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Social vulnerability of the people exposed towildfires in
U.S. West Coast states
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Volker C. Radeloff5, Yavar Pourmohamad1, Megan Cattau6, J. Michael Johnson7, Philip Higuera8,
Nicholas J. Nauslar9, Mojtaba Sadegh1,10*

Understanding of the vulnerability of populations exposed towildfires is limited. We used an index from the U.S.
Centers for Disease Control and Prevention to assess the social vulnerability of populations exposed to wildfire
from 2000–2021 in California, Oregon, and Washington, which accounted for 90% of exposures in the western
United States. The number of people exposed to fire from 2000–2010 to 2011–2021 increased substantially, with
the largest increase, nearly 250%, for people with high social vulnerability. In Oregon and Washington, a higher
percentage of exposed people were highly vulnerable (>40%) than in California (~8%). Increased social vulner-
ability of populations in burned areas was the primary contributor to increased exposure of the highly vulner-
able in California, whereas encroachment of wildfires on vulnerable populations was the primary contributor in
Oregon and Washington. Our results emphasize the importance of integrating the vulnerability of at-risk pop-
ulations in wildfire mitigation and adaptation plans.
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INTRODUCTION
The frequency of climate-related extreme events has increased sub-
stantially in the past several decades (1), with unequal burdens
among human communities (2). These unequal impacts stem
from a range of social, economic, and institutional factors, which
affect populations’ exposure to—and ability to cope with—disasters
(2–4). The traditional hazard paradigm, however, primarily focuses
on the biological and physical drivers of extreme events and largely
disregards the social characteristics of exposed populations (5). This
paradigm often leads to top-down, hierarchical solutions for miti-
gating the adverse effects of hazards (6). By contrast, the vulnerabil-
ity paradigm focuses on the social, economic, and demographic
factors that turn extreme events into catastrophes (7, 8). The latter
paradigm views hazards as natural, but not inherently disasters, and
attributes the occurrence of disasters to the mismatch among the
biological and physical environment, built environment, and
social systems (6, 9).
Wildfire—hereafter fire—is a climate-related extreme that, in

recent decades, has increasingly affected many regions worldwide,
including the western United States (10–12). Over the past two
decades, the number of people in the western United States that
lived within fire-affected areas increased by 185% (13), and wild-
fire-caused home and structure losses increased by 246% (12).
However, the landscape of social vulnerability—the degree of
social, economic, and demographic susceptibility to harm from a

hazard (14, 15)—of the population exposed to fire is not well
known (16–21). Information about social vulnerability is key tomit-
igate losses and ensure equitable and effective fire recovery and an-
ticipatory planning (8, 18, 22). The baseline of social vulnerability is
generally lower in the wildland-urban interface, despite a higher fire
risk (23, 24); however, this does not apply to certain populations, for
example, those living on Native American reservations (24). Never-
theless, highly vulnerable populations often are disproportionately
exposed to fire, for example, in California (25, 26), Spain (27), Por-
tugal (28), and Australia (29).
Differential access to social, political, and economic resources

affects the ability of individuals and communities to mitigate and
adapt to fire (18, 24, 30). This includes resources to reduce the like-
lihood of home loss (e.g., by reducing flammable materials around
structures and home hardening), ability to respond during a fire
(e.g., by evacuating elderly and disabled people and by providing
effective, accessible emergency messages), and ability to recover
after a fire (e.g., insurance coverage and resources to rebuild a
home). Furthermore, the traditional paradigm of cost-benefit anal-
ysis in fire danger mitigation programs preferentially allocates re-
sources to those in higher socioeconomic strata (e.g., those with
higher property values), who generally have lower social vulnerabil-
ity (31). In contrast, those with higher social vulnerability generally
experience disproportionate impacts from disasters and may never
recover (32). This warrants a comprehensive, large-scale study of the
social vulnerability of populations exposed to fire (4, 33).
Here, we examined the social vulnerability of people exposed to

fires—i.e., lived within areas recently burned—from 2000–2021 in
California, Oregon, and Washington through the lens of social vul-
nerability. These three states accounted for 90% of population expo-
sures to fires in the western United States in the past two decades
(13). We define vulnerability as a social condition that exists
before fire occurrence (34) and is driven by historical social, eco-
nomic, political, and institutional factors (6). Here, vulnerability
is not dependent on the biological and physical drivers of fire
(24). We asked four questions.
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1) Were highly vulnerable people disproportionately exposed to
fire? Previous studies indicated disproportionate exposure of
the most vulnerable populations (26, 28, 29). However, the var-
iability of this unbalanced exposure across large spatial extents
remains largely uncharacterized.

2) How did the vulnerability of exposed populations change over
the past two decades? Previous studies generally viewed fire ex-
posure as static (23, 27) and did not explore changes in the vul-
nerability of exposed populations over time.

3) Did trends in population characteristics before fire alter the vul-
nerability of people exposed to fire? The drivers of changing fire
impacts on socially vulnerable populations are not known.

4) Is the social vulnerability of the fire-exposed and unexposed pop-
ulations in each state equal?

To answer these questions, we integrated annual fire perimeters
from the U.S. National Interagency Fire Center (NIFC) from 2000–
2021 (35), gridded annual population data (92-m resolution) from
WorldPop (36), and the social vulnerability index (SVI) (32, 34) at
the census tract level from the U.S. Centers for Disease Control and
Prevention (CDC). We defined fire exposure as a residence within a
fire perimeter, and we classified social vulnerability on the basis of
the SVI before the fire. Unless otherwise noted, we use the term vul-
nerability to indicate social vulnerability. SVI has multiple measures
in a nested hierarchy, of which we used the overall SVI, its four di-
mensions or themes (socioeconomic status, household composition
and disability, minority status and language, and housing type and
transportation), and a selected set of subdimensions that we be-
lieved to be most relevant to populations’ capacity to cope with a
fire (see fig. S1). We classified SVI as low (≤0.25), medium-low
(0.25 < SVI≤ 0.5), medium-high (0.5 < SVI≤ 0.75), or high (>0.75).

