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ABSTRACT

This paper outlines the software AOLS (Airborne Oceanic Lidar Simulator) for quasi real-time com-
puter simulation of airborne oceanic lidar performance and the underlying semi-analytical theory of
a lidar return with multiple scattering. The model provides the signal in elastic lidar with polarization
devices and with Raman and fluorescence channels. The model data compare exceptionally well
with experimental data provided as a result of the HyCODE 2001 field test. The presented model-
ling is a powerful tool not only to predict and to optimise the performance of oceanic airborne lidar
but also to develop and verify retrieval techniques. An analytical inversion of the lidar equation with
multiple scattering and the first advances in the inversion of lidar profiles with multiple scattering
are presented.
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INTRODUCTION

The concept of airborne oceanic lidar for ocean survey, including sea bottom detection and
bathymetry and water column characterization, was recognized in the 1960ies (1,2). Since that
time airborne laser bathymetry has become “an established operational technique, which has been
proven to be an accurate, efficient, cost-effective, safe, and flexible method for rapidly charting
near-shore waters, adjacent beaches, and coastal engineering structures” (see the detailed review
(3) and references in it). Nevertheless, in spite of lidar bathometers provide lidar waveforms that
carry information of the seawater Inherent Optical Parameters (IOP) profiles, the only averaged
diffuse attenuation coefficient has sometimes been estimated from measured lidar waveforms (4).
The lack of an adequate theory of the problem and the lacking direct relationships between lidar
return and optical characteristics of seawater are the main obstacles on the way to make lidar
sounding the quantitative exploring method for seawater optical characteristics measurements. As
it was shown (see, for instance, (5,6)), including multiple scattering is of prime importance in such
a theory.

In this paper we generalize the semi-analytical theory of lidar return with multiple scattering devel-
oped by the authors (7-11) in one comprehensive general approach. This approach summarizes
the analytical theories of the elastic (7,8) and Raman (11) lidar returns with and without polarization
(9,10) and additionally includes the laser-induced fluorescence. The developed solutions, which
include multiple scattering and directly relate the lidar signals to the vertical profiles of the IOP of
the ocean water, form the core of the algorithm for a quasi real-time computer simulation of air-
borne oceanic lidar performance.

This paper outlines the family of software AOLS (Airborne Oceanic Lidar Simulator). Different
members of the AOLS family simulate the performance of the various mono- and bi-static lidar sys-
tems, launched either on a vehicle in air or on an underwater vehicle, with or without polarization
devices, with or without Raman or fluorescence channels.

The software AOLS is a powerful tool to
e predict the performance of oceanic airborne lidars;

e optimize the lidar design for a given mission;
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o estimate the efficiency of new lidar designs and techniques without or before developing a
hardware;

o develop and verify various retrieval techniques including coupling multispectral elastic and
non-elastic lidar returns.

This software may be used for further improving lidar bathymetry instruments (both hardware and
waveform processing algorithms) with the goal to meet the accuracy standards generally accepted
for hydrography and established by the International Hydrographic Organization (12). In this paper
we derive a new solution of the lidar equation with multiple scattering and demonstrate how cou-
pling of this solution with the developed fast simulation provides the basis for lidar waveform inver-
sion. One more idea of the retrieval of seawater scattering profiles using a laser with two specified
wavelengths, and the elastic and Raman channel signal return is outlined.

METHODS
Simulation of oceanic airborne lidar performance

The computer simulation is the fastest and cheapest way to answer many questions, which arise
while solving the problem of seawaters monitoring. The developed theory of the lidar return from
stratified seawater was used to design an efficient quasi-real time algorithm simulating the per-
formance of various airborne oceanic lidars.

We have recently developed a family of software AOLS, simulating lidar returns of airborne and
underwater lidars with and without polarization devices, with and without water Raman channel
and channel for laser-induced fluorescence. Any lidar design (including mono-static and bi-static
lidars) as well as any characteristics of the laser and receiver are allowed to be taken for this mod-
elling. Particular software simulating the performance of currently operating ocean lidars that are
the K-meter Survey System (KSS) (4) and the Australian Laser Airborne Depth Sounder (LADS)
system (13) were developed and tested.

