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Abstract — Computational modelling has been used to investigate the impact of vegetation on the microclimate in a campus courtyard
in Qatar. Sixteen scenarios were tested during a hot day with over twenty thousand data entry points analysed for Air Temperature,
Wind Speed, Mean Radiant Temperature and Predicted Mean Vote parameters. Trees provide direct shading, evapotranspiration and
wind shielding which impacts thermal comfort conditions experienced locally as well as mitigating heat island effect. Vegetation has
the ability to reduce excessive air temperature through sunlight interception. Its geometric configuration influences the amount of solar
radiation, air temperature, humidity and wind velocity on microclimate of a given area. The study indicates that an equally distributed
vegetation cover results in improved thermal comfort and a significant MRT reduction of 28.3°C within the courtyard. The
arrangement provides MRT improvement of 7.4°C compared to the baseline scenario. The vegetation type also impacts the
microclimate where trees of the same leaf density and higher trunk result in an increase of 0.2m/s in wind speed. The shaded grass
areas witness a reduction of 1.1°C of air temperature and 22°C surface temperature compared to exposed hardscape. When replacing
trees by shading structures, an increase of 3-5°C MRT is witnessed along with an increase in reflected solar radiation. The study
concluded that the placement of trees in a configuration that allows air movement and provision of shading as well as having an equally
distributed vegetation cover are key to reduce both short-wave and long-wave radiation, avoid solar absorption and heat being trapped
in the space.
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1. Introduction

The contribution of urbanization towards global warming and its relation to Urban Heat Island (UHI) effect has been
widely investigated in the past decade. Major cities which are largely developed such as Sydney, Tokyo and Brussels
attributes its global warming impact to the increase of green-house gases rather than being caused by urbanization. [1,2,3]

However, in emerging cities, urbanization can be one of the main contributors to UHI effect. In the United States,
urban sprawl and the lack of adaptive design are expected to increase near-surface temperature between 1-2°C by 2100 [4].

Global warming and urbanization are also expected to increase the global air temperature by 2-4°C by 2100[5].

The impact of urbanization level is highly correlated to the urban thermal environment [6,7]. While indoor and
outdoor thermal comfort is key to occupant’s utilization of the space, achieving outdoor thermal comfort is critical to
human health and increased activity level through encouraging citizens to use the outdoor open spaces. [8,9]

Many studies were conducted to understand the parameters impacting human thermal comfort and establishing models
to describe this relation. Physical and physiological parameters are explained in various models which can be categorized
under thermal models, metrical and linear models [10]. One of the earliest and most recognized models was established by
Franger in 1972 Predicted Mean Vote (PMV) which was based on a controlled indoor environment. The model was later
modified and is recognized by the International Organization for Standardization described under ISO 7730 [10], [11].
Another widely used model is Physiological Equivalent Temperature (PET) which was based on Munich Energy-Balance
Model for Individuals [12] and was later adapted for several climate zones. However, the model that has been adapted to
all climatic zones is the Universal Thermal Climatic Index (UTCI) which is developed based on a multi-node dynamic
thermophysiological model capable of measuring thermal effect on whole and parts of the human body. UTCI is also the
only energy balance model that has been used for all scales from micro to macro urban scale.

All three thermal indices use the climatic parameters: Air Temperature (Ta), Relative Humidity (RH), Wind Speed
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(V), the microclimate parameters represented by the virtual temperature of Mean Radiant Temperature (MRT) and human
parameters represented by clothing (Cl). Both PMV and PET also take into consideration the human parameter of Metablic
Rate (Ma). PET also takes into consideration global radiation impact [10,13,14]

For the purpose of relating the thermal impact of the built environment on humans, measuring MRT is essential to
translate the thermal radiation into a virtual measurement by taking into consideration short-wave radiation and long-wave
radiation of the environment. Short-wave radiation - direct, diffused and reflected- is primarily related to the solar radiation
hence the shading highly impacts MRT. However, for long-wave radiation, environmental and atmospheric conditions
from the surrounding is the key influencer. A recent study by Lai et.al highlighted the increase of 10W/m2 for either long-
term or short-term radiation results in MRT increase of 1.6°K [15]. The impact of vegetation on cooling outdoor thermal
environments has been investigated by many researchers where vegetation results in reduction of surface temperature, air
temperature and improved thermal comfort [5,15, 16,17,18,19].

