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Abstract. Effective Early Warning Systems are essential
for reducing disaster risk, particularly as climate change
increases the frequency of extreme events. The July 2021
floods were Luxembourg’s most financially costly disaster
to date. Although strong early signals were available and
forecast products were accessible, these were not consis-
tently translated into timely warnings or coordinated protec-
tive measures. While response actions were taken during the
event, they occurred too late or at insufficient scale to prevent
major impacts. We use a value chain approach to examine
how forecast information, institutional responsibilities, and
communication processes interacted during the event. Using
a structured database questionnaire alongside hydrometeo-
rological data, official documentation, and public commu-
nications, the analysis identifies points where early signals
did not lead to anticipatory action. The findings show that
warning performance was shaped less by technical limita-
tions than by procedural thresholds, institutional fragmenta-
tion and timing mismatches across the chain. A new con-
ceptual model, the Waterdrop Model, is introduced to show
how forecast signals can be filtered or delayed within sys-
tems not designed to process uncertainty collectively. The
results demonstrate that forecasting capacity alone is insuf-
ficient. Effective early warning depends on integrated pro-
cedures, shared interpretation, and governance arrangements
that support timely response under uncertainty.

1 Introduction

1.1 Early Warning Systems

Effective Early Warning Systems are essential for disaster
risk reduction. They identify, assess, and monitor upcoming
hazards, allowing people to take action to safeguard commu-
nities and livelihoods before a hazard event occurs (Glantz
and Pierce, 2023; Kelman and Glantz, 2014; Tupper and
Fearnley, 2023). Recognising their significance, the United
Nations has set an ambitious target through the Early Warn-
ings for All (EW4All) initiative,to ensure that by 2027, ev-
eryone on Earth should be covered by an Early Warning Sys-
tem (WMO, 2022).

As hydrometeorological hazards become more frequent
and intense, global efforts to expand and improve early warn-
ing capabilities have gained renewed urgency (Tupper and
Fearnley, 2023; WMO, 2022). Early Warning Systems have
therefore become central to disaster risk management (UN-
DRR, 2015), yet their performance remains inconsistent,
even in well-resourced settings (Alfieri et al., 2012).

Early Warning Systems for hydrometeorological hazards
consist of interconnected components, including weather and
hydrological forecasting, communication technologies and
behavioural science (WMO, 2024a). Improving and imple-
menting effective Early Warning Systems requires a holistic,
interdisciplinary perspective that recognises the complex in-
teractions between science, technology, and decision-making
(Hermans et al., 2022; Oliver-Smith, 2018).

There is no universally agreed definition of an Early Warn-
ing System, as disciplinary and institutional perspectives
vary (Kelman and Glantz, 2014). The United Nations Office
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for Disaster Risk Reduction (UNDRR) defines Early Warn-
ing Systems as integrated systems composed of four key el-
ements: risk knowledge, monitoring and warning services,
dissemination and communication, and response capability.
Such systems aim to enable individuals, communities, and
institutions to act in time to reduce disaster risk (UNDRR,
2015; WMO, 2022).

Evaluating the effectiveness of Early Warning Systems re-
mains a recognised challenge (Basher, 2006; Coughlan de
Perez et al., 2022). While limitations such as institutional
fragmentation, interpretive constraints, and procedural rigid-
ity have been widely documented, these issues are often over-
shadowed by discussions of forecast accuracy or alert de-
livery (Alcántara-Ayala and Oliver-Smith, 2019; Mileti and
Sorensen, 1990). While forecast accuracy and alert dissem-
ination remain important elements of early warning perfor-
mance, recent work highlights the need to understand how in-
stitutional structures, procedures and interpretation processes
influence whether available information leads to timely ac-
tion (Busker et al., 2025; Coughlan de Perez et al., 2022;
Diederichs et al., 2023). Each disaster unfolds within a spe-
cific context and understanding these conditions is essential
for analysing and evaluating Early Warning Systems on a
case-by-case basis (Oliver-Smith, 2018).

1.2 From Forecasts to Action: A Value Chain
Approach

We apply a value chain approach to examine how Early
Warning Systems function in practice. The Value Chain
Project builds on the World Meteorological Organization
(WMO) World Weather Research Programme (WWRP)
High Impact Weather (HIWeather) initiative by conceptu-
alising Early Warning Systems as information value chains
(Ebert et al., 2023; Hoffmann et al., 2023; WMO, 2024b).
The framework aims to improve decision-making by ensur-
ing that each stage of the chain adds value and supports
consistent interpretation across institutional actors (WMO,
2024b).

The value chain approach shifts focus from technical ac-
curacy alone to the entire process by which forecasts are in-
terpreted, communicated, and acted upon. This includes the
institutional decisions that shape how warning information
is transmitted, prioritised or delayed across different actors.
The concept of “valleys of death” separating peaks of disci-
plinary expertise was introduced by Golding (2022) to high-
light communication breakdowns across scientific domains.
This framing was later expanded by the Value Chain Project,
particularly by Hoffmann et al. (2023), who developed a full
value chain model that incorporates feedback loops, iterative
co-production and institutional decision pathways (Fig. 1).

In Luxembourg, early warning and emergency manage-
ment are organised within a centralised national gover-
nance system, with no intermediate regional tier between
national authorities and municipalities. Forecasting, warning

issuance, emergency planning and crisis coordination are as-
signed to distinct national authorities. The following sections
introduce the national and transboundary context of the July
2021 floods, while Sect. 3 provides a detailed description of
institutional roles, responsibilities and activation protocols.

1.3 Transboundary Risk and Governance in
Luxembourg

Luxembourg lies almost entirely within the Moselle sub-
catchment of the Rhine basin (European Commission, 2021).
Its eastern border follows the Moselle, Sauer, and Our rivers.
As shown in Fig. 2, most of the country lies within a broader
transboundary catchment that connects Luxembourg with
Germany, France, and Belgium. Along most of its eastern
border, Luxembourg and Germany jointly administer sec-
tions of the Moselle and Sauer and Our rivers through con-
dominium arrangements (see Box 1). These arrangements as-
sign shared legal responsibility to both countries and do not
establish a fixed national boundary along the rivers (Moselle
Convention States, 1956; Our-Sauer-Moselle, 1984; Zaiotti,
2011).

Although these agreements apply only to specific river
sections, they highlight a broader reality in which physi-
cal risk is shared across borders, but mandates for manag-
ing that risk remain nationally defined (European Commis-
sion, 2021). National authorities remain responsible for is-
suing forecasts, setting alert thresholds and activating emer-
gency plans within their own jurisdictions. Cross-border co-
ordination depends on established protocols, but operational
decisions are still taken within national systems (Becker et
al., 2018; Schanze, 2009).

Luxembourg is highly integrated with its neighbours.
Roughly 47 % of the workforce commutes daily from neigh-
bouring countries and over 170 nationalities reside within its
borders (STATEC, 2022). Public services operate in multiple
languages, including Luxembourgish, French, and German.
While people, services, and information flow fluidly across
borders, responsibility for warning and emergency coordina-
tion remains limited to national authorities.

In July 2021, the meteorological conditions that led to
flooding developed across the region. While neighbouring
countries experienced similar rainfall and catchment condi-
tions, the warnings issued and decisions taken varied (Busker
et al., 2025; Grimaldi et al., 2023). Whether a hazard event
leads to disaster depends not only on the physical event, but
on how risk is interpreted and managed within institutional
and social systems. Disasters occur when hazards interact
with conditions of vulnerability, exposure, and governance
(Ball, 1975; Gould et al., 2016). Luxembourg provides a rel-
evant case as its location, demographic profile, and degree of
cross-border integration make it an important setting to ex-
amine how nationally organised warning and response sys-
tems operate in a transboundary context. It shows that insti-
tutional responsibilities influence responses to shared risks.
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Figure 1. The warning chain as five “valleys of death” separating peaks of disciplinary expertise, showing the capabilities and outputs
(mountains) and information exchanges (bridges) linking the capabilities and their associated communities (Tan et al., 2022). Before and
during an actual severe event, the flow of information is predominantly downstream, while for post-event assessments, implementation of
improvements, and creation of new services the chain becomes a feedback loop. Figure originally published in Hoffmann et al. (2023) and
used here with co-author permission.

Figure 2. Luxembourg’s position the Moselle and Maas catchments
(sub-basin of the Rhine basin)The Luxembourg border (thick black
line) outlines the national border, which lies almost entirely within
the Moselle sub-catchment (blue dashed), itself part of the larger
Rhine basin (grey dashed). A small portion in the southwest lies
within the Meuse basin (orange dashed). The eastern border follows
the Moselle, Sauer, and Our rivers (blue lines), parts of which are
governed as international condominiums.

We examine how forecast information were interpreted and
acted upon within this transboundary environment and how
institutional structures shaped the management of the 2021
flood event.

