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I NFO A BSTRA CT 

Submitted 30 November 2023 Freshwater, constituting a mere 2.5% of Earth's total water, is a critical resource facing escalating 
competition due to an anticipated global population surge to 9.7 billion by 2050. Southern Africa is 
characterized by uneven water distribution and quality challenges which exacerbates these issues. 
Environmental flow (E-flow) management is a crucial approach that quantifies water requirements for 
maintaining ecological integrity, aiming to balance human and environmental water needs. Including E- 
flows in management helps to ensure sustainability of water resources River bathymetry is a core part of 
E-flow assessments. This document reports on core research within a project that delves into 
management of E-flows in the Limpopo and neighbouring basins in Southern Africa. It covers a scientific 
investigation to determine optimal water quantities and qualities for river systems and to assist with their 
management. The report focuses particularly on the use of bathymetric surveys, specifically the need for 
high-resolution Digital Elevation Models (DEMs) to inform hydraulic modelling. The spatial and 
temporal variability of bathymetry is crucial for applications ranging from flood risk mitigation to 
ecosystem studies and for long-term management of E-flow implementation. While traditional Total 
Station Theodolite (TST) surveys provide accurate ground control points and in the past were the basis 
for river hydraulic studies, they are limited in scale and efficiency. In situ measurements, despite their 
accuracy, may lack spatial representativeness and are resource intensive. Remote sensing techniques, 
particularly Unmanned Aerial Vehicles (UAVs), offer an alternative for bathymetric data collection 
driven by their ability to access challenging areas of a river and provide high-resolution data at relatively 
low cost. To this end, this report focuses on direct methods for bathymetric data collection, exploring 
optical and acoustic approaches. The primary objective was to explore and investigate UAV-based water- 
penetrating surveying techniques to create high-resolution DEMs for hydraulic modelling linked to E- 
flow studies. A review of recent, relevant literature indicated that airborne laser bathymetry appeared 
preferential in the context of E-flows, compared to spectrally derived bathymetry, multimedia 
photogrammetry, Ground-Penetrating Radar (GPR), and Sound Navigation and Ranging (SONAR) 
techniques. Currently, the RIEGL VQ-840-GL green lidar sensor appears to be the forefront technology 
for use in E-flows UAV-borne bathymetric surveys. This research aims to contribute valuable insights 
into efficient and cost-effective methods for E-flow studies, addressing the growing challenges in water 
resource management. 
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1. Introduction

Approximately 2.5% of the total amount of water on the earth’s 
surface is accounted for by freshwater, with just 1.5% of that 
accessible for biophysical processes (Stephens et al., 2020). 
Freshwater is critical for agricultural, manufacturing, and 
domestic purposes, with intense competition for freshwater 
among various sectors expected to rise with the projected 
increase in the world 

population to 9.7 billion by 2050. The equitable distribution and 
management of freshwater resources in Southern Africa is 
particularly challenging, given that freshwater resources are 
unevenly distributed and that there are limited good quality and 
quantity water resources for both human and ecological use 
(Sibanda et al., 2021). Climate variability further compounds 
issues of water distribution, quality and quantity. 
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An approach to water resources management that quantifies 
water requirements to maintain the ecological integrity of rivers 
is to determine and manage the environmental flows (E-flows) 
of a river. An E-flows study (also known as a Reserve 
Determination, or E-flows assessment) is a scientific 
investigation and assessment of a particular river system or 
wetland to determine the quantity of water required to maintain 
the integrity of the system. In South Africa, E-flow studies are 
conducted in accordance with the National Water Act of 1998, 
which stipulates that a reserve of water (E-flow) must be 
maintained to protect the ecological functioning of a river 
system or wetland. The approach involves assessing the current 
state of the ecosystem with regards to water requirements of its 
resident flora and fauna. An E-flow study also considers the 
potential impacts of human activities such as water abstraction, 
land use changes, and pollution on the ecosystem. Findings 
from the study are aimed to inform management strategies to 
balance water requirements between human and environmental 
uses. 

One objective of an E-flow assessment is to conduct a 
bathymetric survey. A bathymetric survey accurately determines 
the quantity of water at a site on the river by obtaining the water 
profile of the river channel to inform hydraulic modelling. 
Bathymetric surveys are done to measure water depths and map 
underwater features of a water body. Bathymetry of inland 
waterbodies plays a critical role in many hydrological and 
hydraulic problems and applications such as flood risk and 
climate mitigation, sediment transport and erosion, and 
ecosystem studies. High resolution bathymetry maps of inland 
water bodies are essential for hydraulic flow modelling and 
flood hazard forecasting (Conner and Tonina, 2014; Gichamo et 
al., 2012), predicting sediment transport and changes to the 
streambed morphological (Manley and Singer, 2008; Nitsche et 
al., 2007; Rovira et al., 2005; Snellen et al., 2011), and 
monitoring instream habitats (Brown and Blondel, 2009; 
Powers et al., 2015; Walker and Alford, 2016). Similarly, the 
spatial variability of bathymetry along a watercourse may 
require continuous or high-resolution mapping to accurately 
obtain river morphology and geology characteristics (Diaconu 
et al., 2019). 

Existing approaches for bathymetric surveys range from 
traditional Total Station Theodolite (TST) surveys and levelling 
equipment to digital photogrammetry, terrestrial laser scanning, 
and aerial Light Detection and Ranging (LiDAR). TST surveys 
use electronic survey equipment and a measuring tape, level, 
and a rod to record the profile of the terrain by measuring 
distances, azimuth and elevation (Viney and Kirk, 

2000). The accuracy of TST surveys has a point spacing 
accuracy of approximately 0.05 m within an area of 0.075m² to 
0.275 m² (Vieny and Kirk, 2000) and are therefore commonly 
used as Ground Control Points (GCP) for remote sensing 
mapping (Fonstad et al., 2013; Passalacqua et al., 2015); 
Woodget et al., 2015). However, significant manpower, time, 
and subsequent financial investments are required to produce a 
Digital Elevation Models (DEM) using TST surveying. 
Additionally, TST surveys are limited to channel cross section 
surveys and lack the ability to produce 3D maps. This makes 
TST an inefficient method for providing large and continuous 
measurements to quantify the spatial and temporal variability 
due to the high cost/area covered ratio (Baneg et al., 2014; 
Alverez et al., 2018). 

