
1 23

International Journal of
Biometeorology
 
ISSN 0020-7128
 
Int J Biometeorol
DOI 10.1007/s00484-020-01954-5

Potential overall heat exposure reduction
associated with implementation of heat
mitigation strategies in Los Angeles

D. J. Sailor, J. Anand & L. Kalkstein



1 23

Your article is protected by copyright and

all rights are held exclusively by ISB. This e-

offprint is for personal use only and shall not

be self-archived in electronic repositories. If

you wish to self-archive your article, please

use the accepted manuscript version for

posting on your own website. You may

further deposit the accepted manuscript

version in any repository, provided it is only

made publicly available 12 months after

official publication or later and provided

acknowledgement is given to the original

source of publication and a link is inserted

to the published article on Springer's

website. The link must be accompanied by

the following text: "The final publication is

available at link.springer.com”.



SPECIAL ISSUE: INDOOR BIOMETEOROLOGY

Potential overall heat exposure reduction associated
with implementation of heat mitigation strategies in Los Angeles

D. J. Sailor1,2 & J. Anand2,3
& L. Kalkstein4

Received: 17 March 2020 /Revised: 5 June 2020 /Accepted: 9 June 2020
# ISB 2020

Abstract
We analyzed two historical extreme heat events in Los Angeles to explore the potential of increasing vegetative cover and surface
solar reflectance (albedo) to reduce total exposure (indoor and outdoor) to dangerously hot conditions. We focus on three
population subgroups, the elderly, office workers, and outdoor workers, and explore the extreme case where each subgroup
does not have functioning air conditioning in their residences. For each heat event, we conducted atmospheric model simulations
for a control case and four mitigation cases with varying levels of increased albedo and vegetation cover. Simultaneously, we
conducted building simulations of representative residential buildings that lacked mechanical air conditioning. These simulations
factored in both the indirect cooling effects associated with neighborhood implementation of mitigation strategies and the direct
effects of high albedo roofing on the individual buildings. From both the atmospheric and building models, we exported hourly
values of air temperature and dew point temperature, and used this information in combination with various scenarios of occupant
behavior to create profiles of individual heat exposure. We also gathered heat-mortality data for the two heat events and
developed a synoptic climatology-based relationship between exposure and excess mortality. This relationship was then applied
to the scenarios in which albedo and canopy cover were increased. The results suggest that improvements in indoor thermal
conditions are responsible for a sizable portion of the health benefit of large-scale implementation of heat mitigation strategies.

Keywords Heat-related health . Individually experienced temperatures . Heat exposure . Heat mitigation . Indoor environmental
quality

Background

In the USA, on average, extreme heat causes more deaths each
year than hurricanes, lightning, and tornadoes combined
(CDC 2018). Heat is also implicated in numerous physical

and mental health illnesses (Pedersen 2015; Vassos et al.
2016). Climate change is expected to increase both the fre-
quency and magnitude of heat waves, and, as cities grow, the
local effects of urbanization are anticipated to create a
warming on par with global climate change (Krayenhoff
et al. 2018).

However, while most heat-related health analyses focus on
outdoor ambient conditions, most urban residents spend more
than 85% of their time in indoor environments (Klepeis et al.
2001). Investigations of heat-related deaths during heat-wave
events report that decedents were more likely to succumb to
heat in their own home ([CDC] Centers for Disease Control
and Prevention 2013; Fouillet et al. 2006), and that poor, so-
cially isolated, and elderly populations are at the greatest risk
of heat-related mortality (Fouillet et al. 2006; Kaiser et al.
2007; Semenza et al. 1996). A growing field of inquiry centers
around the concept of personal exposure and individually ex-
perienced temperatures (e.g., Kuras et al. 2015; Sailor et al.
2016; Kuras et al. 2017). As a result, there is an increasing
recognition that estimates of indoor and outdoor conditions
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must be considered when exploring potential to mitigate heat-
related illness and death (O’Lenick et al. 2019; Sailor 2014).