1.4 The July 2021 European Flood Disaster

In July 2021, extreme rainfall and widespread flooding
tested early warning and emergency systems across west-
ern Europe. Between 12 and 15 July, heavy rainfall, sat-
urated soils, and a slow-moving low-pressure system trig-
gered devastating floods in Germany, Belgium, Luxembourg,
France and the Netherlands (EUMETSAT, 2021). In Ger-
many alone, the floods caused over 180 fatalities and an es-
timated EUR 32 billion in losses (Rhein and Kreibich, 2025;
Zander et al., 2023). In Luxembourg, the event was the costli-
est on record, with damages exceeding EUR 145 million and
more than 6500 homes inundated (ACA, 2021). In Luxem-
bourg, the July 2021 floods were formally declared a “natural
disaster”, reflecting the scale of impacts relative to national
coping capacity rather than absolute losses. While the event
was smaller in scale than the catastrophic flooding experi-
enced in parts of Germany, it exceeded available response
and recovery capacities in Luxembourg and constituted the
most damaging flood event on record nationally.

Luxembourg’s position within a dense river network con-
tributes to recurrent flood exposure, particularly in low-lying
valleys and urbanised catchments. Historically, major floods
occurred in winter, driven by snowmelt and seasonal rain-
fall, with notable events in 1983, 1993, 1995, 2003, and 2011
(ACA, 2021; AGE, 2021b). These events, though limited in
number, have raised concern over a possible shift in seasonal
flood patterns. Recent studies suggest that off-season flood
risk may be increasing in the region (Ludwig et al., 2023).
On 14 July 2021, the Godbrange weather station recorded
105.8 L m−2 of rainfall in 24 h, the highest national daily
rainfall total on record.
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Box 1. River Condominiums.

Although forecasts were available, warnings did not reach
higher colour-coded alert levels until shortly before impacts
began to unfold. Challenges in communication, including a
warning notification via the mobile notification system (Gou-
valert) that was not delivered and delays in institutional co-
ordination, contributed to ambiguity regarding responsibili-
ties and the actions expected of different actors. These fac-
tors, combined with limited preparedness across agencies,
revealed underlying structural constraints in Luxembourg’s
Early Warning System (Szönyi et al., 2022).

Germany and Belgium have received substantial scholarly
attention (Lietaer et al., 2024; Ludwig et al., 2023; Mohr et
al., 2023; Rhein and Kreibich, 2025; Thieken et al., 2023),
but Luxembourg’s experience remains comparatively under-
examined. Broader European studies have analysed forecast
and warning performance, most notably (Busker et al., 2025),
who provide a synthesis across countries. In these accounts,
Luxembourg is only briefly addressed.

1.5 Learning from the 2021 Flood in Luxembourg

Using a value chain approach, we reconstruct how forecasts
and information was interpreted and shared across agencies
and institutional levels. The analysis traces communication
and decision points across the Early Warning System to ex-
amine how information moved and what institutional pro-
cesses shaped the response (Busker et al., 2025; Hagenlocher
et al., 2023). This includes exchanges between national me-
teorological services, water management authorities, emer-
gency coordination bodies, and local responders.

To explore how institutional structures may have influ-
enced the timing of action during the event, we present
the Waterdrop Model, a conceptual model that illustrates
how forecast signals interact with organisational constraints
and procedural thresholds for decision-making. The model
was developed during post-event reflection and synthesizes
patterns observed in the Luxembourg case and comparable
events. It is revisited in Sect. 6.

While the findings are specific to Luxembourg, they re-
flect broader challenges in countries where early warning de-
pends on multi-level institutional coordination. This analysis
helps clarify how governance structures, communication dy-

namics and procedural thresholds shape the performance of
Early Warning Systems and their capacity to support timely,
protective action.

2 Methods

2.1 The Value Chain Approach and Database
Questionnaire

A central element of the value chain approach is a database
questionnaire designed to evaluate Early Warning Systems
performance. It builds on the WMO WWR HIWeather Value
Chain Project, which conceptualise Early Warning Systems
as information chains that extend from forecast generation
to community-level protective action, including measures
taken by individuals, communities, and institutions (Ebert et
al., 2023; Hoffmann et al., 2023; WMO, 2024b). The ques-
tionnaire is maintained by the University College London
(UCL) Warning Research Centre (Ebert et al., 2024; UCL,
2025).

The database questionnaire combines quantitative and
qualitative inputs to assess how weather information moves
through the warning chain, including bulletins, official state-
ments and institutional actions. It is structured around a
sequence of value chain stages and was designed to cap-
ture technical, institutional and communication-related fac-
tors (Ebert et al., 2024; Hoffmann et al., 2023). The approach
differs from traditional forecast evaluation methods by focus-
ing on how warnings are understood, interpreted and trans-
lated into action by different actors across the chain.

We completed the standard version of the database ques-
tionnaire retrospectively using available public records,
institutional documentation and supplementary datasets.
The completed questionnaire will be archived with the
UCL Warning Database (UCL, 2025; UCL Warning
Database. Warning Research Centre, University College
London; https://www.ucl.ac.uk/sts/warning-research-centre/
ucl-warning-database; last access: 13 January 2026) and
made available upon publication. Figure 3 provides a
schematic overview of this methodological structure.
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Figure 3. Schematic representation of the methodological structure used. The structure of the database questionnaire (Part 1: Essential
Information; Part 2: Supplementary Information on the Warning Chain) is adapted from Hoffmann et al. (2023). The original questionnaire
also includes Part 3, a subjective effectiveness rating, which was not used in this study. These inputs also informed the Waterdrop Model
presented in Sect. 6.

2.2 Applying the Value Chain Approach to the 2021
Flood in Luxembourg

We applied the database questionnaire to the July 2021 floods
in Luxembourg to reconstruct how forecasts were gener-
ated, interpreted and communicated, and how decisions were
made within national institutions. The analysis focuses on
what information was available, how it was interpreted and
how it shaped the activation of protective measures and emer-
gency plans. In addition to the questionnaire, we drew on
multiple forensic analysis frameworks to examine how deci-
sions were made, including Forensic Investigations of Dis-
asters (FORIN) (Alcántara-Ayala and Oliver-Smith, 2016)
and the Post-Event Review Capability (PERC) (Szönyi et
al., 2022). These frameworks aim to identify underlying risk
drivers and institutional barriers to effective action.

We used a structured timeline-based approach to organise
institutional messages, colour-coded alert levels and decision
points. This included bulletin releases, agency communica-
tions and reported emergency actions. Forecast and reanal-
ysis data were sourced from the ECMWF Severe Weather
Catalogue (Magnusson, 2019), ERA5 reanalysis (Hersbach
et al., 2020), and the European Severe Storms Laboratory
(ESSL) (https://www.essl.org/cms/, last access: 13 January
2026).

Operational mapping from the Copernicus Emer-
gency Management Service (CEMS) (https://emergency.
copernicus.eu/, last access: 13 January 2026) and event
reporting from the international disaster database (EM-DAT)
(https://www.emdat.be/, last access: 13 January 2026)

supplemented the analysis. We also used grey literature,
press releases, social media and institutional archives to
reconstruct public messaging, institutional coordination and
informal communication dynamics. Information was re-
viewed in three working languages (Luxembourgish, French,
German), and findings were triangulated across sources.
Where available, supplementary data were accessed through
institutional partnerships or publicly released repositories.

3 Institutional and Legal Framework for Disaster
Management in Luxembourg

3.1 Institutional Roles and Responsibilities

The institutional framework for weather and flood forecast-
ing and emergency response in Luxembourg is centralised at
the national level but implemented through coordination be-
tween ministries, public agencies and municipalities.

The Ministry of Home Affairs is responsible for emer-
gency planning and collaborates withthe High Commissioner
for National Protection (Haut-Commissariat à la Protection
Nationale, HCPN), the central crisis coordination body. The
HCPN, established in 2016 under the HCPN Law, leads pre-
paredness and interministerial coordination under the Prime
Minister (HCPN Law, 2016).

The Ministry of the Environment, Climate and Sustainable
Development manages water resources and oversees flood
preparedness through the Water Management Administra-
tion (Administration de la Gestion de l’Eau, AGE). AGE
conducts hydrological monitoring, issues flood forecasts and
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warnings, and maintains the national Flood Forecasting Ser-
vice (Service de Prevision des Crues, SPC) (HCPN Law,
2016).

The Grand Ducal Fire and Rescue Corps (Corps Grand-
Ducal d’Incendie et de Secours, CGDIS) is Luxembourg’s
unified emergency service agency. Created by the loi du 27
mars 2018 portant organisation de la sécurité civile (Law
of 27 March 2018 on the Organisation of Civil Security), it
merged local fire brigades, emergency medical services, and
civil protection units into a single national structure. CGDIS
operates within a multi-hazard civil protection framework,
with responsibility for operational response to meteorolog-
ical, hydrological and other civil protection emergencies in
Luxembourg (CGDIS Law, 2018). Article 69 of this law
also mandates a Plan National d’Organisation des Secours
(National Organisation of Emergency Services Plan, PNOS),
which sets national coverage objectives, defines the opera-
tional organisation of rescue services and establishes perfor-
mance evaluation mechanisms. The PNOS was approved and
signed in October 2021 and had not yet been implemented
during the July 2021 flood event. In July 2021, operational
response to floods and severe weather was carried out under
the structures established by the CGDIS law and the applica-
ble Plans d’intervention d’urgence (Emergency Intervention
Plans), including the PIU Inondations (Flood Emergency In-
tervention Plan) and the PIU Intempéries (Severe Weather
Emergency Intervention Plan).

