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Abstract. This review is necessary to provide a compre-
hensive evaluation of rainfall-induced landslide early warn-
ing systems (LEWS) through the lens of the United Na-
tions “Early Warnings for All” (EW4All) framework. This
study integrates EW4AII pillars, examines information shar-
ing in academic publications and official websites/portals,
and evaluates the global feasibility of implementing EW4All
for LEWS. Of 45 rainfall-induced systems, 27 (26 LEWS
and one forecasting-focused system) were found operational
(benefiting 19 countries), meaning they were implemented
and actively used for warning purposes when this paper was
prepared. Some forecasting-focused systems were mislead-
ingly described as early warning systems. Among Local, Re-
gional and National systems, Local systems were often less
scalable and more resource-intensive. Operational systems
were mainly National, followed by Regional. Most opera-
tional systems relied on rainfall thresholds. Some included
susceptibility maps; risk maps were largely absent. Real-
time sensor data were used in some systems; however, high
maintenance costs limited scalability. Reliability was further
constrained by data scarcity, limited forecast verification,
and suboptimal use of Artificial Intelligence. Community en-
gagement was infrequently documented in the reviewed sys-
tems. Although EW4All is transformative, implementing ef-
fective LEWS across rainfall-induced landslide-prone areas
worldwide by 2027 remains impractical without localised
approaches, sufficient funding, community engagement, and
enhanced institutional capacity.

1 Introduction
1.1 The early warnings for all (EW4All) framework

Several initiatives have been undertaken since 1989 to de-
velop effective early warning system(s) (EWS), with the aim
of minimising human suffering and disruption (Fig. 1). The
first global effort towards disaster risk reduction (DRR) be-
gan in 1989, when the United Nations (UN) declared the
“International Decade for Natural Disaster Reduction” (ID-
NDR) (1990-1999) to enhance DRR activities.

During the IDNDR, the first landmark international guid-
ance and framework for DRR, the “Yokohama Strategy and
Plan of Action for a Safer World” was launched in 1994.
Under the principles of this framework, early warning (EW)
was identified as a key factor in effective disaster preven-
tion and preparedness activities (UNISDR, 1994). However,
EW was still a nascent concept within this framework, which
lacked a detailed and clearly defined mechanism for EWS
implementation (UNISDR, 2005). The tragic catastrophe of
the Indian Ocean tsunami in December 2004, which killed
more than 230000 people around the Indian Ocean (Lay,
2012), made the international DRR community realise that
EWS could save thousands of lives (UNISDR, 2006). Con-
sequently, soon after the tsunami, the first global blueprint
for DRR, the “Hyogo Framework for Action (HFA) 2005-
2015, was adopted in January 2005 by the global DRR com-
munity.

Among the five priorities for action, Priority two was
“identify, assess and monitor disaster risks and enhance
early warning”, with an emphasis on developing an EWS
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Figure 1. A brief history of events, publications, announcements, and other milestones in the development of early warning systems from

1989 to the present day [Figure modified after UN (2023)].

(UNISDR, 2005). However, several limitations were identi-
fied (UNISDR, 2015), such as the HFA emphasising the de-
velopment of sector-specific (single-hazard) rather than inte-
grated (multi-hazard) EWS. Furthermore, the engagement of
all sectors (e.g., public, private, civil, academia, and scien-
tific) was not ensured. Moreover, the HFA lacked a people-
centred EWS. The HFA also treated the EWS as a siloed sys-
tem (which was not explicitly incorporated into disaster risk
management plans and policies) that limits its effectiveness
in addressing the causal (e.g., climate change, and unplanned
urbanisation) and compounding (e.g., demographic change,
and poor institutional capacity) factors of disaster risk. Addi-
tionally, the small island developing States (SIDS), least de-
veloped countries (LDCs), and landlocked developing coun-
tries (LLDCs) faced multifaceted challenges in securing fi-
nancial, technical, and institutional resources. These limita-
tions of the HFA led to the adoption of a more comprehen-
sive framework for DRR, the “Sendai Framework for Disas-
ter Risk Reduction (2015-2030)”, in 2015 (UNISDR, 2015).
While people-centred multi-hazard EWS (MHEWS) are em-
phasised in the Sendai Framework under Target G, the imple-
mentation of MHEWS has remained slow and uneven under
this policy framework. In 2022, it was reported that only half
of the countries worldwide were covered by MHEWS (UN-
DRR and WMO, 2022). Therefore, a more targeted initiative
to accelerate the operationalisation of the MHEWS in line
with Target G was launched in 2022, known as Early Warn-
ings for All (EW4All) (UN, 2023).
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EW4All is a groundbreaking initiative, and its main objec-
tive is to ensure that by the end of 2027, every human being
on the planet is protected from hazardous weather, water, and
climate events through timely warnings provided by EWS.

The EW4All initiative has three main targets, as follows
(UN, 2023):

i. global coverage,
ii. multi-hazard impact-based EWS, and
iii. people-centred EWS.

Although EWS exist in some parts of the world, global cov-
erage of these systems has not yet been ensured (UN, 2023).
Some parts of the world remain without adequate EWS cov-
erage, particularly LDCs and SIDS, with the situation being
most severe in Africa (Guterres, 2022). Figure 2 portrays the
UN-defined framework of people-centred multi-hazard early
warning systems (MHEWS) for all (EW4All), comprising
four pillars. Several organisations contribute to leading each
pillar. EW4All has four pillars, as follows (UN, 2023):

Pillar 1: Disaster risk knowledge: Systematically collect
data and undertake risk assessments.

Pillar 2: Detection, observation, monitoring, analysis,
and forecasting: Develop hazard monitoring and early
warning services.

Pillar 3: Warning dissemination and communication:
Communicate risk information and early warnings.
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Pillar 4: Preparedness and response capabilities: Build
national and community response capabilities.

1.2 The necessity of the early warning system

Since the UN initiated systematic efforts towards DRR
activities in 1989, significant progress has been made
(UN, 2023). However, increasing concentrations of human-
induced greenhouse gases in the atmosphere have disrupted
climatic and meteorological processes, contributing to in-
creases in the intensity and frequency of extreme climate-
related events (e.g., floods, landslides, droughts, cyclones,
heatwaves, and others), which are expected to intensify fur-
ther (IPCC, 2023). As the frequency of climatic extremes in-
creases over time (Fig. 3), so does the number of people af-
fected. Numerous adverse impacts, including death, injury,
property damage, and loss of livelihoods, are recorded every
day. Moreover, the environment is severely affected, creat-
ing conditions that may further exacerbate the risks associ-
ated with subsequent hazards. These extreme events may be
associated with single or multiple hazards, thereby creating
multi-hazard risk. This means that two or more hazardous
events may occur in an area simultaneously (e.g., flash floods
and landslides), or cumulatively (e.g., recurrent flash flood-
ing), or sequentially (e.g., tropical storms and landslides), re-
sulting in disproportionately severe impacts on people and
property (Lee et al., 2024).

It is very challenging to reduce or avoid hazards com-
pletely; however, a recognised way to reduce their potential
impacts is to ensure that people have access to EWS and,
therefore, the opportunity to take appropriate anticipatory ac-
tion before a hazardous event occurs. More specifically, an
EWS is “an integrated system of hazard monitoring, fore-
casting and prediction, disaster risk assessment, communica-
tion and preparedness activities systems and processes that
enables individuals, communities, governments, businesses
and others to take timely action to reduce disaster risks in ad-
vance of hazardous events” (UNDRR, 2017). Some affected
people have access to timely warnings through EWS, allow-
ing them to prepare for upcoming events.

Moreover, rapid urbanisation has forced people in low-
and middle-income countries to reside in vulnerable and haz-
ardous areas, such as industrial areas, unstable slopes, and
floodplains (Ozturk et al., 2022). These people are often eco-
nomically marginalised and struggle to afford homes in safer
and more stable areas due to higher land prices. As displace-
ment increases, more and more people are migrating to ur-
ban areas, often settling in these vulnerable and hazardous
locations. This contributes to a rapid increase in informal
settlements characterised by low-quality housing materials,
unstable political governance (Werthmann et al., 2024), in-
adequate road networks and drainage facilities, and other
essential infrastructure. Therefore, during emergencies, peo-
ple living in such areas are often unable to evacuate safely,
increasing the potential for disastrous consequences. EWS
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are therefore particularly important for these communities to
minimise potential loss and damage.

However, one-third of the world’s population, especially
those living in LDCs and SIDS, does not have access to
timely and effective EWS that would enable them to prepare
for upcoming hazardous events, resulting in increased loss
and damage (UN, 2023). Hence, there is a need for EWS
that can provide and disseminate timely warnings to all lo-
cal communities, enabling them to take appropriate action to
reduce impacts.

1.3 Why are rainfall-induced landslides a concern?

A significant upward trend is observed in the occurrence
of hydrological disasters (Fig. 4a), and hydrological disas-
ters account for about 90 % globally (Perera et al., 2019).
Among these, rainfall-induced landslides (mass movement
— wet) are identified as the third most frequently recorded
disaster type among climatological, hydrological, and me-
teorological disasters globally, after floods and storms (Fig.
4b). Recent studies have shown that human activities such
as construction, illegal hill cutting, and mining, largely as-
sociated with urbanisation, are increasingly contributing to
fatal landslides (Alcdntara-Ayala, 2025; Ozturk et al., 2022;
Froude and Petley, 2018; Petley, 2009). Between 1998 and
2017, an estimated 4.8 million people were affected by land-
slides, resulting in more than 18 000 deaths (WHO, 2025).
Therefore, the combined effects of climate change and rapid
urban expansion are expected to increase landslide risk glob-
ally, leaving large numbers of people residing in informal
settlements at higher risk (Werthmann et al., 2024; Ozturk
et al., 2022). Despite their prevalence and significant so-
cial, economic, and environmental impacts, rainfall-induced
landslides frequently receive less attention than more visibly
catastrophic events such as floods, tsunamis, volcanic erup-
tions, and earthquakes (Guzzetti, 2021).

A landslide is the downslope movement of soil,
rock, and organic materials under the influence
of gravity, which occurs when the gravitational
driving forces exceed the resistance of the slope-
forming materials (Varnes, 1978).

