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Abstract: Floods are recognised as one of the most destructive and costliest natural disasters in the
world, which impact the lives and livelihoods of millions of people. To tackle the risks associated
with flood disasters, there is a need to think beyond structural interventions for flood protection
and move to more non-structural ones, such as flood early warning systems (FEWSs). Firstly, this
study aimed to uncover how flood forecasting models in the FEWSs have evolved over the past
three decades, 1993 to 2023, and to identify challenges and unearth opportunities to assist in model
selection for flood prediction. Secondly, the study aimed to assist in model selection and, in return,
point to the data and other modelling components required to develop an operational flood early
warning system with a focus on data-scarce regions. The scoping literature review (SLR) was carried
out through a standardised procedure known as Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA). The SLR was conducted using the electronic databases Scopus and
Web of Science (WoS) from 1993 until 2023. The results of the SLR found that between 1993 and 2010,
time series models (TSMs) were the most dominant models in flood prediction and machine learning
(ML) models, mostly artificial neural networks (ANNSs), have been the most dominant models from
2011 to present. Additionally, the study found that coupling hydrological, hydraulic, and artificial
neural networks (ANN) is the most used ensemble for flooding forecasting in FEWSs due to superior
accuracy and ability to bring out uncertainties in the system. The study recognised that there is
a challenge of ungauged and poorly gauged rainfall stations in developing countries. This leads
to data-scarce situations where ML algorithms like ANNs are required to predict floods. On the
other hand, there are opportunities to use Satellite Precipitation Products (SPP) to replace missing or
poorly gauged rainfall stations. Finally, the study recommended that interdisciplinary, institutional,
and multisectoral collaborations be embraced to bridge this gap so that knowledge is shared for a
faster-paced advancement of flood early warning systems.

Keywords: floods; flood forecasting; flood prediction; flood early warning system; flood modelling;
hydraulic model; hydrologic model; machine learning

1. Introduction

Approximately 90% of all natural disasters worldwide are water-related disasters
(WRD) [1]. Approximately 50% of all WRDs are caused by flooding. World disaster data
from the International Disaster Database [2] from 2000 to 2023 showed that Asia was
the continent most affected by flood disasters in that period, accounting for 40% of all
flood catastrophe occurrences. Africa was in second place with 24%, the Americas in
third place with 21%, Europe in fourth place with 12%, and, lastly, Oceania with 3% of all
flood catastrophe occurrences. Multiple studies [3-5] have suggested the possibility of an
increase in flood risk in many parts of the world due to climate change driven by fossil
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fuel burning, deforestation, and greenhouse gas increase in addition to poorly planned and
managed infrastructure development. It is of critical importance to take into consideration
that there is much regional variation when it comes to flood disasters, and determining
the causes of these changes is sometimes challenging despite the existence of continental-
scale assessments, which aim to record long-term patterns of floods and their underlying
causes [6].

Due to the continental scale of flood patterns and other disasters, world governments
have recognised the impacts of flood disasters and are on the same front to mitigate the
impacts of droughts. The united effort has been evidenced by the formulation of a disaster
risk reduction framework called the Sendai Framework, signed by United Nations member
states in 2015 as an international plan to mitigate the impacts of natural disasters between
2015 and 2030. This mutual but voluntary agreement seeks to implement a plan that can
save lives, livelihoods, and assets in case of natural disasters [7].

As indicated above, globally, all countries are struggling to adapt to natural disasters
due to changing weather patterns. However, existing literature indicates that Southern
Africa is at a very high risk of climate change and its effects [8-10]. Extreme weather
events, water shortages, and economic losses caused by climate change more greatly affect
South Africa’s impoverished, marginalised, and vulnerable populations [11]. A study
has indicated that, between 1959 and 2019, several major floods occurred in South Africa,
causing loss of life and livelihoods and extensive damage to infrastructure, among other
damage [12]. After the April 2022 flooding disaster in KwaZulu-Natal, ref. [13] advocated
for increased endeavours in flood disaster prevention, mitigation, and readiness to address
disaster risk reduction measures effectively.

In order to address flood disaster risks, there is a need to think beyond structural
interventions for flood protection and move to more non-structural ones, as advocated by
various authors [14-17] for areas with high population numbers and intense economic ac-
tivities. Structural flood mitigation measures include dams, levees, culverts, and individual
proofing measures like solid fences and raised houses, while non-structural measures in-
clude early warning systems (EWS), catchment modelling, and land use planning controls.
Therefore, while designing flood risk management systems, non-structural interventions
should be considered in equal measure to structural ones. Additionally, acknowledgement
of the necessity to implement flood early warning systems globally is sheer evidence of the
practical constraints of structural flood defence systems.

There have been several scholarly endeavours to provide a comprehensive analysis of
the flood forecasting models used in the successful implementation of flood early warning
systems (FEWSs) [18-25]. Ref. [18] reviewed advances in flash flood forecasting between
2000 and 2011 and found that the Flash Flood Guidance system was the best method to
determine flash flood occurrence and concluded that no existing model at that time could
make reliable flash flood forecasts in urban watersheds. Ref. [19] made a brief review of
different aspects of flood forecasting, including models, techniques of data collection, and
display of results, while giving insight into future research, concluding that remote sensing
and hydrological modelling tools are advancing rapidly, and there is a need to update
FEWSs continuously. Ref. [20] reviewed the state-of-the-art machine learning (ML) models
in flood prediction and gave insight into the most suitable ML models, classifying them into
single and hybrid models while suggesting that ML will greatly improve both short- and
long-term predictions. The future quality of flood predictions with ML was attributed to the
use of novel hybridisation, data decomposition techniques, ensemble methods, and add-on
optimal neural architectures. Ref. [21] made a comprehensive review of the latest modelling
techniques used in flood prediction, classifying them into two main categories: hydrologic
models and ML models based on Al, assessing the advantages and disadvantages of each
model type. The study revealed that the selection of ML models was influenced mainly
by robustness, speed, computation cost, and generalisation capability while emphasising
robust data availability for higher accuracy. The study also found a growing superiority of
machine learning (ML) techniques over traditional hydrologic models in flood forecasting.
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Ref. [22] presented a state-of-the-art review of flood prediction tools with a focus on
analysing the chronological growth of flood prediction, the evolutionary trends in flood
prediction, and the strengths and weaknesses of each tool. The study showed that machine
learning (ML) is widely used in flood prediction, while probabilistic models like Copula and
Bayesian Network (BN) hold significance in the uncertainty assessment of flood risk, hence
recommending more research to be conducted in Africa, South Africa, and Australia, where
less work is undertaken. Ref. [23] performed an overview of flood analysis and forecasting
methods between 1979 and 2020 and highlighted various aspects, methods, and approaches
of flood study methodologies, concluding that standardisation of methodologies needs
to be completed at a local level and depending on the scenario. Ref. [23] also recognised
that advancements in GIS, 3D hydrological models, and ML have played a significant role
in revolutionising flood predictions. Ref. [24] reviewed the adoption of remote sensing
methods for flood predictions between 2010 and 2023, focusing on the pre-disaster phase
of the disaster management process, indicating a rapid surge of studies implementing
artificial intelligence (Al) techniques coupled with remote sensing (RS) techniques for flood
prediction. However, ref. [24] noted the inability of RS-based systems to measure the
long-term and real-time water level at fixed points due to the orbital cyclic movement of
the satellites. Ref. [25] reviewed the progress in Hydrologic Forecast Merging Techniques
(HEMT) since the early 1990s, with emphasis on developments and applications in flow
simulation, uncertainty analysis, monthly and seasonal streamflow predictions, ensemble
forecasts, flood forecasting, and climate change analysis. The study found that the Bayesian
model averaging (BMA) was the most popular due to its ability to reduce uncertainty
and provide accurate and reliable forecasts in deterministic and probabilistic simulations.
However, these studies failed to address flood forecasting in data-scarce regions as almost
all methodologies required rich historical and current hydrometeorological data banks.
Most developing nations across the globe, especially sub-Saharan Africa, lack long-term
historical data banks on a local scale, which is essential for flood forecasting at both local
and regional scales.

