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ARTICLE INFO ABSTRACT

Keywords: Social isolation can cause a variety of adverse physical and mental health effects and is central to understanding
Social isolation broader social disparities among marginalized groups in the United States. This study aims to assess whether
Neighb-orhoodﬁ temperature variation is associated with daily social isolation at the neighborhood level. I test a series of two-way
?:;;L;ztel?rueahty fixed effects models to see if mean daily temperature is associated with individuals spending the entire day at

home, as measured using smartphone data, across a sample of 45 million devices in 2019 in the United States.
Using interaction terms, I specifically examine heterogeneity in temperature effects by neighborhood racial
composition and socioeconomic status. The two-way fixed effects models reveal highly statistically significant
negative coefficients for the interaction between temperature and neighborhood proportion Black, temperature
and neighborhood proportion Hispanic, and temperature and neighborhood residential disadvantage, in pre-
dicting the probability of spending the entire day at home. In marginal terms, the findings indicate the gap in the
probability of spending the entire day at home between an all-Black neighborhood and an all-White neighbor-
hood grows by nearly 10 percentage points from the warmest day of the year to the coldest day of the year in
some parts of the United States. My models highlight how residents of poor and majority Black and Hispanic
neighborhoods experience disproportionate social isolation in the form of a greater propensity to spend the entire

Mobility patterns

day at home.

1. Introduction

Recent evidence suggests Americans’ self-reported feelings of lone-
liness are growing (Luchetti et al., 2020). Social isolation and loneliness
are associated with an assortment of health issues, including poor sleep
quality, hypertension, poor cognitive function, depression, anxiety, and
a weakened immune system (Holt-Lunstad et al., 2010; Griffin et al.,
2020; Boss et al., 2015). Additionally, social isolation is associated with
a decline in an individual’s support network, which can exacerbate
economic insecurities and have other social consequences (Lim, 1996).
People who are socially isolated tend to have fewer opportunities to
engage in activities that support physical and mental well-being. In
extreme cases, social isolation is associated with self-harm and suicide
(Heuser and Howe, 2018).

While isolation has been discussed in the public health literature as
an individual condition, sociologists tend to discuss it as a community-
level phenomenon. For example, Wilson (Wilson, 1987) argues that
isolation, in a community context, is key to understanding urban
neighborhood disadvantage. He asserts that racial segregation and
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concentrated poverty contribute to a lack of social resources and op-
portunities for residents of disadvantaged neighborhoods. Consequen-
tially, individuals residing in these isolated neighborhoods tend to
experience reduced life chances, including lower educational and
occupational attainment and worse health. More recent scholarship has
shown that social cohesion and collective efficacy within a community
are strongly associated with community outcomes, such as violent crime
(Sampson et al., 1997).

While isolation has been broadly explored as an individual and
community-level phenomenon, less research has engaged with it in
relation to weather, despite that being a self-evident factor. Some
research has shown social isolation is worse when the weather is colder
(Clarke et al., 2015), but this association has not been well-studied with
neighborhoods, race, and socioeconomic status. While many studies
have shown that poor and non-White Americans are more socially iso-
lated (Tigges et al., 1998), it is unclear how weather may uniquely
impact their isolation.

Climate change necessitates more research on the nexus between
weather conditions and social outcomes. Given extreme winter events,
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in recent years, climate scientists have increasingly explored whether
climate change can cause extreme cold weather. Some research suggests
that climate change alters the stratospheric polar vortex, a band of winds
circulating in the stratosphere. Scientists believe the melting of the ice
caps can induce upward atmospheric wave energy flux, which can result
in severely cold winter weather in the Northern Hemisphere (Cohen
et al., 2021).

