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Abstract 14 

Urban canyon albedo (UCA) is a primary indicator used to evaluate the impact of 15 

urban geometry on radiation absorption. A rapid and effective theoretical calculation 16 

for the UCA is helpful in urban design. This research establishes a simplistic but robust 17 

mathematical model for calculating the UCA. The model was validated using prior 18 

observational studies showing that the maximum root mean square error (RMSE) is 0.03, 19 

and the minimum Pearson correlation coefficient (r) is 0.63. The model was then used 20 

to evaluate the influence of urban canyon geometry and materials on UCA. The results 21 

show that the canyon aspect ratio controls the UCA, especially when the canyon aspect 22 

ratio is less than 4. Furthermore, high-albedo facades can effectively increase UCA, 23 

and high-albedo pavements are recommended only if the urban canyon aspect ratio is 24 

less than 1. Finally, the solar performance of urban canyons on an urban scale was 25 

estimated by combining our model with digital elevation model (DEM) data. This study 26 

can be used in urban planning to estimate the radiation performance of an urban canyon 27 

quickly before full-scale urban thermal environment simulation. 28 

Keywords: urban canyon albedo; multiple reflections; canyon aspect ratio; canyon 29 

orientation; urban solar radiation 30 
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Symbols  

𝐸𝑖𝑛𝑖 Initial incoming energy on the street canyon (
2W / m ) 

𝐸𝑎𝑏𝑠 Absorbed energy by street canyon (
2W / m ) 

𝐸𝑟𝑒 Reflected energy by street canyon (
2W / m ) 

F View factor of the street canyon to sky 

𝐹𝑧→𝑠 View factor of the sunlit area of the urban canyon to the sky 

𝑓 Cloud fraction of the target location 

𝐺𝑠 Solar constant (
2W / m ) 

ℎ Height of the street canyon (m) 

ℎ𝑡 Hour angle (°) 

𝐼 Horizontal global solar radiation (
2W / m ) 

𝐼𝑑 Horizontal diffuse radiation (
2W / m ) 

𝐼0 Horizontal extraterrestrial solar radiation (
2W / m ) 

𝐼𝑙 Downward atmospheric longwave radiation (
2W / m ) 

𝐼𝑐 Theoretical clear-sky global solar radiation of the target location (
2W / m ) 

𝑘𝑇 Sky cleanness coefficient 

𝑁 The day number in the year 

𝑇𝑎 Atmospheric temperature (K) 

𝑤 Width of the street canyon (m) 

𝑤𝑠 Shadow length caused by beam radiation (m) 

𝑧 Hight of walls that is directly sunlit by beam radiation (m) 

  

Greek symbols  

𝛼𝑏, 𝛼𝑑, 𝛼𝑙 Effective urban canyon absorption rate of beam radiation, diffuse radiation, 

and downward atmospheric longwave radiation 

𝛽 Solar declination angle (rad) 

𝜀𝑎 Atmospheric emissivity 

𝜃 Solar zenith angle (rad) 

𝜌ℎ, 𝜌𝑤 𝜌𝑎𝑣𝑒 Average albedo of wall, pavement, and all surfaces of street canyon 

𝜌1 Average albedo of the area that is directly sunlit by beam radiation 

𝜌𝑏, 𝜌𝑑, 𝜌𝑙 Effective urban canyon albedo of beam radiation, diffuse radiation, and 

downward atmospheric longwave radiation 

𝜌𝑠 Effective urban canyon albedo of solar radiation 

𝜌𝑎 Effective urban canyon albedo of solar radiation and downward atmospheric 

longwave radiation 

𝜎 Stefan-Boltzmann constant (
8 2 45.67 10 W / m K− ) 

𝜑𝑠 Solar azimuth angle (rad) 

𝜑𝑐 Street canyon azimuth angle (rad) 
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𝜑𝑙𝑎𝑡 Latitude of the target location (°) 

 32 

1. Introduction 33 

Rapid urbanization and population increase have caused a gradual deterioration in 34 

the urban thermal environment, of which the urban heat island (UHI) is one of the most 35 

prominent manifestations. The UHI affects a building’s cooling load in summer, 36 

resulting in substantial increases in peak power for cooling [1,2]. In addition, the UHI 37 

causes outdoor thermal discomfort and excessive thermal stress [3], also the risk of 38 

death associated with high temperatures increases significantly [4]. 39 

Urban geometry is found to have a highly significant primary influence on the 40 

urban thermal environment [5]. First, urban morphology tends to develop vertically due 41 

to the shortage of land in urban compared to rural areas. High-density urban layouts 42 

trap the solar radiant energy through multiple reflections and reduce overall urban 43 

ventilation due to increased surface roughness [6,7]. Secondly, artificial materials (e.g., 44 

concrete, asphalt) with low albedo and high heat capacity replace natural elements (e.g., 45 

water, vegetation) [8,9]. These impermeable materials also reduce evapotranspiration, 46 

thus increasing heat accumulation in urban areas and intensifying the UHI effect [10]. 47 

Previous studies have adopted the urban albedo to evaluate the impacts of urban 48 

structure and materials on the balance of urban radiation [11,12]. Urban albedo is the 49 

ratio of the reflected radiation to the incident radiation, and it considers the multiple 50 

reflections of radiation between streets and walls [13]. Remote sensing technology is 51 

an effective method of assessing the urban albedo [14–16]. However, remote sensing 52 

methods are unsuitable for guiding urban planning since such images can only be 53 

obtained for existing urban areas. 54 

Another important method for evaluating urban albedo is numerical calculation 55 

[17,18]. In numerical analysis, complex urban structures often need to be simplified 56 

into a generalized urban structure concept. The urban canyon is the most popular 57 

simplification of an urban structure [19–21], composed of a road with buildings on both 58 

sides. It is the most basic urban form, occupying two-thirds of a city [3]. At the same 59 

time, the concept of urban canyon albedo (UCA) was defined to represent the influence 60 

of urban structural characteristics and the albedo of the materials used on the overall 61 

urban albedo. UCA refers to the ratio of the reflected radiant energy to the radiant 62 

energy entering the urban canyon [22]. UCA demonstrates the ability of urban canyons 63 

to capture radiant energy, which is the primary indicator for evaluating the impact of 64 
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urban morphology on the urban thermal environment. 65 

Large-scale urban construction and development have become an irresistible trend, 66 

especially in developing countries. For example, the National Bureau of Statistics 67 

estimated that the urbanization rate of China would reach 65.5% by 2050 [23]. The 68 

prediction of UCA is significant for evaluating urban radiation balance, improving the 69 

urban thermal environment, and alleviating the adverse effects of an UHI. 70 

1.1 Existing mathematical models for calculation the effective urban canyon 71 

albedo 72 

One of the first attempts to model urban canyon albedo came from the work of 73 

Aida and Gotoh [24]. Their model deals with solar radiation transfer with a fully two-74 

dimensional method. That is to say, the model can only be applied to north-south street 75 

canyons in low latitudes near the equator. Nevertheless, it helps demonstrate the effect 76 

of canyon geometry on solar radiation transmission. Arnfield [25] proposed a two-77 

dimensional urban canyon model that can handle multiple reflections inside urban 78 

canyons using the Lambertian assumption. This model is used to estimate the diurnal 79 

variation of shortwave reflection coefficients. Another early work on UCA came from 80 

