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Abstract 21  

Mitigation of the urban heat island effect at the city-scale is investigated using the Weather 22  

Research and Forecasting (WRF) Model in conjunction with the Princeton Urban Canopy Model 23  

(PUCM). Specifically, the cooling impacts of green roof and cool (white / high-albedo) roof 24  

strategies over the Baltimore-Washington metropolitan area during a heat wave period (June 7 to 25  

10, 2008) are assessed using the optimal set-up of WRF-PUCM described in the companion 26  

paper by Li and Bou-Zeid (2014). Results indicate that the surface urban heat island effect 27  

(defined based on the urban-rural surface temperature difference) is reduced significantly more 28  

than the near-surface urban heat island effect (defined based on urban-rural 2-m air temperature 29  

difference) when these mitigation strategies are adopted. In addition, as the green and cool roof 30  

fractions increase, the surface and near-surface urban heat islands are reduced almost linearly. 31  

Green roofs with relatively abundant soil moisture have comparable effect in reducing the 32  

surface and near-surface urban heat islands to cool roofs with an albedo value of 0.7. Significant 33  

indirect effects are also observed for both green and cool roof strategies; mainly, the low-level 34  

advection of atmospheric moisture from rural areas into urban terrain is enhanced when the 35  

fraction of these roofs increases, thus increasing the humidity in urban areas. The additional 36  

benefits or penalties associated with modifications of the main physical determinants of green or 37  

cool roof performance are also investigated. For green roofs, when the soil moisture is increased 38  

by irrigation, additional cooling effect is obtained, especially when the “unmanaged” soil 39  

moisture is low. The effects of changing the albedo of cool roofs are also substantial. These 40  

results also underline the capabilities of the WRF-PUCM framework to support detailed analysis 41  

and diagnosis of the urban heat island phenomenon, and of its different mitigation strategies.  42  

Key words: green roof, cool roof, urban canopy model, urban heat island mitigation, WRF43  
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1. Introduction 44  

Cities are known to be hotter than the rural areas that surround them; this phenomenon is called 45  

an “Urban Heat Island” (UHI). UHIs have been studied for decades (see Oke, 1982; Arnfield, 46  

2003 for reviews) and have been shown to be caused by many factors including the extensive use 47  

of man-made materials such as asphalt and concrete in urban areas, which results in the reduction 48  

of evapotranspiration and in greater heat storage capacity (Grimmond, 2007; Oke, 1982). Given 49  

the soaring urban populations all over the world and the important environmental, energy and 50  

health implications of UHIs (Grimm et al., 2008), they are receiving increasing attention from 51  

scientists as well as planners and policy makers. Furthermore, global climate change is expected 52  

to exacerbate the heat conditions in urban environments. A recent study has shown that heat 53  

waves, which are projected to become more frequent and last longer under a warming climate, 54  

interact non-linearly with UHIs to produce extremely high heat stresses for urban residents (Li 55  

and Bou-Zeid, 2013).  56  

Several mitigation strategies aiming to reduce UHIs have been proposed in the literature such as 57  

the use of green roofs and cool roofs. While both strategies reduce the sensible heat available for 58  

transmission to the air or to building envelopes, the mechanisms for green roofs and cool roofs to 59  

reduce UHIs are different. A green roof increases the evapotranspiration in urban areas through 60  

soil and plants on rooftops (redirecting available energy to latent heat), while a cool roof 61  

increases the reflection of incoming solar radiation in urban areas by increasing the albedo of 62  

roof surfaces. These mechanisms can be further illustrated by considering the one-dimensional 63  

energy balance for an infinitesimally-thin layer of roof material at the roof-air interface, which 64  

can be expressed as:  65  
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 nR H LE G= + +  (1) 66  

where Rn is the net radiation (i.e., the driving energy flux at the surface, see equation 2); H is the 67  

sensible heat flux and is the major source of heat into the atmosphere (when H > 0); LE is the 68  

latent heat flux into the atmosphere (when LE > 0) resulting from soil evaporation and/or plant 69  

transpiration (i.e., evapotranspiration); and G is the heat flux into the buildings or the heat 70  

storage (when G > 0). Rn is calculated as: 71  

 ( )1n in out in out in in outR SW SW LW LW SW LW LWα= − + − = − + − , (2) 72  

where SWin  and SWout  are the incoming and outgoing shortwave radiation fluxes, respectively. 73  

The outgoing shortwave radiation is usually expressed as a fraction α of the incoming shortwave 74  

radiation, and this fraction α is called albedo. LWin and LWout are the incoming and outgoing 75  

longwave radiation fluxes, respectively. When Rn > 0, the radiation flux reaching the surface is 76  

larger than that leaving the surface and the surface has a net input of radiant energy that will be 77  

partitioned between the three terms on the right hand side of equation 1. The essence of the green 78  

roof strategy is to increase the latent heat flux LE  relative to the sensible heat flux H for a given 79  

net radiation Rn (see equation 1), while the essence of the cool roof strategy is to increase the 80  

albedo and thus reduce the net radiation Rn (see equation 2). Both ultimately aim to reduce the 81  

sensible heat flux H (to reduce the heating of urban atmosphere) and to reduce the heat storage G 82  

(to reduce building cooling loads as well as the nighttime urban heating that occurs when this 83  

stored heat is released).  84  

Most previous studies assessing the impacts of these strategies are based on building-scale field 85  

or numerical experiments at various locations over the world (see e.g., Eumorfopoulou and 86  

Aravantinos, 1998; Jaffal et al., 2012; Jim and Peng, 2012; Li et al., 2013b; Sun et al., 2014; Sun 87  
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et al., 2013; Susca et al., 2011; Takebayashi and Moriyama, 2007; Wong et al., 2003). The 88  

impacts of different mitigation strategies observed at the building-scale cannot be simply 89  

upscaled to a city or a metropolitan area due to the substantial influence of surface heterogeneity 90  

on land-atmosphere exchanges  (Bou-Zeid et al., 2004; Bou-Zeid et al., 2007; Brutsaert, 1998). 91  

More importantly, a simple upscaling from building-scale to city-scale cannot capture the 92  

reduction in outdoor urban air temperatures that can be attained and cannot account for the 93  

feedbacks between ambient air temperatures/humidities and the surface energy balance.  94  

A few studies used regional climate models to investigate large-scale effects of surface 95  

modifications in urban areas (see e.g., Synnefa et al., 2008; Taha et al., 1999; Millstein and 96  

Menon, 2011). However, the urban surface parameterization remains crude in the numerical 97  

models used in these studies. Some recent studies used more sophisticated urban 98  

parameterizations (see e.g., Taha, 2008a, b, c; Krayenhoff and Voogt, 2010) but have focused 99  

primarily on the cool roof strategy and have assumed the penetration rate is 100%. There are also 100  

studies that have explored the impact of cool roofs at global scales using coarse-resolution 101  

simulations with global climate models (e.g., Jacobson and Ten Hoeve, 2012; Oleson et al., 2010; 102  

