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SUMMARY
This perspective critically examines the challenges and opportunities of implementing people-centered
multi-hazard early warning systems (MHEWS) in the Global South. Despite global initiatives, such as the Early
Warnings for All initiative, operational realities lag behind. By exploring the needs of the most vulnerable and
how core concepts of multi-hazard thinking (e.g., hazard interrelationships and vulnerability dynamics) inte-
grate into different pillars and cross-cutting components of an MHEWS, the perspective highlights a
mismatch between current ambitions and realities on the ground. Drawing on extensive experience from
Practical Action, we identify opportunities to move toward MHEWS through outlining potential entry points
in research, policy, and practice. We emphasize a need for localized, inclusive strategies that genuinely
address the needs of the most vulnerable populations and fully encompass the meaning of multi-hazards,
including hazard interrelationships, the dynamics of risk components, and the complexity of multi-hazard
impacts.
INTRODUCTION

In 2022, the Global Risk Assessment Report by the United Na-

tions Office for Disaster Risk Reduction (UNDRR) highlighted

that, despite progress, risk creation is surpassing risk reduction,

leading to more disasters, economic losses, and increased vul-

nerabilities such as poverty and inequality.1 We are in an era of

escalating and complex climate risks,2 with countries in the

Global South disproportionately affected,3,4 despite contributing

minimally to the problem’s origin. To effectively reduce current

and future disaster risks, various approaches are available at in-

dividual, community, city, regional, and national levels, guided

by global frameworks like the Sendai Framework for Disaster

Risk Reduction 2015–2030.

This paper focuses on early warning systems (EWSs), re-

garded as a key strategy for risk reduction and resilience build-

ing, as they enhance understanding of natural hazards, provide

timely warnings, and allow for early action to prevent avoidable

consequences.5 EWSs are defined as ‘integrated systems of

hazard monitoring, forecasting and prediction, disaster risk
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assessment, communication, and preparedness activities that

enable timely action to reduce disaster risks before hazardous

events’.6 EWSs are widely recognized as effective and feasible

measures for risk reduction, saving lives and livelihoods and

providing at least a 10-fold return on investment.7 For instance,

a study by Pappenberger et al.8 found a potential monetary

benefit of cross-border and intercontinental European floods

EWS to be of the order of 400 Euros for every 1 Euro invested.

EWSs operate across various administrative levels—local,

municipal, national, regional, and global. While a holistic,

cross-boundary, and multi-actor approach is ideal (including

both state and non-state actors9), EWSs are typically designed

in a top-down manner. National agencies are often tasked with

specific roles: hazard data collection (e.g., geological services

for landslides), alert issuance (e.g., National Hydro-Met Ser-

vices), and emergency response (e.g., Disaster Risk or Emer-

gency Management Agencies).

Traditionally, EWSs were designed for single hazards, but

there is growing interest in multi-hazard early warning systems

(MHEWS). For instance, the Sendai Framework for Disaster
ay 16, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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Box 1. Practical Action’s work on EWS

Practical Action (PA) is an international development organization

workingwith communities living in areas prone to extreme climate haz-

ards across Latin America, Africa, and Asia. PA is striving to develop

and improve EWS in their country programs (Peru, Bolivia, Nepal, In-

dia, Bangladesh, Senegal, Malawi, and Zimbabwe) as well as taking

the lessons learned through technical assistance to other Global South

contexts for over two decades. In all of PA’s work, the aim is that those

most at risk are prepared so that weather events do not become disas-

ters. The organization takes a systems approach by working across all

components of the EWS, connecting and embedding local needs and

capacities with government-led municipal or national agencies and

systems. Their work bridges research, practice, and policy sectors

with a focus on driving inclusive, equitable, and sustainable outcomes.

The work has evolved over time but has always taken a holistic

perspective and placed the diversity of the most at-risk people at

the center. In addition, PA has collected evidence to support their

global level advocacy activities sharing learning on effective, people-

centered EWS beyond the communities they work with directly.
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Risk Reduction 2015–2030, where Target (g) urges countries to

‘substantially increase the availability of and access tomulti-haz-

ard early warning systems’.10 In 2022, the UN launched the Early

Warnings for All (EW4All) initiative, aiming to protect everyone

with an MHEWS by 2027.7 The World Meteorological Organiza-

tion (WMO) has also issued guidelines for multi-hazard impact-

based forecasting,11 and interest in multi-hazard risk manage-

ment is rising in the anticipatory action community.12 This shift

aligns with the broader move from single- to multi-hazard risk

management in science, policy, and practice.13

What are MHEWS, why are they needed, and how do they

differ from traditional EWSs? To answer this, one must first un-

derstand the term ‘‘multi-hazard’’, which refers to multiple haz-

ards affecting a region and their interrelationships, such as trig-

gering, amplifying, or consecutive events.6 This involves not only

understanding individual hazards (e.g., heatwaves and floods)

but also their interactions (e.g., earthquakes triggering land-

slides). Risks from interrelated hazards are often recognized as

greater than those from individual hazards.13–15 Ignoring these

interactions can make warnings dangerous. For example, during

co-occurring tornadoes and flash floods in the United States,

contradictory advice was given: seek low ground for tornadoes

and higher ground for floods.16 At its core, MHEWS aim to

address the complexities of multiple hazards and their interre-

lated effects. According to the UNDRR, MHEWS are designed

to manage hazards that may occur independently, simulta-

neously, in sequence, or cumulatively over time.6 Despite the

global push for MHEWS, operational realities differ significantly.

The 2023 report on the Global Status of Multi-Hazard Early

Warning Systems17 states that only 52% of the world is covered

by an EWS, with considerable regional disparities: only 46% of

Least Developed Countries and 39% of Small Island Developing

States are covered by anMHEWS. There is also no clear analysis

of whether these MHEWS cover multiple single hazards or

consider interrelated hazards and impacts across the EWS

chain. Even the latest Words into Action Guide to MHEWS18

gives limited attention to how interconnected hazards and risks
2 iScience 28, 112353, May 16, 2025
might be addressed through an MHEWS. Research indicates

that few examples of operational MHEWS exist in humanitarian

settings, and the current ambitions for MHEWS are not reflected

in practice.12,19,20 Thus, the term MHEWS has often become

synonymous with EWS, more indicative of ambitions than actual

implementation.

In this perspective, we examine the challenges, opportunities,

and realities of developing MHEWS that address both single and

interrelated hazards, with a focus on the unique circumstances

of Global South countries. We also identify potential entry points

to work toward an MHEWS by focusing on concrete actions in

research, policy, and practice. The aim of this perspective is

not to provide a systematic review of the literature on this topic,

but rather to provide a view shaped by experiences of an interna-

tional development NGO, Practical Action, with decades of

experience working on people-centered EWS in Latin America,

Africa, and Asia. A short description of Practical Action and its

history of work in EWS is provided in Box 1.