RESULTS
Co-occurrence of social vulnerability and fire exposure
Nearly half a million (494,554) people were directly exposed to fire
in the West Coast states from 2000–2021 (data S1 to S11). The over-
whelming majority of these people (91.5%) were in California, with
less than 5% of the exposed population in either Oregon or Wash-
ington (Fig. 1D). For reference, California accounted for 77.9% of
the three states’ total population and 52.6% of the burned area from
2000–2021, whereas Oregon andWashington accounted for 8.0 and
14.1% of the total population and 29.8 and 17.8% of the burned area,
respectively (data S1 to S11). Exposure per unit area burned alsowas
greater in California (5.95 people/km2) than in Oregon (0.51
people/km2) or Washington (0.78 people/km2). Most exposures oc-
curred in northern and coastal southern California, west-central
Oregon, and central Washington (Fig. 1D).
In all three states, roughly half of the exposed people had

medium-low or medium-high social vulnerability (Fig. 2).
However, the percentage of exposed people with high vulnerability
diverged widely among the states. Highly vulnerable people ac-
counted for 8.1% of exposures yet 35.1% of California’s general pop-
ulation, compared with 45.4% of exposures (23.5% of the
population) and 43.8% of exposures (17.7% of the population) in
Oregon and Washington, respectively (data S1 to S11).
Fire exposures across the social vulnerability spectrum followed a

distinct spatial pattern within states (Fig. 2). The majority of people
exposed in central California had medium vulnerability, whereas

the majority of people exposed in northern California had
medium-high or high vulnerability. There also were clear coast-
to-inland and north-to-south vulnerability gradients in California:
Exposed people in the central to south coast had low vulnerability,
whereas those in the interior northern part of the state had higher
vulnerability (Fig. 2). Fire incidence, and therefore fire exposure,
was generally low in wet forests of coastal Oregon and Washington
(Figs. 1A and 2). Across Oregon, most exposed people had medium
vulnerability, whereas fires in a handful of counties in southern and
north-central Oregon disproportionately exposed highly vulnerable
people. In Washington, most of the exposures of people with
medium-high and high vulnerability occurred in the center of the
state (Fig. 2, C and D). Refer to figs. S2 and S3, section S1, and tables
S1 to S3 for additional information about exposures relative to vul-
nerability dimensions.

Inequality of fire exposure
A few key social vulnerability characteristics of the people exposed
to fires were common among the West Coast states (Fig. 3). For
example, exposed people tended to be associated with higher vul-
nerability in terms of residing in mobile homes and being 65
years old or older (fig. S4). Important differences were also
evident. Overall SVI of the people exposed to fires was lower in Cal-
ifornia (Fig. 3A) than in Oregon and Washington (Fig. 3, B and C).
Vulnerability distributions of fire-exposed people differed con-

siderably from those of the total population in all three states (Fig. 3,
A to C, and tables S4 to S6). The overall SVI distribution of the
exposed population was skewed opposite that of the state population
in California (lower overall vulnerability of the exposed population;
Fig. 3A) and Washington (higher overall vulnerability of the
exposed population; Fig. 3C), whereas the difference between the
SVI distributions of the exposed and state population was markedly
smaller in Oregon (Fig. 3B). The distributions of the different di-
mensions of vulnerability of the exposed and total population
were generally similar to those of the overall SVI in California
and Washington (Fig. 3, D and F), but not in Oregon (Fig. 3E).
In Oregon, the minority status and language dimension skewed
toward lower vulnerability for the exposed than the background-
state population, whereas the socioeconomic status, housing type
and transportation, and household composition and disability di-
mensions indicated higher vulnerability for the exposed popula-
tions. In California, the distributions of exposed populations
living in poverty and with a disability were skewed lower than
those of the state population, whereas the skews were reversed in
Oregon and Washington (fig. S4). In California and Oregon, the
proportion of the population exposed to fire who spoke English
less than well generally was lower than that of the state population,
whereas a disproportionately high proportion of those who spoke
English less than well were exposed to fires in Washington (fig. S4).

Increasing burned area and population exposure to fires
Total fire area, including unburned and reburned patches within
fire perimeters, increased by 116% in the West Coast states from
2000–2010 to 2011–2021, with an increase of 99% in California,
111% in Oregon, and 197% in Washington (Table 1). Summed
over the 22 years, these burned areas represent 18.8, 17.3, and
14.7% of the land surface area of California, Oregon, and Washing-
ton, respectively. The number of people exposed to fire increased by
27% across the three states in the past two decades, including
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Fig. 1. Co-occurrence of fires, human population, and social vulnerability. (A) Fire perimeters by year. (B) Average population in each 92-m grid cell from 2000–2021.
(C) Average value of the overall SVI in each grid cell. (D) Total number of people exposed to fire from 2000–2021 in each county. (E) Population trends in each grid cell
(people per year). (F) Trends in overall social vulnerability in each grid cell (SVI per year).
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relative increases of 13% in California, 925% in Oregon, and 366%
in Washington (Table 1 and data S1 to S11).

Increasing exposure of socially vulnerable populations
The number of highly vulnerable people exposed to fire in the West
Coast states increased by 249% from the former to latter decade
(12,331 people from 2000–2010 and 43,037 people from 2011–
2021) (data S1 to S11). The change in the number of highly vulner-
able people exposed was greatest in California (10,552 and 26,099
people in the former and latter decades), followed by Oregon (487
and 9526) and Washington (1292 and 7412) (see section S2 for

more details). The percentage of the exposed population that was
highly vulnerable, however, was much greater in Oregon andWash-
ington than in California (Fig. 4, A to C, and data S1 to S11).
The co-occurrence of fire (Fig. 1A), populated regions (Fig. 1E),

and social vulnerability patterns (Fig. 1C) partially explains the
trends in vulnerability of exposed people (Fig. 4), but changes in
SVI (Fig. 1F) also contributed to increases in exposure of the
most vulnerable populations. Social vulnerability decreased across
most of the West Coast (Fig. 1F), as it did nationally, but increased
in some regions where fires occurred (Fig. 1F), including

Fig. 2. County-level cumulative fire-exposed population from 2000–2021. (A to D) Number of exposures in four social vulnerability classes. See fig. S2 for exposures
relative to social vulnerability dimensions.

