OYHIAMEHTAJIbHASA u [TPUKIIATHAA THIPODOHU3UKA. 2024. T. 17, Ne 3
FUNDAMENTAL and APPLIED HYDROPHYSICS. 2024. Vol. 17, No. 3

DOI 10.59887/2073-6673.2024.17(3)-3

UDC 551.46.08

© V. A. Glukhov*', Yu. A. Goldin', O. V. Glitko', D. I. Glukhovets"2,|M. A. Rodionov'|, 2024

© Translation from Russian: V. A. Glukhov, 2024

IShirshov Institute of Oceanology, Russian Academy of Sciences, 117997, Nakhimovsky pr., 36, Moscow, Russia
2Moscow Institute of Physics and Technology (National Research University), 141701, Institutskiy per., 9, Dolgoprudny,

Moscow Region, Russia
*vl.glukhov@inbox.ru

A COMPARISON OF THE INFORMATION CONTENT OF ORTHOGONALLY POLARIZED
COMPONENTS OF LIDAR ECHO SIGNAL FOR EVALUATING HYDROOPTICAL
CHARACTERISTICS OF THE NEAR-SURFACE LAYER

Received 29.05.2024, Revised 26.07.2024, Accepted 10.09.2024

Abstract

A series of lidar measurements were conducted at stations with a homogeneous vertical distribution of hydrooptical char-
acteristics in the near-surface layer using a two-channel shipborne polarization lidar PLD-1. Lidar sounding was accom-
panied by synchronous contact measurements of a number of hydrooptical characteristics. A large dataset of measurement
data was obtained in waters where hydrooptical characteristics varied widely. As a result of the statistical processing of these
data, regression relationships were obtained linking the seawater beam attenuation coefficient ¢, absorption coefficient a,
and diffuse attenuation coefficient K, to the lidar attenuation coefficients of the co- and cross-polarized components.
In most cases, a linear relationship between hydrooptical characteristics and the lidar attenuation coefficients of the polar-
ized components is observed. These relationships are characterized by high values of the coefficient of determination — from
0.8 to 0.95. An exception is the relationship between the seawater beam attenuation coefficient ¢ and the lidar attenuation
coefficient of the cross-polarized component, where a second-degree polynomial is used to describe this relationship (coef-
ficient of determination is 0.88). Data on the hydrooptical characteristics obtained using the cross-polarized component of
the lidar echo signal mostly duplicate the data of the co-polarized component. However, the use of a two-channel optical
receiving system increases the reliability and accuracy of the obtained data and provides the possibility of controlling the
homogeneity of the underwater section of the sounding path.

Keywords: marine polarized lidar, hydrooptical characteristics, regression relationship
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AHHOTaIMS