A large body of research suggests that cold weather can negatively
impact mental health. In particular, cold is often associated with feelings
of isolation, depression, and anxiety (Molin et al., 1996). Cold weather
can also negatively impact the amount of time individuals spend out-
doors, which may further amplify isolation and mental illness (Hartig
et al., 2007). Moreover, prolonged exposure to cold climates is associ-
ated with a heightened risk of Seasonal Affective Disorder. Research
suggests that a key mechanism for moderating these impacts is staying
socially connected and physically active throughout winter (Seasonal,
2015; Kvam et al., 2016). Individuals who manage to do so report fewer
negative mental health symptoms throughout the winter (Rohan et al.,
2003; Wirz-Justice et al., 1996).

Beyond combatting social isolation, spending time outside has
numerous health benefits (Schaefer et al., 2014). Natural light exposure
benefits the body’s circadian rhythm and has been shown to improve
sleep patterns (Burns et al., 2021). Spending time outdoors is also
associated with lower levels of stress (Kondo et al., 2018). Physical ac-
tivity can also improve cardiorespiratory health and increase muscular
strength (Harada et al., 2017). Physical activity has been shown to
mediate a key association between outdoor time and mental health
(Belanger et al., 2019). While cold weather somewhat prohibits
spending substantial amounts of time outside, spending at least some
time outside and finding ways to stay active are crucial to maintaining
good physical health throughout the year, especially in the winter.

While the benefits of being socially involved and spending time
outside are clear, huge disparities persist in the United States. Studies
show that impoverished and non-White individuals are significantly
more likely to suffer from social isolation and physical inactivity (Tigges
et al., 1998; Hawes et al., 2019). Neighborhoods have been called a key
driver of these disparities, though the mechanisms are not perfectly
understood. Some research suggests that social isolation is exacerbated
in impoverished non-White communities because of reduced social
cohesion and collective efficacy, and heightened residential instability
(Forrest and Kearns, 2001; Cradock et al., 2009). Other research sug-
gests that fewer institutional resources leave residents with fewer op-
portunities to stay engaged or connect with others (Tigges et al., 1998).
Broadly, feeling unsafe outdoors is strongly associated with physical
inactivity and staying indoors excessively. Disadvantaged communities
also generally have limited access to green spaces or other appropriate
places to engage in physical activity, further exacerbating health dis-
parities (Bennett et al., 2007). While the exact mechanisms are not
perfectly understood, research has documented substantial disparities
along neighborhood lines in terms of social isolation and physical ac-
tivity (Tigges et al., 1998).

In this paper, I use neighborhoods to explore the impact of temper-
ature on activity, with a keen focus on racial and socioeconomic dis-
parities. As past research has suggested associations between
temperature and activity and race/socioeconomic status and activity, I
seek to examine how the three variables interact. I focus on cold
weather, rather than hot weather, as the health implications around
isolation in the winter are fundamentally different than those in the
summer (Denissen et al., 2008). Furthermore, some literature suggests
that due to seasonal factors, summertime has much greater levels of
activity and mobility (Chan and Ryan, 2009; Hawelka et al., 2014).
Using pre-pandemic cell phone mobility data from a nationally-
representative sample of 45 million mobile devices, I measure the
relationship between daily temperature and the fraction of residents
who spend the entire day at home. On a typical day in a typical neigh-
borhood, I find that around 30 % of residents spend the entire day at
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home. While I find that, on average, more isolation occurs in poor Black
and Hispanic neighborhoods, I also find that these disparities are espe-
cially worse on the coldest days. From the warmest to the coldest days of
the year, I estimate that the growth in disparities between all-Black/
Hispanic and all-White neighborhoods can be close to 10 percentage
points in parts of the country. I conclude by arguing for more research at
the nexus of race, weather, and isolation.

2. Data

For this project, I used three sources. First, I obtain mobility data
from SafeGraph, a United States firm specializing in mobility and traffic
data. SafeGraph aggregates anonymized, repeatedly measured location
data from a nationally representative sample of 45 million smartphone
devices that Veraset provides. I specifically rely on SafeGraph’s “Social
Distance Metrics” dataset, which provides daily information on in-
dividuals® activity levels for every day in 2019. SafeGraph determines
the home location for a device as the device’s common nighttime (6:00
pm to 7:00 am) location estimated over the prior 6-week period. Then,
for each census block group and each day in 2019, SafeGraph reports
how many devices spent the entire day at home based on how many
devices did not ping outside their estimated home location during that
day.

