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ARTICLE INFO ABSTRACT

Keywords: Water-related climatic disasters pose a significant threat to human health due to the potential of
Digitalisation disease outbreaks, which are exacerbated by climate change. Therefore, it is crucial to predict
Digital application their occurrence with sufficient lead time to allow for contingency plans to reduce risks to the
Disease outbreaks population. Opportunities to address this challenge can be found in the rapid evolution of digital

Early warning systems

technologies. This study conducted a critical analysis of recent publications investigating ad-
Extreme weather

vanced technologies and digital innovations for forecasting, alerting, and responding to water-
related extreme events, particularly flooding, which is often linked to disaster-related disease
outbreaks. The results indicate that certain digital innovations, such as portable and local sensors
integrated with web-based platforms are new era for predicting events, developing control strate-
gies and establishing early warning systems. Other technologies, such as augmented reality, vir-
tual reality, and social media, can be more effective for monitoring flood spread, disseminating
before/during the event information, and issuing warnings or directing emergency responses.
The study also identified that the collection and translation of reliable data into information can
be a major challenge for effective early warning systems and the adoption of digital innovations
in disaster management. Augmented reality, and digital twin technologies should be further ex-
plored as valuable tools for better providing of communicating complex information on disaster
development and response strategies to a wider range of audiences, particularly non-experts. This
can help to increase community engagement in designing and operating effective early warning
systems that can reduce the health impact of climatic disasters.

1. Introduction

Climatic hazards can have a significant impact on human and socioeconomic activities, leading to issues such as water shortages,
limited access to clean water, psychological trauma, famine, and malnutrition caused by the destruction of agricultural land and dis-
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rupted food supplies [1]. Basically, water-related climatic hazards (WRCH) can be divided into short-term events (e.g., flooding, cy-
clones, typhoons, hurricanes, heavy downpours, snowmelts) or long-term ones (e.g. drought and water scarcity). Either of these two
event types can pose either immediate or long-lasting risks to human health, environment and infrastructures [2]. Over the last 50
years, as illustrated in Fig. 1, short-term climatic hazard events account for 64 % of total natural hazard events and almost 60 % of the
affected population [3]. The death rate of 25 % (or 1 in 4) vividly illustrates the profound impacts of these disasters on society. These
include the human tragedy and trauma experienced by affected individuals and communities, the loss of valuable human resources,
and the economic setbacks that necessitate a long-term period of recovery [4].

WRCH can give rise to a diverse array of bacterial, viral, pest, or parasite infections, as shown in Fig. 2, due to disease transmission
facilitated by environmental disruption, resource pollution, limited access to healthcare, and damaged critical infrastructure and ser-
vices [5,6]. Moreover, post-event crowding can lead to the spread of diseases such as meningitis and acute respiratory infections. Vec-
tor-borne diseases, such as malaria and dengue, and tetanus can also be associated with extreme climatic events [7]. Several factors
can contribute to this, such as the increased frequency of extreme weather events worldwide, contamination of water sources, and
proliferation of mosquitoes [8,9].

Disease outbreaks can be further exacerbated when mental illnesses such as anxiety, depression, and schizophrenia emerge within
survivor populations grappling with disruption, loss of social support, or post-traumatic stress disorders [12]. Furthermore, traumatic
injuries such as fractures, lacerations, and contusions, as well as exposure to debris carried by floodwaters and the risk of electrocu-
tion in affected areas, can increase the vulnerability of individuals to open wounds, raising the potential for transmission of the afore-
mentioned diseases [11].

To address these challenges, a wide variety of effective interventions have been introduced, encompassing structural construction
and non-structural solutions [13]. However, structural solutions, while effective in mitigating certain challenges, can inadvertently
contribute to increased CO, emissions. This occurs through construction activities, material usage, land use changes, and natural re-
source consumption, thereby exacerbating the adverse effects of climate change [14], as illustrated in Fig. 3. This linkage between
structural solutions and the heightened frequency and severity of water-related extreme hazards due to climate change necessitates a
shift in approach. To break/minimise this cycle, there is a critical need to explore non-structural solutions, especially early warning
systems (EWS) and digital technology innovations (DTI) which involve the development and implementation of strategies aimed at
preventing and mitigating the impact of extreme climatic events on the environment, infrastructure, and the health and well-being of
communities as well as minimising or zero contribution to climate change, aligning with global net-zero emissions objectives and
adaptation plans pursued by various countries [15].
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Fig. 1. Comparison between shot-term water-related climatic hazards with all natural hazards records accumulated over the last 50 years by (a) frequency, (b) affected
population and (c) deaths (Raw data source [3].
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The [16] defines EWS as an integrated system that encompasses hazard monitoring, forecasting and prediction, disaster risk as-
sessment, communication, and preparedness activities, which enable individuals, communities, governments, businesses, and others
to take timely action to reduce disaster risks before hazardous events occur. The application of these EWS have been extensively stud-
ied in the context of disaster forecasting, damage assessment, inundation, and evacuation planning [17,18]. These research works
highlight the applications of drones and remote sensing for natural disaster management [19], real-time modelling of urban flooding
predictions [20], and artificial intelligence (AI) technologies for disaster management [21]. Their advantages also explicitly have
been reviewed including improving data collection and monitoring, hazard forecasting and risk reduction, enhanced communication
and public awareness, smart infrastructure and property protection, resilience planning, enhancing emergency response, and accessi-
bility of critical information [22,23]. Despite the plethora of digital technologies available for managing climatic hazards, their appli-
cation for connecting climatic hazards to disease outbreaks is, as best of authors know, rarely emphasised.

