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Abstract

The floods triggered by the 29 October 2024 cut-off low in Valencia (Spain) expose a
persistent challenge in disaster risk reduction: extensive meteorological and territorial data
do not automatically become timely, trusted or actionable public guidance. This conceptual
synthesis uses the Valencia event as a diagnostic case and reconstructs selected evidence
on rainfall, hydrological escalation and alert timing to develop a data-driven framework
spanning observation, modelling, impact assessment, communication, decision-making and
post-event learning. Here, “data-driven” denotes an end-to-end governance and translation
process, not the development of a new forecasting model. The framework integrates four
dimensions: data governance, user-centred visualization, uncertainty communication and
school-based education. It also introduces territorial translation as the link between impact
forecasts and place-specific infrastructures, routines, vulnerabilities and responsibilities.
Its novelty lies in connecting the Early Warnings for All pillars and impact-based, people-
centred warning approaches with an explicit educational and territorial learning loop. Its
practical contribution is a responsibility matrix, a minimum governance package and an
implementation roadmap with indicators for latency, reach, comprehension and protective
action. The framework is intended for adaptation, rather than statistical generalization,
across Mediterranean and other fast-onset flood contexts. Improved forecasts remain
necessary but insufficient: loss reduction requires interoperable records, accessible impact-
based messages and inclusive educational programmes that convert scientific information
into situated collective competence.

Keywords: cut-off low; flood risk; early warning systems; data governance; risk communication;
geographic literacy; disaster risk education; Valencia

1. Introduction

The main challenge of natural-hazard warnings is no longer the simple scarcity of
information [1,2]. This diagnosis is now central to the international Early Warnings for All
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agenda, led by the World Meteorological Organization (WMO) and the United Nations
Office for Disaster Risk Reduction (UNDRR), which defines effective multi-hazard early
warning systems through four mutually dependent pillars: disaster risk knowledge, de-
tection and forecasting, warning dissemination and communication, and preparedness
and response [3-5]. In many countries, meteorological services, hydrological agencies,
emergency managers, municipalities, satellite programmes, transport operators and citi-
zens generate continuous streams of data before, during and after an extreme event. The
problem is that these streams are heterogeneous, unevenly accessible, differently trusted
and often poorly translated into the practical knowledge that people need when conditions
deteriorate [6]. An early warning becomes socially effective only when a forecast, a map or
a sensor reading is converted into a clear understanding of who is exposed, what impacts
are plausible, what actions are urgent and which institutions are responsible for guidance.
This conversion is not a purely technical operation; it is also spatial, cultural, educational
and institutional [7,8].

The cut-off low that affected eastern Spain in late October 2024 provides a decisive
entry point for revisiting this problem [6]. A cut-off low, or isolated depression at high levels,
can favour persistent convection, intense rainfall and flash flooding when it interacts with
warm Mediterranean air, orography and highly exposed catchments. On 29 October 2024,
extraordinary rainfall affected the eastern and south-eastern Iberian Peninsula, with the
most catastrophic consequences in Valencia [6]. The technical report by the Agencia Estatal
de Meteorologia (AEMET) [9] described historic accumulations in the Valencian Community
and highlighted Turfs, where the official station registered extreme values over one, six,
twelve and twenty-four hours. Subsequent analysis by the Jucar River Basin Authority
(Confederacion Hidrogréfica del Jucar, CHJ) emphasized the rapid increase in flows in the
Barranco del Poyo system and the scale of downstream impacts [10]. The disaster was
therefore meteorologically exceptional, hydrologically abrupt and territorially devastating.

Yet its importance for international research does not lie only in the magnitude of the
rainfall. Valencia revealed the broader tension between scientific warning capacity and
social protection. The event occurred in a region with a long history of flood exposure, high
urban and peri-urban occupation, dense mobility networks and uneven public familiarity
with hydrological risk. It also occurred in a media environment characterized by rapid
circulation of official updates, expert interpretation, rumours and misinformation. Olcina
and Morote [6] frame the episode as a problem of climate change communication, risk
education and the public role of science, arguing that the disaster showed both the relevance
of scientific knowledge and the need for better social preparation. This article builds on
that line of argument but places it within a wider data-driven warning framework.

The international relevance is clear. Many urbanized regions face the same combina-
tion of conditions: intensifying heavy rainfall, expansion of assets into flood-prone areas,
fragmented emergency governance, uneven trust in institutions, and citizens who must
make rapid decisions under stress. Recent global assessments sharpen this diagnosis. The
2025 global status report on multi-hazard early warning systems indicates that 119 coun-
tries, approximately 60% of the world total, reported such systems, but also that coverage
and pillar-level capabilities remain uneven [11]. The WMO State of the Global Climate 2025
report places heavy rainfall and other extremes within a wider pattern of climate disruption,
vulnerability and interconnected impacts [12]. At the technical frontier, high-resolution
impact-based flood forecasting and Al-supported multi-hazard warning research are ex-
plicitly moving from hazard prediction toward impacts on buildings, infrastructure and
communities, but they also stress user-centred interfaces, evaluation, transparency and
responsible governance [13,14]. The 2024 Valencia cut-off low therefore speaks to a global
audience concerned with warning value chains, impact-based forecasting, data standards,
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uncertainty communication and disaster risk education. It also challenges an overly narrow
view of early warning as a message sent at the end of a technical process. Warnings should
instead be considered a distributed public system in which data, institutions and citizens
interact over time.

Dense real-time observation networks outside hydrometeorology also show the value
of making the data pathway explicit. Japan’s Seafloor Observation Network for Earthquakes
and Tsunamis (S-net), for example, transmits offshore pressure-gauge data in real time and
supports tsunami data assimilation and coastal waveform forecasting. Its relevance here is
architectural—observation, quality control, modelling and forecast update—rather than an
equivalence between tsunami and flood processes.

This article advances three claims. First, warnings must be designed as territorial
translations. People do not experience a hazard as a rainfall threshold or a return period;
they experience closed roads, flooded garages, trapped relatives, interrupted schooling,
unreliable power, uncertain evacuation routes and fear. Second, data science can improve
warnings only if data are interoperable, documented, reproducible and connected to
impact pathways. More data alone can increase confusion if the warning ecology remains
fragmented. Third, risk education must become a core part of warning effectiveness.
Schools are critical because they can connect basic geographic understanding with local
hazard knowledge, data literacy, practical preparedness and civic responsibility. The point
is not only pedagogical: UNICEF’s 2025 global snapshot reported that climate-related
hazards disrupted schooling for at least 242 million students in 85 countries or territories in
2024, demonstrating that schools are both exposed institutions and strategic nodes for risk
communication [15].