We recognize the significant opportunity created by the

EW4All initiative to rethink what MHEWS truly means and how

to design systems that work across settings, particularly for

the most vulnerable. Furthermore, we see a potential in

the EW4All initiative to engage with overcoming some of the

disadvantages, limitations, and gaps of EWS, including false

warnings,21 exclusion of marginalized groups from receiving

warning information,22 overreliance on technical components

of an EWS,20 limits to accuracy,23 and an uneven progress

across different components of EWS.17 A detailed discussion

of the current gaps in EWS is widely covered in the literature.5,20
WHY A PEOPLE-CENTERED APPROACH TO MHEWS IS
IMPORTANT

People-centered approaches as key in MHEWS
For MHEWS to be effective, they must be ‘‘people-centered’’,

serving those affected by natural hazards. This concept gained

traction with the Hyogo Framework for Action 2005–2015,24

which highlighted the need to address vulnerabilities, offer

actionable advice, and assist decision-makers. This emphasis

is evident in the global framework for MHEWS (Figure 1), often

referred to as a framework for people-centered EWS, where

people are central to the four pillars: (1) disaster risk knowledge,

(2) observations, monitoring, analysis, and forecasting, (3)

warning dissemination, and (4) preparedness and response

capabilities.

Being people-centered means that MHEWS should involve at-

risk communities, ensuring inclusivity for all community mem-

bers.18 The goal of people-centered EWS is to enable individuals

and communities at risk to take timely and appropriate actions,

minimizing the risk of injury, loss of life, and harm to property

and the environment.25 EWS become people-centered by ad-

dressing individuals’ and communities’ specific vulnerabilities

and capacities, considering factors like gender, age, disability,

mobility, language, and culture to ensure no one is left behind.

By challenging the hazard-focused paradigm, this approach ad-

vocates for tailored warning systems that reduce vulnerabilities,

while recognizing that root causes and systemic pressures



Figure 1. Four pillars of an MHEWS
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shape access to resources and impact preparedness, response,

and recovery from hazards.26

Emphasizing people-centered approaches is crucial for

several reasons, especially in the Global South.

(1) Those most affected by disasters have the most to gain

from disaster risk reduction (DRR), making it a local

issue.27 The region has pioneered community-based

DRR, underscoring the value of local participation in

developing sustainable, context-specific solutions.28 For

instance, in Peru, the Participatory Monitoring Network

(red MoP) uses citizen science and low-cost technology

for rainfall monitoring, strengthening environmental citi-

zenship, and offering timely information that help commu-

nities take early actions.29

(2) At risk communities are not monolithic, but consist of indi-

viduals with varying vulnerabilities and capacities, which

is crucial for creating anEWS that serves everyone. Factors

suchas gender, raceor ethnicity, education, age, disability,

LGBTQI+ status, and indigenous identity affect howpeople

are impacted by hazards and their ability to prepare for and

respond to disasters.30 For example, in Nepal, women

preferred receiving in-person or verbal warning messages

to text-based mobile phone alerts, due to gendered liter-

acy, language, and phone ownership barriers.31

(3) At-risk communities possess rich traditional, local, and

indigenous knowledge that informs all four components
of the MHEWS pillars.32 For example,

in Bolivia, Practical Action are work-

ing with indigenous groups to learn

from their long-term understanding

of risks and methods of anticipating

hazards to improve the EWS for

everyone, as well as improving the

access to appropriate alerts to

remote indigenous communities.33

A critical analysis of ‘‘people-centered’’

risk reduction approaches reveals that,

while their importance is recognized, this

often does not translate into practice.

Many DRR initiatives, including MHEWS,

remain top-down and lack meaningful in-

clusion of people.26,34 We argue that

focusing on people is even more crucial

in the context of multi-hazards, given their

unique impacts, potential to increase

risks, and the way they change the risk

landscape.

Implications of multi-hazard
thinking for an EWS
As mentioned in the Introduction, the

term ‘‘multi-hazards’’ covers both multi-
ple single hazards in place and how these hazards are interre-

lated in time and space. Here, we present what we identified to

be the four core concepts from the existing body of knowledge

on multi-hazards that we see crucial for moving toward

MHEWS.

Concept 1: Multi-hazard interrelationships

Since 2010, there has been a growing body of literature dealing

with different classifications of how hazards can interact in time

and space.35–37 In this perspective, we use the aggregated clas-

sification by Gill et al.,38 presented in Table 1.

As shown in Table 1, hazards interact in various ways across

time and space, making these dynamics challenging to capture.

Efforts are increasing to reclassify past events to characterize

the spatiotemporal footprints of multi-hazards,44,45 as the lack

of multi-hazard databases is a major obstacle to advancing

multi-hazard risk management.14 This task is particularly com-

plex in the Global South where data on past events and their im-

pacts are limited.46

In the context ofMHEWS, it is important to note that some haz-

ards are inherently multi-hazardous, as reflected in their warn-

ings. For example, volcanic activities are multi-hazard events

involving lava flows, gas emissions, seismic activity, lahars,

and landslides.47 In Peru, the Instituto Geofı́sico del Perú moni-

tors 12 of 16 volcanoes in the south, publishing bulletins

for volcanic unrest, ash dispersion, and lahars.48 For tsunamis,

existing warning systems mainly focus on those triggered by
iScience 28, 112353, May 16, 2025 3



Table 1. Types of multi-hazard interrelationships

Interrelationship type Description Example implication for MHEWS

Triggering One hazard triggers one or more other hazards.

For instance, rainfall-triggered landslides in Nepal.39
Scenario of an earthquake-triggered tsunami: people advised to

leave their houses due to an earthquake, then at a higher

risk of a tsunami because of being outside.

Amplification One hazard changes environmental parameters,

resulting in an increased probability of another

hazard occurring.38 For instance, heatwaves

increase the probability of wildfires in East Africa.40

Warning thresholds need to be updated regularly, to account

for changes in hazard probabilities. For instance, after a wildfire,

there is an increased risk of flooding as surface runoff increases –

flood warning thresholds need to be updated with the information

from other hazard types.

Compound Hazards and their impacts coincide in time

and space. They can be resulting from the same

primary event or driver or have no underlying

interrelationship.38,41 For instance, compound

flooding in India caused by heavy rainfall and

water level rise in Southern Kerala in India,42

or COVID-19, Cyclone Amphan, and monsoon

floods in Bangladesh in 2020.43

The impact of the hazard is likely to be affected by two hazards

occurring simultaneously. This has a direct impact on early action

and communication of risks – e.g., whether to shelter in place

(to avoid exposure to COVID-19) or to evacuate (to escape

flood waters), whether to shelter in the basement (to avoid

wind damage from storms or tornadoes) or on the top floor

(to avoid flooding). If there are dual warning systems for different

hazard types, people may be receiving conflicting alerts

from different sources advising to do different early actions.

