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Abstract

Natural disasters—including earthquakes, tsunamis, tropical cyclones, floods, wildfires, and
volcanic eruptions—cause extensive loss of life and economic damage every year.
Early-warning technologies have become indispensable tools for mitigating these impacts. This
paper provides a comprehensive, 70 % technical and 30 % policy evaluation of current detection
and early-warning systems (EWS) worldwide, with in-depth case studies of Japan’s Earthquake
Early Warning service and India’s cyclone-warning network. Drawing on a mixed body of
academic literature, government reports, and international agency data (2020-2025), we
examine key technological components—satellite remote sensing, ground-based sensor
networks, Internet-of-Things (loT) instrumentation, numerical and machine-learning
models—and their effectiveness in reducing hazard exposure. We then analyze governance
factors such as legal mandates, interagency coordination, public education, and the Sendai
Framework’s Target G. Findings show that areas with dense sensor coverage, rapid data
processing, and practiced response protocols achieve dramatic drops in disaster mortality (e.g.,
Japan’s EEW saves ~10-20 % of potential casualties; India’s cyclone deaths fell by > 95 %
since the 1999 Odisha super-cyclone). Yet roughly one-third of the global population—especially
in least-developed countries and small-island states—remains beyond reliable early-warning
coverage. Persistent barriers include maintenance gaps, data sparsity, false-alarm fatigue, and
limited “last-mile” communication infrastructure. The paper concludes that future EWS
effectiveness depends on a holistic strategy combining ubiquitous sensing, impact-based
forecasting, inclusive governance, and community engagement, aligned with the United Nations’
“Early Warnings for All” initiative. Recommendations include expanding multi-hazard integration,
leveraging Al responsibly, closing financing gaps, and embedding early warning into
climate-adaptation planning.
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Introduction

The past two decades have witnessed an alarming rise in both the frequency and economic cost
of natural hazards, attributed partly to anthropogenic climate change and increased human
exposure (World Meteorological Organization [WMO], 2021). Although absolute disaster losses
have surged, global disaster mortality has fallen—a trend strongly correlated with the
proliferation of early-warning systems (EWS) (UN Office for Disaster Risk Reduction [UNDRR],
2022). EWS are socio-technical mechanisms that (a) monitor hazards, (b) forecast potential
impacts, (c) disseminate timely alerts, and (d) enable at-risk communities to act (Basher, 2006).
When functioning effectively, they transform disasters from sudden shocks into predictable,
manageable events (Coppola, 2020).

From Japan’s nationwide Earthquake Early Warning (EEW) service (Kodera et al., 2021) to the
global Deep-ocean Assessment and Reporting of Tsunamis (DART) buoy network (Titov &
Gonzalez, 2022), technological innovation has revolutionized hazard detection. Dense seismic
arrays, high-resolution weather satellites, ensemble climate models, and artificial-intelligence
(Al) algorithms now generate predictive insights unimaginable a generation ago (Grasso &
Singh, 2021). Complementing these advances, the Sendai Framework for Disaster Risk
Reduction 2015-2030 identifies universal multi-hazard early warning as a priority (UNDRR,
2015). In 2022, the United Nations launched “Early Warnings for All,” seeking comprehensive
coverage by 2027 (WMO, 2023).

Despite successes, major disparities persist. Roughly 2.3 billion people—largely in Africa, South
Asia, and Small Island Developing States—still lack adequate early-warning protection
(UNDRR, 2022). Even where systems exist, false alarms, communication failures, and
socioeconomic barriers can nullify technical gains (Sorensen, 2000). Moreover, “cascading” or
compound hazards—e.g., cyclone-induced flooding or earthquake-triggered tsunamis—demand
integrated, multi-hazard approaches (Gill & Malamud, 2016).

This paper delivers a 4,000-plus-word evaluation of current EWS effectiveness, emphasizing (a)
technical components (70 %)—sensor architectures, data pipelines, numerical models—and
(b) policy dimensions (30 %)—governance, financing, and community uptake. Two national
exemplars—Japan (earthquakes) and India (tropical cyclones)—provide grounded insights into
how technology and policy synergize to reduce risk. The research addresses three guiding
questions:

1. What are the principal technologies underpinning modern EWS across major hazard
types, and how do they perform?

2. How do governance frameworks, financing mechanisms, and community engagement
influence technical effectiveness?

3. What strategies can close remaining gaps and meet the Sendai Framework’s
early-warning coverage targets?
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By synthesizing literature from 2020-2025, governmental white papers, and global agency
datasets, this study contributes to both academic discourse and practitioner guidance.
Ultimately, it argues that EWS are most effective when embedded in inclusive governance
structures, integrated across hazards, and continuously adapted to emerging climate and
technological realities.

