
1. Introduction
1.1. Effects of Hurricanes on Hospitals

Despite substantial preparations for hurricanes, including medical supply reserves, redundant communication and 
documentation systems, back-up power supplies, and on-call personnel, hurricanes often incapacitate hospitals, 
a critical component of healthcare delivery. Hurricane Sandy, for instance, cut off electricity to 40% of hospitals 
in the declared disaster area. Back-up generators failed at more than a third of these hospitals (Levinson, 2015). 
When utilities failures forced hospitals to evacuate after initially sheltering in place, they encountered several 
challenges including flooded roadways, inoperable elevators, insufficient ambulances, a lack of regional coordi-
nation, and a shortage of hospital, and particularly specialty, beds (Levinson, 2015). After a hurricane, flooded 
roads interfere with hospital access when demand for healthcare services may be heightened. Following Sandy, 
one-third of hospitals in the declared disaster area suffered from staffing shortages despite the declaration of a 
state of emergency 2 days before the storm made landfall (Levinson, 2015).

Interruptions in care after hurricanes prevent patients from obtaining necessary medical care. Lack of access to 
dialysis centers, substance use treatment facilities, pharmacies, ambulatory care centers, and reliable electricity 
in patients' homes leads to higher rates of complications and exacerbations of chronic medical problems such as 
diabetes, asthma, and chronic kidney disease (Baum et al., 2019; Dominianni et al., 2018; Kelman et al., 2015; 
Melin & Rodríguez-Díaz, 2018; Shuler et al., 2017). Having a hurricane disaster declared during radiation ther-
apy for patients with non-small cell lung cancer is associated with worse overall survival (Nogueira et al., 2019). 
These impacts from care disruption have been shown to persist well after the storm has passed (Baum et al., 2019; 
Quast & Feng, 2019).

Abstract Hurricanes have caused major healthcare system disruptions. No systematic assessment of 
hurricane risk to United States hospital-based healthcare delivery has been performed. Here, we show that 25 
of 78 metropolitan statistical areas (MSAs) on the United States Atlantic and Gulf Coasts have half or more of 
their hospitals at risk of flooding from relatively weak hurricanes. 0.82 m of sea level rise expected within this 
century from climate change increases the odds of hospital flooding 22%. Furthermore, in 18 MSAs at least 
half of the roads within 1.6 km of hospitals were at risk of flooding from a category 2 storm. These findings 
identify previously undescribed risks to hospital-based care delivery in Atlantic and Gulf Coast communities. 
They suggest that lower intensity hurricanes can have outsized impacts on healthcare access, particularly in 
places where per capita bed availability is low.

Plain Language Summary Hurricanes often incapacitate hospitals, a critical component of 
healthcare delivery. Climate change is contributing to more intense hurricanes and sea level rise that increase 
flood risk. Flooding can curtail operations of and limit access to hospitals. We analyzed how hurricane landfalls 
affect flooding risks to hospitals that serve highly populated cities on the Atlantic and Gulf Coasts of the United 
States. We find that even relatively weak hurricanes can flood most of the hospitals in urban coastal areas and 
that sea level rise expected within this century due to climate change significantly increases flooding risk.
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1.2. Effects of Climate Change on Hurricane Intensity and Sea Level

The most recent U.S. National Climate Assessment asserted that stronger hurricanes are more likely in a warmer 
world (Hayhoe et al., 2018). Devastating “gray swan” hurricanes with high storm surge, such as Hurricane Katrina 
which delivered the greatest storm surge in United States' history at nearly 8.5 m (28 feet) above sea level, may 
also be more common with climate change (Hayhoe et al., 2018; Lin & Emmanuel, 2016). The odds of a hurri-
cane with a storm surge of 6 m (∼20 feet) striking and submerging Tampa, Florida are about 1 in 10,000 today 
and may increase to about 1 in 700 by the end of this century (Lin & Emmanuel, 2016). Along with increasing 
the frequency of severe hurricanes, climate change is expected to cause sea levels to rise between 0.3 and 1.3 m 
(1–4.3 feet) or more by 2100 relative to 2000 (Hayhoe et al., 2018; Horton et al., 2020; Sweet, Horton, et al., ).

