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As heatwaves increase in intensity, frequency, and duration, there is an urgent need for adaptation to limit
their adverse effects on health, well-being, and livelihoods. Heat exposure and adaptive responses during
heatwaves are tightly linked to mobility behaviours — the subject of a rapidly growing body of literature.
However, knowledge of the processes which shape and constrain opportunities to seek cooling remains limited,
as academic research has yet to examine how people alter the various activities of everyday life in response
to heatwaves. Addressing this gap, the current paper models these interdependent activity changes simul-
taneously, shedding light on behavioural adaptations during heatwaves and the underlying structures which
condition them. Combining Google Community Mobility Reports, ERA5 climate re-analysis, and socio-economic
data across the Pacific Northwest region of North America, the analysis uses a multi-variate multi-level model to
examine how anchor (home, work, transit), essential (grocery/pharmacy), and discretionary (retail/recreation,
parks) activity change together during summer heatwaves. Focusing on a climatically diverse region and
modelling heatwaves as distinct multi-day events, these interdependent responses are explored with the
climatic, temporal, and contextual features of heatwaves. Four main conclusions about behavioural adaptation
to heatwaves are drawn: (1) A region’s typical climate impacts workplace rigidity and adaptations to non-work
activities during heatwaves; (2) Absolute and relative intensities have distinct yet comparably large impacts on
behavioural responses; (3) Adaptation evolves over time, both between and within heatwaves; (4) Urban form
and socio-economic disparities influence activity trade-offs during heatwaves. By contextualizing heatwaves
within people’s everyday lives, this study highlights the diverse, dynamic, and yet constrained processes by
which adaptation occurs.

1. Introduction

invaluable for retroactively studying behavioural responses to disas-
ters (Hatchett et al.,, 2021). They can also be linked with places-of-

Heatwaves prey on existing social and material inequalities, which
largely distinguish the ‘cool’ from the ‘damned’ (Puley, 2022; Goodell,
2023). These inequalities manifest in people’s mobility behaviours
during heatwaves — a complex, understudied process which shapes ex-
posure to extreme heat. As extreme heat is estimated to cause 489,000
excess deaths globally every year (Zhao et al., 2021) and as heatwaves
increase in intensity, frequency, and duration with human-induced
climate change (Perkins-Kirkpatrick and Lewis, 2020), literature on
extreme heat mobilities has been rapidly growing (Derakhshan et al.,
2023; Stechemesser and Wenz, 2023; Ly et al., 2023; Gu et al., 2024;
Tian et al., 2024; Zou et al., 2023; Fan et al., 2023; Kumakura et al.,
2024; Linsenmeier, 2024). Many of these analyses leverage large-scale
mobility data, such as those generated by cell-phones, which passively
collect geo-referenced data over sustained periods of time through
the devices people carry with them. These data sources have proven

interest (POIs) to infer people’s participation in day-to-day activities
and how they are adapted during extreme weather events. Existing
research has yet to examine how people alter the various activities of
everyday life in response to heatwaves, which is critical to understand-
ing the constrained processes by which people adapt while navigating
daily life and its obligations (Oppermann et al., 2018; Teebken et al.,
2023).

To address this gap, the present study examines the various activity
changes that occur during heatwaves and that shape and constrain
opportunities to seek cool environments in space and time. Grounded
in concepts from time-geography (Hagerstrand, 1970; Ellegard, 2018),
an activity participation framework is employed which considers the
diverse roles of different activities and their competing nature given
the limited time in a day. Specifically, the analysis uses cell-phone
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mobility data to simultaneously model how people’s everyday activities
(home, work, transit, grocery/pharmacy, retail/recreation, parks) are
altered together during summer heatwaves across the Pacific North-
west region of North America (British Columbia, Washington, Oregon,
California). These interdependent relationships are explored with the
climatic, temporal, and contextual factors of heatwaves over a large
and climatically diverse geographic area. By contextualizing heatwaves
alongside the constraints of everyday life, this study highlights the
diversity of adaptive responses to heatwaves, as well as the structures
of everyday life which condition them.

The Pacific Northwest region has suffered from unprecedented heat-
waves in recent years, such as the infamous 2021 heatwave which
killed over 800 people in a single week (White et al., 2023; Heeter et al.,
2023). In addition to high exposure, the region’s vulnerability is shaped
by diverse climatic and social factors which influence its residents’
sensitivity and adaptive capacity to heatwaves (Adger, 2006). The
Pacific Northwest has wide climatic variation, broadly getting hotter
and drier southward towards California (Dye et al., 2020) and eastward
from the coast to inland regions (Mass, 2021). These diverse climates
influence the prevalence of air conditioning — as cooler regions had
historically less need — while also impacting people’s physiological
acclimatization to heat (Arnold et al., 2022). These variations are
evident across provinces/states, as BC has the lowest air conditioning
ownership of all provinces in Canada (32%), while Washington (53%),
Oregon (76%), and California (72%) are all in the bottom U.S. 10 states
but exhibit varying degrees of ownership (Quick and Tjepkema, 2023;
U.S. Energy Information Administration, 2020). In addition to these
climatic differences across regions, there are a range of socio-economic
features within each state/province which shape its vulnerability. For
example, each province/state contains large metropolitan regions and
dense urban areas which are subject to urban heat island effects, and
has stark inequalities in people’s capacity to adapt to extreme heat that
are partially structured along lines of income, race and age (Kearl and
Vogel, 2023; White et al., 2023; Henderson et al., 2022). By analysing
the Pacific Northwest, this study aims to explore how these diverse
climatic and social factors shape how people adapt their everyday lives
to heatwaves.

The study period covers three summers after the start of the COVID-
19 pandemic (2020, 2021, 2022), including periods both during and
after the restrictive mobility policies implemented by governments to
limit the spread of disease. Ly et al. (2023), who focus on extreme heat
in the San Francisco Bay Area from 2020 to 2021, find that even during
stringent stay-at-home measures, extreme heat led to a range of mobil-
ity behaviour changes. The current paper accounts for the influence
of varying COVID-19 restrictions, which differ across jurisdictions and
years (Ding et al., 2020; Bollyky et al., 2023), through a matched-pair
algorithm that aims to isolate heat-related activity differences in each
county. In addition, year-level fixed effects are included that account
for annual differences in how people responded given the changing
environmental and policy factors.

The remainder of this section first introduces heatwaves as so-
cial disasters and discusses the role of cooling centres as places of
refuge. Next, it summarizes existing efforts to characterize heatwave
adaptation using large-scale mobility data. Then, the time-geographic
approach is explained along with its relevance to heatwave adaptation,
highlighting the importance of considering heatwave adaptation as the
result of an activity scheduling process. Finally, the analytical frame-
work of this study is presented, which operationalizes time-geographic
concepts to study heatwave adaptation alongside the constraints of
daily life.

1.1. Heatwaves and protective behaviours
Extreme heat manifests as a disaster during a ‘heatwave’, com-

monly defined as consecutive days of extreme temperatures that surpass
regional norms (Perkins and Alexander, 2013). These events have
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been found to disproportionately harm marginalized groups such as
low-income individuals, Hispanic and Black populations, and the el-
derly (Osberghaus and Abeling, 2022; Lin et al., 2009; Hoffman et al.,
2020; Hsu et al., 2021; Arnold et al., 2022; Gronlund, 2014). Despite
their high mortality rates, heatwave deaths are largely preventable,
the most protective factor being working air conditioning in the home,
followed by spending time in a cool space outside the home (Bouchama
et al,, 2007; Semenza et al., 1996; Kovats and Hajat, 2008; Ostro
et al.,, 2010; Jay et al., 2021). Simply increasing household air con-
ditioning is a response with numerous issues, including affordability
and its high energy usage, which creates a negative feedback loop
as it contributes to the climatic change which further increases the
speed of air conditioning adoption (Lundgren-Kownacki et al., 2018).
As aresult, understanding opportunities and challenges for seeking cool
environments is a pressing topic to improve resilience to heatwaves,
and the form of adaptation focused on in this study.

While the effects of heatwaves on human health are impacted by
immediate climatic conditions, they are mediated through the geo-
graphic and socio-economic context of a region and its residents. The
general availability of residential air conditioning in a city is dependent
on a region’s typical climate (Joe et al., 2016). This leaves typically
temperate regions such as the Pacific Northwest, especially its more
northern areas, highly vulnerable relative to hotter areas of North
America with greater air conditioning prevalence. Socio-economic in-
equalities also impact heat vulnerability, as lower-income, Hispanic,
and Black individuals face greater occupational heat exposure while
having lower air-conditioning ownership rates at home or forgoing its
use due to the cost of electricity (Hesketh et al., 2020; Harlan et al.,
2006; Hayden et al.,, 2017; Rosenthal et al., 2014; Guardaro et al.,
2022; O’Neill, 2005; Romitti et al., 2022). This compounds the risks
faced by these marginalized groups, who disproportionately live in hot,
dense urban areas subject to urban heat island effects (Hsu et al., 2021;
Hoffman et al., 2020). Elderly populations are also highly at-risk during
heatwaves, facing greater chronic disease burdens and having reduced
abilities to thermoregulate, while also lacking critical networks of social
support during disasters (Klinenberg, 1997; Kafeety et al., 2020).

