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Hydrological hazards ("hydro-hazards”) are defined as extreme events
associated with the occurrence, movement and distribution of water,
specifically resulting in floods and droughts. As a result of global climate
change these hazards are expected to change in the future, with areas of
the globe becoming "hotspots” for the intensification of these extremes. This
paper is the first global review of the state- of-the-art research on hotspots
for floods and drought. The work follows a systematic literature review of
published research, and analyses and categorizes the results of 122 published
papers after a methodical screening process. The analysis highlighted the
geographical areas where increasing hazards are anticipated (e.g., Europe for
both floods and droughts), and those areas of the globe where no significant
research has been published (e.g., Russia). The methods used to undertake the
research are analyzed and new trends identified. Potential avenues for future
research are highlighted, including the incorporation of uncertainty analyses
into hydro-hazard assessments, the consideration of multi-hazards and their
interconnections, and finally the consideration of dynamic vulnerability and
exposure in conjunction with changing hydro-hazards to understanding
future risk.
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Introduction

Hydrological hazards (“hydro-hazards”) are defined as extreme events associated
with the occurrence, movement and distribution of water, specifically resulting in
floods and droughts. Flood hazards are the result of water excess from one or
multiple sources (e.g., coastal, fluvial, or surface/sub-surface water), while drought
hazards arise from a deficit of river flow or precipitation over a prolonged
period. Exposure to these natural hazards affects people and infrastructure, and
the severity of impacts experienced depends on their underlying vulnerability.
Impacts can range from tangible, e.g., loss of life, injury, property damage, loss
of livelihoods and services, social and economic disruption, or environmental
damage through to intangible impacts, such as detrimental effects to mental health.
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For example, recent events in Europe in July 2021 caused
widespread devastation across a large region and resulted in
over 200 deaths. In 48h, a month worth of rain fell onto
saturated soils in Germany causing flooding on the Meuse and
Rhine rivers across Germany, Belgium and the Netherlands. The
floods led to building collapse, relocation of populations and
widespread destruction to travel and transport links (UN, 2022).

Hydrological hazards are influenced by both climatic (e.g.,
temperature, rainfall patterns and intensity) and hydrological
factors (e.g., land use, soil and bedrock). With the impact of
climate change on global and regional weather, there is growing
evidence that there will be changes in the severity and frequency
of weather and climate related natural hazards (Collet et al.,
2018; Visser-Quinn et al., 2019) arising from warmer and wetter
winters, hotter and drier summers (with an increased intensity
of summer rainfall) and continued sea-level rise. These changes
will lead to more frequent, intense pluvial, fluvial and coastal
flood hazards (Alfieri et al., 2017), leading to an increase in flood
exposure (Arnell et al,, 2019), and similarly to effects on drought
frequency, severity (Prudhomme et al, 2014) and exposure
globally (Arnell et al., 2019). However, to what extent these
hazards will increase is subject to large uncertainties, associated
with climate projections, global mitigation implementation
success, local land use and hydrology, as well as the ability to
project the changes to river flows accurately.

Research to understand the change signal arising from
climate change influences on hydrological extremes at a regional
scale has been a topic of growing interest across the globe
in recent years (Wilby, 2019). Changes to flood magnitude
and frequency have been studied at local levels and across
river basins (e.g., Lompi et al., 2021), whilst drought signals
have generally been explored on a larger spatial scale and over
longer timescales (e.g., Carrdo et al, 2018; Lu et al, 2019).
This work tends to be driven by researcher’s interests and
often also their location, and hence the spatial coverage of
the knowledge associated with changing extremes is piecemeal
and variable. Considering in addition the developing science
of climate modeling, the evolution of different climate forcing
assumptions and emission scenarios in recent years [e.g.,
between AR4 (IPCC, 2007) and AR5 (IPCC, 2014)], it is clear
that scientific understanding of the changes to hydrological
extremes is incomplete. Consequently, there is a need to review
existing works, to understand the current knowledge base and
globally synthesize the gaps in data.

This study aims to review existing literature that focuses
on climate change impacts on water resources (flooding and
droughts), with particular emphasis on hydrological extremes.
This review assesses the state-of-the-art of knowledge, regional
understanding of both extremes and identifies cross-cutting
challenges as potential research directions of future studies.
Though systematic review is specific to health domains, other
domains, such as water process engineering (Bautista Quispe
et al., 2022), or remote sensing (Wellmann et al., 2020). The
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scope of the present review is in line with previous two examples,
to report on the state-of-the-art, and not to collect data.

