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Abstract

A lidar survey of the western part of the Kara Sea was carried out in September 2022. The shipborne radiometric
(profiling) lidar PLD-1 was used. The lidar optical unit was located on the 8th deck of the R/V ‘Akademik Mstislav
Keldysh’ at an altitude of 15 m above the water surface. Lidar sounding was carried out at stations and underway. The ves-
sel route passed through water areas characterized by a wide range of changes in hydrooptical characteristics. Lidar mea-
surements were accompanied by synchronized measurements of hydrooptical and hydrological characteristics. These
measurements were carried out using submersible instruments at stations and using a flow-through measuring complex
along the ship's route. The hydrooptical characteristics vertical distribution uniformity in the upper ten-meter layer was
controlled remotely using underway lidar data. Good agreement between the spatial distributions of the lidar echo signals
parameters, of the hydrooptical and of the hydrological characteristics (coincidence of the locations of various distribu-
tion features, local maxima, minima and frontal zones) was demonstrated. A large volume of measurement data has been
obtained, which allows for further statistical processing in order to find relationships between the parameters of lidar echo
signals and hydrooptical characteristics recorded by contact methods.
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JIMJIAPHBIE UCCJIEOBAHIS B IIEPBOM DTAIIE 89-I'O PEICA HUC
«AKATEMUK MCTUCJIAB KEJIJIBIIIT»

Cratbs noctymuia B pegakuuio 05.10.2023, nocne nopadorku 04.12.2023, npunsita B nevyats 06.12.2023

AHHOTaIMS

BrimonneHa mumapHas cheMKa 3anagHoit yactu Kapckoro mopst. CheMKa IpoBonmiach B ceHTssope 2022 1. Microns-
30BaH CyIOBOI pamuomerpuueckuii (mpodwmmpytommuii) mugap [1JI-1. OnTtuyeckmii 610K Immapa pacmosarajics Ha
8-11 maryoe HUC «Axkamemuk MctucinaB Kenabi» Ha BEICOTe 15 M Ha ITOBEPXHOCTHIO BOAEL. JInmapHOe 30HAMPOBaHNE
MPOBOIUJIOCH HA CTAHIIUSX 1 Ha XOMy CynHa. MapIIpyT CylTHa ITPOXOIWT Yepe3 aKBaTOPUH, XapaKTepU3YIOLINEeCs IITMPO-
KUM IMarna3oHOM M3MEHEHU THUAPOONTUISCKUX XapaKTepUCTUK. JIngapHble M3MepeHMsT COITPOBOXIATUCH KOMILICK-
COM COMYTCTBYIOIINX U3MEPEHUI THAPOONITUISCKUX 1 TUAPOIOTMUECKUX XapakTepucTUK. COMyTCTBYIOIINE U3MEPEHUS
BBITIOJIHSITMCH HA CTAHIUAX C UCTIOIb30BAHUEM TIOTPYKaeMBbIX IPUOOPOB, a TAKXKe Ha XOIY CyIHA C TTOMOIIBLIO TTPOTOY-
HOTO M3MEPUTETHLHOTO KoMITIeKca. OMHOPOTHOCTh BEPTUKAIBHOTO PACIIpENeIeHUST TUAPOONTUYECKIX XapaKTepUCTUK

