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ARTICLE INFO ABSTRACT

Keywords: Flood risk communication requires methods that translate technically robust flood information
3]? flood Vis‘falisation into spatial representations that can be interpreted in relation to buildings, roads, and other urban
Risk perception assets. Existing 3D visualisation approaches are often technically sophisticated but are not

Risk communication

X consistently demonstrated for routine GIS practice, while other approaches emphasise public
Risk management

engagement without documenting a GIS-based workflow. This study develops a documented GIS-
based workflow for three-dimensional flood visualisation in an urban fluvial setting. The
framework integrates LiDAR-derived terrain and building information with two forms of flood-
depth data: indicative terrain-driven hydrologic surfaces generated using ArcHydro and author-
itative hydraulic model outputs supplied by Auckland Council. These datasets are translated into
neighbourhood- and property-scale 3D visualisations incorporating building exposure, road im-
pacts, severity-based asset information, and potentially safe areas. The workflow is demonstrated
for Te Auaunga, Auckland, New Zealand, and evaluated by nine professionals with experience in
flood risk management, GIS, or related fields. Expert responses indicated high perceived under-
standability and stability (mean = 4.56 for both), together with favourable assessments of plau-
sibility and practical usefulness. Hydrologic and hydraulic outputs showed different visual
characteristics, with terrain-driven surfaces producing smoother inundation patterns and hy-
draulic outputs retaining greater local spatial variability. The findings support the feasibility of
integrating heterogeneous flood-depth datasets and urban assets within a standard GIS environ-
ment, offering a practical complement to existing flood-information platforms. The present
assessment represents an initial professional evaluation of the framework; direct evaluation with
non-technical community users is required before conclusions can be drawn regarding public risk
perception.

1. Introduction

Flood disasters increasingly threaten communities, infrastructure, and essential services, reinforcing the need for flood risk in-
formation that is both technically credible and readily interpretable [1,2]. Flood risk maps are widely used to communicate potential
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inundation, support preparedness, and inform planning and emergency-management decisions [3-5]. Their communication value,
however, depends not only on the accuracy of the underlying flood information but also on whether users can relate mapped flood
extent and depth to familiar buildings, roads, and neighbourhoods [4,6,7]. This has encouraged the development of visualisation
techniques that use colour, symbolisation, depth cues, overlays, and interactive spatial representations to make hazard information
more interpretable for different audiences [8-12].

Among the tools most widely applied for this purpose are conventional two-dimensional flood maps, which remain practical and
cost-effective for technical analysis, planning, and flood risk management. However, their plan-view representation can be less
intuitive for non-technical audiences, who must translate flood boundaries and depth classes into potential consequences for prop-
erties, transport routes, and surrounding infrastructure [3,4,13]. Difficulties in interpreting cartographic conventions or relating
abstract hazard information to familiar physical environments can contribute to misunderstanding of underlying flood conditions
[14-16]. Three-dimensional visualisation has therefore been increasingly explored as a means of placing flood information within a
more recognisable spatial and built-environment context.

Existing 3D flood-visualisation approaches differ substantially in their technical architecture, intended users, and implementation
requirements. Web-based systems can broaden access to interactive flood information and facilitate spatial exploration, but their
implementation may depend on custom interfaces, data-delivery infrastructure, and specialised development processes [13,17,18].
Virtual- and augmented-reality applications can provide immersive and place-based representations, although they may require
specialist hardware, software-development expertise, and purpose-built applications [19-22]. These technologies offer strong
representational capability, but visual realism or immersion should not be assumed to improve risk understanding unless commu-
nication outcomes are directly evaluated.

Digital-twin environments further extend the integration of terrain, infrastructure, model outputs, and potentially dynamic data
streams [23,24]. However, such systems can require substantial data integration, computational resources, and system architecture.
Similarly, studies combining visualisation with numerical modelling, physics-based simulation, optimisation frameworks, artificial
intelligence, or other analytical approaches increase technical capability but also introduce additional modelling and integration
requirements [25-27]. These developments advance flood representation and analysis, yet they do not necessarily resolve the practical
challenge of transforming routinely available flood-depth outputs into consistent, interpretable, and asset-referenced 3D information
within standard GIS workflows.

Participatory and stakeholder-oriented approaches address a complementary dimension of flood risk communication by empha-
sising shared interpretation and the incorporation of stakeholder or community perspectives. These approaches involve decision-
makers, emergency operators, field engineers, and other stakeholders in interpreting and communicating flood information [23,
27-29]. A smaller body of research explicitly incorporates public risk perception and participatory processes, recognising the
importance of community understanding, values, and lived experience [30-32].

However, these studies often emphasise engagement and qualitative interpretation rather than documenting transferable technical
workflows for converting existing flood-model outputs into asset-referenced 3D visualisations. Conversely, technically sophisticated
visualisation studies may demonstrate detailed flood representation without directly evaluating interpretation by non-technical users
[5,20,22,33-35]. Taken together, these studies indicate that technical sophistication, participatory communication, and routine GIS
implementation are not consistently integrated within a single workflow.

This gap is particularly relevant to urban fluvial flooding. Several 3D applications have focused on coastal flooding or storm-surge
inundation [36-38], whereas urban riverine flooding is shaped by terrain, valley morphology, transport corridors, bridges, buildings,
and connected overland flow pathways [39,40]. In such settings, displaying flood extent alone may not be sufficient for interpreting
practical impacts. Users may also need to identify which buildings are exposed, how flood depth varies among properties, where road
access may be disrupted, and which locations remain outside the modelled flood extent. Existing studies demonstrate the value of 3D
representation, but the integration of heterogeneous flood-depth rasters, terrain data, building geometries, roads, bridges, and
asset-level impact indicators within a documented GIS-native workflow remains less consistently addressed [3,5,17,41].