Method

The materials used to conduct this review were retrieved
from several search engines, namely Scopus, Web of Science
and the Directory of Open Access Journals (DOAJ). Papers were
limited to journal or conference articles written in English, with
no limit on publication date. The initial literature search was
conducted in June 2021 and the subsequent analysis between
July and December 2021.

The full research methodology is summarized in Figure 1.
Search queries were as follows: TITLE-ABS-KEY (“FLOOD” OR
“DROUGHT” OR “HYDRO-HAZARD”) AND TITLE-ABS-
KEY (“CLIMATE CHANGE PROJECTIONS” OR “FUTURE
UNCERTAINTIES” OR “FUTURE HOTSPOT?”). In the search,
all forms of flooding were included, and no date restriction
was set.

The initial search in the three databases returned a total of
486 papers, which was reduced to 462 papers after duplicates
were removed. These were then carried forward to the abstract
screening phase. Strict inclusion and exclusion criteria were
established to keep the papers within the scope of this review.
Papers were included if:

(i) their abstracts were about drought or flood hazard
projections for the future as a result of climate model
projections, and if
(ii) these studies were at a regional or catchment scale.

Papers were excluded if:

(i) the work was discursive, or if
(ii) it was on a small geographical unit (i.e. a local study
<5km2), orif

(iii) the work was reporting current flood and drought

hazards, without any quantification of future changes.

During the abstract-screening stage, the 462 papers were
manually examined to determine whether they met the pre-
defined eligibility criteria for the qualitative analysis. The
abstract screening process removed 313 papers, leaving 149
papers for the full-text screening stage. The full paper analysis
phase disregarded a further 27 papers, leaving 122 papers which
were considered for this review. Reasons for removal included:
non-English paper (following an English abstract), descriptive
text with no new analysis, or qualitative research. When fully
reviewing the paper, the analysis process was standardized to
interrogate the papers by themes. For each study the hazard type
was recorded, the geographic scope of the research, alongside
the metrics used to classify and monitor the hazard into the
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SEARCH TERMS in Web of Science, Scopus and DOAJ:
Flood [OR Drought]hazard AND climate change projections
Flood [OR Drought] hazard AND future uncertainties

Flood[OR Drought]hazard AND hotspotof change
Hydro-hazard AND future hotspot

SCOPING PHASE

Include: drought or flood hazards projections into the future, regional
or catchment scale information

Exclude: current flood/droughtinformation without a projection, local
context, OR discursive

FULL TEXT ANALYSIS PHASE:
Exclude: non-English texts, descriptive or non-quantitative

Search:
n=486

Consolidate list
(remove doubles)
n=486

—— Exclude doubles n=24

Include: n=462

Abstract Screening:
n=462

—  Screened out n=313

Include: n=149

Full Text analysis:
n=149

— Further 27 removed

FIGURE 1
Methodology for the literature review.

Inclusion of uncertainty, similarity across studies, repeatability

Analysis themes:
Hazard type [s]
Modelling method
Geographic scope

future (Table 1). Method and metric analysis was included in
order to explore the diversity (or otherwise) in the approach.
The modeling method and the emission scenario was recorded,
this included the climate modeling chain that was used to
drive the hazard models. Here it was important to explore the
evolution of the climate forcing assumption, and the breadth of
climate models considered. As part of this analysis, the review
highlighted the consideration (or not) of uncertainty and the
similarity of the results within regions. Each study was analyzed
to collect the information illustrated in Table 1, and cataloged
into a full database (Appendix A) whose headings are the listed
parameters of Table 1.

In addition to collected data, the review team used
systematic scientometric software (VosViewer) in order to
look for trends in the data in a quantitative manner.
Systematic scientometric reviews are used to identify the
most representative publications in a field (Bliimel and
Schniedermann, 2020). For example, the software was used to
analyse where the studies were conducted (i.e., location) to
explore overlaps and areas of under-representation, and the
connectedness of the academics undertaking the work in order
to explore areas of research strength. The software completes this
analysis in a systematic, repeatable and robust manner.

Frontiersin Water

Analysis

An overview of all case studies presented in the analyzed
papers (n = 122) with their location is shown in Figure 2. It is
clear from this figure that there is a good geographical spread
of analysis, but with areas of significant sparsity (e.g., Russia,
New Zealand, the Philippines and large swathes of the African
continent). The full database of papers and theme identification
is included in Appendix A for interrogation.

