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ABSTRACT
Pediatric deaths due to children being left in hot cars remain a significant yet preventable public
health concern. The current study aims to demonstrate the influence of vehicle type, time of day,
and solar exposure (sun or shade) on the energy balance and core temperature (Tc) of a
hypothetical two-year old boy left in a vehicle on a hot day. Cabin temperatures and relative
humidity were collected within six enclosed vehicles under sun or full shade in Tempe, Arizona.
These variables and radiation estimates were used to estimate the human energy balance and final
Tc across 76 measurement cycles lasting approximately 60minutes.
Interior temperatures averaged 39.5�C and 47.6�C in the shade and sun, respectively, at steady-state.
Based on the specific heat of a human body, the average Tc after 60 minutes in shaded or sun-
exposed vehicles was estimated to reach 38.2§0.29�C and 39.1§0.41�C, respectively, with a
significantly higher final Tc in sun-exposed vehicles across all days and in the shaded minivan.
Extrapolation to 2 hours is estimated to result in heat injury in the sun.
Results demonstrate the influence of radiation on a child’s thermal balance in a hot and dry
environment. In real-world situations, it is critical to acknowledge variability between children, the
starting car environment, and climate (e.g., humid versus dry), and that a child left in any vehicle car
can experience potentially lethal core temperatures if forgotten, as shown by vehicular heat stroke
statistics. Findings may improve public messaging and reinforce the need for policy action and
technological adoption to prevent injury and death.

Abbreviations and Units: Aeff: Effective area factor; B: Energy budget (W m¡2); BSA: Body surface
area (m2); C: Convective heat losses from a person (W m¡2); E: Evaporative heat losses from a person
(W m¡2); Emax: Maximum evaporation (W m¡2); Ereq: Required evaporation (W m¡2); e: Interior vapor
pressure (hPa); Icl: Clothing insulation (clo); k: Heat transfer coefficient (K W¡1m¡2); K: Conductive
heat flux (W m¡2); Kabs: Absorbed incoming radiation (W m¡2); Kin: Incoming solar radiation (W m¡2);
Kr: Reflected radiation (W m¡2); La: Atmospheric longwave radiation (W m¡2); Lemit: Long-wave
radiation emitted (W m¡2); Lin: Incoming longwave radiation (W m¡2); Lsfc: Longwave emitted from
vehicle surfaces (W m¡2); M: Net metabolic heat generated by a person (W m¡2); Mact: Metabolic
activity rate (W m¡2); NSRDB: National Solar Radiation Database; P: Standard air pressure (hPa);
PVH: Pediatric vehicular hyperthermia; Rabs: Radiation absorbed by human (W m¡2); RH: Relative
humidity (%); R: Net radiation on body (W m¡2); Ta: Ambient (outdoor) air temperature (�C);
Tac: Cabin air temperature (�C); Tc: Core temperature (�C); Tcf: Final core temperature (�C);
Tceq: Equilibrium core temperature (�C); Tsfc: Surface temperature (�C); Tseat: Seat surface
temperature (�C); Tsk: Skin temperature (�C); DT: Difference between Tc0 and Tceq (�C); va: Air move-
ment due to activity (m s¡1); vw: Wind speed (m s¡1); v: Skin wettedness; ah: Average albedo of a
human; eh, ea, es: Emissivity of human, air, and surface, respectively.; s: Boltzmann’s constant (5.67 £
10¡8 Wm¡2 K¡4)
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1. Introduction

Over the last 18 years, between 30 and 60 children per
year in the United States have succumbed to extreme
heat from being left unattended in a parked vehicle

[1]. In 2017 alone, 42 children were victims of pediat-
ric vehicular hyperthermia (PVH) deaths in the
United States [1], which persists as the leading cause
of non-crash, vehicle-related deaths in children [2],
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and results in preventable illness in hundreds of chil-
dren annually [3]. Often, children are simply forgotten
(54% of deaths) or are playing unattended in a car
(28%), yet 17% of situations are intentional [1,4].
PVH rates have also risen since air bags were installed
in the front seats, requiring car seats to be placed the
back [5]. The problem is not confined to the U.S. —
21 fatalities were reported in Brazil between 2006 and
2015 [6], with seven deaths in France and Belgium
between 2007 and 2009 and others noted in the Neth-
erlands, Iceland, Hungary, and Israel [7].

Vehicle heating rates under various outdoor
weather conditions are well-studied, with minor cool-
ing effects of ‘cracking’ a window and small differen-
ces by car type or color [3,8,9]. Lethal in-vehicle
temperatures are also reached on cloudy days, even
though ambient air temperatures can be up to 10�C
less when compared to sunny days [10]. In direct solar
radiation, a greenhouse situation occurs within the
vehicle, trapping longwave radiation and heating the
vehicle interior to a steady-state with little-to-no air-
flow [11]. This situation of radiation trapping high-
lights the importance of solar exposure in vehicle
heating and child vulnerability [12,13], even on milder
days [14]. In as little as five minutes under an ambient
temperature of 30�C, interior car temperatures can
rise to 57–68�C [9]. Only one study [15] has investi-
gated the impact of shade on interior heating.