A few research works focus on the relationship between diseases and climatic hazards, such as the role of EWS in dengue manage-
ment [24], the dermatological conditions linked to extreme weather [25], the broader analysis of climate-sensitive infectious diseases
that follow extreme climatic events [26], and the detection of common infectious diseases and health risk factors after a natural disas-
ter [27]. However, cutting-edge digital technologies used for data collection, prediction, and EWS of short-term climatic hazards
which can serve as a foundation for warning against any relevant disease outbreaks still needs more investigation.

To address this, the current study aims to review emerging digital technology innovation with concrete and potential applications
for EWS in short-term climatic hazards. The study investigates how these technologies can contribute to reducing and controlling the
risk of disease outbreaks and human health hazards due to short-term climatic events. To achieve this objective, this research work
lies in the depth and breadth of four primary components of each EWS: data collection approaches, platform development, and digital
visualisation and decision-maker engagement leveraging social media and mobile apps.

Section 2 will initially delve into the research design and offer a concise bibliometric analysis. Notably, the nature of large-scale
EWS, encompassing international and national platforms, differs significantly from local efforts. To maintain clarity, these two groups
have organised into two sections to maintain a unique perspective on the challenges and opportunities associated with EWS deploy-
ment across various levels. Section 3 provides an overview of national and international EWS applied for detecting climate-related
disease outbreaks, and in Section 4, cutting-edge forecasting platforms at the local level are explored. Moreover, Section 5 is dedi-
cated exclusively to the application of digital visualisation technologies in EWS, considering recent advancements, novel applications
and heightened real case study focus on this aspect. Finally, in Section 6, current challenges and offer insights into future perspectives
are elucidated. This section offers fresh insights into the evolving landscape of EWS, especially in the context of climate-related dis-
ease outbreaks. This section is encapsulated within the concluding remarks at the end of the study.

2. Research design

The present study followed the guidelines recommended by Ref. [28] to select appropriate research works from the Scopus search
engine. A set of six search and screen strategies (S1-S6) were used and are presented in Fig. 4. The search results started with identify-
ing publications on climatic hazards related to disease outbreaks and EWS, resulting in 1577 papers in S1. The search was then nar-
rowed down by focusing on various types of WRCH, resulting in 259 publications in S2. The search was further restricted to the last
decade, i.e., after 2012, for English language journal papers only, resulting in 73 articles in S3 to provide more advanced and recent
research studies. The selected papers were then classified into three categories: 27 papers for data collection (S4), 31 papers for devel-
oped platforms (S5), and 39 papers for digital visualisation (S6). These research works are then reviewed and the finding are provided
into the three categories of (1) large-scale EWS i.e., national or international platforms, (2) local DTI applied for developing EWS, and
(3) role of digital visualisation in EWS.

2.1. Brief bibliometric analysis on the selected research works

Based on the selected 73 papers in stage 3 of research design i.e. S4 in Fig. 4, bibliometric analysis was conducted using the
VOSviewer software. The analysis was based on the co-occurrence of key terms in the titles and abstracts of the papers, and the count-
ing method used was full counting. The density of keywords is illustrated in Fig. 5a, which shows that although the focus area of all
selected papers is flooding, there is only one set of strongly connected studies surrounded by many non-connected studies.

Further analysis of this cluster revealed 5 main subclusters as shown in Fig. 5b. The purple cluster focuses on the application of the
"Internet of things" supported by "big data" and "Machine learning". The red cluster focuses more on the "Early warning system" and
associated different attempts, including modelling, using sensors, and integration of communication platforms. The green cluster is
mainly represented by "virtual reality" (VR) connected to "flood management" through mainly "disaster awareness", simulation of and
"flood submergence". The yellow cluster illustrates "augmented reality" (AR) with a focus on providing immersive 3D experiences for
communication. Finally, the blue cluster demonstrates the general application of 3D visualisation, especially "mixed reality" in "flood
risk management/assessment".