We hypothesize that the heat exposure benefits of urban
heat mitigation strategies are substantially different when con-
sidering indoor and outdoor conditions, and the ways in which
vulnerable populations move between and operate in these
environments. This is accomplished in a case-study modeling
effort that links mesoscale atmospheric modeling of heat mit-
igation with whole building simulations of representative
building stock.Mesoscale model simulation of heat mitigation
strategies has been a popular mode of investigation of the
regional-scale efficacy of highly reflectivematerials and urban
vegetation for decades (e.g., Oke 1976; Akbari et al. 1990;
Sailor 1998; Salamanca et al. 2012; Morini et al. 2018).
Modeling of the building energy and indoor effects of rooftop
implementation of highly reflective materials has also seen a
great deal of attention in the literature (e.g., Hildebrandt et al.
1998; Shen et al. 2011; and Baniassadi et al. 2018). The pres-
ent study combines these two scales of modeling to explore
the indoor and outdoor exposure conditions for urban resi-
dents using Los Angeles, CA, as a case study. Simulations
explore these conditions during two historical extreme heat
events (EHE) under control conditions as well as under sce-
narios of heat mitigation. These results are then linked to im-
plications for adverse health outcomes.

Methods

Mesoscale modeling

Regional-scale simulations of the effects of large-scale heat
mitigation deployment were conducted using the urbanized
version of the Weather Research and Forecasting (WRF,
v3.8.1) model (Chen et al. 2011). All simulations were con-
ducted at the county level using the 40-category land cover
data available from the National Land Cover Database
(NLCD) and four nested grids (see Fig. 1) with resolutions
of 1, 3, 9, and 27 km. The analysis uses model output from the
finest resolution (1 km) domain, centered on downtown Los
Angeles.

The single layer urban canopy model of Kusaka was used
along with default geometries for parameterized urban can-
yons in low density residential, high density residential, and
commercial land use areas. The low, medium, and high inten-
sity development categories used in the modeling are based on
fraction of impervious surface as defined in the National Land
Cover Database (NLCD) and described in Homer et al.
(2015). Low intensity urban land cover corresponds to areas
with a mix of constructed materials and vegetation, with im-
pervious surfaces accounting for 20 to 49% of total cover
(typically single-family housing units). The medium intensity
urban land cover includes areas with 50 to 80% impervious

surface cover (typically higher density housing). The high
intensity classification is for areas with 80 to 100% impervi-
ous cover (typically commercial and industrial areas). The
shadowing effects of buildings on ground-level surfaces were
included by changing the default value of the shadow calcu-
lation control parameter in the model source code.

All simulation cases were provided atmospheric initial and
boundary conditions from the NCEP North American
Reanalysis (NARR) 3-hourly atmospheric data. Key model
physics parameterizations included the Rapid Radiative
Transfer Model (RRTM) with the Dudhia shortwave radiation
scheme, Monin-Obukhov (Janjic Eta) similarity scheme for
the surface layer, the Mellor-Yamada-Janjic Turbulent
Kinetic Energy (TKE) scheme for boundary layer physics,
and the Noah Land Surface Model.

We present results for simulations focused on two histori-
cal EHEs. The first heat event, July 22–25, 2006, was a rela-
tively hot and humid event, while the second, August 26–29,
2009, was amuch drier event. Both events were defined by the
presence of oppressive air masses that encompassed the entire
region. The July 2006 event was dominated by “moist tropical
plus (MT+)” air mass conditions. The maximum and mini-
mum air temperatures during the hottest day of this event were
39 and 25 °C, respectively (at Burbank Airport). The average
dew point temperature was just over 18 °C and the midday
relative humidity hovered around 30–50%. The average wind
speed was 10.7 m/s. The August 2009 event also included
some “dry tropical” (DT) days, with the hottest day reaching
a maximum and minimum air temperature of 41 and 19 °C,
respectively. This event had an average dew point temperature
of just over 2 °C and the midday relative humidity hovered
around 10–15%. The average wind speed was 6.3 m/s. See
Sheridan and Kalkstein (2004) for a discussion of the synoptic
climatology of MT+ and DT air masses. The presence of both
extremely hot air masses most often leads to negative health
outcomes among the general population, especially for the
elderly, homeless, and poor (Kalkstein et al. 2019). All simu-
lations were conducted with a focus on the 4-day heat event
episode. However, each simulation was initiated 7 days prior
to the period of interest to allow for model spin-up.