Bathymetric data collected from in situ manual measurements, 
such as using the TST, may not always be satisfactory in terms 
of spatial representativeness and temporal variability 
(Gholizadeh et al., 2016). Furthermore, in situ measurements 
require significant investments of resources which include 
equipment, hardware, software, and manpower (Lejot et al., 
2007; Fonstad et al., 2013). As a result, remote sensing 
techniques have been investigated as an alternative means of 
bathymetric data collection. In particular, the development and 
growth of UAVs as remote sensing platforms, as well as 
advances in the miniaturization of equipement and data systems, 
have resulted in the increased feasibility and use of Unmanned 
Aerial Vehicles (UAVs) technology in environmental 
monitoring communities (MacVicar et al., 2009). The ability to 
capture data in dangerous or often inaccessible areas, high 
spatial and/ or temporal resolution measurements of 
environmental attributes, and the introduction of novel sensing 
technology over a variety of environments have all promoted 
the further use of  UAVs. 

Bathymetric studies can be broadly categorized into indirect 
methods, which are used to estimate the average depth or flow 
area, and direct methods, which determine the full bathymetric 
profile. Indirect remote sensing methods are based on 
estimating the average depth from satellite measurements of 
Water Surface Elevation (WSE) and modelled discharge (Leon 
et al., 2006), or estimating flow area from WSE and cross-
section average flow velocities (Moramarco et al., 2019). Direct 
methods are able to observe subsurface topography and 
reconstruct the full cross-section profile in a water body. Direct 
methods include optical approaches such as spectrally derived 
and multimedia photogrammetry or acoustic approaches such as 
Ground Penetrating Radar (GPR) and Sound Navigation and 
Ranging (SONAR). The primary aim of this report is to 
investigate and review options around UAV-based water 
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penetrating surveying techniques for identifying the below 
water profiles of river channels to create a high-resolution 
DEMs for the purpose of carrying out hydraulic modelling 
linked to E-flow studies. 
This exploration is not designed to be comprehensive; it is 
simply aimed at investigating existing and proven options best 
suited to novel application in Southern Africa. 

2. Optical Sensing 

Optical sensing involves actively measuring reflected energy or 
passively sensing reflected or scattered light using multi- or 
hyperspectral imaging in the visible light spectrum. Optical 
methods generally used for capturing airborne bathymetry of 
seabed and natural or human-made objects in clear and shallow 
water bodies with depths < 60 m. Optical techniques are not 
suited for data capture in water bodies > 60m due to the high 
absorption of light in water. The strength of airborne optical 
methods when compared to other methods such as SONAR are 
that the effective SONAR Field-of-View (FoV) reduces with 
decreasing water depth, whereas the swath width for airborne 
methods mainly depend on the flying altitude. Furthermore, 
shipborne SONAR requires a minimum water depth for safe 
operation which limits its applicability. 

Spectrally Derived Bathymetry (SDB), multimedia 
photogrammetry, and Airborne Laser Bathymetry (ALB) are 
widely applied optical methods. SDB and multimedia 
photogrammetry are passive approaches that use backscattered 
solar radiation from the bottom of the water body for depth 
measurements, whereas ALB is an active method based on Time 
-of-Flight (ToF) measurements of a green laser. Figure 1 shows 
a schematic diagram of the three main optical methods in 
bathymetry studies. 

2.1. Passive Approaches 

Passive approaches use backscattered solar radiation from the 
bottom of the water body for depth measurements. 

2.1.1. Spectrally derived bathymetry 

In SDB, a relationship is created between the radiometric image 
content and the water depth (Mandlburger, 2022). Spectral 
methods are based on the wavelength-dependent attenuation of 
light in the water column (Lyzenga, 1978; Stumpf et al., 2003). 
Spectral methods to estimate water depth of inland waterbodies 
have been applied to multispectral (or hyperspectral) and RGB 
images from (a) satellites (Geyman and Maloof, 2019; 
Jagalingam et al., 2015), (b) aircrafts (Legleiter, 2012; Marcus 
et al., 2002) and (c) UAVs (Flener et al., 2013; Lejot et al., 
2007; Rossi et al., 2020). An understanding of the interaction of 
solar radiation with the atmosphere, the water body, the water 
surface and the bottom of the water body as a function of the 
wavelength is necessary for spectrally derived bathymetry. 
Generally, two approaches are used for deriving bathymetry 
from the radiometric image content; a physical-based method 
and a regression-based approach. 

Physical-based approach 

The radiometric image content comprises backscatter 
components from atmosphere, water surface, water column, and 
water bottom, and with the sun as a light source, as shown 
schematically in Figure 2. The total radiance arriving at the 
sensor is as the sum of individual partial contributions 
(Legleiter et al., 2009), as illustrated in Equation 
1. The total radiation (LT) at the sensor is the sum of the 
radiation reflected from the bottom of the water body (LB), the 
radiation backscattered from the water body or water column 
(LC), the signal component from reflections at the water surface 
(LS), and components from backscattering particles in the 
atmosphere (LP). 

 

 
Figure 1 Schematic diagram of optical methods in hydrography; (a) airborne laser bathymetry, (b) multimedia stereo photogrammetry, (c) spec- 

trally derived bathymetry (Mandlburger et al., 2020) 
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Figure 2 Schematic diagram of optical methods in hydrography; (a) airborne 
laser bathymetry, (b) multimedia stereo photogrammetry, (c) spectrally derived 

bathymetry (Mandlburger et al., 2020). 