Literature Review

Conceptual Foundations

Early-warning systems are commonly conceptualized through a four-pillar model: risk
knowledge, hazard monitoring, warning dissemination, and response capability (UNDRR, 2015).
Basher (2006) posits that EWS effectiveness hinges on balanced investment across all pillars;
technological prowess in monitoring yields limited benefit without robust dissemination and
community preparedness.

Detection Technology Evolution

Satellite remote sensing has revolutionized weather-related hazard detection. Geostationary
imagers such as Himawari-8, GOES-16/17, and India’s INSAT-3D deliver sub-ten-minute refresh
rates, enabling real-time cyclone tracking (Hawkins et al., 2020). Polar-orbiting sensors (e.g.,
Suomi-NPP/VIIRS, Sentinel-3) provide high-resolution thermal and ocean-color data, essential
for wildfire and flood surveillance (Grasso & Singh, 2021).

Ground networks have likewise expanded. The Japanese Hi-net seismic array operates over
1,000 borehole seismometers, achieving sub-2-second detection latency (Kodera et al., 2021).
Riverine gauges, Doppler radars, and loT rain-gauge meshes have proliferated, improving flood
threshold warnings (Byaruhanga et al., 2024).

Numerical modeling capabilities have grown exponentially. ECMWF’s Integrated Forecasting
System now resolves the global atmosphere at ~9 km grids, enhancing cyclone track forecasts
(Cameron et al., 2021). Hydrological ensemble forecasting (e.g., EFAS in Europe) delivers
10-day flood outlooks (Schumann & Bates, 2019). Machine-learning applications—from
convolutional networks classifying wildfire smoke to recurrent networks predicting river
discharge—further reduce uncertainty (Munawar et al., 2023).

Effectiveness Evidence

Meta-analyses confirm EWS life-saving potential. Rogers and Tsirkunov (2011) estimate
benefit-cost ratios of 4-36 : 1 for meteorological warnings in developing regions. WMO (2021)
reports that global average cyclone deaths per event fell by ~70 % since the 1970s, coincident
with improved satellite and radar coverage. For tsunamis, 96 % of Pacific events since 2004
were successfully detected and communicated via global warning centers, drastically reducing
casualties compared to pre-2004 baselines (Titov & Gonzalez, 2022).



Q Research Archive of

Rising Scholars (preprint) Where bright minds share their learnings

Persistent Challenges
Despite progress, literature highlights persisting gaps:

e Coverage inequity: Only 47 % of least-developed countries report having multi-hazard
EWS (UNDRR, 2022).

e Maintenance & Sustainability: Sensor downtime in low-resource contexts can exceed
20 % annually (Kelman & Glantz, 2014).

e False Alarms & Public Trust: Frequent false alarms erode compliance, as documented
in U.S. tornado warnings (Ripberger et al., 2019).

e Last-Mile Communication: Language, literacy, and gender norms affect warning
reception, evidenced in South Asian flood contexts (Gaillard & Mercer, 2013).

Collectively, the literature underscores that while technology dramatically augments hazard
foresight, its effectiveness is socially mediated. This study builds on these insights by linking
technical performance metrics with governance and community outcomes.
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Technical Methodologies for Hazard Detection and Early Warning

Earthquake Early-Warning Systems

Underlying Physics and Architecture. EEW exploits the speed differential between
non-destructive P-waves and damaging S-waves. Dense seismic arrays transmit real-time
telemetry to processing centers that estimate epicenter and magnitude within seconds (Allen &
Melgar, 2019).

Japan’s Implementation. The Japan Meteorological Agency operates a dual-algorithm
approach: the Integrated Particle Filter (IPF) refines magnitude estimates, while the Propagation
of Local Undamped Motion (PLUM) method directly predicts ground shaking intensity without
assuming a point source (Kodera et al., 2021). Offshore S-net sensors provide an extra 5-15
seconds for coastal cities.

