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Abstract 23 

Urban facets - the walls, roofs and ground in built-up terrain - are often conceptualized as 24 

homogeneous surfaces, despite the obvious variability in the composition and material properties 25 

of the urban fabric at the sub-facet scale. This study focuses on understanding the influence of 26 

this sub-facet heterogeneity, and the associated influence of different material properties, on the 27 

urban surface energy budget. The Princeton Urban Canopy Model (PUCM), which was 28 

developed with the ability to capture sub-facet variability, is evaluated at sites of various 29 

building densities, and then applied to simulate the energy exchanges of each sub-facet with the 30 

atmosphere over a densely-built site. Our analyses show that while all impervious built surfaces 31 

convert most of the incoming energy into sensible rather than latent heat, sensible heat fluxes 32 

from asphalt pavements and dark rooftops are twice as high as those from concrete surfaces and 33 

light colored roofs. Another important characteristic of urban areas - the shift in the peak time of 34 

sensible heat flux compared to rural areas – is here shown to be mainly linked to concrete’s high 35 

heat storage capacity, as well as to radiative trapping in the urban canyon. The results also 36 

illustrate that the vegetated pervious soil surfaces that dot the urban landscape play a dual role: 37 

during wet periods they redistribute much of the available energy into evaporative fluxes, but 38 

when moisture-stressed they behave more like an impervious surface. This role reversal, along 39 

with the direct evaporation of water stored over impervious surfaces, significantly reduce the 40 

overall Bowen Ratio of the urban site after rain events. 41 

 42 

Keywords: Surface Energy Budget, Urban Canopy Model, Urban Evaporation, Urban 43 

Hydrology, Urban Materials, Urban Microclimate. 44 
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1 Introduction 45 

Despite the complex geometry and the multitude of surfaces with varying hygrothermal and 46 

aerodynamic properties in urban terrain (Oke 1978), researchers have traditionally relied on the 47 

eddy covariance technique that can only measure area-averaged sensible and latent heat fluxes to 48 

characterize land-atmosphere interactions over such terrain (Roth 2007; Velasco et al. 2010; 49 

Grimmond et al. 2004; Rotach et al. 2005; Song & Y. Wang 2012; Christen & Vogt 2004). 50 

Investigations of fluxes from individual facets or canyons exist (Nunez & Oke 1977; Nunez & 51 

Oke 1980; Nottrott et al. 2011) but are relatively rare. The general consensus from these studies 52 

is that urbanization significantly alters the Bowen Ratio (Bo, the ratio of sensible to latent heat 53 

fluxes) by decreasing the latent heat flux (due to reduced surface moisture availability) and 54 

consequently increasing the sensible heat released into the atmosphere (Oke 1988; Grimmond & 55 

Oke 2002; Coutts et al. 2007; Ching 1985). In urbanized areas, the natural vegetative cover is 56 

replaced by practically impervious built surfaces such as concrete and asphalt that 57 

overwhelmingly convert the available energy into sensible heat. Even pervious landcovers in 58 

urban terrain (parks, lawns, etc.) are likely to be engineered and built with different soil and 59 

vegetation properties than their natural counterparts; they are hence not necessarily “natural”. 60 

Therefore, to distinguish the urban land-cover types in this study, we will refer to impervious 61 

surfaces (concrete, asphalt, roofs, stone, etc.) and pervious surfaces (natural or engineered soils, 62 

grass, or other vegetated surfaces). 63 

 64 

As an illustration of the impact of urbanization on the surface fluxes, Figure 1 shows an aerial 65 

view of two pairs of adjacent sites and Figure 2 compares the surface energy fluxes from these 66 

two pairs: Princeton-Broadmead is the first pair located in Princeton, NJ and UMBC-Cub Hill is 67 



 4 

the second located in Baltimore County, MD (site characterization and experimental details are 68 

provided later in the paper when the data are used for model validation). One site in each pair 69 

(Princeton and UMBC) is in a relatively densely-built urban neighborhood, while the other site 70 

in the pair is located in a suburban area surrounded mainly by mature vegetation and mixed trees 71 

with some houses (Cub Hill), or grass (Broadmead). It should be noted that while the land cover 72 

surrounding the sites differs, both sites of a given pair are influenced by the same synoptic 73 

forcings. Figure 2 clearly reveals a shift in the Bowen ratio from the built-up urban sites to the 74 

more vegetated suburban sites. At the suburban sites, the latent heat flux dominates due to the 75 

significant fraction of pervious surfaces. This dissimilarity between urban and suburban sites has 76 

been widely reported in the literature (Christen 2005; Grimmond & Oke 1999). Another 77 

important observation in these figures is that the available energy (the sum of the latent and 78 

sensible heat fluxes H + LE = Rn – Q, where H is the sensible heat flux into the atmosphere, LE 79 

is the latent heat flux into the atmosphere, Rn is the net radiation, and Q is the heat flux into the 80 

surface; we ignore anthropogenic emissions here for simplicity of illustration) is much higher at 81 

the suburban site compared to the urban site. Moreover, the diurnal trends of H show maximum  82 

sensible heat flux over the suburban site earlier in the day, while the peaks at the urban sites 83 

occur later. This phase shift has been observed previously and attributed to the higher thermal 84 

storage capacity of impervious surfaces (Ching 1985; Grimmond & Oke 1999; Offerle et al. 85 

2006; Offerle et al. 2005), but its dynamics have not been investigated in detail. 86 

 87 

These observations at the two pairs of sites we study illustrate the well-known bulk influences of 88 

urbanization on the surface energy fluxes. Although these flux studies have contributed 89 

significantly to our understanding and have improved our ability to parameterize urban fluxes, 90 
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they inherently lump the contributions from the various urban facets and materials and thus lack 91 

the capability to discern the effect of specific surfaces and hygrothermal properties associated 92 

with building-scale variability on the urban surface energy budget (SEB) (footprint analysis can 93 

allow them to capture neighborhood-scale variability). But such detailed, material-specific 94 

knowledge is needed to develop better strategies for mitigation of the urban heat island effect 95 

and other adverse environmental processes in cities, and to guide urban design, including 96 

material selection for construction. Given the above mentioned challenges in measuring facet 97 

and sub-facet scale fluxes, models of the urban surface energy budget are needed to develop this 98 

understanding. 99 

 100 

Many researchers have relied on “urban canopy models” (UCMs), or the closely-related coupled 101 

urban energy and water exchange schemes, (Grimmond & Oke 2002; Kusaka et al. 2001; 102 