The research gap addressed in this study is therefore not the absence of 3D flood visualisation or GIS tools capable of displaying
flood data, but the methodological integration of established geospatial and flood-model outputs into an end-to-end workflow that
translates flood-depth rasters into consistent neighbourhood- and property-scale 3D impact information within a standard GIS envi-
ronment. The individual components of the proposed approach, including terrain analysis, LIDAR-derived building representation,
flood-depth rasters, and GIS-based 3D visualisation, are established techniques; the contribution lies in structuring these components
into a documented GIS-native workflow that connects hydrologically and hydraulically derived flood-depth information with build-
ings, roads, bridges, and severity-based asset information. The study therefore focuses on the translation of existing flood information
into an asset-referenced 3D communication environment rather than introducing a new hydrological, hydraulic, or rendering method.

Accordingly, the aim of this study is to develop and undertake an initial expert evaluation of a GIS-based workflow for three-
dimensional visualisation of urban fluvial flood impacts. Specifically, the study seeks to: (1) integrate indicative terrain-driven hy-
drologic flood-depth surfaces and authoritative hydraulic flood-depth rasters within a consistent 3D GIS environment; (2) translate
flood-depth information into asset-referenced outputs for buildings, roads, bridges, critical locations, and potentially safe areas; (3)
examine how differences between terrain-driven and hydraulically modelled flood surfaces influence their visual representation and
interpretation; and (4) assess the perceived understandability, plausibility, stability, and practical usefulness of the developed
workflow through expert evaluation.

Its broader purpose, to support flood risk communication for professional and, ultimately, non-technical audiences, is assessed here
only in a limited form because the present evaluation represents the first evaluation stage of the framework. The evaluation is confined
to a small expert panel and is therefore treated as an initial technical and professional assessment of the framework. It does not provide



F. Kaleshani et al. International Journal of Disaster Risk Reduction 147 (2026) 106548

direct evidence that the 3D visualisation improves public risk perception or performs better than conventional 2D flood maps. Direct
community evaluation and comparative testing with non-technical users are required as subsequent stages of research.

2. Methodology

Fig. 1 illustrates the proposed methodology, beginning with preparation of flood-depth geodatabases derived from two sources.
Indicative hydrologic flood-depth rasters were generated in ArcHydro for 1 m and 2 m depth scenarios, and these were complemented
by hydraulic-model output rasters supplied by Auckland Council for a 10-year flow under existing development (ED) conditions and a
100-year mean design flood scenario including climate-change effects (RCP 3.8) under maximum development probability (MPD)
conditions. These depth rasters were used to delineate flood-impact areas and to assess impacts on individual buildings, bridges, and
transport corridors within an urban fluvial catchment. The datasets were then translated into a 3D environment by integrating
elevation rasters, LIDAR-derived building geometries, and multipatch representations, with flood depth applied consistently across
terrain and assets. Flood simulation was used to represent overland flow pathways, while flood impact analysis enabled systematic
classification of building and infrastructure exposure. The workflow is demonstrated for urban river flooding in a highly developed
catchment, where flood behaviour is strongly influenced by terrain confinement and built infrastructure; however, its modular GIS-
based design allows application to other regions, catchment scales, and flood types using equivalent depth-raster inputs.

The methodological contribution of this study does not lie in introducing a new flood model, 3D rendering technology, or
standalone software platform. The underlying components, including LiDAR-derived terrain and building information, hydrologic and
hydraulic flood-depth rasters, ArcGIS-based geoprocessing, and three-dimensional scene visualisation, are established techniques.
Rather, the contribution lies in their structured integration within a single GIS-native workflow that translates heterogeneous flood-
depth surfaces into asset-referenced 3D impact information at neighbourhood and property scales. In particular, the workflow ac-
commodates both indicative terrain-driven hydrologic outputs and authoritative hydraulic model results within the same visualisation
environment, and associates these surfaces with buildings, roads, bridges, severity information, and potentially safe areas. This
provides a documented pathway from flood-model output to asset-level interpretation using standard GIS tools, rather than requiring a
separately developed web, game-engine, or immersive platform.

2.1. Comparative platform assessment

A qualitative comparison of commonly used 3D and flood-visualisation platforms was undertaken to inform selection of the
implementation environment (Table 1). The comparison considered accessibility, scalability, user friendliness, developer re-
quirements, visualisation capability, and dependence on specialist hardware or external software, based on characteristics reported in
the cited literature. The assessment was intended to provide contextual support for platform selection rather than a formal quantitative
benchmark. Accordingly, the comparative ratings in Table 1 represent relative qualitative judgements derived from the reviewed
platform characteristics and should not be interpreted as validated performance scores. They were narrowed using four key criteria of
accessibility, scale identification, developer-friendliness, and user-friendliness [42-44]. Priority was given to tools that are easily
obtainable and useable by a wide range of users, including community members, planners, and researchers, without requiring spe-
cialised hardware or restrictive licensing. Although the proposed workflow can be adapted for immersive virtual-reality displays (e.g.
VR headsets), a desktop-based implementation was selected to ensure broad accessibility.
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Fig. 1. Workflow of proposed 3D flood visualisation tool.



Table 1

Rapid analysis on well-explored platforms for selecting an appropriate tool.

Platform

Visualisation focus

Main function

Key implementation limitation

Accessibility/
delivery

Scalability

User interaction

Developer requirement

Reference
examples

ArcGIS/
QGIS

City
Engine

Unity

Unreal
Engine

SketchUp

Revit/BIM

Cesium

Mobile AR

VR/MR
headset

2D/3D GIS mapping

Procedural 3D city
modelling

Immersive 3D/VR

Immersive 3D/VR

3D scene and object
modelling

Building and asset
scale representation

Web based 3D

Personalised, close-
range 3D flood
visualisation
Immersive/mixed
reality

Spatial integration,
analysis and 3D
visualisation

Urban scale 3D scenario
representation

Real time interactive
visualisation and custom
applications

High-fidelity real-time
visualisation

Construction of
buildings and urban
scene components
BIM-based flood risk and
vulnerability
representation
Interactive geospatial
web delivery

Contextual flood risk
communication

Experiential
communication and
training

Visualisation generally depends on
externally generated or separately
derived hydrologic or hydraulic

Information generally requires
prior GIS or external modelling

Requires external modelling and a
separately developed application

Requires game engine workflow
and, additional hardware and
application development for

Forms part of a wider modelling or
rendering workflow rather than
providing simulation

Requires integration with flood
and/or GIS information for wider
spatial risk assessment

