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Abstract

This review is necessary at-this-time-to provide a comprehensive evaluation of-the
rainfall-induced landslide early warning systems (LEWS) through the lens of the United
Nations ‘Early Warnings for All' (EWA4AIl) framework. This study integrates EW4AII
pillars, incorperates-everlocked-iterature—examines information sharing in academic
publications;—_and official websites/portals, and evaluates the global feasibility of
implementing EW4AIl for LEWS. Of 64-45 rainfall-induced LEA/S-systemsidentified-in
the-literature—covering—23-countries, 2744 (26 LEWS and one Forecasting-focused
system) were are-foundeensidered operational (benefiting 19 countries), meaning they
are-wereeurrently implemented and actively used for warning purposes_when this
paper was prepared—across—only—10-countries. Some forecasting-focused systems
were misleadingly described as early warning systems. Among leeallLocal,
regionalRegional, and natienal-National systems, leeal-Local EEWS-systems is-were
often less scalable and more resource-intensive. Operational systems were mainly
National, followed by Regional. Most operational systems target-debrisflows—and
shallow-landslides—and-relyied-mainly on rainfall thresholds.—\W/hile Ssome included
susceptibility maps, risk maps are-were largely absent. Real-time sensor data are-were
used in some systems; however, high maintenance costs limited scalability. Reliability
is-was further constrained by data scarcity, limited forecast verification, and suboptimal

use of Artificial Intelligencel—and-thelack—of-standardisedforecasting—approaches.

Community enqaqement was mfrequentlv documented in _the rewewed

Although EW4AII is transformative, |mplement|ng effectlve LEWS ir-across ralnfall-

induced landslide-prone areas worldwide by 2027 remains impractical without
localised approaches, sufficient fundsfunding, community engagement, and enhanced
Institutional capacityreseurees.

Keywords: Rainfall-induced landslides early warning system, early warning for all,
rainfall threshold, risk map, community reflection
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1 Introduction

1.1 The early warning for all (EW4AIl) framework

[Formatted: Font color: Text 1

Several initiatives have been undertaken since 1989 to develop—an effective early
warning system(s) (EWS), with the aiming—te—minimiseaim of minimising human
suffering and disruption (Fig. 1). The first global-initial effort fer-towards disaster risk
reduction (DRR) began in 1989, when the UN declared the ‘International Decade for

Natural Disaster Reduction’ (IDNDR) (1989-1999) to enhance DRR activities.
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Figure 1: A brief

history of eventevents,
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publicationpublications,

Al

and

anneduneementannouncements, and other milestones in the development of early

warning systems from 1989 to the present day [Figure modified after UN (2023)].
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Within-During the IDNDR, the first landmark guidance-and-international guidance 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 prevention and preparedness activities
(UNISDR, 1994). However, EW was still a nascent concept in-within this framework,
that—which lacked a detailed and clearly defined mechanism of—for EWS
implementation (UNISDR, 2005). The tragic catastrophe of the Indian Ocean tFsunami
in December 2004, which killed more than 230,000 people around the Indian Ocean
(Lay, 2012), made the international DRR community realise that-an EWS could save
thousands of lives (UNISDR, 2006). FherefereConsequently, soon after this—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 community.
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Figure 2: UN defined four pillars of the people-centred multi-hazards EWA4AII
frameworks [Figure slightly modified after UN (2023)].

A

Among the 5-five priorities for action, pPriority-rumber 2-two was ‘identify, assess and
monitor disaster risks and enhance early warning’, where—with an emphasis on
developing an EWS was-emphasised-(UNISDR, 2005). However, several limitations
were identified (UNISDR, 2015), such as the HFA emphasising the development ofing

sector-specific  (single-hazard) rather

than

integrated (multi-hazard)

EWS.
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BesidesFurthermore, the engagement of all sectors (e.g., public, private, civil,
academia, and scientific) was not ensured. Moreover, the HFA lacked a people-
centred EWS. Furthermeore,—theThe HFA also treated the EWS as a siloed system
(which was not exelusively-explicitly incorporated into disaster risk management plans
and policiesy) that limits its effectiveness in taekling—addressing the causal (e.g.,
climate change, and unplanned urbanisation) and compounding (e.g., demographic
change, and poor institutional capacity) factors of disaster risks. Additionally, the small
island developing countries (SIDs), least developed countries (LDCs), and landlocked
developing countries (LLDCs) were—facing—ed multifaceted issues—challenges in
arranging-securing financial, technical, and institutional resources. These limitations
of the HFA led to the adoption of a more comprehensive framework for DRR, the
‘Sendai Framework for Disaster Risk Reduction (2015-2030)’, in 2015 (UNISDR,
2015). While people-centred multi-hazard EWS (MHEWS) is—are focused
enemphasised in the Sendai Framework under Target G, the implementation of
MHEWS was-has remained slow and uneven under this policy framework. In 2022, it
was reported that fewer than half of the countries worldwide less-thanhalfof-the
countries-in-the-world-lacked-preper MHEWS coverage (UNDRR and WMO, 2022).
Therefore, a more targeted initiative to accelerate the operationalisation of the
MHEWS under-the-priorities-efin line with Target G has-beenwas launched in 2022,
which-is-ealledknown as early-warpingEarly Warnings for al-All (EW4AII) (UN, 2023).

EWA4AIl is a groundbreaking initiative, and its main objective is to ensure that by the
end of 2027, every human being on this-the planet is safeguarded-protected from any
form—of-hazardous weather, water, er—and climate events through timely aleris
warnings provided by from-EWS.

The EWA4AIl initiative has three main targets, which-areas 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 coverage of these systems is
has not yet been ensured (UN, 2023). Some parts of the world are—fully-deprived
efremain without adequate EWS coverage, sueh-as-inparticularly LDCs and SIDs, and
iHs-the-weorstwith the situation being most severe in Africa (Guterres, 2022). Fig. 2
portrays the UN-defined framework of-the people-centred multi-hazards early warning
systems (MHEWS) for all (EW4AIl), with-comprising four pillars. Several organisations
contributed to leading each pillar. EW4AIl has four pillars, which-are-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.
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Pillar 3: Warning dissemination and communication: Communicate risk information
and early warnings.

Pillar 4: Preparedness and response capabilities: Build national and community
response capabilities.

1.2 The necessity of the early warning system

Since the United Nations (UN) initiated systematic efforts fertowards DRR activities
in 1989, S|gn|f|cant progress has been made (UN, 2023) Peepleare—new—mere—aware

%eatastrephr%mpaets—are—breadeaet—er—repeﬁed— However increasing
concentrations Bue—te-the—inerease—of human-induced greenhouse gases in the
atmosphere have disrupted climatic and that—imbalaneces—the—meteorological
eyeleprocesses, contributing to increases in the intensity and frequency of extreme

climate-relatedthe-intensity—and-frequency—of-extreme—climatic events (e.g., floods,

landslides, droughts, cyclones, heatwaves, and se-enothers), which are expected to
intensify have-inereased-overthe-period;-and-are-expected-to-grow-further (Lee et al.,
2023). As the frequency of climatic extremes increases over time (Fig. 3), so does the
number of people affected-peeple. Numerous adverseGeuntless impacts, including
death, injury, property damage, and loss of livelihoods, are recorded every day.
MoreoverBesides, the environment is severely impactedaffected, creating conditions
that may further exacerbate the risks associated with subsequent which-makes-the
shuation—faveurakble—or—esealating—the—rislks—arsing—fror—urihe—hazards. These
extreme events may be associated are-cerrelated-with ere-single or multiple hazards,
thereby creating giving-them-a-multi-hazard risk-status. {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 floodings), or sequentially (e.g.,
tropical storms and landslides), resulting in respensible—for—a—higher—degree—of
disproportionately severedisastrous impacts on people and -their-property en-the-earth
(Lee et al., 2024).
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|t is very challenging to reduce or avoid hazards completely; 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 action before a
hazardous event occurshavethe—oppeortunity—to—takesomebeneficial-anticipatory
action—ahead—ofthe—hazards'ocecurrence. More specifically,—an an EWS is “an
integrated system of hazard monitoring, forecasting, and prediction, disaster risk
assessment, communication, and preparedness activities systems and processes that
enables individuals, communities, governments, businesses, and others to take timely
action to reduce disaster risks in advance of hazardous events” (UNDRR, 2017).
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Some affected people have access to timely warnings through EWS, allowing them to
prepare for upcoming events.
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Figure 4: a) Temporal trends efin the total number of climatological, hydrological, and
meteorological disasters and b) specifie-individual disasters-by types between 1900
and 2024 (Data source: EM-DAT).