Masson 2000; Martilli et al. 2002; Järvi et al. 2011; Berthier et al. 2006; Hamdi & Schayes 2008) 103 

to study energy exchanges in urban areas. While these models are primarily used to parameterize 104 

land-atmosphere interactions over urban areas in mesoscale models (Kusaka & Kimura 2004), 105 

they have also been successfully used in offline mode to understand urban energy and water 106 

budgets (Wang et al. 2011b; Järvi et al. 2011). In addition, urban models have also been used to 107 

study Urban Heat Island (UHI) effects (Hamdi & Schayes 2008; Bohnenstengel et al. 2011). 108 

 109 

In the last decade, UCMs have evolved from simple slab models to multi-layer schemes that can 110 

account for various complex and interacting urban processes. Most UCMs now have the ability 111 

to distinguish various urban facets like rooftops, roads and walls. Moreover, the energy 112 

exchanges between various urban facets and the atmosphere are relatively well represented 113 
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(though this aspect of UCMs can certainly still be significantly improved). Porson et al. (2009) 114 

studied the performance of different UCMs (single facet slab models to multi-facet UCMs) and 115 

found that UCMs having two or more urban facets performed better than the slab models. 116 

Kusaka et al. (2012) also confirmed the superiority of UCMs over slab models in their study on 117 

the UHI over Tokyo. These developments have considerably improved the ability of UCMs to 118 

model urban radiative exchanges (Grimmond et al. 2010; Grimmond et al. 2011). However, most 119 

UCMs continue to have a very simplistic representation of urban sub-facets and to lump the 120 

hygrothermal properties and dynamics of different sub-facets into an “average urban facet”, 121 

which is often difficult to define or characterize. Due to these limitations, as well as the 122 

simplistic treatment of urban hydrology and pervious surfaces, UCMs perform poorly in 123 

modeling turbulent exchanges, particularly latent heat fluxes (Grimmond et al. 2010; Grimmond 124 

et al. 2011). 125 

 126 

To address these limitations, the Princeton UCM (PUCM) has been developed with distinct 127 

representation for various sub-facets and a more realistic and complete inclusion of hydrological 128 

processes. Rooftops in PUCM can be represented as any combination of black, white and green 129 

roofs, each modeled independently using its unique physical and thermal attributes. Likewise, 130 

the ground facet can be segregated into asphalt, concrete and grass fractions (more facets such as 131 

brick pavements can be added). Apart from these additions, PUCM is further enhanced in two 132 

key aspects: 1) a detailed hydrological model, which uses the Richards equation to simulate 133 

vertical water transport in urban pervious surfaces while assigning a non-zero water holding 134 

capacity for impervious surfaces, is included to predict urban water storage and evaporative 135 

fluxes (Wang et al. 2013); and 2) conduction in solids is modeled using more accurate spatially-136 
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analytical solutions (compared to the more common finite-difference numerical solutions) of the 137 

one-dimensional heat equation (Wang et al. 2013). These additions, along with calibration of 138 

some urban material properties specifically for the Northeastern United States (Wang et al. 139 

2011b) where validation was conducted, have significantly improved PUCM’s ability to model 140 

H and LE (Wang et al. 2013; Wang et al. 2011a).  141 

 142 

In this study we particularly exploit PUCM’s ability to model sub-facet fluxes with the aim of 143 

studying their variability, their sensitivity to material properties, and their influence on the 144 

integrated urban surface energy budget. The model is first briefly presented and evaluated using 145 

observed data from all four sites discussed above. In these validations, the PUCM is run with the 146 

characteristic urban properties determined over the EC measurement footprint (which can vary 147 

with wind direction). The meteorological data observed at the various towers are used to force 148 

(provide the state of the atmosphere) the model. Subsequently, the UMBC site is selected (due to 149 

unique characteristics we detail later) for further modeling and analysis aimed at answering the 150 

overarching questions of this study: how does the variability in surface hygrothermal properties 151 

translate into variability in surface-atmosphere fluxes at the sub-facet and urban scales? And how 152 

is this variability influenced by hydrometeorological conditions? 153 

 154 

2 Model Methodology, Setup, and Evaluation 155 

2.1 Methodology 156 

PUCM combines basic meteorological data with aerodynamic and geometric properties of the 157 

built environment and hygrothermal properties of impervious and pervious surfaces to estimate 158 

the surface energy budget for urban canopies (see Wang et al. (2013) for an in depth model 159 
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description and validation). The model is based on the urban energy exchange schemes devised 160 

by Masson (2000) and Kusaka (2001). It is a single layer UCM, but with the unique ability to 161 

represent multiple surfaces and materials in each of the UCM facets (ground, wall, and roof). 162 

PUCM also includes a detailed hydrologic component to account for bare soil evaporation and 163 

evaporation from impervious surfaces (asphalt and concrete ground pavements, roofs, etc.). 164 

Impervious surfaces are modeled to have variable water holding/storage, capped by a fixed upper 165 

limit like a bucket model (check Table III for maximum allowed water capacity for various 166 

surfaces). The storage is replenished by precipitation and then depleted by evaporation at a rate 167 

reduced from the potential evaporation by a factor  βI  = current storage/maximum storage. For 168 

pervious surfaces, Richards equation is solved numerically over multiple layers to describe water 169 

storage and transport and surface evapotranspiration is reduced from the potential rate as the 170 

surface soil moisture is reduced below saturation and due to the stomatal resistance of the 171 

vegetation. The aerodynamic transfer functions (aerodynamic resistances that control the fluxes 172 

from each sub-facet) are stability-dependent and different for different facets, but the same 173 

functions are used for the different sub-facets within each facet. The model is forced by basic 174 

meteorological variables measured at the flux sites as detailed in Tables I and II. It should be 175 

noted that the model can account for anthropogenic heat flux by adding them as sources 176 

wherever they occur (car heat emissions can be added inside the canyon, for example); however, 177 

since it is not applied over very dense urban cores in this study (like downtowns or industrial 178 

neighborhoods), the contribution from this term is neglected since it would not be large enough 179 

to have a significant impact on our results, and its value would have high uncertainty. 180 