Depending on the type of the movement, landslides are
classified into six major categories as follows: flow, fall, top-
ple, spread, slide, and complex (Varnes, 1978). Global in-
ventories of fatal landslides covering 1995-2014 (Haque et
al., 2019) and 2004-2016 (Froude and Petley, 2018) demon-
strate a strong association between rainfall and fatal landslide
occurrence. Froude and Petley (2018) reported that 79 % of
non-seismic fatal landslide events were triggered by rainfall,
while Haque et al. (2019) found that more than half of the
recorded deadly landslide events occurred in areas exposed
to extreme rainfall. The Intergovernmental Panel on Climate
Change (IPCC) has reported that increased concentrations of
greenhouse gases in the atmosphere are disrupting the global
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Figure 2. UN defined four pillars of the people-centred multi-hazards EW4All framework [Figure slightly modified after UN (2023)].

water cycle and, subsequently, intensifying extreme rainfall
events that are unevenly distributed across the globe (Senevi-
ratne et al., 2021). Extreme rainfall events cause slopes to
become saturated with water, increasing pore water pressure
and reducing slope stability, which may ultimately lead to
slope failure. Landslides usually occur near weak points in
slopes, such as joints, cracks, drainage channels, and fault
lines of the slopes. Initial failures usually occur at these weak
points, often triggered by factors such as rainfall and un-
planned urbanisation, contributing to slope destabilisation.
Such initial failures may further destabilise the slope, in-
creasing its susceptibility to subsequent landslides. This pro-
cess can create a feedback loop in which successive failures
further weaken the slope and potentially contribute to addi-
tional and larger landslides in that area.

Landslide risk is associated with the interaction between
exposure, hazard, and vulnerability. When an external hazard
factor, such as rainfall, is coupled with high exposure in vul-
nerable areas, it can result in landslides of varying severity.
Therefore, the current expansion of urban areas into vulnera-
ble locations amplifies landslide risk in the absence of an ad-
equate EWS. Landslides are often associated with compound
or cascading hazards involving floods and storms; they also
present specific challenges, particularly in relation to uncer-
tainties, forecasting, communication, and governance. These
challenges are further complicated by the fact that “land-
slides” is an umbrella term encompassing multiple land-
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slide types, each posing its own challenges in the EW4All
context. Although EWS have proven effective in reducing
disaster impacts, the application of rainfall-induced land-
slide early warning system(s) (LEWS) remains geographi-
cally limited and fragmented (Guzzetti et al., 2020). More-
over, rainfall-induced LEWS are not always effective for sev-
eral reasons, including the absence of risk-based mapping
and community engagement, a lack of impact-based fore-
casting, and the absence of anticipatory action plans. Ex-
isting literature on LEWS provides information on rainfall
thresholds, monitoring approaches, statistical modelling, and
spatial scales. These contributions largely focus on forecast-
ing. In particular, less attention has been given to operational
and governance dimensions, including institutional responsi-
bility, warning dissemination, community preparedness, re-
sponse capacity, and implementation feasibility. Therefore,
adopting the EW4All framework allows this review to rein-
terpret existing LEWS studies beyond technical performance
and to assess the extent to which they address the wider re-
quirements of effective early warning. An effective LEWS
can contribute significantly to reducing potential loss and
damage from rainfall-induced landslides; however, its effec-
tiveness depends on wider risk reduction measures, includ-
ing land-use planning, governance structures, exposure re-
duction, vulnerability reduction, and preparedness planning.

https://doi.org/10.5194/nhess-26-5469-2026



R. Salam et al.: Rainfall-induced landslide early warning systems

500 - =
4504 @) —— All Continents| " .
° ° (1]
0 L]
8 400 , L U\-/.
7 o
© . A [\
2 350 - I sole
=) ! .
S 300 - |
® 0ol®
Z 250 4 _
“6 .o .
5 200 - * (
Q2
E hd
S 150 I..
E “.’
£ 100 I
° L]
L 50 rd ‘-'./
° Q*v\...
0 ] oSN e
S > 0 5 D S S N D >
N N
RO LR S I I S
Year
210
b) —e— Africa
180 —e— Asia

—e— America
1504 —e— Europe |
—e— Oceania

120 -+

©
o
L

Total Number of Natural Disasters
=)
o
L

w
o
1

T T T
I )
N N Vv %)
RIS
Author: Roquia Salam, 2026 Year

Figure 3. Temporal trends in the total number of natural disasters
between 1900 and 2024, (a) combined annual totals across all con-
tinents, and (b) continent-specific trends (Data source: EM-DAT
(CRED, 2026)).

1.4 Novelty and originality

This study advances research on rainfall-induced LEWS by
explicitly reframing the field within the UN EW4All frame-
work. Although previous reviews have compared LEWS
across local, regional, and national scales, they have gener-
ally focused on specific technical dimensions, such as thresh-
olds, scale, or modelling approaches (Piciullo et al., 2018;
Guzzetti et al., 2020). The distinct contribution of this re-
view lies in its integrative and evaluative perspective, which
considers LEWS through the EW4AIll pillars and assesses
their implications for implementation. Rather than merely
compiling published LEWS studies, this review reinterprets
them through the operational and governance dimensions of
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Figure 4. (a) Temporal trends in the total number of climatological,
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ter types between 1900 and 2024 (Data source: EM-DAT (CRED,
2026)).

EW4All, including institutional responsibility, warning dis-
semination, preparedness, response capability, and imple-
mentation feasibility. In addition, this review examines the
extent to which LEWS-related information is shared in aca-
demic publications. Finally, it evaluates the feasibility of ap-
plying the EW4All framework, in its current form, to the de-
velopment of LEWS worldwide. The novelty does not lie in
identifying each individual technical or operational limita-
tion for the first time; rather, it lies in examining how these
established limitations interact across the complete warning
chain represented by the EW4All framework.

Accordingly, the core objectives of this study are twofold:
first, to identify the main challenges and areas requiring im-
provement in the development of rainfall-induced LEWS
through the EW4AIl lens; and second, to assess the feasibil-
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ity of applying the EW4All framework to the development of
rainfall-induced LEWS globally by the end of 2027.

2 Selection process of the system for the systematic
literature review

This literature review was conducted systematically, fol-
lowing predefined selection criteria. As the PRISMA 2020
methodology provides a standardised framework for iden-
tifying, screening, and selecting relevant studies, it was
adopted in this study to select relevant articles and websites
(Fig. 5). Articles were retrieved from five databases: Scopus,
Web of Science, ScienceDirect, GeoRef, and the Institute
of Electrical and Electronics Engineers (IEEE) Xplore. The
LandAware catalogue, together with official government and
agency websites/portals, was used to supplement the litera-
ture records. This supplementary grey-literature search was
conducted in a targeted manner. These sources were used to
verify the operational status of each system, collect evidence
to inform the assessment of Pillars 3 and 4, and identify oper-
ational LEWS that were not captured in the filtered literature.
Only publicly available supplementary information meeting
the defined language (English) criteria was utilised.

There is a clear distinction between “forecasting” and an
“early warning system”. Forecasting is an integral compo-
nent of EWS. Forecasting is a definite statement or statis-
tical estimate of the likely occurrence of a future event or
conditions for a specific area (UNISDR, 2009). However,
EWS is an integrated system of hazard monitoring, forecast-
ing and prediction, disaster risk assessment, communication
and preparedness activities, systems and processes that en-
ables stakeholders to take timely action to reduce disaster
risk before hazardous events occur (UNDRR, 2017). In the
published literature, many authors have used the term “EWS”
to describe their work, although they discussed only the fore-
casting component. This review paper considers both articles
in which LEWS (all pillars of landslide EWS were present)
and forecasting-focused systems (only those where the sys-
tems were described as LEWS) were discussed. Therefore,
the term “system” is used throughout this review to encom-
pass records of both LEWS and forecasting-focused systems.
A system classified as LEWS had evidence, from publica-
tions, official websites, portals, or blogs, of a complete EWS
chain. A system classified as forecasting-focused lacked evi-
dence of a complete EWS chain.

The search term used to search for the potential records
was ‘Rainfall-induced landslide early warning systems”.
Landslides can also be triggered by earthquakes. However,
this review focused exclusively on rainfall-induced land-
slides. Therefore, systems addressing earthquake-induced
landslides were excluded during the selection process.

Systems discussed in articles published between 2015 and
2026 were considered for this study. Therefore, systems with
no relevant publication during this period were not included
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in the main dataset. This may have excluded some older but
still operational systems. This approach enabled the review
to focus on current published evidence, recent methodologi-
cal and operational challenges, and the gap between what is
reported in recent literature and what is required for a com-
plete EW4All-aligned LEWS. Next, the screening process
was initiated. After applying all the criteria specified in Fig.
5 and scrutinising the titles of the articles, documents, and
websites, 57 records remained. Of these 57 records, six were
subsequently excluded because they did not meet the main
objective of this study. Finally, 51 system records were se-
lected. Among these 51 records, multiple records describing
the same system were merged. After this consolidation, a to-
tal of 45 unique systems were identified.

For each unique system, a structured data-extraction pro-
tocol was used to extract information on country; locality;
areal coverage; system scale (National, Regional, or Local);
system type (LEWS or Forecasting-focused); operational ev-
idence; strength of the evidence (High or Moderate); Pillar
1 (P1) assignment source, Pillar 2 (P2) assignment source,
Pillar 3 (P3) assignment source, and Pillar 4 (P4) assign-
ment source; source of the pillar assignments; and refer-
ences (Table Al). “High” strength was assigned where ex-
plicit information was provided in the relevant articles or
official websites/portals. “Moderate” strength was assigned
where explicit information was not found in the relevant ar-
ticles or official websites/portals. “Operational” status was
assigned to systems for which current routine warning dis-
semination was demonstrated, either in published literature
or supplementary official blogs, portals, or websites. “Non-
operational” status was assigned to systems for which current
routine warning dissemination was not demonstrated. This
category included systems that were designed, prototyped,
experimentally tested, validated, or recommended for future
implementation. Systems designed to monitor and dissemi-
nate warnings for a specific slope, site, catchment, or settle-
ment were defined as “Local”. Systems designed to monitor
and disseminate warnings for a subnational area, such as a
municipality, city, district, province, or region, were defined
as “Regional”. Systems designed to monitor and disseminate
warnings for multiple landslide-prone regions or municipali-
ties, or for an entire country, were defined as “National”.

