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Abstract

Background: Storm events are now occurring with increased frequency and intensity as a
consequence of climate change, creating unprecedented challenges for hospitals to maintain
continuous operations. While existing research has identified critical factors for hospital resilience,
a comprehensive understanding of how these factors interact within a hierarchical framework
remains limited. This systematic review attempts to compile the evidence on hospital preparedness
for storms and propose a novel conceptual model that prioritizes these critical factors.

Material and Methods: A systematic search was carried out following PRISMA 2020 guidelines
across six databases (PubMed/MEDLINE, Web of Science, Cochrane, Scopus, Science Direct,
ProQuest) and the Google Scholar search engine for publications between®January 2000 and
August 2025. A total of 32 studies out of the initial 6,115 records met the eligibility criteria after
undergoing screening and full-text review. Thematic synthesis served as the analytical method for
the extracted data.

Results: Analysis revealed five critical domains, with Leadership, Governance & Policy emerging
as the foundational enabler for all other components. Our propased "Enabling Foundation™ model
demonstrates that Infrastructure & Planning, Human Resource. Management, Coordination &
Communication, and Resource Management & Logistics all~depend on this foundational layer.
Supported by 28 of 32 studies, this hierarchy explains why hospitals with similar resources show
divergent storm outcomes and demonstrates that technical investments only achieve maximum
impact within strong governance frameworks,

Conclusion: The "Enabling Foundation” model represents a paradigm shift from checklist-based
preparedness to a hierarchical understanding of hospital resilience. This framework provides
policymakers and healthcare administrators with evidence-based guidance for prioritizing
investments and developing strategies.that enhance hospital readiness for future storm events,
ultimately supporting the transformation of healthcare facilities into resilient institutions capable
of maintaining continuous.care during disasters.
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Introduction

Among various climate-related hazards, storms including hurricanes, cyclones, and typhoons are
particularly destructive, posing severe challenges to healthcare systems worldwide. These events
cause immediate physical damage and trigger cascading failures in hospital operations, from power
outages and flooding to communication breakdowns and supply chain disruptions (1). With
climate projections indicating increased storm frequency and intensity, strengthening hospital
resilience has become critically urgent (2).

Research consistently shows that regions with well-prepared healthcare systems experience
significantly lower storm-related mortality rates (3). Despite growing awareness, however,
hospitals continue to face operational collapse during major events. This was starkly.demonstrated
during Hurricane Katrina, when over 40 facilities in New Orleans alone were forced to close (4).
Such recurrent failures point to a persistent gap in prevailing preparedness. models.

Existing frameworks, such as the WHO Hospital Safety Index and various disaster resilience
guides, have been instrumental in outlining key components of preparedness from infrastructure
hardening and staff training to resource stockpiling and communication planning (5,6). Yet these
approaches often treat resilience domains as parallel checklists. They do not clarify the hierarchical
relationships between domains, nor do they explain why haspitals with comparable resources show
dramatically different outcomes during crises (3).“This inability to distinguish between well-
equipped hospitals that succeed and those that“fail. indicates a missing theoretical link in
understanding the mechanics of resilience.

To address this gap identified in the literature where frameworks often treat components as parallel
checklists without clarifying their functional hierarchy (5, 6) our study was designed to investigate
the inherent interdependence of resilience.domains. We hypothesize that the factors determining
hospital storm resilience are not equally weighted but exist in a layered structure, where certain
foundational domains enable and.sustain the effectiveness of others (3). This is suggested by
repeated evidence of well<equipped hospitals failing during events like Hurricane Katrina (4), and
by studies showing that _technical measures such as backup power systems (6), staff training
protocols (7), and communication plans (8,9) often underperform without specific enabling
conditions.