 181 
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4.2 Model Setup 182 

In addition to forcing data, site characteristics need to be specified to run PUCM. The footprint 183 

for each flux tower was calculated and the surface characteristics in PUCM were set to match the 184 

footprint characteristics. Given the uncertainty in determining the footprint over heterogeneous 185 

surfaces and the difficulty in properly characterizing the surface properties, the comparison 186 

between model output and field observations is used to only confirm the agreement of the 187 

qualitative trends; exact quantitative agreement is not expected. Hence this should be viewed as a 188 

model evaluation analysis. PUCM has been quantitatively validated using sensor networks 189 

(Wang et al. 2013); in those validations, model surface temperatures for different sub-facets and 190 

materials agreed very well with observed temperatures. In addition, the model was shown to 191 

accurately capture soil moisture increase due to precipitation and the subsequent decrease during 192 

dry-down. In this study, we test the model’s ability to qualitatively reproduce the SEB 193 

differences among the sites with different surface materials and composition, so we can then use 194 

it to probe the surface physical mechanisms and properties that induce the dissimilarity in surface 195 

fluxes between urban and rural sites, as well as the influence of material properties on the urban 196 

SEB. 197 

 198 

Particular attention is paid to the UMBC site, the focus of our modeling efforts. For the UMBC 199 

simulations, the land surface is divided into four sectors, each with distinct land-cover 200 

characteristics. This is needed due to the strong variability of upwind surface properties at the 201 

site depending on wind direction. The model is run separately for each sector and the results, 202 

only when compared to observed data, are then aggregated using observed wind direction 203 

measurements (at any given time, the fluxes from the upwind sector are used). This sectoring is 204 
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depicted in Figure 3, and the land cover partitioning for each sector is detailed in the pie chart in 205 

Figure 4. This aggregation is only needed in the model evaluation part since the model footprint 206 

needs to match the EC footprint. In subsequent analyses when no comparison to observed data is 207 

performed, the fluxes from all sectors are averaged with equal weights to represent the integrated 208 

true SEB of the site. 209 

 210 

The tower footprints were estimated using the analytical model proposed by Hsieh et al. (2000). 211 

While the footprint was estimated assuming neutral conditions (a dynamic determination for 212 

each 30-minute period would make modeling very complicated, since it would entail redefining 213 

the surface properties for each period), PUCM does account for stability when computing the 214 

aerodynamic transfer functions of each facet. Figure 3 shows the computed footprint used to 215 

configure PUCM for the UMBC site. Lawns and parking lots cover most of sector II, while 216 

sector III has a high concentration of buildings. Sectors IV and I have an even distribution of 217 

impervious and pervious (mostly grass) surfaces. PUCM does not yet have the ability to 218 

represent the tall trees that cover a small fraction in sectors II and III; therefore, tree-cover is 219 

represented as a grass surface in this study. The average height of the buildings around the tower 220 

is approximately 9 m and the flux tower is 24.5 m AGL. Depending on the wind direction, a few 221 

individual buildings can affect the flux measurements since the EC sensors occasionally lie in the 222 

roughness sublayer; however, raising the EC level significantly above all surrounding buildings 223 

would make the footprint almost completely outside of the UMBC campus and thus lead to other 224 

biases. The EC data for all sites were treated in the standard way (Foken et al. 2005) to compute 225 

fluxes: the planar-fit and WPL corrections were applied; the corrected fields were linearly 226 

detrended; and the instantaneous fluxes were averaged over a period of 30 minutes.  227 
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 228 

Crawford et al. (2011) did an extensive land cover analysis of the Cub Hill site, which we use to 229 

represent the surface in our simulations. Overall, 68% of the area at that site is covered by 230 

vegetation and the rest is split among rooftops, asphalt and concrete pavements. The suburban 231 

Broadmead site is overwhelmingly surrounded by grass, 10-15 cm tall. The footprint at the 232 

Princeton site and its urban characteristics are obtained from Wang et al. (2013). In addition to 233 

the forcings and land cover characteristics described above, the thermal, aerodynamic, and soil 234 

properties are prescribed in the model as shown in Table III. 235 

4.3 Model Evaluation 236 

Based on the setup detailed in the previous subsection, PUCM model simulations were run for 237 

the months of July 2009 at the UMBC and Cub Hill sites and for July 2011 for Broadmead and 238 

Princeton sites. For model testing, the periods when the EC observations were missing were 239 

excluded from the modeled data (to compare averages over identical periods). To obtain a 240 

monthly average, both the model and observed flux data were separated by day and the 241 

corresponding half-hour bins from each diurnal cycle were ensemble-averaged. 242 

 243 

The modeled latent and sensible heat fluxes from all the sites are compared to their respective 244 

EC observations in Figure 5. At the UMBC site, for which the land-cover characterization of the 245 

footprint area is very detailed, the model captures the nighttime and early morning trends and the 246 

peak values well. In particular, the model captures the observed increase in sensible heat flux 247 

that starts around 0630-0700 EDT. During the peak hours, 1100-1300 EDT, the model slightly 248 

overpredicts both H and LE; the peak time for modeled LE is also earlier than in observations 249 

(this might be due to inaccuracies in the thermal properties of vegetated surfaces used in PUCM). 250 
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Given the aerodynamic and thermal heterogeneities of the urban landscape, PUCM does 251 

reasonably well in predicting the surface energy fluxes at UMBC. The Root Mean Square Error 252 

(RMSE, reflecting the skill of the model in reproducing accurately and precisely the modeled 253 

diurnal flux) for H is around 36 Wm–2 and the Mean Bias Error (MBE, representing the skill of 254 

the model in representing the fluxes averaged over the whole day) is 2.3 Wm–2. For LE, the 255 

RMSE and MBE are 31 Wm–2 and 2.3 Wm–2 (note that the RMSE for LE at the UMBC site 256 

increased from 23.5 to 36 Wm–2 from the drier first half of the month to the wetter second half). 257 

At the suburban Cub Hill site, shown in Figure 5b, the model performs well in predicting the 258 

trends of the fluxes but the magnitude is slightly low for both H and LE.  This suggests 259 

inaccuracies in the outgoing radiation or storage terms in the model that are most likely related to 260 

inaccuracies in the surface properties and characteristics we imposed. Specifying surface 261 

properties for highly heterogeneous urban surfaces is a difficult task, particularly for a footprint 262 

as large as the Cub Hill Site where the EC measurements are made at a height of 41 m above 263 

ground level. The RMSEs for H and LE at Cub Hill were 54 and 53 Wm–2. At the Princeton site, 264 

the model overpredicts both sensible and latent heat fluxes, most likely due to changes in 265 

footprint composition with wind direction that are not accounted for in our simulations. The peak 266 

time is captured well for the sensible heat flux but modeled latent heat flux peaks earlier in the 267 

model as with the UMBC site; the site’s RMSEs for H and LE were 31 and 53 Wm–2. At the 268 

more homogenous Broadmead site, the model performs well in predicting the latent heat flux, 269 

but underpredicts the sensible heat flux. The RMSEs for H and LE at Broadmead were 34 and 36 270 