Ccpuika aid uutupoBaHus: layxoe B.A., Toavoun F0.A., Thumko O.B., Aenosa E.A., [hyxosey JI.HU., Poouonos M.A. JlunapHbie
nccienoBanus B TiepBoM atarte 89-to peiica HUC «Akanemuk Mctucias Kenmpin» // @yHaaMeHTanbHas U TIPUKIIAIHAS TH-
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Ha X0y Cy[IHa B BEPXHEM JIECATUMETPOBOM CJIOE KOHTPOJIMPOBAIACH IUCTAHLIMOHHBIM METOIOM 10 JIMAAPHBIM JAHHBIM.
[TponeMOHCTPUPOBAHO XOPOLIEE COMIACHe MTPOCTPAHCTBEHHBIX PACIIPENE/ICHNI TapaMeTPOB JIMIAPHBIX 3XO-CUTHAJIOB,
TMIPOONTUYECKMX U TUIPOJOIMYECKMX XapaKTEPUCTHK (COBMAIeHME MPOCTPAHCTBEHHBIX TOJIOXEHUI Pa3IMIHBIX 0CO-
OEHHOCTEN pacrpene/ieHusI, JJOKaIbHbIX MAKCUMYMOB, MUHUMYMOB M (DpOHTAILHBIX 30H). [TojydeH GoJIbiloil 00beM
JAHHBIX U3MEPEHUI, MTO3BOJISIOIINX B JAbHENIIEM ITPOBECTU MX CTATMCTUYECKYIO 00pabOTKY C LEIbI0 HAXOXIEHMS
CBA3EH MEXIy MapamMeTpaMy JIMIAPHBIX 5XO-CUTHAJIOB W TMAPOONTUYECKUMU XapaKTepPUCTUKAMU, 3apErCTPUPOBaH-
HBIMA KOHTAaKTHBIMHU METOIAMMU.

KiroueBblie cjioBa: MOPCKOI JInmap, TUAPOOIITUYECKIE XapaKTepUCTUKHN, JINTapHas cheMKa, (DpoHTaIbHbIe 30HbI, Kap-
CKOE Mope

1. Introduction

The lidar remote sensing capabilities for study of seawater near-surface layers have been demonstrated in
a number of works [1—5]. The advantage of using shipborne and airborne marine lidars is the remote registra-
tion of the near-surface layer hydrooptical characteristics [5—8]. In order to obtain hydrooptical characteristics
from radiometric lidar data, we usually assume the vertical distribution of the studied layer is uniform. In recent
years, researchers have developed methods to determine the vertical distributions of hydrooptical character-
istics even in the presence of stratification. For this purpose, high spectral resolution lidars (HSRL) are used,
which combine registration of the temporal and spectral dependences of the echo signal [9, 10].

The methods used to obtain information about hydrooptical characteristics from lidar data depend on the
specific lidar characteristics and the sensing geometry in each case [7, 11]. There is no universal algorithm for
recalculating the parameters of registered lidar echo signals. This necessitates the need to carry out measure-
ments with specific lidars in certain water areas. A corresponding region for conducting such studies is the
Kara Sea, which is characterized by high spatial variability of hydrooptical characteristics in a wide range of
their values [12—14]. The advantage of shipborne lidar survey is the ability to carry out underway without the
use of submersible devices, as well as the capability to carry out synchronous accompanying measurements of
hydrooptical and hydrological characteristics.

This paper presents the results of lidar measurements conducted both at stations and along the ship's route.
The study compares the spatial distributions of lidar echo signal parameters with the corresponding distributions
of hydrooptical and hydrological characteristics obtained during synchronous accompanying measurements.

2. Materials and methods

2.1. Description of the equipment

The shipborne polarization lidar PLD-1 (developed at the Shirshov Institute of Oceanology RAS [15]) was
used to carry out the research. Its operating wavelength is 532 nm, the probing pulse duration is 7 ns (FWHM),
the energy of the probing pulse is 20 mlJ, the field of view angle of the receiving optical system is 0.9 degrees
(15.5 mrad), input lens diameter is 63 mm. A LeCroy HD0O4034 digital four-channel oscilloscope was used to
digitize and record lidar echo signals. The sampling rate is 2.5 GHz, the dynamic range is 14 bits. The PLD-1
has two receiving channels designed for recording co- and cross-polarized components of the lidar echo signal.
In this paper only the co-polarized components of the lidar echo signal are analyzed.

The lidar optical unit was placed on the 8" deck of the R/V ‘Akademik Mstislav Keldysh’. The optical unit
altitude is about 15 m above the water surface. Sensing angle 6 = 20° from the vertical. The air section length of
the sounding path H was about 16 meters. Simultaneously with the registration of lidar echo signals, navigation
position data were recorded using signals from the GLONASS/GPS satellite navigation systems.

