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Abstract 17  

High-resolution numerical simulations of the urban heat island effect with the widely-used 18  

Weather Research and Forecasting (WRF) model are assessed. Both the sensitivity of the results 19  

to the simulation setup, and the quality of the simulated fields as representations of the real world, 20  

are investigated. Results indicate that the WRF-simulated surface temperatures are more 21  

sensitive to the planetary boundary layer (PBL) scheme choice during nighttime, and more 22  

sensitive to the surface thermal roughness length parameterization during daytime. The urban 23  

surface temperatures simulated by WRF are also highly sensitive to the Urban Canopy Model 24  

(UCM) used. The implementation in this study of an improved UCM (the Princeton UCM or 25  

PUCM) that allows the simulation of heterogeneous urban facets and of key hydrological 26  

processes, together with the so-called CZ09 parameterization for the thermal roughness length, 27  

significantly reduce the bias (< 1.5 ºC) in the surface temperature fields as compared to satellite 28  

observations during daytime. The boundary layer potential temperature profiles are captured by 29  

WRF reasonable well at both urban and rural sites; the biases in these profiles relative to aircraft-30  

mounted senor measurements are on the order of 1.5 ºC. Changing UCMs and PBL schemes 31  

does not alter the performance of WRF in reproducing bulk boundary layer temperature profiles 32  

significantly. The results illustrate the wide range of urban environmental conditions that various 33  

configurations of WRF can produce, and the significant biases that should be assessed before 34  

inferences are made based on WRF outputs. The optimal set-up of WRF-PUCM developed in 35  

this paper also paves the way for a confident exploration of the city-scale impacts of urban heat 36  

island mitigation strategies in the companion paper (Li et al., 2014).  37  

Key words: urban canopy model, urban heat island, thermal roughness length, WRF38  
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1. Introduction 39  

The “Urban Heat Island” (UHI) is probably the most well-known environmental impact of 40  

urbanization (Oke, 1982), and the most well-documented example of anthropogenic climate 41  

modification through land use change (Arnfield, 2003). It arises from a variety of factors: the 42  

extensive use of man-made materials that have substantially different thermal and hydrological 43  

properties compared to natural materials, the reduction of evapotranspiration due to limited water 44  

bodies and green surfaces, and the anthropogenic heat sources (Grimmond, 2007; Oke, 1982), to 45  

name a few. Recent years have witnessed a growing interest from the scientific community, the 46  

public, and policy makers in understanding and mitigating UHIs, particularly due to the added 47  

pressure of increasing global urbanization and climate change. Currently, over 50% of the world 48  

population is living in cities, and this percentage continues to rise rapidly. By 2030, the urban 49  

population is expected to exceed 60% of the global population; 95% of the net future increase in 50  

the global population will occur in cities (Grimm et al., 2008). The combined effects of UHIs, 51  

global climate change, and soaring urban populations pose significant challenges to energy and 52  

water sustainability and to human health in urban environments. In particular, a recent study has 53  

shown that heat waves, which are projected to become more frequently and last longer under a 54  

warming climate (Lau and Nath, 2012; Meehl and Tebaldi, 2004), interact nonlinearly with UHIs 55  

to produce extremely high heat stress for urban residents (Li and Bou-Zeid, 2013). 56  

The scientific research on UHIs has traditionally focused on their energetic basis and 57  

characteristics (see e.g., Christen and Vogt, 2004; Cleugh and Oke, 1986; Dabberdt and Davis, 58  

1978; Grimmond C.S.B. et al., 1993; Grimmond and Oke, 1995, 1999; Loridan and Grimmond, 59  

2012; Oke, 1982; Oke et al., 1999; Peterson and Stoffel, 1980; Ryu and Baik, 2012), as well as 60  

on their impacts on regional hydrometeorology and climate (e.g. Bornstein and Lin, 2000; Dixon 61  
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and Mote, 2003; Li et al., 2013a; Miao et al., 2011; Shephard, 2005; Zhang et al., 2009). More 62  

recently, high-resolution numerical simulations of UHIs under real atmospheric conditions are 63  

increasingly being used to investigate the dynamics of these events and their potential mitigation 64  

(see e.g., Grossman-Clarke et al., 2010; Li and Bou-Zeid, 2013), partly due to the urgency of 65  

providing a decision framework for policy makers (Chow et al., 2012). However, the capability 66  

of high-resolution numerical models to faithfully capture all the spatial and temporal dynamics 67  

of UHIs is far from being a settled matter. Two related open questions are: what aspects of a 68  

numerical model are most critical to the simulated UHI and can model-improvements focusing 69  

on these aspects improve the quality and reliability of UHI simulations? 70  

This study aims to assess the quality and sensitivity of UHI simulations, and to improve them by 71  

coupling a new-generation Urban Canopy Model (the Princeton UCM or PUCM) with a regional 72  

climate model, the Weather Research and Forecasting model (WRF). The sensitivity of the 73  

model’s performance to the choice of physical parameterizations in WRF is investigated based 74  

on high-resolution simulations over the Baltimore-Washington metropolitan area. The new UCM 75  

is a simple, yet more realistic, representation of urban environments and surface energy budgets 76  

compared to the default UCM in WRF. More importantly, it allows the investigation of realistic 77  

mitigation strategies such as the use of green roofs and white roofs (Wang et al., 2013), which 78  

are the focus of the companion paper of this study (Li et al., 2014).  79  

The scenario that we selected to study is the hottest day during a heat wave period that has been 80  

investigated previously by the authors (Li and Bou-Zeid, 2013). A heat wave is recognized as a 81  

sustained period (longer than 72 hours) during which the temperatures (usually the daily 82  

maximum temperatures or the nighttime minimum temperatures) exceed a certain threshold 83  

percentile (95th or 97.5th for example) of the climatic temperature distributions (Robinson, 2001; 84  
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Meehl and Tebaldi, 2004; Lau and Nath, 2012). Due to the UHI effect, cities are already hotter 85  

than rural areas (Grimmond, 2007). Heat waves worsen the conditions in urban areas not only by 86  

boosting the temperature of both urban and rural areas, but also because urban temperatures are 87  

increased more intensely than rural temperatures during heat waves (Li and Bou-Zeid, 2013). 88  

