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infection and fatality predictions [6] and potentially increase the spread 
of COVID-19 in communities. In a pandemic situation, COVID-19 hot
spots could be potential ‘super-spreader’ point of interests (POIs) [7], 
because visits to hotspots can greatly increase the risk of contact and 
transmission of disease. Understanding visitation patterns to urban 
hotspots is thus critical for developing and monitoring not only the 
pandemic situation [8,9] but for natural hazard planning as well as 
another Atlantic Hurricane season arrives. 

Meanwhile, natural disasters are increasing in frequency and 
severity [10]. The National Oceanic and Atmospheric Administration 
(NOAA) predicts between 3 and 5 major hurricanes this Atlantic Hur
ricane Season which could bring wind speeds of 111 miles per hour or 
higher. In addition to economic and human tolls, events like heat waves, 
drought, hurricanes, wildfire, and flooding disrupt the 
food-water-energy-health nexus, which can cause cascades of crisis, 
such as geopolitical struggles over scarcity and forced migration [11]. 
During Hurricane Harvey, access to critical facilities, such as healthcare 
centers, were severely disrupted due to unprecedented flooding [12]. 
Large evacuations are likely to quicken the coronavirus’ spread, as it will 
be hard for people to maintain recommended physical distancing. A 
study has estimated that such an evacuation for a hurricane could lead to 
6000 to 60,000 new coronavirus cases in Southeast Florida [13]. 

The occurrence of two or more hazardous events is not exactly a new 
phenomenon [6,14,15]. have summarized several examples of 
multi-hazard events that have occurred worldwide in the last three de
cades involving the spread of infectious diseases. Most notably is the 
cholera outbreak in Haiti following a fatal and disruptive earthquake in 
2010. The daily new infected rate shows an apparent increase following 
the Zagreb earthquake on 22 March 2020 within the COVID-19 incu
bation time range. Due to the moderate size of the event and relatively 
localized damage zone, the Croatian government managed to institute 
partial lockdown measures whereby the natural human behavior of 
congregating in numbers and comforting each other in the aftermath of 
such an event was disrupted. Silva and Paul [16] published a combined 
index to highlight regions with high risk to COVID-19 cases and seismic 
activity to highlight areas at risk for COVID-19 outbreaks due to 
earthquakes. 

1.2. Protective actions for hurricanes 

Transmission from increased contact in the preparative and protec
tive actions for disaster events should be a concern for city officials and 
emergency planners. In preparing for a hurricane event, citizen pre
paredness strategies play a major role in reducing the effects of hazards 
that cannot be mitigated [17–19] as such strategies seek to improve the 
ability of individuals and communities to respond in the event of a 
natural hazard [17,20]. Most of us might prepare for a hurricane by 
obtaining necessary resources to shelter in place (e.g. water, 
non-perishable food, toiletries, batteries). It is logical to assume that 
when individuals go out to purchase such items, there will be increased 
interpersonal contact at certain businesses. Especially, given the short 
forewarning period associated with Hurricanes, preparedness behaviors 
usually lead to a sudden surge of visits to grocery stores, gas stations, and 
other POIs. So many people in one place heighten transmission risks of 
COVID-19. We looked at hurricane preparation for Harvey within Harris 
County to indicate potential transmission hotspots. 

1.3. Social vulnerability as a disaster risk multiplier 

Another aspect of our assessment is evaluating risk concerning social 
vulnerability and disrupted access to healthcare. People who are most 
vulnerable in hurricanes, socially and economically, are also vulnerable 
medically [21]. Nursing home residents normally face increased risks 
during hurricane season; many low-lying facilities have evacuation 
agreements with facilities on higher ground. However, according to the 
Florida Health Care Association, for example, evacuation approaches 

will need to be adjusted, especially if positive cases of COVID-19 are 
present [21]. Additionally, those already suffering from COVID-19 and 
those who might contract the virus due to actions described above may 
require healthcare services. This includes diagnostic testing, at-home 
treatment, and/or treatment at a hospital. Individuals with social 
vulnerability are more likely to lack easy access to such health services, 
due to insurance issues, language challenges, and many other factors. 
Also, flooding causes road closures and further hinders one’s ability to 
access important healthcare facilities. In this component, we look at how 
a hurricane might create barriers to healthcare access during a 
pandemic, especially for vulnerable populations. 