The article is organized as a conceptual research paper. Section 2 defines the source
base, analytical assumptions and limits of the synthesis. Section 3 uses selected Valen-
cia indicators to diagnose the observation-to-action pathway. Section 4 integrates data
governance, territorial translation, visualization, uncertainty communication, local data,
misinformation and school-based education; it also compares the proposal with interna-
tional frameworks, assigns indicative responsibilities and provides an implementation
roadmap. Section 5 discusses transferability, low-resource implementation, limitations,
future research and operational recommendations.

2. Conceptual Approach and Scope

This work is a conceptual synthesis rather than a forensic reconstruction of the Valen-
cia emergency. It draws on three source groups: official event records and technical reports;
international policy frameworks on early warning, school safety and disaster risk reduc-
tion; and peer-reviewed research on impact-based forecasting, risk communication, data
governance and education. The selection is purposive, not a systematic review, because
the objective is to articulate relationships among disciplines and institutions rather than
estimate an aggregate effect. Event values are used descriptively to identify warning-chain
requirements; no new empirical dataset is created, no model is calibrated and no causal or
legal attribution is attempted. The synthesis is calibrated against international frameworks
that treat early warning as a people-centred, multi-pillar system rather than a broadcast
technology. The EW4All action plan, the 2024 risk-knowledge handbook and the recent
OECD analysis of ASEAN warning systems converge on the need for risk information,
clear mandates, interoperable infrastructure, trusted channels, public-private coordination
and anticipatory action capacities [3,4,16].

In this article, “data-driven” refers to an end-to-end decision architecture: observa-
tions are quality-controlled and ingested into weather and hydrological models; outputs
are combined with exposure, vulnerability and capacity data to create impact scenarios;
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authorized institutions translate those scenarios into messages and decision triggers; users
take protective action; and timestamped evidence and outcomes are archived for evaluation.
This definition therefore concerns governance, provenance and operational use of data, not
a claim that the article itself develops a quantitative forecasting model.

The paper therefore adopts four analytical assumptions. The first is that disasters
are not natural in a strict sense. Extreme rainfall may be natural or climate-amplified, but
disaster losses emerge from the relation between hazard and society. Warning research must
consequently address settlement patterns, land-use planning, institutional coordination,
social vulnerability and public learning. The second assumption is that data have social
lives. A rain gauge value, radar image or flood polygon does not have the same meaning
for a forecaster, a mayor, a school principal, an older resident or a commuter. Data become
protective only when they are interpreted within decision contexts. The third assumption
is that communication is not the final step of the warning chain but a condition that
shapes the whole chain. If users do not understand warning categories, trust channels
or know which actions correspond to each message, the system is weakened before the
hazard arrives. This assumption is consistent with research on impact-based forecasts and
warnings, which identifies evaluation, behavioural response, data access, avoided losses
and communication-chain performance as unresolved challenges [8,17].

The fourth assumption is educational. Risk knowledge cannot be improvised during a
crisis. Basic concepts such as return period, flash flood, ravine, floodplain, runoff, warning
colour, official source and protective action must be learned before they are needed [18].
This does not imply transforming schools into emergency agencies. It means recognizing
that schools are one of the few institutions capable of building shared vocabulary, place-
based understanding and civic habits across the population. The international school
safety policy from the Global Alliance for Disaster Risk Reduction and Resilience in the
Education Sector (GADRRRES) supports this position: the Comprehensive School Safety
Framework links safer learning facilities, school safety management, educational continuity
and risk reduction education, while the 2025 Global Status of School Safety report identifies
persistent gaps in mandatory teacher training and assessment for disaster risk reduction
and climate change education [19,20]. The conceptual framework proposed here is therefore
deliberately didactic—territorial: it treats territory as the object of risk interpretation and
education as a mechanism for converting technical knowledge into public competence.

The Valencia cut-off low functions here as a diagnostic case, not as the sole empirical
foundation of a universally validated model. Five framework requirements arise directly
from the event record: the time compression between hydrometeorological escalation
and impacts; the need to connect meteorological and hydrological streams; the need for
place-specific instructions about routes, buildings and routines; the importance of explicit
decision authority and public-alert timing; and the preservation of records for learning amid
post-event controversy and misinformation. Other elements, including CAP, FAIR data,
people-centred warning and comprehensive school safety, are derived from the interna-
tional literature and integrated with those Valencia-specific requirements. Transfer beyond
Valencia is therefore analytical and conditional, not statistical: each application must
re-specify local hazards, mandates, infrastructures, vulnerabilities and educational systems.

3. The 2024 Valencia Cut-Off Low as a Starting Point for
International Analysis

The Valencia disaster should not be reduced to a singular local tragedy, nor general-
ized so broadly that its territorial specificity disappears [21]. Its analytical value lies in the
way it condenses several contemporary risk processes. The meteorological trigger was ex-
treme, but the consequences were produced by interactions among atmospheric dynamics,
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catchment behaviour, urban form, infrastructure dependency, warning communication,
population vulnerability and institutional response. Table 1 summarizes a limited set of
verified indicators used in this article. Times are local. The sequence is diagnostic rather
than forensic: it identifies where information had to be translated into decisions without

assigning individual legal responsibility or estimating counterfactual lives saved.

Table 1. Selected Valencia event indicators and their framework implications.

Indicator

Verified Event Evidence

Warning-Chain Implication

Meteorological warnings

AEMET red warnings were active for the
southern coast from 07:36 and for the
northern coast and northern interior

from 09:41 on 29 October [9].

Hazard information was spatially
differentiated and updated during the
event; public action requires local trigger
rules and clear provenance.

Rainfall observations

In Turis, AEMET recorded 185 mm in
1h,621 mmin6h,720 mm in 12 h and
772 mm in 24 h [9].

Extreme intensity and persistence require
rapid updates and impact thresholds linked
to exposed routes, buildings and services.

