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Chapter 2
Early Warning Systems and Their Role 
in Disaster Risk Reduction
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Abstract In this chapter, we introduce early warning systems (EWS) in the context 
of disaster risk reduction, including the main components of an EWS, the roles of 
the main actors and the need for robust evaluation. Management of disaster risks 
requires that the nature and distribution of risk are understood, including the haz-
ards, and the exposure, vulnerability and capacity of communities at risk. A variety 
of policy options can be used to reduce and manage risks, and we emphasise the 
contribution of early warnings, presenting an eight-component framework of 
people- centred early warning systems which highlights the importance of an inte-
grated and all-society approach. We identify the need for decisions to be evidence- 
based, for performance monitoring and for dealing with errors and false information. 
We conclude by identifying gaps in current early warning systems, including in the 
social components of warning systems and in dealing with multi-hazards, and 
obstacles to progress, including issues in funding, data availability, and stakeholder 
engagement.
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2.1  Introduction

Despite decades of progress in our understanding of disaster risks, how they should 
be dealt with and international agreements to build resilience of people and nations, 
hardly a week passes without devastating news of natural hazards causing havoc in 
both developed and developing countries. While the world was busy taming the 
beast of COVID-19, Tropical Cyclone Amphan unleashed its power over India and 
Bangladesh in May 2020, killing 72 people and causing over 13 billion dollars of 
damage in West Bengal (Sarkar 2021), with total loss and damage still unknown. In 
July 2020, heavy rainfall in Nepal triggered flooding and landslides, leaving a death 
toll and shattering the livelihoods of many.

Examples like these are countless. Although all impacts of natural hazards on 
people, economies and environment cannot be completely avoided, they can be sub-
stantially reduced. One of our ‘best bets’ is to implement early warning systems 
(EWS), as they nurture learning and understanding of natural hazards, provide us 
with warning information and give time to take early action, so as to avoid unneces-
sary consequences. Despite some progress in enhancing EWS globally, the recent 
report on the state of climate services (WMO 2020a) shows that, in the 73 countries 
considered, one-third of people are not covered by early warnings, and just 40% 
have multi-hazard EWS.

The world’s climate is changing, and those changes also manifest themselves in 
a changing risk from weather-related hazards in every country. The intensity and 
frequency of hazards will change with climate change. This implies that, in some 
countries, there will be additional hazards for which EWS are required (e.g., EWS 
for heat waves in locations where this was previously not necessary) while others 
may become less significant. At the same time, socio-economic development in 
each country is changing the exposure to hazards and the vulnerability of their pop-
ulations. Mitigating the increases in risk arising from these changes and further 
adaptation are crucial for sustainable development of societies. In this chapter 
we shall:

• Introduce the key concepts of hazard, exposure, vulnerability and risk.
• Outline measures that can be taken to reduce disaster risk.
• Situate EWS in the landscape of available options to reduce disaster risks.
• Elaborate on the main components of an EWS, presenting an eight-component 

framework of people-centred EWS which highlights the importance of an inte-
grated and all-society approach.

• Identify gaps in current capability, especially in the social components of EWS 
and in dealing with multi-hazards, and obstacles to progress, including issues in 
funding and stakeholder engagement.

R. Šakić Trogrlić et al.
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2.2  Disaster Risks and Impacts

Risk from natural hazards arises from a combination of dimensions: natural hazard, 
exposure of people or assets to that hazard and the vulnerabilities and coping capaci-
ties of each person or asset to that hazard. Several multilateral organisations such as 
UNFCCC/IPCC, UNDRR and the Inter-Agency Standing Committee (IASC) 
Reference Group on Risk, Early Warning, and Preparedness, together with the 
European Commission, have put forward definitions of risk and its dimensions. For 
instance, IASC and the EU Joint Research Centre have developed the global open- 
source INFORM Risk Index that can be used to calculate risk at the national or sub-
national level (Marin-Ferrer et  al. 2017), specifically for humanitarian crises and 
disasters. Box 2.1 outlines the definitions by the United Nations Office for Disaster 
Risk Reduction. These definitions are widely accepted in the DRR community of 
practitioners. We note that the INFORM Risk Index relates closely to definitions pro-
posed by UNDRR but also defines a methodology to calculate a composite risk index 
based on different risk dimensions, categories, components and indicators (Fig. 2.1).

2.2.1  Hazard

The hazard dimension is – in comparison with vulnerability and exposure – rela-
tively well characterised, at least for single hazards. UNDRR (2020b) categorises 
hazards into biological, environmental, geological, hydrometeorological, techno-
logical and societal. Here we are primarily concerned with hydrometeorological 

Fig. 2.1 The different risk dimensions, categories and components of INFORM. The final selec-
tion of the components and underlying indicators is country-specific. (Based on Marin-Ferrer 
et al. 2017)
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hazards. Hazards are dynamic in nature due to both climate variability and climate 
change. Forecasts of hazards occurring can range from climate change projections 
to decadal, seasonal, sub-seasonal and short-term forecasts. Early warning systems 
use seasonal up to short-term forecasts, a progression in which precision and confi-
dence should grow as the length of the forecast decreases. The lead time for which 
useful information can be provided varies widely, from seasonal timescales for 
droughts to just a few seconds for an earthquake.

Apart from these different temporal dimensions of hazard forecasts, the spatial 
dimension is also very important. Spatial maps of the frequency of hazardous condi-
tions are required for the planning and implementation of preparedness and response 
interventions as well as for longer-term interventions such as land-use zoning. These 

Box 2.1 Risk Dimension Definitions Based on the UNDRR Definitions 
(UNDRR 2016)
Vulnerability

The conditions determined by physical, social, economic and environmental 
factors or processes which increase the susceptibility of an individual, a 
community, assets or systems to the impacts of hazards.
Coping capacity

The ability of people, organisations and systems, using available skills and 
resources, to manage adverse conditions, risk or disasters.
Exposure

The situation of people, infrastructure, housing, production capacities and 
other tangible human assets located in a hazard-prone area or lying in the 
path of a specific hazard. Measures of exposure can include the number of 
people or types of assets in an area.
Hazard

A process, phenomenon or human activity that may cause loss of life, injury 
or other health impacts, property damage, social and economic disruption 
or environmental degradation. Hazards may be natural, anthropogenic or 
socio-natural in origin. Natural hazards are predominantly associated with 
natural processes and phenomena. Anthropogenic, or human-induced, haz-
ards are induced entirely or predominantly by human activities and choices. 
Several hazards are socio-natural, in that they are associated with a combi-
nation of natural and anthropogenic factors, including environmental deg-
radation and climate change. Hazards may be single, sequential or 
combined in their origin and effects. Each hazard is characterised by its 
location, intensity or magnitude, frequency and probability. Biological 
hazards are also defined by their infectiousness, toxicity, etc.

R. Šakić Trogrlić et al.
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are typically based on observation or modelling of past conditions but should be 
adjusted using projections of future change (both human change and climate change). 
For example, observed flood depths can be combined to create a flood extent map 
representative of a historical flood, and hydrological and hydrodynamic models can 
be used to create hypothetical flood extent maps for different levels of probability.

There are slow- and sudden-onset hazards. Sudden-onset hazards refer to hazard-
ous events that emerge quickly or unexpectedly, such as river and flash floods, wild-
fires or extreme winds. Slow-onset hazards occur gradually over time, such as 
droughts or sea-level rise. Some hazards can show intermediate-onset behaviour, 
such as disruptive winter weather. To add to the complexity, disasters are often con-
secutive. This means that the impacts of two or more disaster events overlap both 
spatially and temporally before recovery from the first event is considered to be 
complete. Multiple hazard events can be classified as compound events or cascading 
events (Ruiter et al. 2020), covering both the interaction of discrete natural hazards 
(Gill & Malamud 2014) and the interaction of natural hazards with shocks and 
stresses in social, cultural, political, economic, health and technological systems.

While the risks associated with multi-hazard events are recognised, and 
approaches for managing them are increasingly advocated as part of DRR policies 
and practice (UNDRR 2015), these risks are not well defined. Key challenges and 
gaps must be addressed to enable informed assessments of the likelihood of multi- 
hazard events and their impacts.

Hazards have different levels of intensity. Whereas scientists may describe a phe-
nomenon using a physically continuous scale of intensity, for hazard warnings it is 
often more helpful to use discrete classes of intensity that are associated with 
degrees of impact, e.g. the Richter scale for earthquakes or the Fujita scale for 
tornadoes.

Several methodologies, including the INFORM Risk Index, merge aspects of the 
hazard and exposure dimensions into one risk dimension to reflect the probability of 
physical exposure associated with a specific hazard. For floods and drought, this 
identifies exposed cropland (e.g. in a floodplain or in a drought-prone area) and 
affected communities. An example is how UNEP, on their Global Risk Data 
Platform, calculates physical exposure to floods (UNEP 2021). To determine hazard 
exposure, hazard frequency data are combined with exposed population datasets. 
Long-term frequency data can be used to generate return periods, commonly used 
to communicate the probability of an event exceeding a certain magnitude happen-
ing in a given year. The ThinkHazard! tool of Global Facility for Disaster Reduction 
and Recovery (GFDRR) provides the likelihood of multiple natural hazards affect-
ing a certain area, drawing from published hazard data, provided by a range of pri-
vate, academic and public organisations (GFDRR 2021). Table  2.1 presents a 
non-exhaustive overview of hazard data providers.