Requires conversion and
preparation of model outputs into
web-compatible formats

Requires development of an AR
application and preparation of
appropriate flood and spatial data
Requires specialist hardware and
bespoke immersive application

Desktop GIS
environment

Specialist 3D
modelling
environment
Application based
delivery

Application based
delivery

Desktop 3D
modelling

Specialist BIM
environment

Browser based
delivery

Low-cost AR-
based delivery

Headset
dependent

Local, catchment and
broader spatial

Urban and city-scale

Dependent on
application
architecture and data
preparation
Dependent on
application and
rendering
configuration

Local or scene-based

Building and asset
scale

Web-based geographic
Local and place-
specific

Primarily scenario and
user session based

Conventional GIS based
interaction

Interactive 3D
visualisation

Interactive and
immersive

Interactive and
immersive

3D model viewing and
manipulation

Object and asset-based
representation

Interactive online
exploration

Personalised interaction
with flood scenarios in
familiar locations

Fully immersive
interaction

GIS configuration and
geoprocessing; limited
bespoke application
development

Procedural modelling and
rule configuration

Game-engine application
development and data
integration

Game-engine application
development and
integration

3D modelling and data
preparation

BIM modelling and data
management expertise

Web/geospatial data
preparation and application
configuration

AR application
development and spatial-
data preparation

Bespoke application and
hardware integration

Li et al. [45];
Kuster et al. [46]

Chen et al.[47];
Sermet & Demir
[48]

Dang et al. [49];
Ismael [50]

Denda &
Fujikane [51];
Tsujimoto et al.
(2024)[52]
Costabile et al.
[28]

Del Duca et al.
[53]

Chen et al. [54];
Kumar et al. [7]

Gmelch et al.
[55]

Rydvanskiy &
Hedley [56]

AR: Augmented reality BIM: Building Information Modelling D: Dimension MR: Mixed reality VR: Virtual reality.
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Furthermore, the selected approach was required to accommodate a range of flood risk scenarios, from small catchments to
national-scale analyses, ensuring flexibility for future applications. The method was also required to enable the production of robust
and defensible visualisations with minimal reliance on multiple software packages, thereby streamlining the workflow from hydro-
logical modelling to 3D visualisation. Finally, a clear and realistic visual environment was prioritised to ensure intuitive interpretation
and visual clarity for non-expert users.

Thus, a GIS platform was selected due to its widespread use, well-documented capabilities for flood risk visualisation, and strong
alignment with the selected evaluation criteria [5,57]. Within this environment, the flood impact analysis solution from ArcGIS So-
lutions was implemented, providing a structured workflow for estimating and visualising flood exposure in three dimensions.

Accordingly, ArcGIS Pro was adopted as the core implementation environment because its GIS based architecture aligned with the
study requirements for integrating flood depth rasters, terrain, buildings, roads and other spatial assets within a common 3D workflow.
This selection reflects the requirements of the present study rather than evidence that ArcGIS Pro is universally superior to the other
reviewed platforms.

2.2. Case study demonstration

Te Auaunga (Oakley Creek) is the longest urban stream on the Auckland isthmus, located in Auckland, New Zealand, as shown in
Fig. 2. The stream drains a highly urbanised catchment of approximately 12.6 km in length, flowing through residential, commercial,
and transport corridors before discharging into the Waitemata Harbour [58]. Historically, Te Auaunga has experienced recurrent
flooding, with documented flood events dating back to the mid-20th century [59]. Rapid urbanisation led to increased impervious
surfaces, reduced infiltration, and accelerated runoff response times [60]. Early flood management strategies focused on conventional
engineering solutions, including channel straightening, deepening, and concrete lining [61]. While these interventions improved
conveyance locally, they also increased downstream flow velocities and did not eliminate flood risk, especially during high-intensity
storms.

Flooding along Te Auaunga has continued into recent decades, with extreme rainfall events causing overtopping of the channel,
inundation of adjacent properties, and damage to infrastructure. In response to these challenges, Auckland Council (AKLC) imple-
mented a large-scale restoration and flood mitigation programme along Te Auaunga. The project combined hydraulic capacity im-
provements with nature-based solutions, including channel widening, re-meandering, floodplain reconnection, daylighting of piped
tributaries, and wetland creation. These measures were designed to attenuate peak flows, increase temporary storage during storm
events, and reduce flood risk to surrounding communities while also enhancing ecological and social values [62,63].

In terms of communication, however, AKLC flood maps mostly continued reliance on static 2D maps [62]. These flood maps are
primarily developed and disseminated by regional and district councils [14]. However, the current state of these maps reveals sig-
nificant limitations in their ability to effectively communicate risks, particularly to non-technical audiences. For instance, the AKLC's
2023 Flood Review highlighted how traditional methods, including 2D visualisations, contributed to delayed responses and limited
situational awareness during the January 2023 Auckland floods (Auckland flood response review, 2023; Laura Robichaux, 2024; [56]).

} 250m i

Catchment boundary

Fig. 2. Location of Te Auaunga (Oakley Creek) as case study.



F. Kaleshani et al. International Journal of Disaster Risk Reduction 147 (2026) 106548
2.3. Data collection and sources

The study integrates multiple geospatial and hydrological datasets, sourced primarily from AKLC and Land Information New
Zealand (LINZ) to support terrain representation, urban flood modelling, and impact assessment. The DEM was used to model terrain
elevation, the LiDAR point cloud provided building height information, and flood-depth rasters defined the spatial distribution and
severity of inundation. A high-resolution light detection and ranging (LiDAR)-derived digital elevation model (DEM) was used as the
base terrain for hydrological analysis and flood-depth mapping. To improve representation of the built environment, LiDAR point
cloud data (Auckland Part 1) were employed to extract building and bridge heights and to refine 3D structural details. In addition, a 3D
mesh covering the Auckland's central business district to Airport corridor (Package 2) was incorporated to provide contextual visu-
alisation of the urban environment. Vector datasets of building outlines and road centrelines were used to characterise the built and
transport infrastructure, enabling exposure and impact analyses under flood scenarios. Hydrological consistency and stream alignment
were ensured through the use of the river environment classification river network within the ArcHydro framework. ArcHydro was
used to generate indicative, hydrologic terrain-based flood-depth scenarios at fixed reference levels (1 m and 2 m), intended to support
visual interpretation rather than represent specific design-event probabilities.