As hurricanes intensify and sea levels rise (Hayhoe et  al.,  2018), the populations that depend on healthcare 
systems vulnerable to hurricanes in the United States are large and growing. More than half of the United States 
population lives in coastal counties, and, by mid-century, millions more may move to coastal cities (National 
Oceanic and Atmospheric Administration, 2013).

Given the growing likelihood of more destructive Atlantic hurricanes due to climate change and the history 
of hospital system failures after extreme storms, we assess how hurricane storm surge and sea level rise may 
compromise care delivery at and access to acute care hospitals that serve communities on the United States' 
Atlantic and Gulf Coasts.

2. Materials and Methods
2.1. The Sea, Lake and Overland Surges From Hurricanes Model

We utilized storm surge hazard maps from the composite model output of the validated Sea, Lake and Overland 
Surges from Hurricanes (SLOSH) model from the National Weather Service of the National Oceanic and Atmos-
pheric Association. SLOSH is the operational storm surge model of the U.S. National Hurricane Center.

SLOSH predicts storm surge inundation based upon several thousand hurricane simulations in each hurricane 
basin with varying intensities, sizes and landfall locations and includes bridges, roads, levees, and other physical 
features. In validation studies, the SLOSH model has been found to have an error of ±20% (Glahn et al., 2009).

SLOSH can provide storm surge heights associated with hurricanes based on probabilistic or deterministic inputs, 
or a composite of both (Glahn et al., 2009). For our analysis, we rely upon composite model outputs to assess 
storm surge inundation extent and sea level rise based on Maloney and Preston (2014). Composite model outputs 
represent maximum storm surge surface water elevations based upon several thousand simulated hurricanes at 
various strengths at high tide. The SLOSH model as applied in Maloney and Preston (2014) and used here has 
a horizontal resolution is 1 arc second (∼27 m at 30° latitude) and a vertical resolution of 2.44 m (based on root 
mean square error).

2.2. Sea Level Rise

We consider sea level rise of 0.82 m (2.69 feet) based upon recent expert consensus of expected sea level rise given 
limited greenhouse gas mitigation by 2100 (Horton et al., 2020). We note that this may be a substantial underesti-
mate and that rates of sea level rise vary greatly across the Atlantic and Gulf Coasts (Sallenger et al., 2012; Sweet, 
Kopp, et al., 2017). For comparison, and to evaluate more near-term risk, we also present findings from a 0.5 m 
(1.64 ft) sea level rise (Data Set S1, https://doi.org/10.7910/DVN/TYOHSF, Hospital-level tab).

2.3. Assessment of Inundation Status

For all combinations of predicted storm surge and sea level rise, the geospatial hazard layers effectively repre-
sent a new coastline that was then compared to hospital locations to determine inundation. Inundation analyses 
were performed for individual hospitals and for roadways surrounding hospitals using 12 hazard layers for each 
combination of hurricane category (1–4) with current sea level or with 0.50 m or 0.82 m of sea level rise. Hospital 
locations were geographically represented by a circular area with an ∼161 m (0.1 mile) radius centered on the 
hospital complex's footprint (Figure S1 in Supporting Information S1). A hospital was deemed inundated if any 
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portion of its 161m radial buffer area intersected with any portion of the storm surge hazard layer as predicted 
by SLOSH model output. When deemed inundated, all associated beds within that hospital were also considered 
as “beds at risk.” Hospital and bed data were also aggregated to their respective metropolitan statistical areas 
(MSAs) along the Gulf and Atlantic coasts.

2.4. Sensitivity Analyses

We performed a sensitivity test on the representativeness of the 161 m hospital buffer by comparing inundation 
at the 161 m radius versus inundation at the centroid of the hospital building footprint. We assessed the impact of 
sea level rise on hospital inundation using logistic regression. The analysis was carried out using the glm function 
in RStudio version 1.3 (RStudio Team, 2020).