Therefore, this SLR aimed to add to the above knowledge body by studying how
forecasting models in FEWSs have evolved over the past three decades (1993-2003) to aid
in the selection of the best flood forecasting models in data-scarce regions for FEWSs. The
following objectives were pursued in this study to assist in model selection and, in return,
to point to the data and other modelling components required to develop an operational
flood early warning system with a focus on data-scarce regions. The objectives of the
study were:

e To examine the most advanced methods/technologies for flood forecasting in the
context of FEWSs,

e To provide an overview of the chronological evolution of flood forecasting in the
context of FEWSs between 1993-2023,

e To provide an overview of flood forecasting models for data-scarce regions to help in
model selection for FEWSs in such areas.

The paper is organised as follows. Section 2 describes the materials and methods
of the study and the justification behind choosing the materials and methods. Section 3
briefly presents the statistical and bibliometric analysis results of the study. The results are
discussed in Section 4 in terms of a broad view of FEWSs, flood forecasting in FEWSs, and a
summary of forecasting models in FEWSs. Then, recent developments in flood forecasting
in FEWSs are elaborated and a detailed discussion of flood forecasting in data-scarce regions
is discussed. Section 5 provides a summary of the results, conclusions, recommendations,
and administrative implications (i.e., policy implementation) of the study.
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2. Materials and Methods

This scoping literature review (SLR) was carried out through a standardised pro-
cedure known as Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) [26]. There are four main stages of this methodology, which include:

e  The generation of the main keywords to be used in database search,

e  Choosing the relevant databases, as well as structuring the querying process,
e  Screening and sorting the relevant quality documents for analysis and,

e  Processing the results into understandable information for reporting.

To obtain documents (peer-reviewed journal articles, conference papers, review arti-
cles, and books) that pertain to the project’s aim and objectives, concise criteria for document
selection, evaluation, and compilation were employed. Several basic statistics techniques
were employed to analyse the extracted documents for reporting in a process referred to as
meta-analysis. The literature search was completed using the electronic databases Scopus
and Web of Science (WoS) from 1993 to 2023. Scopus and WoS were selected over the
Science Citation Index (SCI) and Social Science Citation Index (SSCI) since more journals
are published in the first two databases than the latter; hence, more articles are visible on
Scopus and WoS than SCI and SSCI.

The search string approach was used to identify the required documents from various
databases relevant to this SLR. Key search words and logical Boolean operators were used
to extract the relevant literature. The main logical Boolean operator used included “OR”
for this SLR. Several trial database searches with various keywords relevant to the study
were conducted to pick out the best search terms that return the most appropriate and
highest number of publications possible. The main search phrases were queried from
the document’s main titles in the databases to retrieve quality literature relevant to the
SLR. The databases were selected based on their library content, quality, and trust, due to
meticulous peer assessment, in addition to the amount of content available. Two reviewers
conducted a thorough and unbiased search to gather papers, which was completed on 10
January 2024. The documents retrieved from Scopus and WoS databases were limited to
the years from 1993 to 2023. Google Scholar was not considered for this SLR due to its
inadequacies stemming from the lower number of publishers and journals compared to
Scopus and WoS. However, it is recognised for its citation power, which is superior to both
of the two previously mentioned databases.

Since the study documents were obtained from two separate databases, harmonising
them through a process that identifies and eliminates duplicates is essential for effective
and accurate analysis. After eliminating duplicates, the titles and abstracts of the remaining
documents were assessed for relevance to the SLR at hand, and irrelevant documents were
eliminated accordingly. With further full-text reading of the remaining publications, further
documents were screened as they had no tangible contribution to this line of SLR. Each
of these screening processes was conducted by two reviewers acting independently but
applying the same inclusion—-exclusion basis to avoid bias in the elimination process. The
final criteria were to assess the remaining collection of publications to identify the main
flood forecasting model methods used in FEWSs and exclude any studies that were not in
line with this review scope. The remaining group of publications strictly addressed flood
forecasting modelling and were exported to an Excel sheet for analysis. Publications that
were not written in English were eliminated, in addition to publications that were just
reviews of the subject matter.

The authors aimed to gather essential material and details to provide a comprehensive
overview of the chronological evolution of flood forecasting models. This includes key
motivations, problems, recommendations, and methodological features. The relevant
publications were thoroughly analysed to extract all the crucial material following the
purpose of this study. The summarised scoping literature review (SLR) methodology is
illustrated in Figure 1.
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Figure 1. The summarised SLR methodology.

3. Results

In the identification phase, a systematic approach based on the PRISMA approach [26]
was formulated to identify relevant publications pertaining to this study. The relevant
publications search was limited to Scopus and Web of Science databases. After a trial of
several keywords and strings, a Boolean string used was: “Flood Early Warning System”
OR “Flood Prediction” OR “Flood Forecasting” because it returned the most relevant
and highest number of publications related to flood prediction and foresting models. All
searches spanned from 1993 until 2023 and included journal articles, conference papers,
and peer-reviewed book chapters from all over the world, written in English only. The
main purpose of this identification phase was to retrieve all relevant existing publications
on flood forecasting models employed in flood early warning systems in the fields of
Environmental Science, Earth and Planetary Sciences, Engineering, Hydrology, Computer
Science, Mathematics, Decision Science, and Multidisciplinary fields. The above fields were
selected because they contained more relevant articles on flood early warning systems
with an element of modelling rather than the social aspects. A total of two thousand eight
hundred and one (2801) documents were originally identified from both Scopus and Web
of Science and imported.

In the screening phase, duplicate publications were deleted, and one thousand seven
hundred and thirty-six (1736) documents were retrieved from the database after a thorough
evaluation of each title and abstract to determine their relevance to this study and remove
any irrelevant papers that did not contain forecasting models. Hence, one thousand four
hundred and eight (1408) records were eliminated, and only three hundred and twenty-
eight (328) records passed the eligibility assessment.

During the eligibility phase, a criterion was established to include only fully accessible
materials for the final articles to be assessed for eligibility. Forty-eight (48) publications were
not fully accessible and hence were eliminated. Two hundred and eighty (280) publications
were considered for the quality assessment phase.

