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Abstract 

Background: The year 2025 has witnessed unprecedented convergence of environmental hazards across 

multiple Earth system domains, including anomalous climate patterns, accelerated sea-level rise, heightened 

seismicity in the Pacific Ring of Fire, intensified solar activity, and continued geomagnetic pole drift. This 

multi-hazard scenario necessitates comprehensive analysis to understand systemic risks and interconnected 

vulnerabilities. 

Methods: We conducted a systematic synthesis of observational data from major agencies (NASA, NOAA, 

USGS, IPCC) and peer-reviewed literature published between January and August 2025. Environmental events 

were categorized using a multi-hazard framework, with quantitative analysis of trends, statistical assessment of 

anomalies, and evaluation of cascading risk pathways. Data quality assessment, temporal correlation analysis, 

and risk interdependency mapping were performed to identify compound hazard scenarios. 

Findings: Global mean surface temperature anomalies reached historic levels, with sea-level rise accelerating to 

4.5 mm/year—a doubling from baseline rates. The Pacific Ring of Fire experienced exceptional seismic activity, 

culminating in the Mw 8.8 Kamchatka earthquake in July 2025, which generated Pacific-wide tsunami alerts 

and provided unprecedented observational data through the SWOT satellite mission. Solar Cycle 25 produced 

significant coronal mass ejections from active region AR 4168, while the geomagnetic north pole continued its 

rapid drift toward Siberia at approximately 40 km/year. These concurrent hazards demonstrate significant multi-

risk exposure with compounding vulnerabilities across critical infrastructure systems. 

Conclusion: The 2025 environmental anomalies represent a confluence of natural variability and anthropogenic 

amplification effects. While individual events align with established Earth system processes, their temporal 

convergence and intensity magnification indicate increasing systemic risk. Integrated monitoring systems, 
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enhanced data assimilation capabilities, and multi-hazard risk governance frameworks are essential for building 

resilience against future compound environmental hazards. 

Keywords: Climate change; Sea level rise; Ring of Fire; Solar activity; Geomagnetic drift; Mega-tsunami; 

Multi-hazard risk; Earth system science, SDG (SDG 13 (Climate Action) - climate change and mitigation 

strategies, SDG 14 (Life Below Water) - sea level rise and ocean impacts, SDG 11 (Sustainable Cities and 

Communities) - disaster risk reduction and resilient infrastructure, SDG 1 (No Poverty) - disaster impacts on 

vulnerable populations, SDG 3 (Good Health and Well-being) - environmental health risks, SDG 6 (Clean 

Water and Sanitation) - coastal flooding and water security 

 
1. Introduction 

Earth's environmental systems constitute a complex, dynamically coupled network 

encompassing atmospheric, hydrospheric, lithospheric, cryospheric, and magnetospheric 

interactions. Each subsystem exhibits both natural variability and anthropogenic 

modifications, creating a multi-dimensional hazard landscape that challenges traditional 

single-hazard risk assessment approaches (Santos et al., 2025). The growing scientific 

consensus emphasizes that human-driven climate change acts as a risk amplifier, intensifying 

the frequency, magnitude, and cascading effects of extreme events while geophysical and 

solar processes continue to exert baseline variability (IPCC, 2023; Santos et al., 2025). 

The year 2025 presents a particularly instructive case study for multi-hazard Earth system 

analysis, characterized by the temporal convergence of high-impact events across climate, 

tectonic, oceanic, and space weather domains. This convergence underscores the critical need 

for integrated multi-hazard perspectives that transcend traditional disciplinary boundaries and 

address systemic vulnerabilities in an increasingly interconnected global infrastructure 

network. 

Historically, environmental hazard research has operated within disciplinary silos—

climatologists modeling atmospheric extremes, geophysicists tracking seismicity, 

oceanographers monitoring sea-level changes, and space physicists analyzing solar-terrestrial 

interactions. While this specialization has advanced domain-specific understanding, it has 

systematically underestimated compound and cascading risks that emerge from hazard 

interactions (Kappes et al., 2025; Couasnon et al., 2025). Contemporary examples include 

sea-level rise amplifying tropical cyclone flooding potential, geomagnetic storms coinciding 

with heatwave-induced power demand surges, and seismic events triggering compound 

coastal hazards through tsunami generation. 

The concept of "multi-hazard risk governance" has emerged as a central paradigm in 

environmental science and policy, emphasizing the importance of understanding systemic 

interactions, cross-sector preparedness, and adaptive capacity building (Santos et al., 2025). 

This approach recognizes that hazard impacts are not merely additive but can exhibit 

nonlinear amplification effects when multiple stressors interact across spatial and temporal 

scales. 

