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Abstract. In 2021, several weather disasters occurred in which conditions surpassed recorded extremes. Anal-
ysis of the performance of warning systems in these disasters by the WWRP HIWeather project shows that in
most, but not all cases, there was adequate forewarning of the magnitude of the event, but that lack of prepared-
ness and/or communication failures led to loss of life in particularly vulnerable groups. Using information from
the HIWeather value chain database, we present an overview of key aspects of each event – the weather and
its impact, the forecasts, the warnings, and the responses – followed by some results of a comparative analysis
of warning performance and some conclusions about critical components of a successful warning system. In
the light of this analysis we conclude with a checklist of key components in the design of an effective warning
system for unprecedented weather events.

1 Introduction

Weather-related hazards are associated with an increasing
number of recorded disasters each year (see e.g. EM-DAT,
2022), despite extensive efforts to mitigate their impacts in
line with the objectives of the Sendai Framework for Disas-
ter Risk Reduction (UNDRR, 2015). Increasing vulnerability
due to a growing and increasingly urbanised global popula-
tion is driving much of this increase, but a changing climate is
leading to record-breaking dangerous weather conditions and
weather-related hazards occurring that are outside anyone’s
experience. In 2021 there were many such extreme events
around the world. In many cases, warnings were issued but
the magnitude of the threat was not recognised, either by
those issuing the warnings, or by those receiving them. Re-
sponse plans did not adequately deal with these exceptional
situations and people did not believe such conditions could
happen where they lived.

Society protects itself from extremes to the extent that is
affordable and readily manageable. As the climate changes
due to global warming, extremes that were once rare enough
to be ignored may become a regular threat, and some condi-
tions that were previously considered impossible become not
only possible but a threat that must be planned for.

2 The value of warnings

A warning is a call to action. It can be of any lead time or
confidence level. As lead time shortens, confidence and pre-
cision typically increase, justifying more costly responses.
Warnings for years ahead must be very general, but can in-
form policy and plans, e.g. for land use planning and emer-
gency response capacity. At seasonal to annual timescales,
the level of confidence may be such as to allow plans to be re-
viewed and updated, while training can be refreshed. In parts
of the world with significant seasonal predictability, the sea-
sonal timescale is a key one for preparedness, particularly for
floods and droughts with their attendant landslide and wild-
fire hazards. The first signs of a specific period of hazardous
weather are often signalled at low probability in forecasts of
a few weeks ahead, giving time for systems to be exercised
and preventive maintenance to be carried out. A specific haz-
ard event is usually predictable with some confidence several
days in advance, enabling rosters to be adjusted for additional
response capacity and early protective actions, such as reser-
voir draw-down or mass evacuation, to be initiated. Prepared-
ness messaging can be delivered to those likely to be exposed
to the event, to enable mitigation actions to take place. As the
event approaches, increasingly detailed and confident warn-
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Figure 1. HIWeather conceptual model of the Warning Value Chain.

ings can be used to pre-position response resources and tar-
get evacuation. Finally, as the event unfolds, pinpoint accu-
rate monitoring and nowcasting ensures response resources
are targeted most effectively to minimise losses and facilitate
swift recovery.

3 HIWeather

The World Meteorological Organisation, World Weather
Research Programme, High Impact Weather (HIWeather)
project was established in 2015 to support the improvement
of weather-related warnings worldwide through targeted re-
search. Within the project, members have been gathering,
promoting and carrying out research to improve weather
warnings. We have published what we have learned in our
book: Towards the “Perfect” Weather Warning (Golding,
2022).

The interactions that inform a protective decision in the
face of a hazard are, in reality, a complex web involving mul-
tiple information seeking and gathering routes over a sub-
stantial period of time. Their effectiveness depends both on
the quality of the risk information and on the way in which
it is communicated. The WWRP HIWeather project uses a
highly simplified conceptual model (Fig. 1, from Golding,
2022) that represents this process as a chain of sources of
expertise, connected by bridges that convey (uncertain) in-
formation in both directions. The expertise of the different
actors is represented by mountains which are separated by
“valleys of death” in which information can be lost if there
is inadequate communication (see National Research Coun-
cil, 2001 for use of this terminology). These valleys can
be bridged by building partnerships among the actors con-
cerned. While this model is inadequate to represent the full
cycle of co-design and co-production that characterises the
perfect warning system, it focuses on the aspect which of-
ten underlies failure, i.e. the failure of adequate communi-
cation between expert actors in the official warning produc-
tion chain. Overcoming this requires partnerships to be built,
which depends on significant commitment of time and re-
sources, and so is itself often dependent on government pro-

viding a mandate for this to happen. In reality, such mandates
are rarely given except after a major disaster. It is therefore
important that the organisations concerned focus on making
the case for partnership building, rather than simply defend-
ing themselves, in their response to a disaster.

