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Abstract: This study aims to create virtual reality (VR) geovisualizations using 3D point clouds
obtained from airborne LiDAR technology. These visualizations were used to map the current state
of river channels and tributaries in the Thessalian Plain, Greece, following severe flooding in the
summer of 2023. The study area examined in this paper is the embankments enclosing the tributaries
of the Pineios River in the Thessalian Plain region, specifically between the cities of Karditsa and
Trikala in mainland Greece. This area was significantly affected in the summer of 2023 when flooding
the region’s rivers destroyed urban elements and crops. The extent of the impact across the entire
Thessalian Plain made managing the event highly challenging to the authorities. High-resolution 3D
mapping and VR geovisualization of the embarkments encasing the main rivers and the tributaries
of the Thessalian Plain essentially provides information for planning the area’s restoration processes
and designing prevention and mitigation measures for similar disasters. The proposed methodology
consists of four stages. The first and second stages of the methodology present the design of the
data acquisition process with airborne LiDAR, aiming at the high-resolution 3D mapping of the
sites. The third stage focuses on data processing, cloud point classification, and thematic information
creation. The fourth stage is focused on developing the VR application. The VR application will allow
users to immerse themselves in the study area, observe, and interact with the existing state of the
embankments in high resolution. Additionally, users can interact with the 3D point cloud, where
thematic information is displayed describing the classification of the 3D cloud, the altitude, and the
RGB color. Additional thematic information in vector form, providing qualitative characteristics, is
also illustrated in the virtual space. Furthermore, six different scenarios were visualized in the 3D
space using a VR app. Visualizing these 3D scenarios using digital twins of the current antiflood
infrastructure provides scenarios of floods at varying water levels. This study aims to explore the
efficient visualization of thematic information in 3D virtual space. The goal is to provide an innovative
VR tool for managing the impact on anthropogenic infrastructures, livestock, and the ecological
capital of various scenarios of a catastrophic flood.

Keywords: geovisualization; LIDAR; UAS; flooding; virtual reality

1. Introduction

Light Detection and Ranging (LiDAR) technology in geospatial applications has seen
significant advancements over the past two decades, providing precise and detailed data
necessary for various domains such as environmental monitoring, urban planning, and
disaster management [1]. LIDAR is a remote sensing method that uses light as a pulsed
laser to measure variable distances to the Earth’s surface. This technology, particularly
when integrated with mobile and airborne platforms, has transformed the capabilities for
3D mapping and geovisualization [2].

Airborne LiDAR has become a critical tool for capturing high-resolution 3D representa-
tions of the Earth’s surface [3]. By emitting laser pulses from an aircraft and measuring the
time it takes for these pulses to return after hitting objects on the ground, LiDAR generates
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precise point cloud data [4]. These data are invaluable for creating digital elevation models
(DEMSs) and other 3D representations essential for flood modeling and risk assessment [5-8].
The ability of LiDAR to penetrate vegetation and provide accurate ground measurements
makes it especially useful in densely vegetated floodplains where traditional surveying
methods may be less effective [9,10].

In recent years, the integration of LIDAR with other technologies has expanded its
application scope [11-13]. Combining LiDAR data with hydrological and hydraulic models
enhances the accuracy of flood predictions and risk assessments. These integrations allow
for the simulation of flood events under various scenarios, improving the understanding of
flood behavior and aiding in developing effective mitigation strategies [14-17]. The detailed
topographic information obtained from LiDAR is crucial for identifying flood-prone areas
and planning infrastructure to minimize flood impacts.

Virtual reality (VR) technology represents a significant advancement in the geovisu-
alization of geospatial data [18-21]. VR provides immersive environments where users
can interact with 3D models of landscapes and infrastructure [22-24]. This interaction is
particularly beneficial for visualizing flood scenarios and assessing their potential impacts.
VR allows stakeholders, including scientists, policymakers, and the public, to explore
complex data intuitively and engagingly [25-27]. It also enhances communication and
collaborative decision-making by providing a more accessible representation of flood risks
compared to traditional maps and models [28-30].

This study aims to develop VR geovisualizations utilizing 3D point clouds collected
through airborne LiDAR technology. This approach is intended for the 3D mapping of
the current state of river channels and tributaries within the Thessalian Plain following
catastrophic flooding in the summer of 2023. This study specifically focuses on the levees
of the rivers and tributaries in the Thessalian Plain, mainland Greece, an area signifi-
cantly impacted by flooding that destroyed urban elements and crops. High-resolution
3D mapping and VR geovisualization of the embankments surrounding the main rivers
and tributaries provide vital information for planning restoration processes and designing
prevention and mitigation measures for future disasters. Integrating LIDAR data into VR
platforms involves creating realistic 3D models augmented with real-time flood simulation
data, allowing users to visualize potential flood scenarios dynamically. This immersive
experience helps comprehend complex flood dynamics and assess the potential impact on
communities and infrastructure.

This study contributes significantly to the field of cartography and 3D geovisualization.
It explores the efficient transfer of thematic information into the 3D virtual space, providing
an innovative tool for managing the impacts of natural disasters, specifically flooding.
The high-resolution 3D mapping and VR geovisualizations could offer critical information
for planning restoration processes and designing prevention and mitigation measures for
similar disasters in the future. The proposed approach represents a notable advancement in
integrating geospatial technologies with immersive VR applications, enhancing the ability
to visualize and analyze environmental impacts in a detailed and interactive manner. This
study addresses the significant challenge of flood risk management by leveraging airborne
LiDAR for high-precision 3D mapping and employing VR for immersive geovisualizations
of six flood scenarios. These technologies collectively enhance the ability to predict, prepare
for, and mitigate the impacts of flood events, ultimately contributing to more resilient
communities and better-informed decision-making processes.

