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Abstract

The characteristics of the outdoor microclimate influence directly the outdoor thermal comfort that
depends on surface reflectance, green albedo, trees, buildings, sky view factors, etc. Several researches and
studies about outdoor microclimate examine area of cities, districts, squares, streets, parks, etc. and a
proportion of this research studies is about the effect of outdoor microclimate on people thermal comfort,
e.g. measure following Physiological Equivalent Temperature (PET). Thermal comfort in outdoor spaces has
the crucial role of guaranteeing a comfortable staying in public places (such as squares, parks, etc.), as
without thermal comfort people won’t stay in such places. For this reason, research on tourism focuses
more on outdoor thermal comfort than on indoor thermal comfort (e.g. in museum). Designing
archaeological sites is very interesting and complex, since it's possible to study different scenarios and
themes, together with strategies focused on solving and enhancing specific situations. Those, indeed, can
vary: archaeological areas can be seen both as an exhibition area — focusing more on its relics and their
correct preservation — or as an outdoor space — focusing more on the outdoor comfort, not just for the area
itself but for the visitors too. In this paper we therefore report a thermal comfort and microclimate case
study considering how the transformation of the urban area that surrounds an archaeological site could
improve the outdoor comfort for tourists. This study uses the ENVI-met software to reproduce the actual
area and six scenarios based on different urban modifications of said area: thermal variables such as air
temperature, relative humidity, surface temperature and PET are considered to understand if said changes
can have a positive or negative impact on thermal comfort for tourists. Comparing real and simulated data
we get to focus on the scenarios with the most positive impact, in order to understand how the city could
change to improve the presence of tourists in the area and what are the key elements to reach the outdoor
comfort.

Keywords
Outdoor microclimate map; outdoor comfort; tourist comfort; archaeological area; vegetation; ENVI-met,
PET.

1  Introduction and literature

Studying archaeological areas relies on a multidisciplinary approach, focused mainly on history and
archaeology but also on architecture, restoration, and the exposure, preservation and use of the area itself.
There are energetic, environmental and microclimatic relations between archaeological artefacts, and
those have a crucial role, especially when archaeological areas are located in an urban context. Therefore,
studying archaeological areas can be considered part of the building science and physics, and of the
studying of solutions for mitigation of environmental effects and improving of sustainable-built
environments. The use of vegetation reduces phenomena such as urban heat island and overheating and
cuts down the energy requirements needed for summer cooling by decreasing the outside temperatures
and solar intakes.

The relationship between building and environment and building and energy, in an outdoor space, is so
peculiar to be considered a cutting-edge case study, along with the role played by vegetation.
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In an archaeological area, vegetation can influence the preservation of the remains and the thermal
comfort of its visitors: while it’s true that an uncontrolled presence of plants can damage the ruins — e.g.
causing decohesion, a natural process caused by organisms and microorganisms, or root-caused damages -,
it can also have a beneficial effect regarding the outbreak of alterations phenomena — as mantained in UNI
11182 [1][2], therefore helping by preserving the ruins from solar radiation and by taking advantage of the
positive effects of wind.

Below, a short literature review to support the theories presented above: we decided to divide it by topics,
both to underline the multidisciplinary approach needed to study this case and to make it easier for the
reader to identify the different scientific areas involved. In this way it's also clearer how our study can help
those scientific areas by adding more knowledge to the gaps in the actual scientific literature.

1.1 Literature about the role of vegetation
In researches about the outdoor thermal comfort and design of open spaces (parks, squares, etc.),
vegetation plays a key role in mitigating the incident solar radiation and regulating the amount of water
vapour in the air thanks to evapotranspiration phenomena. Literature about this topic is vast, we report
here significant articles.
The research study by Morakinyo, K. Lau and C. Ren [3] analyses, through the use of ENVI-met, the thermal
and energy benefits in a neighbourhood with a Greenery Coverage Ratio (GCR) of 7.2%, compared to
recommended 30%. The area characterized by "very hot" thermal sensation is reduced from 60% to 50%,
with 7.2% GCR, and to 17-21% with 30% GCR. Energy consumption also shows improvements in cooling
data: they are reduced to 1500 kWh a day with the current GCR and to 1900-3000 kWh with GCR of 30%.
The leaf area index was one of the most influencing factors on the observed benefits.
Another research by M. Fahmy, S. Sharples and M. Yahiya [4], carried out in Cairo and shows how large
built surfaces and lack of a structured plan for vegetation can increase problems connected to heat and
thermal stress. Using ENVI-met, they performed simulations on the hottest summer day and calculated the
Leaf Angle Distribution (LAD) — the vertical distribution of the leaf surface. They managed to improve
climatic conditions by introducing specific kind of trees thanks to the shadow they provided.
In urban spaces used for recreational and social activities, it may be useful to increase the wooden and
grassy areas in order to improve the outdoor comfort and to invite the citizens to benefit from said spaces.
Hypothetical green projects for public squares were studied by T. Zolch, M. Rahman and E. Pfleiderer [5]
using ENVI-met and observing the values of Physiologic Equivalent Temperature (PET) [6][7] reached on a
hot summer day. The number of trees and their location, alongside the extension of the grassy areas, can
offer a greater shaded area and reduce heat storage.
L. Zhang, Q. Zhan and Y. Lan [8] examined the influence of vegetation on the microclimate in Wuhan
considering tree placement, Leaf Area Index (LAI), width of the crown and height of the tree: tall examples,
with high LAl values and a large crown diameter, are preferred in outdoor design.
Another important study that uses ENVI-met to show how the increased number of trees, the density of
their foliage and the use of high albedo materials can influence the outdoor microclimate belongs to M. F.
Shahidan [9]. A study by Wiebke W. Klemm [10] taking place in green areas of Utrecht, shows the effects of
the outdoor thermal comfort during a day, through a comparison of interviews and data measured by local
weather stations. Finally, the studies of X. Yang [11] and F. Salata [12] deserve to be mentioned, both
carried out using ENVI-met.
Another useful technique to reduce heat island phenomena is the use of cool materials: they have high
solar reflectance and reduce surface temperatures. G. Battista, E. Carnielo and R. De Lieto Vollero [13]
studied a group of buildings in the Ostiense district (Rome), using three simulation models made with ENVI-
met, characterized by different percentages of green and built surfaces, proving that the one with an
increased amount of solar reflectance surfaces was the most favourable.

1.2  Literature about tourist comfort and outdoor thermal comfort simulation
The perception of thermal comfort in historical and archaeological sites is another important aspect of the
study of outdoor areas. A research led by S. Shooshtarian [14] shows the inability to explain how thermal
comfort can be achieved using traditional methods: his aim is to provide an explanatory tool and to move

2



from literature to theoretical frameworks in order to understand better the comfort-related data,
especially regarding outdoor environments.

