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Abstract

Urban heat island (UHI) and heat waves are two important phenomena that affect city livability and citizen’s health. Most of experts agree that it is neces-
sary an adaptation strategy to climate changes for the whole urban context. Urban Green Infrastructure (UGI) planning can represent the proper tool to
pursue this strategy concretely, also in the compact city, but new approaches, based on the environmental processes assessment, are necessary. They
are based on closed cycles, efficient local resources optimization and emulation of ecological processes. Modelling approach is fundamental to evaluate
the benefits of green strategy scenarios and to define urban regenerations adapted to local conditions. This paper proposes a first climatic assessment
based on Envi-met management model to analyse summer air temperatures and thermal comfort related to a green (Nature-based) scenario of a typi-
cal urban courtyard of Bari city. The climatic differences between actual and post scenario are analysed in terms of air T decrease and thermal comfort
index (PMV). These indicators are then proposed as proxy for local climatic regulation services. It emerges the relevant role of courtyards as Urban Cool
Island (UCI) for UHI mitigation and this result gives new strategic importance to these urban structures. Courtyards, often considered marginal spaces,

characterize many Italian cities and towns, and they can be redesigned adding an ecological value to compact cities where very few non-urbanized and

open spaces still remain.

1. Introduction

Urbanization defines significant changes in land uses and
climate. The natural surfaces and the land morphology are
altered and thermal, moisture and aerodynamic properties
of built-up areas lead to new, human-induced climates of-
ten characterized by Urban Heat Islands (UHI) (Martins et al.,
2016). UHI is a phenomenon characterized by urban air tem-
peratures higher than the rural surroundings. This altered
urban climate is mainly a result of modified albedo surfaces
and air circulation due to the natural vegetation replacement
with artificial surfaces, buildings and roads (Hashem Akbari,
Menon, & Rosenfeld, 2009).

UHI has a series of negative, synergic, consequences. As the
air temperature rises, so does the demand for indoor air-
conditioning, which means higher energy consume, outdoor
heat emissions as well as increased Green House Gasses
from power plants. On the other hand, there is an increment
of plant evapotranspiration and vegetative stress, ozone
formation, concentrations of fine particulate matter, air pol-
lutants and temperature-dependent biogenic hydrocarbon
emissions (Watts et al., 2015). Nevertheless, UHI as well as
the consequences on human health and ecosystems can be
exacerbated in a global climate change context.

UHI mitigation and reduction define therefore direct and in-
direct benefits for urban environments. As an example, look-
ing at meteorological impact of UHI mitigation Georgescu,
Steyaert, & Weaver, (2009) have reported correlations be-
tween urbanization and precipitation in Arizona. Moreover,

UHI mitigation and the decrease of the near-surface temper-
atures result also as an effective strategy for the reduction of
the air pollution also if in some local conditions higher ozone
concentrations can be pointed out (Taha, Douglas, & Haney,
1997).

To mitigate the impact of UHI on urban dwellers and environ-
ments, three main strategies exist: implementation of heat
warning systems, individual adaptation of citizens by cloth-
ing and behavior and urban planning strategies (Oertel, Em-
manuel, & Drach, 2015). Traditional economy and, above all,
recent circular economy approaches push to reduce UHI im-
pacts and the planning option seems to be the most lasting
and sustainable adaptation strategy to climate change for
complex social-ecological systems like cities (Leone, Gobat-
toni, & Pelorosso, 2016; Leone, 2013).

Planners and designers can contribute to create better and
healthy urban places looking at both urban geometry and
“cooling” material and land uses. Various national and inter-
national studies have been carried out to evaluate the mul-
tidimensional effects of UHI and outdoor thermal comfort
control and the different variables influencing them (Kruger,
Drach, Emmanuel, & Corbella, 2013; Taha, 2015). The main
factors affecting urban climate are albedo surfaces of roads
and buildings, greenery, water features (Martins et al., 2016),
canyon orientation and aspect ratio, sky view factor (SVF)
(Hien, Kardinal Jusuf, Samsudin, Eliza, & Ignatius, 2011).
Simple ways to cool the cities are reflective cool surfaces
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(rooftops and pavements) and the so-called Nature based
solutions (NBS). NBS, as green roofs or tree plantations are
actions inspired by, supported by or copied from nature. NBS
can be designed to enhance the Urban Green Infrastructure
(UGI) functionalities in urban environments, e.g. sustainable
urban storm water management (Pelorosso, Gobattoni, Lo-
pez, & Leone, 2013) improved recreation and tourism op-
portunities or aesthetic externalities. Definitely, NBS aim
to mimic Nature furnishing similar provisioning, regulating,
supporting and cultural ecosystem services (EU, 2015).