Below we outline the basic software to simulate the performance of an oceanic lidar with elastic
channel. The modelling of a channel with polarization devices, Raman channel and channel for
registration of the laser-induced fluorescence has the same features as listed below.

While dealing with the problem of seawater lidar sounding from the air, a few specific features
should be considered. In general, the power of the lidar return signal consists of the four terms:

F(t) = F, () + Foim () + Foor (1) + £, (F) (1)

whereF, (t), F,,(t), F.(t) and F,,(t) are the power of signal backscattering by seawater, atmos-
phere, seabed, and atmosphere-ocean interface, respectively. To compute the signal at the re-
ceiver input during daytime, the backscattering of sunlight is included as well.

The main term, which carries information about optical properties of seawater, is the component
F,(t). The component F,,(t) contributes at small sounding depths and defines the minimal depth
of the seawater lidar sounding. The atmospheric backscattering F,,,(t) includes not only photons

backscattered in the atmosphere on the way from a laser to a sea surface, but also the photons
with the following history. The sea surface reflects the laser beam. A portion of these photons is
backscattered by the atmosphere and reflected by the ocean surface toward a receiver. Some-
times this specific phenomenon restricts the range of water depths available for lidar sounding.

The following models of atmosphere, atmosphere-ocean interface, and seawater are used:
Atmosphere. The only parameter of the model is the meteorological visibility range at sea level.

Waves. Both smooth and rough sea surfaces can be treated. The basic wave spectral model of a
wind-ruffled sea surface, which was suggested by R.E. Walker (14, p.264), is used with the wind
speed V at the 10 m height above the sea level being the only surface roughness parameter.
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Water. Water optical properties are assigned by depth profiles of the extinction and scattering coef-
ficients, and the phase function P(f). It is supposed that the phase function does not change with

depth. Any available data may be included as input. For user convenience, for predictions and me-
thodical studies a simple few-parameter model of the IOP of the homogeneous ocean (15) is in-
cluded as optional. This model uses an empirical correlation between the single scattering albedo
and extinction coefficient. To specify the homogeneous seawater parameters with this model is
enough to include the extinction coefficient (or Secchi disc depth) and choose the phase function
from the library.

The basic software provides:
e lidar return profiles from the ocean with different stratification;
¢ the components of the lidar return due to seawater, AOI, atmosphere, and sea bottom;

o the efficient coefficient of laser beam attenuation as a function of depth and its average
value.

The software has the following features:

¢ real shape and duration of a laser pulse and an amplifier bandwidth of a receiver in a lidar
system are regarded;

o forward pulse stretching is allowed for;
e both vertical and oblique observations sounding are allowable;

o all specific features of a real hydrosol phase function including those of the back scattering
are allowed for;

e windy surface flash and the bottom return are included as well;

o the lidar return power is calculated with regard to backscattering enhancement due to the
wave surface effect.

Effects of some of these features on the lidar waveforms were considered earlier. For instance, the
regard to the shape and duration of a laser pulse and an amplifier bandwidth of a receiver and
even the signal deconvolution were discussed in (16-18). The authors of papers (19,20) consider
the effect of sea waves and light propagation on the lidar waveforms. The AOLS software allows
all these features to be considered and estimated and also a lot of out-of-the-way effects, as pulse
stretching, specific features of a real hydrosol phase functions including those in the near back-
ward directions, backscattering enhancement due to the wave surface effect, and so on.

Figure 1 shows an example of a computer screen with all computed components in Equ. {1_)_:of the
lidar return. The software runs in an interactive mode on PC under Windows. It is user-friendly and
presents many additional services and assistance functions. An experiment in the employment of
the AOLS software by our group, groups from the USA (NAVIAIR) and the UK (DERA MALVERN)
proved that it is a useful and convenient tool that saves a great deal of time and money.

Comparison of experimental and modelled data

A unique opportunity to directly compare profiles from the experimental LIDAR data and the model
simulations was provided as a result of the HyCODE 2001 field test, where KSS Lidar profiles and
near simultaneous in situ IOP profiles were collected off the coast of New Jersey. The KSS profiles
were measured by the NAVIAR group. In situ data collected by Scott Pegau of the Ocean Optics
Lab at the Oregon State University includes absorption and scattering profiles using WetLabs AC-9
instruments.