Common mitigation strategies include use of high solar
reflectance (albedo) rooftop and street surfaces and increasing
the vegetated canopy cover throughout the city (e.g., Stone
et al. 2012). The present study focuses on these approaches.
High albedo modifications were implemented by modifying
the roof and road albedo values within the urban parameters
input file of WRF. Vegetation increases were implemented by
suitably modifying the urban vegetation coverage variables in
the vegetation parameterization input file for WRF. A control
case (case 0) and four mitigation cases were simulated as
summarized in Table 1. The mitigation cases were identified
as realistic pathways based on current policies, strategies, and
targets being developed and implemented within the city of
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Los Angeles (Garcetti 2019). They are consistent with the
level of modification required to achieve desired city-wide
urban cooling goals of 1–2 °C (Sailor 1995; Santamouris
2014). Thus, the mitigation cases include an option focused
on increasing albedo (case 1), a case focused on increasing
canopy cover (case 2), and cases that combine moderate/high
albedo and moderate/high canopy cover (cases 3/4).

For each simulation, hourly results for 2 m dry bulb air
temperature and dew point were averaged over all urban grid
cells in the finest domain and exported for use in assessing
outdoor thermal exposure and for driving the building scale
models to ultimately assess indoor exposures.

Indoor environment modeling methods

The EnergyPlus software (Crawley et al. 2001) was used to
calculate the indoor thermal conditions for each case. We
limited our analysis to single-family residential buildings,
but explored two vintages of buildings. Specifically, building
archetypes were based on the International Energy
Conservation Code (IECC) single-family Los Angeles refer-
ence model (Mendon et al. 2013). One building represents
homes constructed after the year 2000 (post-2000), and the

other represents buildings constructed before 2000 (pre-
2000). See the supplemental information and Table S1 for
details. For each mitigation case, the rooftop material albedo
was adjusted based on Table 1. Changes in road albedo and in
canopy cover were not directly integrated in the building
models. Rather, the indirect effects of all mitigation strategies
were implemented through modifications of the weather files
used to drive the building models and the driving weather
conditions were modified as discussed below.

Occupant behavior is crucial to this analysis in two re-
spects. First, during warm weather, it is typical that occupants
of buildings without air conditioning will attempt to use win-
dows to provide natural cooling when appropriate. However,
actual window operating behavior varies substantially. To ex-
amine the role of common window operating strategies on
indoor exposure, we developed five different cases as summa-
rized in Table 2. Each building model includes 8 windows of
dimensions 2.72 by 1.52 m. The windows are assumed to be
of the casement window type such that “fully open” (FO)
corresponds to a window opening of 4.13m2, or the horizontal
sliding type such that “half open” (HO) corresponds to a win-
dow opening of 2.07 m2. The S01 and S02 cases correspond
to window operation scenarios that take into account safety

Table 1 Canopy cover and
albedo parameters used in the
control and mitigation cases

Case # Description Canopy cover (%) Pavement albedo Rooftop albedo

0 Control case 16.6 0.10 0.17

1 Low canopy, high albedo 20 0.35 0.45

2 High canopy, low albedo 40 0.20 0.27

3 Moderate canopy and albedo 30 0.25 0.37

4 High canopy and albedo 40 0.35 0.45

Fig. 1 Nested grid representation
of the Los Angeles basin. The
innermost domain uses 1 km
resolution grid cells covering an
area of 150 by 150 km
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concerns regarding burglary and fall risk. Specifically, the
conventional maximum recommended opening width of win-
dows, considering fall risk, is 0.15 m (King et al. 2001) which
is roughly the size of a child’s head.

In this study, individual exposure analysis focuses on three
population subgroups: the elderly, office workers, and outdoor
workers. Keeping in mind that this analysis focuses on resi-
dents in buildings without air conditioning, the closed window
(CW) window operation case is considered the extreme case,
as it will result in the warmest indoor conditions. While un-
common, in some cases, concerns over crime or other limita-
tions preclude the operation of windows. In general, when
indoor temperatures are higher than outdoor, occupants tend
to open their windows.We hypothesize that the most common
cases of window operation are SO1 and SO2, with the SO2
case being typically followed by the elderly, as they spend
most of their time indoors. On the other hand, we assume that
the SO1 case is most typically followed by the working pop-
ulation, including office and outdoor workers.

