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Abstract The number of studies on mitigation and
adaptation strategies aiming at the improvement of the
urban microclimate increased remarkably duringthe last
decades. Most studies are focusing on the impact of
various design layouts, on thermal environment and
pedestrians’ thermal sensation. The present study
examines the effect of shading trees with different leaf
area densities (LAD) on the microclimate and thermal
sensation in an urban open area, namely the Syntagma
square, Athens, Greece. The microclimatic model ENVI-
met was applied to simulate thermal conditions during a
summer day when a field monitoring survey has taken
place in that square. The Physiologically Equivalent
Temperature index (PET) was employed to estimate
thermal conditions in the square and the nearby areas.
Modelresults showed that dense vegetation (LAD above
2) has a greater cooling effect compared to sparse
vegetation (LAD between 1 and 1.5 and LAD between
0.5 and 1.0) resulting thus to a decrease in daily air
temperature and PET at around 0.7 °C and 4 °C,
respectively, in areas under tree canopies. Further
analysis quantified the effects of various vegetation leaf
densities on thermal conditions and thus the importance
of the existence of dense vegetation in urban squares
under Mediterranean climate conditions.

Keywords: ENVI-met; thermal sensation; microclimatic
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1. Introduction

Vegetationisan important design element in improving
the urban microclimate and outdoor thermal comfort in
urban spaces. Urban greenery contributes to the cooling
of the environment boththrough evapotranspirationand
shading (Chatzinikolaou et al. 2018) and through the
reduction of long-wave emission from ground surfaces
by lowering the amount of solar radiation reflecting from
them. The effect on thermal comfort can be significant

given a reduction in mean radiant temperature (Shashua
Baretal.2011). Amore targeted research on the shading
effects of trees suggests thatan overlap of tree crowns
should beavoided in order to reducetheir wind resistance
(Lee et al. 2020), while other studies have shown that
structural characteristics of trees i.e. the size, the tree
crowns, the leaf area index (LAI) and the leaf area
density (LAD) can determine the magnitude of cooling
in a microclimate (de Abreu-Harbich et al. 2015,
Spangenbergetal. 2008). LAl isdefined as ‘the ratio of
totalleafsurfacearea to total ground area’ while LAD is
‘the total one-sided leaf area per unit layer volume in
each horizontallayerofthe tree crown’.

Based on the LAD differentiations, the goal of this
research is to investigate the cooling effect of three
different tree configurations, with respect to leaf
densities, on the microclimate and thermal comfort in
Syntagma Square. Such knowledge is valuable for the
development of urban design guidelines based on the
coolingeffectof different treetypes in the Mediterranean
climate. Forthe purpose of this study the environmental
model ENVI-met (http:/mww.envimet.com/) was
chosen due toits advanced approach to plant atmosphere
interactions and its wide range of applications in urban
environmentstudies.

2. Methodology

The objective of this study is to compare the effects of
three types of trees with different leaf densities on
thermal comfort. Particular attention was given in order
forthe examined treetypes todifferentiate only in LAD,
but to have similar height, crown diameter and ground
surface material (grass). Table 1 shows the
characteristics of the three examinedtree types. Inall, a
total of 8 trees per tree type was found to meet these
criteria (Figure 1). Hereafter, to describe the results of
this study, the tree type codes of the examined trees will
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be wused, namely Treeiowap, Tre€medgiumeap and
Treenigiean. The cooling effect of each examined tree
type is determined based onthe thermal conditionsof the
‘reference point’, a treeless point of the square located
over grass (Figure 1). The numerical simulations of the
effect of the different types of vegetation on
microclimate were performed with ENVI-met 4.45
(http:/Aww.envimet.com/). Human thermal sensation
was assessed using the physiologically equivalent
temperature (PET, °C) (Hoppe 1999).

Figure 1. (a) Three-dimentional area input file for ENVI-
met (green objects: total number of trees in the study area;
grey objects: buildings; blue shapes: water fountains). The
examined trees are presented in the figure [red dots:
examined trees with LAD 2m?/m?® (tree code: TreenighLap);
brown dots: examined trees with LAD 1.1-1.5m%m? (tree
code: TreemediumLap); Yellow dots: examined trees with
LAD 0.5-1.0 m?/m? (tree code: Treeiow.ap); black dot:
reference point]. The tree positions are indicative of the
area in which theyare located within the square.

