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Abstract
The air temperature cooling impacts of infrastructure-based adaptationmeasures in expandingurban
areas andunder changing climatic conditions are notwell understood.Wepresent simulations
conductedwith theWeather Research andForecasting (WRF)model, coupled to amulti-layer urban
model that explicitly resolves pedestrian-level conditions.Our simulations dynamically downscale
global climate projections, account for projected urban growth, and examine cooling impacts of
extensive cool roof deployment inAtlanta,Detroit, andPhoenix (USA). The simulations focus on
heatwave events that are representative of start-,middle-, and end-of-century climatic conditions.
Extensive cool roof implementation is projected to cause amaximumcity-averageddaytime air
temperature cooling of 0.38 °C inAtlanta; 0.42 °C inDetroit; and0.66 °C inPhoenix.Wepropose a
means for practitioners to estimate the impact of cool roof treatments onpedestrian-level air
temperature, for a chosen roof reflectivity,with a newmetric called theAlbedoCooling Effectiveness
(ACE). TheACEmetric reveals that, onaverage, cool roofs in Phoenix are 11%more effective at lowering
pedestrian-level air temperature than inAtlanta, and30%more effective than inDetroit. Cool roofs
remain similarly effective under future heatwaves relative to contemporary heatwaves forAtlanta and
Detroit, with some indicationof increased effectiveness under future heatwaves for Phoenix. By
highlighting theunderlying factors that drive cooling effectiveness in a trio of cities located indifferent
climatic regions,wedemonstrate a robust framework for estimating thepedestrian-level cooling impacts
associatedwith reflective roofswithout theneed for computationally demanding simulations.

1. Introduction

Climate projections indicate that the continental United
States (CONUS) will be subject to widespread summer-
time greenhouse gas (GHG) driven warming, on the
order of 2 °C–7 °C, by the end of the 21st century
(Wuebbles et al 2017). Superimposed on GHG-induced
climate change are local and regional scale impacts caused
by changing land cover characteristics, such as those
associated with urbanization. The local climate impact
due to urban development can be substantial, depending

on urban design characteristics. Maximum nighttime
warming resulting from urban expansion in CONUS has
been shown to be of similar order ofmagnitude toGHG-
inducedwarming (Krayenhoff et al2018).

The tendency for cities to be warmer than rural
areas, and the associated impacts on energy consump-
tion (Hirano and Fujita 2012, Li et al 2012), human
health (Stone et al 2014, Hondula et al 2015), thermal
comfort (Wouters et al 2017, Broadbent et al 2018b),
and air quality (Baklanov et al 2016, Fallmann et al
2016), is a serious challenge urban areas face in
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addition to future GHG-induced warming. During
heatwave conditions, the adverse impacts of heat can
be particularly acute with spikes in human morbidity
andmortality (Whitman et al 1997, Fouillet et al 2006)
and electrical grid failures (i.e. ‘blackouts’) (Lin et al
2011, Miller et al 2008, McEvoy et al 2012) commonly
observed. To alleviate extreme urban temperatures,
infrastructure-based adaptation measures have been
widely proposed and assessed. The spectrum of such
strategies includes high albedo surfaces (roofs, roads,
and walls) (Li et al 2014, Sharma et al 2016, Taleghani
et al 2016), trees and vegetation (Bowler et al 2010,
Thom et al 2016, Vahmani and Ban-Weiss 2016), low
thermal admittance constructionmaterials (Krayenhoff
et al 2018), shade producing architectural features
(e.g. narrow streets and shade structures) (Ali-Toudert
and Mayer, 2006), as well as water features and irriga-
tion (Daniel et al 2018, Broadbent et al 2018a). Future
urban climates will be determined by dynamic interac-
tions between the regional realization of global cli-
mate, the local characteristics of urban growth, and
deployment of infrastructure adaptation measures
(Georgescu et al 2014, Krayenhoff et al 2018).
Improved understanding of urban adaptation impacts
in diverse cities located within distinct climate regimes
is required to guide climate adaptation in the devel-
oped world and urban planning in the developing
world.