Young children are vulnerable to the impacts of
extreme heat [16], with increased emergency depart-
ment visits found during heat waves [17–20]. As com-
pared to adults, children have a higher surface-area-
to-mass ratio and heat production per unit body mass
[21], a quicker rise in core temperature [22,23], and a
lower efficiency at cooling through evaporation [24].
Further, children and infants are unable to control the
environment, communicate well, and often fall asleep
during car rides [25]. Although many studies have
monitored the micro-environment dynamics of the
heating of vehicle interiors, few studies have addressed
the impact of interior heat loads in terms of children’s
overall heat balance, physiology, and radiation loads.
Such studies assess children’s energy balance and core
temperature [26–28], and have examined death caused
by asphyxia or heat stroke in an enclosed space [29].

A rise in core temperature (Tc) is the best determi-
nant of heat injury occurring, and the rate at which an
individual’s Tc rises and the value at which hyperther-
mia and illness occur differs due to attributes such as

body size, gender, and age, among other factors [30–
32]. A Tc value of 40�C is related to the most extreme
form of heat illnesses and may be of greater conse-
quence to the very vulnerable (i.e., children, elderly),
and a value of 42�C is shown as the critical thermal
maximum for adults [33]. Heatstroke is represented
by a continuum of symptoms that may ultimately lead
to death [34]; survivors may also suffer brain damage
[35,36], with one study [37] finding hyperactivity,
attention deficit, and epilepsy in child heatstroke sur-
vivors. The avenues and magnitudes of heat loss
(evaporative, radiant, convective, and/or conductive
exchanges) depend on the environment as well as
human physiology/behavior, and are part of an intri-
cate thermoregulatory feedback in the human body
[38]. Thermal balance models can help estimate heat
stress and strain in an enclosed space, whether
environmentally- or forensically-based [3,27], and fur-
ther extend the modeled data for more effective com-
munication to parents and caregivers.

The current study assesses core temperature rise
and the influence of shade on the thermal environ-
ment of an enclosed vehicle. Utilizing in-vehicle meas-
urements, we predict pediatric vehicular hyperthermia
(PVH) through heat balance modeling of a small
child. The study makes use of six vehicles in Arizona
positioned in sun or under solar structure shade to
address the following research questions: What is the
thermal environment and potential danger to a child
left unattended in a shaded versus sun-exposed vehicle
during summer, and at what timescale might dangers
begin to arise in each exposure condition?

2. Methods

2.1 Experimental Set Up

We use interior vehicle and ambient data from multi-
ple trials over three days between June 25 and July 11,
2014. Beginning at 9:00 a.m. in Tempe, AZ, three pairs
of identical-model vehicles (silver mid-size sedans, sil-
ver economy cars, white minivans; see Figure 1) were
parked in the sun and solar canopy shade for a given
time (average of 60 minutes) to simulate a shopping
trip. After this ‘heating period’, all vehicles were
brought into the sun, and the air conditioning was run
to cool each vehicle’s cabin to either equal outdoor air
temperature (Ta) or to 85�F (29.4�C), whichever was
cooler. The cycle was repeated 3–5 times each day
until 5:00 p.m. The interior relative humidity (RH)
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and cabin Ta (Tac) were monitored at 1-minute inter-
vals using LASCAR Electronics EL-USB-2+ sensors.
Surface temperatures (Tsfc) were measured on the
steering wheel, dashboard, and shaded seats at the
start and end of each cycle using a handheld infrared
thermometer (DeltaTRAK-15002).

2.2 Energy Balance Modeling of Child

Modeling the human heat balance of a standard child,
age two, and sitting, was accomplished via a human
heat balance approach. Model inputs include cabin
Tac, RH, wind speed, solar radiation, Tsfc, clothing
insulation (Icl), and metabolic rate (Mact). The overall
heat balance relies on the standard energy balance
equation:

B ¼ Rabs þMþ K�C�E�Lemit (1)

where B represents the net energy budget, through
summing absorbed radiation (Rabs), net metabolic
heat (M), conductive heat gain or loss (K), convective
heat gain or loss (C), evaporative heat loss (E), and
emitted longwave radiation (Lemit) (Wm¡2). Excluding
conduction, all fluxes are based on the air-exposed
area of a seated child [effective area (Aeff) of 0.76],
where conduction (torso, legs, and head in contact
with the seat) was applied to the remaining 0.24 [39].