In addition to technical and methodological considera-
tions, LEWS development is strongly influenced by institu-
tional ownership and operational responsibility. In many con-
texts, geological surveys or comparable technical agencies
may lack either the continuous operational capacity required
for warning services or the formal mandate to issue warnings.
Consequently, LEWS may emerge through community-led
initiatives or be developed by sector-specific actors, such as
transport agencies, that face recurrent disruption from land-
slides. These forms of locally embedded practice are often in-
sufficiently captured in academic publications. Yet, they are
directly relevant to EW4All, whose implementation frame-
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work emphasises social inclusion, local engagement, and
people-centred warning systems.

3 Results and Discussion

The information on the 45 systems presented in this sec-
tion was derived exclusively from the referenced publica-
tions, websites, portals, and official blogs. Only details ex-
plicitly reported and supported by evidence from these sup-
plementary sources were included. Where relevant informa-
tion was not found, it was treated as not reported for that
system in this analysis. Furthermore, because the study se-
lection process involved several filtering stages, some po-
tentially relevant publications may have been excluded. As
aresult, the plots and associated discussion may reflect some
degree of missing or incomplete information. This limita-
tion highlights an important aspect of global comparison.
Some studies described technical forecasting methods in de-
tail, while others provided limited information on institu-
tional mandates, warning dissemination, preparedness ac-
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tions, operational status, or community engagement. For this
reason, comparisons among systems developed across differ-
ent countries and scales may partly reflect differences in re-
porting practices, rather than solely differences in the actual
performance or maturity of the systems.

3.1 Pillar 1: Landslide risk knowledge

The 45 unique systems covered 23 countries worldwide
(Fig. 6, Table Al). Of these 45 systems, 33 were clas-
sified as LEWS, while the remaining 12 were classified
as forecasting-focused (Table 1). LEWS accounted for six
(46.2 %) of 13 Local systems, 12 (75.0 %) of 16 Regional
systems, and 15 (93.75 %) of 16 National systems. Previous
studies found that although there are operational National,
Regional, or Local LEWS in some countries, many areas at
very high risk of landslides, where loss and damage are sub-
stantial, remain uncovered by any of these LEWS (Guzzetti
et al., 2020; Froude and Petley, 2018). LEWS that remain at
the non-operational stage have been recommended by their
authors for operational implementation (Liu et al., 2024; Guo
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Figure 6. Geographical distribution and scale of system(s) identified from the selected 45 systems.

et al., 2019). In such cases, these LEWS may not have been
operationally implemented because of the limitations in ef-
fective coordination and collaboration among the relevant de-
partments, agencies, or authorities.

Figure 7 shows the operational status of the 45 reviewed
systems according to their spatial scale. Among the 45 sys-
tems, 27 were identified as operational, while the remaining
18 were identified as non-operational. A relatively balanced
distribution of systems was observed across the three spatial
scales: 16 National, 16 Regional, and 13 Local. However, op-
erational status differed markedly across spatial scales within
this sample. Only 15.4 % of Local systems were operational,
compared with 56.25 % of Regional systems and 100 % of
National systems. This distinction may indicate that most
National systems benefit from established institutional man-
dates that support their operationalisation. Both National and
Regional systems are comparatively more scalable and may
be easier to sustain institutionally. Each slope is distinct be-
cause of its unique geological and geomorphological charac-
teristics, which may require a tailored monitoring approach
(Khan et al., 2021; Wieczorek and Snyder, 2009). Local
LEWS are therefore often designed around site-specific mon-
itoring strategies, with monitoring parameters and instru-
ments selected according to the characteristics of the land-
slide being monitored (Pecoraro et al., 2019). Accordingly,
some systems had been developed to focus on individual
slopes; however, most remained at the non-operational stage.
This may be partly because implementing a Local LEWS for
a single community on a specific slope is not always econom-
ically feasible, as cost—benefit analyses may indicate that the
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associated costs outweigh the potential benefits (Sapena et
al., 2023). Local systems require slope-specific instruments
to be installed, along with continuous monitoring, calibra-
tion, maintenance, technical expertise, and secure funding.
Therefore, although Local systems may provide highly lo-
calised and relevant landslide warnings, ensuring their scala-
bility is difficult (Sapena et al., 2023). This highlights a ma-
jor gap in the transition from the development of prototype
systems to operational implementation. The scale compari-
son therefore reveals an operational trade-off between local
accuracy and wider transferability rather than a simple hi-
erarchy of system quality. Several systems (12) were devel-
oped primarily to demonstrate rainfall thresholds, monitor-
ing approaches, or forecasting methods. For instance, only
one forecasting-focused system, which operated at the Na-
tional scale, was identified as operational. Local systems had
a comparatively higher number of forecasting-focused sys-
tems (seven). However, making a system operational requires
continuous data availability, maintenance funding, institu-
tional responsibility, legal authority to issue warnings, ade-
quate financial resources, skilled personnel, clear communi-
cation and response protocols, and an appropriate mandate
(Krggli et al., 2018). These requirements are not always con-
sidered or addressed in academic research. As a result, many
developed systems remain at the prototype or experimen-
tal stage and are therefore classified as forecasting-focused,
rather than being fully operational.

Figure 8 shows the uneven geographical distribution of
the 45 systems. Among the 45 systems, 28 were in Asia,
followed by seven in Europe, six in South America, two in

https://doi.org/10.5194/nhess-26-5469-2026
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Figure 7. Operational status of the reviewed systems by spatial
scale.

Africa, and two in North America (Figs. 6, 8). A total of
14 systems (13 LEWS and one forecasting-focused) in Asia
were operational, followed by seven in Europe (all LEWS),
four in South America (all LEWS), none in Africa, and two
in North America (both LEWS). These operational systems
do not cover all landslide-affected areas within their respec-
tive countries; rather, most cover only parts of the landslide-
affected zones (Table Al). The operational systems span
19 countries: Bangladesh, Brazil, Colombia, Hong Kong
(China), India, Indonesia, Italy, Japan, Malaysia, Nepal, Nor-
way, Pakistan, Peru, the Philippines, South Korea, Sri Lanka,
Taiwan, Thailand, and the United States (Fig. 6, Table Al).
Together, they provide EW coverage for only a small frac-
tion of landslide-affected areas worldwide. However, this
does not reflect a complete inventory of operational systems
worldwide.

Most of the reviewed systems focused on shallow land-
slides and debris flows. Debris flow is one of the most de-
structive rainfall-induced landslides. It is observed from the
selected systems (Table 1) that 25 systems used a static sus-
ceptibility map. Among them, 23 were categorised as LEWS
(19 operational), and two were forecasting-focused (both
non-operational). Of these 25 systems (55.6 % of the to-
tal sample), 19 (76 %) (comprising one Local, six Regional,
and 12 National systems) were operational. However, among
the 20 systems that did not integrate a susceptibility map,
ten were forecasting-focused, while eight (40 %) systems (of
them one Local and one forecasting-focused) were identified
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as operational. These descriptive results do not demonstrate
that susceptibility mapping causes operationalisation.

The uneven use of susceptibility maps indicates that some
operational systems remain dominated by rainfall-threshold
approaches. Rainfall thresholds are comparatively easier to
develop, validate, and integrate into systems, particularly
where other data, technical expertise, and institutional re-
sources are limited. However, systems that integrate only
rainfall thresholds may provide more generalised warnings,
as they have a limited capacity to account for spatial varia-
tions in landslide susceptibility and risk. Landslide suscep-
tibility levels vary considerably within a landslide-affected
locality, area, or region. A susceptibility map can provide
spatial information on landslide susceptibility across an area
through susceptibility levels (e.g., very low, low, medium,
high, very high) to indicate the relative likelihood of land-
slide occurrence in different locations (Azarafza et al., 2021).
Therefore, incorporating a susceptibility map into Regional
and National systems can enhance forecasting capability by
enabling the prioritisation of specific high-risk zones for tar-
geted EW, rather than providing generalised warnings across
the entire affected area (Singh et al., 2024). This may help to
reduce false alarms. Moreover, making susceptibility maps
accessible to communities may support more informed and
proactive preparedness measures.
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Additionally, susceptibility-based systems involve impor-
tant trade-offs between accuracy, transferability, and opera-
tional scalability (Piciullo et al., 2018; Sapena et al., 2023).
Local systems may not require a susceptibility map; however,
they can generate more precise warnings for specific slopes.
As Local systems require monitoring instruments, regular
maintenance and updating, technical expertise, funding, and
other resources, they may be less transferable (Sapena et al.,
2023). However, National and Regional systems are more
scalable and may be easier to operationalise. Therefore, sus-
ceptibility maps should be integrated into National and Re-
gional systems to improve their capacity to issue more spa-
tially targeted and reliable warnings. Without such integra-
tion, these systems may overlook important spatial varia-
tions in susceptibility and risk, reflecting a broader opera-
tional challenge in LEWS development. Therefore, having
an accessible risk or susceptibility map is important to help
communities understand the potential and spatially specific
impacts of landslides on their livelihoods and resources, and
to support appropriate preparedness measures (UNDRR and
WMO, 2025).

3.2 Pillar 2: Landslide detection, observation,
monitoring, analysis, and forecasting

After establishing an appropriate understanding of landslide
risks, the next stage involves detection, observation, moni-
toring, analysis, and forecasting, which constitute the second
pillar of the EW4All framework, led by the World Meteo-
rological Organization (WMO). The elements incorporated
into LEWS are important to examine, as selecting and inte-
grating appropriate elements can improve the effectiveness
and reliability of warnings (Calvello, 2017). From an opera-
tional perspective, the choice of monitoring strategy directly
affects warning reliability, lead time, maintenance require-
ments, and the scalability of LEWS. Table 1 presents a com-
parison of the operational status of the selected systems and
their key characteristics. Figure Al provides supplementary
information. The information shown in Table 1 and Fig. Al
should be interpreted as descriptive cross-tabulations only.
The cross-tabulation indicates that technical availability and
operational status vary markedly across spatial scales.
Reliable monitoring depends on sustained observations
and data continuity. Rainfall monitoring was found to be the
primary hydrometeorological trigger. A total of 31 out of 45
systems used a rainfall threshold. Among these 31 systems
(including seven forecasting-focused systems), 21 (67.7 %)
were operational (including one forecasting-focused system)
(Table 1, Fig. Al). By contrast, among the 14 systems that
did not integrate a rainfall threshold, six (42.9 %) were op-
erational (none of which were forecasting-focused) (Table 1,
Fig. A1). The scale-based pattern is also informative. Among
the 31 systems that used a rainfall threshold, one Local sys-
tem (out of seven), nine Regional systems (out of 13), and
11 National systems were operational. Among the 14 sys-
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tems without a rainfall threshold, one Local system (out of
six), none of the three Regional systems, and all five Na-
tional systems were operational. This pattern indicates that
integration of rainfall thresholds was more common among
Regional and National systems. In this threshold calculation
approach, both historical rainfall and past landslide data are
used to identify a critical rainfall level associated with pre-
vious landslide occurrences (Satyaningsih et al., 2023). This
critical rainfall level is defined as the threshold and subse-
quently used as a benchmark. Therefore, when rainfall is
forecast to approach or exceed this threshold level, the sys-
tem issues a warning indicating the potential occurrence of
landslides. This threshold level is not the same everywhere in
the world. It varies from country to country, region to region,
place to place, and even from slope to slope (Barthélemy
et al., 2024). Therefore, identifying the appropriate thresh-
old level for the specific place or region is a crucial aspect
of developing an effective and reliable system for that area
(Harilal et al., 2019). However, thresholds developed for Lo-
cal systems may have limited transferability (Harilal et al.,
2019).