2. Materials and Methods

This study employs a comprehensive methodology involving four main stages:
(i) LiDAR flight planning, (ii) data acquisition, (iii) data processing, and (iv) geovisu-
alization (Figure 1). The initial stage involves planning LiDAR flights. Sensor L1 was
utilized, with a linear flight path and a front overlap of 85%. The flights are conducted at
an altitude of 70 m., ensuring a point density exceeding 300 points per square meter. The
data capture multiple returns (3 and 5), enhancing the accuracy and detail of the collected
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information. In the data acquisition stage, a total of 15 flights are conducted. These flights
yield over 3000 photos and point clouds with a total point count of 50,462,349. The total
mapped area covers 35 km in length and 100 m. in width.
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Figure 1. The methodological workflow followed to conduct the study.

The processing stage begins with the classification of the 3D point cloud into two
primary classes: ground and no ground. The classified point cloud is then rasterized to
create a digital terrain model (DTM). From the DTM, contours are generated to represent
elevation changes. Concurrently, image-based 3D modeling techniques are applied to
produce detailed 3D models and orthomosaics. These models are used for 3D comparisons
and flood analysis, providing insights into terrain variations and potential flood zones.
The final phase involves geovisualization, where the processed data are transformed into
3D web maps with thematic layers. These layers include topography, classes, elevation,
density, and contours, offering a multi-faceted terrain view.

A VR application has also been developed, allowing for interactive experiences such
as pop-ups and teleportation within the virtual environment. The completed visualizations
and analyses are published online, making them accessible for further research and public
viewing. This methodology proposes a detailed and accurate representation of the mapped
area, combining advanced LiDAR technology with sophisticated data processing and
visualization techniques.

2.1. Study Area

The Thessalian Plain, located in central Greece, is one of the country’s most significant
agricultural regions, known for its fertile soil and extensive farming activities (Figure 2).
The plain is bordered by the Pindos Mountain range to the west and the Aegean Sea to
the east, with the Pineios River crossing the area, providing essential water resources for
agriculture and local communities.
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Figure 2. Study area. The blue color indicates the embankments enclosing the tributaries of the
Pineios River between the cities of Karditsa and Trikala. The inset maps indicate the study area in red.

In the summer of 2023, the Thessalian Plain experienced an unprecedented flood
due to extreme weather conditions exacerbated by climate change. Heavy and prolonged
rainfall from severe thunderstorms led to the Pineios River and its tributaries overflowing
their banks. The flood caused widespread devastation across the region, impacting urban
and rural areas. The rainfall intensity during the event was recorded at levels significantly
higher than the historical average. Meteorological data indicated that some areas received
over 300 mm of rain from 3 September 2023 to 7 September 2023, overwhelming the existing
drainage infrastructure [31]. The Pineios River had a dramatic rise in water levels, with
its peak flow reaching approximately 1950 m®/s, leading to severe flooding across the
Thessalian Plain. The flooding affected over 720 km? of the Thessalian Plain, including
major towns and villages, leading to extensive damage to homes, infrastructure, and
agricultural lands [32]. The rapid accumulation of water led to flash floods, particularly in
low-lying areas of the plain. The Pineios River, already characterized by its meandering
nature and dynamic fluvial processes, saw an unprecedented rise in water levels. The
geomorphological features of the river, including its wide floodplain and alluvial deposits,
contributed to the rapid spread of floodwaters [33].

The flood severely damaged the local economy, particularly in the agricultural sector.
Thousands of hectares of crops, including cotton, corn, and wheat, were destroyed. Live-
stock losses were also substantial, with many animals drowning or perishing due to a lack
of access to dry land and food [34]. The floodwaters inundated homes, businesses, and
public infrastructure, leading to an estimated economic loss of several hundred million
euros [34]. Environmentally, the floodwaters carried pollutants and sediments, contami-
nating water supplies and leading to soil erosion. The ecosystem disruption also affected
local wildlife, with many species losing their habitats due to the extensive flooding. The
sediment transport and deposition processes inherent to the river’s geomorphology played
a significant role in redistributing nutrients and contaminants across the floodplain.
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An estimated 28,000 people were affected in the impacted areas [35]. The Greek
government, along with international aid organizations, provided immediate relief in the
form of food, water, medical supplies, and temporary shelter. Long-term recovery efforts
focused on rebuilding infrastructure, restoring agricultural productivity, and improving
flood defenses.

2.2. Fieldwork and Equipment

The DJI Matrice 300 (M300) is a versatile and robust aerial platform for various
applications. Equipped with advanced sensors and flight capabilities, up to 55 min of
flight time, and various safety features, the M300 has high standards for unmanned aerial
vehicle (UAV) performance. In this study, we coupled the drone with the Zenmuse L1
LiDAR sensor, and the M300 became a powerful tool for high-precision aerial surveying
and mapping. The Zenmuse L1 integrates a Livox LIDAR module, a high-accuracy IMU,
and a camera with a 1-inch CMOS sensor, providing real-time 3D data with centimeter-level
accuracy. L1 also features an integrated RGB camera with a 20-megapixel resolution and a
24 mm focal length lens.

This combination allows for efficient data collection in complex environments, making
it ideal for topographic mapping, forestry management, and infrastructure inspection
applications. Integrating the L1 sensor with the M300 UAV ensures seamless data capture
and processing, enhancing the accuracy and efficiency of geospatial data acquisition.