Under such conditions, mitigation strategies are critically needed to reduce the health risks in 89  

urban areas. The paper is organized as follows: Section 2 presents the WRF set up and 90  

experimental data sets; Section 3 presents the findings and results. Section 4 concludes the study 91  

and discusses its implications. 92  

2. Methodology 93  

2.1 WRF model description and setup 94  

In this study, the WRF version 3.3 is used. WRF is a non-hydrostatic, mesoscale numerical 95  

weather prediction model that solves the conservation equations of mass, momentum and energy 96  

on terrain-following coordinates (Skamarock and Klemp, 2008). It has multiple parameterization 97  

schemes for each of its five physical packages: cumulus clouds, microphysics, radiation, 98  

planetary boundary layer (PBL), and surface (Skamarock and Klemp, 2008). WRF has been 99  

widely used to study urban meteorology (see Chen et al., 2011 for a review). This is largely 100  

attributable to the nesting capability of WRF that allows high-resolution simulations, and to the 101  

UCMs coupled into the WRF that allow a better representation of complex urban environments. 102  

For example, the default single-layer UCM that is coupled with the Noah land surface model in 103  

WRF can represent three types of urban facets: roof, wall and ground. In addition, the WRF-104  

UCM framework can distinguish between three urban categories: low density residential, high 105  

density residential, and industrial/commercial.  106  

The UCM has been shown to be critical for reproducing the correct air/surface temperature 107  
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patterns in the urban areas (Lee et al., 2011; Li and Bou-Zeid, 2013; Zhang et al., 2011). 108  

Although the default single-layer UCM can include three types of urban facets, it represents 109  

these urban facets as homogeneous surfaces and thus cannot simulate fractional white (high-110  

reflectivity) roof coverage for example. These homogeneous surfaces are also impervious and 111  

are assumed not to contribute to evapotranspiration except when rainfall occurs (they have zero 112  

surface water storage capacity). As such, an improved UCM was implemented into WRF 113  

(hereafter PUCM due to its development at Princeton University as an offline urban model). 114  

There are many advantages of PUCM over the default UCM such as its ability to simulate 115  

heterogeneous facets, with subfacets consisting of different materials. For example, roof surface 116  

can be a combination of conventional roofs and green/white roofs; ground surface can be a 117  

combination of asphalt, concrete, and urban grass. For realistic representation of these green 118  

roofs and urban grass in PUCM, detailed models of hydrologic processes in the urban canyon 119  

were included. Realistic water storage and flux representation was shown to be crucial to the 120  

performance of urban models (Grimmond et al., 2011; Grimmond et al., 2010). In addition, the 121  

use of urban material properties calibrated for the northeastern United States makes PUCM a 122  

particularly powerful tool for diagnosing UHI effects and mitigation in that region. The full 123  

details and validation of the new UCM, and the material properties calibration, can be found in 124  

Wang et al. (2011a, b; 2013); note however that some aspects of the offline PUCM, such as 125  

analytical solution of the heat conduction equation and the independent treatment of in-canyon 126  

grass that are detailed and tested in Wang et al. (2011a, b; 2013), were not implemented in WRF 127  

since their impact on the analyses we perform here is deemed minor. The offline PUCM allows a 128  

detailed analysis of the building-scale impact of mitigation strategies such as the use of green 129  

roof and white roof (Wang et al. 2013, see also Sun et al., 2013 where a more sophisticated but 130  
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computationally expensive green roof component of PUCM was validated in great detail; this 131  

component is not used here). When coupled into WRF, PUCM can be also used to evaluate the 132  

city-scale impacts of these mitigation strategies, i.e. the feedback of these strategies on 133  

atmospheric properties over the whole city, which then feedback to influence building-scale 134  

impacts. 135  

Different combinations of PBL schemes and thermal roughness length (z0T) parameterizations are 136  

tested (details in section 2.3) due to the significant sensitivities of WRF-simulated surface and air 137  

temperatures to these schemes/parameterizations, as will be illustrated later in Section 3.1.  Some 138  

physical parameterization schemes that were selected and not changed include: (1) the Rapid 139  

Radiative Transfer Model (RRTM) scheme for longwave radiation; (2) the Dudhia scheme for 140  

shortwave radiation; (3) the 2D Smagorinsky scheme for horizontal mixing; (4) the Noah land 141  

surface model for non-urban surfaces. 142  

The WRF simulations are performed over the Baltimore-Washington metropolitan area using 143  

three nested domains with horizontal grid resolutions of 9 km, 3 km and 1 km. Cumulus 144  

parameterization was not used for any of the domains since even the largest grid size is less than 145  

10 km and there is no rainfall during the simulation period. One-way nesting is used since all the 146  

analyses are conducted using the highest-resolution results from the innermost domain (d03, see 147  

Figure 1). The domain configuration and the land-use map are shown in Figure 1. The largest 148  

domain (d01) covers most of the northeastern US; d02 includes Delaware, most of Maryland and 149  

parts of West Virginia and Virginia; d03 covers the Baltimore-Washington metropolitan area. 150  

The Baltimore-Washington metropolitan area is treated as a whole because previous studies have 151  

found that the upwind UHI effect in Washington area can have a significant impact on the 152  

downwind meteorology in the Baltimore area (Zhang et al., 2011). The three domains have 100, 153  
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100 and 121 horizontal grid cells, respectively, in both x (East-West) and y (North-South) 154  

directions. In the vertical direction, 109 levels are used to resolve the bulk boundary layer 155  

structure. All simulations start from 0000UTC on June 9 and end at 0000UTC on June 10, 2008, 156  

with a duration of 24 hours and an output frequency of 10 minutes. We also conducted one 157  

simulation (case 6 in Table 1) that is initialized at 0000UTC on June 6, and the validation results 158  

shown in Section 3 are not very different between the two simulations with different initial 159  

conditions. Hence for validation purposes in this paper, the simulation period is chosen to be 160  

from 0000UTC June 9 to 0000UTC June 10, 2008. However, we note that in the companion 161  

paper that examines the effectiveness of different mitigation strategies, the simulations span from 162  

0000UTC June 6 to 1200UTC June 10, 2008 (Li et al., 2014) since there we introduce cool and 163  

green roofs that alter the urban microclimate and a warm-up period is thus needed to reduce the 164  

effect of initialization from data where such roofs are absent. The initial and boundary conditions 165  

for the WRF simulations are taken from the North American Regional Reanalysis (NARR; 166  

details can be found on http://www.emc.ncep.noaa.gov/mmb/rreanl/ and on 167  

http://rda.ucar.edu/datasets/ds608.0/). The land-use map is taken from the National Land Cover 168  

Data (NLCD) 2006 (Fry et al., 2011).  As can be seen in Figure 1, the three urban categories (i.e., 169  

low density residential, high density residential, and industrial/commercial) that are needed by 170  

the UCM can be distinguished in NLCD2006.  171  
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 172  

Figure 1 WRF set-up and land use/land cover maps over the Baltimore-Washington Corridor 173  