Wm–2.  271 

 272 
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Although the RMSE for H at all four sites are similar and comparable to other UCMs (Ryu et al. 273 

2011), the modeled LE display more inter-site variability and their RMEs range from 34 to 74 274 

Wm–2. Overall, the comparisons do not reveal significant consistent bias (both fluxes are 275 

overestimated and underestimated at different sites) and confirm, despite the moderate 276 

discrepancies with observations, that PUCM is able to represent the dissimilarities between 277 

urban and suburban sites in the phases, magnitudes, and ratios of the fluxes. This indicates that 278 

PUCM is able to capture the underlying physical processes that control the surface energy budget 279 

in built terrains with varying degrees of urbanization, but that there is room for improvement 280 

particularly in the characterization of the hygrothermal properties of the surface to improve the 281 

modeled available energy. Other potential improvements consist of including in PUCM the 282 

capacity to represent tall vegetation and the deep root transpiration it induces (this work is 283 

underway), the absence of which might explain the underestimation of LE and its high RMSE at 284 

suburban sites dominated by mature tall vegetation. 285 

5 Model Results 286 

The model results are organized in three subsections that discuss the sub-facet heterogeneity in 287 

terms of surface temperatures, the surface energy budget of individual sub-facets, and the 288 

influence of hydrometeorological conditions on the overall SEB. While the model was evaluated 289 

for all four sites, the results section mainly focuses on the UMBC site. The focus on a detailed 290 

analysis of one site is tied to the goals of the paper, which are to link the urban SEB to the 291 

underlying materials and heterogeneity rather than to catalogue and study the SEB of various 292 

sites. The UMBC site was chosen due to its mix of various impervious and pervious surfaces that 293 



 14 

provides a suitable platform to investigate the impact of sub-facet heterogeneity and material 294 

properties; it has comparable fractions of asphalt, concrete, rooftops and grass surfaces. 295 

 296 

5.1 Surface Temperature 297 

Considerable differences in surface temperatures over various sub-facets were observed at 298 

UMBC during July 2009, as depicted in Figure 6. While the surface temperature over asphalt is 299 

the highest, white roofs remain the coolest. The difference in average peak surface temperature 300 

between these two surfaces is close to 15 ºC. In contrast to white roofs, black roofs peak at 40 301 

ºC. The difference observed here is due to their respective albedos (their other thermal properties 302 

are equal). In PUCM, the white roofs were modeled with an albedo of 0.5 and the black roof's 303 

albedo was set at 0.1. Grass surfaces experience midday peak surface temperatures of around 36 304 

ºC. Concrete, the third modeled impervious surface, experiences peak temperatures close to 37 305 

ºC, which is significantly lower than asphalt and black roofs and very comparable to the grass 306 

surfaces. However, concrete sub-facets become the hottest surfaces during the night and early 307 

morning periods. The behavior of concrete is directly linked to its high thermal inertial or 308 

effusivity (e = (ρ c K)1/2), where ρ is the density, c the specific heat capacity, and K the thermal 309 

conductivity), which allows it to store large amounts of thermal energy (due to high heat 310 

capacity) over larger depths (due to high thermal conductivity) and to release it latter during the 311 

night. This results in slower diurnal variation of surface temperatures. 312 

 313 

The differences in thermal effusivities, along with differences in the sky view factors, also 314 

explain the differences in the timing of peak surface temperatures for the different sub-facets. 315 

Due to their low thermal effusivities, and their shading in the morning and afternoon, asphalt 316 
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(e = 1.2×106 JK–1m–2s–1/2) and grass vegetated (e = 1.44×106  JK–1m–2s–1/2) sub-facets have sharp 317 

temperature peaks that occur around 1300 EDT. Concrete, due its high thermal effusivity 318 

(e = 4.3×106  JK–1m–2s–1/2), peaks around 1330 local time, with relatively slow variation around 319 

the peak. Roofs have a low thermal effusivity (e = 1.08×106  JK–1m–2s–1/2) that is close to that of 320 

asphalt; they hence have a peak temperature that occurs at the same time. During the cool down 321 

periods of the afternoon, asphalt and green surfaces cool the fastest due to shading and low 322 

thermal effusivity. Roofs cool relatively slower despite their low effusivity which is comparable 323 

to that of asphalt; this is in fact due to their higher sky view factor in the afternoon resulting in 324 

longer exposure to solar and atmospheric radiative heating. Concrete is the slowest to cool down, 325 

despite the shading effect, due to its high thermal inertia/effusivity. 326 

 327 

These different diurnal temperature patterns of the pervious and impervious surfaces, particularly 328 

concrete, result in the delayed peak fluxes in urban areas, as illustrated by the observational data 329 

of Figure 2. Concrete also sustains the higher temperatures of the urban areas beyond the diurnal 330 

radiative forcing and into the nighttime. This, along with the nighttime longwave radiative 331 

trapping in the canyon that leads to all canyon facets cooling down at a slower rate than roofs 332 

(after about 20:00 hours) as depicted in Figure 6, explains why sensible turbulent heat fluxes 333 

often continue to be positive (upwards) over cities throughout the night (Lagouarde et al. 2006). 334 

This analysis reveals that concrete, despite its high albedo of 0.4, is the main material responsible 335 

for these fluxes. Asphalt on the other hand has a much lower albedo that allows it to have the 336 

highest daytime peak temperatures, but its low thermal effusivity does not allow it to store 337 

sufficient thermal energy to keep it hot at night. Asphalt and other material with low effusivity 338 

are only able to store energy near the surface. Another important factor that these simulations 339 
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illustrate is that nighttime radiative trapping in the canyon is responsible for maintaining higher 340 

surface temperatures for canyon sub-facets, compared to roofs or open vegetation. 341 

 342 

The surface temperatures trends modeled here are very close to observations made over these 343 

respective surfaces. Wang et al. (2013) for example used IRguns to infer temperature values over 344 

multiple urban surfaces and to validate PUCM. Offerle et al. (2005) also measured surface 345 

temperatures that are comparable in values and trends to the ones modeled here. 346 

