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A B S T R A C T

Cool and green roofs are widely adopted measures for curtailing summertime urban heat islands. Existing nu-
merical studies to assess their effectiveness and cooling benefits usually assume an unrealistic 100% coverage
across the entire metropolis. This study investigates the scale dependence of the absolute cooling benefits and
efficiency (cooling per adapted roof area) of cool and green roofs in a typical summer when they are installed
over 25% of building rooftops at local, city, or regional scales. Six major U.S. cities with active climate action
plans in different geoclimatic zones are compared through high-resolution simulations using the Weather
Research and Forecasting model. The results reveal that reductions in 2-m air temperature over the urban core
increase non-linearly with the intervention area, and the benefits of both roof types scale similarly. This scale-
dependence of urban core cooling is not universal, but is rather controlled by the shape of metropolitan areas
and wind pattern. The siting of mitigation measures hence plays an important role especially under windy
conditions, and some urban cores are not able to achieve a noticeable and consistent cooling by retrofitting their
own rooftops. Regional-scale deployments of mitigation strategies, on the other hand, yield a more substantial
temperature reduction but with a lower efficiency. The scale-dependence of regional cooling efficiency showed
remarkable similarity across studied cities, yielding a potentially generalizable power law. The successful re-
siliency plans for cities should account for the scale dependence and geoclimatic determinants of the achievable
cooling, and identify the target neighborhoods of most interest.

1. Introduction

The urban heat island (UHI), a phenomenon whereby urban areas
experience higher temperatures than the rural areas that surround
them, is one of the most evident human modification of the natural
environment (Oke, 1982). Elevated temperatures in cities have adverse
implications for energy demand, water resources, and resident health,
particularly at night during hot periods (Grimm et al., 2008;
Grimmond, 2007). The challenges they pose will continue to grow with
future climate change (Intergovernmental Panel on Climate Change,
2014). As such, heat islands are widely recognized as stumbling blocks
in the sustainable pathways of metropolitan areas, and recent years
have seen substantial resources dedicated to investigating and im-
plementing UHI mitigation strategies (Gartland, 2012; Rizwan, Dennis,
& Chunho, 2008). The proposed strategies that are most studied in the
literature and adopted by cities are the use of high-albedo materials and
green infrastructure (Norton et al., 2015; Ramamurthy, Sun, Rule, &
Bou-Zeid, 2015; Santamouris, 2014). Because urban land is highly va-
luable, and because highly-reflective materials could degrade outdoor
human thermal comfort when applied at ground level by reflecting

radiation towards pedestrians (Yang, Wang, Kaloush, & Dylla, 2016),
strategies focusing on building rooftops have been increasingly pro-
moted to create cooling spaces. Cool roofs use high-albedo materials to
reduce urban temperatures by increasing the reflection of incoming
solar radiation, while green roofs adopt vegetation to cool the built
environment via evapotranspiration. In addition, green roofs can gen-
erate other ecosystem services including storm water retention, aes-
thetic improvement, habitat provision, food production, and air pollu-
tant removal (Carter & Fowler, 2008).

Field experiments at various locations around the world show that
the daily maximum surface temperature of cool and green roofs can be
10–30 °C lower than that of conventional roofs (Santamouris, 2013;
Takebayashi & Moriyama, 2007; Yang, Wang, & Kaloush, 2015). Re-
duced surface temperature and diurnal temperature variation reduce
the direct heating of outdoor air; in addition, they can substantially
moderate building heat gain and increase energy efficiency in the
summer (Parizotto & Lamberts, 2011; Shen, Tan, & Tzempelikos, 2011).
Consequently, waste heat release from air conditioning systems during
the summer, which contributes more than 1 °C to UHIs in some urban
locations (de Munck et al., 2013; Salamanca, Georgescu, Mahalov,
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Moustaoui, & Wang, 2014), can be reduced to provide further urban
cooling. Building-to-block scale numerical simulations reported benefits
consistent with the in-situ measurements (Ramamurthy et al., 2015;
Sailor, Elley, & Gibson, 2012; Yang, Wang, Kaloush et al., 2016; Zinzi &
Agnoli, 2012).

While these interventions at a single site can rely on both mea-
surements and models, the wider benefits to the whole city and the
decrease in air temperature can only be evaluated through simulations
because no urban region has yet achieved a sufficiently extensive in-
tervention to have a measurable influence beyond the building scale.
Thus, at city and regional scales, the cooling effect of cool and green
roofs has been investigated through climate models that, ideally, can
account for landscape heterogeneity and land-atmosphere interactions
(Millstein & Menon, 2011; Yang & Wang, 2017). Improved para-
meterizations of the urban land surface in climate models have pro-
duced more accurate simulations of the climatic impact of cool and
green roofs in recent years (Li, Bou-Zeid, & Oppenheimer, 2014; Wang,
Bou-Zeid, & Smith, 2013; Yang, Wang, & Chen et al., 2015). Never-
theless, numerical experiments tend to focus on the maximum potential
benefit of mitigation strategies, that is, on 100% coverage uniformly
over the entire metropolitan area (Georgescu, Morefield, Bierwagen, &
Weaver, 2014; Sharma et al., 2016). Li et al. (2014) was the first study
to consider a smaller fraction of roofs to be converted to cool or green
(down to only 10% of roofs), but they still assumed implementation
over the whole metropolitan region and have only considered one city
(Baltimore, MD). They reported that a regional-scale deployment of
green or cool roofs over 30% of urban rooftops induces a maximum
reduction in 2-m air temperature of less than 0.2 °C (across the diurnal
temperature cycle averaged over 4 days).