Consecutive One or more hazards occur in succession,

with their direct impacts overlapping in the

same area, while recovery from the initial

event is still underway.15 For instance,

consecutive Cyclones Idai and Kenneth

in Malawi, Mozambique, and

Zimbabwe in 2019.

Due to losses incurred by an initial event, people’s capacities to

access resources and prepare for a consecutive event are

diminished. Disaster-related migration and/or displacement

from the primary hazard can also place people at greater

risks to subsequent hazards.
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earthquakes, such as the Pacific Tsunami Warning System.49

However, there are still few operational examples of MHEWS

that account for interacting hazards.19

Concept 2: Inclusion of the dynamics of vulnerability in

the multi-hazard context

In a multi-hazard context, the focus is often on hazard interrela-

tionships. However, it is crucial to recognize that vulnerability is

also dynamic, meaning the needs, vulnerabilities, and capacities

of at-risk people will change in multi-hazard scenarios. De Ruiter

and Van Loon50 identify three types of vulnerability dynamics

relevant to a multi-hazard context.

(1) The underlying dynamics of vulnerability: vulnerability is

not constant, even in the absence of hazards, as peoples’

conditions change (e.g., income levels and access to

healthcare and credit).

(2) Changes in vulnerability during long-lasting disasters: for

example, people experiencing long lasting droughts will

have increased vulnerabilities as the drought is progress-

ing.

(3) Changes in vulnerability during multi-hazard scenarios:

for example, people’s houses were impacted by an earth-

quake and then consecutively hit by a flood.

The dynamics of vulnerability often go unaccounted for in

risk assessment and management14,37 and receive far less

emphasis than hazard interrelationships. However, we argue

that considering these dynamics is crucial for MHEWS, as

they are vital for realistic risk assessments50 and understand-

ing what early actions people can take. This is especially

relevant in the Global South where disaster risk is primarily
4 iScience 28, 112353, May 16, 2025
driven by high vulnerabilities rather than hazard characteris-

tics alone51; therefore, vulnerabilities, social relations, and

existing capacities must be considered as determinants of

disasters.

Concept 3: Multi-hazard impacts are higher than

impacts of single hazards

By identifying multi-hazard events during the past 123 years

(1900–2023) using the EM-DAT database, Lee et al.45 find that

19% of 16,535 disaster records are classified as multi-hazard

events; however, they caused 59% of global economic losses.

There is a growing consensus and evidence that impacts of inter-

related hazards are higher compared to single hazards alone.15

For example, the failure of landslide-caused river dams have

caused significant damages in Nepal from their resultant

outburst mega floods.52,53 Important to note is that in a multi-

hazard scenario, it is not just interrelated hazards that result in

a heightened impact, but also the dynamics of vulnerabilities of

people and assets.

The lack of multi-hazard event and impact data in the Global

South54 raises concerns about the accuracy of risk assess-

ments used for MHEWS. This is further complicated by the

cascading and indirect nature of multi-hazard impacts that

are often inadequately covered in risk assessments.37 Boult

et al.19 argue that considering the interacting nature of haz-

ards would lead to more accurate impact assessments in

MHEWS. However, our understanding of multi-hazard im-

pacts is mostly based on case studies of individual events,

lacking systematic analysis and classification.55 Additionally,

impact data are rarely disaggregated by factors such as age

and gender; for instance, only 11 out of 85 countries have



Figure 2. Multi-hazard considerations

across four pillars of MHEWS, together

with the main considerations for making

MHEWS people-centered
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any disaster impact data disaggregated by sex for mortality in

the DesInventar database, and of those 11 countries, only

0.65% of recorded deaths were disaggregated.56 Yet, this in-

formation is crucial for making MHEWS ‘‘people-centered’’,

taking into account their differences and marginalization

factors.

Concept 4: Thinking beyond natural hazards toward

interacting risks

While this perspective focuses on natural hazards, it is

important to note that these hazards often do not occur in

isolation but in complex multi-risk environments. The

UNDRR and International Science Council57 identified 302

hazards, including meteorological and hydrological, extrater-

restrial, geohazards, environmental, chemical, biological,

technological, and societal. As recently argued by UNDRR,18

including all hazards and the resulting risks is essential for

MHEWS.

Considering multiple risks is especially relevant for coun-

tries in the Global South where crises often interact, com-

pounding vulnerabilities and impacts. For example, extreme

weather, environmental degradation, and socio-economic

challenges at the national and regional level combine to create

systemic risks in Senegal, which exacerbates food insecurity

and internal displacement.58 Similarly, Thalheimer et al.59

find that extreme weather and conflicts have implications for

internal displacement in Somalia, while compound events

can result in systemic risks influencing food insecurity in the

country.60 A truly people-centered approach to MHEWS re-

quires addressing the full range of hazards and risks that peo-

ple face. This means shifting from a focus on multiple natural

hazards to a broader multi-risk approach that includes non-
natural hazards (e.g., biological threats,

food security, and conflicts) and their

interrelationships.

INTEGRATION OF MULTI-HAZARD
THINKING ACROSS DIFFERENT
PILLARS AND CROSS-CUTTING
COMPONENTS OF MHEWS

Figure 1 presents the four pillars of a

people-centered MHEWS, which are

complemented by four overarching com-

ponents25: (1) effective governance

and institutional arrangements, (2) local

community involvement, (3) a multi-haz-

ard approach, and (4) consideration of

gender perspectives and cultural diver-

sity. For an MHEWS to be effective, all

these components must be addressed.5

An ‘‘end-to-end’’ EWS should integrate
these elements across sectors, linking hazard monitoring with

the dissemination of vital information and guidance to protect

lives, property, and livelihoods.18

The latest Global Status of MHEWS report17 highlights signif-

icant disparities and uneven progress across the four pillars,

with the highest reporting for Pillar 3 on communication and

dissemination and the lowest for Pillar 1 on disaster risk knowl-

edge. The report stresses that these pillars are highly intercon-

nected, and failing to deliver on one could compromise the

entire system (ibid.). There are also notable regional differ-

ences; for example, the EW4All initiative found that only a third

of WMO states have multi-hazard monitoring and forecasting

systems, with major gaps in Africa, the Pacific, and Latin

America.61

In this section, we will reflect on what implications does multi-

hazard thinking have on these different pillars of MHEWS (The

cross-cutting component of multi-hazard approach will not be

covered as this is the overall focus of this perspective paper.).

We aim to outline key challenges and considerations for building

a people-centered MHEWS.While this overview cannot cover all

aspects in detail, we hope to spark further discussion and prog-

ress. A summary of the main points is in Figure 2.

Pillar 1: Disaster risk knowledge
Disaster risk covers hazard, vulnerability, and exposure. Signifi-

cant advances in multi-hazard risk assessment have been

made, including qualitative, semi-quantitative, and quantitative

methods.62 However, most approaches still treat hazards sepa-

rately, without considering their interrelationships,63 due to chal-

lenges like hazard comparability, data, and uncertainties.13

Adding vulnerability dynamics increases complexity, with no
iScience 28, 112353, May 16, 2025 5



Figure 3. MHEWS observation and fore-

casting capacity level by hazard type for

30 selected EW4All countries
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standardized methods available.50,64 In the context of people-

centered MHEWS, this means the following.