Readers should bear in mind potential limitations of SafeGraph data
when interpreting these results. While some evidence suggests the
SafeGraph data is based on a generally representative sample of Amer-
icans, other literature has highlighted potential concerns. Noi and col-
leagues (Noi et al., 2022) observed some inconsistencies in mobility
findings derived from Safegraph compared to other sources. To be
included in the SafeGraph sample, individuals need a smartphone,
which slightly biases the sample as not all Americans have smartphones.
Nonetheless, data derived from SafeGraph’s mobility patterns generally
correlate strongly with data obtained from independent sources. At the
county level, spatial analyses of the SafeGraph device panel suggest the
SafeGraph sample is highly nationally representative, and only minor
sampling biases exist. Li and colleagues (Li et al., 2023) found that in
2019, the sampling bias in terms of age, race and educational attain-
ment, was minor. I encourage readers to interpret the findings of this
paper with potential limitations, in terms of sample representativeness,
in mind. Future research should replicate these analyses with other data
sources.

This project’s second data source is the National Oceanic and At-
mospheric Administration’s 2019 Global Daily Summaries dataset. The
Global Daily Summaries dataset provides daily weather information for
a large number of locations around the world. The dataset includes a
wide variety of daily measurements of meteorological data, including
average daily temperature. The data is quality controlled to ensure ac-
curacy and has been relied upon heavily in past meteorological research
(Menne et al.,, 2012). The weather stations utilized are fairly well-
distributed across the United States, ensuring that almost the entire
country is close to at least one station.

I subset the set of stations with Average Daily Temperature available
for 2019. I then link census block groups to the nearest station based on
their population centroid. In line with past approaches, I drop census
block groups where the nearest station was more than 100 miles away
(Adeyeye et al., 2019). Additionally, to eliminate extreme or inaccurate
values, I remove all observations where the daily average was less than
—40 °C or more than 30 °C. While 30 °C is not unrealistically warm, I
exclude such observations because there is reason to believe people
spend more time inside on days when heat is excessive. If this is the case,
high temperatures may affect the linearity of the temperature-activity
relationship, thereby biasing the results. 30 °C has been used in past
research as a cutoff for identifying hot days with “extreme tempera-
tures” (Hawelka et al., 2014; Noi et al., 2022).

The third data source is the American Community Survey’s
2015-2019 5-year estimates. I operationalize census block groups’
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Table 1
Summary Statistics on Census Block Groups in the United States in 2019.

Variable Mean Sd Min 25th % 75th % Max
Temp. 14 10.113 —39.6 6.7 22.5 29.9
Prop. Home 0.3 0.102 0.002 0.234 0.37 0.963
RND 0 0.925 —2.624 —0.642 0.585 4.773
Prop. Black 0.1 0.224 0 0 0.14 1
Prop. Hispanic 0.2 0.223 0 0.014 0.204 1
Prop. Other 0.1 0.121 0 0.011 0.102 1
N = 75,851,034.

racial composition based on three variables: proportion non-Hispanic
Black, proportion Hispanic (of any race), and proportion non-Hispanic
Other," with proportion non-Hispanic White as the omitted reference
category. Additionally, following past research, I operationalize a
neighborhood’s socioeconomic status by its residential disadvantage
score. Residential disadvantage is calculated as the factor from a prin-
cipal factor analysis of seven variables: percentages of poverty, unem-
ployment, single-headed households, public assistance receipt, adults
without a high school diploma, adults with a bachelor’s degree or
higher, and workers who are managers or professionals (Levy et al.,
2020; Wodtke et al., 2011; Levy et al., 2022;8(7):eabl3825.). This study
relied only on geographically aggregated, non-individual level data from
publicly available sources, and does not constitute human subjects
research by the University of Wisconsin-Madison’s definition.