Such modelling results are at present the best available resource to
guide urban planning and policy in the context of long-term environ-
mental adaptation, but they remain insufficient. For example, although
many cities have initiated plans of implementing cool and green roofs
(Carter & Fowler, 2008), up till now such efforts appear to cover a
limited extent that is far below the coverage these modelling studies
investigate. For example, from 1995 to 2008, the implementation of
cool roofs has increased Chicago’s average albedo by only 0.016, while
the installation of green roofs has increased Chicago’s vegetated sur-
faces by a mere 9.4 km2 (Mackey, Lee, & Smith, 2012). In addition,
mitigation policies are designed on a city-by-city basis and vary ex-
tensively in scope and ambition (Reckien et al., 2014); consequently,
assuming a uniform distribution at the regional scale is quite reduc-
tionist. In reality, due to the difference in land use function, economic
activity, perception of environmental challenges, and government
structure and jurisdictions, executions of mitigation strategies may di-
verge considerably among districts and communities at the sub-city
scale, as well as over the larger metropolitan areas. New York City is a
good illustration since the actual metropolitan area spans the city’s five
boroughs, as well as counties in New Jersey, Connecticut, and New
York states. Mitigation plans can thus be implemented by the city for its
dense urban core (Manhattan), for the whole city (all boroughs), or in
cooperation with surrounding counties for the whole metropolitan area.
One resulting important question for heat island mitigation strategies is
thus: how do the cooling benefits from a given intervention vary with
its spatial extent?

Remote sensing studies found that land surface temperatures are
closely related to vegetation fraction (Jin & Dickinson, 2010). Land
surface temperature decreases by about 0.86 °C when green space cover
increases by 10% (Li, Zhou, Ouyang, Xu, & Zheng, 2012). A recent
meta-analysis reported that urban park surfaces, on average, are 0.94 °C
cooler in the day than surrounding urban surfaces (Bowler, Buyung-Ali,
Knight, & Pullin, 2010). However, the spatial configuration of these
cooler surfaces plays an important role in regulating local air tem-
perature (Maimaitiyiming et al., 2014), and urban vegetation is not
effective if it does not span a sufficiently large footprint (e.g.,
∼500–1000m, Wang, Fan, Myint, & Wang, 2016). This confirms that

whether the cooling benefits of cool and green roofs will match the
expectation of cities’ heat island mitigation plans depends on the spatial
extent and siting of the mitigation efforts. While this is understood
qualitatively, what remains unknown are the quantitative scaling laws
of cooling benefits with the intervention’s spatial scale. Moreover,
many studies have reported a negative correlation between urban heat
island intensity and wind speed (Kim & Baik, 2005; Morris, Simmonds,
& Plummer, 2001; Oke, 1982). The effect of wind varies from region to
region and could become more evident in coastal areas where heat is-
lands interact strongly with sea-breeze circulations (Freitas, Rozoff,
Cotton, & Dias, 2007). However, only a handful of studies (Bass,
Krayenhoff, Martilli, & Stull, 2002; Doick, Peace, & Hutchings, 2014)
considered the impact of wind pattern on the spatial distribution of
temperature reduction by greenspace.

The objective of this study is to provide a first attempt to bridge this
gap and quantify the scale dependence of the impact of cool and green
roofs in different cities to address the following questions: Can cities
mitigate heat islands with their own plans and efforts? What is a suf-
ficient area of cool and green roofs deployment to produce a con-
siderable cooling for urban cores? Does the scale dependence vary with
geoclimatic conditions? Does the efficiency (cooling per adapted roof
area) of these mitigation plans also vary with scale? To answer these
questions, high-resolution simulations using the Weather Research and
Forecasting model version 3.5.1 are conducted with designed scenarios
of mitigation strategies at different scales.

2. Setup of numerical experiments

2.1. High-resolution weather simulations

The scale dependence of the cooling effect introduced by cool and
green roofs in urban areas might be influenced by changes in geocli-
matic conditions, i.e., wind, temperature, topography, humidity. In this
study, we addressed this sensitivity through weather simulations over
six metropolitan areas across the United States (Fig. 1a). To investigate
the impact of background climate on the scale dependence, we focus on
densely populated urban regions in different climatic regimes. Another
selection criterion is that studied metropolitan areas have active cli-
mate action plans since the broader implications of this study are on
urban heat mitigation. We selected 4 cities from the study regions in-
cluded in the Urban Water Innovation Network (UWIN, https://erams.
com/UWIN/): Phoenix, Miami, Los Angeles, and New York City. Chi-
cago and Pittsburgh were then added to represent urban regions with a
humid continental climate. The Köppen-Geiger climate classification of
the studied metropolitan areas is summarized in Table 1.

The advanced research version 3.5.1 of the Weather Research and
Forecasting (WRF) model, a non-hydrostatic weather prediction model
developed by the National Center for Atmospheric Research, was used
for numerical simulations in this study. The WRF model solves the fully
compressible non-hydrostatic Euler equations at high-resolution over
massively-parallel computing platforms. Since its release in 2000,
community contributions have delivered a host of parameterization
schemes for individual physical processes. More information on the
WRF model can be found in a recent overview (Powers et al., 2017).
The WRF model has been successfully applied over major metropolitan
areas around the world, and its performance has been validated against
a wide variety of observations (Chen et al., 2011). Among the available
parameterization options for land surface processes, we selected the
Noah land surface model for non-urban terrain and an enhanced single-
layer urban canopy model for urban land surfaces following previous
studies (Yang, Wang, Georgescu, Chen, & Tewari, 2016). Compared to
the Noah land surface model, the urban canopy model considers the
effect of canyon geometry, modified surface properties, and anthro-
pogenic heat in solving surface energy and water budgets. The en-
hanced single-layer urban canopy model allows users to 1) simulate the
sub-facet heterogeneity of individual urban surfaces (e.g., users can
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specify fractions of concrete, asphalt, and vegetated ground or roof or
wall surfaces with distinct properties (Wang et al., 2013)), and 2) ac-
count for hydrological processes in the built environment (Wang et al.,
2013; Yang, Wang, & Chen et al., 2015). In the WRF model, green roofs
are represented by a vegetation-soil layer on top of a concrete deck.
Evapotranspiration from green roofs consists of direct evaporation from
soil and transpiration from leaves.