Table 1. Physical configurationsof examined tree types.

Treetypes

Code TreeLowap Treé€medumiAp T T€CHighLAD
Name
Height (m) 4 4 5
Crown 3 3 3
diameter

(m)

LAD 0.5-1.0 1.0-15 2
(m?/m?3)

LAI 14 2.2 4
(m?/m?

Ground Grass Grass Grass
surface

coverage
Number of 8 8 8
trees
examined

Leaftype Deciduous Deciduous Deciduous

2.1.Studyarea

Syntagma Square (37°58' N 23°43" E) has a size of 100
m x 100 m and it is the central square of Athens.

Accordingto Koppen’s classification (Beck et al. 2018),
the climate of Athensis Mediterranean, mildly humid
with dry, warm and hot summers. More details regarding
the city’s climateare presented in the work of Tseliou et
al. (2016).

2.2.Model simulation and thermal sensation evaluation

The three-dimensional environmental model ENVI-met
(Bruse and Fleer 1998) was employed for the human-
biometeorological simulations. The model simulates the
aerodynamics, thermodynamics, and radiation balancein
complexurbanstructures with a resolution that may vary
from 0.5 m to 10 m. Numerical simulations were
performed for 15 July 2010, when meteorological
measurements had also been conducted (Pantavou et al
2013). Table 2 presents the meteorological parameters
that were recorded from the nearest meteorological
station and that were used as input data for the model
simulation. Koletsis et al. (2019) already evaluated the
model simulation accuracy for the examined date at the
study area. Syntagma Square was digitised resulting in
150 x 150 x 30 cellswith a resolution of 1.5 mx 1.5 m x
2.0 m (Figure 1).

Table 2. Meteorological conditions on 15 July, 2010.

Meteorological Variables

Daily Values! 15.07.2010
Average airtemperature (°C) 316
Minimum airtemperature (°C) 27.4
Maximum airtemperature (°C) 38.4
Average wind Speed (m.s?) 25

Average relative humidity (%) 45

ISource:  Environmental Research and  Sustainable
Development,  National Observatory  of Athens
(www.meteo.noa.gr/).

The total simulation duration was set to 24 hours.
Additional information regarding the model simulation
as well as the surface materials, plants, and built
infrastructurethatwere used in the digitisation of thearea
can be found in the work of Koletsis et al. (2019). To
assess the effectof the examined urban-trees on thermal
sensation, the PET index was chosen. The BioMet ENVI-
met tool (ENVI-met/BioMet 2019) was applied to
calculatethe PET. Forthe purpose of this paper, the PET
Mediterranean thermal sensation scale (Table 3) was
used to evaluate the thermal conditions of the square. The
ENVI-met results representvalues at1.4 m above ground
surface.

3. Results

The hourly air temperature (Tair, °C), PET (°C), and
mean radiant temperature (Tmrt, °C) values were
calculated atall the examined trees per tree typeand were
averaged separately to produce overall Tair, Tmrt, and
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PET that represent each tree type at pedestrian height
(1.4m). The coolingeffect of the examined tree typesis
estimatedin relationto the reference point (treeless point
over grass) (Figure 2). Table 4 presents the minimum,
maximum, and average air temperature, mean radiant
temperature and PET values among the examined cases.

Table 3. Thermal sensation classification.

PET (°C)

Original Mediterranean  Thermal
scale’ scale? sensation
<4.0 Very cold
4.1-8.0 less than 0.7 Cold
8.1-13.0 0.7t05.2 Cool
13.1-18.0 5.2t014.8 Slightly cool
18.1-23.0 14.8t023.8 Neutral
23.1-29.0 23.8t031.2 Slightly warm
29.1-350 31.2t039.1 Warm
35.1-410 higherthan39.1 Hot

>41.0 Very hot

ISource: Matzarakis and Mayer (1997); 2Source: Pantavou
(2014)

Table 4. Average, Maximum and Minimum Air
temperature (Tair), Mean Radiant Temperature (Tmit)
and Physiologically Equivalent Temperature (PET)
valuesatthe reference pointandthe three examined tree

types.