We examine the cooling impacts of highly reflec-
tive rooftops (i.e. hereafter ‘cool roofs’) during clima-
tologically representative heatwave conditions. Cool
roofs reduce heat load on buildings and decrease the
direct conversion of solar energy into sensible heat,
providing daytime ambient air temperature cooling.
Cool roofs have been widely studied with numerical
weather/climate models with reported ambient cool-
ing impacts on the order of 0.1 °C–2 °C (e.g. Oleson
et al 2010 (global), Fallmann et al 2013 (Stuttgart),
Schubert and Grossman-Clarke 2013 (Berlin), Huszar
et al 2014 (Central Europe), Li et al 2014 (Baltimore/
Washington DC), Ma et al 2013 (Beijing), Cao et al
2015 (Guangzhou), Salamanca et al 2016 (Phoenix),
Vahmani et al 2016 (Southern California), Zhang et al
2016 (global)). The diverse characteristics of cities
investigated and lack of standardized practices used
when modeling adaptation measures (e.g. intensity of
roof albedo change) renders previous findings less
helpful to a wider audience. Additionally, regional and
global modeling approaches have not resolved the
cooling impacts of adaptation measures at pedestrian-
level where the cooling impacts aremost relevant from
a human health and thermal comfort perspective.
Further, only a few studies have considered the
impacts of cool roofs under changing climate and
future urban growth scenarios to examine their effec-
tiveness across varying geographies and time periods
(Georgescu et al 2012, 2013, 2014, Krayenhoff et al
2018). Such studies have typically usedmedium spatial
resolutions (e.g. 20 km) to assess seasonally averaged

impacts of cool roof deployment and do not capture
the local-scale intra-urban air temperature variability,
driven by differences in urban morphology (i.e. roof
area, building height and spacing), commonly
observed in cities (Stewart andOke 2012).We build on
this previous work by conducting high-resolution
numerical simulations (1 km grid spacing) to simulta-
neously investigate the impacts of urban growth, cool
roof deployment, and global climate change for a trio
of US cities located across distinct geographies:
Atlanta, Detroit and Phoenix. The cities have broadly
contrasting ecological characteristics (i.e. vegetation
type and presence of water bodies), buildingmorphol-
ogies, and projected rates of urban growth.

Urban planners and policy makers may ask the
following question: how much cooling will cool roof
implementation provide in our city and/or neigh-
borhood? The answer to this question is determined
by the local building morphology, the intensity of
cool roof implementation, the average albedo of pre-
existing roofs, and the climatic characteristics of the
city. The absolute cooling impacts of cool roofs have
been simulated in many cities, but their findings are
not reported in a generalizable way and are therefore
of reduced utility for planners and practitioners out-
side the city of interest. Despite this lack of guidance,
municipalities are already experimenting with and
implementing cooling infrastructure at scale (e.g.
cool roof and cool pavement initiatives in Los
Angeles, CA). Consequently, there is a need for
robust and generalizable metrics that are suitable for
estimating the cooling impacts of adaptation mea-
sures in different cities/neighborhoods prior to their
deployment.

We seek to address the following research
questions:

(1) What are the absolute ambient pedestrian-level
air temperature impacts of intensive implementa-
tion of cool roofs in Atlanta, Detroit, and Phoenix
during climatologically representative heatwaves
for contemporary, mid-, and end-of-century time
periods?

(2) Across which urban landscapes and in which time
periods are commercially available cool roofing
materials most effective (i.e. provide the most
cooling per unit of roof changed) and what drives
differences in cooling effectiveness?

(3) Can cool roofs offset the broad impacts of
urban expansion and GHG-induced heatwave
intensification?

2.Methods

2.1.Heatwave identification
We simulate representative heatwaves for each city
that are characteristic of three 30 year time periods:
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start-century (1981–2010), mid-century (2041–2070),
and end-of-century (2071–2100). We identify heat-
wave events from each time slice using historical
observations (airport weather stations from the Global
Historical Climate Network, GHCN) andCommunity
Earth System Model (CESM) CMIP5 projections for
regional concentration pathway (RCP) 4.5 and 8.5.We
identify extreme heatwave events that have a climato-
logically consistent relative intensity across RCPs/
time periods. Our heatwave identification approach
prioritizes inter-comparability of heatwaves across all
cities and time periods. The case study heatwaves
selected are among the most extreme events (i.e. the
top decile of 5 d heatwaves) projected to occur during
each 30 year time period and are likely to be associated
with temperatures that cause increased human mor-
tality andmorbidity (see table S1 for heatwave details).
For consistency, our analysis focuses on thefive hottest
consecutive days within each heatwave as defined by
our process-basedmodeling tool (see section 2.2) after
dynamical downscaling (hereafter this period is
referred to as ‘HW5’). Additional information on
heatwave identification is provided in Supplementary
Methods (section S1.1 or figure S1 is available online at
stacks.iop.org/ERL/15/084007/mmedia).