For each studied metropolitan area, we used a nested domain con-
figuration (Fig. 1b) with grid horizontal resolutions of 9, 3, and 1 km.
Simulations were driven by initial conditions from the North American
Regional Reanalysis data from the National Centers for Environmental
Prediction (https://rda.ucar.edu/datasets/ds608.0/). After initializa-
tion, the WRF model solves the coupled land-atmosphere system and
requires input only at atmospheric boundaries. The initial and
boundary conditions include meteorological variables such as wind
speed, pressure, temperature, humidity, etc. (see http://www2.mmm.
ucar.edu/wrf/src/fix_wps/Vtable.NARR). Land use and land cover were
determined using the National Land Cover Database (NLCD) 2011
(Homer et al., 2015). Urban areas were classified into 4 land use types
in the NLCD 2011, namely the high intensity, medium intensity, low
intensity, and open space developed areas. A set of urban canopy
parameters was assigned to each land use type, including building
height, road width, and impervious fraction (see Table S1). Due to the
lack of data for each individual city, we adopted the canopy parameters
calibrated for Phoenix in Yang, Wang, Kaloush et al. (2016) and applied
it for all studied cities. This is one limitation of the study and the benefit

of accurate urban dataset is discussed in the conclusion section; how-
ever, this limitation will not affect our comparisons to deduce scale
dependence since the city parameters (except intervention areas of cool
and green roofs) are the same in all runs. To improve the representation
of land surface heterogeneity, a mosaic approach was used to solve for
multiple land use categories (Li, Bou-Zeid, Barlage, Chen, & Smith,
2013; Ramamurthy, Li, & Bou-Zeid, 2017). In each model grid cell, the
land use fraction of each land cover type was estimated using the NLCD
2011, and the types with the largest eight fractions in each cell were
considered in WRF simulations. The flux from each type is then
weighted by its areal fraction to obtain aggregate fluxes into the at-
mosphere. Hydrological and thermal properties of all land cover types
are prescribed in the WRF model. Compared to the default approach
where fluxes are calculated only for the dominant land use type in every
grid, the mosaic approach can significantly enhance the modeling of
land-atmosphere exchange.

Other urban modelling options in the WRF model include a so-
phisticated multi-layer urban canopy model (Martilli, Clappier, &
Rotach, 2002) and its improved version with a building energy model
(Salamanca, Krpo, Martilli, & Clappier, 2010). They account for vertical
distributions of heat and momentum in the three-dimensional urban
canopy layer, and allow a direct interaction with the overlying
boundary layer. However, they do not include green roof representa-
tions and do not allow for sub-facet scale heterogeneity, which pre-
cludes their use to address the questions of this study. The single-layer
urban canopy model used here yields suitable predictions over 1 km

Fig. 1. Numerical experiment setup in the WRF model: (a) geographical locations of the studied metropolitan areas; (b) an example of the nested domain config-
uration for New York City with elevation (in meters) overlaid as a pseudocolor.
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grids and has been very widely validated (Chen et al., 2011; Yang,
Wang, Georgescu et al., 2016). Additional motivations for adopting the
single-layer urban canopy model in this study include: 1) its coupling
with the mosaic approach to consider multiple land uses in every WRF
grid is useful for highly heterogeneous urban terrain. This coupling has
been evaluated in New York City (Ramamurthy et al., 2017) and Wa-
shington DC (Li et al., 2013), and 2) a detailed parameterization of
green roofs has only been implemented in the single layer urban canopy
model.

All simulations were run from 0000 UTC on 10 July to 0000 UTC on
14 August, with an output frequency of 1 h. The first 5 days (10–14
July) were treated as the spin-up period and the results were analyzed
only for 15 July – 14 August. To assess the performance of mitigation
strategies in a “typical” summer, we selected, for each metropolitan
area, a different simulation year that has mean daily maximum and
minimum air temperatures close to the 1981–2010 climate normal re-
leased by the National Centers for Environmental Information for that
metropolis (NCEI, https://www.ncdc.noaa.gov/data-access/land-
based-station-data/land-based-datasets/climate-normals/1981-2010-
normals-data). As a result, Pittsburgh and Chicago were simulated for
the year 2013, and Los Angeles, Miami, Phoenix, and New York City
were simulated for the year 2014.

2.2. Scenarios of mitigation plans

In the absence of consistent federal action to mitigate climate
change in the United States, many state and city governments have
risen to the challenge by enacting local climate change legislation and
developing a range of plans and policies (Drummond, 2010). Table 1
lists the latest climate action or sustainability plan for the metropolitan
areas considered in this study. Note that Los Angeles and Miami me-
tropolitan areas have county-level plans, while Phoenix, New York City,
Pittsburgh, and Chicago have city-level plans. The primary goal of these
plans is to reduce greenhouse gas emissions, but the need for mitigating
the urban heat island effects is explicitly outlined since heat islands
increase the cooling energy consumption and exacerbate extreme heat.
The use of green roofs is recognized by Chicago and New York City
because of the insulation effect during both hot and cold months (City
of Chicago, 2009; New York City, 2017). In Pittsburgh’s climate action
plan, green roofs are promoted considering their co-benefit in sus-
taining local food security (City of Pittsburgh, 2017). On the other
hand, Los Angeles County recommends the adoption of cool roofs due
to their competitive prices and ease of installation (County of Los
Angeles, 2015). To obtain conceivable scenarios of mitigation plans, we
examined the land use planning and development map for each studied
metropolitan area and identified three (local, city, and regional) plau-
sible levels of implementation (Table 1). Green and cool roofs are in-
stalled over built terrains defined by the National Land Cover Database
2011, and colored areas in Fig. 2 illustrate the spatial extent of these
built surfaces at the various implementation levels. It is worth men-
tioning that to attain a sufficient footprint of cool roof or green roof
area, mitigation plans at the city level may not correspond to the po-
litical or administrative boundaries of the studied cities. For the largest
regional intervention, for example, the whole metropolitan area of each
city is targeted.