In addition to building characteristics (geometry, materials,
and schedules), the whole building simulation models require
specification of ambient weather conditions. As the most com-
mon building simulation scenario is for the purpose of sizing
mechanical equipment and estimating building energy con-
sumption, the weather in such modeling is usually represented
by “typical meteorological year” (TMY) files that seek to
capture the most common weather patterns throughout the
year. For the purpose of simulating specific historical epi-
sodes, the actual conditions for the period of interest (and
the antecedent 2 weeks) must be used in place of the TMY
data. For this analysis, the typical meteorological year
(TMY3) weather is used. The TMY3 files are provided by
the Building Technologies Office of the U.S. Department of
Energy. To incorporate the selected two historic EHEs, we
have replaced the dry bulb temperature, and dew point tem-
perature in the TMY3 file as needed. For the control cases, this
required simply replacing TMY data with observations (for
the EHE and antecedent 2 weeks). For the August 26–29 2009
heat event, we replaced these data with observations from the
KCQT weather station (USC Campus in Downtown) for the
period August 1 to August 30. For the July 22–25 2006 heat
event, because of missing data, we replaced only from July 11

to July 31. Nevertheless, for both EHEs, the model spin-up
requirements have been met, as demonstrated in the model
validation data presented below.

The weather files for the mitigation cases were modified by
adding hourly perturbations of dry bulb temperature and dew
point to the control simulationweather file. For the 4-day period
of each EHE, these perturbations were simply the hourly dif-
ferences between the control and mitigation runs. For the 7-day
period before the EHE, weather data were pre-conditioned by
first defining the average hourly diurnal profile of perturbations
from the EHE event and then subtracting this average profile
from the TMY data for the pre-conditioning period.

While there is no single thermal comfort metric that is
appropriate for exposure to combined indoor and outdoor cli-
mates, the Heat Index (Rothfusz 1990), which takes into ac-
count dry bulb temperature and humidity, can be used as a
screening metric to assess the magnitude and extent of expo-
sure that each population subgroup is expected to experience
during the control conditions and under conditions of the heat
mitigation cases. To create such a heat exposure metric, we
note that the National Weather Service defines four regions in
their assessment of likelihood of heat disorders with
prolonged exposure or strenuous activity. These are caution
(27 < HI < 32 °C), extreme caution (32 < HI < 41 °C), danger
(41, HI < 54 °C), and extreme danger (HI > 54 °C). For the
purposes of assessing heat exposure in this study, we focus
only on hours when the heat index is above the minimum
threshold for the extreme caution category. Specifically, we
calculate heat exposure using a metric that is qualitatively
similar to the concept of cooling degree days, used for
assessing cooling demand in buildings. This metric, which
we refer to as “excessive heat hours” (EHH), accounts for both
the duration and magnitude of conditions above the extreme
caution threshold. It is defined by:

EHH ¼ ∑
24

h¼1
HIh−32ð Þ*δh where δh

¼ 1 for HIh−32ð Þ > 0
0 for HIh−32ð Þ < 0

�
ð1Þ

where the EHHmetric is for a single representative day within
the EHE, and HI is the Heat Index (in °C) defined by:

Table 2 Window operation scenarios and characteristics

Operation
case

Description Subgroup using
schedule

Area of opening for each
window (m2)

Time open

CW Closed window --- None Never

FO Fully open evening --- 4.13 6 pm to 10 pm

HO Half open evening --- 2.07 6 pm to 10 pm

SO1 Safety open overnight Indoor and outdoor workers 0.23 7 pm to 9 am

SO2 Safety open always Elderly 0.23 Always
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HI ¼ −8:78þ 1:61*T

þ 2:34*R−0:15*T*R−1:23*10−2*T 2−1:64*10−2*R2

þ 2:21*10−3*T2*R

þ 7:25*10−4*T*R2−3:58*10−6*T 2*R2

ð2Þ
where T is dry bulb temperature in °C, and R is relative hu-
midity in percentage.

