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Abstract

The review focuses on research conducted using profiling (radiometric) lidars. The paper presents the current state of
lidar surveying equipment, methods for processing lidar data, and describes the problems of scientific and practical interest
in oceanology that can be solved using lidar sensing. The review does not cover issues related to laser bathymetry, spectral
(Raman) and spaceborne lidars, as they are separate specific fields. The main focus is on recent research in profiling lidar
field. Summary tables of the technical characteristics of several of the most interesting airborne and shipborne lidars are
provided. Their design features are discussed. Results from using lidars to determine near-surface hydrooptical characteris-
tics, including employing polarization lidars and recently developed high-resolution spectral lidars, are presented. Findings
from observing thin scattering layers across various aquatic regions are shown. The paper explores theoretical studies on
lidar images of internal waves and experimental observations of internal waves in waters with different hydrooptical strati-
fication. Lidars’ application in addressing fisheries-related issues is examined. An overview of current development trends
and future research directions is provided.
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AHHOTAIMS

O030p MOCBSAIIEH OKEaHOJOTMUYECKUM HMCCIICIOBAHUSAM, BBITOJHIEMbIM C MCIIOJIb30BAHWEM PalMOMETPUUYECKUX
(mpodunupyromux) auaapoB. B pabore mpencraBieHO COBPEMEHHOE COCTOSIHME TEXHUYECKUX CPEeACTB JMOapHOI
ChEMKH, METOIOB 00pabOTKHU JIMAAPHBIX TaHHBIX, OMTMCAHUE PEIIaeMbIX C TIOMOIIBIO JIMJAPHOTO 30HAMPOBAHUS 3a/1a4,
MPEACTaBISIONINX HAYYHbII U MPaKTUUECKUii MHTePEC B OKeaHOJIOTMU. Bompockl, CBSI3aHHbIE C JJa3epHOii baTMMeTpu-
eii, CeKTpaJIbHbIMU JIMapaMU, a TAKXE JInJapaMu, YCTAaHABIMBAEMbIMU Ha OOPTY UCKYCCTBEHHBIX CITyTHUKOB 3eMJIH,
SIBJISIIOLIMECS] CAMOCTOSITEIbHBIMM CrielIMdUUecKuMU pasaenamMu, B 003ope He paccMaTpuBatoTcs. OCHOBHOE BHUMa-
HUE yaeJeHO paboTaM, BBITIOJIHEHHBIM B TTOceTHKE rofbl. [IprBeneHbl CBOIHbIE TAOJMIIBI TEXHUUECKUX XapaKTEPUCTUK
psina HauboJjiee MHTEPECHBIX JIMAAPOB aBUALIMOHHOIO U CyI0BOro 6asupoBaHus. PaccMoTpeHbl 0COOEHHOCTU MX KOH-
crpykuuii. I1pencraBieHbl pe3yabTaTbl UCIIOI30BAHUS JIMAAPOB ISl ONPEAeIeHUS] TUIPOONTUYECKUX XapaKTEPUCTUK
MPUITOBEPXHOCTHOTO CJIOSI, B TOM YHUCJIE C MCITOJIb30BAaHUEM TOJSIPU3ALMOHHBIX JIUAAPOB M aKTUBHO Pa3BUBAIOIIMXCS

Ccbuika uist untupoBanust: [iyxoe B.A., loasdun FO.A. Mopckue pamuoMeTpruuecKue JUIaphbl M UX UCTIOIb30BaHUE IS pelie-
HUS OKeaHOJOTUYEeCKUX 3a1a4 // @yHmaMeHTallbHas U puKiIagHas runpodusuka. 2024. T. 17, Ne 1. C. 104—128.
doi:10.59887/2073-6673.2024.17(1)-9

For citation: Glukhov V.A., Goldin Yu.A. Marine Profiling Lidars and Their Application for Oceanological Problems. Fundamental
and Applied Hydrophysics. 2024, 17, 1, 104—128. doi:10.59887/2073-6673.2024.17(1)-9
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B TIOCJICAHUE TOAbl JINAApOB BBICOKOI'O CIICKTPAJIbHOTO pa3pClICHUI. HDI/IBCHCHH pe3yJabTaThl pEerucTpaum TOHKHX
CJIOEB INOBBLIIIEHHOI'O CBETOPACCEAHNMA, HaOII0maeMbIX B Pa3HbIX aKBaTOPUAX. HaHbI PpE3YIbTAaThl TCOPECTUYECKUX UCCIIC-
JIOBAaHUM MO JINJapHbIM I/I306pa)KCHI/IﬂM BHYTPEHHUX BOJIH U SKCIICPUMEHTAJIbHBIC PE3YyJIbTaThbl HabJIoneHUs BHYTPCH-
HHMX BOJIH B BOJAaX C pa3JIMYHbIMU TUITAaMH CTpaTI/I(l)I/IKaHI/II/I TUAPOOIITUYCCKUX XapaKTCPUCTUK. PaCCMOTpeHBI BOITPOCHI
IIPUMEHECHUA TUAAPOB AJId pCLIICHUS 3a1ay HDOMLICJTOBOﬁ okeaHoJjioruu. HameuyeHbl TeHACHLIUU pPa3sBUTHUA U OCHOBHBIC
HarpaBJICHUA ITPOAOJIKEHU A HUCCIeNOBAHUIMA.

KiioueBbie ciioBa: pailoMeTpUUECKUil TUnap, MpohUINpyIOIUi Iuaap, MoasIpru3allMOHHbBIN TUIap, TUAPOOIITHIECKHE
XapaKTepUCTUKM, TOHKHME CBETOPACCEMBAIOIINE CJIOM, BHYTPEHHUE BOJIHBI, TPOMBICIIOBAsl OKEAHOJIOTHSI

1. Introduction

Marine profiling (radiometric) lidars are based on registering the temporal dependence of the power of
the backscattering signal at an unbiased wavelength formed in the sea water column when it is probed by
a short powerful narrow-beam laser pulse. These lidars allow determining the hydrooptical characteristics of the
near-surface layer of water and studying their spatial distribution [1—4], registering and evaluating parameters
of various types of heterogeneities, such as optical scattering layers often associated with increased concentra-
tions of zooplankton and phytoplankton [5—7], fish schools [8—10]. Lidar surveys also allow registering internal
waves and estimating their parameters [11—15]. An important section of lidar sounding is laser bathymetry. This
is the only research direction that is regularly applied, with established methodologies for conducting measure-
ments and interpreting results.

