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Abstract. This paper examines the shading potential of a semi-spherical roof dome in a temperate climate with
special reference to Gaza Strip. It highlights the capability of the roof dome to reduce the amount of solar radiation
incident on its surface, naturally, through its curvature shape, which is partially shaded at any time during the day.
A case study of Al-Said Hashim Mosque in Gaza was studied as a typical religious building with semi-spherical
roof domes. Also, the paper presents a computer model developed specifically to calculate the shaded area
produced on a semi-spherical dome located in any place on the earth at any time during the year. Using the
developed program, a parametrical study was carried out to investigate the effect of changing the time on the
shading performance of the dome. The results showed a direct relationship between the time during the day and

the shaded area produced on the dome’s surface.
1. Introduction

A semi-spherical dome has been used as a type of roofs
for buildings in different parts of the world, especially
in the Middle East. It was usually used in the past as a
structural system to achieve wide spans with minimum
number of columns using available building materials
such as stones and bricks. It is used in the hot dry
regions to cover the internal rooms, especially in
residential one-floor buildings. However, it is also
common in other climatic regions particularly to cover
large open halls in public buildings such as, mosques
and churches. Besides the structural advantages of the
semi-spherical domed roof, it is architecturally a
distinguished and stable form that is traditionally used
in governmental and religious buildings to express
their majesty and strength.

In general, a building’s roof should provide
comfortable, safe and healthy conditions within the
building through keeping out the wind and rain and
preventing the penetration of excessive heat or cold
(The Overseas Division of the Building Research Est.,
1980). It is also required to be of good appearance and
in the same time economical in its initial cost and
maintenance. In hot climates, the effect of solar
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radiation received by the building’s envelope,
especially the roof, is considered the main reason for
the thermal discomfort in the internal spaces. Usually,
the roof surface receives the greatest proportion of
solar radiation incident on the building’s surfaces
because of its slope angle with respect to that of the
sun’s altitude. Without shading, the roof surface
absorbs solar radiation, raising that surface temperature
above that of the ambient air and adding to the cooling
loads required in the internal spaces below the roof due
to the heat transfer from outside to inside. For most
opaque surfaces, the amount of solar radiation that is
absorbed as heat is dependent on the surface
absorptivity. It is preferable, however, to intercept the
solar radiation before it strikes the surface, in effect
shielding the building from the sun (Muhaisen, 2006).

The inhabitants of the Middle East used the
semi-spherical roof dome in their architecture for all
the advantages mentioned above and also for its
ability to generate shade on the roof, where providing
shading is considered the basic strategy to achieve
thermal comfort in buildings.

It should be mentioned that many studies have
focused on domed roof with special consideration to its
solar and thermal performance, but very little have
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examined its shading potential and highlighted that
through studying a real roof dome. It is commonly
believed that domed roof maintains lower temperatures
and reflects more radiation than other type of roofs can
do in summer. Fathy (1986) mentioned that the solar
radiation incident on the dome is spread on a large
surface area, which results in a reduction in the solar
heat gain and heat transmission to the interior space.
Pearlmulter (1993) concluded that there is more stability
in the thermal performance (daytime temperatures) of
vaulted roofs compared with corresponding flat roofs.
An explanation to the advantageous thermal
performance of domed roof was given by Bahadori
(1978) who pointed out that domed roof dissipate more
heat by convection as compared with flat roof assuming
that both types receive the same amount of solar
radiation. Also, Bahadori (1978) mentioned that the
interior space under the domed roof is more comfortable
because the hot air accumulate under the curved roof.
However, Runsheng et al. (2003) demonstrated that
domed roof receives 30% more solar radiation than flat
roof in summer months, although domed roof receive
less beam radiation than flat roof during the hours near
midday (Runsheng et al, 2003). They stated that,
according to their findings, although domed roof receive
more solar radiation, it is preferable in hot regions more
than flat roof. The researchers referred that to the fact
that the heated air gathers under the curved roof, so that
more thermal comfort can be experienced by the
occupants. Faghih and Bahadori (2009) found that
covering domed roof by glazed tiles in Iran reduces the
absorbed solar radiation considerably, which has the
result of improving its thermal performance as
compared with flat roof. Gomez-Munoz et al. (2003)
reported that domed roof has the advantage of
generating auto-shading, which results in reducing the
solar radiation incident on the dome, especially when the
sun is out of the zenith. Also, they demonstrated that the
solar performance of domed roof is better near
equatorial latitudes, and at noon time it is always better
than flat roof (Gomez-Munoz et al., 2003). Hadavand
and Yaghoubi (2008) mentioned that the temperature
varies along the vaulted roof during the day because of
the self-shading of the roof, but for the flat roof,
temperature distribution along the roof is nearly
uniform. Tang et al. (2006) showed that vaulted roof
buildings have lower indoor temperatures as compared
to flat roof. The reason is curved roof structures
dissipate more heat as compared to flat roof by
convection and radiation at night due to enlarged surface
area (Tang et al., 2006). Chel and Tiwari (2009) found
that the air temperature in rooms with domed roof is
higher by 1-2°C than that in rooms with vaulted roof.
This was referred to the large area of the domed roof,