MeteoLux is the sole national authority for issuing me-
teorological warnings and forecasts. It operates under the
Ministry of Mobility and Public Works and is part of the
Air Navigation Administration (Administration de la navi-
gation aérienne), based at Luxembourg-Findel Airport. All
national warning thresholds are based on data from its single
official observation station at Findel. MeteoLux uses a four-
colour coded alert level scale (Table 2). While it issues pub-
lic forecasts and warnings, it cannot independently activate
emergency plans or emergency alert systems. Meteorologi-
cal forecasts and warnings issued by MeteoLux are recog-
nised as the official basis for decision-making, while Crisis
Unit activation are determined by the HCPN and the Prime
Minister (HCPN Law, 2016; Ministry of State et al., 2015).

AGE monitors river levels through a network of over 30
hydrometric stations and issues flood forecasts and warn-
ings via https://www.inondations.lu/ (last access: 13 January
2026). Flood warnings are also displayed on https://www.
meteolux.lu/ (last access: 13 January 2026) alongside me-
teorological warnings. The Flood Forecasting Service (Ser-
vice de prévision des crues, SPC), chaired by AGE, applies a
three-level vigilance scale (Table 3) linked to defined update
frequencies and bulletin issuance. Under the Flood Emer-
gency Intervention Plan, SPC also advises the HCPN when
procedural hydrological thresholds for institutional activa-
tion are reached.

The Technical Agricultural Services Administration (Ad-
ministration des services techniques de l’agriculture, ASTA)

operates a network of more than 35 meteorological stations
used for agricultural and environmental monitoring (https:
//www.agrimeteo.lu/Agrarmeteorologie). These stations are
not integrated into the official Early Warning System and
their data are excluded from formal alert protocols. National
decisions rely exclusively on MeteoLux forecasts (Ministry
of State et al., 2015)

The HCPN manages https://infocrise.public.lu/, Luxem-
bourg’s national crisis information portal, which provides of-
ficial emergency plans, institutional updates, and public guid-
ance. Official alerts are disseminated via GouvAlert, the na-
tional mobile notification system in place during 2021, fol-
lowing activation by the competent authorities.1

Table 2 presents an overview of the institutions responsi-
ble for issuing, interpreting, and implementing warnings in
Luxembourg’s disaster risk system.

3.2 Emergency Planning and Activation Protocols

Luxembourg’s emergency coordination system for severe
weather and floods is defined by emergency intervention
plans, adopted by decree in 2015 (severe weather) and 2019
(floods). These plans set out colour-coded alert levels, insti-
tutional roles and activation procedures (HCPN, 2019; Min-
istry of State et al., 2015). Both plans use a four-phase colour-
coded warning structure as summarised in Table 3.

3.2.1 Severe Weather Emergency Intervention Plan

MeteoLux determines warning levels based on procedu-
ral rainfall thresholds and duration-intensity curves (HCPN,
2019). It issues public warnings, but these do not automati-
cally trigger activation of emergency plans. Once a red alert
level is issued, an inter-institutional evaluation unit, chaired
by MeteoLux, assesses the situation. The HCPN is informed
and determines whether the Crisis Unit should be activated.
That decision rests with the Prime Minister and is based on
institutional review rather than forecast level alone (HCPN,
2019).

3.2.2 Flood Emergency Intervention Plan

Flood alerts are issued by the SPC, chaired by AGE, based
on procedural hydrological thresholds and real-time river
data. Warnings are published through https://inondations.lu/
(last access: 13 January 2026) and mirrored on https://www.
meteolux.lu/ (last access: 13 January 2026) (AGE, 2021c).
These bulletins are shared with CGDIS, municipalities and
the HCPN through institutional channels.

In the red alert phase, AGE must notify the HCPN, which
evaluates whether national coordination is needed. As with

1GouvAlert was replaced by LU-Alert (https://lu-alert.lu/en, last
access: 13 January 2026) in 2024, Luxembourg’s current national
Early Warning System. All analysis here refers to the alerting
framework in place during the July 2021 flood event.
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Table 1. Roles and responsibilities of national and local actors in Luxembourg’s disaster management system.

Actor Role Key Responsibilities

Ministry of Home Affairs National Leads disaster risk strategy, collaborates with the HCPN, and coordinates
oversight inter-agency emergency response. Reports to parliament.

Ministry for the Environment Sectoral Oversees water resource management and municipal flood preparedness; chairs AGE.
coordination

High Commissioner for National crisis Maintains emergency plans, oversees crisis evaluation, requests Crisis
National Protection (HCPN) coordination Unit activation. Manages https://infocrise.public.lu/en (last access: 13 January 2026)

Prime Minister Executive Authorises Crisis Unit activation and leads national-level
leadership coordination during major crises.

MeteoLux Meteorological Issues weather warnings via a four-colour scale via https://www.meteolux.lu/.
authority Uses a single official station (Findel) for national alert thresholds.

Cannot activate crisis measures independently.

AGE (Administration de Flood Manages flood forecasts and river monitoring. Chairs the SPC. Publishes flood
la gestion de l’eau) forecasting warnings on https://www.inondations.lu/ (also displayed on https://www.meteolux.lu/)

and advises HCPN under the Flood Emergency Intervention plan.

CGDIS (Grand-Ducal Fire Emergency Leads operational response, evacuation, and public safety during extreme weather and floods.
and Rescue Corps) services

ASTA (Administration des Agrometeorological Operates more than 35 weather stations for agriculture. Not integrated into official
Services Techniques monitoring warning protocols; issues alerts via https://www.agrimeteo.lu/ (last access: 13 January 2026)
de l’Agriculture)

Municipalities Local responders Implement local flood protection measures and coordinate community-level actions.

Crisis Unit Multi-agency Activated by the Prime Minister. Coordinates strategic response involving HCPN,
coordination MeteoLux, AGE, CGDIS, and other bodies.

https://www.inondations.lu/ Public flood Disseminates flood alerts, bulletins, and hydrological information to the public.
alert platform

https://infocrise.public.lu/ Government crisis Provides background on emergency protocols and institutional roles.
information portal Not used for real-time alerts.

https://www.meteolux.lu/ Public weather Disseminates official weather warnings issued by MeteoLux and displays flood warnings
alert platform mirrored from https://www.inondations.lu/.

Table 2. Alert thresholds for rainfall and flood events (adapted from HPCN, 2019; Ministère d’État et al., 2015; Ministère de l’Intérieur,
2021). Official documentation does not explicitly specify whether thresholds are defined using forecasted or observed data. In practice
during July 2021, rainfall alerts issued by MeteoLux were forecast-based, while flood alerts issued by AGE relied on observed river levels.
Terminology reflects the institutional configuration and official wording in use during July 2021. Subsequent changes introduced after 2024
are outside the scope of this analysis.

Emergency Intervention Plan Alerts Description Thresholds set by Emergency intervention plans

Green No danger NA

Severe Weather Emergency Yellow Potential Danger NA

Plan(for rainfall only) Orange Danger 31–45 mm in 6 h or 51–80 mm in 24 h

Red Extreme Danger More than 45 mm in 6 h or 80 mm in 24 h

Green No flood risk (normal phase) NA

Flood Emergency Plan Yellow Potential flood risk (vigilance phase) Triggered by meteorological conditions, whether observed or
(Excluding Flash Floods) forecasted, indicating a potential rise in water levels

Orange Minor flood risk (pre-alert phase) Initiated when river levels approach pre-alert levels within 24 h.

Red Major flood risk (Alert phase) Triggered when river levels reach or exceed alert levels.
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Table 3. Comparative post-event evaluation processes following the July 2021 floods. Review types, parliamentary inquiries, institutional
access (as reported in the French government’s post-event review unless otherwise noted), key documented outcomes, and publication
platforms across five countries (BMI and BMF, 2022; ENW, 2021; Diederichs et al., 2023; Endendijk et al., 2023; Lietaer et al., 2024;
Luxembourg Government, 2023; Pot et al., 2024).

Country Independent Parliamentary Institutional Key Review Publication
Review Inquiry Access to Outcome Platform(s)

cross-border
analysis∗

Belgium Yes Wallonia No Inquiry Access granted 146-page stakeholder-led review; UNU-CRIS (open-access);
expert panel proposed, formal inquiry blocked Regional government portal

not adopted by regional executive

Germany Yes Technical + Yes NRW and Access and Surveys: > 30 % lacked alerts; NHESS journal; State parliament
stakeholder RP state cooperation ∼EUR 7 billion in insured losses; archives; ISF publication
reviews inquiries two inquiries convened at state level (BMI and BMF, 2022)

Netherlands Yes Expert No Access granted Review confirmed warning efficacy; ENW; PreventionWeb
Report EUR 455 m in damages;

stress testing proposed

France Yes, post-event No Access granted Multi-agency learning; Ministère de l’Économie portal;
review findings contributed to EU Civil Protection Forum

EU DRR knowledge-sharing

Luxembourg No, internal No Access declined, No independent or parliamentary None (no formal publication
review only no response review commissioned or participation)

∗ Refers to the degree of cooperation and information-sharing with the French government’s legally mandated post-event review (retour d’expérience), which included cross-border analysis of
the July 2021 floods in Belgium, the Netherlands, Germany, and Luxembourg.

the meteorological plan, activation of the Crisis Unit is not
automatic. It is authorised only when the Prime Minister con-
cludes that multi-agency coordination is required, typically
for complex or cross-border events (HCPN, 2019). Once ac-
tivated, the Crisis Unit coordinates national emergency re-
sponse actions, including evacuation, emergency logistics,
and communication. It includes representatives from HCPN,
MeteoLux, AGE, CGDIS, Police, the Army, and other min-
istries depending on the scenario (HCPN, 2019).