In particular, urban vegetation plays an important role in ur-
ban climate regulation and UHI mitigation. UGI can reduce
air and surface temperature by providing shading and en-
hancing evapotranspiration, which leads to a reduced en-
ergy use and an improved thermal comfort at building and
neighborhood scale (Demuzere et al., 2014). Moreover, there
is increasing evidence that NBS can provide flexible, cost- ef-
fective and broadly applicable alternatives to cope with the
magnitude, speed and uncertainty of climate change (EU,
2015; Munang et al., 2013).

As an example, Akbari, Pomerantz, & Taha (2001) through
computer simulations for Los Angeles (CA) showed that ret-
rofitting about two-third of the pavements and rooftops with
reflective surfaces and planting three trees per house can
cool down summer air temperature by an average of 2-3°C,
which, in terms of smog production, is equivalent to clear the
entire basin from road vehicle exhausts. Besides localized
cool shaded areas, transpiring plants release water vapor
to the surroundings, inducing the humidity increase (which
increases air reflection of solar radiation) and temperature
decrease. Typical rates of heat loss by evaporation in arid
environments with good irrigation range from 24,5 to 29,5
MJm2 per day, whereas, in temperate climates, rates range
from <0,7 (winter) to 7,4 MJm per day (summer) (Barradas,
1991). Vegetation can furthermore cool surrounding area
with a variable radius in function of green size and typology,
wind and urban morphology (Shashua-bar & Hoffman, 2000).
Therefore, green areas and parks can become small islands
which are cooler and more humid (“Park Cool Island”, PCI),
and produce, also into the hotter and drier cities, an urban
mosaic of microclimates. This effect also changes thermal
comfort indexes, making city parks more comfortable com-
pared to the surrounding urban environment, mitigating UHI
effects. PCl intensity largely depends on the characteristics
of urban parks. Generally, there is a significant positive cor-
relation between PCl intensity and urban park size (Ren et
al., 2013). However, the cooling effect of urban parks may
be also related to other characteristics of parks, such as the
urban forest structures and the tree canopy. The relation-
ship between PCI intensity and urban forest structures in
parks has rarely been studied and is not yet fully understood
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(Ren et al., 2013). UGI also contributes, both positively and
negatively, to the indoor environment in terms of climate,
energy use, air quality, sonic environment and aesthetic
quality (Wang, Bakker, de Groot, & Wortche, 2014). Energy
savings are extremely time- and context dependent but as
an indication of the potential economic effects of UGI, Wang
et al. (2014) reports up to almost $250/tree/year, while the
air quality regulation was valued between $0.12 and $0.6/
m2 tree cover/year. Maximum monetary values attributed to
noise regulation and aesthetic appreciation of urban green
were $20 e $25/person/year, respectively.

The economic implications of the nature in the city seem
obvious: several human activities depend on natural capi-
tal and on the full range of ecosystems services provided by
UGI (TEEB, 2009). As a consequence, many studies have pro-
posed the introduction of Nature-based solutions in cities
as sustainable planning strategies aimed to reduce impacts
of UHI and extreme heat events (Demuzere et al., 2014; EU,
2015; Norton et al., 2015; Pelorosso, Gobattoni, La Rosa, &
Leone, 2015; Pelorosso, Gobattoni, & Leone, 2014; Santiago
Fink, 2016). Adaptation plans to climate change of cities are
becoming the mainstream in many countries. However, Ital-
ian cities are still in delay in this planning process. The Bolo-
gna climate adaptation plan is one of the first example where
NBS are used to mitigate UHI (Bologna Municiplaity, 2015)
but research and practical applications on different climates
and urban study cases are needed to support effective plan-
ning strategies. Indeed, the socio-ecological complexity of ur-
ban structure and the geographic variability of cities require
strategies adapted to the local conditions to maximize the
NBS effectiveness. The translation of these notions in urban
planning practice seems still inadequate.