The main advantage of lidar methods compared to other remote sensing methods for ocean studies (such
as acoustic and radar) is the ability to conduct measurements across the air-water boundary. Laser radiation in
the blue-green range propagates well in both the atmosphere and underwater sections of the sounding path and
crosses the boundary with relatively small losses. This allows for the installation of lidar on board an aircraft or
a vessel. The carrier is not restricted in terms of speed or course. When conducting lidar surveys of marine areas
from an aircraft, the flight altitude is usually in the range of 200—400 meters. The limits of this range are speci-
fied by flight safety requirements, the sensitivity of the equipment, and the reduction of atmospheric conditions
influence on the measurement results, primarily due to cloud cover. Lidar sounding allows for measurements
within the water column without impacting the processes or objects being studied. Lidar surveys can be con-
ducted both during daylight and at night.

The most efficient use of marine profiling lidars is when they are placed on an aircraft. Airborne lidar
survey provides rapid collection of operational information about various processes on the surface and in the
subsurface layer in significant marine areas. Due to the high speed of data collection, the cost of an airborne
lidar survey is significantly lower than that of vessels. In one flight (< 8 hours), the aircraft is able to conduct
lidar survey in the marine area, which can be covered by vessels surveys for a week or more. Airborne lidar
sounding provides the possibility of obtaining a “quasi-synoptic” picture of the spatial distribution of the
measured characteristics that is not distorted by time variability. This is important for surveys of areas with
high spatial-temporal variability. Airborne lidars allow measurements to be conducted in areas where ship-
based research is difficult or impossible. These include shallow water areas, areas with complex sea floor
topography, or areas with complex ice conditions. For these reasons, a significant amount of lidar surveys has
been done using airborne lidars.

For some issues, it is of interest to install a marine profiling lidar on a vessel. Shipborne lidar surveys can be
conducted continuously along the vessel’s route, providing the opportunity to acquire a large amount of data
with high spatial resolution. The data from shipborne lidar measurements can be conveniently compared with
contact measurement data.

The capabilities of using lidar methods are associated with a number of limitations. First and foremost,
it is important to mention the limited depth range. In ocean waters, the depth of sounding can reach up to
50—70 meters, while for coastal marine areas, depths of sounding are typically around 20—30 meters. It is
important to note that it is precisely in this near-surface layer where the most significant variability of marine
water characteristics is observed, where ecological processes occur intensively, and this layer is subjected to
anthropogenic impact.

Lidar methods of measurements are remote and indirect, which complicates conducting absolute mea-
surements. The possibility of lidar survey greatly depends on hydrometeorological conditions. A rough sea sur-
face can cause significant fluctuations at the initial section of the echo signal, making it difficult to assess the
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backscattering coefficient based on its amplitude. In many cases, the initial section is excluded from consider-
ation when analyzing the decay form of the echo signal. With a sea state of 4—5 or higher, presence of foam on
the surface, as well as in cases of sea mist or snowfall, conducting lidar measurements becomes difficult or even
impossible. When conducting lidar surveys in sunny conditions, it is necessary to control the orientation of the
receivers, directing them in such a way that solar glints do not enter the field of view (FOV) of the receiving
optical system.

The development of marine radiometric lidars has been ongoing since the 1970s [16—21]. To date, a signif-
icant number of publications have been dedicated to the development and use of such lidars. There are several
reviews [22—28]. A series of interesting works have been released that are not reflected in the reviews. In addi-
tion, the existing reviews do not fully describe the works of Russian authors.

The purpose of this review is to assess the current state of lidar technical means, methods of lidar data
processing, description of problems solved by lidar sounding in oceanology, defining scientific and practical
interests, determining trends in development, and main directions for further research. The review does not
address topics concerning laser bathymetry, spectral (Raman) lidars, and spaceborne lidars as they represent
distinct issues.

2. The design of marine profiling lidars

Radiometric lidars typically adhere to a standardized design, consisting of a pulsed laser, a receiv-
ing opto-electronic system, a lidar control unit, a signal digitization device, and a data visualization and
long-term measurement registration unit. Some of the first lidar field measurements were conducted in
1977 with NASA'’s lidar [17]. Research using polarization lidars began in the mid-1990s with the APL
lidar by the SIO RAS and the “Mackrel 1” lidar by the IOA SB RAS [29]. In subsequent years, various
scientific groups developed a series of airborne and shipborne lidars designed for oceanological research
and problems solving in fisheries [1, 9, 30—37]. Lidar technology is evolving and improving in line with the
development of the component base, primarily through advances in laser technology and equipment for
signal digitization.

The placement of a lidar on a specific carrier imposes additional requirements on the lidar characteristics.
In the case of placing the lidar on an aircraft, a higher energy of the sounding pulse is required due to the length
of the atmospheric section of the sounding path. Placing the lidar above the water surface on a vessel leads to
a reduction in the length of the atmospheric section of the sounding path (from 200—500 m to 4—15 m), an
increase in the sounding angle (due to the presence of foam on the vessel’s side), and a change in the sounding
frequency (as a result of reducing the carrier’s speed, requirements for the sounding frequency decrease, the
duration of continuous measurement cycles increases). In addition, the speed of the lidar echo signal decay
increases. Placing the lidar in the shaft of a research vessel eliminates the influence of the rough surface, leading
to increased variability in the initial section of the echo signal [11, 36]. The main technical specifications of a
number of modern airborne and shipborne lidars used in recent studies are presented in Table 1 (airborne lidars)
and Table 2 (shipborne lidars).