Estimating heat-related mortality

To estimate heat-related mortality for each of the EHE, we
employ the synoptic climatology approach outlined in
Kalkstein et al. (2018). The recent use of this methodology
has suggested that, by utilizing highly reflective materials on
roofs and pavement within the urban area, we can actually
change the character of some oppressive air mass (DT and
MT+) days during intense heat waves to something less likely
to produce negative health outcomes. Daily mortality data
were obtained from the National Center for Health Statistics,
which included information on the cause, place (county), date
of death, age, and race ([NCHS] National Center for Health
Statistics 2018). These data are then used to develop a heat
mortality model that uses as input the ambient air temperature
and dew point at four specific hours each day (5 am, 11 am,
5 pm, and 11 pm local time).

Total daily mortality across the cities’ standard metropoli-
tan statistical area was summed for each day and then stan-
dardized to account for demographic changes in the popula-
tion characteristics during the period (Sheridan et al. 2009).
The mortality for each day is expressed as a variation above or
below a standardized baseline.

After standardization, mean anomalous daily mortality, or
the number of deaths above what would be expected, was
calculated for each air mass type. In both Chicago and
Boston, the DT and MT+ air masses were associated with
the greatest increase in mortality over baseline levels.
However, not all days within these air masses demonstrate
elevated mortality. So, a stepwise linear regression was devel-
oped for each city to determine which variables accounted for
this mortality variation. The independent variables used in our
analysis were meteorological (e.g., morning and afternoon
temperature, dew point, wind speed, and cloud cover), persis-
tence-oriented, or the number of consecutive days of the air
mass occurring during the EHE, and seasonal (time of season),
since EHEs in June have shown to bemore deadly than similar
EHEs in September. This statistical procedure resulted in an
algorithm for each city containing statistically significant in-
dependent variables. It was used to estimate mortality during
particular EHEs both in reality and under modeled conditions.

The developed model can then be applied to WRF-model
output for the control case as well as each mitigation case.
This approach establishes a baseline estimate of the potential
reduction in mortality resulting from changes in outdoor con-
ditions alone. This analysis is not directly applicable to
subdivided populations, or populations moving between in-
door and outdoor environments, but does provide a baseline,
that, when paired with estimates of how subpopulation expo-
sures change under mitigation scenarios, can shed light on the
potential importance of including both indoor and outdoor
exposure estimates in future studies of heat-related morbidity
and mortality.

Results

Mesoscale model performance was validated against observa-
tions from local airports. The model was successful in repli-
cating diurnal temperature trends with a root mean square
error of approximately 2.0 °C for both extreme heat events
modeled (see Supplementary Materials Fig. S1). The diurnal
profile of model error exhibited no systematic biases. Having
confirmed the performance of the baseline (control) cases for
the atmospheric model, we then simulated 4 additional miti-
gation test cases as summarized in Table 1. The appropriate-
ness of the building model and occupant behavior (window
use) assumptions are discussed in the Supplementary
Materials section.

For each simulation case, hourly near surface temperature
and humidity data were extracted and corresponding hourly
differences (control–mitigation case) were calculated. These
perturbations were then applied to the underlyingweather files
for use both in driving the building simulation models and as
outdoor conditions for estimation of exposure.

Mitigation strategy effects on indoor and outdoor
environments

Figure 2a shows the reduction in outdoor air temperature rel-
ative to the control run for each mitigation case. During day-
time hours, the high albedo case performs better than the high
canopy cover case. However, the high canopy cover case per-
forms better at night. This is to be expected as the energy-
balance effects of the high albedo case scale with the incident
solar radiation intensity, while the canopy cover cooling ef-
fects are influenced both by solar radiation and by ambient
temperature and humidity. A similar result was observed by
Lee et al. (2009), who compared air temperature observations
between a vegetated park and the nearby surroundings. As a
result, case 4, which both has high albedo and high canopy
cover, performs best throughout the diurnal cycle. Average
reductions in ambient air temperature and increases in dew
point temperature are summarized in Table S2.
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To compare the impact of these mitigation strategies, we
have used the extreme case of the CW building model. The
indoor air temperature reduction (Fig. 3) follows a similar
pattern to the outdoor air temperature reduction profiles of
Fig. 2. The cases with high albedo perform well during the
daytime, while high canopy cover performs better at night.
Average indoor temperature reduction and dew point temper-
ature increase throughout the EHE period are summarized in
Table S3.