4 Reconstruction of the Flood in Luxembourg

4.1 Antecedent Conditions and Rainfall Evolution

In the months preceding July 2021, Luxembourg experienced
frequent precipitation, leading to saturated soils and an ele-
vated risk of surface runoff across much of the country’s river
basins (EUMETSAT, 2021; Ludwig et al., 2023; Tradowsky
et al., 2023). At the same time, sea surface temperatures over
the Baltic Sea were more than 8 °C above average, increas-
ing atmospheric moisture availability (Lang and Poschlod,
2024). This warm and humid air mass contributed to greater
atmospheric instability in the region and conditions became
increasingly favourable for extreme precipitation (Mohr et
al., 2023).

The critical rainfall event was associated with low-
pressure system Bernd, which became quasi-stationary over
western Europe due to a blocking anticyclone positioned to

the northeast (Mohr et al., 2023). Between 13 and 15 July,
regional totals ranged from 100 to 200 mm. On 14 July,
the Godbrange station in central Luxembourg (approxi-
mately 12 km east-northeast of the Findel station) recorded
105.8 mm in 24 h, the highest national daily total on record
(MeteoLux, 2021).

The volume and persistence of rainfall triggered
widespread surface runoff and fluvial flooding. Ensem-
ble forecasts began signalling the potential for high rainfall
from 7 July onwards, with observed and proxy totals
later confirming extreme precipitation across Luxembourg
(Fig. 4).

4.2 Flood Onset and Impacts

Flood onset began late on 13 July, with sustained rainfall in-
tensifying overnight into 14 July (Mohr et al., 2023). Wa-
ter levels rose across the country (Douinot et al., 2022). The
SPC issued a yellow vigilance alert at 14:30 UTC on 13 July,
upgraded to orange by midday on 14 July and to red at
17:15 UTC the same day (AGE, 2021a). At the time of the
yellow level alert on 13 July, river levels were already in-
creasing across several catchments. Flooding began during
the early hours of 14 July as rainfall intensified and runoff
accumulated. By the time the red level alert was issued in
the late afternoon of 14 July, flooding was already affecting
multiple river systems, with water levels continuing to rise
and peak conditions extending into 15 July. Rainfall accu-
mulations in some basins approached or exceeded 100-year
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Figure 4. Observed, proxy and ECMWF ensemble forecast precipitation associated with the 14–15 July 2021 flood event in Luxembourg.
(A) Observed precipitation from station measurements for 14–15 July 2021, aggregated over a 1°× 1° grid box centred on 49.75° N, 6° E
(Luxembourg). (B) Proxy precipitation analysis for the same period and spatial domain, used where direct observations are spatially or
temporally limited. In both panels, colours indicate accumulated precipitation (mm). (C) ECMWF ensemble forecast precipitation evolution
over the same 1°× 1° grid box. Blue box-and-whisker plots represent the distribution of IFS ensemble forecast members (IFS-ENS) for
each forecast date, red dots indicate the deterministic control forecast, and cyan box-and-whisker plots show the corresponding IFS model
climate. Black triangle denotes the maximum value of the model climate. Green hourglass symbol represents the mean of station observations
within the analysis box, while the green dot indicates the proxy precipitation totals for 14–15 July. Turquoise horizontal lines denote fixed
reference thresholds derived from the model climate. From 7 July onward, forecast spread increases markedly, with some ensemble members
exceeding 50 mm, consistent with the high precipitation totals observed in panels (A) and (B).

return periods, and procedural thresholds for red-alert activa-
tion were surpassed at multiple sites (AGE, 2021a; Mohr et
al., 2023).

Hydrologically, the event was marked by multi-day dis-
charge exceedances with prolonged peaks in several catch-
ments. In Ettelbruck, water levels remained above warning
thresholds for over 30 h. Most catchments in central and
northern Luxembourg experienced prolonged peaks, while
the Moselle showed more modest response due to its engi-
neered channel structure (Douinot et al., 2022). Despite oc-

curring in midsummer, the event’s discharge profile resem-
bled winter flooding, with high antecedent flow, prolonged
flood persistence, and strong basin connectivity (Ludwig et
al., 2023).

River levels began receding on 15 July. Emergency dam-
age assessments were initiated the same day by CGDIS
and AGE, in coordination with municipal authorities. Clean-
up and infrastructure recovery efforts extended through the
weekend of 17–18 July (CGDIS, 2022) Nationwide, more
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than 6500 households were affected, and insured damages
exceeded EUR 145 million (ACA, 2021).

4.3 Forecast Indicators and Access

Multiple forecast products were available to national author-
ities in the lead-up to the July 2021 flood. Forecast out-
puts signalled a strong likelihood of a high-impact rainfall
event several days before the onset of flooding. From 8 July,
ECMWF ensemble precipitation forecasts showed increas-
ing spread and by 12 July, the ensemble mean exceeded the
99th percentile (Magnusson et al., 2021). The Extreme Fore-
cast Index (EFI) for Luxembourg surpassed 0.5 by 9 July and
reached 0.8 by 11 July, indicating a very strong signal for ex-
treme rainfall relative to model climatology. This signal re-
mained consistent across successive model cycles. Building
on Mohr et al. (2023), who calculated EFI for a larger region
mostly covering Germany, we produced values for a 1°× 1°
grid box centred on Luxembourg, supporting their findings
and adding new insight into Luxembourg-specific EFI evolu-
tion. EFI values were derived from ECMWF ensemble fore-
casts archived in the Severe Event Catalogue (Magnusson,
2019) using ECMWF’s operational method, which compares
the forecast ensemble distribution to a reforecast-based cli-
matology. Figure 5 shows the daily progression of EFI val-
ues, with a steady increase in signal strength over the preced-
ing week.

Deterministic forecasts from ECMWF and MeteoLux did
not exceed Luxembourg’s national red alert level precipi-
tation thresholds (MeteoLux, 2021). Forecast totals for the
Findel reference station remained within the orange level
alert range (Table 3). National alert protocols at the time were
based on procedural deterministic forecast thresholds and did
not include public facing ensemble-derived indicators such
as EFI (Busker et al., 2025).

Forecast access and operational capacity during July
2021 are documented in national user reports and institu-
tional guidance. MeteoLux and AGE had operational ac-
cess to ECMWF’s IFS/ENS, ICON-D2, ICON-EU, Météo-
France ARÔME and ARPÈGE, and radar composites in-
cluding RADOLAN (AGE, 2021c; Kobs, 2018). Figure 6
summarises these products, grouped by type and indica-
tive lead time in 2021. AGE also operated the Large Area
Runoff Simulation Model (Landesweiter Flächenhaushalts-
Simulationsmodell, LARSIM), which ingested ensemble and
radar-based inputs. Forecasts were updated every 3 h under
routine operation and hourly during heightened alert phases.
AGE is Luxembourg’s EFAS (European Flood Awareness
System) contact point and had access to EFAS outputs dur-
ing the flood period (Dieschbourg and Bofferding, 2021;
Grimaldi et al., 2023). No formal EFAS alert was issued,
an informal notification for the Sauer basin was issued at
11:31 UTC on 14 July, less than 6 h before peak impacts
(Grimaldi et al., 2023; Luxembourg Government, 2023).
EFAS had issued alerts for the Rhine, Ourthe, Rur, and

Moselle from 10 July, but not for Luxembourg due to dis-
semination criteria requiring≥ 2000 km2 upstream area and
persistence across ensemble runs. The internal report on the
flood event stated: “il reste à préciser que les notifications
de l’EFAS sont limitées aux grands fleuves (Moselle, Sûre et
Alzette). En aucun cas, les notifications de l’EFAS ne ren-
seignent sur un danger potentiel” (“it should be noted that
EFAS notifications are limited to the major rivers Moselle,
Sûre, and Alzette. In no case do EFAS notifications provide
information on a potential danger”) (Luxembourg Govern-
ment, 2023).

4.4 Warning Dissemination Timeline

The warning timeline during the July 2021 flood is based pri-
marily on the Luxembourg Government’s internal post-event
review (Luxembourg Government, 2023), supplemented by
official bulletins from MeteoLux, AGE, and CGDIS, as
well as recorded communications and selected media re-
ports. The official warning sequence began on 13 July.
At 07:00 UTC, MeteoLux issued a yellow alert level rain-
fall warning, valid from 14 July at 11:00 to 24:00 UTC.
An orange alert followed at 07:00 UTC on 14 July, valid
from 12:00 to 04:00 UTC on 15 July (Luxembourg Gov-
ernment, 2023). Dissemination occurred via https://www.
meteolux.lu/, https://inondations.lu/ email subscriptions and
media platforms such as national television broadcaster RTL
(https://www.rtl.lu/, last access: 13 January 2026).