 347 

5.2 SEB of Urban Facets 348 

This section focuses on how the surface thermal dynamics and surface temperatures of the 349 

different materials presented in the previous section are translated into sensible and latent heat 350 

fluxes into the atmosphere, and what role they play in influencing the bulk urban surface energy 351 

budget. We first compare the different components of the SEB (H, LE, Q and Rn) over various 352 

sub-facets (Figure 7). The reader is referred back to Table III, which lists the thermal properties 353 

of the urban materials adopted to run the model. We reiterate that these values are selected based 354 

on a thorough literature survey in addition to a calibration procedure for some of them, as 355 

detailed and validated in Wang et al. (2011b; 2013). To obtain the plots shown in Figure 7, each 356 

sector (Figure 4) was independently simulated by the PUCM for one month (July 2009) and the 357 

fluxes from all sectors were averaged for each sub-facet, weighted by the fraction covered by 358 

that sub-facet type in each sector. The results hence show average fluxes for each sub-facet that 359 

aggregate the simulations of all sectors (recall that for these results that do not include 360 

comparison to observations we no longer use the wind direction to select a single sector for 361 

fluxes). The daily averages of the results in Figure 7 give the fractional contributions of all facets 362 
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to the overall energy budget terms at UMBC, which are show in Figure 8 along with the fraction 363 

of the surface covered by a given type of sub-facet.  364 

 365 

The rooftops, unaffected by shadowing, benefit from maximum sky view factor at all times and 366 

thus display a marginally broader diurnal Rn cycle. The highest net radiation is however directly 367 

related to albedo: asphalt, grass, and black roofs display the highest peaks. This indicates that 368 

these sub-facets will have the most energy that can be converted to sensible heating of the air (H) 369 

or to sensible heating of the solid ground (Q) or to latent heat (LE). 370 

 371 

The highest sensible heat fluxes occur over asphalt sub-facets (over 250 Wm –2), which cover 372 

22% of the surface at UMBC (due to the large parking lots), but produce about 46% of the 373 

sensible heat fluxes (Figure 8). Concrete surfaces contribute slightly over 20% of the total 374 

sensible heat flux and produce the highest nighttime H, with peaks around 85 Wm–2; this is 375 

related to their high storage of heat during daytime as detailed in the previous section. The 376 

sensible heat flux is also dominant (compared to latent heat flux) over both black and white 377 

roofs; peak H is about 220 Wm–2 for black roofs, compared to about 100 Wm–2 for white roofs 378 

(Figure 7). The diurnal cycles of H and Q, are broader for the black roofs compared to white 379 

roofs since they are hotter than the air or the lower ground layers for longer periods. Black roofs 380 

start releasing sensible heat one hour earlier than white roofs and also continue emitting sensible 381 

heat one hour longer. 382 

 383 

Despite their high net radiation, green surfaces produce relatively low sensible heating since a 384 

large fraction of incoming energy is diverted into latent heat. Figure 8 shows low H contribution 385 
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from the grass cover, the average peak was around 80 Wm–2. Trees and lawns occupy nearly 386 

33% of the area around the UMBC site (recall that both are modeled as grass-covered soils), but 387 

release 80% of the LE: the averaged midday peak was 225 Wm–2. The latent heat flux over 388 

impervious surfaces was intermittent; this intermittency is related to precipitation being the 389 

primary trigger for LE from these surfaces, which have very low water storage capacity. The 390 

pattern of impervious LE is thus related to the random patterns of precipitation, as well as to the 391 

diurnal SEB cycle. Concrete and asphalt surfaces contributed the most (about 7% each of the 392 

total) to LE. 393 

 394 

Concrete and asphalt produce large storage terms (Q = ground heat flux) exceeding 200 Wm–2; 395 

both also produce the largest negative ground fluxes during the night (sustained for longer 396 

periods for concrete), indicating that this stored energy is being released and heating the urban 397 

air as confirmed by the positive H during nighttime for these two materials. Ground heat flux 398 

over black roofs peaks at about 160 Wm –2, compared to 95 Wm –2 over white roofs (Figure 7). 399 

These roof fluxes are sustained in the afternoon, but they do not translate into considerable 400 

negative Q at night, probably due to low effusivity as well as to the rapid radiative cooling of the 401 

roofs, which are not affected by longwave nighttime radiative trapping. 402 

 403 

To visualize the relative importance of each individual term in the energy budget equation with 404 

respect to net radiation, and to focus on the SEB of each sub-facet rather than on the different 405 

components of the SEB, the monthly averaged daytime (0800-1500 local time) ratios of H/Rn, 406 

LE/Rn and Q/Rn are plotted for all the facets in Figures 9 and 10. The daytime variation (0800-1500 407 

local time) of the energy terms over the white and black roofs, when normalized by net radiation 408 
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are broadly similar, but with higher storage fraction for the white roof and higher atmospheric 409 

fluxes for the black roof (Figure 9). This can be explained by the higher efficiency of H relative to 410 

Q: as the black roof surface get hotter (compared to the white roof), heat convection to the 411 

atmosphere (H) is more efficiently performed than heat conduction to the roof (Q) (Bateni & 412 

Entekhabi 2012) resulting in a larger H/Q ratio for black than white roofs. The reader is reminded 413 

that Q over black roofs remains larger than Q over white roofs in absolute terms. The LE fraction 414 

of Rn is roughly constant at about 10%. However, as the day progresses, the storage fluxes fractions 415 

decrease and the atmospheric sensible fluxes fraction increase. The explanation of this change 416 

parallels the comparison between black and white roofs: the colder solid surfaces early in the 417 

morning are able to absorb significant amount of thermal energy, but as their temperatures 418 

increase, their ability to absorb more energy is reduced (surface gradients decrease), while the 419 

fluxes into the atmosphere are enhanced due to higher surface temperatures and the onset of 420 

convective conditions. In other words, the atmosphere is a much larger reservoir than the ground 421 

and its temperature increase per unit surface heat flux absorbed is lower, which allows it to absorb 422 

more heat. 423 

 424 

Over asphalt (Figure 10), the storage flux fraction is dominant between 0800-1100 local time, 425 

but goes to almost zero or slightly negative values after 1400 local time. Contribution from LE to 426 

the overall SEB over asphalt is relatively significant early in the day, but decreases also to zero at 427 

about noon. This is probably due nighttime precipitation or precipitation from the late afternoon 428 

of the previous day that results in stored water at the surface, until enough energy becomes 429 

