The small calibration
sphere allows immediate transfer of the 0.75-m
sphere calibration into the aircraft domain at any
time. The pulsed light-emitting diodes then provide
transfer of the ground ~and onboard! dc tungsten
lamp calibrations to the wide bandwidth-pulsed por-
tion of the AOL detectionyamplificationydigitization
system. Calibration is maintained in flight by peri-
odically viewing the 10-cm calibration sphere.

The original AOL system25–30 was recently modi-
fied to provide more complete rejection of the 532-nm
laser excitation wavelength from the instrument
spectrometer and substantial reduction of scattered
light. Specifically, a narrow-band ~notch! transmis-
ion filter was placed into the collimated segment of
he light path and rejects considerable amounts of
ackscattered 532-nm radiation from the spectrome-
er. ~The 532-nm pulse reflected from the notch fil-
er is viewed by a PMT and is used to define the ocean
urface target temporally and initiate digitization of
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the fluorescence spectra.! Additional modifications
include the removal of rigid light guides and all turn-
ing mirrors comprising the original optical axis. A
fiber-optic face plate now occupies the focal plane of
the new in-line optical path and transports the spec-
tral radiation to mechanically reconfigured banks of
original PMTs. The resolution of each of the 84
channels of the fiber-optic face plate system is ;4 nm.
However, the number of PMT’s currently available
within the redesigned spectrometer is only 28, there-
fore groups of three fiber optical channels were opti-
cally combined at each PMT to achieve ;12 nm per
output band for this experiment. The signal path
from the PMT’s through and including digitization
remains essentially the same as reported
previously.25–29 Compared with the original light
guides, the fiber-optic channels have superior
scattered-light rejection that is attributed to a con-
siderably smaller viewing or acceptance angle.

5. Retrieval of Water-Leaving Radiances from
At-Aircraft Oceanic Radiances

Although the flight altitude was only 150 m, reflected
sky radiance and reflected path radiance must each
be removed from the at-aircraft radiances. The re-
flected sky radiance correction is performed by select-
ing a measured sky radiance spectrum representing
that portion of the sky being reflected into the down-
looking spectroradiometer. Then 0.021 of this sky
radiance31 is subtracted from all at-aircraft radiance
spectra. The path radiance correction was devel-
oped from ocean radiance spectra acquired during
passes conducted at altitudes of 150, 235, 300, and
320 m over a portion of the same water mass on the
morning of 3 April 1995. The nominal amount of
path radiance per meter of flight altitude determined
from this earlier data set was applied to the data
acquired over the entire flight line during the after-
noon mission. To validate the atmospheric correc-
tion methodology, IOP retrievals were performed
with radiance data acquired at several different alti-
tudes during the morning mission. The results ~not
shown! demonstrated that these reflected sky and

ath radiance correction procedures were quite sat-
sfactory.

6. Inherent Optical Property Retrieval Results

The inversion of the data model or D matrix2 can be
erformed in several ways but we frequently use
ower–upper triangular decomposition. If needed,
ingular value decomposition methods can also pro-
ide a quantitative evaluation of any suspected near
ingularities.32

We used sensor bands that are near those of
present and planned satellite sensors. The method-
ology is adapted easily to other band sets. The cho-
sen bands ~412, 490, 565-nm! allow one to ~a! avoid
he high variability of the phytoplankton absorption
t 443 nm ~because, in agreement with the research
f others,33 unpublished analyses of our airborne
ctive–passive data suggest that the 443-nm band
oes not provide the best retrieval results!, and ~b!
mploy the 565-nm band to avoid the phycoerythro-
ilin absorption near 545 nm ~and provide further
educed CDOM and phytoplankton absorption rela-
ive to bands at ;550 nm!. Use of the 490-nm band
an carry a penalty of possible contamination from
nmodeled phycourobilin absorption at 495 nm.
ikewise, use of the 555-nm band radiances can po-
entially suffer from unmodeled phycoerythrobilin
bsorption. These latter two error sources are not
onsidered serious but are undergoing evaluation.

