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Abstract 

1.1 Significance of the study 

The climate change is strongly impacting cities, which currently have to face more frequently the 

effects caused by extreme weather events.  

Cities have a crucial role, not only as potential targets of climate vulnerability but also as the main 

contributor. The specific composition of people and their activities, as well as urban morphology, 

exacerbates heat waves because of the Urban Heat Island (UHI) effect. 

Climate change projections often do not include the effects of the UHI and this implies that the actual 

magnitude of future impacts on the health of urban residents is underestimated. 

One of the most pressing and unifying issues is the maintenance of comfortable outdoor conditions 

under rising air temperatures and increasing extreme heat events. To inform urban planners and city 

officials, the assessment of outdoor thermal comfort has gained remarkable interest. 

Nowadays, the assessment of urban climate and outdoor thermal comfort in cities is dealt with field 

measurements and numerical modelling. 

Although measurements can deliver highly accurate data, they are rather expensive and time-

consuming endeavors that can only inform us about specific thermal conditions that exist at a given 

place and time. On the contrary, numerical modelling allows the prediction of the potential effects of 

urban warming in the next years in order to assess future climate scenarios as well as to grasp the 

spatial and temporal variability of outdoor human thermal comfort conditions. In this way, numerical 

modelling can be used as a predictor instrument to alert urban residents about the most heat wave-

risk days. Thereby, suitable design scenarios aimed at the mitigation of the urban warming can be 

fine-tuned. 

Nowadays, most studies deal with the outdoor climate analysis of densely built-up areas using an 

approach based on neighborhood scale or urban Microscale. Although Microscale models allow an 

accurate evaluation of the effects of potential UHI mitigation strategies, they are characterized by 

spatial and temporal limitations. Since the urban climate is influenced by processes taking place on 

different scales, the urban Macroscale-based climate analysis should be adopted to evaluate the intra-

urban areas climate interactions. Macroscale analysis approach is particularly interesting for the 

analysis of urban heat stress events distributions. In fact, the Macroscale allows limitations to be 

overcome the of single-station data provided by most of the meteorological stations and can represent 

intra-urban temperature differences at relatively small scales, which correspond to the spatial detail 

of information needed for the design of interventions in the urban space. An urban Macroscale 

analysis thus allows identification the most sensitive heat wave risk areas and planning of suitable 

mitigation heat stress scenarios in relation to their climate and morphological features. 
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1.2 The objective of the research 

The objective of this research was to analyse urban microclimate and identify the potential heat stress 

mitigation strategies in the most risky areas at urban Macroscale level. 

To identify the urban areas more prone to heat stress risk, a new Local Climate Zone (LCZ) 

classification is proposed based on both geometrical and thermal features of the urban fabric.  

Urban Macroscale and Microscale simulations were run in order to appraise the differences in the 

outcomes (if any) and to design suitable mitigation strategies. 

1.3 Novelty 

The innovations introduced in this study were:  

 The analysis of outdoor microclimate parameters by means of top-down approach (from the 

Macroscale down to the Microscale). 

 Urban morphing of the rural/suburban climate data 

 The identification of heat stress risk areas through a new Local Climate Zones (LCZs) 

classification. 

 The identification of a potential correlation (if any) between a widely used outdoor thermal 

comfort metrics such as the Universal Thermal Climate Index (UTCI) and heat stress risk for 

more vulnerable people. 

1.4 Research framework 

A framework that summarizes the main processes and procedures used to achieve the research 

objectives is shown in Figure 1.1. 

 
Figure 1.1. Research framework.  
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The research framework is divided into four sections. In the second section, the general background 

related to the Urban Heat Island (UHI) phenomena, their impact on the cities and vulnerable people 

was described. In this section, the urbanization factors that affect the formation of UHI, the causes of 

the physical phenomena and the effects of heat waves on the human health of urban residents, building 

energy needs and issues regarding outdoor thermal comfort, were discussed. Literature review of UHI 

mitigation strategies and their effects on the outdoor microclimate in the urban environment was 

carried out. In particular, the role of vegetation and cool materials in mitigating urban heat stress and 

how they should be applied in relation to morphological features of urban contexts was described. To 

this aim, the results of several studies about the effects of urban greening strategies (green roof, green 

façade, and street trees) and cool roofs are reported. Furthermore, the background of the approaches 

and methods used to analyse urban climate and outdoor thermal comfort at different scales was 

described.  