Effectiveness Metrics. Nationwide analyses show average warning lead times of 5-20
seconds for M 2 6 quakes and a false-alarm rate below 2 % (Hoshiba & Ozaki, 2021).
Cost-benefit models estimate that automated EEW responses (e.g., train shutdowns, gas-line
valves) yield benefit-cost ratios of ~15 : 1 in high-seismicity areas (Allen & Melgar, 2019).

Tsunami Early-Warning Systems

Detection Layers. Tsunami EWS integrate (a) global seismic networks for initial quake
detection, (b) DART buoys and coastal tide gauges for wave confirmation, and (c) real-time
hydrodynamic models for propagation forecasts (Titov & Gonzalez, 2022).

Regional Networks. The Indian Ocean Tsunami Warning and Mitigation System, established
after 2004, links centers in India, Indonesia, and Australia. Automated bulletins are issued within
5 minutes of qualifying quakes, with forecasted arrival times and inundation charts (Okal &
Synolakis, 2020).

Limitations. Near-field tsunamis (< 20 min lead time) still pose challenges; local natural signs
and education remain critical (Gailler et al., 2018). Non-seismic triggers (volcanic flank collapse)
are harder to capture, as in the 2018 Anak Krakatau event.

Tropical Cyclone Early-Warning Systems

Remote-Sensing Inputs. Geostationary satellites track storm genesis; polar-orbiting
scatterometers measure surface winds; coastal Doppler radars refine landfall projections
(Hawkins et al., 2020).

Numerical Guidance. Ensembles such as ECMWF and the Hurricane Weather Research and
Forecasting model (HWRF) provide probabilistic tracks. India’s 2022 upgrade to a 1.2-petaflop
Cray system reduced 72-hour track error to < 100 km (India Meteorological Department [IMD],
2023).
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Outcome Gains. India’s cyclone fatalities dropped from > 10,000 (1999 Odisha) to < 100
(Amphan 2020) despite higher exposure, attributed to accurate five-day forecasts and mass
sheltering (WMO, 2020).

Flood Early-Warning Systems

Hydro-Meteorological Coupling. Modern flood EWS assimilate radar-derived rainfall, loT river
gauges, and numerical weather predictions into hydrological models (Byaruhanga et al., 2024).
Machine-learning hybrids nowcast flash-flood hotspots in sub-hour timelines.

Operational Systems. Europe’s EFAS and South Asia’s Flood Forecasting and Warning Centre
integrate 10-day ensemble rainfall with river-routing models, issuing color-coded risk maps
(Schumann & Bates, 2019).

Effectiveness. Ex-post evaluations show EFAS increased flood-prep lead time by 3-5 days on
average, enabling earlier deployment of levee defenses and humanitarian resources (Alfieri et
al., 2020).

Wildfire Detection and Early Warning

Early-lgnition Detection. California’s ALERTWildfire network fuses 1,000+ HD cameras with Al
smoke-detection algorithms, often spotting flames within 3 minutes of ignition (U.S. Government
Accountability Office [GAQO], 2025).

Satellite Constellations. NASA's VIIRS and commercial CubeSat constellations provide
thermal anomaly alerts; downlink latency < 5 minutes is projected with planned 50-satellite fleets
(Grasso & Singh, 2021).

Effectiveness Caveats. Al false positives (fog vs. smoke) and coverage gaps in sparsely
populated forests remain issues (GAO, 2025).

Volcanic Eruption Early-Warning Systems

Multi-Parameter Monitoring. Combine seismic swarms, GPS-based ground deformation,
gas-emission spectroscopy, and satellite thermal imagery (Fearnley & Beaven, 2022).

USGS NVEWS. The National Volcano Early Warning System ranks U.S. volcanoes by threat
and prioritizes instrumentation. Early warnings at Kilauea (2018) and Cumbre Vieja (2021)
enabled timely evacuations.

Challenges. Short-notice phreatic explosions (e.g., Ontake 2014) exhibit weak precursors,
showing limits of current monitoring.

Japan’s Earthquake Early-Warning (EEW) System
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Japan’s modern quest for real-time earthquake alerts began in the aftermath of the 1995 Kobe
earthquake, which caused more than 6,400 fatalities and laid bare the need for sub-minute
warnings (Cabinet Office of Japan, 2022). By 2004 the Japan Meteorological Agency (JMA) and
the National Research Institute for Earth Science and Disaster Resilience (NIED) had
interconnected their nationwide Hi-net and K-NET/KiK-net sensor arrays—deploying > 1,000
borehole accelerometers onshore and, after 2011, an additional 150 ocean-bottom
sensors along the Japan Trench under the S-net program (Kodera et al., 2021). All stations
stream 100 Hz waveforms over redundant optical or microwave telemetry to two mirrored
processing centers (Tokyo and Osaka) with automatic fail-over. Average data latency from
sensor to processoris < 0.5 s.