We apply principles from the COMFA [40–42]
energy balance model, with the addition of conduction
and the use of an alternative evaporation model (Section
2.2.5) to estimate heat exchange based on biophysical
principles in a stressful environment. Below, we outline

the adjustments made for the standard COMFA model
given the available input data and study specifics (e.g.,
car interior, child, effective area, core temperature esti-
mation), with the full model found elsewhere [43–46].
The general COMFA model has been applied in the
Phoenix, AZ climate by Harlan et al. [47] to generate a
Human Thermal Comfort Index.

2.2.1 Metabolic Heat Production
The basal metabolic rate (BMR) in watts of a child
aged 1–3 can be calculated from the following empiri-
cal equation by Schofield et al. [48]

BMR ¼ 0:0081mb þ 73:48h�29:91 (2)

wheremb is the body mass of a child (kg) and h is height
(m). Based on an average height and weight for a 2-year
old from standardized growth tables (h = 1.0m, mb =
13.4kg), Equation 2 provides a BMR of 43.7 W. Convert-
ing this to an energy flux with body surface area (BSA)
[49] gives 72 W m¡2 (which is similar to the value of
69 W m¡2 used by Grundstein et al. [28]). This value
was used as the metabolic rate, Mact, for the modeling
hereafter. The model incorporates equations from Fanger
[50] sensible heat loss (SE) (or convective respiration)
and latent heat losses (LA) (or evaporative respiration) to
Tair and vapor pressure (e), respectively, based on meta-
bolic rate. Converting to W m¡2, kPa, and �C, we obtain
the total heat loss due to respiration [40]:

f ¼ LA
Mact

þ SE
Mact

¼ 0:150� 0:0173e� 0:0014Tac (3)

Figure 1. Exposure of vehicles (Midsize Sedan, Minivan, Economy Car) shaded by a solar structure (left) and of those in the direct sun
(right).
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The metabolic rate (M), in W m¡2, is:

M ¼ 1� fð Þ Mactð Þ (4)

2.2.2 Absorbed Radiation
To calculate the Rabs of a child in a car seat, we deter-
mined the combination of solar and longwave radia-
tion absorbed by the child in the vehicle. The
incoming solar radiation hitting the window (Kin) was
calculated from hourly values of normal direct irradi-
ance for Phoenix from the National Solar Radiation
Database [51] and the cosine of the zenith angle at the
given time. The solar canopy structure effectively
blocks approximately 95% of the direct incoming solar
radiation. The Kin hitting the window was multiplied
by a window attenuation factor of 0.5 based on in-
vehicle data from Grundstein et al. [26]

Given the low likelihood of the child being directly
in the sun, we do not account for direct incoming Kin

as part of the radiation imposed on the child. How-
ever, the amount of Kin entering the car and being
reflected at the child (Kr) remains an important com-
ponent. In-vehicle Kr was based on a 10% reflection of
the attenuated Kin due to the absorbing dark nature of
the interior surfaces. Thus, the final absorbed solar
radiation (Kabs) was calculated as:

Kabs ¼ KrahAeff (5)

where Kr equals the attenuated Kin £ 0.1, ah is the
average albedo of a clothed human (0.37) [52,53], and
Aeff is 0.76 [54].

The infrared (longwave) radiation gained by the
child within the vehicle (Lin) is a sum of in-vehicle
atmospheric longwave (La) and longwave emitted
from vehicle surfaces (Lsfc). The La was calculated
from the MENEX model [55]:

La ¼ easðTca þ 273:15Þ4 0:82� 0:25ð Þ�10�0:094e (6)

where ea is the emissivity of air (0.97), s is Boltz-
mann’s constant (5.67 £ 10¡8 Wm¡2 K¡4), and e is
vehicle interior vapor pressure (hPa). Lsfc was calcu-
lated based on a mean Tsfc ðTsfcÞ from the steering
wheel, seats, and dashboard (see Table 1):

Lsfc ¼ essðTsfc þ 273:15Þ4 (7)

where es is emissivity of the surface (0.97). The final
Labs was calculated as:

Labs ¼ Aeff eh0:5ðLa þ LsfcÞ (8)

where eh is emmsivity of the human (0.95). Finally, the
total Rabs (W m¡2) by the child was calculated by sum-
ming Labs and Kabs.

2.2.3 Conductive Heat Gain
Since 24% of a child’s body is estimated to be touching
the car seat, conductive heat gain (K) in W m¡2 was
calculated as [26]:

K ¼ k Tseat � Tskð Þ Aeff � 1
� �

(9)

where k is the heat transfer coefficient (K W¡1 m¡2)
through clothing calculated as [55]:

k ¼ 0:013�P � 0:04Tca � 0:503ð Þ 0:53
Icl 1� 0:27 vw � vað Þ0:4ð Þ

� �

(10)

P is standard pressure (hPa), vw is windspeed (m s¡1),
and va is air movement due to activity (m s¡1).
A nominal value of 0.1 m s¡1 was assumed for va,
which is similar to values used in indoor studies [56].
Given the ambient temperature, it was assumed that a
child would be dressed in T-shirt, light athletic shorts,
socks, and shoes (Icl = 0.33 clo [0.051 m2 K W¡1]).