Hydrological escalation

CHJ reported 264 m3/s at 12:09,
28.70 m3 /s at 15:50, 1686 m3 /s at 18:43
and 2282 m3/s at 18:55, when the gauge
was destroyed [10].

The non-linear rise and sensor loss show the
need for rate-of-change triggers,
redundancy, fallback observations and
pre-agreed local actions.

Mass public alert

A published post-event chronology
places the ES-Alert mobile message
at 20:11

Technical observations and warnings are
not identical to a protective public
instruction; decision authority and

timestamps must be explicit and auditable.

Human and
territorial impacts

A 2025 peer-reviewed article reported
223 fatalities, approximately
15,000 displaced residents and extensive
disruption to mobility, households and
services [22].

Outcomes depend on exposure,
vulnerability and routines as well as
forecast skill; preparedness must include
municipalities, schools, workplaces
and households.

Source: own elaboration from AEMET [9], and CHJ [10].

The meteorological dimension is well documented. AEMET [9] described persistent
torrential rainfall associated with a cut-off low near the Strait of Gibraltar and low-pressure
dynamics that channelled humid easterly flow from the Mediterranean toward eastern
Spain. At Turfs, the official station registered 185 mm in one hour, 621 mm in six hours,
720 mm in twelve hours and 772 mm in twenty-four hours; the one-, six- and twelve-hour
totals set records in the AEMET network. These values do more than establish extremity.
They show the operational burden of converting a rapidly evolving convective process
into differentiated instructions for municipalities, transport users, schools, workplaces
and households.

The hydrological dimension was equally decisive. Flash floods are warning-system
stress tests because levels can change faster than administrative routines. CHJ’s published
chronology for the Barranco del Poyo reported 264 m3 /s at 12:09, a decline to 28.70 m3/s
by 15:50, then a rise to 1686 m3/s at 18:43 and 2282 m3/s at 18:55, when the gauge was
destroyed [10]. The sequence illustrates why a warning cannot rely on a single absolute
reading: rate of change, upstream observations, sensor redundancy and pre-defined territo-
rial triggers matter. The practical question is not only whether heavy rain is expected, but
when and where a dry ravine, underpass, industrial estate, ground-floor dwelling, garage
or school route becomes unsafe.

The climate dimension adds a further layer. The Mediterranean is a recognized
hotspot of exposure to heavy rainfall, flash flooding and climate-related variability [23]. A
rapid assessment by World Weather Attribution [24] reported that extreme downpours in
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eastern Spain are becoming heavier as fossil-fuel emissions warm the climate, while later
physical attribution research on the Valencia event indicated that anthropogenic climate
change amplified rainfall intensity, spatial extent and total rainfall volume in the Jtcar
catchment [25]. These findings do not mean that climate change explains every causal
aspect of the disaster. They mean that warning and education systems must be prepared
for events whose intensity and spatial behaviour may exceed recent social memory and
existing design assumptions.

The social dimension is central to the argument. The event generated debate about
the relation between forecasts, official warnings, hydrological information, the ES-Alert
message and residents’ capacity to interpret danger. A published chronology places the
mass mobile alert at 20:11, after red meteorological warnings and during the period of
severe hydrological escalation. This timing is included to distinguish stages in the warning
chain, not to make a legal judgement about responsibility or to infer a simple causal relation
between one message and the death toll. Olcina and Morote [6] also highlight the post-event
circulation of false or misleading claims. In contemporary crises, misinformation can delay
action, erode trust and create retrospective confusion about what was known, by whom
and when.

Valencia thus supplies concrete requirements for the framework. The rainfall record
supports high-frequency observation and impact thresholds; the Poyo sequence supports
rate-of-change monitoring, redundancy and interoperable hydrological data; the warning
chronology supports explicit authority, auditable timestamps and differentiated public
instructions; the pattern of disruption supports route-, facility- and household-specific guid-
ance; and the post-event information environment supports transparent archives, media
coordination and risk education. End-to-end performance must therefore ask whether risk
knowledge existed, data crossed institutional boundaries, forecasts were linked to impact
scenarios, messages were comprehensible and actionable, vulnerable groups were reached,
protocols had been rehearsed and records allow for independent evaluation. Accurate
meteorological information without effective protective action remains incomplete.

4. Territorializing Data-Driven Flood Warnings: Governance,
Communication and Risk Education

4.1. From Data Streams to Territorial Warnings

The warning value chain is a useful way to describe the pathway from observations
to decisions [1,2]. It includes monitoring, weather forecasting, hazard forecasting, impact
forecasting, warning production, dissemination, response and evaluation. However, the
chain metaphor can be misleading if it suggests a simple linear sequence. In practice,
warning systems operate as networks of data, models, institutions and users. Information
may circulate vertically from national agencies to municipalities, horizontally across sectors,
and informally through media and social networks. Breaks in this network can occur
at several points: data may be unavailable, incompatible, delayed, not trusted, poorly
visualized or too generic to guide individual action.

Operationally, a data-driven warning process moves through six linked transforma-
tions (Figure 1): observations are acquired and quality-controlled; weather and hydrological
states are forecast; hazard outputs are combined with exposure and vulnerability data;
impacts are translated into territorial thresholds; authorized actors communicate actions
through trusted channels; and outcomes are archived for learning. Feedback is essential:
user reports, sensor failures, message reach and observed impacts must update models, pro-
tocols and education. The value of data is therefore measured not by volume alone, but by
provenance, latency, interoperability, decision relevance and the capacity to support action.
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Figure 1. Territorial warning value chain for flash-flood risk. Source: own elaboration.

A territorial warning is more than a meteorological warning (Table 2). It integrates
hazard, exposure, vulnerability and capacity in relation to places. Rainfall intensity, river
discharge and flood extent matter because they intersect with settlements, road networks,
hospitals, schools, care homes, industrial zones, emergency routes, digital connectivity
and household characteristics. Warning communication should therefore be impact-based
wherever possible. A threshold such as “90 mm in one hour” may be technically precise
but not actionable for the public. It becomes more useful when linked to plausible impacts
and instructions: avoid specified corridors, do not enter underground garages, suspend
school transport, move to higher floors, close exposed facilities, check on older neighbours
or prepare for power interruption.