Lidar echo signals were recorded with a frequency of 1 Hz during the cruise. Measurements were carried
out both during the stations and underway. At a ship speed of 10 knots, the measurement points were spatially
discrete at approximately 5 meters apart.

In addition to the lidar survey, a series of synchronized accompanying measurements were carried out. At
the stations measurements of vertical profiles of the seawater beam attenuation coefficient ¢ were carried out at
a wavelength A = 530 nm using a submersible transmissometer PUM-200 (developed at the Shirshov Institute
of Oceanology RAS [16, 17]). The measurement accuracy of c is in the range of 0.050—1.0 m~! is 0.005 m~'.
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Using the shipboard flow-through measuring
complex (Shirshov Institute of Oceanology RAS), 72
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mine the fluorescence intensity of colored dissolved 68
organic matter (CDOM) — I-po,» induced by laser
radiation with an excitation wavelength of 405 nm. Fig. 1. The vessel route and the station positions of the 1 stage
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peak to the Raman peak of water molecules. The complex also includes a universal transmissometer PUM-A
for determining the seawater beam attenuation coefficient ¢ values at a wavelength of 530 nm. The technical
characteristics of PUM-A are similar to those of PUM-200 given above. The water intake depth is 2—3 m. The
spatial resolution of the data is about 50 m. The measured data were referenced using signals from the GPS
satellite navigation system.
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2.2. Research area

The work was carried out as part of the 1st 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. The vessel route and station positions are
shown in Figure 1.

2.3. Lidar data processing method

Following the lidar equation, the lidar attenuation coefficient a(z) describes the exponential weakening of
the echo signal [1]:

2
P[t=2—Z]=P ATo=r) o Z)exp , (1)

c " (nH +2)?

w

A
-2 (Z"dZ’
0

where Zand H are the lengths of the underwater and above-water sections of the sounding path, c,, is the speed of
light in sea water, # is the refractive index of sea water, a(Z) is the attenuation index of the lidar echo signal, (i, 2)
is the vertical profile of the volum scattering function taken at the scattering angle 180°, P, the power of an initial
laser pulse, A is the size of the receiving aperture, 7}, is the transmittance of the receiving system, r ~ 0.02 is the
Fresnel reflection coefficient. The true depth z can be calculated from Ztaking into account the sounding angle 6.

In general, it depends on the vertical distribution of near-surface layer hydrooptical characteristics. De-
pending on the profiling geometry, the o values vary from K, to c; this means the K, value corresponding to
the position of the sun at the zenith and if there were no atmosphere [11]. In the case of uniform waters, a is a
constant value. To determine a, a standard approach based on the use of lidar echo signal approximations by a
function, which form follows from the lidar equation, was used [5, 19]. The echo signal section corresponding
to a depth range from 4 to 8 m was used for determining a. The layer above 4 m is subject to strong influence
of surface waves. In many cases, variability in hydrooptical characteristics is observed at depths below §—10 m.
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Examples of co-polarized lidar echo signals and corresponding approximating functions are shown in Figure 2.
All measurements were carried out in the linear mode of the PMT. To prevent saturation, the high-voltage
supply of the PMT was adjusted. Figures 2, a and b show waters of varying transparency, uniform in depth in
a layer from the surface to 10 m. Figure 2, a illustrates the case of the high transparency waters in which the
single scattering model works and the lidar attenuation coefficient a is close to the seawater beam attenuation
coeflicient c. Figure 2, b illustrates the case of the high value of the scattering coefficient in which the effective
radiation pattern of the receiver becomes wide and a is close to the diffuse attenuation coefficient K,.