In summary, while. traditional hospital storm preparedness has focused on discrete components
like infrastructure and staffing (1,4,10-13), evidence shows that robust infrastructure alone often
fails under inadequate governance. This reveals a critical theoretical gap: understanding the
hierarchical relationships between resilience factors is essential for developing targeted and
effective strategies. Accordingly, this systematic review aims to pinpoint the key factors, analyze,
and map the hierarchical structure of relationships between the key factors determining hospital
resilience to storms. By synthesizing existing evidence, we aim to propose a conceptual framework
that clarifies the prioritization and interdependence of these factors.



Methods

This study performed a systematic review to identify and analyze published literature including
articles, reports, and guidelines on hospital storms preparedness. We performed a PRISMA-guided
systematic review to identify articles and documents focused on hospital preparedness for
storms(14) (Figl).
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Fig 1: PRISMA flow diagram for document selection

* Note: Primary reasons for exclusion at title/abstract stage: Not hospital-focused (n=2,850), Not
storm-related (n=1,400), Not addressing preparedness/resilience (n=550), Non-research article
(n=119), Full-text inaccessible (n=68).

Search strategies
We worked with a medical information specialist to develop a search strategy that was both

comprehensive and precise. Electronic databases (PubMed/MEDLINE, Scopus, Web of Science,
Cochrane Library, Science Direct, ProQuest), together with Google Scholar and focused grey



literature sources, were systematically searched. Database-specific search strings incorporated key
concepts such as "hospital”, "resilien”, “preparedness”, "storm", and "hurricane™ (see
Supplementary File 1 for complete search strategies). We included only English-language studies
published from January 1, 2000, through August 31, 2025.

Study Selection

The selection process involved three stages. After deduplication, two reviewers independently
screened titles and abstracts. Potentially eligible studies then underwent independent ‘full-text
review by both reviewers. Disagreements were resolved through discussion. We also. manually
examined the reference lists of the included studies to find any further relevant research.

Inclusion Criteria:

This systematic review included peer-reviewed primary research studies (e:g., case studies, cross-
sectional surveys, cohort analyses) that quantitatively, qualitatively,.or via mixed methods
evaluated the effectiveness, implementation, or identifiable factors-of hospital preparedness,
resilience, or response protocols specifically for storms (hurricanes, eyclones, typhoons). Studies
were required to be published in English between January 2000 and August 2025, with accessible
full text.

Exclusion Criteria (Applied during full-text screening):
Studies were excluded if they primarily focused on.other disasters such as earthquakes, pandemics,
or conflicts without storm-specific analysis; addressed only pre-hospital or community-level
preparedness without hospital-specific components; consisted of editorials, opinion pieces, or
abstracts lacking full methodological documentation.

Data Extraction: Data were extracted using a form that captured the following: first author's name,
year of publication, title, study design, study aim, main findings and study location (Table 1).

Quality Assessment and Risk.of Bias

To assess the quality of the retrieved articles, the Critical Appraisal Skills Programme (CASP)
tools and the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology)
checklists were utilized(15,16). Two authors independently assessed bias risk; disagreements were
resolved by.discussion or a third reviewer.

Data Synthesis and Analysis

A thematic synthesis was conducted independently by two authors through a three-stage process:
coding text extracts, grouping codes into thematic categories, and abstracting the data into concise
statements. Data extraction was done by one author and verified by two others for accuracy. The
review was not prospectively registered.



Table 1: Characteristics of the included studies
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Results

Included Studies

The systematic search yielded 6,107 records from databases and 8 records from other sources (e.g.,
citation searching). After removing 900 duplicates, a total of 5,215 unique records underwent title
and abstract screening. At this stage, 4,987 records were excluded based on the pre-defined
eligibility criteria. The primary reasons for exclusion were: not focusing on a hospital setting
(n=2,850), not related to storm-type disasters (n=1,400), not addressing preparedness or resilience
factors (n=550), being a non-research article type such as an editorial or news piece (n=119), and
having an inaccessible full text despite exhaustive attempts (n=68). Consequently, 228 reports
proceeded to the full-text eligibility assessment. Of these, 196 were excluded for the following
reasons: publication in a non-English language (n=59), lack of a specific hospital-level focus upon
detailed reading (n=84), and irrelevance to storm events (n=53). Finally, 32 studies qualified for
inclusion and were part of the qualitative synthesis (Figure 1: PRISMA Flow Diagram). At that
time, no eligible studies indexed in the databases and pertaining to our specific focus (hospital
resilience to storms) had been published with a 2025 publication date. Therefore, while the search
strategy was designed to capture literature up to the present (2025) at the time of writing, the results
naturally did not include any 2025 publications.