This translation requires interoperable data. Hydrological observations, weather radar,
digital elevation models, land-use maps, cadastral data, road closures, public transport
status, demographic indicators, school locations and emergency resources are often held by
different organizations. They may use different formats, update cycles, licences and spatial
references. In normal times this fragmentation is inefficient; during a fast-moving event it
can become dangerous. The FAIR principles—Findability, Accessibility, Interoperability
and Reusability—provide a useful data-management orientation, but in emergency settings
they must be operationalized as institutional routines [26]. Data should be documented
before events, shared through agreed protocols, and archived afterward with enough
metadata to reconstruct the information available at the time.

The Common Alerting Protocol (CAP) illustrates the value of targeted standardiza-
tion [27]. The CAP does not solve all warning problems, but it demonstrates how a
common format can help distribute alerts across systems without losing essential fields
such as urgency, severity, certainty and recommended action. Similar logic should guide
the integration of hazard and impact data. The goal is not to centralize all knowledge in
one platform, but to ensure that relevant systems can exchange, interpret and reuse critical
information quickly.

Operationally, this requires a minimum governance package. First, agencies should
agree on a shared risk-data inventory before the flood season begins, identifying the owner
and updating the frequency, licence, spatial unit, quality limitations and contact point
for each dataset. Second, the most critical datasets should be tested through exercises,
not merely listed in plans. Third, alerting protocols should define which institution has
authority to translate technical thresholds into public action instructions. Fourth, munic-
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ipalities should have access to templates that connect warnings to local assets: schools,
health centres, social-care facilities, industrial estates, bridges and known flood traps. Fifth,
post-event reviews should examine the data pathway as carefully as they examine field
operations. These governance practices are modest compared with the cost of disaster
losses, but they can determine whether information moves quickly enough to matter.

Table 2. Key components of territorial warning systems.

Dimension

Operational

Identified Problems Recommendations

Core Description

Warning value chain

The chain spans monitoring,
weather and hazard
forecasting, impact modelling,
warning production,

Strengthen vertical, horizontal
and informal information
flows; ensure continuity,

Breaks occur when data are
unavailable, incompatible,
delayed, untrusted, poorly

dissemination, response and L . compatibility and
L o visualized or too generic e .
evaluation; in practice it .. . decision-oriented
. for decision-making. .
functions as a network rather visualization.

than a linear sequence.

Territorial warnings

Communicate plausible
impacts: avoid specific routes,
protect facilities, adjust school

Technical thresholds (e.g.,
“90 mm/h”) are precise but
not actionable for

A territorial warning
integrates hazard, exposure,

vulnerability and capacity in
specific places.

the public.

transport, check on vulnerable
neighbours, prepare
for outages.

Interoperable data

Critical datasets (hydrology,
radar, DEMs, land use,
cadastre, mobility,
demographics, emergency
resources) are dispersed across
institutions.

Fragmentation of formats,
licences, update cycles and
spatial references becomes

dangerous during
fast-moving events.

Apply FAIR principles as
institutional routines;
document, share and archive
data with sufficient metadata.

Common alerting
protocol

CAP shows how
standardization enables alerts
to circulate without losing key

fields (urgency, severity,
certainty, action).

Limited integration
between hazard and

impact data; CAP alone

cannot solve all
warning issues.

Use CAP logic to ensure rapid
exchange of critical
information without
centralizing all knowledge.

Governance package

Pre-season data inventory;
exercises; defined authority for
translating thresholds;
municipal templates;
post-event review of
data pathways.

Lack of shared inventories,
testing, clear authority and
local templates.

Minimum governance
arrangements to make
warning systems operational.

Open data and
reproducibility

Archive essential datasets and
code; maintain reproducible
warning records as a condition
for accountability.

Loss of real-time maps,
readings or dashboards
weakens independent
evaluation.

Post-event learning requires
preserving warnings, datasets,
model versions, visualizations

and timestamps.

Social diversity

User-centred design: identify
decisions required by each
group and provide tailored

information before
conditions worsen.

Protective decisions vary by
mobility, age, disability,
language, housing, work,
digital access and trust.

Homogeneous warnings
ignore differentiated needs.

Source: own elaboration.

Open data and reproducibility are equally important (Figure 1). Post-event learning
depends on knowing what warnings were issued, when they were issued, what data
supported them, how they were visualized and how they changed over time. If real-time
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maps, hydrological readings, warning texts or dashboard states disappear after the event,
independent evaluation becomes weak. Reproducible warning archives do not require
storing every data stream indefinitely, but they do require preserving the crucial datasets,
model versions, visualization code, alert messages and timestamps needed to evaluate
performance. This is not merely a technical best practice. It is a democratic condition for
accountability and institutional learning.

Territorial warnings also require attention to social diversity, because risk perception
and protective decisions vary according to social context, previous experience and perceived
capacity to act [28,29]. The same hazard does not produce the same risk for all residents.
People differ in mobility, age, disability, language, access to transport, housing type, social
support, work obligations, digital access and trust in authorities. A resident in a basement
apartment, a delivery driver, a caregiver, a teacher responsible for children and an older
person living alone may all receive the same colour-coded warning, but they require
different guidance. User-centred warning design must therefore avoid treating the public
as a homogeneous receiver. It should ask what decisions different groups must make and
what information they need to make those decisions before conditions deteriorate.

4.2. Visualization, Uncertainty and User-Centred Communication

Warning visualization is not decoration; it is part of the warning itself [30,31]. Maps,
dashboards, hydrographs, colour scales, icons and text determine how people perceive
urgency and choose actions. During an emergency, cognitive load is high and attention is
fragmented. A visualization that requires expert interpretation, uses inconsistent legends or
presents excessive layers without hierarchy may fail even if the underlying data are correct.
Effective hazard communication must therefore prioritize clarity, contrast, accessibility
and action.

Flood maps present a particular challenge because they combine spatial extent, depth,
velocity, uncertainty, time and exposure [32]. A public-facing map should allow users to
locate themselves, understand the relevant time window, distinguish between observed
and forecast conditions, and see the relation between the hazard and routes or facilities
that matter to them. Static maps may be useful for simple announcements, but interactive
maps are better suited to localized risk interpretation when they are designed responsibly.
Interactive design should not mean uncontrolled complexity. The default view should
show the most urgent information, while optional layers can provide more detail for users
with higher data literacy or institutional responsibilities.