Scientometric analysis

The systematic scientometric review was used to identify
the most representative publications in the study (Bliimel and
Schniedermann, 2020). In the analysis presented herein, visual
analytic approaches from scientometry were used to determine
the timeliness of the reviewed papers and the remaining gaps
in research of the hydro-hazards hot-spots. The VosViewer
tool, developed by Leiden University (Van Eck and Waltman,
2011), was used to map paper outcomes. Figure 3 shows the
frequency of most used terms in the reviewed papers, using a
threshold of 10 or more occurrences. This figure is the output
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TABLE 1 List of parameters considered when reviewing the literature (which appear as Table headings for Appendix A).

Reference

Source Work of reference (citation)

DOI DOI link

Hazard

Type Flood, drought or both

Modeling

Definition Intensity measure used in the study (e.g., frequency, intensity, duration)
Metric

The hydrological metric that is used to track the evolution of change, for example a return period event for flooding (e.g., an extreme

event) or the use of standard indices (and using the extremes of these) for droughts.

Emission scenario (family)

Record either the use of the Special Report on Emission Scenarios (2000) or Representative Concentration Pathways (2010)

Ensemble Here we record whether the paper uses Multi-model Ensembles (MMEs) or Perturbed Parameter (or Physics) Ensembles (PPEs) or
both/neither. The use of either MME or PPE (or both) will allow for the examination of uncertainty.
Case study
Continent Africa, Asia, Australia, Europe, North America, South America
Country Specific country of reference
Area Specific catchment, city, basin or region of reference
Scale Small: 0-10 km? Medium: 11-100 km? Large: 101-1,000 km? and over
3006 @ 0orought@ Flood @ Flood&Drought
2 4
Countries' border source World Bank
FIGURE 2
Location of the analyzed research (dots for geographically-located works, circle for global works). The representation of the above map is
available interactively at: https://public.flourish.studio/visualisation/8137783/. Details of papers presenting all of the above case studies are
available interactively at: https://public.flourish.studio/visualisation/8168904/. The above public links were built using flourish studio visualization
tool (flourish.studio).

of a two-stage process which uses a refined second round to
further categorize papers. This further round uses a user-defined
thesaurus of similar terms, in order to screen for similarity and
avoid double counting. As expected, the most frequent terms are
floods, droughts, climate change and climate modeling.

The tool offers the possibility of showing the relationship
of one term (i.e. a “concept” such as floods, droughts, climate

Frontiersin Water

04

change), with other analyzed terms. This analysis suggests that
studies of droughts are more often linked with climate modeling,
while studies of floods are more closely linked to uncertainty
analysis and risk assessment (see Figures 4A,B). This insight
is interesting and may relate to the longer history of flood
prediction modeling that has occurred. Additional reasons may
lie in the predominant use of precipitation and temperature for
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FIGURE 3
Systematic frequency analysis using Vosviewer tool (vosviwer.com).

hagards
bt extrene event

ensemblegforecasting

drought analyses which are direct products from climate models
and do not need further model chains unlike flooding which
often uses hydrological models to further downscale projections.

Database analysis

The authors analyzed the papers in a consistent manner to
extract the data detailed in Table 1. This consistency is required
due to the diversity of terms used to mean a similar item or
concept: for example, “area” and “spatial extent” could be used
interchangeably depending on the context, or hazard “intensity”
could also be referred to as hazard “severity or magnitude”.
The resultant database can be found in the Appendix A, and a
searchable copy is held here (DOI will be available if published).
Preliminary analysis of the database suggests that there is good
global coverage of research (Figures 2, 5), with prevalence of
case studies in Asia (48 studies), followed by Europe (36), North
(16) and South (5) America, and Africa (5). Eight studies had a
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global focus. However, there are large areas which remain un-
researched, which is reflected in Figure 2. It is clear that large
areas of Eastern Europe, Northern Asia and the Middle East
remain un-studied, alongside swathes of Africa.

Most of the studies (100 of 122) covered an area at “large
scale” (101-1000 km? and over), studies at medium (13; 11-100
km?) and small (2; 0-10 km?) scale are limited; 7 studies did not
specify the scale. The analysis of the hazard type highlighted that
there is a longer history of flood modeling in association with
climate change. Figure 6 indicates that since 2010 (the earliest
paper in our analysis), flood hazard assessment in the context of
climate change has been a reasonably consistent research topic.
The topic of droughts and climate change on the other hand has
grown in popularity since 2014. Studies which investigate both
extremes consistently are much more poorly represented in the
literature. The first occurrence is in 2012, with only sporadic
output since then. Around 46% of the analyzed studies are about
floods (56), 42% of the works focus on drought (50), while only
15 works (12%) address both hazards (Figure 6). Despite setting
no limit on the date of the search, the results were limited to the
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dsptive r@pagement

FIGURE 4
Analysis of the relationships between key terms (A) for floods
and (B) for droughts.

