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Bathymetric LiDAR technology is a technology used for simultaneous data acquisition regarding the morphology of

the bottom of water reservoirs and the surrounding coastal zone, realized from the air, e.g., by plane or drone.

Contrary to the air topographic LiDAR, which uses an infrared wavelength of 1064 nm, bathymetric LiDAR systems

additionally use a green wavelength of 532 nm. The green laser can penetrate the water, which makes it possible

to measure the depth of shallow water reservoirs, rivers, and coastal sea waters within three Secchi depths.

green laser  LiDAR bathymetry  coastal zones

1. The Use of a Green Laser in Airborne LiDAR Systems

The green laser can penetrate the water and on this basis, it can provide information about the presence of

underwater objects or the bottom topography. The dependence of the penetration of laser rays through water

depends on its purity (transparency). This is such a strong and obvious relationship that the penetration depth of a

given system is usually given not in the form of the penetration depth expressed in meters of depth, but in the form

of a multiple of visibility—the so-called a Secchi disc . The Secchi disc is a device designed by Pietro Angelo

Secchi for measuring the transparency of water. The Secchi disc is a white, matte circle-shaped plate with a

standardized diameter and white color. It is lowered from a boat in a given water reservoir on a graduated line or a

rod with a centimeter scale. The purity of the water is defined by the depth to which the disc is still visible.

Penetration of bathymetric systems is in the range of 1–3 depths of the Secchi disc.

The green laser’s ability to penetrate water has been used in LiDAR air bathymetric systems (acronym for “light

detection and ranging”).

LiDAR scanners consist of several components. Of course, you need a light source, a laser diode, and its receiver

that measures the light reflected from the scanned object. Additionally, they are usually equipped with an optical

system that shapes the radiation beam in such a way as to increase the scanning range. LiDAR scanners also

include GPS modules that provide location information. In addition, if the measuring device works on board a

moving car or aircraft, correction of the results is required, because the calculations must take into account the

height at which the vehicle is located and its inclination. Therefore, scanners are equipped with inertial measuring

units.

Air LiDARs for topographic mapping usually use YAG diode lasers with a wavelength of 1064 nm, while

bathymetric systems (underwater depth research) usually use YAG lasers with a frequency doubling of 532 nm
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because 532 nm penetrates the water with much less attenuation than 1064 nm.

Some of the existing systems use the unique LiDAR off-camera technology that illuminates objects from multiple

angles, minimizing shadowing in the data. LiDAR with off-sky imaging technology is also better for detecting

objects on land and in water.

Bathymetric scanners, apart from the fact that they use a green laser, differ from topographic scanners in much

greater power, lower frequency of laser pulses, and operation from lower flight altitudes.

The knowledge of the location and orientation of all these elements enables the LiDAR system to record accurate

measurements. Some of these sensors can now measure more than 100,000 points per second, resulting in

measurements with more than 10 points per m  in shallow water . In a recent study for Samoa, over 1.8 billion

points were captured in an area of just over 1100 km . The deepest of these measurements reached a depth of

just over 75 m.

2. Use of LiDAR Bathymetry

Aerial laser bathymetry (ALB) is an attractive technology for measuring shallow waters due to the speed of data

acquisition and high point density achieved. Especially valuable is the possibility of using ALB in non-navigable

areas, where an alternative is traditional, ground-based geodetic surveys that require entering the water by

surveying (wading with a pole). Compared to underwater acoustic systems, ALB is suitable for large areas,

providing dense and accurate data .

Most of the scientific literature published so far has focused on the use of ALS in coastal areas , while similar

studies in river environments are considered less frequently .

2.1. Application for Measuring River Crosses and Fluvial Processes

Flowing water is one of the basic factors that shape the Earth’s surface. River processes are defined as the

physical interaction between flowing water and the natural channel through which it flows. River processes can be

divided into :

river erosion, i.e., cutting into the Earth’s surface, then distinguish erosion: deep, backward and lateral,

transport or transport of rock material downstream of the river,

accumulation, that is, the deposition of material carried by the river.

A number of modern measurement techniques are used in the study of river environments. The instruments used

allow for quick data acquisition, but measurements taken from the ground surface  are limited to selected
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areas of smaller rivers. The density of the riverbed points obtained by classical methods is low and heterogeneous

compared to the possibilities of the ALS.

Topographic LiDAR can be used to capture the coastal area , but the used IR beam is absorbed by water

and does not allow the bottom to be measured. Measurement of the water depth is also possible on the basis of

RGB and/or hyperspectral images. It is made on the basis of the correlation between the depth of water and the

color of the image  and is often combined with LiDAR and/or ground data .