1.4. Disaster response in the context of COVID-19 

There is some indication of how organizations would respond to a 
compound hazard event through the experience with Hurricane Laura, a 
Category 4 hurricane that made landfall between Texas and Louisiana 
on August 26th, 2020. FEMA, The American Red Cross, and local or
ganizations prepared for the compound hazard situation by preparing 
hotels and dormitories with sufficient social distancing measures among 
evacuees. Measures such as health screening and temperature checks to 
get into shelters have been put into place. In the case of suspect cases of 
COVID-19 and other virus risk factors, organizations have made alter
native accommodation [22]. Other protective actions such as stockpiling 
face coverings and disinfectants for shelter cleaning were taken [22], 
while hospitals in evacuation areas transferred their most critically ill 
and COVID-19 patients in advance to new, safer locations. This protocol 
is typical in ‘traditional’ storm preparation, where hospitals aim to 
reduce the capacity of their facilities to ensure sufficient food, medical 
supplies for incoming patients from the storm [22]. 

One could argue that approaches to mitigating COVID-19 risks share 
some commonalities with natural hazard mitigation. For example, 
enacting social distancing protocols to reduce COVID-19 exposure could 
be considered analogous to land-use planning to reduce exposure to 
natural hazards [6]. COVID-19 health and service policies aimed to 
protect vulnerable groups including the elderly, those with ill health and 
comorbidities, the homeless, and people from vulnerable socioeconomic 
groups are crudely analogous to defining and enforcing seismic building 
codes and strengthening earthquake-vulnerable buildings, to reduce life 
safety risks [23,24] via [6]. However, in some areas, activities during a 
natural hazard scenario such as a hurricane may conflict or counter 
recommended protocol for controlling the spread of infectious disease 
and vice-versa: preparation and evacuation. When preparing for a hur
ricane event, households taking preparative actions to stockpile neces
sary items in case of service disruptions could increase community 
exposure to and transmission of COVID-19. Furthermore, during and 
after the hurricane, disruptions to roads due to flooding and damages 
can prevent people from seeking healthcare services [12] for both 
COVID-19 symptoms and hurricane-related injuries. It is anticipated 
that the evacuation of households to nearby areas can potentially place 
non-hurricane impacted areas at a greater risk of cross-county spread of 
COVID-19, meaning that those counties need to take necessary actions to 
curb the spread. Given the novelty of this compound hazard, an un
derstanding of how preparative and protective actions and evacuation 
during a hurricane event may help trigger or stop the transmission of a 
viral outbreak is critical. 

1.5. Research gaps 

How COVID-19 interacts with other systems, namely other natural 
hazards is still not fully known. So far, researchers have proposed pol
icies and approaches to manage disasters during the COVID-19 
pandemic [6,14,15,25–27]. Quigley et al. [6], has offered a high-level 
quantitative and qualitative assessment of the likelihood of natural 
hazards coinciding with and influencing epidemiological characteristics 
of COVID-19 pandemic by using natural hazard curves for seasonal 
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hazards plotted against COVID-19 time-series forecasts. Their epidemic 
phenomenological model with a concurrent disaster event predicts a 
greater infection rate following events during the pre-infection rate peak 
period compared with post-peak events. However, Quigley et al. [6], 
does not assess how human behaviors and patterns during disaster 
phases interplay with the spread of an infectious disease. 

Several Existing studies have focused on seismic activity [15,28]. 
Earthquakes have sudden onsets or shocks [16] and lack phases for 
people to prepare in advance, hurricanes bring new and untold chal
lenges as we continue to battle the COVID-19 pandemic. Tripathy, 
Bhatia, Mohanty, Karmakar, and Ghosh [29] developed a framework 
that aims to assist stakeholders in managing compound hazard and 
‘conflicting objectives in disaster management planning in the context of 
flood hazards and COVID-19 in India [13] have released a 
non-peer-reviewed study that supports the notion that hurricane evac
uation could trigger the number of COVID-19 cases in both evacuated 
and destination areas. Moreover, “these compound risks will exacerbate 
and be exacerbated by the unfolding economic crisis and long-standing 
socioeconomic and racial disparities” [30]. Government agencies and 
other emergency response stakeholders would need to restructure and 
introduce new approaches for mitigating both COVID-19 risks and 
protocols with disaster response and recovery operations while taking 
into consideration the diverse needs and characteristics of the pop
ulations at risk [26]. Disasters disproportionately harm certain pop
ulations; it is far more difficult to recover from physical harm and/or 
financial damage when one’s initial position is unsatisfactory/unstable. 
A study of hurricane risk on the U.S. Gulf Coast during 1950–2005 found 
that “white, young adult and nonpoor populations have shifted over 
time away from zones with a higher risk of wind damage, while more 
vulnerable population groups–the elderly, African Americans, and 
poor—have moved in the opposite direction” [31]. Furthermore, a 
damage assessment of 1500 single-family homes after Hurricane Ike 
revealed statistically significant relationships between hurricane dam
age and ethnicity and socioeconomic status, with compound effects for 
poor people of color [32]. COVID-19, too, has disproportionately 
affected poor, highly segregated Black communities in Chicago, likely 
due to entrenched patterns of inequality and exclusion [33]. Hence, a 
study of the overlapping hurricane and COVID-19 hazards should also 
consider compounding aspects of social vulnerability. 