2.2.WRFmodel setup
We conduct all simulations with the Advanced
Research (ARW) version of the WRF regional climate
model (v3.6.1) (Skamarock and Klemp 2008). The
lateral boundary conditions (i.e. the WRF meteorolo-
gical context) for contemporary simulations are
obtained from the ERA-Interim reanalysis (European
Centre for Medium-Range Weather Forecasts
ECMWF ERA-Interim Project 2009). For future
simulations, we use the mid and end-of-century bias-
corrected output from CESMCMIP5 ensemble mem-
ber six, for RCP 4.5 and 8.5 model integrations
(Monaghan et al 2014). RCP 8.5 assumes continued
population growth and GHG emissions with minimal
climate change mitigation policies enacted. RCP 4.5
represents implementation of climate policies and
reduced emissions, stabilizing future temperatures by
the end of the 21st century.

WRF simulations center on heatwave periods that
are representative of each city/time period and emis-
sions scenario: start-century ERA-Interim (hereafter
‘START’), mid-century CESM RCP 8.5 (hereafter
‘MID85’), end-of-century CESM RCP 4.5 (hereafter
‘END45’), and end-of-century CESM RCP 8.5 (here-
after ‘END85’). Mid-century RCP 4.5 heatwaves will
not substantially differ from mid-century CESM RCP
8.5 conditions and given the computational cost asso-
ciated with such simulations, we decided not to simu-
latemid-century RCP 4.5 conditions.

Our model setup has three nested domains for all
WRF simulations with horizontal grid spacing of 16,

4, and 1 km (impervious fraction of the inner model
domain for each time period/city is shown in
figures 1 and S2 (RCP 4.5 only)). For the vertical grid,
we define 42 levels with the finest grid spacing (i.e.
<3 m) at the surface. Critically, the lowest level is
located between the buildings within the urban
canopy at approximately 2 m height above the
ground, ensuring urban pedestrian-level air temper-
ature is captured. By contrast, urban temperatures
derived from the commonly used single-layer urban
canopy model are not representative of the 2 m level,
but are instead diagnosed based on heat flux from the
complete urban surface (including rooftops). We
therefore expect our approach to provide more rea-
listic street-level cooling estimates than commonly
used single layer approaches, which is critical for
understanding the human thermal comfort and
health implications of adaptation. See table S2 for a
full summary of WRF physics schemes used in this
analysis.

Urban areas are modeled by the Building Environ-
ment Parameterization (BEP) (Martilli et al 2002). To
define contemporary and future urban land cover we
use the US Environmental Protection Agency’s (EPA)
Integrated Climate and Land-Use Scenarios Version 2
(ICLUSv2) (Bierwagen et al 2010, U.S. EPA 2017).
ICLUSv2 projects RCP-specific human population,
land-use, housing density, and impervious surfaces
across the US. The building morphological character-
istics represented in BEP include roof area, building
height and spacing (see table S3). For all simulations,
we match the urban growth scenario with the future
climate conditions; thus, we have simultaneously
accounted for the impacts of urbanization and GHG-
induced climate change in our simulations (see details
in section S1.2).

Cool roofs are represented by uniformly increas-
ing the roof surface albedo of all rooftops from 0.16
to 0.88. The reflectivity of high albedo roof coatings
may degrade due to weatherization and soiling asso-
ciated with dust and black carbon deposits and bio-
mass accumulation, with average reported decreases
in albedo of up to 0.2 (Levinson et al 2005, Ferrari
et al 2014). We assume a near maximum sustained
roof albedo (0.88) obtained from a ‘SOLARFLECT’
coating after three years of wear and tear according to
the EPA Energy Star roof product list (https://
downloads.energystar.gov/bi/qplist/roofs_prod_
list.pdf?8ddd-02cf). Therefore, the ambient cooling
reported here represents near maximum impacts
associated with existing commercially available cool
roofingmaterials.

2.3.Model evaluation
We evaluate WRF performance against available near
surface weather stations and upper air soundings. We
obtained weather station data from GHCN, Arizona
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Meteorological Network (AZMET) (https://cals.
arizona.edu/azmet/), MesoWest (https://mesowest.
utah.edu/), the Maricopa County Air Quality Depart-
ment (https://maricopa.gov/1643/Air-Quality-Status-
and-Monitoring), and sounding data from the National
Weather Service (NWS) (obtained via University of
Wyomingwebsite: http://weather.uwyo.edu/upperair/
sounding.html). Overall, we find that timing and ampl-
itude of surface air temperatures are satisfactorily
captured in all three cities, and we report that the
evolution of urban boundary layer (UBL) thermal
structure is broadly reproduced (see supplementary
results, section S2.1 for details).