2 Early Warning Systems and Their Role in Disaster Risk Reduction
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2.2.2  Vulnerability and Coping Capacity

Vulnerability and exposure are distinct but closely linked. Exposure is a necessary but 
not sufficient determinant of risk. It is possible to be exposed but not vulnerable (e.g. 
by living in a floodplain but having adequate means to modify building structure and 
behaviour to mitigate potential loss). Similarly, vulnerability to a hazard does not lead 
to impact until the vulnerable asset is exposed to the hazard. While vulnerability is 
defined with respect to a specific hazard, socio-economic factors, such as poverty and 
the lack of social networks and social support mechanisms, will aggravate or affect 
vulnerability levels irrespective of the type of hazard. Unfortunately, in many develop-
ing countries, this kind of socio-economic data is not available at a sufficiently granu-
lar level or gets lost in the way data are aggregated. Furthermore, this is a very dynamic 
landscape, for example, areas facing rapid urbanisation can be growing at a rate of 6 to 
8% each year, and data can quickly become obsolete.

Although vulnerability data are often treated as static, there is growing evidence 
of the need to allow for its dynamic nature. For example, vulnerability of a house-
hold can change over short-term timescales, such as during the response and recov-
ery phases of a disaster, perhaps due to loss of its income for a period. Vulnerability 
is also dynamic across different scales. For instance, a region's vulnerability can 
change due to deforestation or urbanisation.

The hazard-specific part of vulnerability may be described by vulnerability func-
tions (also known as hazard damage curves), often used to describe physical vulner-
ability. These functions describe an exposed asset’s response to the forces associated 
with a hazard, for instance, the reaction of a building to shaking of the earth during 
an earthquake, to wind during a tropical cyclone or to water depth in a flood. 
Vulnerability functions are often either proprietary or very generic, but they are 
critical for realistic assessment of potential loss. Once developed, they may be 

Table 2.1 Non-exhaustive overview of hazard data providers

Primary hazard data providers Data repositories

Communities
   Local knowledge
   Citizen science
Government
   National Meteorological and 

Hydrological Services
UN
   World Meteorological Organization 

(WMO)
   World Health Organization (WHO)
   United Nations Environment 

Programme (UNEP)
   Global Facility for Disaster 

Reduction and Recovery (GFDRR)

By hazard:
   FloodScan
   FloodList
   Global Precipitation data sets (Sun et al. 2018)
   Dartmouth Flood Observatory
   Smithsonian Institution Volcanism Programme
   Global Historical Tsunami Database (NOAA)
   Cyclones: International Best Track Archive for 

Climate Stewardship (IBTrACS)
   Earthquake database (USGS)
   WHO Epidemic
For multiple hazards:
   UNEP Grid
   GFDRR ThinkHazard!
   Global geospatial earth observation-related data on 

drought and floods (Lindersson et al. 2020)
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usable and adaptable to other areas with similar exposure profiles. Unfortunately, 
there are few openly available, high-quality vulnerability functions, such as the ones 
available from the open-source software CAPRA (Comprehensive Approach to 
Probabilistic Risk Assessment) platform (Cardona et al. 2010).

Coping capacity is an important component of disaster risk. It is usually concep-
tualised as short-term measures employed by individuals and communities in light 
of extreme events (Wamsler and Brink 2014), but it can also be considered at a 
country level (such as in the INFORM national risk index). Wisner et al. (2004) 
presented a range of coping strategies employed before, during and after an event. 
They identified preventative strategies, impact-minimising strategies, storing food 
and saleable assets, diversifying production and income sources, developing social 
support networks and post-event coping strategies. In some definitions, coping 
capacity is part of vulnerability, while in others, such as the aforementioned 
INFORM index, it is considered a separate risk dimension. Capacities should not be 
seen as opposite to vulnerability on a single spectrum, since vulnerable people 
might also possess a vast array of capacities (Gaillard et al. 2019).

2.2.3  Exposure of People and Assets

A hazard causes losses only when vulnerable people and assets are exposed to it. 
Exposure is thus the key that determines whether a hazard causes loss and whether 
vulnerabilities are tested. Exposure is a dynamic quantity changing on all times-
cales. On an annual timescale, a growing city has an increasing spatial extent, an 
increasing population and new buildings; a developing country has new infrastruc-
ture. At shorter timescales, people move around for summer holidays or festivals, 
and there are the daily movements of children to school, workers into and out of 
cities and travellers on roads, railways and aircraft. To adequately account for expo-
sure in risk assessment, extensive data are needed in a form that enables it to be 
easily combined with hazard and vulnerability data.

In many countries, developing an exposure dataset is one of the biggest hurdles 
for completing a risk assessment. Low-resolution exposure data can be derived from 
existing and open global datasets, but they are not sufficient for detailed risk assess-
ments that would be needed at a project or EWS level. Basic census data, asset 
inventories, city plans and topographic maps exist in most countries but are often 
out of date and are not always accessible to those who need them for reducing and 
managing disaster risks. Very few countries have dynamic exposure data suitable for 
use in early warnings. However, individual disaster risk managers and weather ser-
vice personnel will use personal knowledge of major gatherings of people, for 
instance, in preparing their warnings and in promulgating them beyond the standard 
address lists. Exposure is strongly correlated with socio-economic indicators, as 
also used for vulnerability. Where full inventories do not exist, such indicators can 
serve as proxies to estimate the sectorial use of building stock and determine the 
exposure of productive assets used by communities for their livelihoods (often 
agriculture- based, such as exposed cropland).

2 Early Warning Systems and Their Role in Disaster Risk Reduction
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Catastrophe risk modelling is used by banks, insurance companies, governments 
and industries to protect their assets. For insurance companies, assessing losses 
from disaster scenarios is central to ensuring their ability to pay out. Governments 
have obligations to reconstruct public assets and infrastructure after a disaster. Both 
have mostly focused on getting adequate physical exposure data. However, govern-
ments also have an implicit obligation to offer their populations emergency assis-
tance (such as food and shelter) and to finance recovery/reconstruction activities 
(e.g. provision of support to poorer households, measures to support the recovery of 
the private sector) (Alton & Mahul 2017). Implicit liabilities are harder to quantify, 
and even if quantified, are usually of less absolute financial value for the poorer seg-
ment of society (ibid.). As Hallegatte et al. (2016) state: ‘A flood or earthquake can 
be disastrous for poor people but have a negligible impact on a country’s aggregate 
wealth or production if it affects people who own almost nothing and have very low 
incomes’. Consequently, these implicit liabilities are less well covered by Disaster 
Risk Finance and Insurance. It is of paramount importance for ensuring the well- 
being of all citizens in a country that disaster risk management interventions are 
properly designed. Overall, there is less understanding and quantification of the 
assets that are important to vulnerable and hazard-prone communities (Box 2.1).

2.2.4  Impacts

If risks are left unmanaged, disasters result in a vast array of impacts on people, 
societies, economies and environment. Impacts from natural hazards include nega-
tive, neutral and positive consequences. For instance, floods damage crops, property 
and infrastructure, but fill reservoirs. Damage to property from a storm may be fol-
lowed by increased economic activity and rebuilding with healthier and safer homes. 
A disruption that causes loss to one business may provide an opportunity for other 
businesses to benefit. The terms ‘loss’ and ‘damage’1 are typically applied to the 
negative impacts of a disaster. The ultimate measure of the effectiveness of any 
disaster risk reduction measure is to assess the reduction in loss and damage. While 
they are often applied interchangeably, they may be used to differentiate between 
economic loss and physical damage (e.g. Koks 2016). Alternatively, some analysts 
distinguish between irreversible loss, e.g. fatalities from heat-related disasters, and 
recoverable damage, e.g. damages to buildings (Boyd et al. 2017; Mechler et al. 
2019). Impacts may also be categorised as tangible or intangible and as direct or 
indirect. Tangible impacts can be expressed in monetary terms (e.g. disruption to 
businesses, costs of infrastructure destroyed), whereas intangible impacts cannot be 
easily expressed in monetary terms (e.g. casualties, impacts to mental health of 
individuals). Direct impacts can be directly associated with the action of the hazard 

1 Loss and damage is also one of the pillars of climate action in the Paris Agreement and refers to 
climate impacts which are beyond adaptation.
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event where it strikes, whereas indirect impacts can be the result of cascading events 
and may be remote, e.g. interruptions of supply chains. It is very important for the 
design of risk reduction and management interventions to have a catalogue that has 
systematically and uniquely matched hazard information to the loss and damage 
associated with each historical disaster event. The World Meteorological 
Organization (WMO) has started an initiative to standardise how to catalogue high- 
impact events and their associated impact (WMO 2018a). Different approaches, 
methodologies and tools are used to collect the impact data. Damage and Needs 
Assessments (DNAs) are usually done at different intervals right after a disaster hits 
into the recovery phase. These DNAs, if government led, are consolidated into insti-
tutional databases where the data are accessible to the public usually at an aggre-
gated level. Most governments have their own procedures for rapid and initial 
damage assessments. In addition, there are DNA methods that draw upon the capac-
ity and expertise of national and international actors, such as the Damage, Loss, and 
Needs Assessment (DALA) and the Post Disaster Needs Assessment (PDNA). The 
PDNA is an inclusive, government-led and government-owned process, where the 
European Union, World Bank and United Nations provide technical support and 
facilitation as determined and requested by the government of the affected country 
for the recovery phase. DALA is a World Bank methodology used mostly for the 
immediate needs of a country. Table  2.2 provides a non-exhaustive overview of 
impact data providers, repositories and data collection methods.