Tourists are highly influenced by climate: it can affect the destination choice and the travel program. A
study, carried out in Kerman during summertime, by S. Zare, N. Hasheminezhad and K. Sarebanzadeh [15]
uses both subjective and objective procedures to evaluate climate perception by tourists: they presented a
questionnaire to tourists on one hand and used the RayMan software on the other. As a result, the
subjective Predicted Mean Vote (PMV) value was higher than the objective one, due to visitors’
dissatisfaction with local climate, since they weren’t used to it. We can therefore see that objective and
subjective procedures can be useful to determine the outdoor thermal perception, and could be used as a
further validation of the obtained data.

The transient Acceptable Temperature Range (ATR) is a subjective method of comfort evaluation, and it
consists of a temperature range considered satisfying by over 80% of the users in questionnaires on
outdoor comfort: users had to determine whether the environment was satisfying or not during the
guestionnaire submission. An alternate method was proposed by P. Cheung and C. Jim [16] in their study
set in Hong Kong, where users were required to answer the questionnaire for a whole hour, in order to
develop heat exchanges between humans and environment, demonstrating that more reliable results were
achieved.

1.3 Literature about conservation of archaeological landscapes

The lifespain of a monument is connected to the environment in which it is located and it is influenced by
spontaneous vegetation or planned plant structures. The fear of not being able to manage plant dynamics
has led in the past to an "aseptic sterilization" of archaeological sites. On one hand spontaneous flora can
accelerate phenomena of deterioration (micro/macro de-cohesion of substrates, mechanical damage
caused by roots, chemical alterations, etc.), but, on the other hand, controlled vegetation can contribute to
define the microclimate of archaeological sites, making it an important source of biodiversity, especially in
urban contexts.

The presence of plants constitutes an element of defense against environmental factors (solar radiation,
wind, precipitation, pollutants, marine aerosol) and offers shading, reduction of thermal excursions and
design for the architectural reading of the area. Plants can be classified in relation to their dangerousness
for archaeological sites [17]; the archaeological park of Selinunte, an ancient Greek city on the south-
western coast of Sicily [18], is an example of interdisciplinary work based on the conservation of natural
environments where the dynamics of vegetation and archaeological ruins were balanced; controlled
management of vegetation should be studied in the design phase, choosing species with known
characteristics, suitable for the site. Vegetation can also help in reconstructing the image of the
archaeological site from a historical point of view.

1.4  Literature about microclimate and archaeological areas

Research of X. Luo [19][20] on thermal comfort in archaeological areas, specifically about the microclimate
that could suit archaeological relics located above the ground, after excavations and contribute in their
correct conservation. It's clear that relics need a microclimate different from what would be comfortable
for visitors, since it’d better to recreate the underground situation, with low temperatures and high
humidity.

Fabbri and Ugolini [21] studied the same topic alongside with the role of vegetation in an outdoor
archaeological area: they studied three different hypothetical situations: absence of vegetation, presence
oh homogeneous vegetation (same kind of trees) and presence of heterogeneous vegetation. As a result,
the presence of vegetation near archaeological ruins doesn’t just reduce the risk of thermal shock near the
area, but also keeps the relative humidity level more adequate for the preservation of ruins, as well as
protect the area from winds.

2 Aim of research
This article research focuses on the study of an archaeological area located in an urban context: we used
different configurations of both materials and vegetation, with a dual objective: on one hand to contribute
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to the (few) studies about microclimate in archaeological areas, on the other to highlight the role of the
percentage of green surfaces in influencing microclimatic conditions in urban contexts.

3  Case study

The case study is an archaeological area of the roman amphitheatre of Rimini (coordinates GIS: 44.060326,
12.575293), located in the city walls, in a peripheral position if compared to the inner city.

Rimini, located in northern-central Italy, is a seaside town, characterized by a humid subtropical climate,
with hot summers and mild winters (CFA Koppen-Geiger classification [22][23]).

According to the meteoblue website [24], winter daily mean temperatures are 3°C as minimum and 10°C as
maximum; during summer they vary from 18°C as minimum to 31° as maximum. The coldest months are
usually January and February (maximum temperatures can be slightly lower than 0° C), while the hottest
ones are July and August (with maximum temperatures rising up to more than 35° C). In those periods
there are also, respectively, clouded skies with few sunny days and mostly sunny days with few clouds.
Spring is usually the most rainy time of the year, with a peak in April, but the climate is generally
characterized by dry days. Dominant winds come from N-NE, NE with maximum speed higher than 61
km/h, and from E-NE, with maximum speed over than 50 km/h.

The roman ampbhitheatre of Rimini (figure 1.a) was built in the Il century A.D. to celebrate gladiator games,
but in Il century AD was already abandoned, incorporated in the city walls system and partly buried. In
1926 a part of the building was brought back to light and restored [25][26].

Nowadays (figure 1.b) we can only see around half of the original building, since the other part is still buried
and a kindergarten, the Italian-Swiss Educational Centre (CEIS, in Italian), is on top of it. Nearby there are
the Margherita Zoebeli cycle path, two large green areas (Maria Callas park and Alcide Cervi park) and three
big parking lots (Settebello parking, Ex-Padane parking and Antonio Gramsci parking). Concrete is largely
used in the area, despite the big green areas.

A-’.‘v',j- Hp A

Figure 1. a) position of Rimini in the Italian peninsula, b) planimetry of Rimini c) actual planimetry of the
amphitheatre, d) recreation of the hypothetical original aspect of the amphitheatre.

4  Research methodology

We applied a research methodology divided into four phases:

1. to create two microclimate models at different in scale of case study state of art;

2. to calibrate virtual models with the climate data measured locally;

3. to define some scenarios with different trees configuration and reflectance of the surfaces;



4. finally to compare the Outdoor Microclimate Maps (OMM, as defined in [27]) of the obtained results
both among themselves and with the current, actual situation.

We studied the archaeological area of the amphitheatre of Rimini; we decided to use two different model
sizes in order to verify the effects of vegetation both on the neighbourhood and on the area, in relation to
the different scenarios and to verify the consistency of the two different-scaled models. The dimension of
the boundary area has been chosen in order to avoid software miscalculations, as seen in other ENVI-met
based researches on the same topic (see the scientific literature for further references). About the 3D
modelling of the bushes, we created a model of bush geometrically similar to the actual one, according to
the software modelling criteria.

4.1 Phase 1: the two microclimatic models of the area

The microclimatic model of the area was created using the software ENVI-met Summer V.4 [28] and
portrays the actual situation of the area. The model was validated using the climate data measured by the
climate station “Rimini Urbana”, provided by ARPAE Emilia-Romagna [29], verified through their digital
equivalent measured by receptors placed in the software using SPACES. We decided to create two models,
different in scale, in order to compare the results both for the specific, detailed model and for the larger
one, that included a wider part of the urban context. The two models are consistent, since our element of
interest is in a central position and the grids have the same amounts of cells in length, width and height:
the only thing that varies is the dimension of said cells.

Area of analysis

The two areas of analysis are different in scale: the one with a larger scale (figure 2.a) shows a larger
portion of the city, including also the large paved areas of the parkings and the green areas of the parks.
The one with a closer scale (figure 2.b) only shows the ruins and their proximity: we can see the
archaeologic area, the CEIS buildings, the cycle path, some nearby buildings and part of via Roma and its
trees and of the Ex-Padane parking. In both areas the amphitheatre is centred and surrounded by a
protection zone, to avoid potential software miscalculations.