A study in Sao Paolo, Brazil during an extremely warm Summer day indicated that a drop in air temperature of 0.6°C
when largely dense street trees are introduced to a highly dense urban block would result in a larger impact of thermal
comfort. Whereas surface temperature is reduced by 16°C through introduction of vegetation. [17]. Another study in Hong
Kong conducted in a typically hot day investigated the impact of vegetation pattern on thermal comfort, where it indicates
that a double-row tree configuration for streets results in higher difference in PET when compared to a single centred row
of trees [5]. The findings by Lai et.al explains that long-wave radiation from surrounding environment can be as critical as
short-wave radiation if Solar View Factor SVF is high. In other words, although shading can block the short-wave
radiation from the sun, the heat absorption from the surrounding environment can increase the MRT due to increased long-
wave radiation [15]. The impact of trees on MRT is explained by Robitu et.al where the radiative transfer of the tree is seen
as complex as the tree can reflect part of the incident radiation, absorb another, transmit part onto the surrounding
environment and penetrates a fraction through its canopy [16].

2. Methodology

2.1. Research Tool

This research aims at assessing the impact of vegetation on outdoor thermal comfort using an existing development in
Doha, Qatar. In order to assess multiple scenarios of softscape and hardscape arrangements, computer simulation is
considered the most viable research method when compared to actual intervention and experimental approach. According
to Cheshmehzangi 2016 [20] Computational Fluid Dynamic (CFD) tools can greatly inform the design process when
utilized in an integrated process along three stages: pre-concept, design development and final design stage.

There are several tools that are currently used for thermodynamics analysis such as IES VE, VISARI and Envi-Met.
Envi-Met v4.1.0 Winter16/17 built on November 2016 is used for this research. Envi-Met is a three-dimensional micro-
climate analysis tool [21]. The key feature of Envi-Met that makes it useful for this research is the ability to model the
plant-surface-atmospheric interactions; taking into consideration evapotranspiration impact of vegetation [22]. When
compared to IES and Vasari, Envi-met performs better in terms of solar radiation, humidity, wind and air movement and
surface albedo characteristics analysis. [23]

Although many researchers have investigated the accuracy of Envi-Met v3.1, there is limited research conducted to
assess version 4 of the software. Lim and Roth suggest that Envi-Met is a helpful tool for urban design and planning where
diurnal air temperature is comparable to field measurements. Similarly, mean radiant temperature MRT variables results
can be considered satisfactory using this tool. The researcher suggests that peak MRT is well predicted with a general
observation that temperature results are more accurate during wet rather than dry days [24].

2.2. Envi-Met Model

The baseline model is built based on the existing setting of College of North Atlantic- Qatar, Doha (CNAQ) as shown
in Fig 1 — 2. The campus is built over a 400,000sm site area and accommodates a gross floor area of 80,000sm which has
been designed on a grid of 4.5m x 9m. Buildings are generally two stories with ranging height from 10m to 13m on
average.

The focus area of study is the main courtyard within the campus which is mostly unshaded with a total area of
2,064sm and clear dimensions of around 36m x 56m —highlighted in in red Fig. 2.
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Fig. 2: Collge of North Atlantic — Qatar aerial view.

The research considers multiple scenarios of vegetation types, arrangement, hardscape and shading. Sixteen scenarios
are modelled and analysed as indicated in Table 1 and are simulated for two hours a year which are 14™ October at 10 am
and 12 am. The results analysed using four indicators: PMV, Ta, MRT and V which add up to a total of 64 scenarios and
256 indicators. The analysis was based on 20,416 data entries extracted from Envi-Met model. The model is cut at z=1.4m
to represent an occupied zone for temperature and wind parameters, and calculated up to 1.8m for PMV assessment.

Table 1: Simulation models summary.

Simulation | Scenario Description Softscape vs. Hardscape
Number Tree Tree Grass Hardscape
(SK) (T1) (XX) Sq.M
# # Sq.M.