available to evaporate it early the next morning. But by noon, the stored water is depleted and LE 430 

drops sharply. LE rises again later in the afternoon probably due to afternoon rainfall. As with 431 
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roofs, when the atmosphere becomes unstable and the surface heats up, sensible heat becomes 432 

the most dominant term of the asphalt SEB. 433 

 434 

Over concrete, due to its high effusivity, storage flux is the most dominant term almost throughout 435 

the day (except in the later afternoon). The Q/Rn ratio is consistently greater than 0.6. The H/Rn 436 

ratio over concrete increases during the afternoon, as the influence of Q decreases, but remains 437 

very low overall compared to other surfaces. As expected, LE/Rn ratio over concrete is low, 438 

around 0.2 during the daytime period, but an increase is again observed in the afternoon due to 439 

rainfall during that period. 440 

 441 

In contrast to impervious surfaces, LE dominates over pervious grass surfaces for most of the 442 

day. However, during the morning period between 0800-1000 EDT, Q is the main flux over 443 

pervious grass surfaces. The contribution of H/Rn over grass is steady at about 18% for most of 444 

the daytime. Grass surfaces are unique in that they are the only sub-facet over which the LE/Rn 445 

ratio increases as the day progresses; this is related to steadiness in the surface water availability 446 

and to the complex dependence of the evaporative fraction on the diurnal cycles of the various 447 

parameters that affect it (atmospheric humidity and temperature, radiation, and soil moisture). 448 

The evaporative fraction trends for the vegetated surfaces implied by our results are in good 449 

agreement with the trends observed and theoretically derived over natural terrain (Gentine et al. 450 

2011). 451 

 452 

Apart from the contribution of each term to the sub-facet SEB, the switchover time of which flux 453 

is dominant is significant to the phase lag observed between each term in the overall SEB. Over 454 
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asphalt and grass surfaces, the switchover from Q to H and LE, respectively, can be related to the 455 

growth of the convective boundary layer that aids and enhances turbulent mixing. The concrete 456 

surfaces keep storing heat for most of the day; this heat is then steadily released during the 457 

evening and nighttime periods. As mentioned above, the averaged sensible heat flux over 458 

concrete never goes below zero, indicating that concrete behaves as a source of heat for the 459 

atmosphere all day long. This property of concrete to retain and release heat throughout the night 460 

is mainly responsible for nighttime urban heat island effects felt in large cities as explained 461 

earlier, along with the longwave canyon radiative trapping. These storage dynamics also 462 

contribute to the phase shift in peak times observed between urban, with a lot of concrete, and 463 

rural areas, with little concrete. 464 

5.3 Dry-Wet Contrast 465 

During the first half of July 2009, the weather around the UMBC site was dry. The total 466 

precipitation for the first fifteen days of the month was low compared to the previous ten days. 467 

As a consequence, the Bowen Ratio (Bo = H/LE) was greater than one, and increased 468 

systematically during that dry period as shown in Figure 11. During July 1-15, sensible heat flux 469 

dominated latent heat flux. However, with increased precipitation during the relatively wet 470 

second half of the month, the averaged daytime Bowen ratio decreased from 1.6 to 1. Latent heat 471 

fluxed from the whole urban area peaked at over 200 Wm–2 during the second half of July 2009 472 

in model simulations with a Bowen ratio of less than 0.5 on some days (e.g. the very last day 473 

plotted in Figure 11). 474 

 475 
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To assess the effect of wetting and drying periods on the SEB of different sub-facets, the budget 476 

components for a dry period (July 8-17) and a wet period (July 23-31) were plotted separately in 477 

Figures 12 and 13. The most striking observation is the difference in LE between the wet and dry 478 

periods over the green surfaces: while this LE for the wet period peaks at about 280 Wm−2, the 479 

corresponding peak during the dry period is around 215 Wm−2. The evaporation from these 480 

vegetated surfaces is sustained into the early evening resulting in a negative H (cooling of urban 481 

air) during both periods. Apart from the grass surfaces, the contribution from impervious 482 

surfaces to LE significantly increases during the wet period, compared to the dry period. While 483 

the contribution from impervious surfaces towards net LE is 7.3% for the dry period, during the 484 

wet period this contribution increased to 27% of the total (accounting for the different fractions 485 

of the area of UMBC covered by the different surfaces). On a per unit area basis, concrete and 486 

asphalt sub-facets show peaks in LE at about 50 Wm−2 and 80 Wm−2, respectively. The increased 487 

evaporation during wet periods directly impacts H and Q partitioning. The peak H and Q values 488 

for the dry period over all sub-facets are higher compared to the wet period. While the peak H 489 

and Q over asphalt and concrete during the dry period were Hasphlat = 268, Qasphalt = 224, 490 

Hconcrete = 87 and Qconcrete = 235 Wm−2, during the wet period, they were reduced to 240, 190, 67 491 

and 200 Wm−2 respectively. The reduction in peak H from the vegetated sub-facets was even 492 

more pronounced; it decreased from 95 Wm–2 during the dry period to 60 Wm –2 during the wet 493 

period.  494 

These results indicate that in addition to the differences observed between wet and dry periods in 495 

built surface evaporation, significant changes in fluxes are also expected over urban vegetated 496 

surfaces. These vegetated surfaces, when water-stressed, contribute more to H. However, when 497 

precipitation is abundant, their dynamics change and contribute significantly to the cooling of 498 



 23 

urban, and suburban areas. The effect of irrigation was not accounted for in our model (and can 499 

explain some of the differences with observed data, see a discussion on urban irrigation with 500 

some results for Baltimore in Bhaskar & Welty (2012), but our comparison of wet and dry 501 

periods implicitly indicate that if urban grass surfaces are irrigated, a significant impact on the 502 

urban SEB should be expected particularly in suburban areas with large vegetated fractions. 503 

6 Summary and Conclusion 504 

This study focused on understanding the influence of urban sub-facet heterogeneity, and the 505 

associated influence of material properties, on the urban surface energy budget. The Princeton 506 

Urban Canopy Model (PUCM) was first evaluated over multiple sites and then applied over the 507 

most heterogeneous of these sites, UMBC, to simulate energy exchanges of each sub-facet with 508 

the atmosphere. Our main conclusions are as follows: 509 

• Pairs of densely-built urban and suburban sites exhibit sharp contrasts in the magnitude 510 

and phase of sensible and latent heat fluxes. The Princeton Urban Canopy Model 511 