Fig. 5c shows that hot topics have shifted from the application of Geographic Information Systems (GIS) in 3D visualisation, field
surveying in AR, modelling of flood submergence by VR, and using real-time monitoring kit in EWS and events to the internet of
things (IoT), smart devices, and risk perception. Fig. 5¢c shows that hot topics have shifted from the application of GIS in 3D visualisa-
tion, field surveying in AR, modelling of flood submergence by VR, and using real time monitoring kit in EWS and events to IoT, smart
devices, and risk perception.
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S1 screen strate
Publications on climatic hazards related to
diseases outbreaks and early warning systems

U

Applied keywords
((Natural) AND (Disaster)) OR ((Climate) AND (Hazard)) OR ((Extreme) AND
(Weather)) OR (Disease) OR ((Early) AND (Warning)) OR ((Real) AND (Time))

2

S2 screen strate
Results were screened for case studies focusing on
various types of water-related climatic hazards

{

Applied keywords
(Flood) OR ((Extreme) AND (Weather)) OR (Storm) OR (Hurricane) OR (Thunder) OR
(Typhoon) OR (Cyclone) OR ((Heavy) AND ((Rainfall) OR (Precipitation) OR
(Downpour))) OR (Tornado) OR Freeze) OR (Snowmelt)

S3 screen strate:
Results were limited to the last decade, English language articles, and
journal papers. searching is also limited to titles, keywords, and abstracts

U 2% 2%

S4 screen strate S5 screen strate S6 screen strate
Results focusing on data collection Results focusing on developed Results focusing on digital
and data resource platforms platforms visualisation approaches
/ Applied keywords \/ Applied keywords \/ Applied keywords \
(Internet) OR (IoT) OR (Drone) OR (Web) OR ((Information) AND (((Augment) OR (Virtual) OR (Mixed)
(UAV) OR (LiDAR) OR ((Remote) AND (Communication)) OR (Mobile) OR (tele) OR (Extended)) AND (Reality)) OR
(Sensing)) OR (Sensor) OR (Lorawan) OR OR (Phone) OR ((Social) AND (Media)) (Digital AND Twin) OR ((3D) AND
((Arduino) OR (Raspberry) AND (pi)) OR OR (Stakeholder) OR (Community) OR (Visualisation)))
(Phone) OR (Digital) OR ((Social) AND (Government) OR (Authority) OR
(Media)) ((Water) AND (Company)) OR (Manager)
/ \ OR (Operator) / K /

elected publications
39

lected uhl

31
Fig. 4. Flowchart of screen strategies for selecting research works used in this study.

3. National and international early warning platforms for disease outbreaks

Climate change affects wider areas and multiple climatic events simultaneously. Therefore, large-scale systems covering multiple
countries can better describe the scenario of novel technologies' applications in EWS for tackling extreme climatic events associated
with diseases [29]. High-coverage EWS typically uses information provided by research projects, institutes, organisations, and gov-
ernment agencies and returns it in the form of alerts, reports, open-source databases, satellite imagery, tools, and modelling services
[30]. The entire process involves the use of digital resources at various stages, including identification of hazards and risk areas, mon-
itoring systems, data analysis and processing, modelling tools, information distribution, and EWS operation [31].

Table 1 illustrates various EWS that use digital technologies to detect and warn about natural hazards related to water and their
potential to increase the risk of disease outbreaks. Some of these systems, such as “Climate Information Tool for Agriculture” and
“Digital Earth Africa”, provide predictions for securing food production but are solely focused on the African continent. Other EWS,
such as the “Global Flood Awareness System”, provide 30-day forecasts for riverine floods at a global scale. However, the E3 Net-
work, which uses climatic information for disease prevention, is limited to the European Union and does not cover areas with high
mortality rates due to vector-borne diseases such as South America, Africa and South Asia.

The “Early Warning, Alert and Response System” is a unique EWS that focuses on disease detection after a natural disaster or con-
flict, using tools and devices for disease data collection, storage and reporting to activate a response as early as possible. It is impor-
tant to note that these digital technologies and EWS need to be connected to a risk-based approach and decision-making system sup-
ported by multi-criteria decision analysis tools for informed decision-making at the appropriate time. A decision support system can
encapsulate this approach through several modules, including a database of potential intervention options/plausible scenarios
[37,38].
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Fig. 5. Bibliometric analysis for the selected papers based on a) density of all keywords, b) cluster of connected keywords, c) timeline of connected keywords.

Numerous EWS have been developed and operated on national scales so far, primarily under the purview of meteorological offices
and environmental agencies [39,40]. These entities have placed a significant emphasis on forecasting extreme weather events, en-
hancing public awareness, optimising evacuation routes, and implementing various risk management strategies [18,41]. However,
these platforms have predominantly treated disease outbreaks as collateral effects of disaster management, rather than dedicating fo-
cused efforts to establish EWS specifically for disease outbreaks [24].

In contrast, the development and management of EWS with the explicit goal of addressing disease outbreaks have been largely un-
dertaken by operational health agencies, with the overarching aim of fortifying disease control measures [26,42]. Nevertheless, it re-
mains apparent that the seamless integration of these two distinct systems calls for a more comprehensive vision and heightened col-
laboration among various governmental agencies and departments. Such collaborative efforts are essential for formulating robust
plans aimed at preparing for, containing, and mitigating the severity of disease outbreaks closely related to climate and environmen-
tal factors [43,44].

4. Local early warning systems for disaster forecasting

The differences between EWS are not only restricted to their coverage or objectives but are also influenced by the various digital
tools and devices employed to achieve their goals. EWS climatic prediction capabilities are typically improved by using geospatial
data, satellite observations, remote sensing, and advanced modelling tools [2]. Meanwhile, disease detection and monitoring tasks
are aided by mobile phone technologies, data hubs, social media platforms, and alternative energy sources. The broader range of tech-
nologies used in EWS is further discussed in this section.