2.5. Road Inundation

Flooding of roads around hospitals were assessed at 1.6 km (1 mile) radii search areas (Figure S1 in Supporting 
Information S1). The choice of a 1.6 km buffer radius was made for illustrative purposes. Roadway lengths were 
calculated and summed for each hospital to represent the potential roadway inundation denominator. A similar 
clip and length summation procedure was performed for each roadway that intersected a hazard layer. Hospi-
tal roadway flooding percent equals the summed length of inundated roadways divided by the total roadway 
length within 1.6 km. Roadway data were obtained from the United States and Canada Detailed Streets data set 
(Esri, 2012). Prior to calculating impacted roadways, all bridge-trafficked roadway segments within 1.6 km of 
hospitals were removed. All geospatial analyses were performed using ArcGIS 10.4.1 (Redlands, CA).

2.6. Regional Flooding Analysis

To estimate regional impacts, we utilized 2018 population estimates from the United States Census to calculate 
hospital beds per capita by MSA and populations at risk from compromised healthcare facilities (United States 
Census Bureau, 2018). We identified 661 hospitals located within the geographic boundaries of 78 MSAs in 
which an estimated 84,939,609 people live. Twenty-one hospitals within 16 km (10 miles) of a coastline were not 
located within an MSA and therefore were not included in MSA-level analyses but were included in individual 
hospital analyses. Some coastal MSAs (e.g., Tallahassee, FL) do not contain hospitals within 16 km of the coast-
line and were omitted from MSA analyses. Hospital beds per capita were calculated by summing all hospital beds 
in each MSA then dividing by total MSA population. Per capita estimates were then multiplied by 1,000 to aid 
interpretability. To address differing risks based upon per capita bed availability, we divided the beds at risk from 
a category 2 hurricane by MSA per capita beds.

2.7. Hurricane Landfall Probability

To predict the likelihood of a hurricane making landfall, we used the statistical/deterministic hurricane model 
developed by Emanuel et al. (2008) to generate 6,000 synthetic hurricane tracks based upon the historical climate 
of the twentieth century. Annual probabilities of hurricane-force winds were determined by the annual exceedance 
frequencies of maximum wind speeds predicted to occur anywhere within a defined circular buffer area at 30-m 
above ground level. These probabilities were then used to calculate a relative risk of hurricane impact for each MSA 
by dividing each probability by the lowest probability of a category 2 hurricane anywhere in the United States. 
Maximum wind speeds were set to Saffir-Simpson categories to produce hurricane category strength probabilities. 
Circular buffer areas were defined for each MSA based upon by the maximum geographic extent between the hospi-
tal bed-weighted centroid boundary and the boundary of the MSA, referred to as a hurricane impact zone (Figure 
S1 in Supporting Information S1). The hospital bed-weighted centroid does not coincide with any one specific 
hospital location but was numerically weighted by bed counts to a geometric mean location that is contained within 
an MSA. All hurricane model simulations were performed using MATLAB Version 9.6 (“MATLAB,” 2019).

3. Data
3.1. Hospital and Bed Identification

We identified acute care hospitals located within 16  km (10 miles) of the United States Atlantic and Gulf 
Coasts using hospital GIS coordinates obtained from the Oak Ridge National Laboratory Geographic Infor-
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mation Science and Technology Group and the National Geospatial-Intelligence Agency Homeland Security 
Infrastructure Program Vector Team (Oak Ridge National Laboratory Geographic Information Science and Tech-
nology Group, 2016). Inpatient licensed medical and surgical bed counts were obtained either from state agencies 
and hospital associations (n = 597) (see Text S1 in Supporting Information S1 for bed sources) or secondarily 
from the latest Homeland Infrastructure Foundation-Level Data (n = 79) (U.S. Department of Homeland Secu-
rity, 2019). The remaining hospital bed counts were obtained directly from hospitals (n = 6).

4. Results
We identified 682 acute care hospitals located within 16 km (10 miles) of the Atlantic and Gulf Coasts of the 
United States. In aggregate, these hospitals operate in 78 MSAs with a total population of just under 85 million 
people. They have an estimated 192,821 medical and surgical inpatient beds, hereafter referred to as beds (median 
229 beds, standard deviation 215.17).