2.2.4 Convection
Convective heat losses were calculated based on
Ohm’s law analogy (e.g., Campbell and Norman [54]),
where the heat flux rate—determined based on the
temperature gradient between the skin and air—is
divided by the resistances to the flow of energy from
one surface to the other (s m¡1):

C ¼ rCp
Tsk � Ta

rc þ ra

� �
Aeff (11)

where rCp is the volumetric heat capacity of air (J m¡3

K¡1), Tsk is the mean skin temperature, rc is the cloth-
ing resistance (s m¡1) [set to 62 s m¡1 (0.33 clo and
0.051 m2 K W¡1)], and ra is the boundary air resis-
tance (s m¡1), calculated as:

ra ¼ 0:17
ARenPr0:33k

(12)

where Re is Reynolds number 0:17vw
v

� �
, Pr is Prandtl

number (0.71), y is the kinematic viscosity of air
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(»1.5�10¡5 m2 s¡1), k is the thermal diffusivity of the
air (»22�10¡6 m2 s¡1), and A and n are empirical
constants derived from experiments of heat flow [57].

2.2.4 Evaporation
The maximum evaporative heat loss from the skin
(Emax, W m¡2) was determined as follows:

Emax ¼ rLv
qsk � qa
rcv þ rav

� �
(13)

where qa and qsk are the specific humidity (kg of water
vapor per kg of moist air) at Ta and Tsk, respectively, r
is density of air (kg m¡3), Lv is the latent heat of
vaporization (J kg¡1), rav is the vapor resistance of air
(rav = 0.92ra) [40], and rcv is the vapor resistance of
clothing (rcv = 154 s m¡1). We determine the maxi-
mum skin wittedness (v) required for heat balance as
the ratio of Ereq [M +(R–C)] to Emax. From this
assumption, we then multiply v by the Emax to obtain
potential evaporative heat loss, in W m¡2, from the
exposed body under the given circumstances:

E ¼ ðv�EmaxÞAeff (14)

This method is based on sweating being triggered by a
higher body temperature rather than metabolism. A
maximum v of 1.0 was assumed for this equation as
one cannot evaporate more than Emax.

2.2.5 Core Temperature Estimations
Uncompensable heat stress (UCHS) occurs when
evaporative cooling is not supported by the environ-
ment, with other conditions (e.g., air temperature lev-
els) impeding cooling [58]. Although studies have
used a Tc of 37�C as a level of UCHS [27,28], it is diffi-
cult to apply one value to estimate UCHS. This
approximation becomes more complex when consid-
ering children, as very little empirical core tempera-
ture data under heat strain exist. In the current study,
we focus on differences between the environmental
exposure conditions and the rate of Tc increase, rather
than a threshold Tc value, and assume a value of 40�C
to be associated with the most extreme of heat illnesses
for the vulnerable toddler group. We are not able to
accurately predict when a given infant or toddler will
experience heat stroke, and within a population there
are heat-sensitive and heat-tolerant individuals.

We estimate the core temperature employing two
methods. First, we apply a basic specific heat capacity
approach by using the budget output in watts to deter-
mine the cumulative Tc rise throughout each trial,
where 46,498 Joules represents an increase of 1�C for
a 13.4 kg boy. This method was also employed by
Grundstein et al. [27] using the MENEX model [55],
and by Alunni et al. [29]. From this estimation, we
can assess the accumulation of heat (see example in
Table 2) based on the energy balance (Equation 1).
Estimates of the Tc up to 50 and 60 minutes are deter-
mined based on the amount of data collected (Table 1)
and the time range at which in-vehicle conditions gen-
erally reach a steady-state across the vehicles, as also
found by Horak et al. [11]

The specific heat method assumes a nearly linear
increase in Tc with time, yet it is known that at a con-
stant metabolic activity the rate of change will dimin-
ish while approaching a new equilibrium level given
the environment [59,60]. Hence, we apply a core tem-
perature lag model (Equation 15) to determine the
equilibrium Tc Tceq

� �
from 0 to 60 minutes, as follows

[59,61]:

Tceq ¼ Tc0 þ DTc 1� exp
�t
tð Þ� �

(15)

where Tc0 is the initial core temperature (36.8�C), DTc

is the difference between Tc0 and the Tc at 60 minutes,
as determined through specific heat capacity calcula-
tions at steady-state (outlined above), and t is the
time constant (hr). Because children are smaller in
size and mass, they heat up quicker than adults [23],
yet a specific value for t does not exist for children.