2.3. Data Acquisition

This paper focuses on the embankments surrounding the tributaries of the Pineios
River in the Thessalian Plain region, specifically between the cities of Karditsa and Trikala
in mainland Greece. In the summer of 2023, this area experienced significant damage as
flooding the region’s rivers destroyed urban infrastructure and crops. The widespread
impact of the flood across the entire Thessalian Plain posed significant challenges for the
authorities in managing the event. The survey area encompassed four distinct regions
within the Thessalian Plain (Figure 2). The initial mapping of the study area necessitated
the development of 7 different flight plans.

The data acquisition campaigns were conducted through a series of flights from
24 to 27 February 2024, covering approximately 36 km along linear infrastructures such
as river channels and tributaries. To ensure efficient data acquisition, the flights were
organized into four corridors. The distribution of the data acquisition flights is as follows:
(i) 24 January 2024: 3 flights (Corridor A1); (ii) 25 January 2024: 8 flights (Corridors Al
and A2); (iii) 26 January 2024: 6 flights (Corridor A3); and (iv) 27 January 2024: 3 flights
(Corridor A4). The flights were conducted between 08:00 and 13:00 every day. From 24
January to 26 January, the weather conditions remained consistent, characterized by relative
cloudiness, low humidity, wind speeds of 1-2 Bf., and temperatures ranging from 3 to
6 degrees °C. The details of these flights are outlined in Table 1 below. Throughout all flight
plans, the selected flight altitude was consistently maintained at 80 m above the takeoff
point. The flight altitude was chosen to achieve a necessary point cloud density greater
than 350 pts/ m?2.

Table 1. Data acquisition details.

. Height of Point Density GSD
Area Date Total Flights Flight (pts/m?) (cm/pix) Front Overlap Length
1 24 January 2024 7 80 m 393 pts/ m? 2.18 cm 80% 12.199 m
2 25 January 2024 4 80 m 393 pts/ m? 2.18 cm 80% 7.080 m
25 January 2024 2 0
3 26 January 2024 5 80 m 393 pts/m 2.18 cm 80% 8.377 m
4 26 January 2024 4 80 m 393 pts/m? 218 cm 80% 8.055 m

27 January 2024
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In Figure 3, a linear flight plan is presented. This study analyzes and presents the
results of the flood analysis conducted in this area. All the flood impact geovisualizations
pertain to this specific area.
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Figure 3. Linear flight plan for data acquisition of the study area.

Data acquisition using unmanned aerial vehicles (UAVs) and airborne LiDAR tech-
nology presents a highly efficient method for capturing detailed geographic information,
especially in areas where access is physically challenging. The embankments surrounding
the tributaries of the Pineios River in the Thessalian Plain region are long linear structures.
They have heights ranging from approximately 2 to 5 m and lengths spanning from 7 kilo-
meters to 12.2 kilometers across the entire study area. Challenges in this method often
include navigating through difficult terrains such as dense forests, mountainous areas, or
environmentally sensitive zones where ground access is restricted or impossible. Further-
more, weather conditions, regulations, and sensor calibration can affect UAV operations
and data accuracy.

2.4. Processing
2.4.1. Point Cloud Classification

Data processing classified the points collected with airborne LiDAR into two classes:
(i) ground and (ii) no ground. This process, leveraging the LiDAR Sensor L1 and point
cloud classification techniques within ArcGIS Pro v3.0.0, involves several key steps to
classify LiDAR point clouds accurately. Upon acquiring LiDAR point cloud data, the initial
preprocessing phase focuses on enhancing data quality. Noise reduction techniques are ap-
plied to filter out erroneous points, ensuring a cleaner dataset. Additionally, normalization
processes standardize the data, facilitating consistent analysis and interpretation.

Feature extraction is a critical stage where relevant attributes are derived from the
point cloud. These features, including elevation, intensity, and point density, provide
valuable information for distinguishing ground surfaces from vegetation. By capturing the
geometric and spatial characteristics of points, feature extraction lays the foundation for
accurate classification.

The subsequent step involves creating a labeled dataset for training the deep learning
model. Manual annotation of a point cloud subset assigns labels such as ‘ground” and
‘vegetation’ to points, enabling supervised learning (Figure 4). This annotated dataset
serves as the basis for training a convolutional neural network (CNN) within ArcGIS Pro.
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Figure 4. Examples of ‘Ground” and ‘No ground’ classes from the manually annotated subset of the
point cloud are depicted in gray and brown colors, respectively.

CNN architecture is designed to learn and classify points effectively based on their
extracted features. The model learns to differentiate between ground and vegetation points
through iterative training using the labeled dataset. Data augmentation and regularization
are employed to enhance model performance and prevent overfitting. Integration of the
trained CNN into ArcGIS Pro facilitates seamless application to the entire point cloud
dataset. The software processes each point, classifying it as either ground or vegetation
based on learned patterns. Post-processing steps involve validation and refinement to
ensure the accuracy and reliability of the classification results. Using deep learning through
ArcGIS Pro, the process of point cloud classification into ground and vegetation from
LiDAR Sensor L1 data is a systematic and rigorous methodology. Leveraging advanced
computational techniques and geospatial tools, this approach enables precise analysis and
interpretation of LiDAR data for various environmental and urban applications.

2.4.2. Image-Based 3D Modeling

According to the methodology, the next stage involved data processing to generate a
3D point cloud, 3D models, and high-resolution orthomosaics of river canals. Photogram-
metric and image-based 3D modeling methods were employed to produce cartographic
outcomes. The image-based 3D modeling processing steps were consistent across all
datasets for each recording date.

Initially, an expert photo interpreter conducted the Very High-Resolution Image
(VHRI) quality control visually and subsequently used the Image Quality Index (IQI)
algorithm. Images exhibiting blurriness, shaking, overexposure, or containing portions
of the horizon were excluded through visual inspections. VHRIs with IQI index values
outside the 0.5-1 range were rejected in the subsequent processing steps.

