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Abstract

Urban canyon albedo (UCA) is a primary indicator used to evaluate the impact of
urban geometry on radiation absorption. A rapid and effective theoretical calculation
for the UCA is helpful in urban design. This research establishes a simplistic but robust
mathematical model for calculating the UCA. The model was validated using prior
observational studies showing that the maximum root mean square error (RMSE) is 0.03,
and the minimum Pearson correlation coefficient (r) is 0.63. The model was then used
to evaluate the influence of urban canyon geometry and materials on UCA. The results
show that the canyon aspect ratio controls the UCA, especially when the canyon aspect
ratio is less than 4. Furthermore, high-albedo facades can effectively increase UCA,
and high-albedo pavements are recommended only if the urban canyon aspect ratio is
less than 1. Finally, the solar performance of urban canyons on an urban scale was
estimated by combining our model with digital elevation model (DEM) data. This study
can be used in urban planning to estimate the radiation performance of an urban canyon
quickly before full-scale urban thermal environment simulation.

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

orientation; urban solar radiation
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Pns Pw Pave

P1
Pbs Pa> P

Ps
Pa

Ps
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Initial incoming energy on the street canyon (W / m? )
Absorbed energy by street canyon (W / m? )

Reflected energy by street canyon (W / m? )

View factor of the street canyon to sky

View factor of the sunlit area of the urban canyon to the sky
Cloud fraction of the target location

Solar constant (W / m?)

Height of the street canyon (m)

Hour angle (°)

Horizontal global solar radiation (W / m? )

Horizontal diffuse radiation (W / m? )

Horizontal extraterrestrial solar radiation (W / m? )
Downward atmospheric longwave radiation (W / m? )
Theoretical clear-sky global solar radiation of the target location (W / m?)
Sky cleanness coefficient

The day number in the year

Atmospheric temperature (K)

Width of the street canyon (m)

Shadow length caused by beam radiation (m)

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

Effective urban canyon absorption rate of beam radiation, diffuse radiation,
and downward atmospheric longwave radiation

Solar declination angle (rad)

Atmospheric emissivity

Solar zenith angle (rad)

Average albedo of wall, pavement, and all surfaces of street canyon

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

Effective urban canyon albedo of beam radiation, diffuse radiation, and
downward atmospheric longwave radiation

Effective urban canyon albedo of solar radiation

Effective urban canyon albedo of solar radiation and downward atmospheric
longwave radiation

Stefan-Boltzmann constant (5.67 x10°W/m?K*)

Solar azimuth angle (rad)

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

1. Introduction

Rapid urbanization and population increase have caused a gradual deterioration in
the urban thermal environment, of which the urban heat island (UHI) is one of the most
prominent manifestations. The UHI affects a building’s cooling load in summer,
resulting in substantial increases in peak power for cooling [1,2]. In addition, the UHI
causes outdoor thermal discomfort and excessive thermal stress [3], also the risk of
death associated with high temperatures increases significantly [4].

Urban geometry is found to have a highly significant primary influence on the
urban thermal environment [5]. First, urban morphology tends to develop vertically due
to the shortage of land in urban compared to rural areas. High-density urban layouts
trap the solar radiant energy through multiple reflections and reduce overall urban
ventilation due to increased surface roughness [6,7]. Secondly, artificial materials (e.g.,
concrete, asphalt) with low albedo and high heat capacity replace natural elements (e.g.,
water, vegetation) [8,9]. These impermeable materials also reduce evapotranspiration,
thus increasing heat accumulation in urban areas and intensifying the UHI effect [10].
Previous studies have adopted the urban albedo to evaluate the impacts of urban
structure and materials on the balance of urban radiation [11,12]. Urban albedo is the
ratio of the reflected radiation to the incident radiation, and it considers the multiple
reflections of radiation between streets and walls [13]. Remote sensing technology is
an effective method of assessing the urban albedo [14-16]. However, remote sensing
methods are unsuitable for guiding urban planning since such images can only be
obtained for existing urban areas.

Another important method for evaluating urban albedo is numerical calculation
[17,18]. In numerical analysis, complex urban structures often need to be simplified
into a generalized urban structure concept. The urban canyon is the most popular
simplification of an urban structure [19-21], composed of a road with buildings on both
sides. It is the most basic urban form, occupying two-thirds of a city [3]. At the same
time, the concept of urban canyon albedo (UCA) was defined to represent the influence
of urban structural characteristics and the albedo of the materials used on the overall
urban albedo. UCA refers to the ratio of the reflected radiant energy to the radiant
energy entering the urban canyon [22]. UCA demonstrates the ability of urban canyons

to capture radiant energy, which is the primary indicator for evaluating the impact of
3
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urban morphology on the urban thermal environment.

Large-scale urban construction and development have become an irresistible trend,
especially in developing countries. For example, the National Bureau of Statistics
estimated that the urbanization rate of China would reach 65.5% by 2050 [23]. The
prediction of UCA is significant for evaluating urban radiation balance, improving the

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

1.1 Existing mathematical models for calculation the effective urban canyon
albedo

One of the first attempts to model urban canyon albedo came from the work of
Aida and Gotoh [24]. Their model deals with solar radiation transfer with a fully two-
dimensional method. That is to say, the model can only be applied to north-south street
canyons in low latitudes near the equator. Nevertheless, it helps demonstrate the effect
of canyon geometry on solar radiation transmission. Arnfield [25] proposed a two-
dimensional urban canyon model that can handle multiple reflections inside urban
canyons using the Lambertian assumption. This model is used to estimate the diurnal
variation of shortwave reflection coefficients. Another early work on UCA came from
Sakakibara [26], whose model processed the building shadow effect more accurately
using 3-D solar angles. However, this model’s main limitation is that it ignores multiple
reflections within an urban canyon.

