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Abstract
Heat exposure of a population is often estimated by applying temperatures from outdoor monitoring stations. However, this can lead
to exposure misclassification if residents do not live close to the monitoring station and temperature varies over small spatial scales
due to land use/built environment variability, or if residents generally spend more time indoors than outdoors. Here, we compare
summertime temperatures measured inside 145 homes in low-income households in Baltimore city with temperatures from the
National Weather Service weather station in Baltimore. There is a large variation in indoor temperatures, with daily-mean indoor
temperatures varying from 10 °C lower to 10 °C higher than outdoor temperatures. Furthermore, there is only a weak association
between the indoor and outdoor temperatures across all houses, indicating that the outdoor temperature is not a good predictor of the
indoor temperature for the residences sampled. It is shown that much of the variation is due to differences in the availability of air
conditioning (AC). Houses with central AC are generally cooler than outdoors (median difference of − 3.4 °C) while those with no
AC are generally warmer (median difference of 1.4 °C). For the collection of houses with central or roomAC, there is essentially no
relationship between indoor and outdoor temperatures, but for the subset of houses with no AC, there is a weak relationship
(correlation coefficient of 0.36). The results presented here suggest future epidemiological studies of indoor exposure to heat would
benefit from information on the availability of AC within the population.
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Introduction

Heat exposure of a population is often estimated by applying
temperatures from outdoor, central site monitoring stations.
However, this can lead to exposure misclassification as most

residents do not live close to the monitoring station, and heat
exposure can vary at the neighborhood scale (Basu 2009)
Furthermore, and arguably more importantly, individuals in
industrialized countries spend 90% or more of their time in-
doors (Hoppe and Martinac 1998; Klepeis et al. 2001), and
indoor temperatures are likely to better represent personal heat
exposure (White-Newsome et al. 2012; Smargiassi et al.
2008). However, at present, the association between indoor
conditions and the observations from a central weather mon-
itoring, and the heterogeneity of among different indoor envi-
ronments, is poorly known. While the association between
outdoor temperature measurements and population health
may be relevant from an epidemiologic perspective, under-
standing the relationship between indoor and outdoor temper-
ature may be more relevant to developing interventions for
mitigating heat exposure at the individual level.

As understanding health effects of climate change is in-
creasingly recognized as a research and public health priority
(IPCC 2018; USGCRP 2018; Watts et al. 2018), recognizing
and addressing limitations of the methodology for exposure
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assessment is imperative. Heat exposure has been linked with
increases in mortality through studies of extreme heat events
(e.g., Kaiser et al. 2001; Naughton et al. 2002), and through
time series analyses of large population datasets (Basu 2009).
Heat exposure has also been associated with increases in car-
diopulmonary morbidity (Anderson et al. 2013), asthma exac-
erbations (Lin et al. 2009), and COPD (McCormack et al.
2016). Individuals that are from low-income households and
minorities living in urban areas have been identified as sus-
ceptible to the adverse effects of heat due to poor access to air
conditioning and healthcare (Harlen et al. 2006; Madrigano
et al. 2015). However, very few studies include individual
level exposure assessment such as indoor or personal assess-
ment of heat exposure.

Only a limited number of studies have examined the rela-
tionships between indoor and outdoor temperatures in
residential dwellings within the USA. Tamerius et al. (2013)
and Quinn et al. (2014) analyzed data from two separate large-
cohort studies in New York City, where indoor temperature
measurements were made in a large number of houses (327
and 285, respectively) for 1–2-week periods spread over mul-
tiple years; Quinn et al. (2017) analyzed data from 36 apart-
ments in New York City during two summers; and White-
Newsome et al. (2012); Nguyen et al. (2014), and Vant-Hull
et al. (2018) analyzedmeasurements made in a similar number
of houses (30 in Detroit, 16 in Boston, and 30 in New York
City respectively) for a single summer/year. In addition,
Nguyen and Dockery (2016) examined the indoor-outdoor
temperature relationships for houses in eight locations across
the northern hemisphere. All these studies found some asso-
ciation between the indoor temperatures and those from an
outdoor monitoring station, but the strength of this association
and the sensitivity of indoor to outdoor temperatures varied,
and there remain large uncertainties in the indoor to outdoor
temperature relationship.