Algorithms. The EEW software stack runs dual algorithms:

e Integrated Particle Filter (IPF). A Bayesian, multi-hypothesis tracker that ingests
P-wave amplitude and frequency to iteratively refine hypocenter and magnitude every 0.5
s. IPF minimizes “magnitude saturation,” a problem exposed during the 2011 Mw 9.0
Tohoku-Oki rupture when classical T<sub>c</sub> estimates under-predicted energy
release (Kodera et al., 2021).

e Propagation of Local Undamped Motion (PLUM). Instead of assuming a point source,
PLUM extrapolates observed real-time peak ground acceleration (PGA) at each station to
adjacent grid cells, capturing complex or multi-fault ruptures that defy point-source
geometry (Hoshiba & Ozaki, 2021).

The fusion of IPF (for large-scale situational context) and PLUM (for local shaking intensity)
reduces both false alarms and missed alerts. Post-2016 evaluations report < 2 % false-alert
rate and < 5 % missed detection for M 2 5.0 events, with median magnitude error + 0.3 units
(Hoshiba & Ozaki, 2021).

Lead-time performance. Because EEW exploits the P-vs-S-wave speed gap, warning time
varies with epicentral distance. Urban zones in Kanto typically receive 8-12 s lead time for a
coastal M 7.0 rupture, whereas distant locations such as Osaka may get 20-30 s before
destructive S-waves arrive (Allen & Melgar, 2019). For deep intra-plate events directly beneath
Tokyo, lead time can shrink to < 2 s—still enough to trigger automated safety responses even if
humans cannot react manually.

Dissemination architecture. Once the central processor issues an alert, it is pushed
simultaneously to: (a) public service broadcasters (NHK, commercial TV/radio) where legally
mandated automated overlays interrupt programming; (b) cell-broadcast networks that flash
and audibly alarm all compatible mobile phones; (c) municipal loudspeaker systems and school
PA networks; and (d) machine-to-machine (M2M) industrial relays that, for example, cut power
to Shinkansen trains, stop elevators at nearest floors, and close semiconductor fab
valves. Packet priority on telecom backbones is guaranteed by the Telecommunications
Business Act, ensuring sub-second delivery (Cabinet Office of Japan, 2022).
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Benefits realized. After full public rollout in 2007, EEW averted multiple derailments by
auto-braking high-speed rail during the 2011 Tohoku mainshock and the 2016 Kumamoto
sequence, reduced refinery fires, and allowed millions of citizens to “drop, cover, and hold on”
(Hoshiba & Ozaki, 2021). Cost-benefit studies put total annual economic savings—including
avoided industrial downtime—at ¥200-300 billion (= US $1.8-2.7 billion), dwarfing annual
operating costs (Allen & Melgar, 2019). Public compliance surveys show > 80 % of residents
immediately seek cover upon hearing the EEW chime, a success attributed to mandatory drills
in schools and nationwide media campaigns (Cabinet Office of Japan, 2022).

Continuous improvement. Lessons from the 2011 megathrust led to: (a) extension of S-net to
> 5,000 km of fiber-linked ocean-bottom sensors, (b) rollout of GNSS-based “REGARD”
real-time fault-slip inversion to better characterize mega-earthquakes, and (c) experimental Al
classifiers that distinguish quake tremor from cultural noise, targeting sub-1 % false-alert rates
by 2027.

India’s Cyclone Warning and Response System

India’s 7,500 km coastline—especially the Bay of Bengal—has historically suffered some of the
deadliest cyclones on record, including the 1999 Odisha Super-Cyclone (> 10,000 deaths).
Spurred by that catastrophe, the India Meteorological Department (IMD) invested heavily in
observation, modeling, and multi-agency response mechanisms (IMD, 2023).

Observational backbone. Detection and tracking leverage:

e INSAT-3D/3DR geostationary satellites supplying 10-minute multispectral imagery and
1-km IR resolution;

e 28 S-band Doppler Weather Radars (DWR) along both coasts, each scanning 360°
every 6 minutes for reflectivity and Doppler velocity;

e 40 ARGO profiling floats and 18 Deep-Ocean Buoys measuring subsurface
temperature to feed cyclone intensity models; and

e A network of ~1,400 coastal Automatic Weather Stations streaming pressure and wind
data every 5 minutes (IMD, 2023).