In recent years, several urban canyon radiative transfer models have been
developed. Sailor and Fan developed a model in which building dimensions and spacing
can be varied to simulate a more realistic urban environment [18]. In their approach,
successive reflection events were valuated numerically until changes in the radiation
from the canyon top drop below a specified amount between events. Qin [22] developed
a similar model in which he calculated the changes in radiation absorbed by the walls
and road inside the urban canyon to evaluate reflection events. Fortuniak [27] estimated
UCA using a method to calculate the radiation absorbed by a facet after multiple
reflections to and from other facets. Luo proposed a simple method for assessing urban
albedo, but it does not consider the building shadow effect [28].

In addition, some radiative balance models can also calculate UCA. Panao et al.
[29] developed a three-dimensional urban block radiative balance model integrating the
linear equations' exact solution with Monte Carlo techniques. Yang and Li [30]
developed another three-dimensional numerical model, which they used to investigate

the impact of urban geometry on average urban albedo and surface temperature. The
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effect of trees on radiative transfer in street canyons has also been considered.
Krayenhoff et al. [31] established a multi-layer urban canopy model with trees using
Monte Carlo ray tracing and studied the influence of trees on UCA.

The treatment of multiple reflections is the main difference between the UCA
models. The most direct method is Monte Carlo ray tracing [24,29,31,32], which is
usually used to deal with radiation transmission in complex environments. It requires
the simulation of as many photons as possible to ensure the reliability of the results.
This method is time-consuming and requires researchers to have specific coding
experience. In addition, as a simulation method, Monte Carlo ray tracing can only
obtain numerical solutions, which significantly limits the application of the model.
Another approach is to assess the reflection events by continuous numerical
calculations until the change in average irradiance occurring from the canyon top drops
to a specified amount between the two events [18,22,25]. This method reduces the
amount of numerical simulation, but the iterative calculation is still cumbersome, which
hinders the establishment of an analytical formula for the effective reflectance of street
canyons. The complexity of multiple reflections makes it difficult to obtain an
analytical equation for the radiative transfer within street canyons. As far as we know,
there is no relevant model to extract an effective analytical formula for the UCA.

After decades of development, the calculation model of UCA is still a complex
process. None of the existing mathematical models derive a simple theoretical formula
for UCA. The complexity of existing models significantly limits engineering
application and the ability to couple calculations with other models, especially for the
rapid assessment of urban scale solar radiation. In addition, downward atmospheric
longwave radiation is usually ignored, despite being another urban energy source,
especially at night.

In order to address the deficiencies mentioned above, this research aims to develop
a new mathematical model that can perform a rapid calculation of UCA for the
assessment of radiation performance at the neighborhood and urban scales. Such a
simple model is expected to be robust and able to provide a rapid evaluation of the

effect of direct and isotropic radiation on UCA.

2. Methodology

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

includes the radiation parameters model and the UCA calculation model. The solar
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radiation parameters model was set up to obtain radiation parameters such as solar
position, the fraction of diffuse solar radiation, and downward atmospheric longwave
radiation for locations lacking weather stations. The radiation parameters model outputs
serve as inputs for the UCA calculation model relating urban geometry factors, such as
view factor and multiple reflections, to simulate radiation transmission of direct and
isotropic radiation in an urban canyon. This model is then validated using ideal and
actual street canyon experimental data. Implementation of the model has demonstrated

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

in Fig. 1.
Step 1: Model development Step 2: Model validations Step 3: Model applications
Radiation parameters model Valiadtion of multiple reflections Diurnal urban canyon albedo variations
Solar position calculation

Diffuse radiation fraction

Downward atmospheric long-wave radiation

i 5 Comparing outputs with analytical results Jrban-scale erformance e
UCA calculation model paring outp y Urban-scale solar performance estimation

View factor calculation S - = g 1o 200/
Multiple reflections processing = = ’:’ SR
S
Comparing outputs with experimental test 1400 180 |
urban canyon albedo calculation formulas . ' ’
o

Fig. 1. The framework of this research.
2.1 Description of the mathematical model

This model makes the following three assumptions commonly used in the urban
canyon model [18,22,27]. (1) The urban canyon is infinitely long and uniform. (2) All
surfaces of the urban canyon are Lambertian emitters and reflectors. (3) Diffuse solar
radiation and downward atmospheric longwave radiation entering the urban canyon
from all-sky angles are assumed to be Lambertian radiation sources.

The geometry and angle definitions of the urban canyon are shown in Fig. 2, where
6 is the solar zenith angle, @, is the solar azimuth angle, ¢, is the orientation of the
urban canyon in which 0 denotes the north-south direction and m/2 the east-west
direction, w (m) is the canyon width, h (m) is the wall height, z (m) is the height of the
sunlit wall, and w, (m) is the length of shadow in the width direction of the canyon

generated by the direct radiation.
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Fig. 2. Definition of urban canyon geometry and angles.
2.2 Radiation parameters model

2.2.1 Solar position

The most common method to determine the incident direction of direct solar
radiation is by solar position. Generally, the solar position is determined by the solar
zenith angle and solar azimuth angle. Solar position algorithms are mainly divided into
fast algorithms used in engineering applications [33,34] and high-precision
astronomical algorithms [35,36]. This study adopted a high-precision solar position
algorithm proposed by Grena, and the detailed calculation can be found in Grena [37].
The algorithm computes the local coordinates of the sun corrected taking into account
the atmospherical refraction. The solar zenith angle, 6 (rad), and solar azimuth angle,