Table 2.2 Non-exhaustive overview of impact data providers, repositories and data collection methods

Primary impact data providers Data repositories per provider

Government
   Environment
   Social welfare
   Health
   Public works
   Energy
   Water
   Civil Protection Agencies
   National Disaster Management Authorities
Government international (OFDA, NOAA)
Humanitarian sector
   UN OCHA and other UN agencies
   NGOs
   IFRC
Affected communities
   Local knowledge
Insurance and reinsurance companies
   MünichRe, SwissRe, LCW, AON
Media
   Newspapers
   Social media
   TV
   Community radio

Reinsurance
   Munich RE’s NatCatSERVICE
   Swiss Re SIGMA Explore
Research centre
   Centre for research on the epidemiology of 

disasters EM-DAT
   Karlsruhe Institute of Technology CATDAT
UNDRR
   Preventionweb
   Sendai Desinventar
UN OCHA
   Reliefweb
   Humanitarian Data Exchange (HDX)
IFRC
   Disaster Response Emergency Fund appeals, 

plans and updates
Country-specific, often National Disaster 
Management Authorities, e.g.
   United States: SHELDUS
   Philippines: DSWD Dromic

2 Early Warning Systems and Their Role in Disaster Risk Reduction
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2.3  What Are Available Options to Deal with Disaster Risks?

When it comes to managing disasters and disaster risks, three approaches are often 
referred to: (i) disaster management (DM), (ii) disaster risk management (DRM) 
and (iii) disaster risk reduction (DRR). DM refers to the organisation, planning and 
application of measures preparing for, responding to and recovering from disasters 
(UNDRR 2016, p.14). DRM refers to the application of disaster risk reduction poli-
cies and strategies to prevent new risk, reduce existing disaster risk and manage 
residual risk, contributing to the strengthening of resilience and reduction of disas-
ter losses (UNDRR 2016, p.15). DRR is aimed at preventing new and reducing 
existing disaster risk and managing residual risk, all of which contribute to strength-
ening resilience and, therefore, the achievement of sustainable development 
(UNDRR 2016, p. 16).

The evolution and application of these approaches mirror the shifts in thinking 
from hazards towards vulnerability and from top-down to bottom-up approaches 
(Paul et al. 2018). For instance, it is often emphasised that DM focused more on 
responding to and recovering from disasters (Jones et al. 2015), whereas DRM and 
DRR take a more comprehensive approach, including elements of prevention, miti-
gation and preparedness (Ouriachi-Peralta & Fakhruddin 2014).

An approach to managing and reducing disaster risk is often represented in the 
form of a disaster cycle, composed of four components:

 1. Mitigation2 encompasses strategies and practices aimed at reducing the likeli-
hood or consequence of a hazard, e.g. levees, land-zoning and building practices 
(Coppola 2011).

 2. Preparation/preparedness refers to strategies and measures for preparing for and 
reducing the impacts of disasters, e.g. early warning information, contingency 
planning and evacuation drills (Buckle 2012); more recently preparedness also 
includes initiatives around early warning early action and forecast-based 
financing.

 3. Response encompasses strategies to reduce negative disaster impacts and avoid 
further possible implications, e.g. evacuation of people and property (WMO/
EHA 2002).

 4. Recovery involves aspects such as relief, reconstruction and rehabilitation 
(Wisner et al. 2012); usually, it refers to ‘normalising’ and returning to the pre- 
disaster situation (Coppola 2011), although contemporary thinking encourages 
the concept of ‘building back better’ (UNDRR 2015).

Although its prominence still prevails, especially among practitioners, the cycle is 
not without critics. In reality, these phases will never be so distinct and compart-
mentalised (Twigg 2015); they are rather in a constant interplay and continuum 

2 Mitigation as used in this chapter differs from mitigation as used in climate change discourse (i.e. 
used to refer to the cut in greenhouse gas emissions).
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(Coppola 2011). This interplay is even more visible for slow-onset than for sudden- 
onset disasters.

Risk must be viewed in the context of the society in which it occurs. Every aspect 
of society is open to risk, and every member has a responsibility to respond to cer-
tain aspects of risk. Individuals may also have a responsibility on behalf of others as 
a result of their position in businesses and governmental or non-governmental bod-
ies. Hence reducing disaster risks involves a wide range of both public and private 
actors. Private actors are individuals, households or communities that take action; 
for instance, communities are generally the first to respond to a disaster. Public 
actors are governmental institutions such as the National Meteorological and 
Hydrological Services (NMHS), disaster management authorities and government 
ministries responsible for water development and infrastructural works.

Disaster risk governance (DRG) refers to how public authorities, civil servants, 
media, private sector and civil society are organised at community, national and 
regional levels to manage and reduce disaster and climate-related risks (UNDP 
2020). It is an essential part of DRG that all actors, from private individuals to busi-
nesses to the most senior government officials, understand the risks that they are 
exposed to and the level of responsibility they have for managing those risks. In 
many countries, domestic laws and policies define these levels of responsibility, e.g. 
the Philippine Disaster Risk Reduction and Management Act of 2010 (Republic of 
the Philippines 2010). In addition, international disaster response laws, rules and 
principles encompass a wide range of both global and regional international law and 
norms and bilateral treaties and agreements. Where a country has a federal struc-
ture, the law will state the conditions under which the provincial government should 
seek federal assistance. If a disaster caused by a natural hazard surpasses the capac-
ity of a state to respond, the Inter-Agency Standing Committee can decide to initiate 
a humanitarian system-wide response (IASC 2020). In this case, the sovereign state 
can ask for and agree to international support. Actors operating at global, national 
and local levels require intra- and inter-organisational coordination.

A key aspect of DRG is the creation of a shared understanding, backed up by 
legislation, funding, management and enforcement, of where responsibility for 
assessing and managing risk lies. Responsibilities typically cascade from govern-
ment ministries with responsibility for strategic risks to the whole country, to city 
councils holding the risk for their municipality, to infrastructure operators (often 
private businesses) having responsibility for risks to their systems and consequent 
risks to people using them, to businesses needing to protect themselves financially 
and their customers if their goods or services are interrupted, down to each indi-
vidual having responsibility for actions to protect themselves. The higher up this 
chain the responsibility lies, the greater portion of risk is held and the greater the 
penalty of failure. Along with this shared understanding goes the requirement on 
each responsible actor to have a risk assessment and a risk management plan for 
their area of responsibility and to ensure that this is consistent with the plans of their 
stakeholders – whether higher up the chain, lower down or at the same level.

Often, measures for delivering DRR are classified as structural or non-structural 
(see, e.g. UNDRR 2016). Structural measures refer to engineering approaches 
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resulting in physical infrastructure (e.g. flood walls), while non-structural measures 
refer to strategies involving policies, laws and ‘soft approaches’ (e.g. training, edu-
cation, awareness-raising). Structural measures are more tailored towards hazard 
reduction, whereas non-structural measures aim to decrease vulnerability and expo-
sure (Harries & Penning-Rowsell 2011) and increase coping capacity.

A large spectrum of actions can be taken, as part of risk reduction, to reduce, 
retain, transfer or absorb risk (UNFCCC 2012). Table 2.3 gives examples of Disaster 
Risk Reduction (DRR) actions and Climate Change Adaptation (CCA) actions and 
shows where early warning systems (EWS) fit in. At one end of the spectrum are 
actions that can be taken to protect against infrequent events with minor impacts. 
While these may be inconvenient, they do not justify major investments, so are best 
dealt with by early warnings that enable people to prepare for and avoid them and 
insurance to cover repair costs. Frequent events are best avoided altogether, either 
by land use planning, e.g. avoiding building on the floodplain; by use of natural 
protective features, e.g. coastal mangroves and salt marshes; by protective engineer-
ing, e.g. river levees, strengthened building codes; or by a combination of these 
measures. The most difficult to deal with are rare hazards with major impacts. 
Rarity and scale make engineering solutions unviable. Protection of life demands 
plans for large-scale evacuation to safe locations, backup for essential services and 
release of resources for rapid recovery. Insurance is a valuable contributor to recov-
ery for moderately rare events, but for the most extreme, only governments have the 
necessary resources, supported where necessary by international financial 
mechanisms.