which is exposed to the sum as compared with that of
the vaulted roof (Chel and Tiwari, 2009).

Al-Said Hashim Mosque in Gaza is presented
in this study as a typical traditional building with
domed roof. Observing the shade produced on the
mosque’s roof domes at different times helped to
understand the shading performance of the dome and
its relation with the sun’s position in the sky.
Accordingly, simple mathematical expressions were
developed to calculate the shaded and sunlit areas
produced on the dome’s surface at any time during
the day and anywhere on the earth. These expressions
were computer programmed to avoid lengthy and
tedious calculations, if it would be performed
manually. This facilitated carrying out a parametrical
study to examine the shading performance of the
semi-spherical dome with different parameters.

2. Case Study (Al-Said Hashim Mosque)

2.1. Location

Al-Said Hashim Mosque is located in the old
city of Gaza, on latitude 31° N, longitude 34° E and
altitude 45 m, in Aldarag suburb. Gaza is the main
city in Gaza Strip, which is called the Southern
Province of Palestinian territories. It is considered the
gate of Asia continent from Africa, because of its
central location where the two continents, Asia and
Africa, meet (Fig. 1). Gaza is one of the world’s
oldest cites, which was built by the Canaanites about
3000 BC (State Information Services, 1999).

2.2. Climate

The climate in Gaza Strip is temperate, with
mild winters, and hot dry summers subject to drought
(Wikipedia Foundation, 2007). Temperatures are
generally high with a daily average of 24°C in
summer (from May to August) and 15°C in winter
(from November to February). However, the daily
average maximum temperatures are 27°C in summer
and 19°C in winter, whereas the daily average
minimum temperatures are 21°C and 11°C in summer
and winter respectively. The average number of
yearly sunshine hours is 2863, and the sun shines in
300 days a year. The intensity of solar radiation is
relatively high, reaching the maximum in summer
with an average of 24.2 MJ/m* on horizontal surface,
whereas, in winter it is about half of it with an
average of 11.2 MJ/m’. The average relative humidity
ranges between 65% in winter and 73% in summer,
with September and October the most humid,
whereas January and February are the less humid.
Rain falls only in winter with a yearly average of
about 271.5 mm (Zanin, 2002).
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Fig 1. Gaza Strip map.

2.3. Description of the mosque

It is considered one of the oldest and most
well done construction still exists (Fig. 2). It was built
firstly by Mamelukes and renewed by Ottoman
Sultan Abelhamid in 1850. During World War 1I
some parts of it were damaged and destroyed, but
after that the mosque was gradually repaired until it
became as it was before (Islamicweb, 2002).

Fig. 2. Al-Said Hashim M

osque.