The outbound southeast flight track of 3 April 1995
Figs. 2~a!–2~c!# shows the inversion of the airborne
ater-leaving spectral radiance values plotted as
pen diamonds. The retrieved phytoplankton ab-
orption coefficient @Fig. 2~a!# is compared with the
bsorption coefficients derived from the airborne

Fig. 2. ~a! Along-track profile of phytoplankton absorption coeffi-
ient at 412 nm, aph~412!, retrieved from airborne water-leaving
adiances plotted with chlorophyll absorption derived from concur-
ent airborne laser-induced FyR measurements obtained on the
utbound portion of a flight to the Sargasso Sea during the after-
oon of 3 April 1995. These parameters are also graphed as a
catterplot immediately to the right of the profile presentation.
imited absorption values derived from the supporting ship chlo-
ophyll measurements are shown plotted as open circles. ~b!
long-track profile of the CDOM and deritus absorption coefficient
t 412 nm, ad~412!, retrieved from the airborne water-leaving

radiances plotted along with CDOM absorption measurements de-
rived from airborne laser-induced CDOM FyR. These parameters
are also graphed in the form of a scatterplot immediately to the
right of the profile presentation. A limited number of supporting
ship-derived CDOM absorption measurements are shown as open
circles. ~c! Along-track profile of the TCB coefficient, bbt~412!,
retrieved from the airborne water-leaving radiances. No truth
data were available to validate the retrieved TCB.
20 January 1999 y Vol. 38, No. 3 y APPLIED OPTICS 499
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laser-induced chlorophyll FyR values shown as a
solid curve. Also shown within Fig. 2~a! as open
circles are chlorophyll absorption values derived from
chlorophyll extraction measurements made from
samples obtained by the RyV Cape Henlopen on 2
April, the day prior to the AOL flight. The open
circles were used because of the rather busy appear-
ance of the laser-derived and the model-retrieved
phytoplankton absorption coefficient already present.
The actual phytoplankton absorption value and its
geographic position are located at the center of each
circle. A specific absorption coefficient of 0.038 m21

mg m23 was used to convert the chlorophyll concen-
tration measurements supplied by Rich Geider ~Uni-
versity of Delaware! into units of absorption for direct
comparison with the airborne remote-sensing data.
A specific absorption coefficient of 0.038 m21 mg m23

is within published measurements of in vivo absorp-
ion by phytoplankton.34 The retrieved phytoplank-

ton absorption coefficient diverges from the 532-nm
laser-determined absorption values as the track line
approaches the coastal region at approximately
74.25 °W longitude. Although the algorithm per-
forms satisfactorily in Sargasso Sea, Gulf Stream,
slope, and shelf waters, it is not yet satisfactory for
use in coastal waters where unmodeled scatterers
and absorbers may compromise the inversion accu-
racy. ~No laser fluorescence data were obtained for
a small section of the track line, around 272.8 °W
longitude.!

Similarly, the retrieved CDOM and detritus ab-
sorption coefficient @Fig. 2~b!# is compared with the
airborne laser-derived CDOM absorption coeffi-
cients.19 Laboratory CDOM absorption measure-
ments on samples acquired from the Cape Henlopen
on the day prior to the remote-sensing flight are
shown as open circles. These surface truthing
CDOM measurements were supplied by Anthony Vo-
dacek ~University of Maryland!. Familiar CDOM
absorption signatures can be identified readily in Fig.
2~b!. For example, the offshore decline of CDOM
absorption is a central characteristic of the
MAB.9,16,19,22 The radiance-retrieved midshelf val-
ues of ad~412! are consistent with other noncontem-
poraneous ship, aircraft, and satellite determinations
of the CDOM absorption coefficient in the MAB.9,16,19

Another central characteristic of the CDOM absorp-
tion coefficient in the MAB is the abrupt decline at
the Gulf Stream western boundary.9,16,19 During
these experiments, the Gulf Stream western boundary
was located at ;73.1 °W longitude ~as determined by
the sea surface temperature measurements, not
shown! near where the CDOM abruptly declines.

he error in the CDOM and detritus retrieval around
4.25 °W longitude is thought to be caused by errors
n the estimated n exponent of the TCB spectral

odel. The empirical formula used to derive n does
not work well for the combination of reflectances
found within that particular segment.