Table 2.3 Overview of public and private actions that can be taken to reduce, retain, transfer or 
absorb risk, adapted from van den Homberg and McQuistan, 2019. (DRR, disaster risk reduction; 
CCA, climate change adaptation; L&D, loss and damage)

Adjustment
Spectrum and 
timing

Private action; Tech 
level: examples Public action; Tech level: examples

Incremental DRR: 
Preparedness 
Short-term
Ex ante

Basic: Fisherman put 
fish net around fish 
pond after receiving 
early warning

Basic: NGO locating relief items 
closer to the predicted to be affected 
area. Increase response capacity of 
communities

DRR: Risk 
reduction
CCA: 
Medium-term
for next year’s 
floods
Ex ante

Basic: Household 
raises plinths/floors 
and diversifies their 
crops

Intermediate to advanced: A NMHS 
improves their hydro-meteorological 
modelling so that forecasts with 
better lead times and spatial 
resolution become available. 
Government-led irrigation system, 
building of dykes

Humanitarian aid.
Directly after 
floods
Ex post

Basic/none: Support 
from within the 
community

Intermediate: Post-disaster public 
and donor assistance, such as relief 
items or cash transfers to households 
and money to governments for 
reconstruction of, e.g. roads and 
embankments

(continued)
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Given limited budgets and technological capacities, especially in developing 
countries, trade-offs and choices have to be made. A straightforward comparison of 
permanent and temporary or long-term and short-term risk reduction measures is 
problematic as multiple decision-makers with different mandates and political 
agendas are involved. For example, government agencies dealing with water devel-
opment and irrigation are responsible for permanent and structural measures (e.g. 
building dikes), whereas disaster management and humanitarian agencies take deci-
sions regarding temporary, EWS-informed and non-structural responses 
(Bischiniotis et al. 2020). It is likely that each agency will apply different evaluation 
protocols (Mechler 2016). On the one hand, economic valuations such as cost- 
benefit analysis are typically used to justify large-scale infrastructure expenditures, 
which often introduces a bias towards wealthier areas with more assets to lose 
(Hallegatte et al. 2016). On the other hand, EWS-based early actions are typically 
evaluated in terms of their reduction of human losses and livelihood impacts (Gros 
et al. 2019, Rai et al. 2020).

Table 2.3 (continued)

Adjustment
Spectrum and 
timing

Private action; Tech 
level: examples Public action; Tech level: examples

Fundamental DRR and CCA 
(larger scale or 
intensity).
Long-term over 
several years
Ex ante

Intermediate: Access 
Interactive Voice 
Response service to 
get meteorological 
and agricultural 
advice

Intermediate: Improving access to 
information through digital inclusion, 
e.g. making sure early warning 
services are available in first language 
of beneficiaries, voice SMS early 
warning service, nationwide coverage 
of mobile networks, lower taxation 
on mobile users

DRR and CCA 
(new to a 
particular region 
or resource 
system).
Medium to 
long-term
Ex ante

Advanced: Citizens 
participate in 
crowdsourcing of 
water levels

Advanced: Dam operator changes its 
way of releasing water by using 
advanced forecasting models. 
Forecast-based financing. A Rice 
Research Institute develops 
flood-tolerant rice

Intermediate: Take a 
micro-insurance

Intermediate: Micro-insurance can be 
supported by mobile technology and/
or public-private partnerships to 
ensure commercial viability

DRR and CCA 
(transform 
places)
Long term
Ex ante

Intermediate: Citizens 
contribute to 
constructing 
bio-dykes or 
ecological corridors

Intermediate: Large dams no longer 
being built, but several smaller ones. 
Green infrastructure such as 
bio-dykes; ecological corridors. Use 
of floodplains instead of building 
dykes

L&D Curative: 
redress and 
rehabilitation
Short term
Ex post

None: Involuntary 
migration or staying 
put

Intermediate: Financial compensation 
for loss and damage that can be 
attributed to climate change. Active 
remembrance (e.g. through museum 
exhibitions, school curricula). 
Counselling
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A systemic approach to risk management is essential to ensure that policy 
options and corresponding actions are sustainable in the long-term rather than 
short-term sticking plasters. It is important to move from silo approaches per 
individual hazard to multi-hazard approaches. Based on several sources of data, 
the Red Cross Climate Centre calculated that, of 132 unique extreme weather-
related disasters occurring in 2020, of which 92 have overlapped with the 
COVID-19 pandemic (Walton & van Aalst 2020), 51.6 million people globally 
were directly affected by an overlap of floods, droughts, storms and the 
COVID-19 pandemic. Current methods for risk assessment and risk manage-
ment need to evolve to capture (better) the systemic nature of risk. One can think 
of tools such as vulnerability and capacity assessments, contingency planning 
and visualisation techniques (Gill & Malamud 2014). Galasso et al. (2021) pro-
pose an approach to risk-based design of new urban settlements in which quan-
titative predictions of the impact of potential hazard scenarios form the 
foundation for a policy discussion between stakeholders. The challenges in this 
transformation to govern systemic risk are related to finding the optimal com-
plexity. How detailed should the approach be, given limited resources and given 
limited data availability?

One possible way to speed up the transition from managing individual risks 
and disasters to managing compound and consecutive risks and disasters is to 
draw on insights from development aid. For example, we already know that pov-
erty tends to increase in both developed and developing economies after a disas-
ter such as a flood or storm (Karim and Noy 2016). Therefore, in the move 
towards systemic risk reduction, a core component should be a strong social 
programme to increase people’s resilience even in the absence of explicit disas-
ter-related triggers (Deryugina 2017). Adaptive and shock-responsive social pro-
tection systems have the potential to help people manage covariate risks 
comprehensively, including anticipating them, absorbing their impacts and man-
aging future risks (Ulrichs et al. 2019). Examples from different social protection 
programmes in Latin America, South Asia and parts of Africa have shown that 
social protection can play an important role in reducing deprivation, increasing 
food security and avoiding negative risk coping strategies, among others. 
Moreover, some preliminary experience with adaptive social protection pro-
grammes in the Sahel (Daron et al. 2020) has shown the capacity to protect poor 
households from climate and other shocks before they occur, given their poten-
tial to scale up and be flexible, thus contributing to a long- term risk management 
strategy. Understanding the various cascading risks that increase vulnerability 
during different life phases can be useful in designing comprehensive social pro-
tection systems that are better prepared to handle multiple vulnerabilities and 
compound risks.
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2.4  The Role of Early Warnings Systems in Disaster 
Risk Reduction

In the previous section, we showed that decision-makers and disaster and emer-
gency managers have a large array of options to reduce disaster risks and their 
impacts on societies, economies and environment. Yet the dominant approach to 
dealing with disasters has been skewed towards responding and providing relief 
after they have happened. Over the years, there has been a shift in policy and prac-
tice with an increased understanding that preventing and preparing for disasters 
yields numerous benefits and contributes to resilient communities and societies. 
One of the central instruments in being more prepared is the provision of early 
warning systems (EWS), which we now explore in more detail.

2.4.1  The Emergence of Early Warning Systems

The emergence of EWS in international DRR policy and practice can be tracked 
through global agreements for disaster risk reduction and beyond. In 1994, during the 
World Conference on Natural Disaster Reduction held in Yokahoma, Japan, the State 
Members of the United Nations agreed on the Yokahoma Strategy and Plan of Action 
for a Safer World (IDNDR 1994). As one of the ten guiding principles, countries 
agreed that ‘early warnings of impending disasters and their effective dissemination 
using telecommunications, including broadcast services, are key factors to successful 
disaster prevention and preparedness’ (IDNDR 1994, p.6). The Yokahoma Strategy 
drew attention to a need for establishing and/or strengthening EWS and called for 
assistance in developing EWS for countries most vulnerable to natural hazards.

However, only limited progress in delivering integrated EWS at scale has been 
delivered. A greater attention to EWS in international arenas was given only after 
the devastating impacts of the Indian Ocean Tsunami in 2004 (WMO 2015a). This 
was reflected in the Hyogo Framework for Action 2005–2015, a global footprint for 
disaster risk reduction, recognised as a major shift towards focus on prevention and 
preparedness as opposed to response and recovery (Tozier de la Poterie & Baudoin 
2015). As one of its five priorities for action, the Hyogo Framework lays out a need 
to identify, assess and monitor disaster risks and enhance early warning. In its gen-
eral considerations, the Hyogo Framework states that EWS are ‘essential invest-
ments that protect and save lives, property and livelihoods, contribute to sustainability 
of development, and are far more cost-effective in strengthening coping mechanism 
than is primary reliance on post-disaster response and recovery’ (UNDRR 2005; 
p.5). Importantly, the Hyogo Framework emphasised a need for people-centred 
EWS, systems that will account for differentiated vulnerabilities, offer guidance on 
how to act on warning information and support action by decision-makers. Although 
the Hyogo Framework raised the profile of EWS worldwide, substantive gaps 
remained.
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The successor of the Hyogo Framework is the Sendai Framework for Disaster 
Risk Reduction 2015–2030, a global agreement serving as guidance for countries to 
reduce their disaster risks at the time of writing of this chapter. Unlike the Hyogo 
Framework, the Sendai Framework does not identify EWS as one of its priority 
areas, but rather identifies it as one of seven global targets. Target (g) calls for coun-
tries to ‘substantially increase the availability of and access to multi-hazard early 
warning systems and disaster risk information and assessments to people by 2030’ 
(UNDRR 2015; p.12). Although multi-hazard early warning systems (MHEWS) 
was not a new concept, the Sendai Framework is the first global DRR policy blue-
print that emphasises the importance of a multi-hazard approach in relation to early 
warnings. Given that the Sendai Framework is still relatively new and reporting on 
the targets is not yet fully developed, it remains to be seen to what extent the Sendai 
Framework has enhanced the delivery of EWS in both developed and developing 
countries.