C ucrnojb30BaHUEM JIBYXKaHAJIbHOIO CY/I0BOro nojsipusaimoHHoro gugapa [TJI/I-1 Ha cTaHIUsSIX C OTHOPOIHBIM
BEPTUKAJIBHBIM pacrpeeleHUeM THAPOONTUYECKUX XapaKTePUCTUK TTPUTTOBEPXHOCTHOTO CJI0S1 BBITIOJIHEHA CepUsl JIi-
MApHBIX U3MEpeHUii. JIugapHoe 30HAMPOBaHUE COMPOBOXIAUIOCH CHHXPOHHBIMU COMYTCTBYIOIIIMMU KOHTAKTHBIMU U3-
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MEPEHUSIMU Psiia TUAPOONTUYECKUX XapaKTepucTHK. [TojydeH GOJIbIION MACCUMB JAHHBIX U3MEPEHMUIA, BHITOJHEHHBIX
B BOJaX C TMAPOOIITHISCKUMU XapaKTePUCTUKAMM, MEHSIOIITMMUCS B ITMPOKMX Mpenenax. B pe3yabraTe cTaTUCTUIECKOM
00pabOTKM 3TUX JAHHBIX MOJTYYEHBI PErPeCCUOHHbBIC COOTHOILICHHS, CBSA3bIBAIOIIME TTIOKA3aTe b OCIabJIeHUs ¢, ToKa3a-
TeJTb TIOMIONIECHUS @ U TToKa3arelb nuddy3Horo ocnadiaeHus csera K, ¢ ToKa3aTeIs MU OCIabIeHUS KO- U KPOCC-TIONSI-
PU30BaHHBIX KOMITOHEHT JTMIAPHOTO 9XO-CUTHAJIA. B OONBIIMHCTBE ClTydaeB HaOII0aAeTCs TMHEHAs CBSI3b THAPOOIITH -
YeCKMX XapaKTePHUCTHK C TTOKA3aTeNISIMU OCJIa0IeHUS ITOJISIPU30BaHHBIX KOMITOHEHT JIMIAPHOTO 9X0-CUTHAJIA. DTH CBI3U
XapaKTepU3YIOTCsl BBICOKMMU 3HaYeHUSIMU Koo duumenTa aerepmuHauuu — ot 0,8 mo 0,95. MckimoyeHne cocTapisieT
CBS3b TTOKa3aTelsl OCnabIeHusT cBeTa ¢ M ToKas3aTeslsl OClablieHns] KpOCC-TIOSIPU30BaHHON KOMITOHEHTBI JIMIAPHOTO
9XO-CUTHAJIA, TIe AJIST OMMCAHUS 3TOM CBSI3U MCMOJb3YeTCsl TTOJIMHOM BTOPOii cTereHn (KO3 GULIMEHT TeTepPMUHALIUN
0,88). JlaHHBIE O TUAPOONITUIECKUX XapaKTePUCTUKAX, TTOJYYeHHbIE ¢ UCTIOIb30BaHMEM KPOCC-TIOISIPU30BAHHON KOM-
MOHEHTHI JIUAAPHOTO 3XO-CUTHAJa, B OCHOBHOM IYOJMPYIOT JaHHBIE KO-TTOJSIPU30BAHHON KOMMOHEHThI. OMHAKO MC-
MOJTb30BaHUE JBYXKAHAJIBHOW PETUCTPUPYIOIEH CUCTEMBI TMOBBIIAET HAIEKHOCTh M TOCTOBEPHOCTH MOTyYaeMbIX TaH-
HBIX U 00eCTeunBaeT BO3MOXHOCTb KOHTPOJISI OMHOPOIHOCTH MOIABOAHOTO YUacTKa TPAacChl 30HAUPOBAHUSI.

KiroueBbie cjioBa: MOpCKOﬁ HOJTF[DPISaL[VIOHHBIﬁ Juaap, TMAPOOINTUYECKUEC XapaKTEPUCTUKU, PEIPECCUOHHBIC COOTHO-
IIEHUA

1. Introduction

Marine profiling (radiometric) lidars, as well as high spectral resolution lidars (HSRL) equipped with a
profiling channel, enable remote assessment of the hydrooptical characteristics of the near-surface layer of
seawater [1—10]. This facilitates the study of spatial distributions of hydrooptical characteristics from moving
vessels without the need for submersible, towed, or flow-through measurement systems.

The lidar echo signal contains information about the hydrooptical characteristics of seawater. Several ap-
proaches exist for developing methods to extract this information. One such approach involves configuring the
sounding scheme so that a particular parameter of the lidar echo signal depends solely on one hydrooptical
characteristic [2, 4, 11]. For example, with sufficiently large field-of-view angles of the receiving optical system
of a shipborne lidar (2y ~ 15°—20°), the lidar attenuation coefficient a approximates the value of the diffuse
attenuation coefficient K, [1—4, 8—10]. However, at these angles, the information about vertical distribution
heterogeneities of the hydrooptical characteristics gets blurred [3]. In [11], several theoretically substantiated
sounding procedures are proposed for measuring a set of hydrooptical characteristics, involving changes in the
field-of-view angle of the receiving optical system and variations in the sounding angle during measurements, as
well as the use of receivers with different directional diagrams. This allows for the estimation of several hydroop-
tical characteristics but complicates the lidar’s design and significantly increases the time required to conduct
measurements at each point, which hinders their use in lidar surveys from moving vessels.