2. Research scope 

The framework ties together three different datasets that model 
population movement patterns, COVID-19 case counts, and social 
vulnerability to examine the associated risks of a compound hazard 
event. The research delves into the intersection of planning and response 
for natural hazards and a pandemic situation. This paper presents a 
novel approach to quantifying multi-hazard risk with digital trace data. 
The objectives of the new multi-hazard risk quantification approach are 
twofold. First, this works seeks to analyze and quantify the compound 
risks of COVID-19 and Hurricanes. Secondly, this work outlines a 
modifiable framework for future hazard and risk modeling approaches 
that can be enhanced using digital trace data. Human movement and 
behavioral patterns related to hurricane preparation actions and disease 
transmission risk is modeled by POI visitation data [34]. The Social 
Vulnerability Index [35] is used to identify social disparities in 
compound-hazard risks, while historical flood data during for Harris 
County, Texas during Hurricane Harvey in 2017 [12] is used to map 
physical risks due to hurricane induced-damages. The framework sup
plemented by the three datasets will be used to understand the potential 
COVID-19 transmission risks posed by protective actions for a hurricane 
event (e.g., preparedness and purchasing of preparatory goods). 
COVID-19 case count data in Harris County through July 2020 is 
interpolated with population mobility and flooding impact data from 
August through September 2017 to model a hypothetical Hurricane 
Harvey-Pandemic scenario. The framework designed and implemented 

in this study can be used to help stakeholders in disaster planning and 
management as well as urban resilience modeling anticipate potential 
compound risk outcomes as they relate to COVID-19 and future disease 
outbreaks. 

Using the POI visitation data as an indicator of transmission spread 
risk during different stages of a disaster, the following research ques
tions are addressed:  

1. Which geographic areas present the most significant risks to a 
community spread due to disaster preparation? 

2. What are the POIs that present the most significant risks to a com
munity spread due to disaster preparation?  

3. What are the sources of risks and vulnerability if a hurricane like 
Harvey were to happen during a pandemic situation in Houston, 
Texas? 

The framework provides a potential solution for stakeholders 
needing to make critical decisions about prioritization planning for 
evacuation, emergency and risk communication, and safe locations for 
temporary critical infrastructure services, such as healthcare centers and 
shelters. When applied, the framework can facilitate information that 
can be used by stakeholders to ensure the provision of essential services 
in low compound risk areas. The methodological approach and devel
opment of the conceptual framework are detailed in the following 
sections. 

3. Methodology 

3.1. Case study: Hurricane Harvey 

As of July 2021, Texas had recorded more than 3 million confirmed 
cases since the start of the pandemic in March 2020 [4] while Harris 
County continues to lead the state in confirmed COVID-19 cases sur
passing 400,000 and total deaths nearing 7000 ((HCPH), 2020). As of 
July 18th, 2021, about 53% of the eligible population of Harris County 
was vaccinated (HCPH) 2021) Hurricane Harvey is well-documented 
and valuable data is available regarding people’s movements before, 
during, and after the events in question. It is prudent to examine hur
ricane preparation, evacuation, and recovery procedures as seen in 2017 
Texas to inform about the possible spread of COVID-19 if a similar 
hurricane occurs in the region during the pandemic. The study therefore 
follows the timeline of Hurricane Harvey in Harris County, Texas, which 
made landfall in the area on August 26th, 2017. Population movements 
measured by the POI dataset provided by Safegraph are analyzed from 
August 1st through September 15th, 2017 in order to capture movement 
trends before, during, and after the disaster impact. This timeline will 
allow for the identification of trends related to the preparation, impact, 
and recovery stages of disaster management. Harris County is a highly 
populated county encompassing the city of Houston, with a southeast 
portion bordering the Gulf of Mexico. By combining the COVID-19 
model with data from the Hurricane time period, we can identify the 
hurricane protective actions that have the potential to exacerbate 
transmission throughout a community. Our analysis can help stake
holders anticipate possible compound hazard outcomes and inform 
emergency management strategies to better address the unique chal
lenges presented by a multi-hazard situation. 

