Proceedings of Building Simulation 2011:
12th Conference of International Building Performance Simulation Association, Sydney, 14-16 November.

PARAMETERIZATION OF THE SOLAR RADIATION ABSORPTION
CHARACTERISTICS ON GROUPS OF BUILDINGS
Masatoshi Nishioka1, Yuko Hotta2, Minako Nabeshima1 and Masaki Nakao1
1
Osaka City University, Osaka, Japan
2
Former student of Osaka City University, Osaka, Japan

ABSTRACT
In the numerical simulation study of urban climate in
meso-scale, a uniform arrangement model is
generally used by simplifying the complicated
conditions formed by groups of buildings and
without using complicated geometrical calculation.
In contrast, the present authors have been performing
a model study by preserving and maintaining solar
radiation absorbing characteristics in simplifying the
process of the study. In this study, based on the data
on the urban form of Osaka City, model parameters
relating to direct solar radiation are generated, and
we demonstrated that it is possible to re-arrange the
problems by interrelating the data with sky view
factor as seen from the ground surface.

INTRODUCTION
Background of the Study
Attention has been focused on the problem that the
conditions of cities are now turning into the so-called
“heat islands”, and the study of urban climate has
been increasingly developed by using numerical
simulation. From a technological viewpoint, it seems
to be important to study how to cope with the
development of the heat islands through the planning
and the designing of cities and buildings and to find a
more practical way to solve these problems. From
the viewpoint as described above, attempts are made
to incorporate heat transfer characteristics of groups
of buildings in detail in a ground surface heat transfer
system, which makes up the urban climatic model,
and efforts have been made to elaborately perform
the study. An effort to incorporate an urban canopy
model in meso-scale (Harayama et al. 2005) is a
representative attempt to study such case.
Heat transfer characteristics of urban blocks, which
are composed of groups of buildings and of the
ground surface, have the following two features:
x Fluid-dynamic effects on the flows of urban
atmospheric air;
x Transfer of heat radiation between the sky
and the, urban surface primarily made up of
solar radiation.
In the present article, attention will be focused on the
problems of the absorption of solar radiation heat.

Meanwhile, when these heat transfer characteristics
are incorporated in the meso-scale urban climate
model, conversion processing is performed to convert
the details of the urban blocks to the values
represented by meshes. Originally, it is necessary
that the heat transfer characteristics are preserved and
maintained before and after this conversion
processing. However, in the case where the urban
blocks are formed in lattice arrangement as shown in
Fig. 1, as conventionally performed when dealing
with the problems of solar radiation, it is not
guaranteed that the heat transfer characteristics are
preserved and maintained. The form of the urban
blocks in lattice arrangement is related to a method
generally used for converging the form of urban
blocks in such way that cubic buildings are aligned
and grouped in lattice arrangement, and the
conversion processing should be performed in such
way that geometrical characteristics (such as the
number of buildings obtained from the GIS data,
gross volume ratio, gross building coverage, etc.) are
preserved and maintained. Specifically, it is a form
conversion method (hereinafter referred as “FC
method”), and it is not to directly preserve the heat
transfer characteristics. In this respect, the present
authors (Nishioka 2006) tried to take up the problem
relating to incident solar radiation to the surface of
urban blocks among the heat transfer characteristics
in urban blocks and have proposed a thermal
property conversion method (hereinafter referred as
“TC method”), which is a rational and summarized
method to maintain and preserve the heat transfer
characteristics.
General Outline of the Study
When dealing with the problems of solar radiation,
attention should be focused on the following two
points if we try to take note of the geometrical form
of the urban blocks:
(a)
Shady spots formed by groups of buildings,
and the decrease of sky view factor due to wall
surfaces of the buildings; and
(b)
Multiple reflection of solar radiation
between wall surfaces, and the giving and the
receiving of long wave radiation between wall
surfaces.
In the above, the paragraph (a) relates to the giving
and the receiving of radiation (primary radiation)
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directly given to and received from the sun or the sky,
and paragraph (b) relates to a secondary phenomenon,
which occurs after the giving and the receiving of the
primary radiation.
A phenomenon of the increase of solar radiation
absorption amount in connection with multiple
reflection of solar radiation in paragraph (b) is an
interesting subject of study. As seen in the results of
actual measurement by Nakagawa 1995 and
Kyakuno et al.4), albedo in urban area is in the range
of about 0.1 to 0.2. According to the numerical
calculation by Aida et al. 1978 and Ueda et al. 2001,
the decrease of albedo caused by multiple reflection
of solar radiation is estimated as the decrease of
about 0.05 to 0.1 (albedo) under the condition of
albedo 0.2. Conversely, if it is seen from the
viewpoint of the increment of solar radiation
absorption, it may be a problem of about 10%.
Because the primary solar radiation of the cities in
reality are not yet exactly determined, in the present
article, we describe the following two points as the
object of the study:
1)
By using urban form of Osaka City as a
sample, the procedure of conversion by the TC
method relating to the primary solar radiation will be
presented, and model parameters thus obtained are
given.
2) In order to use the TC method as an alternative of
the FC method, the load of calculation needed for the
conversion processing must be lower to some extent.
In the TC method, detailed calculation with higher
calculation load is required to determine the model
parameters. For this reason, the study is performed
here on a method, which can be applied to the
problem of the scale of the space in the urban area.
The details in the present study are based on the
assumption that the GIS data can be used on the
forms of buildings and on the use of land.