4.1. Hospitals and Beds Risk From Hurricane Storm Surge

Just over one half (n = 40) of all MSAs are predicted to contain flooded hospitals if struck by a category 1 storm, 
whereas two-thirds (n = 51) and nearly 80% (n = 62) of MSAs contain hospitals at risk from a category 2 or 4 storm, 
respectively (Data Set S1, https://doi.org/10.7910/DVN/TYOHSF, MSA-level tab). An estimated 147 hospitals 
(22.2% of total hospitals) with 41,493 beds (21.6% of total beds) may be at risk of inundation from a category 1 storm 
while 306 hospitals (46.2%) containing 84,842 beds (44.2%) may be at risk with a category 4 storm (Data Set S1, 
https://doi.org/10.7910/DVN/TYOHSF, Hospital-level tab). In 25 of 78, or nearly 1 in 3 MSAs, a category 2 storm 
risks flooding half or more of their hospitals (Data Set S1, https://doi.org/10.7910/DVN/TYOHSF, MSA-level tab).

Differences between the buffer and centroid were statistically insignificant for all hurricane categories (Table S1 
in Supporting Information S1). We tested the validity of the SLOSH model hazard layers for predicting hospital 
inundation by comparing SLOSH model predictions with flooding observed in Hurricane Sandy within New 
York City (Text S2, Table S2, and Figure S2 in Supporting Information S1). The SLOSH model hazard layers had 
a sensitivity of 80.0% (95% CI 28.4–99.5) and specificity of 97.8% (95% CI 88.2%–99.9%)

Risk was also explored based on the population served by these hospitals. As bed availability within MSAs varied 
from less than 1 to nearly 6 beds per 1,000 residents, we ranked MSAs based upon the quotient of beds at risk 
from a category 2 storm divided by beds per 1,000 MSA residents to better represent risk to healthcare access due 
to flooding. Table 1 lists the 10 MSAs with the greatest risk to inpatient hospital beds from a category 2 hurricane 
using this quotient. Category 2 is shown for illustrative purposes (category 2 storms are the median intensity of 
all storms making landfall between 1851 and 2004) (Blake et al., 2005); category 5 storms were excluded given 

Rank MSA Total hospitals//beds
Beds per 1,000 

people
Hospitals at risk 

(%) Beds at risk (%)
RR hurricane 

strike a

1 Miami-Fort Lauderdale-West Palm Beach, FL 49//18,089 2.9 38 (77.6) 12,904 (71.3) 183.6

2 New York-Newark-Jersey City, NY-NJ-PA 128//49,114 2.5 25 (19.5) 9,271 (18.9) 15.4

3 Boston-Cambridge-Newton, MA-NH 40//9,279 1.9 6 (15.0) 2,240 (24.1) 9.6

4 Orlando-Kissimmee-Sanford, FL 3//491 0.2 1 (33.3) 221 (45.0) 136.5

5 New Orleans-Metairie, LA 19//4,240 3.3 15 (78.9) 3,471 (81.9) 137.7

6 Tampa-St. Petersburg-Clearwater, FL 28//8,381 2.7 8 (28.6) 2,507 (29.9) 89.3

7 North Port-Sarasota-Bradenton, FL 7//2,176 2.6 6 (85.7) 2,056 (94.5) 69.4

8 Jacksonville, FL 14/4,187 2.7 6 (42.9) 2,004 (47.9) 75.0

9 Cape Coral-Fort Myers, FL 5//1,630 2.2 4 (80.0) 1,542 (94.6) 44.3

10 Philadelphia-Camden-Wilmington, PA-NJ-DE-MD 49//15,195 2.5 5 (10.2) 1,639 (10.8) 3.2

 aThe relative risk of hurricane impact for each MSA was obtained by dividing the MSA's probability of a category 2 hurricane strike by the lowest probability of a 
category 2 hurricane anywhere in the United States.