3.2. Conceptual framework 

Network analysis is used to identify high-risk areas with location 
data from SafeGraph and a combination of Pearson-chi square tests and 
logistic regression are used to assess the association between different 
hazards, COVID-19 risk-factors and transmission risk as well as social 
disparities in compound risk. A framework is developed to conceptualize 
three primary risk phenomena during Hurricane Harvey in the context 
of a pandemic (Fig. 1). The proposed methodology can be applied to 
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Emergency planners and interested stakeholders can utilize this map 
tool to identify and prioritize areas for different purposes related to 
natural hazard mitigation (hurricanes and flooding) and COVID-19 
response. Purple areas shown in the map could be suitable for evacua
tion sites within Harris County where temporary shelter, medical, and 
other critical infrastructure services could be provided to the most 
vulnerable members of the community. It would be critical for planners 
to set up stringent measures to prevent outbreaks of COVID-19 cases to 
these low Compound risk areas. High-risk areas on the map would alert 
emergency planners to prioritize their evacuation and COVID-19 
response in these areas. Responders can plan more efficient evacua
tion of those people who might need transportation or special assistance, 
such as those without vehicles, the elderly, or residents who do not 
speak English well. Local governments can identify neighborhoods that 
may need additional human services support in the recovery phase or as 
a mitigating measure to prevent the need for the costs associated with 
post-response support. Census tracts in North-Central Harris County 
were located in the towns of Spring and Klein. A complete list of the 
census tracts and their associated neighborhood name along with their 
Compound Hazard Risk score is provided in the Appendix section, 
Table 2A. 

5.2. Identifying at-risk POIs in communities 

The at-risk POIs show us not only the types of businesses and in
dustries most visited and therefore at-risk for being a transmission 
hotspot, but also the types of businesses that are critical for disaster 
preparedness from a household perspective and industrial scale outlook. 
Enforcement of protective measures (social distancing, building capac
ity, mask-wearing, limited hours and store closures for extra cleaning) 
would be highly advisable for POI businesses receiving high traffic to 
implement to control the spread of infectious disease. It would be 
beneficial for businesses and local governments to collaborate on 
ensuring protective measures are in place for customers and employees 
while also ensuring equitable access to critical supplies that households 
purchase in preparation for a natural hazard. 

5.3. Construction industry POIs 

One industry that was shown to have a major role in both the 
pandemic and hurricane is the construction industry, indicated by 
increased visits to Building Equipment Contractors, Lumber and Other 
Construction Materials Merchant Wholesalers, Building Material and 
Supplies Dealers, and Chemical and Allied Materials Wholesalers. The 
construction industry is highly susceptible to acute and long-term im
pacts caused by hurricanes and other natural hazards. Hurricanes in 
particular pose acute threats to construction sites, with their incomplete 
structures; expensive machinery and equipment; materials and finishes 
that are easily damaged by water; flood-prone excavations; and building 
materials such as lumber, sheathing, and piping that can quickly become 
projectiles in high winds [42]. 

For the construction industry, preparing for a storm includes pro
tecting supplies and materials, covering building openings, removing 
debris, removing or securing equipment, lowering cranes, documenting 
the conditions at the site, and coordinating job site security [43]. These 
protective actions may also entail stockpiling or prepositioning mate
rials and supplies that might become temporarily inaccessible or un
available in the storm aftermath. Stockpiling supplies in preparation for 
disaster response is a regular practice in many critical infrastructure 
service industries, especially relief organizations [44]. Hurricane Har
vey set record levels of physical damages to residential housing and 
commercial buildings and major disruptions to the supply chain of 
materials and equipment to contractors were similarly experienced. The 
prices of materials, especially plastic, due to the closure of natural gas 
facilities were significantly disrupted. Other direct construction-related 
expenditures related to the procurement of building and flood repair 

supplies[45], driving up the demand and costs for plywood, drywall, 
and steel building supplies substantially [45]. PVC pipe and fittings are 
always one of the hardest commodities to get after a major storm (Mader 
and Spaulding 2017). The damages and disruptions experienced indi
cate the importance for companies to preposition supplies in preparation 
for disaster response. 