The UN Secretary General’s March 2022 call for Early
Warnings to protect everyone within 5 years has provided
additional impetus to the work of HIWeather. To achieve the
Secretary General’s vision requires that the warnings are not
only useful but are usable and used. The integrated view of
HIWeather offers a critical viewpoint to determine where the
failures of expertise and communication are occurring when
warnings fail to protect people. To pursue this, the HIWeather
Value Chain project is collecting data on warning events in
a standard format (see Fig. 2 and Hoffmann et al., 2023) to
enable comparative analysis.

4 Selected events of 2021

4.1 Indonesia

On 4 April intense rainfall from incipient Tropical Cyclone
Seroja led to flash floods and landslides in eastern Indonesia
and Timor-Leste (Sekaranom et al., 2021). In Kupang City
over 300 mm of rain fell in one night. In the East Flores is-
lands whole villages were swept away. Two hundred and sev-
enty two people were killed and there was massive damage to
property and infrastructure. Warnings were issued but were
not widely disseminated and did not refer to the expected
impacts. Forecasts of the amount of rain diverged widely be-
tween NWP model runs.

4.2 North America

On 29 June a heat wave in the Pacific Northwest of
North America produced temperatures that exceeded pre-
vious records by 5 ◦C, reaching 49 ◦C in Lytton, British
Columbia. More than 1400 people died from the extreme
heat. Extreme dryness helped to fuel wildfires that destroyed
hundreds of square kilometres of forest. The extreme condi-
tions were well forecast and warned several days in advance,
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Figure 2. Structure of the HIWeather Value Chain case study template (from Hoffmann et al., 2023).

but the most vulnerable people did not know what to do to
protect themselves (Egilson, 2022).

4.3 Europe

On 15 July intense rainfall led to massive flooding in Ger-
many, Belgium, the Netherlands, Switzerland and Luxem-
bourg (Thieken et al., 2022), resulting in 243 fatalities.
Rainfall records were broken by large margins. At Cologne
154 mm of rain fell in 24 h, exceeding the previous record
of 95 mm by more than 50 %! In the upland valleys, condi-
tions were terrifying according to interviews with flood vic-
tims and resulted in death, destruction and infrastructure fail-
ure. In the lower reaches of the rivers, there were widespread
floods and damage, but residents had more time and were
successfully evacuated. Warnings of exceptional rain were
not translated into warnings of exceptional flood impacts.

4.4 China

On 20 July intense rainfall led to massive flooding in Henan
province in China. In Zhengzhou City 201.9 mm of rain in an
hour and 624.1 mm in 24 h broke records from the previous
60 years. The “sponge” city was overwhelmed and 380 peo-
ple are known to have died. Warnings were issued but were
not adequately translated into protective action (Guo et al.,
2022; Tao and Han, 2022). Forecasts of the amount of rain
diverged widely between NWP models.

4.5 Europe

On 3 August a heat wave in the central Mediterranean broke
temperature records in Greece (Giannaros et al., 2022). Ex-
treme dryness helped to fuel wildfires that destroyed hun-
dreds of square kilometres of forest. Thousands of people
had to be evacuated as the fires spread. Thick smoke ham-
pered fire-fighting and probably caused many deaths. The ex-
treme conditions were well forecast and warned several days
in advance. The fires were on such a scale that they exceeded
Greece’s fire-fighting resources to tackle them.

Table 1 summarises key aspects of these, and a few other,
disasters. The density of the colouring in the table indicates
the quality of the information communicated at each stage
in the warning chain. This has been assessed subjectively,
based on evidence gathered using the approach described in
Hoffmann et al (this issue), relative to a “perfect” warning
that would have minimised adverse impacts.