Descriptive Summary of the Literature

The 32 included studies employed diverse methodologies, including case studies (n=19), cross-
sectional surveys (n=6), mixed-methods studies (n=2), and qualitative analyses (n=5), focusing on
factors affecting hospital storm resilience. Analysis revealed a peak in publications (n=12) between
2017-2019, coinciding with major hurricanes-like Harvey, Irma, and Maria. Geographically, over
84% of studies were from the United States (12,-18-35, 35-43), with additional research from the
Philippines (44), Iran (45), Vietnam (46), Cuba (47), and Taiwan (48).

The Proposed Model: The Enabling Foundation Framework

Our analysis confirmed five critical domains but revealed a consistent hierarchical pattern across
case studies. In 28 of the 32 studies, failures or successes in Leadership & Governance were the
primary determinant of.outcomes in other domains, suggesting a causal rather than correlational
relationship. We.therefore propose the "Enabling Foundation™ model (Figure 2), which consists of
three constitutive layers:

1- The Foundation Layer: Leadership, Governance & Policy

This domain emerged not as one of five equal components, but as the fundamental enabler. Studies
demonstrated that without strategic leadership (36), clear policy mandates, and dedicated funding
(34, 46), investments in other domains remained fragmented and ineffective. For instance,
hospitals with robust physical infrastructure but weak governance failed to maintain operations
during prolonged storms, as the foundational layer failed to ensure resource maintenance and
coordinated response (18, 39).
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2- The Core Capacity Layer: Infrastructure & Planning and Human Resource Management

These two domains constitute the essential operational capacities of a hospital, but they are
functionally dependent on the foundation. Infrastructure & Planning—including critical assets like
backup generators (20)—relies on governance for strategic investment and maintenance protocols
(34, 43). Similarly, the effectiveness of Human Resource Management is contingent upon
governance structures that enable staff training (45), support psychological well-being (40), and
foster a resilient workforce (26).

3- The Integration & Sustenance Layer: Coordination & Communication and-~Resource
Management & Logistics

This layer represents the dynamic processes that activate and sustain the core capacities during a
crisis. However, its functionality is directly enabled by the foundational layer. Effective
Coordination & Communication requires pre-established governance frameworks for incident
command and information sharing (46). Likewise, agile Resource ‘Management & Logistics
depends on policies that allow for flexible procurement and allocation, without which supply
chains and care delivery quickly break down (1, 4, and 41).

Foundation Layer:
Leadership, Governance and Policy

Core Capacity Layer: Core Capacity Layer:
Infra structure and Planning Human Resource Management
Integration & Sustenance Layer: Integration & Sustenance Layer:
Coordination & Communication Resource Management & Logistics
Outcome:

Hospital Operational Continuity

Fig2: The 'Enabling Foundation' Hierarchical Model for Hospital Operational Continuity in storms
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Discussion

This systematic review, synthesizing evidence from 32 diverse studies, moves beyond
enumerating critical resilience factors to propose a novel, testable hierarchical model: the
"Enabling Foundation” model. Our framework offers a theoretical advance by explaining a
persistent paradox in disaster response: why similarly-equipped hospitals often experience
dramatically different operational outcomes during crises. The model posits that resilience is not
merely a function of possessing key components, but is determined by a causal hierarchy wherein
effective Leadership, Governance & Policy is the non-negotiable prerequisite that enables the
functionality of all other domains.