Before Harvey made landfall, consumers within a 250-mile radius of 
Houston’s 77001 zip code-focused their purchases on oil and gas in
dustry needs, such as machining, pressure vessels, and contract 
manufacturing. In the aftermath, buyers predictably searched for ma
terials related to building supplies [45,46]. Workers and stakeholders in 
the construction field likely made increased visits to Building Material 
and Supplies Dealers and Lumber and Other Construction Materials 
Merchant Wholesalers to secure supplies needed for both preparation 
and in anticipation of repairs and rebuilding in the storm’s aftermath in 
case supplies became inaccessible due to infrastructure disruptions. 
Interior product categories (i.e., plumbing, HVAC, flooring, cabinetry) 
can also be supplied from Chemical and Allied Products Merchant 
Wholesalers. Harris County houses several chemical and allied products 
merchant wholesalers including Brenntag, CLP Chemicals, and the Plaza 
Group. Increased visits by contractors and clients could have been made 
to secure supplies and stocks of materials in preparation for the storm 
impact and potential disruptions that would inhibit access to the sup
plies in the aftermath of the storm. 

Overall, developers, general contractors, and the broader construc
tion industry must be proactive to ensure their hurricane procedures are 
in place and ready to implement should a storm threaten the region. 
Surges in visits to these businesses might also signify various players of 
the supply chain of the construction industry, suppliers, distributors, 
and dealers, to be prepared to move substantial stocks into the area for 
the rebuilding effort. 

5.4. Real-estate and insurance brokerages POIs 

Real estate agents and insurance carriers have overlapping or sup
porting roles in the context of natural hazards. Increased visits to these 
two POIs can be tied to the heightened concern of property owners or 
buyers over the potential hazards and risks exposures to their home or 
property. Another consideration is to understand what types of hazard 
insurance they may be eligible for to mitigate and/or transfer those 
risks. For property owners, mitigating the risk would involve steps to 
make their property less vulnerable to hurricane losses, such as 
strengthening their home against wind damage and raising its height to 
make it less susceptible to flooding [47]. Transferring the risk implies 
buying insurance or using some other means to move part or all of their 
losses to someone else. Insurance can be an efficient means of trans
ferring many risks [47]. Property owners and residents of hazard-prone 
areas may need guidance to navigate the complexities and varying costs 
of insurance, thus resulting in increased visits to such offices in prepa
ration for Harvey. 

For real estate agents, it is important to understand the economic 
impact of natural hazards, and how they affect real estate markets. A 
real estate agent can potentially guide clients to homes with lower 
hazard risks [48]. Some real estate agents work alongside insurance 
brokers to understand the changing costs of natural disaster insurance 
for floods and hurricanes every year. 

Food, Water, and Energy POIs. 
In times of natural disaster, “buying frenzies” in preparation for the 

upcoming event are normal occurrences [49]. For example, a week 
before hurricane Irma’s landfall compared to the same period a year 
earlier, spending at gas stations rose 63.2%, at grocery stores 41%, and 
overall retail spending rose by 20% in six major metro areas across 
Florida [50]. Shopping for the essentials like food, water, and batteries 
and stocking up on gasoline is essential for household hurricane prep
aration. In a study by Kemp et al. [51]; the authors relate consumption as 
a coping mechanism of negative emotions experienced due to the 
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“collective stress” induced by an impending natural disaster. In addition 
to the essential items like bottled water, batteries, and flashlights, peo
ple also purchased “hedonic products” or “junk food items” such as 
cookies, chips, and alcohol [51,52]. The products people purchase to 
prepare for a stressful event such as a hurricane are controlled by 
“emotion-regulation consumption” which assumes that comfort foods or 
items can induce positive emotions that reduce negative emotions 
brought on by the hurricane [51]. With increased visits to bakeries and 
tortilla manufacturing businesses, it is also likely that such businesses 
increased the supply of their products for their consumers. During 
Hurricane Florence, solid preparation plans by milling and baking 
companies in the Carolinas helped prevent significant disruptions in 
service before and after Hurricane Florence hit the region in 2018. In 
preparation of Hurricane Florence, Flowers Foods said it worked around 
the clock to meet the needs of customers and consumers, baking prod
ucts as long as it was safe for employees to do so [53]. 

5.5. Sources of risk and vulnerability 

In general, POI visits in Harris County were concentrated in census 
tract areas with low SVI, high COVID-19 exposure and high Hazard risk. 
This finding is supported by the concept of COVID-19 transmission 
hotspots. People are more likely to visit areas with high COVID-19 
exposure risk, thus increasing the likelihood of cases and a potential 
spread to other locations. In a study by Ref. [54] poorer zip code areas in 
Chicago were found to have fewer and smaller retail outlets overall than 
nonpoor areas including fewer supermarkets, banks, and large drug
stores. High-poverty neighborhoods have lower overall retail employ
ment density, controlling for population density and distance to the 
Central Business District, along with other economic and demographic 
factors [55]. This could give context as to why low SVI ranking areas 
receive higher visits and thus transmission risk and why these areas have 
pre-existing exposure risks. 