At 14:30 UTC on 13 July, AGE initiated yellowalert level
hydrological monitoring for the Sûre, Alzette, Chiers, and
Syre basins. On 14 July at 12:00 UTC, an orange level flood
alert was issued for the southern region, followed by a red
alert at 17:20 UTC, applicable nationally and valid until
12:00 UTC on 15 July (AGE, 2021a; Luxembourg Govern-
ment, 2023; MeteoLux, 2021).

At 14:23 UTC on 14 July, CGDIS sent an informal text
message (SMS) to municipal decision-makers, warning of
threshold exceedances and encouraging preparatory mea-
sures during the orange flood alert. No follow-up text mes-
sage was issued when the red level flood alert was activated
later that day. Behavioural advice was also published on the
CGDIS Twitter and Facebook accounts the same afternoon
(Biancalana, 2021; CHD, 2021a; Luxembourg Government,
2023).

Real-time river level updates and flood bulletins were
maintained via the website https://www.inondations.lu/. An
informal EFAS notification for the Sauer sub-basin was re-
ceived at 11:31 UTC on 14 July. No formal EFAS alert fol-
lowed, as ensemble thresholds for basin area and persistence
were not met (Dieschbourg and Bofferding, 2021; Grimaldi
et al., 2023). No mass notification was issued through the
GouvAlert platform.

A national press briefing was held on the afternoon of
15 July and livestreamed through the government portal
(Luxembourg Government, 2021). The Crisis Unit was acti-
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Figure 5. Progression of ECMWF Extreme Forecast Index (EFI) for 14 July 2021. Each blue dot shows the EFI value from a different
forecast initialisation between 7 and 13 July. The horizontal dashed lines indicate thresholds of 0.5 (moderate signal) and 0.8 (very strong
signal). EFI values steadily increased over time. indicating high confidence in an extreme rainfall event.

Figure 6. Forecasting products and data sources available to Luxembourg’s national meteorological and hydrological authorities (MeteoLux
and AGE) during the July 2021 flood event. This presentation distinguishes between weather and flood-related operational use, grouped by
function. Forecast horizons are indicative of standard availability during 2021. This table was compiled from institutional documentation and
peer-reviewed literature (AGE, 2021c; Busker et al., 2025; CEMS, 2022; Kobs, 2018; Mohr et al., 2023; Schanze, 2009).

vated at midnight on 15 July under the Severe Weather Emer-
gency Intervention Plan. According to the government’s in-
ternal post-event review, this was in accordance with a clause
in the Flood Emergency Intervention Plan that assigns flash-
flood–type events to the Severe Weather Emergency Inter-
vention Plan. As a result, the activation occurred despite the
severe weather alert level remaining at orange, while the
flood alert had already reached red earlier that evening. Co-
ordination meetings continued through the night. When the
Crisis Unit convened, field-level interventions were already
underway. Between 14 and 16 July, CGDIS registered over

8000 emergency calls to 112 and conducted at least 1385
recorded interventions. More than 1600 firefighters, 270 sol-
diers, and 230 police officers were deployed nationally. The
CGDIS coordinated field operations through local fire and
rescue stations (centres d’incendie et de secours, CIS), fo-
cusing on evacuation, public safety, and critical infrastructure
protection (CGDIS, 2022; Luxembourg Government, 2021).

4.5 Institutional Coordination and Crisis Response

Coordination at the national level followed the procedures
defined in Luxembourg’s national emergency intervention

https://doi.org/10.5194/nhess-26-343-2026 Nat. Hazards Earth Syst. Sci., 26, 343–366, 2026



354 J. Da Costa et al.: Signals without action

framework. The Crisis Unit may be convened following
the issuance of a red alert, if conditions meet predefined
thresholds concerning urgency, cross-agency coordination
and anticipated impact (AGE, 2021a; Luxembourg Govern-
ment, 2023). In accordance with this framework, the Crisis
Unit was activated by the Prime Minister on the night of
14 July and its first formal meeting was held at midnight on
15 July, more than 6 h after AGE issued a red flood alert at
17:20 UTC (AGE, 2021a; Benoy, 2021; Luxembourg Gov-
ernment, 2023).

Once active, the Crisis Unit included representatives from
MeteoLux, AGE, CGDIS, the Army, the HCPN, the police,
and the Ministry of Home Affairs. Coordination focused on
public safety, logistical resourcing, and continuity of opera-
tions. CGDIS and local municipal actors continued to lead
evacuation and field logistics. Emergency shelter was pro-
vided in multiple municipalities, and over 560 people were
relocated by joint civil-military teams (CGDIS, 2022). Com-
munication during the peak impact period included updates
from multiple agencies via social media, national press and
municipal platforms. A consolidated national bulletin was is-
sued following the activation of the Crisis Unit (Benoy, 2021;
CGDIS, 2022; Luxembourg Government, 2021).

5 Evaluating Forecast and Early Warning System
Performance

5.1 Comparative Post-Event Evaluation Processes

Following the July 2021 floods, several European countries
conducted formal reviews to assess the performance of fore-
cast and Early Warning Systems. These evaluations varied in
scope and method, but shared an emphasis on institutional
transparency and learning. Table 3 summarises the type of
reviews conducted, levels of institutional access and key out-
puts across five countries. In Germany, technical audits were
complemented by parliamentary inquiries in North Rhine-
Westphalia and Rhineland-Palatinate. These revealed major
deficiencies in the warning chain, with more than one-third
of surveyed residents reporting that they had not received
an alert (BMI and BMF, 2022; Mohr et al., 2023; Thieken
et al., 2023). Cross-country references are included to docu-
ment procedural arrangements and post-event review mech-
anisms, not overall warning system performance.

Belgium’s Walloon region initiated an expert-led gover-
nance review, resulting in a 146-page report published in col-
laboration with the United Nations University Institute on
Comparative Regional Integration Studies (UNU-CRIS). A
parliamentary inquiry was proposed but not adopted by the
regional government (Lietaer et al., 2024).

In the Netherlands, the Dutch Court of Audit conducted
a national review, concluding that warning and evacuation
systems functioned effectively but highlighting the need
for improved preparedness and inter-agency coordination.

A separate expert report by the Expertisenetwerk Watervei-
ligheid (ENW) (Dutch, standing for Expertise Network Wa-
ter Safety, https://enwinfo.nl/, last access: 13 January 2026)
confirmed the efficacy of warnings in supporting evacua-
tions and recommended more robust stress testing. Both re-
views were complemented by peer-reviewed research out-
puts (ENW, 2021; Endendijk et al., 2023; Netherlands Court
of Audit, 2024; Pot et al., 2024).

In France, legally mandated post-event reviews (retours
d’expérience) on the July 2021 floods were conducted at
national and local levels by the French government. These
multi-agency reviews assessed domestic impacts and in-
cluded analysis of effects in Belgium, the Netherlands, and
Germany. They examined crisis governance, operational co-
ordination, forecasting and warning, and cross-border co-
operation, with findings shared through national channels
and via European platforms such as the EU Civil Protection
Mechanism (Diederichs et al., 2023).

Unlike neighbouring countries, Luxembourg did not com-
mission an independent or external review of the July 2021
floods. An internal government-led assessment was carried
out, but it was not part of any comparative or regional eval-
uation process. The French government’s post-event review
notes that requests for information from Luxembourg were
either declined or left unanswered (Diederichs et al., 2023;
Lietaer et al., 2024). No contributions were made to EU plat-
forms or scientific networks, creating a gap in regional learn-
ing.

A standing review mechanism could help address this gap.
Such a process could be hosted under the Ministry of Home
Affairs and include representatives from MeteoLux, AGE,
CGDIS, ASTA, and independent experts. Reviews should be
initiated automatically when threshold-impact events occur
and examine timelines, institutional coordination, and com-
munication processes. Without a formal structure for review,
lessons remain anecdotal and preparedness does not evolve.

5.2 Why Forecasts Did Not Lead to Action

Forecast guidance in the days leading up to the July 2021
flood presented clear signals of extreme rainfall and pointed
to a statistically rare and potentially high-impact rainfall
event (Mohr et al., 2023; Thompson et al., 2025). However,
Luxembourg’s national alert level did not move beyond yel-
low until the morning of 14 July. In the days immediately
preceding the flooding, institutional interpretation was based
primarily on deterministic rainfall totals at the Luxembourg-
Findel reference station, where forecast and observed precip-
itation remained below the national red alert level procedural
threshold (MeteoLux, 2021; Ministry of State et al., 2015).
Observations from other stations, in central and northern
Luxembourg exceeded these red alertlevel criteria, but these
sites were not included in the formal decision-making proto-
col (AGE, 2021c; HCPN, 2019; Szönyi et al., 2022). Ensem-
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ble indicators, while reviewed internally, had no procedural
role in alert level decisions (Busker et al., 2025).

Forecast skill was not the limiting factor. Forecast products
from ECMWF, ICON-EU, and Météo-France consistently
showed elevated rainfall potential across the wider region
(Mohr et al., 2023; Thompson et al., 2025). Several ensem-
ble members projected accumulations well above the return
periods typically used in warning calibration. At the time,
however, there was no mechanism in national procedures to
translate these probabilistic signals into operational triggers
for alert escalation or plan activation. The protocol relied on
thresholds applied to a single reference station, with no for-
mal post-processing of ensemble outputs.