@5 (rad), are determined by [37]
0= % — asin(sing;q;Sind; + cos@ qcoséichy) — Ae (1)
@s = atan2(shy, chsing,,; — tand;cosQq¢) 2)
where the solar azimuth angle ¢, varies from —m to 7, and the azimuth is positive in
the eastern hemisphere. §; is the topocentric declination, ¢, is the latitude, sh; and

ch; are correlated with topocentric hour angle h;, sh, approximate cosine of h, ch;

approximate cosine of h;, Ae is the atmospheric refraction.
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2.2.2 Diffuse solar radiation

A part of solar radiation is scattered by gases, dust, aerosols, and so on, when solar
radiation passes through the atmosphere. This part of solar radiation is called diffuse
solar radiation. The fraction of diffuse to global solar radiation has been the subject of
many models [38-41]. The Orgill and Hollands model was used in this study [42]

1.0 — 0.249% ky < 0.35
17d= 1.557 — 1.84k, 0.35 < ky <0.75 (3)
0.177 ky > 0.75

where I; (W/m?) is the horizontal diffuse solar radiation, I (W /m?) is the horizontal
global solar radiation, and k7 is the sky clearness coefficient; the value of kr is given
by [43]

kr =— “)
where I, (W /m?) is the horizontal extraterrestrial solar radiation for a period between

hour angles h; and h; (h, is larger). The mathematical expression is shown in Eq. (5)

[44]:

I, = %[H 0.033005(360N )]x{cos ¢, cos A(sinh, —sinh))
T 365
z(h, —h) ®
= 2__Ulsing,, sin
+ 180 Ising,, Yok s

in which, G = 1366.1 W/m? is the solar constant [45], @4, is the latitude, 8 is the

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

284+N
%6 ) (6)

£ =0.409sin(2~

where N is the day number in the year.

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

| =G,7¥" cos@ @)

where 7 is a constant varying from 0.62 to 0.81, 0.81 for a cloudless day.

2.2.3 Downward atmospheric longwave radiation

The energy radiated downward by the atmosphere is downward atmospheric
longwave radiation. The atmosphere is regarded as Lambertian in this study, and the
energy is emitted uniformly into hemispherical space. A widely accepted method to
estimate downward atmospheric longwave radiation under both clear and cloudy
conditions was adopted in this study [47].

Ii=(1- f)e,oTd +f - oT4 ®)
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where I; (W/m?) is the downward atmospheric longwave radiation, T, (K) is the air
temperature of the calculation layer, o = 5.67 x10°W/m’K* is the Stefan-Boltzmann
constant, &, is the atmospheric emissivity and can be calculated by Brunt [48], f is the
cloud fraction as calculated using [47]

f=1-1/I ©)
where [ is the global solar radiation, and I, is the theoretical clear-sky global solar
radiation under the same conditions. /. can be calculated using the time fraction of

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

2.3 UCA calculation model

Unlike the previous urban canyon albedo model [18,22,27], this study models
direct solar radiation and isotropic radiation separately due to their completely different
transfer paths inside the urban canyon. And the radiative transfer between four facets
(one road, two walls, and the sky) is simplified to the sky and a concave surface. This
method dramatically reduces the view factors and multiple reflections calculation
between the various surfaces of the urban canyon. Thus, this study handles the multiple

reflections in urban canyons in a simple and robust way.

2.3.1 View factor

(1) View factor calculation of direct solar radiation

There are two urban canyon exposure scenarios according to the relationship
between shadow length w, and canyon width w. First, one canyon wall is partially
sunlit while the other wall and the road are shaded, as shown in Fig. 3a. Secondly, one
canyon wall is fully sunlit, and the road is partially sunlit, as shown in Fig. 3b. The
shadow length w; is computed by

ws = htan@|sin (¢; — @.)| (10)

Scenario 1: wg = w, the wall is partially sunlit, and the height of the sunlit wall, z,

can be calculated by

—h_ o Wwew
7= = isin (a0l an

The view factor of the sunlit area of the urban canyon to the sky, E,_,, is

A (12)

The weighted average albedo of the street canyon that is directly sunlit by solar
radiation p, is

P1 = Pn (13)

[ Field Code Changed
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where py, is the albedo of the wall.
Scenario 2: wg < w, one wall is fully sunlit, the height of the sunlit wall is h, the
width of the sunlit road is w — wy, and the view factor of the sunlit area of the urban

canyon to the sky can be calculated by

Fsp (14)

w

F,_,,=———
Z25 7 wah-wg

where F_,, is the view factor of the sky to the sunlit area of the urban canyon, and F;_,,

is

w[h2+wg?— [hZ+(w-wy)?
2w

K.,=1 (15)

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

solar radiation p; is

— hpp+(W-ws)pw (16)

1 w—-ws+h

where p,, is the albedo of the road.

Height Height
Width | Width
Shadow length Shadow length
(a) High solar zenith (b) Low solar zenith

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

(2) View factor calculation of isotropic radiation

Downward atmospheric longwave radiation and diffuse solar radiation radiate
uniformly to the urban canyon from the urban canyon top, assumed to be an imaginary
surface, as shown in Fig. 4. The view factor of the sky to the canyon is 1. The view

factor of the canyon to the sky can be calculated by

w

F= (17)

T w+2h

10
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Fig. 4. Downward atmospheric longwave and diffuse solar radiation received in the urban canyon.

2.3.2 Multiple reflections

(1) Multiple reflections of direct solar radiation

This study assumes that the initial direct solar radiation entering the canyon is
E},; and the albedo of the first reflection is p;. The photons then reflect multiple times
inside the urban canyon, and the albedo of each time is the weighted average albedo
Pave» abbreviated as p in the following formulas, of all facets in the urban canyon. The
absorbed and reflected energy of the urban canyon are E,;; and E,, , respectively.