Here we examine the indoor to outdoor temperature rela-
tionship using temperature measured inside homes of a large-
cohort study of children with asthma in low-income house-
holds living in Baltimore City. The variability of the temper-
atures of the homes of this vulnerable population, and its as-
sociation with outdoor conditions, has not previously been
quantified and is valuable information for future epidemiolog-
ical studies of this population. Furthermore, the previous
large-cohort studies discussed above (Tamerius et al. 2013;
Quinn et al. 2014) consider a different city (New York City),
populations, and housing characteristics, and comparisons
with these studies provide useful information of how indoor-
outdoor relationship varies between cities and populations.

As well as quantifying the variability across the study pop-
ulation we also examine the impact air conditioning (AC)
plays on this variability and indoor-outdoor relationships.
The use of AC is expected to have an impact on indoor
temperatures and the relationship with outdoor conditions,

but few studies have quantified this impact. Information on
AC usage was not available for the Tamerius et al. (2013) and
Quinn et al. (2014) large-cohort studies, and there is AC in-
formation only in studies involving a small number of houses
(Nguyen et al. 2014, White-Newsome et al. 2012; Quinn et al.
2017; Vant-Hull et al. 2018). Furthermore, these studies only
reported limited information on the impact of AC. Exceptions
include White-Newsome et al. (2012) who report a higher
sensitivity of indoor temperatures to outdoor temperature for
houses without AC compared to those with AC, and Quinn
et al. (2017) who found lower indoor temperatures for homes
with central AC than homes with room ACs, and a very weak
association between indoor and outdoor temperatures for
homes with AC. However, as these studies used a small num-
ber of homes with different locations and characteristics, it is
not known how the availability of AC will impact tempera-
tures for the population considered here. Therefore, we exam-
ine the impact of AC on indoor temperatures, and the role this
plays in the variability among homes and the association be-
tween indoor and outdoor temperatures.

Data and methods

Study design

The residences monitored in this study are from two US
National Institute of Environmental Health Sciences
(NIEHS)-funded cohort studies (DISCOVER and Asthma-
Diet) investigating the effect of indoor environmental expo-
sures on childhood asthma. Although the focus of these stud-
ies is not the difference between indoor and outdoor climates,
the data collected can be used to examine this issue. Children
ages 5–12 living in Baltimore City were enrolled in these
studies. The social economic conditions of the areas contain-
ing the vast majority of the houses are similar, i.e., the vast
majority of the houses are located in ZIP codes where the
median house incomes are between USD 20,000 and USD
30,000, the percentage vacant houses are between 15 and
25%, and there is a majority African-American population.

A house survey that included information on the residence
type (e.g., row-home, apartment, or single-family house), dis-
tance from street, and type of cooling system (central air con-
ditioning, window air conditioned in specific rooms) was
completed by a field worker before each visit. The sampled
residences were mostly (78%) “row homes” (a row of houses
that share walls, and sometimes referred to as terraced or town
houses), while there was a roughly equal split between houses
with central air conditioning, room air conditioning, and no air
conditioning, see Table 1.

Each participant underwent 1 week of home environmental
monitoring in each of four consecutive seasons for a total of
4 weeks of monitoring (i.e., 4-week-long monitoring periods
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each separated by 3 months). Here we consider only summer
(June to August) measurements as extreme heat and heat ex-
posure are most common in this season. During summers
between 2009 and 2013, week-long visits were made to 145
homes.