In addition to global agreements for DRR, EWS are an important part of global 
climate action and the sustainable development goals (SDGs), as they are central for 
reducing vulnerability and enhancing resilience of people and nations. The Paris 
Agreement, a global document providing a framework for climate action, refers to 
EWS in Article 7 (on adaptation) and Article 8 (on averting, minimising and address-
ing loss and damage associated with the adverse effects of climate change) 
(UNFCCC 2015). One example of the intertwined nature of DRR and climate action 
at the global level is the establishment of the Climate Risk Early Warning Systems 
(CREWS) initiative during Conference of Parties 21 (COP21). CREWS is a finan-
cial mechanism, implemented by the Global Facility for Disaster Reduction and 
Recovery, the World Meteorological Organisation and the United Nations Office for 
Disaster Risk Reduction. It provides funding for least developed countries and small 
island developing states to implement risk-informed early warning services for 
weather-related hazards. In their 2019 Annual Report, CREWS states they sup-
ported 44 countries and over 10 million people in gaining access to better early 
warning services (WMO 2020b).

2.4.2  Early Warning Systems: Definition and Components

As explained by Kelman and Glantz (2014), there is no universal definition of EWS, 
as this is dependent on the context, scale and hazard in question. For the purpose of 
this chapter, we adopt the latest definition by UNDRR (2016) stating that an EWS 
is ‘an integrated system of hazard monitoring, forecasting and prediction, disaster 
risk assessment, communication and preparedness activities, systems and processes 
that enables individuals, communities, governments, businesses and others to 
reduce disaster risks in advance of hazardous events’.

The World Meteorological Organisation and United Nations Office for Disaster 
Risk Reduction have published a widely used and internationally recognised check-
list for multi-hazard and people-centred early warning systems, outlining four main 

R. Šakić Trogrlić et al.



27

elements and four overarching components of any early warning system (UNISDR 
2006, WMO 2018b), as presented in Fig. 2.2. For an early warning system to be 
truly effective, all eight components must be considered and addressed in a holistic 
approach to ensure accurate, timely, reliable and understandable information 
reaches everyone in the right way for them to take action.

Risk Knowledge As through EWS there is an effort to reduce risks and prepare for 
hazards in a specific spatial area (e.g. community, city, region), it is imperative to 
know the nature of risk in the area. Risk assessments can help to identify the areas 
prone to hazard occurrences, the location and nature of vulnerable groups and criti-
cal infrastructure and assets in exposed locations. For instance, the Zurich Flood 
Alliance used a combination of digital mapping techniques, based on the 
OpenStreetMap (OSM) and community-based participatory methods, to map flood 
risks in Nepal, Peru and Mexico as a basis for risk reduction strategies (Practical 
Action 2018). In the United States, since 2009, The Federal Emergency Management 
Agency (FEMA) introduced the Risk Mapping, Assessment and Planning (Risk 
MAP) programme which provides risk assessment tools, flood mapping products, 

Fig. 2.2 Components of an early warning system. (Adopted from Brown et al. 2019)
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planning and outreach support in order to facilitate risk-informed decision-making 
at local levels (FEMA 2021). Risk information is vital in being able to design haz-
ard monitoring systems, to set up appropriate evacuation strategies in response to 
warnings (including evacuation routes and safe areas) and to ensure warning mes-
sages reach the most vulnerable (WMO 2010).

Usually, more emphasis in EWS is given to understanding hazards (e.g. the phys-
ical behaviour of a flood or a landslide), while vulnerabilities and exposure are often 
overlooked (Alcántara-Ayala & Oliver-Smith 2019). However, a holistic under-
standing requires knowing what elements are at risk (i.e. exposed), for instance, 
roads that might be damaged during landslides which might impact evacuation 
efforts or schools that might be inundated in a case of flooding, thus interrupting 
education  – information needed to act early and minimise the impact of natural 
hazards. On the other hand, information on vulnerability reveals which individuals 
and groups within a society are marginalised and will be more impacted, as vulner-
abilities are shaped by social, political, economic and cultural norms (Wisner et al. 
2004). For instance, Hurricane Katrina had a disproportionate impact on those poor-
est, with no home ownership, poor English language skills and ethnic minorities and 
those of immigrant status (Zoraster 2010). Similarly, Brown et al. (2019) found that 
marginalised gender groups in flood- and landslide-prone communities of Nepal 
and Peru are excluded from DRR policies, strategies and decision-making and that 
their marginalised role within a society results in decreased access to early warning.

This risk knowledge then needs to be shared with those affected by the risks and 
those responsible or mandated with dealing with those risks. By sharing this knowl-
edge, awareness is raised not just of the risks themselves but also of the need and 
advocacy to reduce those risks – this is where the benefits of and engagement in an 
early warning system come in. Collaboration between stakeholders and sharing of 
knowledge, information and data are needed so that all are aware of the risks and the 
opportunities to take action to reduce those risks (WMO 2015a).

Monitoring and Warning Scientific understanding of the natural processes that 
generate hazards, together with past experience and monitoring of current condi-
tions, enables the likelihood of their occurrence to be forecasted in advance (WMO 
2010). The accuracy and reliability of these forecasts at different lead times before 
a hazard occurs can vary widely and are affected by a range of factors including 
hazard type, how suddenly the hazard occurs, how good the previous observational 
data and current monitoring are, how well the underlying processes are understood 
and how complex and replicable the hazard to be modelled is (WMO 2015a). There 
is a stark difference in forecasting capabilities for different hazards. While a tornado 
can only be forecast with certainty a few minutes ahead, the storm that spawned it, 
along with other severe weather hazards, can often be forecasted a few hours ahead. 
In contrast, development and movement of the weather system containing this storm 
and others may be predictable several days in advance. Prevalence of the general 
conditions favouring such storms may be identifiable months in advance. Using 
previous observations of hazards and their environmental impacts, and aligning 
these with capabilities for response, warning levels can be developed, whereby 
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when a level of confidence is reached  that a threshold of specific environmental 
conditions will be passed, a warning is issued. Warning systems vary widely accord-
ing to the hazard, the nature of its impact and the organisation of response capabili-
ties. Examples include the National Fire Danger Rating System in the United States, 
the Heat Health warning system in Hong Kong, the typhoon warning system in 
Japan, the storm surge warning system in the Netherlands, the National Severe 
Weather Warning Service in the United Kingdom and many others.

In order to ensure that warnings properly reflect the evidence, it is important that 
the evidence is made available for scrutiny, at least for the more severe events but 
ideally on a routine basis. A record of all warnings issued must be retained, together 
with the evidence used to justify each warning. Any event for which a warning was 
not issued, or was issued very late, should also be retained for scrutiny and analysis 
so that lessons may be learned for application. Similarly, warnings that were not 
followed by a hazardous event need to be retained, even if they were issued at very 
low probability, so that the reliability of the likelihood estimates can be assessed 
over the long term.

Dissemination and Communication Dissemination and communication refer to 
processes and procedures for distributing the warning and preparedness information 
in an understandable format to those with responsibility for taking action and to 
those at risk including the most vulnerable (Brown et al. 2019, UNDP 2018). In 
literature on EWS, dissemination and communication components are often clus-
tered together. In short, dissemination is how the information reaches the end-users, 
while communication refers to its content. Appropriate, tailored communication of 
warning information is critical to ensure people get the right information in the right 
way to act in advance of hazards (WMO 2010). To ensure that warnings reach all 
those who need them, the needs of users must first be identified, and a suitably wide 
range of dissemination media selected to ensure that all are reached, including the 
most vulnerable and marginalised.

Communication of the warning information also needs to be carefully consid-
ered. The raw forecast information analysed by technical specialists in, for example, 
an NMHS is not appropriate to be communicated beyond this specialist expert 
group because it requires specific knowledge and skill to understand and interpret. 
Therefore, warning information needs to be re-packaged and tailored for different 
users. For instance, experiences of the Super Typhoon Haiyan in the Philippines in 
2013 revealed a discrepancy between expert and lay people's understanding of what 
‘storm-surge’ means, leading to higher impacts, as technical jargon got lost in trans-
lation and interpretation (Santos 2013). Evaluation of the effectiveness of warning 
communications is needed to assess whether the information, including the level of 
risk, was understood by users, whether it was felt to be useful, appropriate to needs 
and actionable.

Dealing with uncertainties in the forecasts is a challenge, and how to communi-
cate this beyond producers of the warning varies among early warning systems. The 
majority of research and advice in communicating uncertainty in an operational 
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context for natural hazard early warning encourages transparency and emphasises 
the importance of education and the development of trust (Morss et  al. 2008, 
WMO 2008).

There have been substantial advancements in how warning and preparedness 
information is communicated and disseminated, especially with the advancement of 
technology (e.g. e-mails, text messages, radio broadcasts and mobile applications). 
For instance, Cumiskey et al. (2015) found that farmers in the low-lying, flash flood- 
prone district of Sunamganj located in the North-Eastern part of Bangladesh prefer 
mobile services for receiving flood warnings. This is a new opportunity as up to 
85% of people have access to mobile phones. However, failures in EWS still mainly 
occur due to poor communication and dissemination practices (Basher 2006). This 
is especially true in developing countries, where many still lack access to the tech-
nologies for receiving warning information.