Wpw+2hpy

Pave = “ohtw (18)

where p,, is the albedo of the road and pj is the albedo of the walls. The energy
absorbed and reflected after the first reflection can be calculated as
Egps1 = Eini(1—p1) (19a)
Ere1 = Einipy (19b)
The reflected energy is divided into the part radiated to the sky, E;,;p1F,—s, and
the part radiated to the urban canyon, Ej,;p1(1 — E,5). The energy absorbed and
reflected after the second reflection can be calculated as
Eapsz = Einipr(1 — Fo5) (1 — p) (202)
Erez = Einip1(1 = F;5)p (20b)
The reflected energy is divided into the part radiated to the sky, Ej,;p1(1 —
E,_s)pF, and the part radiated to the urban canyon, E;;p1(1 — F,_5)p(1 — F). The

energy absorbed and reflected after » reflections can be calculated as

Egpsn = Einiplpn_z(l - k)1 - F)n_z(l -p) (21a)
Eren = Einiplpn_l(l —Fo)(d - F)n—Z (21b)

The energy absorbed by the urban canyon during all the multiple reflections is

11
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Eabs = Eabsl + Eabsz + EahsB +L + E

absn

=E,Q-p)+E;p(1-F_)1-p)+L + Einiplpmz 1-F.)a- F)niz -9

pAl-F_)d-p)A-p"(1- l:)”)]
1-p(l-F)

=E[ll-p +

(22)
This study used infinite multiple reflections (n — o) to replace the finite multiple
reflections in the actual situation. The feasibility of this hypothesis was verified in
section 3.1, and the above formula converges to

. 1-Fy¢)(1—
Wi Eqpg = gy [1 = py + 20722020 (23)

1-p(1-F)
The effective absorptivity of the urban canyon for direct radiation is

p1(1—Fpss)(1-p)
1-p(1-F) (24)

The effective albedo of the urban canyon for direct radiation is

(1-Fz-5)(1-p)
1-p(1-F) (25)

szl—“b:lh[l—
Eq. (25) suggests that the effective albedo of the urban canyon for direct solar
radiation depends on wall height, road width, solar position, urban canyon orientation,
and the albedo of the canyon surfaces. The albedo of the first reflection p; is significant
to the effective albedo of the urban canyon, and the effective albedo of the urban canyon

will not be greater than p; due to the multiple reflections in the urban canyon.

(2) Multiple reflections of isotropic radiation

Due to the isotropic nature of diffuse solar radiation and downward atmospheric
longwave radiation, the albedo of each reflection is p. The energy absorbed and

reflected after the first reflection is

Eaps1 = Eqni(1 —p) (262)
Erer = Einip (26b)

respectively. The reflected energy is divided into the part radiated to the sky, E;,,; pF,
and the part radiated to the urban canyon, E;;,;p(1 — F). The energy absorbed and

reflected after the second reflection can be calculated as

Eapsz = Eqip(1 = F)(1 — p) (272)

Eres = Equp(1 — F)p (27b)
The energy absorbed and reflected after » reflections can be calculated as

Eapsn = Einipn_l(l - F)n_l(l - p) (28a)

Eren = Einipn_l(l - F)n_lp (28b)

The energy absorbed by the urban canyon during all the multiple reflections is

12



310

311
312

313
314

315

316
317

318

319
320
321
322

323

324
325
326
327

328

329
330

331
332
333
334
335
336

Eabs = Eabsl + Eabsz + Eahs3 +L + E

absn

=E(1-p)(A+ p(-F)+ p*(1-F)*+L + p"(1-F)") (29)
1_ n+l l— F n+l
S it e
1-p(1-F)
In the limit, n = oo, the energy absorbed after an infinite number of reflections is
. 1-
7111_{120 Eaps = Eing Tlp_p) (30)

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

longwave radiation is

— —_1-r
g = a; = 1-p(1-F) (31)

The effective albedo of the urban canyon for diffuse, p;, and downward atmospheric

longwave radiation, p;, is

_ _ 1 _ 1-p _ pF
pa=p =1 pG-F) — 1-p(-F) (32)

Eq. (32) suggests that the albedo of the urban canyon for diffuse and downward
atmospheric longwave radiation depends on the wall height, road width, and albedo of
the urban canyon surfaces. The urban canyon albedo for global solar radiation can be

computed by
I I
ps="TpPp+ - pa (33)

where p; is the urban canyon albedo for global solar radiation, I, (W/m?) is direct
solar horizontal radiation, I; (W/m?) is diffuse solar horizontal radiation, and I
(W/m?) is global solar horizontal radiation. The urban canyon albedo for solar

radiation and downward atmospheric longwave radiation is

1 1
Pa =Pyt pa + Py (34)

I+1; I+1;
where I, (W/m?) is downward atmospheric longwave radiation.

2.4 Summary of the model

Two simple formulas, Eq. (25) and Eq. (32), were developed and used to predict
the urban canyon albedo for the first time for direct and isotropic radiation. Users can
directly calculate UCA without using a complicated process. The UCA of isotropic
radiation can be predicted using Eq. (32), which only needs the geometry of the urban
canyon and the albedo of its surfaces. If the solar position is obtained, the urban canyon

albedo of direct radiation can be calculated according to Eq. (25).

13
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3. Model validation

The model was validated using three scenarios to evaluate its reliability and
performance. First, the rationality of the hypothesis of infinite multiple reflections was
verified using a typical north-south canyon. Secondly, the analytical results and model
outputs under two extreme cases (extreme case 1: very shallow canyon, extreme case
2: bottomless canyon) were compared to verify the robustness of the model. Finally, the
model was validated with Aida's experimental test results [51] for an ideal urban canyon

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

3.1 Validation of multiple reflections

Radiation is reflected in the street canyon until it is entirely absorbed by the surface
or escapes from the street canyon. The number of multiple reflections was evaluated
until the irradiance emerging from the canyon top or absorbed by urban canyon surfaces
fell below a specified threshold value found in previous studies [18,22]. This study
assumes that the number of reflections is infinite, n = oo, and the reliability of this
hypothesis was verified by conducting random sampling inspections on different types
of canyons. Here the typical north-south urban canyon was analyzed as a case study.
The input parameters used in the calculation are shown in Table 1.