When individuals are unable to cool within the home during heat-
waves, they are recommended to seek refuge to cool locations outside
the home. These include ‘informal’ cooling facilities, such as indoor
retail and recreation spaces, parks, and swimming pools with regular
schedules and resources (Palecki and Kunkel, 2001; Widernyski et al.,
2017). Governments also prepare ‘formal’ cooling centres in commu-
nity centres, libraries, or new infrastructure to provide air-conditioned
environments (Bedi et al., 2022; Widernyski et al., 2017). Social and
psychological factors shape the usage of cooling facilities, including
a lack of perceived risk among vulnerable populations, a stigmati-
zation of government cooling locations, and inadequate behavioural
adjustments during early heatwaves (Sampson et al., 2013; Wolf et al.,
2010; Anderson and Bell, 2011). An important barrier to the use of
cooling facilities, whether formal of informal, is people’s ability to
reach them (Bradford et al., 2015; Aminipouri et al., 2016; Quick et al.,
2022; Li et al., 2024; Eisenman et al., 2016; Fraser et al., 2017). This
issue of accessibility is heightened for those most urgently in need,
including older individuals who are less mobile and may lack social
support, as well as lower-income individuals who cannot afford to seek
cooling given monetary or work constraints (Bedi et al., 2022).

1.2. Heatwave mobility analyses

As people’s behavioural adaptations — such as spending more time
at home or visiting cooling centres — are associated with changes in
mobility, a rapidly growing body of literature is analysing high volume
mobility data to understand how people adapt to heatwaves. The first
branch of literature has analysed changes in overall activity levels as
a function of heat, while the second has quantified adaptation-specific
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mobilities to potential cooling locations, analysing how their usage
changes during heatwaves.

In the activity level analyses, data sources range from subway
turnstile data in New York City (Stechemesser and Wenz, 2023) to cell-
phone mobility data in Los Angeles County, Houston, Tokyo, across
China, and globally (Ly et al.,, 2023; Gu et al., 2024; Tian et al.,
2024; Kumakura et al., 2024; Zou et al.,, 2023; Fan et al., 2023;
Linsenmeier, 2024). While all studies focus on activity levels during
periods of extreme heat, they use varied approaches and explore di-
verse questions. Gu et al. (2024) distinguish flows between neighbour-
hoods, finding reductions in short-distance travel during heatwaves and
unchanging long-distance travel. Other examples include Tian et al.
(2024), Fan et al. (2023), and Kumakura et al. (2024), who explore
changes in activity timing within a day, and Linsenmeier (2024) who
examines how a region’s mean climate influences its relationship be-
tween temperature and park activity at a global scale. Overall, these
studies find a range of changes to activity levels during periods of
extreme heat, which are influenced by various climatic, land-use, and
socio-economic factors.

In an adaptation-specific mobility study, Derakhshan et al. (2023)
use cell-phone mobility data to compare spatial patterns of smart-
phone locations between heat and control days during the summer of
2017 in Los Angeles County. They observe that 90% of visits to pre-
defined cooling resources were to informal locations (e.g. shopping
centres), greater usage among individuals from lower-income and older
neighbourhoods, longer use of cooling centres (1.1-1.7 times longer)
during heatwave days, and a positive relationship between visitation
and proximity to the nearest transit stop. This research sheds light on
adaptive mobilities during heatwaves as they unfold in space and time,
how urban form shapes them, and how they intersect with vulnerable
population characteristics.

1.3. Heatwave adaptation conditioned by everyday life

The section below will begin by introducing the process of ac-
tivity scheduling — grounded in concepts from travel behaviour and
time-geography literature — as an approach to understand how adap-
tive responses during heatwaves are conditioned by everyday life.
Subsequently, the analytical framework of this study will be intro-
duced, exploring the interdependence of activities across the climatic,
temporal, and contextual features of heatwaves.

1.3.1. Activity schedules and space-time constraints

The sequence of activities and trips individuals participate in on
a given day, known as the daily activity pattern, is the result of a
complex process of activity scheduling. This process, which ultimately
shapes the structure of everyday life, can be understood through Héager-
strand’s (1970) time-geographic framework. The basic conditions of
this framework include, but are not limited to, the premises that people
are indivisible and time is limited. As a result, the activities and trips
individuals can undertake in a given day are in competition with
each other and subject to various constraints in space and time. These
constraints can be categorized as capability, coupling, and authority
constraints. Capability constraints are physiological, instrumental, or
cognitive in nature, including the need for food and sleep, being able
to travel with the means at one’s disposal, and having knowledge of
one’s environment. Coupling constraints reflect that some activities
require co-occurrence with other people and/or materials, determining
whether and when individuals must visit the workplace, for exam-
ple. Authority constraints are institutional, such as laws, rules, and
norms which determine times that certain activities can and cannot be
performed.

Different types of activities are associated with different sets of
constraints, though their exact nature and stringency will differ from
individual to individual (interpersonally) and between situations for a
particular individual (intrapersonally) (Schwanen et al., 2008b; Shen
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et al., 2015; Zhang et al., 2024). Using an example of paid work activi-
ties, individuals able to work remotely face lower coupling constraints
to the workplace compared to those who must work in-person. This
point emphasizes that although traditional links between activities and
constraints have weakened with the rise of digital technologies (Coucle-
lis, 2009; Schwanen et al., 2008a), many still remain. Intrapersonally,
paid work constraints may shift due to a variety of situations, including
ordinary circumstances such as paid leave during an illness, or during
extreme circumstances such as an unforeseen heatwave, as some work-
places close or opening hours are reduced or shifted (Tetzlaff et al.,
2023).

In everyday life, the scheduling and rescheduling of some activ-
ity types tends to be easier or less costly than for others. This cre-
ates a scheduling hierarchy, with some activities more flexible than
others based on individuals’ commitment and their space and time
fixity (Cullen and Godson, 1975). Much literature assumes that paid
work is at, or close to, the top of that hierarchy (Hagerstrand, 1970;
Cullen and Godson, 1975; Kwan, 1999; Schwanen et al., 2008b). Also
considered high in the hierarchy are certain activities at home, for
sleep, personal care and caring for others. Transit usage, often neces-
sary to conduct trips for those without vehicles in auto-centric soci-
eties, is similarly important in this scheduling hierarchy. These three
activities (home, work, transit), defined here as ‘anchor’ activities,
represent rigid points in space and time which individuals arrange
other, more flexible activities around (Cullen and Godson, 1975; Kwan,
2013). The next rung in the hierarchy are ‘essential’ activities, such as
grocery and pharmacy visits, which are necessary for household main-
tenance (Wen and Koppelman, 2000), but more flexible in the daily
and weekly schedules of individuals. Finally, ‘discretionary’ activities
such as retail, recreation, and park activity are the most flexible and
the last to be scheduled, despite taking on important cooling roles
during heatwaves (Widernyski et al., 2017; Derakhshan et al., 2023;
Barnett-Itzhaki et al., 2023; Kabisch et al., 2021).

1.3.2. Heatwave adaptation through an activity participation lens

As heatwaves occur alongside everyday life, people’s participation
in cooling activities is contingent on the activity scheduling process,
competing with other activities of varying flexibility and constrained
in space and time. As a result, adaptive responses may not always
be possible — seeking cooling may place incompatible claims on the
limited time and mobility resources of an individual who must jug-
gle employment and/or domestic responsibilities, for example (Kwan,
1999; Schwanen, 2006). Formal disaster guidance is often ignored,
augmented, or adapted to suit people’s own needs and priorities (Steele
et al.,, 2023). This means that a more complete understanding of
cooling access requires uncovering which activities continue, which
can be replaced, and how they constrain each other during heatwaves.
Evidence for these substitutive mechanisms exists from an analysis of
time use survey data from 2003-2006, which found changes in time
allocation to indoor leisure, outdoor leisure, and labour as a function
of high temperatures (Graff Zivin and Neidell, 2014).

Considering different activities’ flexibility, leaving the home to en-
gage in anchor activities, such as work, has different implications for
heat vulnerability than going to a park or retail centre for refuge
from extreme heat. The former typically implies a rigid point in an
individual’s activity schedule that shapes non-work heat relief oppor-
tunities in space and time. The latter more likely conveys an ability to
engage in potentially cooling activities around (or substituting) existing
anchor activities, involving adaptive capacity in the form of schedule
flexibility. It is important to note that the same activity category may be
protective for some but life-threatening for others, such as those who
have air conditioning at home and work compared to those who do
not. While more detailed activity data could unveil specific changes
to activity schedules and their structure, this paper analyses changes
in activity participation which result from this scheduling process,
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beginning to shed light on the various interdependent processes which
shape adaptation.