(1) Hazard: The full range of hazards and their interrelation-

ships, including spatiotemporal evolution, must be

considered. People at risk, especially the most vulner-

able, should be central in prioritizing hazards, including

non-natural ones, identifying relevant interrelationships,

and setting impact thresholds.

(2) Vulnerability: Risk assessmentsmust consider vulnerability

dynamics, especially during consecutive events, as initial

impacts can increase vulnerability to future events. They

should also account for diverse vulnerabilitieswithin a com-

munity, including factors like age, gender, and social status.

The relevance of these factors varies by hazard; for

instance,ageaffectsheatwavecoping,65whilemobility dis-

abilities matter more for rapid-onset hazards like floods.66

(3) Exposure: Like vulnerability, people’s exposure can

change during a multi-hazard event. For example, �Saki�c

Trogrli�c et al.67 found that in Mathare, Nairobi, people

were moved to higher ground after floods, even though

these areaswere at risk of landslides. During the 2023Ha-

waii wildfires, controversy emerged over why the signal

sirens were not used. Officials explained the sirens were

intended for tsunamis and might have directed people to-

ward the hills, where wildfires were present.68

Risk assessment for MHEWS must address impacts of both

single and interrelated hazards.18 To make MHEWS people-

centered, it should prioritize impacts identified by locals and

how they affect vulnerabilities. For instance, in Peru, cold waves

impact only a few in specific areas, but those affected are among

the poorest and, quite often, invisible in official geo-spatial infor-

mation, making EWS crucial for them.69 Deciding which hazards

to prioritize in MHEWS requires careful consideration.

Recently, significant efforts have been made in developing

impact-based forecasting (IBF), which combines forecast infor-

mation with data on vulnerability and exposure to shift from pre-

dicting ‘‘what the weather will be’’ to ‘‘what the weather will do’’.19

Pillar 2: Observation, monitoring, analysis, forecasting
Forecasting hazards depends on scientific knowledge of natural

processes, historical data, and continuous monitoring.70 Hazard
6 iScience 28, 112353, May 16, 2025
forecasts provide information on loca-

tion, timing, and magnitude, but this re-

quires diverse data sources, advanced

modeling, and computational power,

which differ between the Global North

and South. The challenge increases with

interrelated hazards.71 For example,

Schroeter et al.72 note that uncertainties

limit multi-hazard forecasting, while
Láng-Ritter et al.73 highlight the difficulty of forecasting com-

pound flooding due to different governing physical processes.

Examplesof observation, monitoring, and forecasting systems

that account for multiple hazards do exist. For instance,

KIKIKURU in Japan jointly monitors and forecasts rainfall-related

hazards like landslides, inundation, and floods.18 The Coperni-

cus Emergency Management Service continuously monitors

for hazard signals and integrates systems like the Global Flood

Awareness System, the Global Drought Observatory, and the

Global Wildfire Information System. However, significant global

gaps remain. Among the 30 countries analyzed by the EW4All

initiative, most have basic or less-than-basic capacity to monitor

priority hazards, relying mainly on global or regional model out-

puts.17 This raises questions about how people-centered these

products are and their ability to provide locally relevant informa-

tion for decision-making and early action. Forecasting interre-

lated hazards is still in its early stages.5

Forecasting different hazards requires varied technologies de-

pending on the hazard group. For example, UNDRR18 notes that

hydro meteorological hazards need weather stations and mete-

orological satellites, while geohazards rely on seismometers, sea

buoys, and earth observation satellites. In many Global South

countries, access to these technologies and ongoing mainte-

nance is often limited. Monitoring needs and data availability

also differ widely across hazards like floods, wildfires, earth-

quakes, and landslides. Local data quality is often poor; for

instance, only 26% of stations in Africa met WMO standards in

2019.74 Additionally, monitoring and observation quality varies

by hazard type (Figure 3), and just 31% of WMO members

have the systems needed formonitoring and forecastingmultiple

hazards simultaneously or cumulatively.17

From amulti-hazard, people-centered perspective, information

onpotential impacts iscrucial. IBFcombineshazard forecastswith

dataonexposureandvulnerability, helping local communities take

early action. For example, in Nepal, the Department of Hydrology

and Meteorology and the UK Met Office have developed impact-

based forecasts for rainfall-triggered landslides.75 In a multi-haz-

ard context, IBF must account for vulnerability dynamics and the

differentiated impacts to ensure safe warnings. Currently, guide-

lines do not specify how multi-hazard IBF should work,19 and our

understanding of multi-hazard impacts is limited.55 Merz et al.76

argue that the next challenge is shifting from single-hazard to
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multi-hazard impact forecasts while considering hazard and

vulnerability interactions. IBF relies on hazard magnitude thresh-

olds as triggers for warnings,77 but while progress has been

made in developing thresholds for hazards like floods, there is a

need to establish thresholds that meet the needs of the most

vulnerable and capture localized impacts of different hazards.
Pillar 3: Warning dissemination and communication
Dissemination refers to how warnings reach end-users, while

communication concerns the content of the information.5 This is

a crucial pillar of anEWS, as failures often arise frompoor commu-

nication and dissemination.78 Warnings must clearly convey po-

tential impacts, how they affect the audience, and the hazard’s

timing and location.11 In people-centered EWS, involving those

at risk in the design process and tailoring warnings to account

for differences in access, understanding, and ability to act is

essential (e.g., people with disabilities, remote areas, migrants,

tourists).18 For example, in Bangladesh, Practical Action works

with the Flood Forecasting and Warning Centre (FFWC) and the

Bangladesh Meteorological Department (BMD) to deliver voice

alerts, translating warnings into easy-to-understand messages

with advice onprotecting assets and livelihoods. Thesemessages

are based on contextual information gathered through community

work and trained local resilience agents (LRAs).79

In the context of multi-hazards, additional challenges arise, for

instance.

(1) How to develop coordinated communication and dissemi-

nation protocols that address varying vulnerabilities to

different hazardswithout increasingexposure toother risks.

(2) Interrelated hazards create greater uncertainties than

individual hazards, and communicating these uncer-

tainties effectively is still underexplored.80 For example,

cascading impacts are hard to assess, leading to higher

uncertainties in impact-based forecasts.

(3) Connectivity infrastructure can be impacted differently by

various hazards, so redundancy shouldbebuilt in to ensure

warnings are communicated even if parts are damaged.

Coordinated messaging is essential in a multi-hazard context.