Effect of mitigation strategies on heat exposure

The results for the three subgroup populations show that, in
the absence of functioning air conditioning, the elderly have a
similar heat exposure as outdoor workers. In fact, between
noon and 6 PM, the elderly actually experience considerably
higher heat exposure than office workers, and marginally
higher heat exposure than outdoor workers (see Fig. 4).
Maintaining closed windows between 8 AM and 6 PM ele-
vates the indoor temperature considerably above the outdoor
temperature, exposing outdoor and office workers to exces-
sively high temperatures upon returning to their homes each
evening.

Figures 5 and 6 show results of the control case and
each mitigation strategy for the three population

subgroups (elderly, outdoor workers, and office workers).
In all population subgroups, mitigation case 4, with high
albedo and canopy cover, shows the greatest reduction in
outdoor dry bulb temperature. In the case of the elderly
population subgroup, there is a peak temperature reduc-
tion of 1.22 °C and 1.89 °C for the July 2006 and August
2009 EHE, respectively. The second-best strategy for re-
ducing heat exposure is the high albedo/low canopy of
case 1, with peak temperature reduction of 0.80 °C and
1.38 °C respectively, for the July 2006 and August 2009
EHE. A similar pattern is observed in other subgroups as
well. In the case of outdoor workers, the peak temperature
reduction corresponding to case 4 is 1.46 °C for the
July 2006 EHE and 2 °C for the August 2009 EHE.
Office workers are in conditioned indoor environments
during the hours of peak temperatures for an EHE.
However, for the control case, they are still exposed to a
maximum of 36 to 37 °C. Thus, mitigation strategies are
relevant for office workers as well. Interestingly for the
selected day, peak heat exposure happens at the same time
for both outdoor workers and office workers, resulting in
a similar peak reduction result. Other mitigation cases
show a similar result for office workers (around 0.8 °C
and 1.46 °C for the July 2006 and 1 °C and 2 °C for the
August 2009 EHE respectively) in terms of peak
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Fig. 2 Reduction in outdoor a air
temperatures and b dew point
temperatures for the control and
four mitigation case scenarios for
July 24 of the 2006 heat event
(first column) and August 29 of
the 2009 heat event (second
column)

Int J Biometeorol

Author's personal copy



temperature reduction. Increase in canopy cover did not
play much of a role in reducing peak heat exposure; even
case 3 (moderate canopy and albedo) has greater reduc-
tion in peak temperature than case 2 (high canopy and low
albedo) for all subgroups.

Health implications of mitigation strategies

The heat-related health impacts of mitigation strategies can be
estimated from two perspectives. Traditional approaches only
consider changes in outdoor thermal conditions. In this
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Fig. 3 Reduction in indoor a air
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temperatures for the control and
four mitigation case scenarios, of
closed window building model
(CW), for July 24 of the 2006 heat
event (first column) and August
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Fig. 4 Representative diurnal
profiles for a air temperature and
b dew point exposure for each of
these 3 populations for July 24 of
the 2006 heat event (first column)
and August 29 of the 2009 heat
event (second column)
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analysis, we supplement this approach with one that also con-
siders exposure in indoor environments.

First, we evaluate the role of modified outdoor conditions
on heat-related mortality estimates for the four cases on out-
door temperature and dew point conditions for the July 2006
and August 2009 heat events. For the hot, humid MT+ dom-
inated 2006 event, we estimated that about 60 extra deaths
occurred across Los Angeles county due to the excessive heat.
Using the case 4 scenario, we estimated that 49 deaths would
have occurred, a savings of 11 lives in this singular heat event,
representing an 18% reduction in mortality. In fact, heat-
induced mortality decreased by double digits for three of the
four mitigation case scenarios (13% for case 1, 9% for case 2,
12% for case 3, 18% for case 4). Air mass changes, from
oppressive MT+ to a non-oppressive MT air mass, occurred
on two of the five heat event days for cases 1, 2, and 3, and for
three of the days in case 4, an impressive result.

