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ABSTRACT

Weather fatalities for all age groups were examined for the period 1996–2018 using NOAA Storm Data.

Vulnerabilities due to limited mobility that inhibited evacuation from a hazardous environment were ob-

served for the very young and the very old. Those situations included heat- and cold-related hazards, tropical

cyclones, and wildfires. Vulnerabilities associated with unrestricted mobility occurred in teenage through

middle-aged groups, who weremore exposed to fatal outcomes in the surfzone, mountain, winter-driving, and

lightning environments. There is evidence that vulnerablemembers of society who received help from family,

neighbors, and their community weremore likely to avoid potentially fatal weather events, whereas thosewho

were socially isolated were more likely to succumb. National Weather Service programs, such as Weather-

Ready Nation, and other initiatives like the Community Emergency Response Team could potentially aid in

reducing weather fatalities by encouraging communities to take a more proactive approach in ensuring

physically vulnerable populations like the elderly receive assistance during hazardous weather events.

Furthermore, weather-messaging strategies should be flexible enough to target populations who are vul-

nerable to specific hazards.

1. Introduction

TheNationalOceanic andAtmosphericAdministration’s

(NOAA) National Weather Service (NWS) 2019–22

Strategic Plan (NWS 2019a) tasks theNWSwith preparing

the United States for the impacts associated with weather,

water, and climate. The NWS uses a ‘‘whole community’’

approach to achieve a weather-ready nation that spans

all levels of government, the weather and climate industry,

communities, and household members. Furthermore,

the NWS promotes weather readiness and preparedness

through impact-based decision support services (IDSS)

that are composed of forecast advice and interpretative

services provided to core government partners who

make weather-related decisions when lives and property

are at stake (NWS 2018).

One element of IDSS is a focus on the safety of vul-

nerable populations—a topic that is explored in depth in

this paper (see Table 1 for a list of key term definitions).

In particular, emphasis is given to how limitations on

mobility and perception may have enhanced the po-

tential for fatal outcomes. Rosso et al. (2013) defines

mobility as the ability of an individual to purposively

move about their environment. If that definition is ap-

plied to the context of a hazardous weather scenario,

mobility determines whether a person is physically ca-

pable or incapable of removing themselves from the

hazardous environment. Those incapable of avoiding a

hazard cannot move at all or cannot move in a sufficient

amount of time to avoid a deadly outcome. In addition,

mental and economic factors can inhibit individuals

from avoiding hazardous situations.

Poor physical mobility can raise the potential for

fatalities during certain meteorological settings. For

example, Root (1937) documented elderly retired

‘‘shut-ins’’ as being susceptible to urban heat waves as

early as the 1930s, and that topic was examined in even

greater detail by Changnon et al. (1996), among others.

The exposure to weather-related health threats by such

vulnerable groups as the elderly is influenced by their

ability or choice to evacuate or shelter in place (Gamble

et al. 2016). More generally, Clarke et al. (2015) note

that mobility is important for independence and quality

of life, and their research showed that persons with
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limited mobility suffered more severe impacts during

times of hazardous weather. The basic function of

moving from one place to another is essential in per-

forming minimal tasks necessary to survive a weather

hazard. This is true for short-term threats such as tor-

nadoes as well as longer-term threats associated with

climate change (Tacoli 2009).

However, for a person to avoid a hazard by capitalizing

on their mobility, they must first perceive the threat.

Carbon (2014) states that the main task of human per-

ception is to amplify and strengthen sensory inputs to be

able to perceive, orient, and act very quickly, specifically,

and efficiently—thus perception influences mobility.

Perception may be limited by diminished cognitive

abilities related to such factors as dementia or apathy;

however, perception could also be limited by a lack of

environmental clues such that a physically and men-

tally fit person puts or finds themselves in a threat

zone unknowingly. A lack of threat perception can

contribute to fatal events, such as those associated

with lightning (Raga et al. 2014), but the risk can be

reduced through a combination of mitigation activities

and information campaigns (Holle 2016; Antonescu and

Cărbunaru 2018). The NOAA NWS ‘‘when thunder

roars, go indoors’’ and ‘‘turn around, don’t drown’’

slogans are examples of information campaigns used to

mitigate lightning and flood deaths (NWS 2019b; https://

www.weather.gov/safety/flood-turn-around-dont-drown).

Riebsame et al. (1986) emphasized the need for societal

guidelines that highlight the relative risks from different

weather hazards and their impact on population groups.

Toward that end, this study examines a large number of

weather fatalities sorted by 5-yr age groups. Hazard envi-

ronments were examined in terms of age-related limita-

tions associated with mobility and perception. Additional

details regarding the methodology for this study are

provided in section 2, which is followed by results in

section 3. Section 4 closes with a discussion and con-

cluding remarks.

2. Method

The NOAA Storm Data database that is available

online (https://ncdc.noaa.gov/stormevents) is a record of

storms and other significant weather events occurring

within the United States and its territories since January

1950. Fatality information in Storm Data exists before

1996; however, demographic information for those years

is missing. Given the focus of this study, the authors used

the part of the database from 1996 to 2018. It documents

14434 fatalities for study. Storm Data was also supple-

mented with surveys compiled from internet news media.