A

MoreoverBesides, rapid urbanisation has forced people in low- and middle-income
nations—countries to reside in vulnerable and hazardous-land areas, like—such as
industrial areas, unstable slopes, and floodplains (Ozturk et al., 2022). These people
are often economically marginalised, and struggling-struggle to afford homes in safer
and more stable areas due to higher land prices. As displacement is
inereasingincreases, more and more people are migrating to urban areas, often
settling ending—up—in these vulnerable and hazardous land-areaslocations. This
contributes Fheselead-to arapid increase in informal settlements characterised bywith
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low-quality housing materials, unstable political governance (Werthmann et al., 2024),
and inadequate numbers-of-road_networkss, drainage facilities, and other essential
infrastructure. Therefore, in-times-of-anduring emergenciesy, people wheo-are-living in
such areas are often unable to evacuate safely, increasing the potential for disastrous

consequencesleading-to-a-disaster. EWS are therefore particularly important for these

communities to minimise potentialis-badly-reededforthese-people-to-minimise-their
overall loss and damage.

However, one-third of the world’s population, especially those living in from-the-LDCs
as-well-asand SIDS, does not have access to timely erproperand effective EWS to
that would enable themselves-them to prepare for the-upcoming hazardous events,
resulting in increased loss and damage leadingto—an—acceleratedloss—which—is
unacceptable-(UN, 2023). Hence, there is a need te-havefor an-EWS that must-becan
provide and —disseminated-to—alertdisseminate timely warnings to all local peeple
communitiesen-time, enabling them to take appropriate action act-properhy-to reduce
the 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 disasters account for about 90% globally (Perera et al., 2019).
Among these, rainfall-induced landslides (mass movement - wet) are identified as the
third most common hydrological disaster globally (Fig. 4b). Recent studies showed
have shown that human activities like-such as construction, illegal hill cutting, and
mining, largely associated with aetivities—mainly—for-urbanisation, are increasingly
driving-contributing to fatal landslides rewadays-(Alcantara-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 landslides, resulting in more than 18,000 -human
deaths (WHO, 2025). Therefore, the combined effects of the-greenrhouseclimate effect
change and rapid urban sprawl-expansion are expected to increase landslide risks
globally, leaving a-hugelarge numbers of people residing in informal settlements at
higher risk (Werthmann et al., 2024; Ozturk et al., 2022). Despite their prevalence and
significant social, economic, and environmental impacts, rainfall-induced landslides
frequently receive less attention than more visibly catastrophic events such as floods,
tsunamis, volcanic eruptionsees, and earthquakes (Guzzetti, 2021).

According to Varnes (1978), ‘landslide is the downslope movement of soil, rock, and
organic materials under the effects of gravity, which occurs when the gravitational
driving forces exceed the frictional resistance of the material resisting on the slope’.
Depending on the type of materials involved in the movement, landslides are classified
into six major categories as follows: flow, fall, topple, spread, slide, and complex
(Varnes, 1978). Global inventories of fatal landslides covering 1995-2014 (Haque et
al., 2019) and 20042016 (Froude and Petley, 2018) demonstrate 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
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in areas exposed to extreme rainfall. Ameng-therm;-most-of-thelandslides(88%)-are
rolralggees—laogue ool D00 mronde omel oodee 0400 The
Intergovernmental Panel on Climate Change (IPCC) has reported that increased
concentrations of greenhouse gases in the atmosphere are disturbingdisrupting the
global water cycle and, subsequently, intensifying the-unevenly-distributed-extreme
rainfall events that are unevenly distributed across the globe (Seneviratne et al., 2021).
Extreme rainfall events cause slopes to become eversaturated with water-—Fherefore,

increasing pore water pressure—increases; leading—toand reducing slope

instabilitystability, anrd—firallyswhich may ultimately lead to slope failure—eceurs.
Landslides usually occur elese-to-thenear weak points in slopes, such as joints, cracks,

drainage channels, and fault lines, of the slopes. First-Initial failures usually occur at
these weak points, often triggered by factors such as rainfall, and unplanned
urbanisation, and-ethers;-contributes to which-arerespensible-for-slope destabilisation.
Such initial failures may further destabilise the slope, increasing its susceptibility to
subsequent Fhus—thesesurenscollhocosand ollire necclornlos cnd rondass the
area—more—susceptibleto-further-landslides. This process can create Therefore—a
feedback loop in which successive failures further weaken the slope and potentially
contribute to is-ereated-that-triggers-additional and larger landslides in that area.

Landslide risk is associated with the interaction between exposure, hazard, and
vulnerability. When an external hazard factor, like-such as rainfall, is coupled with high
exposure in vulnerable areas, it can results-result in varying-degrees-of-landslides_of
varying severity. Therefore, the current growing-expansion of urban sprawl-areas info
vulnerable areas-locations amplifies therisks-oflandslideslandslide risk in the absence
of an adequate EWS. Landslides are often associated with compound_or cascading
hazard—hazards te—involving floods and storms; they have—also present specific
challenges, particularly areund-in relation to uncertainties, forecasting, communication,
and governance. These challenges are further complicated by the fact —which-are
made—additionally—challenging—given—that ‘landslides’ is an umbrella term
encompassing multiple landslide types, each posing its own challenges in the EW4AII
context. Although EWS is—have proven effective in mitigating—reducing disaster
impactss, the application of the-rainfall-induced landslide early warning system(s)
(LEWS) remains geographically limited and fragmented (Guzzetti et al., 2020).
BMoreoveresides, rainfall-induced LEWS are not always suceessful-due-toeffective
for several reasons, like-including the absence of risk-based mapping and community
reflectionengagement, a lack of impact-based forecasting, and the absence of
anticipatory action plans. Existing literature on LEWS provides information on rainfall
thresholds, monitoring approaches, statistical modelling, and spatial scales. These
contributions largely focus on forecasting. In particular, less attention has been given
to operational and governance dimensions, including institutional responsibility,
warning dissemination, community preparedness, response capacity, and
implementation feasibility. Therefore, adopting the EW4AIl framework allows this
review to reinterpret existing LEWS studies beyond technical performance and to
assess the extent to which they address the wider requirements of effective early

9
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warning. An effective LEWS can contribute significantly to reducing potential loss and
damage from rainfall-induced landslides; however, its effectiveness depends on wider
risk _reduction measures, including land-use planning, governance structures,
exposure reduction, vulnerability reduction, and preparedness planning.Onrly—an

effactive L\ n mitiaate the ove noten O nd damaae na from n

1.4 Novelty and originality

This study advances research on rainfall-induced LEWS by explicitly reframing the
field through-within the United Nations EW4AIl framework. Although previous reviews
have compared LEWS across local, regional, and national scales, they have generally
focused on specific technical dimensions, such as thresholds, scale, or modelling
approaches (Piciullo et al., 2018; Guzzetti et al., 2020). The distinct contribution of this
review lies in its integrative and evaluative perspective, which considers LEWS
through the EWA4AII 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 EWA4AIl, including institutional

current-practice—lt-alse-examines the extent to which LEWS-related information is
shared in academic publications. Finally, it evaluates the feasibility of applying the
EWA4AIl framework, in its current form, to the development of LEWS development
worldwide._The novelty does not lie in identifying each individual technical or
operational limitation for the first time; rather, it lies in examining how these established
limitations interact across the complete warning chain represented by the EW4AIl
framework.