High-performance modeling. Since 2018 IMD has operated a 1.2-petaflop Cray XC40
supercomputer, running the Hurricane Weather Research and Forecast (HWRF) model at 2-km
nested grids and an ensemble Kalman filter for data assimilation (IMD, 2023). Track RMSE has
dropped from 125 km (48 h lead) in 2012 to 75 km in 2022; intensity RMSE fell ~25 % over the
same period. A storm-surge coupled model (ADCIRC) now generates real-time inundation
depth maps for > 5,000 coastal polygons.
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Structured warning protocol. IMD issues escalating bulletins: “Pre-Cyclone Watch” (> 72 h),
“Cyclone Alert” (48-72 h), “Cyclone Warning” (24 h), and “Post-Landfall Outlook” (< 12 h).
Bulletins include landfall corridor, peak 3-second gusts, 24-hour rainfall totals, and district-wise
storm-surge depths. Dissemination uses:

e Doordarshan and All-India Radio compulsory relays;

e Cell-broadcast SMS in 13 regional languages, mandated under India’s Disaster
Management Act;

e State Emergency Operation Centers, which trigger village sirens and WhatsApp groups;
and

e A “Fishermen Distress Alert Transponder” network that flashes coded warnings on >
44,000 mechanized boats (Government of Odisha, 2022).

Case outcomes.

e Cyclone Phailin (2013). Five-day HWRF forecasts accurately constrained landfall near
Gopalpur. 1.1 million residents were evacuated to 875 cyclone shelters; fatalities were
limited to = 45, compared with > 10,000 in 1999 under similar wind speeds (IMD, 2023).

e Cyclone Fani (2019) and Amphan (2020). Enhanced ensemble guidance and real-time
radar loops enabled graduated district evacuations, moving > 3 million people. Despite
Category 4 winds, cumulative deaths remained < 100. World Meteorological Organization
hailed the operation a “textbook multi-hazard success” because it coincided with
COVID-19 lockdown challenges (WMO, 2020).

e Zero-Casualty Vision. Odisha’s government has institutionalized school evacuation
drills, equipped 879 multi-purpose cyclone shelters, and achieved > 90 % mobile
warning penetration among coastal households (Government of Odisha, 2022).

Socio-technical synergy. Community trust is cultivated through the Odisha Disaster Rapid
Action Force and nearly 40,000 local volunteers trained to translate technical bulletins into
door-to-door calls, with special focus on women, the elderly, and persons with disabilities (Paul
& Rahman, 2017). Empirical studies link higher volunteer density to faster evacuation
compliance, cutting clearance time from 6 hours (2005 baseline) to = 3 hours in recent cyclones
(Paul & Rahman, 2017).

Ongoing enhancements. IMD plans a 4-petaflop upgrade by 2026, enabling 1-km
convection-allowing ensembles. A planned littoral HF radar chain will capture near-shore wave
and surge dynamics in real time, and Al-driven social-media parsers will flag misinformation
during warning campaigns. Remaining challenges include rapid intensification episodes (e.g.,
Cyclone Mocha 2023) and inland flood cascades after landfall.
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Lessons Learned

Both nations demonstrate that dense sensor networks + high-resolution modeling +
codified, inclusive response protocols can slash disaster mortality even under intense
hazards. Japan’s EEW shows that seconds matter when backed by automation and a culture of
drills; India’s cyclone platform illustrates the power of multi-day probabilistic guidance combined
with mass-mobilization logistics. Yet each system continues to evolve—pursuing Al
enhancement, addressing residual blind spots (near-field quakes, rapid-fire intensification), and
expanding community outreach—to sustain and amplify their life-saving effectiveness.

Policy and Governance Analysis

International Frameworks

The Sendai Framework (2015) and its Target G call for expanding “multi-hazard early-warning
coverage” by 2030 (UNDRR, 2015). Supporting initiatives include CREWS (Climate Risk & Early
Warning Systems) and WMOQO'’s Early Warnings for All (WMO, 2023). Data-sharing conventions
under WMO Resolution 40 have improved transboundary hazard monitoring.