To quantify the consequence of mitigation plans at different scales,
we used the NLCD 2011 with conventional concrete roofs (hereinafter
control scenarios) to represent the current landscape of individual
metropolitan areas; its albedo is 0.3. For cool roof and green roof sce-
narios, we assumed a 25% areal coverage on building rooftops. This
fraction is at the lower end of previous numerical studies (Li et al.,
2014; Yang, Wang, & Chen et al., 2015), but is still in fact beyond the
practical implementation potential in the foreseeable future. A set of
four simulations was carried out for each metropolitan area in this
study to estimate the cooling benefit from local (∼1–10 km2), city
(∼10–100 km2), and regional (∼500 km2) deployment of adaptedTa
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roofs, relative to the control baseline with no intervention. The selec-
tion of physical boundaries of the local and city scale interventions is
explained in Table 1. Simulated scenarios of mitigation strategies at the
regional scale are comparable to those assuming a uniform deployment
in previous studies, except that the areal coverage is 25% of the roof
area (for Manhattan that is only about 2.5% of the total area of the
borough for the local-scale implementation). Total areas converted to
cool or green roofs in all scenarios are listed in Table 1. To focus on the
effect of geoclimatic conditions, green roofs were assumed to be well
irrigated with an evapotranspiration efficiency of 75% (of their po-
tential evaporation rate) in all runs to exclude the impact of water
availability. In addition, the albedo of green roofs was set equal to
baseline conventional roofs to isolate the effect of evaporative cooling.
Following previous studies (Li et al., 2014; Wang et al., 2013), the
properties of different roofs were set to (1) conventional roof: albedo
(r)= 0.3, thermal conductivity (k)= 1.0Wm−1 K−1, heat capacity
(C)= 2.0MJm−3 K−1; (2) green roof: r=0.3, k=1.1Wm−1 K−1,
C=1.9MJm−3 K−1, leaf area index= 5; and (3) cool roof: r=0.7,
k=1.0Wm−1 K−1, C=2.0MJm−3 K−1. Due to model limitations,
the modification of roughness length over green roofs is not considered.

Individual roofs were assumed to be vertically homogeneous in all si-
mulations such that their thermal properties do not vary with depth.
One here should note that both the 75% evaporation rate of green roofs
and the 0.7 albedo of cool roofs are on the high end and would require
roof maintenance and irrigation to be sustained.

3. Model evaluation

The WRF simulations of control scenarios for the studied me-
tropolitan areas are evaluated against ground-based meteorological
observations. Aiming to quantify the scale dependence of cooling ef-
fects by cool and green roofs, in this paper we focus on the model’s
ability in predicting 2-m air temperature (T2). Hourly measurements of
T2 were collected from the National Centers for Environmental
Information (https://data.noaa.gov/dataset/integrated-surface-global-
hourly-data). One airport station and two non-airport stations are
used for each metropolitan area (detailed in Table S2). Due to data
availability, two airport stations are used for Pittsburgh. The compar-
ison of 2-m air temperature between these ground observations and the
model prediction at the nearest grid cell is shown in Fig. S1. During the

Fig. 2. Spatial extent of mitigation plans at local (red), city (green), and regional (blue) scales in (a) Chicago, (b) Los Angeles, (c) Miami, (d) New York City, (e)
Phoenix, and (f) Pittsburgh. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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study period, air temperatures have a wide range among the six cities,
from the night-time lows of about 10 °C in Pittsburgh to the daytime
highs of about 42 °C in Phoenix. Significant intra-city variations are also
observed, especially in Los Angeles, where the downtown station
measures much higher temperatures than the other two stations. The
WRF model is able to capture the temperature variation reasonably well
over all stations in all metropolitan areas. Root-mean-square errors
(RMSEs) of predicted T2 range from 0.87 °C in Chicago Northerly Island
to 1.84 °C in Phoenix Sky Harbor airport (reported in Table S2).
Average RMSE over all stations is the largest in Miami, where the lar-
gest absolute error was about 7 °C and occurred after the WRF model
failed to capture an intense precipitation event. Overall, model per-
formance in this study is comparable to previous high-resolution WRF
urban simulations (Ramamurthy et al., 2017; Sharma et al., 2016). One
can thus conclude that the urban climate in the studied cities is re-
produced by the WRF simulations with adequate accuracy and can be
used with confidence to explore the cooling effect of cool and green
roofs.

The implementation of green and cool roofs in WRF cannot be di-
rectly validated, because the model grid size (1 km in this study) is
much larger than building rooftops where field experiments have been
conducted. Nevertheless, the same urban canopy model implemented
here in WRF has been validated in “offline mode” (interactions between
urban land and overlying atmosphere are turned off) under the forcing
of atmospheric observations (Ramamurthy et al., 2015; Sun, Bou-Zeid,
Wang, Zerba, & Ni, 2013). The offline UCM can be applied over the
canyon scale (∼10–100m), and therefore its simulated effects of green
and cool roofs can be evaluated against in-situ measurements. More
specifically, compared with observations over cool roofs, Ramamurthy
et al. (2015) showed the urban canopy model can capture roof surface
temperatures and heat fluxes with RMSEs of 7.30 °C and 7.88Wm−2,
respectively. Sun et al. (2013) evaluated the model’s performance in
simulating surface temperatures and volumetric water content in the
medium layer of green roofs. Though quantitative errors were not re-
ported, a good agreement was found between model predictions and
experimental measurements at two sites in Beijing, China and in Prin-
ceton, USA.

4. Results and discussions

4.1. Scale dependence of cooling benefits

Areas covered by the local-scale plans are the urban cores of the
studied metropolitan areas and serve as the centers of commercial,
cultural, and political activities. These central areas normally have the
highest temperature and population density within the city, and con-
sequently it is important to know how mitigation plans at different
scales will affect them. For this purpose, we first focus on the reduction
in T2 over the local-scale planning area (red areas in Fig. 2) and neglect
the cooling outside even for scenarios with regional-scale interventions.
Fig. 3 compares the diurnal profiles, averaged over all simulated days,
of urban core cooling achieved by implementing green roofs at the
three scales. With local scale interventions, all urban cores receive very
limited cooling of less than 0.1 °C throughout the diurnal cycle. When
green roofs are deployed at the regional scale, only urban cores in New
York City, Los Angeles and Pittsburgh receive a significantly larger
cooling compared to the local scale. Temperature reductions in New
York City and Los Angeles also show a significant hourly variation.
While differences in the absolute magnitude of cooling in the various
cities can be noted, the most striking difference among the cities is how
their T2 reductions change with the scale of green roof deployment.