Accordingly, the core objectives of this study are two-fold: first, to identify the main
challenges and areas requiring improvement in the development fer-of rainfall-induced
LEWS development-through the EW4AIl lens; and second, to assess the feasibility of
applying the EWA4AIl framework to the development of rainfall-induced LEWS

developmentgloballyLEWS globally.
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- (52) + ScienceDirect (5819) + Ti .
= ime Frame:
g E':thd (7_](+IEEE (256) + Gray = 2018 -2024 for all databases except for
g erature (7) ScienceDirect (2017-2024)
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Figure 5: In alignment with PRISMA 2020 methodology, the selection process was
used to identify unigue systems for inclusion in the literature review.ln-alignment-with

he—methodoloayv—of PRISMA 2020 the selection—proce ed—to-sele he

This literature review is-mainly-systematically-conductedwas conducted systematically,

following predefined selection as-seme-criteria-must-be-maintained. As the PRISMA
2020 methodology provides a standardised framework for identifying, screening, and
selecting relevant studies, it has-beenwas adopted in this study ferto selecting-the
relevant articles and websites (Fig. 5). Articles have beenwere collectedretrieved from
sixfive databases: SCOPUScopus, Web of Science ScienceDirect
PubMedGeoRef, and; the Institute of Electrical and Electronics Engineers (IEEE

=140 202 A AL AT B RS

Xplore,—and-grey-literature—sources{e.g.. ResearchGate, national-websites). The
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LandAware catalogue, together with official government and agency websites/portals,
was used to supplement the literature 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 operational 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 distinctiondifference between ‘forecasting’ and an ‘early warning
system’. Forecasting is an integral parti-component of EWS. Ferecasting-Forecasting
is a definite statement or statistical estimate of the likely occurrence of a future event
or_conditions for a specific area (UNISDR, 2009)the—prediction—{e-g——upcoming
hazards)-of-the-near-future—{up-to—afew-days). However, EWS is-is an integrated

system of hazard monitoring, forecasting and prediction, disaster risk assessment,
communication and preparedness activities, systems and processes that enables
stakeholders to take timely action to reduce disaster risk before hazardous events

occur (UNDRR 2017)thed+ssenmnahen—9#th|siemeaspmiem}a¢leme4he—ng¥mpeeple

appmpnate—aet@ns—te—aa;@d—anwamd—rmpaets In the—Jeumal QUb|IShed
literaturearticles, many authors frequenthy—have used the term ‘EWS’ to explain

describe their work, although they enly—discussed only up—te—the forecasting
partcomponent. This review paper considers both articles where-in which LEWS (all
pillars of landslide EWS were present) and the—fereecastingforecasting-focused

systems (only those where the systems were described as LEWS) eoflandslides
arewere discussed._Therefore, the term ‘system’ is used throughout this review to
encompass records of both LEWS and forecasting-focused systems. A system
classified as LEWS had evidence, from publications, official websites, portals, or blogs,

of a complete EWS chain. A system classified as forecasting-focused lacked evidence
of a complete EWS chain.

The keywerdssearch term used to search for the potential articles-records are-was
‘Rainfall-induced Iandsllde& aﬁeblandshde&early warnlng systems Where needed,

&net—that—rel@b\lethls review focused excluswely on rainfall-induced Iandslldes—
Therefore, systems addressingin-this-article-selection-process; earthquake-induced

landslides -LEWS-is-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 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 methodological and operational challenges, and the gap between what is
reported in recent literature and what is required for a complete EW4AIll-aligned LEWS.

Next, the—article screening process was initiated. After applying all the abeve-
mentioned—criteria_specified in Fig. 5 and scrutinising the titles of the articles,

documents, and websites, -the-totalnumber-ofarticlesfrom-all-databases-was4;1057

records remained. —-Fhena—afterserutinising-the-tites-ot-the-artieles—4-020-articleswere
eliminated—from—thelist—Next—out-ofOf these 8757 articlesrecords, 26six were

ubseguently excluded asbecause they did not meet the main objective of this study.

Feael—FlnaIIy, 64-51. ar-neles— ystem records ha¥e—beenwere selected—fer—the—hteratwe
review-on-LEEWS. Among these 64-51 articlesrecords, there-multiple are-seme LEWS
developed-forthe-same-arearecords describing the same system were merged. After

this consolldatlon a total of 45 unique systems were identified. However-the-authors

For each unique system, a structured data-extraction protocol was used to extract
information on country; locality; areal coverage; system scale (National, Regional, or
Local); system type (LEWS or Forecasting-focused); operational evidence; 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) assignment
source; source of the pillar assignments; and references (Appendix |). ‘High’ strength
was assigned where explicit information was provided in the relevant articles or official
websites/portals. ‘Moderate’ strength was assigned where explicit information was not
found in the relevant articles or official websites/portals. ‘Operational’ status was
assigned to systems for which current routine warning dissemination was
demonstrated, either in published literature or supplementary official blogs, portals, or
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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 disseminate warnings for a
specific_slope, site, catchment, or settlement 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
municipalities, or for an entire country, were defined as ‘National’.

In addition to technical and methodological considerations, LEWS development is
strongly influenced by institutional ownership and operational responsibility. In many
contexts, 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 landslide-disruption_from landslides. These forms of locally embedded
practice are often insufficiently captured in academic publications;—yetthey. Yet, they
are directly relevant to EWA4AIl, whose implementation framework emphasizes
emphasises social inclusion, local engagement, and people-centred warning systems.

3 Results and Discussion

in different countries

B Local
[ National

[ National & Local
[ National & Regional

7z o:o;i'e'ﬁn System(s) found
(] World Map

Author: Roguia Sslam, 2026

==

A

Figure 6: Geographical distribution and type of system identified from the selected «

45 systems.,

The information on the 45 LEWS-systems presented in this section is-was derived- k

exclusively from the referenced publications, websites, portals, and official blogs. Only
details explicitly reported and supported by evidence from these supplementary
sources by—the—authors—awere included. Where relevant information was not
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ineludedfound, it was treated as netineluded-not reported for that LEVWS-system in this
analysis. Furthermore, because the study selection process involved several filtering
stages, some potentially relevant publications may have beenwere excluded. As a
result, the plots and associated discussion may reflect some degree of missing or
incomplete information. This limitation highlights an important aspect of global
comparison. Some studies described technical forecasting methods in detail, while
others provided limited information on institutional mandates, warning dissemination,
preparedness actions, operational status, or community engagement. For this reason,
comparisons among systems developed across different countries and scales may
partly reflect differences in reporting practices, rather than solely differences in the
actual performance or maturity of the systems.

