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Recent radiative transfer models show that: (1) regardless of elastic lidar receiver field of view (FOV),
at vanishing lidar depth the lidar-derived attenuation coefficient %,;4,,. — a, where a is the total absorption
coefficient per meter of depth; and (2) for a wide FOV as the lidar sensing depth approaches some large
value (depending on water type), kg, — Ky, where K, is the diffuse attenuation for downwelling
irradiance. As a result, it is shown that a time-resolved, dual-wavelength-laser, elastic-backscattering
lidar can retrieve the three principal oceanic optical properties: (1) the absorption coefficient of phyto-
plankton @, (2) the absorption coefficient of chromophoric dissolved organic matter (CDOM) acpom, and
(3) the nonwater total constituent backscattering coefficient b,,,. The lidar-retrieved a,,, ¢cpom, and by,
inherent optical properties can be used to validate corresponding satellite-derived products such as those
from terra moderate-resolution imaging spectroradiometer (MODIS), Aqua MODIS, Sea-viewing Wide

Field-of-view Sensor, (SeaWiFS), and other ocean color sensors. © 2003 Optical Society of America
OCIS codes: 010.4450, 120.0280, 280.3640, 280.3420, 300.2530, 300.6360.

1. Introduction

Terra MODIS (moderate-resolution imaging spectro-
radiometer), Aqua MODIS, and Sea-Viewing Wide
Field-of-View Sensor (SeaWiFS) satellite-derived
water-leaving reflectances allow the retrieval of ab-
sorption coefficients of phytoplankton a,, and chro-
mophoric dissolved organic matter (CDOM) acpom-
The retrieval algorithms for these satellite inherent
optical properties (IOPs) are routinely developed
and validated with a robust airborne lidar
fluorosensor.'-4 However, there are several plausi-
ble reasons to suggest the development of a dual-
laser elastic lidar. First, for those laboratories
having limited resources, an elastic lidar can poten-
tially provide a more economical alternative to a flu-
orescence lidar, i.e., only two elastic receiver channels
are required to retrieve the three principal IOPs (and
this can be further reduced to only one channel if a
fiber-optic delay segment can be implemented from
channel 2 of the spectrometer into the channel 1 pho-

The author is with NASA Goddard Space Flight Center, Wallops
Flight Facility, Building N-159, Wallops Island, Virginia 23337.
His e-mail address is frank.hoge@nasa.gov.

Received 11 February 2003; revised manuscript received 15 Au-
gust 2003.

0003-6935/03,/367197-05$15.00/0

© 2003 Optical Society of America

todetector). Second, the elastic radiative transfer
physics is more fully developed (in contrast to the
present redshifted empirical phytoplankton and
CDOM absorption surrogates composed of inelastic
fluorescence/Raman ratios). Better modeling and
understanding of the elastic lidar returns leads to a
better understanding of the fluorescence and Raman
emissions as well. Third, a rather wide range of
elastic transmit wavelengths can be used for the IOP
retrievals (while, if desired, concurrently allowing for
more optimum excitation of taxanomically important
phytoplankton fluorescence and spectral placement
of the water Raman emissions). Fourth, presently,
the backscattering coefficient is not obtainable from
fluorescence or Raman emissions but would be avail-
able from an elastic lidar configuration.

Thus the objective of this paper is to propose a
dual-laser elastic-backscattering lidar configuration
and theory for (1) retrieval of the total absorption
coefficient a (and the resulting a,, and acpoy com-
ponents) and (2) the diffuse attenuation for down-
welling irradiance K, (and the resulting nonwater
total constituent backscattering b,, due to particles,
large molecular weight molecules, and colloid
suspensions).3 In addition to the two laser wave-
lengths, the third degree of freedom required for re-
trieval of three IOPs is furnished by the temporal
measurement.
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2. Theory of Retrieval of Absorption and
Backscattering Coefficients with Dual-Wavelength
Elastic-Backscattering Lidar

First, the absorption retrieval is described in Subsec-
tion 2.A followed by a description of the backscatter-
ing retrieval in Subsection 2.B. The required lidar
transmitter, receiver, and airborne data-acquisition
considerations are reviewed in Section 3.

A. Theory of Retrieval of Absorption Coefficients of
Phytoplankton and Chromophoric Dissolved Organic
Matter from Elastic Lidar Returns

It has been shown5 (e.g., see Figs. 3 and 4 in Ref. 5)
that, regardless of lidar field of view (FOV), the lidar
attenuation coefficient %;4,, — @, the total absorption
coefficient, as the lidar range { — 0. The parameter
klidar is the negative SlOPe of 2 ln[P(g)/P(Zreference)]
versus { where P({) is the received lidar signal from
range { and {,qgerence 1S @ shoaler reference range near
the air—-water interface.