Colour requires careful treatment. Emergency colour scales should be culturally
recognizable and accessible to people with colour-vision deficiencies; perceptually uneven
rainbow or red—green schemes can distort values and exclude users. A red polygon
may convey severity, but it can also obscure differences within the area if it is too broad.
Blue scales may be intuitive for water depth, but depth alone does not communicate
velocity or debris risk. Visualizations should therefore combine colour with labels, icons,
boundaries and plain-language explanations. Accessibility also requires readable fonts,
mobile compatibility, alt text for digital products and alternatives for users who cannot rely
on visual displays.

Uncertainty is unavoidable and should not be hidden [33]. Weather and hydrological
forecasts depend on observations, models, assumptions and incomplete knowledge. Impact
forecasts add further uncertainty because they require estimating how water will interact
with infrastructure and human behaviour. However, uncertainty communication must be
designed carefully. A public message that emphasizes uncertainty without guidance may
lead to inaction; a message that suppresses uncertainty may create false confidence or later
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distrust. The practical task is to communicate what is uncertain, what is still dangerous,
and what protective action is justified despite uncertainty.

Layered communication can help. Emergency managers may need probabilistic flood
envelopes, ensemble hydrographs, confidence intervals and scenario matrices. The general
public may need simpler categories such as “possible,” “likely” and “severe,” linked to
concrete actions. Schools and workplaces may need trigger-based protocols: if a red rainfall
warning is issued for the municipality, outdoor activities stop; if river levels exceed a
defined threshold, transport is suspended; if authorities advise shelter-in-place, staff follow
arehearsed internal plan. In this sense, uncertainty becomes actionable when it is connected
to pre-agreed decisions.

The warning message should also answer the user’s implicit questions: Am I in
danger? Are my relatives in danger? Can I travel? Should I collect my children? Is my
school or workplace open? Can I use this road? What should I avoid? Where is official
information updated? These questions are not secondary to science; they are the points at
which science becomes protection. Impact-based warning design should begin with these
questions and then determine which data, maps and messages are needed to answer them.

4.3. Local Data, Citizen Information and the Risk of Misinformation

Highly localized warnings require data at appropriate spatial and temporal scales.
Traditional meteorological and hydrological networks remain essential, but they may not
capture the full variability of convective rainfall or flash-flood responses. Remote sensing,
weather radar, river gauges, traffic sensors, emergency-call logs, municipal reports, public
transport feeds and crowdsourced observations can complement official networks [34-36].
In principle, these sources can improve situational awareness, validate model outputs and
identify impacts as they emerge.

However, novel data sources are not automatically useful. Crowdsourced photos,
social media posts and informal messages vary in quality, location accuracy, timestamp
reliability and interpretation. They can provide early signals, but they can also amplify
rumours or create false alarms. Data science can help classify, geolocate, filter and validate
large volumes of heterogeneous information, using text mining, image analysis, anomaly
detection and cross-source comparison. Yet automated processing must be integrated into
emergency protocols and supervised by trained personnel. In life-threatening contexts,
speed matters, but so does the cost of error.

A useful model is a trusted data commons for risk communication. Such a commons
would not be an uncontrolled open feed. It would be a governed system in which official
agencies, municipalities, research institutions and selected civil-society actors share data
according to standards, privacy rules and quality indicators. Public users would see verified
information and clear uncertainty labels. Professional users could access more detailed
layers for response planning. After the event, archived data would support evaluation,
research and public accountability.

Privacy is a central condition. Impact-based warnings may require demographic and
mobility data, but these data can expose sensitive information about households, disability,
age, income or location. Ethical data governance should therefore minimize personal
identification, aggregate where possible, define access rights, and clarify how data will be
used in emergencies and archived afterward. Trust in warning systems depends partly on
the belief that institutions will not misuse data collected in moments of vulnerability.

The Valencia cut-off low also shows why misinformation must be treated as a warning-
system issue. False claims about forecasts, dams, climate change or institutional respon-
sibility can circulate rapidly, especially when people are afraid and official explanations
are delayed or fragmented. Communication systems must therefore include pre-crisis
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education about reliable sources, real-time myth correction, cooperation with local media,
and post-event transparency. Scientific institutions cannot assume that correct information
will prevail by itself. They need communication strategies that are timely, understandable
and socially present before misinformation fills the vacuum.

4.4. Schools as Strategic Infrastructures of Risk Culture

Risk education is often treated as an ancillary activity: useful, but separate from
forecasting, emergency planning and civil protection. This separation is counterproductive.
Warnings work better when people already understand hazards, exposure, vulnerability
and protective action. A school is the most systematic institution for developing this
understanding across generations. It is also territorial: embedded in neighbourhoods,
linked to families, responsible for children during part of the day and often used as
a community reference point in emergencies. Schools should therefore be considered
strategic infrastructures of risk culture [37].

The educational task is not to frighten students or moralize disasters. It is to build
geographic and civic competence. Geographic literacy enables students to connect atmo-
spheric processes with river basins, slopes, impermeable surfaces, ravines, floodplains,
land-use decisions and mobility networks. Civic competence enables them to interpret
official warnings, understand institutional responsibilities, recognize misinformation, and
act responsibly toward themselves and others. Together, these competences create what
can be called territorial risk literacy: the capacity to understand how risk is produced in
specific places and how it can be reduced through knowledge, planning and action.

A didactic—territorial approach should begin with the local environment. Students
can map the school catchment area, identify low points and underpasses, compare his-
torical flood maps with current urban development, examine official hazard maps, visit
river or ravine environments with appropriate safety planning, and analyze how land
use affects runoff. They can work with simplified rainfall and hydrograph data, interpret
warning colour codes, and discuss what different messages require them to do. These activ-
ities connect science, geography, citizenship, mathematics and language. They also make
climate change education concrete: global warming is not presented as an abstract plane-
tary process, but as a factor that can intensify local hydrological extremes and challenge
existing preparedness.