Most of the studies mentioned on the evaluation of the deposited sediments and the size of erosion are performed

using the DEM of differences (DoD) models  as:

(1)

where zDoD is a single DoD cell deposition/ erosion value and znew, zold corresponds to the height of the DTM

cells at the epochs studied.

Based on the estimation of the DTM errors that propagate in the DoD, it can be assessed whether the difference is

a measurement noise or represents a real change:

(2)

where σDTM, new, σDTM, old represent the spatial accuracy of the DTM.

Aerial LiDAR bathymetry (ALB) has evolved rapidly in recent years and now enables high resolution (>20 dots/m )

and height accuracy (<10 cm) mapping of river topography for both water and coastal areas .

The spatial resolution of the ALS data is suitable for the visual recognition of macroscale forms of river land such

as river channels, palaeochannels, alluvial fans, levees, and valley edges . One-dimensional river basin

profiles can be used to distinguish the morphological units of the riverbed . A distinct advantage of LiDAR data is

that it allows for faster, more accurate, and detailed mapping of river landforms compared to lower resolution

elevation data obtained from surveys. off-road.

The vertical error and spatial resolution of the data define the minimum size of the form that can be identified .

The paper  proposed a method for determining air/water-interface when the echo density of signals reflected

from the water surface is low (the echo coverage of the water surface was only 25%, counting cells of 1 m  with at

least a single surface echo as important). The method is based on generating a model of the riverbed from rarely

captured cross-sections.
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The input in this method is the 3D LiDAR point cloud and the 2D river axis. On their basis, transverse sections

perpendicular to the river axis are generated. Assuming a constant water level in a given cross-section, the

observer, in a manual way, in the graphical editor defines the height of the water level in each subsequent cross-

section. In the next step, the height of the water table is extrapolated in subsequent sections and subsequent

sections are shown on the terrain plan and longitudinal section (Figure 1)

Figure 1. Semi-automatic derivation of water surface model; (a) cross section with LiDAR echoes colored by

reflectance and manually defined water level and extent (red line); (b) longitudinal section with measured water

levels (green circles) and/or extents (gray dots); (c) plan view, measured sections marked in green/orange .

Sedimentation processes caused by the transported material influence channel forming flows (Figure 2) . On

the other hand, serially repeated topographic measurements allow for research on changes taking place after

periods of high water levels .
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Figure 2. Change of the river bed in the period 2012–2020 (Soła River, Poland) (a) orthophoto, (b) LiDAR 2020,

(c) LiDAR 2012.

For the needs of the national authorities, assuming different variant data, hydraulic models are made, using

computer simulation to assess the risk of flooding. Planning work carried out in this way is based on the scientific,

evidence-based basis of the flood risk assessment that is required as part of the planning process. Hydraulic

models use long-term statistics on precipitation, sea levels and river flows, along with detailed simulations of how

water in the landscape is moving. These activities are aimed at determining the likelihood of a flood occurring in an

independent and man-dependent manner (e.g., by the proposed investments).

As a consequence of the high resolution of LiDAR data, it is possible to use them to improve the performance of

the 1D  and 2D hydraulic models , as well as to circle the height of the water table .

For one-dimensional (1D) hydraulic surface water models, single water surface ordinates are computed at each

section where the flow is shown only perpendicular to the section and must be drawn by the model builder. In a 2D

model, the digital elevation model (DEM) serves as the basis for calculations to determine the depth, velocity, and

direction of surface waters.

With one-dimensional (1D) surface water hydraulic models, single water surface elevations are computed at each

cross-section where the flow is only shown perpendicular to the cross-section and needs to be drawn by the model

builder. In a 2D model, a digital elevation model (DEM) is used as the basis for computations to determine surface

water depths, velocities, and directions (Figure 3).
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Figure 3. Simulated flow depth and velocity distribution with its vectors (modified after ).

Article  presents a new Matlab script for determining the morphometric characteristics of rivers, canals and

canyons. On the basis of the trough edges, previously defined by the user, the script determines the center line and

other morphometric features, such as the edge width (B), the radius of the centerline of curvature (R), and

waviness (SI) and determines the orientation of the sections, the location of the vertices of bends and intersections.

The script is also resistant to very sharp turns and irregular troughs with sudden changes in curvature. If

bathymetric or digital elevation topographic data (derived from Bathymetric LiDAR) is available, the script provides

additional morphometric features, such as thalweg, slope (S), slope depth (HB), section area (A), channel aspect

ratio (B/HB), and shaft inclination (α) (Figure 4).