Fatalities were stratified into 5-yr age groups ranging

from 0 to 104 yr old. Total fatalities by age group ranged

from a maximum of 1149 for the 50–54-yr-old group to a

minimum of 8 for the 100–104-yr-old group. Because

large variations in sample size existed between age

groups, the following normalization process was con-

ducted: 1) the number of people in an age group killed

by a hazard listed in Storm Data between 1996 and 2018

was compiled (ngroup); 2) for each age group, the total

number of people killed by all analyzed hazards was

summed (Ngroup); 3) each sample described in step 1 was

normalized by the summation determined in step 2. That

ratio is expressed as

normalized fatalities5 n
group

/N
group

. (1)

This method of normalization allows all age groups to be

compared in a standardized fashion during the analysis

TABLE 1. List of key terms defined by the Intergovernmental Panel on Climate Change related to human vulnerability to hazardous

weather (Lavell et al. 2012).

Term Definition

Hazard The potential occurrence of a natural or human-induced physical event that may cause loss of life, injury, or other health

impacts, as well as damage and loss to property, infrastructure, livelihoods, service provision, and environmental

resources

Disaster risk The likelihood over a specified time period of severe alterations in the normal functioning of a community or a society

due to hazardous physical events interacting with vulnerable social conditions, leading to widespread adverse human,

material, economic, or environmental effects that require immediate emergency response to satisfy critical human

needs and that may require external support for recovery

Exposure The presence of people, livelihoods, environmental service and resources, infrastructure, or economic, social, or cultural

assets in places that could be adversely affected by physical events and that, thereby, are subject to potential future

harm, loss, or damage

Vulnerability The propensity or predisposition to be adversely affected by a weather event due to a person or group’s situation that

influences their capacity to anticipate, cope with, resist, and recover from the adverse effects of physical events

Resilience The ability of a system and its component parts to anticipate, absorb, accommodate, or recover from the effects of a

potentially hazardous event in a timely and efficientmanner, including through ensuring the preservation, restoration,

or improvement of its essential basic structures and functions
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of individual hazards. Furthermore, this method better

defines which hazards were responsible for the most

fatalities in a particular age range. However, this

method does not reveal the number of people in an age

group who were exposed to a hazard and survived—which

is the primary shortcoming of this study and represents an

important topic for future analysis.

Deficiencies in Storm Data have been documented

by Curran et al. (2000), Ashley and Mote (2005), and

Ashley (2007), among others. Those studies note that

fatality data were more likely to be accurate in high-

impact events such as tornado outbreaks and less

accurate for weather events yielding low fatality

counts. For example, underreporting of lightning

deaths by NWS employees has occurred because of

1) reliance on newspapers, 2) the singular nature of

lightning fatalities, and 3) lightning being listed as a

secondary cause of death instead of a primary cause.

Errors and inconsistencies identified by previous

authors warrant caution when using Storm Data

for scientific research (Ashley 2007; Gensini and

Ashley 2009).

Graphs of normalized fatalities were plotted for each

hazard extracted from Storm Data. Hazard graphs that

displayed visually identified maxima in normalized fa-

talities for a specific age range were processed for ad-

ditional analysis. Those hazards included heat, cold,

tropical cyclones, tornadoes, areal and flash flooding,

winter weather, lightning, wildfires, rip currents, high

surf, and avalanches. Hazards that were associated with

small sample sizes or that, after being graphed, lacked a

clear signal showing age-group maxima were excluded

from further analysis. Hazards excluded included bliz-

zards, debris flows, fog, snow, ice, dust storms, marine

winds, straight-line winds, heavy rain, sneaker waves,

coastal flooding, tides, tsunamis, and hail. Additional

demographic information included in the extended

analysis consisted of fatalities with respect to gender,

physical location of death, time of year, state and

county of occurrence, and circumstances specific to

each fatality (if provided in the Storm Data event

narrative).

In addition, age-group fatalities for each hazard

were spatially analyzed on a 0.358 latitude 3 0.358
longitude grid using a Cassini projection. Fatalities

were plotted based on the latitude and longitude

centered on the county of occurrence. Gaussian (3 3
3) lowpass filter smoothing using a sigma value of

0.85 was then applied to the resulting grid. This

produced plots that preserved the maximum grid

point value surrounded by spatially smooth values

that show fatality coverage while simultaneously

maintaining readability.

3. Results

a. General demographics

Total fatalities increase from age 0 through 50–54,

after which fatalities fall gradually through age 80–84,

and then decline steeply through age 104 (see Table 2

for total fatalities associated with each hazard; see

Fig. 1 for total fatalities associated with each age

group). Total normalized fatalities for each age group

in comparison with the U.S. population shows that

younger groups (,50 yr old) experienced relatively

fewer fatalities with respect to their representation

within the larger U.S. population. The reverse was

true for age groups $50 yr, such that the relative

number of fatalities exceeded their representation

within the broader U.S. population (Fig. 2).

Normalized fatalities were maximized for age groups

less than 10yr old for tornadoes, flash flooding, and areal

flooding; maxima for the 15–19-yr-old group were ob-

served for winter weather, lightning, and rip currents;

maxima occurred in the 15–44-yr-old group for avalanche,

wildfire, and high surf; and heat, cold, and tropical-cyclone

fatalities peaked in age groups .80yr old (Fig. 3).

Gender-specific fatality information was assessed by

dividing the total number of males killed by a hazard with

the total number of females killed—with a male-to-female

ratio of less than 1 indicating thatmore females were killed

thanmales. Figure 4 shows that slightly more females were

killed by cold, heat, and tropical cyclones; an equal number

of males and females were killed by winter weather; and

slightly more males were killed by tornadoes, flash flood-

ing, and areal flooding. Substantially moremales, at a ratio

of greater than 4 males for each female, were killed by

lightning, high surf, wildfires, rip currents, and avalanches.