The importance of distinguishing activity types is evident from the
activity level analyses introduced in Section 1.2. Four of the studies
assess the impact of socio-economic inequalities on activity levels dur-
ing extreme temperatures, discussing that disadvantaged individuals
may be especially vulnerable based on their activity changes, despite
differing findings. Stechemesser and Wenz (2023), Ly et al. (2023),
and Tian et al. (2024) find that individuals in lower-income regions
are less able to reduce mobility during periods of extreme heat — the
latter during both day and night — discussing potential factors such as
increased work and personal obligations, the use of public transport to
escape local heat conditions, and generally lower adaptive capacity. In
contrast, Gu et al. (2024) find that extreme temperatures disproportion-
ately inhibit the activity of disadvantaged social groups, contextualizing
their results by citing a lack of travel options and less disposable
income. These studies may reflect contextually relevant mechanisms,
but a greater understanding of vulnerability requires uncovering which
different kinds of activities are undertaken and how they constrain each
other on a given day. While some activity-level analyses distinguish
activity categories (Linsenmeier, 2024; Fan et al.,, 2023; Kumakura
et al.,, 2024), their scope has mainly been limited to discretionary
activities such as parks and retail, or broader land use zones, and
interdependent relationships with other day-to-day activities have not
been considered.

Adaptation-specific analyses, such as Derakhshan et al.’s (2023)
disaggregated analysis on cooling centre usage during heatwaves, fo-
cus on specific, adaptive behaviours during heatwaves. Focusing on
one single adaptive behaviour is limited because this disregards the
multiple ways in which a given adaptation is enabled and constrained
by (changes to) other activities undertaken on a given day. Unveiling
how activity schedule constraints impact cooling is especially important
in the context of heatwaves, as a study in Boston found that when
individuals could choose where they spent their time, which equals
a situation of weak space-time constraints, outdoor temperatures had
little relationship to their individual heat exposure (Kuras et al., 2015).

1.3.3. Analytical framework

This study analyses interacting changes to people’s daily activities
during heatwaves. These changes are conceptualized as the outcome
of the activity scheduling process, whereby time is limited and activi-
ties vary in flexibility. Specifically, the analysis uncovers how anchor
(home, work, transit), essential (grocery/pharmacy), and discretionary
(retail/recreation, parks) activity change together during heatwaves, co-
occurring and competing with each other on a given day. Grounded in
prior literature on heatwaves and associated vulnerabilities, this study
explores how adaptive responses are shaped by the climatic, temporal,
contextual features of heatwaves.

Climatically, the absolute temperature unveils how heatwave inten-
sity, in a traditional sense, impacts adaptive responses during heat-
waves. This factor is considered because prior mobility analyses have
identified a range of activity changes during extreme temperatures
(Stechemesser and Wenz, 2023; Ly et al., 2023; Gu et al., 2024; Tian
et al., 2024) and specific usages of indoor cooling facilities (Derakhshan
et al., 2023). In addition to absolute temperature, a heatwave’s impact
on heat stress is relative to a region’s norm (Guirguis et al., 2018)
- hence the often context-specific definitions of heatwave tempera-
tures (Perkins and Alexander, 2013). This issue of relative intensity is
also pertinent on shorter-term scales, as rapid increases in temperature
that did not coincide with time to acclimatize resulted in greater
emergency-department visits in the US, Pakistan, and various other
countries (Van Der Linden et al., 2019). This phenomenon, referred
to here as ‘short-term’ acclimatization, is explored by including a rela-
tive intensity variable, capturing how temperature increases between a
closely matched heatwave and control day influence adaptation.
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Various temporal features of heatwaves are considered, and these
can be differentiated according to time scale. At the seasonal level, the
year is considered to capture changing COVID-19 policies and climatic
conditions across years, shown to influence activity level changes dur-
ing extreme heat (Ly et al., 2023). At the heatwave level, early seasonal
heatwaves are considered separately to discern how maladaptive be-
haviours may contribute to their greater mortality rates relative to later
heatwaves (Lee et al., 2014; Anderson and Bell, 2011; Liss et al., 2017),
and potentially capture the impacts of shifting institutional constraints
as people take early summer vacations. By identifying heatwaves as
distinct, multi-day events, two novel contributions are made regard-
ing the dynamic, temporal nature of heatwave adaptation. First, the
role of heatwave length on adaptive responses is explored, as periods
of prolonged heat are associated with greater mortality rates (An-
derson and Bell, 2011). Subsequently, a stage variable is included,
which explores how adaptive responses evolve as distinct heatwaves
progress through time, from their first to last day. Additionally, a
weekend/weekday distinction within heatwaves is made, because most
people face fewer rigid obligations and space-time constraints during
weekend days and may hence adapt to heatwaves differently than on
weekdays (Stechemesser and Wenz, 2023; Ly et al., 2023; Kumakura
et al., 2024).

Contextual factors include the distinction between provinces/states
across a climatically diverse latitude range, ranging from British
Columbia, the most temperate, down to California. Inland and coastal
regions are also compared, as coastal regions are typically more temper-
ate, less air-conditioned, and have been found to face high health-risks
due to heatwaves (Fraser et al.,, 2017; Joe et al.,, 2016; Guirguis
et al., 2018). A region’s typical climate influences its preparedness
to manage extreme heat through physiological, behavioural, or infras-
tructural differences (Anderson and Bell, 2011) - the latter including
low air conditioning or heat-resistant building materials where there
was historically little need. These regional factors capture impor-
tant elements of ‘long-term’ acclimatization. Through the inclusion
of population density, urban form is explored as a contextual factor,
which is important given the impact of urban heat island effects on
mortality rates (Campbell et al., 2018; Hsu et al., 2021; Aram et al,,
2020). Finally, socio-economic vulnerabilities which impact heatwave
vulnerability are included, such as the role of income, race, and age in
the competing activity changes undertaken during heatwaves (Hoffman
et al., 2020; Hsu et al., 2021; Arnold et al., 2022; Gronlund et al., 2018).
A summary of the analytical framework of this study is presented in Fig.
1.

2. Methods
2.1. Data

2.1.1. Mobility data

The mobility data used in this analysis is from Google Commu-
nity Mobility Reports, a public data set released by Google during
the COVID-19 pandemic to monitor mobility changes in response to
COVID-19.! Compared to a pre-COVID-19 baseline (Jan 3-Feb 6, 2020),
the data measures the county-level® percent changes in (1) time spent in
one’s residence, and total visitation to (2) one’s workplace, (3) transit,
(4) grocery/pharmacy, (5) retail/recreation/recreation, and (6) parks.
The activity types provided by Google are broad, high-level categoriza-
tions which contain many location types within them. The examples
provided in each mobility report document are shown in Table 1,

1 https://www.google.com/covid19/mobility/

2 County-equivalent level in BC (administrative regions), referred to as
counties for simplicity.

3 Example report for California in October 2022 https://www.gstatic.com/
covid19/mobility/2022-10-15_US_California_Mobility Report_en.pdf.


https://www.google.com/covid19/mobility/
https://www.gstatic.com/covid19/mobility/2022-10-15_US_California_Mobility_Report_en.pdf
https://www.gstatic.com/covid19/mobility/2022-10-15_US_California_Mobility_Report_en.pdf
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Fig. 1. Analytical framework of this study, focusing on interdependent activity changes among anchor, essential, and discretionary activities during heatwaves.

Table 1
Google community mobility reports activity details.

Activity Units of % change Examples in reports

Residential Time spent (hours) People’s places of residence

Workplaces Visitor numbers People’s places of work

Transit Visitor numbers Public transport hubs such as subway,
bus, and train stations

Grocery/pharmacy Visitor numbers Grocery markets, food warehouses,
farmers markets, speciality food shops,
drug stores, pharmacies

Retail/recreation Visitor numbers Restaurants, cafes, shopping centres,
theme parks, museums, libraries, movie
theatres

Parks Visitor numbers Public gardens, national parks, public

beaches, marinas, dog parks, plazas

although less obvious locations are included as well, such as taxi-stands
and seaports under ‘transit’. Over the course of the 5-week baseline
period, the average level of activity on each day of the week was
generated and used to create the relative percent change of each day
from March 2020 to October 2022. The six activity types in the Google
Community Mobility Reports data are presented in Fig. 2, conceptually
clustered based on their roles in the activity schedules of individuals.

Traditionally, activity pattern analyses required data sources such
as travel diaries (Kwan, 1998; Schwanen et al., 2008b), in which
respondents log all of their daily travel over a period of time. These
data sources, while rich, suffer from low compliance, recall bias, and
sampling bias, posing practical barriers to their use, and limiting
their scale (Kang et al., 2018). The rise of mobile phone-based data
sources, whether GPS or call detail record-based, have enabled large-
scale activity pattern analyses. Through their large sample sizes and
‘always-on’ nature (Salganik, 2019), they have enabled retroactive
studies to explore responses during past disasters, such as COVID-19-
related mobility dynamics in the United States and Brazil (Chang et al.,
2020; Peixoto et al., 2020) and cyclone-related migration patterns in
Bangladesh (Lu et al., 2016).