Measurements

Temperature and humidity were measured inside the partici-
pant’s homes using HOBO (Onset, Inc. Poccasette,MA) H08-
007 temperature and humidity data loggers. The data loggers
record temperature with accuracy around 0.7 °C and relative
humidity with accuracy of ± 5%. In most cases, the data log-
gers were placed in the child’s bedroom (86%), see Table 1.
Measurements were recorded at 5-min intervals, from which
we calculated hourly averages. All analysis was performed on
these hourly average temperatures.

The majority of the houses sampled are located in inner
Baltimore City. The mean distance of the houses from the
National Weather Service (NWS) automated observing sta-
tion located in the Baltimore Inner Harbor is 5.2 km, with
minimum of 0.7 km and maximum of 14.4 km, see Fig. 1.

Hourly temperature and humidity measurements were
made at the NWS station, and we refer to these station data
as “outdoor” data. These data are available for each day during
the summers between 2009 and 2013, but indoor measure-
ments are not made on each day. We include here only out-
door measurements for times when there is also an indoor
measurement. Specifically, each hourly measurement inside
a house is matched with measurements made at the weather
station at the same time. If measurements were made in two
houses at the same time, then the outdoor data is duplicated for
that time. This means that we have exactly the same number of
indoor and outdoor temperatures, with each made at the same
time.

Analysis

We examine the variability and relationships between the in-
door temperature (Tin), outdoor temperature (Tout), and the
difference between these two measurements (ΔT = Tin −
Tout) for (i) hourly data, (ii) daily statistics (daily minimum,
mean, and maximum hourly values), and (iii) mean and vari-
ance of hourly data for each 6–8-day visit to a home (referred
to as an “individual house visits,” with mean over this visit
being referred to as the “visit mean”).

We use the Pearson product-moment correlation coeffi-
cient (r) and the slope β of the ordinary least squares regres-
sion to quantify the relationships between indoor and outdoor
measurements. The correlation coefficient is a parametric test
that measures the degree of linear correlation between the
indoor and outdoor measurements, while the linear regression
coefficient β is an estimate to the change in indoor value for
unit change in outdoor value, i.e., for regression between in-
door and outdoor temperature, Tin =α + βTout, β is the change
in Tin for a 1-degree increase in Tout. The Student t test is used
to test if there is a difference in the mean temperature between
housing with different AC types.

Our main focus is on temperature variations, but as there is
also interest in variations of humidity and heat indices, we
have also performed the above analysis on the relative humid-
ity (RH), dew point (Td), and heat index (HI). The dew point is
calculated using Eq. (8) of Lawrence (2005) and heat index
using formula in Rothfusz (1990).

Fig. 1 Histogram of the distance of houses from theNWSweather station
in Baltimore city. Vertical dashed line shows the mean distance

Table 1 Housing characteristics.
A house is classified as room AC
only if AC unit is in the room
where the T measurements were
made

Housing characteristics N = 145 homes

Air conditioning Central (36%), room (26%), none (38%)

House type Row House (78%), Apartment (13%), other (9%)

Room sampled Bedroom (86%), Family Room (6%), Living Room (4%), Kitchen (4%)

No. of floors in building (mean, SD) 2.1 (0.4) min = 1, max = 4

Presence of basement (%) 76.2%
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Results

Temperature and humidity measurements

To quantify the variability across all houses, we compare the
diurnal cycle of all indoor and outdoor measurements. The
measured Tout has a large diurnal cycle, with an average daily
maximum value around 30 °C (occurring in late afternoon, 2–
3 pm) and an average minimum value around 24 °C (occur-
ring in early morning, 5–6 am) (see Fig. 2). There is however
large variability between days (due to variability in meteoro-
logical conditions), with the daily maximum varying between
21 and 41 °C. Tin also has a diurnal cycle, but with a much
weaker amplitude than outdoors (~ 2 °C compared to ~ 7 °C),
due to both cooler afternoons and warmer overnight indoor
compared to outdoors. There is also a difference in timing of
maximum temperatures, with the maximum Tin occurring
around 2 h later than Tout. A smaller diurnal variation indoors

and lag of 2–3 h were also found by earlier studies (Quinn
et al. 2014; Vant-Hull et al. 2018).