Figure 4. Determination of morphometric parameters of the river bed . User-defined levee or bank crests (right

in red, left in blue) for bankfull active channel in a channel (a,b) and canyon setting (c,d) and user-defined corridor

width (W ) outside bankfull active channel.
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Steep riverbanks can be difficult to measure altitude with ALS. This was demonstrated in the work of Hodgson and

Bresnahan . This is in line with the finding of Hyypp et al. , who observed that the DTM altitude error

determined from the LiDAR observation significantly increased on slopes covered with trees with a slope greater

than 15 degrees. Another problem may be the fact that the point density obtained from ALS may be too sparse,

resulting in riverbanks not being accurately described in the terrain model.

2.2. Application to Measurement of Shallow Offshore Sea Zones and Abrasion

As sea levels rise and the severity of extreme natural phenomena increases, the need to deepen the knowledge of

the coastal zone becomes more and more evident. The basis for understanding the risk in areas exposed to the

negative effects of sea waters is the determination of the course of the coastline and the land and sea coastal

surface features.

The intensity of the sculpting activity of the sea depends on the type of rocks that make up the shore, the local

relief, sea tides and the location of the body of water. The abrasion consisting in the gradual eroding of the

seashore especially concerns the cliffs. Directly below the eroded high coast, an abrasive niche is created, and the

eroded, fragmented material is transported and accumulated.

Accumulation occurs most often on the low coast, where the accumulation exceeds erosion and gives rise to forms

such as beach, shoreline, storm embankment, revue, lido, lagoon, etc. Bathymetric LiDAR is the most effective and

cost-effective technology that allows simultaneous recording of land and sea bottom for obtaining a continuous,

detailed 3D elevation model along the coastline . Its ability to successfully capture heights on both sides of the

coastline, in areas extending more than 100 km along the coast, made the bathymetric LiDAR the “gold standard”

for coastal sensitivity and coastal benthic habitat modeling.

Bathymetric LiDAR can be successfully used to create high-resolution bathymetric maps, which represent the basic

data set for understanding the impacts and threats of climate change, erosion trends, and sea level rise 

.

In addition, the time series of ALB datasets can successfully support accurate change detection analysis in this

difficult environment .

The use of LiDAR airborne bathymetry (ALB) has become a common technology for mapping shallow areas in high

resolution . Compared to underwater acoustic systems, ALB is suitable for large areas, providing dense and

accurate data (Figure 5).
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Figure 5. Comparison between bathymetric LiDAR and multibeam echosounders (Dobczyce reservoir, Poland).

Another problem that is important in coastal protection and management is the definition of the coastline. Data from

measurements at a depth of 0–2 m are usually incomplete or not available at all due to the difficulty of reaching

such shallow waters . LiDAR Bathymetry (ALB) is an active remote sensing instrument used to obtain the

topography of such shallow coastal waters . It can efficiently deliver high accuracy and density bathymetric data

sets in non-navigation and complex topographic areas .

Due to its excellent spatial positioning performance, ALB is widely used for the seamless topobatimetric mapping of

shallow water areas, such as reefs near islands  (Figure 6).

Figure 6. Echo responses for bottom topography elements (based on ).
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ALS data can record the relief of the seabed and adjacent land surface. The numerical terrain model created on

their basis allows for a precise determination of the state of the coastal zone at the time of registration. The

performed cyclical measurements allow for the monitoring of the coastal zone, identification of trends in changes in

the shape of the coastline, designation of relatively safe places, not endangered by erosion and flooding, and

particularly endangered places. In the field of underwater measurements, attention should be paid to such

possibilities of LiDAR bathymetry, such as identification of types of substrate forms and anthropogenic structures,

automatic mapping of seabed geomorphology , identification of erosion and deposition patterns along coast ,

assessment of the rate of accumulation of post-flotation sediments at the bottom of the reservoir , and

underwater landslide research .

The airborne LiDAR (ALB) bathymetric system is widely used in describing the topographic features of the seabed,

building 3D models of the seabed, monitoring coral reefs, and underwater archeology.

With regard to the classification of the seabed relief, the bathymetric LiDAR has not been widely used so far.

Applications potentially available in the literature include shallow coastal area monitoring , monitoring the

status of navigation and protection channels of the structure , classification of the tidal environment , benthic

habitat mapping , as well as the organization and placement of archaeological sites in shallow waters .

Moreover, from ALB, sedimentological (density, concentration) and hydrodynamic (suspended sediment

concentration, turbulence) information can be obtained on the basis of the analysis of laser return intensity curves

.