The data is generated using aggregated, anonymized data of Google
users with Location History on, with missing data where sample sizes

(not provided) were too small to ‘confidently and anonymously esti-
mate the change from the baseline’,* defined with a 100-user minimum
threshold (Aktay et al., 2020). This data set has been used extensively
to understand how various types of activity changed as a result of the
pandemic and mobility-restricting policy responses (Liu et al., 2021;
Ilin et al., 2021; Elarde et al., 2021; Cot et al., 2021; Kaminska and
Kazak, 2024), and was used in Linsenmeier’s (2024) study on global
variations in preferred temperatures for park activity. While raw Google
Location History data is not a replacement for individual-level activity
schedule diaries (Cools et al., 2021), the data set used in this study
has been benchmarked against census and high-volume mobility data,
shown to be effective for regional changes in mobility (Gibbs et al.,
2023; Finazzi, 2020; Sganzerla Martinez and Kelvin, 2023).

The data that Google released has key limitations — it is pre-
aggregated to large spatial units (i.e. counties in US context), and
temporal units (i.e. days) — it cannot be used to represent sequences of
activities and trips, and — with the exception of time at home - does
not provide information on how much time was spent at particular

4 https://support.google.com/covid19-mobility/answer/9824897?hl=en&
sjid=7759654188027116565-EU


https://support.google.com/covid19-mobility/answer/9824897?hl=en&sjid=7759654188027116565-EU
https://support.google.com/covid19-mobility/answer/9824897?hl=en&sjid=7759654188027116565-EU
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Fig. 2. Conceptual groupings of activity variables.

Table 2

Strengths and weaknesses of Google Community Mobility reports.

Strengths

Weaknesses

Harmonizes activity and location data
Diverse range of labelled activity types
Covers vast spatio-temporal range
High smartphone penetration rate

Pre-aggregated spatio-temporal data
Lacks indoor/outdoor distinction
Activity inferred from location
Sampling bias and digital divide

activity location types. The data therefore offers a rudimentary under-
standing of activity participation. The activity-type groupings also do
not indicate whether workplaces are indoors or outdoors — the former
may be protective — or whether people visit others’ residences. The
aggregated nature of the data also entails the risk of ecological fallacy,
while sampling bias still remains a concern (though less so than with
travel and time use diary studies).

The data set also has a number of strengths which can be leveraged
to meet the goals of this study. It distinguishes key destinations in
activity schedules by harmonizing rich activity and location metadata
from Google Location History. The range of activity types captured
in the data are highly suitable for examining the interdependent rela-
tionships between activities during heatwaves, remaining relevant for
cooling access even without detailed information on activity participa-
tion. Additionally, the daily-level mobility changes, which cover a vast
spatio-temporal range, make possible a large-scale analysis of heatwave
responses across a climatically diverse region and numerous summers.
Finally, while sampling bias remains a limitation to note, there is very
high penetration of smartphone ownership in Canada (84%) and the
United States (85%) (Perrin, 2021; Statistics Canada, 2023b; Oliver
et al., 2015). A summary of strengths and weaknesses of the data set
are presented in Table 2.

2.1.2. Temperature data

The temperature data used in this analysis is the ERA5 climate re-
analysis data set created by the European Union’s Earth Observation
Programme (Copernicus).® Accessed through Google Earth Engine, this

5 https://climate.copernicus.eu/climate-reanalysis

data set provides global modelled estimates of hourly 2 m air tempera-
ture at 11 km? grid cells. The estimates are resampled using nearest
neighbours to a 5 km? resolution when needed to fit into smaller
counties. Climate re-analysis data sets combine past observations with
models to generate consistent time series data, a valuable feature for
comparative, international studies. Compared to land surface temper-
ature, 2 m air temperature better reflects human heat stress (Venter
et al.,, 2021). Hourly temperature data from each county across the
Pacific Northwest are collected from May 1 to September 31 from
2016-2022. The four years of historical temperature data (2016-2019)
are added to the period of interest (2020-2022) to help identify heat-
waves against norms. This amount of historical data is comparable
to Nori-Sarma et al. (2022), who used three years of historical tem-
perature data to identify greater emergency department visits during
the June 2021 heatwaves in Portland, OR and Seattle, WA.

2.1.3. Socio-economic data

County-level data on population density, income, age, and race
in Washington, Oregon, and California are collected from the 2020
American Community Survey (U. S. Census Bureau, 2020). The same
socio-economic variables are collected for BC at the administrative
region-level from the 2021 Canadian Census (Statistics Canada, 2023a).

2.2. Identification of heatwave and control days, linking activity change
data

2.2.1. Heatwaves

For each county, a heatwave is identified as a period of at least two
consecutive days where the average of its maximum grid cell tempera-
tures exceeds the 90th percentile from the 2016-2022 period between


https://climate.copernicus.eu/climate-reanalysis
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— if i = 2 Or 3: Set control as unsearched week ahead

if i >= 4: Set control as unsearched week prior

Fig. 3. Control day selection algorithm.
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Fig. 4. Hierarchical data structure of days within heatwaves, and heatwaves within counties.

May 1 to September 31, re-configuring code from Hobday et al. (2016).
A robustness check which defines heatwaves using only the highest
recorded value in the entire county (not an average maximum) pro-
duced comparable results. The average maximum provides a more
conservative, regional estimate of heatwaves that is less susceptible to
outlier influence.

In a review of heatwave definitions, Perkins and Alexander (2013)
discuss that relative severity measures, which they define using 90th
percentile temperature thresholds, are more suitable for health-related
research due to the importance of adaptive capacity on excess mortality
and morbidity. Both 90th and 95th percentile thresholds were tested
to identify heatwaves, producing consistent climatic and temporal re-
lationships in the model output, however variations were observed
among the socio-economic-related activity changes. From a conceptual
standpoint, the 90th percentile was deemed most suitable for the
equity-related aims of this study. Mild heatwaves, which may only
pose an inconvenience to resilient populations, are likely to dispro-
portionately harm heat-vulnerable subgroups who face more exposure
in their day-to-day lives (Guardaro et al., 2022). A 90th percentile
threshold captures the impacts of both mild and severe heatwaves
— all of which are relatively extreme to their context — capturing a
more complete range of responses. Regarding heatwave lengths, studies
typically define minimum thresholds as between two and four days.
This study chooses a two-day threshold as the most inclusive minimum,
linked to various heat-related impacts on death and hospitalization
rates in the review of Arsad et al. (2022).

2.2.2. Control days

The Google Community Mobility Reports data captures daily per-
cent changes relative to a pre-COVID-19 baseline for each county and
each specific day of the week. For example, the percent change in
visitation to retail/recreation in Los Angeles County on a Monday is
calculated relative to the average of all Mondays in Los Angeles County
from the baseline period. Due to risks of evolving virus or policy
conditions over the course of a summer, each heatwave day is assigned

its own closest control day to minimize the unaccounted influence of
within-season changes and annual magnitude differences. To classify a
control day for a given heatwave day, it must be on the same day of the
week, and it must not be on the cusp of being classified as a heatwave
(control day temperature is maximum 80th percentile for a county).
The algorithm first searches the two weeks prior to the heatwave day,
then the two weeks after the heatwave day, then iteratively searches
weeks backwards until the criteria is met (Fig. 3). To allow adequate
room to search backwards in May for a control day, the algorithm only
considers heatwaves beginning from June 1 onwards, resulting in 63%
of pairs being 7 days apart, 26% being 14 days apart, and 11% being
at least 21 days apart.

2.2.3. Creation and interpretation of the ‘activity change’ variable

The heatwave and control day activity levels are subtracted from
each other, outputting the ‘heat-control activity difference’ for each of
the 6 activity types. Days that fall on public holidays are removed due
to potentially confounding impacts, as well as extreme outliers greater
than 4 standard deviations from the mean of each activity change
variable. The ‘heat-control activity difference’ can be interpreted as the
percentage change in the level of activity standardized to the county’s
baseline.

2.3. Model building

2.3.1. Multi-variate multi-level model

The heat-control day observations are nested within heatwaves,
which are nested within counties, shown in Fig. 4. A three-level multi-
level model is implemented to account for this, which in its simplest
form extends the traditional ordinary least squares (OLS) regression
model to allow each heatwave and county to have its own intercept
based on group-specific error terms. The three-level model is written
as:

Yijk = Poijk + B Xijx + eoiji @
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Fig. 5. Descriptive plot of heatwave day temperatures against the heat-control mobility difference for all 6 dependent variables, emphasizing state/province-level heterogeneity

and the need to include an interaction term between temperature and state/province.

where Y, represents the change in activity (to one of the six location
types) for day i in heatwave j in county k. The X;; represents an
explanatory variable at the day level and f, is the estimated regres-
sion coefficient for X;;. Within each grouping level, the error terms
(random effects), are assumed to follow a normal distribution, where
the usual error term e(;;, captures the random variation across days
with a mean of 0, shown by E(e(;;,) = 0, and a variance estimated by
the model, expressed as var(e ;) = ‘7320 (Bell et al., 2019). The intercept
structure f, ;. contains a fixed mean y,, in addition to heatwave-specific
error terms given by u, and county-level error terms given by vy.
Decomposing the f,;, can therefore be written as:

(2)

Boiji = Yo + Ugjk + ok

This random intercept model is used in the analysis, allowing each
heatwave and county to have its own random variation around the
fixed y, intercept. By parameterizing random effects as part of a dis-
tribution, the analysis can explore group level (heatwave and county)
characteristics that explain deviations from the average intercept,
which is of substantive interest to our research question.