Those hazards inwhich a larger ratio of femaleswere killed

relative to males were maximized in a relative sense for

persons .80yr old, which is in line with the general U.S.

TABLE 2. Total number of fatalities associated with each hazard

extracted from NOAA Storm Data, valid over 1996–2018.

Hazard Fatalities

Heat 2999

Cold 616

Winter (snow) 1072

Flash flooding 1395

Areal flooding 521

Lightning 826

Avalanche 290

Rip current 846

High surf 213

Tornado 1722

Wildfire 167

Tropical 1288
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population in which more elderly females exist than el-

derly males. In contrast, tornadoes and flooding fatalities

were skewed slightly towardmales, whichweremaximized

for age groups between 5 and 9yr old. Weather fatalities

that were strongly skewed toward males were all maxi-

mized between age 15 and 40.

The location of death (not shown) revealed that age

groups .60 were more likely to die inside a permanent

home structure; age groups,25 were more likely to die

in the water, in a mobile home, in a vehicle, or on an

athletic sports field; while age groups between 25 and 60

were more likely to die on a boat or in the outdoors recre-

ating or working. Analysis of fatalities by time of day (not

shown) was not particularly revealing, with the exception of

the mid- to late morning period, which was dominated by

elderly age groups. Stronger signals emerged in peak fatal-

ities by month (not shown). All elderly age groups showed

maxima during the months of July and August, which were

months in which heat and tropical-cyclone fatalities were

more likely.Agegroups,15yr old experienced the greatest

number of fatalities during the months of April, May, June,

July, and September. Age groups from late teens through

middle age did not show strongly amplified signals in any

month except for December, which may be associated with

increased vulnerabilities due to winter weather activities

(such as driving, skiing, snowboarding, and snowmobiling).

FIG. 2. Distribution of weather fatalities by age group represented in Storm Data from 1996

to 2018 (black bars) compared with the same age groups in the U.S. population normalized by

the total U.S. population for 2017 (gray bars). Numerical values above each bar represent the

percentage of the total population within a particular 5-yr age group. The U.S. population

estimate is provided by the U.S. Census Bureau (https://www.census.gov/).

FIG. 1. Total number of weather fatalities for each 5-yr age group analyzed in NOAA Storm

Data from 1996 to 2018.
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Different states were associated with maxima in nor-

malized fatalities for different age groups (not shown).

Mountainous states, or those with ocean coastlines,

featured fatality maxima in the teen through middle-age

groups. Those states included Wyoming, California,

Washington, Florida, and Alaska. States including

Illinois, Missouri, and Pennsylvania displayed fatality

peaks in elderly age group categories. Texas, Oklahoma,

and Arkansas showed peaks in fatalities for age groups

,10 yr old. Louisiana showed a particularly distinct fa-

tality maximum in age groups .80 yr old.

b. Heat

Heat deaths displayed a bimodal age distribution

(Fig. 5), with maxima in normalized fatalities occur-

ring in the very young (age 0–4) and the very old (age

75–104). The maximum for the 0–4 yr group appears

particularly anomalous, as it is 6.8 times greater than

the adjacent 5–9-yr-old age group. Aminimum occurs

between 5 and 24 yr, with a near-linear increase in

fatalities occurring through age 50. In addition, the

23-yr trend in heat-related fatalities gradually rose

above the 23-yr mean for the 0–4 yr group, while fa-

talities in the 75–104 yr group did not display a de-

finitive trend (Fig. 6).

[Note that Figs. 7–10 give a spatial analysis of fatalities

by hazard and age group on a 0.358 latitude 3 0.358 lon-
gitude grid. The data are derived from NOAA Storm

Data and cover the period of 1996–2018. The series of

figures covers different combinations of weather-related

hazardous situations and age groups that are of particular

interest. The figures will be discussed inmore detail in the

relevant sections below.]

Heat deaths for the 0–4-yr-old age group were most

frequently observed in Texas (28%), followed by

Illinois (9%), Arkansas (7%), and Alabama at 5%

(Fig. 7a). Furthermore, 86% of the heat deaths in the

very young group were due to children either being

left inside a vehicle by an adult caretaker or very

young children entering a vehicle and becoming en-

trapped. In both cases, those children were unable to

escape the vehicle as inner-vehicle temperatures led

to heat stroke.

Heat deaths occurring among the elderly (age 75–104)

were maximized in Pennsylvania (19%), Illinois (13%),

Missouri (12%), Nevada (12%), and Texas (12%).

Furthermore, 16% of all elderly heat fatalities occurred

within the city of Philadelphia, Pennsylvania; 12% oc-

curred in Las Vegas, Nevada; 10% in Chicago, Illinois;

and 5% in Saint Louis, Missouri (Fig. 7b). In compari-

son, heat deaths in the very young primarily occurred

inside vehicles, while 76% of heat deaths in the elderly

occurred within a home setting, often while the victim

was completely alone (Klinenberg 2002).

Changnon et al. (1996) found that urban areas

produced meteorological conditions that made them

particularly vulnerable to high numbers of heat-

related fatalities. In particular, the risk of a fatal

outcome was found to be greater for the urban elderly

because those in low-income areas usually did not

have air conditioning or could not afford to operate a

unit during a heat wave, and the elderly also feared

that opening windows for ventilation at night would

increase the risk of a home invasion.As a result, solitary

elderly victims have often been found dead within stifling

hot apartments (Palecki et al. 2001). Hot temperatures

FIG. 3. Ages in which individual weather hazards analyzed in the 1996–2018 dataset were

maximized. Note that the sample size for the 102.5-yr age bin is 8.