Akbari et al., 2012; Irvine et al., 2011) or simple scaling arguments (Akbari et al., 2009). These 103  

studies also do not adequately resolve the surface heterogeneity in urban environments or the 104  

complex physics occurring in urban canopies.  105  

As such, the question of what impacts will these UHI mitigation strategies have at the city scale 106  

remains an open yet extremely critical question, particularly because mitigation actions are 107  

usually organized and implemented at the city scale. A related question is how do these impacts 108  

scale as the penetration rate of these mitigation strategies increases? This is important to assess 109  

given the ongoing gradual implementation of cool and green roofs in various cities. For example, 110  
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the city of Chicago has implemented both green roof and cool roof strategies over the last two 111  

decades (Mackey et al., 2012). The Baltimore-Washington metropolitan area is one of most 112  

ambitious regions in implementing the green roof strategy (GRHC 2012), while New York City 113  

initiated the NYC °CoolRoofs program to encourage and assist building owners to apply a 114  

reflective white coating to their rooftops (NYC °CoolRoofs, 2012).  115  

Accurately estimating the city-scale impacts of these mitigation strategies is difficult largely due 116  

to the impracticality of controlled city-scale experiments (the mitigation efforts listed above are 117  

largely uncontrolled and unmonitored at the city-scale) and the lack of appropriate numerical 118  

tools to resolve surface heterogeneities in urban environments. In this study, we use the Weather 119  

Research and Forecasting model (WRF) in conjunction with an improved Urban Canopy Model 120  

(UCM, hereafter PUCM due to its development at Princeton University, see Wang et al., 2013 121  

for model details and offline, not coupled to WRF, validation), which adequately resolves the 122  

surface heterogeneity effects in urban canyons. The coupled WRF-PUCM framework has been 123  

validated in a companion study (Li and Bou-Zeid, 2014) and in a previous study (Li and Bou-124  

Zeid, 2013), and has been shown to be capable of reproducing, qualitatively and quantitatively, 125  

the key features of the UHI effect in this region. More importantly, it allows investigations of 126  

different mitigation strategies, with different penetration rates, and is thus well-suited for our 127  

study. 128  

Following Li and Bou-Zeid (2013, 2014), the study period is a heat wave that lasts from June 7 129  

to 10, 2008. The study area is the Baltimore-Washington metropolitan region in the United States. 130  

The large-scale atmospheric conditions are characterized by a stagnant high-pressure system that 131  

is centered over Georgia and South Carolina (see Figure S1 in the supplementary material). The 132  

impact of the heat wave conditions extends further north to the Baltimore-Washington area (the 133  
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black square in Figure S1). In such circumstances, mitigation strategies are critically needed due 134  

to the nonlinear interactions between UHIs and heat waves which create extremely high heat-135  

related risks in urban environments (Li and Bou-Zeid, 2013). The three questions that are to be 136  

answered in this paper are: 1) what impacts would green roof and cool roof strategies have over 137  

the Baltimore-Washington metropolitan area under such extreme heat conditions? 2) How do 138  

these impacts scale as the penetration rate of these mitigation strategies increases? 3) What 139  

factors control the impacts of these mitigation strategies? The paper is organized as follows: 140  

Section 2 presents briefly the WRF-PUCM set up and the numerical experiments; Section 3 141  

presents the findings and results. Section 4 concludes the study and discusses the implications of 142  

the findings. 143  

2. Methodology  144  

2.1 WRF model description and setup 145  

WRF is a non-hydrostatic, regional climate model that solves the conservation equations of mass, 146  

momentum and energy on terrain-following coordinates (Skamarock and Klemp, 2008). It has 147  

been widely used to study urban meteorology and hydrology (e.g. Chen et al., 2011; Li et al., 148  

2013a; Talbot et al., 2012). In this study, WRF version 3.3 is used. WRF has multiple 149  

parameterization schemes for each of its five physical packages: cumulus clouds, microphysics, 150  

radiation, planetary boundary layer (PBL), and surface (Skamarock and Klemp, 2008). A 151  

companion study (Li and Bou-Zeid, 2014) has examined the sensitivity of UHI modeling to 152  

some of these physical parameterizations such as the PBL scheme, thermal roughness length 153  

parameterizations, and UCMs. In this study, an optimal set-up based on the study of Li and Bou-154  

Zeid (2014) is used. The physical parameterization schemes that are used in this study include: (1) 155  

the Rapid Radiative Transfer Model (RRTM) scheme for longwave radiation; (2) the Dudhia 156  
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scheme for shortwave radiation; (3) the 2D Smagorinsky scheme for horizontal diffusion; (4) the 157  

Noah land surface model for non-urban surfaces; (5) the Mellor-Yamada-Janjic (MYJ) planetary 158  

boundary layer scheme and the modified Zilitinkevich relationship for thermal roughness length 159  

parameterization (Chen and Zhang, 2009); (6) the Princeton Urban Canopy Model (PUCM, see 160  

Wang et al., 2013 for model details), along with calibrated thermal surface properties as detailed 161  

in Wang et al. (2013). Cumulus parameterization was not used for any of these domains. The 162  

initial and boundary conditions for the WRF simulations are taken from the North American 163  

Regional Reanalysis (NARR; details can be found on 164  

http://www.emc.ncep.noaa.gov/mmb/rreanl/ and on http://rda.ucar.edu/datasets/ds608.0/).  165  

The PUCM and the calculations of urban surface and near-surface air temperatures are detailed 166  

in Li and Bou-Zeid (2014) and are briefly described here. In the WRF-PUCM framework, any 167  

grid cell whose dominant land use category is one of the three urban categories (i.e., low density 168  

residential urban, high density residential urban, and industrial/commercial urban) will be treated 169  

as an urban grid cell. As illustrated in Figure 1, which is a schematic of the PUCM, an urban grid 170  

cell will first be partitioned into two parts: an impervious fraction (to the left of the dashed black 171  

line in Figure 1) and a vegetated fraction (to the right of the dashed black line in Figure 1), as 172  

with other UCMs. The urban morphological details used in this study for the three urban 173  

categories, which are kept equal to the default urban morphologies of WRF, are provided in 174  

Table 1. In particular, for an urban grid cell that is classified as low-density residential urban, 50% 175  

of the grid cell will be treated as impervious surface. For urban grid cells that are classified as 176  

high-density residential urban and industrial/commercial urban, 90% and 95% of the grid cell 177  

will be treated as impervious surface, respectively (Chen et al., 2011).  178  

Also like other UCMs, PUCM has three main facets: roof, wall, and ground. However, PUCM 179  
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has the added ability to simulate subfacets consisting of different materials, which is key to 180  

enable a realistic investigation of UHI mitigation strategies. With the default UCM that is 181  

publicly available to all WRF users, all facets in the city would have homogeneous properties. In 182  

PUCM, however, a roof surface can be a combination of a conventional roof and a green/cool 183  

roof; a ground surface can be a combination of asphalt, concrete, and urban grass (Figure 1). The 184  

wall surfaces are kept homogeneous in PUCM in our simulations but the model also has the 185  

ability to simulate heterogeneous walls. Green roofs and in-canyon urban grass in PUCM allow a 186  

more realistic representation of hydrologic processes, which are crucial to the performance of 187  

urban models (Grimmond et al., 2011; Grimmond et al., 2010). As such, when PUCM is used, 188  

the impervious fraction of the urban terrain is no longer strictly impervious due to the presence 189  

of green roofs and in-canyon urban grass. Nevertheless, it is still called the “impervious surface” 190  

in the following analysis in order to be distinguished from the “vegetated surface”, which 191  

represents out-of-canyon grasslands such as urban parks (see Figure 1). Note that this vegetated 192  

surface is still a part of an urban grid cell, rather than a rural surface in a separate grid cell.  193  

TABLE 1. Urban morphology for the three different urban categories (same as WRF defaults) 194  