The dependent variables in this analysis represent percent changes
in time spent at home or visitation to workplace, transit,
grocery/pharmacy, retail/recreation, and parks. A multi-variate multi-
level model is implemented, simultaneously modelling all responses
together, controlling for their inter-relatedness while assessing their
relationships with the independent variables. This enables direct com-
parisons and contrasts across changes in activity types (Snijders and
Bosker, 2011; Schwanen et al., 2004; Mohan et al., 2011; Davies et al.,
2021).

A level is added below the day from Fig. 4, where i now represents
percent changes in each the following: (1) time in residence, and
visitation to (2) workplaces, (3) transit (4) grocery/pharmacy, (5) re-
tail/recreation, (6) parks. The j level now represents the day, the k level
represents heatwaves, and the new [ level represents the county. The
equation, abbreviated to only show two of the six dependent variables,
is now given by

Yiji =Po1 Zuijia + -+ + BPos Zeiji+
BiiZiij X + - BieZeijia X jut

€1k Z1ijia + - + €osjki Leijki

3

where Z,;;, = 1 for the change in residential time, Z,;;;, = 1 for the
change in workplace visitation, and the same is applied for the other

four dependent variables. The g, f;, and e, have the same meaning as
the single response multi-level model, now simultaneously modelling
the six response variables together. The model is estimated using the
R2MLwiN software (Zhang et al., 2016).

The first section of the results uses an intercept-only (empty) model,
serving two purposes: (1) it explains how much each hierarchical
level (day, heatwave, county) contributes to the total variance in each
activity change response variable, and (2) it provides covariance terms
to explore the interdependence between the various activity types at
each level. Subsequently, the full model is produced, populated by the
variables presented below.

2.4. Independent variables

Based on the analytical framework of Section 1.3.3, this analysis
considers both absolute and relative temperature, the latter defined as
the temperature increase between the heatwave and control day. To ac-
count for varying relationships of the dependent variables with absolute
temperature across states/provinces (Fig. 5), an interaction term of the
dependent variables with absolute temperature across states/provinces
is added to the model. The interaction terms are presented with all
other covariates in Table 3.

A county’s mean temperature in January 2020 is also included, as
the temperature of a region when the baseline Google mobility data
was collected would influence baseline mobility magnitudes, which
would subsequently impact the percentage change values. For example,
in a region with cold temperatures, baseline mobility levels to parks
may be low, lowering the denominator in Google’s raw percentage
change calculation, amplifying (positively or negatively) the percentage
change. This is interacted with slopes for each state, due to the impacts
that regionally different climates may have in this relationship.

The temporal variables include fixed effects for 2021 and 2022,
compared to 2020 as a reference year. Dummies are added if a heat-
wave overlaps with June - capturing early seasonal heatwaves — and
if it is longer than 5 days. The stage variable measures how far, in
percentage terms, a day is within a heatwave — capturing how activities
evolve from the first to the final day. A variable is also added if a
heatwave day falls on a weekend.

County-level contextual variables include the province/state vari-
able (interacted with temperature), a coastal dummy, income, and
proportions of non-white and age 65+ populations. For the socio-
economic indicators, all counties are decile ranked within their state to
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Table 3

Categorization and description of independent variables.
Var. Name Level Description Min. Mean Max.

Climatic
Abs. temp * state Day Heatwave temp. and state interaction term (C) 18.41 33.39 47.25
Temp. diff. Day Difference b/w heatwave and control day temp. (C) 1.18 8.30 26.19
Winter temp : state County Mean winter temp. during Google baseline period (C) -16.39 3.67 14.46
Temporal
Year = 2021 Heatwave Fixed effects for 2021 0 0.38 1
Year = 2022 Heatwave Fixed effects for 2022 0 0.36 1
June heatwave Heatwave Dummy if June heatwave 0 0.14 1
Heatwave dur. Heatwave Dummy if heatwave >=5 days 0 0.23 1
Stage Day How far into a heatwave the observation day is (%) 0.08 0.64 1.00
Weekend Day Dummy if day on weekend 0 0.28 1
Contextual

Coastal County Dummy if county on coast 0 0.30 1
Pop. dens. County Decile rank of pop. dens. within state/province 1 5.77 10
Income County Decile rank of income within state/province 1 5.61 10
Non-white County Decile rank of non-white pop. proportion within state/province 1 5.57 10
Over 65 County Decile rank of over 65 pop. proportion within state/province 1 5.33 10

Table 4

Heatwave days and temperature summary statistics across states/provinces.
State Heatwave days (n) Mean (C) Std. (C) Min. (C) Max. (C)
British Columbia 1081 27.6 3.4 18.4 40.1
Washington 1468 33.0 4.9 20.0 46.9
Oregon 1337 335 31 23.5 44.4
California 2200 36.5 4.1 24.5 47.3

Table 5

Heatwave events and duration (days) summary statistics across states/provinces.
State Heatwaves (n) Mean (d.) Std. (d.) Min. (d.) Max. (d.)
British Columbia 294 3.9 2.0 2.0 9.0
Washington 441 3.6 1.9 2.0 11.0
Oregon 439 3.6 1.8 2.0 10.0
California 712 3.6 2.0 2.0 11.0

Table 6

Summary statistics for all 6 heatwave activity change variables (%).
Activity Heatwave days (n) Mean (%) Std. (%) Min. (%) Max. (%)
Residential 4884 -0.1 1.5 -6.0 6.0
Workplaces 5944 -0.5 3.6 -18.0 16.0
Transit 3391 -0.7 8.5 —-41.0 41.0
Groc./Pharm. 4482 1.3 6.3 -27.0 30.0
Retail/Rec. 5226 0.4 6.7 -30.0 31.0
Parks 2818 -1.6 26.8 -119.0 122.0

eliminate collinearity with the state variable, as well as to account for
the differing currencies between British Columbia and the U.S. states.
A variance inflation factor test indicated low multicollinearity among
all independent variables in the model. The full vector of independent
variables, X, in Eq. (3) above, is expanded as follows:
X = AbsTemp;y, = State;i; + TempDif [, + Year;+
HeatwaveDur j; + Stage;;, + Weekend; + Popdens ;+ @
Incomejy + NonW hiteji; + Over65; + Coast i+

WinterTempj, : State
3. Results
3.1. Descriptive statistics

3.1.1. Heatwave intensity and duration

Average heatwave day temperatures rise across states/provinces
moving from North to South, but all heatwaves have average lengths of
around 4 days everywhere (Tables 4-5). In British Columbia, the mean
heatwave day temperature is 28C, followed by 33C in Washington,

34C in Oregon, and 37C in California, with state-level distributions
plotted in Fig. 6. The differing numbers of heatwave days (Table 4),
grouped within heatwaves (Table 5), are largely driven by the number
of counties in each state. After removing missing values and outliers to
create the data set, British Columbia has 24 counties, Washington has
36, Oregon has 34, and California has 56. The geographic distribution
of average heatwave temperatures is shown in Fig. 7, where 12/162
counties are omitted due to insufficient mobility data.

3.1.2. Heatwave - control day activity differences

The distributions of raw activity change values (Table 6, Fig. 8)
are influenced both by sample size and the nature of the activity
being measured. The lower variance of residential activity is due to the
nature of the Google data, measuring the change in ‘time in residence’
— a far more constrained range than the aggregate visitation used
to calculate all other variables. After time in residence, workplace
changes have the largest sample size and lowest variance, present in
5944/6086 heatwave-control day pairs, whereas changes in parks have
the least number of observations (2818) and the highest variance. The
disproportionately high standard deviation of parks — over 3 times
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higher than transit, the next highest variance — suggests that by nature
park activity is highly variable in addition to its lower sample size.

Across 2020, 2021, and 2022, despite vastly different overall mobil-
ity levels due to lockdown restrictions (Liu et al., 2021), the heatwave-
specific activity changes have comparable distributions (Fig. 9). These
annual distributions justify the inclusion of all years in the same
model, where heterogeneity due to climatic or COVID-19 factors can
be explored with annual fixed effects, such as the varying changes in
time in residence during heatwaves across 2020, 2021 and 2022.

10

3.2. The (co)variance of heatwave responses

3.2.1. Impact of factors varying at day, heatwave, and county-level

Based on the results of the intercept-only model, factors that vary at
each hierarchical level of the model (day, heatwave, county) have dis-
tinct impacts on the heatwave activity change response variables (Table
7). Across all outcome variables, factors that vary at the day level
(Level 1), such as temperature, explain roughly 50% or more of the
variation in the observed heatwave activity changes. Anchor variables
(residential, workplace, transit), have the highest percentages of total
variance explained at the day level, and the least variation explained by
time-invariant county-level differences. Heatwave-level factors are the
most influential to the variance in grocery/pharmacy visitation (39.0%)
compared to all other responses. For discretionary activities, the ex-
plained variance in park visitation is more influenced by time-invariant,
county-level factors (33.4%), whereas retail/recreation’s distribution
of variance skews more towards the day and heatwave levels. These
findings support the use of a multi-level model, as all variables have
30+% percent of their variation explained at higher groupings, which
are explored in the full model.