It is important to note that while all the selected research works discuss the impact of recent advancements on preventing disease
outbreaks, they primarily focus on developing EWS for WRCH, which indirectly can contribute to disease outbreak management. In
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National and international EWS using digital technologies for the prediction or detection of disease outbreaks.

System Year Implemented Description Features References
/Funded by
EWARS® 2017 WHOP Kit designed to help improve the - Consists of mobile phones/laptops/datahub to collect, report and [32]
detection of disease outbreaks manage infectious disease data.
during emergencies - Supports up to 50 permanent or mobile clinics with the potential
to help up to 0.5 million people.
- Tested successfully for mitigating and predicting dengue
outbreaks in Brazil, Malaysia, and Mexico
- Not open access software and mostly used for disease detection
and not for disease prevention
GloFAS® 2018 ECC-EMS! Satellite-based near real-time - Combines medium-range meteorological readings and spatially [33]
monitoring and forecasting of distributed hydrological rainfall-runoff model.
flood events around the globe - Sends out detailed bulletins information including the predicted
forecast daily flooding up to 30 landfall location and areas at risk of severe flooding with a level
days in advance of certainty up to 5 days.
- Limited scope to rivers and no real-time forecast for flash flood
risk or coastal flooding areas
CLIMTAG® 2018 ECMWEF! Web-based tool using the C3S2 - Provides indicators with 1 km resolution displayed on a country- [34]

Digital Earth 2020 US-based Helmsley

Africa Charitable Trust and
the Australian
Government
E3 Network” 2022 ECDC!

data collected from weather
stations and satellites to provide
historical and future relevant
climatic indicators

Ambitious project setup to help
improve the lives of people across
Africa through satellite
observations specific to the
African continent.

Timely access to data on eco-
climatic determinants, vector
distribution, and infectious
disease incidence is gathered from
various sources

wide map and graphs.

Used by farmers and decision-makers to assess the severity of

climate changes on farming, ensuring adequate resilience

measures and strategies are in place to secure crop production

and tackle food insecurity.

Aimed to expand to over 20 countries in Africa.

Only provides climate information only for Malawi, Mozambique

and Zambia.

Provides accessible, reliable and timely data regarding changes [35]
in the continent's environmental conditions for stakeholders.
Used to aid decision-making on flooding, drought, soil and
coastal erosion, agriculture, forest cover, land use and land cover
change, water availability/quality and changes to human
settlements.

Dedicated solely to the African continent

Includes data repository, geoportal for data visualisation,
extraction, and dissemination, and online tools for analysing
environmental and climatic disease drivers.

Obtains data through exchanges and scientific collaborations
across geographical and political boundaries in the European
Community between member states, researchers, ECDC experts,
and other authorised users, with a particular focus on climatic
change adaptation, landscape epidemiology, and emerging
disease threats.

Involves a wide range of technologies including GIS, satellites,
remote sensing, and modelling tools.

Difficulties in the attribution of emerging infectious diseases to
specific climate events

[36]

a Early Warning, Alert and Response System.

b World Health Organization.
¢ The Global Flood Awareness System.

d Furopean Commission's Copernicus Emergency Management Service.

¢ CLimate InforMation Tool for Agriculture.

f European Centre for Medium-Range Weather Forecasts.

8 Climate Change Service.

h The European Environment and Epidemiology.
I European Centre for Disease Prevention and Control.

alignment with the primary focus of these research works, this study also highlights these advancements accordingly. However, the
potential of the direct application of these technologies to Disease-based EWS are explored to consider how these technological inno-
vations can directly enhance the effectiveness of EWS dedicated to disease outbreak monitoring and response.

4.1. Critical analysis on cutting-edge digital technologies

Digital technologies are rapidly advancing, providing increasingly sophisticated tools for disaster prediction, prevention, and miti-
gation. Commonly used digital technologies in these processes include satellites, unmanned aerial vehicles, drones, aircraft, heli-
craft, and airship data collection [19,45]. Additionally, technologies such as radio frequency and electric-conductive sensors, station-
ary surveillance cameras, ultrasonic and infrared sensors, visual cameras, capacitive/conductivity-based sensors, radar and LiDAR,
pressure sensors, and street ultrasonic sensors are used as remote-sensing platforms [46]. These technologies primarily concentrate on
response activities, such as detecting the expansion of floods in urban areas that could potentially become breeding grounds for in-
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sects or parasites [47]. They also play a crucial role in post-disaster recovery efforts by assessing the aftermath of flooding, which in-

cludes evaluating soil and water contamination, addressing hygiene concerns, and ensuring access to clean water [48,49].