Conceptually then, for two lidar transmit wave-
lengths \; and \,, the absorption coefficients at a(\;)
and a(\y) are retrievable from &j;4,,.(\1) and ;g (Ns)
in the limit of null depth. But the primary compo-
nent absorbers in the ocean are phytoplankton,
CDOM, and water such that, at any wavelength X\,
a()\) = aph()\) + aCDOM()\) + awaterO‘)- Thus the two
elastic lidar returns can potentially provide a(\;) and
a(\y) such that

aph()\l) + acpom(N1) = a(Xy) = Gyaer(N1),
aph()\Z) + aCDOM(}\Z) = a()\Z) - awater(h2)> (1)

where the quantities on the right side of Egs. (1) are
known. With four unknowns on the left side of Eqs.
(1), IOP models allow the number to be reduced to
two unknowns. For the CDOM absorption coeffi-
cient acpom, a viable model™3 is acpom(N;)
acpomNg)exp[—S(\; — \,)] where S is the spectral
slope of the CDOM absorption coefficient and has a
value of ~0.017/nm for coastal and shelf waters of
the western North Atlantic Ocean.3 In passive (so-
lar reflectance) nonlidar research!-3-¢ with blue and
green passive bands, a phytoplankton model is gen-
erally used such as a,,(\;) = ay(\)exp[—(\; — \,)?/
2g%] where g is the Gaussian spectral width® having
a range of 60-100 nm and a nominal value? of ~70
nm). Here A\, and A, are chosen as the reference
wavelengths for CDOM and phytoplankton, respec-
tively, and i = 1, 2 identifies Ay or A\,. However,
because the Gaussian model is not a particularly good
choice for UV wavelengths, (1) a more general func-
tion ayn(\;) = apn(N\)g(\;, \,) is used in the theory
below and (2) a,,(\;) table look-up values can actually
be used in the computation if desired. Then the two-
row matrix of equations in Eqgs. (1) becomes

amN) g\, Np) + acpom(Ag)exp[—S(\; — N\)] =
a()\i) - awater(}\i), (2)
having only two unknowns at their reference wave-

lengths acpom(Ny) and a,,(\,). Equation (2) can
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now be solved by simple algebraic substitution or by
linear matrix inversion,'-3-6i.e., Eq. (2) can be written
in matrix form as

Dp =h, (3)

whose solution is p = D" 'h. Here the hydrospheric
vector h is the column vector given by the right-hand
side of Eq. (2). The IOP state vector is p = [a,;,(\,),
acpom(Z) 1T, where T denotes the transpose and D is
the data model matrix.’-36 Note that the models for
a,, and acpoy must properly represent the correct
relative values at A; and \,, otherwise significant
errors can occur in the retrievals.1-3:6

The acponm spectral model is robust throughout the
near UV and visible. The a;, Gaussian model is
known to be reliable at 412, 490, and 555 nm,1-3.6 but
the suggested a,,(\;) = a,(\)g(\;, \,) may require
some initial adjustment to provide accurate relative
values at \; and \,.

Thus, if a dual-channel elastic lidar system can be
configured to retrieve the total absorption at each
laser wavelength, then the absorption coefficient of
the two principal oceanic constituent absorbers
apn(\,) and acpom(Ny) can be retrieved.

B. Retrieval of the Backscattering Coefficient

It has also been shown? that, as the lidar depth ap-
proaches some large value (depending on water type),
kiaar — K, the diffuse attenuation for downwelling
irradiance. The findings indicate that a sensing
depth of 30-50 m will allow a retrieval of K; in
coastal waters. (Similarly, findings suggest that
sufficient multiple scattering can occur within 10 m
in turbid harbor waters to allow the K, retrieval
there.)> Note that the same backscatter waveform
is being used: the shallow portion for ¢ and the
deeper portions for K.