The VHRIs deemed suitable for photogrammetric processing were imported into
Agisoft Metashape v1.7.4 software, where image alignment was performed [36]. The
alignment process employed Structure-from-Motion (SfM) algorithms, including Scale
Invariant Feature Transform (SIFT) and Random Sample Consensus (RANSAC). This
process resulted in a sparse point cloud, which was then densified using the Multi-View
Stereo (MVS) algorithm. The resulting dense 3D point cloud served as the foundation for
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creating a 3D mesh. Spatial interpolation connected the points into a Triangulated Irregular
Network (TIN), forming a single 3D mesh. This mesh was then textured with photorealistic
textures, producing a textured 3D model.

Subsequently, a Digital Surface Model (DSM) was generated to describe the area’s
elevation, followed by orthorectification of the image pixels to create the orthomosaic. This
processing was applied to the data collected across eight recording dates for each of the
three different scales. The outcomes of the image-based 3D modeling processing utilized for
developing the virtual reality (VR) application included 3D models and orthophoto maps.

2.4.3. Flood Analysis

Flood impact analysis is a critical process in mitigating and managing flood risks.
Using ArcGIS Pro, this analysis can be conducted effectively with high-resolution digital
terrain models (DTMs). This text outlines the process of flood impact analysis using a
DTM with a spatial resolution of 10 cm, where the highest height is 133 m and the lowest is
121 m.

First, the high-resolution DTM is imported into ArcGIS Pro. The 10 cm spatial resolu-
tion allows for detailed surface modeling, which is crucial for accurately mapping flood
extents and depths. The height range of 121 m to 133 m will be used to identify areas at
different flood risks. The next step is preprocessing the DTM. This includes filtering out
noise and ensuring the data accurately represent the terrain surface. Hydrological tools
within ArcGIS Pro, such as “Fill” and “Flow Direction”, are then utilized to prepare the
DTM for flood simulation. The “Fill” tool corrects small imperfections, such as depressions
or pits, that could impact flow accumulation modeling. After preprocessing, flood scenario
parameters are defined. These parameters include rainfall intensity, duration, and potential
water levels. Using the “Raster Calculator”, potential flood extents are modeled based
on these parameters. This tool calculates water depth by subtracting the DTM from the
expected water surface elevation during a flood event (Figure 5).

Figure 5. Three-dimensional visualization of the study area with 3 m WSF flood.

The results are then analyzed to identify critical areas that are most vulnerable to
flooding. This includes evaluating the spatial distribution of flood depths and assessing the
impact on the flooded area’s anthropogenic infrastructure, livestock, and ecological capital.
The high-resolution data ensure that even small-scale features are accounted for, providing
a comprehensive understanding of flood risks.
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3. Results
3.1. 2D and 3D Results

The 2D and 3D derivatives generated from the study area using the proposed method-
ology are as follows: (i) 3D dense point cloud, (ii) textured 3D model, (iii) orthomosaic,
(iv) digital terrain model (DTM), (v) Digital Surface Model (DSM), and (vi) contour lines
(.shp files, 1 m interval). All 2D and 3D cartographic products were in the same coordinate
system, WGS84.

For every point cloud created, ground and no ground classification was performed.
Furthermore, every 3D point cloud includes (i) intensity values, (ii) return values,
(iii) reflectance, (iv) height, (v) RGB, and (iv) classification. The merged 3D point cloud
was exported in two reference systems, WGS 84 and UTM 34N, while all the individual 3D
point clouds were exported in the UTM 34N reference system. Table 2 presents the spatial
derivative results.

Table 2. Specifications of the spatial derivatives generated from airborne LiDAR data over the

study area.
Type Resolution/Density Coordinate System Format
. WGS 84 (4326) and
2

3D point cloud 525 pts/m UTM 34N Jlas

DTM 20 cm/pix WGS 84 (4326) tiff

DSM 20 em/pix WGS 84 (4326) tiff

Orthomosaic 5 cm/pix WGS 84 (4326) tiff

Figure 6a,b present the 3D point cloud representation (.las) of riverbank areas along
the Pineios River. Using the Zenmuse L1 sensor, the initial step involved cleaning the
point cloud to remove extraneous terrain and outliers while preserving the targeted area.
The LiDAR sensor used to acquire point clouds has a vertical resolution of approximately
3 cm. The DSM for the study area, derived from high-resolution image processing, spans
the entire mapped area at a 20 cm spatial resolution. The lowest recorded elevation, 122 m,
lies at the riverbank base where the water level resides, while the highest elevation is
153 m. Figure 6¢,d display typical examples from the DSM at the same 20 cm spatial
resolution. The DTM, generated from analyzing the classified 3D dense point cloud, covers
the entire mapped Area 3 with a spatial resolution of 20 cm. At 121.75 m, the lowest
elevation in the area lies at the base of the embankments, while the highest elevation
recorded is 137.08 m. Figure 6e,f provide illustrative instances from the DTM, displaying
the diversity of elevations captured in the dataset.