2.2 WRF computations of urban and rural temperatures 174  

In our study, the UHI is defined as the difference between urban and rural temperatures. Two 175  

different UHI indices are usually used in the literature, one based on surface temperature, and the 176  

other based on near-surface air temperature at 2 meters (Voogt and Oke, 2003). Air temperature 177  

at 2 meters can directly influence human comfort, while surface temperature contributes to the 178  

radiative component of thermal comfort and to the surface heat fluxes that produce higher air 179  

temperatures. As such, both the surface temperature and 2-m air temperature affect human 180  

comfort, and higher surface and 2-m air temperatures are often associated with higher mortality 181  

risks during heat waves (Anderson and Bell, 2011). Both can also significantly affect urban 182  

energy and water consumptions (Akbari et al., 2001). As such, both UHI indices are considered 183  

in this study and in the companion study that examines the city-scale impacts of UHI mitigation 184  
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strategies. Here, the detailed calculations of surface temperature and 2-m air temperature in 185  

WRF-UCM are presented since they impact the validation and interpretation of the results.  186  

2.2.1 Non-urban grid cells 187  

Surface temperature (Ts) in WRF is a prognostic variable that is calculated to close the surface 188  

energy balance: 189  

  Rn = H + LE +G , (1) 190  

where Rn is the net radiation, H is the sensible heat flux that heats the urban air, LE is the latent 191  

heat flux resulting from evapotranspiration, and G is the ground/building heat flux. All variables 192  

are functions of surface temperature (Chen and Dudhia, 2001) and are in units of W m–2. In 193  

particular, the sensible heat flux H is calculated through: 194  

 ( )h s aH C U T Tρ= − , (2a) 195  

where ρ is the air density (kg m–3); Ch is the transfer coefficient that corresponds to the first level 196  

of the atmospheric model (Brutsaert, 2005); and U is the wind speed at the first level of the 197  

atmospheric model. Ts is the surface temperature and Ta is the air temperature at the first level of 198  

the atmospheric model.  199  

2-m air temperature (T2) is a diagnostic variable that is calculated based on the alternative 200  

expression of the sensible heat flux that uses atmospheric variables at 2 meters:  201  

 ( )2 2 2h sH C U T Tρ= − , (2b) 202  

where Ch2 is the transfer coefficient at 2 m; U2 is the wind speed at 2 m; and T2 is the air 203  

temperature at 2 m. As such, T2 can be calculated as: 204  
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T2 =Ts −

H
ρCh2U2

, (3) 205  

where H is the same flux computed by WRF through equation 2a. The transfer coefficients Ch 206  

and Ch2 are calculated using the Monin-Obkuhov Similarity Theory (Monin and Obukhov, 1954): 207  
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, (4b) 209  

where κ (= 0.40) is the von Kármán constant; z is the height of the first grid level of the 210  

atmospheric model (m); z0 is the momentum roughness length (m); z0T is the thermal roughness 211  

length (m); and L is the Obukhov length scale (m). mψ  and hψ  are the stability correction 212  

functions for momentum and heat, respectively (Brutsaert, 1982).  213  

From equations 2 to 4, it is evident that the momentum roughness length (z0) and the thermal 214  

roughness length (z0T) can have a significant impact on the calculation of surface temperature 215  

and 2-m air temperature. The momentum roughness length (z0) in WRF is a function of land use 216  

categories only; these categories are specified before the WRF simulations start and remain 217  

unchanged throughout the simulation. Starting with version 3.2 of WRF, the momentum 218  

roughness length (z0) can change with the seasonal changes in vegetation, but for short 219  

simulations like the ones conducted in our study, the changes in the momentum roughness length 220  

are negligible. The thermal roughness length (z0T) in WRF, on the other hand, depends on a 221  

variety of physical factors that change significantly with time. Some of the parameterizations for 222  
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the thermal roughness length that are available in WRF are listed in Table 1.  223  

The Yonsei University (YSU) PBL and surface scheme has a default parameterization for the 224  

thermal roughness length that is based on Carlson and Boland (1978, hereafter MM5 due to its 225  

use in the Penn State-NCAR fifth-generation Mesoscale Model). The thermal roughness length 226  

for that scheme is calculated as (Chen and Dudhia, 2001): 227  

 

  

z0T =
1

κu*

ka

+
1
zl

, (5a) 228  

where ka is the molecular thermal diffusivity of air (taken in WRF to be 2.4×10–5 m2 s–1, i.e. at an 229  

air temperature of about 0ºC); u* is the friction velocity; and  κu* / ka represents the thermal 230  

roughness length of a hydrodynamically smooth surface. zl (=0.01 m) is conceived as the height 231  

above which only the turbulent heat transfer mechanism is important, while molecular/radiative 232  

heat transfer mechanisms are not important (Carlson and Boland, 1978). zl is intended to 233  

represent the increase in thermal exchanges and in thermal roughness length when the surface is 234  

hydrodynamically rough, but given the default values used in WRF, its contribution is very 235  

minor. 236  

The Mellor-Yamada-Janjic (MYJ) PBL and surface scheme has a default parameterization for 237  

the thermal roughness length that is based on Zilitinkevich’s (1995, hereafter “original 238  

Zilitinkevich”) formulation:  239  

 Re
0 0  e zilC
Tz z κ−= , (5b) 240  

where Re = z0 u*/ν is the roughness Reynolds number, ν the kinematic viscosity of air, and Czil an 241  

empirical coefficient that, in the original formulation, is set to be 0.1 based on field 242  
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measurements over grassland (Chen et al., 1997).  243  

Later, Chen and Zhang (2009) provided a parameterization for Czil  in the Zilitinkevich 244  

relationship, as follows: 245  

 0.410 h
zilC

−= , (5c) 246  

where h is the height of the canopy (m). As such, Czil is no longer treated as a constant. Chen and 247  

Zhang (2009) have shown that for tall canopies (h > 2.5m), Czil is smaller than the 0.1 value used 248  

in the original Zilitinkevich relationship. As a result, z0T is enhanced and the transfer coefficient 249  

Ch is increased in comparison to the original Zilitinkevich relationship for tall canopies, which 250  

can result in a reduction in the modeled surface temperature. The opposite situation is true for 251  

short canopies (h < 2.5m). This “modified Zilitinkevich” relationship (combining equation 5b 252  

and equation 5c, hereafter CZ09) can also be used with the YSU PBL scheme in lieu of equation 253  