Table 1

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

Input parameters Values
Solar zenith angle 11.7°

Solar azimuth angle 180°

Direct radiation intensity 500 W/m?
Canyon orientation North-south
Road width 5.0m

‘Wall height 5.0m
Albedo of road 0.5

Albedo of walls 0.5

The energy absorbed by the urban canyon after a limited number of multiple
reflections is calculated by Eq. (21a), and the energy absorbed by the urban canyon
after infinite multiple reflections by Eq. (23). Fig. 5 shows a comparison of results by
two calculation methods. All photons are absorbed by the canyon or escape from the
canyon top after six reflections, and the energy absorbed by the canyon is 371 W/m? .
The energy absorbed by the canyon after infinite multiple reflections is 372 W/m?. The

energy absorbed by the canyon drops by orders of magnitude after every reflection
14



363 inside the canyon, so infinite multiple reflections have no significant effect on the
364  energy absorbed by the canyon. It is therefore simple and effective to set the multiple

365  reflections inside the street canyon to ‘n’ (n = o0) times.

7/
Iterative calculation process Infinite multiple

100 | reflections
<} ~q 367 370 371 371 :
= 350 F 228
2 3 331
8 300 |
>
g 250
2 250 F
>
)
B 200 F
)
e
Z
oS 150 F
«©
g
2 100
L]
=
m

50 |

0 1 1 1 1 1 1 1 1 I’ll 1

1 2 3 1 5 6 7 8 o0
366 Number of multiple reflections
367 Fig. 5. The number of multiple reflections and the energy absorbed by the canyon.

368 3.2 Comparing outputs with analytical methods

369 The model outputs were compared with analytical results under two extreme cases.
370  The input parameters are shown in Table 1. The first extreme case was a very shallow
371  canyon where the canyon aspect ratio was set to 0.01 and 0.001. In this case, the albedo
372 of an urban canyon should be similar to that of a flat surface. The second extreme case
373  was a bottomless canyon where the canyon aspect ratio was set to 100 and 1000. In this
374  case, the urban canyon albedo should approach zero. The model outputs are shown in
375  Table 2. The simulation outputs and the analytical results agree in the two extreme cases.
376  The urban canyon albedo approaches 0.5 when the canyon aspect ratio is smaller than
377 0.01.

378 Table 2

379  Prediction values of the model compared with analytical results.

Urban canyon aspect ratio

UCA 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

The model was validated by comparing the simulated outputs with Aida's ideal
urban canyon scale model [51]. The scale model was built using a platform of concrete
slabs with a diameter of 3m, and various urban structures were created using 0.15m
concrete blocks. The experimental albedo tests were conducted in Yokohama, Japan
(35°N, 139°E) on June 15 and December 3 using two solar radiometers. Model 1 and
model 2 are north-south and east-west oriented canyons with an aspect ratio h/w = 1.0
and equal roof and canyon widths as shown in Fig. 6. Many scholars have used this
model to validate their urban canyon albedo models [18,22,27,52].

Aida tested the variations in albedo of a uniform flat surface and found that the
surface albedo increased near sunrise and sunset due to the dependence of the albedo
on the incident angle of the surfaces. The albedo of the roof was set as the albedo
measured from the flat surface by Aida [51], and the albedos of the wall and road are
taken as a constant, equal to 0.414 according to the literature [24]. The diffuse and total
solar radiation ratio was set to 0.177 to represent a typical sunny day because the
experiment data was measured on clear days.

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

used to evaluate the model's predicted performance. They are calculated as follows:
n —M:)2
RMSE = JM (3%5)

r Yi=1(Pi—P)(M;—M) (36)

 aeepr o o

where P; is the ith predicted value, M; is the ith measured value, and # is the number
for comparison. P is the average of the predicted value, and M is the average of the
measured value.

A comparison of predicted and measured values during the summer is shown in
Fig. 6a. Overall, the simulated values are slightly larger than the measured values.
Slight deviations are also found when the albedo measured in the winter is validated
(Fig. 6b). Possible reasons for these deviations are uncertainties associated with the
local atmospheric conditions and possible observation errors. We compared the
prediction performance of the new model to three existing models, as shown in Table
3. The new model has a Pearson correlation coefficient of 0.87 for summer and 0.95 for
winter. The maximum RMSE is less than 0.018. Despite the simplicity of the calculation

method, the new model guarantees calculation accuracy compared with other models.
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412  Table3

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

Model Present model Sailor’s model [18] Fortuniak’s model [27]  Qin’s model [22]
type 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
0.50 0.50

Aida Present model Aida Present model
0.15 F ® Model | Model | 0.15 F = Model | Model 1

+ Model2 - - -Model2 + Model 2 — — -Model 2

Albedo
T
Albedo

1 1 1 1 L

20 L L L L L 0.2
06:00  08:00  10:00  12:00  14:00  16:00  18:00 08:00 10:00 12:00 14:00 16:00

414 (a) Summer Local time (b) Winter Local time

415  Fig. 6. Validation results comparing present model outputs to ideal experimental data for
416  measurements in (a) June and (b) December. Note: Model 1 is a north-south orientation urban
417 canyon; Model 2 is an east-west orientation urban canyon; dotted data is the measured data digitized
418  from Aida [51]; the solid line represents the output from the model.