3.2.2. The interdependence of heatwave activity adaptation

Observing the covariances® from the intercept-only model, strong
patterns of co-occurrence and competition emerge among the activity
change variables (Table 8). The relationships differ substantially across
the three analytical levels, further supporting the use of multi-level
modelling. Between-state differences in these relationships likely exist,
contributing to the state-level differences explored in the full model.

Visitation to the workplace has competing, substitutional effects
with both home and non-home activity types during heatwaves. De-
creasing changes in workplace activity lead to positive changes in time
at home (Level 1) and visitation to grocery/pharmacy (Level 2/3),
retail/recreation (Level 1) and parks (Level 3). Additionally, changes in
workplace activity exhibit substitutional effects with transit usage (Level
2), likely due to transit’s strong co-occurrence with grocery/pharmacy

6 Covariances are converted to correlations for interpretability using the
formula: corr, , = ——Sotx)

VVar)«Var(y)
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Table 7
Intercept-only model, explained variance at each hierarchical level.
Outcome Level 1 Level 2 Level 3
(days) (heatwave) (county)
Residential 66.0% 27.6% 6.4%
Workplaces 69.5% 26.8% 3.7%
Transit 66.1% 24.1% 9.8%
Grocery/Pharm. 48.4% 39.0% 12.7%
Retail/rec/ 49.4% 33.9% 16.7%
Parks 49.6% 17.0% 33.4%

(Level 1/2/3), retail/recreation (Level 1/2/3), and park (Level 1/3)

visitation in the data.

Time spent at home competes with all activity types on at least
one hierarchical level, exhibiting negative relationships with changes

in workplace (Level 1), transit (Level 1/3), grocery/pharmacy (Level
1/2/3) and park (Level 1/3) visitation during heatwaves. Changes
in time in residence and workplace visitation also exhibit a positive
covariance at Level 2, suggesting that some factors which vary at the
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Table 8

Correlation matrix of intercept-only model. Depicts the relationships between

each hierarchical level (day, heatwave, county).
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dependent variables at

Residential Workplaces Transit Grocery/pharm. Retail/rec. Parks
1
Residential 1
1
0.16 1
Workplaces 0.15* 1
-0.05* 1
-0.68* -0.14 1
Transit 0.05 -0.18* 1
-0.16* 0.04 1
-0.70* -0.22 0.78* 1
Grocery/pharm. -0.21* -0.18* 0.37* 1
-0.28* -0.09* 0.33* 1
-0.72% -0.23 0.78* 0.91* 1
Retail/rec. -0.21* -0.09 0.35* 0.77* 1
-0.28* -0.11* 0.39* 0.66* 1
-0.70* -0.59* 0.73* 0.86* 0.87* 1
Parks -0.17* -0.26* 0.24* 0.55* 0.53* 1
-0.32* 0.02 0.32* 0.53* 0.56* 1
County
Heat-wave *p<0.05
Day

heatwave-level correspond to simultaneous decreases or increases in
anchor activities.

At each level of the model, changes in grocery/pharmacy, re-
tail/recreation, and park visitation appear to co-occur during heat-
waves. These relationships are the strongest county, heatwave, and
day-level relationships of the entire model.

3.3. Full multi-variate multi-level model

3.3.1. Model interpretation

In the final model (Table 9), California is used as a reference
category, and 33C is the mean value at which the state-level fixed
effects are calculated. To plot the state-level fixed effects in Fig. 10,
all variables except heatwave day temperature are held constant at
the mean across the Pacific Northwest. This includes a global average
for the winter temperature predictor (4C), to neutralize biases due to
varying temperatures in the baseline period of the Google Mobility
data set. Only the statistically significant shifts will be discussed, unless
otherwise specified.

3.4. Climatic variables

A North-South pattern emerges in changes to workplace visita-
tion during heatwaves, with greater rigidity moving South across
states/provinces. The most drastic shifts downwards are observed in the
more temperate British Columbia (p<0.001), followed by Washington
(p<0.001), Oregon (p<0.001), then California (Fig. 10B). A similar
North-South pattern emerges when observing the relationship between
workplace visitation and heatwave day temperature, the steepest neg-
ative slope in British Columbia (p<0.001), followed by Washington
(p<0.001), then Oregon and California with more mild negative slopes
(p<0.05).

The dynamics of non-work adaptation vary across regions. In Ore-
gon, Washington, and California, a dominant pattern is a decrease in
essential and discretionary activity as heatwave day temperatures rise.
In Washington and California, these changes are met with increased
time in residence as temperatures rise.” Oregon, however, exhibits a
more negative relationship with time spent in residence (p<0.001)

7 Note that California’s mean heatwave temperature is 36C, where its time
in residence estimate crosses the 0-axis.
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and decreasing visitation to all other activity types — especially retail
(p<0.05). This may be the result of greater time spent in non-home
facilities for those who continued to visit them, a mechanism omitted
in the ‘visitation’ metric but found in prior research (Derakhshan et al.,
2023). This is a topic for further research.

Adaptive mechanisms in British Columbia are distinct from all other
states, as heatwaves lead to decreasing time at home and greater
visitation to spaces for essential and discretionary activities. This is
evidenced through the negative intercept and slope for time in resi-
dence (p<0.001), which - coupled decreases in workplace visitation
— correspond to the most positive intercepts for grocery/pharmacy
(p<0.001), retail/recreation (p<0.001), and park activity (p<0.01). Ad-
ditionally, increasing slopes with temperature emerge for grocery/phar-
macy
(p<0.001) and retail/recreation (p<0.001), the only region where this
is seen.

Transit activity, despite being conceptualized as an anchor point
in everyday activity schedules, appears to be used to engage in out-
of-home non-work activities during heatwaves, as supported by the
covariance analysis. This is best exemplified in British Columbia, which
has the lowest workplace visitation across the four states/provinces, but
a transit intercept shift that is 3.9% higher than California (p<0.05),
shifting upwards with the increase in non-home activity (Fig. 10C).
This mechanism is supported by prior literature finding a positive rela-
tionship between proximity to transit services and cooling centre usage
during heatwaves (Derakhshan et al., 2023). This reliance on transit
to reach out-of-home locations during heatwaves may also be influ-
enced by a substitution away from active travel modes during periods
of extreme heat. Park visitation is the only activity with a decreas-
ing relationship with heatwave temperature in every state/province,
consistent with the prior literature on activity levels in park/green
spaces (Kumakura et al., 2024).

Greater relative heatwave intensities stimulate out-of-home non-
work activity (Fig. 11). Controlling for the absolute temperature of
the heatwave day, greater increases in temperature between heatwave
and control days lead to relative decreases in time at home (p<0.05)
and workplace visitation (p<0.001) for greater visitation to transit
(p<0.001), grocery/pharmacy (p<0.001), retail/recreation (p<0.01),
and parks (p<0.001). The impact of temperature increases on adaptive
responses is particularly strong for parks (2.2% per degree Celsius),
with a greater magnitude than any of the state-level relationships with
absolute temperature.
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Fig. 11. Coefficients from full multi-variate multi-level for temperature difference between heatwave and control day.

The winter temperature-state interaction term successfully controls
for bias from the winter period when the Google activity was recorded,
through mechanisms explained in Section 2.4. This is particularly
important in BC, the state with the coldest winters on average, as
statistically significant relationships are found across 4/6 dependent
variables.

3.5. Temporal variables

During 2021 heatwaves, compared to those in 2020, the coefficients
suggest greater time spent in residence (p<0.001), substituting gro-
cery/pharmacy (p<0.01), retail (p<0.01), and especially park visitation
(p<0.001) during heatwaves (Fig. 12A). These greater substitutions of
out-of-home activities in 2021 were potentially due to the unprece-
dented heatwaves along with historic wildfires and air pollution in the
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Pacific Northwest in 2021 (White et al., 2023; Parisien et al., 2023).
This may have led to a greater propensity to decrease activity outside
the home, in line with the US Environmental Protection Agency recom-
mendations during wildfires (EPA, 2018). In 2022, compared to 2020,
there was greater workplace visitation during heatwaves (p<0.001),
as COVID-19 stay-at-home restrictions had been lifted and workplaces
re-opened (Fig. 12B).

During June heatwaves, there are greater substitutions of home and
work activities to visit discretionary locations. The coefficients suggest
less time spent at home (p<0.001) and lower workplace visitation
(p<0.001), but greater changes in retail (p<0.001) and park visitation
(p<0.05) relative to later heatwaves (Fig. 12C).