The design of the mosque’s plan incorporates
some architectural elements that characterize the
mosque buildings and the Islamic traditional
architecture (Fig. 3). These elements include open
courtyard, roof domes, arches, arcades, thick walls
and mosque tower. As most traditional mosque
buildings, Al-Said Hashim Mosque has an open
courtyard surrounded by four arcades and service

rooms. The main praying hall is located on the Kiblah
direction (the eastern side of the courtyard). The
arcades and the service room are covered by semi-
spherical roof domes, which are considered the main
roof structural system. The praying hall is covered by
a big semi-spherical dome that distinguishes the
space below it, as the major space for praying, and
identifies the Kiblah direction.
The mosque design

environmental design elements
mentioning as follows.

includes  some
that are worth
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Fig. 3. Plan of Al-Said Hashim Mosque.

2.4. Semi-spherical roof domes

In climates such as that in Gaza Strip
providing shading on the buildings surfaces in
summer is considered the basic strategy to achieve
comfort. During the summer period, the building’s
roof is considered the largest surface exposed to
direct solar radiation, which significantly acts to
increase the solar heat gain and elevate the internal
temperature  above that acceptable degree
(comfortable temperature degree). The domed roof
had been used by ancient builders as a roof structural
system to obtain wide spans and in the same time to
reduce the amount of solar radiation incident on the
roof and consequently help to minimize the solar heat
gain (Fig. 4). This is achieved through the shaded
area produced naturally on the domes, which cover
the internal spaces, as a result of its curvature surface.
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Fig. 4. The Semi-spherical roof domes of Al-Said Hashim Mosque.

2.5. Courtyard

It is an open space surrounded by covered
arcades and rooms through which they receive
daylight and natural ventilation and have visual as
well as physical communication (Fig. 5). It is used for
praying, meeting and performing social activities by
worshipers, especially in summer, when the weather
permits. Courtyard space has been used in buildings
in temperate regions as the main design elements to
modify the climatic conditions and to provide a
pleasant internal space that is open to outdoor. It is
used to regulate the internal temperatures and
generate a comfortable microclimate in the building.

Fig. 5. The courtyard of Al-Said Hashim Mosque.

It generates shade in summer on the internal
walls and part of the ground during most of the day.
This helps to reduce the undesirable effect of intense
solar radiation and provides a pleasant internal area
whereas, in winter, it allows solar access to internal
spaces, contributing to a reduction in the need for
heating. It is believed that the courtyard space is an

efficient climate modifier if special consideration
concerning its proportions, orientation, dimensions
and finishes were considered in the design stage
(Muhaisen, 2005).

3. Shading on the Semi-spherical Roof Dome

It is argued that at any time during the year
and anywhere on the earth (except in the cases
when the sunrays are vertical) part of the semi-
spherical dome is shaded. The shaded part is
always less than half of the surface arca of the
dome; it equals half of it only when the sunrays are
horizontal, i.e. when the sun rises and appears in
the horizon or when it sets.

Through examining the shape and area of
shade produced on the dome at different times, it was
found that they are mainly dependent on the sun
altitude angle (o). Moreover, the sun’s azimuth angle
has no effect neither on the shape nor area of the
shade produced on the dome. The sun’s azimuth
angle only determines the position of shade with
relation to the four directions (Fig. 6). The shape of
the shaded area in all cases is a segment of the semi-
spherical dome but with different values of angle 6,
depending on the sun altitude angle (o). Angle 0 is
that confined between the dome’s base and an
imaginary line linking the centre of the dome’s base
and the highest point (tangency point) on the curve
outlining the shaded area on the dome’s surface (Fig.
7-a). The tangency point is that where the sunray
passing the center of the dome’s base (in plan) hits
the dome’s surface (the highest point in the dome’s
shaded surface).

It is concluded that the ratio of angle 6 to the
complete angle (180°) is the same as that between the
generated shaded area and the total surface area of the
semi-spherical dome. For example, if the sun’s
altitude angle (o) is 40°, this means that 8 is 50°,
which is equivalent to about 28% of the complete
angle. This also means that, 28% of the total surface
area of the semi-spherical dome is shaded. The
concluded relationship can be clearly shown in the
case of sunrise or sunset, when half of the dome
(50%) is shaded due to the horizontality of sunrays.
At these times, 0 is 90°, which is equivalent to half
(50%) of the complete angle (180°) (Fig. 7-b).