KSS (4) is a lidar with dual, independent receivers and a single transmitter. The transmitter is a
532 nm, short pulsed (7 ns), linearly polarized laser with computer adjustable energy output and
manually adjustable beam divergence. During the HyCODE 2001 field test the KSS was configured
without polarization elements and with a 3.5-inch square aperture plate which held a 532 nm inter-
ference filter with 4 nm bandwidth and neutral density filters for better daytime performance. The
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tilt angle of the system was nominally set to 20° from nadir and the FOVs for receiver channels 1
and 2 were 10.7° and 4.3°, respectively. The transmitter divergence was set to 3.3°.
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Figure 1: Example of a computer screen for the LADS software with all computed components of
the lidar return.

The KSS system parameters as well as the environmental conditions and parameters were en-
tered into the KSS model. Weather conditions were clear during lidar data collection; 20 km visibil-
ity was used and 10-knot winds for Station 1 and 5-knot winds for Station 5 were recorded and
therefore used in the model. For both stations strong optically dense layers existed starting at
depths of about 13-15 meters.

In Figure 2 the experimental lidar data (lidar CH1 and lidar CH2 for channels 1 and 2, respectively)
are compared with the KSS model results (Model CH1 and Model CH2) for Station 1. System noise
in the lidar waveform limits comparison at about 15m depth but prior to that point the model data
compares exceptionally well with experimental data. For both channels model and lidar data track
extremely well to 10 m, where slight slope deviations occur in Channel 1 and system noise domi-
nates Channel 2.

The comparison of model and LIDAR data for Station 5 is shown in Figure 3. The absorption and
extinction coefficient profiles for Station 5 show a nearly homogeneous layer in the first 15 meters

with much lower average (a) and (c) values than for Station 1. The KSS LIDAR data and the

model data compare extremely well. Again, comparisons are limited at depth due to the system
noise. A more detailed description of this comparison is given in (21).

THEORY

The decisive contribution of multiple scattering to the signal return in oceanic lidars is the key issue
of the problem. The conventional way to simulate lidar returns with multiple scattering is the use of
the Monte Carlo method, but Monte-Carlo modelling of ocean lidar performance takes a lot of time
even with powerful computers and for drastically simplified models of media and system.

Another way to compute the lidar return with multiple scattering is to use the small-angle approxi-
mation to model the beam propagation. The physical model of the genesis of lidar return takes into
account the light multiply scattered to small angles and one time scattered in backward directions
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(22). The approach is associated with the fact that the elastic scattering phase functions of sea-
waters are strongly peaked in the forward direction. As a result, the intensity of scattered light pro-
duced by the laser source has a strong peak in this direction. In some particular cases (phase
function does not depend on scattering angle near backward direction, co-axial system) this ap-
proach provides a fast simulation of the lidar return.
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Figure 2: Comparison of the experimental data (lidar CH1 and lidar CH2) and KSS model results
(Model CH1 and Model CH2) for Station 1. For the upper ocean water layer of 13 m the average
absorption and extinction coefficients are (a)~0.065m™ and(c)~0.4m™, respectively.
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Figure 3: Comparison of the experimental data (lidar CH1 and lidar CH2) and KSS model results
(Model CH1 and Model CH2) for Station 1. For the upper ocean water layer of 15 m the average

absorption and extinction coefficients are (a)~0.053m™" and(c)~0.18m™, respectively.

The next important step was to develop the specific backscattering technique (7,8) that reduces
the problem of backscattering to the much simpler problem of one-way propagation in some effec-
tive scattering medium with the IOP defined through the IOP of a real medium and with some ef-
fective source. This technique generalizes the approach (22), providing a general solution for any
source and receiver patterns, any mutual location of source and receiver, and any phase function.
With this technique an analytical relationship between the power of the elastic lidar return F(z), z

being a sounding depth, and medium optical characteristics arrives in the form (7,8):
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F(z)= W, -2 jP;; n)/,,(zr=0,n)dn_, )