[0 North America
I south America
N/A

FIGURE 5
Country location of case studies for the reviewed works.

preceding 11 years, consequently it is clear that this research area
is novel and evolving.
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FIGURE 6
The considered hazard type(s) per publication year for the
reviewed works.

Emerging themes

As the database was analyzed, the authors identified a
number of emerging themes.

Difference between flood and drought studies

Our analysis shows that flood and droughts research is
almost equally distributed. However, their occurrence is not
equally balanced spatially. For example, in South America and
Australia only droughts are analyzed, whilst in North America
and Europe floods are more commonly researched.

In the case of droughts, the majority of studies use direct
outputs of climate models (e.g., precipitation and temperature)
to analyze future changes. In order to do this analysis,
standardized indices are used such as SPEI or the Palmer
Drought Index. Different temporal and spatial scales are used
for the analysis and these are not consistent across studies, as the
chosen scale depends heavily on the focus of the specific study.

The tools used for analyzing floods generally require a
further set of models in the climate model chain. These models
are mainly hydrological models, which translate precipitation
and temperature time series into a times series hydrograph at
the outlet of the catchment. This data can be analyzed raw
(for example picking out annual maximum flows) or through
further statistical analysis such as extreme value analysis (for
flood frequency). Hydrodynamic models (which translate flows
into detailed flood inundation, depths, extents and velocities) are
seldom used, and when they are used this is mainly to determine
adaptation measures under climate change conditions, in
cases where the management of the river and corresponding
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catchment is well-known. In this review, the estimates of all
of the papers which included flood damage were based on
hydrological models rather than hydrodynamic models. Each
subsequent model which is added to the climate modeling chain
introduces further uncertainty into the analysis process (see
discussion in Section 3.3.3).

Spatial coverage

On further analysis of the database, the research suggests
that most authors and their teams research their local/regional
area. The majority of studies by European authors for example
focus on the countries in which the authors themselves are
located. Using VosViewer we undertook analysis on the links
and collaboration between authors (Figure 7). Six clusters are
evident, where there are interactions (i.e. cross-authorship)
between research groups. These groups are highly correlated
to different spatial or geographical regions (Figure 8). Figure 8
details how authors are clustered and linked for a few clusters
in Europe. Further investigation shows that the authorship for
the majority of these studies overlaps. For example, a detailed
case study in the Rhine and Danube basins links several authors,
whilst UK based studies (small but geographically diverse river
basins) link other authors. Pan-European studies which look
across western Europe link these authors together. Other clusters
are also linked by geography, for example clusters in North
America (Gaur et al, 2018, 2019) or Asia (e.g., the Korean
peninsula or China).

Analysis of uncertainty

There is an increasing trend for the consideration of
uncertainty when discussing future changes and trends in flood
or drought. There are 54 papers (of 122) which mentioned
or explored the uncertainty in future climate results. Further
there is evidence of research either mentioning or exploring
uncertainty research in each year considered in the review.
Uncertainty analyses tend to use either multi-model ensemble
projections or perturbed physics ensembles and to explore the
sources of uncertainty in climate modeling. In terms of the
contribution, climate models are generally considered to be
a significant source of uncertainty in projected hydrological
change (e.g., Collet et al., 2018; Visser-Quinn et al., 2019).

The uncertainty for future impact assessments arise from
several sources (Rojas et al., 2012; Cloke et al., 2013; Prudhomme
et al,, 2014): (1) climate model including emission scenario,
climate model structure and parametrisation (e.g., Lung et al.,
2013; Lu et al, 2019); (2) hydrological and topographical
observations including scarcity of ground-truthing data of
adequate quality and quantity (e.g., Delgado et al,, 2014); (3)
the bias correction/downscaling process for the climate model
(e.g., Didovets et al, 2019; Helaire et al, 2020); and (4)
hydrological modeling uncertainty (e.g., Dankers et al., 2014;
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Prudhomme et al, 2014). However, their opinions vary by
scale and focus. Forzieri et al. (2014) focused on uncertainty
in low-flow projections including climate uncertainty; extreme
value fitting uncertainty and uncertainty in projections of
streamflow droughts. This study holds a view that climate
model configuration remains the main source of uncertainty
and extreme value fitting is the secondary source in climate
projections, especially for European precipitation (Déqué et
al., 2012). However, at the global scale, Prudhomme et al.
(2014) concluded that the main source of uncertainty comes
from the hydrological models, with climate models contributing
to a substantial but still smaller, amount of uncertainty. This
observation is corroborated by Visser-Quinn et al. (2019) at a
smaller scale for the UK.