Field sensors were used in 38 of the 45 systems, eight
of which were forecasting-focused, and none of these eight
were operational. This indicates that in situ monitoring was
one of the most common technical characteristics of the re-
viewed systems. A total of 25 (65.8 %) of these 38 systems
were operational (Fig. Al). The cross-tabulation of opera-
tional status by spatial scale shows uneven sensor use among
these 25 operational systems (Table 1). Two of the 12 Local
systems, eight of the 11 Regional systems, and all 15 Na-
tional systems were operational. The sensors used included
rain gauges, piezometersl, inclinometers?, tilt sensors, dis-
placement monitoring devices, and other instruments. Mon-
itoring pore water pressure’ is important as it can decrease
the soil’s shear strength and slope stability. Pore water pres-
sure can increase due to external factors such as rainfall,
changes in drainage patterns, groundwater infiltration, and
others. If a slope contains multiple groundwater tables at dif-
ferent depths, its stability may become more complex, and
such conditions are not uncommon (Tang et al., 2020). If
the soil becomes saturated, both pore water pressure and the
overall weight of the soil increase. This can further reduce
shear strength, creating favourable conditions for ground
movement and potentially leading to slope failure (Wu et al.,
2021). In this case, a piezometer is a useful tool for measur-

Ipiezometer is a geotechnical instrument used for measuring
pore water pressure or groundwater pressure in the surrounding soil
and rock.

2Inclinometer is used to monitor and measure the displacement
of the ground and deformation of the slope. It is usually used for
detecting soil or rock movement.

3pore water pressure is the pressure exerted by the water
(groundwater) within the porous medium (pore) of soil and rock.
Elevated pore water pressure increases the chance of landslides oc-
curring.
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ing the pore water pressure, while an inclinometer is used to
detect ground movement. Therefore, integrating piezometers
and inclinometers into the system can improve its reliability.
However, these sensors can also involve high maintenance
costs and generally provide measurements only at specific lo-
cations. Therefore, even a system covering a relatively small
area may require multiple sensors to monitor pore water pres-
sure and ground movement at different locations across the
slopes. Thus, integrating piezometers and inclinometers into
the LEWS may not be cost-effective for providing EW across
a wider region, but may be more suitable for monitoring spe-
cific slopes or locations (Sapena et al., 2023). The predomi-
nance of non-operational local sensor-based systems in this
review reinforces the distinction between technical monitor-
ing capability and sustained operational implementation.
Artificial intelligence (AI) and machine learning (ML)
were less commonly used, appearing in five out of 45 sys-
tems. Among these five systems, two were Local (both
forecasting-focused and non-operational), and three were
Regional. Only one of these three Regional systems was op-
erational. No National system used AI/ML. However, this
pattern does not indicate that the use of AI/ML reduces the
performance of LEWS. AI/ML can be used extensively to
fill data gaps, especially by integrating satellite remote sens-
ing data (Pfeiffer et al., 2024). This makes Al an impor-
tant tool for data-sparse regions where conventional ground-
based observations are limited or unevenly distributed. It can
also support pattern recognition, data integration, and sus-
ceptibility mapping. Thus, Al may improve the scalability
of LEWS when implemented carefully. However, Al mod-
els generally require large volumes of high-quality data for
training. In data-sparse regions, meeting this requirement
is a major challenge. For instance, satellite-based detection
is often hindered during the monsoon season due to cloud
cover (Salam et al., 2024). Moreover, many Al models tend
to overlook social and community dimensions, such as lo-
cal knowledge, cultural contexts, and communication pref-
erences, which are critical for effective early warning and
community response. Although various categories of open-
access global datasets are available for model training, every
landslide setting is unique, and the characteristics of the trig-
gering factors (e.g., vegetation, land use patterns, soil compo-
sition, hydrology, slope, and others) vary between landslide-
prone areas. Therefore, using globally available datasets to
train an Al model and applying the resulting model to another
region may oversimplify local conditions, leading to inaccu-
rate warnings (Patton et al., 2023; Pfeiffer et al., 2024). Thus,
Al should be considered a complementary component of a
hybrid LEWS, combined with expert interpretation, field val-
idation, and institutional decision-making. Operational use
also requires interpretable model outputs, transparent valida-
tion, clear communication of uncertainty, and human over-
sight. Poorly interpretable predictions may make it difficult
for warning authorities to justify decisions, communicate un-
certainty, and establish accountability (Pfeiffer et al., 2024).
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Application programming interface(s) (API) were used in
eight of the 45 systems, two of which were forecasting-
focused and non-operational (Table A2). Of these eight sys-
tems, five (62.5 %) were operational, compared with 22 of
the 37 systems without API integration (59.5 %), of which
21 were LEWS (Fig. A1, Table A2). This indicates that API
use is not, by itself, a useful proxy for operational maturity.
Spatially, the eight API-enabled systems comprised two Lo-
cal, four Regional, and two National systems; one Local, two
Regional, and both National systems were operational (Table
A2). In some cases, an API is used to integrate data gener-
ated by external systems (Ofoeda et al., 2019). For instance,
to develop a system dedicated to rainfall-induced landslides,
forecast rainfall data are required to estimate the potential
accumulated rainfall over the following day or days (Ahmed
et al., 2018, 2020). This helps to determine whether rainfall
is likely to exceed the threshold and to issue an EW for po-
tential landslide events. Some dedicated institutions forecast
rainfall at hourly or daily intervals using advanced statistical
modelling. This forecast rainfall can then be integrated into
the system through an API, potentially improving the timeli-
ness and reliability of warnings (Krggli et al., 2018).

IoT technology* was used in seven systems (one
forecasting-focused and non-operational), of which two
(both LEWS) were operational (Table A2). Among these
seven, six were Local (one operational), and one was Re-
gional (operational). IoT has a direct role in enabling auto-
mated, real-time data transmission from dense, site-specific
sensor networks. It provides an efficient means of im-
mediately transmitting sensor measurements to the system
through wireless communication, thereby enabling real-time
monitoring (Liu et al., 2022). Remote sensing technology
was used in 17 systems (six of which were forecasting-
focused, with one of these being operational); eight (47.1 %)
of the 17 systems were operational. However, among the re-
maining 28 systems (22 LEWS and six forecasting-focused)
that did not use remote sensing, 19 were operational. Re-
mote sensing is frequently adopted in research-oriented or re-
cently developed systems, while its main operational advan-
tages include broader spatial coverage and support for data-
sparse areas (Pfeiffer et al., 2024). In the reviewed sample,
all three National systems using remote sensing were opera-
tional, compared with four of eight Regional systems and one
of six Local systems, indicating that the institutional context
in which Earth observation is integrated remains important.

The findings indicate that National-scale LEWS were pre-
dominantly operational, whereas forecasting-focused sys-
tems were rarely operational, and the integration of suscep-
tibility mapping was associated with a higher proportion of

10T technology refers to the network of interconnected sensors
and devices (e.g., piezometer, inclinometer, rain gauge) that trans-
mit real-time data through a wireless communication system over
the internet to the cloud or central server. It enables algorithms on
the server to analyse the real-time data and generate a timely alert.
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operational systems. No single technology was found to con-
sistently predict operational status in this cross-tabulation
analysis. Several apparent associations were also influenced
by spatial scale and the distinction between LEWS and
forecasting-focused systems. Operational maturity therefore
appears to be more closely associated with institutional re-
sponsibility, routine maintenance, authority to issue warn-
ings, and established communication and response arrange-
ments than with any individual technology. These patterns
are descriptive and should not be interpreted as evidence
of causal relationships. Initiatives such as the Global Ba-
sic Observing System (GBON) can help address observa-
tion gaps in LDCs and SIDS and thereby support EW4All
initiatives (UN, 2023). Another important aspect of Pillar 2
is to facilitate data exchange among countries, thereby in-
creasing the scalability of the LEWS (UN, 2023; UNDRR
and WMO, 2025). An essential element of Pillar 2 is to re-
duce the compound effects of landslides, which requires col-
laboration across multiple disciplines. Monitoring architec-
tures need to be scientifically sound, routinely maintained,
validated against local conditions, supported by capable per-
sonnel, and connected to reliable institutional decision path-
ways (Krggli et al., 2018; Sapena et al., 2023). By incor-
porating these elements, it may be easier to develop an ac-
tionable and targeted LEWS. However, funding remains a
critical factor in implementing these measures, and secur-
ing adequate financial resources is a major challenge, espe-
cially for LDCs and other developing countries (UNDRR
and WMO, 2025). This challenge should be more promi-
nently addressed, with a focus on improving access to inter-
national climate finance. Mechanisms under the Paris Agree-
ment, particularly the Fund for Responding to Loss and Dam-
age, and other UN climate frameworks offer important op-
portunities for vulnerable countries to secure the necessary
resources to build and sustain effective EWS. Prioritising
LEWS within these funding channels could help protect lives
and livelihoods in high-risk areas.