The orthomosaic created provides a detailed view of the entirety of Area 2, measuring
a total length of 7080 m and a width of 100 m. The raster file processes a spatial resolution of
5 cm/pixel, comprises 120,711 x 48,073 pixels, and covers an area of 1.01 km?2. Figure 6g,h
present distinctive examples from various sections of the studied area, demonstrating parts
of the orthomosaic and its detail. The contour lines were created with a 1 m interval from
the DTM, and they underwent additional refinement by a smoothing process applied at 3 m
intervals. The implementation of thorough quality control is necessary for the elimination
of inaccuracies in the lines. These contours describe elevations that span from 122 m to
133 m throughout the whole area. Figure 6i,j represent an illustrative image of the contour
lines designed for the studied area.
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Figure 6. Visualizations of the 2D and 3D results of the study area, (a) a 3D point cloud of the
wider area, (b) a 3D point cloud of a representative part, (c) a DSM of the wider area, (d) a DSM
of a representative part, (e) a DTM of the wider area, (f) an orthomosaic of a representative part,
(g) an orthomosaic of the wider area, (h) a DSM of a representative part, (i) contour lines of the wider
area, and (j) contour lines overlayed in a DTM of a representative part of the study area.
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3.2. Flood Impact Analysis Results

The results of the flood impact analysis in the Thessalian Plain underscore a gradual
yet significant increase in flooding severity as water levels rise along the river canal. This
detailed analysis reveals that even a minor increase of 1 m in water level results in noticeable
changes in flood dynamics, signaling the onset of significant impacts on the area (Figure 7a).
During this initial stage, low-lying areas near the riverbanks begin to experience flooding,
although this flooding occurs on a limited scale, affecting approximately 12 hectares of
land. This early flooding indicates the potential for more severe impacts if water levels
continue to rise, emphasizing the importance of close monitoring and early intervention.

Figure 7. Two-dimensional visualization of the flood scenarios at (a) 1 m, (b) 2m, (¢) 3m, (d) 4 m,
(e) 5m, and (f) 6 m of flood height.
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As the water level rises to 2 m, the impact of flooding becomes more pronounced. At
this stage, the flood-affected area expands to about 35 hectares. Certain parts of the area
begin to be covered by floodwaters more extensively (Figure 7b). Notably, roads crossing
the river are among the first infrastructure elements to be affected, leading to disruptions in
vital transportation links. With each subsequent meter increase in water level, the extent of
the flooding becomes more severe. When the water level reaches 3 m, floodwaters encroach
further inland, affecting a broader landscape area, now covering 42 hectares (Figure 7c).
The area flooded increased by 13 ha compared to the 2 m scenario, now covering 35 ha
of land. A total of 42 ha is flooded, and the impact at this stage is particularly significant.
Small hills along the riverbanks become submerged. An important observation from this
scenario is the asymmetric expansion of floodwaters. The lower elevation on the eastern
side of the river results in a more extensive inundation compared to the higher elevation
on the western side. This differential impact highlights the critical role of topography in
shaping flood dynamics, with lower elevation areas being more vulnerable to flooding.
This topographical influence is particularly notable in urban areas on the eastern side of
the river, where substantial rises in the water surface level can pose significant risks to
infrastructure and human lives. From the results of this scenario, it is evident that the
flooded area has expanded to the road crossing the river, creating a barrier to transportation
and isolating residents. The urban area’s vulnerability underscores the need for targeted
flood protection measures, such as levees and floodwalls, and the importance of integrating
flood risk assessments into urban planning and development processes.

As water levels rise to 4 m, the flood-affected area expands, covering 44 hectares
(Figure 7d). The flood extent at this stage remains relatively stable compared to the
previous level. However, further rises to 5 and 6 m result in an even greater flood coverage.
At 5 m (Figure 7e), the covered area remains at 44 hectares, but at 6 m, the floodwaters
expand further to cover 56 hectares (Figure 7f). These advanced stages of flooding pose
substantial risks to communities and infrastructure, particularly in the eastern, low-lying
regions. The increased flood extent towards the east exacerbates the vulnerability of these
areas, underscoring the importance of comprehensive flood management strategies. Table 3
further illustrates the impact of rising water levels on the covered area.

Table 3. Flooding areas cover the six scenarios realized.

Scenario Number Water Surface Level (m) Cover Area (ha) O‘;ﬁiﬂ:e‘g,tl();gl;) of DifferAe;Ze (E;)C over
Scenario 1 1m. 12 ha - -
Scenario 2 2 m. 35 ha Eastern embankment 23 ha
Scenario 3 3m. 42 ha Crossroads 13 ha
Scenario 4 4m. 44 ha Provincial roads 2ha
Scenario 5 5m. 44 ha Provincial roads 0 ha
Scenario 6 6 m. 56 ha Western embankment 12 ha

Table 3 depicts the progressive increase in flood-affected areas corresponding to each
meter rise in water levels. Notably, the transition from 1 m to 2 m sees a significant jump in
the affected area, emphasizing the non-linear nature of the flood and its escalating impact
on the region.

4. Geovisualization
4.1. 3D Mesh vs. 3D Point Cloud

For the 3D geovisualization of the results, both 2D and 3D outcomes were utilized.
The 3D cartographic derivatives emerged from processing 3D point clouds and 3D mesh
models. The cloud-to-mesh distance method was used in CloudCompare software v 2.7.0
to compare 3D point clouds and 3D mesh models. This method involves calculating the
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distance between each point in one point cloud and the nearest point in the other point
cloud. It effectively quantifies the difference between the representations, highlighting
areas where the mesh deviates from the true geometry captured by the point cloud. More
specifically, the method was applied for distances of 1 m between the surfaces of the 3D
model and the points of the 3D point cloud. Figure 8 presents the results of the C2M
distance method. Large distances (1 m.) are shown in red, which are observed in the upper
part of the trees. This is because the vegetation, especially leaves and tree branches, does
not form detailed geometries in a mesh.

C2M signed distances[<1]
1,000000

0.875000
0750000

0.625000

0.500001

0.375001

0.250001

-0.999998

Figure 8. Cloud-to-mesh distance comparison. Distances greater than 1 m are depicted in red color.