Table 1 
Metropolitan Statistical Area (MSA) Population-Weighted Impact From Category 2 Hurricane

https://doi.org/10.7910/DVN/TYOHSF
https://doi.org/10.7910/DVN/TYOHSF
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their rarity. Table 1 also contains percentages of hospitals and beds predicted to be inundated and the relative risk 
of a category 2 hurricane making landfall within each MSA.

Florida has populous MSAs with some of the highest percentages of facilities and beds at risk as well as with the great-
est probabilities of hurricane landfall. Despite having lower percentages of beds and hospitals at risk and less frequent 
landfalls, hurricanes that strike further north, including New York-Newark-Jersey City, Boston-Cambridge-Newton, 
and Philadelphia-Camden-Wilmington, also put healthcare access for substantial numbers of people at risk.

4.2. Storm Surge Flood Risk and Hurricane Landfall Probability

The vulnerability of an MSA to hurricane-induced disruptions in healthcare delivery is determined by both how 
far inland storm surge reaches and the likelihood that a hurricane strike occurs in the MSA. Based on SLOSH 
model outputs, Figure 1 illustrates the percentage of beds at risk from a category 2 hurricane within each MSA 
superimposed on the annual probability of a category 2 hurricane making landfall in that region. The inset map of 
Florida depicts the extent of flooding due to storm surge relative to individual hospitals to highlight the extensive 
impact hurricanes may have in this state.

4.3. Hospitals at Risk From Storm Surge and Sea Level Rise

Climate change is raising sea levels, which may put more hospitals at risk from hurricane induced storm surge. 
Sea level rise of 0.82 m (2.69 feet) increases the odds of hospital flooding from any strength (category 1–4) 
hurricane (odds ratio 1.22 95% CI 1.087, 1.361). It puts hospitals and beds in 6 MSAs (Easton, MD; Hammond, 
LA; Pensacola-Ferry Pass-Brent, FL; Savannah, GA; Washington, NC; and Washington-Arlington-Alex-
andria, DC-VA-MD-WV) at risk that would otherwise be unaffected by a category 2 storm without sea 
level rise and increases beds at risk by over 50% in 7 MSAs (Baton Rouge, LA; Beaumont-Port Arthur, TX; 

Figure 1. Annual predicted probability of storm landfall and percentage of beds at risk. Map of metropolitan statistical areas 
(MSAs) on the United States Atlantic and Gulf Coasts at risk of hurricane landfall. Shading indicates probability of landfall. 
Circles represent percent of beds at risk from a category 2 hurricane. Inset depicts focused area of Florida peninsula with 
hospital locations (white markers) and Sea, Lake and Overland Surges from Hurricane model predicted flooding area in blue.
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Boston-Cambridge-Newton, MA-NH; Corpus Christi, TX; Deltona-Daytona Beach-Ormond Beach, FL; 
Philadelphia-Camden-Wilmington, PA-NJ-DE-MD; and Virginia Beach-Norfolk-Newport News, VA-NC) from 
a category 2 storm (Table S3 in Supporting Information S1). The MSAs most susceptible to sea level rise were 
not the same as those most at risk under present-day sea level conditions. In particular, the Baton Rouge, Virginia 
Beach, Corpus Christi, Philadelphia, and Boston MSAs all had over 90% increases in the number of beds at 
risk of flooding from a category 2 storm with 0.82 m of sea level rise. Baton Rouge and Virginia Beach were 
particularly vulnerable to sea level rise, having roughly 10-fold greater beds at risk with a category 2 storm when 
compared to current sea level. (See Data Set S1, https://doi.org/10.7910/DVN/TYOHSF, hospital-level tab, for 
hospitals at risk with 0.5 m of seal level rise.)

4.4. Hurricane Storm Surge and Road Inundation

Table 2 shows the 10 MSAs with the highest percent of roadways within 1.6 km (1 mile) of a hospital at risk 
of inundation. (For comparison, percent of road inundation by SA using a 0.8 km buffer can be found in Data 
Set S1, https://doi.org/10.7910/DVN/TYOHSF, MSA-level tab.) Seven MSAs had 50% or more of roads within 
1.6 km (1 mile) of hospitals at risk of flooding from a category 2 storm (Data Set S1, https://doi.org/10.7910/
DVN/TYOHSF, MSA-level tab). MSAs at greatest risk of road inundation around hospitals are similar to MSAs 
that contain the most hospitals at risk, with many MSAs in Florida as well as major MSAs further north in New 
York and Massachusetts having relatively high percentages of roadways at risk.