The third section describes the methodology adopted in this research.  

A new Local Climate Zones (LCZs) classification based on large scale analysis was carried out in 

order to identify the heat stress risky areas.  

A large scale analysis of the almost entire urban area of investigated city was carried out on a 

calibrated and validated Macroscale numerical model developed with the UMEP (Urban Multi-scale 

Environmental Predictor) tool. 

The most sensitive heat stress risk areas were analyzed using an approach based on Macroscale 

models and detailed Microscale models to define the more suitable strategies for heat stress 

mitigation. The numerical Microscale models of the investigated areas were calibrated and validated 

according to criteria explained in chapter 3. Microscale models were developed by means of ENVI-

met software.  

Based on validated models, numerical simulations of current and mitigation scenarios were carried 

out in order to estimate the potential effectiveness of the proposed UHI mitigation strategies. 

Mitigation strategies were defined according to the morphological and geometrical features of the 

investigated areas. The results derived by implementation of UHI mitigation strategies in the 

investigated areas both at urban Microscale and Macroscale levels were discussed in section 4. 

Both urban Macroscale and Microscale simulations of the risky areas were compared in order to 

assess the reliability of the numerical modelling at large-scale. 

The fifth section discussed the meaningful conclusions extracted from the simulation models based 

on Microscale and large-scale models respectively. Furthermore, recommendations and suggestions 

of perspectives for further research in the future are pointed out.  
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2.1 Structure and outline of the chapter 

This chapter discusses the background and problem statement and is outlined as follow:  

 Section 2.2 describes the background related to extreme heat events and the role of the cities 

as potential targets/contributors of heat. 

 Sections 2.3 and, 2.4 give a description of the urbanization factors that affect the formation of 

Urban Heat Island and of the underlying physical phenomena. 

 Sections 2.5, 2.6, and, 2.7 describe the effects of heat stress on human health, energy 

consumption of buildings, and air pollution. 

 Section 2.8 describes urban heat island mitigation strategies and their effects on the outdoor 

microclimate. 

 Section 2.9 discusses the methods currently employed in the literature to analyse the urban 

microclimate such as field measurement and numerical modelling. 

 Section 2.10 describes the features and issues, the main models and indices used to estimate 

outdoor thermal comfort.  

2.2 Extreme heat events and their impacts on cities 

Recent research has found that of all natural disasters, extreme high temperature events are the main 

cause of weather-related mortality (de' Donato et al., 2015; Petkova et al., 2014; Gabriel and 

Endlicher, 2011), and they are also expected to be the main factor responsible for additional deaths 

due to climate change in the coming years (WHO, 2018). Against this background one of the more 

challenging issues cities and metropolitan areas need to address is the increasing magnitude and 

frequency of heatwaves. In fact, over the last half-century, the probability of extreme heat events has 

already changed by orders of magnitude in almost every region of the world, with occurrences that 

are now up to a hundred times more in respect to a century ago (Eckstein et al., 2019; WMO, 2019). 

As a result, the frequency and severity of extreme heat have become more visible (Hintz et al., 2018). 

As a point of fact, cities are hotspot locations, because they are characterized by an addition of several 

degrees warmer than their surroundings due to specific urban features and their albedo as well as 

urban waste heat and GHG emissions from infrastructure (Rosenzweig et al., 2011). Therefore, the 

compact urban settings of cities - through the reduced evaporative cooling caused by lack of 

vegetation and the production of waste heat - lead bring to elevated surface and air temperatures, 

generating the conditions for the urban heat island (UHI) phenomenon (Rosenzweig et al., 2011; Oke, 

1982; Breil et al., 2018). 