JULY 2020 GARNER ET AL . 371

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 07/19/23 06:33 PM UTC



are common over southern portions of the United States

but occur more infrequently over northern urban areas,

whichmay partially explain why cities such as Philadelphia

and Chicago are more prone to elderly heat fatalities

(Kalkstein et al. 1996). However, these northern cities are

taking steps to actively engage their most vulnerable citi-

zens (see Table 3) and ensure that they have the support

necessary to survive a heat wave (City of Chicago 2019;

Shoyinka 2019).

c. Cold

Cold-weather fatalities peaked in the elderly pop-

ulation, particularly for groups$85 yr (Fig. 11). Within

that age group, 63%of the fatalities were female, which

is consistent with the elderly gender distribution within the

general U.S. population. Not surprisingly, cold-weather

deaths were maximized during the winter months of

December (20%), January (46%), and February (27%).

Illinois led the nation in these kind of deaths at 32% (see

Fig. 7c), followed byWisconsin (15%) and Pennsylvania

(11%). In addition, the Chicago metropolitan area was

particularly prone to cold-weather fatalities in the el-

derly group, with 22% of the analyzed deaths occurring

within that city.

Twenty-six percent of cold-weather fatalities among

the elderly occurred within a home setting. However,

FIG. 5. Normalized heat fatalities valid from 1996 to 2018.

FIG. 4. Ratio of male to female fatalities for weather hazards analyzed from 1996 to 2018.

A value of less than 1 indicates more females were killed than males.
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a significant number of elderly succumbed to the cold

by either walking away from their home (30%) or

falling down outside and failing to get up (23%).

An additional 9% of deaths occurred when an el-

derly person locked themselves out of their home.

Rodriguez (2014) notes that urban-dwelling elderly

are particularly at risk to a fatal cold weather outcome

because they tend to have fewer family members around

who can assist in making sure their heating needs

are met.

d. Winter weather

Winter weather hazards associated with accumulating

snow produced fatal outcomes that were maximized in

younger populations centered on the 15–19-yr-old age

group (Fig. 12), with normalized fatalities gradually

FIG. 7. Spatial analysis of fatalities in a 0.358 latitude3 0.358 longitude grid derived from NOAA Storm Data, valid over 1996–2018 for

(a) heat deaths for the 0–4-yr-old age group, (b) heat deaths for the 75–104-yr-old age group, (c) cold deaths for the 85–104-yr-old age

group, and (d) winter weather deaths related to snow for the 15–29-yr-old age group.

FIG. 6. The yearly change in heat fatalities valid from 1996 to 2018 for (a) the 0–4-yr-old age

group and (b) the 75–104-yr-old age group. The horizontal line is the 23-yr mean.
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decreasing through middle and elderly age. Most fa-

talities in the age group ranging from the midteens

through twenties occurred inside a vehicle (86%). And

not unexpectedly, fatal winter weather events were

most likely during the months of December (29%),

January (28%), and February (22%). In Wisconsin,

10% of the fatalities were observed, with Texas and

Indiana experiencing 7%, respectively, followed by 5%

occurring in California, North Carolina, and Nebraska,

respectively (Fig. 7d).

e. Flooding

Normalized flash- and areal-flood fatalities not asso-

ciated with tropical cyclones peaked in the 5–9-yr-old

age group (Fig. 13), but the peak was more pronounced

for flash flooding (25%) than for areal flooding (7%).

Broadening the flash-flood fatality analysis to the 0–14yr

group reveals that deaths occurred mainly during the

spring and summer when thunderstorms were most

probable. Conversely, areal-flood fatalities in the 0–

29 yr group were maximized during the late winter into

spring. The states experiencing the greatest number of

flash-flood fatalities in the 0–14 yr group were Texas

(24%), followed by Utah, Oklahoma, Arkansas, and

Arizona at 7%, respectively (Fig. 8a). On the other

hand, areal-flood fatalities in the 0–29 yr group were

most frequently observed in Indiana (13%), Kentucky

(6%), Illinois (6%); Texas, Missouri, North Carolina,

Ohio, and Virginia at 5%, respectively; and New York,

Tennessee, and Pennsylvania at 4%, respectively (Fig. 8b).

A large number of people from 0 to 14 yr in age died in

flooded drainages, ditches, and culverts; 42% of those

deaths resulted from children playing next to or within or

trying to cross a flooded drainage system. Those children

fell into fast-flowing water and were swept downstream

and drowned, sometimes within drainage pipes. A 2008

World Health Organization (Peden et al. 2008) study

highlights the attractive nature water poses to children,

particularly those ,5yr old. Unfortunately, this very

young age group is characterized by an underdeveloped

perception of the threat that fast flowing water poses and

may lack the physical ability to exit flood waters.