 Industrial/ 
Commercial Urban 

High Intensity 
Residential Urban 

Low Intensity 
Residential Urban 

Impervious surface fraction 
(fimpervious, %) 95 90 50 

Mean building height (h, m) 10 7.5 5.0 
Roof width (R, m) 10 9.4 8.3 

Road width (Rd, m) 10 9.4 8.3 
Roof fraction of the 

impervious part  
(froof = R/(R + Rd), %) 

50 50 50 

Canyon fraction of the 
impervious part  

(fcanyon = 1 ‒ froof, %) 
50 50 50 

Roof fraction in the whole 
urban grid  

(= froof × fimpervious, %) 
47.5 45 25 

 195  



10  
  

196  
Figure 1. A schematic of an urban grid cell in the WRF-PUCM framework. It includes two parts: 197  
the impervious part (left of the vertical dashed line) and the vegetated part (right of the dashed 198  
line). za is the height of the first level in the atmospheric model, zr is the height of the roof, zcan is 199  
the height at which the canyon aerodynamic temperature is calculated. The subscripts ‘r’ and ‘g’ 200  
indicate roof and ground, respectively. The roofs can be composed of a combination of 201  
green/cool roofs and conventional roofs. The ground can be composed of a combination of 202  
asphalt, concrete and urban grass (which in our simulations cover 50%, 30% and 20% of ground 203  
surfaces, respectively). Tr1 and Tr2 represent the surface temperatures of two different roof 204  
subfacets while Tg1, Tg2, Tg3 represent the surface temperatures of three different ground 205  
subfacets. Twall is the wall surface temperature and Tbuilding is the temperature of the building 206  
interior, which is held constant at 20 ºC during the simulation period. Tveg is the surface 207  
temperature of the vegetated surface that lies outside of the canopy (parks for example). Hr1 and 208  
Hr2 are the sensible heat fluxes from the two different roof subfacets into the atmosphere, 209  
respectively. Hcanyon is the sensible heat flux from the canyon into the atmosphere. Hveg is the 210  
sensible heat flux from the out-of-canyon vegetated fraction into the atmosphere. Groof and Gwall 211  
are the heat fluxes into the buildings through the roof and the wall, respectively. Roof and wall 212  
thicknesses and the hygrothermal properties of all materials are as determined and calibrated in 213  
Wang et al., 2013) for urban areas in the Northeastern US. 214  

 215  

The surface temperature of an urban grid cell is computed as an area-averaged temperature based 216  

on the impervious surface temperature and the vegetated surface temperature: 217  

 ( ) ( )1s impervious s impervious vegimperviousT f T f T= × + − × . (3) 218  
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Similarly, the sensible heat flux of an urban grid cell is an area-averaged sensible heat flux based 219  

on those from the impervious part and the vegetated part: 220  

 ( )1total impervious impervious impervious vegH f H f H= × + − × . (4) 221  

The impervious surface temperature is itself an area-averaged temperature of the roof and 222  

aerodynamic canyon temperatures:  223  

 ( )s roof r canyon canyonimperviousT f T f T= × + × . (5) 224  

The roof temperature and the canyon temperature are combined since both are aerodynamic 225  

temperatures that are used to calculate sensible heat fluxes in a similar way (see Li and Bou-Zeid, 226  

2014). Note that the canyon temperature is not the air temperature in the canyon as could be 227  

deduced from Figure 1; it is rather an equivalent aerodynamic temperature that is more 228  

representative of the surface temperature of the wall and ground canyon facets (see Li and Bou-229  

Zeid, 2014 for its definition and calculation). Then, the 2-m air temperature is computed based 230  

on the complete urban surface temperature and the total sensible heat flux that comes from both 231  

the impervious surface and the vegetated surface: 232  

 2
2 2

total
s

h

HT T
C Uρ

= − . (6) 233  

In the above, ρ is air density; U2 is the wind speed at 2 meters; and Ch2 is a representative 234  

turbulent transfer coefficient for which we use values that correspond to grass surfaces as 235  

rationalized in Li and Bou-Zeid (2014). Note that equations 3, 5, and 6 above correspond to 236  

equation 6, 9, and 8 in Li and Bou-Zeid (2014), respectively. It can be seen from equations 3 to 5 237  

that the urban surface temperature (including the impervious and the vegetated parts) is not 238  

exactly the temperature at the ground level, which is due to the complexity and heterogeneity of 239  
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urban terrain and the modeling approach used in UCMs. However, the complete temperature as 240  

computed in equation 3 is a very good surrogate of actual grid-averaged surface temperatures; in 241  

Li and Bou-Zeid (2014) we showed that it is within 1.5 ºC of satellite surface temperature 242  

observations. The 2-m air temperature also does not truly reflect the air temperature at an 243  

elevation of 2 m. It should be understood as a diagnostic variable that represents the near-surface 244  

air temperature. Given the complexity of the urban structure in the real world and in PUCM (see 245  

Figure 1), it is difficult to define or obtain the true air temperature at 2 m. Nevertheless, the 2-m 246  

air temperature calculated from equation 6 is still very informative since it represents a near-247  

surface air temperature that is close to the actual air temperature felt by human beings (see 248  

analysis in Li and Bou-Zeid, 2013 for a comparison of this temperature to measured air 249  

temperatures at 2 meters). In the following analysis, it is still called the 2-m air temperature just 250  

to follow the tradition, but with the recognition that it is a representative near-surface 251  

temperature rather that the air temperature at exactly 2 m. 252  

Based on these temperatures, the UHI effect is here computed as the difference between urban 253  

and rural temperatures (the surface temperature or the 2-m air temperature). When the surface 254  

temperature is used to calculate the UHI effect, it is called the “surface urban heat island”; when 255  

the 2-m air temperature is used, it is called the “near-surface urban heat island”. 256  

2.2 Design of the Numerical Experiments 257  

In order to answer the questions raised in the introduction, we conduct multiple numerical 258  

experiments, as detailed in Table 2. In the first two suites of simulations, the fractions of green 259  

roofs and cool roofs increase from 0% to 100%, respectively (see simulation suites 1 and 2 in 260  

Table 2). The remainder consists of conventional roofs.  Note that a UCM is a spatially-averaged 261  

model for an urban grid cell; that is, no distinction is made among individual buildings within 262  
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each urban grid cell. As such, a certain fraction of green/cool roofs (for example, 50%) can be 263  

viewed as either 50% of buildings within the grid cell are covered by green/cool roofs while the 264  

rest of buildings are covered by conventional roofs, or each building is covered by 50% of 265  

green/cool roofing and 50% conventional roofing. The properties adopted here for green roofs, 266  

cool roofs and conventional roofs are listed in Table 3. These properties are either calibrated by 267  

previous studies or use typical values from the literature (Wang et al., 2011b; Sun et al., 2013; 268  

Wang et al., 2013). The assumed vegetation on green roofs is linear sedum and the green roof 269  

has the same albedo value as the conventional roof; this green roof design is used since the 270  

authors are familiar with its properties and performance from a previous studies they participated 271  

in Sun et al. (2013). However, any other type of vegetation or green roof design that produces 272  

comparable evaporation will have a very comparable impact on UHI strengths. In the third suite 273  

of simulations, given a fixed fraction of green roofs (50%), the soil moisture of the roofs is 274  

controlled, mimicking irrigation conditions and drought conditions. In the fourth suite, given a 275  

fixed 50% fraction of cool roofs, the albedo is altered; this suite is intended to simulate the effect 276  

of dirt accumulation and membrane deterioration on cool roofs. All simulations start from 277  