In the study  concerning the Polish coast of the southern Baltic Sea, exposed to increased coastal erosion, the

recognition and classification of geomorphological forms occurring in the ring in both natural and anthropogenic

sections of the coastal zone was made (Figure 7). Machine learning classification results were compared with the

manual characteristics of seabed forms and coastal protection structures, and machine learning classification

procedures for ALB were assessed.
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Figure 7. Classes of geomorphological bedforms automatically mapped using ALB and machine learning

supervised, (A–F) subsets of the study site marked on the general map .

Identification and classification of seabed geomorphology based on remote sensing data (ALB) can be done

manually (preferably by one interpreter  or by automatic or semi-automatic. Seabed classification methods

include unsupervised or supervised approaches. In the first approach, seabed classification is based on properties

and relationships, e.g., under Jenks’ unsupervised classification . The second approach involves training with an

input data set that can be defined manually or in the field . Both techniques can be applied by performing image

pixel analysis or based on image analysis based on geographic features. The latter method has been used in

seabed research for over 20 years .

Testing the waters with green LiDAR light allows for precise mapping of the bottom of the reservoir in terms of the

presence of undesirable objects (explosives, wrecks, garbage, etc.). The possibility of searching for crude oil and

natural gas deposits using the DIAL technique is also noteworthy.

The results of research conducted on the basis of ALS data can be used:

by the state administration responsible for the safety of the seashore in order to select appropriate methods of

its protection against erosion;

with safe planning of investments in the coastal zone and preparation of sea space development plans;

by local self-government authorities when verifying spatial development plans of seaside towns and making

prudent decisions as part of integrated coastal zone management.

3. Directions of Bathymetric LiDAR Development
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LiDAR is a tool for civil (commercial), administrative, and military use. There is a growing number of industries in

virtually every branch of the economy and research activity. The LiDAR technique can be used to create digital

three-dimensional representations of areas on the Earth’s surface and the bottom of water bodies by terrestrial,

satellite, aerial and mobile techniques. It is widely used to create high-resolution maps and is used in surveying,

geomatics, archeology, geography, geology, geomorphology, seismology, forestry, atmospheric physics, laser

guidance, aeronautical laser mapping (ALSM), and laser altimetry. LiDAR is currently the most detailed and

accurate method for creating digital terrain models.

ALB aerial bathymetric scanning is a promising technique for measuring the bottom of water reservoirs. This

technique has developed a lot in recent years due to the capabilities of the scanner as well as the capabilities of

post-processing software. Bathymetric LiDAR is a technology for acquiring data from the air. Unlike the topographic

LiDAR in air, which uses 1064 nm infrared, bathymetric LiDAR systems use a 532 nm wavelength to penetrate the

water column to measure the bottom of a body of water.

Bathymetric LiDAR is currently the most effective and cost-effective technology to simultaneously record both the

terrain surface and the bottom of water bodies to obtain a continuous, detailed 3D model of the measured terrain.

When selecting and using a LiDAR bathymetric sensor, environmental factors and individual features of the system

should be taken into account. Even then, the operator’s knowledge and experience often determine the success of

a measurement. In addition, the decision to select the best test system for testing will depend on the test area,

environment, design requirements, and sensor availability. The considerations that typically determine sensor

selection are maximum depth, point density, coverage, end product requirements, and, not least, the intended

purpose of the data.

Recent advances in LiDAR bathymetric sensors are going in many different directions. Some of these

achievements include efficiency gains by increasing point density and penetration depth while maintaining equal

accuracy over clear and cloudy water , and fast and automatic work with LiDAR data allowing for automatic

calibration, registration and refraction correction, full wave processing, quality control, and data export. A solution to

the problem of distinguishing signals reflected from the water surface and the bottom under shallow water

conditions (less than 2 m) is also being developed . Moreover, this is only the beginning of the use of LiDAR

bathymetric sensors in small unmanned aerial vehicles (UAVs), although this is likely to change over the next

decade. Cloud computing and big data processing are also very promising, and it will be fascinating to see how the

industry takes advantage of these advances to provide additional end-user opportunities.

The LiDAR technique has many significant advantages that distinguish it from other measurement techniques.

The laser scanner is independent of lighting conditions (it is an active system). Nighttime imaging is even more

advantageous due to less air turbulence.
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Imaging with this technique is possible even when it is completely cloudy (only conditions limiting the penetration of

the laser beam, e.g., heavy rain and fog, represent an obstacle). Spatial data are recorded directly, with a very high

accuracy that characterizes elevation data. It is possible to register many reflections (signal echoes), and the cycle

of data processing and production of final products is short.

Limitations of LiDAR include lower accuracy relative to altitude accuracy, large volume of data, and relatively high

cost of data acquisition and processing.