Agencies must align communication and dissemination proto-

cols to offer a unified source of information, preventing conflict-

ing messages that burden people. Consistent, coherent alerts

should be agreed upon in advance. For example, Bangladesh

has a strong cyclone EWS with a strong network of volunteers

to disseminate messages to communities at risk; Practical Ac-

tion is building on this system to integrate flood early warnings

in a coordinated way. Common Alerting Protocols (CAPs), as

an international standard for emergency alerting and public

warning, can serve as a foundation for communicating and

disseminating multi-hazard warnings as they cover many hazard

types: weather events, earthquakes, tsunamis, volcanoes, pub-

lic health crises, power outages, and other types of emergen-

cies.18 However, there are significant problems with uptake of

CAPs in least developed countries where the information and

communication technologies are often limited.81 Furthermore,

additional analysis and research is needed into how CAPs can

effectively account for hazard interrelationships.
Pillar 4: Preparedness and response capabilities
From a multi-hazard perspective, it is important to consider the

synergies and asynergies between actions taken for different

hazards. Synergies occur when a response to one hazard also

benefits another (e.g., pre-emptive evacuations from coastal

areas can protect against both tsunamis and storm surges using

the same routes and shelters). In contrast, asynergies arise when

managing one hazard increases the risk of another (e.g., allo-

cating water to agriculture during a drought may reduce water

availability for firefighting, increasing wildfire risk).82

The anticipatory action movement offers a valuable framework

for assessing multi-hazard preparedness and response capac-

ities. Anticipatory action aims to reduce the humanitarian impact

of a predicted hazard before it strikes,83 often through early action

protocols (EAPs), which outline agreed actions based on specific

triggers. However, EAPs are typically hazard-specific and do not

fully engage with the reality of multi-hazards.12 It is essential to

examine synergies and asynergies in multi-hazard scenarios.

For example, a flood EAP may call for evacuation, but if a cold

wave occurs simultaneously, blankets and clothing would also

be necessary. Similarly, flood shelters could double as cooling

centers during heatwaves. Vulnerability and exposure dynamics

must be considered when developing EAPs to maximize syn-

ergies and minimize asynergies between response options.

Implementing preparedness and response requires consid-

ering the needs of all exposed and at-risk populations, including

marginalized people or groups that have specific support needs,

to improve response planning.18 From a multi-hazard perspec-

tive, this involves understanding which vulnerabilities are most

affected by specific hazards (e.g., sanitation workers in

Bangladesh are highly at risk from heat waves due to working

outdoors but are often the poorest and cannot afford not to

work) and how this impacts people’s ability to take action.

Cross-cutting component 1: Effective governance and
institutional arrangements
A governance framework is needed to integrate all four compo-

nents of MHEWS, facilitating coordination among those

responsible for each18 and creating a supportive environment

for MHEWS implementation. However, the governance of

multi-hazards is still under-researched. Recent studies in Eu-

rope, Istanbul and Nairobi, suggest that stakeholders see gover-

nance issues as major obstacles to multi-hazard risk manage-

ment.14,67 Research shows that siloed approaches, where

individual hazards are managed by separate agencies without

coordination, data sharing, or clear responsibilities, could hinder

MHEWS. For example, in Nepal, a mandate for EWS is assigned

to the Department of Hydrology and Meteorology, who have

expertise on floods and weather-related hazards, whilst land-

slide expertise that is essential for landslide EWS resides in the

Department of Mines and Geology. Effective MHEWS require

defined responsibilities, shared data, expertise, and clear

cross-institutional collaboration procedures.

The UNDRR’s Words into Action guide18 covers governance

for MHEWS, including legal, policy, accountability frameworks,

international cooperation, technology, and financing. However,
�Saki�c Trogrli�c et al.5 highlight that even single-hazard EWS

governance is difficult, with systems often underfunded, laws
iScience 28, 112353, May 16, 2025 7
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focused on response, and responsibilities spread across depart-

ments.9 The complexity of multiple hazards adds to this chal-

lenge, involving more institutions, stakeholders, and interoper-

able data. Despite this, examples like Peru’s Agroclimatic

Platforms, led by the Servicio Nacional de Meteorologı́a e Hidro-

logı́a del Perú (SENAMHI) and the Ministerio de Desarrollo

Agrario y Riego (MIDAGRI), show effective governance, fostering

dialogue between hydro-meteorology, agriculture sectors, and

local actors to support climate-smart, sustainable agriculture.

From a people-centered approach, governance should actively

involve those at risk in decision-making, prioritizing hazards,

communication channels, and actions, ensuring that the most

vulnerable are heard in the co-design of MHEWS.31

In terms of disaster risk governance, a shift toward people-

centered MHEWS presents an opportunity to progress from ad-

dressing risks from isolated hazards toward managing intercon-

nected, compound and complex risks, due to several reasons.

Among others, these include: (1) MHEWS require cross-sectoral

and cross-scalar (i.e., from local to national levels) collaboration,

(2) higher emphasis on community and citizen engagement due

to the ‘‘end-to-end’’ focusof the four-pillars framework, (3) stream-

lined resource allocation and optimization resulting from inte-

grated forecasting, monitoring, dissemination, communication

and response mechanisms, and (4) comprehensive risk assess-

ments encompassing all relevant hazards and their interactions

serving as a key for informing decisionmaking. For enabling these

opportunities, there is a requirement for cross-institutional govern-

ment arrangements, including data sharing, collaborative working

modalities, and shared strategic development plan.
Cross-cutting component 2: Involvement of local
communities
Previous sections provided a detailed rationale as towhy inclusion

ofpeopleat risk isaparamount for effectiveMHEWS.Forexample,

the inclusive early warning system in the RimacRiver basin in Peru

has a community approach, addressing the different needs and

primary risks that threaten the lives and livelihoods of families,

increasing their capacity to understand hydrometeorological risk

scenarios, recognize warning messages, and know what to do

about each type of message. Early action protocols are organized

through community Civil Defense brigades to support an orderly

evacuation in case they are required to move to safe areas.31

Involvement of local communities informs all four core pillars

of an MHEWS, for instance.

(1) Disaster Risk Knowledge: Peoples’ local knowledge

serves as an entry point for understanding which hazards

and hazard interrelationships to focus on, as well as what

are the place-specific exposures, vulnerabilities, and im-

pacts.

(2) Observations, Monitoring, Analysis, Forecasting: Citizen

Science initiatives and crowdsourced data can directly

feed into real-time flood forecasting, as shown by See84

and Annis and Nardi,85 while indigenous knowledge is

seen as a useful resource for seasonal weather fore-

casting and drought prediction.86 Citizen science and

indigenous knowledge specific to interrelated hazards

can be used to fill in the gaps on multi-hazard knowledge.
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(3) Warning Dissemination and Communication: Inclusion of

community leaders and respected figures within a com-

munity in remote areas can improve information flows,

and serve as back-up channels in case of infrastructure

failure.87 These individuals could also communicate spe-

cifics of local development of multi-hazard events and

their impacts, thus helping to develop dissemination stra-

tegies more applicable to the local situation.