By knowing the radius of the semi-spherical
dome and time and location of the study, the total
surface area can be given and consequently, the areas
that are shaded and sunlit.
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Fig. 7. The relationship between the sun’s altitude and the shaded area.
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This was validated and more explained
through analyzing the shaded area generated on the
main dome of Al-Said Hashim Mosque (Fig. 8). The
figure shows a three-diminsisional analysis of the
shade produced on the dome at 11:30 AM (local
time), which is about 12:00 in solar time on 21st of
December (the winter solstice day). This time was
chosen because it is the time when the sun is at its
lowest position, at this time, in the sky during the
whole year. It is the most critical time during the year
in terms of the dome’s shading performance, as at
which the shaded area produced is the maximum area
that would be generated during the year. The sun’s
altitude angle at this time (a) is 35.5°, and
consequently 0 is 54.5°, which is equivalent to about
30% of the complete angle (180°). According to the
developed relationship, the same percentage (30%) of
the dome’s surface area is shaded, which is the case
as clearly shown in the case study.

For more validation, the shade produced on
Al-Said Hashim dome was simulated using Ecotect
software at the same time and location (Fig. 9). Since
Ecotect does not have the feature of computing the
shaded area of the dome, the angles (a) and (0) were
measured on the side view of the shaded dome using
AutoCAD software (Fig. 10). It was found that the
measured angles were almost the same as those
obtained from the real case study of Al-Said Hasim
dome, which indicates that, the shaded area of the
two cases are also equal. This validates the developed
mathematical expressions and confirms the
dependence of the dome’s shading performance,
mainly, on the sun’s altitude angle.

1
LT

Fig. 9. Shading simulation of Al-Said Hashim main dome
using Ecotect software.

i
T

The measured sun’s altitude and 0 angles on the
shaded dome produced by Ecotect software.

(]
L)

Fig. 10.

Fig. 8. Shading analysis of Al-Said Hashim main semi-spherical roof dome.
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4. Computer Program

As mentioned previously, the shaded area
produced on the dome is a function of 6, which
depends on the sun’s altitude angle. Angle 6 can be
given by the following equation:

0=90-c (1)

where a is the sun’s altitude angle.

The sun’s altitude angle can be calculated
numerically, as mentioned by Igbal (1983), by the
following equations:

sina =sind sing+cosdcospcosw  (2)

where

o is the hour angle, noon zero and morning positive.

¢ is the geographic latitude, in degrees, north
positive.

0 is the declination, the angular position of the sun
at solar noon with respect to the plane of the
equator, north positive, in degrees.

The following empirical equation is used to
calculate the angle of declination.

5 =23.45° sin(360 M} 3)
365

where a, is the day number in the year.
The shaded area of the dome’s surface (S) can
be determined accordingly as follows:

S = [iJ x D 4)
180

where D is the total surface area of the semi-spherical
dome, which can be given by:

D =2m? (5)

The sunlit area of the dome’s surface (E) is the rest of
its total surface area, which can be calculated by:

E=D-S (6)

These simple mathematical expressions were
applied on a computer model, using Visual Basic
programming language, to avoid lengthy manual
computations (Fig. 11). The input data required to

perform the calculations are: the time and location
determinants of the study and radius of the semi-
spherical dome in question. The time is specified by
the local time and its difference, in hours, from
Greenwich Mean Time, depending on the time zone
of the location. The day number states the day in the
year in which the study is carried out. The location
is identified by its latitude and longitude, which are
available for every location on earth. The size of the
dome is determined by the radius of its base. The
output of the program are the shaded and sunlit
areas produced on the dome, which are presented in
meters square and as a percentage of the dome’s
total surface area.