In New York City, Los Angeles and Pittsburgh, the cooling of urban
cores increases considerably with expansion of the area of green roofs
(Fig. 3b, d and f). When implementation of green roofs is upscaled from
the local to the regional level, reduction of daytime mean T2 increases
from 0.03 °C to 0.21 °C for New York City, from 0.03 °C to 0.12 °C for

Pittsburgh, and from 0.05 °C to 0.18 °C for Los Angeles. Temperature
reductions in Chicago, Miami and Phoenix, on the other hand, show
minor sensitivity to the mitigation plans (Fig. 3a, c and e). Taking
Chicago as an example, daytime mean T2 over the city centre is reduced
only by an additional 0.02 °C upon increasing green roof areas from
0.52 km2 in the local plan to 679.19 km2 in the regional plan. During
night-time, temperature reductions by green roofs are much smaller
because incoming shortwave radiation is unavailable to drive evapo-
transpiration (but some benefits still exist due to reduced heat storage
during the day and due to limited evaporation). The scale dependence
of night-time cooling for individual metropolitan areas is nevertheless
consistent with the daytime trend, and the benefit of green roofs con-
tinues to scale better in New York City, Los Angeles and Pittsburgh.

To better understand the difference in cooling among the studied
cities, we further look into the temporal variation of urban core cooling
by green roofs at local, city, and regional scales. Daily maximum
cooling in T2 (the largest temperature reduction by green roofs within a
24-hours period) for every day in the simulation period is plotted in
Fig. 4. Though local scale interventions lead to very limited cooling in
monthly mean diurnal profiles (Fig. 3), Fig. 4 shows that they are able
to more significantly reduce the maximum urban core temperatures on
some days. Among the studied cities, the largest daily maximum
cooling of 0.86 °C by the local plan is found in Chicago, while the
smallest daily maximum cooling of 0.31 °C occurs at Pittsburgh. With
regional plans of green roof deployment, the largest daily maximum
cooling over urban cores can be up to about 1.5 °C in Chicago and New
York City. Note that daily maximum cooling scales with green roof
intervention areas in New York City, Los Angeles and Pittsburgh on
most days. In Chicago, Miami and Phoenix, however, the scaling of
daily maximum cooling is only found during a few days where large
temperature reductions are found. The gap between monthly mean
cooling and maximum cooling is explored and explained in Section 4.2.

The magnitude of the monthly mean temperature reduction from
regional plans that we find in this study is consistent with the previous
numerical study of Li et al. (2014) for Baltimore, MD, that examined
how the cooling benefits increase with the fraction of upgraded roofs
(from 10 to 100%), but only simulated interventions over the whole
metropolitan area. It is noteworthy that some previous studies observed
daytime air warming and night-time air cooling over green roofs
(Solcerova, van de Ven, Wang, Rijsdijk, & van de Giesen, 2017; Speak,
Rothwell, Lindley, & Smith, 2013). The cooling impact of green roofs
can vary significantly with the cover plant species. Over Sedum-covered
green roofs, the stomata of plants close to prevent water loss in the
afternoon and open at night (since Sedum operates as a CAM plant
under water stress). As a result, evapotranspiration is more active at
night than in the day and creates evident nocturnal cooling. These
“desert” plants are not the most effective for cooling on green roofs. In
this study, we simulated herbaceous green roofs with a large leaf area
index of 5 under well-irrigated conditions. Evapotranspiration over
green roofs is active throughout the day, and reaches its maximum
around noon time with the strongest incoming solar radiation. This
explains the simulated larger daytime cooling effect of green roofs in
our study.

4.2. Spatial variation of cooling benefits

To understand the disparities in the scale dependence of the cooling
benefits of green roofs amongst cities, in this section, we look into the
spatial distribution of monthly mean T2 reductions. Results at 1600
local time are depicted as regional maps of T2 reductions during day-
time (Fig. 5), showing the T2 reductions in New York City and Chicago
with 10-m wind vectors for the fine-resolution domain. Fig. 5a de-
monstrates that installing green roofs at the local scale leads to a minor
cooling over Manhattan (outlined in red), which is smaller than the
cooling obtained by a local-scale intervention in Chicago (Fig. 3a and
d). The cooling benefit of greening 25% of Manhattan’s rooftops seems
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to be transported by the sea breeze towards inland areas, where a small
cooling is observed to the north of New York City (though the small
magnitude puts the robustness of this inland cooling into question).
When green roofs are adopted at the city scale, Manhattan is able to
achieve a reduction of about 0.15 °C in mean T2 at 1600 local time
(Fig. 5c). This is due to the surface cooling in upwind urban areas to the
south of Manhattan (see green boundaries in Fig. 5c) that is now in-
fluencing air temperature in Manhattan. With a uniform implementa-
tion of green roofs over the entire metropolitan area, the regional plan
can reduce monthly mean T2 over Manhattan by about 0.26 °C at 1600
local time (Fig. 5e). Compared to the local mitigation plan, the city and
regional plans provide additional cooling benefits for Manhattan by
greening its upwind areas. Due to the penetration of sea breeze during
that period, green roof plans at the city and regional levels also create
important cooling benefits for downwind inland areas (New Jersey and
New York state). The maximum cooling at 1600 local time is con-
sistently found to the north (exactly downwind) of New York City. Si-
milarly, the strong scale dependence of the cooling benefits in Los

Angeles and Pittsburgh are caused by implementing green roofs over
buildings in upwind areas, relative to the urban core, in city and re-
gional plans (see wind patterns in Fig. S2). This significant scale de-
pendence in NYC, LA, and Pittsburgh indicates that the wind pattern
and shape of metropolitan area regulate the daytime cooling from green
roofs in these cities. For reducing daytime temperatures in urban cores,
the southern part in New York City, the south-western part in Los An-
geles and the western part in Pittsburgh are better locations for inter-
vention, but only if the wind patterns that these cities experience for the
simulated months remain dominant.