During the qualitative assessment, nine (9) publications were excluded after reading
the full articles as there were no relevant data pertaining to the study. Two hundred
and seventy-one (271) articles were included in the study because they met the following
criteria: they are original papers published in peer-reviewed journals or peer-reviewed
book chapters and conference papers, written in English, and belong to the fields of
Environmental Science, Earth and Planetary Sciences, Engineering, Hydrology, Computer
Science, or Mathematics. Two hundred and sixty-three (263) of these articles were journal
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articles, five (5) conference papers, and three (3) were book chapters. These articles were
published between 1993 and 2023 and sourced from various locations worldwide. A flow
chart of the study selection procedure is presented in Figure 2.

= :
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Studies included in Studies excluded from
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Studies included in data
L Extraction n=271

Figure 2. Flow chart of the study selection procedure.

Using VOSviewer version 1.6.20 (a software tool for constructing and visualising
bibliometric networks), a bibliometric analysis of the final two hundred and seventy-
one (271) documents was carried out for co-occurrence of authors’ submitted keywords.
A network of twenty (20) most common keywords was created indicating that floods,
flood forecasting, and flood prediction were the most submitted keywords by the authors.
Other main keywords included artificial neural network, deep learning, hydrology, and
rainfall runoff, among others, as shown in Figure 3. The size of nodes indicates the
frequency of occurrence. The curves between the nodes represent their co-occurrence in
the same publications. The shorter the distance between two nodes, the larger the number of co-
occurrences of the two keywords. VOSviewer uses clustering algorithms to group similar items
in a network with a Red, Blue, and Green (RGB) spectrum. Colours range from Blue (lowest
score) to Green (median score) to Red (highest score) in terms of occurrence and co-occurrence.
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Figure 3. Analysis of authors’ top keywords network (VOSviewer software).

Additionally, a bibliometric co-authorship analysis network by country of the author
was carried out using the VOSviewer application, indicating the strongest co-authorship
between China, the United States (USA), the United Kingdom (UK), and Australia. From
Africa, Algeria, Kenya, Morocco, Nigeria, and South Africa had the highest contribution of
co-authorship, as shown in Figure 4. The size of nodes indicates the frequency of occurrence.
The curves between the nodes represent their co-authorship in the same publication. The
shorter the distance between two nodes, the larger the number of co-authorships of the two
countries. VOSviewer uses clustering algorithms to group similar items in a network with
a red, blue, and green (RGB) spectrum. Colours range from blue (lowest score) to green
(median score) to red (highest score) in terms of co-authorship and countries. This network
indicates a multi-institutional research effort towards developing flood early warning
systems. Additionally, it indicates higher flood forecasting studies in high-income countries
compared to developing countries.

TaiWan South Korea

Singapore
Hong Kong .
Indonesia Tutkey Brazil Morocco
0 U Nepal France
o S .
AlgBr1a G regce
Russia
X VX ; Kenya Austria Sgain
Calada . Bangladesh ltaly
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Saudarabia ‘ B e ‘ NEKK
7 Nigeria~ ~~Istael\ | = PoRligal ‘.
Malaysia.. [%' SN 7 - Swedlen
NN [ V
Pakistan — £
|§f Geifiany Denimark
SouthiAfrica Polgnd
Belglum

Figure 4. Analysis of the co-authorship network for the reviewed articles.

Figure 5 shows the distribution by year of the two hundred and seventy-one (271)
articles from 1993 to 2023. Approximately 37% of the scientific papers included in the
review were published in the last 4 years (2020-2023). This indicates that scientists are
making significant advancements in flood forecasting for early warning systems, together
with the increase in the number of open-access journals in recent years.
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Figure 5. Article distribution by year.
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The data analysis indicates that the Journal of Hydrology has the highest number of
articles included in this study, with twenty-two (22) articles, followed by Water (Switzerland)
with seventeen (17) articles. These are the top journals where researchers in flood studies
publish their research. The top 10 journals with the highest number of articles in this study
are depicted in Figure 6.
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Figure 6. Top 10 journals with the highest number of reviewed articles in this study.
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China, India, the United States, and Malaysia contributed the highest number of
articles reviewed in this study, as indicated in Figure 7.
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Figure 7. Top 20 countries with the highest number of articles in this study based on institutional
affiliation of the authors.

The above figure indicates that a large amount of research is conducted and published
in peer-reviewed articles in developed economies compared to developing countries, which
are more prone to data scarcity.

Water (Switzerland), the Journal of Hydrology, the Journal of Hydrologic Engineering and
the Journal of Water Research were some of the most cited articles used for this review,
as indicated in Figure 8. The size of nodes indicates the frequency of citations. The
curves between the nodes represent their citations in the same publication. The shorter the
distance between two nodes, the larger the number of citations of the two sources (journals).
VOSviewer uses clustering algorithms to group similar items in a network with a red, blue,
and green (RGB) spectrum. Colours range from blue (lowest score) to green (median score)
to red (highest score) in terms of citations and journals.

Journal of Hydgometeorology

Water (Werland)

Journal Wd rOIOgy Naturallffazards

Stochastic Environmental Research and Risk Assessment

Hydrology and Eafth System Sciences
Water Resources Management

Journal of Flood(Risk Management
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Hydrological S¢iences Journal

Journal of Hydrglogic Engineering

Figure 8. Mapping journals with the most cited articles used in this study.
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As per the analysis of the results, the most frequent flood forecasting technique for
FEWSs was ANNS, followed by TSM and FL, as indicated in Figure 9.
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Figure 9. Top 20 flood forecasting technique distribution by count (1993-2023).

Seventy-two (72) studies indicated the use of artificial neural networks (ANNs), which
account for 40% of the techniques used in flood forecasting. This shows the huge part that
machine learning (ML) plays in flood early warning systems. Time series models (TSM)
come second. The Fuzzy Logic (FL) technique comes third, and in some articles, two or
more models are coupled together, for example, FL and ANN or TSM and ANN, to form
hybrid deep learning models. However, machine learning techniques like ANN started
becoming very popular at the end of the 1990s as time series models (TSM) became less
used than ANNs. TSM models like ARIMA and seasonal ARIMA (SARIMA) were the most
popular forecasting models between 1993 to the start of 2000, as indicated in Figure 10.
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Figure 10. Most popular flood forecasting techniques for FEWSs from 1993 to 2000.
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However, between 2001 and 2010, machine learning through ANNSs became the most
popular technique, with TSM becoming second and hybrid models ANN-FL becoming as
frequently used as TSM, as indicated in Figure 11.

MOST POPULAR MODELS 2001-2010
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Figure 11. Most popular flood forecasting techniques for FEWSs from 2001 to 2010.

Between 2011 and 2023, there has been a tremendous rise in the application of ANNS,
Fuzzy Logic, the Internet of Things (IoT), and HEC-HMS. TSMs still hold a huge space in
flood forecasting, although they have dropped down the pecking order, as indicated in

Figure 12.
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Figure 12. Most popular flood forecasting techniques for FEWSs from 2011 to 2023.
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4. Discussion

This section has been organised to discuss results in a logical flow that starts with
an overview of FEWSs in literature, then reviews the flood monitoring and forecasting
component of FEWSs, and discusses flood forecasting models in FEWSs. Finally, the section
then analyses flood forecasting models employed for data-scarce regions and concludes
with a discussion of challenges and opportunities associated with the development of
FEWSs in data-scarce regions.