Sakakibara [26], whose model processed the building shadow effect more accurately 81 

using 3-D solar angles. However, this model’s main limitation is that it ignores multiple 82 

reflections within an urban canyon. 83 

In recent years, several urban canyon radiative transfer models have been 84 

developed. Sailor and Fan developed a model in which building dimensions and spacing 85 

can be varied to simulate a more realistic urban environment [18]. In their approach, 86 

successive reflection events were valuated numerically until changes in the radiation 87 

from the canyon top drop below a specified amount between events. Qin [22] developed 88 

a similar model in which he calculated the changes in radiation absorbed by the walls 89 

and road inside the urban canyon to evaluate reflection events. Fortuniak [27] estimated 90 

UCA using a method to calculate the radiation absorbed by a facet after multiple 91 

reflections to and from other facets. Luo proposed a simple method for assessing urban 92 

albedo, but it does not consider the building shadow effect [28]. 93 

In addition, some radiative balance models can also calculate UCA. Panão et al. 94 

[29] developed a three-dimensional urban block radiative balance model integrating the 95 

linear equations' exact solution with Monte Carlo techniques. Yang and Li [30] 96 

developed another three-dimensional numerical model, which they used to investigate 97 

the impact of urban geometry on average urban albedo and surface temperature. The 98 
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effect of trees on radiative transfer in street canyons has also been considered. 99 

Krayenhoff et al. [31] established a multi-layer urban canopy model with trees using 100 

Monte Carlo ray tracing and studied the influence of trees on UCA.  101 

The treatment of multiple reflections is the main difference between the UCA 102 

models. The most direct method is Monte Carlo ray tracing [24,29,31,32], which is 103 

usually used to deal with radiation transmission in complex environments. It requires 104 

the simulation of as many photons as possible to ensure the reliability of the results. 105 

This method is time-consuming and requires researchers to have specific coding 106 

experience. In addition, as a simulation method, Monte Carlo ray tracing can only 107 

obtain numerical solutions, which significantly limits the application of the model. 108 

Another approach is to assess the reflection events by continuous numerical 109 

calculations until the change in average irradiance occurring from the canyon top drops 110 

to a specified amount between the two events [18,22,25]. This method reduces the 111 

amount of numerical simulation, but the iterative calculation is still cumbersome, which 112 

hinders the establishment of an analytical formula for the effective reflectance of street 113 

canyons. The complexity of multiple reflections makes it difficult to obtain an 114 

analytical equation for the radiative transfer within street canyons. As far as we know, 115 

there is no relevant model to extract an effective analytical formula for the UCA. 116 

After decades of development, the calculation model of UCA is still a complex 117 

process. None of the existing mathematical models derive a simple theoretical formula 118 

for UCA. The complexity of existing models significantly limits engineering 119 

application and the ability to couple calculations with other models, especially for the 120 

rapid assessment of urban scale solar radiation. In addition, downward atmospheric 121 

longwave radiation is usually ignored, despite being another urban energy source, 122 

especially at night. 123 

In order to address the deficiencies mentioned above, this research aims to develop 124 

a new mathematical model that can perform a rapid calculation of UCA for the 125 

assessment of radiation performance at the neighborhood and urban scales. Such a 126 

simple model is expected to be robust and able to provide a rapid evaluation of the 127 

effect of direct and isotropic radiation on UCA. 128 

2. Methodology 129 

A mathematical modeling method is implemented in this study. The model 130 

includes the radiation parameters model and the UCA calculation model. The solar 131 
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radiation parameters model was set up to obtain radiation parameters such as solar 132 

position, the fraction of diffuse solar radiation, and downward atmospheric longwave 133 

radiation for locations lacking weather stations. The radiation parameters model outputs 134 

serve as inputs for the UCA calculation model relating urban geometry factors, such as 135 

view factor and multiple reflections, to simulate radiation transmission of direct and 136 

isotropic radiation in an urban canyon. This model is then validated using ideal and 137 

actual street canyon experimental data. Implementation of the model has demonstrated 138 

the practical value of the newly-developed model. The research framework is illustrated 139 

in Fig. 1. 140 

 141 

Fig. 1. The framework of this research. 142 

2.1 Description of the mathematical model 143 

This model makes the following three assumptions commonly used in the urban 144 

canyon model [18,22,27]. (1) The urban canyon is infinitely long and uniform. (2) All 145 

surfaces of the urban canyon are Lambertian emitters and reflectors. (3) Diffuse solar 146 

radiation and downward atmospheric longwave radiation entering the urban canyon 147 

from all-sky angles are assumed to be Lambertian radiation sources. 148 

The geometry and angle definitions of the urban canyon are shown in Fig. 2, where 149 

𝜃 is the solar zenith angle, 𝜑𝑠 is the solar azimuth angle, 𝜑𝑐 is the orientation of the 150 

urban canyon in which 0 denotes the north-south direction and 𝜋/2  the east-west 151 

direction, 𝑤 (m) is the canyon width, ℎ (m) is the wall height, 𝑧 (m) is the height of the 152 

sunlit wall, and 𝑤𝑠 (m) is the length of shadow in the width direction of the canyon 153 

generated by the direct radiation. 154 
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 155 

Fig. 2. Definition of urban canyon geometry and angles. 156 

2.2 Radiation parameters model 157 

2.2.1 Solar position 158 

The most common method to determine the incident direction of direct solar 159 

radiation is by solar position. Generally, the solar position is determined by the solar 160 

zenith angle and solar azimuth angle. Solar position algorithms are mainly divided into 161 

fast algorithms used in engineering applications [33,34] and high-precision 162 

astronomical algorithms [35,36]. This study adopted a high-precision solar position 163 

algorithm proposed by Grena, and the detailed calculation can be found in Grena [37]. 164 

The algorithm computes the local coordinates of the sun corrected taking into account 165 

the atmospherical refraction. The solar zenith angle, 𝜃 (rad), and solar azimuth angle, 166 

𝜑𝑠 (rad), are determined by [37] 167 

𝜃 =
𝜋

2
− asin(𝑠𝑖𝑛𝜑𝑙𝑎𝑡𝑠𝑖𝑛𝛿𝑡 + 𝑐𝑜𝑠𝜑𝑙𝑎𝑡𝑐𝑜𝑠𝛿𝑡𝑐ℎ𝑡) − ∆𝑒 (1) 168 

 𝜑𝑠 = 𝑎𝑡𝑎𝑛2(𝑠ℎ𝑡, 𝑐ℎ𝑡𝑠𝑖𝑛𝜑𝑙𝑎𝑡 − 𝑡𝑎𝑛𝛿𝑡𝑐𝑜𝑠𝜑𝑙𝑎𝑡) (2) 169 

where the solar azimuth angle 𝜑𝑠 varies from −𝜋 to 𝜋, and the azimuth is positive in 170 

the eastern hemisphere. 𝛿𝑡 is the topocentric declination, 𝜑𝑙𝑎𝑡 is the latitude, 𝑠ℎ𝑡 and 171 

𝑐ℎ𝑡  are correlated with topocentric hour angle ℎ𝑡 , 𝑠ℎ𝑡  approximate cosine of ℎ𝑡 , 𝑐ℎ𝑡 172 

approximate cosine of ℎ𝑡, ∆𝑒 is the atmospheric refraction. 173 
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2.2.2 Diffuse solar radiation 174 