Response Capability Response capability refers to a community’s knowledge of 
their risks, ability to act on warnings and familiarity with what they should do when 
a warning is issued (e.g. where and how to evacuate). It is important that, given 
accurate, timely and understandable warning information is available and commu-
nicated to appropriate users in advance of a disaster, people and institutions are able 
to respond and take action. A holistic early warning system not only provides warn-
ing information but also enables action to be taken based on those warnings. It 
should be noted here that ‘response capability’ refers to the capability of responding 
to the early warning information before the hazard event, as well as being prepared 
to respond effectively after the hazard event occurs. Response capability is rooted 
in resources, skills and networks that stakeholders have (Marchezini et al. 2018). It 
includes having clear lines of authorities and decision-making processes, organising 
drills and practice scenarios and clear protocols and procedures developed from 
national to community levels (WMO 2015a).

The capacity of users to take action before a disaster occurs, based on warning 
information, needs to be built in longer-term planning and preparedness activities. 
Preparedness plans based on an understanding of local and national knowledge and 
capacities are needed. Also, plans of how to respond to warnings have to be devel-
oped (WMO 2010). Those plans need to be practiced to develop familiarity through 
training and education (WMO 2002). People also need to have sufficient resources 
to respond, such as a safe location to go to, a safe route to that location and any other 
resources to enable them to take action.

Wherever possible, barriers to being able to take action need to be identified in 
advance, and measures taken to address them within the planning stages. People 
make decisions based on their perception of multiple risks (not just the natural haz-
ard risk), their capacities and other circumstances. For instance, Elder et al. (2007) 
showed that, among other reasons, African American communities in New Orleans 
decided not to evacuate during Hurricane Katrina due to financial constraints, 
neighbourhood crime, perceived racism and inequities. Continually reviewing the 
effectiveness of response and any challenges experienced during disasters, and 
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adapting plans in an iterative manner, ensures response plans are up to date 
(WMO 2010).

Effective Governance and Institutional Arrangements Effective governance of 
an EWS and robust institutional arrangements are key features to ensure that it oper-
ates smoothly. Mandates, responsibilities and long-term funding are required at 
national level for government institutions to be able to set up and operate a sustain-
able EWS (WMO 2010, 2018b). A legislatively underpinned commitment and con-
sistent efforts at national level are needed over a long time period in order to address 
and develop all aspects. Clear standards must be set to ensure that warnings are 
issued when required and in a timely manner (e.g. at least 6 hours ahead of the 
event); that they describe the hazard, its location, timing and impact adequately; that 
they conform to a specified format (e.g. the Common Alerting Protocol); that a 
defined level of quality control is applied (e.g. a second person checks the warning 
before issue); that a record is kept of all warnings issued; and that the outcome is 
recorded. These standards should be monitored and statistics of conformance 
reported to stakeholders.

Where government commitment is lacking (e.g. through lack of funds), non- 
governmental organisations (NGOs) or the private sector have sought to fulfil this 
role, especially in developing countries. For example, Šakić Trogrlić et al. (2018) 
described how in Southern Malawi NGOs are supporting the government through 
delivery of community-based early warning systems for flooding. Similarly, in 
Nepal the Department of Hydrology and Meteorology based in Kathmandu is offi-
cially mandated as responsible for the flood early warning system monitoring and 
warning components. However, there are gaps in the responsibility for dissemina-
tion, communication and response capacity within the government institutional 
mandates. NGOs in Nepal have rushed to fill this void, setting up and operating 
local early warning services. In the past, these systems (national and local) have 
operated mostly independently of each other, providing potentially duplicative or 
conflicting sources of early warning information for local people (Meechaiya et al. 
2019). This is not a sustainable solution, often reaching small segments of the popu-
lation and prone to termination when funding ceases.

UNEP (2015) states that early warning information is a basic human right as 
climate change and disasters both contribute to human rights violation. As such the 
mandate for developing and sustaining an early warning system must rest on gov-
ernment bodies. EWS are considered a public task; they have the economic charac-
teristics of public goods that make them difficult to be privately funded and therefore 
depend heavily on public funding for their proper functioning. Especially in devel-
oping countries where taxation systems do not ensure enough public funding, this 
poses challenges to the financial sustainability of its provision (Deltares 2015). Not 
every aspect of an EWS must be government operated, nor must a single organisa-
tion operate the whole system. Stakeholders involved in producing and using early 
warning systems range across institutional disciplines and operate at a variety of 
spatial scales. Effective governance should encourage communication and coordi-
nation between stakeholders.
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Importance of governance is especially relevant in the context of cross-boundary 
aspects of an EWS, as hazards do not follow administrative borders. They can affect 
neighbouring countries simultaneously, and an aspect of approach to DRR in one 
country (e.g. land use change, construction of infrastructure) can affect the timing, 
severity and occurrence of a hazard in a neighbouring country. Therefore, a joint 
and coordinated approach including well-established governance structures (e.g. 
policy and planning frameworks and institutional design) and processes (e.g. public 
engagement and behaviour change, research and partnership with policy and prac-
tice) to cross-border EWS is crucial. This can include development of clear guide-
lines and protocols, sharing of historical and real-time data between the countries, 
sharing of modelling outputs and risk maps across boundaries, joint monitoring and 
operations, clear division of responsibilities and sustainable financial mechanisms.

Governance also includes the regular maintenance, evaluation and improvements 
of all elements of the system and of the system as a whole. A successful EWS meets 
the objectives it was designed for. With time, it will grow and evolve to meet new 
objectives. However, capabilities and needs are continually changing, so it is 
unlikely that any EWS will still be optimally meeting the needs of the community 
after 5 years of operation. Therefore, a key aspect of EWS management is regular 
review, based on a robust evaluation. Such reviews must address whether the EWS 
is successfully delivering the information required by users, whether it is still using 
the most appropriate technologies, whether it is still reaching those at risk in a 
timely manner and whether it is using the best information available.

It is essential that all aspects of an EWS are maintained, monitored and exer-
cised, including through automated quality-control, structured reporting by trusted 
partners; monitoring of response through real-time media including social media, 
telephone and email; and post-event surveying – preferably including direct inter-
views. EWS managers need to be aware of the ethical dimensions of their systems, 
ensuring that users are not disadvantaged by reason of their personal characteristics, 
but also ensuring that their interactions with the EWS system do not, in themselves, 
have a negative effect. This requires that particular care is taken over confidentiality 
of feedback information that might, for instance, be used by credit or insurance 
agencies, in pressurised selling, or even by criminal groups. A particular challenge 
arising from the growth of social media is the need to counter false information. 
This requires constant monitoring of social media and rapid response with correc-
tive information before false information is repeated. Where necessary, action 
should be taken to remove sources of false information.

Involvement of Local Community Early warning systems are only effective if 
they inherently and actively put people at the centre – ensuring all elements of the 
early warning system consider and prioritise those at risk from natural hazards 
(WMO 2010). Local authorities, non-governmental organisations and communities 
need to be involved in all aspects of early warning so that the system is designed to 
be appropriate for community needs and capacities. This way, the responses to 
warning information will be designed to protect people, households and communi-
ties from disasters.

R. Šakić Trogrlić et al.



33

A local, ‘bottom-up’, ‘end-mile’ or ‘first-mile’ approach to early warning, with 
active participation of local communities, including marginalised groups, enables 
engagement in and contribution to the system, ensuring reduced vulnerability and 
leveraging and strengthening of local capacities. Community-based early warning 
systems are good examples of involving local communities. For instance, Practical 
Action has been working with communities in Nepal since 2008 in setting up local 
flood early warning systems, with extensive involvement of local communities 
across the four components of EWS (Rai et  al. 2020). Examples of community 
involvement in local-level early warning systems can also be found in high income 
countries. For instance, in Scotland, private developers Scottish Flood Forum and 
Scottish Environmental Protection Agency jointly implemented the RiverTrack. It is 
an affordable river level monitoring system providing real-time river levels to dis-
plays located in  local homes and businesses, thus allowing for continuous 
monitoring.

The involvement of communities can also be framed in the context of citizen sci-
ence, where the level of participation can increase from citizens as merely sensors, 
citizens as basic interpreters, citizens that directly participate in the EWS problem 
definition and data collection up to fully collaborative science (Paul et al. 2018). In 
many areas of the world, local communities also have rich local and indigenous 
knowledge on early warning (Acharya & Prakash 2019, Šakić Trogrlić et al. 2019), 
and there is an increasing focus on understanding how this type of information can 
be blended and integrated with scientific knowledge in EWS.