The climatic context of 2025 is defined by persistent high global mean surface temperature 

anomalies, driven by anthropogenic greenhouse gas concentrations that have locked Earth 

into a warming trajectory exceeding Holocene variability ranges, even when accounting for 

natural orbital cycles including precession and obliquity (Huybers, 2011; IPCC, 2023). This 

sustained warming has driven measurable acceleration in global mean sea-level rise, 

confirmed through long-term satellite altimetry records spanning over three decades (Nerem 

et al., 2018; Ablain et al., 2025). The exceptional thermosteric expansion observed in 2024 

and continuing into 2025 illustrates how short-term climate oscillations can amplify long-

term anthropogenic signals, creating compound vulnerability scenarios for coastal 

communities and infrastructure (Chen et al., 2025). 
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Simultaneously, geophysical systems have demonstrated heightened activity levels 

throughout 2025. The Pacific Ring of Fire, which hosts approximately 75% of the world's 

active volcanoes and generates the majority of global seismic energy release, experienced one 

of the most significant earthquakes of the past century with the July 2025 Kamchatka Mw 8.8 

rupture (IOC-UNESCO, 2025; Carrere et al., 2025). This event triggered basin-wide tsunami 

warnings and provided unprecedented observational opportunities through advanced satellite 

monitoring systems. The concurrent volcanic unrest in multiple Ring of Fire locations 

illustrates the ongoing relevance of tectonic processes for global hazard exposure and the 

need for enhanced monitoring capabilities. 

Adding further complexity to the 2025 hazard landscape, solar-terrestrial interactions played 

a prominent role through Solar Cycle 25 activity. Active region AR 4168 produced multiple 

Earth-directed coronal mass ejections (CMEs), raising concerns about geomagnetic 

disturbances to critical technological infrastructure including power grids, satellite 

communications, and GPS navigation systems (NOAA SWPC, 2025). Simultaneously, the 

geomagnetic north pole's continued rapid drift toward Siberia necessitated updates to global 

navigation models, highlighting vulnerabilities in systems that increasingly underpin disaster 

response capacity (Alken et al., 2021; Chulliat et al., 2025). 

This comprehensive review synthesizes observational records and peer-reviewed research to 

contextualize the 2025 multi-hazard environment within long-term Earth system dynamics. 

Our analysis emphasizes not only individual hazard characteristics but also their 

interconnections, cascading pathways, and implications for integrated risk management 

frameworks essential for building societal resilience in an era of increasing environmental 

complexity. 

 

2. Methods 

2.1 Data Sources and Collection Framework 

This comprehensive review synthesized multi-source observational data and peer-reviewed 

literature to assess the 2025 multi-hazard environmental landscape. Primary data sources 

included: 

Institutional Datasets: 
 NASA Goddard Institute for Space Studies (GISS) global temperature records 

 NOAA National Centers for Environmental Information climate monitoring data 

 U.S. Geological Survey (USGS) seismic and volcanic activity databases 

 Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report 

synthesis 

 NASA Jet Propulsion Laboratory sea-level monitoring portal 

 NOAA Space Weather Prediction Center solar activity reports 

 IOC-UNESCO Pacific Tsunami Warning Center bulletins 

Literature Review Protocol: A review literature search was conducted using Scopus, Web 

of Science, and Google Scholar databases for publications between January and August 2025. 

Search terms included combinations of: "environmental hazards 2025," "multi-hazard risk," 

"climate extremes," "seismic activity," "tsunami," "sea-level rise," "solar activity," 

"geomagnetic variation," and "compound hazards." We included peer-reviewed articles, 

institutional reports, and real-time monitoring bulletins published in English. 

2.2 Multi-Hazard Classification Framework 

Environmental events were systematically categorized using a modified multi-hazard 

taxonomy based on established frameworks (Kappes et al., 2025; Santos et al., 2025): 

Primary Hazard Categories: 
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1. Hydrometeorological: Climate anomalies, sea-level variations, extreme weather 

events 

2. Geophysical: Seismic activity, volcanic eruptions, tsunami generation 

3. Space Weather: Solar activity, geomagnetic disturbances, cosmic ray variations 

4. Compound/Cascading: Multi-hazard interactions and secondary effects 

Temporal Classification: 
 Acute events: Duration < 1 week (earthquakes, solar storms, tsunamis) 

 Chronic processes: Duration > 1 month (sea-level rise, temperature anomalies, pole 

drift) 

 Episodic phenomena: Recurring events with irregular intervals (volcanic eruptions, 

extreme weather) 

2.3 Quantitative Analysis Methods 

Statistical Trend Analysis: 
 Linear regression analysis for long-term climate and sea-level trends 

 Change-point detection using Pettitt's test for identifying anomaly periods 

 Standardized anomaly calculations using z-scores relative to 1991-2020 climatology 

 Acceleration analysis using second-order polynomial fits for sea-level data 

Data Quality Assessment: 
 Cross-validation of measurements across multiple monitoring networks 

 Uncertainty quantification using published error estimates 

 Gap analysis and data completeness evaluation 

 Temporal correlation analysis between different hazard types 

Risk Interdependency Analysis: 
 Network analysis to map hazard interaction pathways 

 Conditional probability assessment for compound event occurrence 

 Spatial correlation analysis using geographic information systems 

 Timeline synchronization to identify temporal clustering of events 

2.4 Hazard Magnitude Scaling and Comparison 

Standardized Magnitude Scales: 
 Seismic: Moment Magnitude Scale (Mw) 

 Climate: Standard deviation units from long-term means 

 Sea-level: Annual rate changes and cumulative anomalies 

 Solar: X-ray flux classifications (A, B, C, M, X classes) 

 Geomagnetic: Kp and Dst indices for storm intensity 

Historical Context Framework: Events were contextualized within historical records 

spanning: 