In the context of the models included in the Climate
Model Intercomparison Project (CMIP) 5 and CMIP6, some
researchers summarized that the (climate) model uncertainty
represents the largest source of uncertainty in the 21st century
and is associated with three sources of uncertainty: internal
variability, model uncertainty, and scenario uncertainty (Lu
etal., 2019; Mondal et al., 2021). The reason for the uncertainty
has been demonstrated by several researchers. For example, (1)
in large-scale studies, global hydrological models are usually
applied without any calibration/validation at the catchment
scale (Zubieta et al., 2021); (2) climate model-based projections
indicate a likely increase in frequency of heavy rainfall or severe
drought conditions (Arnell et al., 2019); (3) the uncertainty in
regional precipitation over the study region is predominantly
related to spatial shifts in convection and convergence (Tan et al.,
2020).

Research has used uncertainty analysis to quantify model
accuracy; however, it is also used to understand the confidence
in future projections. On the catchment scale, uncertainty
can be assessed using the Generalized Likelihood Uncertainty
Estimation (Samantaray et al., 2020) and the Reliability
Ensemble Averaging (REA) technique (Abdulai and Chung,
2019). For frequency analysis, bootstrap resampling can be used
to measure uncertainty of the sample estimates. Some measures
are employed to reduce model uncertainty such as: statistical
calibration of hydrological model; a real option analysis (ROA)
and Monte Carlo simulations. Also other methods can be used to
quantify the sources of uncertainty in the modeling chain (e.g.,
quasi-ergodic analysis of variance QE-ANNOVA (Visser-Quinn
et al., 2019).

Emerging research on multi-hazards

Floods and droughts are significant natural hazards, and
together contribute to the majority of natural disasters globally
every year (e.g., in the year 2020, floods caused around two thirds
of all natural disasters globally (CRED and UNDRR, 2021).
These hazards have traditionally been researched in isolation,
but more recently (as evidenced by this analysis) this approach
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Author clusters of the reviewed papers.
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FIGURE 8

Relationship among few authors’ clusters.

has begun to change. However, such hazards do not act in
isolation and significant flood periods can occur during, or

the effects of any single event (de Ruiter et al., 2020). Multi-
subsequent to a period of prolonged drought, thus amplifying

hazard research has developed considerably in recent years,
and this approach investigates related events and the different
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mechanisms which can intensify impacts. Considering hazards
singularly, without considering their interactions, significantly
underestimates their effects (Gill and Malamud, 2016), and
considering hazards without the associated vulnerability of those
exposed to hazards, and how that vulnerability changes over
time (dynamic vulnerability), drastically underestimates risk to
those impacted. Future research should look across the scientific
community to improve our understanding of multi-hazards,
including hydro-hazards, and to quantify the interaction of the
processes that drive them.

Discussion

Current gaps and future hotspots of
change

The data collected from 122 papers revealed that there is
good coverage at global level, with eight global studies and
a prevalence of case studies in Asia (48 studies), followed by
Europe (36), North (16) and South (5) America, and Africa
(5). However, large areas of Eastern Europe, Northern Asia,
Middle East and Africa remain un-studied. On further analysis
of the database, results suggested that most works focus on
their local/regional area. Around 46% of the analyzed studies
are about floods, 42% focus on drought, while only 15 works
(12%) address both hazards. Different temporal and spatial
scales are used for the analysis and these are not consistent
across studies, as the methods depend heavily on the focus of the
specific study. There is an increasing trend for the consideration
of uncertainty, when discussing future changes and trends on
floods or droughts.

Detailed
hydrological extremes within local regions are available (as

studies of the distribution of intensifying
identified in Appendix A). These studies can be used to
understand spatio-temporal aspects of the projections and
whether regional trends emerge. For example, a number of
studies have explored the national picture for the UK (Lane and
Kay, 2021 (this issue); Collet et al., 2018; Visser-Quinn et al.,
2019, 2021; Arnell et al., 2021 amongst others), investigating
potential patterns, as well as examining the trends in seasonality
of hazard occurrence. What is clear from the work explored
in this paper is that a significant amount of information exists
on potential hazard trends, and that in the future much of the
global population will be at a greater risk of exposure from
either or both floods and droughts than they currently are. Thus,
the more information that exists on these trends, the better the
potential for adaptation. Several of the studies (Prudhomme
et al., 2014; Alfieri et al., 2017; Carrao et al., 2018; Lu et al,,
2019; Coppola et al,, 2021) explored the broader, global scale
of analysis and this analysis can assist in identifying consistent
areas which are future hotspots of change. Whilst a global
analysis is necessarily large scale, and lacks the detail that is
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often needed for detailed adaptation plans, the strength of this
approach is that it highlights those areas which are at most
risk of change in a comparable manner. Looking across these
studies, it is important to explore whether there are consistent
messages arising. Of the studies, one focussed on floods (Alfieri
etal., 2017), two focussed on both hydrological extremes (Arnell
et al, 2019; Coppola et al., 2021) and three covered drought
indicators only (Prudhomme et al., 2014; Carrao et al., 2018; Lu
etal, 2019).