As indicated in Table 2, smart sensors equipped with ultrasound, IoT, and LiDAR technology represent some of the most exten-
sively applied digital tools for real-time data acquisition [50]; Paul et al., 2020). These technologies boast a wide array of applica-
tions, including: (1) collecting data on polluted catchment areas to assess their susceptibility to potential disease outbreaks, (2) pro-
viding critical flow for real-time modelling of damage to treatment facilities or hospitals in the event of disasters, (3) detecting high-
risk areas for effective disease impact management and mitigation strategies, and (4) utilising IoT-controlled devices like gates,
valves, and pumps to redirect water levels, thereby exerting control over ongoing disease outbreaks [51,52,53]. Smart sensors can
also play a crucial role in gathering data on soil moisture, land movement, and rainfall intensity. This data is invaluable for identify-
ing regions susceptible to slope failure, landslides, and road damage during severe weather conditions. Moreover, this information

can help pinpoint potential areas for disease proliferation and serve as pivotal points for disease outbreaks [54].

Table 2

Cutting-edge digital technologies used for in early warning systems.

Focus area Reference
Approach/Digital technologies Modelling Application Case
study
Social media
X (former Twitter) Geocoding and Hurricane lead time for management USA [55]
classification
X (former Twitter)and YouTube Data mining Search and rescue - [52]
X (former Twitter)and API based data source Data mining Social geodata of flooding UK [56]
X (former Twitter)integrated with Google Vision LSTM Dynamic at-risk flood area USA [571
X (former Twitter) Data mining Hurricane-induced infrastructure disruption ~USA [58]
X (former Twitter) LSTM Traffic demand during a hurricane USA [59]
evacuation
Mobile phone apps
Email and SMS INFLUX platform Flood management France [60]
IoT based remote sensing
Water flow sensor Data mining Smart flood management - [61]
Water flow, water level, rain and humidity sensors CNN Flood hazard detection - [62]
Ultrasonic water level sensor RNN flood water control USA [51]
Water flow sensor DSS Flood risk level determination - [63]
Water flow sensor SWMM Real-time heavy rainfall forecasting - [64]
Water level sensor Real-time ECOMSNET Decision-supporting flooding information - [52]
Soil moisture, rainfall, and tiltmeter sensors Algorithm-based CTRL-T  Providing landslide early warning India [65]
Ultrasonic water level sensor - GSM and Bluetooth mobile based flood - [66]
warning
Sensors and mobile phone network DSS Drones, aircraft, airships, and helikites for - [671
flood warning
Rainfall, temperature, humidity, soil temperature, soil moisture ~ Real-time monitoring Indicating mass movement of landsides - [54]
and tiltmeter sensors
Water flow sensor RNN Flash flood risk management India [68]
Tilt, rain gauge, water level and strain sensors - Slope instability monitoring system Japan [69]
Water level and electrical conductivity sensor - Urban stormwater networks - [70]
Water flow sensor RNN Water flow forecasting China [50]
Water flow sensor - Rapid failure assessment USA [71]
Ultrasonic water level sensor - Flood profile data USA [72]
Others
LoRaWAN and LiDAR radar remote sensing Inundation predictions Regional resilience monitoring network USA [73]
Satellite and ground real-time data ADCIRC and SWAN Web-based interface for data visualisation USA [74]
Lidar-based water level sensors - Providing long-distance measurement - [47]
IoD-based network Message forwarding Smooth message dissemination - [75]

algorithm

ADCIRC Advanced CIRCulation model for oceanic, coastal and estuarine waters.

API: Application programming interface.
CNN: Convolutional Neural Network.
CTRL-T: Rainfall-induced Landslides Tool.
DSS: Decision Support System.

ECOMNET: Edge COMputing-based Sensory NETwork.
10D: Internet of Drones.

IoT: Internet of Things.

LiDAR: Light Detection And Ranging.
LoRaWAN: Long Range Wide Area Network.
LSTM: Long Short-Term Memory.

RNN: Recurrent Neural Network.

SWAN: Smart Water Networks Forum.



C.D. Girotto et al. International Journal of Disaster Risk Reduction 100 (2024) 104151

Although some digital innovations have only recently become available for use in data collection and dissemination, researchers
and developers can now easily access application programming interfaces (APIs) to obtain data (e.g., see Ref. [76]. In addition, low-
cost portable sensors are now accessible to supplement data collection from online databases and real-time transmission of collected
data is easily possible through digital technologies such as LoRaWan, ad-hoc LAN networks, and Wi-Fi technologies [63,73]. There-
fore, it seems that, the next step in this context is to focus on developing affordable sensors capable of measuring the growth potential
of diseases, including real-time bacteria detection, virus recognition, and parasite detection [24].

Finally, mobile phones and social media platforms have emerged as increasingly vital tools for not only detecting, addressing, and
warning about disease outbreaks but also for comprehensively managing them when triggered by severe weather events [55,57].
These platforms, such as X (former Twitter) and YouTube, have been proven remarkably effective in rapidly gathering information
about flooded areas, disruptions in transportation routes, infrastructure damage, individuals in distress, and the initial signs of disease
outbreaks from a wide array of sources [58,59]. This multifaceted approach allows for a more nuanced and timely response to disease
outbreaks triggered by extreme weather conditions, helping curb their spread and minimise their impact on vulnerable populations
[52].