A part of solar radiation is scattered by gases, dust, aerosols, and so on, when solar 175 

radiation passes through the atmosphere. This part of solar radiation is called diffuse 176 

solar radiation. The fraction of diffuse to global solar radiation has been the subject of 177 

many models [38–41]. The Orgill and Hollands model was used in this study [42]  178 

𝐼𝑑

𝐼
= {

1.0 − 0.249𝑘𝑇                                   𝑘𝑇 < 0.35
1.557 − 1.84𝑘𝑇                  0.35 ≤ 𝑘𝑇 ≤ 0.75
0.177                                                   𝑘𝑇 > 0.75

 (3) 179 

where 𝐼𝑑 ( 2W / m ) is the horizontal diffuse solar radiation, 𝐼 ( 2W / m ) is the horizontal 180 

global solar radiation, and 𝑘𝑇 is the sky clearness coefficient; the value of 𝑘𝑇 is given 181 

by [43] 182 

𝑘𝑇 =
𝐼

𝐼0
 (4) 183 

where 𝐼0 ( 2W / m ) is the horizontal extraterrestrial solar radiation for a period between 184 

hour angles ℎ1 and ℎ2 (ℎ2 is larger). The mathematical expression is shown in Eq. (5) 185 

[44]: 186 

s
0 2 1

2 1

12 3600 360
[1 0.033cos( )] {cos cos (sin sin )

365

( )
[ ]sin sin }

180

lat

lat

G N
I h h

h h

 



 


= +  −

−
+

 (5) 187 

in which, 𝐺𝑠 = 1366.1 W/m2 is the solar constant [45], 𝜑𝑙𝑎𝑡 is the latitude, 𝛽 is the 188 

solar declination angle, and is determined from Eq. (6) [22]: 189 

284
0.409sin(2 )

365

N
 

+
=  (6) 190 

where 𝑁 is the day number in the year. 191 

When 𝐼 is not available from observations, it can be estimated from Eq. (7) [22,46]: 192 

1 cos
coss

sI G
 =  (7) 193 

where 𝜏 is a constant varying from 0.62 to 0.81, 0.81 for a cloudless day. 194 

2.2.3 Downward atmospheric longwave radiation 195 

The energy radiated downward by the atmosphere is downward atmospheric 196 

longwave radiation. The atmosphere is regarded as Lambertian in this study, and the 197 

energy is emitted uniformly into hemispherical space. A widely accepted method to 198 

estimate downward atmospheric longwave radiation under both clear and cloudy 199 

conditions was adopted in this study [47]. 200 

𝐼𝑙 = (1 − 𝑓)𝜀𝑎𝜎𝑇𝑎
4 + 𝑓 ∙ 𝜎𝑇𝑎

4 (8) 201 
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where 𝐼𝑙 (
2W / m ) is the downward atmospheric longwave radiation, 𝑇𝑎 (K) is the air 202 

temperature of the calculation layer, 𝜎 =
8 2 45.67 10 W / m K−  is the Stefan-Boltzmann 203 

constant,  𝜀𝑎 is the atmospheric emissivity and can be calculated by Brunt [48], 𝑓 is the 204 

cloud fraction as calculated using [47] 205 

𝑓 = 1 − 𝐼 𝐼𝑐⁄  (9) 206 

where 𝐼  is the global solar radiation, and 𝐼𝑐  is the theoretical clear-sky global solar 207 

radiation under the same conditions. 𝐼𝑐  can be calculated using the time fraction of 208 

bright sunshine and solar radiation at an extraterrestrial level [49]. 209 

2.3 UCA calculation model 210 

Unlike the previous urban canyon albedo model [18,22,27], this study models 211 

direct solar radiation and isotropic radiation separately due to their completely different 212 

transfer paths inside the urban canyon. And the radiative transfer between four facets 213 

(one road, two walls, and the sky) is simplified to the sky and a concave surface. This 214 

method dramatically reduces the view factors and multiple reflections calculation 215 

between the various surfaces of the urban canyon. Thus, this study handles the multiple 216 

reflections in urban canyons in a simple and robust way. 217 

2.3.1 View factor 218 

(1) View factor calculation of direct solar radiation 219 

There are two urban canyon exposure scenarios according to the relationship 220 

between shadow length 𝑤𝑠  and canyon width 𝑤 . First, one canyon wall is partially 221 

sunlit while the other wall and the road are shaded, as shown in Fig. 3a. Secondly, one 222 

canyon wall is fully sunlit, and the road is partially sunlit, as shown in Fig. 3b. The 223 

shadow length 𝑤𝑠 is computed by 224 

𝑤𝑠 = ℎ𝑡𝑎𝑛𝜃|sin (𝜑𝑠 − 𝜑𝑐)| (10) 225 

Scenario 1: 𝑤𝑠 ≥ 𝑤, the wall is partially sunlit, and the height of the sunlit wall, z, 226 

can be calculated by 227 

𝑧 = ℎ −
𝑤𝑠−𝑤

𝑡𝑎𝑛𝜃|sin (𝜑𝑠−𝜑𝑐)|
 (11) 228 

The view factor of the sunlit area of the urban canyon to the sky, 𝐹𝑧→𝑠, is 229 

𝐹𝑧→𝑠 =
𝑧+𝑤−√𝑤2+𝑧2

2𝑧
 (12) 230 

The weighted average albedo of the street canyon that is directly sunlit by solar 231 

radiation 𝜌1 is 232 

𝜌1 = 𝜌ℎ (13) 233 

Field Code Changed
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where 𝜌ℎ is the albedo of the wall. 234 

Scenario 2: 𝑤𝑠 < 𝑤, one wall is fully sunlit, the height of the sunlit wall is ℎ, the 235 

width of the sunlit road is 𝑤 − 𝑤𝑠, and the view factor of the sunlit area of the urban 236 

canyon to the sky can be calculated by 237 

𝐹𝑧→𝑠 =
𝑤

𝑤+ℎ−𝑤𝑠
𝐹𝑠→𝑧 (14) 238 

where 𝐹𝑠→𝑧 is the view factor of the sky to the sunlit area of the urban canyon, and 𝐹𝑠→𝑧 239 

is 240 

𝐹𝑠→𝑧 = 1 −
𝑤+√ℎ2+𝑤𝑠

2−√ℎ2+(𝑤−𝑤𝑠)2

2𝑤
 (15) 241 

The weighted average albedo of the part of the urban canyon that is directly sunlit by 242 

solar radiation 𝜌1 is 243 

𝜌1 =
ℎ𝜌ℎ+(𝑤−𝑤𝑠)𝜌𝑤

𝑤−𝑤𝑠+ℎ
 (16) 244 

where 𝜌𝑤 is the albedo of the road. 245 

 246 

Fig. 3. Direct solar radiation received in a canyon at (a) a high and (b) a low solar zenith angle. 247 

(2) View factor calculation of isotropic radiation 248 

Downward atmospheric longwave radiation and diffuse solar radiation radiate 249 

uniformly to the urban canyon from the urban canyon top, assumed to be an imaginary 250 

surface, as shown in Fig. 4. The view factor of the sky to the canyon is 1. The view 251 

factor of the canyon to the sky can be calculated by 252 

𝐹 =
𝑤

𝑤+2ℎ
 (17) 253 

 254 
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 255 

Fig. 4. Downward atmospheric longwave and diffuse solar radiation received in the urban canyon. 256 

2.3.2 Multiple reflections 257 

(1) Multiple reflections of direct solar radiation 258 

This study assumes that the initial direct solar radiation entering the canyon is 259 

