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ABSTRACT:The urban expansion in the city has created a negative impact on the outdoor microclimate. With the
lack of green spaces in the city, the built mass itself can be designed in such a way that it can have a minimal negative
impact on the adjacent outdoor spaces. This study analyzed the microclimatic behavior of outdoor open spaces in the
existing built environment and attempted to identify the favorable configuration of the built environment with an
emphasis on the extreme temperature of summer days. In this study, the existing site is compared with the modified
built environments. The modifications were done in terms of building orientations and building heights. The
numerical model ‘Envi-MET 5.0.2° was used to simulate the modified built mass. Meteorological data was used as
input for various calculations. Microclimatic indexes Ambient temperature (Ta), wind speed (Va), and mean radiant
temperature (Tmrt) were evaluated and a comparative analysis is done. To calculate Tmrt, ‘Rayman Pro’ was used.
Results have shown a strong correlation between the geometric parameters of the built environment and the
microclimatic indices. It was also seen that the slight modification in the built mass resulted in different values of
microclimatic indices. The study also highlights the importance of shading to improve the microclimate. The sky view
factor (SVF), height-to-width (H/W) ratio, the orientation of the building surfaces, and the relation of vertical surfaces
to each other are important aspects to consider for the future design of outdoor spaces. This study is important for the
sustainability of the urbanized space in a way it helps to improve the microclimate of the open spaces and ultimately
helps mitigate the urban heat island effect of the city by only adopting the right approach to the design of the built
masses.

KEYWORDS: Urban microclimate, Outdoor open space, Thermal comfort, Built geometry.
L INTRODUCTION

Outdoor open spaces are an integral part of urban areas. These spaces are important in the physical and mental
growthof the citizens. Outdoor activities help improve concentration among children (Sophia & Hyatt, 2019).
socializing helps in the personal development of the user’ (Gaffar, Yuniawati & Ridwanudin, 2019). It thus becomes
important that citizens use outdoor spaces very frequently. It is also important to make sure these spaces are safe and
comfortable in all aspects so that the citizens don’t refuse to use these spaces.

Urban expansion of the city is one of the concerns thatmay lead to a microclimatic impact on the city. (Teferi & Abraha,
2017) studied the change in the land use land cover in Addis Ababa from 1986 to 2011 and identified that urban built-
up areas expanded dramatically whereas (Ahmed, 2006) highlighted the effect of industrial expansion on the
microclimate at Addis Ababa.

The microclimate of an urban area is one of the important aspects which should be considered when it comes tooutdoor
space use. several studies have evaluated the microclimate of their research. (Delpak, Sajadzadeh, Hasanpourfard&
Aram, 2021) studied the effect of street orientation on outdoor thermal comfort in a cold mountainous climate and
identified that the mean radiant temperature (Tmrt) is affected by the orientation, duration of the solar access, and wind
speed. (Berardi & Wang, 2016) studied the effect of denser cities on microclimatic conditions in Toronto and
concluded that the building height affects the Tmrt; higher buildings reduce the temperature up to 1°C.

There is a lack of studies that are focused on the micro-climate of Ethiopia. This study tries to fill this gap. This paper
aims to analyze and explore the role of built geometry in microclimatic modifications and evaluate their impact on the
adjacent microclimate with a focus on warmer conditions during the summer months.
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The study is limited to the vertical profiles of the built masses of the city. Only the geometrical aspects are analyzed
and the impact of material and related aspects are not focused on. Since outdoor activities are observed during the
daytime, only the daytime microclimate is analyzed.

II. METHODOLOGY

The first step deals with the identification of various built morphology in terms of building heights and orientations.
the height to width ratio and sky view factors are also studied to understand the configuration of adjacent open
spaces around them.In the next step, the meteorological data is analyzed to understand the weather pattern, this data
is also used as input for the simulations.In the third step, simulations are performed using thesoftware Envi-met 5.0.2.
The simulation is an important part of the study since the microclimatic value for any given location is affected by
various parameters of the built environment. but if the effect of only the built form has to be observed then the
simulation software is important. Thesoftware selected for the study can simulate the microclimate for any specific
parameter of the built environment.
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Figurel:Selectedlocation

Study area:Addis Ababa (8.9806° N, 38.7578° E) the capital city of Ethiopia is located at the heart of the country.
the city experiences cold to moderate weather for most of the du- ration of the year. During summers moderate
temperature is experienced along with intermittent rains. the average temperature of the city is well below the limit of
the user’s thermal comfort. it thus becomes a challenge to analyze the factor which can affect this comfortable
weather.

The locations (figure 1) are selected based on varying morphological (figure characteristics 2) like orientation, H/'W
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ratio, and SVF. The heights taken for the analysis are 15 meters, 24 meters, 33 meters, 42 meters, 63 meters, and 84
meters. The difference in the height gives variation in the H/W ratio and SVF, which is important to observe the
solaraccess to the open spaces. The orientations taken are the building’s vertical surfaces facing north, south, east,
west, northeast, northwest, southeast, and southwest. the orientations selected are having equal increments to
understand the pattern in the variation of microclimate. It is also based on vertical surface exposure to direct sunlight
at different times of the day.