Table 2. Sample computation of core temperature (Tc) from 0
minutes to 60 minutes in 5-minute intervals using specific heat
capacity of a 13.4 kg boy and energy budget outputs. ΔTc repre-
sents the cumulative rise in Tc at 5-minute intervals. Data is from
the economy car in the sun on June 25 from 13:10 to 14:10.
Time (min) Net Heat (J) Accumulated Heat (J) ΔTc (�C) Tc (�C)
0 0 0 0 36.80
5 10,278 10,278 0.22 37.02
10 10,886 10,886 0.41 37.21
15 11,490 32,655 0.83 37.63
20 12,088 44,743 0.83 37.63
25 12,673 57,416 1.06 37.86
30 13,277 70693 1.30 38.10
35 13,839 84,533 1.54 38.34
40 14,387 98,920 1.80 38.60
45 14,931 113,851 2.06 38.86
50 15,466 129,317 2.34 39.14
55 16,040 145,357 2.63 39.43
60 16,582 161,939 2.92 39.72
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Hence, the time constant was determined based on
allometric scaling of body weight and BSA between
the 2-year old and an adult male, finding an allometric
scaling coefficient of 0.72; thus, given the average adult
male t of 0.5hr [59], the t for the male child is esti-
mated to be »0.2 hr. Estimation of Tceq from Equation
15 is used for comparative purposes in a graphical for-
mat to provide a more realistic non-linear pathway to
the final core temperature.

Finally, we explore a second method for calculating
the final core temperature (Tcf) at steady-state based
on energy budget components. The Tcf represents the
final equilibrium core temperature which would be
achieved if the specified activity level and conditions
are carried out over a steady-state [60], hence we used
inputs within the 60-minute time frame to determine
Tcf as follows:

Tcf ¼ Tc0 þ 0:004M þ 0:025
Icl

� �
Ta � Tsk
� �

þ 0:8e 0:0047 Ereq�Emaxð Þ½ � (16)

where Ereq is the required evaporation (W m¡2), M is
the metabolic activity (W m¡2), and Tsk is the mean
skin temperature at steady-state on average in shade or
sun. Equation 16 was originally created from tests of
males walking at a constant M of 172 or 261 W m¡2 in
a steady state environment [59], and further applied for
at rest individuals sitting at 83 W m¡2 [60]. We
acknowledge that 1) the equation was not designed
based on infants or children (yet to our knowledge, a
specific equation does not exist apart from the specific
heat approach outlined above), and 2) the Tcf method
does not account for the environmental changes
between 0 and 60 minutes, but assumes the child sits in
the steady-state environment. Hence, we do not provide
time estimates from Equation 16 to reach a given core
temperature value, but test the agreement of Tcf with
the Tc estimated from the specific heat approach at
steady-state.

2.2.5 Data Analysis
To determine differences among group means of the
Tc value obtained using the specific heat capacity
approach, we applied one-way analysis of variance,
comparing Tc values reached in the shade versus sun,
as well as between different vehicle types and days
within the sun or shade. A p-value of 0.05 was used

for all statistical tests. The data presented normality
within each period compared, with no outliers and
equal variance based on Levene’s statistic. The rate of
Tc increase was determined over 10-minute intervals
and extrapolated to 2 hours.

3. Results

3.1 In-Vehicle Temperatures and Heating Rates

During the simulated shopping trips, the cabin Ta

averaged 46.7�C in sun-exposed vehicles, with signifi-
cantly lower values in the shade (38.3�C) after 60
minutes, similar to a shade/sun study by Surpure [15].
The RH was 4.9% higher in the shaded vehicles due to
a lower mean Tac. In comparing the pre- and post-
heating surface temperatures, significant higher final
dashboard, steering wheel, and seat Tsfc were found in
the sun-exposed vehicles. The average Tsfc for the
vehicles in the sun were 68.9�C, 53.3�C, and 50.6�C
for the dashboard, steering wheel, and seat, respec-
tively, while the shaded vehicles reported 47.8�C,
41.7�C and 41.1�C, respectively (see Table 1). This
variability among the three surfaces is expected
given the dashboard is more directly exposed to
solar radiation. The heating rates in sun-exposed
vehicles ranged from an average of 0.30�C min¡1

for the minivan to 0.42 �C min¡1 for the economy
car, which is largely due to the relative air volumes
in the vehicles; however, similar equilibria are
reached. These conditions are similar to those found
by atmospheric models estimating in-vehicle steady-
state conditions [11].