Hydrological forecasts showed a similar pattern (Busker
et al., 2025; Montanari et al., 2024). Although AGE used en-
semble and radar-based inputs within the LARSIM model,
public bulletins were deterministic, and probabilistic in-
formation was not formally linked to warning alert level
changes (Busker et al., 2025).

Public communication during this period reflected the
same deterministic framing (Zander et al., 2023). On the
evening of 13 July, RTL’s national news broadcast quoted
MeteoLux:

“From Wednesday morning until Thursday, larger
amounts of rainfall could reach us, so we need to
be a bit cautious.”

The presenter added:

“Foreign weather services are talking about 100
litres per square metre, but for Luxembourg, the
warning levels are still only at yellow.” (RTL,
2021a)

This comparison emphasised that while neighbouring ser-
vices, including in directly connected catchments, were
warning of extreme totals across the border, Luxembourg’s
own alerts remained in the yellow range (below 31 mm in 6 h
or 51 mm in 24 h). No reference was made to EFI values or
to the consistent ensemble signals emerging across multiple
models. The first orange level rainfall warning was issued on
the morning of 14 July and took effect at 12:00 UTC, after
heavy rain had already begun in parts of the country (AGE,
2021a)

The Prime Minister’s public statement after the event rein-
forced the framing of the flood as unexpected.

“No one could have predicted the extent of the
flooding as it unfolded in mid-July, and it was noth-
ing short of a miracle that no one had been seri-
ously harmed by the catastrophe.” (RTL, 2021b)

While precise local impacts could not have been forecast
with certainty, the broader signal of an extreme rainfall event
had been evident in ensemble guidance for several days. The
challenge was the absence of institutional mechanisms to in-
terpret and act on probabilistic signals under uncertainty.

One recommendation would be to formally integrate prob-
abilistic forecast tools such as the Extreme Forecast Index
(EFI) within national warning protocols when converging
probabilistic signals indicate the potential for severe impacts
(Busker et al., 2025; Cloke and Pappenberger, 2009; Mohr et
al., 2023). Ensemble outputs should be post-processed into
operational scenarios and supported by targeted training. Ob-
servational data from ASTA and municipal networks should
also be integrated when they exceed warning criteria (Szönyi
et al., 2022). These measures would support earlier action
when risk is emerging, rather than only after it is confirmed
by deterministic indicators.

5.3 How Thresholds Delayed the Response

Luxembourg’s warning protocols were structured around
fixed procedural rainfall thresholds measured at a single ref-
erence station. Under the Severe Weather Emergency Inter-
vention Plan, a red level weather warning may be issued
if rainfall exceeds 80 mm in 24 h or 45 mm in 6 h at the
Luxembourg-Findel station (HCPN Law, 2016). On 14 July,
Findel recorded 74.2 mm over 12 h, breaking its all-time
daily record for any month since observations began in 1947,
yet no red alert level warning was issued (MeteoLux, 2021)

Other stations from the ASTA network also recorded to-
tals above red-colour-coded alert level criteria on 14–15 July
(AGE, 2021a). These observations were not included in the
formal warning framework and therefore played no role in
real-time decision-making (HCPN, 2019). Excluding a large
share of the available observational network from official
warning protocols is not unique to Luxembourg and has been
identified in other regions that rely on narrowly defined de-
terministic systems (Cosson et al., 2024; Trošelj et al., 2023).

This arrangement created a structural limitation. The
agrometeorological network operated by ASTA includes
over 35 weather stations across the country. However, institu-
tions did not recognise their data within the official warning
framework (HCPN Law, 2016). Consequently, a significant
share of Luxembourg’s observational infrastructure was ex-
cluded from the official process of warning generation.

Hydrological forecasting faced similar structural con-
straints. The use of probabilistic inputs was limited to inter-
nal processing and no mechanisms were in place for using
this information to support escalation to higher colour-coded
alert levels (Busker et al., 2025; Haag et al., 2022).

Procedural thresholds defined when warnings could be is-
suedand the basis on which decisions were deemed valid.
In theory, the presence of a single institutional threshold
at Findel was meant to simplify decisions. In practice, it
constrained them. Even when that station recorded histori-
cally extreme rainfall, no warning level change followed. In
neighbouring countries, Early Warning Systems operated un-
der different procedural criteria, allowing alert decisions to
draw on exceedance across regional observation networks
and convergence within ensemble forecast products, lead-
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ing to earlier issuance of red-level alerts on 13 July. Their
approaches allowed for distributed decision-making using
broader spatial criteria, rather than relying on one location
to validate action (Lietaer et al., 2024; Mohr et al., 2023).

A key recommendation is to formally integrate Luxem-
bourg’s existing observational infrastructure such as ASTA
stations into the operational Early Warning System, allowing
wider spatial validation of hazard signals. A parliamentary
question in July 2024 proposed merging Luxembourg’s two
public meteorological services to improve efficiency and in-
tegration. The government confirmed that while discussions
had been held since 2018, the proposal was not adopted. It
stated that cooperation between MeteoLux and ASTA had
been sufficient and that the implementation of LU-Alert pro-
vided a direct channel for transmitting official warnings to
the public. On this basis, it argued that a merger was unnec-
essary and confirmed that no such measure was foreseen in
the 2023–2028 government programme (CHD, 2024). How-
ever, no evidence was presented on how this arrangement ad-
dresses the structural limitations identified in the July 2021
event. In parallel, AGE should implement probabilistic flood
forecasting workflows that carry procedural weight. These
steps would increase situational awareness and reduce de-
pendence on a single reference station (Ebert et al., 2023;
Golding, 2022; WMO, 2024b).

5.4 When Warnings Did Not Reach the Public

During the July 2021 flood, Luxembourg’s public alerting
systems were not used in a way that enabled timely protec-
tive action. The GouvAlert mobile application, designed to
send real-time emergency notifications, did not transmit any
message on 14 July. A scheduled alert was not delivered due
to an expired Secure Sockets Layer (SSL) certificate, and no
warning reached users during the hours when rainfall inten-
sified and river levels began to rise (Tobias, 2021).

Institutional communication remained limited. At
14:23 UTC on 14 July, CGDIS issued an SMS to local au-
thorities referencing orange-level conditions. The message
did not contain the word “alert” and was not accompanied by
a wider advisory (CHD, 2021b; Luxembourg Government,
2023). No coordinated national message was issued through
press channels or social media before flood impacts were
widely reported. Infocrise.lu, which serves as the govern-
ment’s official crisis information portal, is not designed to
function as a real-time alerting tool and was not used for
that purpose during the warning phase (HCPN Law, 2016).
The communication environment during the flood evolved
across multiple platforms, with limited coordination prior to
impact.

Multilingual accessibility may also have limited the reach
of warning messages. Luxembourg’s official languages are
Luxembourgish, French, and German, but alerts are often
issued in one or two languages only. (STATEC, 2022) esti-
mates that only around 60 % of the population speaks Lux-

embourgish fluently. Many residents rely on French or Ger-
man for official communication, and a significant proportion
of the workforce consists of daily cross-border commuters.
In this context, the absence of standardised multilingual com-
munication protocols can reduce the effectiveness of pub-
lic alerts, particularly in linguistically diverse populations
(Hannes et al., 2024; Kalogiannidis et al., 2025; UNDRR,
2022)

While these issues were not the primary cause of lim-
ited operational response during the flood, they revealed how
dependent the system had become on a small number of
delivery channels. This became evident on 16 July, when
the MeteoLux website went offline due to a server failure
and remained inaccessible until 19 July. During this period,
CGDIS continued referring the public to the offline site (To-
bias, 2021), highlighting a lack of contingency planning for
communication continuity (Reichstein et al., 2025).

Following the flood, Luxembourg introduced LU-Alert, a
multilingual cell broadcast system designed to deliver real-
time notifications to all mobile phones in a given area. While
this improves technical capacity, it does not resolve the pro-
cedural barriers that limited alert use in July 2021. With-
out clearly defined protocols for who authorises and triggers
alerts, when, and through which channels, even advanced
systems may fail to support timely action (Oliver-Smith,
2018; WMO, 2022).

The 2024 DANA floods in Valencia illustrate how pro-
cedural communication choices, including alert timing and
message content, can limit the protective value of pub-
lic warnings.Spain’s ES-Alert system functioned technically,
but alerts were issued at a stage in the event when opportu-
nities to influence public decision-making were already re-
duced. Post-event reviews linked this to weak integration
between forecast interpretation and operational decision-
making (Aznar-Crespo et al., 2024; Galvez-Hernandez et
al., 2025; Martin-Moreno and Garcia-Lopez, 2025). Luxem-
bourg faces similar risks if alert systems remain detached
from institutional procedures.

Effective public communication requires more than new
infrastructure. A central protocol should define when alerts
are triggered, which institutions are responsible, how content
is translated across platforms and languages, and how redun-
dancy is ensured. Without these structural measures, warn-
ings may not reach the public in time to support protective
action.