Once K, has been retrieved, the backscattering can
be estimated from the approximate relationship K; =
a + b, where a is known from Subsection 2.A above
and the total backscattering is b, = b, +
by water- Or the nonwater total constituent backscat-
tering by, is

bbt()\i) = Kd - a()\i) - bb,water()\i): (4)

where, again, i = 1, 2 identifies A ; and \,. Only one
wavelength is needed to retrieve b,,. However, if
the nonwater total constituent backscattering b, is
retrieved at both wavelengths, then both 6,,(\;) and
by(\y) can be used to examine the variability of
the exponent n in the widely used backscattering
model’37 by(N;) = byi(N\p)[(Ny)/(N\)]" where ), is a
reference wavelength. The n factor exponent should
be cautiously compared with those values used for
passive satellite IOP retrievals at wavelengths differ-
ent from \; and A,. In expression 4, the error in by,
is strongly driven by the fact that it is essentially
being obtained from the difference of two relatively
large numbers, K,; and a.



3. Lidar Hardware Considerations

A. Lidar Transmitter

A robust frequency-doubled and frequency-tripled
1064-nm Nd:YAG laser is a strong candidate because
such a dual-wavelength inelastic lidar system# is now
in operation at 355 and 532 nm to concurrently probe
the oceanic water column. The 355- and 532-nm
wavelengths are both absorbed by phytoplankton be-
cause chlorophyll fluorescence emission is observed
at ~683 nm by such airborne lidar systems. CDOM
is absorbed at both wavelengths because its absorp-
tion spectrum spans the entire 355-532-nm range.
Neither the 532- nor the 355-nm laser wavelengths is
optimal for retrieval of the three principal oceanic
IOPs, and a possible concern is sufficient penetration
depth of the 355-nm beam. However, robust water
Raman emission at ~402 nm and concurrent chloro-
phyll fluorescence emission at ~683 nm strongly sug-
gests that the sensing depths needed for absorption
and diffuse attenuation coefficient at 355 nm are ad-
equate.

Many laser wavelengths are available. Particu-
larly promising are lasers having suitably separated
wavelength pairs provided by optical parametric os-
cillators, or optical parametric amplifiers could also
be used so long as their chosen wavelengths fall
within the broad near-UV and visible absorption
bands of CDOM and phytoplankton. Also, a four-
wavelength copper vapor laser lidar system has been
proposed for retrieval of various IOPs (but the anal-
yses here strongly suggest that only two wavelengths
are actually required for satellite validation purpos-
es).8

Because kj;4,, at null depth is required, then a nar-
row transmit pulse width, ~1 ns®, is suggested for
good depth resolution. It follows that a wide-
bandwidth receiver is also required. This combina-
tion is suggested to enable separation of the strong
Fresnel surface reflection from the desired null depth
return component.

B. Lidar Receiver

Regardless of the FOV, k4., — @, in the limit of
vanishing depth. However, Fig. 3 in Walker and
McLean® shows that the retrieval of a will be highly
variable for narrow FOVs (~1 mrad) in the null depth
limit because of the large slope of %y;4,, versus depth.
For the baseline wide FOV (100 mrad),5 the slope of
the k4., versus depth graph is much smaller sug-
gesting that a reasonable estimate of a could be ob-
tained at a depth of ~1-2 m. Furthermore, their
data also indicate that extrapolation to null depth
from depths >2 m may also be possible for a wide
FOV. For these reasons a wide-FOV lidar system is
hereby recommended.

The recommendation of a wide-FOV lidar drives
the design of the entire lidar system but especially
the receiver. The baseline® FOV of ~100 mrad
(~5.7°) will allow considerable solar-induced back-
ground noise during daylight hours. (Daytime oper-
ation is dictated by the need to conduct airborne

validation flights during daylight satellite passage.)
Several potential detector configurations may allow
wide-FOV operation during daytime hours: (1) a
segmented photomultiplier tube, (2) digitally con-
trolled variable irises, and (3) a multiple FOV
(MFOV) optic whose individual FOV segments total
~100 mrad but are individually small enough to al-
low daytime operation typical of oceanic fluorosensor
lidars.* Systems have been built® that use 32 sepa-
rate annular concentric ring segments on a rotating
aluminized glass disk synchronized with a 100-Hz
laser for ground-based MFOV atmospheric lidar
studies of clouds. A synchronized disk MFOV con-
figuration has the advantage of requiring only a sin-
gle photodetector and waveform digitizer but it
suffers from the lack of simultaneity of the measure-
ments. This nonsimultaneity disadvantage can be
mitigated by concurrently flying passive visible ocean
color and infrared radiometers24 to identify water
mass variability during data acquisition (and subse-
quent analyses). Simultaneous MFOV sampling
can be accomplished by use of concentric annular ring
fiber-optic segments routed to 32 separate photomul-
tiplier tubes, but such a system would be quite ex-
pensive and also challenging to calibrate. Fiber-
optic MFOV methods have been used in atmospheric
lidars.’® (4) NASA’s Airborne Oceanographic Lidar
(AOL) views ~450 cm? (a ~30 cm X ~15 cm oval) of
ocean surface area* from a 150-m altitude corre-
sponding to 20,., ~ 2 mrad. If the same area of
ocean is viewed over a 20,.,, ~ 100-mrad FOV then a
15 m X 0.3 cm strip of ocean imaged on a photomul-
tiplier tube can potentially accomplish the FOV re-
quirement. A variable-width slit (such as supplied
with the first-generation AOL instrument) would al-
low robust FOV adjustment during initial testing be-
cause a FOV <100 mrad may actually be required.
This configuration is quite similar to a radial FOV
suggested by Wright.11