Another approach involves using profiling lidars with a “classical” scheme featuring a sufficiently narrow
field-of-view angle for the receiving system and establishing regression relationships between the parameters of
lidar echo signals and hydrooptical characteristics [5]. The drawback of this method is that the obtained regres-
sion relationships are only applicable to the specific sounding scheme used.

In the overwhelming majority of cases, profiling lidars employ a solid-state Nd: YAG laser with frequency
conversion to the second harmonic [1]. The radiation from these lasers is linearly polarized. In many lidars, the
registration of two mutually orthogonal polarized components of the echo signal is performed — the co-polar-
ized component P,,(f) and the cross-polarized component P, (7). Several studies are dedicated to the process-
es of forming the polarized components of the echo signal [12—16]. It is proposed to use the depolarization ratio
of the lidar echo signal (¢), defined as:

6[1;3}2 Pcross(t) (1)
C

w) P

a parameter characterizing waters with different hydrooptical characteristics [17, 18]. Here, 7 is the time mea-
sured from the moment the sounding pulse intersects the water surface, and c,, is the speed of light in seawater.
In papers [19, 20], an approach is proposed for solving the inverse problem of retrieving the scattering coeffi-
cient b(z), based on the use of information about the depth dependence of the degree of depolarization of the
echo signal, defined as
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The difficulty in the practical application of this expression is related to the need for a priori information
about the values of the depolarization factor ¢, which cannot be obtained within the lidar sounding.

In works [3-35, 8, 9], regression relations have been found between the parameters of lidar echo signals
and hydrooptical characteristics for the co-polarized component of the echo signal, or without considering
the polarization of the received radiation. An interesting aspect is finding such regression relations for both or-
thogonally polarized components of the echo signal and identifying possible features introduced by considering
polarization.

The aim of this work is to determine the relationships between a range of hydrooptical characteristics that
vary over a wide extent and the parameters of the polarized components of lidar echo signals for a shipborne
lidar with a relatively narrow field of view.

2. Materials and methods
2.1. Description of the Equipment

For the research, the marine polarization lidar PLD-1 (developed at SIO RAS [20]) was used. The lidar’s
dual-channel receiving system is designed to record co- and cross-polarized components of the echo signal.
Polarization selection is carried out by film polarizers installed in front of the lenses. The main technical char-
acteristics of the lidar are given in Table 1.

Height of the lidar optical unit above the water surface was approximately 15 m. The sounding angle ¢ was 20°
from the vertical. The length of the air section of the sounding path A was approximately 16 m.

The lidar survey was accompanied by a series of synchronous iz situ measurements. At each station, vertical
profiles of the secawater beam attenuation coefficient ¢ at a wavelength of A = 530 nm, seawater temperature,
and chlorophyll “a” fluorescence intensity were recorded using a submersible transmissometer PUM-200 (de-
veloped at SIO RAS [21]). The accuracy of the seawater beam attenuation coefficient in the range of 0.050—
—1.0m'is 0.005 m™,

Measurements of the light absorption spectra of seawater a(\) were conducted using a portable spectro-
photometer with an integrating sphere (ICAM) [22]. Measurements were carried out on samples collected at
the stations, and data processing was performed according to the methodology [23]. The accuracy of the ab-
sorption coefficient measurement was 0.05 m~'. The measured set of seawater beam attenuation coefficient and
absorption coefficient values at a wavelength of 530 nm enabled the calculation of the single scattering albedo
w, = b/c, where the scattering coefficient was determined as b = ¢ — a. The difference between the measured
values of hydrooptical characteristics at wavelengths A = 530 nm and A = 532 nm is small compared to the
measurement error and can be neglected. For simplicity, the value of the wavelength in the corresponding hy-
drooptical characteristics is omitted in the following text.