In the national system, warnings are intended to reach resi-
dents through official dissemination channels, including pub-
lic alerting systems, press communication, and institutional
information platforms. This analysis focuses on the institu-
tional conditions that shape whether public warnings can be
authorised, issued, and disseminated, rather than on how res-
idents interpret or respond to those warnings.
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5.5 Coordination Only Began After Impact

Luxembourg’s emergency coordination during the July 2021
flood was constrained by a procedural sequence that delayed
strategic activation. Although flood forecasts and operational
responses were already active on 14 July, national-level co-
ordination through the Crisis Unit was only initiated at mid-
night, several hours after widespread flooding had begun.
This delay stemmed from a rigid stepwise process, a red alert
had to be issued, followed by a ministerial evaluation, be-
fore cross-agency coordination could be formally launched
(CHD, 2021a; Luxembourg Government, 2023).

Operational agencies, including CGDIS, MeteoLux, and
AGE, responded to early signals. CGDIS alone handled over
1200 calls and deployed more than 100 units throughout the
day (CGDIS, 2022). However, without formal activation of
the Crisis Unit, no unified public messaging or strategic co-
ordination was possible. Communication remained decen-
tralised and limited to agency-specific channels.

This misalignment occurred despite the existence of both
capacity and legal authority. It reflected procedural inflexi-
bility that prevented early convergence of information and
action. As highlighted by Hegger et al. (2016), effective
flood risk governance requires both anticipatory mechanisms
and coordination structures that can adapt in real time. In
fast-onset crises, procedural thresholdss may delay the shift
from proactive intervention to reactive response (Lietaer et
al., 2024).

To improve future alignment, Luxembourg could revise
procedural thresholds to enable early coordination based on
consistent forecast indicators, such as rising hydrometric lev-
els and multi-agency consensus. A shared operational plat-
form involving AGE, MeteoLux, CGDIS, and crisis man-
agers could allow joint interpretation of dynamic risks, en-
abling earlier activation even before red alert level thresh-
olds are formally crossed (Amarnath et al., 2023; Dasgupta et
al., 2025; Šakić Trogrlić and Van Den Homberg, 2022). This
would help ensure that national-level coordination begins in
response to emerging risk, rather than observed impacts.

5.6 Reading Forecasts as Policy Signals

Forecasts ahead of the July 2021 flood contained multiple
early indicators of an emerging regional hazard. EFI values
exceeded 0.8 by 11 July, and EFAS issued alerts for nearby
river basins from 10 July onward. These signals, documented
in post-event evaluations in Germany and Belgium, were also
available in Luxembourg, but they did not inform operational
decision-making (Lietaer et al., 2024; Mohr et al., 2023).

Although EFAS and EFI were monitored internally by
AGE and MeteoLux, no procedural framework existed in
Luxembourg for using these products to inform warning level
decisions and public communication. In Germany and Bel-
gium, post-event analyses describe procedural arrangements
that allowed ensemble-based and regional information to be

considered within warning processes, without implying more
effective outcomes. In Luxembourg, the absence of an equiv-
alent framework meant that these forecasts remained out-
side formal decision pathways and no institutional review
has clarified how such inputs could be interpreted or inte-
grated.EFAS alerts, while designed for larger river systems,
still provide contextually valuable information, especially
when interpreted alongside local data. Treating them as irrel-
evant, rather than evaluating their limitations constructively,
limits the system’s ability to recognise transboundary risk
(Busker et al., 2025; Mohr et al., 2023).

The problem is not the forecasts, but the absence of struc-
tures to interpret and act on them collectively. Luxembourg’s
warning framework remains tied to deterministic procedu-
ral thresholds without a mechanism for incorporating proba-
bilistic guidance. EFI and EFAS are treated as reference data
rather than operational tools and their signals hold no proce-
dural weight.

It is recommended that Luxembourg establish a formal
joint interpretation mechanism involving MeteoLux, AGE,
CGDIS, and other relevant actors, to review ensemble guid-
ance and translate it into operational scenarios. This process
would allow for expert judgement to be exercised under un-
certainty and would increase the policy relevance of proba-
bilistic signals (Hoffmann et al., 2023; WMO, 2024b). Fore-
casts can support anticipatory action, but only if the system is
configured to read them as policy-relevant signals, not tech-
nical background.

6 Risk Interpretation and System Structure

Early Warning Systems are widely recognised as central to
disaster risk reduction (Kelman and Glantz, 2014; Šakić Tro-
grlić and Van Den Homberg, 2022; UNDRR, 2015; WMO,
2024b). They are typically embedded in frameworks that
conceptualise disasters into sequential phases of prepared-
ness, response, recovery, and risk reduction. These phases
are often assumed to unfold in a linear progression, with de-
cisions and responsibilities evolving predictably over time
(Berke et al., 1993; McEntire, 2021). However, critical per-
spectives challenge this view, emphasising that disasters
emerge within complex, uncertain, and structurally con-
strained systems (McDermott et al., 2022; Wilkinson, 2012).

The analysis builds on those insights by examining how
institutional structures shape the interpretation of risk. It in-
troduces the Waterdrop Model and applies it to the July 2021
floods in Luxembourg.

6.1 The Waterdrop Model

The Waterdrop Model is a structural model for analysing how
Early Warning Systems filter risk signals (Fig. 8). The model
was developed as a diagnostic extension of the reconstructed
value chain and is intended to examine how institutional de-
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sign conditions the use of forecast information and is not in-
tended as a prescriptive or deterministic framework. Devel-
oped through reflection on the Luxembourg 2021 flood, the
model builds on the value chain approach by clarifying how
institutional configuration not just communication or tech-
nical capacity determines whether forecast information can
lead to anticipatory action (Cloke and Pappenberger, 2009;
Hermans et al., 2022; Golding, 2022). Rather than assum-
ing that signals automatically translate into action, the model
helps identify how value is conditioned by the system into
which information enters. The Waterdrop Model explains
how mandates and responsibilities shape whether forecast in-
formation can lead to action.

Figures 7 and 8 are intended to be read together, with Fig. 7
documenting the empirical sequence of forecasts and alerts
during the event and Fig. 8 providing a conceptual frame-
work for interpreting how the warning system processed that
information.

At the centre of the model is a triangle representing the
architecture of a national Early Warning System. Each cor-
ner of the triangle corresponds to authorised data sources,
predefined procedural thresholds and designated institutional
mandates that define responsibility and the timing of warning
authorisation and dissemination. Only when a signal passes
through all three originating from a recognised source, ex-
ceeding a defined procedural threshold, and falling within the
responsibility of an authorised actor can it initiate protective
measures (Alfieri et al., 2012; Antwi-Agyakwa et al., 2023).
These thresholds function as institutional decision rules that
intersect with governance arrangements by defining when re-
sponsibility shifts from monitoring to authorisation and ac-
tion. If any of these conditions are not met, the signal may
circulate informally but cannot trigger official warning. The
triangle defines the system’s operational boundaries for ac-
tion. Within this structure, procedural bottlenecks can delay
escalation and dissemination even when risk information is
available and technically credible.

Surrounding this core are institutional actors, forecast and
data products, observational networks that may hold opera-
tional relevance but lack formal standing within the warn-
ing protocol. These include probabilistic forecast products,
transboundary alerts, local data sources, and expert assess-
ments from actors without decision authority. The model dis-
tinguishes between signals that are visible and those that are
usable within institutional procedure (De Coning et al., 2015;
Jaime et al., 2022). Information may be available, but it only
becomes actionable when it meets the system’s internally de-
fined criteria.

A timeline at the base of the model represents the narrow-
ing window for anticipatory action as a hazard event evolves.

As time passes and certainty increases, more signals may
enter the triangle, but the decision space for anticipatory ac-
tion narrows, increasing the risk that warnings are issued
once impacts are already unfolding. The model is intention-
ally diagnostic. It does not propose an ideal structure, but

instead clarifies how institutional design choices govern the
use of information. It supports critical analysis of how sys-
tems configured around deterministic certainty and linear au-
thority may fail to act on probabilistic or emerging risk, even
when warnings are technically available (Arnal et al., 2020;
Bouttier and Marchal, 2024). In Luxembourg, this structural
filtering was reinforced by reliance on a single reference sta-
tion at Findel, which concentrated procedural authority in
one location and increased vulnerability to delayed thresh-
old exceedance.

6.2 Application to the Luxembourg 2021 Flood
Disaster

The Waterdrop Model helps explain why Luxembourg’s na-
tional Early Warning System did not activate early action in
response to multiple early indicators of flood risk in July
2021. Ensemble forecasts from ECMWF, EFI values ex-
ceeding 0.8, and EFAS alerts for neighbouring basins all
pointed to a high-impact rainfall event. No warning level in-
crease occurred until deterministic thresholds were breached,
and national coordination began only after widespread im-
pacts were already underway (Busker et al., 2025; Haag et
al., 2022). This outcome was not due to a lack of forecast
capacity, but to the system’s structural configuration.

Under Luxembourg’s operational rules, meteorological
warnings could only be issued by MeteoLux on the basis
of deterministic forecasts from the Findel reference station,
while hydrological alerts from AGE depended on observed
exceedance at designated gauging stations. Forecasts from
ensemble systems, Extreme Forecast Index values, EFAS
alerts, and observations from other networks such as ASTA’s
agrometeorological stations were available but held no for-
mal status within the Weather and Flood Emergency Plans
(Sect. 3). These products could inform internal situational
awareness, but they were not recognised as valid inputs for
official activation or public warning.