We used 150x150x35 cells grids (35 is the height); the cells dimension varies: in the small model is
1mx1mx1m while it’s 3mx3mx3m in the large one. To efficiently compare data, we picked four receptors, A,
B, C and D. Their coordinates, expressed in metres and referred to the 0,0 of the grid, are: A(222,300),
B(288,333), C(210, 192), D(186,255) in the large model and A(204, 231), C(225,174) and D(159,351) in the
small model. In the latter, we didn’t take the receptor B in consideration, since it was placed outside the
area of analysis.



Figure 2. a) Large area of analysis with receptors shown. b) Small area of analysis with receptors shown.

3D modelling of a shrub

The project scenarios include adding hedges (see paragraph 5.3), created in ENVI-met through the creation
of a 3D model of a shrub by using the modelling tool Tree. The hedge are characterized by deciduous
leaves, roots with diameter and depth of 0,5 m, LAD = 2 and its dimensions are Imx1mx1m.
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Figure 3. Modelling window of the new kind of vegetation in ENVI-met.

Climate data and boundary conditions

Since ENVI-met simulations relate to a specific day, we picked the 04" August 2017, the hottest summer
day in the past decade, characterized by extreme conditions of outdoor comfort: it’s interesting to analize
the worst situation possible, in order to suggest solutions that might improve the frequentation of the area.
The climate data were supplied by the Rimini Weather Station [30] (Table 1).

The initial boundary conditions are:

- start date: 04.08.2017

- start time: 06:00

- simulation time: 48 h, 2" day used for evaluation

- wind speed measure in 2 m height (m/s): 1,86 m/s

- wind direction (deg): E 97°

Table 1. Climate data 48h simulation 04/08/2017 (Rimini Weather Station)

Average hourly air temperature 2m above Average hourly relative humidity 2m above
hours o
ground (°C) ground [%]

00:00 27.30 52
01:00 27.20 50
02:00 27.60 51
03:00 27.00 49
04:00 26.10 44
05:00 25.90 47
06:00 26.80 44
07:00 29.60 35
08:00 30.70 43
09:00 31.60 39
10:00 32.70 31
11:00 32.20 34
12:00 31.60 48
13:00 31.40 51
14:00 31.10 57
15:00 31.20 58
16:00 31.10 59
17:00 31.30 56
18:00 30.20 53
19:00 29.50 60




20:00 29.60 68
21:00 29.00 63
22:00 28.20 59
23:00 28.00 61
00:00 27.80 43
01:00 28.10 34
02:00 27.10 31
03:00 26.50 37
04:00 25.80 37
05:00 26.90 33
06:00 31.00 28
07:00 33.50 18
08:00 34.20 17
09:00 34.20 21
10:00 33.80 29
11:00 33.80 27
12:00 33.20 36
13:00 32.90 42
14:00 33.70 38
15:00 33.60 35
16:00 33.90 24
17:00 33.50 27
18:00 32.80 29
19:00 32.40 26
20:00 31.40 28
21:00 30.30 30
22:00 29.60 29
23:00 29.80 26

4.2  Phase 2: model calibration with local measured climate data

The second phase consists of calibrating the results of the two models with the real data measured by the
ARPAE weather station, related to air temperature (°C), which is the least influenced parameter by
unpredictable local factors such as weather conditions, precipitations, etc.

There are reference standards to validate indoor energy consumption, following ASHRAE Guideline [31],
while the situation is different for outdoor environments. For the latter, the validation criteria are: (a)
temporal (an actual physical point monitored for a certain number of hours); (b) spatial (more physical
points monitored at the same time); (c) an intermediate criterion (multiple physical points monitored for
several hours). Regarding the calibration

criteria, the literature reported in Fabbri and Costanzo’s article [32] can be used as reference.

We picked the temporal criterion, using one receptor of the model (identified as Receptor A), placed in cells
74;100 in the large model and in cells 68;77 in the small one, as physical reference point.

We then compared the mean temperature values obtained by Dexter with those simulated regarding the
4™ August 2017, from 01:00 to 23:99 (Table 2).

Table 3 shows the results calibration of the measured data with the simulated ones. Table 4 shows the
calibration between large and small area. Both models are calibrated.




Table 2. Measured and simulated data:

. air temperature (simulated) in air temperature (simulated) in
air temperature
hours (measured by ARPAE) Receptor A Receptor A
LARGE MODEL SMALL MODEL
01:00 27.80 28.09 27.89
02:00 28.10 28.07 27.67
03:00 27.10 27.58 26.35
04:00 26.50 27.1 26.15
05:00 25.80 26.61 25.31
06:00 26.90 26.76 25.43
07:00 31.00 28.84 27.56
08:00 33.50 30.87 29.75
09:00 34.20 32.04 30.89
10:00 34.20 32.57 31.45
11:00 33.80 32.79 31.76
12:00 33.80 32.89 32.04
13:00 33.20 32.64 32.05
14:00 32.90 32.43 31.95
15:00 33.70 32.61 32.18
16:00 33.60 32.54 32.23
17:00 33.90 32.58 32.59
18:00 33.50 32.31 32.35
19:00 32.80 31.98 31.83
20:00 32.40 31.68 41.54
21:00 31.40 31.11 30.97
22:00 30.30 30.43 30.39
23:00 29.60 29.89 28.68

Data validation was conducted following the ANSI/ASHRAE criteria, described in ASHRAE Guideline 14-
2002 Measurement of Energy and Demand Savings, Ashrae [31]. We reported the MBE (Mean Bias Error)
values, the CV (RMSE) (Coefficient of Variation of the Root-Mean Square Error) and the Pearson coefficient.

Table 3. Calibration between measured and simulated data

LARGE MODEL SIMULATED SMALL MODEL SIMULATED
DATA AREA ASHRAE GUIDELINE [31]
MBE [%)] 6.35% Validated 2.17% Validated Calibrated if MBE < 10%
CV (RMSE) [%] 6.97% Validated 3.62% Validated Calibrated if CV(RMSE) < 30%
PEARSON 0.74 Strong 0.97 Optlm‘?\l if Pearson >.O.7 (strong correlation; 9.3-0,7
correlation correlation (correlation); < 0.3 (weak correlation)
Table 4. Calibration between ENVI-met large model with the small one
ASHRAE GUIDELINE [31]
MBE [%] 6,35% Validated Calibrated if MBE < 10%
CV (RMSE) [%] 2.21% Validated Calibrated if CV(RMSE) < 30%
PEARSON 0.74 Strong if Pearson > 0.7 (strong correlation; 9.3-0,7 (correlation); < 0.3 (weak
correlation correlation)

4.3  Phase 3: definition of the project scenarios and OMM output construction

Our research includes six simulated scenarios: three for the large model, and three for the small one. These
scenarios are based on the variation of different aspects: trees configuration, which implies a positive or
negative variation of the tree percentage in the scenarios; the materials, with the consequent albedo and
reflectance values variation; and the elimination of some buildings in the area.