Table 1
Main technical characteristics of PLD-1 lidar

Characteristic Value
Wavelength of the sounding radiation, nm 532
Duration of the sounding pulse, ns 7
Energy of the sounding pulse, mJ 20
Sounding frequency, Hz 1
Beam divergence of the sounding pulse, mrad 5
Type of polarization of the sounding radiation Linear
Field of view angle of the receiving optical system of the co-polarized channel, deg. (mrad) 2 (35)
Diameter of the input lens of the co-polarized channel, mm 63
Field of view angle of the receiving optical system of the cross-polarized channel, deg. (mrad) 2 (35)
Diameter of the input lens of the cross-polarized channel, mm 100
Duration of the pulsed characteristic of the lidar, ns 10.8
ADC resolution, bits 14
Digitizing frequency of lidar echo signals, GHz 2.5
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At stations conducted during daylight hours, measurements of the vertical profiles of downwelling spec-
tral irradiance E,(z, A) were performed. The measurements were carried out using a submersible hyperspectral
radiometer Ramses (Trios, Germany). The relative error in the measurement of £,(z, A) is about 8 %. These
measurements were used to calculate the diffuse attenuation coefficient K, of the downwelling solar radiation
flux at a wavelength of A = 532 nm. At most stations used in this study, underwater irradiance measurements
were performed at an average solar zenith angle of 70° under variable cloud conditions. For comparative anal-
ysis with lidar estimates, the measured values of K, were recalculated for the case of direct solar radiation when
the sun is at the zenith [10].

2.2. Research area

The studies were conducted within the first stage of the 89th cruise of the R/V “Akademik Mstislav Keldysh”
in the western part of the Kara Sea from September 5 to 19, 2022 [24]. Several results of the hydrooptical mea-
surements performed during this cruise are presented in [6, 25]. The hydrooptical characteristics in the study
area varied widely: the seawater beam attenuation coefficient ¢ ranged from 0.17 m~! to 1.1 m™!, while the ab-
sorption coefficient a ranged from 0.10 m~'to 0.21 m™.

2.3. Lidar data processing method

This study analyzes the data obtained from lidar sounding conducted at stations with uniform vertical dis-
tribution of hydrooptical characteristics within the near-surface layer (0—10 m). The appearance of co- and
cross-polarized components of lidar echo signals, recorded in waters of varying transparency, is presented in
Fig. 1. In both cases, the decay of the cross-polarized component is more gradual compared to the co-polarized
component. This phenomenon is particularly pronounced in turbid waters. The form of the decline of the lidar
echo signal in waters homogeneous with depth is determined by two processes: the attenuation of the sounding
radiation during its propagation from the surface to a given depth and back to the surface, which is influenced
by absorption and scattering, and the process of radiation depolarization, which causes light to transition from
one polarized component to another during scattering. Depolarization of light within the water column occurs
during single scattering on nonspherical particles and multiple scattering events. The effect of attenuation in the
water column is the same for both orthogonally polarized components. However, the effect of the depolariza-
tion process on the initial segments of the sounding path is significantly different. This difference is caused by
the varying amplitudes of co- and cross-polarized components of the echo signal. In clear waters, the degree of
depolarization of the echo signal g(7) at depths of 20—30 meters is 0.8—0.9 [19]. Therefore, in the first approxi-
mation, the depolarization process in forming the initial segment of the co-polarized component’s decline can
be neglected, and an approximation function whose form follows from the lidar equation can be used to describe
its shape.

In the quasi-single-scattering approximation, the lidar equation is given as [10, 26]:

P( 2Z ] _ MB'(n)exp(—ZaZ), 3)

=2 -
c 2(nH + Z)

w

where Zand H are the lengths of the underwater and above-water portions of the sounding path, c,, is the speed
of light in seawater, » is the refractive index of seawater, W}, is the energy of the sounding pulse, .§'is the area of
the receiving aperture, 7}, is the transmittance of the receiving system, » = 0.02 is the Fresnel reflection coef-
ficient for the air-sea interface, a is the lidar attenuation coefficient, p'(r) is the effective value of the volume
scattering function (VSF) B(0) at the scattering angle 6 = 180°. The true depth z can be recalculated from Z
considering the sounding angle ¢. The time moment 7 is measured from the moment the sounding pulse inter-
sects the water surface.