A 3D mesh model consists of vertices, edges, and faces, forming a continuous surface
representing the terrain and vegetation. Although 3D mesh models have been mainly
used for VR geovisualization in recent years, they have some limitations [37]. Creating a
mesh model from point cloud data can introduce artifacts, especially in areas with dense
vegetation. This simplification leads to a loss of geometric accuracy, as the mesh surfaces
do not accurately represent the true geometry of the area. This makes the 3D mesh model
unsuitable for accurately visualizing the vegetation structure in the Thessalian Plain.

In contrast, a 3D point cloud captures the terrain as a collection of numerous discrete
points with precise X, Y, and Z coordinates. This method offers unparalleled geometric ac-
curacy, which is crucial for representing detailed vegetation structures and complex terrain
features. Additionally, each point in a 3D point cloud can carry valuable additional infor-
mation such as the number of returns, intensity value, and class. This information enhances
the analysis and visualization capabilities, providing a richer and more detailed dataset.
Point clouds allow for a more realistic and accurate visualization, which is particularly
important for VR geovisualizations.

Given the goal of achieving the most detailed and accurate VR geovisualization
of the river canal in the Thessalian Plain, the decision to continue with the 3D point
cloud, supported by the cloud-to-mesh distance analysis performed in CloudCompare, was
motivated by its superior geometric precision and the richness of additional data it provides.
The point cloud’s high level of detail and supplementary information ensures an immersive
and realistic experience, which is crucial for comprehensive VR geovisualization tasks.



Drones 2024, 8, 398

14 of 21

4.2. 3D Mapping

The geovisualization of the results consists of two primary stages: (a) 3D web mapping
and (b) the development of the VR application. During the first stage of 3D web mapping,
the visual variables of the results in the 3D space were investigated. Specifically, the
cartographic results used for creating the geovisualizations included (i) classified 3D
point clouds, (ii) DTM, (iii) WSE (water surface elevation), (iv) contour lines, (v) roads,
(vi) overflow points, (vii) water level points, and (viii) hazardous areas. Initially, all results
were shared on the web through the ArcGIS Online application. Subsequently, the results
were transferred to a 3D web scene where their symbolism could be customized. The
features used for the development of the geovisualizations include different types of data:
(a) vector, (b) raster, and (c) point clouds. This requires a different approach to visualizing
them, as the visual variables for these data types are not common.

For the 3D point cloud, the size of the points in relation to the cartographic scale and
the thematic information of the points were studied. In a 3D scene environment, the size
of the point affects the extent to which the recorded information is referenced. Therefore,
when the size of the points increases, there is a risk of overlap. The point sizes examined
ranged from 1 to 6 pixels each (Figure 9). The size selected was 3 pixels per point to avoid
information loss and overlap (Figure 9c). The thematic information visualized at the 3D
point cloud level included RGB value, elevation, and the classification of the points. Color
was chosen as the visual variable to depict these thematic layers successfully. As shown
in Figure 9, points with higher elevations are displayed in bright red, while points with
lower elevations are shown in blue. Two different approaches were used to visualize the
classification of points. The first involved removing points classified as vegetation, leaving
only ground class points, allowing the user to observe the area without riparian vegetation.
The second approach provided the ability to observe points belonging to both classes,
differentiating them by color.

Figure 9. Point cloud size variation visualization from 1 to 6 pixels: (a) 1 point equal to 1 pixel,
(b) 2 points equal to 2 pixels, (c) 3 points equal to 3 pixels, (d) 4 points equal to 4 pixels, (e) 5 points
equal to 5 pixels, and (f) 6 points equal to 6 pixels. To prevent information loss and overlap, using a
size of 3 pixels per point is recommended.

The 3D visualization of raster data was primarily accomplished by utilizing their
elevation information for extrusion. Additionally, for the DTM, a color gradient was applied
to the elevation at 1 m. intervals. At the same time, a specially designed transparent texture
was assigned to WSE for river water surfaces, giving a waived animation property to
enhance photorealism (Figure 10).
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Figure 10. VR geovisualization of a flooded road crossing the river. A fly-mode (or drone-mode)
approach: (a) a user at 50 m above the ground and (b) a user at 500 m above the ground. The red flag
indicates the affected part, signifying a danger in a 2 m flood scenario.

Although initially created in 2D form, vector data subsequently acquired 3D properties
through the 3D scene. Specifically, linear elements such as contour lines were adapted to the
DTM, and elevation information was obtained based on their value. The 3D visualization
facilitated easy distinction of the rise in water surface levels relative to the area’s relief,
providing quantitative elevation information. Furthermore, the diameter thickness of the
contour lines was chosen to be 10 cm to ensure they were discernible in the 3D space.

4.3. VR Web Application

The data processing was conducted using ESRIs ArcGIS Pro software. The processed
results were then uploaded to ArcGIS Online, where the 3D web scene was used for the
development of the VR application. The thematic information layers, visualized in 2D
and 3D dimensions, were also uploaded to the same environment. Finally, the application
was adapted to a VR environment using ESRI’s online plugin VR 360, which enables the
distribution of the application over the internet.

The study area covered in this work spans a geographical extent of 8 km, neces-
sitating its visualization at two different viewing levels. For the development of VR
geovisualizations, two scenarios were created: a fly-mode (or drone-mode) scenario and a
pedestrian-mode scenario. Each scenario serves a different purpose and addresses different
needs.

Fly-mode scenario: The first viewing level caters to the need for an overall observation
and identification of high-risk overflow points, allowing users to observe the entire mapped
area (Figure 10). In this approach, the user is placed in two flight positions, (i) at 50 m
and (ii) at 500 m above ground, denoting a 1:50 and 1:500 cartographic scale, respectively.
The scale is calculated based on the camera parameters used in this study. Furthermore,
when observing a flooded area or flood scenarios, viewing the affected area at a specific
height is crucial to avoid physical obstacles and barriers. This approach provides greater
freedom when navigating the scene, allowing for a comprehensive understanding of the
flood results.