FEATURES OF THE PROPOSED
METHOD (THE TC METHOD)
Basic Formula of Heat Balance and the
Summarizing Method
Here, as shown in Fig. 2 (a), the section to be
analyzed is divided into multiple planar elements,
and solar radiation influxes to each planar element
are obtained. Then, the study is performed on the
premise that solar radiation influxes on total surface
of the urban section are obtained as total sum of these
solar radiation influxes.
Solar radiation influxes of the entire section
The relation between the solar radiation influxes as
defined for the whole section of the urban blocks to
be analyzed and the solar radiation influxes as
individually defined for each planar element is given
as follows:
A
S p ¦ Sin ,i i
(1)
A
i
H

where the symbol S p represents solar radiation of
the entire section, the symbol Sin,i represents solar
radiation of planar element i absorbed, the symbol Ai
represents area of planar element i, and the symbol
AH represents horizontal area of the whole section.
Solar radiation influxes to individual planar elements
As already described, major attention is focused on
the trasnfer of primary radiation, and the reflected
solar radiation, as generated between urban block
surfaces, is not taken into account. In this case, the
heat received from solar radiation in the planar
element i, as subdividing the section, is given by the
following equation:
Sin ,i M d ,i  I d 0  cos ii  M s ,i I s 0
(2)
where the symbol Id0 represents solar radiation
directly entering normal plane, the symbol Is0
represents solar radiation from the sky with uniform
radiance, the symbol M d represents the “sunlit area
ratio”; the ratio of the portion under direct sunlight to
the whole element area, the symbol M s represents the
sky view factor, and the symbol i represents incident
angle of direct solar radiation. The symbols Id0 and
Is0 are solar radiation influxes under the condition
that there are no radiation shielding objects. The
incident angle is given as an angle between normal
line of the planar element and incident direction of
direct solar radiation.
From the above, the following equation is obtained:
¦ Md ,i  Ai  cos ii
¦ Md ,i  Ai
Sp i
Id 0  i
I s 0 (3)
AH
AH
Conversion processing
The relation between solar radiation influxes of the
entire section and solar radiation influxes of each
planar element is given by the equation (3). Instead
of calculating the sum for the entire section,
classification can be made to 3 parts (i.e. “ground
surface”, “roof surface of building” and “side wall
surface of building” (in each of 4 directions of east,
west, south, and north), and the sum of these may be
obtained. This processing may be defined as a
processing to divide the complicated form as shown
in Fig. 2 (a) to small planar elements. Then, these
are classified for each direction (Fig. 2 (b)), and these
are synthesized and converted to a simple cubic
building as shown in Fig. 2 (c). A surfaces as
synthesized by the above process are termed in this
article as “summarized planar elements”.
An example of the preparation of the “summarized
planar elements” for the “ground surface” is given
below. When the ground surface is regarded as a
horizontal plane, the term relating to the incident
angle of the direct radiation in the first term of the
right-hand side of the equation is common to any of
the planar elements.
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PlannerElementsof
``Roofsurface’’