0000UTC June 6, 2008 and end at 1200UTC June 10, 2008. The analyses focus on the period 278  

between 0500UTC (12:00am local time) June 7, 2008 to 0500UTC June 10, 2008; hence, the 279  

first 29-hour period is regarded as model spin-up time. The soil moisture content of green roofs 280  

is initialized as being equal in terms of volumetric fraction (fraction of pore space filled with 281  

liquid water) to the soil moisture content of surrounding rural grass since NARR initialization 282  

does not provide green roofs initial moisture content; this initial value is 0.33 m3 m–3 on average 283  

for our simulations. This is a relatively high value that represents a 50% saturation level. While 284  

this is a best-guess initialization, its implications will be discussed in section 3.2. 285  
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TABLE 2. Design of WRF simulations 286  

Simulations 
suite 

Green roof fraction (%) Cool roof fraction (%) Other modifications 

1 0, 10, 20, 30, 50, 70, 100 0  

2 0 0, 10, 20, 30, 50, 70, 100  

3 50 0 Soil moisture is altered  

4 0 50 Albedo is altered 

 287  

TABLE 3. Thermal properties of different roofs (taken from Wang et al., 2013 and Sun et 288  
al., 2013) 289  

 Green roof  Cool roof  Conventional roof  

Albedo (-) 0.30 0.70 0.30 

Emissivity (-) 0.95 0.95 0.95 

Heat capacity (MJ m–3 K–1) 1.9 2.0 2.0 

Thermal conductivity (W m–1 K–1) 1.1 1.0 1.0 

Depth (cm) for green roofs; this includes  
top soil and substrate 

40 20 20 

Saturation soil moisture  
 (m3 m–3) 

0.468    

Wilting-point soil moisture  
(m3 m–3) 

0.15   

LAI  5   

 290  

3. Results  291  

3.1 Mitigation of UHI: green roof and cool roof effectiveness  292  

The diurnal cycles of surface temperatures of different roof and ground subfacets, and those of 293  

the complete urban surface temperature and the 2-m air temperature, are illustrated in Figure 2 294  
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for a simulation with 0% green roofs and 0% cool roofs (note that the surface temperatures of 295  

green roofs and cool roofs are still calculated by the model even when their fractions are zero, 296  

but under such conditions, the atmosphere is not affected by green roofs or cool roofs). As can be 297  

seen from the left panel of Figure 2, different subfacets (see Figure 1) in the PUCM have widely 298  

different surface temperature diurnal cycles. For roofs, the daytime surface temperature of a 299  

green roof is substantially lower than that of a conventional roof due to evapotranspiration. The 300  

nighttime surface temperature on the green roof is also lower but the differences between roofs 301  

are less drastic. For ground subfacet, asphalt has the highest daytime surface temperature 302  

because of its low albedo and low thermal conductivity (about 15 ºC higher than the grass 303  

subfacet). The grass subfacet has the lowest daytime surface, similar to the green roof, which is 304  

also attributed to evapotranspiration. The daytime surface temperature over concrete reaches its 305  

maximum slightly later than over asphalt and grassland, which results from the larger thermal 306  

effusivity of concrete ( effusivity = (kρcp)1/2 where k is the thermal conductivity, ρ is the density 307  

and cp is the heat capacity). The right panel of Figure 2 shows the diurnal cycles of the complete 308  

urban surface temperature calculated from equation 3 and the 2-m air temperature calculated 309  

from equation 6, which provide the basis for estimating the impacts of green and cool roof 310  

mitigation strategies in the analyses to follow.  311  
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312  
Figure 2. (Left panel) Surface temperatures of different subfacets in the PUCM from a 313  
simulation with 0% green roofs and 0% cool roofs.  (Right panel) The surface (top) and 2-m air 314  
(bottom) temperatures calculated from equations 3 and 5, respectively. All results are averaged 315  
over all urban grid cells in domain 3. 316  

Figure 3 depicts the city-scale impacts of green roof (left panels) and cool roof (right panels) 317  

mitigation strategies on the surface and near-surface urban heat island effects. The changes in the 318  

surface and near-surface urban heat islands due to increasing green/cool roof fractions shown in 319  

Figure 3(a), (b), (e), and (f) are averages of the three diurnal cycles occurring between June 7 and 320  

June 10, 2008. Figure S2 of the supplementary material shows results for the whole 3-day 321  

analysis period. Nevertheless, there is no significant difference among the three days and hence 322  

we only focus on the results averaged over these diurnal cycles. As can be seen from Figure 3(a), 323  

increasing green roof fractions can significantly reduce the daytime surface urban heat island (≈324  

4ºC), but only moderately reduces the nighttime surface urban heat island (≈ 1ºC). This can be 325  

explained by the fact that increasing green roof fractions results in significant increases in 326  

evapotranspiration during daytime but has little impact during nighttime due to the energy 327  

limitation of nighttime evapotranspiration, as shall be seen in Figure 4. For the near-surface 328  
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urban heat island (Figure 3b), the impact of green roofs during nighttime is also lower than that 329  

during daytime, and the diurnal differences are less significant than with surface temperatures. 330  

The fact that the green roof strategy, despite its little impact on evapotranspiration during 331  

nighttime, still has certain influence on the nighttime urban heat islands is particularly interesting. 332  

It suggests that the significant cooling effect of green roof during daytime can probably last 333  

throughout the night due to reduced heat storage in the urban canopy. Figure 3(c) shows the 334  

reductions in the surface urban heat island effect when the temperatures peak, as a function of 335  

the increasing fraction of green roofs. It can be seen from Figure 3(a) that the maximum 336  

reductions in the surface urban heat island effect occur nearly at the same time for all cases (i.e., 337  

when the surface temperature reaches its maximum in the early afternoon as indicated by the 338  

dashed line). Figure 3(c) suggests that the maximum reductions scale about linearly with the 339  

green roof fraction. To reduce the maximum surface urban heat island by 1 ºC, the Baltimore-340  

Washington metropolitan area needs to have about 30% of its roofs converted to green roofs. On 341  

the other hand, the maximum reductions in the near-surface urban heat island effect do not occur 342  

at the same time for all cases. To be consistent, Figure 3(d) shows the reductions in the near-343  

surface urban heat island effect when the 2-m air temperature reaches its maximum (see the 344  

dashed line). It is clear that these reductions do not scale exactly linearly with the green roof 345  

fraction (but they are not too far from linear scaling). In order to reduce the daily maximum 2-m 346  

air temperature by 0.5 ºC, the green roof fraction has to be close to 90% (Figure 3d). Note that 347  

this is less than the maximum reduction in 2-m UHI strength depicted in Figure 3(b). It needs to 348  

be emphasized that the performance of green roofs described here is closely linked to the soil 349  

moisture conditions. When the soil moisture conditions are altered, the performance of green 350  

roof will change accordingly, as shall be seen later.  351  
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Increasing cool roof fractions can also reduce the surface and near-surface urban heat islands 352  

(see the right panels of Figure 3); the impact is broadly similar to increasing green roof fractions. 353  

The cool roof strategy has a lower impact on the nighttime surface urban heat island than on the 354  

daytime surface urban heat island. This is related to the absence of incoming solar radiation 355  

during nighttime: albedo no longer plays an important role in the surface energy balance. 356  