Consistent messages arise around floods from Alfieri et al.
(2017) and Coppola et al. (2021) which identify intensifying
flood risk (more frequent and significant increases) are unevenly
distributed. Large changes are anticipated with the largest
increases in Asia, and Europe. Arnell et al. (2019) corroborate
this finding in their study too. Coppola et al. (2021) additionally
identify the La Plata basin, Central Africa as well as Northern
Australia, and China. While Alfieri et al. (2017) identify North
America in addition. The global projections of drought also
deliver reasonably consistent messages. Areas under increasing
risk (more frequent and severe) are Southern and Central
America, and the Caribbean, Europe and specifically the
Mediterranean region (Prudhomme et al., 2014; Carrdo et al,
2018; Luetal., 2019). However, there are less consistent messages
for India (identified by Coppola et al., 2021), Africa (identified
by all studies but with different regions highlighted (e.g., Central
Africa - Prudhomme et al., 2014; Arnell et al., 2019; Southern
Africa - Lu et al,, 2019; Coppola et al., 2021). Prudhomme
et al. (2014) and Coppola et al. (2021) highlight Australia and
New Zealand as hotspots whilst Lu et al. (2019) additionally
identifies Eastern North America. Based on the above insights,
it would seem that Africa and much of Asia need particular
focused analysis as future hotspots, and further detailed studies
are needed for Europe as a hotspot for both droughts and floods.

Novel datasets and analytics

The understanding of hydrological hazards has benefitted
greatly from the development of remotely-sensed data over
recent decades. This is true for droughts (AghaKouchak
et al., 2015) and particularly for flooding (Bates, 2022). Early
remotely-sensed digital terrain data represented a significant
improvement on paper-based mapping and has developed from
resolutions of tens of meters to <1 meter. Further developments
have led to datasets with global coverage such as the NASA
Shuttle Radar Topography Mission (SRTM) in 2000 (Farr et al.,
2007) which has a resolution of approximately 90m at the
Equator. While further developments at a global scale promise
greater resolution and accuracy, there is a lack of data on aspects
beyond terrain heights. For example, despite much promise
there is a lack of high resolution, accurate data for river channel
bathymetry and discharge. Developments on these aspects are
arguably more important for the future than greater resolution
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in terrain data given that current terrain data is at the limits of
what most inundation models can use, meaning that deficiencies
in bathymetry and discharge data represent the main uncertainty
in these models. Gauge data, that is denser both spatially and
temporally, would bring significant benefits to both flood and
drought hydro-hazard identification.

The increasing impact of the changing climate means that
past records can no longer be relied upon to give an indication of
future events (Milly et al., 2008), particularly given the evidence
that, even if mean precipitation or temperature does not change
significantly, there will be an increase in extremes (Easterling
et al., 2000). This phenomenon will consequently lead to an
increase in both floods and droughts. If historical data collected
over many decades can no longer be used, there is an even
greater need for more dense and accurate data to support real-
time and event-based predictions.

Given the complexity of natural systems, no analytic model
can take into account all physical effects and all scales. The need
to parameterise processes or to neglect them entirely means
that there are inherent uncertainties in all models (Refsgaard
et al., 2007). As discussed above it is now accepted that these
uncertainties cannot be ignored when modeling natural systems
(Pappenberger and Beven, 2006) and in turn this requires
multiple substantiations of a particular model in order to cover
the space of parameters (Hall et al., 2012). In view of this insight,
there is a balance to be struck between model complexity and
model run-time, meaning that in most cases a less complex
model, that can be run multiple times in the time available,
can generate greater understanding than one that contains
more representation of physical phenomena. Bates (2022) sets
this out as a modern version of Occam’s Razor (Young et al.,
1996; Forster, 2000) and also suggests that there is a bias
amongst researchers to use models that are computationally
feasible for comparison with laboratory studies or analytical
solutions, but that are too computationally-intensive and over-
engineered for full-scale problems. Overall, this points to the
need for ensemble predications, which most of the papers in
this review have not adopted, but which could be a future
research direction.