 

 
The signal absorption within the water column is significant as a 
result of continuous forward and backward scattering. The LB 
signal contribution depends on both water depth and water bed 
properties such as reflectance and roughness. The LC 
contribution is determined by the optical properties of the water 
column. Absorption and scattering by pure water, and turbidity 
caused by suspended sediment and organic matter are all 
contributing properties (Grobbelaar, 2009). Assuming 
homogenous surface and subsurface conditions, the depth can 
be determined from a single spectral image channel without the 
presence of external reference data. However, multiple 
radiometric bands of multispectral images are used in practice 
due to the signal absorption in the water column and bottom 
reflectance of the wavelength.  

Regression-based approach 

One of the disadvantages of the physical-based approach is that 
radiation reflected from the water body depends on the water 
depth and bottom reflectance, meaning both effects are 
interlaced. To address and overcome this limitation, Stumpf et 
al. (2003) introduced ratio-based calculation of two spectral 
bands with different wavelengths. This was found to be 
approximately constant and, thus, to a certain extent 
independent from variations of bottom reflectance. This is the 
premise of the regression-based approach. 

Machine-learning in SDB 

In addition to the well-established physics- and regression-based 
depth inversion methods discussed above, machine learning 
approaches such as artificial neural networks (Makboul et al., 
2017), nearest neighbor regression (Legleiter and Harrison, 
2019), random forest (Sagawa et al., 2019; Yang, Ju et al., 
2022), gradient boost (Susa, 2022), multilayer perceptions 
(Duan et al., 2022), back propagation neural networks (Wu et 
al., 2022), ensemble learning (Eugenio et al., 2022) and support 
vector machines (Misra et al., 2018) have been successfully 
applied for deriving bathymetry from multispectral images. 

2.1.2. Multimedia photogrammetry 

Photogrammetry is the science of determining geometric 
properties from objects based on digital images. It is a well- 
established technique for acquiring a dense 3D point cloud and 
generating DEMs from the overlap of stereoscopic images that 
have been applied in a variety of fields. Photogrammetry is 
commonly used in, inter alia, geomorphology for floodplain 
analysis (Lewin et al., 1977; Mertes, 2002), identification of 
erosion and deposition patterns (Lapointe et al., 2000), river 
channel dynamics (Westaway et al., 2003), quantification of 
sediment transport rates (Lane, 2000), and bank erosion studies 
(Nikora, 1998). 

Digital photogrammetry and automated evaluation methods 
such as Structure from Motion (SfM) (Schonberger and Frahm, 
2016) and photogrammetric depth determination from stereo 
images, have received increased attention. SfM is a technique to 
provide 3D scenes using a series of temporal red-green-blue 
(RGB) images and georeferencing information (Condorelli et 
al., 2020). It provides information on the internal and external 
camera orientation at the time of acquiring each image by using 
automatic algorithms for estimating the camera’s location. This 
results in a model that enables the determination of how 
individual 3D coordinates are projected on the images from the 
camera (Chandrashekar et al., 2018; Eltner and Sofia 2020). 
Digital photogrammetry faces challenges when applied to 
bathymetry in reservoir and river systems because of the 
reflection and refraction of light at the water surface. This 
requires consideration and correction to obtain accurate images. 
In optimal conditions, refraction corrections are possible if the 
water is clear and visible from the photographs (Dietrich, 
2016). 

Hybrid approaches (Slocum et al., 2020; Starek and Giessel, 
2017) have been demonstrated that combine the advantages of 
the spectral approach, which performs better when the sediment 



TECHNICAL REPORT 

CGIAR Research Initiative on Digital Innovation | on.cgiar.org/digital 
5 

 

 

is comparatively homogeneous (Legleiter et al., 2009; 
Overstreet and Legleiter, 2017), and the photogrammetry 
approach, which ensures higher spatial resolution and performs 
better if the bottom is sufficiently textured to enable feature 
matching(Feurer et al., 2008). In summary, spectral and 
photogrammetry methods are limited to waterbodies with high 
water clarity and can deliver results only for depths as that 
measured when using a Secchi Disk (SD). The measurement 
from a SD is an indicator of the transparency of a water column. 

2.2. Active Approaches 

Optical sensors can also actively measure reflected energy by 
simultaneously using two lasers, infrared and green 
wavelengths, in the light range. 

2.2.1. Airborne laser bathymetry 

Airborne bathymetric LiDAR systems are very specialized. 
Some commercial manufacturers of these systems include the 
Hawk Eye II (Airborne Hydrography, Sweden), the Laser 
Airborne Depth Sounder (Tenix LADS Corporation, 
Australia), and the Scanning Hydrographic Operational 
Airborne LiDAR System (SHOALS) (Optech, Canada) 
(Hilldale and Raff, 2008; Kinzel et al., 2013). These 
bathymetric LiDAR systems were designed to optimize the 
depth penetration using high power to overcome concerns 
related to recovery of laser pulses in deep attenuating water 
(Kinzel et al., 2013). Furthermore, UAV-borne topo- 
bathymetric LiDAR has been used for river and coastal 
engineering applications (Mandlburger et al., 2016; 
Mandlburger et al., 2020; Kinzel et al., 2021). In addition, 
there are novel UAV-based Green LiDAR Systems (GLS) 
with a high-resolution lightweight camera, Global Navigation 
Satellite System (GNSS) receiver, and an Inertial 
Measurement Unit (IMU) that can be used for river and 
coastal engineering applications (Mano et al., 2020; Green, 
2023). 

In contrast to the passive methods, laser bathymetry in 
general, and ALB in particular, represents an active technique 
for mapping shallow waters using a pulsed green laser 
(Philpot, 2019). Laser based bathymetric scanning systems 
use of two lasers in the light range: infrared and green. An 
infrared pulse reflects off the surface of water or land, while a 
green pulse penetrates the water and reflects off the bottom of 
a water-body or land (Quadros et al., 2008). The beams are 
usually not perpendicular to the terrain surface, as in the case 
of aerial topographic laser scanning, but forward at an angle 
of 15–20° to facilitate laser penetration to limit surface 
scattering. The water depth is determined from the difference 

in registration time of the beam reflected from the water surface 
and the beam reflected from the bottom of the water column 
(Mandlburger, 2022). A schematic representation of airborne 
laser bathymetry is shown in Figure 3. 