Nevertheless, it is interesting to observe that the cool roof strategy still maintains some influence 357  

on the nighttime surface urban heat island due to reduced daytime storage of heat in the roof, 358  

suggesting that the daytime cooling effect of cool roofs can be extended into the nighttime (recall 359  

that the same nighttime effect was observed over green roofs too). Note in our study, a cool roof 360  

is modeled as having the same thermal properties as a conventional roof except for the albedo 361  

value, as can be seen from Table 3. Comparing Figures 3(e) to 3(a) suggests that for cool roofs 362  

with an albedo value of 0.7 (a high value representing newly installed or cleaned cool roofs, see 363  

e.g., Gaffin et al., 2012), the impact on the surface urban heat islands is quite comparable to a 364  

green roof with a relatively high soil moisture value. This is consistent with Gaffin et al. (2005, 365  

2010) who shows that the albedo required on a non-green roof to reproduce the surface 366  

temperature observed on a green roof is in the range of 0.7 to 0.85. As such, the cool roof 367  

fraction that is needed for reaching a maximum reduction in the surface urban heat island of 1ºC 368  

is also about 30%, as seen from Figure 3(g). It is also interesting to observe that the effect of cool 369  

roofs on the near-surface urban heat island is slightly weaker than that of green roofs (c.f., Figure 370  

3f and Figure 3b). Approximately 95% cool roof coverage is needed in order to reduce the near-371  

surface urban heat island by 0.5ºC at the time when the near-surface air temperature reaches its 372  

maximum. We emphasize that the performance of cool roofs discussed here is specific for cool 373  
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roofs with an albedo of 0.7. When the albedo of a cool roof is changed due to dirt accumulation 374  

for example, its performance will also be modified, as shall be seen later.  375  

One needs to point out here that reductions in the surface and near-surface urban heat islands due 376  

to increasing green/cool roof fractions are mainly due to reductions in the urban surface and 377  

near-surface temperatures. However, weaker changes in rural surface and near-surface 378  

temperatures are also observed (not shown here). This is to be expected downwind of the city 379  

where urban cooling would lead to slight rural cooling (due to reduced heat advection).  380  

Figure 4 depicts changes in the urban surface energy balance (including the impervious and the 381  

vegetated parts, see equation 1 and Figure 1) due to increases in green roof (left panels) and cool 382  

roof (right panels) fractions. Due to the reduction in the urban surface temperature that reduces 383  

the outgoing longwave radiation, the net radiation increases as the green roof fraction increases 384  

(i.e., more net radiation is available at the surface, see equation 2 and Figure 4a). On the other 385  

hand, the net radiation decreases as the cool roof fraction increases (Figure 4e) because of the 386  

higher albedo of cool roof that increases the outgoing shortwave radiation (more than the 387  

reduction in outgoing longwave radiation associated with lower surface temperatures). Green 388  

roof and cool roof are equally effective in reducing the sensible heat flux (c.f., Figure 4b and 389  

Figure 4f) that is transferred into the atmosphere, despite the fact that green roof increases the 390  

latent heat flux into the atmosphere more significantly via evapotranspiration (c.f., Figure 4c and 391  

Figure 4g). It is interesting to observe from Figure 4(g) that although there is no 392  

evapotranspiration on cool roof, the increase in cool roof fraction still reduces the latent heat flux 393  

over the urban surface. Close inspection reveals that this reduction in the latent heat flux occurs 394  

over the vegetated part of the urban surface (see Figure 1). This is an interesting indirect effect 395  

related to changes in ambient air at the city-scale; and to the best of our knowledge this is the 396  
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first time this effect has been documented. Similar indirect effects are also observed for the green 397  

roof simulations (i.e., the evapotranspiration from the vegetated surface is reduced). Nevertheless, 398  

because the increase in the evapotranspiration from green roof is more substantial than the 399  

decrease in the evapotranspiration from the vegetated surface, the total evapotranspiration and 400  

latent heat flux from the urban surface is increased, as can be seen from Figure 4(c). 401  

402  
Figure 3. The city-scale impacts of green roofs and cool roofs as a function of green/cool roof 403  
coverage fractions. The left panels show the impacts of green roof and the right panels show the 404  
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impacts of cool roof. (a) and (e) are changes in the surface urban heat island; (b) and (f) are 405  
changes in the near-surface urban heat island. (c, d, g, h) are the corresponding reductions in the 406  
surface and near-surface urban heat islands when the surface and near-surface temperatures reach 407  
their maxima, as indicated by the dashed lines in (a, b, e, f) (which does not necessarily coincide 408  
with maximum UHI strength, especially for near-surface UHIs). The urban heat island effect is 409  
the difference between the urban and rural temperatures averaged over domain 3 (water surfaces 410  
excluded). The diurnal cycles shown in (a), (b), (e) , and (f) are also averaged over June 7 to June 411  
10. 412  
 413  

These indirect effects are rooted in the impact of urban surface heat fluxes on atmospheric flows. 414  

The lower sensible heat flux when cool/green roofs are used weakens the atmospheric instability 415  

and the vertical mixing over the urban areas. When the vertical mixing over the urban surface is 416  

weaker, the internal boundary layer that is developed when atmospheric air flows from rural to 417  

urban areas grows less rapidly and hence, at a given height over urban areas, the atmosphere is 418  

less affected by the surface conditions and more affected by the advection from the upwind 419  

surfaces. As such, the advective effect is stronger for cases with weaker mixing in urban areas. 420  

The stronger advection of moister air from rural areas leads to an increase in humidity in the 421  

urban atmosphere (i.e., at za in Figure 1), which reduces the vapor pressure deficit and then 422  

reduces the evaporation capacity over urban areas (see Figures S3 to S6 in the supplementary 423  

materials). 424  

Note that this advective effect is different from the case with an urban heat island induced 425  

thermal circulation under weak winds where advection increases as the sensible heat flux from 426  

urban areas increases or as the urban heat island effect increases (see e.g., Baik et al., 2001; 427  

Haeger-Eugensson and Holmer, 1999; Bornstein and Lin, 2000; Shepherd, 2005; Hidalgo et al., 428  

2010; Hidalgo et al., 2008a; Hidalgo et al., 2008b; Lemonsu and Masson, 2002). Instead, the 429  

synoptic or mesoscale wind (Takane et al., 2013; Klein, 2012), which is not weak, plays an 430  

important role in our case. A typical internal urban boundary layer is developed when the 431  
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atmospheric flow moves from rural areas to urban areas. When the sensible heat flux from urban 432  

areas increases, the internal boundary layer grows faster and the urban atmosphere is more 433  

affected by the surface conditions; and hence the impact of advection by the synoptic or 434  

mesoscale wind is diminished.  435  

436  
Figure 4. The city-scale impacts of green roof and cool roof mitigation strategies on the surface 437  
energy balance as a function of green/cool roof fractions. The left panels show the impacts of 438  
green roof and the right panels show the impacts of cool roof. (a) and (e) are changes in the net 439  
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radiation; (b) and (f) are changes in the sensible heat flux; (c) and (g) are changes in the latent 440  
heat flux; (d) and (h) are changes in the heat storage. All results are averaged over urban grid 441  
cells in domain 3 and averaged over June 7 to June 10.  442  

The heat storage dynamics are also very similar for the green roof and cool roof strategies (c.f., 443  

Figure 4d and Figure 4h). The heat storage decreases significantly during daytime as the cool 444  

roof and green roof fractions increase. These storage fluxes are usually either stored in the roof 445  

and later released, or conducted all the way into the building indoor space where they are 446  

typically pumped back to the outdoor space by air conditioners (this last effect is not captured by 447  

WRF and would represent an anthropogenic heat source, which is not taken into account in our 448  

simulations). Thus, by considerably lowering G, green roof and cool roof can provide lower 449  

cooling loads and lower anthropogenic heat releases, which include the heat pumped to the 450  

exterior by air conditioners. During nighttime, the ground heat flux is negative (from the building 451  

interior towards the roof-air interface), and the positive differences for green/cool roofs imply 452  

that less heat is flowing towards the roof-air interface when the green/cool roof fractions increase.  453  