With smaller wind speeds for the simulated period, the cooling ef-
fect of green roofs is more localized in Chicago than in New York City.
At 1600 local time, the average 10-m wind speed is 4.14m s−1 over
New York City and 2.73m s−1 over Chicago. At all three intervention
levels, urban areas with green roofs in Chicago are able to receive a
noticeable temperature reduction (Fig. 5b, d and f) (higher than that of
Manhattan for the local-scale intervention). However, upscaling the
mitigation plan for Chicago involves mainly altering downwind built

Fig. 3. Averaged diurnal profiles of the change in T2, by green roofs at local, city, and regional scales over the urban cores of (a) Chicago, (b) Los Angeles, (c) Miami,
(d) New York City, (e) Phoenix, and (f) Pittsburgh. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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areas; consequently, the cooling benefits from the additional green
roofs are not transported towards the city center and a weak scale de-
pendence is found (Fig. 3a). Reductions in monthly mean T2 from green
roofs is hence more homogeneous and the cooling is significantly
smaller in Chicago than in New York City. Similarly, the Miami me-
tropolitan area has an elongated shape along the coastline, and since
winds mainly blow perpendicular to the coast, most cooling benefits
from green roofs at city and regional scales are carried inland by the
southeast wind (Fig. S3). In Phoenix, west wind dominates at 1600 local
time that additional green roofs over the eastern part of metropolitan
area in the regional plan are not effective in cooling the urban core (Fig.
S3). The weak scale dependence again illustrates the importance of
intervention location within the metropolitan areas.

Maps of monthly mean T2 reductions at 0100 local time are shown
in Fig. 6 for NYC, LA, and Pittsburgh for the city and regional inter-
ventions only. While evapotranspiration is reduced during night-time,
all the green areas will have a lower heat storage and temperature due
to the thermal energy they dissipated during the daytime by evapora-
tion. Compared to daytime results, wind speed is notably smaller at

night and the wind pattern changes significantly. In New York City, the
cooling effect from regional deployment of green roofs is relatively
homogenous under the weak land breeze at 0100 local time (Fig. 6b).
Large reductions in T2 to the north of New York City at 1600 local time
disappear at night. With the city scale intervention, only a small frac-
tion of New York City receives cooling greater than 0.1 °C. This is
caused by the smaller cooling capacity of green roofs during night-time.
As evapotranspirative cooling is less active at night, a larger spatial
coverage of green roofs is required to create a noticeable reduction of
T2. Similarly in Los Angeles (Fig. 6c and d) and Pittsburgh (Fig. 6e and
f), spatial distributions of T2 reductions at 0100 local time are sig-
nificantly different from those at 1600 local time due to the change in
wind patterns. Night-time temperature reductions with local scale mi-
tigation plans are very small in all metropolitan areas and hence the
results are not plotted here. This implies that under night-time low
wind conditions, the spatial coverage of green roofs becomes important
and the intervention location within the metropolitan area has a lesser
impact. In Chicago, Phoenix and Miami, reductions in monthly mean T2
by green roofs during night-time are relatively smaller than for the

Fig. 4. Daily maximum cooling in T2 over the urban cores by green roofs at local, city, and regional scales during the simulation period in (a) Chicago, (b) Los
Angeles, (c) Miami, (d) New York City, (e) Phoenix, and (f) Pittsburgh. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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other cities (Fig. S4).
Fig. 4 illustrates that the maximum temperature reduction by green

roofs can be multiple times greater than the monthly mean reduction.
To understand what causes the higher cooling benefit of green roofs
during individual days, we analyse the spatial distribution of T2 re-
ductions at the time corresponding to the largest daily maximum
cooling for a given city in Fig. 4. Results of local and regional scale
interventions are shown in Figs. 7 and S5, respectively. Minor warming
signals by green roofs are found in some regions in the snapshot
(probably due to changes in wind patterns by the roofs), but they cancel
out when averaged at the monthly scale. Instantaneous regional wind
patterns in Fig. 7 are significantly different from the averaged ones in
Fig. 5. In Chicago, New York City and Miami, wind converges over the
urban core making the cooling benefit of local scale interventions very
evident. Maximum reductions in T2 in Fig. 7 from local interventions
are found to be larger than the averaged reduction from regional plans
in Figs. 5, S2 and S3. The large cooling benefits also emerge at the
convergence zone of wind when green roofs are installed at the regional

scale (see Fig. S5). In Pittsburgh, wind does not converge on the urban
core under the strong southward advection. As a result, the maximum
cooling by the local plan is much smaller than those in other cities. In
LA and Phoenix, the maximum cooling is caused by slow winds around
the urban core (Fig. 7b and e), which allow cooling effects by green
roofs to stay local. Consequently, downwind cooling effects in the
monthly mean results (e.g., Figs. S2 and S3) are not observed, the
cooling is rather strongly variable but remains tightly linked to wind
patterns. It is noteworthy that the maximum cooling by green roofs in
all studied cities is observed between 1300 and 2000 local time, but it
does not occur on the hottest day during the simulation period. This
again supports the finding that the wind pattern and shape of me-
tropolitan area play a crucial role in determining the cooling impact of
green roofs, and as a result the cooling might not be delivered when
most needed, i.e. during the hottest days.