2.2.2. The principle of the green laser operation 

A laser is a device that emits electromagnetic radiation in the 
visible, ultraviolet (UV), or infrared range using the 
phenomenon of forced emission (Mandlburger, 2022). It 
consists of three elements, which are: (a) an external pumping 
system, (b) an excited active medium, and (c) an optical 
resonator. Usually, the most important feature of lasers is the 
wavelength of the laser radiation and its power. Lasers can be 
divided into low power lasers (1 to 6 mW), medium power 
lasers (6 to 500 mW), and high-power lasers (500 mW). The 
frequently used lasers include CO2 lasers (gas lasers), solid 
crystal neodymium-YAG lasers, and the doubled-frequency 
neodymium-YAG lasers (Szafarczyk and Tos, 2023). 

 

 
Figure 3. Schematic representation of airborne laser bathymetry using a green 
water-penetrating laser to detect the water surface and bottom and an additional 
infrared laser to detect only the air-water interface (Mandlburget et al., 2020). 
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The energy directed to the active medium by a pumping 
mechanism causes the emission of energy in the form of 
radiation. The active medium is located between mirrors that 
make up an optical resonator. One of these mirrors is a 
unidirectional mirror (Szafarczyk and Tos, 2023). The radiation 
of the active medium is amplified by the resonator, however, 
only a limited quantity of radiation can leave the optical 
resonator through the unidirectional mirror. This radiation in the 
form of a beam is laser radiation (Szafarczyk and Tos, 2023). 
Light particles excited by electricity emit energy in the form of 
light. Laser radiation has four essential properties: coherence, 
monochromatic, strong beam concentration, and enormous 
power (Szafarczyk and Tos, 2023). The green laser is the 
neodymium-yag (Nd: YAG) laser and the name green comes 
from the colour of the laser beam which. The laser is 
characterized by a wavelength of 532 nm and is characterized 
by high precision. The laser’s performance reduces in low 
temperatures and requires a frequent charging of batteries 
(Szafarczyk and Tos, 2023). 

The penetration of light through water depends on its 
transparency. As such, the penetration depths are expressed in 
relation to the Secchi disc depth as opposed to meters (Idris et 
al., 2022). The Secchi disc is a white, matte circle-shaped plate 
with a standardized diameter and white and black checkered 
colour pattern. The transparency of the water is defined by the 
depth to which the disc is still visible once lowered into the 
water. Penetration of bathymetric laser systems is in the range 
of 1–3x the Secchi depth (Idris et al., 2022). 

2.2.3. Bathymetric examples using laser technology 

Many of the instruments used for ALB are relatively newer in 
practice and as such, there are not many scientific articles 
focused on these systems (Mandlburger et al., 2020). Fugro, 
RIEGL, and Atmospheric and Space Technology Research 
Associates LiDAR Technologies (ASTRALiTe) are examples of 
companies that recently developed ALB sensors targeted at 
UAVs (Quadros and Keysers, 2018). These ALBs are classified 
as either lightweight (15kg) and ultra-lightweight (5kg) 
(Quadros and Keysers, 2018). 

The RIEGL VQ-840-G and Fugro RAMMS (Rapid Airborne 
Multibeam Mapping System) sensors are both lightweight and 
swath capable (Quadros and Keysers, 2018). Furthermore, the 
RIEGL VQ-840-G can be used with larger UAV platforms for 
both coastline and shallow-water waterway mapping (1.5 x 

Secchi depth). The Fugro RAMMS ALB sensor uses push 
broom technology. Therefore, it can be mounted on fixed-wing 
UAVs with greater depth penetration of up to 3 x Secchi depth 
(Quadros and Keysers, 2018). The ASTRALiTe is an ultralight 
topographic-bathymetric (topo-bathy) LiDAR sensor, and it is 
swath capable. 

The University of Colorado (CU) developed a novel 
bathymetric LiDAR technology and signal processing technique 
that uses the polarization state of the reflected laser pulse to 
distinguish between returns from the water surface and from the 
bottom of a river (Mitchell et al., 2010; Mitchell and Thayer, 
2014). Subsequently, an exclusive license of this LiDAR 
technology was established between CU and ASTRALiTe 
(Kinzel et al., 2021). ASTRALiTe developed a lightweight 
topo-bathymetric LiDAR called EDGE (< 5 kg) that can be 
deployed using a small UAS. Kinzel et al. (2021) assessed the 
performance of a compact USA-deployable topo- bathymetric 
LiDAR using the ASTRALiTe EDGE system. They found that 
under ideal conditions, depths up to 9.3 m could be detected by 
the LiDAR and consistent bed returns were observed for river 
depths between 4.4 and 5.5 m. 

Mandlburger et al. (2016) evaluated the RIEGL BathyCopter 
that uses short laser pulses in the green spectrum. The study 
found that the 3D points obtained using the RIEGL BathyCopter 
can be used to obtain riverbed geometry, grain roughness, 
waster surface and depth information which is useful for many 
hydrodynamic models. Mandlburger et al. (2020) assessed the 
performance and accuracy of the RIEGL VQ-840-G (12 kg), 
which is a fully integrated airborne laser scanner used for 
topographic and bathymetric surveying. The study found that 
the RIEGL VQ-840-G is suitable for mapping river channel 
bathymetry with the advantage that the sensor parameters can be 
adjusted. 

Mano et al. (2020) studied the measurement accuracy and 
measurement characteristics of the TDOT GREEN LiDAR 
sensor. The study found that the point cloud obtained using the 
sensor could be used to gather data about the riverbed 
topography accurately. Islam et al. (2022) also used the TDOT 
GREEN sensor to obtain river topo-bathymetry and vegetation 
attributes of a river basin in Japan. Results from the TDOT 
GREEN sensor were comparable to corresponding high 
resolution aerial images. 