Additionally, to facilitate the identification of high-risk overflow points, indicator
markers (red flags) were added to affected areas or parts of the study area that were vulner-
able to the flood. These are anthropogenic infrastructures, livestock, and ecological capital
near the riverbanks, such as roads crossing the river, bridges, settlements in proximity, and
agricultural or livestock facilities. This drone-level view is crucial for a comprehensive
understanding of the region and strategic planning.

Pedestrian-mode scenario: The second viewing level (pedestrian mode) places the
user at street level (1:1 scale) and allows them to explore the area up close, observing the
condition of the levees. The viewing positions were selected based on their high-risk status
due to river overflow. These points were numbered sequentially from east to west. Users
of the application can move from one viewing point to the next or select their desired point
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from the bookmark bar integrated into the application using the VR headset controllers
(Figure 11).

Figure 11. Three-dimensional visualization of the study area in the VR space using pedestrian mode:
(a) ground classified point cloud in RGB. A POI is depicted with the red flag: (b) ground and no
ground classified point cloud in green and brown colors.

Users can change the thematic information they wish to observe at specific viewing
points, such as the classification of point cloud points. Additionally, users can choose to
observe the river’s water level rise incrementally by 1 m and see how this increase affects
the area. The application was developed using ArcGIS Online and shared on the web to
ensure easy accessibility. More specifically, the application can be used from any mobile
device, while VR viewing is supported by Valve Index, HTC Vive, and MetaQuest VR
headsets.

5. Discussion

VR geovisualizations using 3D point clouds obtained from airborne LiDAR data have
offered substantial insights into the condition of river channels and tributaries within the
Thessalian Plain following severe flooding in the summer of 2023. This study primarily
aimed to utilize advanced data acquisition and visualization geospatial technologies to
efficiently illustrate, enhance understanding, and facilitate the management of the impacts
of various flooding scenarios in the study area.

One of the main challenges was acquiring high-resolution data in a flood-affected
area. Accessing certain regions was difficult due to water damage and debris. However,
drone-based LiDAR technology helped overcome some of these obstacles, enabling precise
data acquisition from the air. The data processing phase presented additional challenges,
especially in classifying point clouds and generating detailed thematic information. The
methodology included several stages, beginning with flight plans for comprehensive 3D
mapping using airborne LiDAR. The subsequent data processing focused on reducing noise
and normalizing the data to ensure high-quality datasets. Classifying point clouds into
ground and non-ground points using deep learning techniques was critical. This improved
the accuracy of terrain models and facilitated the extraction of essential features such as
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elevation and point density, which are crucial for flood risk assessment and management.
The authors used pre-existing deep learning tools to classify the LIDAR point cloud within
ArcGIS Pro. Using airborne LiDAR and deep learning techniques in ArcGIS Pro offers
significant advantages over traditional methods in point cloud classification accuracy
and efficiency. Conventional methods for point cloud classification often involve manual
techniques and basic algorithms such as thresholding, clustering (e.g., k-means), and rule-
based methods [38—40]. These methods are being increasingly supplemented or replaced
by advanced techniques like deep learning models in software such as ArcGIS Pro, which
provides high precision by accurately differentiating ground and non-ground points and
analyzing features like elevation, intensity, and point density [41].

The use of spatial data and their VR geovisualization implementation can vary. Ryd-
vanskiy and Hedley [42] use the ArcGIS City Engine but then transfer the data to Unity,
resulting in a loss of geographic position and coordinates in VR space. This has been a
recurring issue with VR visualizations of geographic data. Additionally, the authors have
already tested [20,21] approaches that use spatial data embedded in the VR space, but the
final application does not have geographic coordinates.

Other studies [18,43,44] use scaled 3D geovisualizations in the virtual space by depict-
ing 3D models on a virtual table. In the proposed approach, the users are embedded into
the virtual space to scales of 1:1 and 1:50, allowing for their immersion into the digital twin
of the study area to be enhanced by thematic information of flooding scenarios.

In VR, it is common to adjust the complexity or the level of detail (LoD) of a 3D
model based on its distance from the viewer or its importance in the scene. This is crucial
because it helps optimize performance by reducing the number of polygons rendered for
objects far away or less important while maintaining high detail for objects closer or more
critical to the user’s experience. When DTM or DSM needs to be presented, highly detailed
earth models are simplified, ensuring that the user experience remains immersive without
overloading the system. A generalized approach to the 3D models is used [45-47]. By
using a LiDAR point cloud integrated into the virtual space to maintain a higher LoD
in geovisualization at any scale, this approach ensures a more realistic representation of
spatial information without losing details from the Earth’s surface 3D visualization.

Developing the VR application significantly enhanced data usability and accessibility
by transforming complex geospatial datasets (LiDAR point clouds) into interactive, im-
mersive visualizations. Users can intuitively explore and manipulate 3D point clouds and
models, gaining a better understanding of spatial relationships and flood extents in various
scenarios. High-resolution DTMs provide detailed and accurate flood risk analysis. The 3D
virtual space makes advanced geospatial tools accessible to non-experts, and collaborative
features allow multiple users to work together, enhancing the spatial knowledge of the
flood phenomenon and thus facilitating planning and decision-making processes. This
capability is particularly useful for planning restoration processes and designing mitigation
measures, providing a detailed and realistic representation of current conditions.