5 Preparing for the extreme

HIWeather has identified key aspects of each bridge that con-
tribute to achieving an effective warning. Each is supported
by its own body of research and is described more fully in
Golding (2022). Here we present a few key indicators. Con-
sistent with Golding (2022), we start with the user.

Help communities understand their vulnerability to ex-
tremes beyond those experienced.

In a time of change, community memory can mislead peo-
ple into thinking that they understand the most extreme con-
ditions possible, based on what has happened in the past.
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Table 1. Summary of key features of some extreme events of 2021 from the HIWeather Value Chain database. Colours reflect the quality of
information communicated at each stage. As the colour gets lighter, less useful information is reaching the next part of the warning.

Communities need help to rethink what is possible in the new
conditions, to understand what that might mean for them, and
how they might prepare to respond.

Plan for the reasonable worst case but have a backup plan
for the unreasonable case.

National governance is often couched in terms of standard
operating procedures for a specific magnitude of event that
is considered possible but unlikely. In a changing climate,
plans based on historical precedent may be inadequate, so
their sensitivity to greater threats should always be tested.
Plans should be produced for a greater magnitude or higher
frequency, even if it is considered outside the bounds of cur-
rent possibility.

An effective warning can protect lives and property, and
reduce distress and disruption.

Effective disaster risk management involves a range of
policies and practices to protect or avoid disaster impacts
or to transfer the impact to a less vulnerable receptor. Early
warnings are a low-cost and quickly implemented contribu-
tion that can be effective if targeted at well-defined protective
actions.

Involve communities in designing the warning system so
that they understand and trust the advice.

There are many reasons for action not to be taken when a
warning is received – failure to understand or trust the warn-
ing, absence of knowledge of suitable actions to take, and
lack of resources to take them, being some of these. Most of
these causes of failure can be avoided if the target commu-
nity is involved in design of the warning system, including
how the level of confidence should be communicated.

Use the best available forecasts to provide reliable infor-
mation

Limitations in the detail or accuracy of the available in-
formation are often cited by people who did not take action.
Increasing model resolution has been shown to improve ac-

curacy, especially of extremes. Monitoring the current state
is critical for predicting the immediate future (nowcasting) as
well as for assimilation into models. All predictions are un-
certain, and ensembles provide a key measure of the degree
of uncertainty. Assess and use model data from other centres
when available.

Forecast potential impacts early, to inform early actions,
even when the probability is very low.

Choices of response action are driven by the impacts that
we wish to avoid. At long lead times there will typically be
wide uncertainty in both position and intensity of the hazard.
Nevertheless, potential impacts should be forecast to inform
the range of possible responses that may be required.

Communicate possible impacts and responses early, while
being open about uncertainty.

Early communication of possible impacts can help respon-
ders to be able to act, and the public to be conditioned to be-
lieve a later call to act. To maintain trust, it is important to
use culturally appropriate language for the uncertainty and
to be open about changes in the level of risk as it evolves.

Monitor responses to early warnings and reinforce mes-
saging when needed.

Warnings will not always result in the desired response.
They may also be obscured by other news or by fake mes-
saging. Social media provide an effective means of monitor-
ing how people are responding. If it becomes evident that re-
sponse is inappropriate, or if fake messages need to be coun-
tered, partnerships with the media should be used to reinforce
the correct message.

Partnerships are critical for early actions to be effective.
Effective decisions depend on the right people having the

right information in the right form at the right time and in the
right place. These conditions are not likely to be met except
through a joint design and production process. Information
producers, communicators and decision makers have differ-
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ent ideas about what information is needed and how it should
be communicated. These ideas are formulated and expressed
in the language and culture of their discipline. Only when
the different actors learn to translate between languages and
cultures can they become truly effective in co-designing an
effective warning system.

Behaviour of the recipient is the key success measure.
While it is important to measure the accuracy and effec-

tiveness of each stage of the warning process, the only out-
come that matters is that the recipient of the warning takes
effective action to protect themselves and others. Other mea-
sures should be designed to reflect the end use of the warning.

An effective warning must be useful, usable and used.
This much-repeated maxim nicely summarises the differ-

ent contributions to achieving the desired outcome of a warn-
ing. To be useful it needs to contain the information required
to support the desired response. To be usable, the information
must be presented in a form that reaches and is understood
by the user. To be used, it must inform an action that the user
is able to take.
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