The minimum sensing depth needed to retrieve K,
depends on the water mass type. Because the water
mass type may not be known, the signal variability
between each MFOV segment may allow empirical
relationships to define the depth needed to retrieve
K,. Additional correlative information from ancil-
lary passive visible and infrared radiometers may
also allow improved definition of the water mass and
thereby the sensing depth required for K.

Perhaps the most practical problem that must be
addressed in an elastic-backscattering lidar system is
the strong and highly variable Fresnel reflectance at
the air—water interface. The operation of an oceanic
lidar system24 at an off-nadir angle of ~1°-4° is
sometimes effective to reduce the amplitude of this
reflection without compromising the analyses. New
methods are being developed to minimize the vari-
ability caused by these reflections.!

C. Data Acquisition and Analysis

The elastically backscattered pulse energy acquired
by the receiving telescope and spectrometer optics
must be recorded by a time—waveform digitizer. A
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high-resolution time digitizer is an important compo-
nent of the data-acquisition system for each elastic
lidar spectral band to accurately define the sensing
depth. Commercially available time digitizers are
sufficient for implementation of the methods dis-
cussed here.

Before any parameters are retrieved it is important
to remove artifacts from the lidar data. Recall that
the received temporal-resolved (depth-resolved) lidar
data are a convolution of (a) the desired in-water
return signal, (b) the finite pulse width of the laser
transmitter, (c) the finite bandwidth of the lidar re-
ceiver electronics, and (d) pulse broadening due to the
sea state within the receiver FOV.12 The signal
components in (b) and (c) induce a time spread in the
unprocessed waveform and must be removed to yield
the desired signal. Items (b) and (c) can be simul-
taneously removed from the unprocessed lidar return
signal by the deconvolution of the flat target re-
sponse!? of the lidar to yield the actual in-water tem-
poral backscattering waveforms. (Flat target
response data can be obtained during preflight
ground testing or by data-acquisition flights over flat
sandy beaches.) The sea-state contribution can be
corrected,’2 but, better yet, sea-state effects can be
minimized when the airborne data are acquired un-
der low-wind and sea-state conditions.

4. Summary and Discussion

Analytic lidar equations® based on a robust beam-
spread function with time dispersion'® show that,
regardless of FOV, k4., — @ in the limit of vanishing
depth. For hardware implementation, a narrow-
FOV configuration is not recommended because of
high uncertainty in %y;4,, as null depth is approached.
The more desirable wide-FOV configuration can be
applied during nighttime operations but probably re-
quires multiple FOV segments to limit daytime back-
ground noise.

Dual-laser lidars yield two total absorption values
that can be solved by linear methods to provide the
main oceanic absorption coefficients: phytoplank-
ton absorption coefficient a,,;, and CDOM absorption
coefficient acpon-

In the limit of large depth, the wide-FOV lidar
yields K, the diffuse attenuation coefficient for
downwelling irradiance. K, provides the total back-
scattering coefficient by b, = K; — a or the total
constituent backscattering from b,, = K; — a — b,-
water. Thus the three main oceanic IOPs (a,,, ac-
poM, by,) are retrievable with a dual-laser wide-FOV
elastic-backscattering lidar having wide-bandwidth
time and depth digitizers. These three IOPs are the
same as obtained from satellite-derived passive
water-leaving radiances!-3 and, accordingly, can be
validated by airborne underflights with a dual-laser
wide-FOV elastic-backscattering lidar system. Be-
cause the optical coefficients are derived for two dif-
ferent depths, this implies that the water column is
uniformly mixed. If this oceanic physical condition
is not met, then undetermined errors should be ex-
pected. Undesired water column nonuniformity can