The vast majority of marine lidars perform sounding at a wavelength of 532 nm. The choice of this wave-
length is due to the spectral dependence of seawater beam attenuation coefficient ¢ and the presence of a
reliable and convenient-to-use emission source for natural conditions, a solid-state laser on YAG: Nd3* with
Q-switching and frequency doubling. This wavelength is optimal for relatively turbid coastal waters, where
the minimum seawater beam attenuation coefficient values are in the range of wavelengths of 550—580 nm.
For open ocean areas, the lowest seawater beam attenuation coefficient in water is achieved in the wavelength
range of 450—490 nm. Shifting the sounding wavelength into the blue region will increase the depth of lidar
sounding in these waters. However, in turbid waters, the maximum sounding depth will decrease. Estimates
based on laboratory research results with a lidar prototype and Monte Carlo calculations of lidar echo signals
showed that shifting to the range of 470—490 nm in clear waters of open ocean areas increases the signal
magnitude by 1.5—1.75 times compared to sounding at a wavelength of 532 nm [39]. Shifting the wavelength
to the range of 560—580 nm increases the signal magnitude in turbid waters by 1.5 times. It should be noted
that since the sounding depth in turbid waters is significantly less than in clear waters, the gain in sounding
depth by absolute value when transitioning to the optimal sounding wavelength in turbid waters is noticeably
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Table 1
Technical characteristics of some modern airborne lidars
Lidar FLOE [9] APL-3 [30] PAL-1 [31] |<«Mackrel 2» [32] AO]B?}OM DWOL [34]
Wavelength of the sound- 532 532 532 532 532 486532
ing radiation, nm
Duration of the laser
pulses at FWHM., ns 7.2 7 10 7 1.5 4/8.7
Laser-pulse energy, mJ 26 45 40 50 1.5 5.4/2.7
Laser-pulse repetition 100 30 ) 25 1000 100
rate, Hz
FOV, mrag (deg.) f 5((()62§g 35(2) 26 (1.5) 13 (0.74) 6(0.34) 25(1.4)
Diameter of the input 60/150 100/100 63/100 150 200 200
optics, mm
Registration of polarized
components of the echo Yes Yes Yes Yes No No
signal
Tvpe of polarization Individual Individual Individual
yp . P channels with | channels with | channels with | Wollaston prism - -
selection . . .
polaroids polaroids polaroids
Sampling frequency of
the receiving system, 0.8 2.5 1.0 2.5 1.25 1.0
GHz
Vertical resolution, bit 14 14 8 9 10 10
Table 2
Technical characteristics of some modern shipborne lidars
. Old Dominion Zhejiang University
Lidar University Lidar [1] PLD-1[35] | «Electrozond» [36] | SPL-1 [38] Lidar [37]
Wavelength of the sound- 532 532 532 539 532
ing radiation, nm
Duration of the laser pulses
at FWHM., ns 4 7 10 10 10
Laser-pulse energy, mJ 20 20 10—-300 40 5
Laser-pulse repetition rate, 10 1 5 0.5-15 10
Hz
. 17.5(1) —
FOV, mrag (deg.) 244 (14) 35(2) Not specified 873 (5) 200 (11.5)/200 (11.5)
Diameter of the input 12,5 50,100 200 150 80/80
optics, mm
Registration of polarized
components of the echo Yes Yes Yes Yes Yes
signal
Individual Individual
Type of polarization Polarizing beam channels Individual channels channels Individual channels
selection splitter with with polaroids with with polaroids
polaroids polaroids
Sampling frequency of the 1.0 25 0.5 25 0.5
receiving system, GHz
Vertical resolution, bit 8 14 8 9 14
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smaller than in clear waters. It is advisable to use a dual-wavelength system that allows simultaneous sound-
ing at two wavelengths or with the ability to switch wavelength. The use of a dual-wavelength laser source is
implemented in an airborne lidar [34]. This lidar uses a standard laser source at a wavelength of 532 nm and
a parametric generator that emits at 486 nm. The 486 nm wavelength corresponds to the Fraunhofer line,
which reduces background solar radiation during daylight hours [40]. The lidar echo signals are accumulated
over 100 sounding cycles. Field experiments conducted from an aircraft showed that in open ocean waters,
the sounding depth at a wavelength of 486 nm exceeds the depth at a wavelength of 532 nm by almost 25 %
(100 m and 75 m, respectively) [34]. In the work [41], the development of a three-wavelength laser system for
an airborne lidar is presented, operating at wavelengths of 452 nm, 532 nm, and a safe wavelength of 1572 nm
intended for measuring the aircraft altitude above the water surface.

The field of view (FOV) of airborne lidars usually ranges from 0.3° [9] to 2° [30], allowing for the registration
of the vertical profile of hydrooptical characteristics. In shipborne lidars designed for measuring hydrooptical
characteristics, the FOV can be increased up to 12—14° [1, 4], increasing the surface area from which the re-
ceiving system collects backscattered radiation. Such an increase in the FOV of the receiving system allows for
the registration of multiple scattering. The influence of the FOV on the characteristics of the received signals
has been studied in the work cited [4]. It presents the results of experimental studies with a shipborne lidar with
a variable FOV (2.3—11.5°) and the results of corresponding Monte Carlo calculations. More detailed results of
this work are discussed in section 3.1.

Significant progress in improving the metrological characteristics of lidars is related to the development of
wideband ADCs used for digitizing echo signals. Modern ADC capabilities allow for digitizing lidar echo signals
with a sampling rate of 2.5 GHz and higher, corresponding to a vertical resolution of no less than 4—5 cm. At
the same time, the final depth resolution of the lidar is limited by the duration of the system response function,
including the duration of the sounding pulse and the response time of the photodetector.

The magnitude of the dynamic range of the receiving system plays an important role. In many cases, the
maximum depth of lidar sounding is determined by the limited dynamic range. Several methods are used to
expand it in profiling lidars — including the use of a logarithmic amplifier [9, 42], ranging method [38], and
different receivers for the near and far zones of the lidar echo signal [36]. The use of a logarithmic amplifier
extends the dynamic range of the registration system to values of approximately ~ 10%, allowing for the simul-
taneous registration of high-amplitude signals from the upper water layers and weak signals from scattering
layers, fish schools, or the seabed located near the maximum depth of the lidar sounding. The use of a loga-
rithmic amplifier can lead to some distortion of information about the vertical distribution of hydrooptical
characteristics.

The ranging method is based on the simultaneous use of two signal digitization channels, including a pre-
amplifier and an ADC [38]. The received signal is divided into two channels with different preamplifier gain
coeflicients. The gain coeflicients are selected so that the input range of the first ADC channel captures the echo
signal section from the upper water layers with large amplitudes, while the second channel receives the echo
signal from greater depths with small amplitudes, while the initial section of the echo signal is cut off. The max-
imum dynamic range using this combination is approximately the same as when using a logarithmic amplifier.
Thus, the dynamic range is expanded for each echo signal. The drawback of this scheme is the need for doubling
the recording channels.

In the works [1, 43], the method of “constructing” the resulting echo signal from sections obtained at dif-
ferent PMT gain values and corresponding to signal sections of different amplitudes entering a single-channel
ADC with a fixed input range is used to expand the dynamic range. Signal fragments are recorded at different
successive points in time and correspond to different spatial points. Therefore, this method can only be used in
homogeneous waters.

Registration of the temporal dependence of the state of the polarization components of lidar echo signals
provides important additional information, allowing for a more complete and accurate determination of the
distributions of hydrooptical characteristics and various types of inhomogeneities in the seawater [7, 14, 44,
45]. For this purpose, in a number of lidars, simultaneous registration of co-polarized (coinciding with the
sounding radiation polarization) and cross-polarized (orthogonal to the sounding radiation polarization)
components of the echo signal is provided. Such registration can be implemented using two receiving optical
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channels with correspondingly oriented polarizers at the input of the optical systems [9, 30, 31, 35, 37, 38].
Another scheme is based on using a single common receiving optical system and separating orthogonally po-
larized components of the echo signal using a Wollaston prism (or a polarizing beam splitter cube) mounted
after the receiving optical system [1, 32]. The advantage of this receiving system device is the ability to use
only one receiving telescope and high degree of polarization selection, as well as a precise ratio between the
amplitudes of the received echo signal components.