National Legal Mandates

Effective EWS often rest on legal clarity. Japan’s Meteorological Service Act compels
broadcasters to relay JMA alerts. India’s Disaster Management Act (2005) establishes
federal-state hierarchies and funds IMD modernization. Countries lacking such mandates exhibit
fragmented warning responsibilities and slower response (Kelman & Glantz, 2014).

Financing and Sustainability

Up-front installation costs are dwarfed by lifetime maintenance. Donor-funded sensor networks
in the Indian Ocean experienced 30 % buoy downtime by 2012 due to maintenance lapses
(Okal & Synolakis, 2020). Sustainable financing models—public-private partnerships, World
Bank DRR loans—are recommended (Rogers & Tsirkunov, 2011).

Community Engagement

Warning reception hinges on trust and comprehension. Bangladesh’s Cyclone Preparedness
Programme trains 55,000 volunteers to conduct door-to-door alerts (Paul & Rahman, 2017).
Studies show gender-responsive communication increases female evacuation rates (Gaillard &
Mercer, 2013). Impact-based warnings using plain language outperform technical bulletins
(Ripberger et al., 2019).

Multi-Hazard Integration

10
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Siloed systems miss cascading risks. The Philippines integrated volcanic ash, typhoon, and
flood data into a unified National Disaster Risk-Reduction and Management Council platform
(Coppola, 2020). Pilot projects in the Caribbean link seismic and tsunami sensors, aiming for
cost-efficient coverage.

Discussion
Effectiveness Synopsis

Cumulative evidence from the past decade leaves little doubt that fully-operational
early-warning systems (EWS) save lives on a scale that far outweighs their cost. In
seismic zones, Japan’s Earthquake Early-Warning network is credited with preventing an
estimated 200-300 fatalities per magnitude-7+ event, primarily through automatic train
braking, industrial shutdowns, and rapid “drop-cover-hold” actions by the public (Allen & Melgar,
2019). In the tropical cyclone domain, India’s end-to-end warning chain—spanning satellites,
Doppler radars, ensemble models, and mass-shelter logistics—has slashed cyclone mortality by
more than 95 % compared with the disastrous 1999 Odisha storm, despite higher coastal
population density today (India Meteorological Department [IMD], 2023). Hydrometeorological
applications show similar gains: satellite-assimilated, ensemble flood forecasts now extend
evacuation lead time by up to 72 hours on large Asian rivers, allowing livestock relocation
and pre-positioning of relief goods (Byaruhanga et al., 2024). Even in wildfire management—a
domain traditionally governed by local spotters—Al-assisted camera networks in California
detected 76 % of new ignitions within five minutes during the 2023 fire season, giving firefighters
a decisive head-start (U.S. Government Accountability Office [GAQ], 2025). Collectively, these
metrics affirm that when coverage is dense, data flow is rapid, and response protocols are
institutionalized, EWS can reduce disaster mortality by one to two orders of magnitude
relative to historical baselines.

Persistent Gaps and Limitations

Yet the global EWS landscape remains highly unequal. UNDRR (2022) estimates that roughly
one-third of humanity still lacks adequate multi-hazard warning coverage, a deficit
concentrated in least-developed countries and small-island states. Sensor scarcity is a key
bottleneck: only 46 % of African surface-weather stations meet minimum World
Meteorological Organization (WMO) reporting standards, hampering numerical-model
initialization and degrading forecast skill (WMO, 2021). Even where instruments exist,
maintenance funding is often unreliable; buoy outages in the Indian Ocean tsunami network
exceeded 30 % in some years, temporarily blinding regional centers (Okal & Synolakis, 2020).
False-alarm fatigue further erodes system credibility—in the U.S. Plains, tornado-siren
over-warning has measurably lowered public compliance, with survey respondents reporting
“siren desensitization” after successive non-events (Ripberger et al., 2019). Technological limits
also persist: near-field tsunamis generated within tens of kilometers of shore, or sudden

11
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phreatic volcanic blasts such as the 2014 Ontake eruption in Japan, offer lead times
measured in seconds or none at all, challenging even the most sophisticated networks
(Fearnley & Beaven, 2022). Moreover, compounding or cascading hazards—e.g.,
cyclone-induced dam failures or earthquake-triggered industrial fires—often fall between
single-hazard mandates, revealing governance gaps rather than sensor gaps.

