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Abstract. The full access to solar energy resources is limited by the surrounding urban
environment. The purpose of this study is to evaluate the seasonal solar radiation incident on
the vertical walls of different types of urban street canyons. That are places where streets are
flanked by buildings on both sides creating canyon-like environment. The article considers
exemplary urban canyons by combining different orientations of the streets (east – west, north
– south) with different proportions between height and width. The used approach is a
combination of numeric integration of pre-computed cumulative sky radiance patterns during
long periods and vertical fisheye orthographic projections of all existing obstructing objects in
the environment of the considered vertical receiving surface. The developed computer
program, based on this approach, evaluates the seasonal direct and diffuse solar radiation
incident on the vertical building surfaces of different types of urban canyons during both
critical seasons – winter and summer at the geographical and climatic conditions in Sofia.

1. Introduction
A street canyon (also known as urban canyon) is a place where the street is flanked by buildings on
both sides creating canyon-like environment [1]. This concerns most streets in city centres. The
specific geometry of the urban canyons influences many climatic and other local parameters such as
temperature, wind and air quality. Initially the term “street canyon” was used for a relatively narrow
street with tall buildings on both sides. Today the term has a broader sense, and the relationship
between the geometric parameters of the canyon is used for its categorization. The most important
geometrical detail about a street canyon is the ratio of the canyon height (H) to canyon width (W):
H/W. The value of this aspect ratio can be used to classify street canyons as follows: regular canyon –
aspect ratio H/W ≈ 1 and no major openings on the canyon walls; avenue canyon – aspect ratio H/W ≤
0.5, deep canyon – aspect ratio H/W ≈ 2 [1]. A sub-classification of each of the above can be done
depending on the distance between two major intersections along the street, defined as the length of
the street canyon.
The modification of the characteristics of the atmospheric boundary layer in a street canyon is
called the street canyon effect [1]. One of the reasons about it is the dynamic energy exchange with in
the street canyon.
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Among the factors that affect this energy exchange, on first place is the solar radiation that is
dynamically changing and limited resource. The opposite wall of the canyon stops part of the
incoming solar radiation. The rooms in the buildings in an urban canyon have different view to the sky
and receive different amounts of solar radiation and daylight.
2. Methodology
To estimate the seasonal direct and diffuse radiation on the vertical canyon walls we extended the
capabilities of our computer program, described in [2, 3], that estimates the incident solar energy on a
horizontal surface under partially obstructed sky. It uses an approach that is a combination of numeric
integration of pre-computed cumulative sky radiance patterns during long periods and fisheye
orthographic projections of all existing obstructing objects in the environment of the considered
surface. The vertical fisheye orthographic projections of the cumulative sky radiance patterns and
obstructing objects are discretized into rectangular matrices of cells and pixels.
The sky radiance patterns can be pre-computed by computer programs, based on empirical, semiempirical or physical models of radiance distribution. Thus our approach integrates four stages. The
first two of them has to be performed only once for every new place. The third stage is same for every
new building in particular urban environment.
First stage: Software like RADIANCE, LibRadtran, DISORT or other creates long-term averaged
daily radiance patterns during desired period and saves the results in its own format.
Second stage: A pre-processor reads solar data prepared in the first stage and converts them into a
format, suitable for our software. Any new software for the first stage requires a new pre-processor.
Third stage: Our software reads solar data prepared by the pre-processor and creates cumulative
radiance pattern during the desired period.
Fourth stage: The program calculates the radiance coming from visible parts of the sky
hemisphere taking into account the average shading matrix, created to reflect the obstructions by other
objects in the environment.
As an example in [2] we modelled separately both direct and diffuse sky radiance patterns to get
ready results from the first stage of the methodology.
2.1. Model of cumulative beam radiance pattern
Source of the beam radiance is the sun disk with angular diameter 0.5° and the aureole with angular
diameter 5°. The vertical fisheye orthographic projection of a daily solar path is part of an ellipse. We
estimate the value of solar beam radiance and sun’s position on the sky with time step 5 minutes to
receive relatively smooth solar curve. For every calculated time step and each cell in the matrix we
check whether the distance between its corresponding sky position and the sun position is less than
2.5°. In case it is, the value of the beam radiance for this matrix cell B(x,y) increases with B0c / t, where
B0c is the normal beam irradiance at this moment and t is the solid angle 0.0059802 sr of the source of
beam radiation – the sky circle with angular diameter 5°. Finally the value of B(x,y) has to be divided
by (matrix size/2)2.
2.2. Model of diffuse radiance
Most anisotropic models of the sky assume that the diffuse radiance can be represented by the
superposition of two basic independent components – a background component, which represents the
dependence on air mass (as a function of the angle from the zenith) and a circumsolar component,
which represents the dependence on the scattering angle from the solar position. In our example both
the background and the circumsolar components of diffuse radiance are modelled separately and the
fisheye orthographic projections of the cumulative diffuse radiance patterns of the sky hemisphere are
discretized into two different matrices of cells (pixels) – one for each component.
Most models of diffuse irradiance use F – the ratio between the beam and the extraterrestrial
horizontal irradiances (F = B / E= (G – D) / E) or other sky clarity index as a parameter, which mixes
the background and the circumsolar components. In our previous work [4] we proposed a modification

of Muneer’s model [5] – the ratio F to be used for shaded surfaces under a clear sky. In this way the
proportion between the background and the circumsolar components of the horizontal diffuse
irradiance IDBgr and IDcs will be (1 – F ) / F.
The background diffuse radiance for each point of sky hemisphere is calculated by using the
equation of Moon & Spencer [6] Rθ = Rz (1 + b.cosθ) / (1 + b).
The modelling of the circumsolar component of diffuse radiance is more complicated. Its values
are exponentially decreasing from the sun to about 90° angular distance. The total value of IDcs has to
be F.ID. Part of the calculated circumsolar radiation is blocked by the ground under the horizon. The
values of the circumsolar radiance are modelled using the equation φ (θ ) = e kθ γ by Buie [7] with the
help of the circumsolar ratio (CSR) χ. More details on this are presented in our previous work [2].