Implications for decision-making

The majority of the reviewed papers state that the main aim
of the study is to show a proof of concept for methods to support
decision making. The main question for decision-makers is what
advances are available to reduce the risk arising from future
hydro-hazards, such that water managers are properly planning
and adapting to the potential risk (Bates, 2022).

The reviewed papers advocate that modeling is one of the
approaches to identify where hydro-hazards will happen and
how these processes will develop. There are several challenges
for the modeling extremes, perhaps the largest of which is data
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availability, because there are few historical recorded data on
extreme events. Moreover, global and regional climate models
have difficulties in properly accounting for precipitation, which
can cascade through to the eventual projections. Additionally,
the complexity of climate modeling chains is high, and
uncertainty in inputs and model structure cascade through the
chain. These factors can make outputs less routinely accessible
by decision makers (Delgado et al., 2014), and can result in a
reported lack of trust in modeling results by decision makers
(Hall et al., 2012).

As discussed in this article, uncertainties are due to model
parameter uncertainty, model definition and structure (Forster,
2000; Willis et al., 2019). In order to build trust in model
outputs for decision-making purposes, approaches use ensemble
predictions, which give a better range of models for both high
flows and low flows, as seen in the case studies conducted
by Cloke et al. (2013) and Coppola et al. (2021). All studies
concluded that uncertainty of the input is unavoidable, and
thus a better understanding of the uncertainty in modeling
hazards and the uncertainty of their output can improve the
trust of water managers in modeling approaches, and can
lead to informed decisions. Of the analyzed papers herein,
~40% include uncertainty analysis, making reference to decision
making. However, none of the papers show if such models were
further used in practice by decision makers.

Multiple hazards

Any hydro-hazard analysis requires significance expertise
and knowledge from the individuals involved, but “knowledge
bias” (Gill and Malamud, 2014) can lead individuals to see
their own area of focus as of paramount importance. This silo-
based approach can lead in turn to a focus on just one hazard,
rather than the full range of hazards such as floods, droughts,
earthquake, extreme temperatures, pandemic, etc. However,
many specialists do acknowledge the need for an integrated
approach (De Angeli et al., 2022), but some can still see this as a
hub-and-spoke system where the other systems need to integrate
with their own as the central issue.

There are many links between hazards that can be taken into
account and by way of example these include:

- Flooding and the water resource system;

- The
transport system;

- Earthquake that leads to landslides and then lead to floods
(De Angeli et al., 2022);

- The impact that flooding across vegetated areas has on the
emission of CO2 (Richey et al., 2002);

- The impact that COVID lockdowns can have on emergency

impact of urban drainage systems on the

response to flooding (Simonovic et al., 2021).
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The UN Sendai Framework for Disaster Risk Reduction
(UNDRR, 2015) does state that multi-hazard approaches are
needed for disaster risk reduction, but whilst much research
has been carried out in recent decades, mature methods
have not been set out or adopted (Wang et al., 2020). This
remark is in part due to the complexity of the modeling on
multiple hazards and the need to consider hazards that occur
together spatially and temporally whilst not interacting, along
with those that do interact and even where one hazard leads
to another or at least increases the probability of another.
Even once the hazards are assessed, there is then a need to
work with a range of stakeholders in an integrated manner.
Uncertainty, both aleatory and epistemic, is often considered
in single hazard analysis (Rougier et al., 2013) but is more
complex in the multi-hazard case and its treatment is not
as mature.

Ultimately, society needs an approach that integrates many
hazards, which requires clear leadership and compromise
across specialists. Further, it has to be acknowledged that
not all aspects can be included in an integrated approach
and in each case the most significant hazards need to be
identified and addressed. The latter requires detailed multi-
disciplinary analysis that reflects the full range of interactions
in the system that is impacted, such as that proposed at
city level by McClymont et al. (2022). Such approaches
need to include qualitative analysis based on case studies
and experience, along with a quantitative approach based on
analytical and Al (Artificial Intelligence) methods for identifying
the key influences.

Global interconnections across impacts

Hydological hazards are interconnected, and so are the
consequent impacts. Different sectors of society are affected in
different ways. Individuals are at risk of death or injury during an
event, and in the aftermath have to cope with: property damage
and recovery costs; mental health challenges; interruptions to
supply of goods and services; and potentially the need to
migrate. Businesses also suffer damage to property along with:
business interruption; loss of markets; and possible business
failure (Coates et al., 2020). As well as their responsibility to
citizens, governments have to face economic damage; loss of
tax revenue; cost of recovery; and the challenges of migration.
Investors face financial losses (Fiedler et al., 2021) and the
cost of insurance claims. Across these impacts, it can be seen
that there are many inter-connections and all these should
be taken into account in risk analysis both to minimize
the overall impact and to carry out comprehensive cost-
benefit analyses.