Since the 3D models realized with ENVI-met are a rather accurate representation of the actual situation, we
were able to acquire further data, such as the percentage of green areas and the number of trees for each
scenario. Indeed, we found the percentage of green areas by comparing the total number of the cells of the
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models with the number of cells representing the green areas; the number of trees was acquired by simply
counting the number of trees of each scenario.

Tables 5 and 6 show the scenarios description for each area.

Table 5. Large scenarios description

Scenarios (n.) Description Green area (%) Trees (n.) Soil and Surfaces

Common asphalt (albedo: 0.2)
Colored asphalt (albedo: 0.5)
0 (large model) - Current state 33% 448 Stone paving (albedo: 0.8)
Grass (albedo: 0.2)

Gravel (albedo: 0.4)

- Increase in green area; 505
- Trees insertion in Fraxinus In parking areas: light-colored drainin

1 (large model) parking lots; 38% excelsior, P .g ) _g 8

- L . asphalt introduction (albedo: 0.5)

- Flooring changing in Carpinus
parking lots. betulus
- CEIS buildings removal;

2 (I | - | ing fi

( arge*mode ) ST A 36% 418 Grass introduction (albedo 0.2)
(*) 3.2mto0;

- Grass introduction.

- CEIS buildings removal;
- Ground lowering; 30%
- Mineral flooring
introduction.

3 (large model) 418 Mineral flooring introduction (albedo 0.0)

(*) CEIS Area-Amphitheater arena height difference: 3.2 m, in reference to the 0.00 m arena level.

Table 6. Small scenarios descriptions

Scenarios (n.) Description Green area (%) Tree (n.) Soil and Surfaces

Common asphalt (albedo: 0.2)
Colored asphalt (albedo: 0.5)
0 (small model) - Current state 33% 64 Stone paving (albedo: 0.8)
Grass (albedo: 0.2)

Gravel (albedo: 0.4)

- Hedge insertion;

- Green area increase; 66 Grass introduction (albedo 0.2)

4 (small model) - Trees insertion; 32% Tilia Compacted earth introduction (albedo
- Compacted earth paths platyphillos 0.0)
insertion.

- CEIS buildings removal;

o . .
- Grass introduction. 55% 64 Grass introduction (albedo 0.2)

5 (small model)

- CEIS buildings removal;
6 (small model) - Grass introduction; 55% 38 Grass introduction (albedo 0.2)
- Trees removal in CEIS area.

5  Results and Outdoor Microclimate Map
According to research aims, we report results related following physical variables, from each scenarios:
e Air temperature [°C]: allows to evaluate the temperature distribution to identify the presence of
high values areas;
e Relative humidity (RH) [%]: allows to identify a wet (>65%) or dry (<45%) environment, it can affect
PET values and is influenced by green areas and trees presence;
e Surface Temperature (T surface) [°C]: depends on the reflectance and albedo of the materials and
on the view factor.

Moreover, we report the outdoor comfort expressed by Physiologic Equivalent Temperature (PET), whose
range are displayed in table 7. The PET index is a biometereological parameter [33] [34] that describes
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individual thermal perception and refers to human body energy balance; it is expressed in °C, and is easier

to understand compared to parameters like the PMV percentage.

Table 7. PET values and Grade of physiological stress

PET (°C) Thermal perception Grade of physciological stress
less of 4 Very cold Extreme cold stress

from4to 8 Cold Strong cold stress

from 8 to 13 Cool Moderate cold stress

from 13 to 18 Slightly cool Slight cold stress

from 18 to 23 Comfortable No thermal stress

from 23 to 29 Slightly warm Slight heat stress

from 29 to 35 Warm Moderate heat stess

from 35 to 41 Hot Strong heat stress

more of 41 Very Hot Estreme heat stress

5.1  OMM results for the large model scenarios

The results related to the large model scenarios are referred to four different hours: we reported the
results taken every two hours (10:00, 12:00, 14:00 and 16:00), with more in-depth observation at 14:00,
which is the hottest time of the day, so the worst regarding thermal comfort.

OMM air temperature scenarios, large model

Scenario 0 large model: In the early afternoon, in the parking lots we register a temperature of 40°C, 7°C
higher than in the other areas; via Roma suffers from this, despite the presence of green areas, while the
amphitheatre and the urban areas don’t (figure 4.a).

Scenario 1: after including green areas in the parking lots, we register improvements: at 14:00, temperature
is 32 — 35 °C, so 3 -5 °C lower than the actual one. Temperature is generically lower all day long but there
is no significant reduction in the CEIS and amphitheatre areas (figure 4.b).

Scenario 2: after removing the CEIS buildings and adding grass we register a temperature increase near the
ruins; at 14:00 we register the worst situation, with temperature values over 38°C. The building removal
creates a negative effect on the surroundings too: adding grass is not enough to reduce the high
temperatures (figure 4.c).

Scenario 3: as it happens in the previous scenario, we find negative results: morning temperatures are
higher than the actual ones and at 14:00 they reach 37 — 38°C in the CEIS and amphitheatre areas. The
flooring changes bring negative effects in the surroundings too: in the Antonio Gramsci parking
temperatures are half a degree higher and in the Alcide Cervi park the extension of the area coloured in
green by the software is smaller (figure 4.d).

For detailed values, see Annex, tables 8.1 and 8.2.
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Figure 4. Large model: air temperature results at 14:00: (a) scenario 0, current state; (b) scenario 1; (c)
scenario 2; (d) scenario 3.

OMM relative humidity scenarios, large model

Scenario 0 large model: a very dry air is registered since morning in the whole area. At 14:00, asphalted
areas and the parking areas register 27 — 30% of RH, while in the remaining areas we get 46%, thanks to
presence of green areas (figure 5.a). This may be due to the evaporative processes caused by a very high
temperature (around 40°C).

Scenario 1: we register improvements since morning; at 14:00, we reach values higher than 40%, with
improvements in the green areas too. There are no variations in the amphitheatre area, except for the
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green area by the entrance on via Roma. Our intervention brings positive effects in parking lots, in Maria
Callas park and in via Roma, but doesn’t significantly affect the archaeological and CEIS areas (figure 5.b).
Scenario 2: after recording positive results in the morning, at 14:00 we register 28 -29% RH in the
amphitheatre area, too little considering the 38°C temperature. Our intervention lowers the RH in the
surroundings too, affecting via Roma and the parking lots (figure 5.c).

Scenario 3: as in scenario 2, we have improvements in the morning but a turnaround at 14:00. In the
amphitheatre area we register 27 — 30 % RH values, lower than actual state scenario (figure 5.d). This might
be due to higher temperatures (38°C) in scenario 3.

For detailed values, see Annex, tables 9.1 and 9.2.
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Figure 5. Large model: RH results at 14:00: (a) scenario O, current state; (b) scenario 1; (c) scenario 2; (d)
scenario 3.