. Dome Shading Calculations 18] x|

Shading Calculations of Semi-spherical Domes

Local Tims, bz f[10° [ Diffsrenca, GMT Mz |
Latitucle, deg {30 | Longitude. deg En
Diay Mumber m Fiadius of Dome, m _

Shadedaream? {547 | 1433 |
Exposed area. m2 50|

Fig. 11. The developed program’s interface.
5. Parametrical Study

A parametrical study was carried out using the
developed model to investigate the shading
performance of a semi-spherical dome in summer and
winter in Gaza. The study was undertaken on the
summer and winter solstices, i.e. 21 June and 21
December respectively, with the aim of finding out
the effect of changing the time during the mentioned
days on the shaded area in summer and sunlit area in
winter generated on the surface of the dome. For this
purpose, the shaded and sunlit areas were calculated
in one hour intervals and plotted on an excel graph
(Fig. 12). The graph clearly shows that in summer,
the shaded area produced on the dome’s surface
decreases gradually as the time approaches midday
where the minimum percentage of shaded area is
generated (5%). Then the shaded area symmetrically
keeps increasing in the same rate with the sun
approaches to set in the west.

Apparently, this trend is referred to the
symmetrical sun’s motion about noontime. It is
known that, as the time increases, the sun position in
the sky (sun’s altitude angle) becomes higher and
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consequently the sunrays hit larger area of the
dome’s surface. The graph shows that about 5% of
the dome’s surface area is shaded at midday (12:00
noon time) which is considered the most critical
time during the year to generate shade, because at
which the sun’s altitude angle reaches the
maximum.
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Fig. 12. The time effect on the shaded and sunlit areas

produced on summer and winter solstices.

In winter, it is desirable to have as much areas
exposed to the sun as possible to contribute to warm
up the internal rooms. Clearly, the sunlit area
increases as the time approaches noontime, then it
symmetrically starts decreasing as the sun moves
towards west. The maximum sunlit area (70%),
produced at 12:00 noontime, is considered significant
especially at this critical time when the sun is at its
lowest position in the sky (with minimum altitude
angle). The graph shows that at the sunrise and sunset
times about 50% of the dome’s surface area is sunlit.
This is the minimum percentage of sunlit area that
can occur due to the horizontality of the sunrays at
these times.

Another study was undertaken to examine the
performance of the dome in different latitudes at
different times on the summer solstice. Figure 13
shows that as the latitude becomes higher or lower
than 23.5°, the performance of the domed roof, in
terms of producing self-shading, becomes better. The
least percentage of shaded area on the dome is
generated at latitude 23.5° regardless of the time
during the day. However, with having the sun’s
altitude lower due to the sun’s movement during the
day, the effect of changing the latitude becomes
smaller.
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Fig. 13. Effect of changing the latitude and time on the

dome’s shading performance.
6. Conclusion

Semi-spherical domed roof is a traditional type
of roofs that has been used in hot and temperate
climates to produce shade and minimize the effect of
the intense solar radiation incident on the roof. Al-
Said Hashim Mosque was studied as a typical
religious building covered by semi-spherical roof
domes. Through observing the shading performance
of the domes, it was found that the shaded and sunlit
areas generated on the dome are dependent basically
on the sun’s altitude angle. Also, it was concluded
that the ratio of angle 0 to the complete angle (180°)
is the same as that between the generated shaded area
and the total surface area of the semi-spherical dome.
Accordingly, mathematical expressions  were
developed to calculate the shaded and sunlit areas
produced at anytime and anywhere on the earth.
Having the expressions applied on a computer model
helped to avoid the lengthy manual computations and
facilitated carrying out a parametrical study into the
effect of changing the time and latitude on the
produced shading conditions.

The study showed clearly that the shading
performance of the dome has a joint function with the
time during the day. The generated shaded area
decreases as the sun’s altitude angle increases,
whereas, the opposite occurs as the time moves away
from noontime towards that of the sunset. The domed
roof works better in terms of producing shading in
summer at latitudes higher than 23.5°. The same trend
was also noticed at latitudes lower than 23.5°. This is
referred to the fact that the sun’s rays are directly
overhead along the Tropic of Cancer (the latitude line
at 23.5° north) on June 21.
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