𝐸𝑖𝑛𝑖 and the albedo of the first reflection is 𝜌1. The photons then reflect multiple times 260 

inside the urban canyon, and the albedo of each time is the weighted average albedo 261 

𝜌𝑎𝑣𝑒, abbreviated as 𝜌 in the following formulas, of all facets in the urban canyon. The 262 

absorbed and reflected energy of the urban canyon are 𝐸𝑎𝑏𝑠 and 𝐸𝑟𝑒 , respectively. 263 

𝜌𝑎𝑣𝑒 =
𝑤𝜌𝑤+2ℎ𝜌ℎ

2ℎ+𝑤
 (18) 264 

where 𝜌𝑤  is the albedo of the road and 𝜌ℎ  is the albedo of the walls. The energy 265 

absorbed and reflected after the first reflection can be calculated as 266 

𝐸𝑎𝑏𝑠1 = 𝐸𝑖𝑛𝑖(1 − 𝜌1) (19a) 267 

𝐸𝑟𝑒1 = 𝐸𝑖𝑛𝑖𝜌1 (19b) 268 

The reflected energy is divided into the part radiated to the sky, 𝐸𝑖𝑛𝑖𝜌1𝐹𝑧→𝑠, and 269 

the part radiated to the urban canyon, 𝐸𝑖𝑛𝑖𝜌1(1 − 𝐹𝑧→𝑠) . The energy absorbed and 270 

reflected after the second reflection can be calculated as 271 

𝐸𝑎𝑏𝑠2 = 𝐸𝑖𝑛𝑖𝜌1(1 − 𝐹𝑧→𝑠)(1 − 𝜌) (20a) 272 

𝐸𝑟𝑒2 = 𝐸𝑖𝑛𝑖𝜌1(1 − 𝐹𝑧→𝑠)𝜌 (20b) 273 

The reflected energy is divided into the part radiated to the sky, 𝐸𝑖𝑛𝑖𝜌1(1 −274 

𝐹𝑧→𝑠)𝜌𝐹, and the part radiated to the urban canyon, 𝐸𝑖𝑛𝑖𝜌1(1 − 𝐹𝑧→𝑠)𝜌(1 − 𝐹). The 275 

energy absorbed and reflected after n reflections can be calculated as 276 

𝐸𝑎𝑏𝑠𝑛 = 𝐸𝑖𝑛𝑖𝜌1𝜌𝑛−2(1 − 𝐹𝑧→𝑠)(1 − 𝐹)𝑛−2(1 − 𝜌) (21a) 277 

𝐸𝑟𝑒𝑛 = 𝐸𝑖𝑛𝑖𝜌1𝜌𝑛−1(1 − 𝐹𝑧→𝑠)(1 − 𝐹)𝑛−2 (21b) 278 

The energy absorbed by the urban canyon during all the multiple reflections is 279 
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  (22) 281 

This study used infinite multiple reflections (𝑛 → ∞) to replace the finite multiple 282 

reflections in the actual situation. The feasibility of this hypothesis was verified in 283 

section 3.1, and the above formula converges to 284 

lim
𝑛→∞

𝐸𝑎𝑏𝑠 = 𝐸𝑖𝑛𝑖 [1 − 𝜌1 +
𝜌1(1−𝐹𝑧→𝑠)(1−𝜌)

1−𝜌(1−𝐹)
] (23) 285 

The effective absorptivity of the urban canyon for direct radiation is 286 

𝛼𝑏 =
𝐸𝑎𝑏𝑠

𝐸𝑖𝑛𝑖
= 1 − 𝜌1 +

𝜌1(1−𝐹𝑧→𝑠)(1−𝜌)

1−𝜌(1−𝐹)
 (24) 287 

The effective albedo of the urban canyon for direct radiation is 288 

𝜌𝑏 = 1 − 𝛼𝑏 = 𝜌1 [1 −
(1−𝐹𝑧→𝑠)(1−𝜌)

1−𝜌(1−𝐹)
] (25) 289 

Eq. (25) suggests that the effective albedo of the urban canyon for direct solar 290 

radiation depends on wall height, road width, solar position, urban canyon orientation, 291 

and the albedo of the canyon surfaces. The albedo of the first reflection 𝜌1 is significant 292 

to the effective albedo of the urban canyon, and the effective albedo of the urban canyon 293 

will not be greater than 𝜌1 due to the multiple reflections in the urban canyon. 294 

(2) Multiple reflections of isotropic radiation 295 

Due to the isotropic nature of diffuse solar radiation and downward atmospheric 296 

longwave radiation, the albedo of each reflection is 𝜌 . The energy absorbed and 297 

reflected after the first reflection is 298 

𝐸𝑎𝑏𝑠1 = 𝐸𝑖𝑛𝑖(1 − 𝜌) (26a) 299 

𝐸𝑟𝑒1 = 𝐸𝑖𝑛𝑖𝜌 (26b) 300 

respectively. The reflected energy is divided into the part radiated to the sky, 𝐸𝑖𝑛𝑖𝜌𝐹, 301 

and the part radiated to the urban canyon, 𝐸𝑖𝑛𝑖𝜌(1 − 𝐹) . The energy absorbed and 302 

reflected after the second reflection can be calculated as 303 

𝐸𝑎𝑏𝑠2 = 𝐸𝑖𝑛𝑖𝜌(1 − 𝐹)(1 − 𝜌) (27a) 304 

𝐸𝑟𝑒2 = 𝐸𝑖𝑛𝑖𝜌(1 − 𝐹)𝜌 (27b) 305 

The energy absorbed and reflected after n reflections can be calculated as 306 

𝐸𝑎𝑏𝑠𝑛 = 𝐸𝑖𝑛𝑖𝜌
𝑛−1(1 − 𝐹)𝑛−1(1 − 𝜌) (28a) 307 

𝐸𝑟𝑒𝑛 = 𝐸𝑖𝑛𝑖𝜌
𝑛−1(1 − 𝐹)𝑛−1𝜌 (28b) 308 

The energy absorbed by the urban canyon during all the multiple reflections is 309 
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In the limit, 𝑛 → ∞, the energy absorbed after an infinite number of reflections is 311 

lim
𝑛→∞

𝐸𝑎𝑏𝑠 = 𝐸𝑖𝑛𝑖
1−𝜌

1−𝜌(1−𝐹)
 (30) 312 

The effective absorptivity of the urban canyon for diffuse and downward atmospheric 313 

longwave radiation is 314 

𝛼𝑑 = 𝛼𝑙 =
1−𝜌

1−𝜌(1−𝐹)
 (31) 315 

The effective albedo of the urban canyon for diffuse, 𝜌𝑑, and downward atmospheric 316 

longwave radiation, 𝜌𝑙, is 317 

𝜌𝑑 = 𝜌𝑙 = 1 −
1−𝜌

1−𝜌(1−𝐹)
=

𝜌𝐹

1−𝜌(1−𝐹)
 (32) 318 

Eq. (32) suggests that the albedo of the urban canyon for diffuse and downward 319 

atmospheric longwave radiation depends on the wall height, road width, and albedo of 320 

the urban canyon surfaces. The urban canyon albedo for global solar radiation can be 321 

computed by 322 

𝜌𝑠 =
𝐼𝑏

𝐼
𝜌𝑏 +

𝐼𝑑

𝐼
𝜌𝑑 (33) 323 

where 𝜌𝑠  is the urban canyon albedo for global solar radiation, 𝐼𝑏  (W/m2 ) is direct 324 

solar horizontal radiation, 𝐼𝑑  ( W/m2 ) is diffuse solar horizontal radiation, and 𝐼 325 