Otherwise, flash- and areal-flood deaths were most

likely to occur within a vehicle. For the 0–14 yr flash-

flood group, 48% died within a vehicle, which was lower

than the 0–29 yr areal-flood group (59%). The authors

speculate that for those persons too young to drive, their

fatal outcomes were a direct result of poor threat per-

ception on the part of older caretakers.

f. Lightning

Normalized lightning fatalities rise 841% from a

minimum in the 0–4-yr-old age group to a maximum

centered on the 15–19 yr group (Fig. 14). Fatalities

FIG. 8. As in Fig. 7, but for (a) flash-flood deaths for the 0–14-yr-old age group, (b) areal-flood deaths for the 0–29-yr-old age group,

(c) lightning deaths for the 10–44-yr-old age group, and (d) avalanche deaths for the 20–44-yr-old age group.
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remain elevated near 10% through middle age and

then fall by a factor of 2 through the elderly age

groups. Males made up 82% of the lightning fatalities

that were examined, and the most likely setting for a

fatal event was an outdoor work environment (31%),

followed by people walking or running outside (17%),

people recreating at a beach (13%), and people hiking

or climbing (10%). Over 70% of lightning fatalities

were observed during the months of June, July, and

August. Florida by a wide margin experienced the

most deadly strikes (19%), followed by Texas and

Colorado at 7%, respectively (Fig. 8c). In addition, the

23-yr trend in lightning fatalities showed that public

education efforts (https://www.weather.gov/safety/lightning)

FIG. 10. As in Fig. 7, but for (a) wildfire deaths for

the 20–34-yr-old age group, (b) wildfire deaths for the

50–84-yr-old age group, and (c) tropical-cyclone fa-

talities for the 80–104-yr-old age group. Wildfire fa-

talities include the 2017 and 2018 deadly northern

California wildfire events.

FIG. 9. As in Fig. 7, but for (a) rip-current deaths for the 10–24-yr-old age group, (b) high-surf deaths for the 15–39-yr-old age group,

(c) tornado deaths for the 0–14-yr-old age group, and (d) tornado deaths for the 45–64-yr-old age group.
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by the weather enterprise, in addition to other initia-

tives such as community siren systems, may be yield-

ing positive results—fatalities ranged from 25 to 40

deaths per year during the 1996–2003 period, and

decreased to 10–25 deaths per year during the 2011–18

period (Fig. 15).

g. Avalanche

Similar to the case for flooding, winter weather, and

lightning fatalities, avalanche deaths disproportionately

affected younger age groups and showed virtually no

impact on elderly groups. People from age 0 to 14

experienced few normalized fatalities (Fig. 16), followed

by a dramatic upward spike to a maximum of slightly

more than 6% centered on the 25–29-yr-old group.

Normalized fatalities remained elevated through age 44,

and then fell to zero by age 70.

Additional demographic analysis revealed that roughly

nine males were killed by an avalanche for every female

killed. In addition, fatalities were maximized during the

months of December (20%), January (24%), February

(18%), and March (21%). Colorado led the nation in

avalanche fatalities at 25% (Fig. 8d), followed by Utah

(18%), Alaska (16%), Wyoming (14%), andWashington

(10%). Circumstances yielding a fatal avalanche event

included snowmobiling (38%), skiing (32%), and snow-

boarding (13%).

h. Surfzone

Rip currents were responsible for 15%of 10–14-yr-old

fatalities and 20% for the 15–19-yr-old group (Fig. 17).

Thereafter, rip-current fatalities gradually decreased to

values ,1% for age groups $60 yr. In contrast, nor-

malized fatalities were lower for all age groups for high

surf—with a broad peak in normalized fatalities occur-

ring in the 15–39-yr-old group that ranged from 1.9% to

3.1%. Additional analysis of fatalities by gender showed

that males composed over 87% of rip-current fatalities

and 85% of high-surf deaths. The large disparity in male

deaths relative to females deserves further investigation.

The circumstances leading to fatal rip-current out-

comes were associated with persons swimming (59%),

followed by people playing in the surfzone (14%) and

people attempting to rescue others in the water (12%).

Figure 18 also indicates that rip-current fatalities tren-

ded above their 23-yr mean, though the reasons for that

TABLE 3. Procedures initiated by the cities of Philadelphia and

Chicago to assist vulnerable populations during heat waves (City of

Chicago 2019; Shoyinka 2019).

City Procedure

Philadelphia d Heat Health Emergency System:

Employs a special helpline number;

operates cooling centers; dispatches

mobile heat health teams; and delays

residential utility shutoffs during heat

emergencies
d Code Red System: Aids the homeless

population during heat emergencies

Chicago d Extreme Weather Notification: Utilizes

phone text and computer e-mail tech-

nology to provide weather information

to those with special needs
d Heat Emergency Mobilization: Cooling

centers are set up for vulnerable

populations; check up on individuals

with special heat-related needs; conduct

studies on current and possible future

vulnerabilities related to inner-city heat

events

FIG. 11. As in Fig. 5, but for cold.
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trend are not immediately clear. On the other hand,

high-surf fatalities were most likely when someone

standing outside of the water was swept into the ocean

by a large wave (45%), followed by capsizing boats

(15%), and then surfers who were pulled under water

by a wave (11%).

Seasonal differences were observed between the two

surfzone hazards, with rip-current fatalities more likely

to occur during June (17%), July (21%), and August

(18%), while high-surf fatalities were more likely during

cooler months such as January (18%), March (10%),

October (10%), and December (10%). Those seasonal

differences may be due to 1) summer months being as-

sociated with warmer and calmer ocean waters and

pleasant beach weather that encourages swimming and

subsequently exposes people to rip currents, and 2) the

cool season is the time of year when strong extratropical

cyclones move across the ocean, leading to both long-

period and short-period waves supportive of fatal

high-surf conditions. These seasonal differences were

partially reflected in the geographic distribution of rip-

current and high-surf fatalities (see Figs. 9a,b). For in-

stance, 30% of rip-current deaths occurred in Florida,

followed by California (10%), New York (8%), and

New Jersey and Texas at 7%, respectively. On the other

hand, Florida had amuch lower percentage of high-surf

fatalities (5%)—instead, Hawaii led the nation in high-

surf deaths at 20%, California was second at 18%,

followed by Guam (13%), Puerto Rico (12%), and

Oregon (9%).