47:2

where W, is the pulse energy, v, the speed of light in the medium, b, (z)and Py (jn,|) are the

scattering coefficient and phase function in the near-backward directions of a certain effective me-
dium, |nL| , the projection of the unit vector n onto the plane z =const. The value of [, (z,r,nl) is

the light radiance, produced in the point (z,r) of the effective medium by the effective source with
a diagram

@y (r,n, j(psrc )@ (F+1,0 +n, )dridn’. (3)

Here ¢, (r,n,) and ¢, (r,n,) are the spatial-angular patterns of the source and receiver, respec-

tively. Within the small-angle approximation, the Fourier transform of the light radiance I, (z,r,nL)
is equal to (15):

z

I (zp.Q) =0, (ap + qZ)eXD(—J[Cef(é)—bj—f)PJf (Ip+a(z-¢) I)]dcf] (4)

0

where ¢ (p,q) and P/ (p) are the Fourier transforms of the effective source diagram ¢, (rn,)
and of the effective forward phase function P/ (), respectively. In this case the properties of the
effective medium (the extinction c,, , scattering b,, and b, coefficients, and phase function P,.(3))
are defined through the I0OP of the real medium (¢, b and phase function P(3)) as follows:
c,=2c, b,=2b, b’=b, (5)

PL(B)=P(B) at B<mn/2
Pi(nm—B)=P(x-B) at B=n/2

These IOP of the effective medium for the elastic lidar signal are collected in the first line of Ta-
ble 1.

Recently this theory was generalized to describe signals from lidars with polarization devices (9),
Raman lidar (11), and laser-induced fluorescence.

(6)

The theory of the polarized lidar return is entirely based on the new approach to the polarized ra-
diation transfer problem developed in (9,10). As usual, we use the Stokes vector I to describe po-

larized radiation in a layer and the four-by-four single scattering matrix a, (B)(i,j=12734) (Muel-

ler matrix) with the scattering phase function as its first element (a,,(8) = P(B)) to characterize po-

larization optical properties of a scattering medium. The problem of backscattering of the polarized
laser beam completely reduces to the solved scalar problem (the problem without polarization) (9).
If we consider for simplicity only the linearly polarized laser pulse, the lidar return can be described
by only two Stokes parameters: / (radiance without an analyzer) and Q (purely linearly polarized
light, which is a difference between the signals passing the CO-polarizer and CROSS-polarizer,
respectively). The first parameter of the Stokes vector is defined exactly as in the correspondent
scalar case by Egs. (2-6). To get the second Stokes parameter it is enough to use the same Egs.
(2-4) with parameters of the effective medium, given in the second line of Table 1 (see (9)). The
effective phase functions in the case are defined via diagonal elements of the seawater Mueller
matrixa, . The semi-empirical model of these elements for seawaters was developed and checked

(23).

In seawater, hydrosol particles produce elastic (Mie) scattering, while water molecules are the
source of Raman scattering with a wavelength shift in respect to the incident wavelength 4, .
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Table 1: Optical parameters of the effective medium for elastic and non-elastic lidar returns

Problem b, by Cor P (B) P (B)
o|First Stokes| 2h 26 P(r - B)=a(z - B) P(B)=ay(B)
g .% parameter at B>r/2 at B<m/2
u_“j Tg gfocfensd b 2b 2c 6'22(7r — ﬁ)_aas(” — ﬁ) azz(ﬁ)"'aaa(ﬁ)
parameter 2 2
0 g 3 2 b(2,)P(B,4) + b(A )P(B. Ae)
% Raman be | B(2)+b(Ae) [ €(A) + c(Ag) ZA1(1+AZCOS B) Do)+ b(A)
28 ] , A)P(B, A
§ g Flores | () + bl ) | () + 0l : A

Our model of the genesis of Raman lidar return is the following. Photons travel from a source into a
medium via forward-directed elastic multiple scattering, then a single Raman scattering in a back-
ward direction with a frequency shift, scattering coefficient b, , and Raman phase function occurs.
Photons return from a depth z to the receiver with the elastic multiple scattering in forward direc-
tions at a shifted wavelength 4. This process is completely analogous to the elastic paradigm and

the Raman lidar return is defined by the same structure of solution as in elastic scattering case
(Egs. (2-4)) with the parameters of the effective medium given in the third line of Table 1 (see (11)).
The Raman scattering coefficient b, is a product of molecule concentration by the scattering

cross-section of a single molecule. The phase function of the Raman scattering, which defines the
backward scattering phase function of the effective medium P5(B), is the well-known Rayleigh

phase function
3
Pet;(ﬂ):ZA1(1+A2C082B) (7)