Although AGE had access to probabilistic flood forecasts
and ensemble precipitation inputs through models such as
LARSIM, these were not operationalised in the alerting pro-
cess. As noted in Busker et al. (2025), probabilistic outputs
are used internally but have no procedural consequence. The
national Early Warning System was designed to act on deter-
ministic exceedance at specified locations, not on converg-
ing probabilistic evidence. Even when credible signals were
identified, there was no mechanism to translate those signals
into formal decisions unless they matched the authorised cri-
teria embedded in national protocol (Jaime et al., 2022).

This design filtered out signals that were visible but pro-
cedurally unusable. Despite record precipitation at Findel
and extreme rainfall recorded at other stations, no procedu-
ral mechanism existed to escalate warnings based on broader
observational or probabilistic evidence. Godbrange recorded
over 100 mm of rainfall in 24 h, well above the red alert level
threshold but this observation played no role in national ac-
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Figure 7. Official weather and flood alert chronology for Luxembourg, 13–15 July 2021. This figure presents the empirical timeline of
available forecasts and officially issued alerts during the event Alerts are shown for MeteoLux (weather) and AGE (flood) with triangle
markers indicating forecast issuance time and coloured bars representing alert validity periods. Observed impacts and response actions
are not represented in this figure. This chronology is based on official bulletins and institutional records (AGE, 2021a; Meteolux, 2021;
Luxembourg Government, 2023).

tivation because it came from a station not designated in
the Emergency Plan. EFAS alerts issued for upstream river
basins in Germany and Belgium were not extended to Lux-
embourg due to dissemination criteria that required a mini-
mum upstream catchment area of 2000 km2 and persistence
across multiple ensemble cycles. An informal notification for
the Sauer was received shortly before peak impacts but held
no formal status. Forecast interpretation remained tied to de-
terministic exceedance from nationally authorised sources.

Coordination followed the same logic. The emergency
protocols allow for the convening of an inter-institutional
Evaluation Cell during orange or red alert phases. This unit,
chaired by the responsible technical authority (Meteolux or
AGE), assesses conditions and advises the HCPN on whether
national coordination is required. However, activation of the
Crisis Unit remains a political decision and must be autho-
rised by the Prime Minister. In July 2021, this process de-
layed formal cross-agency coordination until midnight on
15 July, by which time widespread impacts were already
unfolding (Hagenlocher et al., 2023). No procedural mech-
anism existed to initiate anticipatory coordination based on
converging probabilistic signals. The system remained in
observation mode until deterministic procedural thresholdss
were exceeded.

The Waterdrop Model captures this disconnect. It shows
how system structure rather than technical capacity deter-
mined what information could lead to action. In Luxem-
bourg, early signals were present, but action was delayed
not necessarily because they were missed, but because they
were procedurally unusable. The model highlights how pro-
tocols that prioritise deterministic certainty and formal au-
thority may struggle to respond under uncertainty, even when
forecasts provide advance warning.

6.3 Implications for Systemic Risk and Governance

The 2021 flood disaster illustrates how Early Warning Sys-
tems can be technically capable but structurally restricted.
Convergent and credible risk information was available, but
the system design prevented early action based on early
warning. The Waterdrop Model shows that these dynamics
emerge not from isolated misjudgements, but from how in-
stitutional arrangements define valid inputs and allocate au-
thority to respond (Kelman and Glantz, 2014; Oliver-Smith,
2018).

Systems that rely heavily on fixed thresholds, sequen-
tial decision-making processes and limited incorporation of
probabilistic signals may systematically exclude useful early
indicators. These systems are optimised for certainty, not for
emerging or partial information. As a result, action may only
begin once impacts are visible, reducing forecast value and
shortening the response window (Šakić Trogrlić and Van Den
Homberg, 2022).

The absence of a formal post-event review in Luxem-
bourg suggest how governance cultures shape system learn-
ing. While several European countries initiated independent
evaluations following the 2021 floods, Luxembourg did not.
This suggests a governance context where formal post-event
review is not institutionalised as standard practice.

Technical upgrades alone cannot resolve these challenges.
The launch of LU-Alert improved message delivery capacity,
but the limitations observed in 2021 were primarily struc-
tural.

How institutions handle uncertainty also shapes trust in
warning systems. When uncertainty is communicated implic-
itly through procedural delay or conservative escalation, it
may weaken confidence among both officials and the pub-
lic. Repeated exposure to warnings that do not lead to visible
action further raises communication and risk-education chal-
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Figure 8. The Waterdrop Model: how Structural Design Filters Risk Information in Early Warning Systems. This figure provides a conceptual
representation of how warning systems process and filter forecast information. Panel (A) presents the conceptual model. Forecast signals enter
from the left and are filtered through a triangular warning core defined by three structural components: authorised data sources (left corner),
procedural thresholds and policy rules (top), and institutional mandates (bottom). Only signals meeting all three criteria progress to warnings
and response. Dashed arrows represent excluded signals. Concentric ellipses represent the narrowing opportunity for anticipatory action,
aligned with the timeline at the base. Panel (B) applies the model to Luxembourg’s 2021 flood. Forecast inputs from ECMWF, EFI, EFAS,
ASTA, and cross-border sources were available but remained outside national procedures. Only deterministic inputs from authorised actors
(MeteoLux, AGE) passed through the system’s triangle via PIUs and LARSIM. Signals lacking procedural status were filtered out. On the
right, warnings connect to coordination actors (CGDIS, municipalities, Crisis Unit), with post-warning actions and impacts shown. The
national system boundary illustrates how institutional design limited the use of probabilistic and transboundary signals.

lenges, for decision-makers tasked with interpreting evolving
signals under uncertainty.

The Waterdrop Model highlights how systemic risk can
emerge not only from external hazards, but from internal de-
sign features of governance systems. This reflects a broader
understanding of systemic risk as emerging from the struc-
ture and configuration of Early Warning Systems themselves
(Bosher et al., 2021; Golding, 2022; Šakić Trogrlić and
Van Den Homberg, 2022). These insights align with criti-

cal analyses of disaster governance that emphasise how in-
stitutional design filters what counts as actionable informa-
tion (Alcántara-Ayala and Oliver-Smith, 2016; McDermott
et al., 2022; Wilkinson, 2012). It highlights how the opera-
tional value of information depends on whether systems are
configured to use it. While effective early warning depends
on whether warnings are understood and acted upon by res-
idents, this analysis focuses on the institutional conditions
that determine whether such warnings can be authorised, es-
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calated, and disseminated in the first place. The design, tar-
geting, and evaluation of resident-facing messages are there-
fore recognised as essential, but lie beyond the empirical
scope of this study. A more detailed mapping of domain-
specific processes and interpretive practices within institu-
tions would require data beyond those available for this anal-
ysis and represents a priority direction for future research.

Early Warning Systems are not only about detecting haz-
ard signals. They are about whether institutional structures
enable interpretation and coordinated action in time. With-
out that capacity, even the most advanced forecast systems
may struggle to prevent disaster.

This analysis is based on publicly available records, insti-
tutional documentation, and reconstructed timelines, and is
therefore limited to formally documented procedures, man-
dates, and authorised communication channels within the
national warning system. Informal decision-making, undoc-
umented interpretations, and internal deliberations are not
captured. The analysis further focuses on the warning system
up to the point at which alerts are issued to the public. Public
interpretation, behavioural response, and message effective-
ness are not examined, as these dimensions require different
data and methods. These limitations should be considered
when interpreting the findings. They also highlight an im-
portant direction for future research on people-centred early
warning, in which institutional analysis is complemented by
studies of public understanding and response.

7 Conclusion

Early Warning Systems are widely recognized as essential
tools for disaster risk reduction. As demonstrated by severe
floods of July 2021 in Luxembourg, having forecast infor-
mation available does not guarantee that early action will fol-
low. While forecast signals were available several days in ad-
vance, procedural systems prioritised action based on confir-
mation rather than forecast-based uncertainty. Using a value
chain approach, we traced how forecast information moved
through Luxembourg’s Early Warning System and identified
points where timing, procedural thresholds, and divided re-
sponsibilities limited anticipatory action. These constraints
were not caused by inaccurate forecasts but by how risk in-
formation was understood, prioritised, and translated into ac-
tion within existing structures.

To support this analysis, the Waterdrop Model was intro-
duced to show how forecast signals interact with institutional
rules and operational timelines. It clarifies why credible early
indicators may not lead to timely decisions when systems
depend on predefined criteria or rigid procedural steps. The
model also highlights how time pressure and fragmented re-
sponsibilities can hinder collective interpretation, especially
when institutions lack not only authority but also the re-
sources and structures needed to act on probabilistic guid-
ance.

Luxembourg’s experience reflects a broader challenge. An
effective Early Warning System derives its value from the ca-
pacity of institutions to interpret forecasts as actionable sig-
nals and to mobilise timely, coordinated responses under un-
certainty. The analysis returns to the central question of how
forecast signals were translated into anticipatory action dur-
ing the July 2021 floods in Luxembourg. The findings show
that institutional design largely determined whether early in-
formation could be authorised, interpreted, and acted upon
in time. The Value Chain approach and the Waterdrop Model
show how governance structures shape the operational value
of forecasts in Early Warning Systems across different insti-
tutional settings.
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