Users can post observations, photos, and videos of weather-related incidents. This crowdsourced data can provide valuable in-
sights into the extent of damage and the areas most affected and be used for disease-based EWS [56]. Also, public sentiment and con-
versations related to weather events, health concerns, and affected population can be tracked by EWS. Sudden spikes in discussions
about illness symptoms or clusters of related posts can trigger further investigation and response from health authorities [57]. Conse-
quently, the integration of mobile technology and social media in disaster management not only offers enhanced situational aware-
ness but also opens up new avenues for proactive interventions in disease outbreaks during extreme weather events.

4.2. Overview of recent trends on cutting-edge digital technologies

Fig. 6 illustrates the overview of latest trends in cutting-edge digital innovation, in comparison to the well-established digital
technologies that are used for climatic hazards EWS and consequently disease outbreak prevention. While portable and static rain-
fall, water level, and water flow stations are now being used to provide EWS with real-time and reliable sources of data, local sen-
sors such as IoT, IoD, and Lidar sensors are being developed to provide more accurate data, albeit with less coverage [77]. Social
media and mobile phones are also adding more social and qualitative data, transforming the EWS from a purely engineering per-
spective to a more comprehensive one. Furthermore, proposed data-driven, physically-based, conceptual or dynamic models are be-
ing advanced by the concept of real-time online forecasting. Traditionally, more technical outputs such as damage cost analysis,
forecasted water depth, inundation or susceptibility maps, and reliability and resiliency maps were generated for experts. However,
the new trend is to provide web-based interfaces or information communication platforms to engage stakeholders in more interac-
tive human interfaces.

4.3. Statistical analysis on cutting-edge digital technologies

A total of seven technologies are recognised here that go beyond the EWS, as shown in Fig. 7a. These include IoT-based sensors, so-
cial media, APIs, mobile phones, online web-based platforms, LAN services, and loD-based sensors. Among all the new technologies,
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Fig. 6. Overview of new trends of cutting-edge digital innovation in comparison with well-established digital technologies used for EWS.
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Fig. 7. Dashboard of recent applications of digital technologies on local EWS (out of 27 studies): (a) share of technologies, (b) number of research publications based on
applied models, (c) target audiences, and (d) geographical distribution.

IoT sensors are the most extensively researched, followed by social media and using APIs which are becoming increasingly popular.
The information collected by these sensors is commonly used for the development of physical or data-driven models (Fig. 7b), which
help to identify and assess the susceptibility of risk areas to extreme climatic events [78]. While data-driven models have become
more popular in recent years, simple statistical models used mainly in web-based real-time platforms have also grown in popularity
[79,801.

These models share information with the public or targeted audiences, especially authorities, operators, and local communities.
While they mainly focus on authorities (See Fig. 7c) such as decision makers, policy makers or in-field managers, only around 20 % of
total selected papers include local communities. This is especially significant because frontline communities are typically the ones
who experience the initial impact of extreme weather or disease outbreaks events and frequently step up as the first responders during
emergencies. Consequently, they possess invaluable local knowledge about their environment [47]. Similarly, other stakeholders
such as businesses, hospitals, and schools may have specific needs and concerns related to hazards that should be addressed in the
EWS. By considering the needs of all stakeholders, the system can help ensure that everyone is adequately prepared and able to re-
spond effectively to hazards, reducing the overall impact on the community [81,82].

While the implementation of cutting-edge technologies demonstrates recent progress, as indicated in Fig. 7d, it is noteworthy that
only half of the total research works have been tested in real-world case studies, reflecting the early stages of commercialisation for
these technologies. Furthermore, when examining the geographical distribution of selected studies, it becomes apparent that a few
countries, with the USA and India leadership, have heavily pursued research in this context. This leaves room for more efforts in other
regions that are equally impacted, such as Middle Eastern, North African, and Southeast Asian countries [3].

5. Application of digital visualisation in early warning systems

Numerous research studies have leveraged digital visualisation techniques to forecast and mitigate the impact of extreme events
or WRCH. These techniques have been employed for tasks such as damage assessment, evacuation route planning, and inundation
simulation, as evidenced by works such as those by Refs. [15,83]. Furthermore, applications of these technologies in the context of
disease outbreaks are documented within the field of medical science, as exemplified by Ref. [84]. However, it seems that there is a
relative scarcity of studies specifically addressing the intersection of disease outbreaks and climate-related hazards, a gap that will be
explored in the subsequent discussion.

10
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5.1. Critical analysis on cutting-edge digital visualisation technologies

In recent years, VR, AR, and digital twin (DT) have gained significant attention as innovative digital technologies for water-related
climate hazard management and understanding hazard behaviour and the roles of victims. In the context of disease outbreaks, these
technologies serve two primary purposes: (1) 3D visualisation of hazards and associated disease outbreaks, and (2) increasing interac-
tive awareness among relevant stakeholders. As shown in Table 3, VR is widely used to model pluvial, fluvial, and dam-breaking
floods by creating a simulated 3D environment that allows users to explore and interact with virtual surroundings [85]. This informa-
tion is then presented as potential areas susceptible to the spread of infections or vulnerabilities in water, food, wastewater, or hy-
giene infrastructure [86].