These differences between indoor and outdoor tempera-
tures are quantified in Fig. 3, which shows the histograms of
ΔT for the daily mean, minimum, or maximum temperature.
(The daily minimum and maximum temperatures occur in the
early morning (around 6 am) and mid-afternoon (around

Fig. 3 Histogram of indoor-outdoor differences in daily minimum (a),
maximum (b), and mean temperatures (c), for all hourly data for June–
August, 2009–2013. Vertical solid line is the mean value

Fig. 2 Box-whisker plots for hourly data, for all data for June–August,
2009–2013. The box shows the lower and upper quartile, and whiskers
show maximum and minimum values
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3 pm), and the distributions of temperature difference ΔT at
6 am and 3 pm are very similar to distributions ofΔT for daily
minimum and daily maximum temperature, respectively.) The
most striking feature is the very wide spread in ΔT, with
values ranging from less than − 10 °C to greater than 10 °C.
This means that within the study populations, there are
residences/days where indoors are much colder than outdoors
while for other residences/days, the reverse holds. The large
variability inΔT occurs for all three metrics and hence occurs
at day and night. There is, however, some diurnal variation in
ΔT, with the indoor daily minimum (early morning tempera-
tures) slightly warmer on average than outside (ΔT ~ 1 °C)
while the indoor daily maximum (afternoon temperatures)
cooler on average by around 5 °C. The larger differences
during the day than at night result in the daily mean Tin being
lower on average than Tout by around 2.5 °C (see Fig. 2).

Analysis of relative humidity (RH), dew point (Td), and
heat index (HI) shows qualitatively similar results, with a
broad distribution of indoor-outdoor differences and diurnal
variations in the mean indoor-outdoor differences, see Fig. 4.
The population-mean daily minimum RH is close to zero
(with differences generally between − 20 and + 20%), but
population-mean indoor daily maximum RH is around 20%
less than outdoors (with indoor values less than outdoor for
nearly all measurements). The population-mean difference in
dew point shows a much smaller diurnal variations, with the
mean indoor dew point around 5 °C less than outdoors for
daily minimum, maximum, and mean values.

The large variability inΔT could be due to different mete-
orological conditions and changes in Tout. However, there is
only a weak association between indoor and outdoor temper-
atures (Table 2). For example, the correlation coefficient be-
tween daily maximum Tin and Tout is r = 0.22 and the regres-
sion coefficient β = 0.23, i.e., variations in Tout explain only
R2 = 0.05 of the variance in Tin, and on average, there is only a
0.23 °C increase in the daily maximum Tin for a 1 °C increase
in daily maximum Tout. This low correlation indicates that the
outdoor temperature is not a good predictor of the indoor
temperature for the residences sampled.

Impact of air conditioning

As Tout is not a good predictor, other factors must play an
important role in determining Tin. While other meteorological
factors (solar radiation, wind) could be playing a role, analysis
of the indoor-outdoor temperature differences for houses sam-
pled at the same time indicates that differences between hous-
es, and not meteorology, are the major cause of the variability
inΔT. Furthermore, this analysis suggests that the availability
of air conditioning (AC) is key factor for differences between
houses.

The role of AC is illustrated in Fig. 5a, where the Tin are
shown from three houses that were all sampled from late May

to early June 2010. These houses are all row homes but they
differ in the availability of AC, and there is corresponding
differences in Tin between houses (even though they were
sampled over the same period). One house (H-central) has
central air conditioning and there are only small diurnal or
day-to-day variations Tin in this house for the 7 days sampled,
and Tin is nearly always less than the Tout (with small differ-
ences at night but large differences during the day). This is
consistent with a house with effective cooling. In contrast,
house H-no has no air conditioning and Tin in this house is
between 32 and 36 °C (mean of 34.0 °C) and is always larger
than Tout (with large differences at night). Consistent with a
house with no cooling system and very limited ventilation, the
third house (H-room) has room AC in the room where mea-
surements were made, and for this house, Tin and Tout are
comparable, both in terms of mean values and variability,
although the indoor variability is less than outdoors.