3. Results

3.1. Intensity of projected heatwaves
Simulation results show that WRF-simulated future
heatwave intensity will increase in all three cities
(table 1). Atlanta and Detroit will experience 4 °C–5 °C
increases in both average daily maximum and mini-
mum temperatures during high intensity end of the
century heatwaves. Phoenix, which is already situated
in a very hot and dry climate, is projected to experience
a smaller increase in high intensity heatwave tempera-
tures than Detroit and Atlanta with 1.8 °C and 0.6 °C
increases in average daily maximum and minimum
temperatures, respectively.

Figure 1.Representation of impervious fraction for inner-mostWRFdomains (1 kmby 1 kmgrid spacing) for Phoenix (top row),
Atlanta (middle row), andDetroit (bottom row). Three time periods/RCP scenarios (shown left to right) are shown: START=start-
century,MID85 = mid-century RCP 8.5, and END85=end-century RCP 8.5. For end-century RCP 4.5 imperviousness, seefigure
S2. For theDetroit panels, the outline of lakes in the domain are shown (seefigure S3 formore detail).
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3.2. Absolute cooling impacts of cool roofs
Across all cities and time periods, cool roofs predomi-
nantly provide daytime cooling of pedestrian-level air
temperature and minimal nighttime cooling (see
panels in figures 2 and S8 (RCP 4.5 only)). Nighttime
cooling impacts are negligible for Atlanta and Detroit,
while a small (up to −0.29 °C) but significant night-
time impact is simulated for Phoenix. As most of the
cooling is projected during the day, we primarily focus
on the daytime effects of cool roofs throughout this
analysis.

The average change in daytime 2 m air temper-
ature, hereafter (ΔTday), during HW5 for urban grid
squares, due to city-wide implementation of cool roofs
in Phoenix ranges from −0.45 °C during the START
simulation to −0.66 °C for the END85 simulation. In
Atlanta, the ΔTday is predicted to range between
−0.11 °C (START) and −0.38 °C (END45). The
ΔTday in Detroit is consistent across the four time per-
iods, falling between values of−0.35 °C (START) and
−0.42 °C (END45). Daily maximum temperature
change (averaged from 11 am through 2 pm local
time) reaches −2.5 °C in Phoenix and −2.0 °C in
Atlanta and Detroit (see daily maximum cooling in
figure S9). Overall, Phoenix is characterized by the lar-
gest average and daily maximum pedestrian-level air
temperature cooling impacts from widespread cool
roof deployment.

There is also spatial variability of daytime cooling
from cool roofs, demonstrating the pedestrian-level
cooling impacts are non-uniform across a city (figures 3
and S10 (END45 only)). High (cool) roof area is the pri-
mary cause of air temperature cooling spatial maxima;
however, other factors influence intra- and inter-urban
variability in cooling impacts from cool roofs. It is
important for practitioners to understand where cool
roof deployment could provide the most pedestrian
cooling. In the subsequent sections, we focus on the
concept of cooling effectiveness. We ask: where will
cool roofs provide themost pedestrian-level cooling per
unit of rooftopmodified?

3.3. Cooling effectiveness
Cooling effectiveness can be thought of as the average
ΔTday resulting from a given change in albedo (Δα)
for a specific city/time period combination. One
metric of cooling effectiveness is a regression model of
total surfaceΔα, due to conversion of conventional to
cool roofs, against HW5 ΔTday (see figure 4, left
panels). A higher Δα represents a more intense
application of cool roofing materials. The regression
models are non-linear for Atlanta and Detroit, but in
Phoenix approximate linearity in 2 of 4 cases (e.g.
MID85 and END45). Further, a regression model
derived from a composite of all 4 Phoenix simulations
is in fact linear (see figure S11), indicating the
pedestrian cooling impacts of cool roofs remain
approximately constant across the range ofΔα values
examined for Phoenix. The shape and slope of the
curves imply cool roofs in Phoenix will provide more
cooling per unit albedo change compared to the other
cities.