Inspection of internet media sources also indicates

that many rip-current victims lived outside of a region

with a beach, while high-surf victims lived close to a

coastal location. This makes intuitive sense—summer

FIG. 12. As in Fig. 5, but for winter weather.

FIG. 13. As in Fig. 5, but for (a) flash flooding and (b) areal flooding.
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vacationers who live inland travel to the beach and may

not be familiar with rip-current threats, while so-called

locals who live near a beach would bemore likely to visit

the coast during cooler stormier months of the year

and would be more likely to experience conditions of

high surf.

i. Tornadoes

From a normalized perspective, tornado fatalities

peaked in the 5–9-yr-old age group (17.8%), then

fell by a factor of 2.3 to a minimum value of 7.6% in

the 15–19 yr group, before rising again and remaining

elevated throughmiddle-aged groups (Fig. 19). Further

detailed analysis of the very young and middle-aged

maxima reveal that both groups were more likely to be

killed by a tornado during the afternoon or evening in

the months of April and May (Fig. 20). Those killed by

nocturnal tornadoes were more likely to succumb

during February and November, which are months

consistent with the November–April peak in killer

nocturnal tornadoes presented by Ashley (2007).

For persons,15 yr old, nocturnal fatalities were more

likely to occur within a trailer home, while permanent

home structures were the most likely setting for a fatal

outcome during the afternoon and evening. Analysis of

tornado pathlength and width revealed that afternoon

tornadoes were 15km longer and 0.98 km larger, re-

spectively, during the afternoon relative to nocturnal

events. From those results, we deduce that afternoon

tornadoes had greater destructive potential (Brooks

2004), and thus permanent homes were more vulnerable

to damage yielding fatalities. Similar results were ob-

served in middle-age groups. In addition, persons

.15 yr were slightly more vulnerable to tornado fatalities

FIG. 14. As in Fig. 5, but for lightning.

FIG. 15. As in Fig. 6, but for lightning for age 10–44.
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occurring within a vehicle than were persons ,15yr. On

the other hand, 4% of the fatalities in the younger age

group occurred in a school setting during the afternoon

and early evening hours, whereas no fatalities in older age

groups were in a school.

Normalized fatalities for those ,15 yr old were

maximized during the afternoon and evening in the

states of Alabama, Oklahoma, Arkansas, Missouri,

Texas, and Tennessee; while fatalities at night were

more likely in Georgia, Florida, Indiana, and Arkansas.

Older age groups between 45 and 64 yr were more prone

to killer tornadoes in the afternoon in Alabama

and Missouri but were slightly less prone relative to

the very young in Oklahoma. Similar to the case for

the very young, Florida, Georgia, and Indiana dis-

played the greatest threat to older persons during the

night (reference Figs. 9c and 9d for a spatial analysis

of tornado fatalities).

j. Wildfires

Similar to heat deaths, normalized wildfire fatalities

were bimodal (Fig. 21), with maxima observed in both

the 20–34 yr and 60–64-yr-old groups. The seasonal

distribution of deaths was also bimodal—one occurring

in the spring associated with Great Plains grassland

firestorms (Lindley et al. 2014) and a second in the fall

occurring with strong offshore winds over California

(Raphael 2003; Jones et al. 2010; Nauslar et al. 2018;

Mass and Ovens 2019). Over 40% of wildfire fatalities in

both the young and older group occurred in California,

followed by Arizona at 33% for the 20–34 yr group, and

13% occurring in Texas andOklahoma, respectively, for

FIG. 16. As in Fig. 5, but for avalanches.

FIG. 17. As in Fig. 5, but for (a) rip currents and (b) high surf.
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the older group (Figs. 10a,b). In addition, a majority of

fatalities in both the young and old age groups occurred

outdoors (76% and 47%, respectively); however, more

elderly died in their homes (25%) than occurred in the

younger age group (8%).

The elderly population experienced large numbers

of fatalities during the 2017 and 2018 California

wildfire seasons (Fig. 21). The Paradise and North Bay

(California) wildfires yielded fatalities in the elderly

that were roughly twice as high in number as the his-

torical record, with 71 out of a total of 105 fatalities, or

68%, occurring between the ages of 65 and 89. In

addition, the fatality numbers from the Paradise and

North Bay events were much larger than similar offshore

wind events, such as one in Southern California during

December 2017. In that offshore event, one that was ar-

guably one of the more extreme Santa Ana events, only

one wildland firefighter fatality was observed. Refer

to Table 4 for a list of ingredients characterizing the

Paradise and North Bay fatal wildfire events.

Both the Northern and Southern California events

were meteorologically similar, characterized by down-

slope mountain-wave windstorms (Colman and Dierking

1992) that yielded strong gusty winds at the surface.

Those winds combined with climatologically low rel-

ative humidity values and an abundance of very dry

fuels that favored fast moving fires that posed an ur-

gent threat to life and property. However, key socio-

economic factors were different. For instance, the

median age in Paradise was between 50 and 52 yr old,

which was nearly 15 yr older than the median age for

people in the state of California—and much older

than for the communities affected by the Southern

California Santa Ana event, which ranged from 36 to

41yr. This suggests that older communities may be more

vulnerable to extreme wildfire behavior—particularly

older communities embedded within the urban–wildland

interface (Stein et al. 2013).