This work starts from the observation of a great amount of
unused spaces in the compact cities that often are source
of environmental problems and social degradation. In par-
ticular, the paper analyses the potential climatic benefits of
including urban courtyards in the UGI of Bari by the model-
ling simulation of a NBS scenario. The city of Bari presents
an abundance of courtyards generated by the particular
urban asset of the nineteenth century (Reale, 2012). These
open spaces are usually not included in the UGI and often
represent a rejected and under-used space for the popula-
tion. The conducted research provides a contribute to UGI
planning and urban regeneration programs, searching for a
new identity for courtyards. The potential role of courtyard
as Urban Cool Islands (UCl) (Martins et al., 2016) with ther-
mally comfortable microclimates counteracting UHI and heat
summer waves is then proposed as planning strategy for cli-
mate adaptation plans.
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2, Study area and potential UGI for UHI mitigation:
urban empties and courtyards

The study area (850 ha) is the most compact and populat-
ed district of Bari city considering also the historical center
(Fig. 1). In general, Bari city suffers a strong scarcity of urban
green spaces. Among the biggest European cities, Bari pres-
ents one of the lowest level of accessibility to green spaces
within a walking distance from home: only around 20% of
population has urban green space (>= 2 ha) available within
500 m in its administrative boundary (Kabisch, Strohbach,
Haase, & Kronenberg, 2016). This green space scarcity has
several consequences on people health and functionality of
urban system, in particular on storm water control (Peloros-
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ents however many courtyards inside buildings due to the
particular urbanistic configuration of Bari (Pelorosso et al.,
2013). Approximately, these courtyards amount to 300,000
mq and they represent the 3.6% of the study area.

A courtyard is an enclosed outdoor or semi-outdoor space
surrounded by buildings and open to the sky. Courtyards
were adopted in buildings in Asia, the Middle East, South
America, and the Mediterranean countries (Ghaffarianho-
seini, Berardi, & Ghaffarianhoseini, 2015). Their main func-
tion was to improve comfort conditions by modifying the
microclimate around the building and by enhancing venti-
lation. Different courtyards have been realized for different
countries and times. For example Romans and Arabs often
included colonnades, and courtyards were often present in

Figure 1 - The Bari Municipality and the study area. Source: Authors’ elaboration.

so etal., 2013) and climatic regulation and UHI phenomenon.
Summer extreme heat events have potential high impact on
people, above all for young and old citizen that cannot move
for cooling places (e.g. sea or green space with shade trees)
or which do not have cooling system in their homes. Since
the historical structure of the city and the lack of public and
shaded green spaces, planners should look for new spaces
and strategic actions.

Several unused or underused spaces could be subject of
green regeneration projects with the aim to mitigate the UHI
impact and provide further UES to the citizens. These spaces
(Fig. 2) are however outside the compact city and the possi-
bilities of action appear very limited. The compact city pres-

convents and important palaces. In the post-industrial cities,
courtyards have now lost the traditional functions. The socio-
ecological role of XIX century courtyards in many lItalian cit-
ies was often changed. Many courtyards are became unused
spaces (often turning into dump sites) or they are reconvert-
ed to other uses (e.g. car park). In several cases, courtyards
present artificial covertures in order to allow increasing vol-
umes to be realized. In all these cases the climatic functional-
ity of courtyard is consequently reduced and a regeneration
of these spaces, aimed to reconnect their historical role with
the actual needs, is then welcomed and desirable.

The impact of courtyards in some climates has been as-
sessed qualitatively and quantitatively by using field mea-



surements and computer modeling (see Ghaffarianhoseini
et al., 2015). Green courtyards show generally an improved
thermal comfort with respect to paved and concrete sur-
faces or even bare soil. Tree shading adds an important
contribute to the climatic condition of courtyards. Shashua-
Bar et al. (2009) concluded that the best cooling efficiency
for courtyards was with shade trees and that grass yielded a
daytime temperature reduction of up to 2.5 °Cin hot and dry
condition of Israel. However, many geographic (e.g. latitude,
altitude), climatic (e.g. wind, aridity, season) and structural
factors (e.g. building height, orientation, albedo surfaces, di-
mension, openings) can affect the courtyard climate and the
relative thermal comfort (Ghaffarianhoseini et al., 2015). The
following paragraph presents an assessment of the poten-
tial benefits of nature-based solutions designed in a typical
courtyards of Bari (figure 2).