This is consistent with the lower storage of heat during daytime in the cool/green roofs.  454  

The city-scale reductions in the surface urban heat island presented in Figure 3 are not 455  

distinguished for the three urban categories. In order to examine the variability of city-scale 456  

impacts of green and cool roof strategies, especially the differences in mitigation impacts 457  

between city centers and suburbs, Figure 5 depicts the city-scale surface temperature reductions 458  

for different urban categories. As mentioned in Section 2, the urban categories used in WRF-459  

PUCM include low density residential urban, high density residential urban and 460  

industrial/commercial urban. The three urban categories have different impervious surface 461  

fractions and vegetated surface fractions, as well as different morphologies (Table 1). As can be 462  

seen from Figure 5, the surface temperature reductions are most prominent in 463  
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industrial/commercial urban areas. In the low density residential urban areas, the surface 464  

temperature reductions are still important but are less than those in the high density residential 465  

urban areas or in industrial/commercial urban areas. This is attributable to the fact that the 466  

green/cool roof strategies can significantly reduce the impervious surface temperatures, while 467  

they slightly increase the vegetated surface temperatures. As mentioned earlier, this is due to the 468  

advection of moist air from the rural areas into the urban areas when the green/cool roof fractions 469  

are increased. For the green roof strategy, the evapotranspiration from the green roof further 470  

increases the near-surface moisture. As a result, the vapor pressure deficit and thus the 471  

evapotranspiration over the vegetated surface is reduced, which leads to an increase in the 472  

vegetated surface temperature. Given that the industrial/commercial urban areas have the largest 473  

impervious surface fraction, reductions in the complete surface temperature (combining the 474  

impervious and the vegetated surface temperatures) are hence more substantial in these areas as 475  

compared to the low-density urban areas whose impervious surface fraction is lower.  476  

Since the 2-m air temperature is linked to the surface temperature (see equation 5), reductions in 477  

the 2-m air temperature are also more significant in industrial/commercial urban areas than in 478  

low-density urban areas (not shown here). Over industrial/commercial terrain, the reduction in 479  

the maximum 2-m air temperatures with 100% green roofs and 100% cool roofs are 1.41 ºC and 480  

1.35 ºC, respectively. The diurnal behaviors of reductions in 2-m air temperature are similar to 481  

the ones shown in Figure 3(b) and 3(f) for green roof and cool roof strategies, respectively, but 482  

with different magnitudes in the three urban categories.   483  
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484  
Figure 5. The city-scale impacts of green roof and cool roof mitigation strategies on the surface 485  
temperature in different urban categories as a function of green/cool roof fractions. The left 486  
panels show the impacts of green roofs and the right panels show the impacts of cool roofs. (a) 487  
and (d) are changes of surface temperatures in low density residential urban areas; (b) and (e) are 488  
changes of surface temperatures in high density residential urban areas; (c) and (f) are changes of 489  
surface temperatures in industrial/commercial urban areas. All results are averaged over urban 490  
grid cells in domain 3 and over the three diurnal cycles from June 7 to June 10. 491  

  492  
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3.2 The effects of changes in the physical determinants of green and cool roof performance 493  

Section 3.1 examined the city-scale impacts of both green roof and cool roof strategies under 494  

“default” conditions. Particularly, an albedo of 0.7 was assumed for cool roofs and green roofs 495  

were initialized with regional soil moisture data and left to dry. However, many studies indicate 496  

that the performances of green and cool roof vary with key factors such as soil moisture for 497  

green roof (see e.g., Sun et al., 2013) and albedo for cool roof (see e.g., Bretz and Akbari, 1997; 498  

Gaffin et al., 2012). Sun et al. (2013) showed that soil moisture was the main controllable 499  

determinant of green roof performance (net radiation was found to be the other main determinant, 500  

but one cannot control it for green roofs). This is to be expected since soil moisture controls the 501  

evaporation efficiency (Brutsaert, 1982). When the value of soil moisture lies between the field 502  

capacity (the maximum soil water content that can be maintained by soils when drained by 503  

gravity, which is typically lower than saturation soil moisture for coarse green roof soils) and the 504  

wilting point (the minimum soil water content that continues to allow plants to uptake water and 505  

survive, 0.15 m3 m–3 in our study), the higher the value of soil moisture, the more efficient 506  

evaporation will be. Sun et al. (2014) studied the costs and benefits of irrigating a green roof to 507  

maintain its soil moisture over 0.3 m3/m3 and concluded that green roof irrigation can be a 508  

financially viable options under the conditions they used (green roof was in Beijing, China, and 509  

the prices of water and electricity of Beijing were used). Bretz and Akbari (1997) examined the 510  

albedo degradation of cool roof and reported that the albedo degradation primarily occurs within 511  

the first year (or even the first two months) of installation. They reported that the decrease in 512  

albedo over the first year can reach 0.15 to 0.25 or about 20 to 30%. They also investigated the 513  

effectiveness of washing cool roofs and found that it is not cost-effective despite its significant 514  

impact on albedo restoration, but this conclusion depends on the roof material and the washing 515  

approach. Gaffin et al. (2012) analyzed the performance of three generic white membranes 516  



27  
  

within New York City and reported that one of the membranes (i.e., the asphaltic multi-ply built-517  

up membrane) lost about 50% of its initial albedo within the first two years of installation. The 518  

EPA (Environmental Protection Agency of the United States) Energy Star Reflective Roof 519  

program requires that a roof material must have an initial albedo greater than or equal to 0.65, 520  

and an albedo greater than or equal to 0.50 three years after installation in order to qualify for the 521  

Energy Star Label (http://www.epa.gov/heatisland/mitigation/coolroofs.htm). As such, it is 522  

important to consider the influence of variations in these environmental and design parameters 523  

on the performances of different roofs and their city-scale impacts.  524  

Since the factor that mostly affects the performance of green roof is the soil moisture, we 525  

conducted four additional simulations. For two cases, the green roof is irrigated such that the soil 526  

moisture remains above 0.35 and 0.45 m3 m–3. This is similar to the method used in Sun et al. 527  

(2013). For the other two cases, the green roof initial soil moisture is set to be 0.15 and 0.25 m3 528  

m–3 in order to assess green roof performance under very dry conditions. When the soil moisture 529  

is controlled by irrigation, one expects better green roof performance. On the other hand, for the 530  

dry simulations (e.g. heat wave occurring after a dry period), one expects poorer performance. 531  

Recall that for the “default” simulations, the unirrigated green roof soil moisture was initialized 532  

from NARR to be equal to the rural grass top level soil moisture. Its initial value was about 0.33 533  

m3 m–3, a relatively high value, which then gradually dropped to 0.27 m3 m–3 at the end of the 534  

simulated period by evapotranspiration. 535  

The impacts of altering soil moisture on green roofs are evaluated by analyzing the reductions in 536  

the surface and near-surface urban heat islands when the green roof fraction is 50%, as compared 537  

to the case with 100% conventional roofs (i.e., 0% green roofs). Figure 6 show that, when the 538  

soil moisture is not altered (called the “default” case), the reductions in surface and near-surface 539  
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urban heat islands when the surface and 2-m air temperatures reach their maxima are about 1.81 540  

ºC and 0.26 ºC, respectively (see the dashed line). Compared to this default case, irrigation does 541  

provide additional cooling effect during both daytime and nighttime, as can be seen in Figure 6. 542  