We further analyzed the extent to which non-inundated (or “dry”) hospitals may have nearby roads flooded. In 
general, dry hospitals are unlikely to have substantial lengths of roadways within 1.6 km (1 mile) that are at risk of 
flooding. The exceptions to this are the: (a) Boston-Cambridge-Newton, (b) Miami-Fort Lauderdale-West Palm 
beach, (c) New York-Jersey City, and (d) Tampa-St-Petersburg-Clearwater MSAs in which 10 of 34, 7 of 11, 18 
of 103, and 7 of 20 dry hospitals had between 10% and 30% of nearby roads flooded, respectively (Tables S4 and 
S5 in Supporting Information S1).

5. Conclusions
To our knowledge, this study is the first to systematically investigate flooding risk from hurricanes to hospital 
care provision in Atlantic and Gulf Coast communities in the United States. Our results, which join models for 
storm surge and hurricane paths, provide a more robust and precise assessment of risk to hospital-based care 
for communities along the Gulf and Atlantic Coasts than has previously been available. Our results suggest that 
storms of lower intensity may have substantial impacts on healthcare delivery and access. This holds where cate-
gory 2 landfall is relatively more likely (e.g., 2.5%–11.3% in parts of Florida, Alabama, Mississippi, Louisiana, 
and Texas), as well as less likely (e.g., <1.2% in states north of North Carolina). Additionally, our analysis finds 
that large populations may have limited care access even when relatively small fractions (e.g., 10%–20%) of beds 
are at risk due to low per capita bed availability.

Rank MSA Hospitals flooded//total Total roads in meters Flooded roads in meters (%)

1 Punta Gorda, FL 3//3 283,457 283,348 (100.0%)

2 Naples-Immokalee-Marco Island, FL 4//4 275,425 272,997 (99.1%)

3 Houma-Thibodaux, LA 5//5 290,730 253,332 (87.1%)

4 North Port-Sarasota-Bradenton, FL 6//7 566,377 455,422 (80.4%)

5 Miami-Fort Lauderdale-West Palm Beach, FL 38//49 4,808,450 3,480,949 (72.4%)

6 Charleston-North Charleston, SC 5//7 536,112 365,331 (68.1%)

7 New Orleans-Metairie, LA 15//19 1,977,409 997,003 (50.4%)

8 Tampa-St. Petersburg-Clearwater, FL 8//28 2,497,280 553,397 (22.2%)

9 New York-Newark-Jersey City, NY-NJ-PA 25//128 13,665,203 2,037,666 (14.9%)

10 Boston-Cambridge-Newton, MA-NH 6//40 4,051,925 574,926 (14.2%)

Table 2 
Flooded Roads Within 1.6 km (1 Mile) of a Hospital From Category 2 Storm Surge by Metropolitan Statistical Area (MSA)

https://doi.org/10.7910/DVN/TYOHSF
https://doi.org/10.7910/DVN/TYOHSF
https://doi.org/10.7910/DVN/TYOHSF
https://doi.org/10.7910/DVN/TYOHSF
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MSAs with greater risk of hospitals flooding from hurricanes were also more likely to have road inundation, 
such as the Miami and New Orleans MSAs. However, some MSAs with lower risk of hospital inundation have 
a relatively high percentage of nearby flooded roads. Two of these, Boston-Cambridge-Newton, and New 
York-Newark-Jersey City, are in regions with relatively less experience in managing hurricane impacts.

Our results are subject to several limitations. First, the SLOSH models do not account for wave height on top of 
storm surge, flooding from river overflow or precipitation, or changes in coastal geomorphology associated with 
storms. The lack of these elements may lead to misestimation of the extent of inundation. The SLOSH model also 
used high water tide conditions which will not reflect flooding outcomes from lower tide levels.