However, these areas with high exposure and transmission risk were 
less likely to be in areas that were historically impacted by flooding due 
to Hurricane Harvey. The transmission of COVID-19 during the prepa
ration and evacuation phases of disaster response could potentially 
cause concern for the recovery and post-recovery stages of a disaster. 
With an incubation period between 2 and 14 days, an individual can be 
contagious while not exhibiting symptoms (fever, cough, sore throat, 
breathlessness, and fatigue), although the current consensus is most 
cases are spread by symptomatic individuals [56,57]. Furthermore [5], 
suggest that mostly indoor settings are associated with transmission 
clusters. Because the incubation period can last up to two weeks and 
infected individuals are most infectious on the fifth day [58], spikes in 
cases could occur during times in which infrastructure systems are most 
vulnerable to outages or inaccessible due to flooding and other damages 
caused by a storm. Our results did not indicate that in the context of 
Harvey and the COVID-19 cases in Harris County and surrounding areas, 
disruptions to healthcare access are correlated to high-risk pandemic 
areas. This is a significant finding and the context is location-specific. 
However, outcomes of high-risk areas would most likely change based 
on different geographical locations. Therefore, compound risk areas will 
be unique to the community. Other communities can benefit from this 
research by implementing the methodology and approach discussed in 
this paper to help in identifying high-risk businesses and areas of a 
community for COVID-19 transmission in general and concerning nat
ural hazards and other events that require mass gatherings of people and 
mass evacuations to nearby areas. Furthermore, the methodology and 
approach of this research can be applied for similar scenarios and 
different infectious diseases, such as influenza (flu). As we enter into flu 
season overlapped with COVID-19, we will again enter into uncharted 
territories. One big concern is coinfection—people getting COVID-19 
and flu at once [59]. 

Transmission risks within the identified high-risk POIs or businesses 
can be mitigated by mask-wearing and social distancing, but the overall 

risk remains higher than normal in the event of extreme weather. 
Census-tracts in Harris County were ranked in the same process ac
cording to their increase in POI visits during hurricane preparation. 
Moreover, the exposure of census-tracts was quantified, and the 
vulnerability of Harris County residents was taken into account - 
including access to healthcare facilities. In this way, we assessed the 
compound risk of a hurricane-pandemic event. Emergency manage
ment, health departments, and local organizations must consider the 
probable exacerbation of COVID-19 transmission due to extreme 
weather conditions. Our research findings can inform such actions. We 
recommend that high-risk areas for COVID-19 transmission as identified 
through the above analysis are prioritized in planning public health 
response. Temporary shelters and healthcare centers can be placed in 
lower-risk areas, and neighboring counties can be alerted of increased 
influx of evacuees. 

5.6. Future work: COVID-19 transmission related to evacuation patterns 
and behavior 

Experts and stakeholders involved with disaster risk have two pri
mary concerns with the compound hurricane-pandemic situation. First, 
there is speculation over the risk of COVID-19 outbreaks at shelters and 
hospitals. Secondly, there is concern regarding how evacuation can 
serve as a vector of disease to new locations where infrastructure ser
vices might already be overburdened, or, to areas with low case and 
infection rates. Low-risk areas might not have the facilities or capacity to 
handle potential outbreaks triggered by evacuation from other cities. 
The degree to which areas are prepared to host, isolate, and meet the 
needs of evacuees while also minimizing virus exposure through public 
health directives such as social distancing and mask-wearing will be a 
key determinant of the evacuation impact on COVID-19 case numbers 
[13]. Preparedness within destination counties is particularly important 
because, as this analysis shows, destination counties will bear the brunt 
of the excess COVID- 19 cases that result from an evacuation event [13]. 
Therefore, counties must be notified of the potential arrival of evacuees 
for sheltering purposes for counties to allocate the financial and human 
resources needed to ensure the safety of both their residents and the 
evacuees they are sheltering [13]. One factor not addressed by the 
presented framework and analysis is the effect of POI category on the 
time total time spent at the respective POI. It is possible that the type of 
POI influences the type of interpersonal contact that occurs within or at 
the premises of a POI, and as a result, affects the risk of COVID-19 
transmission. As of now, Safegraph does not record the total time 
spent at POIs. Furthermore, the analysis performed did not assess the 
potential contributing factors leading to the higher connectivity of 
certain census-tracts or super neighborhoods over others. Additional 
analysis can be performed in future studies to understand the factors 
contributing to the disparity in the connectivity of census-tracts, and as a 
result, enhanced decision-making abilities. 