It should be emphasized that in the presented form, the lidar equation can be written only for vertically
homogeneous distributions of hydrooptical characteristics. In the case of stratification, a. and p'(n) depend on
depth. The approach used in this study, where the decay shape of the lidar echo signal is characterized by a sin-
gle value of a, becomes inapplicable. The corresponding approximating functions take the form:
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where o, is the lidar attenuation coefficient of the co-polarized component of the echo signal, and 4 is the
approximation coefficient that does not depend on depth.

In the initial segments of the cross-polarized component’s decay, the depolarization process plays a sig-
nificant role. As a result, the lidar equation (3) cannot be directly applied to describe this portion of the signal.
However, analysis of extensive experimental data collected during the study indicates that, for these short initial
segments, approximating functions P, (#) using the lidar attenuation coefficient o, provide an accurate
description of the cross-polarized component’s decay.

27 B
Pcross [t = C_j = me)‘p(_zacmssz)’ ®)

w

where o, is the attenuation coefficient of the co-polarized component of the echo signal, and B is the approx-
imation coefficient that does not depend on depth.

In Fig. 1, the dashed lines represent the approximating functions of types (4) and (5). These approximating
functions accurately describe the decay shape of the polarized components of the echo signal and allow deter-
mining the values of o, and o, Which characterize the decay rate. To determine o using approximation
methods, the decay segment of the echo signal corresponding to a depth range of 4 to 8 meters was used. The
echo signal shape above 4 meters is significantly influenced by surface wave activity. Below 8—10 meters, vari-
ability in hydrooptical characteristics is often observed, which is associated with stratification.

When processing lidar survey data, the o value was determined for each registered echo signal. Averaging
of all obtained a values (from 3,000 to 11,000 soundings) was conducted at stations where the survey duration
ranged from 1 to 3 hours, which reduced the influence of random measurement errors. The invariability of
hydrooptical characteristics at the station was monitored through the shape of the lidar echo signal and the
absence of significant variability in a over time.

The values of a.., and o, thus obtained were used to construct regression relationships of these quantities
with various hydrooptical characteristics.

3. Results and discussion

Lidar sounding was aimed at determining the attenuation coefficients of co- and cross-polarized com-
ponents of the lidar echo signal was conducted at 23 stations, characterized by a homogeneous distribution

a) Z,m b) Z m
0.0 2.0 4.0 5.9 7.9 9.9 11.9 0.0 20 4.0 5.9 7.9 9.9 11.9
1 1 1 1 1 1
-1
0.1+
> > >
g a . =0128m" L0 o8 3
o® 0.01- cross . Q Q
0.001
0.001 4 . . . : . 0.01 . . T T T T 0.001
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t. ns t. ns

Fig. 1. The examples of co- and cross-polarized components of the echo signal recorded in waters with varying transparency
and the corresponding approximation functions:a —c=0.17m™', b —c=1.1 m™!
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of hydrooptical characteristics to a depth of 0—10 m. The seawater beam attenuation coefficient ranged from
0.17 m~! to 1.1 m~!, the absorption coefficient a ranged from 0.10 m~! to 0.21 m~!, and the single scattering
albedo w, varied from 0.38 to 0.84.