Wang et al. (2022) evaluated the Mapper 4000U for shallow 
water bathymetry. The Mapper4000U is described as a 
lightweight (4.4 kg), compact topo-bathymetric LiDAR system. 
The system has a dual-wavelength laser and can measure 
shallow waters in small areas. The Mapper 4000U is a miniature 
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version of the SIOM Mapper5000 that has been designed for 
manned aerial platforms (Xing et al., 2019). Wang et al. (2022) 
found that the Mapper 4000U, coupled with a position and 
orientation system, can be used to simultaneously obtain land, 
water surface, and water bottom point clouds with a maximum 
detectable Secchi depth of 1.7–1.9 m. 

As an additional example of the performance of bathymetric 
LiDAR sensors, Awadallah et al., (2022) used three 
bathymetric LiDAR sensors, CZMIL (Coastal Zone Mapping 
and Imaging LiDAR) Supernova, Riegl VQ880-G, and Riegl 
VQ840-G with different acquisition approaches in mapping the 
Lærdal River bathymetry in Norway. The performance was 
evaluated based on comparing the sensors against a multibeam 
echosounder (MBES) (Norbit Winghead i77h, a terrestrial laser 
scanner (TLS) (Leica ScanStation P50), and by an 
intercomparison between the individual sensors. The study 
shows that all the LiDAR instruments provide high-quality 
representations of the river geometry and create a solid 
foundation for planning, modelling, or other work in rivers 
where detailed bathymetry is needed. Costa et al. (2009) also 
evaluated the performance of the Laser Airborne Depth Sounder 
(LADS) Mk II Airborne System in providing benthic habitat 
maps compared to ship-based multibeam (MBES) SONAR at 
the western coast of Puerto Rico. In terms of the overall cost 
and mapping capabilities, the bathymetric LiDAR works as an 
efficient alternative to the MBES in mapping and monitoring 
shallow water coral reef ecosystems at less than 50 m deep. 

2.2.4. Summary of sensors 

A summary of the active sensing approaches with examples is 
provided below: 

 Green LiDAR 

 Wavelength: A green LiDAR sensor operating in 
the green spectrum (around 532 nanometers) is 
often preferred for bathymetry. Green light 
provides better penetration in water compared to 
other wavelengths, allowing for accurate depth 
measurements. 

 Examples: Optech CZMIL Nova, RIEGL VQ-820- 
G, Velodyne VLP-16 Green. 

 Hybrid or Dual-Wavelength LiDAR 

 Wavelength: Some LiDAR systems use both green 
and infrared wavelengths to improve the accuracy 
of bathymetric measurements. The green 
wavelength is used for water penetration, while the 

infrared wavelength is employed for topographic 
mapping. 

 Examples: RIEGL VQ-840-G, Leica Chiroptera 
4X/5X. 

 Airborne Topographic LiDAR (with water penetrating 
capability) 

 Wavelength: Traditional airborne topographic 
LiDAR sensors, which typically operate in the 
near-infrared spectrum (around 1064 nanometers), 
can also be suitable for bathymetry if they have 
water penetrating capability. These sensors use an 
additional green channel or technology to enhance 
water penetration. 

 Examples: Leica ALS80, Teledyne Optech Titan, 
RIEGL VQ-880-G. 

2.2.5. Advantages and limitations of using LiDAR 
bathymetry 

Until the use of LiDAR bathymetry, surveyed data of coastal 
zones and the profile of water reservoirs had to be combined 
from various sources such as manual surveys and boat-based 
SONAR, in which the data were not uniform. This resulted in 
discrepancies in the data, due to various coordinate systems 
across data inputs, unique and disjunct characteristics of a given 
device/sensor, and changes in morphology due to the temporal 
variability from the data captured from the different devices 
(Bandini et al., 2013). 

Bathymetric LiDAR has various advantages over these 
preceding traditional methods: 

 Bathymetric LiDAR is a cost-effective solution for 
mapping the environment over large land and coastal zones 
(Szafarczyk and Tos, 2023). 

 The high resolution and accuracy of the data obtained make 
the LiDAR bathymetry technology an excellent tool for 
mapping, planning, maintaining, and managing national 
water bodies and coastal regions (Szafarczyk and Tos, 
2023). 

 Reduced payload, measurement in non-navigable areas, and 
high resolution and accuracy (differences of up to 8cm and 
correlations of up to 0.97) (Yoshida et al., 2019). 

The main limitations of the commercial bathymetric LiDAR 
systems are (a) their cost, (b) difficulties in mapping river 
regions with riffles and outlets of weir basins, (c) auto-
classification errors in 
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vegetated regions (Bandini et al., 2013; Awadallah et al., 
2022), and (d), interference from suspended sediments in the 
water column. 

3. Acoustic Sensing 

Acoustic sensors typically rely on active sensing by emitting 
acoustic waves and measuring the reflected, scattered, and 
absorbed energy. Examples of acoustic sensing are GPR and 
SONAR in which water depths measured by GPR and SONAR 
are subtracted from WSE’s to compute bathymetry. 

3.1. Ground-penetrating radar 

GPR is typically used on terrestrial landscapes to detect 
subsurface features such as buried utilities, bedrock, or 
archaeological artifacts. GPR can also be used in bathymetric 
studies to map seafloor or riverbed profiles. The basic principle 
of GPR is to send electromagnetic waves into the ground and 
measure the reflections that bounce back. GPR data can also be 
combined with other bathymetric data, such as SONAR, to 
provide a more complete subsurface measurement. 