OMM surface temperature scenarios, large model

Scenario 0 large model: surface temperature shows to be higher in parking areas than in built ones,
reaching 58°C at 14:00. In asphalted streets we recorded 38 —42°C, while in green areas the values are 30°C
lower than those of the large paved areas. We report lower temperatures near the trees of urban courts
(figure 6.a).

Scenario 1: we report clear improvements — in early afternoon we register around 38°C in the less shaded
areas of the parking lots, much better than the current situation. Neither via Roma nor the archaeological
area are affected (figure 6.b).

Scenario 2: temperature rise in the amphitheatre and CEIS areas — at 14:00 it reaches 46 °C in the
archaeological area. This proves the positive effect of the current existing trees, that allow lower surface
temperatures (figure 6.c).

Scenario 3: similarly to scenario 2, our intervention has a negative impact on surface temperatures —
inserting mineral pavements causes temperatures higher than those of the previous scenario. At 14:00 we
reach 43°C in the archaeological area (figure 6.d).

For detailed values, see Annex, Tables 10.1 and 10.2.
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Figure 6. Large model: surface temperature results at 14:00: (a) scenario 0, current state; (b) scenario 1; (c)
scenario 2; (d) scenario 3.

OMM PET scenarios, large model

Scenario 0 large model: parking lots in the early afternoon register 40°C, 7°C higher than the other areas;
via Roma, despite the presence of vegetation, suffers from it, while the amphitheatre area and the urban
centre don’t (figure 7.a).

Scenario 1: at 14:00, PET values are 34 - 38°C, thermal perception is warm and moderate stress, better than
the current situation of extreme thermal stress. Our project improves the parking lot situation, but doesn’t
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affect the surroundings: the amphitheatre area still registers around 34°C (moderate heat), hardly usable by
visitors (figure 7.b).

Scenario 2: our project doesn’t bring any improvement — in the morning, the amphitheatre and CEIS areas
record higher PET values than those of the current state. At 14:00, we reach values above 50°C (very hot
and maximum stress) close to the ruins. CEIS area gets worse too, reaching 43°C PET (very hot) (figure 7.c).
Scenario 3: our project has a negative effect — PET values are higher than those of the current state and of
scenario 2 since morning. At 14:00, the areas closer to the ruins reach PET values higher than 50°C, while in
CEIS area we reach 43°C PET, similarly to scenario 2. There are no significant variations in the urban context
(figure 7.d).

For detailed values, see Annex, Tables 11.1 and 11.2.
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5.2 OMM results small model
Similarly in same way of previous paragraphs, for the small model scenarios, we report results for four
hours, taken every two hours (10:00, 12:00, 14:00, 16:00), with more in-depth observations at 14:00.

OMM air temperature scenarios, small model
Scenario 0 small model: 35°C are reached in the early afternoon in the parking lot and in via Vezia, while in
the amphitheatre area the prevailing temperature is 32°C, except for some red-coloured areas with values
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higher than 33°C. The green areas surrounding the CEIS area mitigate the temperatures, protecting the
archaeological area from the heat wave (figure 8.a).

Scenario 4: we register slightly lower temperatures along the cycle path, maintained all day long; at 14:00,
along the paths of compacted earth, created inside the archaeological area, temperatures rise of around
1°C (figure 8.b).

Scenario 5: the elimination of CEIS buildings and the grass introduction lead to positive effects — at 14:00
we don’t see any red-coloured area (T > 33.50°C) along the remaining amphitheatre walls, and we register
32°C near the trees located in the CEIS area. The green-coloured areas, corresponding to milder
temperatures, increase their dimensions (figure 8.c).

Scenario 6: after the elimination of both CEIS buildings and trees, near the ruins the temperatures rise since
morning. At 14:00 the CEIS area maintains the same temperatures of the current state (32 - 33°C), while
near the ruins there are more red-coloured areas, signalling temperatures around 34°C (figure 8.d).

For detailed values, see Annex, Tables 12.1 and 12.2.
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OMM relative humidity scenarios, small model

Scenario 0 small model: at 14:00 we register RH values above 37%, so still low. The vegetation in the area
isn’t enough to reach comfortable RH levels (figure 9.a).

Scenario 4: there are no significant changes compared to the current situation; at 14:00 we reach values
higher than 37%, maintaining low values and a generally dry condition. There is a slight increase in RH
values alongside the inserted hedge (figures 9.b).
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Scenario 5: RH reaches higher values after the grass insertion; At 14:00 we register values higher than 37%,
whereas the current ones are 35 - 37%. This goes on throughout the whole afternoon, with RH improving in
the CEIS area (figure 9.c).

Scenario 6: similarly to scenario 5, we register positive effects; at 14:00 the dimension of the areas
signalling RH values higher than 37% increases, while in the current situation we have 35 — 37% of RH.
There are no significant variations in the areas around the amphitheatre and CEIS (figure 9.d).

For detailed values, see Annex, Tables 13.1 and 13.2.

.

i

o “iwi

oelow 21.50 % N

21.50 to 23.50 % @
23,50 to 25,50 Y&

25.50 to 27.50 %

27.50 to 29.50 %

29.50 to 31.50 %

31.50 to 33.50 %

33.50 to 35.50 %

35.50 to 37.50 %

above 37.50 %

|| W

Figura 9. Small model: RH results at 14:00: (a) scenario O, current state; (b) scenario 4; (c) scenario 5; (d)
scenario 6.
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OMM surface temperature scenarios, small area

Scenario 0 small scale: surface temperature reaches high values, especially in parking lots and along via
Vezia; at 14:00, values above 50 ° C are registered there, while wooded areas maintain lower surface
temperatures, of 28 - 32°C (figure 10.qa).

Scenario 4: our project brings a significant surface temperature increase — at 14:00 we register values of 30
—32°Cin the arena, so 2 — 4°C higher than the current state ones. The values increase near the ruins and
the CEIS, too (figure 10.b).

Scenario 5: positive effects are registered both for the CEIS and the ruins areas - at 14:00, the surface
temperature in the CEIS area is 28 - 32°C, lower than the 40 - 44°C of the current state, and near the ruins
the yellow-coloured areas (40 - 44°C) are smaller, favouring the light-green-coloured ones (36 - 40 ° C)
(figure 10.c).

Scenario 6: we register positive effects thanks to the grass introduced — at 14:00, there are values of 28 —
32°C, significantly lower than the current state. The ruins, instead, suffer negative consequences due to the
absence of trees: we reach 40 — 44°C in the arena and a temperature rising in between the remaining walls
(figure 10.d).

For detailed values, see Annex, Tables 14.1 and 14.2.
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OMM PET scenarios, small model

Scenario 0 small model: in the early afternoon, we can identify the most critical area in-between the
amphitheatre walls, reaching temperatures higher than 50°C (extreme stress and heat stroke risk). The
situation in the arena is better, with 34 — 35°C (slight heat and slight stress), probably due to the shadows
casted by the trees located in the CEIS area, protecting the area from excessive incident solar radiation
(figure 11.qa).
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Scenario 4: in this project solution, at 14:00, red-coloured areas (47 - 50°C PET) are gathered in-between
the remaining walls of the ruins, while in the arena we see an improvement, reaching34 - 35 °C (slightly
warm and light stress conditions). Along the entry path in compacted earth, the red-coloured area is wider
than the actual state one, while there are better comfort levels alongside the hedge. There are no effects
on the CEIS area or on the surroundings (figure 11.b).