There is also a difference in the indoor humidity between
these three houses, as illustrated in Fig. 5b which shows the
dew point temperature for the three houses and the outdoor
station. Consistent with population-mean difference in dew
point (Fig. 4), the indoor dew point is nearly always less than
that outdoors. The largest difference (of up to 10 °C) occurs
for the house with central AC. This is likely due to removal of
water vapor by the air conditioning.

The three examples shown in Fig. 5 are representative of
variability across houses, and there are many houses where
both the mean and standard deviation of Tin are much less than
outdoors (i.e., Tin varies little during the visit and is nearly
always less than Tout, e.g., H-central) as well as many houses
where visit mean of Tin are much greater than outdoors but
indoor standard deviation is still smaller (i.e., Tin varies little
but is nearly always greater than Tout, e.g., H-no). This sug-
gests that the availability of AC drives much of the variability
in ΔT.

To test this hypothesis, we separate the houses into those
with central, room, or no AC, and examine the distribution of
ΔT for each class. In this analysis, we consider a house to
have room AC if there is no central air conditioning but there
is an AC unit in the room where the T measurements were
made. If there is an AC unit in another room, then the house is
classified as no AC.

As might be expected, consideration of the availability
of AC alters the relationship between indoor and outdoor
temperatures. When all houses are included, there is essen-
tially no relationship between the mean Tin and Tout for
each 6–8-day visit to a house (r = 0.04, Table 3).
Similarly, there is very weak association (r ≤ 0.05) for the
subset of houses with central or room AC (Table 3,
Fig. 6a, c). When the subset of houses with no AC are
considered, there is a weak relationship between Tin and
Tout (r = 0.36), with β = 0.56, i.e., an average increase of
0.56 °C in Tin for a 1 °C increase in Tout (Fig. 6e).
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There are also differences in the distribution of meanΔT for
each visit to a house between the three AC categories, withΔT
generally negative for houses with central AC and generally
positive for houses with no AC, see Fig. 6, Table 3. Themedian
value ofΔT for houses with central AC is negative (− 3.4 °C),
while the median value is just less than zero (− 0.15 °C) for
houses with roomAC and positive (1.4) for houses with noAC.

A similar variation is found for the mean value, see Table 3.
Application of the t test shows that the difference betweenmean
values for the central AC and no AC subsets is statistically
significant at p ~ 10−6, while the differences between room
AC and no AC are significant at p = 0.04. These data show that
availability of AC is likely a major factor in determining Tin.

Discussion

While the use of air conditioning explains much of the vari-
ability between indoor temperatures of houses, there is still a
spread in ΔT for houses with same availability of air condi-
tioning, and there is not complete separation between the ΔT
distributions for the three categories (Fig. 6). There are several
possible reasons for the overlap. First, we have information
only on existence of air conditioning and not whether the AC

Fig. 4 a–iHistogram of indoor-outdoor differences in daily minimum, maximum, andmean (left) relative humidity, (middle) dew point, and (right) Heat
Index, for all hourly data for June–August, 2009–2013. Vertical solid line is the mean value

Table 2 Pearson correlation coefficient r, and intercept α, and
regression coefficient β for ordinary least squares regression between
daily minimum, mean, and maximum indoor and outdoor T