Fig. 3. Inequality of fire exposure. (A to C) Distribution of overall social vulnerability (0, low; 1, high) among the fire-exposed population (pink) and the state population
(gray) in California (left column), Oregon (central column), and Washington (right column). (D to F) Distributions of dimensions of social vulnerability in each state.
Socioeconomic, socioeconomic status; disability, household composition and disability; minority, minority status and language; transportation, housing type and trans-
portation (also see fig. S1).
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northwestern and inland southern California, southwestern
Oregon, and central Washington.

Dimensions of vulnerability
The number of people with high vulnerability in all SVI dimensions
who were exposed to fire increased in all three states from 2000–
2021 (Fig. 4, D and E). Substantial increases (273 to 2944%) in ex-
posure of populations with high vulnerability with respect to house-
hold composition and disability and housing type and
transportation (Fig. 4, D to F) were consistent among states.
However, increases in the exposure of peoplewith high vulnerability
in terms of minority status and language were more pronounced in
California andWashington than in Oregon (Fig. 4, D to F), and rel-
ative increases in exposure of people with highly vulnerable socio-
economic status were greater in Oregon and Washington than in
California (Fig. 4, D to F).

Subdimensions of vulnerability
The number of people exposed to fire whowere highly vulnerable in
terms of various SVI subdimensions also increased over the past
two decades in all three states (fig. S5). The number of people
with high vulnerability in the subdimensions of aged 65 years or
older and civilian with a disability who was exposed grew consider-
ably in all states (316 and 588% in California, 2469 and 6080% in
Oregon, and 1512 and 1187% in Washington, respectively).
However, changes in the relative exposure of people with high vul-
nerability in other SVI subdimensions varied among states. In Cal-
ifornia, for example, the increase in the exposure of people that
spoke English less than well was much greater than in Oregon or
Washington. In the latter two states, relative increases in exposure
of people with high vulnerability in the below poverty and group
quarters subdimensions were substantially greater than those in
California (fig. S5).

Contribution of increasing social vulnerability to increased
fire exposure of vulnerable people
To decompose the effect of changes in social vulnerability on the
observed increase in the number of exposed people with high vul-
nerability, we conducted a counterfactual analysis in which we an-
alyzed actual fire perimeters and human population patterns from
2011–2021 but kept the SVI constant at the year 2000 value. By
doing so, we evaluated what the social vulnerability of the
exposed populations from 2011–2021 would have been if their

SVI had not changed since 2000. We selected 2011–2021 for consis-
tency with the analyses described in the previous section.
Changes in the overall SVI explained much of the increase in the

number of highly vulnerable exposed people in California (Fig. 5A),
but not in Oregon or Washington (Fig. 5, B and C). In California,
SVI changes resulted in an increase in the number of exposed
people with high vulnerability (+16,172 people), equivalent to the
total increase in the number of highly vulnerable people exposed
to fire (Fig. 4A). In contrast, in Oregon and Washington, increases
in the number of highly vulnerable exposed people were mainly due
to fires increasingly occurring in populated areas with high vulner-
ability rather than increases in social vulnerability in the fire-
exposed regions (Figs. 4, B and C, and 1). The contribution of back-
ground SVI dimensions and subdimensions to trends in exposure of
highly vulnerable populations was markedly different among states
(Fig. 5, D to I). However, background SVI changes in housing type
and transportation (dimensions; Fig. 5, D to F) and aged 65 or older
(subdimensions; fig. S6) contributed to an increase in the vulnera-
bility of exposed populations in all three states. For more details, see
section S3 and tables S7 and S8.

DISCUSSION
Many national disaster mitigation and prevention programs use
cost-benefit analyses to allocate resources, which can skew benefits
toward wealthy people (31). Disaster-caused monetary losses
among affluent people generally exceed those among the less
wealthy, but members of the latter group often lose a larger
portion of their assets and might never recover from the loss (34).
Socially vulnerable people may also be more likely to live in hazard-
prone areas (15). For example, historical socioeconomic and power
inequalities have pushed marginalized people to live in areas more
prone to floods and in houses that are more likely to incur damage
(31). Socioeconomic status is the most important driver of vulner-
ability (37, 38). However, other dimensions of social vulnerability,
such as age, minority status, and disability, also affect the ability of
subpopulations to cope with disasters (31, 39). Here, we applied a
hierarchical model of social vulnerability developed by CDC to
assess patterns in the social vulnerability of the populations
exposed to fires in California, Oregon, and Washington. Ninety
percent of the people exposed to fire in the western United States
in the past two decades lived in these three states (13). We
adopted a conservative definition of fire exposure by analyzing
the populations that lived within the boundaries of fires. The

Table 1. Decadal fire area, population exposed to fire, and total population in West Coast states.

Cumulative fire
area (km2)

Population exposed
to fire Increase in number of state residents from 2000–2010 to

2011–2021
Population
in 20202000–

2010
2011–
2021

2000–
2010

2011–
2021

All
three states

45,663 98,837 217,959 276,595 9.9% 51,480,760

California 25,431 50,606 212,486 240,133 8.7% 39,538,223

Oregon 13,818 29,196 1,960 20,097 12.2% 4,237,256

Washington 6,414 19,035 3,513 16,365 15.1% 7,705,281
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number of people indirectly affected by wildfire, such as by wildfire
smoke, evacuations, utility disruptions, and road closures, can be
several-fold larger.
Our results indicated that the number of highly vulnerable

people exposed to fire increased by nearly 250% in the West
Coast states from 2000–2010 to 2011–2021. In all three states, the
vulnerability of the exposed people increased over the past two
decades, a trend that is contrary to national reductions in social vul-
nerability of the general population (38). Our analysis further
showed that the increase in social vulnerability, in addition to in-
creased occurrence of fires in regions with high social vulnerability,
contributed to the increase in the number of highly vulnerable
people exposed to fire.
We also found major differences in the vulnerability of fire-

exposed populations among and within the three states. For
example, in California, only a small proportion of the exposed
people were highly vulnerable—albeit this small proportion trans-
lates to a large number—whereas a considerable proportion of the
exposed people in Oregon and Washington were highly vulnerable.
The vulnerability of people exposed to fires across the urban-rural
gradient also differed markedly among states (figs. S7 to S12). For
example, a majority of the people with low vulnerability who were
exposed in California and Washington were urban dwellers,
whereas most of the people with low vulnerability who were
exposed in Oregon were rural residents (fig. S7E). In all three
states, people with high vulnerability who were exposed to fire
lived in both urban and rural areas, but the proportion of
exposed, highly vulnerable people who were rural residents was