The H/W ratio is calculated by taking the height of the building to the width of the adjacent open space for
whichbuildings are acting as an enclosure. Many studies (Ali-Toudert & Mayer, 2007, 2006; Kakon, Nobuo, Kojima
&Yoko, 2010; Sharmin, Kabir & Rahaman, 2012; Perera &Weerasekara, 2014; Abdollahzadeh & Biloria, 2020; Nas-
rollahi, Namazi & Taleghani, 2021) have found that the higher H/W ratio along with the appropriate orientation of
the adjacent buildings is an important factor affecting the microclimatic level. Along with the H/W ratios, the SVF is
also used for all the studied morphologies. ’SKYHELIOS’ (Matzarakis & Matuschek, 2011; Matzarakis, 2012;
Frohlich& Matzarakis, 2018) is used to develop the SVFs for all the morphologies.
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Figure2: Sections showing height to width(H/W) ratios of the studied
morphologies

Climate:As per Koppen climatic regions (Koppen, 2011), Addis Ababa is located in a subtropical highland climate.
(ASHRAE-55, 2010) suggests the optimum thermal comfort level of the user is 24.5 °C with an acceptable range of
23-26°C whereas there is no such range evaluated by any study forthe city of Addis Ababa where the climate is
usually cold to moderate. The understanding of the level of thermal comfort required by the user is an important
parameter that leads us to design an urban environment considering the microclimate as a sensitive issue.

The climate of the city is such that it is well under the maximum limit of the required thermal comfort level. during
the warmest season of the year, the temperature of the city goes past the standard value of thermal comfort.The
average minimum temperature of the city is 9°C in November and December and the average maximum is 25°C
between March, April, and May (World MeteorologicalOrganisation).

Ambient air temperature (Ta), and mean radiant temperature (Tmrt) are focused on in this paper. Tmrt is an
important index since it takes longwave radiation and shortwave radiation fluxes into account(Kéntor & Unger, 2011)
affect the microclimate level (Mayer & Hoppe, 1987). Tmrt in an outdoor space gets influenced by the urban
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geometry (Thorsson, Rocklov, Konarska, Lindberg, Holmer, Dousset & Rayner, 2014) (Chen, Yu, Yang & Mayer,
2016).

Simulation: The microclimate of an urban area is regulated by many variables and processes. From the field surveys,
it is difficult to understand the contribution of only one or two variables due to the complexity in an urban area. For
this reason, software simulations are used in this study to identify the contribution of a single variable. ‘ENVI-met
5.0.2° (Bruse & Fleer, 1998) is used for the simulations of the selected morphologies. Full forcing mode was used to
achieve maximum accuracy, which can calculate all-important thermal comfort indicators such as ‘Ambient air
temperature (Ta), ‘Mean radiant temperature (Tmrt), and ‘wind speed (Va)’. Numerous studies (Crank, Sailor, Ban-
Weiss & Taleghani, 2018; Auttarat & Sudarat, 2015; Alle-grini, Dorer & Carmeliet, 2015; Yahia, Johansson,
Thorsson,Lindberg & Rasmussen, 2018; Baruti, Johansson & Astrand, 2019; Sharmin & STEEMERS, 2013; Sodoudi
& Cubasch, 2014; Carfan, Galvani & Nery, 2012) have used the ENVI- met program to simulate the outdoor
microclimate. Simulations were performed on the date of 15th of May which is the typical warmest day in a year for
the studied location. The temperature was set as 11°C to 23°C along with relative humidity between 20% to 60%, and
a wind speed of 5 m/s with wind direction from the east. As a thermal input, ENVI-met 5.0.2. databased was used as
an input for material properties for the built environment. To achieve maximum accuracy, the simulations were
performed for the whole 24-hour cycle out of which the duration of the daytimebetween 7 am to 6 pm was taken for
the analysis. Other than vertical surfaces of the built geometry, no other entities such as vegetation, the albedo of
outdoor flooring, and street furniture were taken into the simulation input to get more accurate results only from
vertical surfaces. Measurements of building footprints, streets, and open spaces were taken using satellite images and
on-site measurements. The results were achieved at 1-hour intervals.

III. EXPERIMENTAL RESULTS

Spatial and temporal variation of air temperature (Ta) and mean radiant temperature (Tmrt):

Figure 3 (a) shows the spatial variation of Ta. Not a huge variation of Ta was observed for various morphologies. It is
least dependent on the shadow pattern, wind speed, or relative humidity. The open spaces having enclosures in the
west and southwest directions are observed with the least value of Ta. On the other hand, the buildings which are
having vertical surfaces in the north and south directions are observed with the maximum value of Ta for the longer
duration of the day.The highest Tais observed at 4 pm. At this hour Tafor west-facing vertical surfaces is the higher
than the rest of the orientations. The building with 33 meters high shows
thehighest[] - whereasthebuildingwith84metershighshowsthe lowest [, this coincides with the study (Berardi &
Wang,2016).