( W/m2 ) is global solar horizontal radiation. The urban canyon albedo for solar 326 

radiation and downward atmospheric longwave radiation is 327 

𝜌𝑎 =
𝐼𝑏

𝐼+𝐼𝑙
𝜌𝑏 +

𝐼𝑑

𝐼+𝐼𝑙
𝜌𝑑 +

𝐼𝑙

𝐼+𝐼𝑙
𝜌𝑙 (34) 328 

where 𝐼𝑙 (W/m2) is downward atmospheric longwave radiation. 329 

2.4 Summary of the model 330 

Two simple formulas, Eq. (25) and Eq. (32), were developed and used to predict 331 

the urban canyon albedo for the first time for direct and isotropic radiation. Users can 332 

directly calculate UCA without using a complicated process. The UCA of isotropic 333 

radiation can be predicted using Eq. (32), which only needs the geometry of the urban 334 

canyon and the albedo of its surfaces. If the solar position is obtained, the urban canyon 335 

albedo of direct radiation can be calculated according to Eq. (25). 336 
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3. Model validation 337 

The model was validated using three scenarios to evaluate its reliability and 338 

performance. First, the rationality of the hypothesis of infinite multiple reflections was 339 

verified using a typical north-south canyon. Secondly, the analytical results and model 340 

outputs under two extreme cases (extreme case 1: very shallow canyon, extreme case 341 

2: bottomless canyon) were compared to verify the robustness of the model. Finally, the 342 

model was validated with Aida's experimental test results [51] for an ideal urban canyon 343 

and Kotopouleas et al. [50] for an actual urban canyon.  344 

3.1 Validation of multiple reflections 345 

Radiation is reflected in the street canyon until it is entirely absorbed by the surface 346 

or escapes from the street canyon. The number of multiple reflections was evaluated 347 

until the irradiance emerging from the canyon top or absorbed by urban canyon surfaces 348 

fell below a specified threshold value found in previous studies [18,22]. This study 349 

assumes that the number of reflections is infinite, 𝑛 → ∞, and the reliability of this 350 

hypothesis was verified by conducting random sampling inspections on different types 351 

of canyons. Here the typical north-south urban canyon was analyzed as a case study. 352 

The input parameters used in the calculation are shown in Table 1. 353 

Table 1 354 

The input parameters to verify the reliability of infinite multiple reflections. 355 

Input parameters Values 

Solar zenith angle 11.7° 

Solar azimuth angle 180° 

Direct radiation intensity 500 W/m2 

Canyon orientation North-south 

Road width 5.0 m 

Wall height 5.0 m 

Albedo of road 0.5 

Albedo of walls 0.5 

The energy absorbed by the urban canyon after a limited number of multiple 356 

reflections is calculated by Eq. (21a), and the energy absorbed by the urban canyon 357 

after infinite multiple reflections by Eq. (23). Fig. 5 shows a comparison of results by 358 

two calculation methods. All photons are absorbed by the canyon or escape from the 359 

canyon top after six reflections, and the energy absorbed by the canyon is 371 W/m2 . 360 

The energy absorbed by the canyon after infinite multiple reflections is 372 W/m2. The 361 

energy absorbed by the canyon drops by orders of magnitude after every reflection 362 
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inside the canyon, so infinite multiple reflections have no significant effect on the 363 

energy absorbed by the canyon. It is therefore simple and effective to set the multiple 364 

reflections inside the street canyon to ‘n’ (𝑛 → ∞) times. 365 

 366 

Fig. 5. The number of multiple reflections and the energy absorbed by the canyon. 367 

3.2 Comparing outputs with analytical methods 368 

The model outputs were compared with analytical results under two extreme cases. 369 

The input parameters are shown in Table 1. The first extreme case was a very shallow 370 

canyon where the canyon aspect ratio was set to 0.01 and 0.001. In this case, the albedo 371 

of an urban canyon should be similar to that of a flat surface. The second extreme case 372 

was a bottomless canyon where the canyon aspect ratio was set to 100 and 1000. In this 373 

case, the urban canyon albedo should approach zero. The model outputs are shown in 374 

Table 2. The simulation outputs and the analytical results agree in the two extreme cases. 375 

The urban canyon albedo approaches 0.5 when the canyon aspect ratio is smaller than 376 

0.01. 377 

Table 2 378 

Prediction values of the model compared with analytical results. 379 

UCA 
Urban canyon aspect ratio 

0.001 0.01 100 1000 

Analytical results ≈0.50 ≈0.50 ≈0.00 ≈0.00 

Direct radiation 0.499 0.496 0.005 0.005 

Diffuse / longwave radiation 0.499 0.495 0.0005 0.0005 
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3.3 Comparing outputs with an ideal street canyon experimental test 380 

The model was validated by comparing the simulated outputs with Aida's ideal 381 

urban canyon scale model [51]. The scale model was built using a platform of concrete 382 

slabs with a diameter of 3m, and various urban structures were created using 0.15m 383 

concrete blocks. The experimental albedo tests were conducted in Yokohama, Japan 384 

(35°N, 139°E) on June 15 and December 3 using two solar radiometers. Model 1 and 385 

model 2 are north-south and east-west oriented canyons with an aspect ratio ℎ/𝑤 = 1.0 386 

and equal roof and canyon widths as shown in Fig. 6. Many scholars have used this 387 

model to validate their urban canyon albedo models [18,22,27,52]. 388 

Aida tested the variations in albedo of a uniform flat surface and found that the 389 

surface albedo increased near sunrise and sunset due to the dependence of the albedo 390 

on the incident angle of the surfaces. The albedo of the roof was set as the albedo 391 

measured from the flat surface by Aida [51], and the albedos of the wall and road are 392 

taken as a constant, equal to 0.414 according to the literature [24]. The diffuse and total 393 

solar radiation ratio was set to 0.177 to represent a typical sunny day because the 394 

experiment data was measured on clear days. 395 

The root mean square error (RMSE) and Pearson correlation coefficient (r) were 396 

used to evaluate the model's predicted performance. They are calculated as follows: 397 

𝑅𝑀𝑆𝐸 = √
∑ (𝑃𝑖−𝑀𝑖)2𝑛

𝑖=1

𝑛
 (35) 398 

𝑟 =
∑ (𝑃𝑖−�̅�)(𝑀𝑖−�̅�)𝑛

𝑖=1

√∑ (𝑃𝑖−�̅�)2𝑛
𝑖=1 √∑ (𝑀𝑖−�̅�)2𝑛

𝑖=1

 (36) 399 

where 𝑃𝑖 is the ith predicted value, 𝑀𝑖 is the ith measured value, and n is the number 400 

for comparison. �̅� is the average of the predicted value, and �̅� is the average of the 401 

measured value. 402 

A comparison of predicted and measured values during the summer is shown in 403 

Fig. 6a. Overall, the simulated values are slightly larger than the measured values. 404 

Slight deviations are also found when the albedo measured in the winter is validated 405 

(Fig. 6b). Possible reasons for these deviations are uncertainties associated with the 406 

local atmospheric conditions and possible observation errors. We compared the 407 

prediction performance of the new model to three existing models, as shown in Table 408 