43.1 Pillar 1: Landslide risk knowledge
a) LEWS (n=33)

Local

Regional
National
b) Forecasting-focused systems (n=12)

Local

Regional

National

0 20 a0 60 80 100
Systems within each spatial scale and type (%)
Author: Roguia

Salam, 2026 B Operational W9 Non-operational
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*The total number of the LEWS found in each country is mentioned inside bracket ( ) next to the name of the country
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161  that areremain_inat the validatednon-operational stage arehave been recommended
162 bv their authors for operational implementation to-bepractically-implemented-(Liu et

163 ., 2024; Guo et al., 2019). In thissuch cases, these LEWS mightay not have been
164 ogerationally;%g‘ implemented due-tobecause of the limitationlimitations_efin

165  sucecessfuleffective_ coordination and collaboration withamong_the relevant
166  departments, agencies, or authorities.

167

168 Fig. 7 shows the operational status of the 45 reviewed systems according to their«— [ Formatted: Justified, Line spacing: Multiple 1.15 li

169  spatial scale. Among the 45 systems, 27 were identified as operational, while the
170 remaining 18 were identified as non-operational. A relatively balanced distribution of
171  systems was observed across the three spatial scales: 16 National, 16 Regional, and
172 13 Local. However, operational status differed markedly across spatial scales within
173  this sample. Only 15.4% of Local systems were operational, compared with 56.25%
174  of Regional systems and 100% of National systems. This distinction may indicate that
175 most National systems benefit from established institutional mandates that support
176  their operationalisation. Both National and Regional systems are comparatively more
177  scalable and may be easier to sustain institutionally. Each slope is distinct because

178  offromothersduete its unique geological and geomorphological characteristics, which
179 may that-require a tailored monitoring approach (Khan et al., 2021; Wieczorek and

180 Snyder, 2009). Local LEWS are therefore often designed around site-specific [Formatted: Font: (Default) Arial, Font color: Text 1

181  monitoring strategies, with monitoring parameters and instruments selected according
182 to the characteristics of the landslide being monitored (Pecoraro et al., 2019).

183  Accordingly, some systems had been developed to focus on individual slopes; [Formatted: Font color: Text 1
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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
economically feasible, as cost—benefit analyses may indicate that the associated costs

outweigh the potential benefits (Sapena et al., 2023). Considering-this, some LEWS

specific_instruments to be installed, along with continuous monitoring, calibration,

maintenance, technical expertise, and secure funding. Therefore, although Local
systems may provide highly localised and relevant landslide warnings, ensuring their
scalability is difficult (Sapena et al., 2023). This highlights a major gap in the transition
from the development of prototype systems to operational implementation. The scale
comparison therefore reveals an operational trade-off between local accuracy and
wider transferability rather than a simple hierarchy of system quality. Several systems
(12) were developed primarily to demonstrate rainfall thresholds, monitoring
approaches, or forecasting methods. For instance, only one forecasting-focused
system, which operated at the National scale, was identified as operational. Local
systems had a comparatively higher number of forecasting-focused systems (seven).
However, making a system operational requires continuous data availability,
maintenance funding, institutional responsibility, legal authority to issue warnings,
adequate financial resources, skilled personnel, clear communication and response
protocols, and an appropriate mandate (Krggli et al., 2018). These requirements are
not always considered or addressed in _academic research. As a result, many
developed systems remain at the prototype or experimental stage and are therefore
classified as forecasting-focused, rather than being fully operational.
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513 Figure 8: Geographical distribution of the 45 systems, together with their operational Formatted: Font: Bold, Font color: Text 1
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515  Fig. 8 shows the uneven geographical distribution of the 45 systems. Among the 45
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516  systems, 28 were in Asia, followed by seven in Europe, six in South America, two in
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517  Africa, and two in North America (Fig. 6, Fig. 8). A total of 14 systems (13 LEWS and

U A L

518  one forecasting-focused) in Asia were operational, followed by seven in Europe (all
519 LEWS), four in South America (all LEWS), none in Africa, and two in North America
520 (both LEWS). These operational systems do not cover all landslide-affected areas
521  within their respective countries; rather, most cover only parts of the landslide-affected
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zones (Appendix |). The operational systems span 19 countries: Bangladesh, Brazil,

Colombia, Hong Kong (China), India, Indonesia, ltaly, Japan, Malaysia, Nepal, Norway,

Pakistan, Peru, the Philippines, South Korea, Sri Lanka, Taiwan, Thailand, and the
United States (Fig.6, Appendix |). Together, they provide EW coverage for only a small

fraction of landslide-affected areas worldwide. However, this does not reflect a
complete inventory of operational systems worldwide.Al-these-operational-LEWS-do

Most focused landslides on the reviewed systems were shallow landslides and debris

flows. Debris flow is one of the most destructive rainfall-induced landslides. It is
observed from the selected systems (Table 1) that 25 systems used a static
susceptibility map. Among them, 23 were categorised as LEWS (19 operational), and
two were forecasting-focused (both non-operational). Of these 25 systems (55.5% of
the total 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 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 resources are limited. However, systems that
integrate only rainfall thresholds may provide more generalised warnings, as they have
a limited capacity to account for spatial variations in landslide susceptibility and risk.
Landslide susceptibility 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 landslide 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 targeted 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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¥ y y a -Additionally,
susceptibility-based systems involve important trade-offs between accuracy,
transferability, and operational 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,
susceptibility maps should be integrated into National and Regional systems to
improve their capacity to issue more spatially targeted and reliable warnings. Without
such integration, these systems may overlook important spatial variations in
susceptibility and risk, reflecting a broader operational 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). .
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After establishing an appropriate understanding developing-the-properknowledge-of

landslide risks, the next stage involves itis-time-for-detection, observation, monitoring,
analysis, and forecasting, which constitute the second pillar of the EWA4All framework,
led by the World Meteorological Organization (WMO). The elements incorporated

intoused-for-developing-the LEWS are important to study-examine, as selecting and
integrating appropriatebecause—integrating—the—right elements into—the—system—can
improve the effectiveness and reliability of previde-mere-efficient-warnings (Calvello,
2017). From an operational perspective, the choice of monitoring strategy directly
affects warning reliability, lead time, maintenance requirements, and the scalability of
LEWS. Table 1 presents a comparison of the operational status of the selected
systems and their key characteristics. Appendix |l provides supplementary information.

The information shown in Table 1 and Appendix Il should be interpreted as descriptive

te#eeastmg—system—The cross-tabulation |nd|cates that technical avallabllltv 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, Appendix Il). By contrast, among the 14 systems that did
not integrate a rainfall threshold, six (42.9%) were operational (none of which were
forecasting-focused) (Table 1, Appendix IlI). The scale-based pattern is also
informative. Among the 31 systems that used a rainfall threshold, one Local system
(out of seven), nine Regional systems (out of 13), and 11 National systems were
operational. Among the 14 systems without a rainfall threshold, one Local system (out
of six), none of the three Regional systems, and all five National systems were
operational. This pattern indicates that integration of rainfall thresholds was more
common among Regional and National systems.
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ed-to-an e n In

3

this threshold_calculationing approach, both historical rainfall and past landslide data
are used to identify a critical rainfall level associated with previous landslide
occurrencesfind-a critical rainfall-level- that -has previously-triggered the occurrence of
landslides (Satyaningsih et al., 2023). This critical rainfall level is ealled-defined as the
threshold, and itis-thensubsequently used as the-a benchmark-inLEWS. Therefore,
when rainfall is forecast to approach or exceed abeut-toreach-ereross-this threshold
level, the system issues a warning indicating the potential forthe-prebable-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). ThereforeSe, identifying the appropriatecerreet threshold
level for the specific place or region is the-mesta crucial aspect of developing an
effective and reliable LE\WS-system for that respective-place-orregionarea (Harilal et
al., 2019). However, thresholds developed for Local systems may have limited
transferability (Harilal et al., 2019).