¢
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3. Model simulation

The ecological and functional regeneration of unused spaces
needs the assessment of environmental processes and, con-
sequently, the simulation of the interactions among natural
phenomena (climatic factors as radiation, wind, transpira-
tion etc) and anthropogenic features (artificial surfaces and
buildings). These simulations can be realized through the so-
called environmental modelling. Usually, several managerial
models are used to analyse environmental dynamics. These
models are based on mathematical functions and physical
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and natural processes and they focus on the use of land.
Managerial models allow evaluating the contribution of each
different land use to the environmental degradation or ame-
lioration of a defined geographic space and, therefore, they
are also named Spatial Decision Support Systems (SDSS) (Su-
gumaran & Degroote, 2010). These models allow planners
to understand the general behavior of the system and, con-
sequently, to decide the best strategic proposals in terms of
land use with respect to the considered environmental and
territorial processes. In other words, managerial models al-
low land use decision making (i.e. NBS planning and design)
to be supported on the basis of the optimization of environ-
mental processes (i.e. ecosystems services).

In order to evaluate how the green strategies affect the mi-
croclimate and outdoor thermal comfort of a courtyard, EN-
VI-met version 4.0 Beta Il was used (Bruse, 2016). ENVI-met
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is a free 3D microclimate model designed to simulate the in-
teractions among buildings, surfaces, vegetation and air in
urban environment. It relies on the fundamental laws of fluid
dynamics and thermodynamics and it can be used for neigh-
bored urban scale evaluations. Several scientific studies have
adopted this model even in the simulations of courtyards
(e.g. Berkovic, Yezioro, & Bitan, 2012; Ghaffarianhoseini et
al., 2015; Salata et al., 2015). The software is able to calculate
several meteorological and microclimatic variables and ther-
mal comfort indexes. Moreover, several land use scenarios
and NBS can be simulated and therefore the model was used
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as SDSS in many climatic urban studies.

Thermal indexes are usually used to estimate the thermal
comfort of indoor and outdoor environments. These indexes
are based on the human body energy balance and are sup-
posed to be universally applicable. Several different ther-
mal indexes are used in outdoor urban spaces (Oertel et
al., 2015; Ruiz & Correa, 2014). The present work focuses on
Fanger's Predicted Mean Vote (PMV), one of the most widely
used indexes to evaluate outdoor thermal comfort. PMV is a
thermal comfort index developed for indoor environments
based on 1,565 surveyed people. Afterwards, it was modified
and adapted to outdoor environments also taking into ac-
count the solar radiation. PMV considers some environment
variables as air temperature, mean radiant temperature,
relative humidity, wind speed and some operative variables
as clothing insulation and the metabolic rate (Salata et al.,
2015). PMV scale ranges between -4 (very cold) and +4 (very
hot) where 0 is the thermal neutral (comfort) value. Howev-
er, the PMV depends on the local climate and its values can
exceed the interval (-4) + (+4). The use of this index is sug-
gested by the German engineering guidelines VDI 3787 for
outdoor environments. Moreover, a recent study has dem-
onstrated a satisfactory similarity between PMV values and
actual thermal sensation votes of an outdoor survey realized
at Glasgow (UK) (Oertel et al., 2015).

The model simulations have investigated the thermal charac-
teristics of a typical building in the study area with courtyard
inside. The building is 23 m high and the courtyard has an
area of around 1000 m2. The model geometry is constituted
by a grid of cells 50x40x30 with a cell resolution of 2 m. High
of the 3D model top is around 87 m. Streets and buildings
around the area were also simulated in the model to evalu-
ate the interaction of the planned NBS with the microclimate
of the area.

The simulated green scenario (figure 3) is constituted by
two main interventions (NBS): an extensive green roof (20
cm of grass) on the top of the building and the greening of
the courtyard with trees and grass soil coverage. Green roof
installation is here simulated to test their effectiveness in mi-
croclimate regulation in high density district with high build-
ings. Indeed, Peng & Jim (2013) reports that green roofs have
a potential impact on local climate and thermal comfort.
Extensive green roof typology (20 cm of grass) was selected
in order to assess a realistic green regeneration with light-
weight of NBS (old building could not bear excessive loads),
low maintenance costs and added benefits in storm water
regulation (Pelorosso, Gobattoni, & Leone, 2015).