419 3.4 Comparing outputs with an actual street canyon experimental test

420 The model was validated by comparing the results with a complex street canyon
421  experimental test by Kotopouleas ef al. [S0] who developed a scale model of an actual
422  residential area in Islington, London. The northeast-southwest oriented street canyon
423  consists of 22 trapezoidal, 3-story building blocks with an aspect ratio of 1/1.6. The
424  diurnal UCAs of three facade types: Brickwork (73% bricks, 24% glass, and 3% wood);
425  Curtain Wall (3m? on each side covering 40-44% of the facade); and Aluminium
426  cladding (3m? on each side covering 40-44% of the facade) were used to validate our
427  model. The ground status was 82% tarmac and 18% paving. According to their material
428  library, we calculated the mean albedo of facades and ground as inputs to the model.
429  The mean albedo for brickwork, curtain wall, aluminum cladding, and ground is 0.25,
430 0.17,0.23, and 0.14, respectively.

431 The results (Fig. 7) revealed a good convergence between the model outputs and
432  measured values. The UCA of all facade types presented a U-shaped profile due to

433  pavement surface albedo being high at sunrise and sunset and low and constant over
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midday [53]. The UCA in the morning and evening was not simulated due to the lack
of surface albedo. However, the estimated values for the daytime show that the model
has a reasonable degree of accuracy. Compared with measurement results, the Pearson
correlation coefficient for brickwork, curtain wall, and aluminum cladding is 0.75, 0.63,
and 0.74, respectively, and the RMSE is 0.016, 0.03, and 0.012, respectively. The
validation results show that the model can simulate the UCA of complex street canyons

when reasonable boundary conditions are given.
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Fig. 7. Validation results comparing present model outputs to complex experimental data. Note: the
solid lines are the measured data digitized from Kotopouleas [50], while the dotted data represents

the output from the model.

4. Model Applications

This section demonstrates the application of the newly developed model. First, this
model can be used to calculate the UCA of a given street canyon and evaluate the effect
of the urban geometry and materials on the UCA. Secondly, quickly estimating the solar

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

4.1 UCA estimation of an urban canyon and sensitivity analysis

The diurnal variations and influencing factors of UCA on a typical summer day
were analyzed, taking Chonggqing (30°N, 126°E) in China as a case study. The weather
data on July 27 of a typical meteorological year for Chongqing was used in this
simulation [54]. The UCA of downward atmospheric longwave radiation is not
analyzed because it is the same as diffuse solar radiation. The albedo of roofs on both

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

The urban canyon geometry controls the UCA. Street canyon aspect ratio and
orientation are the most important parameters reflecting street canyon geometry [55,56].
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
to represent an urban canyon with different depths. The albedo of both the road and
walls was set to 0.5 to observe more obvious albedo variations.

First, the UCA hourly variations of the direct, diffuse, and global solar radiation
of north-south (N-S) and east-west (E-W) orientation urban canyons with different
aspect ratios were investigated (Fig. 8). The UCA of direct solar radiation varies slightly
from 6:00 to 18:00 (Fig. 8a) in the N-S canyon when the canyon is shallow (h/w < 1).
Usually, there is a large UCA at noon; this has an opposite trend to the measurement
results of Aida because this model did not capture the dependence of surface albedo on
the incidence angle, which is a common defect of that urban canyon radiation model
[18,22,27]. The simulation results are smaller than the actual situation at sunrise and
sunset. The diurnal UCA variation trends of direct solar radiation in the E-W canyon
(Fig. 8b) are similar to the N-S canyon when the canyon is shallow, possibly because
the variations of F,_,; are slight due to lower walls. The UCA variation trends in direct
solar radiation predicted in this paper agree with those by Qin [22].

The UCA of direct solar radiation in the N-S canyon follows a V-shape when the
aspect ratio is larger than 3.0, as shown in Fig. 8a. Only the upper part of the wall is
illuminated due to the large solar zenith angle at sunrise and sunset and the amount of
solar radiation escaping directly out of the street canyon. The multiple reflections and
absorption of direct solar radiation inside the canyon severely reduced the UCA during
the daytime. The UCA of direct solar radiation has a minimum value at noon and then
increases gradually with the increase in the solar zenith angle.

The direct solar radiation in the E-W canyon follows a W-shape when the aspect
ratio is larger than 3.0, as shown in Fig. 8b. The maximum UCA of direct solar radiation
occurs at sunrise before dropping sharply and reaching its lowest value at 8:00 and then
increasing slightly. The second trough occurs at 16:00 local time. This phenomenon is
related to the shadow length, which is discussed in the latter part of this section. The
variation trends of direct solar radiation predicted in this paper agree with those by
Fortuniak [27].

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

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

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

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

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

radiation.
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Fig. 8. Diurnal variations of UCA on July 27 in Chongging.
Fig. 9 illustrates the relationship between the daily mean UCA and urban canyon

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

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

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

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

canyon is 0.47, 0.34, and 0.25 for a canyon aspect ratio of 0.1, 0.5, and 1.0, respectively.
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The UCA of direct solar radiation changes gradually with the canyon aspect ratio when
the canyon aspect ratio increases and the UCA begins to vary with canyon orientation.
The UCA of direct solar radiation for a N-S canyon and an E-W canyon are 0.16 and
0.13, respectively, when the canyon aspect ratio is 3.0. When the canyon aspect ratio is
greater than 4.0, increasing the canyon aspect ratio affects the UCA slightly. The UCA
of direct solar radiation in the N-S canyon is 0.14, 0.13, and 0.12 for a canyon aspect
ratio of 5.0, 7.5, and 10, respectively. The E-W canyon has a lower UCA than canyons
in any other direction.