3.3 Pillar 3: Warning dissemination and
communication, and Pillar 4: Preparedness and
response capability

A reporting gap was identified in Pillar 3 regarding how
warnings were disseminated and communicated to the last
mile,” and in Pillar 4 regarding how preparedness and re-
sponse capabilities were strengthened, particularly in aca-
demic publications. Academic publications documented Pil-
lar 3 evidence for 22 of the 45 systems and Pillar 4 evi-
dence for 15 of the 45 systems; supplementation with official
sources was therefore essential (Table Al). However, even
among these publications, the extent of discussion of Pillar
3 and Pillar 4 was very limited. Academic publications often

5The last mile refers to the final step of disseminating the alert
directly to the people who are at risk. It ensures that understandable
and actionable alert information reaches the right individuals.
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Figure 9. Modes of disseminating warnings generated by the fore-
casting system to the last mile (Op-L: Operational — Local; Op-R:
Operational — Regional; Op-N: Operational - National; Non-op-L:
Non-operational - Local; Non-op-R: Non-operational - Regional;
and Non-op-N: Non-operational — National).

describe thresholds, monitoring, and forecasting methods in
greater technical detail than they describe who is authorised
to issue a warning, how alerts move through institutional and
community channels, or how preparedness and response are
activated. To supplement information on these two pillars,
information was gathered from official websites, blogs, and
relevant documents. However, information on Pillars 3 and
4 could not be identified for all 45 systems. The missing
information may be available from other sources that were
not captured in this review. Even after consulting the sup-
plementary sources, 33 systems were classified as LEWS. In
this section, only these 33 LEWS were considered for further
analysis. Figure 9 depicts the modes used by the 33 LEWS
to disseminate generated warnings to the last mile, accord-
ing to their operational status and spatial scale. Among these
33 LEWS, 26 were operational (two Local, nine Regional,
and 15 National), and seven were non-operational (four Lo-
cal and three Regional).

The heatmap shows that dissemination through responsi-
ble authorities or institutions stood out as the most consis-
tent pathway in operational LEWS (two Local, seven Re-
gional, and 15 National). The second prominent mode of
warning dissemination in operational LEWS was web-based
platforms/dashboards (one Local, nine Regional, and 12 Na-
tional). Direct public-facing modes of warning dissemina-
tion, such as SMS, email, phone calls, broadcasting, social
media, apps, sirens, and local alarms, were reported less
consistently. The proposed non-operational LEWS also doc-
umented these as intended dissemination modes for future
warning dissemination. This pattern suggests that institu-
tional dissemination was the most consistently documented
pathway, whereas the use of direct public-facing channels
varied among systems. More detailed discussions of warn-
ing dissemination and communication can be found in the
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Figure 10. Preparedness and response activities across the 33
LEWS (Op-L: Operational — Local; Op-R: Operational — Regional;
Op-N: Operational - National; Non-op-L: Non-operational - Lo-
cal; Non-op-R: Non-operational - Regional; and Non-op-N: Non-
operational — National).

reviews by Guzzetti et al. (2020) and Piciullo et al. (2018).
In these studies, the authors draw not only on their academic
research but also on their field experience and information
obtained through direct communication with the relevant au-
thorities.

Figure 10 shows the preparedness and response activities
documented for 33 LEWS. In both operational (two Local,
eight Regional, and 13 National) and non-operational LEWS
(four Local and three Regional), evacuation/self-evacuation
was identified as one of the most frequently documented
response activities. Preparedness/decision support mecha-
nisms were also consistently reported in both operational
LEWS (two Local, nine Regional, and 14 National) and non-
operational LEWS (three Local and three Regional). Other
documented preparedness and response activities included
drills, training, restrictions, and closures. The frequencies
shown in Figs. 9 and 10 represent practices documented in
the searched sources and should not be interpreted as es-
timates of their prevalence or effectiveness in operational
LEWS worldwide.

From the above analyses, it can be stated that opera-
tional systems were more consistently represented within the
LEWS sample; National systems were found to be more fre-
quently operational, followed by Regional systems; and Lo-
cal LEWS showed greater variation. However, this pattern
may partly reflect the small Local sample size and gaps in
reporting. Therefore, it remains difficult to gain a compre-
hensive understanding of any country’s LEWS solely from
academic publications. To capture the full picture, deeper en-
gagement with national systems, through direct communica-
tion with stakeholders, field visits, or other means, is often
necessary. This highlights a significant gap between the lit-
erature and operational practice, as the available academic
sources provide only partial insights into how LEWS actu-
ally operate in practice. Moreover, in academic publications,
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the terms “early warning system” and “forecasting system”
should be used appropriately, as a forecasting system alone
should not be considered equivalent to an early warning sys-
tem.

3.4 Gaps in the LEWS through the lens of the EW4All
framework

While considerable contextual variation exists, the reviewed
systems suggest that a typical LEWS warning value chain
comprises four interrelated pillars: landslide risk knowledge;
risk monitoring, detection, forecasting, evaluation, and warn-
ing formulation; warning dissemination through appropriate
communication channels; and the uptake of warnings to sup-
port preparedness and early action. These pillars are func-
tionally interconnected, as each stage provides the basis for
the next. Weaknesses in any one pillar can reduce the effec-
tiveness of subsequent stages and ultimately compromise the
performance of the system as a whole. The gap analysis of
Pillar 1 and Pillar 2 is based on all 45 systems. However,
the analysis of gaps in Pillar 3 and Pillar 4 is based on the
33 LEWS. This section highlights the key gaps that concern
both operational implementation and the available evidence
for assessing such implementation (Fig. 11). It should not be
interpreted as a complete inventory of deficiencies in LEWS
practice worldwide.

3.4.1 Pillar 1: Incomplete and insufficiently dynamic
risk and impact knowledge

Data scarcity

Data scarcity is one of the most critical challenges. It is of-
ten difficult and, in some cases, impossible to obtain essential
data such as landslide inventories from many landslide-prone
areas (Patton et al., 2023; Liu et al., 2024). Many countries
still face serious challenges in landslide observation because
of shortages of ground-based and space-based data, partic-
ularly in parts of the Global South, Africa, western Latin
America, and the Pacific (UN, 2023). This data scarcity is a
major constraint on the development of LEWS in these coun-
tries. Data limitations are a major concern because landslide
forecasting and warning require the integration of informa-
tion across a range of institutions and specialist disciplines,
including meteorology, hydrology, geology, engineering, and
communication. In this context, “limited data” is not simply
a matter of insufficient observations within a single domain;
rather, it reflects a broader, cross-sectoral challenge related to
the routine collection, integration, and sharing of critical pa-
rameters relevant to LEWS. This issue is therefore closely
connected to governance, especially in relation to institu-
tional coordination, data-sharing agreements, and the mech-
anisms through which information is exchanged among rele-
vant actors. Therefore, it is essential to establish interopera-
ble inventories, documented quality-control procedures, and
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Figure 11. Elements of the four Pillars of LEWS based on UN-defined EW4All framework, and areas that require improvement in each

pillar.

sustained arrangements among relevant institutions for data
sharing. Such data scarcity can directly hamper the imple-
mentation of EW4All by weakening risk knowledge, moni-
toring and forecasting capability, and the evidence base re-
quired for timely and reliable early warning.

Spatial risk information

A risk map is a vital element of a LEWS, yet it was largely
absent from the reviewed systems. It usually integrates data
on all components of risk, such as hazard, vulnerability,
and exposure. However, these components do not neces-
sarily contribute equally to the overall level of risk. Expo-
sure is often a major contributor to overall risk. Therefore,
it is essential to assign appropriate weights or importance
to each component when developing a risk map. Suscep-
tibility maps are sometimes incorrectly interpreted as risk
maps, and this distinction should be clearly addressed. A
susceptibility map should not be considered equivalent to
a risk map. In some LEWS, a susceptibility map is inte-
grated into the system. However, these susceptibility maps
are often static rather than dynamically updated (Rossi et al.,
2018; Ahmed et al., 2020). This is a limitation because con-
ditions in many landslide-prone areas change continuously.
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Hill cutting, slope alteration, deforestation, urbanisation, de-
mographic changes, and other factors can alter both suscep-
tibility and exposure over time. Consequently, the associ-
ated risk levels may also change, creating a need for reg-
ularly updated susceptibility maps. Such updating could be
undertaken automatically or semi-automatically at appropri-
ate intervals. The limited availability of up-to-date spatial
risk information can hinder the implementation of EW4All
by weakening risk knowledge and reducing the capacity to
identify and prioritise populations and locations most at risk.

3.4.2 Pillar 2: Monitoring continuity, validation, and
scalability

Real-time data

Some landslide-related variables, including rainfall, ground-
water conditions, and ground deformation, vary over time
and therefore require continuous or near-real-time observa-
tion (Krggli et al., 2018; Sapena et al., 2023). Several bar-
riers (e.g., limited funding and maintenance requirements)
can constrain the continuous collection of data (Sapena et
al., 2023) from rain gauges, piezometers, and inclinometers.
The cross-tabular analysis of the 45 systems indicates that
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technical monitoring is relatively common; however, it does
not always ensure operational use, especially for Local and
forecasting-focused systems. A major concern is how to inte-
grate and sustain all required real-time data so that a system
remains functional and operationally capable. These include
instruments, communications, power supplies, data services,
calibration, maintenance, and trained personnel. Beyond fi-
nancial constraints, institutional factors can also affect im-
plementation and long-term sustainability, including insti-
tutional capacity, technical expertise, resource availability,
and cooperation among relevant stakeholders (Piciullo et al.,
2018; Sapena et al., 2023). From an operational perspec-
tive, the choice of monitoring strategy influences system de-
sign, maintenance requirements, transferability, and opera-
tional scalability (Segoni et al., 2018a; Sapena et al., 2023).

Forecast verification

Forecast verification is an essential component of LEWS, be-
cause it provides an objective basis for assessing forecast-
ing skill, identifying false and missed alarms, and refining
warning criteria (Piciullo et al., 2017; Guzzetti et al., 2020).
Forecast verification may be constrained by the lack of ade-
quate data. The absence of forecast verification may indicate
weaknesses in the system development and validation pro-
cess, thereby reducing confidence in its reliability. Moreover,
forecast verification requires substantial funding and human
resources, which are often unavailable. Limited availability
of these resources can constrain systematic forecast verifica-
tion and, consequently, undermine confidence in system reli-
ability.