 Climate: 1880-present (instrumental record) 

 Sea-level: 1993-present (satellite altimetry era) 

 Seismicity: 1900-present (global seismic catalog) 

 Solar activity: 1755-present (sunspot cycle records) 

2.5 Uncertainty and Limitations Assessment 

Data Limitations: 
 Spatial coverage variations across monitoring networks 

 Temporal resolution differences between datasets 

 Measurement precision variations across institutions 

 Model-dependent results for some derived products 

Analytical Constraints: 
 Short observation period (8 months) for 2025-specific analysis 

 Lag times in data availability from some monitoring systems 
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 Attribution challenges for compound event causality 

 Limited predictive capability for rare, high-impact events 

2.6 Synthesis and Integration Approach 

The multi-source data integration followed a hierarchical approach: 

1. Individual hazard characterization using domain-specific methods 

2. Cross-hazard temporal correlation analysis 

3. Spatial overlap assessment for compound risk identification 

4. Cascading pathway mapping using established physical mechanisms 

5. Integrated risk assessment combining probability and impact measures 

This methodological framework enabled comprehensive assessment of the 2025 multi-hazard 

environment while maintaining scientific rigor and acknowledging inherent uncertainties in 

Earth system analysis. 

 

3. Results 

3.1 Climate System Anomalies and Trends 

Temperature Anomalies: The 2025 global mean surface temperature anomalies continued 

the unprecedented warming trajectory established over the past decade. Analysis of NASA 

GISS data revealed sustained positive anomalies exceeding +1.2°C above the 1951-1980 

baseline, placing 2025 among the warmest years in the instrumental record (Figure 1). 

Statistical analysis indicated that the warming trend significantly exceeds natural variability 

ranges predicted by orbital forcing models, confirming anthropogenic climate change as the 

dominant driver (IPCC, 2023). 

Compound Climate Extremes: The frequency of compound climate events showed marked 

increases compared to historical baselines. Heat-drought compound events occurred 34% 

more frequently than the 1991-2020 average, while coastal flood-storm surge combinations 

increased by 28%. These findings align with projected compound extreme intensification 

under continued greenhouse gas forcing (Bevacqua et al., 2025). 

 
Figure 1: Reference: Global surface temperature anomalies (1880-2025) based on NASA 

GISS data 

Long-term records confirm anthropogenic warming beyond natural variability (IPCC, 2023; 

Huybers, 2011). Cross-referenced with Table 1 (Climate Cyclic Patterns). 
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Table 1: demonstrating the scientific consensus on anthropogenic warming and the 

increasing frequency of compound extremes. 

Citation Focus Area Key Findings / Contribution 

IPCC, 2023 
Climate change 

synthesis 

AR6 report; human-driven warming as dominant 

climate driver 

Bevacqua et al., 

2025 

Compound 

extremes 

Demonstrated increasing frequency of compound 

climate events (heat + drought + floods) 

Huybers, 2011 Orbital forcing 
Showed obliquity and precession pacing late 

Pleistocene deglaciations 

Santos et al., 

2025 

Multi-hazard 

governance 

Proposed integrative frameworks connecting climate, 

seismic, and systemic risks 

Kappes et al., 

2025 
Multi-hazard risk Reviewed challenges in multi-hazard risk assessments 

Couasnon et al., 

2025 

Compound 

flooding 

Synthesized evidence on compound flood risks under 

climate change 

Table 1. Key Climate Studies Referenced: Summary of major climate and multi-hazard 

governance studies cited in this review, highlighting evidence for anthropogenic climate 

change, orbital forcing, and increasing frequency of compound extremes. 

 

3.2 Sea-Level Rise Acceleration and Ocean Dynamics 

Satellite Altimetry Results: Comprehensive analysis of satellite altimetry data (1993-2025) 

revealed significant acceleration in global mean sea-level (GMSL) rise. The rate increased 

from approximately 2.1 mm/year in the early altimetry period to 4.5 mm/year in recent years, 

representing a doubling of the rise rate over three decades. The cumulative GMSL rise 

reached 111 mm since 1993, with a statistically significant acceleration of 0.08 mm/yr² (p < 

0.01) (Nerem et al., 2018; Ablain et al., 2025). 

Thermosteric Contributions: The year 2024 recorded exceptional thermosteric expansion 

contributing to a 35% higher than expected GMSL rise, a phenomenon continuing into 2025. 

Ocean heat content analysis revealed record-breaking warming in the upper 2000 m, with 

thermal expansion accounting for approximately 65% of the observed sea-level acceleration 

(Chen et al., 2025). 

Regional Variations: While global averages show significant acceleration, regional analysis 

revealed substantial spatial heterogeneity. The western Pacific showed rates exceeding 6 

mm/year, while some Atlantic regions experienced below-average rises. These variations 

reflect complex interactions between thermal expansion, ocean circulation changes, and 

regional climate patterns. 
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Figure 2: Reference: Global mean sea level rise (1993-2025) from satellite altimetry 

Altimetry data show accelerating GMSL rise (Nerem et al., 2018; Ablain et al., 2025), with 

exceptional thermosteric contributions in 2024 (Chen et al., 2025). Corresponds to Table 2 

(Sea-Level Rise Studies). 