Scenario 5: at 14:00, the CEIS area reaches 32°C PET near the trees, and 41 - 42°C PET, instead, in the sun-
exposed areas - on one hand there are less shadows provided by buildings, but, on the other hand, red-
coloured areas (47 - 50°C PET) are considerably reduced thanks to flooring change (figure 11.c).

Scenario 6: our project leads to lower comfort levels - at 14:00, we reach 44 °C PET in the CEIS area and
very negative effects near the ruins - in the arena and in-between the remaining walls we reach 47 - 50°C
PET. This can be a problem for visitors, especially in the morning and early afternoon (figure 11.d).

For detailed values, see Annex, Tables 15.1 and 15.2.
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Figure 11. Small model: PET values at 14:00: (a) scenario O, current state; (b) scenario 4; (c) scenario 5; (d)
scenario 6.

5.3 Input-Output data comparison

To better summarize the values we obtained for each physical parameter and to correlate said values with
the scenario variables, we’ve set up this comparison table (Table 16), containing the mean hourly physical
parameters registered at 14:00 (common to all scenarios) and the relevant variables:

Table 16. Summary of performed interventions and data related to the analysed physical variables.
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Input data Output data (mean values by receptors)
Green area Water Mean Air temp. Rela'tl\_le Surface
Scenarios Tree nr. [(y permeable e [ c humidity [ . PET [°C]*
o t -
4] area [%] ] [%] emp ]
0large 448 33.00 39.80 0.48 30.10 30.10 39.10 46.80
model
1 505 38.00 49.00 0.48 33.00 33.00 37.50 46.10
2 418 36.00 41.00 0.48 34.00 34.00 38.50 47.20
3 418 30.00 41.00 0.48 33.90 33.90 37.50 47.80
0 small 64 33.00 33.40 0.33 33.00 36.30 39.20 43.40
model
4 66 32.00 33.60 0.33 33.70 36.90 39.60 42.40
5 64 55.00 54.30 0.33 33.40 36.60 39.10 43.20
6 38 55.00 54.30 0.33 33.80 36.20 39.60 45.40

* all PET values correspond to a very hot sensation (Table 7) “Estreme heat stress”
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Figure 12. Summary of performed solution and data related to the analysed physical variables, (a) for the
large model, (b) for the small model

Figure 12 graphically shows the results reported in table 16. In both graphs of figure 12 the x-axis shows the
PET values for each scenario, while the y-axis on the left represents the green and permeable area
percentage, and the one on the right shows the tree number of each scenario. In this way, we can compare
the effects of each project choice to the thermal comfort reached, expressed as mean PET value, all in a
single image.
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For the large model (a), the solutions planned for scenario 2 and 3 (elimination of the CEIS buildings) led to
a slight increase in PET values, despite the increasing permeable area percentage. The role of green and
permeable area in improving PET values is clear in scenario 1.

For the small model (b), the mean PET value is better, thanks to the dimensions of the considered area. The
only scenario that led to lower PET values is the one with the less amount of trees (scenario 0). Scenario 5 is
very similar to scenario 0, except for the green and permeable area percentage: we can clearly see the role
played by the CEIS buildings. Lastly, scenario 4 appears to be the best one since it reduces the mean PET
values by 1°C, thanks to the number of trees.

We can also clearly see that there is nonlinearity between the green or permeable area, the number of
trees and thermal comfort. Generally, green areas and trees led to a better thermal comfort compared to
non-permeable areas, such as asphalt, but there are other factors that affect thermal comfort and that
aren’t related to flooring or green areas, i.e. the sky factor and shadows variation due to the buildings
removal in scenarios 2 and 3 and the role played by the context and the models dimension in relation to
the intervention project.

The two graphs show that the mean PET values of the large model are higher compared to the ones of the
small one, and that increasing the number of trees improves the PET values in scenario 1, but, with no
variations in the tree amount, the buildings removal had a negative effect on the mean PET values. In the
small model, the buildings role is balanced out by the increased extension of green areas and of the
number of trees.

6 Discussion

From the large model scenarios data it appears clear that scenario 1, with added trees in the large parking
lots, is very convenient regarding users comfort, since there are improvements in all the variables
considered. In scenario 2 and 3, with the CEIS buildings and trees removal in favour of grass or mineral
flooring, we can see negative effects not just in the immediate surroundings but in the context too. Grass is
preferable to mineral flooring, but it is advisable to keep the existing trees or to consider planting new ones
to improve thermal comfort.

According to the small model data, in scenario 4 there are no significant improvements in thermal comfort,
except alongside the existing cycle path; the best project is the scenario 5 one: the CEIS buildings removal
leads to a positive effects, especially regarding air temperature, surface temperature and relative humidity.
Scenario 6, which also includes trees removal, on the other hand, has a negative effect on air and surface
temperature, due to the decreased shadow amount.

None of the projects including modifications to the urban context affected the archaeological area.
However, we can see that modifications in the archaeological and CEIS areas do affect the urban context
too. We can therefore see the amphitheatre-CEIS area as a microclimatic unit of its own that is able to
influence the surroundings; it’s also important to emphasize that the CEIS buildings and trees somehow
play the role of a barrier, protecting the archaeological area from the climatic stress coming from the city.
This phenomenon can be graphically seen in figure 13.

The number of trees greatly contributes to thermal comfort improvement: we can see how in the current
state, the vegetation keeps the surface temperature values low, even in private courts, as opposed to the
high values reached by the paved areas. The scenarios that registered significant thermal comfort
improvements are the ones with insertion of trees, shrubs or grassy areas or flooring: this is due to the role
played by the vegetation in contrasting the air and surface temperature rising phenomena, thanks to
foliage shading or evapotranspiration. Specifically, the more green areas are added, the greater the
improvements, so we can see a direct correlation between vegetation increase and thermal comfort
improvements (figure 12).

The most successful projects for thermal comfort improvements are scenario 1 and 5, respectively for the
large model and the small one. Scenario 1 (figure 14.a) is characterized by 505 trees, 57 more than the
actual ones, belonging to the species Carpinus betulus or Fraxinus excelsior. The green area percentage,
including the inserted flowerbeds, is increased by 5%, reaching a total of 38%; we also report a permeable
surface increase, going from 39.80% to 49%, thanks to the use of permeable and/or draining pavements
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used in the parking lots in place of regular asphalt. Scenario 5 (figure 14.b) has no changes regarding the
amount of trees (a total of 64, as in the current state), while there is 22% more green area, therefore
reaching a 55%, thanks to the replacement of the CEIS buildings and gravel paving with grass. There is also
a permeable surface percentage increase of 20.90%, reaching 54.30%.