As LIDAR systems evolve, it becomes more and more useful in many applications. In the future, the entire world

will basically depend on various LIDAR systems to detect, collect and update data. So far, the greatest progress

has been made in obtaining high-accuracy data by developing their correction and calibration. Research will

continue to be undertaken to assess the impact of the laser wavelength on the accuracy of the measurement

process (the reflection coefficient can only occur at a certain wavelength). Another direction of the conducted

research is to draw attention to the scanning method that can be applied using various mechanisms.

The proliferation of unmanned aerial vehicles (UAVs) will force the use of light and small LiDAR sensors, so work

will continue on their continuous miniaturization while maintaining the measurement accuracy parameters. Work

will be continued on increasing the density of measurement points in the aquatic environment for better detection of

details, objects, and identification of the water table.

The automation of data processing processes will constantly progress to increase efficiency and deliver results

faster.

Certainly, in some areas, the collected data will be made available on online platforms, which will force

improvements to cloud services.

If we care about a high-quality digital surface model (DSM), a point cloud consisting of points that are the first

reflection requires manual editing. Fully automatic filtration methods for this type of points for DSM construction are

still under development.

The development of laser scanning systems is aimed at increasing their efficiency and increasing the number of

registered reflections (echoes) of a single laser pulse. The increase in efficiency is achieved by increasing the

frequency of generating laser pulses. In the field of data processing, the methods of aligning blocks of airborne

scanning series as well as methods of point cloud classification and filtration are being improved. Given the huge

datasets, automatic methods apply here.

The use of data from airborne bathymetric scanning allows the detection of objects located on the seabed.

However, post-processing related to point cloud classification is required beforehand, which leads to the separation

of classes that guarantee the correct identification of objects, which affects security and indirectly protects the

natural environment. Unfortunately, the transparency of water and the density of the point cloud significantly affect

the size and efficiency of detecting objects lying on the seabed. Acquisition of data by aerial bathymetry is cheaper
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and faster. Therefore, it seems reasonable to search for methods of automatic detection of underwater objects,

which will be a further stage of research and will be based on the use of full waveform parameters of aerial

bathymetric scanning and neural networks.

One of the directions of ALB development is the use of machine learning methods. The authors examine the

possibilities of using many algorithms from the machine learning family, such as random forest (RF), support vector

machine (SVM), or deep learning, etc. One of the directions of using machine learning methods in the analysis of

scanning data is noise removal. Hu et al.  proposes a method based on convolutional autoencoding neural

networks (CAENN) for denoising the ALS return signal. According to the authors, this algorithm has a strong

adaptive ability, and its excellent denoising effect in relation to the methods used so far, although it has not yet

been studied well. Machine learning methods in ALB are further developed in point classification. Kogut and

Weistock  compare support vector machines (SVM) with the random forest (RF) algorithm for classifying water

table and bottom points. Very high classification accuracy of both methods applies to points of the water surface

and seabed reaching 100%, although for the remaining objects it was only 60%. Similar values were recorded by

Kogut and Slowik  who used multilayer perception (MLP) artificial neural networks (ANN) and comparatively

SVM, random forest, and RUSBusted trees to classify sea surface and seabed points and to detect the location of

artificial objects on the seabed.

Due to the fact that the original lidar echo carries a lot of information, the use of machine learning may, compared

to traditional methods of classification, offer greater possibilities, e.g., for mapping the formations that build the

bottom or aquatic vegetation habitats.

This type of research on aquatic plant habitats is presented by  in which machine learning techniques are

used (Random Forest). The authors use single wavelength or bispectral barymetric lidar. The results obtained have

a classification accuracy of up to 85%, which, as the authors themselves indicate, can be improved by using

various methods of filtering points with a low prediction confidence. Similar studies on the use of supervised

classifiers in mapping seabed morphology are presented by Janowski et al. .

Deep learnin-based classification of scanning data is one of the main fields currently being developed in

photogrammetry and remote sensing . This type of research is also conducted in lidar bathymetry. Shanjiang

et al.  used the original bispectral bathymetric echo to classify points (sea-land). For this purpose, a multi-layer

fully connected neural network and a one-dimensional convolutional neural network (1D CNN) were utilized. They

obtained classification accuracy of up to 99.6%, although these are the best quoted data out of 200 attempts. A key

factor in obtaining high-quality results is the appropriate number of network training epochs. Mismatch of the

training series may result in under- or over-fitting of the network. In the works  summarizing the current

applications of deep learning in laser scanning, further dynamic development of these techniques in the

classification and detection of objects is predicted.
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