The curriculum should include four layers (Figure 2). The first is conceptual: weather,
climate, cut-off low dynamics, watershed behaviour, flood types, exposure, vulnerability
and resilience. The second is cartographic and data-based: reading maps, legends, scales,
time series, uncertainty ranges, official dashboards and geospatial layers. The third is
critical-communicative: distinguishing official sources from rumours, evaluating social
media claims and communicating risk without exaggeration. The fourth is action-oriented:
interpreting warning levels, preparing household plans, supporting vulnerable people,
avoiding flooded roads and underground spaces, and participating in meaningful drills.

The empirical evidence supports careful, bounded claims. Quasi-experimental studies
have found that school hazard education can improve children’s knowledge, risk percep-
tion, perceived preparedness and reported protective adjustments, including household-
level spillovers. A systematic review likewise identifies repeated gains in awareness and
preparedness across programmes, while also noting heterogeneity in design and outcome
measurement. These studies do not yet establish that classroom programmes by them-
selves reduce mortality or guarantee compliance during a real flash flood. The defensible
proposition is that education strengthens antecedent competences in interpretation, re-
hearsal, family discussion and recognition of safe behaviour; these should be tested against
observed warning response in future evaluations.
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1. CLIMATE AND HAZARD CONTEXT

« intensifying extremes
« flash-flood dynamics
* Mediterranean vulnerability
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.

W creates urgency for learning

2. GEOGRAPHIC LITERACY

« basins, ravines and floodplains
* land use and runoff
* map and data interpretation

Vs
.

v enables territorial interpretation

3. LIVED TERRITORY

* routes, homes and schools
* local memory of floods
* unequal exposure
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.

v gives meaning to preparedness

4. SCHOOL PREPAREDNESS CULTURE

* protocols and drills
* communication with families
« continuity of learning

Ve
.

v translates knowledge into practice

5. CURRICULUM AND TEACHER TRAINING

« cross-curricular projects
« verified datasets

« assessment of competences

Ve
\.

v legitimizes collective action

6. CITIZEN COMPETENCE

« interpret warnings
* act responsibly
« support vulnerable people

7
\.

Figure 2. Didactic-territorial framework for risk education at school. Source: own elaboration.

Teacher training is a critical variable. Many teachers are willing to address climate and
disaster risk but lack updated materials, local datasets, confidence with geospatial tools or
clear alignment with curriculum standards. Professional development should therefore
provide ready-to-use local case studies, simplified datasets, map-based activities, assess-
ment rubrics and guidance for discussing emotionally difficult disasters. Collaboration
between universities, meteorological agencies, civil protection, municipalities and schools
can produce locally relevant resources without overloading individual teachers.

Schools must also be resilient organizations. The Comprehensive School Safety Frame-
work emphasizes safe learning facilities, school safety management, educational continuity
and risk reduction education [19]. In flood-prone territories, this means that each school
should know its exposure, maintain communication protocols, define shelter-in-place and
evacuation procedures, plan for transport disruption, protect students with disabilities,
and coordinate with families before emergencies. A school that teaches risk but lacks an
internal emergency plan sends a contradictory message. Conversely, a school that integrates
curriculum, drills, facility assessment and community communication becomes a living
laboratory of preparedness.

Risk education should consider students with disabilities, different language back-
grounds, socio-economic constraints and varied family structures. A household prepared-
ness assignment, for example, should not assume that all families own a car, have stable
housing, can buy emergency supplies or understand official terminology. Educational ma-
terials should therefore frame preparedness as collective and equitable, not as individual
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responsibility alone. Students should learn that vulnerability is socially produced and that
solidarity, public services and territorial planning are part of risk reduction.

The educational section of a warning framework must also address emotions. Disasters
generate grief, anger and anxiety, especially when students have direct or indirect experi-
ence of loss. Climate-related risk education can produce eco-anxiety if it only presents esca-
lating threats. UNESCO'’s greening curriculum guidance emphasizes resilience-building
and positive action as part of climate education [38-40]. In practice, this means that lessons
should combine scientific realism with agency: students identify risks, understand lim-
its, and participate in feasible actions such as mapping safe routes, interviewing older
residents about past floods, creating communication materials for families or evaluating
school procedures.

A practical learning sequence can be organized as a local flood inquiry. Students first
explain runoff and flash-flood dynamics, then overlay buildings, routes and services on
flood-prone areas. They compare official warnings with media and social-network claims,
and finally design and justify actions for a small set of scenarios, such as a red warning
before school, intense rain during the school day or a blocked transport route. The sequence
ends by distinguishing household, school, municipal and national responsibilities.

This sequence is compatible with inquiry-based learning and with assessment of
competences rather than memorization. Students can produce risk maps, short warning ex-
plainers, family checklists, interviews with local residents, or critiques of misleading claims.
These products also have community value because they translate technical knowledge
into accessible language. In territories affected by recent disasters, such activities should
be handled with sensitivity, but avoiding the subject entirely can leave students with fear,
rumours and fragmented memories rather than structured understanding.

Finally, risk education should be evaluated. It is not enough to add content to a
curriculum. Schools and education authorities should assess whether students can interpret
warnings, read basic hazard maps, identify safe and unsafe behaviours, explain why some
groups are more vulnerable, and locate reliable information sources. Evaluation should also
consider whether school plans are updated, drills are meaningful, and families understand
the communication channels used during emergencies. This closes the loop between
education and warning effectiveness.

4.5. An Integrated Didactic—Territorial Framework and Implementation Roadmap

The preceding sections can be integrated into four functions: (1) knowing risk; (2) trans-
lating data; (3) communicating action; and (4) institutionalizing learning (Figure 3). These
functions are recursive rather than purely sequential and must operate before, during and
after events.

Territorial translation is related to, but distinct from, impact-based forecasting and
people-centred warning. Impact-based forecasting estimates consequences from hazard,
exposure and vulnerability information. People-centred warning is the broader governance
principle that warning systems should be understandable, trusted, inclusive and connected
to preparedness. Territorial translation is the intermediate operational mechanism that
locates those forecasts and principles in specific catchments, streets, facilities, routes, daily
routines, responsible institutions and locally available capacities. It also adds an educational
and feedback function: users learn how a warning category relates to their lived territory,
and post-event evidence revises both protocols and curricula (Table 3).