The utilization of the time-correlated single photon counting (TCSPC) technique in the lidar receiving
channel has potential [46]. The technique consists of registering single photons and measuring the time of their
arrival relative to the moment of emission of the sounding pulse. The arrival time of the photon is measured
with high resolution. Lasers with low energy per pulse and high repetition rate are used as the source of sounding
pulses. The resulting signal is accumulated over a large number of sounding acts.

Advantages of the marine lidars with TCSPC include the ability to use “low-power” lasers, the ab-
sence of “ringing” effect in the registering system caused by the arrival of a strong signal from the upper
layers of water, and a wide range of linearity in registering the amplitude of the echo signal. One of the
drawbacks of the method is the long accumulation time, amounting to tens of seconds. This complicates
the use of such lidars on fast-moving carriers, as well as in areas with high spatial variability of hydroop-
tical characteristics.

The development of a shipborne lidar using the TCSPC technique and the results of its field studies are
reported in [47]. The lidar uses a laser operating at a wavelength of 532 nm, with a pulse energy of 2.5 ulJ,
a pulse duration of 300 ps, and a repetition rate of 200 kHz. The receiving channel employs Hamamatsu
H10721-20 PMT. The strobe duration is 256 ps, and the signal accumulation time is 30 seconds. The re-
sults demonstrated the effectiveness of using this technique for registering the echo signal down to depths
of 50—80 meters.

Lidar technique is constantly improving with the development of the component base due to the emergence
of new ideas and methods of lidar sounding.

3. Applications
3.1. Hydrooptical characteristics

The lidar echo signal contains information about the hydrooptical characteristics of seawater. The lidar
scheme was first used to measure the hydrooptical characteristics of seawater during the 5th cruse of the R/V
“Dmitry Mendeleev” in 1970 [18]. Measurements were taken at stations in homogeneous waters of open
ocean areas using a submerged device. The initial divergence of the laser beam was 0.17° (3 mrad), the field
of view of the receiving system was 20° (349 mrad), and distance between the optical axes of the source and
receiver was 1 m. The absorption coefficient was calculated based on the decay rate of the echo signal in the
depth range from 7 to 40 m. The method’s applicability was demonstrated over a wide range of absorption
coeflicient variations.

The echo signal shape is described by the lidar equation [7, 19, 48]. Taking into account the contribution of
multiple scattering, the power dependence of the echo signal P on time ¢ is as follows:

_2Z)\ e WpATp(1-r) S S
P(t_c J_ ot 77 B(n,Z)exp{ 2£a(Z)dZ], (1)

w
where Zand H are the lengths of the underwater and atmosphere sections of the sounding path, c,, is the speed of
ligh,t in seawater, # is the refractive index of seawater, W, is the energy of the sounding pulse, 4 is the area of the
receiving aperture, T, is the transmission of the receiving system, r = 0.02 is the Fresnel reflection coefficient
for the air-sea water boundary, a(2) is the lidar attenuation coefficient, 3’ (i, Z) is the effective value of volume
scattering function (3(6, Z) (VSF) in backward direction at the scattering angle 6=180°. The true depth z can
be recalculated from Z taking into account the sounding angle ¢. The time ¢ is measured from the moment the
water surface is crossed by the sounding pulse.
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The relationship between (0, Z), the scattering coefficient b, and the scattering phase function x(0) (SPF)
is determined by the following equations:
T
@x(e), b(Z)=2r[pB(6,Z)sin6do,
T
0

B(O,7) =

if the SPF satisfies the normalization condition
1 T
—[x(0)sin040=1.
2 0

The values of p’(n) and a depend on x(0), absorption coeflicient a, scattering coefficient » and the lidar sys-
tem parameters, such as the lidar’s height above the water surface H and the receiver’s FOV 2y. '(r) takes into
account the contribution of multiple scattering to the lidar echo signal [19]. At small values of ¢, the contribu-
tion of multiply scattered photons is practically negligible, so at the initial section of signal decay, p'(x) = B(r).
The value of the exponent for small 7 is close to 1, so the peak of the echo signal contains information about
B(m) and, with appropriate calibration, allows for the determination of this characteristic. The dependence of
o on hydrooptical characteristics, lidar system parameters, and sounding geometry assuming a homogeneous
distribution of hydrooptical characteristics with depth has been studied in [19] using the Monte Carlo method.
Calculations were performed over a wide range of variation in hydrooptical characteristics and a real SPF mea-
sured in the Sargasso Sea. The calculations assumed that the source emits a monodirectional short laser pulse
described by the Dirac delta function, the water surface is flat, / = 150 m, the diameter of the receiving optical
system D= 300 mm, and 2y = 1.2° (20.4 mrad). The calculations were carried out for a time interval of 0—90 ns,
corresponding to a depth range of 0—10 m.

To assess the potential contribution of multiple scattering to the lidar echo signal in a given geometry,
a dimensionless parameter cR is introduced — the ratio of the spot radius on the water surface R = H tg v,
from which the receiving optical system collects backscattered radiation, to the mean path between photon
collisions, which is equal to 1/c. The calculation results have shown that a varies in the range from the diffuse
attenuation coefficient of downward solar radiation flux K, to the seawater beam attenuation coefficient ¢
depending on the cR value. In general, K, depends on the sky radiance conditions. In this case, a comparison
is made with K, calculated for the case of the sun at zenith and assuming there was no atmosphere according
to equation [49]:

K, =1.0395-Dy(a+b,), )

l1-g
cos 0,

where a is the absorption coefficient of seawater, b, is the backscattering coefficient, D = +1.197g, 0,
is the refraction angle of direct sunlight, g is the fraction of diffuse radiation in the total incident radiation falling
on the surface.

In Figure 1, the calculation results of the dependence ratios of a/c (Fig. 1a) and a/K, (Fig. 1) on cR for
various values of the single scattering albedo w, = b/c are shown, where b is the scattering coefficient of sea-
water. The calculation results suggest that at low values of cR, the lidar attenuation coefficient a is close to c.
When cR > 4-5, o becomes close to K,;. Small values of cR required for registering ¢ are technically feasible in
shipborne lidars but practically unattainable in airborne lidars.