Daily minimum Daily mean Daily maximum

Correlation r 0.16 0.19 0.22

Intercept α 18.74 20.27 24.71

Regression β 0.24 0.23 0.23
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was used. This likely explains the cases where ΔT > 0 °C for
houses with central or room AC. (Visual inspection of the
cases with large ΔT shows diurnal variations in Tin,
supporting this hypothesis.) Another possible reason is incor-
rect survey/housing information. For example, a few houses
that are classified as having no central or room AC had rela-
tively constant temperatures less than 24 °C throughout the
visit (ΔT < 0 °C), which suggests that there was some air
conditioning. This could have been due to a room air condi-
tioner that was moved into the room during a study period but
not present at the time of home inspection. While it may be
possible to reclassify some of the houses based on inspection
of the temperature, this would be subjective and would intro-
duce additional errors in the analysis.

Fig. 5 Illustrations of temporal
variation of indoor temperature
(a) and dew point temperature (b)
for three houses with different AC
availability (H-central, blue; H-
room, black; H = no, red) and the
NWS weather station (cyan) for
the end of May to early June 2010

Table 3 Statistics of indoor-outdoor differenceΔT (median, mean, and
standard deviation) and linear relationships between indoor and outdoor
temperature for the mean temperature for each visit to a house. Statistics
are for all houses and for subsets of houses classified by availability of air
conditioning. Room AC means AC unit in room with T measurements.
AC information is not available for 5 houses

All
N = 145

Central AC
N = 50

Room AC
N = 37

No AC
N = 53

Median 0.01 − 3.4 − 0.15 1.4

Mean − 0.4 − 2.1 − 0.3 1.1

Stand. Dev. 3.6 3.8 3.4 2.8

Correlation r 0.04 − 0.07 − 0.09 0.36

Intercept α 25.2 27.9 30.0 12.9

Regression β 0.06 − 0.10 − 0.11 0.56
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It is also possible that other characteristics are causing variabil-
ity in ΔT. Possibilities include the use (e.g., bedroom or family
room), the type of house, the floor sampled, window direction,
use of shades, or shading by trees. Information on the room sam-
pled and house type are available (Table 1), but unfortunately we
do not have information on the other aspects. The vast majority of
measurements considered were made in the bedroom (86%) of
row houses (74%) so we cannot robustly assess the impact of the
use of the room sampled or house type onΔT. However, if only
measurements from bedrooms or measurements in row houses
are considered, there is still a broad distribution of themeanTin for
each visit, indicating that room or house type is not the cause of
the wide range of Tin shown above.

There is some spread in the locations of houses sam-
pled (Fig. 1), and variations in the outside temperature
among house locations could be contributing to some of
the variation. However, analysis of Tin, for all houses or
just for houses with no AC, shows very weak relation-
ship with location within the city (e.g., correlation coef-
ficient of ΔT with distance from the weather station
equals − 0.1 for houses with no AC). In addition, analy-
sis of outdoor measurements made in different locations
within Baltimore City shows spatial variance which is
much smaller than the house-to-house variability in ΔT
found here (e.g., Scott et al. (2017) report a standard
deviation of 1 °C for daily minimum temperatures for
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Fig. 6 Indoor and outdoor mean
temperature for each visit to a
house, for houses with central AC
(a, b), room AC (c, d), or no AC
(e, f). The left column shows the
relationship between indoor and
outdoor T, while the right column
shows histograms of indoor-
outdoor difference (with the mean
difference shown by the vertical
dashed line). The filled histo-
grams on the right side show
the distribution for each type of
AC use, while the unfilled histo-
gram is the same in each panel
and shows the distribution for all
houses (the value for 0–2 °C is 37,
and is off the scale)
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houses in east Baltimore, and later measurements with
wider coverage show only a slightly larger standard de-
viation of 1.2 °C).