(4) Preparedness and Response Capabilities: People can

identify context-appropriate early actions which take into

account differentiated capacities within a community in

the context of different natural hazards and their interrela-

tionships.

Cross-cutting component 3: Consideration of gender,
Equity and social Inequalities
Earlywarningsystemsoften lackgenderandsocial inequalitycon-

siderations, leading to deficiencies in addressing the specific vul-

nerabilities and capacities of different marginalized people.88 By

integrating gender-sensitive and/or transformative approaches,

these systems can bettermeet the diverse needs of communities,

improve response capabilities, and foster trust inwarnings.5 In the

context of MHEWS, gender and social inequality considerations

are central across the four pillars, including for example.

(1) Risk knowledge:Critically assessing and considering how

vulnerability may change depending on hazard types and

their interrelationships, e.g., people with physical mobility

restrictions may be at higher relative risk from flash floods

and require longer lead times to evacuate, whereas peo-

ple with underlying health conditions may be at greater

risk from heat waves.

(2) Monitoring and warning: Integrating indigenous knowl-

edge from communities of different hazards, their interre-

lationships and impact into forecasting capabilities, filling

in data and information gaps with historical and local

knowledge.

(3) Dissemination and communication: Translating risk infor-

mation and alert content across hazards for a diversity of

languages in a consistent way that captures meaning

(rather than direct automated translation) so that alerts

are understandable across hazards, e.g., Typhoon

Haiyan’s ‘‘storm surge’’ was not understood by locals

and resulted in many sheltering in at-risk places.89

(4) Response capability: Supporting the unique needs of

marginalized people in early action protocols across haz-

ard types, e.g., prioritizing spaces in cooling centers for

people with underlying health conditions during heat

waves and providing blankets in flood shelters for children

and elderly during cold waves.

REFLECTIONS ON THE UTILITY OF MHEWS FRAMING
AND A SUGGESTED WAY FORWARD

Critical reflection on the need for and current utility of
MHEWS framing
In the previous section, we detailed howmulti-hazard thinking af-

fects the different pillars and components of MHEWS. We argue
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that to be truly ‘‘people-centered’’, EWS must inherently be

‘‘multi-hazard’’, as most hazard-prone areas are rarely exposed

to just one type of hazard. For example, Thompson et al.54 found

that Kathmandu faces 21 natural hazards, while �Saki�c Trogrli�c

et al.67 identified 19 natural hazard types in Nairobi and 23 in Is-

tanbul. Thesemultiple hazards and their interrelated impacts can

devastate lives and livelihoods. Therefore, any risk management

option, including EWS, that does not account for these interrela-

tionships will be incomplete and ineffective. Continuing with haz-

ard-specific approacheswill fail to build true resilience for people

and nations.

The increased emphasis on MHEWS is a welcome step in the

right direction, but we argue that the current approach has

several issues. First, the movement for multi-hazards has been

largely driven by the scientific and research community, with

global policy and practice offering only broad guidelines, and

practical implementation remains lacking. While research is

essential, there must now be a stronger focus on people and im-

plementation. Advancements in physical sciences are prom-

ising, but under current pressures we cannot afford to wait for

‘‘perfect’’ science. Second, the current MHEWS framework re-

flects ambition rather than reality, with the two often misaligned

and rarely discussed outside academic circles. The multi-hazard

concept is not fully addressed, especially regarding hazard inter-

relationships, and the dynamics of vulnerability and exposure are

largely overlooked, even though these are core risk components.

This gap risks raising expectations that the current MHEWS

practices cannot meet.

The global momentum from the EW4All initiative presents a

crucial opportunity to assess and advance our understanding

of MHEWS, clarify our goals, and outline the process to achieve

them. However, we need a reality check on the ambition of mov-

ing toward MHEWS. Accurate reporting is essential to under-

stand the true status of MHEWS, including which systems ac-

count for hazard interrelationships and the regional differences.

This information will help track progress in both the Global North

and South and identify areas needing more effort. Additionally,

while pursuing MHEWS, we must address unresolved issues of

single-hazard EWS, including coverage, effectiveness, perfor-

mance, and the inclusion of social dynamics.

Given themany challenges and complexities involved, a ques-

tion needs to be asked: is the consideration of various interrela-

tionships and dynamics simply too complex, and especially in

the context of the Global South, where data are limited and

governmental capacities are often low? Is the ambition simply

‘‘unrealistic’’? We argue there is a way forward, and in the sec-

tion below, we identify some opportunities to work toward

MHEWS.

Opportunities to work toward MHEWS
The transition to MHEWSwill vary depending on local conditions

(e.g., the presence and functionality of single-hazard EWS).

While some places are just beginning, others are more

advanced. In all contexts, the systems must reflect people’s pri-

orities regarding relevant multi-hazards, as well as dynamic vul-

nerabilities, exposures, and impacts.

Figure 4 outlines potential entry points for working toward

MHEWS with some examples we have seen in the Global South,
with Table 2 providing more detail of these examples. This is by

no means an extensive list, nor a holistic conceptual framework

of an MHEWS; however, we hope these examples provide some

clear and concrete opportunities to begin a process of working

toward MHEWS.

Whilst there are examples of ways in which people-centered

MHEWS are being progressed in the Global South, these exam-

ples are scattered and not holistic. Significant further work is

needed to develop and implement people-centered MHEWS,

including: (1) further analysis of existing people-centered

MHEWS practices, including in the Global North; (2) a common

vision of what we need to be aiming for (which this paper aims

to go some way to articulating from an NGO perspective), and

a detailed and agreed conceptual framework of people-centered

MHEWS developed by the EWS community; (3) development of

a stepwise process or roadmap to progress from where we are

now, to achieve people-centered MHEWS; and (4) piloting and

testing approaches to understand best practice processes to

develop MHEWS (further refining and informing the MHEWS

roadmap), as well as developing context and hazard-specific

solutions.

CONCLUSIONS

Globally, there is a strong push toward MHEWS, highlighted by

the recent UN initiative EW4All. In this perspective paper,

informed by the experiences of an International NGO (INGO)

with a rich history of working on EWS in theGlobal South, we crit-

ically examined the current status and framing of MHEWS by

identifying the core elements of multi-hazard thinking and their

impact on the different pillars and components of an EWS. To

the best of our knowledge, this is the first paper offering a

detailed discussion of how multi-hazard and people-centered

thinking informs the existing framing of MHEWS (i.e., pillars

and components of an MHEWS). We argue that for MHEWS to

be genuinely multi-hazard, they need to fully account for hazard

interrelationships, the dynamics of vulnerability and exposure,

and the specifics of multi-hazard impacts. Additionally, if EWS

are to be truly people-centered, they must be inherently multi-

hazard, reflecting the reality for most at-risk people, especially

in the Global South.

We demonstrate that the current framing of MHEWS is largely

uncritical and does not fully represent the true concept of multi-

hazard, with few examples of fully operational MHEWS. Instead

of abandoning the term or ambition, efforts should focus on as-

sessing how well existing EWS represent the multi-hazard

concept. This would help identify bottlenecks and areas for

improvement, ultimately increasing resilience for those at risk.