To summarize, the comparison between the results in the six cities
demonstrates that both the shape and setting of the metropolitan area,
particularly the location of the urban core relative to the wider

Fig. 5. Simulated monthly mean T2 reductions at 1600 local time with 10-m wind vectors overlaid from green roof deployment at the (a) local, (c) city, (e) regional
scales in New York City and (b) local, (d) city, (e) regional scales in Chicago. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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metropolis, and the geoclimatic conditions, particular wind patterns,
play important roles in regulating the regional benefits of green roofs.
We point out that the modification of roughness length by vegetation
over green roofs is not considered in this study as it is not expected to
have a significant impact on the wind speeds (dominated by building-
scale roughness) or on the sensible/latent heat partitioning (since the
roughness lengths for sensible and latent hat fluxes must be maintained
equal). Greening 25% of building rooftops therefore, even over the
entire metropolitan area, has a negligible impact on the regional 10-m
wind patterns.

To examine whether the scale dependence is unique to green roofs,
we simulated the same planning scenarios with cool roofs for Chicago
and New York City. The scale dependence of cooling benefits by cool
roofs is comparable to that of green roofs. The spatial distribution of T2
reduction by cool roofs at 1600 local time is shown in Fig. S6. Reduc-
tions in T2 by cool roofs show a weak relationship with the scale of the
mitigation plan in Chicago, but are sensitive to the implementation area
in New York City. For both cities, cool roofs provide a stronger daytime
cooling for urban cores than green roofs when deployed at local and

city scales (though one should be cautious in generalizing this state-
ment since it depends on the imposed albedo of the cool roofs and the
evaporative efficiency of the green roofs). Compared to Fig. 5, the si-
milar cooling pattern suggests that geoclimatic conditions control the
regional effect of the studied mitigation strategies more than roof
properties.

Increasing the spatial extent of mitigation strategies is commonly
treated as an effective way to mitigate heat islands. The broader the
intervention area, the larger the temperature reduction. This hypothesis
is overall reasonable in terms of long-term regional average tempera-
ture for individual metropolitan areas. When targeting urban cores,
however, the scale dependence reported in this section reveals that the
location of the mitigation measures is important, especially under
windy conditions. Regional wind patterns play a more important role
than other climatic variables (e.g., climatic mean of temperature and
humidity) in controlling the benefit of green roofs, such that the scale
dependence of green roof cooling is not related to the Köppen-Geiger
climate classification. Extensive mitigation initiatives and efforts in
areas downwind from the core cannot in general provide significant

Fig. 6. Simulated monthly mean T2 reductions at 0100 local time with 10-m wind vectors overlaid from green roof deployment at the city scale in (a) New York City,
(c) Los Angeles, (e) Pittsburgh and the region scale in (b) New York City, (d) Los Angeles, (f) Pittsburgh. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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additional benefits (though wind patterns are variable as we illu-
strated). This finding has important implications for city planners: heat
mitigation strategies should focus on areas generally upwind of the
urban core, although this is not always possible since for example in
Chicago this upwind area might be covered by a lake when the winds
are easterly. At night-time with low wind speeds, the spatial coverage of
green and cool roofs becomes important and the effects remain more
localized. Previous studies have investigated the effect of urban mor-
phology on heat island and its mitigation (Steeneveld, Koopmans,
Heusinkveld, Van Hove, & Holtslag, 2011; Yuan & Chen, 2011), but
they focused on canyon and building geometry at the neighborhood
scale. Our results here demonstrate that the shape of metropolitan area
as a whole needs to be considered in designing mitigation plans. It is
also worth pointing out that the cooling benefits of green and cool roofs
reported here correspond to a typical summer close to the mean of
1981–2010 climate. Global climate change and continuous urbaniza-
tion are projected to cause substantial temperature rise and more ex-
treme heat events in the future (McCarthy, Best, & Betts, 2010). Cooling
benefits provided by the mitigation strategies under such circumstances
will become vital for cities and should be the focus of future studies.

4.3. Scale dependence of cooling efficiency

While the overall trend of the scale dependence of cooling benefits
is expected – urban areas will receive a larger temperature reduction as
they implement mitigation strategies at a larger scale – our results so far
have shown that the magnitude of these benefits can vary significantly.
It is thus not possible to propose generalizable scaling relations for
urban core absolute cooling as a function of the spatial extent of the
mitigation intervention. In addition, upscaling mitigation plans is as-
sociated with increased economic costs even over cities where such
upscaling results in significant cooling. City-scale or regional policies to
implement such strategies must therefore be economically efficient if
they are to be acceptable to stakeholders and decision-makers. To
evaluate the cost-benefit balance of heat island mitigation plans for the
various cities, we must first estimate the cooling efficiency per unit area
of cool or green roofs at different scales in the studied metropolitan
areas. Because cool and green roofs can generate cooling benefits for
downwind areas, here we will consider the reductions of 2-m air tem-
perature over the entire fine-resolution domain rather than focusing on
the urban cores. The cooling efficiency CE is computed as:

Fig. 7. Simulated maximum T2 reductions over the urban core during the simulation period with 10-m wind vectors overlaid from green roof deployment at the local
scale in (a) Chicago, (b) Los Angeles, (c) Miami, (d) New York City, (e) Phoenix, and (f) Pittsburgh. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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where Nx and Ny are the total number of grid cells in the x and y di-
rections; ΔTx,y (z) is the temperature drop at height z in each grid cell in
the fine-resolution domain relative to the baseline; Agrid and Aint denote
the area of a model grid cell and of the intervention footprint, respec-
tively. In this study we focus on 2-m air temperature and use the cor-
responding T2 for ΔTx,y (z). The numerator has units of °C m2 and is the
total cooling over the whole 2-m air layer considered; the full equation
has units of °Cm2 per m2 of green/cool roofs deployed, i.e. °C. The way
to interpret the numerical value of CE is as follows: a cooling efficiency
of 10 °C, for example, implies that deploying a cool or green surface
over 1m2 would result in a 10 °C cooling if constrained to influence T2
only over that 1m2, or more realistically it would result in a 1 °C over
an area of 10m2 or a 0.1 °C over an area of 100m2. This also explains
why, unlike the results for total urban core cooling, the cooling effi-
ciency scaling is reasonably consistent for all six cities, as depicted in
Fig. 8. CE is less dependent on wind conditions and urban shape since it
represents the domain-integrated total reduction in ΔT2 and in surface-
to-air heat flow resulting from one unit area of green or cool roof de-
ployment. When the whole regional domain is taken into consideration,
the cooling benefits of cool and green roofs transported downwind re-
main in the metropolitan regions and contribute towards the computed
cooling efficiency.