There are two methods of implementing VR for flood risk management. The first method involves creating a game environment
that allows users, either through a computer or by wearing a special device, to move around the simulated area and view flood and
impact of flood-related disease outbreaks, identify potential locations where waterborne diseases can spread, contamination of food
and water sources can occur, wastewater systems may fail, and hygiene infrastructures compromised ([39] [107].

The second method involves developing software to investigate and analyse flood-prone and identify health high-risk areas using
various tools such as digital terrain models, LiDAR, GIS databases, and unmanned aerial or sea vehicles [92,106]. This is followed by
a three-dimensional visualisation of flood modelling results to pinpoint areas where flood waters may encounter water sources, such
as rivers, lakes, or reservoirs, potentially leading to contamination which can be used for EWS [89,102]. Also, these simulations can
be used for tracing the vectors, their distribution around the world, prevent transmission of diseases, and areas where victims were af-
fected [108].

AR technology, which integrates digital content with the real-world environment through sensory stimuli such as sound and visu-
als, has recently been applied to flood visualisation, as outlined in Table 3. The main application of this technology has been in the de-
velopment of mobile apps that allow users to assess flood risks as context of community-based EWS [83]. AR can overlay relevant data

Table 3
Recent advances in applied digital visualisation used for EWS.

Applied technologies/Application Case study  Reference

VR technologies

Virtual flood experiment integrating cellular automata and dynamic observations China [871
2D hydraulic simulations within a 3D virtual reality environment Italy [88]
3D hydrodynamic simulation of flooding based on the virtual presentation of UAV and USV data Brazil [89]
Creating realistic 3D gaming environment USA [90]
Risk level, the affected area, and critical locations by IVR flood environment presentation China [91]
Dynamic visual simulation and decision support system for flood risk management China [92]
Testing and measuring flood-related intervention behaviours for early evacuation Japan [85]
Offering games to engage the public with flood projects UK [93]
Dynamic 3D flood risk level map China [94]
High resolution of the VR flood scene China [39]
IVR technology to examine stimulated people Netherlands [95]
IVR technology to assess public perception and response to flood risk area USA [86]
IVR and multi-element warning and web-based forecast database China [96]
AR technologies
Smartphone application to engage the public with local flood zones and potential flood levels UK [97]
Client-server smartphone application to reach the most critical areas Italy [98]
DT technologies
“Pipedream” real-time software integrating DT of the urban water system, remote sensors and online modelling for rapid flood USA [99]
forecasting
Providing dynamic EWS based on DT for UDS flood risk levels determination Sweden [100]
Hybrid technologies
VGE simulation of flood routing integrated with DTM, and 3D GIS. China [101]
Dynamic flood web-based GIS visualisation USA [102]
Mixed reality smartphone application for in-situ flood geometry visualisation UK [103]
3D representations of flood inundation integrated with LiDAR, airborne data, and VR and AR as mixed reality Italy [104]
3D flood visualisation by using VR and AR, DEM, and GIS Canada [105]
Creating rapid spatial analyses of flooded areas, and estimating affected and vulnerable populations to allocate required resources Taiwan [106]

such as shelters and portable hospitals

AR: Augmented Reality.

DEM: Digital Elevation Model.

DTM: Digital Terrain Model.

EWL: Extreme Weather Layer.

GIS: Geographic Information System.
IVR: Immersive Virtual Reality.
LiDAR: Light Detection And Ranging.
UAV: Unmanned Aerial Vehicle.
UDS: Urban Drainage Systems.

USV: Unmanned Sea Vehicle.

VGE: Virtual Geographic Environment.
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and information onto the real-world environment, making complex disease-related data more accessible to users. For example, AR
can display disease transmission models, infection hotspots, or population health data on a user's field of view, allowing for immedi-
ate comprehension of the situation [97]. It also can integrate geospatial data, such as GIS information, onto the user's surroundings.
This allows for the visualisation of disease outbreak locations, containment zones, and affected areas directly on a map in real-time
[98]. AR can also assist with contact tracing efforts or remote collaboration by providing users with visual cues about their proximity
to individuals who may have been exposed to a disease. This can help individuals take necessary precautions and inform public health
authorities of potential transmission chains [103].

Finally, DT technology is relatively new but promising tool for flood risk communication that are become popular recently in the
context of planning and real-time management of disaster [107]. A DT system can be thought of as a complex real-time digital system
that employs numerous sensors, healthcare data, and epidemiological data to provide users with information about the system's cur-
rent state and potential risks and holistic view of the disease landscape [99]. Furthermore, they can provide real-time monitoring and
prediction for tracking disease spread and contact tracing, by taking into account factors such as population density, mobility pat-
terns, and climate conditions [100].

While the application of these cutting-edge technologies holds promise for enhancing EWS, they often encounter significant chal-
lenges. These challenges primarily revolve around issues of data quality and availability, especially in less-developed regions [106].
Furthermore, the handling of sensitive healthcare and epidemiological data within digital twins necessitates robust data privacy and
security measures, which can become complex when sharing data among multiple stakeholders (Santis et al., 2018). Lastly, integrat-
ing human behaviour and decision-making into these technologies can be particularly intricate, primarily due to the inherent diffi-
culty in accurately simulating how individuals respond to public health measures or vaccination campaigns [102].