1 Baseline Model as per existing conditions 1 43 212 1676

2 Grass Replacing all baseline vegetation with grass type 0 0 388 1676

3 Hardscape Replacing all vegetation with hardscape 0 0 0 2064

4 Vegetation SK | Replacing 10m trees by 15m trees 44 0 212 1676

5 Shading Replacing trees by shading structure at 3m height with 0 0 388 1676
Structure grass below

6 Additional Additional 820 sm perimeter shading and 228 sm 0 0 388 1676
Shading shading within the courtyard at 7m height

7 Vegetation Alternative vegetation configuration using the same 1 43 212 1676
Pattern 1 types and number of plants as the baseline

8 Vegetation Same configuration as vegetation pattern 1 with 44 0 212 1676
Pattern 2 replacing T1 by SK trees

Vegetation types used for this study are as indicated in Table 2 below. Hardscape specified is asphalt road and
concrete pavement light whereas loamy soil is used below vegetation layer. Detailed description of Envi-Met database
assumptions and equations is provided with free access [25]. The fixed parameters of all scenarios are similar to the
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baseline as presented in Table 3. The baseline model, alternative configuration and additional shading space models layers
are provided in Table 4 below, including building and vegetation layers.

Table 2: Vegetation characteristics.

Symbol Description Plant Height | Depth of Root LAD
SK Tree 15 m very dense, distinct crown layer Plant type: (Deciduous) 15m 2m 0.1125 <0.2
Tl Tree 10 m very dense, leafless base Plant type: (Deciduous) 10m 2m 0.075 <0.2
XX Grass 50 cm aver. dense Plant type: (Grass) 0.5m 0.5m 0.3<0.5

Table 3: Baseline Model Assumptions.

Date 14" October
Wind speed measure at 10m height (m/s) 2.57

Wind Direction (degrees from North) 135

Roughness length at measurement site 0.1

Initial Temperature of atmosphere (°C) 37.5

Specific Humidity at model top (2500m, g/kg) 12.45

Relative Humidity in 2m (%) 40

Human Parameters for PMV calculations applied to scenarios

Body Parameters Male, 35 years old, weight 75 kg, height 1.75m
Clothing Parameter 0.6 clo

Body Metabolism Basal rate 84.49 W, Work metabolism 80 W

Table 4: comparative models of baseline configuration and alternative configuration.

Model Baseline — No. 1 _Additional Shading —

Alternative Configuration — No. 7

Building Layer
Dark Grey — Building
Light Grey — Shading

Vegetation
Dark Green (SK)
Green (T1)
Light Green (XX)
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2.3. Research Limitation

The baseline model was validated in comparison to actual measurement taken on 14™ October 2006 between 10 am
and 12 pm. Since the complete model initialization data has not been obtained, the default software assumptions were used.
Also, the vegetation type has been assumed for this study purposes as stipulated in Section 2.2 above.

The simulation model has indicated similar range of temperature when compared to actual measurements in terms of
variations. Minimum and maximum air temperature at 12 am is 36.63°C and 39.13°C respectively. The air temperature is
within the range measured of 36°C to 39°C. The temperature recorded within the courtyard is 55°C as per the thermal map
in Fig. 3. The simulation results are comparative to those recorded as indicated in the graphical representation in
Fig.4.Results (Fig. 5) indicate that surface temperature of shaded vegetated spaces is around 27-28°C and that for the
hardscape adjacent to vegetation is around 37-40°C. surface temperature for unshaded hardscape is of average 43°C with
few spots increasing up to 45°C. Shaded hardscape surfaces temperature ranges from 35°C to 40°C.

As discussed earlier, the research limitation based on availability of initialization data [24] and site metrological data.
The field measurement took place over few hours across the campus, which makes it more difficult to compare an hour by
hour scenario. However, the aim is to compare performance between various scenarios and for this, the validation results
are considered satisfactory for this research purpose.