During longer heatwaves, workplace obligations and outdoor activ-
ity are reduced more compared to shorter heatwaves. This is evidenced
by negative coefficients for workplace (p<0.1), park (p<0.001), and
transit (p<0.01) visitation (Fig. 12D). While these changes occur, more
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Fig. 12. Coefficients from full multi-variate multi-level model for temporal variables.

grocery/pharmacy activity is observed (p<0.01) during heatwaves of
5 days or longer. Unlike home and work, these essential locations do
not need to be visited every day, although eventually all households
must make trips to groceries and pharmacies. This upwards jump in
visitation during heatwaves of 5 days or more suggests a postponement
of essential trips during shorter heatwaves, which are eventually visited
during prolonged episodes.

As distinct heatwaves progress, captured through the ‘stage’ vari-
able, workplace and park visitation are substituted for greater indoor
activity. From the first to the final day of a heatwave, the drop in
workplace visitation (p<0.01) may be the result of it being overcome
as a rigid anchor point in individuals’ activity schedules (Fig. 12E).
Concurrently, changes in park visitation decrease by 10.7% (p<0.001)
from the first to the final day of a heatwave, coupled with increas-
ing changes in time spent at home (p<0.001) and retail/recreation
visitation (p<0.01).

On weekends, greater activity schedule flexibility may permit
greater discretionary activity during heatwaves. Greater substitutions
of time in residence (p<0.001) by transit (p<0.1), retail/recreation
(p<0.01) and park (p<0.001) visitation are observed compared to
weekdays (Fig. 12F).

3.6. County-level contextual factors

In typically temperate, coastal regions, there are greater substi-
tutions of home and workplace obligations by non-work activities
outside the home. The coefficients suggest less time at home (p<0.001)
and lower workplace visitation (p<0.5), and more visitation to gro-
cery/pharmacy (p<0.001), retail/recreation (p<0.01) and park
(p<0.001) spaces. These activities outside the home also correspond
to greater transit usage (p<0.05) in coastal areas (Fig. 13A).

In more population dense counties, subject to greater urban heat
island effects, heatwave responses involve less visitation to non-work
activities outside the home. This is evidenced by the greater reductions
of grocery/pharmacy (p<0.01), retail/recreation (p<0.1), and park
(p<0.01) visitation as population density increases (Fig. 13B).

Socio-economic conditions also shape adaptive responses to heat-
waves, with implications for various activity types. In counties with
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greater shares of non-white people, adaptive responses to heatwaves
involve greater time at home (p<0.05), substituting grocery/pharmacy
(p<0.05) and transit visitation (p<0.1) (Fig. 13C). In lower-income
counties, changes in park visitation are more positive during heat-
waves (p<0.05), potentially used as out-of-home cooling options during
heatwaves (Fig. 13D). In counties with more older people, more time
is spent at home during heatwaves (p<0.001) at the expense of gro-
cery/pharmacy (p<0.05), park (p<0.1), and transit activity (p<0.05)
(Fig. 13E).

4. Discussion
4.1. Regional context influences heatwave activity participation

The extents to which workplace visitation is reduced during heat-
waves, and how non-work activities are adapted, vary across regions.
In more temperate regions across the Pacific Northwest, particularly
in British Columbia and coastal regions, the results suggest greater
substitutions of workplace obligations and time in residence by visits to
out-of-home, potentially cooling locations. In typically hotter regions,
workplace visitation is less elastic, and activity participation is adapted
by reducing out-of-home non-work activities.

Moving South across states/provinces, there appears to be a greater
‘business as usual’ approach to workplace obligations during heat-
waves. Following a North-South pattern, BC has the most temperate cli-
mate and most elastic workplace visitation during heatwaves, followed
by Washington, then Oregon and California. In a review of occupational
impacts of the 2021 heatwaves in British Columbia, the most commonly
cited direct impact was work stoppage or cancellation — in both indoor
and outdoor sectors (Tetzlaff et al., 2023). In contrast, in Washington,
Oregon, and California, protective occupational measures primarily
involve cool-down breaks, shade, and education/training (Schmidt,
2022). In addition to differences in protective policy, typically hotter,
acclimatized regions may have greater air conditioning prevalence in
indoor workplaces, contributing less to exposure and being potentially
protective, particularly for higher-income workers (Guardaro et al.,
2022).
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Fig. 13. Coefficients from full multi-variate multi-level model for contextual variables.
Table 9
Summary of full multi-variate multi-level model. California as the reference state, state-level shifts calculated at 33C heatwave.
Percent change in mobility:
Residential Workplaces Transit Grocery/pharmacy Retail/rec. Parks
Intercept —0.76%** 0.96* 1.37 3.26%* 0.47 10.35 .
State-climatic variables
State = British Columbia (CA ref) —2.11%** 3.92% 5.41%** 4.38%** 18.14**
State = Washington (CA ref) —0.66%** -0.35 1.20* 1.21* 5.45*
State = Oregon (CA ref) —0.62%** -0.60 0.14 -0.69 -1.37
Heatwave temperature (CA) —0.05* —0.20* —0.20%** —0.22%%* —1.48%**
Heatwave temperature BC (CA ref) —0.12%** —0.20%** 0.08 0.84%*** 0.72%** -0.57
Heatwave temperature WA (CA ref) -0.01 —0.12%** -0.19 0.05 0.11 0.14
Heatwave temperature OR (CA ref) —0.07%** —0.03 —0.52 -0.01 -0.21* -0.03
Heat-control temp difference —-0.02* —0.09%** 0.27%%** 0.14%*= 0.08** 2.15%**
Winter temperature BC 0.05** 0.13%** 0.29 . —-0.09 -0.19 -1.30*
Winter temperature WA -0.03 —-0.04 —-0.04 0.47%** 0.31* 2.25%%*
Winter temperature OR 0.01 —0.07 0.28 0.40** 0.34* —0.40
Temporal variables
Year = 2021 0.40%** 0.02 -0.71 —0.99%* —0.87** —6.62%**
Year = 2022 0.06 1.41%x* 0.67 -0.33 0.20 -1.94
June heatwave —0.68*** —1.12%** 0.35 0.13 1.32%** 3.44*
Heatwave duration >= 5 days —-0.03 -0.22 . —1.12%* 0.84** 0.35 —6.79%**
Heatwave day stage (%) 0.22%** —0.39%* 0.32 -0.29 0.66** —10.68***
Weekend = 1 —0.21%** 0.02 0.52 . 0.06 0.46** 7.26%**
Contextual county-level variables
Coast = 1 —0.46%** —0.39* 1.43* 1.89%** 2.04%*x 11.32%**
Pop-dens decile 0.03 —-0.05 —-0.20 —0.30%* -0.21. —1.49**
Income decile -0.01 —-0.01 0.03 —-0.04 —-0.09 —-0.83*
Non-white decile 0.03* 0.05 -0.26 . —-0.20* —-0.01 -0.40
Over 65 decile 0.01 —-0.31* —0.18* -0.10 -0.85.

. p<0.1, *p<0.05,

**p<0.01, ***p<0.001

When adapting around workplace obligations, the extent to which
non-home locations are visited varies by region. In British Columbia,
which only has 32% air conditioning ownership compared to Wash-
ington (53%), Oregon (76%), and California (72%), heatwaves lead
to stark increases in essential and discretionary activities — captur-
ing potential cooling behaviours to non-work locations (Quick and
Tjepkema, 2023; U.S. Energy Information Administration, 2020). All
other states, which have hotter climates and greater air conditioning
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prevalence rates than British Columbia, exhibit decreases in essential
and discretionary activity for time at home through their intercepts
and/or slopes with temperature (Quick and Tjepkema, 2023; U.S. En-
ergy Information Administration, 2020). Similar mechanisms appear
when coastal and inland regions are compared. In coastal counties,
which are more temperate, less air conditioned, and face greater health-
risks due to heatwaves (Fraser et al., 2017; Joe et al., 2016; Guirguis
et al., 2018), there are greater decreases in workplace obligations and
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time spent at home to visit potential cooling facilities outside the home,
most resembling the relative changes in British Columbia.

The findings of this study highlight that regional factors, such as
typical climates and general air conditioning prevalence, influence
adaptive behavioural responses to heatwaves. These differences are
relevant when linking mobility-based responses to vulnerability. In
British Columbia, for example, which has low air conditioning own-
ership rates and where most heatwave deaths occur at home (B.C.
Coroners Service, 2022), the results suggest that staying home may tend
to be more maladaptive than doing so in a typically hot, air-conditioned
region. For future research using mobility data to understand heatwave
adaptation, context-specific adaptive processes should be considered,
specifying which activity types are taking place.

4.2. Relative heatwave intensities shape adaptive responses

The relative intensity variable captures how activity changes are
influenced by the level of temperature increase on a heatwave day. As
opposed to long-term, regional factors described above, this captures
elements of short-term acclimatization at a day-to-day scale, found to
influence the health-risks of heatwaves (Van Der Linden et al., 2019).
Similar mechanisms to the regional analysis are observed, as greater
temperature differences vis-a-vis a control day lead to greater reduc-
tions in time at home and workplace activity for greater out-of-home
non-work activities, the same trade-offs as seen in British Columbia and
coastal regions. These findings highlight that responses to heatwaves
are not only sensitive to longer-term acclimatization at a regional level,
through factors such as typical climate and air conditioning ownership,
but also short-term acclimatization and experiences with the relative
temperature increases of heatwaves. Absolute and relative temperature
have distinct yet similarly large effects on behavioural adaptation in
the model, justifying the inclusion of both measures in future studies.