greater in Washington than in California or Oregon (fig. S7H).
See sections S4 and S5 and figs. S7 to S12 for more detail.
In all three states, the number of exposed people with high vul-

nerability in the subdimensions of aged 65 or older and disability
increased substantially in the past two decades and constituted a
considerable percentage of the total number of people exposed.
Seniors may be particularly vulnerable to fire hazards due to dimin-
ished sensory abilities, which hamper timely detection of danger,
and cognitive impairments that compromise response to fire
threats (40). For example, 80% of the people killed by the 2018
Camp Fire, the deadliest fire in California’s history, were 65 years
of age or older (41). Furthermore, the material and informational
resources that seniors use and their emergency needs may be differ-
ent from those of younger generations. As population aging in the
United States (39) occurs simultaneously with increases in the area
burned in a warming climate (42), the number of older residents
exposed to fires is likely to rise. In addition, people with disabilities
are highly vulnerable to fire risks during all phases of fires, from
mitigation to evacuation and recovery (32, 43). Thirteen of the
2018 Camp Fire victims, for example, had underlying physical
and mental impairments that impeded their ability to evacuate
(41). Similarly, following evacuations, people with a disability
often face major challenges in finding temporary housing that can
accommodate their needs (44).
The exposure of people with high vulnerability in terms of group

quarters (e.g., nursing homes, prisons, and worker dormitories) and
limited English-speaking skills increased in all three states and ac-
counted for a notable fraction of all exposures. Evacuation of group
quarters requires considerable resources and timely action (34).

Fig. 4. Increasing exposure of socially vulnerable populations to fires. (A to C) Percentage of exposures to fire by social vulnerability classes from 2000–2010 (left) and
2011–2021 (right) in California (left column), Oregon (middle column), and Washington (right column). (D to F) Decadal number of exposed people in four social vul-
nerability classes and each social vulnerability dimension (see fig. S1 for details) by state. Note that y axes’ scales differ among (D) to (F).
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Synchronous severe fire weather and concurrence of major fires in
many regions across the western United States (45, 46), however,
rapidly exhausts resources for fire suppression and emergency re-
sponse. These factors, along with the increasing incidence of fires
that spread rapidly (e.g., the December 2021 Marshall Fire in Col-
orado that burned >1000 homes in one day), will necessitate major
investments to mitigate fire risks for group quarters and to facilitate
systematic evacuations. Furthermore, a majority of fire mitigation
and evacuation resources, including warning systems, are in
English, which limit their accessibility for non-English speaking res-
idents. Spanish-speaking farmworkers exposed to a fire in eastern
Washington in 2014, for example, faced language barriers in receiv-
ing evacuation notices from the authorities (47).
The social vulnerability of fire-exposed people, compared to state

populations as a whole, differed among the three West Coast states.
Exposed Californians had lower vulnerability, whereas exposed
Washingtonians had higher vulnerability than their state popula-
tions. The skew toward higher vulnerability of California’s state
population mainly stems from the high vulnerability of people in
major metropolitan areas such as Los Angeles and San Francisco,
which are not directly exposed to wildfire. Although we did not
address indirect effects of fires, vulnerable communities in

metropolitan areas often are exposed to unhealthy levels of wildfire
smoke (48). Air quality in Seattle and San Francisco was the worst
among cities worldwide during the peak of fire seasons in recent
years (e.g., 2020). Wildfire smoke expands the fire impacts to mil-
lions of people who live hundreds to thousands of kilometers away
from the burned areas. The range of adverse physical and mental
health outcomes of fire is extensive (49–52) and increases pressure
on the health care system (53–55).
Our findings on the increasing vulnerability of populations

exposed to fire have several limitations. First, the gridded popula-
tion data that we used to estimate exposure to fires may have inac-
curacies. However, the population estimates from the U.S. Census
andWorldPop were similar. Second, because the finest resolution of
the SVI data is the census tract, we had to assign the same SVI value
to all residents of a given tract and could not capture within-tract
heterogeneity. Furthermore, there are uncertainties in the SVI
itself, including the type of variables included and their interdepen-
dencies, analysis scale, measurement errors, and data transforma-
tion, normalization, weighting, and aggregation; and whether the
data represent the entire population (e.g., whether undocumented
residents are included and the sample of survey participants in

Fig. 5. Contribution of social vulnerability trends to increasing vulnerability of exposed people. (A to C) Number of exposed people from 2011–2021 in each social
vulnerability class based on the simulated counterfactual scenario of a static overall SVI after 2000 (y axis) and the actual SVI (x axis). (D to F) Social vulnerability (0, low; 1,
high) of the exposed population from 2011–2021 in the simulated counterfactual scenario (purple; right) versus observed conditions (pink; left) with respect to each
dimension of vulnerability in each state.
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noncensus years) (14, 56). Nevertheless, our study offers important
insights about the vulnerability of people exposed to fires.
A majority of fire studies focused on the biological and physical

aspects of this hazard and did not address the population character-
istics that affect the coping capacity of people exposed to fires (5,
13). Our results indicate strong spatial patterns in highly vulnerable
people exposed to fires who may require further assistance (33), in-
cluding both urban and rural residents. Addressing potential social
vulnerabilities requires a holistic approach at levels from individual
to community to local government. For example, previous literature
has shown that affluent urban communities are better positioned to
secure federally funded hazard mitigation grants than less-wealthy
rural communities (57, 58). Furthermore, broader social and eco-
nomic forces contribute to rural poverty and isolation, and the like-
lihood of destructive fires increases with climate change. The
vulnerability of rural communities and more generally socially vul-
nerable populations, therefore, may increase over time by the com-
pounding impacts of fires and deficient adaptation and mitigation
investments. This warrants more equitable hazard mitiga-
tion efforts.
The U.S. federal government is increasingly including aspects of

social vulnerability in administration and design of assistance and
hazard reduction programs. For example, the 2021 Infrastructure
Investment and Jobs Act created a new Community Defense Wild-
fire Grants program to assist communities and Tribes in reducing
wildfire risk. This program gives preference to low-income or un-
derserved communities and waives financial match requirements
for them. However, applications outstripped available funding by
a ratio of 3:1 in the first round of applications (59). Our findings
can contribute to strengthening the efficacy of such programs and
informing their expansion at federal, state, and local levels.
The population of the western United States continues to grow