In the case of clear waters (Fig. 1a), characterized by ¢ = 0.17 m~!, the values of o, and o, are close
to each other, indicating a relatively small contribution of the depolarization process to the formation of the
polarized components. As the scattering coefficient b increases, the differences in the decay forms of the echo
signals become more pronounced. For the case of turbid waters, characterized by ¢ = 1.1 m™!, the values of
Ol and o, differ significantly (Fig. 1b). The decay of the cross-polarized component of the echo signal
is more gradual, which suggests a substantial contribution of the depolarization process to the formation
of the polarized components of the echo signals. The relationship of the ratio o.,/0.. t0 ¢ is presented in
Fig. 2. The colors of the points denote the values of ®,. A dashed line indicates the linear approximation of
the obtained data with a coefficient of determination R’ = (0.78. A comparison of ¢ and o, shows that the in-
crease in the seawater beam attenuation coeflicient ¢ is primarily determined by the increase in the scattering
coefficient 4. This increase leads to a greater contribution of multiple scattering and, consequently, of the
depolarization process in the formation of the cross-polarized component of the echo signal. As shown in the
graph presented in Fig. 2, the ratio a,,/0..,, Monotonically increases with ¢ and reaches values of 1.3—1.4 in
relatively turbid waters.

The obtained dataset allowed for the construction of correlation diagrams that depict the values of a,,,
Qeroses aNd the hydrooptical characteristics measured concurrently with the lidar sounding. Fig. 3 presents the
correlation diagrams for the values of a,,, 0., and c. The approximation functions are shown with solid lines,
while the dashed lines represent the 95 % confidence intervals. The figure demonstrates the existence of a linear
relationship between the lidar attenuation coeflicient of the co-polarized component of the echo signal and the
seawater beam attenuation coefficient ¢, with a coefficient of determination R* = 0.95. For the cross-polarized
component, deviations from linear approximation are observed at values of ¢ > 0.8 m~! (the R? of the linear
approximation across the entire dataset is 0.75). The deviation is particularly pronounced when (¢ > 1.0 m~).
This may be related to the increased contribution of the depolarization process in the formation of the cross-po-
larized component. The magnitude of this contribution is determined by multiple scattering, primarily the sec-
ond-order scattering, the probability of which is proportional to 52 [27]. Utilizing a second-degree polynomial
as the approximation function provides a significantly better description of the dependence of o, on ¢ (with
R?=0.88). Further investigation is needed to understand the relationship between the processes of attenuation
and depolarization in the formation of the cross-polarized component of the echo signal.

1.5 T T T T T T T T T
|
1.4 | E
1.3 - m -
, PEE B
é -7 0.83 0
__5_ 1.2+ -7 - 0.77 -
3 -7 0.71
3 . ',’D [ | 0,65
114 B -7 0.59 .
B .- [ 053
Pie 047
1.0 1 0.41 7]
0.35
. no data
09 I ' I ' L] N I N I '
0.2 0.4 0.6 0.8 1.0 1.2

c,m’

Fig. 2. The relationship between the ratio a..,/0.. and c. The color of
the points indicates the values of o,
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Fig. 3. Correspondence diagram of .., 0o @and c. Approximation
functions are shown with solid lines, and 95 % confidence intervals
are indicated by dashed lines

Based on the functional dependencies presented in Fig. 3, regression equations have been calculated for the
co- and cross-polarized components, allowing the determination of the attenuation coefficient from the values
of a,, and a . These equations are as follows:

¢ =7.10-a,, —0.81, (6)

+0.034, 7

Cross Cross

e =62.71-0%_  —693-«a

where ¢; — is the seawater beam attenuation coefficient calculated based on lidar sounding data. The accuracy
of regression coefficient determination using the least squares method for co-polarization is 7.10 £ 0.37 and
0.81 m~! £ 0.07 m~!. For cross-polarization, the accuracy is 62.71 m + 3.34 m, 6.93 £ 0.63, and 0.034 m~! +
+ 0,001 m~'. The relative error in determining ¢ based on lidar sounding data is 10 % for the co-polarized com-
ponent and 12 % for the cross-polarized component. The derived regression dependencies are valid for seawater
beam attenuation coefficient values ranging from 0.17 m~' 5o 1.1 m~..