Hydraulic flood-depth raster datasets supplied by Auckland Council were used to represent event-based inundation scenarios,
including a 10-year flow under ED conditions and a future 100-year flow incorporating climate-change under MPD conditions. These
hydraulic scenarios were derived from council-approved modelling workflows and were incorporated into the visualisation framework
without modification.

While these datasets were primarily used to develop the static flood hazard and exposure maps presented in this study, the overall
framework is designed to support dynamic data integration. In particular, several of the spatial layers can be linked to relevant
application programming interfaces or routinely updated data services, enabling periodic or near-real-time updates of flood extent and
depth maps. This allows the mapping framework to evolve from a purely scenario-based representation toward an operational, real-
time or quasi-real-time flood information system. Such integration would support timely situational awareness, facilitate rapid updates
under changing hydrometeorological conditions, and enhance the applicability of the proposed approach for early warning and
decision-support applications.

2.4. Applied flood scenarios

This study implemented four flood-depth scenarios to support depth-based visualisation of inundation patterns within a three-
dimensional GIS environment. Two scenarios were derived using ArcHydro, which applies hydrological modelling techniques to
generate terrain-based flood-depth representations from a conditioned LiDAR-derived digital elevation model. The remaining two
scenarios were based on hydraulically modelled flood-depth layers provided by Auckland Council, produced through two-dimensional
rainfall-runoff simulations and floodplain mapping workflows. Collectively, these scenarios enable consistent visual comparison
between hydrologically derived and hydraulically modelled flood conditions.

Two flood-depth scenario types, hydrologic and hydraulic, were used to support depth-based visualisation and comparison of
inundation patterns. For the ArcHydro component, fixed HAND reference stages of 1 m and 2 m were selected to illustrate contrasting

DEM data obtained

Flow data Stream data

Catchment grid delineation

=
]
=
g
|
@
8
73
@
]

Flat Areas Elevation data

Elevation data
Link raster

Burn flat polygons into DEM

Flood depth

Fig. 3. ArcHydro workflow applied for generating 1 m and 2m flood depth scenarios.
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lower and higher inundation conditions within the proposed visualisation framework.

The resulting 1 m and 2 m ArcHydro scenarios are therefore indicative reference scenarios used for visualisation and comparison of
asset impacts, rather than calibrated representations of the 2016 event or probability-based design floods.

In addition, hydraulic flood-depth rasters produced by Auckland Council (AKLC) were incorporated to represent authoritative,
scenario-based flood conditions. In Auckland practice, the 10-year Average Recurrence Interval (ARI) event is used to characterise
more frequent flooding with operational and serviceability implications, while the 100-year ARI event represents a low-probability,
high-impact flood and is typically adopted for floodplain mapping and planning purposes. The future 100-year scenario applied in
this study incorporates climate-change allowances (+3.8 °C), reflecting projected increases in extreme rainfall intensity. These council
depth rasters are derived from regionwide hydraulic modelling workflows based on two-dimensional rainfall-runoff simulations (e.g.
TUFLOW), with floodplain mapping and output extraction undertaken using built-in modelling tools supported by extensive GIS
automation and quality-assurance procedures [64]. The AKLC hydraulic depth rasters were visualised as provided, without alteration
to the underlying modelling assumptions, and were ingested directly into the 3D visualisation workflow. This approach enabled
physically modelled flood outputs to be rendered consistently within an interactive three-dimensional GIS environment. All scenarios
were implemented in ArcGIS Pro 3.4 using Esri's integrated workflows.

An exploratory spatial comparison was undertaken between the ArcHydro-derived 2 m reference surface and the Auckland Council-
provided TUFLOW 100-year flood-depth scenario incorporating a +3.8 °C climate-change allowance. The two rasters were harmonised
to a common spatial framework for cell-based comparison. The TUFLOW raster was resampled to the ArcHydro 1 m grid using nearest-
neighbour resampling, with NoData cells excluded from the comparison footprint. A minimum flood-depth threshold of 0.05 m was
applied consistently to both datasets to distinguish cells included in the inundation comparison. This threshold was selected following
consultation with an experienced flood-modelling practitioner. To assess sensitivity to the selected threshold, additional thresholds
between 0.01 and 0.20 m were also examined. Spatial agreement was evaluated using the Jaccard similarity coefficient and directional
overlap proportions between the two inundated extents. Because the ArcHydro 2 m surface is an indicative fixed-depth reference
scenario rather than a probability-matched equivalent of the 100-year +3.8 °C TUFLOW hydraulic scenario, the analysis was used only
to compare the spatial characteristics of the two visualisation inputs and was not treated as model validation or an accuracy
assessment.

2.5. Flood depth calculation through ArcHydro

Flood-depth modelling was performed in ArcGIS Pro 3.4, employing the ArcHydro toolset to prepare terrain data, delineate
catchments, and generate flood-depth rasters. This platform was selected because it integrates hydrological analysis and geo-
visualisation within a single GIS environment, reducing reliance on external hydraulic software and improving accessibility for
practitioners and local councils [65]. The base surface was derived from the 2025 LiDAR DEM supplied by LINZ. Pre-processing steps
ensured hydrological realism: flat areas were burned into the DEM to prevent artificial stream meandering in low-gradient terrain, and
bridge locations were enforced to maintain channel continuity beneath road crossings [66]. Such conditioning is essential because
uncorrected DEMs can misrepresent flow paths and inflate predicted flood extents.
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From the conditioned DEM, flow-direction and flow-accumulation rasters were generated to support stream segmentation and
catchment delineation. A height above nearest drainage (HAND) raster was then produced to estimate inundation extents relative to
stream channels. The HAND method was chosen for its computational efficiency and clarity of output, aligning with this study's
communication-focused objectives. HAND provides depth grids that are readily interpretable by stakeholders and well suited to 3D
visualisation [67]. In the HAND-based approach, a 1 m scenario represents a uniform 1 m rise in water level above the channel, with all
hydraulically connected areas below this elevation classified as inundated.