4.1. Overview of Flood Early Warning Systems (FEWSs) in the Context of Information Systems

An early warning system in geophysical hazards is described by [27] as an integrated
framework that combines disaster monitoring, forecasting, prediction, risk assessment,
communication, and preparedness activities that enable individuals, communities, govern-
ments, and businesses to take prompt action to reduce disaster risks before they occur. In
contrast to flood hazard and risk assessment, which only determines the risk of flooding, a
flood early warning system serves to assess risk and carry out all the functions mentioned
above in addition to issuing warnings when a flood is about to happen or when it is al-
ready happening [28]. Early warning systems are effective non-structural techniques that
are beneficial to populations lacking the physical structures to combat the risk of flood
disasters [29]. These measures serve to mitigate economic losses and save the lives and
property of a community. This versatile system increases community awareness of hazards
and proper responses, as well as adaptation to extreme weather events like floods [30].

The flood early warning system architecture consists of intricate procedures that
are interconnected to establish the necessary structure for the prompt distribution of
information regarding natural catastrophes [31]. The framework’s core principle consists of
a risk assessment model, a monitoring and forecasting model, a communication strategy,
and an emergency plan to handle natural catastrophes effectively [31]. The system needs
various data collected from various disciplines. Hydrometeorological data collected from
multiple sources like meteorological stations, river and channel flow data gathered by
hydrologists, GIS and remotely sensed data from earth observatory centres, and social-
economic data like population and infrastructure in the area for risk assessments are
collected by social scientists and engineers. The design and implementation of the systems
are carried out by integrated disciplines of hydrologists, software engineers, systems
analysts, and government funding agencies. Flood risk and warning dissemination is
carried out by various organs of disaster management in governments and media. This
demonstrates the integration of multidisciplinary knowledge among scientists, researchers,
and stakeholders to develop efficient FEWSs models for flood disaster management.

A brief discussion of modelling approaches available in the literature is discussed below.

4.2. Flood Monitoring and Forecasting in FEWSs

This is the element of the FEWSs that entails the process of detecting, monitoring,
analysing, and forecasting floods and their possible consequences. A flood forecast is a
prediction of the forthcoming condition of a flood occurrence, such as the total volume,
inundation level, extent of flooding, or average speed of water flow at a specific geographic
location or portion of a channel [18]. The anticipation of flood forecasting capabilities
regarding deliverables such as extent and timing has highly increased with the current
appreciation of the critical role flood warning plays in flood management [32]. Most
importantly, the game changer has been the growth of computational capabilities over the
past three decades [33]. Ref. [34] emphasised how cloud computing with enormous speeds
in computations is growing every day, and the lead times in flood forecasting have become
longer, coupled with improved accuracy. In FEWSs, the phrase “short term” is defined as a
period ranging between two and six hours, while “long term” refers to durations that are
more than one day. “Nowecasting” is a kind of forecasting with a lead time of just a few
minutes to maximally two hours. Nowcasting primarily focuses on extrapolating the most
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recent recorded patterns as some geographical locations require flash-flood forecasting.
Flash-flood forecasting refers to predicting floods that happen shortly after a storm [35].

Ref. [30] noted that the most valuable outputs from FEWSs are river levels, inundation
extent, and peak discharge timings with enough lead time for authorities and impacted
communities to respond appropriately. The achievable forecast lead time is dependent on
the characteristics of the catchment. Nevertheless, the fundamental criterion for evaluating
lead time is the shortest duration of prior notice needed to carry out preparation measures
properly. Factors that determine the lead time of a flood forecast during a FEWSs devel-
opment include the basin’s topography and hydrometeorological features, the response
dynamics of the basin, and the availability of data [36]. Additionally, the restrictions on the
extent of services, such as the frequency of forecast issuance and updates or dependability,
are mostly determined by the expenses associated with data collecting, limits in modelling,
the availability of skilled specialists, the infrastructure for FEWSs, cross-border concerns,
and institutional considerations [19]. However, flood inundation depth, extent forecasting,
and warning services represent the most sophisticated form of flood early warning sys-
tems. Securing this degree of early warning service across the entire nation has so far been
unattainable, even in the most developed nations, due to reasons like cost, the complexity
of modelling involved, and the maintenance of technical services required [35].

4.3. Flood Forecasting Models in FEWSs

The selection of a model for a specific application is primarily influenced by the main
runoff generation processes, the geographical and temporal scale, the area of coverage,
and the spatio-temporal resolution of the data present in addition to the characteristics of
the catchment [37]. The geographical distribution of input variables and their designated
parameters is highly important in model selection. For example, lumped models depict
catchments as storage tanks, while distributed models divide catchments into hydrologic
response units [38]. Distributed models reproduce hydrological processes more accu-
rately, although the uncertainties can generate significant errors, as in other models [39,40].
Ref. [41] provided a review of the characteristics of hydrological models considering their
spatial representation.

There are different classes of catchment models based on lead time rainfall estimates, re-
ferred to as the “look-back window” [42]. These classes include updating and non-updating
models. The updated models use recent real-time data and quantitative precipitation fore-
casts (QPFs), hence having enhanced accuracy and reliability [43—45]. Non-updating uses
rainfall input only based on observed data without any updates. Errors in rainfall data,
however, cast doubt on the accuracy of the meteorological inputs [18]. Forecasting can be
improved by using weather radar and rain gauges for QPFs, but using QPFs themselves
improves predictions and increases forecast lead time since they provide climatological
precipitation patterns in real-time. Forecasting models need to adhere to stakeholder and
end-user requirements to achieve their goals [19]. The amount of data that accessible
should dictate the level of complexity. There is no justification for adding complexity. Most
FEWSs use multi-model consensus or distributed models based on physical principles
because they are highly predictive and accurate [46]. Resolving issues with inaccurate data,
inadequate structure, and inefficient parameter estimates is of utmost importance when
it comes to prediction uncertainty [47]. Categories of the catchment models employed in
flood forecasting are depicted in Figure 13.



Water 2024, 16, 1763

14 of 29

Hydrologic Models for Flood Forecasting

I
. L

DETERMINISTIC STOCHASTIC
Y ‘ Y
Physics Based Conceptual Empirical Probabilistic
L Distributed/Semi - amped
Distributed = P
Hydrological s Sub No Statistical
Response Unit CHdE e Catchment Distribution Distribution

Figure 13. The categories of the catchment models employed in flood forecasting (adapted from [35]).