The August 2009 event was less severe than the July 2006
EHE. We estimated that 20 extra deaths occurred during the
August 2009 event. However, there were reductions for all
four cases, and we calculated that approximately 10 lives
would have been saved under case 1 and 4 mitigation scenar-
ios, with slightly smaller reductions for cases 2 and 3.

As an initial step of investigating how important indoor
exposure may be in determining heat-related morbidity and
mortality, we supplement the conventional heat-mortality
analysis above (which only includes outdoor exposure) with
a cursory analysis of how heat mitigation strategies may alter
individually experienced thermal environments. We then
compare changes in outdoor exposure to changes in estimated
exposure for the three studied subpopulations. Table 3 sum-
marizes the EHH metric for five situations: outdoor condi-
tions, the worst case of indoor conditions with windows al-
ways closed, and for individual exposures of the three
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Fig. 5 Typical diurnal profiles for
dry bulb temperature of a elderly,
b outdoor worker, and c office
worker for July 24 of the 2006
heat event (first column) and
August 29 of the 2009 heat event
(second column)
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subpopulation groups based on behavior defined in Table 2.
Results are presented for one representative day within each
heat event. With respect to outdoor conditions, the 2006 event

is clearly more oppressive than is the 2009 event. As noted
earlier, the 2006 event resulted in a factor of 3 more estimated
excess heat deaths than the 2009 heat event (60 vs. 20), using
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Fig. 6 Typical diurnal profiles for
dew point temperature of a,
elderly, b outdoor worker, and c
office worker for July 24 of the
2006 heat event (first column) and
August 29 of the 2009 heat event
(second column)

Table 3 Excessive heat hours (degree-hours) of a typical day for each heat event and each simulation case. Results are presented for outdoor
conditions, worst-case closed window indoor conditions, and the conditions experienced by each of the three population subgroups

Case Description Outdoor Closed window indoor Elderly Office worker Outdoor worker

July 2006 extreme heat event

0 Control case 37.30 58.82 42.78 16.01 40.66

1 Low canopy, high albedo 28.46 46.85 33.97 12.56 31.12

2 High canopy, low albedo 37.20 58.37 43.15 14.73 40.10

3 Moderate canopy and albedo 33.35 53.43 39.27 13.85 36.43

4 High canopy and albedo 30.58 49.62 35.82 12.29 33.13

August 2009 extreme heat event

0 Control case 12.09 16.97 11.96 2.89 12.15

1 Low canopy, high albedo 07.23 10.44 07.36 1.90 7.48

2 High canopy, low albedo 12.19 17.35 12.70 2.81 12.37

3 Moderate canopy and albedo 09.73 13.74 09.86 2.36 9.80

4 High canopy and albedo 09.33 13.80 09.98 2.27 9.49
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the synoptic climatology modeling approach relating outdoor
conditions to mortality. Interestingly, this corresponds quite
well to the ratio of outdoor EHH for the control case (37.30 vs.
12.09, a factor of 3.1). It is clear from the first column in this
table that the high albedo of case 1 results in the largest re-
duction in EHH for the outdoor environment—roughly a 24%
and 40% reduction in EHH for the 2006 and 2009 heat events,
respectively. Despite creating larger reductions in ambient air
temperature, case 4, with its high albedo and high vegetation,
was slightly less effective in reducing EHE than was case 1.
This is due to the adverse effects on EHE of the increased
humidity. The worst performing mitigation case, with respect
to outdoor environments, was case 2 (low albedo and high
canopy). While this case produced a slight reduction in EHE
relative to the control case for the 2006 heat event, it actually
increased EHE slightly in the 2009 event. These results clearly
demonstrate the tradeoffs in outdoor conditions resulting from
heat mitigation strategies that cool the ambient environment,
but also increase dew point temperatures.