However, implementing the VR application had limitations. High computational
power and specialized VR equipment were needed, restricting its widespread use. Addi-
tionally, the accuracy of VR geovisualizations depends heavily on the quality of the initial
LiDAR data and the effectiveness of processing algorithms. Inaccuracies in these stages can
lead to misrepresentations in the virtual environment. By adopting specific strategies, the
authors aim to address potential inaccuracies and enhance the reliability of VR geovisual-
izations for flood modeling and other geospatial applications. More specifically, to reduce
potential inaccuracies in the VR geovisualizations due to the quality of initial LIDAR data
or processing algorithms, the authors proposed the following strategies: (1) Data Validation
and Calibration: Implementing rigorous validation and calibration processes to ensure the
accuracy of the initial LIDAR data before its integration into the VR environment. This
includes cross-referencing LiDAR data with other high-precision in-situ measurements.
(2) Error Analysis and Correction: Conducting detailed error analysis to identify and correct
inaccuracies in the generated DTMs. This may include manual corrections in areas where
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automated processes fail to deliver the desired accuracy. Concerning VR geovisualizations,
the authors propose using user opinions and an iterative improvement approach. This
involves incorporating feedback from users interacting with the VR geovisualizations to
identify and address any inaccuracies. An iterative development approach allows for
continuous improvements based on real-world usage and expert input.

Integrating drone LiDAR data with VR geovisualizations offers numerous benefits for
flood impact analysis and management but also presents several challenges. Despite the
challenges, drone LiDAR data and thematic information in a VR virtual space can create
a valuable tool for managing natural disasters and planning future flood events. This
can involve depicting flood scenarios and their impact on infrastructure, livestock, and
natural resources.

Compared to traditional 2D maps and static 3D models, VR provides a more engaging
and effective tool for flood risk management and urban planning. The combination of
drone LiDAR and VR geovisualizations offers significant advantages for flood management
and risk assessment. It enables precise and detailed mapping through advanced LiDAR
technology, which is crucial for accurate flood modeling and risk assessment. This detailed
mapping improves the identification of flood-prone areas and infrastructure planning to
minimize flood impacts. VR integration allows for immersive visualizations, enhancing
stakeholder engagement and decision-making. Stakeholders can interact with 3D flood sce-
narios in real time, improving their understanding and response strategies. This integrated
approach supports the development of more effective flood mitigation and emergency
response plans.

6. Conclusions

This study presents a significant advancement in flood risk management and disaster
mitigation by integrating airborne LiDAR data with VR geovisualizations, focusing on
the Thessalian Plain in Greece, which suffered extensive damage due to severe flooding in
the summer of 2023. The methodological approach involved high-resolution 3D mapping
of river channels and tributaries, utilizing airborne LiDAR technology for precise data
collection and VR for immersive geospatial visualization. Airborne LiDAR facilitated
the collection of detailed 3D point clouds, enabling an accurate representation of the
terrain and vegetation, which proved invaluable in creating digital elevation and terrain
models (DEM-DTM) and other 3D derivatives necessary for flood modeling and risk
assessment. By integrating these datasets into a VR platform, this study provided an
innovative visualization approach for stakeholders to interact with and understand complex
flood scenarios and their affection more intuitively.

Key findings from this study include the efficiency and precision of airborne LiDAR in
data acquisition, even in challenging and flood-affected areas, and the effectiveness of ad-
vanced classification techniques, including deep learning algorithms, in ensuring accurate
differentiation between ground and non-ground points. The VR application offered an im-
mersive experience, allowing users to visualize flood-impacted areas dynamically, observe
potential future flood scenarios, and assess the impact on infrastructure and communities,
which is crucial for planning restoration processes and designing mitigation measures.

The methodology involved meticulous LiDAR flight planning with the DJI Matrice 300
drone equipped with the Zenmuse L1 LiDAR sensor, achieving a high point density exceed-
ing 300 points per square meter. Data processing included noise reduction, normalization,
and classification into ground and non-ground points using deep learning techniques.
This resulted in high-quality 3D models and orthomosaics used for flood analysis and VR
development. The VR application allowed users to explore the affected areas in both fly
and pedestrian modes, observing the impact of incremental water level rises and accessing
thematic information interactively.

Integrating airborne LiDAR data with VR geovisualizations represents a promising
approach to flood risk management, providing detailed, accurate, and interactive visu-
alizations and tools for disaster preparedness and response. Future work should focus



Drones 2024, 8, 398 19 of 21

on improving data collection methods in challenging terrains, enhancing the accuracy of
point cloud classification, and adding more thematic information into VR, creating a new
cartographic approach. Furthermore, the methodology, as described in this study, faces
several challenges and limitations in practical flood management and planning applications.
This technology demands specialized knowledge and training for stakeholders, who must
continually update their skills to utilize VR visualizations effectively. There is potential to
enhance and standardize the visualized data in a VR environment, particularly the data
spatial analysis and accuracy based on a cartographic scale, which necessitates further
research. Developing a data acquisition protocol will aim to standardize UAV LiDAR data
used on the cartographic approach of VR geovisualizations.

This study contributes to cartography and geospatial analysis by demonstrating the
practical application of advanced technologies in managing natural disasters and planning
future flood events. The findings underscore the importance of high-resolution data and
innovative visualization tools in enhancing our understanding of environmental challenges,
ultimately contributing to more resilient communities and better-informed decision-making
processes in the face of natural disasters.

The proposed methodology is versatile and can be applied to various urban appli-
cations beyond flood management, aiding in urban planning, environmental monitor-
ing, disaster management, infrastructure inspection, and agricultural management. This
approach’s high-resolution 3D mapping and advanced analytical capabilities make it a
powerful tool for multiple applications.
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