The first function, knowing risk, includes scientific hazard assessment, historical flood
memory, climate projections, exposure mapping and vulnerability analysis. Its territorial
focus is the basin, municipality, neighbourhood and facility. The objective is to understand
where water can move, who and what are exposed, and which social conditions shape
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vulnerability. This function should be shared by technical agencies, municipalities, schools
and communities, using different levels of complexity for different users.

Risk data inventory

owners, licenses, update cycles,
metadata

Post-event learning

archives, audits, protocol and
curriculum revision

Interoperable systems

FAIR data, CAP alerts, shared
geospatial standards

TRUST
AND

ACCOUNTABILITY

Prepared action

school plans, municipal triggers,
household guidance

Impact-based products

flood scenarios, exposed assets,
vulnerable groups

Accessible warnings

plain language, maps, uncertainty,
multilingual channels

Figure 3. Data governance and communication loop for user-centred early warning. Source:

own elaboration.

Table 3. Comparison with selected international warning and school safety frameworks.

Framework Primary Contribution

Specific Addition of the Proposed Framework

End-to-end risk knowledge,
detection, communication
and preparedness

EW4All and Multi-Pillar
MHEWS [3,4]

Adds a place-specific translation mechanism,
explicit educational learning loop and
operational indicators.

Impact-Based Forecasts
and Warnings [8,13,17]

Prediction of consequences for
exposed assets and communities

Extends impact products into local routines,
institutional triggers, school plans and
post-event curriculum revision.

People- and User-Centred
Warning [29,30]

User needs, comprehension,
accessibility and response

Uses territory as the organizing unit and
specifies how responsibilities and local capacities
shape action.

Common Alerting
Protocol [26]

Interoperable structure for alert fields
and dissemination

Connects message interoperability to upstream
data provenance, impact scenarios and
downstream evaluation.

Comprehensive School
Safety Framework [19,20]

Safe facilities, school management,
continuity and risk education

Links school safety directly to warning data,
municipal triggers, family communication and
warning evaluation.

Source: own elaboration.

The second function, translating data, connects observations and forecasts with impact
scenarios. It requires interoperable datasets, documented models, standard alert formats,
metadata, open archives and quality assurance for novel data. Translation is successful
when meteorological and hydrological variables are connected to concrete disruptions:
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flooded roads, unsafe ground floors, school closures, hospital access, power interruptions
or evacuation constraints.

The third function, communicating action, turns impact scenarios into user-centred
messages. It combines visual standards, plain language, uncertainty communication,
accessibility, multilingual outreach and trusted channels. A warning should be judged by
whether it supports decisions under stress. For this reason, recommended actions should
be explicit, repeated and adapted to groups such as school communities, older residents,
commuters, tourists and emergency volunteers.

The fourth function, institutionalizing learning, ensures that each event improves
the next cycle. It includes post-event data preservation, independent evaluation, revision
of protocols, teacher training, curriculum updates, public communication reviews and
community memory work. Learning is where school becomes especially important, because
it can transform a disaster from an isolated traumatic event into structured knowledge for
future protection.

The framework is didactic because risk knowledge must be taught, practised and eval-
uated. It is territorial because it starts from catchments, urban forms, infrastructures, routes
and lived experience. It is data-driven because it specifies how documented observations
move through modelling, impact assessment, authorized communication, decision triggers
and archived evaluation. It is civic because warnings depend on trust, responsibility and
collective action.

Operationalization also requires an explicit allocation of responsibilities (Table 4).
The matrix is indicative and must be adapted to statutory mandates; it does not replace
emergency law or incident-command arrangements. Its purpose is to prevent the generic
instruction to “coordinate” from obscuring who maintains data, who integrates evidence,
who issues public instructions, who acts locally and who preserves the record.

Figure 4 converts the framework into a six-stage implementation roadmap. Authori-
ties should begin with legal mandate, stakeholder mapping and a named funding owner;
inventory risks, assets and datasets; define impact scenarios and local decision thresholds;
co-design accessible messages and school protocols; test them through exercises and op-
erational deployment; and archive evidence for revision. Inclusion, accessibility, privacy,
maintenance and sustainable financing are cross-cutting safeguards rather than optional
final checks.

s

1. Mandate

legal authority
stakeholder
map
funding owner

-

N\ N N [ N N
2. Inventory 3. Translate 4. Co-design 5. Exercise 6. Learn
accessible drills +
hazards + assets impact scenarios messages simulations archive evidence
data owners local thresholds multilingual operational audit outcomes
metadata + gaps decision triggers channels deployment revise protocols
school protocols backup channels
P J O\ J O\, J O\ J

Cross-cutting safeguards

inclusion ¢ accessibility ¢ privacy ¢ maintenance « sustainable financing

Minimum evaluation indicators

warning latency e« data completeness ¢ reach ¢ comprehension
protective action * educational competence ¢ equity of access

Figure 4. Operational roadmap for implementing the didactic—territorial warning framework. Source:
own elaboration.
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Table 4. Indicative responsibility matrix across the warning cycle.

Actor

Before the Event

During the Event

After the Event

Meteorological service

Maintain
observation/forecast
systems; document
thresholds and uncertainty.

Issue and update warnings
with spatial, temporal and
uncertainty information.

Verify forecasts; archive
products, data and
model versions.

Hydrological authority

Maintain gauges, models,
flood maps and
redundancy; define
notification thresholds.

Publish flows and rates of
change; notify protection
authorities; flag
sensor failure.

Reconstruct hydrographs;
audit gauges and update
risk maps.

Civil protection/
emergency coordination

Define legal authority,
decision triggers, templates
and exercises.

Integrate multi-source
evidence; issue protective
instructions and
mass alerts.

Audit the timeline, reach,
decisions and protocol
performance.

Municipalities, transport
and utilities

Map local assets, routes,
flood traps and
vulnerable groups.

Close routes/facilities,
maintain services and
provide localized updates.

Document disruptions;
revise continuity plans and
local thresholds.

Schools and education
authorities

Integrate curriculum, staff
training, family channels
and emergency plans.

Activate closure, shelter,
transport and
family-communication
protocols.

Evaluate drills, student
competences and
continuity of learning.

Media and digital
platforms

Agree verification and
amplification protocols
with official sources.

Disseminate clear updates,
preserve source attribution
and correct false claims.

Review reach, corrections
and information gaps.