However, treating all grid squares in the domain as
a single population and fitting a regression model par-
tially obscures the spatial variability in these data. To
investigate this variability, we introduce a second
metric of cooling effectiveness following Krayenhoff
and Voogt (2010). The albedo cooling effectiveness
(ACE) for each urban grid square is calculated as:

a= D DACE T , 1day ( )/

where Δα refers to plan area average albedo change
(due to cool roofs), and a negative ACE indicates
greater cooling effectiveness. ACE exhibits complex
spatial patterns (see figures 5 and S12 (RCP 8.5 only)),
the drivers of which are addressed in subsequent
sections. Across all urban densities and time periods
(see black boxplots in figure 4, right), Phoenix has the
highest average ACE of−6.50 °C, followed by Atlanta
with−5.85 °C, and finally Detroit has the lowest ACE
of−4.78 °C.The average differences between city ACE
values are statistically significant for all cities at the
0.01 significance-level (Welch’s t-test). Phoenix also
exhibits an increasingly negative ACE between START
and END85 simulations, which implies an increasing
effectiveness of cool roofs under future climate and
urbanization. A trend of increasing cooling effective-
ness between START and END85 heatwaves was not
apparent for both Atlanta and Detroit. Overall, ACE
values imply that, across all urban densities and time
periods, cool roofs in Phoenix are 11% more effective
at cooling pedestrian-level air temperature than in
Atlanta, and 30%more effective than inDetroit.

3.4. Impacts of buildingmorphology on cooling
effectiveness
The morphology of buildings, specifically the height
and density, directly impact the cooling effectiveness
of cool roofs. Cool roofs are more effective in low-
density areas than medium and high-density urban
areas by factors of 1.8 or more (figure 4–i.e. Detroit
mean lowdensity ACE=6.5 andmeanmedium/high

Table 1.WRF-simulated air temperatures during the 5 hottest
consecutive days of the heatwave (HW5).We used themedian
value of all urban grid squares to calculate the values below.

Diurnal (°C)

City START MID85 END45 END85

Phoenix 38.8 39.6 39.6 40.6

Atlanta 30.1 33.0 31.9 34.4

Detroit 28.3 30.2 29.9 33.1

Maximum (°C)
Phoenix 45.5 47.3 47.3 48.3

Atlanta 35.4 38.6 37.6 40.1

Detroit 34.1 34.1 35.3 38.2

Minimum (°C)
Phoenix 31.7 31.7 31.2 32.3

Atlanta 24.6 27.9 25.8 28.8

Detroit 22.3 26.3 23.8 27.5
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density ACE=3.7). The cooler air at roof-level can be
efficiently mixed towards street-level when buildings
are short (i.e. single story) and building plan area is low
(i.e. 0.33 or lower). Our approach explicitly resolves
this mixing via application of the multi-layer BEP
model with very high vertical resolution within the
urban canopy layer. Higher cooling effectiveness in
low-density urban areas holds even when grid squares
with the same total albedo change are compared.
Figure S13 shows that low-density urban areas with
Δα< 0.10 receive more cooling than medium- and
high-density areas with Δα< 0.10 (i.e. the same
albedo change), suggesting that building morphology
and not some other factor (e.g. advection) is the
primary cause of higher effectiveness in the lowest-
density urban areas.

We postulate that transport of lower temperature
air from cool roofs would increase cooling effective-
ness in areas downwind of the heavily built-up areas.
Therefore, horizontal transport (i.e. advection) of cool
air from cool roofs may disproportionately impact
low-density suburban areas, which are more com-
monly located on the urban fringes. However, Atlanta
andDetroit exhibit no clear gradients of ACE along the
axis of prevailing wind (see figure 5 middle and bot-
tom rows). In Phoenix, higher cooling ACE values in
the north-east (downwind) are apparent compared
to the south-west (upwind) of the city. The cooling

effectiveness in low-density areas is about 25% greater
on the north-east side of Phoenix relative to the south-
west (the dashed line in figure 5 shows the cutoff used).
This gradient indicates that low-density urban grid
squares on the north-eastern side of Phoenix may be
receiving an enhanced non-local advective cooling
benefit, resulting in a greater apparent cooling effec-
tiveness in those areas.