5.2. Statistical analysis on cutting-edge digital visualisation technologies

According to Fig. 8a, VR technology has mainly targeted authorities (47 %) by enhancing health risk communication, 27 % of re-
search works have focused on engaging local communities by organising workshops and introducing the nature of the flood or poten-
tial contacted disease. In stakeholders’ perspective, Fig. 8b shows that VR technologies have been widely applied for all target audi-
ences (54 %, 50 %, and 67 % of total research work for authorities, local communities, or both, respectively). However, AR technolo-
gies have mainly targeted local communities, whereas DT technologies have only targeted authorities due to their virtual representa-
tion of interactions within the system. Therefore, it seems that feasibility and effectiveness of using DT technologies for local commu-
nities still require more attention. Comparing Figs. 8b-7, with a broader inclusion of all stakeholders (9.7 % vs 30 %), there is an im-
provement in engagement across stakeholders, but the primary focus of the research remains on providing effective tools for early dis-
ease outbreak warnings to authorities. The majority of research efforts continue to concentrate heavily on equipping authorities with
tools for planning disease spread prevention and health safety scenarios.

In Fig. 8c, which illustrates the geographical distribution of real-world case studies, a similar trend is observed as in Fig. 7c. Cut-
ting-edge digital visualisation techniques have been applied in a greater number of countries compared to Fig. 7 (11 vs 6). However, it
still indicates that there is significant progress required to establish disease outbreak management beyond the EWS. Moreover, the
data shows that China places more emphasis on digital visualisation compared to the establishment of EWS, as evidenced by the sub-
stantial 60 % share of the USA in Fig. 7d.
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Fig. 8. Dashboard recently developed digital visualisation platforms: (a) applied technologies, (b) target audience, (c) geographical distribution (out of 23 studies).
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6. Study limitations and future work

This study aims to encompass relevant research works. However, it is important to acknowledge that new discoveries and develop-
ments are continuously emerging. The study's scope is limited to published journal or conference papers that focus on prototypes or
practical applications. Meanwhile, numerous recent advancements are already being put into practice at an industrial level by munic-
ipalities, water companies, and regional or national agencies. These initiatives are often protected by patents or lack of public accessi-
bility, posing challenges in tracking or accessing the specific information needed for extraction.

As previously mentioned, while selected studies mention disease outbreaks as an objective of their research for developing EWS,
disease-based EWS in the context of WRCH are rarely documented as the primary research focus. Therefore, the review of direct at-
tempts in this area was quite challenging. This study strives to shed light on the disease outbreak aspect of these research works, and
in doing so, it highlights a notable gap in disease based EWS that could facilitate the integration of information on extreme events and
disease outbreaks.

Hence, it is recommended that more attention be directed towards health risk based EWS systems that leverage climatic informa-
tion to predict and prevent disease outbreaks. Additionally, the exploration of 3D visualisation applications for enhancing water-
related disaster awareness, demonstrating operational tasks, identifying high-risk areas for health, and simulating the development of
events should be prioritised. Furthermore, there is a pressing need for further research into the evaluating and enhancing the reliabil-
ity and accuracy of the technologies underpinning EWS. These attributes are foundational to the overall efficacy of EWS, exerting a
profound influence on their capacity to safeguard lives and facilitate effective disaster management.

7. Conclusions

This research undertook a critical analysis of recent publications that cantered on digital innovations applied within disease-based
EWS and the management of disease outbreaks induced by WRCH, consequently posing threats to human health safety. The study's
concluding key findings are as follows:

Currently a few Large-scale EWS applying geo-spatial data, satellite observations, remote sensing, and advanced modelling tools
have been operated to enhance the disease outbreaks prediction. However, these platforms do not encompass all countries,
particularly in cases involving disease outbreaks and multi-country spread. Given the substantial capital and operational expenses
associated with these platforms, there is a pressing need for increased collaboration between multi-international agencies and
governments to expand their coverage.

Mobile phone technologies, data hubs, and social media platforms play a crucial role in monitoring and detecting affected areas
and facilitating the transmission of warning messages. Nevertheless, local EWS must include a process in which all stakeholders,
especially local communities situated on the front lines of human health safety, are actively engaged.

- VR, AR, and DTI have garnered significant attention as innovative digital tools for 3D visualisation of hazards. They enhance
interactive awareness among relevant stakeholders regarding potential disease outbreak hotspots and contribute to effective
management of disease outbreaks to ensure human health safety. However, there remains a substantial gap in the integration of
these technologies into disease based EWS used for tracking WRCH.

While emerging trends in disease based EWS within the context of WRCH are described in the literature, the practical application
of these technologies is still in its nascent stages. Only a few of countries have made intensive efforts in this context, and a greater
focus on certain regions, especially those located in the Middle East and Southeast Asia, due to their heightened vulnerability to
water-related natural disasters, still require more attention.
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