Two indicative depth scenarios were implemented at fixed HAND-based reference levels of 1 m and 2 m using the Define HAND-
based Flood Depth and Extent tool, as illustrated in Fig. 3. Additional testing using a non-integer HAND reference stage of 1.7 m
successfully generated a flood-depth raster, which was subsequently incorporated into the 3D visualisation environment. Examination
of the original processing history identified an output-format configuration error, while the previously reported negative values were
associated with the raster's NoData designation rather than calculated flood depths.

The selected levels provide contrasting lower- and higher-depth conditions for visualisation and asset-impact assessment and are
not intended to represent specific design-event thresholds or probability-based flood events. The resulting depth rasters were incor-
porated into the ArcGIS Flood Impact Analysis workflow to assess building and infrastructure exposure and were subsequently
visualised within a three-dimensional GIS environment.

2.6. Flood impact analysis

Flood-impact modelling was performed in ArcGIS Pro using Esri's flood impact analysis solution, which provides a structured
workflow for preparing flood-depth inputs, delineating inundation extents, and visualising flood impacts in 3D (ESRI) as shown in
Fig. 4. The procedure was adapted for the Oakley Creek catchment to support both indicative exposure assessment and intuitive 3D
visualisation of flood scenarios derived from multiple depth-raster sources. Flood polygons were generated from both ArcHydro-
derived depth rasters and authoritative hydraulic flood-depth rasters supplied by AKLC, ensuring consistency with official planning
and operational flood layers. Buildings were represented using 2025 LINZ building outlines extruded into multipatch geometries based
on LiDAR-derived heights. Road networks were analysed using 2016 LINZ centrelines, and bridges were mapped from manually
digitised footprints with elevations refined using LiDAR point-cloud data. This overlay identified assets located within inundated areas;
however, consistent with standard exposure analyses, spatial coincidence was assumed to indicate potential impact rather than direct
damage.

Flood scenarios were visualised in 3D by converting depth rasters into water-surface multipatches and symbolising them relative to
the underlying DEM. The incorporation of LiDAR point-cloud data enabled realistic representation of terrain and structural heights,
addressing a key limitation of conventional 2D flood maps. The resulting 3D scenes are illustrative rather than predictive: depth rasters
were visualised as provided, without modification to underlying hydraulics, and local flow variability and tidal-datum adjustments
were not explicitly modelled.

(©

Fig. 6. 3D visualisation of the 100-year flood scenario: (a) impacted roads and buildings with severity-based criticality levels; (b) property-level
representation of surface-water depth; (c) road inundation patterns and associated criticality under the simulated scenario using Auckland Coun-
cil hydraulic outputs; and (d) identified safe zones and associated access routes.
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2.7. Expert evaluation

The purpose of this evaluation stage was to obtain an initial professional assessment of the developed 3D flood visualisation tool
prior to testing with non-technical audiences. The evaluation examined technical credibility, interpretability, operational stability, and
perceived usefulness from the perspective of professionals familiar with flood risk information. It was not intended to represent public
risk perception or substitute for direct community evaluation. Testing with non-technical users is therefore identified as a subsequent
stage of the research.

A purposive sampling approach was adopted to target professionals with direct experience in flood risk management, spatial
analysis, or flood related decision making. Invitations were sent to 15 experts working in hydrology, GIS, and flood risk management
across academic, consultancy, and local government contexts. Of these, 9 experts completed the evaluation and were included in the
analysis. No further narrowing or exclusion criteria were applied, and all completed responses were analysed. Participants were
considered suitable based on their professional roles and experience with flood modelling, mapping, or operational flood management.
The purposive expert sample was selected to provide an initial professional assessment of the framework rather than to support
population level inference or evaluation of public communication effectiveness.

Prior to completing the evaluation, participants were introduced to the platform through a guided demonstration of the 3D vis-
ualisation environment. The demonstration presented multiple flood-depth scenarios rendered in the interactive 3D GIS scene,
highlighting terrain representation, building-level depth labelling, road inundation, and identification of affected and safe zones which
are areas that remain outside the modelled flood extent under a given scenario and are therefore not expected to experience inun-
dation. Participants were given sufficient time to explore the visualisations and ask clarification questions before providing feedback.

The questionnaire was adapted from the expert evaluation approach used by Haynes et al. [19], who assessed expert perceptions of
a flood visualisation application using structured 1 to 5 rating questions covering understandability, plausibility, stability, and use-
fulness. These dimensions were operationally adapted to the present 3D flood visualisation framework; the questionnaire was not
treated as a formally validated psychometric instrument.

Expert feedback was collected using the adapted structured questionnaire comprising Likert-scale items designed to assess un-
derstandability, plausibility, stability, and perceived usefulness of the tool, alongside background questions relating to professional
involvement, GIS experience, and familiarity with 3D modelling. Responses were recorded on a five-point Likert scale (1 = strongly
disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree). The questionnaire distinguished between four variables used to
evaluate the 3D flood visualisation and three variables describing participants' professional backgrounds. The tool evaluation variables
comprised understandability, plausibility, stability, and perceived usefulness. Understandability refers to the extent to which flood
depth, extent, and spatial patterns could be readily interpreted from the 3D visualisation. Plausibility refers to whether the visualised
flood behaviour, including depth distribution and interaction with terrain and built features, appeared credible and consistent with
participants' professional knowledge and experience.

Stability refers to the perceived operational consistency of the visualisation during interaction, including smooth navigation,
consistent rendering of flood surfaces, and the absence of visual or functional disruptions that could affect interpretation. Perceived
usefulness refers to the potential value of the tool for practical flood risk applications, including planning, communication, and
emergency management. Participant background variables comprised involvement in flood risk management, GIS experience, and 3D

Fig. 7. Comparison of hydrological and hydraulic flood-modelling outputs: (a) Auckland Council hydraulic model output at neighbourhood scale;
(b) ArcHydro-derived hydrological flood-depth visualisation at the same scale; (c) Auckland Council hydraulic model output at property scale; and
(d) ArcHydro-derived hydrological flood-depth visualisation at property scale.
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modelling experience. These variables were recorded separately to examine whether professional background was associated with
differences in participants' assessments of the visualisation.