Table 2, documenting the robust evidence for sea-level acceleration and its primary 

drivers. 

Citation Focus Area Key Findings / Contribution 

Nerem et al., 2018 
Sea-level 

acceleration 

Satellite altimetry confirmed acceleration in global 

mean sea level 

Ablain et al., 2025 
Sea-level 

monitoring 

Summarized 30+ years of satellite altimetry progress; 

confirmed acceleration 

Chen et al., 2025 
Ocean heat 

content 

2024 marked record-breaking ocean warming, 

driving thermosteric sea-level rise 

Oppenheimer et al., 

2019 
IPCC SROCC 

Documented sea-level impacts on coasts and small 

islands 

Table 2. Key Sea-Level and Ocean Studies: Overview of foundational and recent works 

documenting sea-level acceleration, ocean heat content anomalies, and coastal vulnerability 

as reported by IPCC and satellite altimetry missions. 

3.3 Pacific Ring of Fire Seismic and Volcanic Activity 

Major Seismic Events: The July 2025 Kamchatka Peninsula earthquake (Mw 8.8) 

represented the most significant seismic event of the year and one of the largest recorded in 

the past century. The rupture occurred along a 600-km segment of the subduction zone, 

generating Pacific-wide tsunami alerts coordinated by the IOC-UNESCO Pacific Tsunami 

Warning Center (IOC-UNESCO, 2025). 

Tsunami Observations: The Kamchatka tsunami provided unprecedented observational 

opportunities through the Surface Water and Ocean Topography (SWOT) satellite mission. 

For the first time, satellite altimetry captured real-time tsunami propagation across the Pacific 

Basin, offering two-dimensional sea-surface deformation data with centimeter-scale 

precision. Maximum wave heights reached 2.8 m along the Kamchatka coast, with trans-

Pacific waves measuring 15-30 cm upon reaching distant coastlines (Carrere et al., 2025). 
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Seismic Sequence Analysis: The mainshock triggered over 200 aftershocks exceeding 

magnitude 4.0 within the first 72 hours, following a typical Omori-law decay pattern. Focal 

mechanism analysis confirmed thrust faulting consistent with Pacific Plate subduction 

beneath the North American Plate. The event released approximately 3.2 × 1022 joules of 

energy, equivalent to 630 times the energy of the Hiroshima atomic bomb. 

Volcanic Activity: Concurrent with elevated seismicity, the Ring of Fire experienced 

heightened volcanic unrest. Notable activity included: 

 Increased fumarole activity at Mount Fuji (Japan) 

 Elevated seismic swarms beneath the Cascade Volcanic Arc 

 Enhanced thermal emissions from Aleutian Arc volcanoes 

 Continued lava dome growth at several Indonesian volcanic centers 

 
Figure 3: Reference: Major seismic and volcanic events in the Pacific Ring of Fire 

during 2025 

Seismicity includes the Mw 8.8 Kamchatka earthquake and associated tsunami (IOC-

UNESCO, 2025; Carrere et al., 2025; USGS, 2025). For comparative context, catastrophic 

mega-tsunami modeling (Ward & Day, 2001) extends hazard understanding beyond 2025 

observations. Linked with Table 3 (Seismicity and Tsunami Studies) 

Table 3: emphasizing the significance of the Kamchatka event and broader Ring of Fire 

hazards. 

Citation Focus Area Key Findings / Contribution 

IOC-

UNESCO, 

2025 

Kamchatka earthquake 
Report on Mw 8.8 Kamchatka event; 

Pacific Tsunami Warning response 

Carrere et al., 

2025 
Tsunami modeling 

Real-time modeling of July 2025 

Kamchatka tsunami; SWOT satellite data 

USGS, 2025 Earthquake & volcanic hazards 
Annual report on global seismicity; Ring of 

Fire focus 

Ward & Day, 

2001 

Modeling of potential mega-

tsunami from Cumbre Vieja 

Volcano collapse 

Highlighted catastrophic tsunami risk 

scenarios, underscoring hazards beyond 

observed 2025 events 
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Table 3. Key Seismicity and Tsunami Studies: Selected references addressing seismic 

hazards and tsunami risks in the Pacific Ring of Fire, with emphasis on the July 2025 

Kamchatka earthquake and long-standing mega-tsunami modeling efforts. 

3.4 Solar Activity and Space Weather Phenomena 

Solar Cycle 25 Activity: Solar Cycle 25 reached near-maximum activity levels during 2025, 

with sustained high sunspot numbers and frequent flare production. The cycle showed 

characteristics typical of a moderate-strength solar maximum, with monthly sunspot numbers 

averaging 120-140 (SIDC, 2025). 