(PUCM) is able to capture these contrasts and their diurnal trends. 512 

• Engineered surfaces, especially asphalt and black roofs, partition most of the incoming 513 

energy into sensible heat flux during the day, which results in increased air temperatures. 514 

Asphalt pavement covered 22% of the surface at UMBC, but produced about 46% of the 515 

sensible heat fluxes. These dark surfaces also had the highest values of net radiation, 516 

which was mainly controlled by surface albedo. 517 

• Concrete, while still producing more sensible than latent heat flux, partitions most of the 518 

daytime radiative energy into ground storage due to its high thermal effusivity. This high 519 

storage of thermal energy in concrete is the main agent responsible for the observed lag 520 
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in peak flux times between urban and rural/suburban neighborhoods, and in the sustained 521 

nighttime warming (positive H) of the urban air. 522 

• Another important factor in the nighttime urban warming is the longwave radiative 523 

trapping in the canyons, which as we show here results in slower cooling of the canyon 524 

surfaces compared to the roof surfaces that have a sky view factor of 1. 525 

• While impervious surfaces principally partition the incoming energy into sensible heat 526 

flux and ground heat flux, their contribution to latent heat flux cannot be ignored. At the 527 

UMBC site over the month of July 2009, nearly 17% of the observed latent heat flux was 528 

due to impervious surface evaporation, most of it following precipitation events. 529 

• Among the impervious surfaces, concrete and asphalt contributed significantly to 530 

evaporative fluxes. Together, concrete and asphalt accounted for 14 % of the overall LE 531 

at the site for the whole month. 532 

• These characteristics of the urban SEB over different sub-facets are however very 533 

sensitive to the availability of surface moisture, and hence to precipitation. During the 534 

first dry half of the simulated month, all surfaces produced high sensible and ground heat 535 

fluxes. While during the second wet half, the pervious surfaces were partitioning the 536 

available energy overwhelmingly into LE, and the sensible fluxes from impervious 537 

surface were also reduced appreciably. The vegetated pervious grass surfaces that dot the 538 

urban landscape thus play a dual role: during wet periods they redistributed much of the 539 

available energy into evaporative fluxes, but when moisture-stressed, they behaved more 540 

like impervious built surfaces. Irrigation of these urban vegetated surfaces will thus have 541 

an important impact on surface SEB. 542 
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Overall, this study aims to stress that “built impervious surfaces” are not “engineered” equal. 543 

There are large differences in their thermal properties and water storage abilities that, when 544 

combined with the complicated radiative processes in urban canopies, produce very 545 

heterogeneous and transient conditions. While this can be viewed as a problem due to the 546 

complexity of the resulting dynamics, it is also potentially an asset for building designers, urban 547 

planners and policy makers who could exploit these differences to improve the urban 548 

environment and make cities more resilient in the face of climate extremes, particularly heat 549 

waves. Pervious surfaces in suburbs and cities are nowadays “engineered” rather than “natural” 550 

facets, and can also be designed with specific aims. 551 
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Figure Captions 663 

Figure 1. Land cover surrounding all four flux towers and the land cover characteristics 664 

surrounding them. Top left is the suburban Cub Hill site in Baltimore County, Maryland 665 

(39.4125ºN 76.5208ºW). Top right shows the UMBC (University of Maryland Baltimore 666 

County) tower (39.2542ºN 76.7097ºW). Bottom left is the Broadmead site in Princeton, NJ 667 

(40.3464ºN 74.6435ºW) and bottom right shows the tower over the built-up Princeton 668 

town/campus (40.3509ºN 74.6510ºW) (images courtesy of Google Inc.). 669 

Figure 2: Monthly-averaged diurnal cycles of sensible and latent heat fluxes, with 30-min 670 

resolution, for July 2009 from a) suburban Broadmead and densely-built Princeton sites and b) 671 

suburban Cub Hill and densely-built UMBC sites. EDT stands for Eastern Daylight Time (UTC 672 

– 4). 673 

 674 

Figure 3: Footprint of the UMBC flux tower calculated using the Hsieh et al. (2000) model 675 

(image courtesy of Google Inc.). 676 

Figure 4: Pie chart detailing the land cover characteristics of each sector at UMBC. 677 

Figure 5: Monthly-averaged diurnal cycles of surface energy fluxes, H and LE, with 30-min 678 

resolution, calculated by PUCM and measured using EC systems for the (a) UMBC, (b) Cub 679 

Hill, (c) Princeton, and (d) Broadmead sites, for a summer month. 680 

Figure 6: Monthly-averaged diurnal cycles of sub-facet temperatures at the UMBC site, with 30-681 

min resolution, for July 2009. 682 
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Figure 7: Comparing monthly-averaged diurnal cycles of (a) sensible, (b) latent, and (c) ground 683 

heat fluxes, and (d) net radiation from different facets as modeled by PUCM (UMBC, July 684 

2009). 685 

Figure 8: On the left hand side, the bar chart details the relative contribution of each urban sub-686 

facet to the total sensible, latent and ground heat flux; these contributions include the effect of 687 

the surface fraction covered by a given sub-facet. On the right, the pie chart shows the overall 688 

land cover distribution at the UMBC site. 689 

Figure 9: Averaged contribution of sensible (H), latent (LE) and storage (Q) flux with respect to 690 

net radiation (Rn) over roof sub-facets at the UMBC site. The subscript ‘w’ refers to white roof 691 

and ‘b’ refers to black roof. 692 

Figure 10: Averaged contribution of sensible (H), latent (LE) and storage (Q) flux with respect 693 

to net radiation (Rn) over ground facet at the UMBC site. The subscript ‘a’ refers to asphalt, ‘c’ 694 

refers to concrete and ‘g’ refers to grass surfaces. 695 

Figure 11: 30-minute averaged modeled latent and sensible heat fluxes for July 2009 at UMBC.  696 

Figure 12: Sub-facet Surface Energy Budget for the dry period (July8-17, 2009) at the UMBC 697 

site. 698 

Figure 13: Sub-facet Surface Energy Budget for the wet period (July 23-31, 2009) at the UMBC 699 

site. 700 

 701 
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 703 

Figure 1. Land cover surrounding all four flux towers and the land cover characteristics 704 

surrounding them. Top left is the suburban Cub Hill site in Baltimore County, Maryland 705 

(39.4125ºN 76.5208ºW). Top right shows the UMBC (University of Maryland Baltimore 706 

County) tower (39.2542ºN 76.7097ºW). Bottom left is the Broadmead site in Princeton, NJ 707 