Our results differ from previous studies (White-Newsome
et al. 2012; Tamerius et al. 2013; Quinn et al. 2014, 2017) that
have reported stronger associations between indoor and out-
door temperatures for residential dwellings within other US
cities (correlation coefficient r varying between 0.6 and 0.91).
The cause for these differences is not known and could be due
to a range of factors, including differences between seasons,
cities, housing characteristics, urban environment, occupants,
and use of AC. Given that we have shown large differences
between homes with differing AC, the use of AC in the
populations in other studies could be an important
difference. Unfortunately, Tamerius et al. (2013) and Quinn
et al. (2014) did not have information on availability of air
conditioning within the study houses, and we cannot assess if
differences in prevalence of AC could explain the different
associations between indoor and outdoor temperatures.
However, our results are qualitatively consistent with White-
Newsome et al. (2012), who report a higher regression coef-
ficient to outdoor temperature for houses without AC com-
pared to those with AC, and Quinn et al. (2017), who found
lower indoor temperatures for homes with central AC than
homes with room ACs and a very weak association between
indoor and outdoor temperatures for homes with AC.

Prior studies have suggested that the associations between
heat exposure and health consequences differ by individual
characteristics and home characteristics, including likely access
to air conditioning (O’Neill et al. 2003; Medina-Ramon et al.
2006; Schwartz 2005). The results presented here demonstrate
limitations of epidemiology studies that use data from central
site monitoring stations to estimate the heat exposure of a pop-
ulation, if the population spend a large percentage of their time
indoors. Our results suggest that if there is no air conditioning,
then there is a weak association between indoor T and moni-
toring station T. However, if there is air conditioning use, which
can be the case even for a low-income population in inner city
(as considered here), then there will likely be limited connec-
tions between indoor T (and individual heat exposure) and tem-
perature from a central (or any) monitoring stations.

It is also important to note that for houses with no air condi-
tioning, the indoor temperature is generally warmer than the
monitoring station (with large differences at night). This means
that people who stay at indoors (e.g., elderly, asthma-prone chil-
dren) in these houses are experiencing larger nighttime heat
exposure than if outdoors, an exaggeration of the urban heat
island effect in which urban areas do not experience nighttime
cooling due to heat retained by dark roofs and concrete surfaces.
Prior studies have suggested that disparities in heat-related
health effects are partially attributable to access to central air
conditioningwhich contributes to some of the differences in heat
effects by race (O’Neill et al. 2005). The current study in a

population of predominantly African American children from
low-income households in Baltimore City quantifies the influ-
ence of air conditioning on indoor temperature during summer
months and demonstrates that the strongest influence on cooler
indoor temperatures was the presence of central air conditioning.
These findings support the recommendation that efforts to re-
duce adverse health effects of heat exposure should consider
access to air conditioning.

Conclusions

Analysis of temperature measurements made within homes in
Baltimore City has shown that there is a large range in the
difference between indoor temperature (Tin) and that at the
central monitoring station (Tout), with indoor-outdoor temper-
ature differences (ΔT) in daily minimum or daily maximum
temperatures varying from less than − 10 °C to greater than
10 °C. Furthermore, there is only a weak association between
the indoor and outdoor temperatures when all houses are in-
cluded, suggesting that monitoring station temperature is not a
good predictor and other factors play a more important role in
determining indoor heat.

Much of the variation in differences between ambient tem-
perature and indoor temperature was due to temperature dif-
ferences between houses. In turn, a major cause of this vari-
ability is the availability of air conditioning. Houses with cen-
tral air conditioning were generally cooler than outdoor (me-
dian ΔT = − 3.4 °C), while those with no air conditioning
were generally warmer (median ΔT = 1.4 °C). Furthermore,
for the collection of houses with central or room AC, there
was essentially no relationship between indoor and outdoor
temperatures, but for the subset of houses with no AC, there is
a weak relationship (variations in outdoor T explain 11% of
variance of indoor T).

The above indicates that information on the percentage of
households with AC within a population is needed for epide-
miology studies of heat exposure and for the development of
heat-wave response strategies. The measurement error in these
studies would likely also be improved with individual-level
monitoring, although this may not always be feasible.
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