In bathymetric applications, GPR systems can be mounted on a 
boat and emits electromagnetic waves that penetrate the seafloor 
or riverbed. The time taken for the reflections to return is 
measured and is then used to estimate the depth of the seafloor 
or riverbed. The use of boat-mounted GPR has been 
successfully used to monitor bathymetry in lakes (Kidmose et 
al., 2013; Swain, 2018) and rivers (Sambuelli et al., 2009). The 
high electric conductivity and high relative dielectric 
permittivity of water make GPR-based bathymetry monitoring 
of liquid freshwater more challenging than monitoring of ice or 
snow. 

As an example, Bandini et al., 2013 used the GPR antenna 
Gekko-80 with RTS1600 data processing unit with a DJI 
Matrice 600 UAV. The drone was equipped with a radar 
altimeter (UgCS, SPH Engineering, Latvia) to enables flight at 
constant and low altitude in automatic flight missions. Drone-
borne GPR showed accuracy similar to water-coupled GPR, 
and the GPR measurements were benchmarked against 
traditional SONAR measurements, showing that GPR 
measurements significantly outperform SONAR measurements 
in waterbodies with medium or high density of aquatic 
vegetation. An example of a Guden 13859 radargram from this 
study is shown in Figure 4. 

The limitations of drone-borne GPR are (a) restrictive 
minimum depth requirement (typically 0.8–1.1 m for drone- 
borne GPR, while 0.3–0.4 m for water-coupled GPR (Bandini 
et al., 2013) which implied poor results close to streambanks, , 
and (b) requirement to fly the GPR antenna fixed at altitudes of 
approx. 0.5 m above the water surface (Bandini et al., 2013). 

3.2. Sound Navigation and Ranging 

SONAR works in bathymetric surveys by emitting sound waves 
into the water column and measures the time taken for the 
waves to bounce back from the seafloor or riverbed. The speed 
of sound in water is influenced by factors such as temperature, 
salinity, and density. The measured time is used to calculate the 
distance between the SONAR transducer and the seafloor or 
riverbed. Measured depths can then be used to produce a 
bathymetric map. To obtain accurate results, the position and 
attitude of the system are necessary, so GNSS and IMU are 
used. 

In rivers, single beam or multi-beam SONAR on- board 
manned or unmanned vessels are used (Bio et al., 

 

 

Figure 4 Guden 13859 radargram is shown in (a) water-coupled and (b) drone-based (Bandini et al., 2013). 
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2020; Halmai et al., 2020; Leyland et al., 2017; Specht et al., 
2020; Stateczny et al., 2019; Young et al., 2017). A single beam 
SONAR measures the bathymetry using a single beam that 
produces measured depths. It performs well in generating 
seafloor profiles and is used to assist navigation in real time. A 
multi-beam SONAR measures the bathymetry using an array of 
beams and supplies an larger swath of measured depths 
perpendicular to the vessel. The application of multibeam 
technology for bathymetry requires significant further 
investment in technologies and may inappropriate for all water 
body spatial scales. However, single- beam surveying remains a 
low-cost and effective mapping technique (Dinehart, 2002), and 
has been used to identify bedform movement in fluvial systems, 
such as the Jamuna, Mississippi and San Joaquin Rivers 
(Diehart, 2002; Ashworth et al., 2000). 

SONAR systems have the following limitations: 

 Challenges in measuring very shallow depths due to surface 
clutter and multipath effects (Albright Blomberg et al., 
2013) at commonly used frequencies (less than 1 MHz). 

 The accuracy of SONAR significantly degrades in 
vegetated rivers (Helminen et al., 2019). This is attributed 
to the high level of reflection of sound waves from the 
vegetation which can result in depth measurements within 
vegetation canopy (Sabol, 2002). 

 Deployment of boats can be complicated in remote areas 
and is limited to navigable water or, especially for 
unmanned vessels, locations with dense floating aquatic 
vegetation. 

To alleviate the issues of SONAR deployment in remote areas 
or non-navigable rivers, researchers (Alvarez et al., 2018; 
Bandini et al., 2018) and recently companies (e.g., UgGS-SPH 
Engineering (Latvia) and Thurn group (UK)) have developed 
SONAR systems tethered to an Unmanned Aerial System 
(UAS). However, the tethered SONAR has to remain in contact 
with water throughout the survey, which complicates automatic 
pilot flights and reduces the possibility to perform beyond visual 
line of sight flights. An example of a tethered system, the Bathy 
-drone system which uses a Lowrance Elite ti7 SONAR sensor 
attached to a DJI M600 drone (Diaz et al., 2022), is shown in 
Figure 5. 

As a further example, Bandini et al., 2018 integrated two types 

 

 
 

Figure 5 Tethered Bathymetry system which uses a Lowrance Elite ti7 SONAR 
sensor attached to a DJI M600 drone (Diaz et al., 2022). 

 

 
of UAS sampling techniques, as shown in Figure 6. The first 
coupled a small UAS (sUAS) to a low-cost, single beam 
echosounder attached to a boat towed by a DJI Phantom 3 Pro 
for surveying submerged topography in deeper water within the 
range of accuracy. The second uses SfM photogrammetry to 
cover shallower water areas no detected by the echosounder 
where the bed is visible from the sUAS. The final product was 
an interpolated raster layer. The resultant water depths ranged 
from 0 to 5.11 m, with the minimum depths detected from 0 to 
0.05 m as shown in Figure 7. 

4. Summary of Sensing Technologies 

This report investigated (a) optical sensors, which actively 
measure reflected energy or passively sense reflected or 
scattered light using hyper- or multispectral imaging strictly in 
the visible light spectrum, and (b) acoustic sensors, which 
actively sense by emitting acoustic waves and measuring the 
reflected, scattered, and absorbed energy. 

Optical sensors can be categorized as either being passive, 
whereby backscattered solar radiation from the bottom of the 
water body is used for depth measurements, or active, in which 
reflected energy is actively measured by simultaneously using 
of two lasers in the light range (i.e., infrared and green 
wavelengths). Passive approaches include spectral and 
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Figure 6 Small UAS-echosounder system. (A) shows the DJI Phantom 3 Pro UAV propelling a mini-boat 
carrying the single-beam echosounder. (B) shows the DJI Phantom 3 Pro UAV, Deeper Smart SONAR 

Pro+ wireless SONAR, designed boat and an Android tablet (Diaz et al., 2022). 