Fig. 9b shows that the UCA of diffuse solar radiation decreases with increasing
canyon aspect ratio. This influence gradually weakens with a canyon aspect ratio
greater than 4.0, similar to the observations made for direct solar radiation. The canyon
orientation does not affect the UCA of diffuse solar radiation, so there is only one curve
in Fig. 9b. The variations of UCA of global solar radiation are the same as direct solar

radiation, as shown in Fig. 9c.
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Fig. 9. Relationship between the urban canyon albedo and the canyon aspect ratio.

The influence of canyon orientation on the average daily UCA was calculated. Fig.
10a shows that the canyon orientation slightly affects UCA when the canyon aspect
ratio is less than 1.0. The UCA gradually decreases as the canyon azimuth angle
increases. The UCA of the N-S canyon is 0.16, 0.14, 0.13, and 0.12 for an aspect ratio
0f 3.0, 5.0, 7.5, and 10.0, respectively whilst the UCA of the E-W canyon is 0.13, 0.09,
0.07, and 0.06 for an aspect ratio of 3.0, 5.0, 7.5, and 10.0, respectively. Usually, the N-
S canyon has the maximum UCA, and the E-W canyon has the minimum UCA. Because
the N-S canyon will produce shadows for a longer period during the day for a deep

urban canyon, that is to say, direct solar radiation mainly illuminates the canyon walls,
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and the radiation can escape from the canyon top more easily. The canyon orientation
does not affect the UCA of diffuse solar radiation, as shown in Fig. 10b. The variations
of UCA of global solar radiation with canyon orientation are the same as for direct solar
radiation, as shown in Fig. 10c.
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Fig. 10. Relationship between the urban canyon albedo and the canyon orientation.

The distribution of direct solar radiation in a deep urban canyon was analyzed,
taking an urban canyon with a road width of 1m and a wall height of 5Sm, as shown in
Fig. 11. For the N-S canyon, a small part of the north wall is sunlit at sunrise, and the
sunlit area gradually increases as the solar zenith angle decreases. The road inside the
canyon is sunlit at 11:15 and is fully sunlit at noon, and the UCA of direct solar radiation
has the minimum value in this period. The period that the road is sunlit is no more than
2 hours. For the E-W canyon, the road inside the canyon is sunlit at around 7:45, and
the period for which the road is sunlit is about 8 hours, which results in more multiple
reflections and more solar radiation being absorbed by the urban canyon. The direct
radiation distribution of canyons with different orientations was also reported by Lau

et al. [57] and Ali-Toudert ef al. [S8].
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Fig. 11. Direct solar radiation distribution in a deep urban street canyon.

In summary, canyon orientation slightly affects UCA for shallow canyons. For
deep canyons, N-S and E-W canyons have the maximum and minimum UCA,
respectively, because, as the azimuth angle of the canyon increases, the exposure period

of the road gradually increases.

4.1.2 UCA variations with albedos of pavements and walls

Portland cement concrete and asphalt are the most commonly used pavement
materials in today’s urban environment. Generally, the albedo of new conventional grey
Portland cement concrete is 0.35-0.40, and aged Portland cement concrete has an albedo
0f 0.20-0.30 [59]. The albedo of new asphalt is very low, the surface becomes lighter
after long-term use, and the albedo of aged asphalt is about 0.2 [60]. High albedo
pavements have always been used as one of the main methods of improving the urban
thermal environment and have been extensively studied [61-63]. This study simulated
an UCA with a fixed wall albedo of 0.3 but with different road albedo values (0.2, 0.3
for a regular pavement; 0.4, 0.5, and 0.6 for a high albedo pavement). Only the N-S
canyon was analyzed. The aspect ratio was set to 0.1, 0.5, 1.0, 5.0, and 10.0 to represent
canyons with different depths.

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

increase in pavement albedo can significantly increase the UCA for shallow urban
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canyons (h/w < 1.0). As the aspect ratio increases, the effect of pavement albedo on
UCA gradually weakens. Road albedo has little impact on the UCA when the aspect
ratio of the canyon is greater than 1.0, as shown in Fig. 12a. Because the road is only
exposed to sunlight for a short time, the multiple reflections severely reduce the UCA
for the deep canyon. Therefore, the UCA of direct radiation can be effectively reduced
by increasing the road albedo for shallow canyons (h/w < 1.0), but the high albedo
pavement has little effect on the UCA of direct radiation for deep canyons.

The variation trends of UCA for diffuse solar radiation are the same as for direct
solar radiation, as shown in Fig. 12b. The UCA of diffuse solar radiation is mainly
affected by the wall albedo because the proportional contribution of the road is
negligible for deep canyons. Hence, high albedo pavements can reduce the solar energy
absorbed by canyons for shallow canyons, but this method becomes less effective for
deep canyons.
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Fig. 12. The influence of the pavement albedo on the urban canyon albedo.

The effect of wall albedo on the UCA was also analyzed. This study simulated the
UCA with a fixed road albedo of 0.3 but with different wall albedo values (0.2, 0.3, 0.4,
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
with different depths.