and age, and fires in the region are becoming larger and more de-
structive. These trends will likely increase the number of people
exposed to fire, especially those who have high vulnerability in
certain dimensions, regardless of overall social vulnerability
trends. Furthermore, short-term and long-term displacement due
to fires is a source of stress for both the displaced and the recipient
populations and can reverberate to the housing market and increase
inequities in home ownership and decrease community sustainabil-
ity (60, 61). Our analysis highlights the need to increase understand-
ing of the social characteristics that affect vulnerability to fire to
inform effective mitigation and adaptation strategies (7, 8). Differ-
ences in the vulnerability of fire-exposed populations among and
within California, Oregon, andWashington suggest a need for com-
munity-level fire mitigation, planning, response, and recovery pro-
grams (33, 62). Particular attention to residents who are older, living
with a disability, living in group quarters, and with limited English-
speaking skills may be warranted, and cultural differences need to
be addressed for effective policy development and response (18, 24).
Our results suggest a need to diversify modes and languages of com-
munication to serve the most vulnerable communities. This empha-
sis contrasts with the traditional hazard paradigm, which prescribes
top-down, engineered solutions that focus mainly on the biological
and physical drivers of hazards rather than the social dimensions of
vulnerability (6).

MATERIALS AND METHODS
We used fire data from the NIFC, which provides information about
individual fires, including perimeters and date, from 2000 to
present (35). These data are different from the fire perimeter data
of the Monitoring Trends in Burn Severity program (63): NIFC in-
cludes perimeters of all reported fires, whereas Monitoring Trends
in Burn Severity program only includes large fires (>400 ha in the
western United States). We used annual gridded population data
from WorldPop, which uses a machine learning model with a
variety of auxiliary variables to disaggregate total reported popula-
tion at the administrative units (e.g., U.S. census blocks) to grids
with 92-m resolution (36). Variables that inform population distri-
bution in WorldPop include roads, land cover, built structures,
cities or urban areas, night-time lights, infrastructure, environmen-
tal data, protected areas, and water bodies (64). WorldPop offers
annual, global, gridded population density data from 2000 to
present. Furthermore, we used the census tract–level SVI from the
CDC (65). The SVI ranks each tract relative to the national propor-
tion of tracts with equal or lower social vulnerability (65). From this
hierarchical model of social vulnerability, we used the overall SVI,
its four dimensions or themes—socioeconomic status, household
composition and disability, minority status and language, and
housing type and transportation—and its 15 subdimensions of vul-
nerability as identified in the 2018 CDC SVI documentation (65).
SVI data are available for 2000, 2010, 2014, 2016, 2018, and 2020.
For each year without a reported SVI, we used the most recent avail-
able data. We used SVI terminology as reflected in the 2018 docu-
mentation (65), which we deemed the most representative of all
years. We analyzed data from the years 2000–2021 because they
were common among our various data sources.
We conducted all analyses at the census tract level and assigned

the same value of the overall SVI and the dimensions and subdi-
mensions of SVI to all people within the tract. We overlaid fire pe-
rimeters and the population layer on the census tract perimeters for
each year and estimated the total number of people in each tract who
lived within the fire perimeters and their SVI.We repeated this anal-
ysis for all people in each census tract regardless of exposure. Al-
though the latter information is available from the census, we
usedWorldPop-derived population in all reported analyses for con-
sistency. WorldPop and census tract populations closely matched.
We then used exposure, population size, and associated SVI to es-
timate distributions of SVI for exposed and unexposed populations.
To plot distributions in Fig. 3, we used Gaussian kernel smoothing.
For average and trend analyses at the grid cell level (92-m resolu-
tion) from 2000–2021, we adopted a mesh grid similar to that of
WorldPop, assigned SVI in each census tract in each year to all
grid cells encapsulated in the census tract perimeters, and subse-
quently calculated all statistics. When reporting county and state ex-
posure and general population statistics, we aggregated census tracts
encapsulated in each administrative unit. We summarized the SVI
data in four classes (quartile level) and estimated exposure and
general population statistics for each social vulnerability class.
We used Mood’s median test (66) to assess whether the median

of the two distributions was significantly different (e.g., SVI distri-
butions of exposed people in the former and latter decades in each
state and SVI distributions for exposed and state populations cumu-
latively in the past two decades; note the difference between popu-
lation as it relates to humans in the manuscript and its statistical
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definition). We used a Bartlett test (66) to assess whether the vari-
ance of two distributions was significantly different and a Mann-
Whitney U test (66) to assess whether the two distributions were
similar. We set the significance level for all tests at the 5% (95% con-
fidence level) and reported P values for all tests.

Supplementary Materials
This PDF file includes:
Sections S1 to S5
Figs. S1 to S13
Tables S1 to S8
Legends for data S1 to S11

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S11

REFERENCES AND NOTES
1. V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen,

L. Goldfarb, M. I. Gomis, “Climate Change 2021: The physical science basis,” in Working
Group I Contribution to the Sixth Assessment Report on 6 August 2021, vol. 2.

2. H.-O. Pörtner, Climate Change 2022: Impacts, Adaptation and Vulnerability: Working Group II
Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change (Cambridge Univ. Press, 2022).

3. U. S. G. C. R. Program, in Impacts, Risks, and Adaptation in the United States Report-in Brief:
Fourth National Climate Assessment (U.S. Global Change Research Program, 2018), vol.
2, p. 186.

4. H.-M. Fussel, R. J. T. Klein, Climate change vulnerability assessments: An evolution of
conceptual thinking. Clim. Change 75, 301–329 (2006).

5. M. R. Alizadeh, J. T. Abatzoglou, C. H. Luce, J. F. Adamowski, A. Farid, M. Sadegh, Warming
enabled upslope advance in western US forest fires. Proc. Natl. Acad. Sci. U.S.A. 118,
e2009717118 (2021).