Figure 7 Water depths as determined using small 
UAS-echosounder system 

(Bandini et al., 2018). 

 

multimedia photogrammetry. These approaches perform well in 
environments with homogenous sediments (such as coastal 
environments) and with surface bottoms that are sufficiently 
textured (such as large boulders or rocks). However, passive 
approaches are limited to waterbodies with high water clarity. 
Green LiDAR is an active approach that provides a cost- 
effective solution for large land and coastal zones and offers 
payloads compatible with many commercial UAV’s. This also 
allows for measurements in often difficult to reach areas and 
provides high resolution and accuracy. The main limitations of 
the commercial LiDAR systems are (a) their cost depending on 
the project budget, (b) mapping regions in river with riffles and 
outlets of weir basins, (c) auto-classification errors in vegetated 
regions, and (d) interference from high suspended solid loads. 

Acoustic sensors typically rely on active sensing by emitting 
acoustic waves and measuring the reflected, scattered, and 
absorbed energy. Water depth observations, retrieved by GPR 
and SONAR, are subtracted from the WSE to compute 
bathymetry. 

GPR is typically used on land and can also be used in 
bathymetric studies to map the seafloor or riverbed. The basic 
principle of GPR is to send electromagnetic waves into the 
ground and measure the reflections that bounce back. SONAR 
works similarly in bathymetric surveys whereby sound waves 
are emitted into the water column and the time taken for the 
waves to bounce back from the seafloor or riverbed is measured 
and corelated to a depth. 

Bathymetry-based GPR performs well when compared to in situ 
bathymetry measurements. Furthermore, the application of 
airborne GPR has showed accuracy similar to water-coupled 

GPR. GPR measurements were also shown to significantly 
outperform SONAR measurements in waterbodies with medium 
or high density of aquatic vegetation. The limitations of airborne 
GPR are (a) more restrictive minimum depth requirement 
(typically 0.8–1.1 m, which have implied poor results close to 
streambanks, making it not applicable in narrow and very 
shallow rivers), and (b) requirement to fly the GPR antenna at 
altitudes of approximately 0.5 m above the water surface 
throughout. 

SONAR systems can be broadly categorized into single-beam 
and multi-beam systems with single-beam surveys being more 
cost effective. SONAR systems performs poorly in measuring 
very shallow depths due to surface clutter and multipath 
effects. SONAR’s accuracy significantly degrades in vegetated 
rivers which is attributed to the high level of reflection of 
sound waves from the vegetation. The application of SONAR 
on boats can be complicated in remote areas and is limited to 
navigable water or, especially for unmanned vessels, locations 
without dense floating aquatic vegetation. 

The objective of this exploration was to identify a robust 
approach that performs well in all environments, perform 
repeatable measurements, and can conduct surveys in remote / 
difficult to access river reaches. Based on a review of the 
current trends in the literature, green laser (i.e., LiDAR) appears 
to be best suited to further study and implementation in 
Southern African systems. 

5. Green LiDAR Sensors and Platforms 

The first measurement system allowing for the simultaneous 
measurement of the topography of the area and the depth of a 
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water reservoir was introduced in 2001 (Quadros, 2013). 
Various new sensors have been developed to measure both 
topography and shallow water bathymetry from an airplane or 
drone. Currently, available drones equipped with a bathymetric 
LiDAR allow the measurement of up to 40,000 points per 
second on a deep bathymetric channel and up to 140,000 points 
per second on a shallow bathymetric channel (Mandlburger, 
2022). Current bathymetric measurement platforms include 
surface ships, underwater platforms, aircraft, and satellites. 

5.1. Satellite-borne sensors 

SDB conducted through multispectral satellite image processing 
has been used for ocean mapping. It provides bathymetry using 
physics-based models at a coarser spatial resolution compared 
to conventional acoustic surveying (Mandlburger, 2022). High-
resolution satellite sensors, such as the DigitalGlobe’s 
WorldView-2 and -3, Sentinel-2A/B and Quick Bird (Said et 
al., 2017) have been shown to be cost- and time- effective 
solutions for shallow water bathymetry (Doxani et al., 2012; 
Jawak et al., 2015; Caballero et al., 2020). 

5.2. UAV-borne sensors 

Traditionally, bathymetric laser scanners could only be operated 
from manned platforms such as aircraft, helicopters, or 
gyrocopters due to weight prerequisites. With ongoing sensor 
research and development of uncrewed aerial platforms, more 
compact and integrated laser scanners are being integrated on 
both fixed-wing and multi-rotor UAVs. Drones are typically 
operated at low flying altitude of about 50–120 m above ground 
level and with moderate flying velocity of 4–10 m.s-1, entailing 
a significantly smaller laser footprint size, as well as a higher 
point density. Therefore, drones allow a higher spatial 
resolution compared to operation from crewed airborne 
platforms at higher altitudes. Furthermore, due to the shorter 
measurement range, more signal strength is available for 
penetrating a water body. 

 

 

Figure 8 The ASRTALiTe EDGE airborne laser sensor mounted to 
a DJI M600 UAV. 

 

ASTRALite EDGE 

The ASTRALiTe EDGE, as shown in Figure 8, is a LiDAR 
sensor that can perform topographic and bathymetric surveys. 
The sensor is able to detect underwater objects, survey 
underwater infrastructure, and measure shallow water depths. 
The system consists of an IMU with GNSS, onboard computer, 
and battery pack. The sensor uses a 30-mW laser and is 
typically operated from a flying altitude of approx. 20 m above 
ground level. The small weight of approx. 5 kg allows for the 
integration on many commercially available multi-rotor UAV 
platforms such as the DJI M600 UAV. The sensor has an 
precision / accuracy of 5-10 mm and a depth penetration of 0-5 
m and >1.5 SD. 