Roofsurface

PlannerElementsof
``Sidewallsurface’’
Sidewall
Surface

PlannerElementsof
``Groundsurface’’

Groundsurface

(a) Dividing to elements
Figure 1 Lattice arrangement
form

(b) Classify (c) Synthesize to ``summarized
elements’’
Figure 2 Conceptual flow of the conversion processes on TC method
As described above, the original complicated form is
preserved and maintained as the following three
types of data according to the TC method:
Md , ground , M s , ground , Aground
If the solar radiation conditions I d 0  cos iground and Is0

5000m

Figure 3 Sampling mesh for Osaka city.
Gross building coverage is shown as gray scale
Table 1 Number of elements in each category of sky
view factor
sky view factor

number of meshes

0 - 0.35
0.35 - 0.45
0.45 - 0.55
0.55 - 0.65
0.65 - 1

7
14
10
10
12

Sin , ground

¦M

d ,i

 Ai

i

Aground

AN EXAMPLE TO GENERATE THE
MODEL PARAMETERS

I d 0  cos iground 

¦M

s ,i

 Ai

i

Is0

Aground

(4)

If it is assumed that incident ratio of the direct solar
radiation into the summarized planar element,
“ground surface” is represented by the symbol
Md , ground , and the sky view factor is M s , ground , then the
direct solar radiation influxes of the “ground surface”
are given as:
Singround Md , ground  I d 0  cos ii  M s , ground  I s 0 (5)
where

M d , ground

¦M

d ,i

 Ai

i

Aground

,

M s , ground

¦M

s ,i

 Ai

i

Aground

and, naturally,
1
( Sin , ground  AJURXQG  Sin , roof  Aroof
Sp
AH
 Sin, sidewalls  Asidewalls )

and the section area AH are given, the solar radiation
incoming amount (the first term of the equation (7))
can be given.
In the present article, a method to obtain solar
radiation absorbing characteristics directly from the
original complicated form is termed the “direct
method”. It can be verified as to whether the TC
method is appropriate or not by comparing it with the
result of the direct method.

Urban form data to be used
Here, a description is given on a method to generate
the parameters of the summarized model. In this
article, the data summarized from the numerical map
(Osaka City, 2000) are used by applying square
meshes of 100 m u 100 m. From an area traversing
the city area (as represented by box region in Fig. 3),
about 10 meshes each are taken from each category
of sky view factor, and a total of 53 meshes (Table 1)
are taken as the objects of analysis. However,
depending on the class of the sky view factor, the
number of samples may be less than 10 meshes in
some cases. Osaka City is a representative big city in
Western Japan. The city faces Osaka Bay to the west.
The center of the city is included at the central part of
the selection area. Fig. 4 is a histogram to show
gross building coverage of the 53-mesh sample and
the average building height.

(6)

(7)

Summarized planar elements
Here, mesh elements are classified as one of three
cases: “ground surface”, “roof surface of building”
and “side surface of building” (in each of 4 directions
of east, west, south, and north)” as the summarized
planar elements.
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The side surfaces of the building are classified as one
of four surfaces (i.e. east, west, south, and north).
Then, these are grouped and regarded as side wall
surfaces of building. If the original side wall surface
faces an intermediate direction, a decomposingsynthesizing operation is conducted as in the
following example: To decompose the wall surfaces,
If a wall surface has a normal line with an azimuth
angle q where 0 < q < p / 2 (for example, a
southwestern surface), it is decomposed into one
south surface and one west surface as shown in Fig. 5.
If it is assumed that the area of the original
southwestern wall surface is A, it can be decomposed
as shown in equation (8). By using this, the sunlit
area ratio is obtained by area weighting of: sky view
factor M s on the initial wall surface and the sunlit
area ratio M d as shown in equation (9):
Decomposition of intermediate azimuth:
AS = A cos q 㸪 AW = A sin q
(8)
Sunlit area ratios:
A
South:
jd ,S = S jd ,
A
AW
jd ,W =
jd
West:
(9)
A
Numerical calculating method for sunlit area ratio
and sky view factor
Now, by using the Monte Carlo path tracing method,
calculation is made in such manner that the primary
solar radiation influxes, which reach the ground
surface and the surfaces of buildings, are divided into
direct solar radiation and sky solar radiation. As the
calculation area, the meshes to be studied are
arranged at the center, and it is designed that one
mesh is placed each on both sides (300 m u 300 m),
and that the edges of the mesh at the center are
continuously adjacent to the neighboring meshes. As
an emission point of the light, a horizontal surface is
provided in the space above the section, and emission
points of the direct solar radiation are provided in the
form of a lattice. About 1 ´ 106 rays are emitted as
the direct solar radiation in the calculation area of
300 m × 300 m, and about 3 ´ 106 rays are emitted as
the sky solar radiation. The emission direction of the
sunlight of direct solar radiation is determined by the
position of the sun each hour on the hour, by
assuming that August 1 is the day for calculation.
For the sky solar radiation, the exit direction is
determined stochastically such that it will be
uniformly diffused..