3. The new model has a Pearson correlation coefficient of 0.87 for summer and 0.95 for 409 

winter. The maximum RMSE is less than 0.018. Despite the simplicity of the calculation 410 

method, the new model guarantees calculation accuracy compared with other models. 411 
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Table 3 412 

The prediction performance of the model compared with other models. 413 

Model 

type 

Present model Sailor’s model [18] Fortuniak’s model [27] Qin’s model [22] 

Summer Winter Summer Winter Summer Winter Summer Winter 

RMSE 0.018 0.016 0.019 0.022 0.011 0.022 0.018 0.021 

r 0.87 0.95 0.74 0.89 0.92 0.96 0.82 0.96 

 414 

Fig. 6. Validation results comparing present model outputs to ideal experimental data for 415 

measurements in (a) June and (b) December. Note: Model 1 is a north-south orientation urban 416 

canyon; Model 2 is an east-west orientation urban canyon; dotted data is the measured data digitized 417 

from Aida [51]; the solid line represents the output from the model. 418 

3.4 Comparing outputs with an actual street canyon experimental test 419 

The model was validated by comparing the results with a complex street canyon 420 

experimental test by Kotopouleas et al. [50] who developed a scale model of an actual 421 

residential area in Islington, London. The northeast-southwest oriented street canyon 422 

consists of 22 trapezoidal, 3-story building blocks with an aspect ratio of 1/1.6. The 423 

diurnal UCAs of three facade types: Brickwork (73% bricks, 24% glass, and 3% wood); 424 

Curtain Wall (3m2 on each side covering 40-44% of the facade); and Aluminium 425 

cladding (3m2 on each side covering 40-44% of the facade) were used to validate our 426 

model. The ground status was 82% tarmac and 18% paving. According to their material 427 

library, we calculated the mean albedo of facades and ground as inputs to the model. 428 

The mean albedo for brickwork, curtain wall, aluminum cladding, and ground is 0.25, 429 

0.17, 0.23, and 0.14, respectively. 430 

The results (Fig. 7) revealed a good convergence between the model outputs and 431 

measured values. The UCA of all facade types presented a U-shaped profile due to 432 

pavement surface albedo being high at sunrise and sunset and low and constant over 433 
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midday [53]. The UCA in the morning and evening was not simulated due to the lack 434 

of surface albedo. However, the estimated values for the daytime show that the model 435 

has a reasonable degree of accuracy. Compared with measurement results, the Pearson 436 

correlation coefficient for brickwork, curtain wall, and aluminum cladding is 0.75, 0.63, 437 

and 0.74, respectively, and the RMSE is 0.016, 0.03, and 0.012, respectively. The 438 

validation results show that the model can simulate the UCA of complex street canyons 439 

when reasonable boundary conditions are given. 440 

 441 

Fig. 7. Validation results comparing present model outputs to complex experimental data. Note: the 442 

solid lines are the measured data digitized from Kotopouleas [50], while the dotted data represents 443 

the output from the model. 444 

4. Model Applications 445 

This section demonstrates the application of the newly developed model. First, this 446 

model can be used to calculate the UCA of a given street canyon and evaluate the effect 447 

of the urban geometry and materials on the UCA. Secondly, quickly estimating the solar 448 

performance at the urban scale is another contribution of this model. 449 

4.1 UCA estimation of an urban canyon and sensitivity analysis 450 

The diurnal variations and influencing factors of UCA on a typical summer day 451 

were analyzed, taking Chongqing (30°N, 126°E) in China as a case study. The weather 452 

data on July 27 of a typical meteorological year for Chongqing was used in this 453 

simulation [54]. The UCA of downward atmospheric longwave radiation is not 454 

analyzed because it is the same as diffuse solar radiation. The albedo of roofs on both 455 

sides of the street canyon is no longer considered to show UCA variations separately. 456 
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4.1.1 UCA variations with aspect ratio and canyon orientation 457 

The urban canyon geometry controls the UCA. Street canyon aspect ratio and 458 

orientation are the most important parameters reflecting street canyon geometry [55,56]. 459 

The urban canyon aspect ratio was set to 0.1, 0.3, 0.5, 0.75, 1.0, 3.0, 5.0, 7.5, and 10.0 460 

to represent an urban canyon with different depths. The albedo of both the road and 461 

walls was set to 0.5 to observe more obvious albedo variations. 462 

First, the UCA hourly variations of the direct, diffuse, and global solar radiation 463 

of north-south (N-S) and east-west (E-W) orientation urban canyons with different 464 

aspect ratios were investigated (Fig. 8). The UCA of direct solar radiation varies slightly 465 

from 6:00 to 18:00 (Fig. 8a) in the N-S canyon when the canyon is shallow (ℎ/𝑤 < 1). 466 

Usually, there is a large UCA at noon; this has an opposite trend to the measurement 467 

results of Aida because this model did not capture the dependence of surface albedo on 468 

the incidence angle, which is a common defect of that urban canyon radiation model 469 

[18,22,27]. The simulation results are smaller than the actual situation at sunrise and 470 

sunset. The diurnal UCA variation trends of direct solar radiation in the E-W canyon 471 

(Fig. 8b) are similar to the N-S canyon when the canyon is shallow, possibly because 472 

the variations of 𝐹𝑧→𝑠 are slight due to lower walls. The UCA variation trends in direct 473 

solar radiation predicted in this paper agree with those by Qin [22]. 474 

The UCA of direct solar radiation in the N-S canyon follows a V-shape when the 475 

aspect ratio is larger than 3.0, as shown in Fig. 8a. Only the upper part of the wall is 476 

illuminated due to the large solar zenith angle at sunrise and sunset and the amount of 477 

solar radiation escaping directly out of the street canyon. The multiple reflections and 478 

absorption of direct solar radiation inside the canyon severely reduced the UCA during 479 

the daytime. The UCA of direct solar radiation has a minimum value at noon and then 480 

increases gradually with the increase in the solar zenith angle. 481 

The direct solar radiation in the E-W canyon follows a W-shape when the aspect 482 

ratio is larger than 3.0, as shown in Fig. 8b. The maximum UCA of direct solar radiation 483 

occurs at sunrise before dropping sharply and reaching its lowest value at 8:00 and then 484 

increasing slightly. The second trough occurs at 16:00 local time. This phenomenon is 485 

related to the shadow length, which is discussed in the latter part of this section. The 486 

variation trends of direct solar radiation predicted in this paper agree with those by 487 

Fortuniak [27]. 488 

The UCA of diffuse solar radiation remains constant due to its isotropic nature. 489 

The UCA of diffuse solar radiation decreases with an increased canyon aspect ratio and 490 
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is not affected by the canyon orientation. The UCA for diffuse solar radiation in the N-491 

S canyon (Fig. 8c) and E-W canyon (Fig. 8d) is the same, as can also be verified by Eq. 492 