6. D. S. K. Thomas, B. D. Phillips, A. Fothergill, L. Blinn-Pike, Social Vulnerability to Disasters (CRC
Press, 2009).

7. S. L. Cutter, The vulnerability of science and the science of vulnerability. Ann. Assoc. Am.
Geogr. 93, 1–12 (2003).

8. H. Eakin, A. L. Luers, Assessing the vulnerability of social-environmental systems. Annu. Rev.
Env. Resour. 31, 365–394 (2006).

9. D. Mileti, Disasters by Design: A Reassessment of Natural Hazards in the United States (Joseph
Henry Press, 1999).

10. P. E. Dennison, S. C. Brewer, J. D. Arnold, M. A. Moritz, Large wildfire trends in the western
United States, 1984–2011. Geophys. Res. Lett. 41, 2928–2933 (2014).

11. M. R. Alizadeh, J. T. Abatzoglou, J. F. Adamowski, J. P. Prestemon, B. Chittoori, A. Akbari
Asanjan, M. Sadegh, Increasing heat-stress inequality in a warming climate. Future 10,
e2021EF002488 (2022).

12. P. E. Higuera, M. C. Cook, J. K. Balch, E. N. Stavros, A. L. Mahood, L. A. St. Denis, Shifting
social-ecological fire regimes explain increasing structure loss fromWestern wildfires. PNAS
Nexus 2, pgad005 (2023).

13. A. M. Rad, J. Abatzoglou, J. Kreitler, M. R. Alizadeh, A. AghaKouchak, N. Hudyma, N. Nauslar,
M. Sadegh, Human and infrastructure exposure to large wildfires in the United States. Nat.
Sustain. 10.1038/s41893-023-01163-z, (2023).

14. T. Cannon, J. Twigg, J. Rowell, Social vulnerability, sustainable livelihoods and disasters, in
Report to DFID Conflict Humanitarian Assistance Department CHAD Sustainable Livelihoods
Support Office (Benfield Hazard Research Centre, 2004), vol. 93.

15. S. L. Cutter, C. T. Emrich, J. J. Webb, D. Morath, Social vulnerability to climate variability
hazards: A review of the literature. Final Rep. to Oxfam Am. 5, 1–44 (2009).

16. S. M. D’Evelyn, J. Jung, E. Alvarado, J. Baumgartner, P. Caligiuri, R. K. Hagmann,
S. B. Henderson, P. F. Hessburg, S. Hopkins, E. J. Kasner, Wildfire, smoke exposure, human
health, and environmental justice need to be integrated into forest restoration and man-
agement. Curr. Environ. Heal. reports. 9, 366–385 (2022).

17. A. S. Thomas, F. J. Escobedo, M. R. Sloggy, J. J. Sánchez, A burning issue: Reviewing the
socio-demographic and environmental justice aspects of the wildfire literature. PLOS ONE
17, e0271019 (2022).

18. M. R. Coughlan, A. Ellison, A. H. Cavanaugh, “Social vulnerability and wildfire in the wild-
land-urban interface: Literature synthesis (Ecosystem Workforce ProgramWorking Paper #
96, 2019).

19. N. Lambrou, C. Kolden, A. Loukaitou-Sideris, E. Anjum, C. Acey, Social drivers of vulnera-
bility to wildfire disasters: A review of the literature. Landsc. Urban Plan. 237,
104797 (2023).

20. L. M. Andersen, M. M. Sugg, Geographic multi-criteria evaluation and validation: A case
study of wildfire vulnerability in Western North Carolina, USA following the 2016 wildfires.
Int. J. Disaster Risk Reduct. 39, 101123 (2019).

21. C. J. Gaither, N. C. Poudyal, S. Goodrick, J. M. Bowker, S. Malone, J. Gan, Wildland fire risk
and social vulnerability in the Southeastern United States: An exploratory spatial data
analysis approach. For. Policy Econ. 13, 24–36 (2011).

22. W. N. Adger, P. M. Kelly, Social vulnerability to climate change and the architecture of
entitlements. Mitig. Adapt. Strat. Glob. Chang. 4, 253–266 (1999).

23. G. Wigtil, R. B. Hammer, J. D. Kline, M. H. Mockrin, S. I. Stewart, D. Roper, V. C. Radeloff,
Places where wildfire potential and social vulnerability coincide in the coterminous United
States. Int. J. Wildl. Fire. 25, 896–908 (2016).

24. I. P. Davies, R. D. Haugo, J. C. Robertson, P. S. Levin, The unequal vulnerability of com-
munities of color to wildfire. PLOS ONE 13, e0205825 (2018).

25. M. Hino, C. B. Field, Fire frequency and vulnerability in California. PLOS Clim. 2,
e0000087 (2023).

26. S. Masri, E. Scaduto, Y. Jin, J. Wu, Disproportionate impacts of wildfires among elderly and
low-income communities in California from 2000–2020. Int. J. Environ. Res. Public Health
18, 3921 (2021).

27. M.-L. Chas-Amil, E. Nogueira-Moure, J. P. Prestemon, J. Touza, Spatial patterns of social
vulnerability in relation to wildfire risk and wildland-urban interface presence. Landsc.
Urban Plan. 228, 104577 (2022).

28. A. N. Nunes, L. Lourenço, Spatial association between forest fires incidence and socioe-
conomic vulnerability in Portugal, at municipal level, in Integrating Disaster Science and
Management (Elsevier, 2018), pp. 83–97.

29. S. Akter, R. Q. Grafton, Do fires discriminate? Socio-economic disadvantage, wildfire hazard
exposure and the Australian 2019–20 ‘Black Summer’ fires. Clim. Change 165, 53 (2021).

30. N. C. Poudyal, C. Johnson-Gaither, S. Goodrick, J. M. Bowker, J. Gan, Locating spatial var-
iation in the association between wildland fire risk and social vulnerability across six
southern states. Environ. Manag. 49, 623–635 (2012).

31. E. Tate, M. A. Rahman, C. T. Emrich, C. C. Sampson, Flood exposure and social vulnerability
in the United States. Nat. Hazards 106, 435–457 (2021).

32. B. E. Flanagan, E. J. Hallisey, E. Adams, A. Lavery, Measuring community vulnerability to
natural and anthropogenic hazards: The Centers for Disease Control and Prevention’s
social vulnerability index. J. Environ. Health 80, 34–36 (2018).

33. S. L. Cutter, K. D. Ash, C. T. Emrich, The geographies of community disaster resilience. Glob.
Environ. Chang. 29, 65–77 (2014).