Community reflection

The local community in a landslide-prone area plays a cen-
tral role in LEWS development and should be given high
priority throughout the process (Thapa and Adhikari, 2019;
Lempert et al., 2023; Gamperl et al., 2023). LEWS are pri-
marily dedicated to ensuring community safety and reduc-
ing potential loss and damage. However, the review found
that community engagement was infrequently documented in
the reviewed systems, particularly forecasting-focused sys-
tems, which may limit their effectiveness in achieving their
intended purpose. It is essential to consult local communi-
ties regarding the resources available and unavailable in their
area, as this can help tailor the system to local needs and con-
ditions (Lempert et al., 2023; Gamperl et al., 2023; Werth-
mann et al., 2024). Local communities are also an impor-
tant source of information on how warnings should be com-
municated and which communication channels are most ap-
propriate and accessible to them. These may include email,
SMS, radio or television announcements, megaphone mik-
ing, and other locally appropriate channels. Even a techni-
cally robust LEWS may be ineffective if warning information
is not communicated to local communities in a timely and ac-

Nat. Hazards Earth Syst. Sci., 26, 5469-5505, 2026

cessible manner. Local people cannot take appropriate action
if warnings do not reach them through suitable communica-
tion channels (Lempert et al., 2023; Werthmann et al., 2024).
Limited community engagement can hinder the implementa-
tion of EW4All by weakening its people-centred approach,
particularly by reducing the accessibility, trust, local rele-
vance, and effective use of warnings for timely preparedness
and response.

Model uncertainty

Model uncertainty remains a major challenge in LEWS
(Segoni et al., 2018a; Patton et al., 2023). To address this
issue, generating multiple scenarios based on varying input
conditions and conducting a sensitivity analysis can help
identify how changes in key parameters affect model out-
puts. In the case of AI/ML use, these approaches should be
supported by local validation, transferability assessment, in-
terpretable outputs, uncertainty communication, and human
oversight. Thus, Al should be considered a complementary
component of a hybrid LEWS, combined with expert inter-
pretation, field validation, and institutional decision-making
(Pfeiffer et al., 2024).

Standard methodology

So far, there is no known universally standard methodol-
ogy for developing forecasting systems. For instance, there
are several monitoring approaches, such as remote sens-
ing, community-based monitoring, and ground-based mon-
itoring. Thus, data are collected using different methods by
different users, reflecting inconsistencies in instrumentation
and data collection protocols (Piciullo et al., 2017; Liu et
al., 2024). This can reduce data quality and, in some cases,
make the data difficult to integrate into the system. Another
example is the rainfall threshold, which is a key element
of rainfall-induced LEWS. However, rainfall thresholds are
not used in all LEWS. In some LEWS, dynamic rainfall
data are used directly. These methodological differences may
contribute to increased false alarm rates. Nevertheless, exist-
ing contributions, including the performance and evaluation
frameworks discussed by Calvello (2017) and Guzzetti et
al. (2020), provide a useful foundation for threshold valida-
tion, warning-level evaluation, and operational performance
assessment. However, it is unclear from the EW4All frame-
work how a standard methodology could be applied globally
when landslide characteristics vary considerably between lo-
cations.

Impact-based modelling

A key gap in existing LEWS is the limited use of impact-
based modelling (Guzzetti et al., 2020). Impact-based mod-
elling should link the likelihood of forecast landslide occur-
rence with the exposure and vulnerability of people, infras-
tructure, and public services. If impact-based warnings are
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available, local communities can make more informed pre-
paredness decisions and take appropriate actions to reduce
their risks. The limited use of impact-based modelling can
constrain the implementation of EW4AIl by weakening the
connection between forecast hazards and their likely con-
sequences for exposed and vulnerable populations, thereby
limiting informed and timely preparedness and response ac-
tions.

3.4.3 Pillar 3: Last mile communication, and lead time
Last mile communication

Academic publications often describe thresholds, monitor-
ing, and forecasting methods in greater technical detail than
they describe who is authorised to issue a warning, how
alerts move through institutional and community channels,
or how preparedness and response are activated. Figure 9
shows that dissemination through responsible authorities or
institutions and web-based platforms/dashboards were the
most consistently documented modes of warning dissemina-
tion. Direct public-facing modes of warning dissemination,
such as SMS, email, phone calls, broadcasting, social me-
dia, apps, sirens, and local alarms, were reported less consis-
tently. However, the availability of warning channels alone
is insufficient (Thapa and Adhikari, 2019; Werthmann et al.,
2024). The warning should reach the appropriate community
in the relevant location and specify the potential hazard, tim-
ing, impacts, uncertainty, and recommended actions in lo-
cally understandable formats (UNDRR and WMO, 2025).
Communication planning should consider the multiple lan-
guages used within local communities, differences in liter-
acy, disability, trust, connectivity, and the possibility that
one or more dissemination channels may fail (UNDRR and
WMO, 2025; Werthmann et al., 2024). For instance, in re-
mote and mountainous areas, mobile and internet connectiv-
ity, as well as road access, may be severely disrupted during
the monsoon season. Similarly, warnings delivered through
megaphones or sirens may not reach all vulnerable loca-
tions. Under the EW4All warning dissemination and com-
munication pillar, effective LEWS require redundant and lo-
cally appropriate communication pathways so that warnings
can reach exposed populations despite differences in connec-
tivity, literacy, language, disability, and access to communi-
cation technologies. The comparatively limited reporting of
SMS, email, phone calls, broadcasting, social media, apps,
sirens, and local alarms therefore highlights a documentation
and implementation gap in last-mile communication that de-
mands greater attention. Therefore, locally appropriate, man-
ageable, and adaptable communication techniques should be
adopted. These requirements strengthen the people-centred
function of Pillar 3 without assuming that limited reporting
is equivalent to the absence of operational practice.
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Lead time

The time interval between warning dissemination to the com-
munity and the anticipated occurrence of a hazardous event
is operationally important because it determines whether ap-
propriate protective actions can be completed (Tupper and
Fearnley, 2023; Werthmann et al., 2024). A technically ad-
equate forecast can still provide limited benefit if responsi-
bilities are unclear or if evacuation destinations, transport ar-
rangements, support for people requiring assistance, and de-
cision protocols cannot be activated within the available lead
time (Tupper and Fearnley, 2023; Werthmann et al., 2024;
UNDRR and WMO, 2025).

3.4.4 Pillar 4: Preparedness and response
Community awareness and preparedness

Figure 10 shows the preparedness and response activities
documented for 33 LEWS. Evacuation or self-evacuation and
preparedness or decision-support mechanisms were the most
frequently documented activities, while drills, training, re-
strictions, and closures were reported less consistently across
operational-status and spatial-scale groups. However, these
frequencies do not provide sufficient information to assess
how effective these activities were for local communities.
Evacuation or self-evacuation and preparedness or decision-
support mechanisms may not always lead to effective com-
munity responses. Local people may not take proactive mea-
sures even after receiving an EW because of limited aware-
ness or preparedness (Piciullo et al., 2018). In some cases,
they may also be uncertain about the actions required to
protect themselves from danger. Others may understand the
warning and the recommended actions but still choose not
to respond, for example because of risk perception, previous
experience, trust, or other social and cultural factors.

Under the EW4All preparedness-to-respond pillar, drills
and training are essential for translating landslide warnings
into timely and appropriate protective actions by testing re-
sponse procedures, clarifying institutional and community
responsibilities, and improving public understanding of how
to respond when an alert is issued. Similarly, restrictions and
closures can reduce exposure by limiting access to hazardous
areas during periods of elevated landslide risk; therefore,
their comparatively limited reporting across the reviewed
LEWS indicates that these practical warning-to-action mech-
anisms require greater attention to strengthen the overall ef-
fectiveness of LEWS. Therefore, greater emphasis should be
placed on strengthening community awareness and prepared-
ness through locally appropriate activities, such as mock
drills, workshops, street theatre, booklets, posters, and other
forms of communication delivered in local languages.
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Effective collaboration

In many cases, local resources, such as emergency managers,
volunteers, and community actors, are available but are not
effectively mobilised when needed. This can delay prepared-
ness and response actions and increase the severity of disaster
impacts. Such shortcomings often reflect weak coordination
and collaboration among relevant actors. Effective coordina-
tion and collaboration with locally available resources can
help reduce loss and damage, yet these arrangements may
remain underutilised even where advanced warning systems
are in place. Preparedness depends on prior participation,
credible and understandable warnings, feasible protective op-
tions, inclusive planning, regular exercises, and feedback af-
ter warning events (Tupper and Fearnley, 2023; Werthmann
et al., 2024).

Overall, the analysis of 45 systems does not indicate that
the principal weakness of rainfall-induced LEWS lies in one
technology or one pillar. Rather, it indicates an uneven transi-
tion from risk and forecasting information to authorised com-
munication and feasible early action. Several gaps remain
and require collaborative improvement, particularly in rela-
tion to Pillars 3 and 4. Researchers are making substantial
contributions to Pillars 1 and 2. Forecast issuance (Pillar 2)
provides the basis for warning dissemination and commu-
nication (Pillar 3). One of the most important components
of LEWS is the preparedness and response capacity of the
community (Pillar 4). A LEWS is more likely to be effec-
tive when Pillars 3 and 4 function adequately and are well
integrated with the preceding pillars. A LEWS may still be
ineffective despite a sophisticated Pillar 2 and an effective
Pillar 3 if adequate preparedness and response mechanisms
are lacking, as information generated through the preceding
pillars does not automatically translate into protective action.
Many activities are implemented in isolation and are frag-
mented across different locations and organisations, making
it difficult to unlock the full potential and overall effective-
ness of LEWS. As LEWS comprises multiple interconnected
pillars, each of which needs to function effectively, collab-
oration across multiple partners, institutions, and sectors is
essential. Such collaboration remains limited in several ar-
eas and therefore needs to be strengthened. Therefore, insti-
tutional capacity should be strengthened, alongside partner-
ships and coordination among stakeholders working across
different pillars, to ensure the effective integration and func-
tioning of LEWS.

4 Feasibility of implementing EW4All for LEWS

The EW4All framework is very comprehensive. It clearly
calls for action across several areas, with a strong empha-
sis on protecting people and improving human well-being.
However, it also presents several feasibility concerns beyond
the broader challenges and gaps discussed in the previous
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section. Some of the feasibility concerns are outlined briefly
here.

4.1 Financing and sustained implementation capacity

It calls for the implementation of MHEWS worldwide. Fund-
ing is a major challenge in this regard, especially for SIDS
and LDCs. At present, the UN is providing direct financial
support to only 30 selected countries in the initial phase
of this framework, which appears insufficient relative to
the global scale of implementation required. The latest UN
global assessment report found that LDCs and SIDS still face
inadequate funding for implementing the EW4All frame-
work at the national level (UNDRR and WMO, 2025). There-
fore, how all countries will secure the sustained funding nec-
essary to implement and maintain EW4All remains a signif-
icant concern. This creates a significant feasibility concern,
since securing adequate and sustained funding is challeng-
ing and represents an essential prerequisite for initiating and
maintaining such a programme. This concern is particularly
important given the scale and ambition required to achieve
universal coverage within a relatively short implementation
period (Tupper and Fearnley, 2023).