(32). Due to diffuse solar radiation accounting for only a tiny part of global solar 493 

radiation, the UCA of global solar radiation (Fig. 8e, Fig. 8f) is the same as direct solar 494 

radiation. 495 

 496 

Fig. 8. Diurnal variations of UCA on July 27 in Chongqing. 497 

Fig. 9 illustrates the relationship between the daily mean UCA and urban canyon 498 

aspect ratio in different orientations. The canyon aspect ratio significantly influences 499 

the UCA of direct solar radiation. UCA decreases sharply with an increase in the canyon 500 

aspect ratio when the canyon ratio is less than 1.0 (Fig. 9a), and different orientations 501 

of canyons have the same variation trends. The UCA of direct solar radiation in a N-S 502 

canyon is 0.47, 0.34, and 0.25 for a canyon aspect ratio of 0.1, 0.5, and 1.0, respectively. 503 
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The UCA of direct solar radiation changes gradually with the canyon aspect ratio when 504 

the canyon aspect ratio increases and the UCA begins to vary with canyon orientation. 505 

The UCA of direct solar radiation for a N-S canyon and an E-W canyon are 0.16 and 506 

0.13, respectively, when the canyon aspect ratio is 3.0. When the canyon aspect ratio is 507 

greater than 4.0, increasing the canyon aspect ratio affects the UCA slightly. The UCA 508 

of direct solar radiation in the N-S canyon is 0.14, 0.13, and 0.12 for a canyon aspect 509 

ratio of 5.0, 7.5, and 10, respectively. The E-W canyon has a lower UCA than canyons 510 

in any other direction. 511 

Fig. 9b shows that the UCA of diffuse solar radiation decreases with increasing 512 

canyon aspect ratio. This influence gradually weakens with a canyon aspect ratio 513 

greater than 4.0, similar to the observations made for direct solar radiation. The canyon 514 

orientation does not affect the UCA of diffuse solar radiation, so there is only one curve 515 

in Fig. 9b. The variations of UCA of global solar radiation are the same as direct solar 516 

radiation, as shown in Fig. 9c. 517 

 518 

Fig. 9. Relationship between the urban canyon albedo and the canyon aspect ratio. 519 

The influence of canyon orientation on the average daily UCA was calculated. Fig. 520 

10a shows that the canyon orientation slightly affects UCA when the canyon aspect 521 

ratio is less than 1.0. The UCA gradually decreases as the canyon azimuth angle 522 

increases. The UCA of the N-S canyon is 0.16, 0.14, 0.13, and 0.12 for an aspect ratio 523 

of 3.0, 5.0, 7.5, and 10.0, respectively whilst the UCA of the E-W canyon is 0.13, 0.09, 524 

0.07, and 0.06 for an aspect ratio of 3.0, 5.0, 7.5, and 10.0, respectively. Usually, the N-525 

S canyon has the maximum UCA, and the E-W canyon has the minimum UCA. Because 526 

the N-S canyon will produce shadows for a longer period during the day for a deep 527 

urban canyon, that is to say, direct solar radiation mainly illuminates the canyon walls, 528 
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and the radiation can escape from the canyon top more easily. The canyon orientation 529 

does not affect the UCA of diffuse solar radiation, as shown in Fig. 10b. The variations 530 

of UCA of global solar radiation with canyon orientation are the same as for direct solar 531 

radiation, as shown in Fig. 10c. 532 

 533 

Fig. 10. Relationship between the urban canyon albedo and the canyon orientation. 534 

The distribution of direct solar radiation in a deep urban canyon was analyzed, 535 

taking an urban canyon with a road width of 1m and a wall height of 5m, as shown in 536 

Fig. 11. For the N-S canyon, a small part of the north wall is sunlit at sunrise, and the 537 

sunlit area gradually increases as the solar zenith angle decreases. The road inside the 538 

canyon is sunlit at 11:15 and is fully sunlit at noon, and the UCA of direct solar radiation 539 

has the minimum value in this period. The period that the road is sunlit is no more than 540 

2 hours. For the E-W canyon, the road inside the canyon is sunlit at around 7:45, and 541 

the period for which the road is sunlit is about 8 hours, which results in more multiple 542 

reflections and more solar radiation being absorbed by the urban canyon. The direct 543 

radiation distribution of canyons with different orientations was also reported by Lau 544 

et al. [57] and Ali-Toudert et al. [58]. 545 
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 546 

Fig. 11. Direct solar radiation distribution in a deep urban street canyon. 547 

In summary, canyon orientation slightly affects UCA for shallow canyons. For 548 

deep canyons, N-S and E-W canyons have the maximum and minimum UCA, 549 

respectively, because, as the azimuth angle of the canyon increases, the exposure period 550 

of the road gradually increases. 551 

4.1.2 UCA variations with albedos of pavements and walls 552 

Portland cement concrete and asphalt are the most commonly used pavement 553 

materials in today’s urban environment. Generally, the albedo of new conventional grey 554 

Portland cement concrete is 0.35-0.40, and aged Portland cement concrete has an albedo 555 

of 0.20-0.30 [59]. The albedo of new asphalt is very low, the surface becomes lighter 556 

after long-term use, and the albedo of aged asphalt is about 0.2 [60]. High albedo 557 

pavements have always been used as one of the main methods of improving the urban 558 

thermal environment and have been extensively studied [61–63]. This study simulated 559 

an UCA with a fixed wall albedo of 0.3 but with different road albedo values (0.2, 0.3 560 

for a regular pavement; 0.4, 0.5, and 0.6 for a high albedo pavement). Only the N-S 561 

canyon was analyzed. The aspect ratio was set to 0.1, 0.5, 1.0, 5.0, and 10.0 to represent 562 

canyons with different depths. 563 

Fig. 12 shows the variations in UCA for different pavement albedo values, an 564 

increase in pavement albedo can significantly increase the UCA for shallow urban 565 
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canyons (ℎ/𝑤 ≤ 1.0). As the aspect ratio increases, the effect of pavement albedo on 566 

UCA gradually weakens. Road albedo has little impact on the UCA when the aspect 567 

ratio of the canyon is greater than 1.0, as shown in Fig. 12a. Because the road is only 568 

exposed to sunlight for a short time, the multiple reflections severely reduce the UCA 569 

for the deep canyon. Therefore, the UCA of direct radiation can be effectively reduced 570 

by increasing the road albedo for shallow canyons (ℎ/𝑤 ≤ 1.0), but the high albedo 571 

pavement has little effect on the UCA of direct radiation for deep canyons. 572 

The variation trends of UCA for diffuse solar radiation are the same as for direct 573 

solar radiation, as shown in Fig. 12b. The UCA of diffuse solar radiation is mainly 574 

affected by the wall albedo because the proportional contribution of the road is 575 

negligible for deep canyons. Hence, high albedo pavements can reduce the solar energy 576 

absorbed by canyons for shallow canyons, but this method becomes less effective for 577 

deep canyons. 578 

 579 

Fig. 12. The influence of the pavement albedo on the urban canyon albedo. 580 

The effect of wall albedo on the UCA was also analyzed. This study simulated the 581 

UCA with a fixed road albedo of 0.3 but with different wall albedo values (0.2, 0.3, 0.4, 582 

0.5, and 0.6). The aspect ratio was set to 0.1, 0.5, 1.0, 5.0, and 10.0 to represent canyons 583 

with different depths. 584 

Fig. 13a indicates that high albedo walls effectively increase the UCA of direct 585 

solar radiation for shallow and deep urban canyons. Wall albedo rises from 0.2 to 0.6 586 

resulting in an increase in UCA of direct solar radiation from 0.26 to 0.3 for a shallow 587 

urban canyon with an aspect ratio of 0.1, as shown in Table 4. For a deep urban canyon 588 

with an aspect ratio of 10.0, increasing wall albedo to 0.6 leads to an increase of 0.16 589 

in UCA for direct solar radiation. Increasing the albedo of walls can raise the UCA of 590 
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direct solar radiation more effectively than the road albedo since the walls are usually 591 

exposed to direct solar radiation for longer periods, even in deep canyons. 592 

Table 4 593 

UCA of direct solar radiation with different wall albedo and aspect ratio values. 594 