We identified thirty-two counties in Texas as “evacuation destina
tions” of the total 254 counties in the state of Texas during Hurricane 
Harvey. Figure A1 of the Appendix displays each origin to the destina
tion edge as blue to red for August 2017. The destination nodes vary in 
the darkness of red depending on the weighted in-degree (number of 
visits) from Harris County. As such, we may infer that red counties are 
evacuation destinations for Harris County residents and are thus at 
higher risk for contracting COVID-19 from evacuees. Furthermore, the 
counties that are darker blue may be at risk for viral transmission as a 
consequence of recovery and rebuilding efforts. A list of counties and 
their qualitative transmission risk score is provided in Table 1A of the 
Appendix. 

6. Concluding remarks 

It was determined through this research that hurricane protective 
actions will likely increase the community spread of COVID-19 in Harris 
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County, Texas. The major transmission risks arise from increased contact 
at high-risk POIs related to hurricane preparation, movement of po
tential COVID-19 carriers to vulnerable areas within Harris County, and 
disruption of healthcare services due to flooding. However, it is not only 
policy that steers the outcome of disaster; individuals’ decisions to 
evacuate or shelter in place (and their manner of doing so) govern much 
of the response process. The next step in this research is to model the 
potential spread of COVID-19 in a variety of hurricane events, taking 
into consideration individual behavior via agent-based modeling. In this 
way, a variety of disaster scenarios can be simulated, and the most-likely 
outcomes can be anticipated. 

The research presented has two novel scientific contributions. First, 
the research examines the protective actions of people during a hurri
cane event within the context of a pandemic. Research surrounding 
human behaviors in disaster commonly focus on evacuation of people as 
opposed to the household other protective actions people take to pre
pare for incoming storms. Protective actions for natural hazards 
commonly entail the purchasing and securing goods and services 
deemed as necessities by households and other entities in case certain 
infrastructure system services are disrupted during and following a 
disaster. The pandemic due to COVID 19 has changed the way house
holds can shop for access such necessities for a natural hazard. Super
markets across the country have placed purchase restrictions on key 
items due to frenzy buying behaviors of households in the height of stay- 
at-home orders and lockdowns for curbing the spread of the virus. An 
issue of product availability and accessibility for in-need households 
could potentially arise. Furthermore, the risk of contacting the infectious 
disease may discourage households from going to POIs to purchase 
essential goods for protective measures. Inaccessibility to key POIs prior 
to the landfall of a hurricane therefore increase a household’s vulnera
bility to disruptions in infrastructure services during and in the after
math of a disaster. Understanding the interplay of disaster preparation 

and the restrictive environment laid out by the pandemic is critical for 
community leaders and public health officials for ensuring the popula
tion has sufficient access to essential infrastructure services. 

The second novel contribution of this research is the use of POI 
visitations as location intelligence data for examining community 
vulnerability to compound hazards. Our research uses POI visit data 
provided by SafeGraph together with SVI and historical flood data to 
examine the critical intersection of natural hazard planning and 
response and the COVID-19 pandemic to assess the risks of a com
pounded hazard situation. More notably, COVID-19 transmission hot
spots and businesses in a community due to storm preparation activity 
were identified, providing stakeholders with critical knowledge for 
informing both disaster planning and pandemic response strategy and 
policies. 
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Appendix 