3.2 Thermal Energy Balance of Toddler

Figure 2 displays results for each average energy flux
by day in the sun and shade during heating cycles
only. Shaded vehicles showed a lower overall energy
budget (20.6 W m¡2 less) largely due to a lower
absorbed radiation and convective heat gain, with sig-
nificant differences in Rabs found between sun and
shade (371 versus 342 W m¡2, respectively). The
higher cabin Ta in the sun (8.5�C on average) resulted
in a slightly higher convective heat gain (16.3 versus
and 3.8 W m¡2 in the sun and shade, respectively).
Conductive exchanges remained around a mean of
»3.0 W m¡2 in both exposure conditions, indicating a
minimal seat-to-skin temperature difference. Evapora-
tive heat losses did not vary significantly between the
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sun and shade, with a mean of 97.6 W m¡2 across all
conditions, reaching a maximum loss of 138.9 W m¡2

in the midsize sedan (in sun). An example of the
change in Emax, Ereq, and v over time within the mid-
size sedan and minivan on June 26th is shown in

Figure 3, demonstrating the convergence of Emax and
Ereq with time, indicating increasingly stressful condi-
tions. The skin wettedness rose above 1.0 in all sun-
exposed situations on July 11 and stayed under 1.0 in
the remaining situations.

Figure 2. Box plot displaying the average human energy balance (B) fluxes (Wm¡2) (from Equation 1) experienced by a model 2-year
old boy in sun-exposed or shaded vehicles on three summer days (Jun 25 & 26, July 11, 2014). Data are averaged across vehicles types
and within-day heating trials. [Metabolism (M), convective heat loss (C), absorbed radiation (R), emitted radiation (L), evaporative heat
loss (E), and conduction (K)]. The interquartile range (IQR) is indicated by the length of each box plot (25th to 75th percentiles), with out-
liers (values 1.5–3 IQRs from box end) marked by ‘+’.
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3.3 Core Temperature Rise

3.3.1 Specific Heat Approach
Estimated core temperatures using the specific heat
approach over time are presented in Figures 4–6
(dashed lines), along with the time-lag model
approach from equation 15 (solid lines). All plots are
based on 3–5 closely-matched trials per day, as listed
in Table 1. A sample computation is provided in
Table 2. The Tc values estimated with the heat capacity
approach generally follow a linear pattern, with
quicker non-linear increases in the values occurring,
which are particularly evident when conditions of
Emax are reached. Comparisons of the final Tc reached
in sun-exposed and shaded cars indicate a significantly
lower average Tc in the shade (Tc = 38.2§0.29�C)

Figure 3. Example of the evaporative heat loss (W m¡2) as a
function of time for the June 26 midsize sedan and minivan
morning trials.

Figure 4. Estimated increase in core temperature as a function of time within a midsize sedan (June 25 & 26, July 11). Dashed lines rep-
resent calculations assuming a 1�C increase in Tc was required 4.65 J for 13.4 kg boy. Solid lines represent lag model (Equation 15) for
equilibrium core temperature (Tceq ) estimations at 60 minutes. Trials through each day presented align with Table 1.
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versus in the sun (Tc = 39.1§0.41�C) (p < 0.05). Fur-
thermore, the Tc values across all cars within sun or
shaded conditions showed little difference, with only
the shaded minivan on June 26th displaying a signifi-
cantly higher overall Tc than the sedan and economy
car on the given day in the shade. The highest Tc val-
ues were reached mid-day to early afternoon (Trials C
and D), on average across all days. The rate of increase
in Tc per minute (DTc) is also listed in Table 3, with an
average rise of 0.038 and 0.028 �C min¡1 in the sun
and shade, respectively. A child in any of the vehicles
for 60 minutes would reach a Tc �40�C in only one of
the cases (June 25th in the midsize sedan in the sun),
as is demonstrated in Figures 4–6. Extrapolating using
DTc results in an average time of 2.4 hours to reach
40�C in shaded vehicles (1.73–3.13 hr) and 1.43 (1.0–
2.12 hr) in sun-exposed vehicles.

To account for the rise and equilibrating of the core
temperature at steady-state to obtain a more realistic
Tc pattern [59,60,62], we also plot the equivalent Tceq

values based on in-vehicle steady-state conditions. In
general, this secondary approach follows a similar rise
in Tc as the vehicle’s heating rate with a quicker tem-
perature increase at the beginning of the period, fol-
lowed by a leveling off based on the decay rate.

3.3.2 Final Core Temperature Comparisons
Comparisons between the final core temperature
approach (Tcf) (Equation 16) and the specific heat
capacity Tc estimation approach at 50 minutes and 60
minutes are presented in Table 3. In representing DT
as Tc – Tcf, we find that overall, under all situations, the
two estimation types are closely matched, with a mean
difference (SD) of DT = 0.11§ 0.16�C in the shade and

Figure 5. Estimated increase in core temperature as a function of time within a minivan (June 25 & 26, July 11). Dashed lines represent
calculations assuming a 1�C increase in Tc was required 4.65 J for 13.4 kg boy. Solid lines represent the lag model (Equation 15) for equi-
librium core temperature (Tceq ) estimations at 60 minutes. Trials through each day presented align with Table 1.
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DT = 0.20§ 0.40�C in the sun. Variability exists
between cars and days, however, the strongest agree-
ment at 60 minutes is found in two scenarios: July 11
midsize sedan in shade (DT = 0.00§0.22�C), and June
26 economy car in shade (DT = 0.01 § 0.02�C). The
lowest agreement and greater variability were found in
sun-exposed vehicles, with the poorest agreement in the
economy car on July 11 (DT = 0.78 § 0.35�C) and the
midsize sedan on June 25 (DT = 0.38§ 0.98�C). In gen-
eral, the Tcf model predicted lower values than the heat
capacity approach. As there are no measured core tem-
perature data to know which method is more accurate,
we cannot make assumptions as to which approach
may be correct, yet we can conclude that there was
strength in agreement between methods. Limitations
are presented in Section 4.2.