3

3
ha a

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 reviewed
systems. A total of 25 (65.8%) of these 38 systems were operational (Appendix II).
The cross-tabulation of operational 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 National systems were operational. The sensors

Out-of 61-selected LEWS only-four-used included rain gauges, piezometers!, four

1 Piezometer is a geotechnical instrument used for measuring pore water pressure or groundwater
pressure in the surrounding soil and rock.
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used inclinometers 2, tilt sensors, displacement monitoring devices, and other

instrumentsseven-used-both-piezometers-and-inclinemeters(Fig-—8). However-only

two LEWS-are-operational-among-these-15-LEWS.-Monitoring pore water pressure

is important as it can decrease the soil’s shear strength and slope stability. Pore water
pressure can increase due to external factors like-such as rainfall, changes in drainage
pattern-changepatterns, groundwater infiltration, and se-erothers. If any-a slope has
rmore-than-epecontains multiple groundwater table-tables at multiple-different depths,
its stability may become more complex, and such conditions are not uncommon it

(Tang et al., 2020). If the SOI| becomes saturated, mmeFeasesboth pore water pressure
and the overall weight of the soil_increase.;-and This can further decreases-thereduce

shear strength, making—acreating favourable eenditior—conditions for ground
movement and potentially leading to slope failure (Wu et al., 2021). In this case, a
piezometer is a powerful-useful tool te-for measuringe the pore water pressure, and
while _an inclinometer is used fer-detestingto detect ground movement. Therefore,
integrating the-piezometers and inclinometers into the LEWW.S-system can improve its
reliabilitymakes-the-system-morereliable. However, the-maintenance-cost-of-these
sensors can also involve high maintenance costs and generally provide
measurements only at specific locationsis-so-high-as-well-and-they-can-only-provide
data-abeut-a-specifie-peint. Therefore, even a system covering a relatively small area

may require multiple sensors to monitor pore water pressure and ground movement

at dlfferent Iocatlons across the slopes. Se—#—any—l:EWSrsepeea%enaHeeevena—smaH

integrating the—plezometers and inclinometers into the LEWS is—-may not be cost-
effective for providing EW te-across a wider region, but may be more suitable for

monitoring specific slopes or locations rathereffectivefor-a-spesific-point-(Sapena et

al., 2023). The predominance of non-operational local sensor-based systems in this
review reinforces the distinction between technical monitoring capability and sustained

operanonal |mplementat|on Agam—develepmguaeeeﬂszWSﬂfeea—epeemepemL&net

Artificial intelligence (Al) and machine learning (ML) were less commonly used,
appearing in five out of 45 systems. 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 operational. No National system used Al/ML. However,
this pattern does not indicate that the use of Al/ML reduces the performance of LEWS.
Al/ML can be used extensively to fill data gaps, especially by integrating satellite
remote sensing data (Pfeiffer et al., 2024). This makes Al an important tool for data-

2 Inclinometer 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.

3 Pore 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 occurring.
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sparse regions where conventional ground-based observations are limited or unevenly
distributed. It can also support pattern recognition, data integration, and susceptibility

mapping. Thus, Al may improve the scalability of LEWS when implemented carefully.

However ther&are%emeuérawbaeks49+}smgﬁA4—ltAl models generally reqwes
require large volumes a-huge-amountof high-quality data te-trainthe-medelfor training.
In the-ease-of-a-data-sparse regions, fulfiling-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 local knowledge, cultural
contexts, and communication preferences, which are critical for effective early warning
and community response. Although various categories of open-access global datasets
are avallable for model training, lhere—a;e—epen—aeeess—gJebaJ—level—d#—Ferem
wever; every landslide

setting is unique, and the characterlstlcs of the trlggermg factors (e.g., vegetation, land
use patterns, soil composition, hydrology, slope, and se—enrothers) ef—eachvary
between landslide-affected-prone areas-are-distinetive. Therefore, using these-globally
available datasets to train the-an Al model and applying the resulting model to extract
dataferanother region ean-bemay eversimplifiedoversimplify local conditions, leading
to inaccurate 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 validation, and institutional decision-making. Operational use also
requires interpretable model outputs, transparent validation, clear communication of
uncertainty, and human oversight. Poorly interpretable predictions may make it difficult
for warning authorities to justify decisions, communicate uncertainty, and establish

accountablllty (Pfelffer et al 2024) Seeend—apaﬁ—fremdatagene#aﬂen—even—usmg#
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other sensors for creating LEWS.
: i i ight); icationApplication

programming interface(s) (API);_were used in eight of the 45 systems, two of which
were forecasting-focused and non-operational. Of these eight systems, five (62.5%)
were operational, compared with 22 of the 37 systems without APl integration (59.5%),
of which 21 were LEWS (Table 1, Appendix Il). This indicates that API use is not, by
itself, a useful proxy for operational maturity. Spatially, the eight APl-enabled systems
comprised two Local, four Regional, and two National systems; one Local, two
Regional, and both National svstems were operatlonal (Table 1). #vteme#e#thmgs

is used to merge-i ntegrate data generated fremether by externa systems (Ofoeda et
al.,, 2019). For instance, to develop a LEWS-system dedicated to rainfall-induced
landslides, forecasted rainfall data is-are required to ealculate-estimate the potential
accumulated rainfall ferthe-rextover the following day or days{s} (Ahmed et al., 2018;

Ahmed et al., 2020). This helps to uvrderstand-determine whether rainfall is likely to
exceed erossing-the threshold and to issue an EW for potential-upeeming landslide
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events. Some dedicated institutions forecast rainfall at {hourly or; daily intervals) using
advanced statistical modelling. This forecasted rainfall is-can then be integrated into
the system usuallyused-through an APIl-nte—the LEWS, potentially improving the

timeliness and reliability ofwhich—significantly—improves—the warnings (Kragli et al.,
2018).

loT technology*is was used in seven42 LEWSsystems (one forecasting-focused and

non-operational), and-seven- of which two efthem (both LEWS) are-were operational
{Fig—9). Among these seven, six were Local (one operatlonal) and one was Remonal

(operational)Si

use—respeetwely—leiand—emeesenseps—seve#a;e—m—eemmen IoT has a dlrect role
in_enabling automated real- tlme data transmission from dense, S|te speC|f|c sensor
networks. - hi ‘
sehsers—It prowdes an efflc:lent means oﬂs—a—vetty—eenvement—way—te |mmed|ately

transmitting sensor measurements to the system through wireless communication,

thereby enabllnq real tlme monltorlnq trans#epthe—data—measwed—by—the—senset:s—te

(L|u et al,, 2022) Remote sensing technoloqy 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 remaining 28 systems (22
LEWS and six forecasting-focused) that did not use remote sensing, 19 were
operational. Remote sensing is frequently adopted in research-oriented or recently
developed systems, while its main operational advantages 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 operational, 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.

No single technology was found to consistently 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
responsibility, routine _maintenance, authority to issue warnings, and established
communication and response arrangements than with any individual technology.
These patterns are descriptive and should not be interpreted as evidence of causal

relationships.

4 1oT technology in—a-LEWS-refers to the network of interconnected sensors and devices (e.g.,
piezometer, inclinometer, rain gauge) that transmit 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.