(40.3464ºN 74.6435ºW) and bottom right shows the tower over the built-up Princeton 708 

town/campus (40.3509ºN 74.6510ºW) (images courtesy of Google Inc.). 709 
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 711 

Figure 2: Monthly-averaged diurnal cycles of sensible and latent heat fluxes, with 30-min 712 

resolution, for July 2009 from a) suburban Broadmead and densely-built Princeton sites and b) 713 

suburban Cub Hill and densely-built UMBC sites. EDT stands for Eastern Daylight Time (UTC 714 

– 4). 715 
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 717 

Figure 3: Footprint of the UMBC flux tower calculated using the Hsieh et al. (2000) model 718 

(image courtesy of Google Inc.). 719 
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 721 

Figure 4: Pie chart detailing the land cover characteristics of each sector at UMBC. 722 
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 724 

Figure 5: Monthly-averaged diurnal cycles of surface energy fluxes, H and LE, with 30-min 725 

resolution, calculated by PUCM and measured using EC systems for the (a) UMBC, (b) Cub 726 

Hill, (c) Princeton and (d) Broadmead sites, for a summer month. 727 
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 729 

Figure 6: Monthly-averaged diurnal cycles of sub-facet temperatures at the UMBC site, with 30-730 

min resolution, for July 2009. 731 
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 733 
 734 
Figure 7: Comparing monthly-averaged diurnal cycles of (a) sensible, (b) latent, and (c) ground 735 

heat fluxes, and (d) and net radiation from different facets as modeled by PUCM (UMBC, July 736 

2009). 737 
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 739 
 740 
Figure 8: On the left hand side, the bar chart details the relative contribution of each urban sub-741 

facet to the total sensible, latent and ground heat flux; these contributions include the effect of 742 

the surface fraction covered by a given sub-facet. On the right, the pie chart shows the overall 743 

land cover distribution at the UMBC site. 744 
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 746 

Figure 9: Averaged contribution of sensible (H), latent (LE) and storage (Q) flux relative to net 747 

radiation (Rn) over roof sub-facets at the UMBC site. The subscript ‘w’ refers to white roof and 748 

‘b’ refers to black roof. 749 
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 751 

Figure 10: Averaged contribution of sensible (H), latent (LE) and storage (Q) flux relative to net 752 

radiation (Rn) over ground facet at the UMBC site. The subscript ‘a’ refers to asphalt, ‘c’ refers 753 

to concrete and ‘g’ refers to grass surfaces. 754 
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 756 

Figure 11: 30-minute averaged modeled latent and sensible heat fluxes for July 2009 at UMBC.  757 
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 759 

Figure 12: Sub-facet Surface Energy Budget for the dry period (July 8-17, 2009) at the UMBC 760 

site. 761 
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 763 

Figure 13: Sub-facet Surface Energy Budget for the wet period (July 23-31, 2009) at the UMBC 764 

site. 765 
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Table I: Meteorological data used to force PUCM at the UMBC and Cub Hill sites.  767 
 UMBC Cub Hill 
Incoming longwave 
(LW) & shortwave 
(SW) radiation 

No radiometer; incoming 
shortwave and longwave 
radiation measured at Cub Hill 
were used 

Kipp & Zonen CNR1, which 
includes the CM3 thermopile 
pyranometer and the CG3 
pyrgeometer 

Air Temperature Vaisala HMP45 RM Young T/RH 500 

Specific Humidity Vaisala HMP45 RM Young T/RH 500 
Wind Speed Campbell Scientific CSAT3  RM Young IU1  
Atmospheric Pressure LICOR 7500 Vaisala PTB101B  
Precipitation All Weather Inc. Raingauge 

6011-A 
Weathertronics Raingauge 6011-B 

  768 

  769 
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Table II: Meteorological data used to force PUCM at Princeton and Broadmead sites  770 
 Princeton Broadmead 
Incoming LW & SW 
radiation 

Hukseflux 4-component net-radiation sensor NR01 

Air Temperature Vaisala HMP45C 
Specific Humidity Vaisala HMP45C 
Wind Speed Campbell Scientific CSAT3 
Atmospheric Pressure LICOR 7500 
Precipitation No precipitation gauge; precipitation 

measured at Broadmead was used 
CS700 Tipping Bucket 
Raingauge 

 771 

  772 
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Table III: Surface and material characteristics used in PUCM; additional details about the 773 

specification and calibration of these parameters can be found in Wang et al. (2011a). 774 

Properties Values 
Thermal roughness length for roof surface 0.001 m 
Thermal roughness length for canyon-to-air exchanges 0.005 m 
Momentum roughness length for roof surface 0.01 m 
Momentum roughness length for canyon-to-air exchanges 0.05 m 
Roof surface albedo PR:0.15 ; UM:(0.5 for 

white, 0.1 for black) ; 
CB:0.3 

Wall surface albedo [brick] 0.25 
Ground surface albedo [asphalt; concrete; grass] [0.15; 0.40; 0.10] 
Roof surface emissivity [0.95] 
Wall surface emissivity [brick] [0.95] 
Ground surface emissivity [asphalt; concrete; grass] [0.95; 0.95; 0.93]  
Roof volumetric heat capacity  1.8×106 JK–1m–3 
Wall volumetric heat capacity (brick) 1.2×106 JK–1m–3 
Ground volumetric heat capacity [asphalt; concrete; green] [1.0; 2.4; 1.2]×106 JK–1m–3 
Roof thermal conductivity 0.6 WK–1m–1 
Wall thermal conductivity 1.3 WK–1m–1 
Ground thermal conductivity [asphalt; concrete; green] [1.2; 1.8; 1.2] WK–1m–1 
Internal constant building temperature 23 ºC 
Initial wall temperature 19 ºC 
Initial ground surface temperature 21 ºC 
Initial volumetric soil moisture 0.2 (m3 m–3) 
Saturated soil water content 0.33 (m3 m–3) 
Residual soil water content 0.06 (m3 m–3) 
Saturated soil hydraulic conductivity 3.38×10–6 (m s–1) 
Depth of water holding for ground concrete and asphalt 
pavements 

0.001 m 

Depth of water holding capacity for roofs: Princeton site has 
many gravel roofs that do not drain well and have a high water 
holding capacity; Cub Hill has very flat inclined roofs; UMBC 
has mostly flat roofs but no gravel cover. 

(UM):0.0002m  
(PR):0.002 m 
(CB): 0.0 m 
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