3.5. Surface energy balance drivers of cooling
effectiveness
Inter-urban differences in surface energy balance
derived from cool roof deployment explain the impacts
of distinct climatologies and surface energy balance
characteristics on cool roof cooling effectiveness. The
relationship between the change in surface fluxes and
Δα (see figure 6) reveal how cool roofs modify the
urban surface energy balance in each city. Since cool
roofs reduce absorbed solar radiation, themodification
of absorbed shortwave radiation (ΔK*) is the principal
agent that ultimately drives air temperature cooling.
The primary cause of inter-city differences in the
magnitude of ΔK* during heatwave conditions is
latitude. In Phoenix and Atlanta, the relationship
between ΔK* and Δα is indistinguishable, which is
commensurate with their similar latitudinal locations
in the US Sunbelt (figure 6(b)). Thus, deployment of
cool roofswill generally bemore effective at cooling 2 m

Figure 2.Composite diurnal averages of themean change inWRF simulated 2 mair temperature for each urban area during the 5
hottest consecutive days of heatwave (HW5) due to implementation of cool roofs for Phoenix (top row), Atlanta (middle row), and
Detroit (bottom row). Vertical lines show sunrise and sunset in local time and shaded areas represent one standard deviation about the
mean. Three time periods/RCP scenarios are shown; START=start-century,MID85=mid-century RCP 8.5, and END85=end-
of-century RCP 8.5. Cool roofs are represented by increasing the rooftop albedo of all roofs inWRF from0.16 to 0.88.
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air temperature in the Sunbelt than the Midwest and
northern regions of theUS.

Clouds also impacted cooling effectiveness in
Atlanta and Detroit by intermittently intercepting
downwelling shortwave radiation (K↓) (table S4).
Cities with less cloud coverage (e.g. Phoenix) are likely
to receive more effective cooling outcomes from cool
roofs; the difference in effectiveness of cool roofs
between Phoenix and other cities will be even larger on
a summertime average basis, when impacts of clouds
aremore pronounced based on large-scale climate dif-
ferences (e.g. see Krayenhoff et al 2018).

In addition to the impacts of clouds and latitude,
the characteristics of the surface energy balance, likely
driven by differences in local vegetation and moisture,
appear to impact the effectiveness of cool roofs. Atlanta

and Detroit have more surface moisture availability
than Phoenix due to the presence of evapotranspiring
vegetation (Atlanta) and water bodies (Detroit). We
identify three surface energy balance processes that
stand out in Phoenix and contribute to more effective
cooling outcomes: (1) in drier environments with less
evapotranspiring vegetation or water bodies, cool roofs
appear to cause a larger reduction in surface-to-atmos-
phere heat exchange via sensible heat flux (ΔQH); (2)
cool roofs drive more heat dissipation through long-
wave emission (L↑) in Phoenix than in Atlanta and
Detroit; and (3) cool roofs lead to the greatest diversion
of energy fromheat storage (QG) in Phoenix; likely con-
tributing to the small nighttime cooling effect observed
there. A more detailed description of these factors is
provided in the SupplementaryResults (section S2.3).

Figure 3.WRF-simulated change in daytime 2 mair temperature (ΔTday) during the 5 hottest consecutive days of heatwave (HW5)
due to implementation of cool roofs for Phoenix (top row), Atlanta (middle row), andDetroit (bottom row). Cool roofs are
represented by increasing the rooftop albedo of all roofs inWRF to 0.88. Three time periods/RCP scenarios are shownhere;
START=start-century,MID85=mid-century RCP8.5, and END85=end-of-century RCP 8.5. For theDetroit panels, the outline
of lakes in the domain are shown.
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Figure 4.WRF simulated cooling effectiveness of cool roofs for daytime hours during the five hottest consecutive days of each
heatwave (HW5). The scatter plots (left) show the change of plan area average surface albedo (Δα) versus change in daytime air
temperature (ΔTday) for all simulations, grouped by city. A best-fit representation for each time period is shown; see legend in each
left-hand column panel. Boxplots (right) show the distributions of daytime albedo cooling effectiveness (ACE) for each urban land
cover category (color-coded) and time period. The dots and boxes are color-coded: green=low density urban, orange=medium
density urban, red=high density urban, and black (boxes only)=all urban grid squares. START=start-century,MID85=mid-
century RCP 8.5, END45=end-of-century RCP 4.5, and END85=end-of-century RCP8.5.
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3.6.OffsettingGHGandurbanizationwarming
impactswith cool roofs
Another key question for practitioners is to what
extent cool roofs can offset the increased intensity of
future heatwaves due to GHG warming and urbaniza-
tion. To address this question, we calculate the
followingmetric for eachWRF grid square:

D =T T T , 2OFFSET START FUTURE– ( )

where TSTART is daytime air temperature for the start-
century heatwave without cool roofs and TFUTURE is the
daytime air temperature in a future heatwave (i.e.
MID85, END45, or END85) with city-wide deployment
of cool roofs implemented. ΔTOFFSET>0 does not
indicate that cool roofs are ineffective, but rather that the
cooling impact of cool roofs is smaller than the combined
effects ofGHGandurbanization inducedwarming.