(5a) if the user explicitly specifies these choices (recall that the default z0T for YSU PBL scheme 254  

is given by equation 5a). 255  

2.2.2 Urban grid cells 256  

Any grid cell whose dominant land use category is one of the three urban categories (i.e., low 257  

density residential, high density residential, and industrial/commercial) will be treated as an 258  

urban grid cell (WRF uses only the dominant land-use in each cell). When no UCM is used, the 259  

surface temperature and 2-m air temperature in urban grid cells are calculated in the same way as 260  

described in Section 2.2.1 for non-urban surfaces, but using urban-specific values of z0 and hence 261  

of z0T. When a UCM is used, any urban grid cell is first divided into two parts: an impervious 262  

part and a vegetated part consisting of grass-covered soils (see Figure 1 of the companion paper). 263  

The assigned fractions of the urban and vegetated parts depend on which of the three urban 264  
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categories is the dominant land use category in this grid cell. For an urban grid cell that is 265  

dominated by low density residential, 50% of the grid cell is treated composed of impervious 266  

surfaces. For urban grid cells that are dominated by high density residential and 267  

industrial/commercial, 90% and 95% of the grid cell surface will be treated as impervious, 268  

respectively (Chen et al., 2011). The remainder is the vegetated surface fraction. These are the 269  

default fractions used in WRF that we do not alter here. The Noah land surface model will be 270  

called first to calculate the surface temperature for the vegetated part, and then an UCM will be 271  

called to calculated the surface temperature for the impervious part. 272  

The surface temperature for an urban grid cell in this study is computed as a weighted average 273  

that depends on the surface temperatures of the impervious part (Ts(impervious)) and the vegetated 274  

part (Ts(vegetated)):  275  

 
( ) ( ) ( )1s impervious s imperviousimpervious s vegetatedT f T f T= × + − × , (6) 276  

where fimpervious is the impervious surface fraction. The vegetated surface temperature is 277  

calculated following the methods detailed in Section 2.2.1 by the Noah land surface model using 278  

the properties of grasslands. Then, the impervious surface temperature in the default WRF 279  

implementation is generated as a diagnostic variable by the UCM following: 280  

 
( )impervious

impervious
s a

h

H
T T

C Uρ
= + , (7) 281  

where the sensible heat flux Himpervious is an area-weighted average of sensible heat fluxes from 282  

the different roof and the canyon facets ( ( )1roof r roof cf H f H= + − , where froof is the roof 283  

fraction of the impervious surface, Hr and Hc are sensible heat fluxes from the roof and canyon, 284  

respectively). Equation 7 for calculating the impervious surface temperature is correct only if the 285  
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turbulent transfer coefficient Ch is using representative momentum and thermal roughness 286  

lengths for the impervious surfaces. Nonetheless, this is not the case in WRF. In the WRF 287  

version used in this study, the turbulent transfer coefficient Ch for the whole urban grid is 288  

inaccurately calculated using the momentum and thermal roughness lengths of the vegetated 289  

grassland urban surfaces. This inconsistency will lead to large biases in simulated urban surface 290  

temperatures that we will depict, and remove, later in the paper (see Figure 5 and discussions 291  

afterwards). The 2-m temperature for an urban grid cell is then calculated as in equation 3, but 292  

using the grid cell-averaged surface temperature and the grid-cell averaged sensible heat flux 293  

following: 294  

 
( )

2
2 2

1impervious impervious impervious vegetated
s

h

f H f H
T T

C Uρ

× + − ×
= − , (8) 295  

where Ts is given by equation 6; Ch2 is the value of the turbulent transfer coefficient over grass at 296  

2 m. While one could use the transfer coefficient over the impervious patch or an 297  

effective/average one for this computation, we will continue to use this default T2 computation 298  

method included in WRF for urban areas (this is especially relevant for the companion paper 299  

dealing with mitigation strategies). The reasons for this choice is that the 2-m air temperature is 300  

much less sensitive to the value of Ch2 than the surface temperature, and in WRF this is simply a 301  

diagnostic representative near-surface urban air temperature that does not truly represent the air 302  

temperature at an elevation of 2 meters given the complexity of the urban surface. It is thus a 303  

good diagnostic variable that would capture the bulk influence of mitigation strategies on air 304  

temperatures in cities. 305  

2.3 Numerical experiments design 306  

The surface and 2-m temperatures are strongly affected by the PBL schemes and the thermal 307  
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roughness length parameterizations adopted in WRF. In this study, as mentioned before, 308  

different combinations of PBL schemes (i.e., the YSU and MYJ schemes) and thermal roughness 309  

length parameterizations (MM5, Zilitinkevich, and CZ09) are tested. The WRF-simulated urban 310  

surface temperature and 2-m air temperature are also sensitive to the adopted UCM. As such, the 311  

experiments are designed to intercompare the sensitivity of WRF-simulated UHIs to different 312  

combinations of PBL schemes, thermal roughness length parameterizations, as well as the use of 313  

different UCMs. The two different PBL schemes described above are both tested, each with its 314  

default z0T parameterization (cases 1 and 2). We also use the modified Zilitinkevich relationship 315  

(CZ09) together with both PBL schemes (cases 3 and 4) in order to assess the relative influence 316  

of PBL schemes and the z0T parameterizations on the simulated UHI. The default UCM is used 317  

for these four simulations. Three additional simulations are conducted to assess the performance 318  

of different UCMs in simulating the urban temperatures. Case 5 does not use a UCM and case 6 319  

uses the PUCM, which was described in Section 2.2. In this study, the roof component of the 320  

PUCM is composed exclusively of conventional roofs. The ground component includes asphalt, 321  

concrete, and urban grass whose fractions are 50%, 30% and 20%, respectively (Wang et al., 322  

2013). Case 7 uses the default UCM but with the calibrated surface properties that are used in the 323  

PUCM (Wang et al., 2013). Note that the default UCM only has one facet over the ground-level 324  

canyon surface, which is treated as an impervious surface. As such, the surface properties used in 325  

case 7 are weighted-averages of the properties of concrete and asphalt (the two impervious 326  

surface materials) used in case 6, assuming the same ratio of concrete to asphalt surface fractions 327  

as in case 6 (i.e., 5:3). The roof properties used in case 7 are equivalent to the properties for roofs 328  

in case 6 since both are assumed to be conventional roofs. The difference between case 6 and 329  

case 7 lies in the fact that case 6 simulates the surface heterogeneity over the ground in urban 330  
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environments (including concrete and asphalt as well as in-canyon urban grass which is not 331  

included in simulation 7), and in the use of an equivalent homogeneous impervious ground facet 332  

in case 7. 333  

TABLE 1. Basic configuration of the WRF simulations 334  

Simulation Number PBL schemes z0T parameterizations UCM 
1 YSU MM5 Default UCM 
2 MYJ Zilitinkevich Default UCM 
3 YSU CZ09 Default UCM 
4 MYJ CZ09 Default UCM 
5 MYJ CZ09 No UCM 
6 MYJ CZ09 PUCM  
7 MYJ CZ09 Default UCM with 

calibrated properties 
 335  

2.4 Experimental data sets 336  

In order to assess the quality and reliability of WRF simulations of the UHI, observational data 337  

sets that span a large area are needed. The Moderate Resolution Imaging Spectroradiometer 338  