4.3.1. Deterministic Models

The deterministic models require two very important components, which include
the flood-producing process and flood routing. The flood-producing process includes the
modelling of precipitation and catchment runoff modelling executed through hydrologic
models [48]. Rainfall-runoff (RR) models represent the catchment hydrological processes
like rainfall, water infiltration, soil moisture changes, evapotranspiration, runoff, and
streamflow routing [49]. In brief, the RR models are a simplified representation of the real
catchment system [50]. The runoff generation process is categorised into saturation-excess
runoff generation and infiltration-excess runoff generation [51]. The main products of
these models are basically runoff and flow depth [51]. The hydrometeorological inputs and
topographic properties of the catchment are incorporated into the rainfall-runoff model to
produce river flow characteristics and river depth at a given time during the process [52].
The RR models operating on a sub-basin level (distributed models) produce better results
for large catchments, although they may not give the best results for small basins like the
lumped models [53]. It is noted that these modes produce a longer lead time compared
to models that operate on a catchment as a whole. Time and topographic attributes of the
catchment affect the ability of rainfall to be transformed into runoff in the RR model [54].
Proper RR models must consider constant parametric changes in the catchment, including
dynamic land use and other physical processes [54]. As much as Al is becoming more
embraced in flood forecasting models, physics-based, deterministic (distributed and semi-
distributed) models play a crucial role in flood simulation and forecasting. In this study,
the top models in the literature include LISFLOOD, MIKE11, HEC-RAS, HEC-RAS 2D
(HR2D), SWAT, Xinanjiang, and HEC-HMS. As per the results of this SLR, the Hydrologic
Engineering Centre-Hydrologic Modelling System (HEC-HMS) as a hydrological model
ranks highest among non-Al models for flood forecasting and has been used numerous
times with great success [55-60].

HEC-HMS is very efficient and reliable, with low costs [61]. HEC-HMS has often been
coupled with HEC-RAS for effective flood risk analysis and forecasting in the literature.
Ref. [62] conducted hydrological modelling in the Sironko region, Uganda, using HEC-HMS
via HEC GeoHMS in ArcGIS environment and hydraulic modelling using HEC-RAS to
simulate 10, 50, 100, 250, and 500-year design floods, respectively. Flood hazard maps were
generated and processed via ArcGIS to identify the flood-prone areas. Ref. [63] evaluated
the extent of the floodplain in the copper slough watershed (CSW) in Champaign, Illinois,
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utilising the known precipitation and land use with HEC-HMS and HEC-RAS to develop
runoff and floodplain inundation evaluation while incorporating ArcGIS extensions-HEC-
GeoRAS and HEC-GeoHMS for the spatial analysis. The transformed runoff from HEC-
HMS was used for floodplain mapping with HEC-RAS to generate inundation maps for
the peak flow of 2015. Ref. [64] utilised HEC-HMS and HEC-RAS to simulate the flood
inundation behaviour of Ain Sefra city during extreme flood events for return periods of 10,
100, and 1000 years, highlighting the region most affected by the flood as the downtown area.

HEC-HMS has also been coupled with Al models to provide higher accuracy and
longer lead times in ungauged catchments [65-67].

LISFLOOD is mostly used to simulate flood forecasting in Europe but on a small spatial
scale, as it works best at higher resolutions since it is grid-based [68]. It has been used in
numerous studies in Europe and is the main hydrological model in the European Flood
Awareness System (EFAS) [37]. LISFLOOD has also been coupled with other storm water
management models (SWMMs) [69]) and The Soil and Water Assessment Tool (SWAT) [70]
for flood prediction.

In Asia, especially China, Xinanjiang is the most dominant non-Al model for flood
forecasting [71-74] and, at times, it is coupled with Al algorithms like ANNs for superior
accuracy [75,76].

Another fully distributed, physically based hydrological model that is popularly used
for flood forecasting and is seventh-ranked by number in this study is the Topographic
Kinematic Approximation and Integration (TOPKAPI) model. TOPKAPI is used mostly in
data-scarce regions to provide probabilistic risk assessment [77,78].

4.3.2. Data-Driven Models

Data-driven models, also known as black-box models, do not take into account the
physical processes behind the correlations and the interactive nature of the variables
at hand [79]. These models are fully numerical and lessen the computation time asso-
ciated with physical modelling [80]. There are different kinds of data-driven models,
including stochastic models and nonlinear time series models. Mainstream TSMs like
Auto-Regressive Moving Averages (ARMA) are examples of stochastic data-driven models.
TSMs are frequently employed in hydrology because they have straightforward mathemati-
cal formulations as they are based on the principles of hydrology, for example, the temporal
distribution of variables [80]. These models operate without the extensive calibration of
parameters that physical models face, in addition to their low processing demands, and
can accurately replicate hydrographs [81]. Nonlinear time series models are exemplified by
ANN s that necessitate large amounts of high-quality hydrologic data. ANNs have been
successfully used in modelling rainfall-runoff processes and flood forecasting [82]. ANNs
can acquire knowledge from incoming data, make generalisations about the behaviour of
the data, and effectively handle noise [83]. An intriguing use of data-driven approaches
is enhancing real-time predictions generated by deterministic RR models. Significant en-
hancements were observed by combining ARMA models with other data-driven models
for predicting rainfall and updating discharge [84]. Nevertheless, the use of ANNs in
operational flood warning systems has been hindered by practical challenges, including
lengthy training durations, the risk of overfitting, phase-shift problems, and the absence
of clear guidelines for design and parameter selection [33]. Fuzzy Logic and fuzzy set
theory are data-driven models that employ an “IF-THEN” principle, and they have been
employed in flood prediction for FEWSs [85-87]. Hybrid data-driven models have been
created through the application of fuzzy optimisation approaches and fuzzy-rule-based
systems with other data-driven models like ANNs. The hybrid adaptive neural-based fuzzy
inference system (ANFIS) is a product of this integration [88]. Nevertheless, ref. [89] stated
that data-driven models fail to accurately depict the fundamental principles of the basin’s
physics as it evolves, and their parameters rely on the specific range of data employed for
calibration [89-91].
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This study found that data-driven models are on an upward trajectory as a main
tool for flood prediction in FEWSs due to involving less parametrisation compared to
deterministic models [92]. These models are gaining more popularity because they are
purely numerical and lessen the computation time associated with physical modelling [80].
Various machine learning algorithms are increasingly being employed in flood forecasting
models of FEWSs, as indicated by the results of this study. These algorithms include Linear
Regression (LR) [93,94], Decision Trees ([95]), Random Forest (RF) [96], Bayesian linear
regression and XGBoost [97], K mean clustering, Hierarchical clustering, Support Vector
Machine (SMV), and Logistic Regression (LR). Ref. [22] reviewed the above algorithms in
detail with examples. However, it is the deep learning part of machine learning algorithms,
ANNs, that has gained the most popularity in recent years, as depicted in the results of
this study. The advancement in the application of ANNs has been tremendous in the past
two decades.

ANN s are now incorporated with TSMs and other techniques to form powerful hybrid
data-driven forecasting models with high accuracy in predictions [43,94,98-100]. As results
indicated, between 2011 and 2023, there was a high rise in the incorporation of IoT and
ANN, and this combination came in sixth position of all forecasting techniques used during
that period [101-105]. It should also be noted that, between 2000 and 2010, ANN was
frequently combined with FL to form the fifth highest-used forecasting model, as shown
by the following studies: [106-109]. ANN-Gated Recurrent Unit (GRU) [110] and ANN-
Hydrologic Gray Model (HGM) [111] are two other forecasting models used. There are
different types of ANN applied for flood forecasting in the reviewed literature, like radial
basis function neural networks [112-114], back-propagation neural networks [115,116], and
the most used ANNSs in the studies completed between 2011 and 2023, the recurrent neural
networks (RNNs) like Long Short-Term Memory (LSTM) [117,118]. A Gated Recurrent Unit
(GRU) is like LSTM but with a gating mechanism to push through some inputs or eliminate
certain features, resulting in lessened features than LSTM has. In multi-dimensional
hydrometeorological time series data, a type of CNN called Convolutional Neural Network
(CNN) has been used in the literature with a Long Short Term Memory Network (LSTM),
(ConvLSTM), to extract spatio-temporal features of hydrological information and provide
flood forecasts [119-121].