4.2 Global consistency and local adaptation

The framework appears to promote common standards, or
methods, or approaches across different contexts. This is
challenging, as lithology, physiography, geology, climatol-
ogy, land use, rainfall patterns, and other characteristics dif-
fer considerably across the globe. Given these variations, it
may not be feasible to apply a single approach to LEWS de-
velopment in all locations. Recent research similarly empha-
sises that standardisation in MHEWS must retain sufficient
flexibility to account for variations in scale, hazards, popula-
tions, and local needs (Rokhideh et al., 2025).

4.3 Global forecasting products and local calibration

A related concern is how to balance globally standardised
forecasting tools with the local calibration required for op-
erational LEWS. In practice, reliable landslide forecasting
systems require locally or regionally appropriate thresholds
and proper calibration (Piciullo et al., 2017; Nocentini et al.,
2024), which may not align with a uniform global model.
Relying on a uniform model risks producing overly general
outputs that are less useful at the local level. This limitation
is recognised in the latest global assessment report, which
notes that detailed local prediction cannot be achieved using
global meteorological products alone (UNDRR and WMO,
2025).

4.4 Last mile communication

Last mile communication presents another significant chal-
lenge, particularly in areas with high linguistic diversity.
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Populations at risk may include people in remote locations,
those without reliable telecommunications, people with dis-
abilities, transient populations, and speakers of different lan-
guages, meaning that no single communication channel is
likely to reach all groups effectively (UNDRR and WMO,
2025).

4.5 Inclusivity in operational implementation

While the framework highlights inclusivity, which is indeed
vital, it does not provide clear guidelines on how to achieve
it in practice. Experience shows that even in regions or coun-
tries with a large number of landslide forecasting systems,
warning dissemination and response often fail due to extreme
weather, difficult geography, or other barriers. Since “safety
first” is a fundamental principle for emergency workers, they
cannot be expected to place themselves at unacceptable risk
in the immediate aftermath of a disaster. Responders may
need to wait until conditions become sufficiently safe before
they can assist affected people. As these situations are often
shaped by hazard conditions and local physical constraints,
ensuring complete inclusivity in practice remains difficult.
The 2025 global assessment acknowledges that the imple-
mentation of inclusive approaches often lags behind policy
commitments and that MHEWS may fail to reach or ade-
quately meet the needs of diverse and marginalised groups
(UNDRR and WMO, 2025).

4.6 Feasibility of universal coverage by 2027

The framework aims to achieve universal MHEWS cover-
age by the end of 2027. It is unclear how this target will be
met, given that 2026 is already well advanced and many of
the designated countries still face serious resource and capac-
ity constraints. While the UN is providing some support, the
countries outside the current support pool face even greater
uncertainty. For them, implementing this framework within
the stated timeframe may be particularly challenging. The
same assessment concluded that, despite tangible progress at
the halfway stage of EW4All, considerable work was still
required to achieve universal coverage, particularly because
many LDCs and SIDS lacked sufficient financial resources
for implementation (UNDRR and WMO, 2025).

Other feasibility issues may also constrain the effective
implementation of EW4All (Rokhideh et al., 2025). There-
fore, a more detailed and region-specific framework under
the broader EW4All framework may be needed, one that ac-
counts for contextual realities rather than relying solely on a
broad global model.

5 Conclusions

The analysis of 45 systems indicates that significant progress
has been made towards the operationalisation of LEWS. Op-
erational LEWS can support community preparedness, re-
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sponse, and risk mitigation capabilities, thereby contributing
to an overall reduction in disaster risk. However, progress re-
mains fragmented and uneven.

The analysis of 45 systems shows that 27 were classi-
fied as operational, indicating substantial operational imple-
mentation within the reviewed systems, although this im-
plementation remains uneven across spatial scales and sys-
tem types. Local systems showed particularly limited oper-
ational maturity. National-scale LEWS were largely oper-
ational, while forecasting-focused systems were rarely op-
erational, and systems incorporating susceptibility mapping
showed a higher proportion of operational status. The find-
ings reflected not only technical challenges but also wider
implementation barriers, including limited funding, mainte-
nance requirements, weak institutional coordination, unclear
warning mandates, and insufficient communication and re-
sponse protocols.

The restriction to English-language publications may have
excluded relevant systems studies and operational evidence
published in other languages, potentially affecting the repre-
sentativeness of the reviewed sample and limiting the global
scope of the findings.

One of the main findings is that the current academic liter-
ature is concentrated on Pillars 1 and 2, whereas Pillars 3 and
4 remain underreported in academic publications. This indi-
cates a structural imbalance between technical LEWS devel-
opment and the people-centred operational requirements of
EW4AIL It also highlights a gap between academic publi-
cations and operational reality. Many studies describe fore-
casting methods in detail; however, they provide limited in-
formation on institutional responsibility, warning dissemina-
tion, community preparedness, and response planning. This
affects the robustness of global comparisons, as differences
between systems may partly reflect differences in report-
ing practices rather than differences in actual operational
performance. While EW4All provides an important global
framework, its feasibility for LEWS is constrained by insuf-
ficient funding, the promotion of standardised models that
may not adequately account for local thresholds, and persis-
tent challenges related to inclusivity and last-mile commu-
nication. Future LEWS development should prioritise opera-
tional governance, risk- and impact-based information, last-
mile communication, preparedness, and scalable approaches
that remain responsive to local landslide conditions. Unless
region-specific approaches are prioritised and adequate re-
sources are secured, establishing effective LEWS globally by
2027 will remain difficult. A LEWS is more likely to be ef-
fective when Pillars 3 and 4 function adequately and are well
integrated with the preceding pillars.
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Appendix A

Table Al. Rainfall-induced LEWS records reviewed (2015-2026), including locality, areal coverage, system scale, system type (LEWS vs. forecasting-focused), operational
evidence, evidence strength, the evidence basis for each EW4All pillar, source type, and reference.

Country  Locality Areal coverage System Type of Operational evidence Evidence P1 and P2 P3 assignment P4 Source type Reference
scale the system strength assignment source assignment
source source

Bangla-  Chittagong City/ metropolitan- Regional LEWS A dynamic public High: non- Paper itself ~ Paper itself Paper itself ~ Journal Ahmed et

desh Metropolitan Area area-wide Web-GIS EWS was operational article al. (2018)
(CMA) developed, but the paper  stage

presents it as a proposed  explicit
research system rather

than a confirmed,

routinely operational

system managed by an

authorised institution.

Bangla-  Cox’s Bazar District-wide/ Regional LEWS A live web-based High: direct ~ Paper itself ~ Paper itself + Paper itself ~ Journal Ahmed et

desh District, especially multiple subdistricts landslide early warning operational Official website ~ + Official article, public  al. (2020,
Rohingya refugee and camps system, supported by evidence (https://www. document document, 2026), RCP
camps in Ukhia and FAO, operates in Cox’s landslidebd. official (2026)
Teknaf Bazar District. The com/ website

Bangladesh coxs-warning-bmd/,
Meteorological last access: 21
Department has October 2026)
authorised its operation,

and the platform

provides a landslide

warning service for the

district.

Brazil CEMADEN- National/high-risk National LEWS SNAKE is deployed in High: direct ~ Paper itself ~ Paper itself + Paper itself ~ Journal de Andrade
monitored high-risk ~ municipalities the CEMADEN operational Official website article, et al. (2023)
municipalities; Situation Room and is evidence (https: official
examples include presented as an /Ipainelalertas. website
Blumenau, operational system for cemaden.gov.

Petrépolis, Nova
Friburgo and
Florian6polis

monitoring and issuing
alerts in high-risk
municipalities.

br/, last access:
21 October
2026)
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Table A1l. Continued.
Country  Locality Areal coverage System  Type of Operational evidence Evidence  P1 and P2 P3 P4 Source type  Reference
scale the system strength assignment assignment assignment
source source source

China Landslide-prone Single Local Forecasting The multi-source system was Moderate: Paperitself ~ No explicit No explicit Journal Yang et
slope in the instrumented -focused established and tested on an non- information information  technical al. (2017)
‘Wenchuan slope/site actual slope, and warning criteria  operational note
earthquake region were proposed; however, routine  stage

operational use for warning inferred
purposes was not demonstrated.

China Southwest China; Multiple Local LEWS The SKLGP site-specific LEWS ~ Moderate: Paper itself ~ Paper itself Paper itself ~ Journal Ju et al.
site-specific site-specific slope was progressively developed and  non- article (2015,
deployments and catchment applied across multiple landslide ~ operational 2020)
including deployments and debris-flow sites in stage
Longjingwan Southwest China. Ju et al. (2015)  inferred
landslide, Kaiyang document a real-time monitoring
County, Guizhou and computer-aided warning
Province; Xingyi application at Longjingwan,
rockslide, Guizhou while Ju et al. (2020) report
Province; Baige subsequent real-time
debris slide at the applications and successful
Tibet—Sichuan warning cases at Baige, Xingyi,
border; and and Zoumaling. However, the
Zoumaling publications do not clearly
catchment, demonstrate routine institutional
Qingping, Sichuan adoption, operational
Province responsibility, or formal warning

authority by a governmental or
other recognised operational
institution.

China Xinyu City, Jiangxi Single Local LEWS The IoT-based real-time Moderate: Paper itself ~ Paper itself Paper itself ~ Journal Mondal
Province instrumented monitoring and early warning non- article etal.

slope/site within system was deployed on a operational (2026)
Xinyu City landslide-prone residential slope  stage
and successfully detected and inferred

recorded a rainfall-induced slope
failure in July 2021. The system
includes automated notifications
to experts and registered users,
together with a proposed formal
warning and
emergency-response workflow
involving local government.
However, routine institutional
adoption, operational
responsibility, or formal warning
authority by a recognised
operational institution is not
demonstrated.
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Table A1l. Continued.
Country  Locality Areal coverage System  Type of Operational evidence Evidence P1 and P2 P3 assignment P4 Source type Reference
scale the system strength assignment source assignment
source source

India Himachal Pradesh Pilot field site/local Local Forecasting A pilot EWS was High: non- Paper itself ~ No explicit No explicit Conference Prakasam et
Himalayan region; slope -focused installed for sensor and operational information information  proceedings al. (2021)
pilot field site data-quality assessment;  stage article

however, the paper states  explicit
that further calibration

and deployment are

required, indicating that

the system is not yet

operational.