In Fig. 2~c! no backscattering truth data were
available to compare with the radiance-retrieved
TCB coefficient. However, several features of the
00 APPLIED OPTICS y Vol. 38, No. 3 y 20 January 1999
along-track backscattering signature are notable.
First, the backscattering is somewhat correlated with
the phytoplankton particulates whose absorption is
depicted in Fig. 2~a!. Second, the backscattering is
not highly correlated with the CDOM absorption
which suggests, but does not prove, that ~1! particu-
late detritus absorption does not dominate the
CDOM absorption signature, and ~2! use of a com-
bined CDOM and detritus model is acceptable for
this preliminary algorithm investigation. Finally,
the total backscattering coefficients, bb~412! 5
bbt~412! 1 bbw~412!, are nominally consistent with
ackscattering levels obtained by others.3–5,35 It

should be emphasized that the backscattering must
be concurrently retrieved, otherwise its contribution
to the original radiances will be erroneously propa-
gated into the phytoplankton and CDOM and detri-
tus absorption coefficients.2

In Fig. 3 the retrieval results from the 20 April
1995 outbound track are shown. The phytoplankton
absorption retrieval shown in Fig. 3~a! is compared
with the absorption coefficients derived from the air-
borne laser chlorophyll FyR measurements. No sur-
face truthing measurements were available for
comparison with the remote-sensing data acquired
during the 20 April mission. Note that in this data
set the phytoplankton absorption coefficient retrieval
is correlated with the laser-derived phytoplankton
absorption coefficient within the coastal regime at
;75.0 °W longitude. The retrieved CDOM and de-
tritus absorption coefficient, ad~412! @Fig. 3~b!#, is

ighly correlated with the 355-nm laser-derived
DOM absorption coefficient up to ;74.75 °W longi-

ude where the retrieval then falters within the
oastal waters. The retrieved bbt or TCB values

@Fig. 3~c!# are consistent with those given in Fig. 2~c!.
Within the segment around ;73.0 °W longitude of
ig. 3 there was no usable data because uncorrect-
ble reflectance from a single large cloud severely
ontaminated both the laser and the water-leaving
adiance data. The cloud presence was validated
y a sky-viewing spectroradiometer and by direct
isual observation by at least two scientific team
embers. Also, the data near ;72.1 °W longitude
as removed because of cloud contamination as de-

ermined by visual observation and a sky-viewing
pectroradiometer.!
Figure 4 shows the IOP retrievals for the 20 April

995 inbound track on the return to Wallops Island.
he phytoplankton absorption coefficient retrieval

Fig. 4~a!# is compared with the absorption coeffi-
ients derived from the airborne laser FyR values.
he correlation of subtle features between the re-
rieved phytoplankton absorption coefficient and the
yR truth data can be seen. The ad~412! absorption
oefficient and the CDOM absorption coefficient laser
ruth data show similar agreement and correlations.
gain, no backscattering truth data were available,
ut the TCB retrievals in Fig. 4~c! are within the

expected nominal range. ~Missing data segments
ear ;73.0 °W longitude and ;72.1 °W longitude in
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Fig. 4 were caused by the same cloud contamination
discussed in Fig. 3.!

7. Discussion

A previously published radiance model inversion the-
ory has been successfully tested by using airborne
water-leaving radiances to retrieve the CDOM and
detritus absorption coefficient, the phytoplankton ab-
sorption coefficient, and the total backscattering co-
efficient. Linear matrix inversion of water-leaving
spectral radiances was found to perform satisfacto-
rily using airborne water-leaving radiance spectra
even in the presence of instrument-induced noise.
Previous investigations with the inversion methodol-
ogy used simulated radiance spectra containing no
noise from instrument or environmental sources.2