4. Discussion

4.1 Measuring and Conveying Risk of Pediatric
Vehicular Heat Stroke

Numerous studies have demonstrated the ability to
easily collect environmental information within an
enclosed vehicle to determine heating rates [1,8–10],
yet few studies [26–29] have attempted to extend find-
ings to physiological implications of said exposures to
children. The current study furthers these efforts to
demonstrate an ability to estimate the Tc progression
and the time to reach potentially dangerous Tc value
under differing solar exposure conditions, vehicle
type, and day from similar starting cabin microclimate
conditions. Similar research by Grundstein et al.
[27,28] also demonstrates methods to estimate the rise

Figure 6. Estimated increase in core temperature as a function of time within an economy car (June 25 & 26, July 11). Dashed lines rep-
resent calculations assuming a 1�C increase in Tc was required 4.65 J for 13.4 kg boy. Solid lines represent lag model (Equation 15) for
equilibrium core temperature (Tceq ) estimations at 60 minutes. Trials through each day presented align with Table 1.
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in core temperature, showing a quicker increase to
higher Tc values under lower temperatures but within
higher humidity situations (lower Emax values). The
higher humidity limits the potential for evaporative
heat loss, whereas the relatively drier air in the current
study allowed for a greater amount of evaporative heat
loss and slower rise in Tc. The overall combination of
extreme high temperature, high radiant loads, and low
wind conditions (decreasing the ability to lose heat via
evaporation) result in an inability for an infant or
child to maintain a stable core temperature around
37�C, which is due to heat transport towards the body
overriding heat transport away from the body to the
environment [63]. Such conditions have proven to be
deadly or cause serious injury as shown in pediatric
vehicular heatstroke statistics and studies [1,4,64]. As
a child’s body heats up towards 40–42�C, an increase
in cardiac output occurs, heat stress proteins are cre-
ated for tissue protection and eventually may reach
thermoregulatory failure and organ dysfunction
[34,65,66].

Although the sun-exposed conditions are found to
reach a Tc of 40�C in one instance after 60 minutes,
the hottest days on June 26 and July 11 show the
extrapolated values reaching this level in an average of
80 minutes across vehicles, and in just under 2 hours
in shaded vehicles. Although these are quite long
periods, most of child deaths instances (54%, or 400
deaths in the U.S.) are due to being forgotten
in the vehicle [1], and thus not being discovered for
1–2 hours under these circumstances may lead to dan-
gerous core temperatures. Shaded vehicles have less
stressful conditions as shown by the slower heating
rate of the vehicle and subsequently a slower increase
in Tc, and the within-vehicle heat loads reach poten-
tially lethal levels approximately one hour slower than
those in the sun.

Although limitations exist due to the assumptions
used to estimate Tc data availability (see Section 4.2),
the current research aids in providing explanatory
information as to why heat illness and death can occur
quickly for an infant or small child in an enclosed
vehicle, which is needed to emphasize the seriousness
of the issue and convey more effective messaging to
the public [28].

Even in our technologically-advanced world,
human error results in an average of 37 children
deaths per year in the U.S. [1], 74% of which are
2 years of age or less, all of which are 100%

preventable. Infants and children who survive
reaching a Tc of 40–42�C may sustain permanent
neurologic damage [35,36]. Thus, although real Tc

monitoring of a child entrapped in a hot vehicle is
not possible, furthering our understanding of the
time course of vehicle heating and Tc rise is needed
to provide explanatory reasoning to the public and
to support new interventions, including behavioral
prevention [67], technological interventions [4],
and appropriate actions to take if a child is found
in a hot car [68].

Methods of warning or reminder are necessary to
prevent death or permanent injury in children and
animals [26,67,69]. Although the heat stress risk fac-
tors are similar between humans and animals, special
thermoregulatory differences in dogs also highlight
the seriousness of leaving children or animals in hot
vehicles [11,70]. Drivers can be less aware of the issue
of heat strain on their child or animal due to air condi-
tioning in the car [67] creating localized thermal com-
fort. As thermal comfort has a major influence on
human behavior and body temperature homeostasis
[71], the adult is comfortable, and there may be an
enhanced risk that they are unaware of a child’s dis-
comfort. Thus, in connection to and support of heat
balance modeling, human-factors research strategies
are warranted [67] to determine the optimal mecha-
nism for alerting drivers of leaving infants, young chil-
dren, and animals in parked vehicles.