Full deployment of cool roofs in Phoenix nearly
offsets GHG and urban-induced warming, resulting in
a HW5 ΔTOFFSET of 0.14 °C (MID85), 0.36 °C
(END45), and 0.71 °C (END85) (see figures 7 and S14
(RCP 4.5 only)). Atlanta probability distributions of
HW5 ΔTOFFSET have the narrowest range of values,
generally falling in a 2 °C window (figures 7(c) and
(d)). Cool roofs shift the distribution to the left for
Atlanta, but the median HW5 ΔTOFFSET still increase
by 2.65 °C (MID85), 1.39 °C (END45), and 3.95 °C
(END85), indicating that cool roofs fall short of off-
setting future GHG and urban induced warming in
this city. Finally, the largest range ofΔTOFFSET is simu-
lated for Detroit (figures 7(e) and (f)), although cool
roofs cannot offset GHG and urban induced future
warming; HW5 median ΔTOFFSET values of 0.96 °C

Figure 5.WRF-simulated daytime albedo cooling effectiveness (ACE) during the 5 hottest consecutive days of heatwave (HW5) due to
implementation of cool roofs in Phoenix (top row), Atlanta (middle row), andDetroit (bottom row). Cool roofs are represented by
increasing the rooftop albedo of all roofs inWRF to 0.88. Three time periods/RCP scenarios are shown; START=start-century,
MID85 = mid-century RCP8.5, and END85=end-of-century RCP 8.5.Wind roses in insets show thewind speed and direction
during theHW5.Dashed line in top row indicates cut-off used for advection impact calculations (see section 3.4).
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(MID85), 0.86 °C (END45), and 3.63 °C (END85) are
projected forDetroit.

Our analysis incorporates climate forcings from a
single GCM (CESM CMIP5 ensemble member six)
and we do not account for the full range of uncertainty
in future climate by including additional GCM for-
cings. The CESM forcing represents the CMIP5 med-
ian for projected end-of-century summertime
CONUS temperatures. Therefore, the impacts of cool
roofs relative to GHG induced warming should be
appropriately interpreted in light of this constraint.

4.Discussion and conclusions

This work advances scientific understanding on the
effectiveness of reflective roofing materials to provide
pedestrian-level air temperature cooling in expanding
urban areas and under changing climatic conditions.
Our high-resolution simulations (i.e. 1 km) simulta-
neously account for projected GHG-induced climate
change and urban expansion across a trio-of US cities
located in differing climatic zones. We incorporate
newly developed projections of US urban land cover
(ICLUS Version 2) to represent urban expansion at
high spatial resolution. Unlike previous work, our
analysis does not merely investigate absolute air

temperature changes resulting from adaptation mea-
sures; we introduce and develop a new metric of
cooling effectiveness (ACE) that allows practitioners
to assess the street-level cooling impacts of cool roofs
based on knowledge of building density and roof
albedo change (i.e. easily attainable data). This metric
also provides a framework for standardized reporting
of adaptation cooling impacts that should be adopted
by the climate community to ensure consistent report-
ing that can be meaningfully interpreted by profes-
sionals in the field. Finally, we conduct a novel
assessment of how cool roofsmodify the urban surface
energy balance across different neighborhoods and
climatic zones, highlighting the potential for a metric
such as ACE to be used across cities with similar
characteristics.

Our findings have important implications for
planners, developers, and policy-makers seeking to
implement cool roofs in existing or emerging urban
environments. We demonstrate the variable effective-
ness of cooling associated with cool roofs both
between and within cities, and provide insights to
practitioners seeking to strategically implement cool
roofs in a targeted and effective fashion. Specifically,
we have developed a metric of cooling effectiveness
(i.e. ACE); the average neighborhood cooling from
cool roofs can be estimated as:

Figure 6.WRF-simulatedmean daytime change in energy balance fluxes due to cool roof implementation plotted against change in
plan area average surface albedo change during the 5 hottest consecutive days of the heatwave (HW5) for (a)Phoenix, (b)Atlanta,
(c)Detroit. Panels (a)–(c) contain results from four simulations (dots)with polynomial regressionmodels fitted through all four
simulations. Panel (d) contains the same regressionmodels from (a)–(c) overlain for comparison purposes.K*=net shortwave
radiation,QH=sensible heatflux,QE=latent heatflux,QG=ground heat flux, and L↑=emitted longwave radiation.
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a lD = D ´ ´T ACE, 3ROOF ROOF ( )

where ΔαROOF is average change in roof albedo due to
cool roofs,λROOF is the plan area of roofs receiving albedo
treatment (i.e. roof area divided by total ground area in
the neighbourhood), and ACE depends on geographic

location, season, and building density. In cases where
λROOF andΔαROOF are unknown, a practitioner can use
representative values associatedwith LocalClimateZones
(LCZ) (see Stewart et al 2014). For example, to calculate
the cooling impacts of a proposed 0.85 roof albedo

Figure 7.Probability density functions ofWRF-simulatedmean difference in daytime 2 m air temperature between START and a
future simulation (ΔTOFFSET) for the 5 hottest consecutive days of heatwave (HW5). The future simulations are:MID85 (left column)
and END85 (right column) for Phoenix (top row), Atlanta (middle row), andDetroit (bottom row). Dashed vertical lines indicate the
median of each distribution. START=start-century,MID85=mid-century RCP 8.5, and END85=end-of-century RCP 8.5.
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treatment in an open-low-rise (LCZ 6) neighborhood,
one can assume λROOF=0.30, αROOF=0.13, and
ΔαROOF=0.85–0.13=0.72. Additionally, the ACE
metric may also be used to estimate the diminishing
cooling impacts of cool roofs due to weatherization
and soiling by simply reducing the ΔαROOF term in
equation3.

Based on our analysis of surface energy balance, we
hypothesize that the key drivers of variability in ACE
are building morphology (height and density), lati-
tude, cloud cover, and local surface energy balance
characteristics. Therefore, we believe that our results
are most generalizable across cities that are compar-
able to Detroit, Atlanta, and Phoenix. At the city plan-
ning level, a key implication of this research is that cool
roofs may be more effective at providing heatwave
cooling in theUS Sunbelt than in theMidwest. Rapidly
growing Sunbelt cities (e.g. Los Angeles, Las Vegas,
Dallas, Houston, Atlanta, Tampa, and Phoenix) can
expect greater cooling per unit of cool roof imple-
mented during heatwaves than northern andMidwest
cities. In addition, the increased effectiveness of cool
roofs is likely to be enhanced in drier cities in the wes-
tern Sunbelt, primarily due to less cloud formation
than the eastern Sunbelt.

Our analysis focuses on the cooling impacts of a
single technology (cool roofs), in three different cities,
during heatwave conditions. We acknowledge that
cool roofs are but one heat adaptation strategy
amongstmany that practitionersmay choose to adopt.
Nevertheless, our analysis is a useful way to system-
atically assess the adaptation potential and cooling
impacts of cool roofs, which are among themost com-
monly proposed adaptation measures. Our analysis,
including surface energy balance and air temperature,
concludes that estimates of cooling effectiveness could
be broadly applied across different cities with similar
latitudinal locations, climatologies, and urban
morphologies. Therefore, we propose the develop-
ment of a database of cooling effectiveness values for a
representative collection of cities, seasons, and adapta-
tion measures. The database will provide a framework
for planners and practitioners to reliably estimate the
cooling impacts of a range of adaptation measures,
even if data from the precise city of interest is not avail-
able. Planners and practitioners will be able to assess
the placed-based cooling impacts of proposed urban
cooling strategies prior to deployment, potentially sav-
ing considerable resources. It is critical to ensure that
appropriate adaptation measures are implemented to
meet desired outcomes, rather than utilizing one-size
fits all approaches that may not be optimal for a part-
icular location ormunicipality.

Even with aggressive new laws and ordinances
enacted (e.g. Title 24 in California) a uniform deploy-
ment of adaptation measures (as simulated here) will
take time to be implemented. In many cases, cities will
have to choose specific areas orneighborhoods to prior-
itize for the implementation of adaption measures.

While some neighborhoods may receive larger cooling
impacts than others, there may be spatial misalignment
with populations that are most vulnerable to extreme
heat, highlighting the importance of a method that cal-
culates the precise impact of adaptation measures (i.e.
ACE) in different urban neighborhoods. This work
represents an importantfirst step in the development of
universal and broadly applicable metrics of infra-
structure-based adaptation effectiveness.
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