Reference point
Tair | Tmrt| PET
CC) | (C) | (C)

Maximum 355 | 810 | 565

Minimum 279 | 204 | 236

Daily average 317 [ 50.2 ] 40.0

Average (09:00-18:00) | 33.3 [ 75.1 | 52.5
TreeLowLap

Tair | Tmrt | PET
(S [ (CO) | (O
Maximum 351 | 746 | 55.6
Minimum 28.0 | 217 | 244

Daily average 31.7 | 438 | 384
Average (09:00-18:00) 33.0 | 65.2 | 49.9
TreemedivmLAD

Tair | Tmrt | PET
(S | (C) | (O)
Maximum 349 | 694 | 505
Minimum 276 | 221 | 244

Daily average 313 | 43.7 | 37.3
Average (09:00-18:00) 32.7 | 63.4 | 47.7
TreenighLap

Tair | Tmrt| PET
(G 1 (C) | ()
Maximum 347 [ 64.1 | 48.9
Minimum 271 | 232 | 247
Daily average 310 | 39.6 | 36.0

Average (09:00-18:00] 32.6 | 56.5 | 44.8

Abbreviation: LAD, leaf areadensity.

As faras it concerns the air temperature, the daily
average cooling effect of TreeLowap Was negligible,
whereas in TreemegiumLap and TreerighLap, it was 0.3 °C
and 0.7°C, respectively (Figure 2a). As presented in
Table 4, the effect of TreeLowap and Treemegiumiap
increased slightly with solar intensity and became more
evident between 09:00 LST and 18:00 LST, whereas it
remained the same at TreenighLap. The maximum air
temperature was obtained at 16:00LST. The maximum
daily airtemperature was observed at TreeLow Lap andthe
minimum at Treewigh Lap, at06:00LST.

Air temperature (°C)
5w oW oW W

31.2°C<PET<39.1°C (Warm)

PET (°C]

23.8°C<PET<31.2°C (Slightly warm)

Local time
—— TreEHIENLAD TresNecumLAD o= TrecLOWLAD «sr@e+ REFErENCEP O

(2]

Mean radiant te mperature {°C)

Local time

d — TreeHighLAD Tre=MediumlLAD ~—g— TreeLowAD ««s@++ ReferencePoint

=
P—————— o

Solar attenuation (%)

Local time

—e—TreeHighLAD TreeMedumLAD
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Figure 2. The effects of theexaminedtreetypesona. air
temperature, b. PET, c. meanradianttemperature, and d.
solarattenuation.

Figure 2b shows the PET evolution in each examined tree
type. Despite the positive effect of trees, the average
daily PET lies within the ‘warm’ category at all the
examined cases, while ‘hot’ thermal conditions prevail
from 09:00 LST to 18:00 LST. At these hours, the
average difference between the reference point and the
TreeLowLap, Treé€mediumiab, and Treewighap varies at 2.6
°C,4.8°C, and 7.6 °C, respectively. The maximum PET
difference, 6.9°C, between Tree omap and Treemighiap
obtainedat 16:00 LST. From 02:00 LST to 06:00 LST
and from 19:00 LST to 23:00 LST, the three tree types
present negligible differences in PET. At these hours,
Treewmedium Lap induces slightly lower PET than the other

two tree types.

The presence of tree canopies significantly reduces the
mean radiant temperature at each tree type, with the
highest reduction observed at Treewignap (Figure 2c).
Comparingthe threeexamined tree types, the maximum
mean radiant temperature is observed at Tree owiap at
15:00 LST and the minimum at Treenigh Lap at 05:00
LST. The maximum hourly mean radiant temperature
difference among the three examined tree typesis 125°C
(between Treenighap and TreeLow Lap), Observed at 16:00
LST.

Figure 2d shows the hourly solar attenuation. The
shading effect was estimated by calculating the
difference in the hourly direct shortwave radiation
between the reference pointandeach treetype. The daily
average solar attenuation was estimated at 49%, 77%,
and 90% for TreeLow_AD, TreemepiumLap and TreeHighLAD,
respectively. These results imply a significant
contribution of dense vegetation to solar radiation
attenuation.