Fig. 3. ~a! Along-track profile of phytoplankton absorption coeffi-
ient at 412 nm retrieved from airborne water-leaving radiances
lotted with chlorophyll absorption derived from concurrent air-
orne laser-induced FyR measurements obtained on the outbound

portion of a flight flown between Wallops Island, Virginia, and
Block Island, Rhode Island, on 20 April 1995. These parameters
are also graphed in the form of a scatterplot immediately to the
right of the profile presentation. ~b! Along-track profile of the
CDOM and detritus absorption coefficient at 412 nm concurrently
retrieved from the airborne water-leaving radiances is plotted
along with CDOM absorption measurements derived from air-
borne laser-induced CDOM FyR. ~c! Along-track profile of the
TCB coefficient retrieved from the airborne water-leaving radi-
ances. No truth data were available to validate the retrieved
TCB. Note that the vertical scale for bbt in ~c! is different from ~a!
and ~b!. The blank portions of the track line at ;72.3 °W longi-
tude and ;72.1 °W longitude denote lost data because of cloud
contamination.
Laser-induced fluorescence from CDOM and phy-
toplankton chlorophyll were utilized together with
concurrent ocean color radiance spectra to test the
model inversion methodology for retrival of the three
most dominant IOP’s: phytoplankton absorption,
CDOM and detritus absorption, and TCB absorption.
A modest amount of supporting chlorophyll and
CDOM data derived from ship samples were shown
for one of the data sets used in this initial application
of the model inversion methodology. The strength of
the airborne laser-derived IOP truth data lies in the
large volume of the concurrent active–passive paired
observations coupled with the diversity of oceano-
graphic provinces traversed during airborne experi-
ments. Previously, airborne chlorophyll and CDOM
fluorescence data had been directed primarily toward
support of major field experiments,7–9,11–15 forward

Fig. 4. ~a! Along-track profile of phytoplankton absorption coeffi-
ient at 412 nm retrieved from airborne water-leaving radiances
lotted with chlorophyll absorption derived from concurrent air-
orne laser-induced FyR measurements obtained on the inbound
ortion of a flight flown between Wallops Island, Virginia, and
lock Island, Rhode Island, on 20 April 1995. These parameters
re also graphed in the form of a scatterplot immediately to the
ight of the profile presentation. ~b! Along-track profile of the
DOM and detritus absorption coefficient at 412 nm concurrently
etrieved from the airborne water-leaving radiances plotted along
ith CDOM absorption measurements derived from airborne

aser-induced CDOM FyR. ~c! Along-track profile of the TCB co-
efficient retrieved from the airborne water-leaving radiances. No
truth data were available to validate the retrieved TCB. Note
that the vertical scale for bbt in ~c! is different from ~a! and ~b!.
The portions of the track line at ;72.3 °W longitude and ;72.1 °W
longitude denote lost data because of cloud contamination.
20 January 1999 y Vol. 38, No. 3 y APPLIED OPTICS 501
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modeling of water-leaving radiances, and CDOM
variability mapping.9,22

The backscattering wavelength ratio model re-
quires a variable exponent to provide the best IOP
retrieval. The value of n affects the retrieval of the
CDOM absorption coefficient more than the retrieval
of the phytoplankton absorption coefficient.2 There-
ore large errors in the CDOM and detritus retrieval
an be expected if n is not correct. It is recom-
ended that data from different oceanographic re-

ions and seasons be acquired to compile a more
eliable lookup table for a general set of a1 and a2

parameters used to derive n. The availability of
backscattering truth data would allow further im-
provements to the existing model. Accordingly, we
recommend that more attention be paid to this im-
portant parameter.36–38 Although shipboard back-
scattering instrumentation is becoming more
available,3 the data density is still too sparse to be of
any real utility for general application to different
water masses. We consider knowledge of TCB to be
fundamental to NASA’s satellite algorithm develop-
ment programs. Because there continues to be a
paucity of backscattering data from ship cruises, we
recommend the development of an airborne laser
backscattering measurement capability. Two-
channel crossed-polarization lidar systems show
much promise for airborne retrieval of the total scat-
tering coefficient, but such sensors are not yet ready
for routine use.