Second, the synthetic hurricane events generated by the Emanuel et al. model are based on historical conditions, 
which may change with climate change. Recent research suggests that climate change may be shifting hurricane 
tracks northward. As a result, the relative risks calculated for a category 2 landfall in northern MSAs may be 
underestimates (Baldini et al., 2016; Kossin et al., 2014). Additionally, sea level rise is happening faster on the 
East Coast, especially between Cape Hatteras and Cape Cod where rates of rise have been far higher than global 
averages. Leaving this factor out of the model may result in underestimation of risk for MSAs in that region 
(National Oceanic and Atmospheric Administration, 2009; Sallenger et al., 2012). The effects of sea level rise on 
flooding risk may be greatest in more northern states whereas states further south, and particularly Gulf Coast 
states, are at higher risk from hurricane storm surge (Marsooli et al., 2019). We also note that of the 6,000 hurri-
canes in the model, only 230 strike the New England area, thus limiting the statistical fidelity of the hurricane 
probabilities in this region, although this incidence is consistent with current observed rates of landfall (National 
Oceanic and Atmospheric Administration, n.d.).

Third, we analyzed hospital beds in aggregate and did not separately look at the numbers of medical-surgical, 
step-down, and intensive care unit beds. Flooding may have disparate effects on access to hospitals with more 
beds dedicated to higher acuity care. Future work can investigate this possibility as well as flooding risk to other 
healthcare facilities including, as examples, ambulatory clinics, pharmacies, dialysis centers, substance use treat-
ment facilities, and nursing homes.

Finally, our findings do not account for actions that buffer flooding risk. Many hospitals have begun to construct 
protections against storm surge and sea level rise. For example, the new Southeast Louisiana Veterans Health 
Care Center, which replaced the VA Hospital and Charity Hospital in New Orleans after Hurricane Katrina, was 
designed to remain operational for 7 days even if city utilities and infrastructure are compromised. The hospital 
features back-up fuel supplies, on-site sewage treatment facilities, and sufficient accommodations for up to 1,000 
staff and patients to shelter in place. Critical mechanical and electrical equipment as well as patient care areas are 
located at least 20 feet above the 100 years floodplain (Guenther & Balbus, 2014).

Hospital preparedness extends beyond securing individual buildings. After Hurricane Sandy, hospitals had diffi-
culty absorbing post-storm patient surge, which in part resulted from patient transfers from closed facilities 
(Adalja et al., 2014). Roadway flooding can prevent staff, patients and supplies from getting to hospitals. While 
supply stockpiling and inter-institutional coordination of staff and supplies may address these challenges, limits 
in storage capacity, insurance portability, access to medical records, and faculty credentialing may all still impair 
care access and delivery (Adalja et al., 2014).

Many cities and healthcare systems in the United States are shoring up resilience to extreme events, but more 
work is needed. After Hurricane Harvey, even though improvements in hospital infrastructure and collaboration 
among community organizations and government agencies lessened the storms devastation, staff burnout, road-
way flooding, and patient evacuation and transportation all remained problematic (Hines & Reid, 2021).

Hospital emergency managers and administrators have attributed their ability to prepare to past experience with 
hurricanes. The prospect of more probable and severe hurricane strikes in regions lesser experience with hurri-
canes, such as the Northeast, underscores the importance of sharing best practices and standardized approaches 
to hurricane preparedness and response. Annual hospital vulnerability analyses required by the Joint Commission 
afford one means to do so (Runkle et al., 2018).

This paper finds that relatively weak hurricanes may flood many hospitals that care for roughly 1 in 4 Americans 
and that sea level rise stands to increase risk. This study highlights that while innovation and investments to 
protect hospital buildings and operations are necessary to ensure care delivery during hurricanes, finding ways to 
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improve patient and staff access to care may also be needed. With prospects of more intense hurricanes making 
landfall atop higher seas owing to climate change, greater resilience to hurricanes will be necessary to ensure that 
healthcare remains viable when it is needed most.
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