2.3. Model of urban canyon
The used model of urban canyon is simple - it includes two parallel parallelepipeds with height H
and distance W between them (figure 1) [8]. Their length L is 20 times longer than the distance W. We
consider 6 cases of urban canyons: a) canyon with axis east – west (figure 1a) with 3 different aspect
ratios: a1) H/W=1/2; a2) H/W=1/1; a3) H/W=2/1; b) canyon with axis north – south (figure 1b) with 3
different aspect ratios: b1) H/W=1/2; b2) H/W=1/1; b3) H/W=2/1.

Figure 1. Schematic representation of the street direction and building orientation:
(a) canyon with axis east-west; (b) canyon with axis north-south.
3. Results
For vertical projections of the radiance patterns a matrix size 250 x 125 is used, every cell of which
will be displayed later by one pixel. Inside the resulting image (250 x 125) only a semicircle with
radius 125 pixels will correspond to the vertical fisheye orthographic sky projection. For architectural
purposes both critical seasons (winter and summer) have to be differentiated. In our calculations for
Sofia – a place with continental weather (with very cold winter and very hot summer) we consider
winter period from October 1st to March 31st (182 days) and summer period from June 1st to August
31st (92 days).

3.1. Vertical fisheye orthographic projections of cumulative sky radiance patterns under nonobstructed sky
The first step is the preparation of the matrices of the vertical fisheye orthographic projections of the
cumulative global radiance patterns (and the corresponding images in figure 2) for 4 different basic
vertical exposures (southern, northern, eastern and western) and during different periods (winter,
summer, whole year). Note that the diffuse and the beam radiances are displayed using different scales
because of the very big difference between their maximum values. The colours are not real.

Figure 2. Vertical fisheye orthographic projections of cumulative global radiance patterns for 4 basic
vertical exposures and during different periods (winter, summer and whole year).

3.2. Average vertical shading matrices
The next step is to prepare the average shading matrices for the vertical walls of urban canyons with 3
different values of aspect ratio: H/W=1/2, H/W=1/1, H/W=2/1. They have values in their cells between
0 and 1. The resulting average shading matrices are displayed in figure 3 in grey shades between black
(value 0 for a completely invisible sky area) and white (value 1 for a completely visible sky area).

Figure 3. Average shading matrices for urban canyons with different aspect ratios.

3.3. Vertical fisheye orthographic projections of cumulative sky radiance patterns under partially
obstructed sky in an urban canyon
The incident global irradiation during a desired period for a vertical surface is estimated as a sum of
the products of values for different exposures in the global radiance matrix (figure 2) and the
corresponding values between 0 and 1 in the average shading matrix (figure 3). This procedure leads
to very fast calculating of results and thus less used computer time. In this way the numerical results in
tables 1, 2 and 3 and the corresponding images in figure 4 were obtained.

Table 1. Average daily vertical solar irradiation [Wh/m2/day] for canyon with aspect ratio H/W = 1/2.
Axis of the urban canyon

Exposure

Winter

Summer

Year

East – West

Southern
Northern

1754
413

1956
1146

1902
707

South – North

Eastern/Western

846

2178

1409

Table 2. Average daily vertical solar irradiation [Wh/m2/day] for canyon with aspect ratio H/W = 1/1.
Axis of the urban canyon

Exposure

Winter

Summer

Year

East – West

Southern
Northern

1201
307

1702
863

1502
529

South – North

Eastern/Western

621

1656

1058

Table 3. Average daily vertical solar irradiation [Wh/m2/day] for canyon with aspect ratio H/W = 2/1.
Axis of the urban canyon

Exposure

Winter

Summer

Year

East – West

Southern
Northern

673
197

1398
565

1029
344

South – North

Eastern/Western

393

1079

682

Figure 4. Average shaded vertical fisheye projection of cumulative global radiance patterns per year
for urban canyon with aspect ratio H/W=1/2, H/W=1/1, H/W=2/1.

4. Conclusion and future work
The applied approach has some important advantages. Generally it is suitable for shading and
receiving surfaces with any shape and in any position, although our software can process vertical and
horizontal receiving surfaces only. The approach is based on a more realistic model of diffuse radiance
and uses less computer time. It is opened to be supplied with data from semi-physical or physical
models of radiance distribution that will increase its accuracy. In future the software will be expanded
by the capability to deal with inclined receiving surfaces, specific for the PV applications.
Very often the graphics generated by our software are easier to understand than tables with
estimated numerical results. This will be very useful for an architect and could allow him to have a
better idea about the amount of solar radiation incident on the vertical façades of different urban
canyons. The precise estimation of the incident solar radiation on glazed building façades within an
urban canyon and the known relation between the incident solar irradiance and the incident solar
illuminance can help the architect to get the values of the available daylight with very good accuracy.
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