(MODIS) satellite observations provide a useful tool for diagnosing the biases in the WRF 339  

simulated surface UHI. The MODIS product used in our study is the MYD11A1 version-5 level-340  

3 Land Surface Temperature (LST) product, which is available twice a day, once during daytime 341  

and once during nighttime, at a spatial resolution of 1 km. Note that the resolution of MODIS 342  

matches the resolution of our WRF simulations in domain 3. In this study, we use the daytime 343  

surface temperature measured around 1255 local solar time due to the good data quality (low 344  

cloudiness) and to the insensitivity of this parameter to model initial conditions. 345  

The WRF-simulated boundary layer temperature profiles are also validated by comparing to 346  

measurements through commercial aircraft observations from the Aircraft Communications 347  

Addressing and Reporting System (ACARS). The ACARS data is available at the Dulles 348  

International Airport (IAD, see Figure 1) and the Baltimore/Washington International Airport 349  
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(BWI, see Figure 1). The ACARS date set has multiple observations each day but the frequency 350  

is determined by the number of flights with installed meteorological instruments. To compare the 351  

WRF simulations to the ACARS observations, both WRF outputs and ACARS observations are 352  

interpolated to hourly intervals and 100 m vertical intervals. 353  

3. Results  354  

3.1 Surface urban heat island effect using existing WRF parameterizations 355  

Figure 2 depicts the maps of surface temperatures from MODIS and from WRF simulations 1 to 356  

5. As can be seen from Figure 2(a), the remotely-sensed land surface temperatures are evidently 357  

higher in the two urban areas (i.e., Baltimore and Washington D.C.) and their suburbs compared 358  

to rural surface temperatures. The surface UHI effect ranges from 5ºC to 15ºC and varies 359  

spatially. Without a UCM (Figure 2b), the WRF-simulated land surface temperature cannot 360  

capture the distinct urban-suburban-rural contrasts that are observed in MODIS maps. With a 361  

UCM (Figures 2c to 2f), the simulated land surface temperature patterns show a strong UHI 362  

effect along the Baltimore-Washington Corridor that is in better agreement with MODIS 363  

observations. It is clear that the simulated UHI depends significantly on the PBL schemes and 364  

the thermal roughness length parameterizations, which are the only two parameters that vary in 365  

Figure 2c to 2f. The YSU PBL scheme (Figure 2c), with the default parameterization for thermal 366  

roughness length, produces the largest warm bias compared to MODIS observations (Figure 2a). 367  

The bias is reduced by switching to the MYJ PBL scheme with its original Zilitinkevich 368  

parameterization for thermal roughness length (Figure 2d). When the modified Zilitinkevich 369  

relationship is used with the two PBL schemes (Figure 2e and Figure 2f), the simulated land 370  

surface temperatures are very similar, implying that the land surface temperature at this 371  

particular time is controlled by the parameterizations for thermal roughness length, rather than by 372  
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the PBL scheme. One can also clearly note that the modified Zilitinkevich relationship yields the 373  

closest agreement with MODIS, but large warm biases persist in suburban areas. 374  

 375  

Figure 2. Land surface temperatures on 2008-06-09 at 1255PM local solar time from (a) MODIS 376  
and (b, c, d, e, f) WRF simulations. (b) is the case 5 in Table 1. (c-f) correspond to cases 1 to 4 377  
(which use the default WRF UCM) in Table 1, respectively (Units: K). 378  

 379  

To further examine the biases in the land surface temperatures, the differences between the WRF 380  

simulations and the MODIS observations were analyzed as a function of major land use 381  

categories within the domain (see Figure 3; the categories are ordered by increasing fractions in 382  
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the domains from left to right in the figure). It is again evident that the YSU PBL scheme with 383  

the MM5 parameterization for thermal roughness length yields the largest biases across all land 384  

cover types, which is consistent with Figure 2(c). With the MYJ scheme and the Zilintinkevich 385  

relationship for parameterizing thermal roughness length, the biases over non-forest land cover 386  

types are significantly reduced (as can be also seen from Figure 2d). Nevertheless, over 387  

evergreen broadleaf forest, herbaceous wetland, wooded wetland and deciduous broadleaf forest 388  

(tall canopies), the land surface temperatures from WRF are still significantly higher than in the 389  

observations. The larger surface temperatures over these categories are caused by the fact that 390  

the original Zilintinkevich relationship underestimates the turbulent transfer coefficient Ch and 391  

thus provides an insufficient land-atmosphere coupling (and hence insufficient surface cooling) 392  

for tall canopy. As a result, the land surface temperatures over these land use categories are 393  

significantly biased towards higher values when the original Zilintinkevich relationship is used. 394  

This is in agreement with the study of Chen and Zhang (2009), which compared the modeled 395  

transfer coefficient Ch to the calculated transfer coefficient using measurements of sensible heat 396  

flux, wind speed, air temperature and surface temperature inferred from outgoing longwave 397  

radiation. Chen and Zhang (2009) also pointed out that the transfer coefficient over tall canopy 398  

vegetation is significantly underestimated when the original Zilintinkevich relationship is used 399  

and thus provides insufficient coupling between the land surface and the atmosphere.  400  

To resolve the problem of insufficient coupling over tall canopies, the empirical coefficient 401  

( 0.1zilC = , see equation 5b) used in the original Zilintinkevich relationship is modified by Chen 402  

and Zhang (2009) (see equation 5c). This modified Zilintinkevich relationship strengthens land-403  

atmosphere coupling over tall canopies such as evergreen broadleaf forest, herbaceous wetland, 404  

wooded wetland and deciduous broadleaf forest; this reduces the modeled surface temperatures, 405  
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as well as the biases (compare Figures 2e and 2f to 2d and Figures 3b and 3c to 3d). Over land 406  

cover types whose canopy heights are close to 2.5 m (such as dryland cropland or 407  

dryland/irrigated cropland whose canopy heights are about 2.1 m, see the blue in Figure 3), the 408  

modeled surface temperatures are not significantly altered. Therefore, the total bias observed in 409  

the surface temperature field is reduced when using the modified Zilintinkevich relationship (i.e., 410  

the CZ09 parameterization, see equation 5c), as compared to using the original Zilitinkevich 411  

relationship. 412  

413  
Figure 3. Land surface temperature biases on 2008-06-09 at 1255PM between WRF simulated 414  
results and MODIS observations as a function of land use categories. The sensitivities to PBL 415  
schemes and parameterizations for thermal roughness length are shown. The red color denotes 416  
tall canopy land use categories, while the blue denotes short canopy land use categories. The 417  
urban categories are in green.  418  