Emerging Opportunities

The next five years offer a suite of disruptive technologies poised to narrow these gaps.
Artificial-intelligence nowcasting—already deployed in Google’s FloodHub and Japan’s
experimental “Nowcast EEW”—uses neural networks to derive sub-hour rainfall or shaking
forecasts directly from raw radar or seismic waveforms, outperforming some traditional
statistical models in pilot studies (Munawar et al., 2023). Low-cost CubeSat constellations
promise five-to-ten-minute global revisit times for thermal and microwave sensing, making
real-time wildfire or cyclone-eye monitoring feasible for small nations. Crowdsourced
smartphone seismology applications (e.g., MyShake) have demonstrated the ability to detect
magnitude-4 quakes within seconds using only accelerometer data and cloud computation,
effectively crowd-extending sparse seismic grids in low-income regions (Allen & Melgar, 2019).
On the dissemination front, 5G cell-broadcast protocols can push multilingual, geotargeted
alerts with millisecond latency and minimal network congestion—capabilities already tested in
South Korea and the European Union. Parallel advances in impact-based forecasting
integrate exposure and vulnerability layers (e.g., building stock, demographic profiles) with
hazard intensity to communicate “what the event will do,” not just “how strong it will be,” thereby
improving public comprehension and action rates (WMO, 2023).

Policy and Governance Implications
Realizing these opportunities at scale demands concerted policy action along four axes:

1. Sustained Financing for Operations and Maintenance
Capital grants often fund initial sensor deployment, but life-cycle costs—power,
calibration, data backhaul—can equal or exceed upfront expenses over ten years
(Kelman & Glantz, 2014). Multi-year national budgets, blended public-private models
(e.g., telecom cost-sharing for cell broadcasts), and earmarked climate-adaptation funds
are essential to keep networks online.

2. Legal Mandates and Data-Sharing Frameworks
Mandatory participation of broadcasters and telecom carriers, as codified in Japan’s
Meteorological Service Act, ensures rapid, universal alert delivery. Likewise, WMO
Resolution 40 on free and open meteorological data underpins cross-border hazard
tracking. Countries lacking such statutes frequently encounter jurisdictional disputes that
delay warnings.

3. Inclusive, Multi-Channel Communication Strategies
Gender, disability, and language barriers shape warning uptake. Bangladesh’s cyclone
program improved female evacuation compliance by recruiting women volunteers and
adding pictograms to SMS alerts (Paul & Rahman, 2017). Similar inclusive design should

12
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be standard, not exceptional.

4. Institutionalization of Drills and “Warning Literacy”

Regular, legally mandated drills—such as Japan’s annual Nationwide Disaster
Prevention Day—translate abstract warnings into muscle memory. Evidence from Odisha
shows that communities practicing cyclone-shelter drills evacuate on average twice as
fast as those without drills (Government of Odisha, 2022). Embedding drills into school
curricula and workplace safety codes can sustain generational knowledge.

In summary, technology enables, but governance, financing, and social trust operationalize
early-warning effectiveness. Bridging today’s coverage gap and preparing for tomorrow’s
compound extremes will hinge on integrating emerging sensor and Al capabilities with robust,
equitable policy frameworks that leave no one behind.

Conclusion

Early-warning systems stand as humanity’s frontline defense against natural hazards.
Technological advances—satellites with sub-minute imaging, loT sensor swarms, petascale
numerical models, Al-enhanced analytics—have delivered unprecedented hazard foresight.
Case studies from Japan and India prove that when such technology is embedded in supportive
legal, financial, and social frameworks, disaster mortality can be reduced to near-zero levels
even amid severe events.

Yet progress is uneven. Coverage gaps, maintenance shortfalls, false-alarm fatigue, and social
inequities constrain EWS potential. Meeting the United Nations’ “Early Warnings for All” goal by
2027 necessitates a holistic strategy: closing sensor gaps in underserved regions, integrating
multi-hazard platforms, adopting impact-based communication, and ensuring inclusive
community engagement. Funding models must shift from reactive disaster aid to proactive EWS
investment, yielding high benefit-cost returns.

Future research should evaluate Al’s role in reducing forecast uncertainty, explore hybrid
public-private financing schemes, and examine socio-cultural factors influencing warning
uptake. Policymakers and practitioners must coordinate across disciplines—engineering,
meteorology, social science—to ensure that warnings are not only technically sound but also
actionable for every individual, regardless of geography or circumstance. In an era of escalating
climate extremes, robust early-warning systems remain both an ethical imperative and a
cost-effective path toward global resilience.

13
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