The punctual, maximum, minimum and mean data we refer to in the text, are collected in tables that can
be found in the Annex section; the four points A, B, C and D (that we refer to both in text and tables) are
positioned respectively in the centre of the arena, in the Settebello parking, in the CEIS area and alongside
the Margherita Zoebeli cycle path and are the receptors already mentioned in paragraph 4.1.1.

According to the observations made, tourists visits should not happen during the central hours of the day,
since the simulations carried out at hour 12:00 and 14:00 report the most critical values for thermal
comfort. Early morning and late afternoon are the most comfortable time of the day during a hot summer
day.
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Figure 14. a) Scenario 1 b) Scenario 5

7  Conclusion

In conclusion, our research shows how the methodology we opted for can evaluate the role of vegetation
in archaeological areas and how it affects the visitors/tourists thermal comfort by using PET analysis and
microclimatic parameters (air temperature, relative humidity etc.). It appears clear that there is a
correlation between the number of trees and the amount of green areas and the PET values registered.
Despite PET values still being high, there was an improvement in the scenarios with more trees and green
areas: it's safe to say there is an inverse proportionality. This is a good result, considering how little is
known about archaeological areas and this aspect. Indeed, despite some limitation of the models, it
appears clear that the simulated scenarios can be effectively used to study archaeological areas, since they
allow to point out what kind of interventions are the better ones to optimize the thermal conditions of the
area. This way we proved that vegetation doesn’t necessarily have to be seen a danger for ruins, but it can
also be an ally both for their preservation and for their fruition, therefore allowing us to share the
knowledge and the history about their past.

The results we obtained and our data analysis can back up political decision-makers and designers, both for
this specific case and for other archaeological areas: the tourists tour and the archaeological area fruition,
together with green areas designing, can be planned not just to improve thermal comfort but also to
facilitate the work of tour guides.

Moreover, our results can prove the effects of design choices on an urban plan scale, and the visitors
thermal comfort on a smaller, more detailed scale.

Our research shows how model scale can affect the output interpretation when, as we proved in previous
paragraphs, model at a different scales are related to each other, through calibration and receptors, and
identified as microclimatic units.

The research methodology we adopted is replicable in other studies and adds an additional piece in the
outdoor microclimate subject area, specifically, through the use of the ENVI-met software. This study area
recently had a significant increase in research papers published on journals: the majority of them refer to
case studies related to specific areas. Our area is a peculiar case, since it’s an archaeological area addressed
at two different scales.
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Future studies could be carried on about evaluating the thermal comfort perception by comparing
simulated PET values with questionnaires given to on-site visitors, to assess the perceived thermal
sensation through the use of the one-hour thermal acceptability test, for more reliable and realistic results.
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Nomenclature

ATR Transient Acceptable Temperature Range
CEIS Italian-Swiss Education Centre

CV (RMSE) Coefficient of Variation of Root-Mean-Square Error
GRC Green Coverage Ratio

LAD Leaf Angle Distribution

LAI Leaf Area Index

MBE Mean Bias Error

OMM Outdoor Microclimate Maps

PET Physiologic Equivalent Temperature

PMV Predicted Mean Vote

RH Relative Humidity
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Annexs

TABLE 8.1: AIR TEMPERATURE LARGE AREA: Main results, concerning the critical hour (14:00).

AR AIR AIR AR
MINIMUM AIR | MAXIMUM AIR
SCENARIO NR. | TEMPERATURE | TEMPERATURE | TEMPERATURE | TEMPERATURE | o\ oooicine | conneon oe
INA INB INC IND
0 33.00°C 35.00 °C 33.00 °C 33.00°C 27.44°C 39.42°C
1 32.00°C 32.00 °C 32.00 °C 32.00°C 27.36°C 38.74°C
2 37.90°C 35.50 °C 35.50 °C 33.90°C 27.51°C 40.46 °C
3 37.00°C 34.50 °C 34.50 °C 34.50 °C 27.50 °C 40.39 °C
TABLE 8.2 AIR TEMPERATURE LARGE AREA: Secondary results concerning every analysed hour.
SCENARIO NR MEAN AIR MEAN AIR MEAN AIR MEAN AIR
" | TEMPERATURE h.10:00 | TEMPERATURE h.12:00 | TEMPERATURE h. 14:00 | TEMPERATURE h. 16:00
0 28.70 °C 29.90 °C 30.10 °C 29.60 °C
1 28.70°C 31.30°C 33.00°C 33.90 °C
2 29.40 °C 32.20°C 34.00 °C 34,70 °C
3 29.30°C 32.20°C 33.90 °C 34.60 °C
TABLE 9.1 RELATIVE HUMIDITY LARGE AREA: Main results, concerning the critical hour (14:00).
SCENARIO NR RELATIVE RELATIVE RELATIVE RELATIVE “::;:'_L“;':‘\JI':' “:‘:S\“Tﬂlszn
HUMIDITYINA | HUMIDITYINB | HUMIDITY INC | HUMIDITY IN D HUMIDITY HUMIDITY
0 37.50 % 29.50 % 39.50 % 33.50 % 24.01% 46.39%
1 37.50 % 42.50 % 37.50 % 37.50 % 26.96 % 47.72 %
2 26.50 % 32.50 % 29.50 % 35.50 % 23.68% 45.04 %
3 27.50 % 32.50% 32.50 % 35.00 % 23.75% 45.52%

TABLE 9.2 RELATIVE HUMIDITY LARGE AREA: Secondary result

s concerning every analysed hour.

MEAN RELATIVE

MEAN RELATIVE

MEAN RELATIVE

MEAN RELATIVE

SCENARIO NR. HUMIDITY h. 10:00 HUMIDITY h. 12:00 HUMIDITY h. 14:00 HUMIDITY h. 16:00
0 33.90% 34.50 % 30.10 % 29.90 %
1 35.80 % 36.60 % 33.00 % 31.00 %
2 33.30% 34.00 % 34.00 % 29.20%
3 33.40% 34.10 % 33.90 % 29.40 %

TABLE 10.1 SU

RFACE TEMPERATURE LARGE AREA: Main results, concerning the critical hour (14:00).