Tmrt increases till 11 am, during noon time the Tmrtlevel was observed to be constant, but as the day progresses it
increases. At 3 pm the maximum value could be observed. The maximum variation in different directions and different
heights could be observed in the latter part of the day.

Figure 3(b) shows the spatial variation of Tmrt during the harshest hour (3 pm) of the day. The difference could be
observed between shaded and non-shaded spaces. Higher the building, the area covered on the ground by the lower
Tmrt level is higher. In the case of the buildings-oriented East- west, a lower value of Tmrt was observed on the east
side but a higher value was observed on the west side. It shows the importance of shade and the direction from which
the open space is enclosed.

Since the shadow pattern depends on the direction of the vertical surfaces enclosing them and the time of the day, it is
important to know the vertical surfaces that cast the shade for the maximum duration of the day.
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Correlation of shade, orientation, and Tmrt:

Figure 4 shows the variation of Tmrt at all the morphologies for different times of the day. The effect of shade could be
observed in the simulated values. A maximum variation could be seen at 9 am and 3 pm whereas at noon the variation is
minimum. At 9 am, the vertical surfaces facing the direction having shade could be seen with the temperature less than 26
degrees. the drastic difference is seen for the surfaces facing the direct solar radiation with the Tmrt more than 46 degrees. a
similar pattern was observed in the latter part of the day at 3 pm when the ambient temperature is at its peak. At noon when
the altitude of the sun is high and the amount of shade observed on the ground as well as on the building surfaces is
negligible. It thus shows that the impact of vertical building surfaces on Tmrt and eventually on the thermal comfort can be
reduced if the maximum shade is achieved. The study (Huang, Lin & Lien, 2015) achieved similar results.

The vertical surfaces can be designed in such a way that the duration of the direct solar exposure is reduced as much as
possible to improve the microclimate of the open spaces. A strong correlation could be observed between the orientation of
the building surface and the Tmrt. At the harshest hour of the day between 3 pm to 6 pm, the vertical surfaces facing south,
south-west, and north-west resulted in the highest Tmrt in front of them. To reduce the Tmrt during the harshest duration of
the day, the number of vertical surfaces for buildings for these directions can be reduced or can be designed in such a way that
those will have lesser solar exposure. A very slight and gradual increase in the Tmrt was observed as the building height
increased. Thisgives freedom to the designers to design buildings having minimum restrictions for building heights when it
comes to the effect on the microclimate. this also shows that the higher height-to-width ratio will help in achieving the
maximum shade but it will not help decrease the Tmrt.
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IV. CONCLUSION

The study focused on understanding the various morphologies available in the urban neighborhoods of Addis Ababa
and analyzed the effect of vertical surface geometry on the microclimate of adjacent open spaces. The results were
obtained from the ’ENVI-met 5.0.2° simulation out- puts. Results were analyzed for the summer season when the
temperature is closer to the limit of the human thermal comfort level. From the study, it is evident that the vertical
surfaces, their geometry, and orientation have high effects on outdoor thermal comfort.

The variation in the urban geometries can result in varying levels of microclimate. with the small modifications within
the height and the orientation, the difference in the adjacent microclimate could be observed.

The existence of a south-facing vertical surface of the building may not help in achieving the required shade instead it
will affect the microclimatic level by increasing the start, due to its exposure to direct solar radiation. building surfaces
facing northeast, east, and southeast directions may help reduce the impact on the microclimate.

Shade from the building surfaces is an important factor for microclimatic improvement. The building surfaces can so
be designed that they get maximum shade for the maximum duration of the day; the better the microclimate the user
spending time in the outdoor environment will be higher.

Although the effect of the shade could be observed on the level that it does not drastically affect the Ta. the difference
between Ta for various directions is negligible, the same output could be seen for shaded and non-shaded spaces.

Currently, the microclimate for the city is easy to maintain, which also becomes the challenge for urban designers and
architects in the future to design in such a way that the microclimate is either maintained or improved and make sure
due to the future development the deterioration in the micro-climate does not occur.

There are certain limitations of this study. Simulated values of temperature can be much different from the actual
values of temperature since only vertical surfaces are considered for the simulations. The impact on the microclimate
can occur due to horizontal entities in the built environment. further research should focus on the other entities in the
built environment and studied individually to understand the impact created by them on the microclimate.

The wind speed was also studied in this paper, but a negligible impact was observed on the level of micro-climate at
various times of the day. A similar result was seen in terms of relative humidity. For this reason, these parameters are
not discussed further in the results.
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The morphology of an urban neighborhood depends primarily on the design of interior spaces, for this reason, while
designing the holistic approach should be followed which will focus not only on indoor spaces but also on outdoor

spaces.
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