35

[ Formatted: Font color: Text 1




895
896
897
898
899
D00
D01
D02
D03
D04
D05
D06
D07
D08
D09
D10
D11
D12
D13
D14
D15
D16
D17
D18
D19
D20
D21

D22
D23
D24

qaal%ef—th&dafea—'FheJclmqa&tmhafeedlnltlatlves such as the GIobaI BaS|c Observmg
System (GBON) can help address observation te-close-this-gapgaps in LDCs and SIDs

and thereby to-support EWA4All initiatives (UN, 2023). Another important aspect of pillar
Pillar 2 is to facilitate data exchange among countries, thereby increasing the
scalability of the LEWS_(UN, 2023; UNDRR and WMO, 2025). An essential element
of Pillar 2 is to reduce the compound effects of landslides, which requires collaboration
across emphasising—the—need-to—collaberate—with—multiple disciplines. Monitoring
architectures need to be scientifically sound, routinely maintained, validated against
local conditions, supported by capable personnel, and connected to reliable
institutional decision pathways (Krggli et al., 2018; Sapena et al., 2023). B
incorporating these peintselements, it wilkmay be easier to develop an actionable and
targeted LEWS. However, abeve-all—funding is-the-mestremains a critical factor in
implementing these measuresexecuting—the—aforementioned—tasks, and securing
adequate financial resources is it—is—a major challenge, especially for theleast
developedLDCs and_other developing countries_(UNDRR and WMO, 2025). This
challenge should be more prominently addressed, with a focus on prometing
improving access to international climate finance. Mechanisms under the Paris
Agreement, particularly the Fund for Responding to Loss and Damage-fund, and other
UN climate frameworks offer eritical-important opportunities for vulnerable countries to
secure the necessary resources to build and sustain effective EWS. Prioritising LEWS
within these funding channels is-essential-tecould help protect lives and livelihoods in
high-risk areas.

43.3 Pillar 3: Warning dissemination and communication, and Pillar 4: Preparedness

and response capability

A
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Figure 9: Modes of disseminating warnings generated by the forecasting 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).

A

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

response capabilities were strengthened, particularly in _academic publications.
Academic publications documented Pillar 3 evidence for approximately 22 of the 45
systems and Pillar 4 evidence for 15 of the 45 systems; supplementation with official
sources was therefore essential (Appendix |). The—referenced—publications—lack

among these publications, the extent of discussion of Pillar 3 and Pillar 4 was very

5 The 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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limited. Academic publications often 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 supplementary sources, 33 systems were classified
as LEWS. In this section, only these 33 LEWS were considered for further analysis.

} : -Fig. 9 depicts the modes used by the 33 LEWS to
disseminate generated warnings to the last mile, according 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 Local and three

Regional).

100

Evacuation / self-evacuation N/A

80
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Restriction / closure (012) (@/9) (3/15) (014) @n) N/A -
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Author: Roquia Salam, 2026 Operational status x spatial scale

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 - Local; Non-op-R: Non-operational - Regional; and Non-op-N:
Non-operational — National).

The heatmap shows that dissemination through responsible authorities or institutions
stood out as the most consistent pathway in operational LEWS (two Local, seven
Regional, and 15 National). The second prominent mode of warning dissemination in
operational LEWS was web-based platforms/dashboards (one Local, nine Regional,
and 12 National). Direct public-facing modes of warning dissemination, such as SMS,
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email, phone calls, broadcasting, social media, apps, sirens, and local alarms, were
reported less consistently. The proposed non-operational LEWS also documented
these as intended dissemination modes for future warning dissemination. This pattern
suggests that institutional dissemination was the most consistently documented
pathway, whereas the use of direct public-facing channels varied among systems.
More detailed discussions en-of warning dissemination and communication can be
found in the 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-ewn field
experience and information obtained through direct communication persenalcentacts
with the relevant authorities.

Fig. 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
the most frequently documented response activity. Preparedness/decision support
mechanisms 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. 8 and 9 represent
practices documented in the searched sources and should not be interpreted as
estimates of their prevalence or effectiveness in operational LEWS worldwide.

From the above analyses, it can be stated that operational systems were more
consistently represented within the LEWS sample; National systems were found to be
more frequently operational, followed by Regional systems; and Local LEWS showed
greater variation. However, this pattern may partly reflect the small Local sample size
and gaps in reporting.

,‘ I I

Therefore, it remains difficult to gain a comprehensive understanding of any country’s
LEWS solely from-selected academic publications. To capture the full picture, deeper
engagement with national systems, through direct communication with stakeholders,
field visits, or other means, is often necessary. This peints-tehighlights a significant
gap in-between the literature and operational practice, as the available academic
sources provide only partial insights into how LEWS actually operate en-the-groundin
practice._Moreover, in academic publications, 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 system.
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While considerable contextual variation exists, the reviewed literature—systems
suggests-suggest that a typical LEWS warning value chain comprises four interrelated
pillars: landslide risk knowledge; risk monitoring, detection, forecasting, evaluation,
and warning formulation; warning dissemination through appropriate communication
channels; and the uptake of warnings to support preparedness and early action. These
pillars are functionally interconnected, as each stage provides the basis for the next.
Weaknesses in any one pillar can reduce the effectiveness 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 analyses of gaps in
Pillar 3 and Pillar 4 are 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.Accordingly—aLEWS-can-be—considered
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pillar.

43.54.1 Pillar 1: Incomplete and insufficiently dynamic risk and impact

knowledgeGaps-under-Pillar1
4.53.4.1.1 Data scarcity Limited-data

A

Data scarcity is one of the most critical challengespreblems. It is oftenguite difficult
and, in some cases,semetimes impossible to obtain essential ecllect-basic-data like
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
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because of shortages of ground-based and space-based data, particularly 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 countries. Based

of-the LEWS (Dai-et-al;—2020;Fang-et-al;—2023)—Data limitations is-are_a major
concern because landslide forecasting and warning require the integration of
information 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 cencerning-related to the routine
collection, integration, and sharing of critical parameters relevant to LEWS. This issue
is therefore closely connected to governance, especially with—regardin relation to
institutional coordination, data-sharing agreements, and the mechanisms through
which information is exchanged between—among relevant actors._Therefore, it is
essential to establish interoperable inventories, documented quality-control
procedures, and sustained arrangements among relevant institutions for data sharing.
Such data scarcity can directly hamper the implementation of EW4AIl by weakening
risk knowledge, monitoring and forecasting capability, and the evidence base required
for timely and reliable early warning.

3
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3.4.1.2 Spatial risk information4.5-1.2 The-need-forthe risk-map

A risk map is a vital element of a LEWS, vet it was largely absent from the reviewed

systems. Beeause-itlt usually integrates data on all-the components of risk, like-such
as hazard, vulnerability, and exposure. However, these components do not
necessarily contribute equally to the overall level of risk. Even-each-compenent-deoes
not-have-the-same-impact-on-therisk-level-Exposure is often a major contributor to

overall riskthe-meost-deminant-compenentin-therisk-level. Therefore, it is essential to
provide-assign appropriate weights or theright-importance to the-each components

when developmgm—ereahﬂg a r|sk map Erem—the—e*rsnng—h{erat&m—rewew—ﬁ—rs

eategeﬁse—the—nsk—zenes—MesPSusceptlblllty maps _are sometlmes |ncorrectly

interpreted as risk maps, and this distinction should be clearly addressed. peeple

&a#epy—blg—ﬁuseeneephen—A susceptlblllty map should not be conS|dered equwalent

{o ean-neverbe-a risk map.