Although many technological solutions and patents
have been proposed [72–74], they have wavered due
to industry disinterest, fear of sensor failure and liabil-
ity, lack of market support, and cost [5]. Hence, edu-
cational programs for parents and the public [4],
public health prevention literature or slogans [75],
improved explanatory messaging, and phone warning
applications (e.g. Kars4Kids [76]) remain essential
[64]. The new methods and evidence provided here
can be leveraged by safety advocates and public health
experts in PHV prevention campaigns by providing a
health endpoint-relevant explanations (i.e. core tem-
perature leading to heat stroke under a given number
of minutes) to increase public perception of the sever-
ity and susceptibility to PVH [27]. As we consider the
‘next generation’ of safety devices and policy, integrat-
ing data from an array of sensors, assessing real-time
risk, and triggering appropriate corrective actions are
necessary [74], yet policy is also vital to limit fears of
manufacturer liability. For the public, the large
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majority of states have “Good Samaritan Laws” giving
an individual immunity from a lawsuit if they act to
protect a life of a child or animal inside of a hot car
[77].

4.2 Study Limitations and Future Research

Limitations of this research study should be consid-
ered when interpreting results. The value 42�C for
hyperthermia as a critical thermal maximum was
developed based on adult or mice studies
[33,35,78,79]. The value may be even lower for chil-
dren due to their physiological vulnerabilities, and the
baseline core temperature for children may be higher
than for adults [80] (we assumed a baseline of
36.8�C). However, Tc measurements in young children
and infants rising from a normal to hyperthermic
value do not exist, to our knowledge, and experimental
studies on infant core temperatures is limited [81],
with forensic studies using similar specific heat meth-
ods to estimate Tc. We also assumed that the child was
not in the sun, and that the actual evaporative heat
loss could be estimated from the maximal skin wetted-
ness required for heat balance. Both assumptions may
result in an underestimation of the core temperature
as higher solar load would increase the heat balance,
and assuming a skin wettedness for heat balance low-
ers the heat balance. Results will also vary by child sex,
size, and age, as will the Tc threshold for hyperthermia
or heatstroke of the toddler. However, the approxima-
tions made are based on available data and average
estimations.

In exploring the use of equation 16 to calculate Tcf,
it is important to acknowledge that it was developed
for men walking in indoor conditions with no solar
heat load. However, both methods employed for core
temperature estimations in the current study are
adjusted for body mass and body surface area to repre-
sent exchanges experienced by a child within a car
seat. Realistic estimations of core temperature were
presented by both models and did not significantly
differ when assessing steady state conditions after 60
minutes. Improved modeling can be achieved through
measurements of radiation within the vehicle, more
frequent measurements of surface temperatures, and
modeling the sensitivity of the core temperature to dif-
ferent clothing amounts, size of the child, and/or
potential vulnerabilities (dehydrated, ill, immunocom-
promised) [28].

Our findings constitute further efforts in providing a
predictive tool that can be used to determine and con-
vey time to hyperthermia to the public or in aiding
with a forensic setting through the knowledge of cabin
air temperature and humidity [27]. Further research is
required in improved understanding of infants and
small children’s heat exchange (convection, evapora-
tion, etc.) in stressfully hot conditions, and in improved
methods to elicit behavioral changes to lessen the num-
ber of children forgotten in hot vehicles.

5. Conclusions

We examined the influence of shade on the thermal
environment of three pairs enclosed vehicles in sun or
shade across multiple time 60-minute periods on three
summertime days in Tempe, AZ. The interior vehicle
temperatures demonstrated very hot conditions, with
quicker temperature rise in sun-exposed vehicles. In
modeling the heat balance and core temperature of a
2-year old male child, the average Tc after 60 minutes
in shaded or sun-exposed vehicles was estimated to
reach 38.2§0.29�C and 39.1§0.41�C, respectively,
with a significantly higher final Tc in sun-exposed
vehicles across all days. Extrapolating the rate of Tc

rise found an average time of 2.4 hours to reach 40�C
in shaded vehicles (1.73–3.13 hr) and 1.43 (1.0–2.12
hr) in sun-exposed vehicles.

This is the first study to assess the impact of solar
parasols on interior vehicle thermal environments and
child core temperature variations by sun, shade, and
car type under extreme temperature and sunny out-
door conditions. Findings and methods demonstrate
an ability to provide explanatory reasoning to the pub-
lic and for the support of new behavioral and techno-
logical interventions, as well as the progression
towards high core temperatures for infants and tod-
dlers left in hot cars, whether in the sun or shade. At a
time when so much is known concerning heating of
interior vehicle environments, there is pressing impor-
tance to improve health messaging [75], incorporate
human behavior and human factors knowledge/
research into what we currently know, and urge policy
makers to enforce technological solutions.
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