In this work, the coupled effect of greening on courtyard and
roof are then evaluated in a typical dense district of a Medi-
terranean city. Inside the courtyard, four trees were planned
on a natural soil covered by grass. The selected tree (Cercis

Siliquastrum) is with a medium high (10 m) and canopy.
Three specific locations for the climate analysis have been
analysed. The first location is situated directly on the green
roof while the second point of measure is located at the
street level outside the courtyard. The second station point
was selected to investigate the cooling effect extension of
the planned NBS in the simulated area with respect to verti-
cal and horizontal gradient. The third location for data gath-
ering is inside the courtyard. The microclimates inside the
courtyard and on the streets were evaluated by mean values
of the ENVI-met outputs on the whole dataset at 1 m high
instead of fixed station points. These mean climatic values
were chosen in order to consider the different sun exposi-
tion, radiation fluxes and shades provoked by walls and trees
during the day.

Cooling effect of NBS was then estimated comparing base
scenario with the green scenario in terms of atmospheric T
and PMV index at street and roof level . Table 1 reports THE
main ENVI-met input parameters. The simulated day was the
23 July 2003, one of the hottest days of the last years. Only
a light wind from east (from sea) was considered to describe
the climate of a heat wave day. Settings for PMV calculation
were referred to the thermal resistance of a typical summer
clothing (Salata et al., 2015).

Table 1 - Input parameters for the ENVI-met simulations.

Main data settings

Start Simulation at Day (DD.MM.YYYY) 23.07.2003
Start Simulation at Time (HH:MM:SS) 06:00:00
Total Simulation Time in Hours 24

Wind Speed in 10 m ab. Ground [m/s] 1.6

Wind Direction East

Initial Temperature Atmosphere [K] 305.50

Specific Humidity in 2500 m [g Water/kg air] 7.0

Relative Humidity in 2m [%] 50
Max temperature 2 p.m. [K] 311.00
Max humidity 5.00 a.m. [%] 70
Min temperature 5.00 a.m. [K] 300
Min humidity 2 p.m. [%] 35
Settings for PMV-calculation

Walking speed [m/s] 0.0
Metabolic rate [W/m2] 70
Mechanical factor 0.0
Thermal resistance of clothing [clo] 0.35
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Figure 3 - 3D-model of the courtyard and identification of the NBS. Source: Authors’ elaboration.

4, Results

Figure 4 shows the climatic trend in terms of Air temperature
and PMV at roof level in the two scenarios. Considering the
green roof scenario, a mean reduction of air temperature of
0.1 c® was registered during the simulated day with respect
to the base scenario. PMV decrease was around 0.3 with a
higher thermal benefit of the green roof pointed out dur-
ing the night (mean PMV reduction of 0.5). Green roofs have
demonstrated only a limited cooling capacity in the first layer
of air (see also thermal profile of figure 5).

Tand PMV comparisons at street level between NBS scenario
and base scenario are showed in Fig. 4. Courtyard with the
planned NBS shows an improved microclimate with a mean
reduction of 0.45 C° during all the simulated hours. More-
over, NBS scenario defines a less warm environment than
the neighborhood streets above all during the hottest hours
of the day (-0.63 C° at 14.00). A similar trend is reported also
in terms of PMV reduction. During the hottest day hours,
within the green courtyard, the mean PMV reduction is 0.8
with respect to the base scenario without NBS with a peak of
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-1.7 points at 14:00. Comparing the green courtyard with the
neighbored streets the mean PMV difference is around 0.5
points less with a reduction peak of -1.35 at 14:00.

Fig. 5 shows the maps of the air temperature and PMV index
distribution at 14:00 at pedestrian level and along the middle
profile (see fig. 3). The effect of the NBS on microclimate is
well demonstrated. It is worth to note that in shaded areas,
the reduction of PMV index has reached also -4 point defin-
ing small area of thermal comfort inside the courtyard dur-
ing the hottest hours of the day.