Experimental studies on the dependence of . on cRwere conducted in [4] forashipbornelidar. The research
was carried out using a lidar with a variable FOV of the receiving channel. The range of variation of 2y was 2.3—
11.5° (40—200 mrad). The lidar was positioned at a height of 9 m above the water surface. Lidar sounding was
accompanied by simultaneous measurements of a, ¢, and b,. Calculations were performed using the lidar equa-
tionand the Monte Carlo method. Figure 2 showsthe experimental values of a.forthe layer4—10 masa function
of the FOV obtained at a station in the Yellow Sea. The uncertainty of the measured quantity is indicated on
the graph by error bars. The results of calculations of o using an analytical model and the Monte Carlo method
are also shown here. A comparison of the experimental data and the results of numerical calculations showed
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Fig. 1. Dependence of the a/c ratio (@) and the o/ K, ratio (b) on cR for various values of the single scattering albedo w, [19]

good agreement (R? > 0.91). From the results presented in the graph, it can be inferred that o is close to K at

2y = 11.5° (200 mrad). The corresponding value
of cRis 0.42.

The study [1] investigated the relationship
between a and K, using a shipborne lidar mount-
ed at a height of 4.3 m above the water surface.
The FOV of the lidar’s receiving optical system is
14° (244 mrad), corresponding cR values ranging
from 0.26 to 0.63. The comparison of a, K, cal-
culated by formula (2), and K; measured at sta-
tions is shown in Fig. 3. The figure presents the
results of determining these characteristics along
the route of the vessel passing through waters with
different hydrooptical characteristics — areas of
coccolithophore blooms, clean oligotrophic wa-
ters, and coastal turbid waters. Good agreement
between o and K, values is observed along the en-
tire cruse.

The results presented above indicate that both
airborne and shipborne lidars can be used for re-
mote measurement of K, in the homogeneous
upper layer of seawater. Conducting lidar surveys
from a moving vessel or aircraft allows obtaining
spatial distributions of K, values along the route [1,
2, 50], and also two-dimensional distribution can
be achieved [31]. The relationship between o and
K, depends on 2y, H, and the values of hydroop-
tical characteristics. Further research is needed
to investigate the dependence of the FOV of the
receiving system 2y’, at which a = K, for a wide
range of hydrooptical characteristics, on the height
of the lidar above the water surface H.

----------------------------------------------------------------------

a5 | c=0.331 m"! !
——&— o (Lidar experiment)
a (MC method)
B X a (Analytical model)
E, 02 F
S
Kdz().l 19m!
0.1
a=0.0978m!
0 50 100 150 200
2y, mrad

Fig. 2. Experimental values of the lidar attenuation coefficient
a at different FOVs (0, = 0.7) [4]
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Fig. 3. The result of comparing the spatial distribution of o and
K, along the vessel route [1]
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Additional opportunities for measuring hydrooptical characteristics are revealed through the use of po-
larization lidars, which involve simultaneous registration of co- and cross-polarized components of the lidar
echo signal. In [51], a connection was found between c(Z) and the temporal dependence of the degree of
polarization of the backscattered radiation. The degree of polarization of the lidar signal g(7) is determined
by the formula:

g(t) _ Pco (t) — Pcross (t)

TPy P () )

It is assumed that the FOV of the receiving optical system of the lidar is much larger than the initial diver-
gence of the laser source. It is also assumed that ¢ is the depolarization factor, depending on the values of the
diagonal elements of the Mueller matrix M;, and M,,, SPF, and the ratio M,,/M,,, which change with depth
much less significantly than the scattering coefficient b. This assumption is justified when the changes in these
values with depth are determined by the changes in the concentration of scattering particles, while the shape,
size distribution of particles, and refractive coefficient do not change with depth. Under these assumptions, the
following expression has been derived:

b(tzsz—iilng(t). 4)

¢, dc dt

The difficulty of practical application of this expression is related to the lack of a priori information on pos-
sible values of the depolarization factor ¢. In the study [7], the value of ¢ = 0.025 was found for oceanic waters
with ¢ = 0.2—0.4 m~! and w, = 0.8 through comparison of lidar and accompanying measurements. For other
conditions, this value requires further clarification. In the mentioned study, a good agreement was obtained
between the calculated profiles of b(z) and the in sifu profiles of ¢(z). Direct comparisons of the calculated values
of b with the in situ values of b were not conducted in this study.

In [52] an algorithm for obtaining a series of hydrooptical characteristics from two-channel lidar data is
proposed, where the receivers in the channels have different directivity patterns, one of which has a complex
angular dependence. The use of the algorithm does not imply homogeneity of the vertical distribution of the
studied layer. To date, this algorithm has not been experimentally implemented, and there are no formulated
quantitative requirements for the equipment used.

3.2. Measuring hydrooptical characteristics using the high spectral resolution lidars

In accordance with equation (1), simultaneous measurement of a(z) and B(s, z) can only be achieved in
the case of a homogeneous waters and the presence of radiometric calibration of the lidar system [53]. The
possibility of simultaneous measurement of these quantities can be achieved using a High Spectral Resolution
Lidar (HSRL). This type of lidar allows for the retrieval of a(z) and (s, z) from lidar echo signals through
spectral separation of components generated by elastic scattering and Mandelstam-Brillouin scattering (M-
B), characterized by a wavelength shift of the order of picometers. Initially, this method was developed for
lidar sounding of the atmosphere [54]. It combines methods for registering temporal and spectral character-
istics of echo signals [55—57].

HSRLs wavelength of the sounding radiation is near 532 nm with a high degree of monochromatization
(bandwidth less than 1 pm). The echo signal consists of a set of components, generated by Rayleigh scatter-
ing on water molecules (R), scattering on suspended particles present in seawater (p), Mandelstam-Brillouin
scattering, Raman scattering on water molecules, chlorophyll “a” fluorescence, and colored dissolved organic
matter (CDOM) fluorescence. The spectral components of the Raman and fluorescence scattering signals are
significantly wavelength-shifted and can be filtered by interference filters. The lidar’s receiving optical system
registers components formed by Rayleigh scattering on water molecules and particle scattering, as well as the
component formed by M-B scattering. The M-B scattering spectral components are shifted relative to the
central sounding band by approximately 7—8 GHz (less than 10 pm) to the left and right of it, with a width of
about 1 GHz (about 1 pm). The received echo signal is directed to two photodetector channels using a beam
splitter. The first channel (combined channel) registers the full backscattering signal, while the second channel
(MB channel) registers only the M-B scattering signal. As a spectral discriminator in the second channel that
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completely suppresses radiation at the zero-frequency offset, for example, a Michelson interferometer [58] or
a packed iodine absorption cell can be used, where one of its absorption lines at a given temperature coincides
with the sounding wavelength [56].