Fig. 4: Recorded temperature variations across campus.
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Fig. 5: Hardscape and baseline surface temperature at 12.00 in 14th October (Left: Hardscape, Right: Baseline).
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3. Results and Discussion

This section presents the results of the computational modelling with respect to studied impact parameter i.e. Ta,
MRT, V and PMV values. Numerical data has been extracted for the courtyard area and used to calculate the total average,
maximum, minimum and difference between the maximum and minimum values (delta) for each of the parameters.

3.1. Air Temperature

Results indicate various scenarios performing with slight variations between 10 hr and 12 hr as indicated in Fig.6.
While the alternative landscape configuration in scenario 7 presents the lowest average air temperature at 10 hr, the
baseline configuration with 15m trees —scenario 4- presents the lowest average Ta at 12 hr. In both hours, hardscape
scenario -3- presents the highest temperature with a maximum drop in temperature between best and worst scenarios at
0.3°C.

The highest drop in temperature within the individual scenarios setting was witnessed for scenarios 4 with a drop
ranging between 0.9°C to 1.12°C for both studied hours. The results are in line with previous studies where the combined
impact of evapotranspiration and shading result in 1°C to 3°C drop in air temperature depending on the climate and soil
conditions [17]. It is important to note that the impact of trees when replaced by a shading structure in scenario 5 and the
additional shading in scenario 6 had nearly the same minimum and maximum temperature at 10hr as the baseline, that is
mainly due to the shading from the building envelope being more effective at the low sun angle. However, both scenarios
result in slightly higher average temperature at 12 hr compared to the baseline which indicates that the impact of vegetation
is more critical at higher ambient temperature. For minimum temperature, the drop in temperature within the baseline
courtyard is 0.82°C compared to 0.64°C for scenario 5.

The grass replacement of trees within the baseline resulted in slightly higher average temperature up to 0.1°C
indicating a better performance for a tree and grass combination due to shading impact of trees.

S dohe o 12hr

—— i, ——

Fig. 6: The impact of studied scenarios on average, maximum and minimum air temperature.
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Fig. 7: The impact of studied scenarios on average, maximum and minimum wind speed.

3.2. Wind Speed

Since trees present obstacles against air movement, it is important to study the air movement relative to other thermal
comfort parameters which will later be presented as part of the PMV discussion. The assessment of wind speed for the 8
scenarios indicates that hardscape only followed by grass only scenarios -3 and 2 respectively- provide the highest average
wind speed with an increase of 0.34m/s when compared to the lowest performance witnessed for scenario 7.

The alternative landscape configuration is based on a more distributed and alternating softscape pattern that occupies
the centre of the courtyard rather than the peripheral grouping in the baseline. Therefore, the arrangement indicates more
obstacle against the wind flow. It is also noted that the replacement of 10m trees in both the baseline and alternative
configuration scenario 7 with 15m trees in scenarios 4 and 8 present an improved air movement due to the increased tree
height. The variations between maximum wind speed between best and worst scenarios exceed 0.5m/s which is relatively
significant for hot climate conditions. Refer to Fig.7 for a graphical comparison of the scenarios performance.

3.3. Mean Radiant Temperature

Scenario 3 has indicated the highest average MRT for both studied hours — refer to Fig. 8- whereas the best
performance was for scenario 7 with a temperature reduction of 4.5°C at 10hr and up to 7.4°C at noon. This can be directly
related to the shading impact of the softscape as well as surface albedo affecting both short-wave and long-wave radiation.

Scenario 2 indicates the second worst performance, which indicates that using grass only does not have a significant
improvement when compared to trees or structural shading. In other words, the impact of shading has a significant
contribution to microclimate and specifically MRT reduction which is in line with previous studies [15,16] including
Duarte et al where MRT is seen as largely affected by shading through reduction of direct, diffused and reflected short-
wave radiation from the sun [17].
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Fig. 8: The impact of stilfifed scenarios on average, maximum and minimum mean radiant temperature.