Full List of POI categories used by SafeGraph data, Harris County 2017. 
Medical Services (11). 
Continuing Care Retirement Communities and Assisted Living Facilities for the Elderly; 
General Medical and Surgical Hospitals; 
Home Health Care Services; 
Medical and Diagnostic Laboratories; 
Outpatient Care Centers; 
Psychiatric and Substance Abuse Hospitals; 
Nursing Care Facilities (Skilled Nursing Facilities); 
Offices of Dentists; 
Offices of Other Health Practitioners; 
Offices of Physicians; 
Other Ambulatory Health Care Services. 
Utility and Transportation (7). 
Electric Power Generation; 
Transmission and Distribution; 
Gasoline Stations; 
Cable and Other Subscription Programming; 
Waste Treatment and Disposal; 
Wired and Wireless Telecommunications Carriers; 
Rail Transportation; 
Interurban and Rural Bus Transportation. 
Other Essential Workers (7). 
Grocery Stores; 
General Merchandise Stores, Including Warehouse Clubs and Supercenters; 
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Health and Personal Care Stores; 
Postal Service; 
Depository Credit Intermediation; 
Justice, Public Order, and Safety Activities; 
Child Day Care Services. 
Traveling and Transportation (8). 
Travel Arrangement and Reservation Services. 
Traveler Accommodation. 
Support Activities for Road Transportation, (Towing Companies). 
RV (Recreational Vehicle) Parks and Recreational Camps. 
Specialized Freight Trucking, (Moving Companies). 
Freight Transportation Arrangement. 
Other Support Activities for Transportation. 
Other Transit and Ground Passenger Transportation (Health Transportation). 
Finances and Government (13). 
National Security and International Affairs. 
Securities and Commodity Contracts Intermediation and Brokerage. 
Other Financial Investment Activities. 
Accounting, Tax Preparation, Bookkeeping, and Payroll Services, (Taxes). 
Activities Related to Credit Intermediation, (Loans). 
Agencies, Brokerages, and Other Insurance Related Activities, (Insurance Providers). 
Nondepository Credit Intermediation, (Pawn). 
Grantmaking and Giving Services, (Habitat for Humanity). 
Investigation and Security Services. 
Insurance Carriers. 
Executive, Legislative, and Other General Government Support,* 
Administration of Economic Programs,* 
Administration of Human Resource Programs,* 
*POIs are closed to the public. 
Stores and Dealers (21). 
Other Miscellaneous Store Retailers. 
Warehousing and Storage. 
Beer, Wine, and Liquor Stores. 
Clothing Stores. 
Used Merchandise Stores. 
Sporting Goods, Hobby, and Musical Instrument Stores. 
Specialty Food Stores. 
Shoe Stores. 
Department Stores. 
Office Supplies, Stationery, and Gift Stores. 
Electronics and Appliance Stores. 
Home Furnishings Stores. 
Furniture Stores. 
Jewelry, Luggage, and Leather Goods Stores. 
Lawn and Garden Equipment and Supplies Stores. 
Automotive Parts, Accessories, and Tire Stores. 
Book Stores and News Dealers. 
Building Material and Supplies Dealers. 
Other Motor Vehicle Dealers. 
Automobile Dealers. 
Direct Selling Establishments. 
Services (22). 
Restaurants and Other Eating Places. 
Drinking Places (Alcoholic Beverages). 
Personal Care Services, (Hair Salons). 
Other Personal Services. 
Business Support Services. 
Employment Services. 
Other Information Services. 
Other Professional, Scientific, and Technical Services, (Photography and Vet Hospitals). 
Other Support Services. 
Drycleaning and Laundry Services. 
Couriers and Express Delivery Services. 
Data Processing, Hosting, and Related Services. 
Death Care Services. 
Individual and Family Services (YMCA). 
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Table 3A (continued ) 

POI Type POI Category Description 

Establishments that are primarily engaged in initially underwriting and assuming the risk of annuities and 
insurance policies and establishments that are primarily engaged in assuming all or part of the risk associated 
with an existing insurance policy. 

Offices of Real Estate Agents and Brokers Establishments primarily engaged in acting as agents and/or brokers in one or more of the following: (1) 
selling real estate for others; (2) buying real estate for others; and (3) renting real estate for others. 

Chemical and Allied Products Merchant 
Wholesalers 

Establishments primarily engaged in the merchant wholesale distribution of chemicals; plastics materials and 
basic forms and shapes; and allied products. 

Water, Energy, 
Food 

Gasoline Stations Sale of gasoline and lubricating oils. These establishments frequently sell other merchandise, such as tires, 
batteries, and other automobile parts, or perform minor repair work. 

Bakeries and Tortilla Manufacturing Manufacturing of fresh and frozen bread and other bakery products. It falls under the broader category of 
Industries in the Food Manufacturing subsector transform livestock and agricultural products into products 
for intermediate or final consumption. 

General Merchandise Stores, including 
Warehouse Clubs and Supercenters 

Establishments primarily engaged in retailing new goods in general merchandise stores (except department 
stores). These establishments retail a general line of new merchandise, such as apparel, automotive parts, dry 
goods, hardware, groceries, housewares, and home furnishings, with no one merchandise line predominating. 
Warehouse clubs, superstores, or supercenters are included in this industry. 

Beer, Wine, and Liquor Stores Establishments primarily engaged in retailing packaged alcoholic beverages, such as ale, beer, wine, and 
liquor.  
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