Wall albedo 
Urban canyon aspect ratio 

0.1 0.5 1.0 5.0 10.0 

0.2 0.26 0.15 0.09 0.05 0.04 

0.6 0.30 0.29 0.26 0.18 0.16 

High albedo walls can effectively increase the UCA for shallow and deep canyons 595 

for diffuse solar radiation, as shown in Fig. 13b. It is worth noting that although the 596 

UCA variation trends of diffuse solar radiation and direct solar radiation with wall 597 

albedo are consistent, the influence mechanism is different. The variations of diffuse 598 

solar radiation are not affected by solar position. All methods to increase the average 599 

albedo of the surface inside the canyon can effectively increase the UCA of diffuse solar 600 

radiation. Compared with roads, increasing wall albedo can effectively improve the 601 

UCA of diffuse solar radiation because the walls account for a relatively large 602 

proportion, even in deeper urban canyons. The variations of UCA of global solar 603 

radiation are the same as for direct solar radiation due to the large proportion of direct 604 

solar radiation, as shown in Fig. 13c. 605 

 606 

Fig. 13. The influence of the wall albedo on the urban canyon albedo. 607 

4.2 Urban-scale solar performance estimation 608 

The newly-developed model can rapidly assess street canyon radiation at urban 609 

scales. The model is used to calculate the solar radiation absorbed by the street canyons 610 

with 300m resolution at the urban scale - taking London (51°N, 0°E) as an example in 611 

this section. Meteorological data for a typical summer day (June 21, 2018) are selected 612 
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in this simulation. Surface classification (25m resolution) and digital elevation model 613 

(DEM) (1m resolution) data for the entire London area were utilized for the case study 614 

illustration, which was produced by UKCEN [64]. Firstly, DEM was used to extract the 615 

urban geometry parameters (average wall albedo, average pavement albedo, canyon 616 

orientation, and aspect ratio of the street canyon) through raster data spatial analysis 617 

methods in the geographic information system (GIS). And then, the average UCA and 618 

solar radiation absorbed by the urban canyon were estimated using our model. The 619 

entire process was completed within 1 hour, providing a new method to quickly 620 

estimate urban-scale solar radiation performance. 621 

The specific operation process is as follows. First, the land cover classification and 622 

DEM data (Fig. 14) were reclassified to set the surface albedo and wall albedo 623 

parameters. The ground cover was divided into six categories: buildings, pavement, 624 

trees, grass, bare soil, and water. According to the height, the classification of walls is 625 

simply divided into three different facades (less than 10m, 10m to 30m, and above 30m). 626 

Secondly, the determination of the street orientation is obtained by indirectly judging 627 

the direction of the building walls and then converting them. Specifically, the 628 

orientation of the building wall can be obtained by performing gradient analysis on the 629 

DEM data (that is, judging the direction in which the elevation changes). 630 

 631 

Fig. 14. The DEM data for London. 632 

Since the wall orientation is always perpendicular to the street orientation, the 633 

street orientation can be obtained by converting the calculated wall orientation by 90 634 

degrees. Third, similar to getting the direction of the wall, the boundary of the building 635 

(that is, the position where the gradient value changes the most) can be judged by the 636 
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gradient calculation. When the building boundary is obtained, the numerical surface 637 

area of the building can be calculated by combining its elevation information. Then, the 638 

canyon aspect ratio can be obtained by comparing the calculated vertical surface area 639 

with the street area in the DEM with the value of 0. Finally, with the help of the zonal 640 

statistical calculation method of raster data, all the above parameters are statistically 641 

calculated for all of London according to each 300m*300m grid to obtain the average 642 

value. The average DEM data with 300m resolution is shown in Fig. 15. The averaged 643 

DEM data is in good agreement with the original data (Fig. 14). 644 

 645 

Fig. 15. The average DEM data of London at 300m resolution.  646 

The hourly solar radiation absorbed by street canyons in London was calculated 647 

using the model developed in this study. Fig. 16 shows the absorbed solar radiation at 648 

noon. As a whole, the solar radiation absorbed by urban canyons in London is radial, 649 

the solar radiation absorbed by the central urban area is significantly higher than that 650 

of the surrounding areas. The variation trend of solar radiation absorption is the same 651 

as the variation trend of building height, which shows that the aspect ratio of street 652 

canyons plays a decisive role in the amount of solar radiation absorbed by street 653 

canyons. 654 
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 655 

Fig. 16. Solar radiation absorbed by street canyons in London at noon on June 21, 2018. 656 

Fig. 17 shows the daily variation of solar radiation absorbed by street canyons in 657 

London. The amount of solar radiation absorbed by urban street canyons has an evident 658 

daily variation. The maximum solar radiation absorption at noon is about 3000 kWh/m2, 659 

and the radiation absorption at 18:00 local time is only about one-fourth of the solar 660 

radiation absorption at noon. Our simulation results are consistent with the trends in 661 

surface temperature and heat island intensity distribution in London [65], suggesting 662 

that combining our model with DEM data is an efficient way to rapidly estimate the 663 

radiation performance of a large-scale urban canyon. 664 

 665 

Fig. 27. The daily variation of solar radiation absorbed by street canyons in London on June 21, 666 

2018. 667 
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5 Model limitations 668 

The model uses the assumptions and simplifications commonly used in the urban 669 

canyon model. Firstly, all surface elements of the urban canyon are Lambertian, but the 670 

reflectivity of many actual structures depends on the incident angle. Secondly, the other 671 

objects in the street are neglected, especially trees. With the development of green cities, 672 

trees have become a ubiquitous and non-negligible part of the cityscape and have 673 

changed the radiation transmission path in street canyons. This limitation will be 674 

considered in a future model. Even if the above assumptions affect the accuracy of the 675 

model, the model provides a robust theoretical calculation for quickly assessing the 676 

urban canyon radiation performance. 677 

6 Conclusions 678 

This paper presents a newly-developed simplistic but robust mathematical model 679 

for a rapid calculation of urban canyon albedo (UCA). The model can effectively 680 

predict the UCA with various canyon geometries and building surface construction 681 

materials in any location. The model has been validated with experimental tests, the 682 

maximum root mean square error (RMSE) is 0.03, and the minimum Pearson correlation 683 

coefficient (r) is 0.63.  684 

The diurnal variations and influencing factors of UCA on a typical summer day 685 

were analyzed using a case study in Chongqing, China. It was found that the canyon 686 

aspect ratio determines the UCA, especially when the canyon aspect ratio is less than 687 

4. The canyon orientation has almost no effect on UCA when the canyon aspect ratio is 688 

less than 1. High albedo pavements can effectively increase the UCA when the canyon 689 

aspect ratio is less than 1. The building wall albedo has a higher impact on UCA than 690 

the one of the pavement. 691 

The newly developed UCA calculation algorithm integrated with urban building 692 

information in the GIS platform can rapidly calculate city-scale UCA. The 693 

implementation of the model for the City of London has been demonstrated. The model 694 

can be used to assess the impacts of urban geometry and materials on radiation 695 

performance on the block and urban scale quickly.  696 
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