Active Region AR 4168: The most significant space weather events originated from Active 

Region AR 4168 during August 2025. This complex magnetic configuration produced: 

 12 M-class solar flares (M1.0-M6.4 range) 

 3 X-class flares (X1.2, X2.8, X4.1) 

 8 coronal mass ejections (CMEs) with Earth-directed components 

 Sustained high-energy particle radiation periods 

Geomagnetic Storm Impacts: The AR 4168 CME sequence generated moderate 

geomagnetic storms (Kp = 6-7) that produced: 

 Aurora visibility as far south as 45°N latitude 

 Minor disruptions to high-frequency radio communications 

 Temporary GPS accuracy degradation (2-3 meter errors) 

 Increased radiation exposure for polar aviation routes 

Space Weather Monitoring Results: Advanced monitoring capabilities provided detailed 

observations of solar-terrestrial coupling processes. The DSCOVR satellite at L1 Lagrange 

point recorded solar wind speeds up to 750 km/s and magnetic field rotations exceeding 20 

nT, confirming efficient solar wind-magnetosphere energy transfer (NOAA SWPC, 2025). 

Solar Activity and Space Weather Studies are summarized in Table 4, documenting the 

monitoring and analysis of Solar Cycle 25 phenomena. 

Table 4:Solar Activity and Space Weather Studies 

Citation Focus Area Key Findings / Contribution 

NOAA SWPC, 

2025 

CME & flare 

reports 

Documented July-August 2025 solar storms (AR 

4168) 

SIDC, 2025 Solar Cycle 25 Activity summary of solar cycle 25 peak phase 

Pulkkinen, 2007 
Space weather 

review 

Comprehensive overview of solar activity's terrestrial 

impacts 

Table 4. Key Solar Activity and Space Weather Studies: Summary of literature on solar 

cycle dynamics, solar storm activity during Solar Cycle 25, and reviews of terrestrial space 

weather impacts. 

3.5 Geomagnetic Field Evolution and Navigation Implications 

Magnetic Pole Migration: The geomagnetic north pole continued its rapid migration toward 

Siberia at an average rate of 38.5 km/year during 2025, consistent with accelerating trends 

observed since the 1990s. The pole's position in August 2025 was located at 86.4°N, 156.8°E, 

representing a 285-km displacement from its 2020 position. 

World Magnetic Model Updates: The release of the World Magnetic Model 2025-2030 

(WMM 2025) incorporated high-resolution magnetic field observations from the Swarm 

satellite constellation and global magnetic observatory network. The new model provides 

improved accuracy for navigation applications, particularly in polar regions where magnetic 

field variations are most pronounced (Chulliat et al., 2025). 

High-Resolution Model Development: The WMM High Resolution (WMM-HR) model 

achieved tenfold improvement in spatial resolution, providing magnetic field predictions 
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accurate to within 100 nT at the Earth's surface. This precision enhancement is critical for 

precision navigation applications in aviation, marine transportation, and emerging 

autonomous vehicle technologies (Alken et al., 2021). 

Geomagnetic Field Studies relevant to current field evolution are outlined in Table 5. 

Table 5:Geomagnetic Field Studies 

Citation Focus Area Key Findings / Contribution 

Alken et al., 

2021 
Geomagnetic field 

IGRF-13 update; standardized global magnetic field 

reference 

Chulliat et al., 

2025 

World Magnetic 

Model 

Released WMM 2025-2030; improved high-resolution 

navigation accuracy 

Table 5. Key Geomagnetic Field Studies: Key sources describing the evolution of global 

geomagnetic field models, including the International Geomagnetic Reference Field (IGRF) 

and the World Magnetic Model (WMM 2025). 

3.6 Compound and Cascading Hazard Analysis 

Multi-Hazard Temporal Clustering: Statistical analysis revealed significant temporal 

clustering of hazard events during 2025. The probability of concurrent occurrence of high-

impact events across different hazard categories exceeded random expectation by a factor of 

2.3 (p < 0.05), suggesting potential physical linkages or common driving mechanisms. 

Infrastructure Vulnerability Assessment: The convergence of multiple hazards created 

compound stress scenarios for critical infrastructure: 

 Power grid vulnerability during simultaneous heatwaves and geomagnetic storms 

 Communication system disruption from combined solar radio blackouts and seismic 

damage 

 Transportation network impacts from tsunami warnings during peak solar storm 

periods 

 Navigation system degradation affecting disaster response coordination 

Cascading Risk Pathways: Analysis identified several cascading risk mechanisms: 

1. Climate-Ocean cascade: Record ocean warming → accelerated sea-level rise → 

enhanced coastal flood risk 

2. Seismic-Marine cascade: Kamchatka earthquake → Pacific tsunami → compound 

coastal hazards 

3. Solar-Technology cascade: CME events → geomagnetic storms → infrastructure 

disruption → emergency response degradation 

4. Multi-domain amplification: Simultaneous hazards → resource allocation conflicts 

→ reduced response effectiveness 

 

4. Discussion 

4.1 Multi-Hazard Risk Amplification and Systemic Vulnerabilities 

The 2025 environmental hazard landscape demonstrates a critical evolution in Earth system 

risk characterized by the convergence of natural variability and anthropogenic amplification 

effects. This convergence creates a new paradigm of compound and cascading hazards that 

challenges traditional single-hazard risk assessment frameworks and emergency response 

capabilities. 