Support vector machine (SVM), a supervised machine learning algorithm that employs
data transformations to classify, regress, and detect outliers, has also been a growing
machine learning algorithm in flood prediction between 2010 and 2023 [122-124]. In some
cases like [125], SVMs have outperformed ANNs due to ANNs’ issues with generalisations
that are not inherent in SVMs.

Fuzzy Logic (FL) has been implemented by various researchers for flood forecasting
and has gained momentum over the past few years [126-128]. Fuzzy Logic is a mathe-
matical method that allows for multiple truth values to be processed through the same
variable [129]. Additionally, Fuzzy Logic has been combined with other techniques for
hybrid flood forecasting, for example with ANN [130] or with TSM [86].

Additionally, GIS and remote sensing development has highly aided hydrologic and
hydraulic modelling for flood mapping and forecasting by simplifying data collection.
Digital elevation models combined with Wireless Sensor Networks (WSN) and state-of-
the-art satellite imagery provide data to computer systems that simulate catchments and
their physical attributes with great accuracy. This makes the forecasting of future states
possible without physically collecting data. There is a growing use of WSNs powered
by the Internet and creating systems popularly known as the Internet of Things (IoT).
The IoT has been applied in various studies with successful flood predictions [131-134].
WSN-IoT has also evolved to involve Al-based algorithms like ANNSs to produce powerful
forecasts [135-138].
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4.3.3. Chronological Evolution of Flood Forecasting Models in FEWSs

This study was undertaken for flood forecasting models between 1993 and 2023, and
analysis was carried out for three time periods: 1993-2000, 2001-2010, and 2011-2023. From
the results of this study, the following can be deduced about the chronological evolution of
forecasting models used in FEWSs.

Between 1993 and 2000 (Figure 10), time series models (TSMs) were the most popular
models in flood forecasting, especially the Autoregressive Moving Average (ARMA), Au-
toregressive Integrated Moving Average (ARIMA), and Transfer Function-Noise models.
These statistical models provided a simplified mechanism away from physical-based mod-
els as they needed mostly precipitation data and flood indices to forecast flood occurrences.
The second-most commonly used models were the catchment physics-based models HEC
suite and MIKE suite. However, towards the end of the 1990s, machine learning became
popular, with artificial neural networks coming close to the numbers of TSM use, overtaking
physics-based models.

Between 2001 and 2010 (Figure 11), ML models were the most popular models, over-
taking TSMs. Increased data volume due to GIS and RS, a rise in computational efficiency,
cloud computing, and data storage revolutionised forecasting modelling in the 2000s. Var-
ious algorithms of ML became widely used in forecasting and artificial neural networks
surpassed the traditional TSMs. However, the limitations of these data-driven models meant
that they could not effectively reproduce catchment characteristics; hence, physics-based models
were still in use independently or coupled with machine learning to a smaller extent.

Between 2001 and 2023 (Figure 12), due to higher computational capabilities, ML
models were much more popular, due to increased accuracy. These models were coupled
with TSMs, and an ensemble of ML and physics-based models with GIS and RS came
into place to reproduce catchment characteristics and to increase forecasting accuracy
while minimising model uncertainties. Hybrid models have become more popular in the
past 10 years, attributed to Al development, easy access to scientific knowledge through
journals, cloud computing, advancement in GIS and RS data collection, and rapid capacity
development through higher learning institutions.

This study shows that Al, through enhanced machine learning capabilities, is the
future of environment systems to forecast floods, as all responsible factors mentioned above
are on the rise.

4.3.4. Ensemble Predictions

Ref. [139] stated that, due to the limitations of single deterministic models, a new form
of combined models called ensemble modelling has been built by researchers. Ref. [140]
described in detail how ensemble forecasting may provide a range of potential future
outcomes for a given variable by experimenting with multiple initial circumstances, phys-
ical process representations, parameter settings, and problem-solving approaches. The
system has a high capability to predict several hydrological factors, like streamflow and
river levels, which enhances the output of the most probable outcome [141]. When me-
teorological and hydrological modelling capabilities are integrated with advancements
in data collection, satellite observations, land-surface hydrology models, and increasing
computational capacity, the capacity to develop an ensemble that forecasts on a worldwide
level is realised [52]. Currently, forecasting systems in operation like the Global Flood
Monitoring System (GFMS) developed by National Aeronautics and Space Administration
(NASA) and the University of Maryland, Disaster AWARE Pro by NASA, Met Office Global
and Regional Ensemble Prediction System (MOGREPS) by the United Kingdom (UK)
government, Global Flood Awareness System (GloFAS) developed by European Centre
for Medium-Range Weather Forecasts (ECMWF), and the pre-operational stages like The
THORPEX Interactive Grand Global Ensemble (TIGGE) commonly use ensemble weather
predictions as inputs [142]. This inclusion enhances the accuracy and reliability of flood
forecasts, enabling early flood warnings with more certainty. Ensemble Prediction Systems
(EPSs) face several major problems, such as improving Numerical Weather Predictions
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(NWPs) and understanding the overall source of errors and biases in the system. Other
issues associated with EPSs arise from the complexity associated with complex data integra-
tion techniques and not having enough case studies for validation [143]. Putting EPSs into
operational settings and telling end users about uncertainty and probabilistic forecasts in a
clear way are other challenges that EPSs face. Operational ensemble prediction system:s,
such as the Hydrologic Ensemble Prediction Service (HEFS) in the USA, ECMWF in Europe,
and the European Flood Awareness System (EFAS), are perfect examples [144]. Inaccuracies
in input datasets easily and significantly affect any flood forecasting model. There needs to
be synchronisation between the forecasting model framework and the physical attributes
of the basin and catchment as a whole to improve the model accuracy [145]. The model
should be comprehensively calibrated, and accurate catchment attributes should be fed
into the model. The main factors contributing to volumetric mistakes arise from the inade-
quate model framework, erratic input data or a delay in the assimilation of data from the
model’s routing component in addition to spatio-temporal parameterisation [146]. Shape
inaccuracies occur because the model converts rainfall to runoff. Therefore, all models
require updating and verification.