The primary novelty of our model lies in its departure from existing frameworks, which.often treat
resilience domains as interconnected yet equal components (1, 4, and 41)..In contrast, the
"Enabling Foundation™ framework delineates a functional dependency between layers. It
establishes that Infrastructure & Planning and Human Resource Management while physically
critical are ultimately outputs of strategic policy and investment decisions (34, 43). For instance,
a backup generator (20) is a core capacity, but its utility is contingent upon the foundational
governance that ensures its maintenance, fuel supply, and operational protocols. Similarly, the
effectiveness of pre-planned team structures and staff resilience (22, 26) is directly enabled by a
governance system that provides psychological support (40), .addresses basic needs (38), and
fosters a culture of trust. This hierarchical structure resolves the theoretical gap by demonstrating
that well-resourced hospitals fail not due to a lack of assets;.but due to the absence of the enabling
foundation required to actuate those assets under duress.

Furthermore, our model redefines the role of ‘coordination and logistics. Existing literature often
documents catastrophic breakdowns in communication and resource management as isolated
failures (1, 41). Our synthesis, however, conceptualizes Coordination & Communication and
Resource Management & Logistics as the dynamic "Integration & Sustenance™ layers whose
performance is acutely dependent on the foundation. The chaotic relief efforts and communication
blackouts observed during events like Hurricane Maria were not merely technical glitches; they
were the direct consequence.of'a missing governance framework that failed to establish formal
mutual aid agreements, integrated community planning, and clear command structures (46). This
contrasts with the success of institutions like Our Lady of the Lake Regional Medical Center during
Hurricane Katrina, where strong leadership enabled effective internal management and resilient
communication despite catastrophic external conditions (18). Thus, our model improves upon prior
frameworks by making explicit that redundant systems and stockpiled resources are not self-
actuating; they require the enabling environment of sound governance to be effectively mobilized.

The policy,and practical implications of this paradigm shift are substantial. Our findings
compellingly argue that investments in hospital storm resilience must be reoriented. Prioritizing
"hard" infrastructure investments or "soft" training programs (45, 48, and 49) without concurrently
strengthening the foundational layer of governance is a recipe for diminished returns and continued
failure. Policymakers and hospital administrators must view governance reform not as one of
several parallel initiatives, but as the primary leverage point for enhancing resilience. Investments
in infrastructure hardening, staff training, and communication systems achieve maximum impact
only when implemented within a supportive and empowering governance framework. Future
research should focus on empirically validating this hierarchy and developing specific metrics to
assess the strength of a hospital's "enabling foundation.” This model invites empirical validation
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through quantitative metrics for each layer to test its proposed hierarchy. Further research should
also explore its applicability beyond storms—to events like earthquakes or pandemics—and
develop it into a practical self-assessment tool for hospitals to proactively identify weaknesses in
their foundational governance.

Conclusions

This systematic review introduces the "Enabling Foundation” model, representing a paradigm shift
in understanding hospital storm resilience. Our analysis reveals that resilience transcends
checklist-based preparedness, depending fundamentally on a hierarchical organization where
Leadership, Governance & Policy serve as the foundational layer enabling all other components.

The model explains why hospitals with similar resources show divergent outcomes during storms.
Evidence from the reviewed literature demonstrates that infrastructure improvements, staff
training, and communication systems achieve maximum impact only. when supported by strong
governance. Conversely, governance failures consistently undermined-response efforts, leading to
coordination breakdowns and resource mismanagement, as observed in_numerous case studies of
major hurricanes.

The practical implications are substantial: investments sshould prioritize governance capacity
alongside physical infrastructure. This includes developing.clear emergency protocols, ensuring
adequate and flexible funding, and fostering leadership-that empowers adaptive, frontline decision-
making.

Future research should focus on quantitatively, validating this model and exploring the specific
governance mechanisms that most effectively enable operational resilience. Ultimately, this model
provides a framework for transforming hospitals from vulnerable facilities to resilient institutions
capable of maintaining continuous care during increasingly severe weather events.