Responses were analysed using descriptive statistics to summarise overall trends and levels of agreement. Spearman rank corre-
lation analysis was additionally used on an exploratory basis to examine possible associations between participants' professional
backgrounds and their assessments of the visualisation. Given the small sample size, these correlation results are treated as indicative
rather than confirmatory and are interpreted cautiously in the Results and Discussion. Ethical approval for this study was granted by
the Massey University Human Ethics Committee, Ohu Matatika 3, following review on 24 July 2025, application reference OM3 25/42.

3. Results and discussion

From a hydroinformatic perspective, the value of the workflow lies in maintaining a structured connection between flood-depth
information, terrain, and discrete urban assets within a common GIS environment. This asset-referenced structure could also pro-
vide a foundation for future digital-twin development, particularly if the workflow were extended to incorporate dynamic flood
forecasts, real-time observations, regularly updated asset information, or other operational data streams. Such capabilities are not
implemented in the present study, and the developed framework should therefore not be interpreted as a digital twin. Rather, the
current contribution establishes a GIS-based spatial and asset-integration structure that could support more dynamic and operational
applications in subsequent development.

3.1. Tool demonstration

Fig. 5 presents the 3D flood-visualisation outputs generated for the selected residential area, demonstrating how the developed
approach conveys flood depth and extent within a realistic built-environment context. Fig. 5a illustrates neighbourhood-scale inun-
dation patterns, where flood depths are overlaid directly onto terrain, buildings, and road surfaces. This representation enables rapid
identification of spatial variability in flood severity, clearly distinguishing low-lying streets and local depressions with deeper inun-
dation from elevated parcels experiencing shallower flooding.

Fig. 5b further demonstrates the applicability of the tool for communicating flood risk at a finer spatial scale, showing how in-
dividual buildings and access routes are affected under the simulated scenario. By displaying flood depths in real-world coordinates
within a 3D environment, the visualisation enables flood impacts on properties and infrastructure to be examined directly in relation to
the built environment.

Collectively, Fig. 5 outputs demonstrate how conventional flood-depth data can be translated into asset-referenced 3D visual-
isations at neighbourhood and property scales. The outputs illustrate the integration of flood depth, terrain, buildings, roads, and other
spatial assets within a common GIS environment and provide a basis for subsequent professional evaluation of the developed
workflow.

Fig. 6 illustrates how the developed 3D platform supports interpretation of flood impacts at the individual asset and user level under
the 100-year flood scenario. The visualisation shown in Fig. 6a demonstrates how roads and buildings can be assessed simultaneously
according to their flood exposure and level of criticality, allowing decision-makers to visually distinguish assets that are likely to
experience greater functional disruption during flood events. This representation provides an immediate understanding of where
intervention, protection, or response efforts may be most urgently required.

At the property scale, Fig. 6b highlights how surface-water depths interact with individual buildings, enabling flood impacts to be
interpreted from the perspective of affected residents and property owners. By presenting flood depth directly within a three-
dimensional built environment, the visualisation enables potential impacts to be examined in relation to individual buildings and
surrounding spatial features. Fig. 6¢ focuses on surface-flooding conditions along transport corridors under the Auckland Council 100-
year scenario, illustrating how inundation severity varies across the road network. This view is particularly relevant for transport
planners and emergency services, as it allows potential access constraints and vulnerable road sections to be identified visually,
supporting operational planning and emergency response decisions. In contrast, Fig. 6d demonstrates the identification of safe zones
and their accessible routes within the flooded landscape, integrating flood extent with evacuation considerations. This capability
supports both authorities and community members in understanding where safe areas are located and how they may be reached during
flood events.

Taken together, the demonstrations in Fig. 6 show how the workflow translates conventional flood-model outputs into asset-
referenced 3D information. The visualisations associate flood depth with buildings, roads, access routes, and identified safe areas,

Table 2

Descriptive statistics of expert responses to the developed 3D flood visualisation tool.
Variable Mean SD Min Q1 Median Q3 Max IQR Skewness
Involvement 4.22 0.97 3 3 5 5 5 2 —0.55
GIS experience 3.67 0.71 3 3 4 4 5 1 0.61
3D experience 2.78 1.09 1 2 3 4 4 2 -0.19
Understandability 4.56 0.53 4 4 5 5 5 1 -0.27
Plausibility 4.22 0.44 4 4 4 4 5 0 1.62
Stability 4.56 0.53 4 4 5 5 5 1 -0.27
Usefulness 4.11 0.60 3 4 4 4 5 0 0.02
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Fig. 8. Expert evaluation results: (a) relationship between GIS and 3D experience, (b) heat map of expert ratings, (c) Spearman rank correlations
among participant background and tool evaluation variables, and (d) corresponding p values.

illustrating how model outputs can be examined at neighbourhood and property scales within a common GIS environment.

A qualitative comparison between the ArcHydro-derived 1 m flood scenario and the 100-year + 3.8 °C scenario depth rasters shows
consistent differences in spatial pattern, depth expression, and visual structure. As Fig. 7 illustrates, the ArcHydro scenario exhibits
smoother and more laterally continuous inundation patterns that broadly follow topographic lows, road corridors, and valley
morphology, with gradual depth transitions across adjacent parcels. In contrast, the hydraulic depth rasters display sharper flood
boundaries and greater spatial heterogeneity, with inundation more strongly constrained to the channel network and hydraulically
connected overland flow paths.

An exploratory quantitative spatial comparison was also undertaken between the ArcHydro-derived 2 m reference surface and the
Auckland Council-provided 100-year TUFLOW hydraulic depth raster after harmonising the datasets to a common spatial framework.
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Fig. 9. Examples of selected flood-information and visualisation systems used for contextual comparison: (a) FASTFLOOD [75], (b) Google Flood
Hub [76], (c) Copernicus GloFAS [77], and (d) Auckland Flood Viewer (Auckland Council, 2023).
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The TUFLOW raster was resampled to the ArcHydro 1 m grid using nearest-neighbour resampling, and NoData cells were excluded
from the comparison footprint. Using a minimum depth threshold of 0.05 m for the spatial comparison, the inundated extents produced
a Jaccard similarity coefficient of 0.22. Approximately 98.2% of TUFLOW cells exceeding the selected threshold were also included
within the corresponding ArcHydro extent, whereas 21.9% of ArcHydro cells exceeding the threshold coincided with TUFLOW cells
exceeding the same threshold.