The Importance of Gender and Cultural Diversity Vulnerability to the impact 
of disasters is increased by gender inequality, gender norms and social marginalisa-
tion (Brown et al. 2019, UNISDR 2009). Women and marginalised groups includ-
ing gender minorities are often excluded from DRR policies, strategies and 
decision-making (Brown et al. 2019, UNISDR 2009). In contexts of gender inequal-
ity, people of different genders access, process, interpret and respond to information 
in different ways, due to the social and cultural organisation of gender relations and 
the gendered division of labour (UNISDR 2009). For instance, Tyler and Fairbrother 
(2018) while researching a role of gender in decision-making at household level on 
wildfire evacuation found that men and women have differing conceptions on when 
they should evacuate: while women would prefer earlier evacuation, men prefer 
later evacuation. However, it is challenging for women to voice their concerns as 
men are culturally viewed as more authoritative voices in wildfire discussions. 
Fordham (2001) explored a gender perspective on early warning in DRR. She found 
that during the 1991 Cyclone in Bangladesh women were less likely to receive the 
warning; even when they did, cultural norms forbade their movement in public. 
Cultural diversity and marginalisation affect all elements of an early warning sys-
tem (Brown et al. 2019). Marginalised people are often those most overlooked by 
early warning systems. People may be marginalised on the basis of age, sex, dis-
ability, race, ethnicity, religion, migration status, socio-economic status, place of 
residence, sexual orientation and gender identity. These groups require special con-
sideration, focused attention, proactive engagement and sensitive or transformative 
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approaches to ensure no one is left behind. The key consideration should be equity 
of outcome rather than equality of treatment. Cultural diversity and marginalisation 
affect all elements of an early warning system (Brown et al. 2019). Early warning 
systems need to take account of cultural differences in the perception of authority, 
of the cause of hazards, of the nature of prediction and in the availability and use of 
communication channels, among other factors.

A Multi-Hazard Approach People are at risk from multiple hazards with each 
having different likelihoods of occurring. For instance, they might live in a multi- 
hazardous location prone to both hydrometeorological and geophysical hazards, 
and different hazards can also interact (e.g., an earthquake triggering a landslide). 
As such, if we are taking a people-centric approach to early warning, we should 
develop an early warning system or early warning systems that address all hazards 
affecting the population in a certain location.

Where possible, early warning systems should link hazard-specific systems 
together to ensure people are provided with early warning for all hazards they are at 
risk from (WMO 2018b). Such a multi-hazard early warning system would provide 
a holistic understanding of forecasted hazards that may occur and their complex, 
interrelated relationships, such as whether these hazards occur alone, simultane-
ously, cascadingly or cumulatively (UNDRR 2020a).

For instance, the United Kingdom’s Natural Hazard Partnership3 (Hemingway & 
Gunawan 2018) publishes the Daily Hazard Assessment, an overview of 21 natural 
hazards that could affect the United Kingdom over the next 5 days. The hazards 
covered are air (e.g. aero allergens and air pollutions, hail, rain, lightning), land (e.g. 
avalanches, earthquakes, landslides), water (e.g. surface water flooding, drought) 
and space (e.g. space weather, near Earth and space objects). While multi-hazard 
early warning systems that are truly integrated across hazards are rare, a multi- 
hazard approach to early warning is achievable, for example: building new hazard 
early warning systems upon existing systems; coordinating across responsible insti-
tutions to share data, forecasts or outputs; and/or developing consistent, coordinated 
or combined communication materials.

2.4.3  Early Warning Systems as Preparedness 
and Risk Reduction

As Kelman and Glantz (2014) note, a common misunderstanding in relation to 
EWS is that they exist only to be activated once a hazard occurs. However, the aim 
of an EWS is not just to facilitate institutional, community or individual response to 
an impending hazard, but to (ideally) introduce a long-term risk reduction behav-
iour as well as instigate anticipatory action. To ensure EWS lead to both long- and 

3 http://www.naturalhazardspartnership.org.uk/
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short-term risk reduction behaviour before a disaster arrives, the EWS should be 
integrated in the community's everyday life, as opposed to being only used when a 
disaster is imminent.

If designed, implemented and operated in its entirety, taking into account all of 
the parts described in the previous section (i.e. all eight components), EWS pres-
ent an opportunity to reduce disaster risks and foster a ‘culture’ of preparedness. 
For instance, mapping of disaster risks conducted as a part of EWS can inform 
spatial development and serve as a basis for policies that would delineate disaster-
prone areas and introduce some of the available measures (e.g. limited develop-
ment, introduction of insurance schemes, disaster prevention infrastructure), in 
turn reducing risks in these areas. Similarly, paying attention to differentiated 
vulnerabilities of individuals and members of communities provides an opportu-
nity to design actions that would both decrease their vulnerabilities in the long 
term (e.g. designing inclusive decision-making processes and increasing access to 
services) and improve their capacity in terms of EWS (e.g. designing communica-
tion practices for people with hearing impairment or evacuation protocols for 
people with physical disabilities).

Depending on the type of a hazard and the lead time of the warning that is pos-
sible, EWS offers a window of opportunity for early actions. Warning information 
is useless if not followed by appropriate actions that will minimise impacts by 
reducing risks or increase preparedness for a better response. For instance, this 
requires moving away from warnings that tell what the weather will be, to warnings 
that tell what the weather will do. WMO has developed guidelines for how National 
Meteorological and Hydrological Services can implement ‘impact-based forecast-
ing’, i.e. providing a forecast of the potential consequences of a hydrometeorologi-
cal event, in terms of its effects on, e.g. people and infrastructure. It can also be 
sector specific, such as for agriculture, tourism or humanitarian aid. These types of 
forecasts and warnings are designed to provide detailed information on who or what 
is exposed and vulnerable to the particular hazard. For impact forecast and warning 
services, exposure is explicitly considered along with hazard and vulnerability 
(WMO 2015b). This requires NMHS to transform and collaborate with other sector- 
specific government agencies, private sector and humanitarian agencies to be able 
to provide such impact-based forecasts. It also requires changes in mandates of 
NMHS as well as other government agencies. If impact-based forecasts are pro-
vided, this also brings responsibilities to act on this information. Several agencies 
involved in humanitarian response such as International Federation of Red Cross, 
World Food Programme, Food and Agriculture Organization and UN OCHA are 
working in parallel on mechanisms to release funding based on impact-based 
forecasts.

In 2008, the Red Cross Red Crescent movement introduced Forecast-based 
Financing (FbF) for early action and preparedness for response. FbF enables access 
to a Disaster Response Emergency Fund, a funding source habitually only available 
for humanitarian response, via an Early Action Protocol (EAP). The EAP is trig-
gered when an impact-based forecast—i.e., the expected (humanitarian) impact as a 
result of the expected weather—reaches a predefined danger level (IFRC 2018). An 
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EAP outlines the potential high-risk-prone areas where the FbF mechanism could 
be activated, the prioritised risks to be tackled by early actions, the number of 
households to be reached against an expected activation budget, the forecast sources 
of information, the expected lead time for activation and the agencies responsible 
for implementation and coordination. Around ten EAPs for mostly sudden-onset 
disasters and one for slow-onset disasters have been established and approved since 
the first one in 2018. Early actions are determined in collaboration with to-be- 
affected communities and need to comply with a number of criteria (IFRC 2018) in 
order to be able to be executed and to be cost-effective. Very often one of the early 
actions is the transfer of cash to the to-be-affected communities. Most early action 
protocols are based on hazards for which the lead time of the warning allows for 
sufficient implementation time.

However, even if there are only a few hours available to have certainty of a haz-
ardous event (e.g. a flash flood), if EWS is implemented as a preparedness (e.g. 
clear responsibilities of roles, defined evacuation routes and identified shelters) and 
risks are reduced (e.g. people trained in alternative livelihood options, existing 
insurance schemes), impacts could be minimised.

As described by IFRC (2008), in an example of a cyclone, there are multiple 
preparedness and risk reduction actions available in different timeframes, each with 
different requirements for dissemination. Given that climate change projections 
indicate an increased likelihood of intense tropical cyclones (an early warning for 
years in advance), risk reduction actions could be introducing strict building codes 
and promoting cyclone-proof housing, while preparedness actions could be raising 
awareness of cyclone risks and training communities for disaster response. On a 
seasonal timescale, forecasts of above-average cyclone activity are available, pro-
viding an opportunity to revisit contingency plans, replenish stocks and conduct 
emergency drills. Early warning information of likely development of cyclones in a 
particular stretch of the ocean can now provide weeks of advance warning, prompt-
ing awareness of the potential for storm warnings. Days before the cyclone makes 
landfall, when forecasts are quite accurate in identifying locations to be hit, evacu-
ation can be prepared, warnings can be sent to communities at risk while housing 
can be cyclone-proofed. For example, machine learning models trained on histori-
cal cyclone events in the Philippines are being used to predict 3 days ahead whether 
more than 10% of houses in a municipality will be damaged. If this threshold is 
surpassed, early actions are taken in the form of household strengthening and early 
harvesting of rice or abaca trees (Wagenaar et al. 2021). Then, just hours before the 
event, final warnings provide the trigger for evacuation to storm shelters.

2.5  Gaps in Early Warning Systems

Early warning systems for natural hazards have come a long way, facilitated by 
advances in technology (e.g. monitoring, forecasting and dissemination technology) 
and science (understanding of the processes involved), by increased policy support 
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(both at global and national levels) and by growth in understanding what integrated 
and people-centred EWS are (i.e. the components described above). However, there 
are still large gaps that warrant further research, investments, policy change and 
practice. In Table 2.4, we summarise the main gaps according to the eight compo-
nents of EWS.