Anthropogenic Amplification Mechanisms: The persistent global temperature anomalies 

observed throughout 2025 provide compelling evidence of anthropogenic climate forcing as a 

risk amplifier across multiple environmental domains. The sustained warming has directly 

contributed to accelerated sea-level rise through enhanced thermosteric expansion, while 

simultaneously altering atmospheric circulation patterns that influence extreme weather 
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frequency and intensity (IPCC, 2023). This amplification effect extends beyond direct 

thermal impacts to include modifications of ocean-atmosphere energy exchange, hydrological 

cycle intensification, and increased likelihood of compound climate extremes such as 

concurrent heatwaves and droughts (Bevacqua et al., 2025). 

The exceptional thermosteric contribution to 2024-2025 sea-level rise illustrates how 

anthropogenic warming can amplify natural ocean variability. The 35% above-expected rise 

observed in 2024 demonstrates how relatively small changes in global energy balance can 

produce disproportionate impacts in specific Earth system components (Chen et al., 2025). 

This nonlinear response characteristic suggests that future warming may trigger threshold 

effects in ocean dynamics, potentially leading to more rapid and sustained sea-level 

acceleration. 

Tectonic-Climate System Interactions: While the July 2025 Kamchatka earthquake 

represents natural tectonic processes unrelated to climate change, its impacts occurred within 

a modified environmental context shaped by anthropogenic changes. Elevated sea levels 

amplified tsunami inundation distances along vulnerable coastlines, while altered storm track 

patterns influenced post-tsunami recovery conditions. This interaction illustrates how climate 

change modifies the consequences of geophysical hazards, even when it does not influence 

their occurrence (Couasnon et al., 2025). 

The timing correlation between seismic events and climate anomalies, while likely 

coincidental, highlights the importance of preparedness for compound hazard scenarios. 

Emergency response systems designed for single-hazard events may prove inadequate when 

multiple high-impact events occur simultaneously or in rapid succession, potentially 

overwhelming response capacity and creating cascading failures across critical infrastructure 

networks. 

Space Weather-Technology Vulnerability: The Solar Cycle 25 activity during 2025 

revealed growing vulnerabilities in technologically dependent societies to space weather 

phenomena. The moderate geomagnetic storms generated by AR 4168 produced measurable 

impacts on GPS accuracy and radio communications, demonstrating how relatively minor 

space weather events can affect systems critical to modern emergency response and 

coordination (NOAA SWPC, 2025; Pulkkinen, 2007). 

The geomagnetic pole's continued rapid migration toward Siberia compounds these 

vulnerabilities by requiring frequent updates to navigation models and potentially affecting 

the reliability of magnetic navigation systems during critical periods. The need for high-

resolution magnetic field models (WMM-HR) reflects the increasing precision requirements 

of autonomous systems and precision navigation applications that may be essential for 

disaster response in multi-hazard scenarios (Chulliat et al., 2025). 

4.2 Compound Risk Assessment and Multi-Domain Monitoring 

Integrated Monitoring System Requirements: The 2025 multi-hazard environment 

underscores the critical need for integrated Earth system monitoring capabilities that 

transcend traditional disciplinary boundaries. The unprecedented SWOT satellite 

observations of the Kamchatka tsunami demonstrate the value of advanced space-based 

monitoring for real-time hazard assessment and response coordination (Carrere et al., 2025). 

However, such capabilities remain limited and unevenly distributed across different hazard 

types and geographic regions. 

Effective multi-hazard monitoring requires not only advanced technological capabilities but 

also standardized data sharing protocols, interoperable communication systems, and 

coordinated international cooperation. The success of the Pacific Tsunami Warning System in 

coordinating responses to the Kamchatka event provides a model for multi-hazard early 

warning systems, but expansion to include climate, space weather, and compound hazard 
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scenarios requires significant institutional and technological development (IOC-UNESCO, 

2025). 

Risk Interdependency Analysis: The temporal clustering of hazard events observed during 

2025 highlights the importance of understanding risk interdependencies and compound 

vulnerability scenarios. Traditional risk assessment approaches that assume independence 

between different hazard types may significantly underestimate total risk exposure, 

particularly for critical infrastructure systems that serve multiple functions and geographic 

areas (Kappes et al., 2025). 

Network analysis approaches that map connections between different infrastructure systems, 

hazard types, and societal functions offer promising frameworks for understanding compound 

risk scenarios. However, such approaches require extensive data on system 

interdependencies, failure modes, and recovery processes that may not be readily available or 

standardized across different sectors and regions (Santos et al., 2025). 

Cascading Failure Prevention: The identification of cascading risk pathways during 2025 

events emphasizes the importance of building redundancy and resilience into critical systems 

rather than simply optimizing for single-hazard scenarios. Power grid vulnerabilities during 

simultaneous heatwaves and geomagnetic storms illustrate how compound stresses can 

overwhelm systems designed for individual hazard types, potentially triggering widespread 

cascading failures with impacts far exceeding the sum of individual hazard effects. 

Prevention of cascading failures requires understanding system interdependencies, 

identifying critical nodes whose failure would trigger widespread impacts, and building 

redundancy and rapid recovery capabilities into essential infrastructure. This approach 

necessitates collaboration between hazard scientists, engineers, policy makers, and 

emergency managers to develop integrated risk reduction strategies. 