Circumstances contributing toward elderly deaths

during the Paradise wildfire were in many cases related

FIG. 18. As in Fig. 6, but for rip currents for age 10–24.

FIG. 19. As in Fig. 5, but for tornadoes.
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to limited mobility, such as injured legs, an inability to

operate a vehicle, persons bed-ridden by illness, and

persons who were wheelchair bound. These limitations

caused elderly to succumb to fire within their place of

residence, or if they made it to their vehicle, they were

overtaken and killed by the firestorm within a mile or

less of their homes. Other victims suffered deficits in

perception due to the effects of dementia and physical

and social isolation from their community. Some likely

did not receive warning, because of not having a cell

phone, living in an area with no cell service, lacking social

and electronic media, or not receiving a door-to-door

evacuation notice by emergency personnel. Apathy

toward the emergency situation was also documented

in some circumstances. It is telling that there is strong

anecdotal evidence that elderly who survived the fire

received direct assistance from family, friends, neighbors,

or other private and public agencies (Bizjak et al. 2018;

St. John et al. 2018).

k. Tropical cyclones

Tropical cyclones were a hazard that disproportion-

ately affected elderly persons, and those with limited

mobility and threat perception. Every 5 yr bin in age

groups over 75 experienced .15% of their normalized

fatalities as a result of tropical cyclones (Fig. 22).

Because of Hurricane Katrina, Louisiana was associated

with the most tropical-cyclone fatalities in the elderly

group (84%), followed by Mississippi (7%), Florida

(4%), and Texas (2%; see Fig. 10c). Also, because of

Katrina, 94% of the elderly fatalities occurred during

the month of August, and 58% of the elderly deaths

were in the female population.

The tropical-cyclone fatalities analyzed in this study

were strongly skewed toward Hurricane Katrina, which

was the most impactful landfalling U.S. hurricane in

terms of dollar damage (National Hurricane Center

2018). Katrina’s strong prelandfall wind speeds com-

bined with an above normal diameter aided in an ex-

ceptionally large storm surge (Irish et al. 2008; Needham

and Keim 2014) that breached the levee system in New

Orleans, Louisiana—the failure of the levee system

led to flooding of approximately 80% of the city.

Historically (1963–2012), drowning accounts for around

90% of tropical-cyclone fatalities attributable to the

physical forces of a storm, that is, ‘‘direct’’ deaths—half

of which are due to storm surge. This was also the case

for Hurricane Katrina. The tremendous amount of deep

fast-flowing water filling portions of New Orleans led to

the deaths of hundreds of people by drowning. Others

died in their homes and attics as they sought refuge from

FIG. 20. Percent distribution of tornado fatalities for time of day

and month for the 0–14-yr-old age group valid from 1996 to 2018.

Night is defined as from midnight to 0559 local time; morning is

from 0600 to 1159 local time; afternoon is from noon to 1759 local

time; and evening is from 1800 to 2359 local time.

FIG. 21. Wildfire fatalities for each age group normalized by the total number of wildfire

fatalities valid over 1996–2018 (gray bars) compared with wildfire fatalities from the 2017 and

2018 northern California wildfire events (black bars).
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flood waters. Katrina also produced an unprecedented

storm surge along the Mississippi coast, which resulted

in 180 deaths (Rappaport 2014).

Mortality studies showed that persons over the age of

60 were more likely to die during or after Katrina as a

result of a lack of evacuation facilities; preexisting ill-

nesses that made evacuation difficult, if not impossible;

high levels of poverty; and isolation (Adams et al. 2011).

In some cases, the sick and elderly were too feeble to

endure the stress associated with evacuating, and thus

they sheltered in their homes. Those sheltering at home

were in some instances forced to move into their attic or

onto their roof to evade rising flood waters. Those mea-

sures further added to the stress endured by the sick and

elderly and contributed directly to death on occasion.

Additional studies showed that 65% of elderly in

NewOrleans lacked transportation options to evacuate

(Baylor College of Medicine 2006). Some were without

family, and some lacked mental or physical capacities

necessary to evacuate on their own. Even those who

managed to evacuate sometimes succumbed to failing

health, partially because of a lack of family interven-

tion, government infrastructure, and communication

systems necessary for locating displaced persons. Some

elderly were even too frail to return to their homes in

New Orleans after the flood waters receded (Adams

et al. 2011).

4. Discussion and conclusions

Differences in mobility and perception were exam-

ined for age groups impacted by weather hazards. Key

findings from that analysis include the following:

d The relative immobility of the very young and some

elderly resulted in a lower ability to physically respond

to hazards such as heat, cold, wildfires, and tropical

cyclones. For example, a very young child is not

capable of removing his- or herself from a hot vehicle,

an elderly person may be too frail to evacuate ahead

of a hurricane, or an older person may fall outdoors in

cold weather and cannot get up from the ground. The

elderly may also lack a means of transportation,

limiting their ability to evacuate, or they may have

no place to which to evacuate.
d On the other hand, people aged from their teens

through middle age could more readily evacuate a

hazardous situation but were also more capable of

physically entering a hazard zone. Such hazards in

which physically mobile individuals entered included

rip currents, avalanche zones, and outdoor activities

exposing them to lightning.
d Perception in the elderly was potentially limited by

apathy, social isolation, and dementia during wildfire

TABLE 4. Ingredients that characterized the 2017 and 2018 deadly

northern California wildfires.