Table 4 lists the changes in surface and near-surface urban heat islands when the surface and 543  

near-surface temperatures reach their maxima, respectively, due to changes in the green roof soil 544  

moisture (recall that these are not necessarily the maximum changes shown in Figure 6). It is 545  

noted that the values shown in Table 4 are relative to the default case where the soil moisture is 546  

initialized from NARR; while the changes shown in Figure 6 are relative to the case with 0% 547  

green roof. The additional reduction effect on the surface urban heat island is 0.27 ºC when soil 548  

moisture control limit is 0.35 m3 m–3, and 0.55 ºC when soil moisture control limit is 0.45 m3 m–3, 549  

while the additional reduction in the near-surface urban heat island is 0.03 ºC and 0.10 ºC for soil 550  

moisture control limits of 0.35 m3 m–3 and 0.45 m3 m–3, respectively. The improvement of green 551  

roof cooling effect is not substantial due to the fact that the default soil moisture condition is not 552  

very dry (in the range from 0.27 to 0.33 m3 m–3). As such, the green roof is already functioning 553  

well during this particular period and the irrigation impact is limited.  554  

On the other hand, when the soil moisture initial condition is somewhat dry (i.e., initial soil 555  

moisture is 0.15 or 0.25 m3 m-3), the performance of green roof deteriorates significantly. For the 556  

values at peak temperatures reported in Table 4, the surface heat island intensity is increased by 557  

1.56 ºC (for initial soil moisture is 0.15 m3 m–3) and 0.53 ºC (for initial soil moisture is 0.25 m3 558  

m–3), respectively, while the near-surface heat island effect is increased by 0.26 ºC for an initial 559  

soil moisture of 0.15 m3 m–3 and 0.08 ºC for initial soil moisture is 0.25 m3 m–3. Note that when 560  

the initial soil moisture is at the wilting point (0.15 m3 m–3), the evapotranspiration efficiency is 561  

effectively zero. As expected, the surface and near-surface urban heat islands for these very dry 562  
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roof simulations are not reduced compared to the conventional roofs for most of the simulated 563  

period (i.e., the green roofs have no cooling effects, see Figure 6). The changes in the surface and 564  

near-surface urban heat islands shown in Figure 6 are then partially related to the different 565  

thicknesses and thermal properties of green and conventional roofs. For the case with initial soil 566  

moisture of 0.25 m3 m–3, despite the fact that the green roof still produces an evaporation rate of 567  

about 30% of the potential rate, its performance is still significantly reduced. Consequently, it is 568  

clear that soil moisture does play a significant role in controlling the performance of green roofs. 569  

During drought conditions when soil moisture is very low (close to the wilting point), irrigation 570  

can be very important for maintaining the cooling effect of green roof at the building as well as 571  

the city scales. One can also infer from Table 4 that if the default conditions are very dry due a 572  

preceding drought period (0.15 m3 m–3) and the roof is irrigated to a high moisture level of 0.45 573  

m3 m–3, the reduction in the surface urban heat island would exceed 2 ºC and the reduction in the 574  

near-surface urban heat island would be about 0.4 ºC. These numbers would double if 100% of 575  

the city’s roofs are green as previously illustrated. 576  

577  
Figure 6. The city-scale impacts of green roof mitigation strategy as a function of green roof soil 578  
moisture (the fraction of green roof is 50%): (a) changes in the surface urban heat island and (b) 579  
changes in the near-surface urban heat island. The urban heat island effect is the difference in the 580  
urban and rural temperatures averaged over domain 3 (water surfaces excluded). All results are 581  
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averaged over June 7 to June 10. The vertical dashed lines in (a) and (b) indicate when the 582  
surface and near-surface temperatures reach their maxima, respectively.  583  

Figure 7 also shows substantial deterioration in the performance of cool roofs as the albedo is 584  

reduced. In these cases, the fraction of cool roofs is 50%. Figure 7 depicts the changes in the 585  

surface and near-surface urban heat islands compared to the case with 100% conventional roofs 586  

(i.e., 0% cool roofs). A value of 0.7 corresponds to a new cool roof or to one that undergoes 587  

regular cleaning and maintenance, which is chosen as the “default” case for cool roof scenarios. 588  

When 50% of conventional roofs with albedo of 0.3 (conventional concrete/grey roofs in this 589  

study) are converted to cool roofs with albedo of 0.7, the reduction in the surface urban heat 590  

island at the time of peak surface temperature is about 1.70 ºC, while the reduction in the near-591  

surface urban heat island at the time of peak 2-m air temperature is about 0.23 ºC. When the 592  

albedo of cool roof is altered to be 0.5, these reductions in the surface and near-surface urban 593  

heat islands are 0.88 ºC and 0.05 ºC, respectively. The differences in reductions of peak 594  

temperatures are provided in Table 4. These results again confirm that dirt accumulation on a 595  

cool roof, which decreases its albedo from 0.7 to 0.5, reduces the city-scale cooling effect by 596  

about 0.82 (= 1.70 ‒ 0.88) ºC and 0.18 (= 0.23 ‒ 0.05) ºC for surface and near-surface urban heat 597  

islands, respectively (see Table 4). These results clearly prove the importance of actively 598  

maintaining the long-term albedo of cool roof. We also estimated the impact of an even higher 599  

albedo of 0.9 (comparable to that of snow, and probably only obtainable if special reflective 600  

surfaces are used), which nonetheless is unlikely for current cool roof technology. The city-scale 601  

impacts of having 50% of the roofs in the city with an albedo of 0.9 are substantial: about 2.5 ºC 602  

reduction in the surface urban heat island and 0.37 ºC reduction in the near-surface urban heat 603  

island (see Figure 7). The high sensitivity of surface and near-surface urban heat islands to the 604  
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roof albedo observed here is in agreement with previous sensitivity studies showing that the roof 605  

albedo is a critical input parameter for UCMs (see e.g., Ryu et al., 2011; Wang et al., 2011a).  606  

Krayenhoff and Voogt (2010) provide a synopsis of studies that examined urban air temperature 607  

cooling due to increases in the roof albedo (see their Table 7).  The sensitivity (ΔT/ΔαN, where 608  

ΔT is the change in the near-surface air temperature and ΔαN is the change in the regional albedo) 609  

ranges from 2 to 30 due to variations in model complexity, meteorological conditions like wind 610  

speed and insolation, geographic features, urban morphology, spatial and temporal averaging 611  

methods, etc. Nonetheless, Krayenhoff and Voogt (2010) pointed out that sensitivities are below 612  

12 with few exceptions that do not include atmospheric advection effects; the median sensitivity 613  

after excluding these few exceptions is approximately 5.  In our study, the regional area fraction 614  

occupied by roofs ranges from 25% to 47.5% (see Table 1). Given that 50% of the roof area is 615  

covered by cool roofs in our sensitivity simulations, an increase of 0.2 in the roof albedo (e.g., 616  

from 0.7 to 0.9 which gives ΔT = 0.14 ºC) is equivalent to an increase ranging from 0.025 (= 0.2 617  

× 50% × 25%) to 0.0475 (= 0.2 × 50% × 47.5%) in the regional albedo. As such, a ΔT/ΔαN of 618  

about 3 to 6 is suggested by our results, which is thus in good agreement with previous studies. 619  