One notable exception to the success of the modified Zilintinkevich relationship is that in urban 419  

areas, which could also be viewed as tall canopies, the biases are increased (see the green in 420  

Figure 3); this is not consistent with the reasoning and results for tall vegetated canopies (cf. 421  



22  
  

Figures 3b to 3d). Close scrutiny however reveals that this bias is linked to the use of the 422  

vegetated transfer coefficient to infer/compute the diagnostic averaged urban surface 423  

temperatures as detailed after equation 7. When a UCM is used, each urban grid will be assigned 424  

a certain fraction of vegetated surface (grassland), with the remainder being the imperious 425  

surface. The Noah land surface model will be called first to calculate the surface temperature for 426  

the vegetated part, and then the UCM will be called to calculated the surface temperature for the 427  

impervious part. After the Noah land surface model calculates the vegetated surface temperature, 428  

the transfer coefficient Ch calculated over the vegetated surface is used by WRF to compute an 429  

impervious surface temperature using equation 7 (i.e., the turbulent transfer coefficient Ch is 430  

computed using the momentum and thermal roughness lengths of grasslands rather than 431  

buildings). Over short canopy vegetation types like grassland, the turbulent transfer coefficient 432  

Ch is reduced when the modified Zilitinkevich relationship is used, which increases the modeled 433  

surface temperature (compared to the original Zilitinkevich). This explains the larger warm 434  

biases in the modeled land surface temperature over urban areas when the modified Zilitinkevich 435  

relationship is used (cf. Figures 3b to 3d). This large bias in the urban surface temperature field 436  

can be corrected by the use of a more accurate computation of the impervious surface 437  

temperature, and an improved UCM, as will be discussed in section 3.2. 438  

To further investigate the sensitivity of land surface temperatures to PBL schemes and to 439  

parameterizations for the thermal roughness length, Figure 4 depicts the diurnal cycles of surface 440  

temperature averaged over all rural (4a) and urban (4b) grids produced with different PBL 441  

schemes and thermal roughness length parameterizations. The urban grids include those whose 442  

dominant land use category is one of the three urban categories; all other grid cells are 443  

considered rural (except those dominated by open water bodies). During daytime, the surface 444  
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temperature is clearly more sensitive to the parameterization of the thermal roughness length 445  

than to the PBL scheme, as one can see from both panels in Figure 4 where the daytime results 446  

with the same parameterization for z0T (the CZ09) match very well, regardless of the PBL 447  

scheme. This is consistent with the comparison in Figure 2 that showed snapshots of surface 448  

temperature around 1255PM. During nighttime, however, the surface temperature is more 449  

sensitive to the PBL scheme compared to the parameterization of z0T. Changing 450  

parameterizations for thermal roughness length does not alter the surface temperature 451  

significantly during the night, when the turbulent fluxes are weak and the surface energy budget 452  

is dominated by the radiative terms. The results with the same PBL scheme thus match well, 453  

while those with different PBL schemes diverge. The larger sensitivity of WRF-simulated 454  

surface temperature to z0T during daytime is in agreement with many previous studies that also 455  

used WRF or other numerical models. For example, Zeng et al. (2012) show that changing the 456  

coefficients in computing the thermal roughness length (similar to the coefficient in the 457  

Zilitinkevich relationship that is examined in our study) significantly alters the daytime surface 458  

temperature but has a negligible effect on nighttime surface temperature over arid areas. Zheng 459  

et al. (2012) also demonstrate that the simulated daytime surface temperature can be improved 460  

by improving the thermal roughness length parameterization. Shin and Hong (2011) found that 461  

when the PBL scheme is fixed in WRF, switching the surface-layer formulations (and thus 462  

changing parameterizations for the thermal roughness length) has an important impact on the 463  

simulated daytime surface temperature; nevertheless, it does not significantly alter the nighttime 464  

surface temperature (see their Figure 9a). 465  

Figure 4(a) also illustrates that when the CZ09 relationship is used in the parameterization for 466  

thermal roughness length (comparing MYJ + CZ09 to MYJ), the daytime rural surface 467  
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temperature is reduced and hence the biases (compared to MODIS) are reduced. This is again 468  

due to the fact that most of the rural land-use categories in our domain have tall canopies. In 469  

addition, the only two categories that are not classified as tall canopy land-uses (dryland 470  

cropland and dryland/irrigated cropland) also have canopy heights that are fairly close to 2.5 m, 471  

which is the criterion to separate tall canopies from short canopies. On the other hand, comparing 472  

MYJ + CZ09 to MYJ over urban terrain (Figure 4b), one notes that the daytime urban surface 473  

temperature is increased and hence the biases are increased, which, as discussed before, is caused 474  

by the erroneous use of Ch calculated over grassland for impervious surfaces.  475  

476  
Figure 4 Diurnal cycles of spatially averaged (a) rural and (b) urban surface temperatures in 477  
domain 3 produced by the WRF-UCM with different PBL schemes and thermal roughness length 478  
configurations.  479  

3.2 Improving the WRF-simulated surface urban heat island effect 480  

In order to reduce the biases observed in urban surface temperatures when MYJ + CZ09 are used, 481  

and to overcome the inconsistency of using the turbulent transfer coefficient (Ch) calculated over 482  

grassland for impervious surfaces, the calculation of impervious surface temperature in the UCM 483  

is revised. Given that the UCM combines fluxes from the roof and the canyon (see discussion 484  

after equation 7), in the following analyses, the prognostically-computed temperatures of the roof 485  
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surface and the canyon are aggregated to yield an average surface temperature over the 486  

impervious surface, following  487  

 
( ) ( )1s roof r roof cimperviousT f T f T= × + − × . (9) 488  

This is similar to the ‘complete urban surface temperature’ concept proposed by Voogt and Oke 489  