The echo signal of the combined channel can be presented as:

Py (2) ~ Py Br(m,2) exp(—z | ocR(z')dz'] +P, B,(m,2) exp{—z [ a,,(z')dz’] +
0 0

Z
+Pyp ﬁMB(“aZ)eXp[_z_[OﬁMB(Z')dZ'} (%)
0
where a(z) and B(m, z) are corresponding coefficients of the lidar echo signal depending on the nature of the
scattering, and Py, P,, Py are calibration coeflicients determined by the parameters of the lidar used.
The echo signal of the MB channel can be expressed as:

Z
Pyp(2) ~ PypBup(m,2) eXP(_2_[aMB(Z’)dZ’]- (6)
0

Due to the small wavelength shift of the M-B radiation, az(z) = a,(z) = ay5(z). The ratio of Rayleigh scat-
tering and M-B scattering intensities is estimated by the Landau-Placzek ratio. For the specified wavelengths
and the range of possible temperatures of the near-surface layer, this ratio is 0.02 [59]. Therefore, the Rayleigh
scattering component can be neglected. Under the same conditions, the value of ,,5() does not depend on
depth and is practically constant [60]. Thus, the echo signal of the first channel contains two components —
the particle scattering and the M-B scattering. This results in a system of two equations with two unknowns —
ap(2) and B,(m, z). The M-B scattering echo signal is registered in the MB channel, which allows determining
o5(2). According to [61], considering the known value of the MB channel transmittance (7),5), an expression
for calculating the value of B,(r, z) can be written:

TMBPcomb (Z) .
PMB(Z) -1

If the FOV of the HSRL receiving system is large enough, a =~ K;. The value of 3,(1, z) allows estimating the
value of the particulate backscattering coefficient by, [62]:

B,(m,2) =P yp(m2) (7

by, () = 2mxB (1, 2), )

where y is a coefficient relating b,, and (7, z) and depending on the type of SPF. Different research groups
have provided estimates of the coefficient y, with values ranging from 0.5 [62] to 1 [53].

Investigations with the HSRL from an aircraft [55, 57] and a vessel [56] was carried out in depth-homoge-
neous waters. Analysis of the research results demonstrates a high degree of agreement between the K, and b,
values obtained by the lidar method and in sifu measurements, up to depths of 30 meters. Within the framework
of the SARBOR (Ship-Aircraft Bio-Optical Research) field experiment conducted in the North Atlantic, the
correlation coeflicients for K, was 0.90, and for b,, was 0.94 [57].

In the future, it is interesting to explore the potential of measuring the values of K, and b, over a wide range
of their variability using HSRL.

3.3. Observation of scattering layers

The ability to register the vertical profile of hydrooptical characteristics of the near-surface layer is an im-
portant advantage of lidar sounding. In particular, profiling lidars allow for the registration of subsurface scat-
tering layers and estimate their parameters. Scattering layers manifest as local maxima in the decay of the echo
signal, the position of which provides information about the depth of the layer. Such layers can be formed
by both phyto- and zooplankton, as well as mineral suspensions. There are several reasons that underscore
the importance of studying subsurface scattering layers. Passive satellite methods that provide information
on horizontal distributions of plankton concentration and suspended matter in a relatively thin surface layer
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do not account for the contribution of deeper layers, where the concentration can significantly increase. The
use of lidar sounding data allows for the correction of plankton biomass calculation results based on satellite
data in the studied area [63, 64]. In many cases, subsurface scattering layers are associated with the position of
the pycnocline. Lidar registration of the spatial-temporal variability of the position of scattering layers provides
information on hydrological processes in the near-surface layer [12, 13].

The lidar method has a high sensitivity to the variability of hydrooptical characteristics, allowing for the
detection of relatively small variations. Figure 4 shows an example of registering a scattering layer located at a
depth of 24.5 meters, where the increase in the seawater beam attenuation coefficient was only 10 % above the
background [38]. The measurements were carried out using the shipborne polarization lidar SPL-1 (developed
by the SIO RAS [38]) at a station in the South Atlantic. The sounding was accompanied by synchronous mea-
surements of ¢(z) and temperature conducted with a submersible transmissometer. Lidar echo signal processing
was performed using the base signal method [38]. The presented profile b, is the result of subtracting the ap-
proximation function, constructed based on the overlying quasi-homogeneous layer, from the lidar echo signal.
This method allows for determining the depth, thickness, and structure of the layer but does not provide the
capability to determine the values of hydrooptical characteristics within the layer.

The registration of scattering layers, formed under the influence of various factors (upwellings, currents,
river runoff, eddies) using the FLOE airborne lidar is dedicated to the work cycle [6, 65—67]. The algorithm for
processing the cross-polarized component of the echo signal included the following stages: averaging the results
of 100 soundings, correcting the geometric factor (the range-squared geometric loss), subtracting the exponen-
tial decay function (the exponent value was determined based on two points on the echo signal corresponding
to depths of 2 meters and 0.8 times the maximum sounding depth), compensating for the exponential decay of
detected inhomogeneities in the echo signal decay. This processing allows for estimating the depth, structure,
and relative magnitude of the layer, but does not provide the ability to obtain absolute values of hydrooptical
characteristics. An example of a registered thin scattering layer in the Gulf of Alaska, presumably formed by
plankton, is shown in Fig. 5.
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Fig. 4. An example of lidar sounding of a scattering layer located at a depth of 24.5 m at a
station in the South Atlantic (33°30’ S, 40°50" W) [38]
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The polarization method, which simultaneously reg- 0 M e
isters two orthogonally polarized components of the echo I
signal, provides additional capabilities for registering scat- I |
tering layers. The depolarization of the echo signal 6(z) -0 i
is sensitive to changes in suspended matter concentration &
and it has the following form:

PC"OSS (Z)
P(2)

The vertical depolarization profile effectively re-
flects the presence of scattering layers at the sounding ‘300 . é — é . é —
distance [2, 45]. An increase in the values of 0(z) is ob-
served with an increase in the contribution of multi- L km
ple scaj[terlng, associated with p ?rtlcle concentrathns Fig. 5. Thin scattering layer registered using airborne li-
exceeding the background level in the layer, and with dar [6]
single scattering by aspherical particles of plankton and
suspended matter. Additionally, the birefringence effect, occurring on the calcite particles in the cocco-
lithophores composition, is also a cause of light depolarization in water [1, 68].