Table 1 presents summary statistics on the panel dataset. The mean
temperature across all days and census block groups is 14 °C, or 57.2 °F.
On a typical day in an average census block group, approximately 30 %
of residents spend the entire day at home.

3. Methods

The main method employed in this analysis is two-way fixed effects
linear probability models predicting the fraction of residents of a census
block group i on day j who spend the entire day at home. I include fixed
effects for unique combinations of day and weather station, and census
block group i. These fixed effects control for general variation in time
spent at home on different days of the year, in different areas of the
country, and in different census block groups. My preferred model can
be written formally as follows:

piy =B *TEMP;*BLACK, + f3,* TEMP ;*HISP; + f3,* TEMP,;*OTHER,
+ B TEMP*RND; + A+ V; + €

where p;; represents the fraction of residents that spend the entire day at
home in neighborhood i on day j, BLACK; represents the proportion of
residents of neighborhood i that are non-Hispanic Black, HISP; repre-
sents the proportion of residents of neighborhood i that are Hispanic of
any race, OTHER; represents the proportion of residents of neighbor-
hood i that are non-Hispanic other, RND; represents the residential
disadvantage score of neighborhood i, and A,; represents day-area fixed
effects for neighborhoods where the nearest weather station is x and the
day is j, V; represents fixed effects for neighborhood i, € represents an
error term with the usually-assumed statistical properties. All models are
estimated using the fixest package in R (Berge et al., 2021).

Broadly, the intuition for this main model rests in the idea that
regional variations exist in levels of isolation and activity that are likely
due to unmeasurable attributes. In addition, stark variation between
days exists in how much time residents spend at home. Activity is higher
on holidays and certain days of the week (Adeyeye et al., 2019). Finally,
the intuition for the census block group fixed effects is to isolate the
effect of temperature, fully conditional on neighborhood attributes. By
controlling on the mean level of activity in a neighborhood, I can isolate

1 Other refers to any racial group other than Black or White.
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whether or not certain types of neighborhoods are subject to dispro-
portionate changes in isolation based on the changing temperature.
While, for ease of interpretation, I estimate these and a sequence of other
models as linear probability models, these results can also be replicated
with logit models. Replication with logit models is included in the
supplementary material. I additionally replicate the main models with
controls for proportion of residents age 65 or older and proportion of
residents with a disability,” since age and disability status are likely to be
important factors in mobility. These models can be found in the sup-
plementary material. I additionally include region-specific models
replicating the main results across each region of the United States in the
supplementary material.

4. Results

Table 2 presents the main results of the analysis. Model 1 presents
simple results regarding the average relative association between
neighborhood racial composition and the fraction of residents that spent
all day completely at home on a typical day. Model 1 includes day-area
fixed effects to control for both interregional and intertemporal varia-
tion in activity. These results suggest on an average day, a neighborhood
that is 100 % Black would expect to have 13.33 percentage points more
residents spend the entire day at home compared to a nearby 100 %
White neighborhood. I observe a similar disparity for proportion His-
panic. The effect of proportion Other is smaller but still positive. All
three of these results are highly significant (p < 0.001).

Model 2 removes the day-area fixed effects and adds an interaction
between temperature and the racial composition variable to present a
broader descriptive portrait of the interaction between temperature,
neighborhood racial composition, and spending the whole day at home.
The intercept, 0.3004, can be interpreted as the fraction of residents in a
100 % White neighborhood that would spend the entire day at home on
a day when the temperature is 0 °C. The temperature coefficient,
—0.0017, indicates that for every 1 °C the temperature increases, the
percentage of residents that spend all day at home declines by 0.17
percentage points. While this increment appears small, it would imply
that a 50-degree shift (—20 °C (—4 °F) to 30 °C (86 °F), which is a
realistic winter to summer shift in the Northern United States, is asso-
ciated with 8.5 percentage points fewer residents spending the whole
day at home.