(1997), but the wall and ground temperatures are incorporated into the ‘complete urban surface 490  

temperature’ through the canyon temperature Tc. Note that the Tc given by the UCM is not the air 491  

temperature in the canyon. It is rather an equivalent aerodynamic surface temperature aggregated 492  

for canyon surfaces (walls and ground). This is because 493  

( ) ( )2 /c hc c a w gH C U T T h Rd H Hρ= − = + , where h is the building height and Rd is the road 494  

width; ( )w hw w cH C U T Tρ= −  and ( )g hg g cH C U T Tρ= − . As such, the canyon temperature can 495  

be calculated as: 496  

 
( )

( )
2 /
2 /

hw w hg g hc a
c

hw hg hc

h Rd C T C T C T
T

h Rd C C C
+ +

=
+ +

. (10) 497  

Note that the subscripts ‘r’, ‘w’, ‘g’, ‘c’, ‘a’ denote roof, wall, ground, canyon and air, 498  

respectively. This justifies the use of the canyon temperature as an effective surface temperature 499  

for the canyon. The impervious surface temperature calculated using equation 9 is then 500  

substituted into equation 6 in order to obtain a surface temperature that represents the whole 501  

urban grid cell. Using this approach, the calculated surface temperature patterns from equation 6 502  

for the default UCM, the default UCM with calibrated properties, and the PUCM are compared 503  

to the MODIS satellite observations in Figure 5. As can be seen in Figure 5(b), the surface 504  

temperatures calculated using this method and the default UCM are substantially larger than the 505  

MODIS observations, implying that this default UCM (including the surface properties used in 506  
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this default UCM) are very deficient in simulating surface UHI strengths. The simulation with 507  

the PUCM (Figure 5d) on the other hand clearly gives the best estimate of land surface 508  

temperatures for the whole region when compared to the MODIS observations. The PUCM 509  

includes “urban grass” on the ground and the properties of each facet were calibrated at a site in 510  

the Northeastern US (Princeton, NJ) using a wireless sensor network (Wang et al., 2013). Note 511  

that the green roof fraction is set to zero so that, effectively, the roof still has only one surface 512  

type. To separate the impact of introducing urban grass into the UCM and the impact of modified 513  

facet properties, as mentioned earlier, we also modified the properties of the default UCM so 514  

that it uses the properties of the non-vegetated facets that are used in the PUCM (Figure 5c). In 515  

this case, the roof, wall, and ground material properties are modified, but the ground surfaces are 516  

still completely impervious (consisting of asphalt and concrete pavements). Using the default 517  

UCM with calibrated properties reduces the bias considerably compared to the default UCM 518  

with default properties, but it still yields a relatively larger bias compared to the PUCM, which 519  

implies that inclusion of urban grassland (inside the canyon) is crucial for reproducing the 520  

correct urban surface features. The difference is particularly significant in suburban areas where 521  

the presence of in-canyon vegetation, is important but not captured by the default UCM. 522  
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 523  

Figure 5 Similar to Figure 2; land surface temperature (Units: K) on 2008-06-09 at about 524  
1255PM local solar time measured by (a) MODIS and produced by (b,c,d) WRF. (b) is with the 525  
default UCM and default thermal properties, (c) is with default UCM and calibrated properties, 526  
and (d) is with the PUCM and calibrated properties. All of these simulations use the MYJ 527  
scheme and the CZ09 parameterization for z0T. In urban grids, the impervious surface 528  
temperature is a weighted average of roof temperature and canyon temperature (equation 9).  529  

 530  

We again quantify the biases in the land surface temperatures as a function of the three urban 531  

categories for these runs in Table 2. Here, the No-UCM simulation (case 5) is added as a 532  

reference. It is interesting to see that the No-UCM case does not produce the largest biases in the 533  

urban surface temperatures, despite its erroneous simulation of the spatial patterns of the UHI 534  

(Figure 2b). However, since the simulated land surface temperatures for the three urban 535  

categories are not significantly different with this option for the three urban categories (i.e., the 536  

three urban categories have similar simulated surface temperatures), as can be seen from Figure 537  

2b, the biases for the three urban categories are quite different. In other words, the variability in 538  

the urban surface temperature (and in the UHI effect) is not captured by the No-UCM case. On 539  
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the other hand, the other three cases produce varying biases for the three urban categories. The 540  

default UCM yields the largest biases, which can reach up to 10.2 K. The default UCM with the 541  

calibrated properties reduces the biases significantly, but the errors remain relatively large (4 to 5 542  

K). The new PUCM clearly produces the smallest bias (< 1.5 K) as compared to the MODIS 543  

observations. In addition, this bias is comparable to the uncertainty in the MODIS land surface 544  

temperature product. Inter-comparing the values in Table 2 indicates that introducing urban grass 545  

into the UCM has a comparable impact on the surface temperature biases as modifying the 546  

surface properties in the default UCM. Another study by the authors (Li and Bou-Zeid, 2013) 547  

includes further comparisons of WRF-simulated to MODIS-observed UHI over this area in three 548  

other days during the period from June 5 to June 14, 2008. PUCM captures the surface UHI 549  

effect in three other days during that period as well (see their Figure 7), implying that our 550  

conclusion that WRF-PUCM can realistically represent the surface UHI effect over this area is 551  

robust. 552  

 553  

TABLE 2. Surface temperature biases generated by different UCMs in the three urban 554  
categories  555  

 Mean Biases (K) 
UCMs Industrial or  

Commercial 
Urban 

High Intensity 
Residential Urban 

Low Intensity 
Residential Urban 

No UCM –2.3 –1.9 – 0.03 
Default UCM 10.2 11.0 7.4 

Default UCM with 
calibrated properties 

3.8 4.7 3.8 

PUCM  0.4 1.0 1.1 
 556  

 557  

  558  
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3.3 Boundary-layer temperature profiles 559  

In addition to the comparison of the modeled surface temperatures to MODIS observations, an 560  

important parameter to validate is air temperature, which is also a main determinant of thermal 561  

comfort in cities. Due to the use of Ch calculated over grassland for impervious surfaces, the 2-m 562  

air temperature calculated in urban grids might not be the most suitable temperature to validate 563  

in urban terrain (it is not clear what elevation it would actually correspond to over complex 564  

canopies), despite the fact that in the companion paper we do use this 2-m temperature as a 565  

representative air temperature for assessing the impact of mitigation options. For validation 566  

purposes, a better test is the ability of WRF to reproduce the full atmospheric boundary layer 567  

temperature fields. To verify such ability, the WRF-simulated potential temperature profiles in 568  

the lower atmosphere (from 0.1 km to 3 km) at the Dulles International Airport (IAD) and the 569  

Baltimore/Washington International Airport (BWI) are compared to ACARS observations, 570  

which were introduced earlier. 571  

The IAD site is identified as an urban site due to a large fraction of urban land within the grid 572  

cell where IAD is located. The grid cell has 81%, 14% and 5% of low-density residential urban 573  

land, high-density residential urban land, and industrial/commercial urban land, respectively. 574  