Fig. 13a indicates that high albedo walls effectively increase the UCA of direct
solar radiation for shallow and deep urban canyons. Wall albedo rises from 0.2 to 0.6
resulting in an increase in UCA of direct solar radiation from 0.26 to 0.3 for a shallow
urban canyon with an aspect ratio of 0.1, as shown in Table 4. For a deep urban canyon
with an aspect ratio of 10.0, increasing wall albedo to 0.6 leads to an increase of 0.16

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

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

Table 4

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

Urban canyon aspect ratio

Wallalbedo = 05 1.0 5.0 10.0
02 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
for diffuse solar radiation, as shown in Fig. 13b. It is worth noting that although the
UCA variation trends of diffuse solar radiation and direct solar radiation with wall
albedo are consistent, the influence mechanism is different. The variations of diffuse
solar radiation are not affected by solar position. All methods to increase the average
albedo of the surface inside the canyon can effectively increase the UCA of diffuse solar
radiation. Compared with roads, increasing wall albedo can effectively improve the
UCA of diffuse solar radiation because the walls account for a relatively large
proportion, even in deeper urban canyons. The variations of UCA of global solar
radiation are the same as for direct solar radiation due to the large proportion of direct
solar radiation, as shown in Fig. 13c.
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Fig. 13. The influence of the wall albedo on the urban canyon albedo.
4.2 Urban-scale solar performance estimation
The newly-developed model can rapidly assess street canyon radiation at urban
scales. The model is used to calculate the solar radiation absorbed by the street canyons

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

this section. Meteorological data for a typical summer day (June 21, 2018) are selected
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in this simulation. Surface classification (25m resolution) and digital elevation model
(DEM) (1m resolution) data for the entire London area were utilized for the case study
illustration, which was produced by UKCEN [64]. Firstly, DEM was used to extract the
urban geometry parameters (average wall albedo, average pavement albedo, canyon
orientation, and aspect ratio of the street canyon) through raster data spatial analysis
methods in the geographic information system (GIS). And then, the average UCA and
solar radiation absorbed by the urban canyon were estimated using our model. The
entire process was completed within 1 hour, providing a new method to quickly
estimate urban-scale solar radiation performance.

The specific operation process is as follows. First, the land cover classification and
DEM data (Fig. 14) were reclassified to set the surface albedo and wall albedo
parameters. The ground cover was divided into six categories: buildings, pavement,
trees, grass, bare soil, and water. According to the height, the classification of walls is
simply divided into three different facades (less than 10m, 10m to 30m, and above 30m).
Secondly, the determination of the street orientation is obtained by indirectly judging
the direction of the building walls and then converting them. Specifically, the
orientation of the building wall can be obtained by performing gradient analysis on the

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

Height (m)

o IS

Fig. 14. The DEM data for London.

Since the wall orientation is always perpendicular to the street orientation, the
street orientation can be obtained by converting the calculated wall orientation by 90
degrees. Third, similar to getting the direction of the wall, the boundary of the building
(that is, the position where the gradient value changes the most) can be judged by the
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gradient calculation. When the building boundary is obtained, the numerical surface
area of the building can be calculated by combining its elevation information. Then, the
canyon aspect ratio can be obtained by comparing the calculated vertical surface area
with the street area in the DEM with the value of 0. Finally, with the help of the zonal
statistical calculation method of raster data, all the above parameters are statistically
calculated for all of London according to each 300m*300m grid to obtain the average
value. The average DEM data with 300m resolution is shown in Fig. 15. The averaged

DEM data is in good agreement with the original data (Fig. 14).
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Fig. 15. The average DEM data of London at 300m resolution.

The hourly solar radiation absorbed by street canyons in London was calculated
using the model developed in this study. Fig. 16 shows the absorbed solar radiation at
noon. As a whole, the solar radiation absorbed by urban canyons in London is radial,
the solar radiation absorbed by the central urban area is significantly higher than that
of the surrounding areas. The variation trend of solar radiation absorption is the same
as the variation trend of building height, which shows that the aspect ratio of street
canyons plays a decisive role in the amount of solar radiation absorbed by street

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

Fig. 17 shows the daily variation of solar radiation absorbed by street canyons in
London. The amount of solar radiation absorbed by urban street canyons has an evident
daily variation. The maximum solar radiation absorption at noon is about 3000 kWh/m?,
and the radiation absorption at 18:00 local time is only about one-fourth of the solar
radiation absorption at noon. Our simulation results are consistent with the trends in
surface temperature and heat island intensity distribution in London [65], suggesting
that combining our model with DEM data is an efficient way to rapidly estimate the

radiation performance of a large-scale urban canyon.
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Fig. 27. The daily variation of solar radiation absorbed by street canyons in London on June 21,
2018.
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5 Model limitations

The model uses the assumptions and simplifications commonly used in the urban
canyon model. Firstly, all surface elements of the urban canyon are Lambertian, but the
reflectivity of many actual structures depends on the incident angle. Secondly, the other
objects in the street are neglected, especially trees. With the development of green cities,
trees have become a ubiquitous and non-negligible part of the cityscape and have
changed the radiation transmission path in street canyons. This limitation will be
considered in a future model. Even if the above assumptions affect the accuracy of the
model, the model provides a robust theoretical calculation for quickly assessing the

urban canyon radiation performance.

6 Conclusions

This paper presents a newly-developed simplistic but robust mathematical model
for a rapid calculation of urban canyon albedo (UCA). The model can effectively
predict the UCA with various canyon geometries and building surface construction
materials in any location. The model has been validated with experimental tests, the
maximum root mean square error (RMSE) is 0.03, and the minimum Pearson correlation
coefficient () is 0.63.

The diurnal variations and influencing factors of UCA on a typical summer day
were analyzed using a case study in Chongqing, China. It was found that the canyon
aspect ratio determines the UCA, especially when the canyon aspect ratio is less than
4. The canyon orientation has almost no effect on UCA when the canyon aspect ratio is
less than 1. High albedo pavements can effectively increase the UCA when the canyon
aspect ratio is less than 1. The building wall albedo has a higher impact on UCA than
the one of the pavement.

The newly developed UCA calculation algorithm integrated with urban building
information in the GIS platform can rapidly calculate city-scale UCA. The
implementation of the model for the City of London has been demonstrated. The model
can be used to assess the impacts of urban geometry and materials on radiation

performance on the block and urban scale quickly.
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