4. Conclusions

This study examined the thermal conditions that obtained
at Syntagma Square given the three types of vegetation
with different LADs, namely TreeLowiap, Tre€mediumLAD,
and Treenigniap. Theresults revealedthat, leafarea density
of the tree canopiescanhave a significantinfluence onthe
microclimate. Compared with a treeless reference point,
the magnitude of the cooling effect increases with LAD,
particularly during midday and early afternoon. More
specifically, the average PET reduction at TreewighLap
during the warmer hours of the day (09:00LST -
18:00LST) was 7.7 °C and the daily average air
temperature reduction, 0.7°C. Despitethefact that the trees
provided improvements in the outdoor themal
environment, allthe examined tree types exhibited average
daily biometeorological conditions corresponding with the
‘warm’ category of PET thermal sensationscale.

Acknowledgements

The authors would like to acknowledge the Institute for
Environmental Research and Sustainable Development of the
National Observatory of Athens for providing meteorological
data. This project has received funding from the Hellenic

Foundation for Research and Innovation (HFRI) and the General
Secretariat for Research and Technology (GSRT), under grant
agreement No 146.

References

Beck H.E., Zimmermann N.E., McVicar T.R., Vergopolan N.,
Berg A. and Wood E.F. (2018), Present and future
koppen-geiger climate classification maps at 1-km
resolution, Scientific Data, 5, 1-12.

Bruse M. and Fleer H. (1998), Simulating surface-plant-air
interactions inside urban environments with a three
dimensional numerical model, Environ. Model. Softw.,
13,373-384.

Chatzinikolaou E., Chalkias C. and Dimopoulou E. (2018)
Urban microclimate improvement using ENVI-MET
climate model, In Proceedings of the ISPRS TC IV Mid-
Term Symposium on 3D Spatial Information Science—
The Engine of Change, Delft, The Netherlands, 1-5
October 2018; pp. 69-76.

de Abreu-Harbich L.V., Labaki L.C. and Matzarakis A. (2015),
Effect of tree planting design and tree species on human
thermal comfortin the tropics, Landsc. Urban Plan. 138,
99-109.

ENVI-met / BioMet, 2019: Available from: http://www.envi-
met.info/doku.php?id=apps:biomet.

Hoppe P (1999), The physiological equivalenttemperature —a
universal index for the biometeorological assessment of
the thermal environment, Int. J. Biometeorol., 43, 71-75.

Koletsis 1., Tseliou A., Lykoudis S., Pantavou K., and Tsiros
I.X. (2019), Testing and validation of ENVI-met
simulation based on in-situ micrometeorological
measurements: the case of Syntagma Square, Athens,
Greece, 16th International Conference on Environmental
Science and Technology, Rhodes, Greece.

Lee H., Mayer H., and Kuttler W. (2020), Impact of the spacing
between tree crowns on the mitigation of daytime heat
stress for pedestrians inside E-W urban street canyons
under Central European conditions, Urban Forestry &
Urban Greening, 48, 126558.

Matzarakis A and Mayer H (1997), Heat stress in Greece. Int
J. Biometeorol., 41, 34-39.

Pantavou K., Theoharatos G., Santamouris M. and
Asimakopoulos D. (2013),Outdoor thermal sensation of
pedestrians in a Mediterranean climate and a comparison
with UTCI, Build. Environ. 66, 82-95.

Pantavou K (2014), Biometeorological study in an urban
Mediterranean climate: contribution to the evaluation of
thermal sensation. Dissertation, National and
Kapodistrian University of Athens, Athens, Greece.

Shashua-Bar L., Pearmutter D., Erell E. (2011), The influence
of trees and grass on outdoor thermal comfort in a hot-
arid environment, Int. J. Climatol. 31, 1498-1506,
http://dx.doi.org/10.1002/joc.2177.

Spangenberg J., Shinzato P., Johansson E., and Duarte, D.
(2008), Simulation of the influence of vegetation on
microclimate and thermal comfort in the city of Sao
Paulo. Revista SBAU, 3(2), 1-19.

CEST2021_00469


http://www.envi-met.info/doku.php?id=apps:biomet
http://www.envi-met.info/doku.php?id=apps:biomet
http://dx.doi.org/10.1002/joc.2177

Tseliou A. and Tsiros 1.X. (2016), Modeling urban
microclimate to ameliorate thermal sensation conditions
in outdoor areas in Athens (Greece), Build. Simul., 9(3),
251-267.

CEST2021_00469