Within cells exceeding the threshold in both datasets, the mean depth was 1.23 m for the ArcHydro reference surface and 0.43 m for
the TUFLOW hydraulic raster. Sensitivity checks using thresholds between 0.01 and 0.20 m produced the same overall pattern of
limited spatial agreement. These statistics are interpreted only as a comparison of the spatial characteristics of the two visualisation
inputs, rather than as a model validation or accuracy assessment, because the fixed 2 m ArcHydro reference surface is not a probability-
matched equivalent of the 100-year TUFLOW hydraulic scenario.

Depth distributions in the hydraulic scenarios show more pronounced localised maxima, particularly within channels, road de-
pressions, and backwater areas, whereas the ArcHydro-derived depths vary more uniformly across the floodplain. From a visualisation
standpoint, the ArcHydro output provides a smoother and more generalised representation of terrain-related inundation potential,
whereas the hydraulic scenarios retain greater local variation associated with channel connectivity, flow routing, and local hydraulic
controls. These differences affect how the outputs should be interpreted: the ArcHydro scenarios are useful as indicative reference
surfaces for examining broad spatial patterns and asset exposure, while the hydraulic outputs provide a more spatially differentiated
representation of modelled flood depth. The comparison therefore illustrates complementary visualisation roles rather than evidence
that one modelling approach is universally preferable.

The limited spatial agreement between the two flood-depth representations has important implications for flood-risk communi-
cation. The broader inundation extent produced by the ArcHydro reference surface may lead to different interpretations of property
and infrastructure exposure compared with the hydraulic scenario, particularly regarding which buildings and roads appear inundated
and the severity of flooding at individual locations. These differences become especially relevant when flood information is presented
through realistic 3D visualisations, where detailed representations of terrain and buildings may create an impression of spatial pre-
cision that is not necessarily supported by the underlying flood data. Importantly, the ArcHydro 2 m reference surface and the
TUFLOW 100-year climate-change scenario are not probability-matched representations of the same flood event. Their limited spatial
agreement therefore should not be interpreted as evidence of relative model accuracy. Instead, the findings highlight the importance of
clearly communicating modelling assumptions, scenario characteristics, and limitations when presenting property-level flood expo-
sure through 3D visualisations.

3.2. Expert opinion evaluation

Descriptive statistics of expert responses (Table 2) reveal generally positive evaluations of the developed 3D flood-visualisation
tool. Most participants indicated a moderate to high level of involvement in flood risk management (mean = 4.22) and GIS experi-
ence (mean = 3.67), while fewer had strong backgrounds in 3D modelling (mean = 2.78). Ratings of the four tool-evaluation variables
were generally favourable. The visualisation was considered both "easy to understand and stable" (means = 4.56 for both), showing
minimal dispersion, with a low standard deviation (¢ = 0.53), indicating consistent agreement among respondents. Plausibility had a
mean score of 4.22 with low dispersion (SD = 0.44), while the median and interquartile range were 4 and 0, respectively, indicating
closely clustered responses within the expert sample. The perceived usefulness of the application also scored highly (mean =4.11),
indicating that the expert participants considered the visualisation potentially useful for practical flood risk applications. Given the
small expert sample and ordinal nature of the Likert-scale responses, median, interquartile range, and observed minimum-maximum
values are reported alongside the mean and standard deviation to provide complementary measures of central tendency and
dispersion.

Fig. 8 illustrates the distribution of expert responses across the evaluation and participant background variables. Participants
reported greater experience with GIS than with 3D visualisation, with median scores of 4 and 3, respectively. Fig. 8b also shows
relatively high scores for involvement in flood risk management, understandability, and plausibility. The limited dispersion in the tool
evaluation ratings indicates a relatively consistent pattern of responses within this expert sample.

The relationship between participant background variables and tool evaluation ratings was explored using the correlation analysis
shown in Fig. 8c. The observed associations varied across the evaluated variables, with some differences evident in relation to par-
ticipants' GIS and 3D modelling experience. Given the small expert sample, these patterns are treated as exploratory and are not
interpreted as demonstrating systematic differences between user groups. Spearman's rank correlation analysis was used on an
exploratory basis to examine associations between participants' technical backgrounds and their assessments of the visualisation, with
the results presented in Fig. 8c and d. Given the small sample size, the observed correlations are interpreted as exploratory patterns
rather than confirmatory relationships. A moderate positive association was observed between involvement in flood risk management
and perceived usefulness (p = 0.59, p = 0.09). Given the exploratory nature of the analysis, this association is reported descriptively
and is not interpreted as evidence of a systematic relationship. A weaker positive association was also observed between involvement
in flood risk management and stability (p =0.48, p=10.19), although this pattern is likewise interpreted cautiously given the small
sample.

A strong negative association was observed between 3D experience and understandability (p = —0.86, p < 0.01), together with a
moderate negative association between 3D experience and plausibility (p = —0.65, p =0.06). This exploratory pattern may indicate
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that participants with greater 3D modelling experience evaluated the visualisation more critically. Given the small sample size,
however, the observed association should not be interpreted as evidence of a systematic effect of prior experience or as evidence of
performance among non-technical users.

The expert evaluation produced generally favourable ratings for understandability, plausibility, stability, and perceived usefulness.
These findings provide preliminary professional feedback on the developed visualisation framework, while the small purposive sample
and absence of direct testing with non-technical users limit broader conclusions regarding communication effectiveness.

3.3. Applicability of the developed tool

To place the developed workflow within the wider flood-visualisation landscape, a descriptive comparison was made with four
existing flood-information and visualisation systems: FASTFLOOD (Coulthard, 2013; [68-70]), Google Flood Hub [71], Copernicus
Global Flood Emergency Viewer [72,73], and the Auckland Flood Viewer [14,74]. These examples represent different approaches to
communicating flood information across global, regional, and local contexts. The comparison is intended only to contextualise dif-
ferences in visual presentation, spatial scale, and information delivery; it is not a formal benchmark of modelling accuracy, platform
performance, usability, or communication effectiveness.