5. Discussions

Model assessment has defined a critical situation of the
simulated area under the climatic point of view. PMV values
define high human discomfort both inside and outside the
courtyard. However, the courtyard presents highest values
of T .and PMV in the simulated environment resulting as the
warmest and unhealthiest open space during the hottest
hours of the day.
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Figure 4 - Air temperature and PMV trends at roof and pedestrian level in the two scenarios. Source: Authors’ elaboration.
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Figure 5 - Scenario map comparison. The arrow indicates the measurement point (receptor) on the roof. Source: Authors’
elaboration.



The simulated green roof didn't show significant benefits to the
courtyard and at street level. Reduced wind and strong sun ex-
position have surely limited the cooling effect of this NBS in the
local environment. These results are in line with other findings
reported in literature for high building-height-to-street-width
(H/W) ratio where thermal green roof benefits at pedestrian
level were not pointed out (Ng, Chen, Wang, & Yuan, 2012).
However, benefits of thermal insulation of the building and
large-scale green roof installation are here not considered.
The simulated NBS inside the courtyard have demonstrated
their capacity to mitigate the microclimatic condition of the
courtyard. Further studies and evaluations are necessary to
setup the best NBS configuration (e.g. increasing the tree
canopy and the shaded area inside the courtyard). However,
the ENVI-met model has shown its capacity to provide use-
ful and objective information regarding climatic functionality
(microclimatic regulation service) of NBS. In particular, the
impact of the vegetation on the thermal index PMV is result-
ed significant even with small air temperature reductions.
Both indexes (Air temperature and PMV index) can there-
fore be employed as proxy indicators of urban ecosystem
services related to climate regulation of urban systems. The
impact of the simulated study case on UHI can not be de-
termined directly by the model output. However, the model
results appear encouraging since a clear climatic improve-
ment of courtyard was pointed out, above all with respect
to the neighborhood streets where traffic congestion can
further worse the climatic situation. Courtyards, above all if
no green areas are present in the proximity of the home or
office, can therefore represent cool islands, the only possibil-
ity for the citizens to counteract adverse climatic conditions
in the hottest hours of the day. Further studies on a wider
area and temporal scale (e.g. considering different days of
the year and climatic conditions) could help to quantify the
extended thermal benefits for people during the year and
even the reduction of UHI phenomenon due to courtyard
greening. A census of the courtyard typology and distribu-
tion in relation with the density of population and real green
area availability is then welcomed. We argue that a coupled
urban assessment of courtyard and model simulations could
point out useful information to the planners and designers
in order to choice the best location for urban regenerations
based on nature strictly related with local conditions.
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6. Conclusions

Courtyards are often the only open spaces in densely built-
up areas. They can be re-thought as green and accessible
areas to face the climate change issues, to mitigate the UHI
and heat waves phenomena and, in general, to improve the
citizen life quality even under social point of view. We think
that the courtyard integration into the green infrastructure
and into the planning of cities is indispensable in order to
set-up effective climate change adaptation strategies.

Two main problems hamper courtyard planning integra-
tion and regeneration. First, the fact that many courtyards
are not recognized by land use planning and governance in-
creases the difficulties of including them into effective spatial
plans and wide urban regeneration actions. Second, environ-
mental and social benefits of courtyards are often not fully
evaluated and recognized by population and policy. Indeed,
citizen acceptation and maintenance of courtyards can be re-
alized only if the NBS are designed to fulfill several functions
simultaneously (e.g. habitat conservation, stormwater con-
trol and recreational services) and public access is allowed as
more as possible.

Urban courtyards often represent a real refusal of land since
many of them are left to the uselessness which, consequent-
ly, becomes degradation. Territorial Engineering (Leone et
al., 2016), based on the principles of the circular economy
and of the laws of thermodynamics, cannot then refrain
from proposing solutions for these particular and complicat-
ed situations. Namely, courtyards are often private spaces,
with scarce “traditional” economic value, whose valorization
will find skepticism least. For these reasons, applied research
and experimentation are needed to give new prospective to
these areas. The way of ecosystem services (the enhance-
ment of summer climate with green areas, in particular) is
providing positive results which represent an incentive factor
to open to new urban policies, to a virtuous re-use of these
spaces. The encouraging model simulations and the results
obtained assume the role of powerful communicator of the
importance of these spaces for increasing city resilience and
sustainability in climate change contexts.
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