The Black, Hispanic, and Other coefficients in Model 2 are similar to
those in Model 1 but slightly attenuated. The racial composition and
temperature interaction terms highlight the heterogenous effects of
temperature on activity. The coefficients for all three interactions are
negative and highly significant (p < 0.001), indicating that dis-
proportionality fewer people spend time at home as the weather warms.
Inversely, this also implies that disproportionately more people spend
time at home when the weather is colder. This is in addition to not only
general inequalities in spending the whole day at home but also the
general association between temperature and activity for all neighbor-
hoods (e.g., the “Temp.” coefficient).

Model 3 looks at the heterogenous effect of temperature in terms of
neighborhood socioeconomic status, as measured by Residential
Neighborhood Disadvantage (RND). These results reveal that RND is
positively associated with the likelihood of spending the entire day at
home and also that temperature has disproportionate returns in more
disadvantaged neighborhoods. Model 4 turns back to racial composition
and includes both day-area fixed effects and census block group fixed
effects. The results align with the Model 2 results, but the coefficients are
substantially larger. For example, these results indicate that a 100 %
Black neighborhood experiences an additional eight percentage points
decline in the percentage of people spending all day at home with a 50-
degree increase in the temperature relative to a 100 % White

2 Imputed from census tract statistics.
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Table 2
Linear Probability Models Predicting the Fraction of Residents Spending the Entire Day at Home across the United States in 2019.
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Intercept 0.3004 *** 0.3304 ***
(0.0000) (0.0000)
Temp. —0.0017 *** —0.0018 ***
(0.0000) (0.0000)
Prop. Black 0.1333 *** 0.1103 ***
(0.0003) (0.0001)
Prop. Hispanic 0.1334 *** 0.1240 ***
(0.0003) (0.0001)
Prop. Other 0.0434 *** 0.0131 ***
(0.0003) (0.0002)
RND 0.0404 ***
(0.0000)
Temp. X Prop. Black —0.0008 *** —0.0016 *** —0.0008 ***
(0.0000) (0.0000) (0.0000)
Temp. X Prop. Hispanic —0.0019 *** —0.0018 *** —0.0008 ***
(0.0000) (0.0000) (0.0000)
Temp. X Prop. Other —0.0004 *** —0.0006 *** —0.0004 ***
(0.0000) (0.0000) (0.0000)
Temp. X RND —0.0004 *** —0.0005 *** —0.0004 ***
(0.0000) (0.0000) (0.0000)
Day-Area Fixed Effects X X X X
CBG Fixed Effects X X X
N 75,851,034 75,851,034 75,851,034 75,851,034 75,851,034 75,851,034
AIC —162433069.1405 —140244804.9686 —141742027.2294 —194267696.7310 —194313128.4150 —194343544.2935
BIC —153136981.7493 —140244675.8143 —141741962.6522 —181517104.3325 —181562568.3051 —181592935.7507
Adj. R2 0.3389 0.1075 0.1250 0.5667 0.5670 0.5671

*#% p < 0.001; ** p < 0.01; * p < 0.05.

neighborhood.

Model 5 is similar to Model 4 but looks at residential disadvantage,
not racial composition. These results reveal a similar finding to Model 3,
but with a slightly larger coefficient. They indicate that a one standard
deviation increase in residential disadvantage is associated with an
additional 2.5 percentage points decline in residents spending the entire
day at home per 50-degree increase in temperature. Finally, Model 6
represents the aforementioned preferred models. The results of this
model mostly align with the results of Models 4 and 5 but highlight how
both racial composition and socioeconomic status have independent
heterogeneity in association with the effect of temperature on activity.