The correspondence diagrams of o..,, 0. and the absorption coefficient a are presented in Fig. 4. The
figure demonstrates a linear relationship between o, and a (R? = 0.95) and 0., and a (R*> = 0.88).

The regression equations for the co- and cross-polarized components, which allow for the determination of
the absorption coefficient a based on the values of o, and o, are as follows:

a;’ =0.74-a,, +0.008, (8)
azross =1.28- 0y — 0.06, )

where a; is the absorption coefficient calculated from lidar sounding data. The accuracy of the regression coef-
ficients estimated using the least squares method for co-polarization is 0.74 £+ 0.05 and 0.008 m~! + 0.001 m~!,
while for cross-polarization it is 1.28 £+ 0.14 and 0.06 m~! £ 0.01 m~'. The relative error in determining the
absorption coefficient a from lidar sounding data for the co-polarized component is 10 %, and for the cross-po-
larized component it is 12 %.

The diagrams illustrating the correspondence of the values o, 0.0, and the values of the diffuse attenua-
tion coefficient K, are presented in Fig. 5. The figure demonstrates a linear relationship between o, and K, (R?
= (.87) and between o, and K, (R*> = 0.80).

Cross
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The regression equations for the co- and cross-polarized components, which allow for the determination of
the diffuse attenuation coefficient K, based on the values of a.., and o, are as follows:

© =0.74- 0, —0.08, (10)

39



Ihyxoe B.A., lonvoun FO.A., [umko O.B., [iyxoeey /. U., |Poduonos M.A.
Glukhov V.A., Goldin Yu.A., Glitko O.V., Glukhovets D.lI., | Rodionov M.A.

KZOLSS = 1'34”0Lcross —0.09, (11)

where K, ; is the diffuse attenuation coefficient calculated from lidar sounding data. The accuracy of the re-
gression coefficients for co-polarization is 0.74 + 0.11 and 0.08 m~! = 0.01 m~!, while for cross-polarization it
is 13.05 + 1.22 and 1.53 m~! + 0.19 m~!. The relative error in determining K;; ; from lidar sounding data for the
co-polarized component is 12 %, and for the cross-polarized component, it is 13 %.

The obtained regression relations for o, 0., and a set of hydrooptical characteristics are valid for lidars
with the beam divergence and field of view angle of the receiving optical system indicated in Table 1, as well as
for the sounding geometry described in Section 2.1. In the case of changes in the sounding geometry and lidar
characteristics (primarily the field of view angle of the receiving system), adjustments to the regression coeffi-
cient relationships will be required.

4. Conclusion

Lidar sounding conducted at stations with a homogeneous vertical distribution of hydrooptical character-
istics in the near-surface layer, along with synchronous contact measurements of various hydrooptical charac-
teristics, resulted in a large dataset. The studies were conducted in the western part of the Kara Sea. Statistical
processing of these data allowed for the establishment of regression relationships linking ¢, a, K; to the lidar
attenuation coefficients of the co- and cross-polarized components of the lidar echo signal. The regression rela-
tionships enable the use of lidar survey data taken on board a moving vessel to assess the spatial distributions of
hydrooptical characteristics necessary for solving various practical tasks.

The data obtained using the cross-polarized component of the lidar echo signal largely replicate the data
from the co-polarized component. However, using a dual-channel recording system enhances the reliability
and accuracy of the obtained data. Furthermore, the registration of two orthogonally polarized components of
the lidar echo signal allows for the calculation of depth-dependent depolarization ratios 8(z), which are sensi-
tive to various vertical inhomogeneities within the water column. This enables the use of lidar survey data for
monitoring the uniformity of the vertical distribution of hydrooptical characteristics in the near-surface layer of
seawater and for filtering measurement data in stratified waters [15—17].

Future research efforts will focus on conducting studies in different marine areas of the World Ocean, char-
acterized by varying values of hydrooptical characteristics, as well as distinct sounding geometries and field of
view angles of the receiving optical system. The resulting data will be useful for the necessary adjustments to be
made to the regression relationships.
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