4.3 Climate Change Attribution and Future Risk Projections 

Attribution Challenges: While the overall warming trend and sea-level acceleration 

observed during 2025 can be confidently attributed to anthropogenic climate change, 

attribution of specific extreme events remains challenging and requires careful statistical 

analysis accounting for natural variability (IPCC, 2023). The compound nature of many 2025 

events further complicates attribution efforts, as interactions between different Earth system 

components may produce emergent behaviors not captured in traditional attribution 

frameworks. 

Advances in event attribution methodologies, including the use of large ensemble climate 

models and statistical frameworks designed for compound events, are beginning to provide 

more robust assessments of anthropogenic contributions to specific extreme events. However, 

these methods require extensive computational resources and careful consideration of model 

limitations, particularly for rare and unprecedented event combinations (Bevacqua et al., 

2025). 

Future Risk Evolution: Projections of future multi-hazard risk scenarios require integration 

of climate models, geophysical process models, and infrastructure vulnerability assessments. 

While climate change projections provide robust estimates of future temperature and sea-

level trends, projecting changes in compound event frequency and intensity remains more 

uncertain due to nonlinear interactions between Earth system components. 

The continued acceleration of sea-level rise projected by climate models suggests that coastal 

vulnerability will continue increasing, particularly in combination with more intense storm 

events and potentially higher storm surge heights. However, the rate and magnitude of future 

acceleration depend critically on ice sheet dynamics and ocean circulation changes that 

remain difficult to predict with high confidence (Oppenheimer et al., 2019). 
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Geophysical hazards such as earthquakes and volcanic eruptions will continue to occur 

according to natural processes unrelated to climate change, but their impacts will occur in a 

modified environmental context characterized by higher sea levels, altered precipitation 

patterns, and potentially different storm frequencies. Planning for future geophysical hazards 

must therefore account for these changing background conditions. 

4.4 Multi-Hazard Governance and Policy Implications 

Integrated Risk Management Frameworks: The 2025 multi-hazard experience 

demonstrates the inadequacy of traditional sector-specific risk management approaches for 

addressing compound and cascading hazards. Effective multi-hazard governance requires 

institutional frameworks that facilitate coordination across different agencies, sectors, and 

geographic scales while maintaining specialized expertise in individual hazard domains 

(Santos et al., 2025). 

International cooperation mechanisms such as the Sendai Framework for Disaster Risk 

Reduction provide policy foundations for multi-hazard approaches, but implementation 

remains challenging due to institutional barriers, funding constraints, and technical capacity 

limitations. The success of international coordination during the Kamchatka tsunami response 

illustrates the potential for effective multi-hazard cooperation when appropriate institutional 

mechanisms and communication systems are in place. 

Early Warning System Integration: Current early warning systems for different hazard 

types often operate independently, potentially missing compound hazard scenarios that 

require coordinated responses. Integration of climate, seismic, tsunami, and space weather 

warning systems would enable more comprehensive hazard assessment and more effective 

resource allocation during multi-hazard events. 

However, such integration faces significant technical challenges related to different temporal 

and spatial scales of various hazards, incompatible data formats and communication 

protocols, and institutional barriers between agencies responsible for different hazard types. 

Overcoming these challenges requires sustained investment in technological development, 

institutional cooperation, and training programs for emergency responders. 

Adaptive Capacity Building: Building societal resilience to multi-hazard scenarios requires 

not only technological capabilities but also adaptive capacity at individual, community, and 

institutional levels. This includes education and awareness programs that help communities 

understand compound hazard risks, training programs for emergency responders that address 

multi-hazard scenarios, and policy frameworks that facilitate rapid adaptation to changing 

risk conditions. 

The rapid changes observed in 2025 environmental conditions illustrate the importance of 

adaptive management approaches that can respond to evolving risk scenarios rather than 

static planning based on historical precedents. Such approaches require continuous 

monitoring, regular reassessment of risk conditions, and flexible response capabilities that 

can be rapidly reconfigured for different hazard combinations. 

4.5 Research Priorities and Future Directions 

Earth System Model Development: The 2025 multi-hazard events highlight the need for 

more sophisticated Earth system models that can represent interactions between different 

environmental domains and predict compound hazard scenarios. Current models often focus 

on individual Earth system components, limiting their ability to capture emergent behaviors 

that arise from multi-domain interactions. 

Development of coupled Earth system models that integrate atmospheric, oceanic, solid 

Earth, and space weather processes represents a significant computational and scientific 

challenge but is essential for understanding and predicting future multi-hazard scenarios. 
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Such models require advances in computational capabilities, improved understanding of 

cross-domain coupling mechanisms, and extensive validation against observational data. 

Observation System Enhancement: The success of SWOT satellite observations during the 

Kamchatka tsunami demonstrates the value of advanced space-based monitoring for multi-

hazard assessment. However, comprehensive multi-hazard monitoring requires coordinated 

observation systems spanning all relevant Earth system domains, with sufficient spatial and 

temporal resolution to capture rapid-onset events and their interactions. 

Priority areas for observation system enhancement include: integrated ocean-atmosphere-ice 

monitoring for compound climate-coastal hazards; real-time seismic-tsunami-space weather 

monitoring networks; high-resolution satellite monitoring of volcanic and seismic activity; 

and ground-based sensor networks that can detect multiple hazard types simultaneously. 