The polarization method [7] allows calculating the vertical profile of the scattering coefficient b(z) (4) based
on the temporal dependence of the degree of polarization g(7) (3). It is important to note that 5(z) is more sen-
sitive to changes in the quantitative and qualitative composition of suspended matter than [3(st). An example of
a bottom scattering layer, presumably formed by mineral suspension, detected using the APL airborne lidar, is
shown in Fig. 6. A 16-kilometer segment of a cross-section is presented, conducted over the shallow Atlantic
shelf near the US coast. The presence of the layer was confirmed by synchronous accompanying measurements
of the seawater beam attenuation coefficient carried out with a submersible transmissometer from the vessel.
The presence of the layer was confirmed by synchronous accompanying measurements. The bottom profile is
also constructed based on lidar sounding data.

The capabilities for detecting scattering layers using profiling lidars have been demonstrated in various re-
gions, near the Atlantic coast [6], the East and the South China Seas [33, 69], the Barents Sea [31], as well as in
inland water bodies, Yellowstone Lake [70] and Lake Qiandao [71].

In furthering research into the capabilities of lidar for detecting scattering layers and understanding their
structure, it becomes essential to enhance the resolution of the lidar system and devise novel algorithms for de-
riving profiles of absolute hydrooptical characteristics without relying on supplementary measurements.

3(z) = )

38.61 °N 38.51 °N
74.78 °W L, km 74.64 °W
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Fig. 6. Bottom scattering layer registered using the APL airborne lidar [7]

115



Ihyxoe B.A., loavoun FO.A.
Glukhov V.A., Goldin Yu.A.

3.4. Observation of internal waves

Lidar registration of vertical profiles of hydrooptical characteristics opens up opportunities for observ-
ing internal waves (IW) and assessing their parameters. In many instances, the parameters of hydrooptical
stratification are correlated with the parameters of hydrological stratification. Specifically, layers with an
increased gradient of seawater beam attenuation coefficient or scattering layers are often associated with
the position of the pycnocline. For example, in several seas of Russia (the White Sea, coastal areas of the
Barents Sea, the Kara Sea), during the summer period, a high correlation was experimentally recorded be-
tween the horizon of maximum gradient of the seawater beam attenuation coefficient and the depth of the
pycnocline (correlation coefficient equals 0.9) [72]. This allows for estimating the depth of the pycnocline
based on lidar data, and with appropriate organization of lidar surveys, recording IWs and assessing their
characteristics.

The first experimental observations of IWs using marine lidars were conducted in the 1970s-1980s [11, 73].
In both cases, marine lidars immersed in ship shafts were utilized. IWs were recorded at depths of 40—50 me-
ters. In the study [11], the passage of the IW was confirmed by contact measurements using a thermistor chain.
However, the lack of information about accompanying measurements of magnitudes and vertical profiles of
hydrooptical characteristics complicates the analysis of the presented data.

The series of theoretical work [74—79] is dedicated to the processes of forming lidar images of IWs in waters
with different types of stratification of hydrooptical characteristics. A lidar image is defined as the power of the
lidar echo signal as a function of the horizontal coordinate of the lidar position x and the depth z from which
the signal arrives [74]. To form a lidar image, a model density profile p(z) and the corresponding profile c(z) are
specified. The modulation of the profiles under the influence of the IW is carried out by a periodic function with
parameters calculated for the specific stratification p(z). The lidar IW image is formed by moving the lidar along
the x-axis, coinciding with the direction of the IW propagation, at a speed much greater than the wave’s prop-
agation speed. The authors distinguish two components of the formation of the lidar IW image — reflective and
shadow. The reflective image of the IW is formed due to local perturbations of the scattering coefficient profile
back in the area of the IW and is described by the corresponding multiplier in the lidar equation (1). The shadow
image is formed due to variations in losses during the direct and reverse passage of the laser pulse through the
water layer where the IW disrupted the horizontal homogeneity of the hydrooptical characteristics. It carries
information about perturbations of the transmittance coefficient of this layer and is described by an exponential
multiplier in equation (1) [74].

The most favorable case for lidar registration of IWs is the presence of a scattering layer associated with the
position of the pycnocline. The results of lidar IW imaging calculations for this case are presented in Fig. 7. In
Fig. 7, a shows the model profile c(z), while in Fig. 7, b represents the lidar image of one half-period of the first
mode of IW with vertical fluid motion towards increased depth. The scattering layer corresponds to the peak on
the decay of the echo signal. Both reflective and shadow components are present in the lidar image. The reflec-
tive image is formed by a scattering layer. The shadow image manifests in the attenuation of signals coming from
the water column located below this layer. It occurs due to the increased thickness of the upper, more turbid
layer under the influence of the IW. The lidar IW image shows that for the registration of IW, it is necessary to
track the position of the peak on the decay of the lidar echo signal (which allows determining the amplitude and
period of the IW) or the amplitude at a fixed depth below the scattering layer (which allows determining the
period of the IW) [77].

The registration of IWs in natural conditions in the presence of a scattering layer at a shallow depth is re-
ported in works [12, 13]. Lidar sounding in [12] was conducted near the Pacific coast of Washington State in
the Strait of Juan de Fuca. Accompanying in situ measurements carried out in the area of lidar sounding showed
the presence of scattering layers at depths of 4—10 m. The FLOE airborne polarization lidar was used (see
section 2). Data processing was done using the method described in section 3.3. The results of the processing
are presented in Fig. 8. As a result of the passage of the IW, the depth of the layer varied from 4 to 7.5 meters
(Fig. 8, a). Another example of lidar registration of an IW in that area, with the depth of the scattering layer
exceeding 10 m, is shown in Fig. 8, b.
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Fig. 7. The result of simulations of the lidar IW image in the presence of a scattering layer: a — the model profile of ¢(z);
b — the lidar image of the half-period of the internal wave [77]
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Fig. 8. The positioning of the scattering layers located at depths of 4.5 m (a) and 14 m (b) along the flight path of the aircraft
at the locations where the IWs pass [12]

The model profile ¢(z) for the case of two-layer stratification with a more turbid upper layer is shown
in Fig. 9, a. The results of calculating the lidar image of a single half-period of the IW are presented in
Fig. 9, b. At the boundary between the layers, a change in the decay of the echo signal is observed. In the
upper layer, a weak reflective image is observed, expressed in an increase in signal power, while in the low-
er layer, a shadow image is observed, expressed in signal attenuation. Registration of the IW is possible by
tracking the depth of the region of the echo signal decay inflection point and the amplitude above and below
the inflection point.