Many of these impacts can go far beyond the locations
where the hazard occurs. For example, supply chains can
affect people on the other side of the globe (Haraguchi
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and Lall, 2015; Sheffi, 2020) and losses on investments and
insurance are increasingly global. As the impact of a changing
climate increases there will be more migration between regions
causing further challenges for governments. This global aspect
of flooding and droughts appears to be largely neglected in
the literature reviewed here which found that most authors
report impacts local to them. Whilst there is a strong focus
on Europe (36% of the papers compared to 11% of the
global population), there is proportionally less research on
Asia (48% compared to 60% of the global population). The
latter clearly has a significant and increasing impact on
global trade.

This work looked into climatic hotspots: future research
could also look at the exposure and vulnerability of those
areas, focusing more on the actual potential impact on society
and the ecosystem, moving from “hazard hotspots” to “risk
hotspots”. In fact, a better definition of “hotspots” could be
refined alongside a risk-based approach. The concept of risk
encompasses hazard, exposure and vulnerability (Grossi and
Kunreuther, 2005) and thus a risk-based approach seems
sensible because in the future exposure and vulnerability are
likely to change too (in addition to the hazards); for example,
the world population will increase and with that the number and
location of buildings in cities (change of exposure), or houses
may follow a more robust design to hazard impact (change
of vulnerability).

Future research needs

This work is the first global collection of identified
hotspots for floods and droughts in the literature. This
paper has highlighted the geographical areas where increasing
hazards are anticipated. The climatic impact identified in
the hotspots will require substantial and specific investments
into mitigation and adaptation to develop both societal
and ecological adaptive capacity (Szabo et al., 2016), which
should be seen as interdependent and thus benefiting from
integrated policy (Khan and Cundill, 2019). In these key
hotspots, environmental indicators or frameworks (Rickels
et al., 2016) could be applied for monitoring and tracking
impact and implications of both climate and interventions
(e.g., mitigation strategies). This work offers the “entry point”
for further analysis and specific modeling to explore climatic
consequences and resilience strategies, within cross-sectoral
policy discussions; the database could be further enriched,
by collecting more specific information (e.g., whether flood
studies adopt hydrologic and/or hydrodynamic models). Its
relevance is also in the possibility of cross-study learning
and sharing that the global review underpins: for example,
the climate community and networks may use this review
for comparing methods and barriers at multiple levels (e.g.,
scale, location, etc.). However, this paper has highlighted that
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more research is needed in unrepresented areas of the world,
such as Eastern Europe, Asia, the Middle East and Africa, as
well as in the areas which are consistently being identified as
future hotspots.

In this paper the analysis points toward three areas where
future research should focus:

1. Uncertainty analyses and modeling: to understand the

evolution of, and variability in, the hydro-hazards in the
identified hotspots so far. For example, future studies could
take an ensemble approach to future projections, thus
specifically quantifying and communicating uncertainty
across analyses and translating this into meaningful
information for decision-makers.
2. Understanding of multi-hazard
hazards in the remit of this paper), and identify potential

(compounding  hydro-

hotspots associated with the interaction of such processes
and the global interconnections of the associated impacts.
3. Defining the concept of “hotspots” alongside a risk-based

approach: considering that the changes that will occur
in the future to hazards will also be felt with changes to
exposure and vulnerability.

Conclusion

This paper reviewed existing studies focusing on “hotspots”
of hydro-hazards under global change; in the literature, the term
“hotspot” generally refers to hazard only. Given this scope, all
the studies focus on the hazard. However, the hazard itself is
not an indication of the impact or negative consequences for the
built environment, natural environment and human societies,
since the consequences related to a hazard relate to the affected
elements. The understanding of the hazard is the beginning
of the assessment of impacts and the development of climate
service activities.

The results of this paper suggest that while there has been
significant progress over the last 11 years, more research is
needed to understand the geographical spread of potential
changes to hydro-hazard occurrence as a result of climate
change. There are areas of the world which remain unstudied
(e.g., Russia) and areas which consistently are highlighted
as hotspots (e.g., Europe for both floods and droughts) that
warrant further analysis. The papers analyzed indicated that
new data sources, and methods which incorporate uncertainty
offer opportunities for this developing research field. Similarly
new research must look to understand multiple hazards,
rather than one hazard in isolation, in the recognition that
the interconnections between hazards can add complexity for
planners and decision-makers. This requires work on joint
probability of events. Finally, more analysis is needed on
the combination of hazard, exposure and vulnerability and
how these may all individually change in the future, and in
combination lead to increasing risk.
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