A step-by-step approach is needed, beginning with an assess-

ment that clearly indicates whether an EWS is: (1) single hazard,

(2) multiple-single hazards, (3) connected single hazards, or (4) a

full MHEWS that considers interactions and dynamics across

scales.

The task is complex and requires progress across the science-

policy-practice spectrum. We briefly discuss several opportu-

nities of working toward an MHEWS, but no single solution

exists, and a full discussion is beyond this paper’s scope.

This requires a transdisciplinary effort involving engineering,
iScience 28, 112353, May 16, 2025 9
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physical and social sciences, and humanities as well as re-

searchers, practitioners, and policy makers, to develop an

agreed conceptual framework of people-centered MHEWS,

and design and test processes to work toward that common

goal. The concepts, thinking, and critical reflections outlined in

this perspective paper can provide an entry point for such a dis-

cussion among the wider community, to co-develop a concep-

tual framework and begin testing processes to make progress

toward such an agreed vision. Practical implementation and

learning should now be the focus.

In this perspective piece, we have focused primarily on natural

hazards and associated EWS. However, as outlined in Implica-

tions of multi-hazard thinking for an EWS, many communities,

and especially in the Global South, are subject to many overlap-

ping crises (e.g., food security, conflict, and displacement); there-

fore, a further step needs to be made toward multi-risk EWS.
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More tools, case studies, and evidence of impacts, benefits,

and lessons are needed to scale up MHEWS, particularly in the

Global South, which faces disproportionate impacts from

climate and other global changes. This would provide better

guidance for implementation and a reality check on what is

feasible. The prioritymust be on thosemost at risk, and engaging

with these challenging contexts cannot be delayed.
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Table 2. Examples of working toward MHEWS from the Global South

Sector Examples from Global South

Research Identify hazard-specific risks: Working with communities at risk, through participatory engagement, and especially with

those most vulnerable within these communities, is central to developing this understanding. Gauge whether all relevant

hazards are covered by existing EWS and identify those missing. Conduct inclusive research through a range of

participatory methodologies to understand differential vulnerabilities specific to each hazard type, recognizing that

vulnerability is dynamic and some people are more vulnerable to some hazards compared to other hazards. Assess

exposure to hazard types, including spatial and temporal changes and differences between hazards. This information

can be used to inform the strategic establishment of single-hazard EWS for the priority hazards and for those most at risk.

Identify context-specific risk interrelationships: Multiple single-hazard EWSs should transition toward multi-hazard

EWS which account for those hazard interrelationships with the highest priority for stakeholders (identified through

participatory engagement), starting for those interactions which are easier to account for (i.e., when there is an

underlying physical-process dependence between hazards). Moreover, they should explore the most common

threads of vulnerability and exposure dynamics in a multi-hazard scenario.

Practice Improve the overall resilience of communities at risk: Community resilience can be characterized by different

community capitals, including human, social, physical, financial, and natural capital.90 General risk reduction

activities in communities, including risk mitigation and disaster preparedness activities focused on strengthening

these capitals result in increased community resilience irrespective of hazard type. This can in turn result in heightened

response capacity and reduced vulnerabilities, eventually having a pay out in terms of MHEWS establishment.

Build on the existing community brigades/groups/networks for other purposes: Community groups and

brigades that are formed for one hazard (e.g., floods) can also be used to prepare for or connect to other hazards.

For instance, in Peru and Bolivia community groups managing floods are also active in response to earthquakes,

wildfires, and COVID.91 This practice can be replicated elsewhere.

Coordinate dissemination and communication and EAPs across multiple single hazard EWS: Stakeholders

responsible for and included in the process across all levels (i.e., from local communities to government agencies)

should work on connecting multiple single hazards EWS through coherent dissemination and communication

practices and coordinated early action protocols across hazards. This would then ensure that

no conflicting information is given to end users.

Learn from other hazards to develop effective communication content: There is an opportunity to learn

from risk communication strategies across different hazards. For instance, weather and flood alert language

has improved significantly over decades, becoming more understandable and actionable. Similarly, volcano

alerts inherently consider multi-hazards and uncertainties. By building on previous learning from communicating

complexities and uncertainties of existing hazards for EWS, we can develop alerts and risk information that

is tailored to different hazard types, and clearly articulate the complexities of multi-hazard interactions,

to support effective decision making.

Use qualitative or expert-based methods to provide ‘‘good-enough’’ information for decision making, for now:

Although the dynamics of vulnerability, exposure, and impact is challenging to include, an interim approach

(in the absence of ‘‘robust’’ scientific methodologies and while these are being developed) could be used;

for instance, Boult et al.19 suggest real-time expert judgments as a means to account for multi-hazard

dynamics. Classification of ‘‘experts’’ should include a range of disciplines (i.e., physical science, social

science, engineering, humanities), as well as local, traditional, and indigenous knowledge.

Implement impact-based forecasting or ‘‘partner’’ hazards: Impact-based forecasting has advanced significantly

and helps communicate potential cascading impacts between hazards in a way that prioritizes relevant,

understandable, and actionable information on possible impact to people at risk. Grouping hazard alerts and risk

information with similar or related physical hazards or impacts can also highlight cascading or compounding

effects. For example, in Bangladesh, cyclone alerts include tidal surge information, and rainfall alerts

warn of possible rainfall-triggered landslides.

Reuse existing resources and infrastructure for other hazards: Existing monitoring stations for monitoring one

hazard could be expanded to inform monitoring of other hazards. For instance, flood monitoring stations

(discharge and precipitation) that currently record water levels and temperature can be used beyond floods

for heat, cold, drought, glacial lake outburst floods etc. Moreover, citizen science and local agent approaches

to monitoring can support community engagement in the EWS. Similarly, flood shelters could be adapted

to be cooling centers during heat waves, as well as provide a space for community activities

that support longer-term resilience and development.

(Continued on next page)
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Table 2. Continued

Sector Examples from Global South

Policy Be proactive and inclusive when starting from scratch: Given the time and resources involved, an opportunity could

be used to establish a strong basis for the full multi-hazard EWS with a focus on the people-centered approach, and

creating a shared vision amongst EWS stakeholders of what the overall ambition is; for instance, working through

participatory engagement methods to understand and integrate local community needs, knowledge and capacities,

understanding interrelationships of interest already at these stages, gauging local response capacities for different

hazards, and designing communication and dissemination practices and EAPs with communities at-risk

that will work across different hazards and provide diverse communities with coherent, understandable,

and actionable information to take early action in the face of complex risks.

Secure government strategy, policy, buy in and vision: Setting people-centered MHEWS as a national strategic

goal by government authorities provides a vision for all EWS stakeholders. It can unlock funding for innovation

and inclusive participation processes, clarify collective ambitions, and enhance coordination across sectors.