The variance value of the seawater beam attenuation coefficient was used as a criterion for the vertical
distribution homogeneity in a layer from 0 to 10 m. At the station 7453 (Figure 2, a) the dispersion value of ¢
was 6 - 107% m~2, at the station 7433 (Figure 2, b) it was 5 - 10~® m~2. Figure 2, ¢ shows the lidar echo signal
corresponding to the inhomogeneous layer at a depth of 0 to 10 m. The variance value of ¢ at this station was
21073 m~2. In this case the lidar echo signal has a more complex form. It requires the use of several approxi-
mations to describe it. In this regard, for further analysis only those stations were used where layer at a depth of
0 to 10 m was homogeneous in terms of a variance value of less than 10~ m—2,

When processing lidar survey data, the a value for each recorded lidar echo signal was determined. At stations,
which duration ranged from 1 to 3 hours, all obtained values of a were averaged (from 3 to 11 thousand soundings),
which made it possible to reduce the influence of random measurement errors. The constancy of the hydrooptical
characteristics at the stations was monitored by the form of the lidar echo signal and the absence of significant
variability in a over time. Measurement data obtained underway were averaged over the results of 100 soundings
(spatial averaging interval was about 500 m) to reduce the influence of the vessel pitching, waves and foam.
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Fig. 2. Examples of lidar echo signals and approximat-
ing functions: a — station 7453, 09.12.2022, ¢ = 0.2 m™;
b — station 7433, 09.09.2022 ¢ = 1.1 m~!; ¢ — station 7461,
0.001 09.13.2022, inhomogeneous distribution of the seawater
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3. Results and discussion

The lidar survey was carried out both at stations and along the vessel route for about 270 hours. A uniform
depth distribution of the seawater beam attenuation coefficient c in the upper layer at depths from the surface up
to 10 m at 27 stations on different sections of the route was recorded. For each of these stations, the average value
of the lidar attenuation coefficient o and the standard deviation of the measured value were calculated. The distri-
butions of a and ¢ values measured at stations along the vessel route are presented in Figure 3. The measurement
range of c was from 0.17 m~' to 1.1 m~!. There are a good agreement in the type of distributions and coincidences
in the position of distribution features, local maxima, minima and frontal zones. The resulting set of pairs of val-
ues a and ¢ makes it possible to further carry out their statistical analysis to establish regression relationships. The
given distribution a contains information about the spatial distribution of hydrooptical characteristics and can be
successfully used to carry out remote measurements of these characteristics using the lidar method.

An example of the measurement results carried out underway is shown in Figure 4. This figure depicts the
section of the track from the Kara Gate Strait to Baydaratskaya Bay, conducted on September 8, 2022, between
the stations 7430 and 7431. Comparison of the spatial distributions of a and ¢, measured by the flow-through
complex along the vessel route are shown in Figure 4, a. The corresponding distributions of salinity S, tem-
perature 7and CDOM fluorescence intensity /-poyy, also measured with the flow-through complex, are shown
in Figure 4, b. The type of variability of a is in good agreement with the type of other distributions variability.
The distribution of the lidar attenuation coefficient a effectively determines the position of the fronts. It should
be noted the section shows a negative correlation between the distributions of S and /-pg,,. This indicates the
section is located in the zone of influence of the river runoff [12, 13].
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Fig. 3. Distributions of a and ¢ values measured at stations along the vessel’s route
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Fig. 4. Cross-section along the ship route, carried out on the section between the stations 7430 and 7431:
a—aande,b—T,S, Icpoy

4. Conclusion

A lidar survey of the western part of the Kara Sea was conducted using shipborne polarization lidar
PLD-1. Analysis of the obtained data showed a high similarity in the distributions of the lidar attenuation
coefficient a and the seawater beam attenuation coefficient ¢. The spatial distributions of a, ¢, tempera-
ture, salinity, and CDOM fluorescence intensity were compared. A good agreement between the parame-
ters of the obtained distributions and the coincidence of the locations of various distribution features, local
maxima, minima and frontal zones has been demonstrated.

A large array of lidar sounding data and synchronous accompanying measurements was obtained. This
makes it possible to carry on further statistical analysis and establishment of regression relationships be-
tween hydrooptical characteristics and parameters of lidar echo signals. The presence of such relationships
will give the opportunity to carry out quantitative measurements of hydrooptical characteristics by the lidar
method using the PLD-1 lidar. As we continue our work, it will be of interest to analyze the cross-polarized

lidar echo signal, which is formed mainly by multiply scattering.
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