4.4. Flood Forecasting in Data Scarce Regions
4.4.1. Challenges of Data-Scarce Regions and FEWSs

Data scarcity in flood forecasting can be attributed to the scarcity of conventional
gauging systems for river, stream flow, and precipitation. In flood modelling, both gauged
and meteorological data at an excellent spatial-temporal resolution are critically important
to provide accurate forecasts. The main goal in the data-scarce regions is to find a solution to
the lack of consistent long-recorded hydrometeorological data. Most developing countries
started river flow gauging post-World War II, and this was mostly through either statistical
or conceptual models mainly carried out on main transboundary rivers like the River Nile,
River Niger, and Congo River, with a concentration on annual moving averages [147].
Ref. [148] noted that, apart from Algeria and South Africa, the modern rainfall gauging
stations barely covered a century; Europe, America, and Asia have datasets extending to
one or two centuries. The spatial variability in precipitation requires a well-developed
gauging network to capture data at a local scale which can be used for training forecasting
models [149,150]. Ref. [151] noted the lack of the decrease of gauging networks in develop-
ing networks, attributing this to the lack of funding priorities for these networks due to
these countries having more pressing economic issues. To overcome these data challenges,
at the local scale, various methods have been applied in flood forecasting, as illustrated
in this section. From missing stream flow and precipitation data, the methodologies have
been changing over the past 20 years from purely statistical simulation and derived distri-
bution techniques to probabilistic algorithms and currently incorporating advanced ML
algorithms and GIS and Remote Sensing (RS) products. However, GIS and RS products do
pose various challenges for research organisations as they depend on satellite technology
from developed nations’ organisations.

4.4.2. Solutions of Data-Scarce Regions and FEWSs

Various statistical methods may be applied to individual sites or regional areas in
data-scarce regions. A few of these methods are presented below as potential solutions
to improve data availability in data-scarce regions. Ref. [152] evaluated six methods for
estimating peak flow from ungauged watersheds in coastal British Columbia. They in-
cluded the British Columbia (B.C.) Ministry of Environment and Parks method, a statistical
method based on the Bayes theorem, a physically based stochastic-deterministic procedure,
a regional method, the Index Flood method, the method of Direct Regression of Quan-
tiles, and the method of Regression of the Distribution Parameters. The study’s findings
demonstrated that the Bayesian method, the British Columbia Environment method, and
the stochastic-deterministic technique all produced respectable results. It also concluded that
the stochastic-deterministic procedure only needs a very small amount of information, which is
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readily available from topographical maps and a rainfall atlas. The Index Flood method was
also applied by [153-155] in flood analysis in data-scarce regions, with mixed results.

Models that use probability distributions have been instrumental in flood suscepti-
bility analyses in data-scarce regions. These models in the literature mostly include The
Multi Criteria Decision Models (MCDMs) and the Bayesian methods. MCDM prevalent
in the literature for flood forecasting included Analytic Hierarchy Process (AHP) [156],
Combinative Distance-based Assessment (CODAS) [157], Complex Proportional Assess-
ment (COPRAS) [158], Evaluation Based on Distance from Average Solution (EDAS) [159],
and Multi-Objective Optimisation by Ratio Analysis (MOORA) [160]. The above MCDMs
were analysed briefly by [22], and they noted that some AHP is highly biased as it does
not consider some uncertainties. These models use satellite images for flood mapping,
risk assessment, and flood forecasting. It should be noted that the above models are often
coupled with a Fuzzy Logic Inference system for superior decision analysis and to enhance
the accuracy of the forecasts.

For areas where there is scarce precipitation data, the use of Satellite Precipitation
Products (SPP) becomes highly paramount in the flood analysis and forecasting phases.
The SPPs include Integrated Multi-satellite Retrievals for GPM (Global Precipitation Mea-
surement) (IMERG) [161], TRMM (Tropical Rainfall Measuring Mission) Multi-satellite Pre-
cipitation Analysis (TMPA) [162], Global Satellite Mapping of Precipitation (GSMaP) [163],
Climate Prediction Centre (CPC) MORPHing technique (CMORPH) [164], Climate Hazards
Group InfraRed Precipitation with Station (CHIRPS) [165], and Precipitation Estimation
from Remotely Sensed Information using artificial neural networks (PERSIANN) [166].
Ref. [167] evaluated TRMM products in hydrological modelling and found that these SPPs
can provide data with a temporal resolution of an hour and a few square meters. SPP-
derived hydrographs are comparable to rain gauge data-derived hydrographs and hence
can be used to replace missing rain gauges [168], although the performance of SPP-forced
hydrological models hugely depends on precipitation type, seasonality, hydrological model
formulation, and topography [168]. Additionally, the superiority of SPPs in accuracy varies,
and numerous studies have already been conducted to compare these SPPs. Ref. [169]
evaluated IMERG, GSMaP, and CHIRPS statistically and hydrologically in the sparsely
gauged Chenab River basin of Pakistan, with results indicating that GSMaP was superior
to CHIRPS and IMERG. Ref. [168] compiled several assessments of SPPs all over the world,
and, in agreement with [169], they both noted that bias was a significant issue in SPPs, and
bias correction, such as quantile mapping and model recalibration, is very essential for
systems that use SPPs to minimise errors.

Recent research has especially focused on the use of soft computing-based approaches
that include ML, SPP with GIS, and RS to forecast floods in data-scarce areas. Ref. [170]
used the satellite precipitation product and wavelet-based machine learning models in
the flood-prone Vamsadhara river basin, India, where validation results showed that the
proposed method has the potential to forecast extreme flood events with longer lead times
in comparison with the other benchmark models. Ref. [171], utilising IMERG’s one-hour
resolution rainfall data, four machine learning-based real-time flood forecasting models that
included feed-forward neural network (FFNN), extreme learning machine (ELM), wavelet-
based feedforward neural network, and wavelet-based extreme learning machine, were able
to predict the water level at the Bagmati River’s Hayaghat gauging station with lead times
ranging from one hour to ten days. The likelihood of detection of 85.42% indicated a strong
association between the observed data and IMERG in the results. Wavelet-based models
performed better overall than their singular counterparts. The FFNN model outperformed
the ELM model among the singular models, achieving satisfactory forecasts with a lead
time of up to five days. Only wavelet-based FFNN performed well, with a 7-day lead time;
for a 10-day lead time, no model yielded sufficient results.

ML is instrumental in data-scarce areas to forecast floods due to various reasons that
include faster and more reliable forecasts than traditional flood modelling methods in
predicting local floods in addition to overcoming the challenge of scaling flood forecasting
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from local to regional levels [20]. However, the challenge here is that the most proven
powerful ML techniques in the literature, such as ANNSs, require a large historical dataset
to provide accurate results. A small number of data will lead to either overfitting or model
underfitting; hence, the algorithm chosen must consider dataset size [172]. This study
found that in data-scarce regions, the following types of machine learning are essential:
Transfer Learning (TL), which utilises pre-trained models and fine-tunes them for local
flood forecasting. Ref. [173] used TL through a standard recurrent neural network in the form of
Long Short-Term Memory (LSTM) to fit on a sufficiently large source domain dataset from the
US and reutilised the learned weights to a significantly smaller similar target domain dataset
from Kenya, which showed generalisation performance with results indicating the effective
predictive skill of forecasting streamflow responses when knowledge transferring and static
descriptors are used to improve hydrologic model generalisation in data-sparse regions.

Ensemble methods combine multiple models to improve prediction accuracy. Ref. [174]
integrated multiple satellite-based precipitation and soil-moisture products using Random
Forest (RF) and bias correction techniques in ungauged Andean-Amazon sub-basins that
suffer frequent flash flood events where precipitation estimates derived from the Bias-
Corrected Random Forest Precipitation framework (BC-RFP) showed a high ability to
reproduce the intensity, distribution, and occurrence of hourly events while simulations
of flash flood events by coupling the GR4H model with BC-RFP presented satisfactory
performances with Kling-Gupta efficiency (KGE) between 0.56 and 0.94.