Fig. 1 visualizes these findings. Based on Model 4, this figure depicts
the predicted difference in disparities between an all-White and an all-
Black neighborhood between the warmest and coldest days of the
year. The units of analysis are county-level, with the 2019 minimum and
maximum temperatures for the county imputed based on the averages of

all census block groups in the county. As shown, there is substantial
variation in nationwide predicted change. In the upper Midwest, the
disparities between an all-White and an all-Black neighborhood in terms
of the proportion of residents that spend all day at home grow by nearly
ten percentage points from the warmest to the coldest day. In contrast,
the change is less than four percentage points in much of Florida and
California. This figure would appear nearly the same if examining
change in Hispanic-White disparities instead, given the similar co-
efficients in Model 4. Region-specific models are presented in the sup-
plementary material. While the directions and significance of
coefficients are consistent across regions, the magnitude varies slightly,
with the effect of neighborhood racial composition and disadvantage
weaker in the Western United States.

'
H
-

Difference =

-1

Fig. 1. Expected Change in Black-White Disparity between Coldest and Warmest Day of Year across the United States by County in 2019.
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5. Discussion

The study examines the relationship between neighborhood racial
composition, temperature, and the percentage of residents who spend
the entire day at home. Aligned with past research, I find that residents
of poor, non-White neighborhoods are substantially more likely to spend
the entire day at home (Tigges et al., 1998). However, I find that this
effect is highly reliant on the daily temperature. Moreover, this heter-
ogenous temperature effect can be quite substantial. In some parts of the
country, the disparity between an all-Black and all-White neighborhood
from the warmest day to the coldest day of the year can be nearly ten
percentage points.

This study highlights the persistence of racial and socioeconomic
disparities in terms of access to resources and opportunities, as indicated
by intense social isolation. In addition, the fact that the effect of
neighborhood racial composition on residents staying at home is highly
conditional on temperature indicates that temperature is a key factor
that must be taken into account when studying social isolation dispar-
ities. These findings also suggest that policy interventions designed to
address neighborhood disparities must consider the role temperature
and season play in shaping neighborhood inequalities. Broadly, this
study has considerable implications for public health and well-being, as
substantial evidence suggests that those who are socially isolated may
also be more vulnerable to the negative health effects associated with
staying indoors, such as lack of natural light and inadequate physical
activity. Given these past findings, this research would suggest a
important pathway through which neighborhoods affect physical and
mental health: intensified winter isolation. Ultimately, while past
research has documented the greater social isolation poor, non-White
Americans face, the effects of that isolation may be worse than past
scholarship has hypothesized because of how temporally concentrated it
is.

Despite informative findings, interpreting this study’s results has
several limitations. First, it is entirely unclear what mechanisms explain
the observed heterogeneous effects. Additionally, I look at only neigh-
borhood-level associations and cannot account for individual-level fac-
tors that may impact isolation, such as employment status or
transportation access. Lastly, this analysis was performed on data from
before the onset of the pandemic, data which is no longer openly
available to academic researchers, so it is unclear if these patterns would
still hold today.

In light of these informative results, future research should investi-
gate several related questions. First, future research should take
advantage of quasi-experimental, individual-level data or other unique
data types to provide a more causally-sound estimate of the impact of
neighborhoods on social isolation and examine heterogeneity in who
bears the brunt of that effect. Additionally, research should examine the
mediating individual-level factors in the association between neigh-
borhood racial composition, temperature, and the percentage of resi-
dents who spend the entire day at home, such as employment status and
transportation access. More broadly, the neighborhood-level factors in
the association, such as access to green space or sense of safety outdoors,
should be explored in greater detail. Future research should additionally
explore heterogeneity in these results in terms of neighborhood age
composition, disability status and region.

Ultimately, this research highlights a key disparity that has sub-
stantial health implications. More concerning, as climate change exac-
erbates extreme weather, this research suggests that these inequalities
may only be amplified. Further research must explore these disparities’
causes, mechanisms, and health effects. Policies to promote neighbor-
hood equitability in social inclusion and physical activity should also be
considered. The findings of this research call attention to the urgent
need to address these neighborhood-level disparities, not only to
improve public health today, but also to preemptively mitigate the po-
tential exacerbation of these disparities by climate change in the future.
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