Substantive gaps remain across all components of EWS. Gaps in the ‘technical’ 
aspects of EWS (e.g. quality of monitoring equipment, forecasting capability, dis-
semination channels) are a hindrance to effective EWS in many parts of the world, 
especially in developing countries. For instance, observing networks are often inad-
equate, particularly across Africa, where in 2019 just 26% of stations reported 

Table 2.4 Common gaps in EWS

Components of early 
warning system Gaps identified in the literature

Risk information A predominant focus on hazard with a lack of understanding of 
vulnerability and exposure
Lack of integration of risk information in decision-making
Data gaps – especially in developing countries
Difficult access to data for risk information – particularly open 
access/sharing across disciplines or organisations

Monitoring and warning Uncertainty in forecasting and climate change influencing 
forecasting capability
Varying skills of forecast information: accuracy, reliability, 
resolution
Lead time
Spatial and temporal resolution
Varying quality of historical data records limits prediction skill
Lack of validation/evaluation of forecast skill
Lack of monitoring infrastructure, technical and human capacity, 
especially in developing countries
Lack of sustainability of monitoring and forecasting systems
Inadequate monitoring
Prediction capabilities for rapid-onset hazards (e.g. flash floods and 
landslides) and lack of systems for some hazards (e.g. dust and 
sandstorms, flash floods)

Dissemination and 
communication

Dominance of experts at the expense of user-focused communication
Top-down dissemination takes time, reducing lead time
Lack of feedback mechanisms between users and producers
Lack of access to warning information, especially for the most 
vulnerable groups
Inadequate communication systems to provide timely, accurate and 
meaningful warning information to those at risk
Underdeveloped dissemination infrastructure in developing countries
Lack of impact-based warning information
Inadequately standardised nomenclature, protocols and standards
Ineffective engagement of media and private sector
Fragmented monitoring responsibilities
Communication content/message not adapted for specific user needs/ 
capabilities

(continued)
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Table 2.4 (continued)

Components of early 
warning system Gaps identified in the literature

Response capability Weak public response to warnings
Lack of risk awareness and understanding – lack of outreach/
education and practice
Lack of post-event reviews and poor incorporation of lessons learned
Unclear authorities and decision-making processes hindering the 
response
Lack of simulation exercises and evacuation drills
Lack of inducing long-term risk reduction behaviour
Lack of adequate safe spaces, concerns over safe spaces, lack of safe 
routes
Barriers to taking action even if would want to, e.g. caring 
responsibilities or insufficient lead time
Concerns over leaving assets/possessions (guarding and staying put)
Behavioural reasons for not responding (e.g. risk perception based 
on previous experience of hazards and staying put)

Effective governance and 
Institutional 
arrangements

Inadequate multi-agency and institutional collaboration and clarity 
of roles and responsibilities
Lack of funding (i.e. disaster finance still heavily focused on 
response)
Weak budgetary and political support in some countries
Inadequate coordination between local, national and regional levels
Gaps in legal, institutional and coordination frameworks, especially 
in developing countries
Political failures to take action (e.g. timing, lack of resources, fear of 
litigation)
Weak integration of EWS in national plans
Inadequate recognition of links between disaster risk reduction, 
climate change adaptation and sustainable development
Insufficient coordination among actors responsible for EWS

Multi-hazard approach Most countries report warning systems for single hazards (i.e. lack 
of multi-hazard EWS)
Very few countries have all hazards covered. And rarely are they 
integrated (sharing data, risk analysis, interactions, one- 
communication channel/method, synthesised SOPs for response)

Involvement of local 
community

Lack of engagement of those at risk is the design and operation of 
EWS
Practical challenges of community engagement (e.g. physical 
distance, funding, timeframes)
Lack of using participatory approaches
Lack of inclusion of local, traditional and indigenous knowledge

Gender perspectives and 
cultural diversity

Gender incorporation in EWS rarely considered
Lack of consideration of cultural diversity and linguistic barriers
Marginalised people not included or considered in a meaningful way 
in assessment of risk and unable to participate meaningfully in DRR/
DRM/EWS preparedness plans, etc.

Based on Basher 2006, Grasso 2014, UNDP 2018, WMO 2015b, Zommers and Singh 2014
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according to the WMO requirements (WMO 2020a). Good monitoring and fore-
casting depend on high-quality data. Yet, data quality and preservation of long-term 
records remain a challenge. Moreover, hazard data remain the focus of most EWS, 
with data on vulnerabilities and exposure sidelined. This results in an inability to 
provide impact-based and tailored warning information.

The ‘social’ component of EWS also remains marginalised in comparison to the 
technical aspects. Despite a rhetoric of importance of community involvement, con-
sideration of gender and marginalised groups and differentiated vulnerabilities, 
these often remain box-ticking exercises, given inadequate attention. EWS are a 
long way from being considered as social processes, and a ‘culture’ of preparedness 
is rarely achieved in practice. For instance, inadequate attention is given to public 
awareness and training on how to respond to warning information, while systems in 
place continue to favour relief over early action. Furthermore, in many parts of the 
world, information fails to reach those at the sharpest end of natural hazards. 
Research on transboundary EWS in Bangladesh, India and Nepal showed, for 
example, that access to EWS technology is not distributed fairly (van den Homberg 
& McQuistan 2019). Overall, there is an insufficient capacity worldwide to translate 
early warning into early action (WMO 2020a).

Good governance remains a significant challenge in many parts of the world. 
Early warning systems remain unfunded and politically unfavoured, with inade-
quate policies and institutional structures in place. For instance, gaps remain in legal 
frameworks for EWS. A recent review of the role of national laws in managing flood 
risk by Mehryar and Surminski (2020), focusing on 139 national laws from 33 
countries, found that national laws have a prevailing focus on the response and 
recovery strategies while placing less emphasis on proactive risk reduction and pre-
paredness, including EWS. Taking legal responsibility for warnings and their dis-
semination remains one of the key issues in operationalisation of a flood EWS 
(Parker 2017). Responsibilities for different aspects of early warning largely remain 
scattered across departments and institutions, resulting in an uncoordinated and 
unsustainable approach. There is a plethora of reporting frameworks for the Global 
Agreements (i.e. Sustainable Development Goals, Sendai Framework and Paris 
Agreement), with indicators that relate to (parts of) EWS. However, these are often 
high-level, based on (too optimistic) self-reporting and not harmonised. As a result, 
there is also a lack of high spatial and temporal resolution data on whether early 
warnings are received, understood and acted upon.

As mentioned previously, despite multi-hazard frameworks being a target of 
EWS, they remain underdeveloped and rarely, if ever, achieved in practice. With a 
global push for multi-hazard EWS, it remains worrying that in many countries, 
EWS are inadequate or non-existent even for single hazards.

In addition to gaps across the eight components of an EWS, there are other sig-
nificant gaps. For instance, in evaluating the performance of an EWS (Sättele et al. 
2016). As suggested by WMO (2018a, 2018b), the checklist developed around the 
four core components of an EWS (i.e. risk knowledge, monitoring and warning, 
response capability, dissemination and communication) offers a series of practical 
actions and initiatives which should be considered when evaluating EWS. An EWS 
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needs to be continuously reviewed and assessed in order to incorporate the learn-
ings, adapt needed improvements and create an effective EWS. This is across all 
areas including (among others) evaluating forecast skill, data collection/monitoring 
accuracy and logistics, lead time, effectiveness of access to and understanding of 
warning information and people’s abilities to act based on warnings. Furthermore, 
there are significant differences between countries in the availability of skills for 
EWS. For instance, in developing country contexts where resources are limited, the 
government departments responsible for EWS are often extremely restricted, both 
in terms of number of staff available to the department and in terms of the range of 
skills hired. Naturally, physical science skills are the most urgent types of skills 
needed in, for example, NMHS, but there are a range of skills and specialties 
required for a fully operational EWS (e.g., skills in social sciences, science com-
munication, public relations). Without them, robust monitoring and warning thresh-
olds may be developed, but they will not be effective in enabling early action. In 
contexts where these perceived ‘softer’ skills are not recruited or resourced within 
the EWS-mandated government department, it leaves gaps either (1) where those 
mandates are perceived as beyond the institution’s capacities and therefore not 
attempted or (2) where NMHS staff are required to act beyond their training, experi-
ence, skills and knowledge in areas outside their expertise.

2.6  Summary

• Disaster risks arise from a complex interplay between physical hazards and the 
exposure of vulnerable people, assets and systems to them. Understanding disas-
ter risk, and its distribution in time and space, is fundamental for management 
and reduction of these risks.

• We have presented the ingredients of disaster risks and available options to deal 
with them, with a specific focus on the role of early warning systems. We pre-
sented an eight-component framework of people-centred EWS, highlighting the 
importance of an integrated and all-society approach.

• If designed, implemented and operated in its entirety, such an EWS can reduce 
disaster risks, foster preparedness and early action and build resilience of popu-
lations at risk. In order to realise these benefits, warnings must be received, 
understood and acted on: they must be useful, usable and used.

• Successful operation of an EWS requires assured long-term funding and involves 
a vast array of stakeholders, including local communities, government depart-
ments at different levels, private sector, media and regional players.

• Equal importance should be given to the social components (e.g. community 
involvement, communication) as to the technical aspects of an EWS.

• EWS need to account for the occurrence of multiple hazards.
• Realising the full potential of EWS requires systematic changes in the current 

status quo, including (but not limited to) increased funding and prioritisation of 
EWS, improvements in horizontal and vertical governance arrangements, devel-
opment of new technologies with corresponding capacity development and 
enhanced involvement of communities at risk.
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