The results of IWs observing in natural conditions under two-layer stratification of hydrooptical and hy-
drological characteristics are presented in works [14, 15]. Lidar surveys were conducted in coastal areas of the
Black Sea using the shipborne polarization lidar PLD-1 (see section 2). An approximative method and wavelet
analysis method were used to process the lidar survey data. The approximative method allows tracking the depth
of the inflection point of the echo signal decay. The essence of the approximative method lies in identifying
quasi-homogeneous sections of the echo signal decay and selecting parameters of an analytical approximation
function for them, the form of which follows from the lidar equation (1). The boundaries of the approximation
sections were determined based on the characteristics of the echo signal decay. The criterion of choosing depth
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Fig. 9. The result of simulation of the lidar IW image for the case of two-layer stratification with a more turbid upper layer,
a — the model profile of ¢(z), b — the lidar image of the half-period of the IW [77]

intervals and approximation parameters is the accuracy of approximating the specified sections, evaluated by
the least squares method. The point of intersection of the approximation curves of the echo signal decay sec-
tions is a characteristic point indicating the position of the layer boundary.

In Fig. 10, a the profile of hydrological characteristics of seawater and the seawater beam attenuation co-
efficient registered at the lidar sounding point are shown. In Fig. 10, b the positions of the upper and lower
boundaries of the layer with enhanced changes in the seawater beam attenuation coefficient gradient, registered
as a result of processing the cross-polarization component of the lidar echo signal, are indicated. The error of
depth measurement was 45 cm. The lidar sounding data allowed registering the periodic changes in the position
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Fig. 10. The result of lidar IW observation in the case of
two-layer stratification of hydrooptical and hydrological
characteristics: @ — the distribution of the hydrological and
hydrooptical characteristics of seawater recorded simultane-
ously with the lidar sounding, & — the time dependence of
the position of the boundaries of the layer of the increased
gradient of change ¢(z) recorded by the lidar method [14]
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of this layer. The obtained result enables the estimation of the amplitude and period of layer position changes.
The maximum registered amplitude is 3 m, and the average period of oscillations is 8.5 minutes. These values
are typical for short-period IWs in the studied area, as indicated in [80, 81].

Another method of processing the lidar survey data array is based on spectral analysis of amplitude chang-
es of echo signals at fixed depths. In this case, the analysis of lidar sounding data is a task of finding quasi-pe-
riodic changes in lidar echo signal amplitude at specified depth horizons. This method allows determining
the period and localization of quasi-periodic processes. The result of processing the considered series of
soundings showed the presence of a quasi-periodic structure with a period in the range of 6 to 10 minutes at
depths of 16—20 m [15].

In the case where p(z) and c¢(z) decrease linearly with depth, it is not an optimal case for lidar registration of
IWs. Calculations have shown that in this case, the changes in losses during the direct and backscattered signal
transmission through the water layer «smear» the information about variations in the backscattering profile.
As a result, the echo signal decreases monotonically with depth. The registration of IWs is possible when ana-
lyzing the spatial distribution of the echo signal amplitude at fixed depths or the rate of echo signal decay over
relatively short depth sections.

The model situations considered allow us to understand the process of forming lidar IW images. However,
they do not cover all the situations encountered in real waters, where a combination of the discussed distribu-
tions is usually observed.

3.5. Fisheries

For the first time, the possibility of using lidars for the detection, registration, and assessment of charac-
teristics of pelagic fish schools was demonstrated in the late 1970s [20, 21]. Systematic research in this area has
been conducted since the late 1980s. The goal of the research was to obtain quantitative assessments (spatial
dimensions, position, number, average density of schools, biomass estimation), map the spatial distribution of
fish concentration, assess the range of lidars in different conditions, compare the capabilities of lidar with tra-
ditional means, and determine the place of lidar sounding in the complex of methods and means for studying
fish stocks [8, 9, 82—86].

When using lidar to locate fish schools, sounding beams with a sufficiently large divergence are used.
Cross-polarized components of the lidar echo signal are used for registering fish schools [9]. When a fish enters
the laser beam, it leads to an additional contribution to the amplitude of the echo signal at the corresponding
depth, depending on the reflection coefficient of the fish. Under the assumption of a water layer homoge-
neousness in hydro-optical characteristics, the attenuation coefficient 3'(s, z) in the lidar equation (1) can be
replaced with the following expression, — (s, ) = BAu, z) + B,,(, 2), where B,and f,, are proportional to
the backscatter coefficients of fish and water, respectively [9]. Processing lidar echo signals to search for fish
is similar to processing signals in the presence of
scattering layers. It allows the separation of sig- 0 . . - ;
nals into two components: those originating from
water and those from the fish school. The shape of
the echo signal allows estimating the size of the fish
school. Absolute lidar calibration for different fish
species was carried out in the laboratory as well as
in a deep-water basin with live fish [9, 87]. Such
calibration allows estimating the density of the fish
school and the biomass for different fish species [9,

82, 86, 87]. An example of registering a sardine fish
school using the FLOE airborne lidar is shown in o 25 s 75 100
Fig. 11. L,m

From 2001 to 2007, regular airborne lidar sur-
veys of the fishing schools in the Barents, the Nor-  Fig. 11. Calibrated values of the cross-polarized echo signal
wegian, and the North Seas were conducted using from a school of sardines along the aircraft flight path [88§]
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specially developed lidars PAL-1 and PAL-1M (see section 2.2) aboard the An-26 “Arctic” laboratory aircraft
[89—91]. The survey results were processed into lidarograms showing the shape and sizes of fish schools, as well
as maps indicating the registered locations of fish aggregations. The lidar survey data were used to assess the
fishing potential of the surveyed areas.

4. Conclusion

Lidar sounding of marine areas has been evolving for almost half a century. Over this time, interesting mod-
els of marine profiling lidars have been developed, including polarizing ones. Lidar designs are continuously
improving primarily due to the emergence of wideband high-frequency ADCs. Methods have been developed
for determining the hydrooptical characteristics of the near-surface layer, scattering layers, observing internal
waves, and solving problems of fisheries.

Among the top priorities in improving the designs of marine profiling lidars, increasing spatial resolution by
reducing the duration of the sounding pulse and increasing the temporal resolution of the receiving system can
be highlighted. Additionally, increasing the dynamic range of the recording system to provide greater depths,
optimizing lidar parameters based on specific requirements, and creating compact and autonomous lidar sys-
tems that operate without operator intervention are key objectives.

When developing the theory of lidar sounding, special attention should be paid to the development of meth-
ods for solving inverse problems to determine various hydrooptical characteristics and their spatial distributions
for different conditions without the need for additional accompanying measurements. It is also important to
focus on the development of polarization methods, which provide a number of additional capabilities.

A promising approach is seen in deploying autonomous profiling lidars on unmanned aircraft vehicles
(UAVs), as well as conducting lidar sounding from high-flying aircraft carriers.
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