4.3. Adaptive responses evolve with temporal factors

By including years during and after COVID-19, and exploring their
heterogeneity with fixed effects, this analysis considers how changing
climatic and policy conditions influence heatwave adaptation. During
the unprecedented heatwaves coupled with wildfires and air pollu-
tion in 2021, the results concur with an adherence to wildfire public
health recommendations, as grocery/pharmacy, retail, and parks were
visited less to spend more time at home, compared to both 2020 and
2022 (White et al., 2023; Parisien et al., 2023; EPA, 2018). The results
are in line with Ly et al. (2023), who find greater activity declines
on hot days in 2021 compared to 2020. The greater propensity to
stay home may have influenced the record-breaking mortality of the
2021 heatwaves, where most deaths occurred in people’s homes (B.C.
Coroners Service, 2022), suggesting a compounding effect of fires
and air quality on heatwave adaptive responses. In 2022, relative to
the COVID-19-restricted activity in 2020, there is relatively greater
workplace visitation during heatwaves. These results suggest that work-
place re-openings may have constrained opportunities to visit other
locations during heatwaves, or potentially offered a source of cooling,
particularly for those working in air-conditioned offices.

Exploring how activities change together, this analysis sheds light
on behaviours which may lead early heatwaves to pose greater mortal-
ity risk (Anderson and Bell, 2011; Liss et al., 2017; Lee et al., 2014).
During June heatwaves, relative to later ones, greater activity rates
appear to be driven by discretionary behaviours, as changes in visi-
tation to retail/recreation and parks increase while time at home and
workplace visitation decrease. This may result from an underestimation
of the health risks of extreme heat, before messaging and community
engagement efforts take effect and individuals adjust their activity
accordingly (Bedi et al., 2022; Errett et al., 2023; Randazza et al., 2023;
Erens et al., 2021; Lane et al., 2014). These responses may also intersect

16

Global Environmental Change 94 (2025) 103026

with shifting institutional constraints, as early summer vacations may
allow people to substitute workplace obligations for other activities.

Activity participation is altered in complex ways during longer
heatwaves, presenting bidirectional changes in activities. During longer
heatwaves, workplace, park, and transit activity decrease relative to
shorter heatwaves. Concurrently, grocery/pharmacy exhibits greater
visitation, due to potential postponements of essential trips during
shorter heatwaves, which may not be feasible during longer heatwaves,
when - at some point during the heatwave — people have to visit
grocery/pharmacy locations. This postponement mechanism may be of
relevance to time-integrative studies of food access (Widener, 2018),
highlighting how access may vary during climate disasters. These com-
plex mechanisms are overlooked by considering aggregate increases or
decreases in activity levels, as various trade-offs across activity types
shape adaptive responses.

The competing activities which constrain adaptation evolve as heat-
waves progress. This is shown through the stage variable, where more
time is spent at home from the beginning to the end of a heatwave,
while changes in workplace and park visitation drop. These results
suggest that workplace obligations are more rigid during the early por-
tion of heatwaves, beyond which they are reduced more effectively as
activity schedules are adapted. Together with the findings on duration,
these temporal results add nuance to prior studies of park usage during
heatwaves, suggesting that parks are visited the most during the early
periods of shorter heatwaves, beyond which they are substituted for
more time at home (Barnett-Itzhaki et al., 2023; Kabisch et al., 2021).

On weekends, when activity schedules are typically more flexible,
greater changes in discretionary activity are observed by substituting
time at home. Distinguishing which activities are engaged in relatively
more, the results of this study build on prior literature finding greater
activity elasticity during extreme heat on the weekends (Stechemesser
and Wenz, 2023; Ly et al., 2023; Kumakura et al., 2024). These findings
also convey that activity schedules during weekdays may permit fewer
opportunities to engage in discretionary activity outside the home
during heatwaves.

4.4. Urban and socio-economic impacts on adaptation

Simultaneously considering the various activity types that indi-
viduals engage in during heatwaves, this analysis reveals how urban
form shapes adaptive opportunities to heatwaves. In more population
dense counties, which face amplified heatwave risks due to urban heat
island effects (Hsu et al., 2021), adaptive responses tend to involve
less grocery/pharmacy, retail, and especially park activity compared
to population-sparse counties. Densely built environments and a lack
of green space in urban areas, which contribute to extreme heat am-
plification (Aram et al., 2020), may also shape adaptive responses by
hindering potential for out-of-home activities during heatwaves.

In non-white counties, the co-occurring negative change in gro-
cery/pharmacy and transit usage, which corresponds to greater time at
home, suggests a degree of transit captivity to reach essential services
during heatwaves. Racial minority groups, who are disproportionately
at risk of heatwaves and more reliant on public transit (Labban et al.,
2023), may encounter greater barriers to essential activities during
heatwaves.

Greater changes in park usage in lower-income counties highlight
the role of green spaces as sources of heat refuge for individuals
who may face lower abilities to cool at home. These results build
on prior literature which find greater overall activity levels in lower-
income neighbourhoods during extreme heat (Stechemesser and Wenz,
2023; Ly et al.,, 2023; Tian et al., 2024), which are likely related
to inequalities in residential heat exposure, precipitating visitation to
non-home locations to seek cooling.

By analysing which activities are altered and how they are related,
this analysis finds that in counties with older populations, greater time
is spent at home by reducing transit, grocery/pharmacy, and park usage
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during heatwaves. This supports the findings of Stechemesser and Wenz
(2023), who find strong subway mobility reductions among individuals
in neighbourhoods with greater proportions of individuals aged 65+
in New York City. The current analysis suggests that the observed
reductions are not only due to substitutions of discretionary activity,
which may include cooling options, but also visitation to essential
locations, both of which may increase the vulnerability of an already
at-risk subgroup.

4.5. Limitations and future research

Primary limitations to this study stem from the nature of the Google
data, as discussed in Section 2.1.1. The Google Community Mobil-
ity Reports data was only produced for March 2020-October 2022.
Therefore this study’s results are specific to the three summers after
the start of the COVID-19 pandemic. Though changes in adaptation
are explored across years and mobility restrictions had been lifted
by 2022, all three years fall broadly within the epidemic phase. A
return to relative normalcy in the ensuing years — such as greater in-
office working obligations — may further shape adaptive responses to
heatwaves and should be considered when interpreting results. Further,
a more detailed analysis would be enabled by more disaggregated data,
which would allow for individual-level analyses as opposed to county-
level inferences. More detailed activity pattern data could also shed
light on trip timing, shown to be important during heatwaves (Tian
et al., 2024; Kumakura et al., 2024), as well as trip chaining, purpose,
visits to other people’s homes, any inter-county visitation, and whether
workplaces are indoors versus outdoors. This latter point is essential,
as indoor, air-conditioned workplaces may be protective while outdoor
work can be life-threatening during heatwaves. Finally, despite high
smartphone ownership rates — estimated at 85% in the US and 84%
in Canada — those most vulnerable during heatwaves, including low-
income, homeless, and older individuals, are underrepresented (Perrin,
2021; Guardaro et al., 2022; Fransson et al., 2023).

There are four suggested avenues for future research. The first is to
explore adaptive responses in other spatio-temporal contexts, including
low and middle-income countries, which are highly vulnerable to heat-
waves, are characterized by lower uptake of air conditioning in homes,
and have greater proportions of outdoor workers exposed to extreme
heat (De Sario et al., 2023; Mastrucci et al., 2019; Kjellstrom et al.,
2009; Marcotullio et al., 2021). The second is to use more granular
data, whether cell-phone or traditional travel or time use data, to
understand how competing activities influence behavioural adaptation
to heatwaves on more dis-aggregated scales, with a particular focus
on heat-vulnerable groups such as the low-income individuals, Black
and Hispanic people, and the elderly. The third is for research to
prioritize the development of public, spatially disaggregated data on air
conditioning prevalence (Romitti et al., 2022). This data is especially
lacking for non-metropolitan regions and locations outside the home,
such as workplaces. The last is to continue to conceptualize issues of
cooling access not only in terms of the cooling behaviour itself, but also
through the constraints of everyday life, such as workplace obligations,
which constrain adaptive opportunities.

5. Conclusion

This paper examines how the various activities of everyday life are
altered during heatwaves, shaping and constraining opportunities to
seek cool environments. Through a simultaneous modelling approach
that is applied to data across the Pacific Northwest, these interdepen-
dent activity changes are linked to climatic, temporal and contextual
factors of heatwaves. Using this novel approach, the following main
insights are drawn:

+ People’s adaptive responses to heatwaves vary with regional cli-
mate.
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+ Absolute and relative heatwave intensities condition adaptation.

+ Adaptation is a dynamic process that evolves over time.

» Urban form and socio-economic disparities shape activity trade-
offs during heatwaves.

By contextualizing heatwaves alongside the constraints of everyday
life, this study highlights the diverse mechanisms by which behavioural
adaptation occurs, as well as the underlying structures which condition
it.
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