Table 3 also presents results for the closed window (worst
case) indoor environment, and for each population subgroup.
The general trends of decreasing EHH are consistent with
those for the outdoor environment, with a few notable differ-
ences. First, a person confined to the (non-air-conditioned)
indoor environment experiences heat exposures that are con-
sistently 40–60% higher than a person continuously exposed
to outdoor thermal conditions. With respect to control condi-
tions, the elderly individual may experience total exposure
(excessive heat hours—EHH) that are roughly the same
(2009 event) or slightly worse (2006 event) than the outdoor
worker. Of course, the office worker, who is assumed to spend
the workday in an air-conditioned building, has a baseline
exposure that is typically about 1/3 that of the other two pop-
ulation groups for all cases. As a result, the remainder of this
discussion focuses on the elderly and outdoor worker sub-
groups, and on the more extreme case of the 2006 EHE. The
high albedo case substantially reduced heat exposure for these
groups. While case 1 reduced outdoor EHH for the 2006 event
by 8.8 °C-h, the corresponding reductions in EHH were 8.8
and 9.5 °C-h for the elderly, and outdoor worker populations.
So, for the elderly, the adverse effects of being confined to an
indoor non-air-conditioned environment were offset by the
reduction of heat flow through the roof due to the direct effects
of the highly reflective roof surface. According to this analy-
sis, the outdoor workers benefited more as they were not con-
fined to an overheated building during the core hours of the
day. However, it is crucial to recognize that the EHH metric
used in assessing exposure assumes that outdoor exposures
are in a shaded environment—and this is oftentimes not the
case for outdoor workers. In contrast, for the case focused on
increasing canopy cover (case 2), the EHH of the outdoor
environment for the 2006 event decreased by 0.48 °C-h, while
that for the elderly actually increased by 0.37 °C-h.

Discussion and conclusions

Measures of heat exposure and associated health risks of such
exposures traditionally have focused on outdoor thermal con-
ditions, despite the fact that urban residents spend the majority
of their time inside buildings. In this study, we have used an
excessive heat hours (EHH) metric as an indicator of risk for
adverse health outcomes associated with outdoor and non-air-
conditioned indoor exposures. We also characterized expo-
sures for three distinct subpopulations: the elderly, indoor
(office) workers, and outdoor workers. We found that in the
absence of functioning air conditioning, the elderly have even
higher exposure to extreme heat than do outdoor workers.
While this only includes temperature and humidity, ignoring
direct exposure to the sun, the finding makes it clear that
studies of heat-health risks must account for the actual expo-
sure pathways for different subpopulations in indoor and out-
door spaces.

In exploring the potential for heat mitigation strategies to
reduce exposure (as measured by EHH), we found that, while
mitigation focused on increasing vegetative cover can cool the
urban environment, it also has adverse consequences due to
the associated potential increase in dew point temperatures.
However, heat mitigation that is accomplished through roof-
top implementation of highly reflective roofing was found to
produce similar neighborhood-level outdoor cooling while al-
so directly benefiting the indoor environment through a reduc-
tion in the solar energy load on a building. Specifically, for the
2006 heat event, the high albedo low canopy cover scenario
(case 1) reduced total EHH by about 9 °C-h for the elderly and
outdoor worker populations. The high canopy cover, low al-
bedo scenario (case 2), however, resulted in virtually no net
impact on EHH due to the counteracting effects of decreased
dry bulb temperatures and increased dew point temperatures.

These results strongly suggest that the more widespread
use of reflective materials can mitigate both indoor and out-
door atmospheric conditions, and lessen the extent of negative
health outcomes. While the levels of modification represented
by each of the four test cases are aspirational, they are reflec-
tive of modification levels needed to achieve widespread ur-
ban cooling as outlined in Los Angeles’ Sustainability pLAn.
Additionally, the application of a synoptic climatological ap-
proach can assist in identifying those outdoor meteorological
situations that are most stressful to an urban population. An
important next step for modeling of heat-related health out-
comes is to extend approaches such as this to account for both
indoor and outdoor thermal exposures.

It should be noted that this analysis assumes uniform ap-
plication of the high albedo and vegetative cover strategies
across the entire city. Hence, we are not able to comment on
scale effects associated with partial deployment of the strate-
gies, or on the role that varying urban morphology across the
city plays in the efficacy of the strategies. Furthermore, we
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ignore implementation and maintenance challenges, as well as
potential unintended consequences (e.g., interaction of
reflected shortwave radiation from paved surfaces with pedes-
trians and buildings).
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