Fig. 9 illustrates representative outputs from the selected systems. Their interfaces primarily communicate flood information
through map-based representations of variables such as inundation extent, depth, return-period information, or other flood-hazard
indicators, depending on the purpose and underlying data of each system. These systems operate at different spatial scales and
serve different operational or informational purposes, and no direct equivalence between their modelling approaches and the
workflow developed in this study is assumed.

The comparison highlights a distinction in visualisation scale and representation rather than relative platform performance. The
selected external systems predominantly provide map-based flood information across relatively broad spatial extents, whereas the
workflow developed in this study links flood-depth surfaces directly with individual buildings, roads, bridges, access routes, and other
urban assets within a 3D GIS environment. This enables flood information to be examined at neighbourhood and property scales while
retaining the spatial relationship between the flood surface and discrete assets.

The developed workflow should therefore be viewed as complementary to, rather than a replacement for, established flood-
information systems. Its particular role is the asset-referenced 3D representation of existing flood-model outputs within a GIS envi-
ronment. Whether this form of representation improves understanding, usability, or decision-making relative to other platforms would
require direct comparative evaluation and is not established by the present study.

In practical terms, the workflow may support different professional tasks by linking flood depth directly to discrete urban assets
within a familiar GIS environment. For flood managers and planners, this can assist spatial inspection of affected buildings, roads, and
neighbourhood-scale exposure. For emergency responders, the representation of inundated roads, potentially affected access routes,
and identified safe areas provides a spatial basis for examining operational constraints. For community-facing applications, the asset-
referenced 3D outputs provide a format that could be used in future engagement or communication activities, although effectiveness
for non-technical users was not evaluated in the present study. Compared with visualisation frameworks that rely primarily on
standalone web interfaces, game engines, immersive environments, or broad-scale map viewers, the present workflow contributes a
GIS-native pathway that retains flood-model outputs, terrain, and managed urban assets within the same spatial environment.

4. Conclusion

This study presented a GIS-based workflow for producing three-dimensional flood visualisations aimed at improving flood risk
communication in urban fluvial settings. Using Te Auaunga (Oakley Creek) as a case study, the work demonstrated how both indic-
ative, terrain-based flood-depth surfaces and council-approved hydraulic flood-depth rasters can be integrated and visualised within a
standard GIS environment. The proposed approach enables commonly available flood-model outputs to be presented in a spatial form
that supports interpretation at neighbourhood and property scales, without reliance on bespoke visualisation platforms or specialised
hardware.

The developed visualisations represent flood depth in relation to terrain, buildings, and transport infrastructure, enabling inun-
dation patterns and asset exposure to be examined within their spatial context. The inclusion of building-level depth information, road
inundation, and areas outside the modelled flood extent enables flood exposure to be examined in relation to individual properties and
surrounding infrastructure.

Findings from the expert evaluation indicate that the developed visualisations were generally regarded as understandable, stable,
and plausible. Participants with operational flood risk management experience reported higher perceived usefulness, while those with
stronger backgrounds in 3D modelling tended to apply more critical judgement to visual simplifications. This variation reflects dif-
ferences in professional expectations and indicates that perceptions of the visualisation may be influenced by participants’ professional
backgrounds and prior experience. These findings represent exploratory, perception-based assessments from a small group of pro-
fessionals and should not be interpreted as evidence of improved flood-risk comprehension or communication effectiveness among
non-technical audiences.

The comparative assessment demonstrates that the proposed workflow complements existing flood-information platforms.
Regional and global systems remain essential for providing consistent, authoritative flood intelligence at broad spatial scales, whereas
the GIS-based 3D approach developed here supports more detailed, asset-focused interpretation using existing flood-depth datasets.
The comparison between terrain-based and hydraulically modelled flood-depth surfaces highlights that each representation conveys

15



F. Kaleshani et al. International Journal of Disaster Risk Reduction 147 (2026) 106548

different but complementary information. The ArcHydro-derived surfaces produced smoother and more laterally continuous inun-
dation patterns, whereas the hydraulically modelled rasters exhibited sharper flood boundaries and greater localised depth variability
associated with flow routing and hydraulic controls. In this way, the workflow addresses a specific gap between technical flood
modelling outputs and local-scale understanding required for planning, preparedness, and stakeholder engagement. Further work
should focus on improving temporal alignment between terrain and urban representation datasets, incorporating additional hy-
draulically derived variables where available, and extending evaluation to include community participants. As the workflow is
modular and data-driven, such refinements can be implemented without changes to the underlying methodology.

A further limitation concerns the exploratory comparison between the ArcHydro-derived 2 m reference surface and the Auckland
Council-provided TUFLOW 100-year +3.8 °C climate-change hydraulic depth raster. These two surfaces are not probability-matched
representations of the same flood event; the ArcHydro layer is an indicative fixed-depth reference scenario, whereas the TUFLOW
raster represents a specific hydraulic design scenario. Accordingly, the reported spatial-overlap statistics should be interpreted as a
comparison of visualisation inputs rather than as model validation or an assessment of relative accuracy. The 0.05 m inundation
threshold used for the comparison was selected following expert consultation and, although sensitivity checks across thresholds from
0.01 to 0.20 m produced the same general pattern, the resulting overlap measures remain dependent on the adopted comparison
framework.

The present study did not include a direct experimental comparison between the developed 3D visualisation and conventional 2D
flood maps. Comparative evaluation of map-based flood risk communication has been recognised as an important methodological
consideration in previous research, and future work should therefore include controlled 2D-versus-3D testing with non-technical users
to determine whether the 3D representation provides measurable communication benefits.

Overall, the study demonstrates a practical GIS-native pathway for integrating flood-depth information with terrain, buildings,
roads, and other spatial assets in an interactive 3D environment. Future work could extend the proposed framework by connecting the
3D visualisations to relevant application programming interfaces supplying updated flood, rainfall, or hydrological information. This
would enable dynamic updating of flood-depth layers within the GIS environment, allowing the visualisations to evolve from static
scenario representations toward near-real-time or event-responsive flood-information tools, while remaining grounded in established
modelling workflows.
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