A _1+3p A = 1-p

with 1= , A, = .
1+2p 1+3p

Here p is the depolarization ratio for incident light, linearly polarized perpendicularly to the scatter-
ing plane. The effective medium forward phase function P/ (8) is defined through the phase func-
tion P(B) and scattering coefficients of the real medium at an incident wavelength A, and a shifted
wavelength 4., as defined in the Table 1.

As seen, the problem of Raman backscattering is completely reduced to the solved elastic problem
(see in more detail (11)).

The temporal dependence of laser-induced fluorescence can be obtained with the model analo-
gous to the model of the genesis of Raman lidar signal. The incident light with the wavelength A,
propagates from a laser into a medium with small-angle multiple scattering. Then an act of fluores-
cence occurs (absorption of the incident photons and emittance of the fluorescence photons with
the wavelength A. and the isotropic angular diagram). These fluorescence photons return from the
depth z to the receiver with the elastic multiple scattering in forward directions at a shifted wave-
length A.. It means that power of the laser-induced fluorescence is given by Egs. (2-4) with the
effective medium parameters defined in the last line of Table 1. n. is a parameter proportional to
the product of a quantum efficiency of fluorescence and the fluorophore concentration. Since the
fluorescence has an isotropic angular pattern, the backward effective medium phase function
P5(B)=1. The extinction and scattering coefficients of the effective medium as well as the forward



EARSeL eProceedings 3, 2/2004 255

phase function P! (j) are formed completely analogous to the case of Raman lidar return through
parameters of the real medium at the initial and fluorescence wavelengths (see Table 1).

With the developed technique computations of polarized elastic and Raman lidar returns as well as
laser-induced fluorescence take a few seconds on PC versus hours with large computers with the
most advanced Monte Carlo algorithms. The excellent coincidence of the model with Monte-Carlo
simulations was demonstrated in (9) and (24).

The above general theory provides a good basis for developing high-speed efficient algorithms to
simulate lidar performance. To provide quasi real-time accurate simulations, analytical models of
the axis irradiance and axis intensity should meet at least two requirements: they should take into
account the inherent singularity of the point spread function and allow the analytical integration for
multi-dimensional integrals, which arrive in a simulation algorithm. Even the most advanced re-
cently developed models of the beam spread function (BSF) (25,26) failed to meet the above two
requirements. We have developed the new beam spread function model, which not only meets
these requirements but, unlike the small-angle solution, allows a description of the forward pulse
stretching and remains accurate for comparatively large depths (24).

A laser sounding theory usually ignores the pulse stretching for the reason that it is small enough
in comparison with the spread of the backscattering pulse. Nevertheless, there exist situations,
particularly laser sounding of deep waters or seabed ranging, where the allowance for the temporal
forward pulse stretching cannot be neglected (see examples in (24)). Using the new BSF model,
we have developed an approach to describe the forward pulse stretching. The simple recipe how
to compute the mean time and variance in the case of stratified seawater has been elaborated and
briefly described in (24).

Inversion of elastic and Raman lidar returns

The developed fast simulation is a key to the inverse problem solution and developing retrieval
techniques. Although some inversion approaches have been already developed (27-30), the reli-
able techniques for waveforms inversion and for retrieval the IOPs profiles are lacking at present.

The most important recent result is an analytical inversion of the elastic lidar equation with multiple
scattering in the common case without any prior suggestions on the seawater optical properties.