4 5.4.3 Stati tibili
In some LEWS, a susceptibility map is integrated into the system. However, itisfound

that this-these susceptibility maps is-are often static rather than dynamically updated
not-dynamic—(Rossi et al.,, 2018; Ahmed et al., 2020). This is a limitation because
condltlons in many landslide- prone areas chanqe continuously. Hewever—meostofthe
iHHill
cuttlng, slope alteratlon deforestation, urbanlsatlon demographlc changes and other
factors;-the_can alter both at-risk-areassusceptibility and exposure over-are-changing
time. ConsequentlyFherefore, the associated risk levels of-these-areas—aremay also
changeing, creating a need for regularly which—requires—an—updated susceptibility
mapmaps. Such updating could be undertaken Fhis-change-canbe-dene-automatically
or semi-automatically at appropriate intervalsafterareasenable-time-gap. The limited

availability of up-to-date spatial risk information can hinder the implementation of
EW4AIl by weakening risk knowledge and reducing the capacity to identify and
prioritise populations and locations most at risk.
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43.54.2 Pillar 2: Monitoring continuity, validation, and scalabilityGaps-under

Pillar2

3.4.2.1 Real-time data
Some landslide-related variables, including rainfall, groundwater conditions and

ground deformation, vary over time and therefore require continuous or near-real-time

observatlon (Kraqlletal 2018; Sapena etal., 2023) faete%ef—landshde&a;e%egeﬂaﬂy

ethe#s—SeveraI barriers (e g., Ilmlted funqu andlaeleef—fuﬂder malntenance
requirementsissues) can constrain the continuous collection of exist-to-getting-data
dynamically-from (Sapena et al., 2023) the-from rain gauges-statien, piezometers, and
inclinometers. The cross-tabular analysis of the 45 systems indicates that 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
integrate 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, malntenance and trained personnel Meost-of the

BeyondBeyond fmanmal constraints, institutional factors can also affect

implementation and long-term sustainability, including institutional capacity, technical
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expertise, resource availability, and cooperation among relevant stakeholders (Piciullo
et al., 2018; Sapena et al., 2023). From an operational perspective, the choice of
monitoring _strategy influences system design, maintenance requirements,
transferability, and operational scalability (Segoni et al., 2018; Sapena et al.,

2023).i : ; 5

3.4.2.2 Forecast verification

Forecast verification is an essential componentpart of LEWS, because it provides an
objective basis for assessing forecasting 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 adequate data. The absencelaek of
forecast verification may indieates-indicate weaknesses in the system development
and validationthat-the-system—was—not-developed-byfollowing—a—precise process,
thereby reducing confidence in itsdeereasing reliability. Moreover, forecast verification
requiresdemands substantial funding and human resources, which are often
unavailable. Limited availability The—absence—of these resources can constrain
systematic forecast verification and, consequently, undermine confidence insuggests

gaps-in—the—development-process—ultimateh—undermining system reliability.4-5-2.3
" £ 4 . focti
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3.4.2.3 Community reflection,

.The local community ef-thein a landslide-prone area plays a central role in LEWS-<

development and should be given high priority throughout the process (Thapa and
Adhikari, 2019; Lempert et al., 2023; Gamperl et aI 2023)is-very-important—They

3 A ALS. LEWS are primarily
dedlcated to ensuring thew—commumty safety and reducmq potential loss and

damagesesurity. However, the review found itis-explered-that community engagement
is-was infrequently documented in the reviewed absentin-most-systems, particularly
Forecasting-focused systemstEWS, which may limit their effectiveness in achieving
their intended purposeis-one-of-the-majorreasonsfor-the-failure-of the purpose-of the
system. Itis essential to consult local communities regarding the with-them-abeutwhat
resources available and unavailable are-present-and-absent-in their area, as this can
help tailor the system to local needs and conditions (Lempert et al., 2023; Gamperl et
al., 2023; Werthmann et al., 2024 )which-helps-to-customise-the-system-accordingly.
Local communities are also an important source of information on how warnings
should be communicated and which communication channels are most appropriate

and acceSS|bIe to them. Besrdes—the;#a%&m&wyrelebleseweewheem—prewde%he

Feeeitve—the—wammg —These may |nclude H—ean—beemall SMS radio_or television /¥

announcements, megaphone miking, and other locally appropriate channelss. Even a
technically robust LEWS may be ineffective if warning information is not
communicated to local communities in a timely and accessible manner. Local people
cannot take appropriate action if warnings do not reach them through suitable
communication channels (Lempert et al., 2023; Werthmann et al., 2024). Limited
community engagement can hinder the implementation of EW4AIl by weakening its
people-centred approach, particularly by reducing the accessibility, trust, local

relevance, and effective use of warnings for timely preparedness and response.A-very

Model uncertainty
Model uncertainty is-remains a major challengegap in LEWS_(Segoni et al., 2018;

Patton et aI 2023) —H—means—mat—there—a%e—sememna—hmﬂahensﬁand—pesswe
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these-this issuees, generating multiple scenarios based on varying input conditions
and conducting a sensitivity analysis can help identify how changes in key parameters
affect model outputs. In the case of Al/ML use, these approaches should be supported
by local validation, transferability assessment, interpretable outputs, uncertainty
communication, and human oversight. Thus, Al should be considered a
complementary component of a hybrid LEWS, combined with expert interpretation,
field validation, and institutional decision-making (Pfeiffer et al., 2024).

3.4.2.54.5.2.5 Lack-of standard-methods

Standardised methodology
So far, there is no known universally standardised methodology for developing

LEWSforecasting  systems. For instance, there are several monitoring
approachesmetheds, such as remote sensing, community-based_monitoring, and
ground-based_monitoring. Fhese-Thus, data are collected using different methods by
different users, reflecting inconsistenciesy in-the instrumentation and data collection
protocols-ef-data-cellection (Piciullo et al., 2017; Liu et al., 2024). This can reduce data
quality and, in some cases, makeleads-to-the-degradation-of-the-quality-of the data
and-even-makes-it-semetimes-difficult to integrate into the system. Another example
is the rainfall threshold, which is a verypetentkey element of —any-rainfall-induced
LEWS. However, inal-LEWS;rainfall thresholds are not used in all LEWS. In some
LEWS, dynamic rainfall data is-are used directly. These methodological differences
may contribute to Al-these-ean-increased-the false alarm rates. Nevertheless, existing
contributions, including the performance and evaluation frameworks discussed by
Calvello (2017) and Guzzetti et al. (2020), provide a useful foundation for threshold
validation, warning-level evaluation, and operational performance assessment.
However, it is unclear from the EW4AIl framework how a standardised methodology
could be applied globally when landslide characterlstlcs vary considerably between
locations.

3.4.2.6 Impact-based modelling

A key gap in existing LEWS is the limited use of impact-based modelling (Guzzetti et

al., 2020). Impact-based modelling should link the likelihood of forecast landslide
occurrence with the exposure and vulnerability of people, infrastructure, and public
services. If impact-based warnings are available, local communities can make more
informed preparedness decisions and take appropriate actions to reduce their risks.
The limited use of impact-based modelling can constrain the implementation of EW4AI
by weakening the connection between forecast hazards and their likely consequences
for _exposed and vulnerable populations, thereby limiting informed and timely
preparedness and response actions.

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

3.4.3.1 Last mile communication
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Academic publications often 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. Fig. 9 shows that dissemination through responsible
authorities or_institutions and web-based platforms/dashboards were the most
consistently documented modes of warning dissemination. Direct public-facing modes
of warning dissemination, such as SMS, email, phone calls, broadcasting, social
media, apps, sirens, and local alarms, were reported less consistently. 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, timing, impacts, uncertainty, and
recommended actions in locally understandable formats (UNDRR and WMO, 2025).
Communication planning should consider the multiple languages used within local
communities, differences in literacy, 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 remote and mountainous areas, mobile and
internet connectivity, 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 locations. Under the EW4AIl warning dissemination and
communication pillar, effective LEWS require redundant and locally appropriate
communication pathways so that warnings can reach exposed populations despite
differences in connectivity, literacy, language, disability, and access to communication
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 demands
greater attention. Therefore, locally appropriate, manageable, 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.