34. B. E. Flanagan, E. W. Gregory, E. J. Hallisey, J. L. Heitgerd, B. Lewis, A social vulnerability
index for disaster management. J. Homel. Secur. Emerg. Manag. 8, 10.2202/1547-
7355.1792, (2011).

35. National Interagency Fire Center (NIFC), “Wildland fire perimeters full history” (2023);
https://data-nifc.opendata.arcgis.com/datasets/nifc::interagencyfireperimeterhistory-all-
years-view/explore).

36. A. Sorichetta, G. M. Hornby, F. R. Stevens, A. E. Gaughan, C. Linard, A. J. Tatem, High-res-
olution gridded population datasets for Latin America and the Caribbean in 2010, 2015,
and 2020. Sci. Data. 2, 1–12 (2015).

37. S. Rufat, E. Tate, C. G. Burton, A. S. Maroof, Social vulnerability to floods: Review of case
studies and implications for measurement. Int. J. Disaster Risk Reduct. 14, 470–486 (2015).

38. S. L. Cutter, C. Finch, Temporal and spatial changes in social vulnerability to natural
hazards. Proc. Natl. Acad. Sci. U.S.A. 105, 2301–2306 (2008).

39. A. L. Abeliansky, D. Erel, H. Strulik, Social vulnerability and aging of elderly people in the
United States. SSM-Population Heal. 16, 100924 (2021).

40. D. A. Robertson, G. M. Savva, R. A. Kenny, Frailty and cognitive impairment—A review of
the evidence and causal mechanisms. Ageing Res. Rev. 12, 840–851 (2013).

41. H. Miller,“These are the victims of the camp fire” (2020) (26 February 2023); www.kcra.com/
article/these-are-the-victims-of-camp-fire/32885128.

42. M. S. Khorshidi, P. E. Dennison, M. R. Nikoo, A. AghaKouchak, C. H. Luce, M. Sadegh, In-
creasing concurrence of wildfire drivers tripled megafire critical danger days in Southern
California between1982 and 2018. Environ. Res. Lett. 15, 104002 (2020).

43. D. B. McWethy, T. Schoennagel, P. E. Higuera, M. Krawchuk, B. J. Harvey, E. C. Metcalf,
C. Schultz, C. Miller, A. L. Metcalf, B. Buma, Rethinking resilience to wildfire. Nat. Sustain. 2,
797–804 (2019).

44. S. Grajdura, D. Niemeier, “Inequities & injustices in large-scale California wildfire evacua-
tions & post-evacuations” (Available SSRN 4022006).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Modaresi Rad et al., Sci. Adv. 9, eadh4615 (2023) 20 September 2023 9 of 10

D
ow

nloaded from
 https://w

w
w

.science.org on O
ctober 20, 2023

https://data-nifc.opendata.arcgis.com/datasets/nifc::interagencyfireperimeterhistory-all-years-view/explore
https://data-nifc.opendata.arcgis.com/datasets/nifc::interagencyfireperimeterhistory-all-years-view/explore
http://www.kcra.com/article/these-are-the-victims-of-camp-fire/32885128
http://www.kcra.com/article/these-are-the-victims-of-camp-fire/32885128


45. J. T. Abatzoglou, C. S. Juang, A. P. Williams, C. A. Kolden, A. L. Westerling, Increasing syn-
chronous fire danger in forests of the western United States. Geophys. Res. Lett. 48,
e2020GL091377 (2021).

46. M. R. Alizadeh, J. T. Abatzoglou, J. Adamowski, A. Modaresi Rad, A. AghaKouchak,
F. S. R. Pausata, M. Sadegh, Elevation-dependent intensification of fire danger in the
western United States. Nat. Commun. 14, 1773 (2023).

47. M. Méndez, G. Flores-Haro, L. Zucker, The (in) visible victims of disaster: Understanding the
vulnerability of undocumented Latino/a and indigenous immigrants. Geoforum 116,
50–62 (2020).

48. A. G. Rappold, J. Reyes, G. Pouliot, W. E. Cascio, D. Diaz-Sanchez, Community vulnerability
to health impacts of wildland fire smoke exposure. Environ. Sci. Technol. 51,
6674–6682 (2017).

49. C. E. Reid, M. Brauer, F. H. Johnston, M. Jerrett, J. R. Balmes, C. T. Elliott, Critical review of
health impacts of wildfire smoke exposure. Environ. Health Perspect. 124,
1334–1343 (2016).

50. Z. S. Wettstein, S. Hoshiko, J. Fahimi, R. J. Harrison, W. E. Cascio, A. G. Rappold, Cardio-
vascular and cerebrovascular emergency department visits associated with wildfire smoke
exposure in California in 2015. J. Am. Heart Assoc. 7, e007492 (2018).

51. S. E. Cleland, L. H. Wyatt, L. Wei, N. Paul, M. L. Serre, J. J. West, S. B. Henderson, A. G. Rappold,
Short-term exposure to wildfire smoke and PM2.5 and cognitive performance in a brain-
training game: A longitudinal study of U.S. adults. Environ. Health Perspect. 130,
067005 (2022).

52. S. H. Doerr, C. Santín, Global trends in wildfire and its impacts: Perceptions versus realities
in a changing world. Philos. Trans. R. Soc. B Biol. Sci. 371, 20150345 (2016).

53. R. J. Delfino, S. Brummel, J. Wu, H. Stern, B. Ostro, M. Lipsett, A. Winer, D. H. Street, L. Zhang,
T. Tjoa, The relationship of respiratory and cardiovascular hospital admissions to the
southern California wildfires of 2003. Occup. Environ. Med. 66, 189–197 (2009).

54. P. B. Dohrenwend, M. V. Le, J. A. Bush, C. F. Thomas, The impact on emergency department
visits for respiratory illness during the Southern Californiawildfires.West. J. Emerg. Med. 14,
79–84 (2013).

55. N. J. Walker, H. C. Van Woerden, V. Kiparoglou, Y. Yang, Identifying seasonal and temporal
trends in the pressures experienced by hospitals related to unscheduled care. BMC Health
Serv. Res. 16, 1–10 (2016).