Numerical calculation method
As the result of the above calculation, the sunlit area
ratio is calculated as a parameter relating to direct
solar radiation, and the sky view factor is defined as a
parameter relating to the sky solar radiation as
follows:
Sunlit area ratio:

Asky N n
(10)
u
An N n
where the symbol M d represents sunlit area ratio, the
symbol Asky represents sky surface area , the symbol
An represents element area, the symbol Nn represents
the number of rays reaching the element, and the
symbol N n represents the number of rays reaching
the element when there are no obstacles.
The sky view factor is:
Asky
N
MS
(11)
u n
An Ntotal
where the symbol M s represents sky view factor, the
symbol Asky represents area of sky surface, the
symbol An represents element area, the symbol Nn
represents the number of rays which reached the
element, and the symbol Ntotal represents the total
number of the emission points.

Md

Model parameters of the proposed method (the TC
method)
Fig. 6 shows the sunlit area ratios for the southern
side surface of buildings as obtained from the meshes,
which belong to the ground surface sky ratio 0.45 to
0.55. It appears that the difference for each mesh is
large. Fig. 7 shows average values of the meshes
each hour on the hour. By using this, direct solar
radiation influxes are determined in the same manner
as the equation (5), and the results are shown in Fig.
8, a plot of the average value and the deviations from
the average value for each mesh. It is evident that
the standard deviation is not large. Among the planar
elements classified, the side wall surface of the
building is a surface where the maximum difference
for each mesh of the direct solar influx. By using the
average value of the sunlit area ratio, it would be
certain that the direct solar radiation influxes as cited
here are represented by 10 meshes.
In Fig. 9 (a) to Fig. 9 (c), average values of direct
solar radiation influxes and the sizes of individual
variation of meshes are shown by standard deviation
for roof surface, ground surface, and side surface
(east, west, south, and north). The ground-to-sky
factor is classified basically in 5 classes as shown in
Table 1. For the roof and the side wall surface, the
difference between the classified data is small, and
these are summarized in two types of classification as
shown in Table 2.
As described above, as an index for classifying the
form of urban blocks, the ground-to-sky factor of the
whole meshes is used, and the meshes are classified
by the ground-to-sky factor in steps of 10%. As an
index of classification, it was attempted to classify
according to the gross building coverage, floor space
or the number of buildings. But instead the index was
made by using the ground-to-sky ratio, which is
closely related to the direct solar radiation influxes.
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Table 3 Land use classification and form conditions
Land use
classification