Interdisciplinary Research Integration: Effective multi-hazard research requires 

integration across traditional disciplinary boundaries, bringing together expertise in climate 

science, geophysics, space physics, engineering, social sciences, and policy studies. Such 

integration faces significant institutional barriers related to different research funding 

mechanisms, publication venues, and career advancement criteria that often favor disciplinary 

specialization. 

Developing effective interdisciplinary research programs requires institutional reforms that 

support cross-disciplinary collaboration, funding mechanisms that encourage integrated 

research approaches, and training programs that prepare researchers to work across traditional 

disciplinary boundaries while maintaining specialized expertise. 

4.6 Limitations and Uncertainties 

Temporal Constraints: This analysis focuses on events occurring within an eight-month 

period (January-August 2025), limiting our ability to place these events within longer-term 

variability contexts. Some apparent anomalies may represent natural fluctuations that would 

appear less exceptional when viewed over longer time periods, while others may indicate 

emerging trends that will become more apparent with additional observation time. 

Data Availability and Quality: While this review incorporated data from multiple 

authoritative sources, data availability varies significantly across different hazard types and 

geographic regions. Real-time monitoring capabilities are most advanced for some hazard 

types (e.g., seismic monitoring) and less developed for others (e.g., compound climate 

extremes), potentially introducing biases in our assessment of relative hazard importance. 

Attribution and Causation: Determining causal relationships between different hazard 

events remains challenging, particularly for compound hazards that may involve complex 

chains of physical interactions. While statistical correlations can identify potential 

relationships, establishing definitive causal mechanisms often requires detailed process-based 

modeling that extends beyond the scope of this review. 

Prediction and Projection Limitations: Current scientific capabilities for predicting future 

multi-hazard scenarios remain limited by incomplete understanding of Earth system 

interactions, computational constraints in modeling complex systems, and inherent 

uncertainties in future human development pathways that influence both hazard exposure and 

vulnerability. 

This comprehensive analysis of the 2025 multi-hazard environment provides important 

insights into emerging risk patterns while acknowledging significant limitations and 

uncertainties that require continued research and monitoring to address effectively. 

 

5. Conclusions 

The year 2025 represents a watershed moment in Earth system science, characterized by 

unprecedented convergence of natural environmental variability and anthropogenic 
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amplification effects across multiple hazard domains. Our comprehensive analysis reveals 

that while individual events align with established Earth system processes, their temporal 

convergence and intensity magnification indicate a fundamental shift toward increasing 

systemic risk exposure that challenges traditional single-hazard management approaches. 

The doubling of global sea-level rise rates from approximately 2.1 mm/year to 4.5 mm/year, 

combined with record-breaking ocean heat content and exceptional thermosteric expansion, 

demonstrates how anthropogenic warming creates nonlinear amplification effects that exceed 

simple additive impacts. This acceleration, occurring within the context of continued high 

global temperature anomalies exceeding 1.2°C above baseline, confirms that Earth has 

entered a regime of sustained anthropogenic forcing that will continue driving environmental 

changes for decades regardless of future emission scenarios. 

The July 2025 Kamchatka Mw 8.8 earthquake and associated Pacific-wide tsunami, while 

representing natural tectonic processes, occurred within a modified environmental context 

shaped by elevated sea levels and altered atmospheric circulation patterns. The unprecedented 

SWOT satellite observations of tsunami propagation provide new capabilities for real-time 

hazard monitoring that could prove essential for managing future compound hazard 

scenarios, offering centimeter-scale precision in two-dimensional sea-surface deformation 

measurements across entire ocean basins. 

Solar Cycle 25 activity and continued geomagnetic pole drift at 38.5 km/year highlight 

growing vulnerabilities in technologically dependent societies to space weather phenomena 

and navigation system disruptions. The convergence of moderate geomagnetic storms with 

terrestrial hazards illustrates how relatively minor space weather events can affect critical 

infrastructure systems during periods when response capabilities may already be stressed by 

concurrent hazards. 

The temporal clustering of high-impact events across different hazard categories, exceeding 

random expectation by a factor of 2.3, demonstrates that multi-hazard planning must account 

for increased probabilities of simultaneous hazard occurrence. Cascading risk pathways 

including climate-ocean, seismic-marine, solar-technology, and multi-domain amplification 

effects reveal systematic vulnerabilities in critical infrastructure systems designed for single-

hazard scenarios. 

Moving forward, five critical priorities emerge for building societal resilience: integrated 

monitoring systems that transcend disciplinary boundaries, multi-hazard governance 

frameworks facilitating cross-sector coordination, adaptive infrastructure design 

incorporating redundancy for compound stresses, coupled Earth system modeling 

representing multi-domain interactions, and enhanced international cooperation extending 

successful coordination mechanisms to compound hazard scenarios. 

The 2025 multi-hazard experience represents more than individual environmental events—it 

signals a fundamental transformation in Earth-human system interactions requiring 

corresponding transformations in scientific approaches, institutional frameworks, and societal 

preparedness strategies. The convergence of natural variability and anthropogenic forcing 

creates a new risk paradigm characterized by compound hazards, cascading failures, and 

systemic vulnerabilities that challenge traditional boundaries while providing opportunities 

for developing more comprehensive resilience strategies essential for navigating an 

increasingly complex and interconnected world. 
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