620  
Figure 7. The city-scale impacts of cool roof mitigation strategy as a function of albedo values 621  
(the fraction of cool roofs is 50% and the conventional roofs have an albedo value of 0.3): (a) 622  
changes in the surface urban heat island and (b) changes in the near-surface urban heat island. 623  
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The urban heat island effect is the difference in the urban and rural temperatures averaged over 624  
domain 3 (water surfaces excluded). All results are averaged over June 7 to June 10. The vertical 625  
dashed lines in (a) and (b) indicate when the surface and near-surface temperatures reach their 626  
maxima, respectively.  627  

TABLE 4. The additional benefits or penalties of changing the green roof soil moisture and 628  
the cool roof albedo relative to their default cases (values at times of peak temperatures) 629  

  
Changes in the 

surface urban heat 
island 

Changes in the near-
surface urban heat 

island 
Green roof soil 

moisture 
(m3 m–3) 

0.15 1.56 0.26 
0.25 0.53 0.08 
0.35 –0.27 –0.03 
0.45 –0.55 –0.10 

Cool roof albedo 0.5 0.82 0.18 
0.9 –0.79 –0.14 

 630  

4. Conclusions and Discussions 631  

In this study, mitigation of the urban heat island effect at city scales via green roof and cool roof 632  

strategies is investigated using the WRF model, in conjunction with a newly-implemented 633  

Princeton Urban Canopy Model. This study builds on the companion paper by Li and Bou-Zeid 634  

(2014) where the high-resolution simulation of urban heat islands with WRF was validated. That 635  

paper showed that the WRF-PUCM framework performs better than existing options for urban 636  

surface parameterization in WRF. In addition, PUCM allows us to simulate fractional coverage 637  

of green or cool roofs due to its ability to simulate heterogeneous urban sub-facets, a capability 638  

that is missing in existing WRF UCMs. 639  

Results indicate that as the green and cool roof fractions increase, the surface and near-surface 640  

urban heat islands at the time when the surface and near-surface temperatures reach their maxima 641  

are reduced almost linearly. To reduce the surface urban heat island by 1 ºC, the Baltimore-642  

Washington metropolitan area needs about 30% of the roof areas to be covered by green roofs (if 643  

the soil moisture is maintained through rain or irrigation at values comparable to the ones that 644  
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prevail in this study, about 0.3 m3 m–3), or by cool roofs that have an albedo value of 0.7. To 645  

reduce the near-surface urban heat island by 0.5 ºC, the green roof fraction has to be close to 90% 646  

and the cool roof (albedo = 0.7) fraction has to be close to 95%. This result suggests that the 647  

potentials of green and cool roofs to reduce the surface and near-surface urban heat islands are 648  

generally comparable when their performances are not hindered by dry soils (green roofs) or dirt 649  

accumulation that reduces albedo (cool roofs). 650  

While the reductions in the surface and near-surface urban heat islands scale almost linearly with 651  

the green and cool roof fractions, significant indirect effects of the green and cool roof strategies 652  

are observed. For example, the surface temperatures of urban vegetated surfaces that are adjacent 653  

to impervious surfaces are slightly increased due to the reduction in evapotranspiration. This is 654  

induced by the reduction in vertical mixing (due to reduced surface heating) and by the increased 655  

advection of more moist air at the lower elevations from the rural areas to the urban areas when 656  

the green and cool roof fractions increase. In addition, slight changes in rural temperatures 657  

downwind of the city are also observed as green and cool roof fractions increase. 658  

The performances of green roofs and cool roofs are primarily affected by soil moisture and 659  

albedo, respectively. The additional benefits or penalties associated with changes in these key 660  

parameters are quantified, using a 50% penetration rate for both the green and cool roof 661  

strategies. When evapotranspiration efficiency is maintained by irrigating the green roof so that 662  

the soil moisture is always above a certain level (0.35 and 0.45 m3 m–3 in our study), additional 663  

cooling effect is observed but is fairly limited. For example, the surface urban heat island at the 664  

time of peak temperatures is further reduced by 0.27 ºC (for a soil moisture control limit of 0.35 665  

m3 m–3) and 0.55 ºC (for a soil moisture control limit of 0.45 m3 m–3), while the near-surface 666  

urban heat island is further reduced by 0.03 ºC and 0.10 ºC, respectively. The improvement of 667  
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the green roof’s performance by irrigation is not substantial simply due to the fact that the default 668  

green roof is not under water-limited conditions with a soil moisture ranging from 0.27 to 0.33 669  

m3 m–3; the roof is thus performing well. However, the penalties resulting from a low soil 670  

moisture could be substantial if the green roof becomes very dry. For example, under drought 671  

conditions when the soil moisture is very close to its wilting point (in our case 0.15 m3 m–3), the 672  

cooling effect provided by green roofs is almost completely eliminated. This implies that soil 673  

moisture is a key variable that controls the performance of green roofs. Under dry conditions, 674  

irrigation can hence be important for maintaining the cooling effect of green roofs.  675  

For cool roofs, the additional benefits or penalties from changing the albedo values are also 676  

substantial. When the cool roof fraction is 50%, changing the albedo value from 0.7 to 0.9 (an 677  

unusually high value with current cool roof technology) could allow a 0.79 ºC additional 678  

reduction in the surface urban heat island and a 0.14 ºC additional reduction in the near-surface 679  

urban heat island (at time of peak temperatures). However, if the albedo decreases from 0.7 to 680  

0.5 due to dirt accumulation, the city-scale cooling effect of cool roofs would be reduced by 0.82 681  

ºC and 0.18 ºC for surface and near-surface urban heat islands, respectively. 682  

The results have some implications and limitations that are important to appreciate. First, the 683  

comparison of the city-scale impacts of green roof and cool roof strategies indicates that the two 684  

approaches are about equally effective in reducing surface and near-surface urban heat islands. 685  

Given that cool roofs are much cheaper to implement and easier to install as a retrofit than green 686  

roofs, the results suggest that the cool roof strategy is a more viable and cost-effective approach 687  

for mitigating the city-scale urban heat island effect. This is further supported by the observation 688  

study of Mackey et al. (2012) who used remotely-sensed satellite observations (LANDSAT 689  

images) to disentangle the cooling effects in Chicago from albedo increases and vegetation 690  
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increases, and concluded that the albedo increases produced even greater cooling than vegetation 691  

increases (our results indicate the two are equally effective in our simulations but this depends on 692  

soil moisture and albedo as we discussed). Nonetheless, there are other advantages of green roofs 693  

that are not included in our comparison such as the improvements in air quality (see e.g., Li et al., 694  

2010; Yang et al., 2008) and the potential reduction in peak stormwater runoff (see Berndtsson, 695  

2010 for a review). As such, the “better performance of cool roofs compared to green roofs” is 696  

strictly applicable when the decision criteria is “what technology will produce maximum city-697  

scale cooling per invested monetary unit?”. Second, the city-scale impacts of these mitigation 698  

strategies vary diurnally and are expected to vary with large-scale weather conditions. Therefore, 699  

it is expected that these impacts will also vary from city to city. This work is specifically 700  

designed to investigate, using a new-generation thoroughly-validated modeling framework, the 701  

cooling effects of different mitigation strategies under heat wave conditions due to the expected 702  

increasing frequency of heat waves under a warming climate and the potential synergistic 703  

interactions between heat waves and urban heat islands (Li and Bou-Zeid, 2013). The results are 704  

thus quantitatively representative of very hot periods in the Northeastern US or in regions with 705  

similar weather. The generalization of the quantitative aspects of the results to other conditions 706  

and regions would require further investigations and studies, but one would expect the qualitative 707  

features to hold broadly. 708  
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