56. E. Tate, Uncertainty analysis for a social vulnerability index. Ann. Assoc. Am. Geogr. 103,
526–543 (2013).

57. K. Seong, C. Losey, D. Gu, Naturally resilient to natural hazards? Urban–rural disparities in
hazard mitigation grant program assistance. Hous. Policy Debate 32, 190–210 (2022).

58. R. Ojerio, C. Moseley, K. Lynn, N. Bania, Limited involvement of socially vulnerable pop-
ulations in federal programs to mitigate wildfire risk in Arizona. Nat. Hazards Rev. 12,
28–36 (2011).

59. K. Pohl, B. Simpkins, T. Melchert, J. Menakis, “Community wildfire defense grants com-
munity wildfire defense grants: Insights from round 1 of funding” (2023); https://
headwaterseconomics.org/natural-hazards/cwdg-first-round/.

60. A. Cash, K. Chapple, N. Depsky, R. R. Elias, M. Krnjaic, S. Manji, H. Montano, “Climate change
and displacement in the U.S.—A review of the literature,” in UC Berkeley Center for Com-
munity Innovation (2020); www.sparcchub.org/wp-content/uploads/2020/04/Climate-
and-Displacement-Lit-Review-6.19.2020.pdf.

61. S. Jia, S. H. Kim, S. V. Nghiem, P. Doherty, M. C. Kafatos, Patterns of population displacement
during mega-fires in California detected using Facebook disaster maps. Environ. Res. Lett.
15, 074029 (2020).

62. S. L. Cutter, Resilience to what? Resilience for whom? Geogr. J. 182, 110–113 (2016).
63. J. Eidenshink, B. Schwind, K. Brewer, Z.-L. Zhu, B. Quayle, S. Howard, A project for moni-

toring trends in burn severity. Fire Ecol. 3, 3–21 (2007).
64. S. Leyk, A. E. Gaughan, S. B. Adamo, A. de Sherbinin, D. Balk, S. Freire, A. Rose, F. R. Stevens,

B. Blankespoor, C. Frye, The spatial allocation of population: Areview of large-scale gridded
population data products and their fitness for use. Earth Syst. Sci. Data. 11,
1385–1409 (2019).

65. A. and S. P. Centers for Disease Control and Prevention/Agency for Toxic Substances and
Disease Registry/Geospatial Research, “CDC/ATSDR social vulnerability index 2022 data-
base US”; https://www.atsdr.cdc.gov/placeandhealth/svi/data_documentation_
download.html).

66. R. R. Wilcox, Introduction to Robust Estimation and Hypothesis Testing (Academic
Press, 2012).

Acknowledgments: We appreciate the comments of R. L. Winkler (Michigan Technological
University) which helped improve the quality of this paper. Any use of trade, firm, or product
names is for descriptive purposes only and does not imply endorsement by the U.S.
government. Funding: This study was supported by the Joint Fire Science Program (U.S.
Department of the Interior/Bureau of Land Management) grant numbers L21AC10247 and
L21AC10244. Author contributions: Conceptualization: M.S., J.T.A., and A.M.R. Methodology:
A.M.R., M.S., J.T.A., E.F., M.H.M., V.C.R., and Y.P. Investigation: A.M.R., M.S., and Y.P. Visualization:
A.M.R., M.S., Y.P., V.C.R., and J.T.A. Supervision: M.S. Writing—original draft: M.S., J.T.A., A.M.R.,
E.F., M.H.M., V.C.R., M.C., J.M.J., P.H., N.J.N., and Y.P. Writing—review and editing: M.S., J.T.A., E.F.,
M.H.M., P.H., and Y.P. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials. All source data are
available through fire perimeters: https://data-nifc.opendata.arcgis.com/datasets/nifc::
interagencyfireperimeterhistory-all-years-view/explore; WorldPop: www.worldpop.org/; SVI:
www.atsdr.cdc.gov/placeandhealth/svi/data_documentation_download.html. All data used in
figures and tables are available through data S1 to S11.

Submitted 17 March 2023
Accepted 8 August 2023
Published 20 September 2023
10.1126/sciadv.adh4615

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Modaresi Rad et al., Sci. Adv. 9, eadh4615 (2023) 20 September 2023 10 of 10

D
ow

nloaded from
 https://w

w
w

.science.org on O
ctober 20, 2023

https://headwaterseconomics.org/natural-hazards/cwdg-first-round/
https://headwaterseconomics.org/natural-hazards/cwdg-first-round/
https://www.sparcchub.org/wp-content/uploads/2020/04/Climate-and-Displacement-Lit-Review-6.19.2020.pdf
https://www.sparcchub.org/wp-content/uploads/2020/04/Climate-and-Displacement-Lit-Review-6.19.2020.pdf
https://www.atsdr.cdc.gov/placeandhealth/svi/data_documentation_download.html
https://www.atsdr.cdc.gov/placeandhealth/svi/data_documentation_download.html
https://data-nifc.opendata.arcgis.com/datasets/nifc::interagencyfireperimeterhistory-all-years-view/explore
https://data-nifc.opendata.arcgis.com/datasets/nifc::interagencyfireperimeterhistory-all-years-view/explore
http://www.worldpop.org/
http://www.atsdr.cdc.gov/placeandhealth/svi/data_documentation_download.html


Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS. 

Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

Social vulnerability of the people exposed to wildfires in U.S. West Coast states
Arash Modaresi Rad, John T. Abatzoglou, Erica Fleishman, Miranda H. Mockrin, Volker C. Radeloff, Yavar Pourmohamad,
Megan Cattau, J. Michael Johnson, Philip Higuera, Nicholas J. Nauslar, and Mojtaba Sadegh

Sci. Adv. 9 (38), eadh4615.  DOI: 10.1126/sciadv.adh4615

View the article online
https://www.science.org/doi/10.1126/sciadv.adh4615
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org on O
ctober 20, 2023

https://www.science.org/content/page/terms-service

	INTRODUCTION
	RESULTS
	Co-occurrence of social vulnerability and fire exposure
	Inequality of fire exposure
	Increasing burned area and population exposure to fires
	Increasing exposure of socially vulnerable populations
	Dimensions of vulnerability
	Subdimensions of vulnerability
	Contribution of increasing social vulnerability to increased fire exposure of vulnerable people

	DISCUSSION
	MATERIALS AND METHODS
	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