Equ. [2)!with regard to b. (z)=b(z) can be rewritten in the form
F(Z)=b(Z)E(Z) (8)

where J. (n.)L;(zr=0n)dn, . 9)

Introducing the logarithmic derivative of the function E(z)

9(2)= d[lni @l gz) Ez), (10)

we get: F(z)+‘;§z; d(z) 0. (11)
A solution of Equ. {11 )with regard to Equ{8)iis

E(z)= F(z) +TF(2,)Q(Z')dz'. (12)

b(z) 3 b(Z)

_____
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b(z)=b(z) Fe) , (19)
F(z)+b(z) | F(2)B(Z)dz
B(Z)=g(z)_— 1 d[InE(Z)]_ (14)

b(z) b(z) dz

one time scattered onto Iarge angles. It is |mportant that Equ. (1 3) includes all already known solu-
tions of the lidar equation as the particular cases. It works under single and multiple scattering, for
any geometry (the narrow and wide beams cases), for any set of the medium inherent optical
characteristics dependent on depth, and for any reference point in the retrieval procedure. Particu-

larly, for the single scattering in atmosphere, when absorption can be neglected and ¢(z)=b(z),
one has:

9(z)=2b(z), B(z)=2, (15)
and solution {1_ éifpasses to the well-known form

b(z)=b(z,) F(Z)ZO . (16)
F(z,)+2b(z,) | F(2)dZ

z

If the choice of the reference pointis z, =0, Equ. (1 6) passes into the solution publlshed in (31). If
the reference point z, is chosen at the remote end of the sounding path, Equ. L1_3):commdes with

the known Klett solution (see (32)). Equ. ﬁ_éf)idefines the well-known empirical Platt correction fac-
tor, which was introduced to allow for the multiple scattering (33). It was supposed that this factor
should be specified from Monte Carlo computation data.

We developed a retrieval algorithm based on Equ. {13)! The iteration procedure requires multiple
computations of lidar return with different IOPs profile and in this process our modelling looks in-
dispensable.

Flgures 4 and 5 give an example of the lidar waveform and the results of its inversion with solution
{(13)1and iteration performed with AOLS in comparison with the sea truth. This inversion technique
is brand-new and various particular implementations are actually under development.
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Figure 4: Lidar return in the LADS system.
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Figure 5: An example of retrieval of the extinction (Ext retrieved), absorption (Abs retrieved), and
scattering (Scat retrieved) coefficients from the lidar return in LADS system (see Figure 4) in com-
parison with sea truth.

The use of the Raman channel is a standard technique to investigate seawater properties by lidar
sounding (34). The known Raman scattering phase function allows troubles with the near-
backward scattering in seawaters to be avoided and the depth-independent Raman scattering co-
efficient may be used as a reference signal for other (e.g., fluorescence) measurements.

Recently we suggested a new technique for measuring seawater-backscattering profiles by a new
combined Raman-elastic lidar with different initial wavelengths particularly specified (34). It allows
the Raman channel to be used as a reference without exact a priori knowledge of sounding me-
dium spectral characteristics and properly regards multiple scattering. An example of the retrieval
of the scattering profile with this technique is depicted in Figure 6 (for more details see (34)).

The joint use of Raman, fluorescence, and elastic lidar returns, including polarization characteris-
tics can significantly enlarge the retrieval capabilities of ocean lidars. The developed solution and
AOLS modelling provide a basis for further development in this direction.
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Figure 6: Example of the retrieval of the scattering profile with combined Raman-elastic lidar.
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CONCLUSIONS

1. The family AOL software, which simulates the performance of the airborne ocean lidars in quasi
real-time, is outlined. This modeling estimates the lidar return signal and its components due to the
atmosphere, atmosphere-ocean interface, seawater, and bottom in various regions of the world’s
oceans with specific water stratification and at any bottom level, in daylight and at night under dif-
ferent weather conditions.

2. A successful comparison of experimental and modeled lidar data is performed, using a unique
opportunity provided by the HyCODE 2001 field test, where KSS lidar profiles and near simultane-
ous in situ IOP profiles were collected off the coast of New Jersey.

3. A general analytical theory is briefed that describes elastic and Raman lidar returns and laser-
induced fluorescence with polarization and multiple scattering, and serves as a core of the simulat-
ing algorithm.

4. First advances in the inversion of the lidar waveforms on the basis of the new common solution
of the lidar equation with multiple scattering and the developed fast simulation technique are out-
lined. We have discussed here only the very first steps in the technique for the inversion of the
oceanic lidar profiles. Currently this technique is under development in our group and the progress
looks impressive. We would like to underline that just fast and accurate computer modeling of the
lidar returns is a core of our inversion procedures.
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