The spatial variability of the TCB @Figs. 2~c!, 3~c!,
nd 4~c!# emphasizes the importance of including it in
he retrieval computational process. Had the TCB
ot been solved for in the 3-band retrieval, then it
ust by necessity be constrained by a model ~or,
orse yet, a fixed constant! within a 2-band matrix

etrieval. For a fixed-constant backscattering model
e.g., within a 2 3 2 matrix inversion!, the observed
ackscattering variability @Figs. 2~c!, 3~c!, and 4~c!#
ould be erroneously propagated into the phyto-
lankton and CDOM absorption coefficient retrievals.
The 443-nm band consistently gave poorer results

han the 490-nm band when used in combination
ith the 412- and 565-nm bands. This suggests that

t is important to avoid choosing sensor band loca-
ions within spectral regions having naturally ele-
ated absorption and backscattering variability. In
ddition, we found by independent model inversion
tudies that the retrieval errors for all the IOP’s are
ather strongly dependent on the phytoplankton
aussian spectral model. Retrieval errors are thus
xacerbated by the natural spectral variability39 of

phytoplankton absorption. By choosing a single
Gaussian phytoplankton spectral model39 as done
here, IOP errors are likely but can be minimized by
avoiding spectral regions of high variability.

The CDOM absorption levels in the MAB are
higher by ;23 than found in the Southern California
Bight22 and the western coast of Florida just outside
Tampa Bay and ;33 higher than waters outside
Monterey Bay, California.19 Simulated model in-
versions have shown that the inversion process func-
02 APPLIED OPTICS y Vol. 38, No. 3 y 20 January 1999
tions satisfactorily for ad~355! levels through ;1.0
21. Thus reasonably accurate retrievals should be

expected over wide areas of the ocean. Also, chloro-
phyll levels during these algorithm development field
experiments were no greater than ;4–5 mgym3.
However, simulated model inversions suggest that
the algorithm will continue to operate in much higher
~;20-mgym3! phytoplankton absorption regimes.2
Forward modeling using water-leaving radiances and
ship-validated chlorophyll concentrations of 0.7–27
mgym3 further suggests that the inversion will per-
form in a satisfactory manner in high-chlorophyll re-
gions.8 The mathematical inversion process will
operate over a wide range of IOP’s with little chance
of singularity, but the user must be alert because
even-determined solutions may return physically un-
acceptable solutions ~such as negative IOP’s! when
inaccurate data or model parameters are used.2 Of
course these conditions are easily flagged during the
inversion computations.

This initial field application of the model inversion
methodology worked well in shelf, slope, Gulf Stream,
and Sargasso Sea water masses but not consistently
in the coastal waters. The algorithm remains pre-
liminary pending tests in other oceanic provinces and
comparison with additional airborne laser-induced
fluoresence data sets with supporting surface truth
measurements. The application of the model inver-
sion methodology to coastal waters will require addi-
tional refinements to the technique.

Appendix A: Nomenclature

ad Absorption coefficient of CDOM and detritus
~m21!;

aph absorption coefficient of phytoplankton particles
~m21!;

aw absorption coefficient of water ~m21!;
bb total backscattering coefficient ~m21!; bb 5 bbw 1

bbt;
bbt TCB coefficient ~m21!;

bbw backscattering of seawater ~m21!;
D data and model matrix;

FyR chlorophyll–fluorescenceywater Raman ratio for
airborne laser data;

g phytoplankton Gaussian model spectral width pa-
rameter ~nm!;

h 2~aw 1 bbwv!; vector of hydrospheric constants
and water-leaving radiances;

N number of samples used in regression or along-
track profile;

n total constituent backscattering spectral model
exponent;

p oceanic state vector of retrieved IOP’s at their ref-
erence wavelengths;

S spectral slope for the ad model;
v ~1 2 1yX! ~dimensionless!;
X bby~bb 1 a! ~dimensionless!;
l wavelength ~nm!;

lb reference wavelength for TCB ~nm!;
ld reference wavelength for CDOM and detritus ab-

sorption ~nm!;



shipboard, aircraft, and in situ perspectives of the SEEP-I
lg peak wavelength for Gaussian phytoplankton ab-
sorption model ~nm!;

li wavelength of observational bands, i 5 1, 2, 3.
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