Hybrid models integrated physical and machine learning models to leverage the
strengths of both. Ref. [175] integrated a hydrodynamic model to simulate several com-
pound flooding scenarios with three ML algorithms to model water level dynamics in
data-scarce regions of Pontianak, Indonesia. ML algorithms used were Random Forest (RF),
Multiple Linear Regression (MLR), and support vector machine, with RF providing the
best results in the study, where it predicted 11 out of 17 compound flooding events during
the implementation phase.

Active learning selectively samples data to maximise learning efficiency, and meta-
learning trains models adapt quickly to new scarce data. Ref. [176] recommended deep
active learning to overcome the time-consuming and labour-intensive data labelling process
in supervised learning during flood inundation mapping using deep learning.

Graph Neural Networks utilise graph structures to model complex relationships.
Ref. [177] used Flood GNN, which is a GNN for flood prediction, stating its advantages
as it operates on both spatial and temporal dimensions and processes the water flow
velocities as vector features instead of scalar features. The study produced promising
results outperforming a Recurrent neural network (RNN).

Physics-Informed Neural Networks (PINNs) incorporate physical laws and constraints
into neural networks. Ref. [178] used Physics Informed Neural Network for Spatial-
Temporal Flood Forecasting with results showing that the PINN model performs better
than the ANN models and is suitable for flood inundation forecasting.

Bayesian neural networks quantify uncertainty and provide probabilistic predictions.
Ref. [179] used the Bayesian network (BN) model to estimate flood peaks from atmospheric
ensemble forecasts (AEFs) and simulate historic storms. The BN model was trained to
compute flood peak forecasts from AEFs and hydrological preconditions, with results
showing a mean absolute relative error of 0.076 for validation data compared to 0.39 for
ANN, indicating that BN is less sensitive to small data sets than ANN, thus being more
suited for flood peak forecasting than ANN in data-scarce regions.

Overall, if historical hydrometeorological data are available and can be used to cal-
ibrate the SPPs, then, with the use of GIS and Remote Sensing data as well as machine
learning algorithms, flood forecasting with superior accuracy is possible for the poorly
gauged or ungauged regions of a catchment.



Water 2024, 16, 1763

21 of 29

4.5. Challenges and Opportunities

This study has revealed that the new developments in Al algorithms require big data
for training to achieve superior accuracy of the forecasts, but most developing countries
do not have hundreds of years of hydrometeorological data to feed into these models for
training. However, with the advancement in SPPs and global ensemble meteorological
forecasts that can provide access to real-time meteorological forcing model input data with
less data latency, this challenge can be overcome, although at least a few years of data need
to be present from gauges for model recalibration and bias correction. Another opportunity
here is that, in case there is completely no gauged data, machine learning algorithms like
Transfer Learning can be used for data in similar climate regions for model enforcement,
although these may need to be recalibrated.

Comprehensive hydrological and hydraulic models developed by commercial tech
firms are costly, with any adjustments or customisations adding an extra cost. These models
are provided through a business model known as Software as a Service (SaaS) with monthly
or annual subscriptions, and base codes are not available to the user. These models are
cloud-based most of the time. The authors advise taking the opportunity to use the freely
available models like HEC suites where base codes are fully available for customisation
and adjustments by the end user for the model to fit the catchment characteristics and to be
coupled with other models through coding easily. Using multi-hydrological model systems
enhances system accuracy and dependability as it brings out uncertainties. Additionally, the
feasibility of model implementation is as important as the cost of the model’s development.

This research has limitations stemming from limited access to information from opera-
tional flood early warning systems worldwide. The models and architectural frameworks
are protected information by governments or parastatal bodies, and there is limited publi-
cation of information directly into scientific journals; hence, almost all information in this
study is obtained from academic institutions published in various journals.

5. Conclusions

The rise in technological development has produced very advanced information
systems, and disaster warning systems like flood early warning systems have taken a new
shape through an increased ability to integrate several models and assimilate various data
inputs. In this study, a scoping literature review process known as Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) was conducted to uncover
how flood forecasting models in the FEWSs have evolved over the past three decades, 1993
to 2023, and to find challenges and opportunities to assist in model selection for FEWSs in
data-scarce regions. Available academic literature critically and systematically reviewed the
flood early warning systems forecasting model components to establish and organise the
chronological evolution of the flood forecasting techniques of flood early warning systems.

This study found that, between 1993 to 2020, time series models (TSMs) were the most
used models in flood forecasting, and machine learning (ML) models have been the most
dominant forecasting models from 2011 to the present.

Al tools, especially machine learning non-linear time series models like artificial
neural networks, have become part and parcel of today’s forecasting and disaster warning
systems. Models have become more complex and data-driven with greater accuracy and
dependability but, on the other side, with greater final costs and high technical capacity
requirements with a requirement for greater computational power.

This study found that coupling hydrological, hydraulic, and Al has proved to be the
ideal ensemble for flood forecasting in FEWSs due to superior accuracy, longer lead times,
and ability to bring out uncertainties in FEWSs.

Due to advances in global ensemble meteorological forecasts and access to real-time
meteorological forcing model input data with less data latency, “Nowcasting” is now possi-
ble with FEWSs, flash floods are easy to detect, and warning information is disseminated
in time to save lives. This SLR has played a crucial role in shedding light on current global
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trends of models used in flood risk detection and guiding the potential model selection for
flood forecasting in FEWSs, even in data-scarce regions.

From this SLR, it can be deduced that model framework, input data, catchment
characteristics, and parameterisation greatly affect the model’s uncertainty. Using multi-
hydrological model systems enhances system accuracy and dependability as it brings out
uncertainties. Additionally, the feasibility of model implementation is as important as the
cost of the model’s development. The technical ability of the team required, input data,
and spatial or temporal resolution of the model greatly affect the system’s output accuracy
and dependability, and hence should always be put into consideration. A further study on
model performances under the variables above to assess performance is highly recommended
by this study. Therefore, further study is recommended to assess the cost of the models and
model ensembles in relation to catchment size, prediction accuracy, and dependability.

The findings of the SLR recommend interdisciplinary, institutional, and multisectoral
collaborations towards the development of FEWSs, as the expertise required spans all
sectors and the development of FEWSs is multidisciplinary. Hence, it is recommended
that institutional collaborations with governments are embraced to bridge this gap so that
knowledge is shared for a faster-paced advancement of flood early warning systems.

Additionally, more model integrations are recommended, especially importing ma-
chine learning into physical models to improve accuracy, for example, where data are
lacking due to poor gauging network or lack of gauging network.

Lastly, this SLR recommends adopting both in situ data collection and processing of
remotely sensed or derived data using cloud computing techniques, because heavy data
processing and model integrations are moving to cloud computing for faster processing
time and higher computational capabilities.

This study should be adopted by researchers and technical experts in governments
and the private sector working to develop flood early warning systems for regions and
countries to assess and select the best flood forecasting models for their systems depending
on the availability of appropriate temporal-spatial hydrometeorological data, expertise,
funds, and other success factors as elaborated by this study.
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