While the BWI site has 35% low-density residential urban land, it is primarily dominated by 575  

deciduous broadleaf forest (40%) and has 10% deciduous needleleaf forest. 576  

Figure 6 illustrates the evolution of potential temperature in the lower atmosphere (up to 3 km 577  

above ground level) at IAD (left panel) and BWI (right panel). As can be seen in the figure, 578  

WRF simulations with different physical parameterizations (including PBL schemes and UCMs) 579  

display subtle differences, indicating that atmospheric temperature fields are less sensitive to 580  

these parameterizations than surface temperature fields. This is not surprising given the 581  
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constraint imposed by the surface energy balance on surface-atmosphere fluxes, which reduces 582  

the sensitivity of these fluxes to PBL and surface schemes. One can note however that the 583  

afternoon temperatures obtained with PUCM at the end of the run match the observations better 584  

(cooler near surface temperatures than other models), which is related to the cooler surface 585  

temperatures produced by PUCM. 586  

 587  

Figure 6. Evolution of potential temperature in the lower atmosphere (up to 4km above the 588  
ground level) at the Dulles International Airport (IAD, left panels) and the 589  
Baltimore/Washington International Airport (BWI, right panels) on June 9, 2008; time is UTC 590  
and local noon is thus 1700 UTC. The top panels are aircraft measurements and the other panels 591  
are results with different WRF simulation (case 3: YSU + CZ09 + default UCM; case 4: MYJ + 592  
CZ09 + default UCM; case 5: MYJ + CZ09 + No UCM; case 6: MYJ + CZ09 + PUCM). 593  

The mean potential temperature profiles over the diurnal cycle from observations and WRF 594  

simulations are shown in Figure 7. Overall, the composite potential temperature profiles from the 595  
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WRF simulations match the ACARS measurements better within the atmospheric boundary layer 596  

than above the atmospheric boundary layer. The biases inside the atmospheric boundary layer are 597  

on the order of 1 ~ 1.5 ºC, implying that WRF simulations capture the boundary layer 598  

temperature profiles reasonably well. Changing PBL schemes and UCMs alters the temperature 599  

profiles within the atmospheric boundary layer at both IAD and BWI; and the differences 600  

between WRF runs with two PBL schemes are comparable to those between WRF runs with 601  

different UCMs. Interestingly, at both locations, the case without a UCM seems to produce the 602  

largest differences with the other cases. The case without a UCM seems to better reproduce the 603  

temperature profiles while the case with PUCM seems to yield the largest biases at BWI; 604  

however, at IAD, slightly larger biases are associated with the case without a UCM and 605  

relatively smaller biases are observed for the case with PUCM. This, along with the vertical 606  

variability of the biases, prevent us from making general conclusions about the most suitable 607  

UCM for reproducing the boundary layer temperature profiles in WRF. But what we can 608  

conclude is that WRF is able to capture the bulk structure of potential temperature in the 609  

atmospheric boundary layer realistically.  610  

611  
Figure 7. Composite profiles of potential temperature in the lower atmosphere (up to 3 km above 612  
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ground level) at the Dulles International Airport (IAD, left panel) and the Baltimore/Washington 613  
International Airport (BWI, right panel) on June 9, 2008. 614  

4. Conclusions and discussions 615  

In this study, numerical simulation of the urban heat island effect at the city scale is investigated 616  

using a regional climate model (WRF) at high spatial resolutions. The simulated urban heat 617  

island with WRF is validated against remotely-sensed and in-situ observations from aircraft 618  

mounted sensors. The results indicate that the WRF-simulated surface temperatures are highly 619  

sensitive to both PBL schemes and the thermal roughness length parameterizations used in WRF. 620  

In particular, the surface temperatures are more sensitive to the PBL schemes during nighttime 621  

and more sensitive to the thermal roughness length parameterizations during daytime. The use of 622  

the CZ09 parameterization for thermal roughness length (a modified Zilitinkevich relationship) 623  

produces the smallest biases in the surface temperature fields over natural surfaces when 624  

compared to satellite measurements during daytime. 625  

The urban surface temperatures simulated by WRF are also sensitive to the UCMs used, as well 626  

as to the imposed urban thermal surface properties (e.g., albedo, thermal capacity, and thermal 627  

conductivity). A more consistent method for calculating urban surface temperature is proposed 628  

and validated in this study. Compared to not using a UCM or using the default UCM, an 629  

improved UCM (the PUCM), which we implemented into WRF, yields the smallest bias (< 1.5 630  

ºC) in the urban surface temperature fields, though part of this improved performance is 631  

attributed to the use of more accurate surface thermal properties. 632  

WRF-simulated potential temperature profiles in the atmospheric boundary layer are then 633  

compared to aircraft observations. Results show that WRF captures the boundary layer potential 634  

temperature profiles reasonably well at both the urban and the rural sites considered here. The 635  
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biases are about 1.5 ºC in the atmospheric boundary layer. The performance of WRF in 636  

reproducing the boundary layer structure is not very sensitive to the PBL schemes and the 637  

surface physical parameterizations such as the UCMs.  638  

The implementation and use of PUCM not only improve the performance of WRF in 639  

reproducing the land surface temperature patterns and the associated surface urban heat island 640  

intensity, but also allow a realistic investigation of urban heat island mitigation strategies such as 641  

the green roof and white roof strategies. These mitigation strategies have been studied at 642  

building-scales (see e.g., Li et al., 2013b; Sun et al., 2014; Susca et al., 2011; Takebayashi and 643  

Moriyama, 2007) or global-scales (e.g., Jacobson and Ten Hoeve, 2012; Oleson et al., 2010; 644  

Akbari et al., 2012). However, a problem of these previous global studies is the use of 645  

homogeneous urban properties (all roofs had to be white for example); in addition, less is known 646  

about the neighborhood and city-scale impacts of these mitigation strategies. Given that 647  

mitigation actions are usually organized and implemented at city scales and in stages, the WRF-648  

PUCM modeling system implemented and validated in this study is extremely useful in 649  

providing a framework to answer questions related to the effectiveness of UHI mitigation 650  

strategies. It can thus bridge the gap between building-scale experimental/modeling work and 651  

global-scale modeling work. In the companion paper (Li et al., 2014), we use this WRF-PUCM 652  

modeling system to study the city-scale impacts of green roof and cool (white) roof strategies, 653  

and we examine how these impacts scale as the penetration rate of their associated mitigation 654  

approaches increases.  655  
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