Limitations

This review has methodelogical limitations, including the exclusion of 68 unavailable full-text
articles and potential language bias from focusing on English publications. More critically,
implementing the proposed model faces practical challenges: resistance to cultural change,
competition for.resources between governance and physical upgrades, and difficulties in
measuring governance strength. Moreover, we restricted to English-language publications and a
defined date range (January 2000 to August 2025), which may introduce language bias and
exclude relevant non-English or earlier foundational studies. To address these, we recommend
creating-adaptable implementation guidelines, promoting funding models that link governance to
infrastructure support, and developing specific metrics such as leadership exercise frequency to
quantify and sustain governance investments.
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Supplementary 1 : Database and search strategy

Records

Retrieved

Database
Web of Science, PubMed, Scopus, Science Direct, the Cochrane Library, and ProQuest, as well as grey 6115
literature sources such as Google Scholar, FEMA, WHO, and UNISDR.
PubMed
(("Hospitals"[Mesh] OR "Emergency Service, Hospital'[Mesh] OR "hospital*"[tiab] OR "health
facility"[tiab]) AND ("Disaster Planning"[Mesh] OR "Emergency Responders'[Mesh] OR 1820
"preparedness”[tiab] OR "resilien*"[tiab] OR "readiness"[tiab]) AND ("Cyclonic Storms"[Mesh] OR
"Hurricanes"[Mesh] OR  "storm*"[tiab] OR "hurricane*"[tiab] OR "typhoon*"[tiab])) NOT
("earthquake'[tiab] OR "pandemic"[tiab] OR "war"[tiab]))
Scopus
(TITLE-ABS-KEY (hospital* OR "health facility" ) AND TITLE-ABS-KEY ( preparedness OR resilien* ) 1545
AND TITLE-ABS-KEY (storm* OR hurricane* OR cyclone*) AND NOT TITLE-ABS-KEY (earthquake OR
pandemic)) AND PUBYEAR > 1999 AND (LIMIT-TO(LANGUAGE , "English™))
Web of Sciences
TS=(("hospital*" OR "healthcare facilit*" OR "medical center*" OR "health institution*") NEAR/3

("resilien*" OR "preparedness” OR "readiness" OR "disaster planning” OR "emergency management") 987

AND ("storm*' OR "hurricane*" OR ‘"cyclon*" OR "typhoon*" OR "tropical- storm*" OR
"windstorm*"))NOT TS=("earthquake*" OR "pandemic*" OR "war" OR "seismic")
Cochrane Library (CENTRAL)
#1 (Hospital* or "health facility" or "healthcare system*") in Title Abstract Keyword #2 (resilien* or
preparedness or readiness or plan*) in Title Abstract Keyword #3 (Storm* or Cyclone* or Hurricane* or 415
Typhoon*) in Title Abstract Keyword #4 #1 and #2 and #3 #5 (earthquake or-pandemic) in Title Abstract
Keyword #6 #4 not #5
Science Direct
Search in: Abstract, Title, Keywords
("Hospital" OR "health facility”) AND (“resilience" OR "preparedness”’)» AND (“Storm" OR "Hurricane”) 921
Filters: Year: 2000-2025, Subject: "Medicine and Dentistry", "Nursing and Health Professions".
ProQuest
noft( (Hospital* OR "health facility") AND (resilien*,/OR. preparedness OR plan*) AND (Storm* OR
Hurricane* OR Cyclone*) ) AND noft( earthquake OR ‘pandemic ) 9
Google Scholar
"Hospital" "storm" preparedness resilience "hurricane™ -earthquake -pandemic
Limits: The first 200 results, sorted by relevance, were screened. Searches included PDF/Word documents. 340
Grey Literature Sources
Manual searches were performed on the'websites of:
FEMA (Federal Emergency Management Agency): Search term: "hospital preparedness hurricane”
WHO (World Health Organization): Search term: "hospital resilience cyclone” 8

UNISDR (United Nations Office for Disaster Risk Reduction): Search term: "health facility storm
preparedness”
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