Size of bottom face

Adjacent building
height

Width

Length

Road

road width

total length

mesh average

Park

square root of
total area

square root of total
area

0

2 [m]
square root of
total area

(total area)/2 [m]
square root of total
area

Open space-A
Open space-B
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equates to the open space which is naturally
formed between buildings. As described above,
the sky view factor is obtained for each of “road”,
“park” and “open space”, and the area weighting
average is calculated, and this is regarded as
“ground-to-sky view factor”. In Fig. 11, the
estimated sky view factor is compared with the
calculation value determined by the direct method,
and the result is estimated to have a variable
range of about r 10%.
Estimated accuracy of direct solar radiation influxes
by the TC method
The direct solar radiation influxes obtained by the TC
method and the FC method are compared with the
results obtained by the direct method. According to
the FC method, the number of buildings, gross
volume ratio, and gross building coverage obtained
from the GIS data are preserved and maintained and
these are used as dimensions of rectangular-shaped
buildings and these are arranged in the form of lattice.
㻝
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The method to estimate the ground-to-sky view
factor
As described in the preceding section, when the
sunlit area ratio is obtained for each class of the
ground-to-sky factor by the TC method and the result
is used as a database, it is found that the direct solar
radiation influxes can be acquired by giving the
ground-to-sky factor in meshes. If we can find the
means to acquire the ground-to-sky factor easily, it
would be possible to find the way to use the TC
method as an alternative for the FC method.
In the present article, through trial and error, we have
found a method to estimate the ground-to-sky factor
by simple calculation as given in the following
procedure:
x The “ground” in the summarized surface element
is further divided to three types; “road”, “park”
and “open space” by using the land utilization
data in the GIS data.
x It is assumed that the “road” is in a form to have
two-dimensional cross-section when buildings are
built on both sides as shown in Fig. 10. The
bottom face is in form of a rectangle (i.e. road
width u total length of road). It is supposed that
the buildings on both sides have the average
building height in their meshes. Under this
condition, form factor when looking up from the
bottom face is obtained by analytical formula of
the plane-to-plane form factor, and this is
regarded as the sky view factor for the “road”.
Similar calculations are performed on “park” and
“open space”, using parameters as shown in Table
3.
x The open space is classified into two types; open
space corresponding to less than 8% of the
meshed area is defined as “open space A”, and
any open space beyond this 8% is defined as
“open space B”. This 8% limit is the result of
analysis of the object meshes for calculation. It is
considered that 8% of the meshed area typically
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Figure 11 Sky view factor comparison of estimates
and direct method
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(a) Ground surface
(b) Roof surface
(c) Side walls surface
Figure 12 Comparison for direct solar influx between TC method and FC method with direct method
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To this form of urban blocks, the same calculation
method as the direct method is applied.
Fig. 12 shows daily integrated direct solar radiation
influxes. When it is seen on the ground surface, the
TC method is approximately consistent with the
direct method, while, by the FC method, systematic
errors may occur, which may seem to be
underestimated. Similar tendency is also found on
“roof surface” and “side wall surface”, and the results
by the TC method are approximately consistent with
those results obtained by the direct method.
As described above, it is confirmed that the results by
the TC method are consistent well with the results of
the direct method, and that the estimation accuracy is
improved over the results by the FC method.

Architectural Institute of Japan, No. 562, pp. 6974, in Japanese
Masaru Aida and Kiyoshi Gotoh 1978. Albedo in
Cities (I), Collection of Articles, the
Meteorological Society of Japan; Vol. 33, pp. 6572( in Japanese)
Junya Ueda, Masatosh Nishioka, Minako Nabeshima.
2001. Thermal Environment on High Reflection
Pavement (Part2), in Japanese
Osaka City. 2000. Basic Investigation Data for Urban
Planning of. Osaka City

CONCLUSION
When the solar radiation absorbing characteristics in
the complicated geometrical forms of groups of
buildings is to be incorporated in a model of urban
climate of large spatial scale such as meso-scale,
processing must be conducted to convert the details
of urban blocks to representative values of meshes in
order to reduce the calculation load. A method (the
TC method) has been proposed for carrying out the
conversion processing to preserve and maintain the
solar radiation absorbing characteristics as found in
the original form. By applying this method, model
parameters relating to the direct solar radiation
absorbing characteristics were generated according
the GIS data of Osaka City.
The model parameters thus generated were classified
and re-arranged by applying the ground-to-sky factor
in meshes as indices. Also, on the ground-to-sky
view factor, a method to estimate by simplified
calculation was applied, and this was found to be
useful for finding reasonable approaches to be
applied on climatic problems of large spatial scale for
the estimation of direct solar radiation influxes by the
TC method.
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