3.4.3.2 Lead time

The time interval between warning dissemination to the community and the anticipated
occurrence of a hazardous event is operationally important because it determines
whether appropriate protective actions can be completed (Tupper and Fearnley, 2023;
Werthmann et al., 2024). A technically adequate forecast can still provide limited
benefit if responsibilities are unclear or if evacuation destinations, transport
arrangements, support for people requiring assistance, and decision 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
3.4.4.1 Community awareness and preparedness

Fig. 10 shows the preparedness and response activities documented for 33 LEWS.

Evacuation or self-evacuation and preparedness or decision-support mechanisms
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were the most frequently documented activities, while drills, training, restrictions, 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 community responses. Local people may not take proactive measures
even after receiving an EW because of limited awareness 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 EW4AIIl preparedness-to-respond pillar, drills and training are essential for
translating landslide warnings into timely and appropriate protective actions by testing
response 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
mechanisms require greater attention to strengthen the overall effectiveness of LEWS.
Therefore, greater emphasis should be placed on strengthening community
awareness and preparedness through locally appropriate activities, such as mock
drills, workshops, street theatre, booklets, posters, and other forms of communication
delivered in local languages.

3.4.4.2 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
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impacts. Such shortcomings often reflect weak coordination and collaboration among
relevant actors. Effective coordination 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 options, inclusive planning, reqular exercises, and feedback after warning
events (Tupper and Fearnley, 2023; Werthmann et al., 2024).
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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 transition from risk and forecasting information to authorised communication
and feasible early action. Several gaps remain and require collaborative improvement,
particularly in relation 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 communication (Pillar_3). One of the most important
components of an LEWS is the preparedness and response capacity of the community
(Pillar_4). A LEWS is more likely to be effective 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 fragmented across different
locations and organisations, making it difficult to unlock the full potential and overall
effectiveness of LEWS. As LEWS comprises multiple interconnected pillars, each of
which needs to function effectively, collaboration across multiple partners, institutions,
and sectors is essential. Such collaboration remains limited in several areas and
therefore needs to be strengthened.
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4.6 Feasibility of implementing EW4All for LEWS

[Formatted: Font: 14 pt

.The EWA4AIl framework is very comprehensive. It clearly calls for action across several

areas and places a strong emphasis on protecting people and improving human well-

belng. svecc—cstiep—en—covomrenioopc— ool e rhicler—eoroce oo
strongly-on-the-betterment-of-humans—However, it also presents several feasibility
concerns has-a-number-of-issues-beyond the broadergeneral challenges and gaps

that-were-discussed in the earlierprevious section. Some of the feasibility concerns
are outlined briefly here.
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4.1 Financing and sustained implementation capacity

First—itlt calls for the implementation of MHEWS worldwide. Funding 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 urderthis
framework, which appears insufficient relative to the global scale of implementation
requiredisfarfrom-adequate.- The latest UN global assessment report found that LDCs
and SIDS still face inadequate funding for implementing the EW4AIl framework at the
national level (UNDRR and WMO, 2025). Therefore, hHow the-rest-ofall-the countries
will secure the_-necessary-sustained resources-funding necessary to implement and
maintainensure EW4AIl is-remains neot-—clearly—specified—in—the—ecurrent-mandatea
significant concern. This creates a significant feasibility concern, since securing
adequate and sustained funding is challenging and represents an essential

prerequisite for initiating and maintaining retan-easy-taskand-is-in-factthe-essential
first-step-forinitiating-any-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

Second;-tThe framework appears to promote seems-to-emphasise-the-application-of

similar—common standards, or methods, or medels—approaches across different
contextseverywhere. This is preblematicchallenging, as lithology, physiography,
geology, climatology, land use, rainfall patterns, and other characteristics differ
considerably across the globe. Given these variations, it may not be feasible is-ret
viable—to apply a single approach to—developing LEWS development in all
locationseverywhere. Recent research similarly emphasises that standardisation in
MHEWS must retain sufficient flexibility to account for variations in scale, hazards,
populations, and local needs (Rokhideh et al., 2025).

4.3 Global forecasting products and local calibration

FEourth—A related concern is how to balance globally standardised forecasting tools

with the local calibration required for operational LEWS .the framewerk calls for the use

‘ [ . L in lity_reliab! idef .
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with—the—idea—of-practice, reliable Iandsllde forecasting svstems 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 standard
uniform model risks producmg overly general outputs that are less useful at the local
level. M ,
mﬁemeMaﬂen—eetﬂd—aeMaHy—be—aeMeved—Thls I|m|tat|0n is recoqnlsed in the Iatest
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

Fifth-Llast -mile communication presents another significant challenge, particularly in

areas with high linguistic diversity. Populations at risk may include people in remote
locations, those without reliable telecommunications, people with disabilities, transient
populations, and speakers of different languages, 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_countries 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 implementation of inclusive approaches often lags behind policy commitments and
that MHEWS may fail to reach or adequately meet the needs of diverse and
marginalised groups (UNDRR and WMO, 2025).

4.6 Feasibility of universal coverage by 2027

TSixth;-the framework aims to achieve universal MHEWS coverage by the end of 2027.

It is unclear how this target will be met, given that itisalready-midway-through-2026

is already well advanced and many of the designated countries still face serious
resource and capacity 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. seems-unrealistic.-The same assessment concluded that, despite tangible
progress at the halfway stage of EW4AIl, considerable work was still required to
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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 hinder-the
sueecess-of EW4AIl_(Rokhideh et al., 2025). Therefore, a more detailed and region-
specific framework under the broader EW4AIl framework may be is-needed, one that
accounts for contextual realities rather than relying solely on a broad global model.

5 Conclusion

The analvsis of 45 svstems indicates that siqnificant proqress has been made towards

ommunltypeeple—s preparedness response, and risk mitigation capabllltles thereby
contributing to an ultimately—reducing—the—overall reduction in disaster riskrisks.

However, progress remains fragmented and uneven.

The analysis of 45 systems shows that 27 were classified as operational, indicating
substantial operational implementation within the reviewed systems, although this
implementation _remains uneven across spatial scales and system types. Local
systems showed particularly limited operational maturity. The findings reflected not
only technical challenges but also wider implementation barriers, including limited
funding, maintenance requirements, weak institutional coordination, unclear warning
mandates, and insufficient communication and response protocols.

One of the main findings is that the current academic literature is concentrated on

Pillars 1 and 2, whereas Pillars 3 and 4 remain underreported in academic publications.

This indicates a structural imbalance between technical LEWS development and the
people-centred operational requirements of EWA4AIL. It also highlights a gap between
academic publications and operational reality. Many studies describe forecasting
methods in _detail; however, they provide limited information on institutional
responsibility, warning dissemination, community preparedness, and response
planning. This affects the robustness of global comparisons, as differences between
systems may partly reflect differences in reporting practices rather than differences in

actual operatlonal performance Several—activities—have—been—undertaken—for

While EWA4AIl provides an important global framework, its feasibility for LEWS is
constrainedlimited by insufficient funding, the promotion of standardised push—fer
standard-models that may not adequately account fornegleet local thresholds, and
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persistent challenges related toin inclusivity and last-mile communication._Future
LEWS development should prioritise operational 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 adequateereugh resources are secured, establishing effective LEWS
globallyeverywhere by 2027 will remain warealistiedifficult. A LEWS is more likely to
be effective when Pillars 3 and 4 function adequately and are well integrated with the

preceding pillars. ,
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Appendix |l: Operational status by key characteristics across the 45 unique systems.

N [ Formatted: Centered

LEWS — Yes (n=33)

Forecasting-focused systems — No (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 l1oT — No (n=38)

Utilise Remote Sensing — Yes (n=17)

Utilise Remote Sensing — No (n=28)
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