Research, civil society and

citizens

Contribute local
knowledge, accessibility
testing and community
preparedness.

Provide verified
observations and support
people with limited
capacity to act.

Participate in evaluation,
public accountability and
community memory.

Source: own elaboration.

A minimum evaluation set should include warning latency, data completeness, popu-
lation reach, message comprehension, reported and observed protective action, educational
competence and equity of access. Indicators should be disaggregated where lawful and eth-
ical by age, disability, language, location and communication channel. Evaluation should
compare planned thresholds and protocols with actual event timelines, while avoiding the
assumption that a single metric can attribute complex disaster outcomes to one institution

or message.

5. Discussion and Conclusions
5.1. Transferability and Implementation Challenges

The Valencia case supports analytical transfer rather than statistical generalization. The
framework is most relevant where fast-onset hydrometeorological hazards intersect with
multiple data-owning institutions and users who must make place-specific decisions under
time pressure. Transfer requires re-specifying the catchment process, legal mandates, com-
munication culture, settlement pattern, vulnerable groups and school system in each setting.
Comparative testing in Mediterranean, monsoon, tropical-cyclone and urban flash-flood
contexts is therefore a research requirement, not an assumption of universal equivalence.

Implementation is particularly difficult in low-resource regions with sparse gauges,
intermittent connectivity, limited staff, unstable funding or weak data standards. Inter-
operability should not be equated with an expensive integrated platform. A minimum
viable system can combine community or low-cost gauges, printed and offline maps, pre-
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agreed thresholds, radio, SMS and sirens, common message templates, local-language
intermediaries and manual timestamped logs. Regional data hubs, open-source tools,
train-the-trainer programmes and partnerships with universities or civil-society organi-
zations can support maintenance. Reliable mandates, local risk knowledge, redundant
channels and rehearsed actions should be established before advanced dashboards or
artificial-intelligence components are added.

Institutional barriers can be as important as technical scarcity. Data ownership, liability,
procurement cycles, staff turnover, privacy concerns, platform dependence, misinformation
and unequal digital access can interrupt the warning chain. The responsibility matrix
and roadmap therefore require named owners, maintenance budgets, backup channels
and periodic exercises. Open data should be the default for non-sensitive warning ev-
idence, but publication must be balanced with privacy, security and the protection of
vulnerable households.

5.2. Evaluation, Limitations and Future Research

Warning systems should be evaluated as socio-technical systems. Forecast accuracy
is necessary but insufficient. Evaluation should include data interoperability, message
clarity, accessibility, timing, reach, public interpretation, protective behaviour, inclusion of
vulnerable groups and post-event accountability. Mixed methods are required: meteorolog-
ical verification, hydrological reconstruction, geospatial analysis, communication audits,
surveys, interviews, observation of drills and school-based competence assessment. Com-
parative research after the 2021 north-western European floods similarly identifies warning
thresholds, colour-code harmonization, operational impact-based inundation forecasts and
structural evaluation of communication chains as gaps between early warning and early
action [17].

School-based risk education should be evaluated with the same caution. Existing
quasi-experimental evidence indicates gains in knowledge, perceived preparedness and
reported protective adjustments [22,41-45], and systematic review evidence supports the
educational value of repeated, interactive and locally relevant programmes [46]. However,
direct evidence linking school education to observed evacuation compliance, reduced
dangerous behaviour during an actual flash flood or lower mortality remains limited.
Future studies should pre-register behavioural outcomes, follow students and households
longitudinally and combine drills, warning simulations and post-event observations.

This article has four principal limitations. First, it is a purposive conceptual synthesis
rather than a systematic review. Second, the Valencia reconstruction is selective and relies on
official and published post-event records that may be revised; it does not provide a forensic
causal analysis. Third, the framework was developed without direct co-design workshops,
interviews or deliberation with affected residents, teachers, emergency practitioners or
municipal officials. Fourth, a single diagnostic case cannot establish external validity, cost-
effectiveness or effect size. Future research should therefore undertake participatory co-
design, cross-case comparison, prototype implementation, equity audits, cost-effectiveness
analysis and independent evaluation of behavioural and educational outcomes.

5.3. Operational Recommendations and Conclusions

For practitioners and policymakers, the framework yields eight immediate actions:
(1) designate the institution legally authorized to convert technical evidence into public
instructions; (2) complete a pre-season inventory of data owners, formats, update cycles,
licences, quality limits and contact points; (3) define impact thresholds and rate-of-change
triggers for exposed routes, facilities and groups; (4) use CAP-compatible, accessible and
multilingual messages with explicit actions; (5) connect municipal and school protocols to

https://doi.org/10.3390/ geosciences16070295


https://doi.org/10.3390/geosciences16070295

Geosciences 2026, 16, 295

18 of 20

References

those triggers; (6) maintain redundant low-bandwidth and non-digital channels; (7) pre-
serve timestamped observations, model versions, warnings, decisions and outcomes; and
(8) audit latency, reach, comprehension, protective action, educational competence and
equity at least annually and after major events.

The central conceptual contribution is territorial translation. Impact-based forecasting
estimates what may happen, and people-centred warning defines for whom and under
what governance conditions warnings should work. Territorial translation connects both to
the places where decisions are made: catchments, streets, bridges, schools, homes, transport
routes and care networks. This mechanism also clarifies why the framework is data-driven:
observations must move through documented modelling and impact assessment into
authorized, localized decisions, and the entire pathway must remain auditable.

The Valencia event demonstrates that scientific capacity and catastrophic outcomes can
coexist when the conversion of data into timely, situated and trusted action is incomplete.
Better forecasts remain essential, but protection also requires interoperable records, explicit
responsibilities, uncertainty communication, accessible channels, rehearsed municipal and
school protocols, and post-event learning. Schools are not substitutes for emergency agen-
cies; they are strategic institutions for building the geographic, data and civic competences
that make official warnings intelligible before a crisis.

For international audiences, Valencia should therefore be read neither as an exceptional
anomaly nor as a universal template. It is a high-consequence diagnostic case that reveals
transferable questions: who owns the data, who integrates them, who decides, what place-
specific action is required, who may be excluded and how the system learns. The ultimate
purpose of warning is not the transmission of information; it is the creation of sufficient
territorial competence for people and institutions to act before danger becomes irreversible.
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