The performance of the ASRTALiTe EDGE sensor has been 
evaluated in the study by Kinzel et al. (2021). The study 
reported that the correspondence of LiDAR depths varies 
between 0.60 to 0.97 against RTK measurements and 0.72 
against the MBES measurements. Moreover, the study showed 
that the sensor maps deeper in gravel-bedded rivers, compared 
to sand-bedded rivers which have lower suspended sediment 
concentration. Kinzel and Legleiter (2019) also evaluated the 
performance of the ASRTALiTe EDGE sensor and showed the 
sensors applicability in measuring water profiles in waterbodies 
up to 1.2 m deep, with a strong correlation between sensor 
measurements and in situ manual measurements at shallow 
depths (R² = 0.95) and a lower correlation in deeper regions (R² 
= 0.61). 

The limitations of the sensor include: (a) a limited areal 
coverage measurements performance due to a maximum flight 
altitude of 20 m above ground level (as an example, a nominal 
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height of 4 m above the water surface resulted in only a 2 m 
swath (Kinzel and Legleiter, 2019)), (b) a moderate 
performance in bathymetry of between 1 and 2 SD’s, and (c) 
poor performance in distinguishing between water surface and 
profile bottom returns in water depths less than 0.15 m (Kinzel 
and Legleiter, 2019). 

RAMMS 

The RAMMS (Mitchell, 2019; Ventura, 2020) is a topographic 
and bathymetric laser scanner with a depth penetration of 3 SD. 
The sensor uses a push broom technique. The measurement 
resembles the principle of multibeam echo sounding with a 
single ping and multiple transducers. The system weighs 14 kg 
and is designed for integration on light aircraft, helicopters and 
on UAV platforms. The system has been designed for large 
scale coastal bathymetric mapping projects (areas greater than 
10 000 km²). 

Limitations of the system include, (a) large payload 
necessitating the need for an aircraft or advanced UAS such as 
the Schiebel CAMCOPTER S-100 as compared to a 
commercial drone, (b) the system generates large datasets, 
which restricts free cloud based sharing and requires shipping of 
physical hard drives, and (c) the systems performance is reduced 
in regions of deeper water, rapids and poor water clarity. 

The Teledyne Optech CZMIL 
The Teledyne Optech CZMIL, as shown in Figure 9, is an 
airborne multi-sensor used for topographic and bathymetric 
surveys (Wozencraft, 2010; Ramnath et al., 2015; Feygels et 
al., 2017). The laser has been used in coastal applications due 
to the high laser energy per pulse characteristic (Wozencraft, 
2010; Ramnath et al., 2015). Laser energy and the point 
density are negatively correlated and as such the system 
comes at a point density cost due the high laser penetration. 
 (Quadros, 2013). 

 
 

Figure 9 The Teledyne Optech CZMIL airborne laser scanner. 

 

The RIEGL VQ-840-G 

The RIEGL VQ-840-G, as shown in Figure 10, is a complete 
airborne laser scanner for both topographic and bathymetric 
surveying. The instrument can be equipped with a factory 
calibrated IMU/GNSS system and with an industrial camera. 
The VQ- 840-G LiDAR has a total volume of 20.52 L and 
weighs 12 kg. The system can be installed on various platforms 
including UAVs. The laser scanner comprises a frequency- 
doubled infrared laser, emitting pulses with about 1.5 ns 
duration at a wavelength of 532 nm and at a PRR of 50–200 
kHz (Mandlburger et al., 2020). 

The VQ-840-G utilizes a Palmer scanner generating an 
elliptical scan pattern on the ground. The scan speed can be set 
between 10–100 lines.s-1 to generate an even point distribution 
in the center of the swath. A higher point density is produced 
towards the edge of the swath where the consecutive lines 
overlap. 

For drone-based bathymetric LiDAR sensors, the performance 
of the Riegl VQ840-G has been evaluated by Mandlburger et al. 
(2020). These authors showed a close performance to the Riegl 
VQ880-G, which has been applied for bathymetric surveys of 
up to 9m deep. In comparison, the performance of the 
ASTRALite EDGE and CZMIL sensors have both been found 
to be vulnerable to missing the river bottom at those locations 
and in some cases reported the water surface as the river bottom 
(Mandlburger et al., 2020). 

 

 

Figure 10 The RIEGL VQ-840-G airborne laser scanner. 

 

RIEGL – VQ-840-GL 

The RIEGL VQ-840-GL, as shown in Figure 11, is a newer 
(2022) airborne laser scanner by RIEGL that combines 
topographic and bathymetric surveying. The LiDAR system has 
an updated design that reduces weight to less than 10 kg. The 
scanner uses a visible green laser beam to measure underwater 
topography and can penetrate water to measure submerged 
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targets. The sensor can be complemented with an IMU for 
subsequent estimation of the instrument’s location and 
orientation. A high-resolution digital camera can also be 
integrated. 

 

Figure 11 The RIEGL VQ-840-GL airborne laser scanner. 

6. Synthesis 

The primary purpose of an E-flow study is to determine the 
amount of water required to maintain the ecological integrity of 
a water-dependent ecosystem, thereby protecting the function of 
that system. Traditionally, in situ measurements have been used 
to inform E-flows assessments. However, such measurements 
do not always provide adequate spatial representativeness, and 
information may not be readily available to stakeholders or 
policy makers. This has led to the exploration of remotely 
sensed data collection techniques. In this context, this report 
aimed to investigate options around UAV-based water 
penetrating surveying techniques for identifying the below 
water profiles of river channels to create a high-resolution DEM 
for the purpose of carrying out hydraulic modelling linked to E- 
flow studies. Airborne laser bathymetry techniques appear 
favourable compared to spectrally derived bathymetry, 
multimedia photogrammetry, GPR and SONAR techniques. A 
non-exhaustive list of the best current LiDAR sensors was 
reviewed, with several options highlighted that seem best suited 
to further study and implementation in a Southern African 
context.  
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