7200 APPLIED OPTICS / Vol. 42, No. 36 / 20 December 2003

be detected when the entire water column return is
analyzed.14

The Walker and McLean? findings also show that,
in the limit of small FOV, &};4,, — ¢, the beam atten-
uation, for certain intermediate depths between { ~ 0
and { = {x required for the respective retrieval of a
and K. If the proper depth for beam attenuation ¢,
can be accurately determined, then ¢ can be further
used to retrieve the forward-scattering coefficient
by = ¢ — a — b, where a and b, were previously
determined at { ~ 0 and { = {x , respectively. The b,
optical property is infrequentfy retrieved by remote
sensing but is required in newer-generation remote
sensing reflectance models!5:16 that are based on the
radiative transfer equation. The beam attenuation
coefficient alone is a highly important IOP because it
is strongly correlated with particulate organic car-
bon,17:18 a notable component of the global oceanic
carbon cycle. Other researchers!® findings agree
with Walker and McLean? for the so-called coherent
or beam attenuation component of the lidar return.

Even after several decades, the most fundamental
elastic lidar measurement, depth sounding, is still
performed with considerable attention to details.20-22
Thus one should not expect instant success with the
IOP retrieval methods proposed here. Inelastic li-
dar fluorosensors are less prone to some of the chal-
lenges of elastic lidars because their redshifted
returns are volumetric and show significantly less
air-water interface effects. Accordingly, nonempiri-
cal radiative-transfer-based algorithms must eventu-
ally be sought for the inelastic lidar return signals.
In this regard, it is recommended that the Walker
and McLean5 analyses be extended to the OH-stretch
water Raman signal now observed routinely with air-
borne oceanic lidars.'-* Then a single-laser lidar
could be used to retrieve the three principal oceanic
IOPs: phytoplankton and CDOM absorption and
the constituent backscattering coefficients. For ex-
ample, a 532-nm lidar should have at least two re-
ceiver channels: the usual 532-nm elastic channel
and an inelastic ~3250-cm ™! OH-stretch water Ra-
man band at ~645 nm. A 355-nm laser lidar should
have at least three receiver channels: the usual
355-nm elastic channel, a water Raman band at ~402
nm, and a 450-nm channel to provide for CDOM flu-
orescence removal from the 402-nm Raman emission
band. Because the 532- or 355-nm laser wave-
lengths are nonoptimal, a tunable laser set to ~443
nm for phytoplankton and CDOM absorption would
seem ideal and would produce a water Raman emis-
sion at ~518 nm. A third band at perhaps ~490 nm
(to acquire CDOM fluorescence to produce corrections
for the Raman band) would be required. Laboratory
experiments are recommended to finalize these band
selections.

To implement the methods outlined here, commer-
cially available lasers, telescopes, and time digitizers
are generally suitable. However, initially, this pro-
posed lidar IOP retrieval concept might be tested
with only a single wide-FOV receiver during night-
time flights of an existing airborne lidar. Such a



configuration would require minimum hardware and
may provide basic information that would allow a
daytime wide-FOV system to be implemented. For
example, a single wide FOV for nighttime flight could
potentially be implemented on an existing lidar such
as the NASA AOL with relative ease. The NASA
AOL-IIT* is a dual-laser lidar (and carries ancillary
passive ocean color and infrared radiometers) and
could conceivably be retrofitted with dual rotating
disk MFOV segments to measure a at both 355 and
532 nm during daytime. The AOL already pos-
sesses high-speed waveform digitizers to acquire li-
dar return waveforms for retrieval of both e and K.
These elastic retrievals at 355 and 532 nm would
then complement the standard inelastic phytoplank-
ton and CDOM fluorescence products.»-24 Initially,
during application of a dual-laser elastic lidar, the
resulting IOP retrievals should be validated with
both supporting ship measurements and inelastic
fluorosensor lidar findings. However, it is also sug-
gested and recommended that initial validation of the
above elastic lidar-derived products be accomplished
with an airborne passive nadir-viewing ocean color
spectroradiometer. The NASA AOL’s companion
Airborne Diode Array Spectroradiometer (ADAS) is
an example of a suitable spectroradiometer. The ul-
timate goal of satellite validation by use of an air-
borne active—passive (laser—solar) system is to
achieve IOP closure (or consistency) among all four
sensor products: satellite, airborne passive spectro-
radiometer, lidar inelastic, and lidar elastic. (Use of
a passive radiometer to validate lidar retrievals is
rather ironic because the reverse is the usual situa-
tion: the ADAS-derived IOP products are normally
validated by the inelastic AOL fluorescence
emissions.'-3)
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