Ingredient Description

Meteorological Strong cross-barrier flow aiding in down-

slope mountain-wave winds collocated

with a very dry air mass and fuels fa-

vorable for extreme wildfire behavior

Geographic Lee side of a topographic ridge

Community Population center embedded within the

urban–wildland interface with limited

or constricted escape routes

Socioeconomic Above-normal elderly and disabled

population

FIG. 22. As in Fig. 5, but for tropical cyclones.
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and tropical-cyclone hazards. A lack of technology

may have also prevented portions of the elderly pop-

ulation from receiving warning information necessary

for hazard evacuation—an issue particularly acute

during deadly Northern California wildfire events.
d Very young children were also susceptible to percep-

tion limitations. For example, children playing next to

flooded drainage systems may have been unaware of

the deadly hazard lying right next to their feet. On the

other hand, children left in a hot vehicle were victims

of a lack of hazard awareness by their older caretakers.
d For persons in their teens and twenties, a lack of

experience and a predisposition toward sensation

seeking and risky behavior may have contributed to

fatal outcomes in scenarios involving winter weather

driving, rip currents, avalanches, and flooded road-

ways (Howland et al. 1996; Roberti 2004; Waylen and

McKeena 2008; Gensini and Ashley 2009).
d One topic not objectively analyzed in this paper is

hazard survivability. In other words, what were the

number of people in an age group who were exposed

to a hazard and survived?

This paper presents anecdotal evidence that weather

fatalities were reduced when communities assisted such

populations as the elderly and infirm who suffered from

mobility and perception limitations. As demonstrated

during the 2018 Paradise wildfire, physically handi-

capped and socially isolated elderly persons were most

vulnerable to the fire—those who received assistance

generally survived, while a large number who did not

receive assistance died. The weather enterprise should

embrace community activism through programs such as

Weather-Ready Nation in order to promote outreach

that assists vulnerable persons during emerging haz-

ardous weather situations. Similar to Weather-Ready

Nation, the Department of Homeland Security and

the Federal Emergency Management Agency support

the Community Emergency Response Team (CERT),

which educates local volunteers about disaster pre-

paredness and response for hazards that might impact

their area. The CERT program is designed to allow local

and state managers the flexibility to form their programs

in a way best suited for their community—this in turn

could be leveraged to assist vulnerable persons during

potentially deadly weather scenarios.

Brooks andDoswell (2002) provide evidence that early

education initiatives may yield positive results in the re-

duction of weather fatalities. They show that the lack of

fatalities in the 5–23-yr-old age group affected by the 3

May 1999 violent tornado impacting Moore, Oklahoma,

may have been due to education. For instance, 85%

of junior high school students in Moore took someT
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type of precautionary tornado action, and 70% indi-

cated that they learned tornado safety precautions as

part of their school curriculum. In the current study,

normalized tornado fatalities peaked in the 5–9-yr-old

age group and then fell to a minimum in the 15–19 yr

group. Perhaps that is evidence that the accumulation of

tornado education and experience obtained by teenagers

was enough to reduce fatalities, although it does not ex-

plain why fatalities rose once again going into middle-

aged groups. Figure 15 provides additional evidence

showing that education and messaging may be yielding

positive results in the reduction of fatalities—lightning

deaths have declined from 1996 to 2018 during the

weather enterprise campaign that encourages people to

go indoors when thunder roars. Additional study on the

temporal trends associated with age-related weather

fatalities would be worthwhile.

The weather enterprise, including the NWS, is en-

gaging the public through social media—providing

forecast updates, watches, warnings, advisories, and

weather education. However, a 2012 Pew Research

Center survey showed that only 32% of people who are

65 and older used social media, whereas 77%–83% of

people between the ages of 18 and 49 used social media

(Duggan and Brenner 2013). A similar Pew Research

Center survey found that 89%–94% of people in the

18–49-yr-old age group owned a ‘‘smart’’ telephone as

comparedwith only 46% in the 65-and-older group (https://

www.pewinternet.org/factsheet/mobile). Conversely, 85%

of persons 65 or older received their news from TV,

whereas only 27% of people aged from 18 to 29 used TV

as a news source (Mitchell et al. 2016). The on-the-go

source of weather information at the fingertips of youn-

ger people potentially serves as an important aid in

averting fatal weather outcomes, especially when the

weather enterprise tailors their messaging to the mo-

bile media channels and audience (Eachus and Keim

2019). However, mobile weather messaging may not

be reaching one of the most vulnerable population

groups—the elderly. This stresses the point that weather-

informed members of society should reach out and aid

less-informed vulnerable groups when weather emer-

gencies become evident.

The authors echo the conclusions made byAshley and

Ashley (2008), who suggested that the weather enter-

prise target groups that are particularly vulnerable to

weather hazards through specialized messaging strate-

gies. For instance, wildfire messaging could remind

community members to check on elderly neighbors,

ensuring that they evacuate safely from an approaching

fire; heatmessaging could consistently remind people that

the elderly and the very young are statisticallymost at risk

to succumbing; surfzone messaging could highlight the

fact that attempting to rescue someone often leads to a

fatal outcome; and floodmessaging could point to the fact

that young children are tragically dying when they

play next to and then fall into flooded drainages

(Table 5). Perhaps most important is that encouraging

communities to embrace the old-fashioned ideals of

neighbors helping neighbors may be an important step

in reducing weather fatalities and achieving a weather-

ready nation.
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