The simulations also indicate that the cooling efficiency decreases
rapidly with the implementation scale (Fig. 8). On a log-log graph, the
linear decrease of cooling efficiency with the roof area across all studied
metropolitan areas indicates an underlying power law relation between
the two. When deployed with an area of about 1.6 km2 (e.g., local plans
in New York City and Miami), daytime and night-time T2 cooling effi-
ciencies are about 30 °C and 10 °C, respectively. At the regional scale,
the maximum efficiency is found at New York City, which is about 2 °C.
This decline in cooling efficiency with intervention scale is physically
related to the larger decrease in air temperature (relative to baseline)

with expanding intervention, leading to a smaller decrease in surface
heat flux (again relative to baseline).

Cool roofs have a higher cooling efficiency than green roofs in re-
ducing regional T2, but again this relative difference is related to the
imposed albedo of the cool roofs and the evaporative efficiency of the
green roofs. Under scenarios of local-scale deployment, daytime effi-
ciency of cool roofs is about 52 °C in New York City and 42 °C in
Chicago, which is about twice the efficiency of green roofs. The dif-
ference in cooling efficiency between green and cool roofs diminishes as
the intervention area increases and becomes 0.3 °C in New York City
and 0.6 °C in Chicago at the region scale. Nevertheless, the scale de-
pendence of the efficiencies of cool and green roofs is similar.

5. Conclusions

This paper examines the scale dependence of cooling benefits and
efficiency of cool and green roofs for mitigating summertime urban heat
islands. Six major U.S. metropolitan areas, with active climate action
plans in different geoclimatic zones, are selected for the comparative
study. We find that the scale dependence of reduction in 2-m air tem-
perature over urban cores is controlled by the shape and setting of
metropolitan area, particularly the location of the urban core relative to
the wider metropolis, and its geoclimatic conditions, particular wind
patterns. When city centers retrofit 25% of their own rooftops, though
they can receive cooling up to 0.86 °C under certain favorable condi-
tions, the monthly mean daytime temperature reduction is very limited
(< 0.3 °C for the largest scale deployment). Interventions should focus
on areas upwind of the urban core to maximize the regional cooling
benefits in that core. Although wind direction varies continuously,
planners might be able to identify the most probable wind directions for
individual metropolitan regions, especially during extreme heat events.
During windy periods, these upwind areas are critical to the climate in
the city. On the other hand, during periods of calm weather, the ben-
efits of cool and green roofs are more localized such that their spatial
coverage becomes important.

In contrast to the absolute cooling of the urban core, the cooling
efficiency, defined as the integrated reduction in 2m air temperature
over the whole domain per unit of cool or green roof deployment,
showed remarkably universal scaling across all six metropoles. This
cooling efficiency however decreased rapidly with increasing im-
plementation scale. Thus, while deploying green and cool roofs at the
regional scale provides additional reductions in near-surface air tem-
perature, the daytime cooling efficiency of 2 °C is about 6% of that in
the local scale mitigation plan. The CE decline has implications for
deployment of green and cool roof: city planners need to balance their
goal of temperature reduction with the intervention scale to sustain
efficient urban heat mitigation.

With scenarios derived from cities’ land use development map, this
study provides new insight into effective planning and management of
heat island mitigation. Though the findings from are obtained with
scenarios of 25% areal coverage, previous studies indicate that, given a
fixed spatial area over which green and cool roofs are to be deployed
(local to regional), the resulting temperature reductions scale linearly
with their fractions on buildings (Li et al., 2014). For example, the
cooling from 100% deployment would be roughly about 4 times the one
we report here (which is based on 25% deployment) for any scale of
intervention. Hence the scale dependence reported in this study is in-
dependent from the influence of the fraction of green and cool roofs,
though the absolute temperature reduction changes with the fraction.
Cool and green roofs also have a direct impact on the energy con-
sumption of the buildings on which they are installed. In terms of
cooling the urban environment however, the effect is more indirect and
cities should account for this scale dependence and for their unique
geoclimatic setting and the location of their urban cores related to the
wider metropolis. Cities also might need to work with surrounding
areas to ensure the temperature reductions achieved match their

Fig. 8. Scale dependence of the cooling efficiency of mitigation strategies
during (a) daytime (0700-2000 local time), and (b) night-time (2100-0600 local
time).
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expectations and to avoid inefficient mitigation strategies in their de-
velopment plans.

Despite the use of enhanced urban model, one remaining limitation
of this study is the simplified characterization of heterogeneous urban
landscape. In our WRF simulations, urban areas are classified only into
4 groups based on NLCD 2011 data and urban canopy parameters are
identical within each group. This classification does not consider the
strong spatial variation of the thermal properties of urban landscape
such as surface admittance and albedo, and of physical properties such
as roughness length and sky view factor. To overcome these barriers,
the World Urban Database and Access Portal Tool project (WUDAPT,
http://www.wudapt.org/) has been initiated to create a coherent global
dataset of urban canopy parameters for urban climate research (Ching
et al., 2018). Built upon the local climate zone (LCZ) classification
system, a universal climate-based classification for global cities
(Stewart & Oke, 2012), WUDAPT protocol can provide urban fabric
characteristics specific to each neighbourhood and grid cell, and better
inform parameter selections for model applications over specific me-
tropolitan areas. A pioneering study used the dataset for Madrid, Spain
and found improved performances of the WRF model (Brousse, Martilli,
Foley, Mills, & Bechtel, 2016) when coupled to WUDAPT. It is therefore
preferable, when simulations focusing on developing a concrete action
plan for a given city are conducted, to use the detailed inputs from
WUDAPT. Nevertheless, WUDAPT input is only available for Chicago
among the metropolitan regions in this study. The dataset is under
development and will need the participation of global researchers to
make it available more broadly.
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