For example, Nepal is developing an MHEWS strategy, recognizing this is a priority future direction for the country.92

Use a temporal framing approach: Taking inspiration from work on sub-seasonal to seasonal forecasting

science, a temporal approach could support decision making across the complexities of different hazard

lead times.93 For example, structuring alert lead times and EAPs across decadal (earthquake), yearly

(monsoons), seasonal (ENSO), sub-seasonal (drought), monthly (epidemics), week (heat wave),

day (flood), hour (landslide), and minute (GLOFs) forecasts. This approach could provide a way of

structuring local decision-making that aligns with how people are already planning and thinking

(e.g., around planting and harvesting seasons).

Consider layers of geographies/scale of MHEWS: In addition to national-level EWS, community-based

EWS (CBEWS) in Global South countries play a significant role in overall coverage.94 Local governance

and CBEWS can be crucial starting points where national institutional capacity is low. Therefore, one

option is to develop national MHEWS for priority hazards (e.g., floods and droughts in Sub-Saharan Africa)

while also capitalizing on existing and establishing new local CBEWS that address hazards more relevant

locally (e.g., for slope-scale rainfall-triggered landslides in India, or cold waves in Peru). These different

layers should then be connected into a fully functional system across scales.

Support data sharing across agencies and geographies: Developing MOUs and formal agreements to

share data across agencies, such as hydro-meteorological, geological, and health sectors, and across

geographies including connecting from local to national, and across governance borders through

trans-boundary processes, is crucial. This can facilitate developing formal agreements, processes,

and usable formats is fundamental to developing risk knowledge, forecasts, and alerts that consider

interactions across hazards, and complexities of scale. For example, in India, the Landslide Forecasting

Center uses weather forecasts provided by the Indian National Center for Medium Range Weather

Forecasting to produce rainfall-triggered landslide forecasts.95
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on enhancing resilience to climate hazards in both rural and urban commu-

nities. By implementing solutions, promoting good practice, influencing policy

and facilitating systemic change, we aim to ensure that all communities facing

climate hazards are able to thrive. The authors want to thank Emily Baldwin

from Practical Action for the design of the figures. Finally, we thank the three

anonymous reviewers for their critical feedback that significantly improved

the quality of the manuscript.
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Taylor, F.E., Mwangi, E., Öner, E., Bukachi, V.G., and Malamud, B.D.

(2024). Multi-Hazard Interrelationships and Risk Scenarios in Urban Areas:

A Case of Nairobi and Istanbul. Earths Future 12, e2023EF004413. https://

doi.org/10.1029/2023EF004413.

68. DW (2023). Hawaii defends lack of siren warnings during wildfire – DW –

08/17/2023. dw.com. https://www.dw.com/en/hawaii-official-defends-

lack-of-siren-warnings-during-wildfire/a-66555826.

69. Huggel, C., Raissig, A., Rohrer, M., Romero, G., Diaz, A., and Salzmann, N.

(2015). How useful and reliable are disaster databases in the context of

climate and global change? A comparative case study analysis in Peru.

Nat. Hazards Earth Syst. Sci. 15, 475–485. https://doi.org/10.5194/

nhess-15-475-2015.

70. WMO (2010). Guidelines on Early Warning Systems and Application of

Nowcasting and Warning Operations (World Meteorological Organi-

zation).

71. Reichstein, M., Benson, V., Blunk, J., Camps-Valls, G., Creutzig, F., Fearn-

ley, C.J., Han, B., Kornhuber, K., Rahaman, N., Schölkopf, B., et al. (2025).

Early warning of complex climate risk with integrated artificial intelligence.

Nat. Commun. 16, 2564. https://doi.org/10.1038/s41467-025-57640-w.

72. Schroeter, S., Richter, H., Arthur, C., Wilke, D., Dunford, M., Wehner, M.,

and Ebert, E. (2021). Forecasting the impacts of severe weather. Aust. J.

Emerg. Manag. 36, 76–83. https://doi.org/10.47389/36.1.76.

https://doi.org/10.1016/J.EARSCIREV.2019.102881
https://doi.org/10.1016/J.EARSCIREV.2019.102881
https://doi.org/10.1016/j.jher.2022.11.004
https://doi.org/10.1016/j.jher.2022.11.004
https://doi.org/10.1002/wat2.1509
https://doi.org/10.1038/s41598-023-40400-5
https://doi.org/10.1016/j.scitotenv.2023.169120
https://doi.org/10.1016/j.scitotenv.2023.169120
https://doi.org/10.1016/j.ijdrr.2017.09.026
https://doi.org/10.1016/j.ijdrr.2017.09.026
https://doi.org/10.1016/j.earscirev.2022.104286
https://doi.org/10.30909/vol.04.S1.4971
https://doi.org/10.30909/vol.04.S1.4971
https://doi.org/10.3389/feart.2023.1213493
https://doi.org/10.3389/feart.2023.1213493
https://doi.org/10.1016/j.isci.2022.104720
https://doi.org/10.1016/j.isci.2022.104720
https://doi.org/10.1111/napa.12084
https://doi.org/10.1016/j.geomorph.2017.01.030
https://doi.org/10.1016/j.geomorph.2017.01.030
https://doi.org/10.1007/s11069-024-06645-7
https://doi.org/10.5194/nhess-25-353-2025
https://doi.org/10.5194/nhess-25-353-2025
https://doi.org/10.5194/nhess-2024-134
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref56
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref56
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref56
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref57
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref57
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref58
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref58
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref58
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref58
https://doi.org/10.1016/j.gloenvcha.2023.102641
https://doi.org/10.1016/j.gloenvcha.2023.102641
https://doi.org/10.1016/j.crm.2023.100570
https://doi.org/10.1016/j.crm.2023.100570
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref61
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref61
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref62
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref62
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref62
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref62
https://doi.org/10.1038/s41598-020-60191-3
https://doi.org/10.5194/nhess-24-2895-2024
https://doi.org/10.1007/s00484-023-02430-6
https://doi.org/10.1007/s00484-023-02430-6
https://doi.org/10.1016/j.socscimed.2019.02.039
https://doi.org/10.1016/j.socscimed.2019.02.039
https://doi.org/10.1029/2023EF004413
https://doi.org/10.1029/2023EF004413
https://www.dw.com/en/hawaii-official-defends-lack-of-siren-warnings-during-wildfire/a-66555826
https://www.dw.com/en/hawaii-official-defends-lack-of-siren-warnings-during-wildfire/a-66555826
https://doi.org/10.5194/nhess-15-475-2015
https://doi.org/10.5194/nhess-15-475-2015
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref70
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref70
http://refhub.elsevier.com/S2589-0042(25)00614-5/sref70
https://doi.org/10.1038/s41467-025-57640-w
https://doi.org/10.47389/36.1.76


iScience
Perspective

ll
OPEN ACCESS
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