India Operational National National LEWS The Geological Survey High: direct ~ Official Official website  Official Official GSI (2026)
bulletins for programme/ of India (GSI) explicitly ~ operational website (https: website government
Darjeeling and selected operational states that the system is evidence (https: //bhusanket.gsi. (https: operational
Kalimpong (West districts across operational and that //bhusanket.  gov.in/, last //bhusanket.  portal /

Bengal) and The multiple states public landslide forecast gsi.gov.in/, access: 21 gsi.gov.in/, bulletin
Nilgiris (Tamil bulletins are routinely last access: October 2026) last access:

Nadu); experimental issued for Darjeeling, 21 October 21 October

expansion to other Kalimpong, and the 2026) 2026)

landslide-prone Nilgiris.

districts

India Tangni landslide, Single landslide/site  Local Forecasting A near-real-time Moderate: Paper itself ~ No explicit No explicit Conference Chaturvedi
Chamoli District, -focused instrumentation setup non- information information  proceedings et al. (2017)
Uttarakhand was installed, and operational paper

sensor-based warning stage
thresholds were inferred
developed; however, the

study does not

demonstrate routine

prospective warning

issuance or the existence

of an established

operational warning

service.

Indonesia Grasberg mining Mine-site/local Local Forecasting The work develops Moderate: Paper itself ~ No explicit No explicit Conference Farina et al.
area and valley area -focused thresholds and an EWS non- information information  proceedings (2020)
surrounding valleys, to support an operational  operational paper
Papua risk chain, but presents stage

the system as a basis for  inferred

establishing routine,
continuous alarm
services rather than
demonstrating mature
operational use.
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Table A1l. Continued.
Country Locality Areal coverage System  Type of Operational evidence Evidence P1 and P2 P3 assignment P4 assignment Source type Reference
scale the system strength assignment source source
source
Italy Tuscany Region Region- Regional LEWS The Tuscany EWS is High: direct ~ Paperitself ~ Paper itself + Official website ~ Journal Segoni et
wide/Tuscany explicitly described as operational Official website (https://www. technical al. (2015)
operational, evidence (https://www. regione. note, official
implemented through regione. toscana.it, last website
WebGIS, and managed toscana.it, last access: 21
by the Tuscany Civil access: 21 October 2026)
Protection Authority. October 2026)
Ttaly Umbria Region Region- Regional LEWS The Umbria Civil High: direct ~ Paperitself ~ Official website Official website ~ Journal Ponziani
wide/Umbria Protection LEWS is operational (https://cfumbria.  (https://cfumbria. article, etal.
operational and issues evidence regione, last regione, last official (2023)
daily bulletins, while the access: 21 access: 21 website
study is conducted October 2026) October 2026)
within this established
operational system.

Japan Fukuoka/Kyushu  Pilot Local LEWS The EWS was Moderate: Paper itself ~ Paper itself Paper itself Conference Liu et al.
University instrumented site/ experimentally validated  non- proceedings (2022,
laboratory-scale local slope on representative sandy operational paper/book 2023b)
sandy slope tests slopes and is presented stage chapter

as suitable for future inferred
operational

implementation rather

than as an established

operational warning

service.

Japan Nationwide Japan ~ National National LEWS JMA publishes current High: direct  Official Official website 1 ~ Official website ~ Official IMA
national landslide operational website 1 (https: 1 (https://www. government (2026)
warning and advisory evidence (https: /lwww.jma.go.jp/  jma.go.jp/bosai/  operational
information, together /Iwww.jma. bosai/en_risk/, en_risk/, last portal/
with a live Real-time go.jp/bosai/  last access: 21 access: 21 warning
Risk Map that provides en_risk/, October 2026) + October 2026) service
explicit protective last access: Official website 2 + Official
actions corresponding to 21 October (https: website 2
different alert levels. 2026) + /lwww.jma.go.jp/  (https://www.

Official jma/en/quickinfo/  jma.go.jp/jma/
website 2 quickinfo.html, en/quickinfo/
(https: last access: 21 quickinfo.html,
/lwww.jma.  October 2026) last access: 21
go.jp/jma/ October 2026)
en/

quickinfo/

quickinfo.

html, last

access: 21

October

2026)
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Table A1l. Continued.
Country Locality Areal coverage System  Type of Operational evidence Evidence P1 and P2 P3 assignment P4 assignment Source type Reference
scale the system strength assignment source source
source

Peru Nationwide Peru;  National/forecast- National LEWS INGEMMET identified High: direct  Official Official website Official website Official INGEMMET
forecast-triggered  triggered district 185 critical zones based ~ operational website (https://www. (https://www.gob. national (2026),
critical zones and  and critical-zone on a SENAMHI forecast  evidence (https://www. gob.pe/, last pe/, last access: multi-agency  INDECI
district-level coverage for February 2026 and gob.pe/, last  access: 21 21 October government (2026)
mass-movement transmitted the resulting access: 21 October 2026) 2026) operational
risk scenarios report to COEN and the October alert /

relevant authorities; 2026) risk-scenario
INDECI subsequently service
issued district-level

landslide and huaico risk

information and

response guidance in

March 2026, also based

on a SENAMHI

forecast.

Philippines Albay Province, Province- Regional LEWS The official MGB High: direct ~ Official Official website Official website ~ Official Miraballes

Bicol Region wide/Albay technical document operational website (https://region5. (https://region5.  government (2021),

warning states that the thresholds  evidence (https: mgb.gov.ph/, last ~ mgb.gov.ph/, operational MGB-V
landscapes are currently used to /Iregion5. access: 21 last access: 21 warning (2026)

issue warning bulletins mgb.gov. October 2026) October 2026) bulletin/tech-

for Albay, and ph/, last nical

government bulletins access: 21 programme

from 2025 and 2026 October

demonstrate operational 2026)

warning issuance and

associated response

actions.

Rwanda 15 high-risk Multi-district Regional LEWS The EWS was Moderate: Paper itself Paper itself Paper itself Journal Niyibizi and
districts in subnational implemented as a pilot non- article Valentino
northwestern, coverage web-based platform; operational (2025)
western and however, the paper does stage
southern not clearly demonstrate inferred
Rwanda; pilot in established, routine
Ngororero institutional warning

operations beyond the
pilot stage.

South Busan; case study  City/municipality- Regional LEWS The Busan LEWS was High: non- Paper itself ~ Paper itself Paper itself Conference Park et al.

Korea at a debris-flow- wide implemented within the operational proceedings (2018)
vulnerable local government stage paper
mountain site framework but was explicit

explicitly described as
undergoing trial
operation at the time of
publication.
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Table A1l. Continued.
Country Locality Areal coverage System  Type of Operational evidence Evidence P1 and P2 P3 assignment P4 assignment Source type Reference
scale the system strength assignment source source
source
Tunisia Metline, northern  Single site/local Local Forecasting  The paper explicitly High: non- Paper itself ~ No explicit No explicit Conference Kebaili et
Tunisia prototype -focused presents a landslide operational information information proceedings al. (2016)
early warning system stage paper
prototype. explicit
United Recently burned Federal national National LEWS USGS explicitly states High: direct ~ Official Official website 1 ~ Official website ~ Official USGS
States  watersheds and programme/se- that postfire hazard operational website (https://www. 1 (https://www. federal (2026),
burn scars across  lected burn scars assessments and rainfall ~ evidence (https://www. usgs.gov, last usgs.gov, last government NWS
the western across multiple thresholds support early usgs.gov, access: 21 operational (2026)
United States states warning, while the NWS last access: October 2026) + October 2026) hazard
issued multiple Flash 21 October Official website 2 4 Official assessment/
Flood Warnings in 2026 2026) (https://www. website 2 warning
that explicitly forecast or weather.gov, last (https://www. service
reported observed debris access: 21 weather.gov,
flows in burn-scar areas. October 2026) last access: 21
October 2026)
United  Sitka, Alaska City/community- ~ Regional LEWS The Sitka Landslide High: direct ~ Paperitself ~ Paper itself + Paper itself + Journal Patton et
States wide warning Risk Dashboard is an operational Official website Official website article, al. (2023),
area active, evidence (https: (https: official Lempert et
community-facing /Isitkalandslide. /Isitkalandslide. website al. (2023)
service that provides org/, last access: org/, last access:
current and forecast 21 October 2026) 21 October
rainfall-induced 2026)
landslide risk levels,
together with associated
preparedness actions. It
is a non-governmental
risk-information
dashboard and does not
independently issue
push notifications or
formal warnings.
Vietham Nam Dan Single Local Forecasting The EWMRIL system Moderate: Paper itself ~ Paper itself No explicit Journal Gian et al.
landslide, Xin landslide/site -focused was implemented and non- information article (2017)
Man District, Ha experimentally validated  operational
Giang Province at a case-study site, but stage
the warning workflow is  inferred

presented as proposed
and experimental rather
than as a documented
routine operational
service.

Note: The URLs were active at the time the article was processed.
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LEWS — Yes (n=33)

Forecasting-focused systems — Yes (n=12)
Integrate Rainfall Threshold — Yes (n=31)
Integrate Rainfall Threshold — No (n=14)
Integrate Susceptibility Map — Yes (n=25)
Integrate Susceptibility Map — No (n=20)
Use Sensors Data — Yes (n=38)

Use Sensors Data — No (n=7)

Use Al | ML — Yes (n=5)

Use Al | ML — No (n=40)

Use API Data — Yes (n=8)

Use API Data — No (n=37)

Use loT — Yes (n=7)

Use loT — No (n=38)

Utilise Remote Sensing — Yes (n=17)

Utilise Remote Sensing — No (n=28)

0 20 40 60 80 100
Operational status within each segment (%)

Author: Roquia Salam, 2026 Il Operational [ Non-operational

Figure A1. Operational status by key characteristics across the 45 unique systems.
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Code and data availability. The data used to create the historical
disaster trends (Figs. 3 and 4) were obtained from EM-DAT, the In-
ternational Disaster Database, and can be downloaded directly from
https://www.emdat.be/ (last access: 21 October 2026).
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