SCENARIO NR. T. SURFACE IN T. SURFACE IN T. SURFACE IN T. SURFACE IN MINIMUM T. MAXIMUM T.
A B C D SURFACE SURFACE
0 28.50 °C 48.50 °C 33.50°C 28.50°C 19.85°C 58.44 °C
1 30.50 °C 36.50 °C 30.50 °C 30.50 °C 19.85°C 55.21°C
2 46.50 °C 46.50 °C 39.50 °C 39.50°C 19.85°C 57.15°C
3 46.50 °C 48.50 °C 43.50°C 38.50°C 19.85°C 57.07 °C

TABLE 10.2 SURFACE TEMPERATURE LARGE AREA: Secondary results concerning every analysed hour.
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SCENARIO NR. MEAN T.S. h. 10:00 MEAN T.S. h. 12:00 MEAN T.S. h. 14:00 MEAN T.S. h. 16:00
0 35.70 °C 37.90 °C 39.10 °C 37.50°C
1 34.40 °C 38.00 °C 37.50 °C 36.30 °C
2 36.20 °C 37.60 °C 38.50 °C 37.40°C
3 36.10 °C 38.70 °C 37.50 °C 37.70°C
TABLE 11.1 PET LARGE AREA: Main results, concerning the critical hour (14:00).
SCENARIO NR. PETIN A PETIN B PETINC PETIN D MINIMUM PET | MAXIMUM PET
0 37.50°C 47.50 °C 36.50 °C 36.50 °C 34.56 °C 59.00 °C
1 37.50 °C 42.50 °C 37.50 °C 42.50°C 33.90 °C 58.40 °C
2 43.50 °C 46.50 °C 43.50 °C 43.50 °C 35.15°C 59.40 °C
3 46.50 °C 46.50 °C 46.50 °C 46.50 °C 35.04 °C 60.60 °C
TABLE 11.2 PET LARGE AREA: Secondary results concerning every analysed hour.
MEAN PET MEAN PET MEAN PET MEAN PET
SCENARIO NR. h. 10:00 h. 12:00 h. 14:00 h. 16:00
0 44.40 °C 46.20 °C 46.80 °C 45.80 °C
1 43.70 °C 45.20 °C 46.10 °C 45.20 °C
2 45.10 °C 46.20 °C 47.20°C 45.80 °C
3 45.30 °C 47.40 °C 47.80 °C 47.00 °C
TABLE 12.1 AIR TEMPERATURE SMALL AREA: Main results, concerning the critical hour (14:00).
SCENARIO NR AIR TEMPERATURE | AIR TEMPERATURE | AIR TEMPERATURE MINIMUM AIR MAXIMUM AIR
) INA INC IND TEMPERATURE TEMPERATURE
0 33.00 °C 33.00°C 33.00 °C 32.38°C 35.04 °C
4 33.00 °C 33.00 °C 32.50 °C 31.95°C 35.51°C
5 32.00 °C 32.50°C 32.50°C 31.63°C 34.89 °C
6 33.00 °C 33.00°C 33.00°C 32.32°C 35.12°C

TABLE 12.2 AIR TEMPERATURE SMALL AREA: Secondary results concerning every analysed hour.

SCENARIO MEAN A. T. MEAN A. T. MEAN A. T. MEAN A. T. MEAN A. T. MEAN A. T.
NR. h. 08:00 h. 10:00 h. 12:00 h 14:00 h. 16:00 h. 18:00
0 31.60 °C 33.00 °C 33.70°C 33.00 °C 33.50 °C 32.90°C
4 31.70°C 33.10°C 33.90°C 33.70°C 33.60 °C 32.90°C
5 31.50°C 33.00 °C 33.70°C 33.40°C 33.30°C 32.70°C
6 31.80°C 33.40°C 34.10°C 33.80°C 33.70°C 33.00 °C
TABLE 13.1 RELATIVE HUMIDITY SMALL AREA: Main results, concerning the critical hour (14:00).
SCENARIO NR RELATIVE RELATIVE RELATIVE “::ET%'IL\’/'! “:’:ﬂ“_:lgEM
HUMIDITY IN A HUMIDITY IN C HUMIDTY IN D HUMIDITY HUMIDITY
37.50 % 35.50 % 37.50 % 33.69 % 38.85%
38.00 % 36.00 % 38.50 % 33.69 % 40.73 %
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39.00 %

39.00 %

39.00 %

33.88%

40.86 %

37.50 %

37.50 %

37.50 %

33.81%

39.68 %

TABLE 13.2 RELATIVE HUMIDITY SMALL AREA: Secondary results concerning every analysed hour.

SCENARIO MEAN R.H. MEAN R.H. MEAN R.H. MEAN R.H. MEAN R.H. MEAN R.H.
NR. h. 08:00 h. 10:00 h. 12:00 h. 14:00 h. 16:00 h. 18:00
0 22.50 % 29.00 % 33.80% 36.30 % 28.50 % 30.50 %
4 22.00 % 29.40 % 34.50 % 36.90 % 28.30 % 30.40 %
5 22.50 % 29.00 % 33.80% 36.60 % 28.80 % 30.80 %
6 21.80% 28.40 % 33.70% 36.20 % 27.90 % 30.10 %

TABLE 14.1 SURFACE TEMPERATURE SMALL AREA: Main results, concerning the critical hour (14:00).

MINIMUM T. MAXIMUM T.
SCENARIO NR. T. SURFACEIN A T.SURFACEIN C T. SURFACEIN D SURFACE SURFACE
0 30.00°C 30.00 °C 30.00 °C 22.67°C 55.77°C
4 32.00°C 36.00 °C 32.00°C 22.59°C 56.55 °C
5 32.00°C 32.00°C 32.00°C 22.57°C 55.51°C
6 40.00 °C 30.00 °C 35.00°C 19.85°C 56.24 °C

TABLE 14.2 SURFACE TEMPERATURE SMALL AREA: Secondary results concerning every analysed hour.

SCENARIO MEANT.S. MEANT. S. MEANT.S. MEANT.S. MEANT.S. MEANT.S.
NR. h. 08:00 h. 10:00 h. 12:00 h. 14:00 h. 16:00 h. 18:00
0 28.40 °C 37.00°C 38.70 °C 39.20°C 38.30°C 34.60 °C
4 27.80°C 36.50 °C 39.60 °C 39.60 °C 38.30°C 34.00 °C
5 27.90°C 37.10°C 39.00 °C 39.10°C 38.20 °C 34.50 °C
6 28.00 °C 38.40 °C 40.60 °C 39.60 °C 38.70°C 34.40 °C
TABLE 15.1 PET SMALL AREA: Main results, concerning the critical hour (14:00).
SCENARIO NR. PETINA PETINC PETIND MINIMUM PET MAXIMUM PET
0 34.50 °C 34.50 °C 42.50 °C 30.56 °C 56.20 °C
4 35.50 °C 35.50 °C 41.50 °C 30.84 °C 54.00 °C
5 35.50 °C 35.50 °C 41.50 °C 29.88 °C 55.40 °C
6 49.00 °C 44.00 °C 44.00 °C 31.60 °C 57.00 °C
TABLE 15.2 PET SMALL AREA: Secondary results concerning every analysed hour.
SCENARIO MEAN PET MEAN PET MEAN PET MEAN PET MEAN PET MEAN PET
NR. h. 08:00 h. 10:00 h. 12:00 h. 14:00 h. 16:00 h. 18:00
0 40.10 °C 42.40°C 42.20°C 43.40 °C 42.30°C 35.80 °C
4 38.90 °C 41.70 °C 42.50 °C 42.40 °C 41.80 °C 35.90 °C
5 40.20 °C 42.60 °C 42.20°C 43.20°C 43.30°C 35.60 °C
6 41.30°C 44.10°C 44.30 °C 45.40 °C 45.50 °C 36.80 °C
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