Scenarios 7 & 8 with the alternative landscape configuration results in a lower minimum and average MRT, that is
primarily due to a relatively equally distributed vegetation coverage. The arrangement provides shading within the
courtyard along with the perimeter shading from the building. However, the same scenarios witness the highest maximum
temperature. That can be explained when looking at the wind speed which is the lowest of all scenarios. That is specifically
true for the south-west corner of the courtyard which does not have a good wind flow and thus witness the highest
temperature in the scenario being blocked by the trees. This results in temperature being absorbed by the surroundings
resulting in higher long-wave radiation and thus higher MRT which has also been explained by other studies [15,16].

Additional shading in scenario 6 reduced the maximum temperature compared to the baseline by 1.6 and 0.9°C for 10
hr and 12 hr respectively. However the average temperature increases by 2.8 to 4.8°C. When studying the direct,
diffuse and reflected solar radiation for the baseline and the additional shading scenario, it is noted that both direct and
diffused solar radiation is in the same range. However, reflected solar radiation is reduced for the baseline. This explains
that looking at maximum temperature, the impact of shading is directly related to the reduction in MRT, whereas on
average temperature, vegetation and its impact on reduction of long-wave radiation plays a greater role in reducing the
average MRT in the courtyard.

3.4. Predicted Mean Vote (PMV)

Envi-met uses a modified PMV model for outdoor environment based on Fanger’s 1972 model. The modified model is
recognized by the International Organization for Standardization described under ISO 7730 [10], [11]. The Scale ranges
from -4 being very cold to +4 being very hot. Based on Bio-met tool description, PMV values may exceed +4 to more than
+8 during heat stress time [26]. However, calculated outdoor PMV can still be used to study the effect of air temperature,
solar radiation and air velocity on the person’s energy balance, and in this research context to explain which strategies are
more effective for outdoor thermal comfort.

The results —refer to Fig. 9- indicates a great synergy between the MRT and PMV curves for average and minimum
values both at 10hr and 12 hr. The maximum improvement from the hardscape scenario (3) is for scenario 8 at 10hr, and
scenario 7 at 12 hr with a reduction in PMV value from 6.07 to 5.67 and 6.9 to 6.26 respectively. It is noticed however, that
while the average MRT is relatively higher for scenario 8, PMV is lower. That can be explained due to increased wind
speed when the trees are taller as well as less absorption of temperature in the surroundings. The same is true when
studying the maximum PMYV for those scenarios.

It is noted that the lowest maximum PMYV occurs at scenario 4 with a very close performance to that of scenario 8 with
an absolute PMV value of 6.32 and 6.33at 10 hr, and 7.243 and 7.247 at 12 hr respectively. The key factor to this
improvement is wind speed. While at average wind speed, scenario 4 witnesses 0.02m/s air velocity improvement, at
maximum speed the difference goes up to 0.13m/s at 10hr and 0.11m/s at 12hr.
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4. Conclusion

The study used computational modelling to analyse the impact of vegetation on thermal environment. During a hot
day, a hardscape only scenario witnesses a maximum increase of 0.3°C air temperature when compared to the baseline.
The maximum reduction achieved with vegetation is 1.1°C.

One of the key findings of the study is that for relatively equally distributed vegetation, MRT values are improved
when compared to a more concentrated arrangement. However, this arrangement may negatively impact the thermal
comfort (studied in PMV values) by obstructing the wind flow and resulting in trapped heat. Therefore, it is critical at high
air temperatures to maintain good flow of air movement in conjunction with provision of trees and vegetated coverage.

On average, the alternative configuration results in improvement in both PMV and MRT with a maximum reduction of
7.4°C compared to baseline although the wind speed is reduced. A significant reduction of 28.3°C is witnessed for scenario
7.

It is also concluded that the same leaf area density type of tree with higher trunk can be more favourable for outdoor
thermal comfort in areas where air movement needs to be enhanced. 15m Trees provide an average improvement of wind
speed of 0.2m/s. However, the lower trees help reduce the mean radiant temperature due to its impact on short and long
wave radiation. A reduction of 3-5°C MRT is attributed to the impact of trees when compared to shading structure due to
evapotranspiration effect and an overall reduction in reflected solar radiation within the courtyard.

Further studies are recommended for different conditions, date, humidity and wind direction to test the performance
during a peak Summer day as well as testing the thermal comfort using other thermal comfort models such as UTCI.
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