To date, more than 54% of the world's population live in urban areas and by 2050 this portion is 

projected to include two-thirds of the people around the globe (United Nations D of E and SA, 2014). 
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In Europe, it is proved that more than two -thirds of the population live in urban areas (EU Report, 

Cities of tomorrow 2011). More than 20 million people are expected to live in cities by 2025 

according to the current trend. In the Mediterranean area, the urban population rate is 68% (World 

Development indicators, 2020). Therefore, an increase in the urbanization process is predicted. This 

will lead to a remarkable increase of energy use that, in turn, will lead to an increase of carbon dioxide 

and exploitation of natural resources. Moreover, cities are the heart of the contemporary economy, 

which means that heatwaves can hamper the economic structures of many regions and can promote 

budgetary problems and loss of competitiveness (Kamal-Chaoui, 2008). Despite the urbanized area 

currently covers less than 1% of the earth surface (Oke, 1997), cities are the largest emitters of carbon 

dioxide, greenhouse gas (GHG), tropospheric ozone and chlorofluoro carbons. Since 85% of global 

emissions come from cities, Cities have a crucial role (Oke, 1997).  

Climate projections (Representative Concentration Pathways, RCPs) as well as socio-economic 

scenarios (Shared Socio-Economic Pathways, SSPs), which describe respectively alternative climate 

pathways associated with emission levels (van Vuuren et al., 2011) and societal development trends 

(Jiang and O'Neill, 2017), estimate an increase of UHI effects due to changes related, among others, 

to urban density and urban land cover (Oke, 1982; Chapman et al., 2017). 

In addition, it is widely demonstrated that the progressive increase of global warming will raise urban 

temperatures and heat island effect. The UHI phenomenon is predicted to increase with climate 

change, since mean temperatures, the frequency of heat waves and their duration are forecasted to 

rise (Vanos et al., 2010). 

The heat-related epidemiology literature emphasizes that population expansion under an increasing 

frequency, intensity, and duration of heatwaves is increasing social vulnerability, exacerbating 

temperature-mortality relationships (de' Donato et al., 2015; Petkova et al., 2014; Martinez et al., 

2018; Michelozzi et al., 2008; McMichael et al., 2008). This is a crucial factor especially for the older 

people if is considered that they are the more vulnerable people to the effects of heat stress and that 

nowadays, the aging process of the European population is a long-term trend that is unprecedented in 

demographic history (EuroStat, 2020). In fact, demographic, and social changes – combined with 

climate change – are the main reasons why cities are becoming particularly vulnerable places 

(Panayiotis et al., 2019).  

In this context, to understand how cities and urban authorities plan to anticipate and cope with extreme 

high temperature events, in terms of monitoring and data organization, identification of main stressors 

and relationships between diverse and relevant factors and providing input for sound political 

responses is of paramount importance. 
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On a closer look it becomes evident that conditions within cities are not equal in all their parts and 

identifying those areas which are particularly vulnerable to heat, either to their physical form or 

characteristics of their inhabitants, is particularly important. As a point of fact, there is today growing 

evidence showing that many cities are becoming key players in shaping and implementing new 

initiatives aimed at dealing with the challenges brought about by climate change, at urban scale, 

through mitigation and adaptation measures (Carter, 2011; Carter et al., 2015). In order to identify 

areas more vulnerable to heat stress risk and implement aimed mitigation strategies, it is necessary to 

increase efforts towards the application of methods based on urban Macroscale analysis (Hu et al., 

2019).  

2.3 The Urban Heat Island (UHI) phenomenon  

Urban and industrial growth and their implied environmental changes have altered the urban climate.  

The urbanization process has remarkably increased the impervious surface reducing dramatically the 

pervious surfaces and vegetation areas thus producing a radical change in the nature of the earth’s 

surface and the atmospheric properties in an urban area. Such changes have a direct effect on the local 

climate of urban spaces increasing the air temperature and the surface temperatures with regards to 

suburban or rural areas. 

The air temperature difference between urban and suburban rural areas is known as “Urban Heat 

Island” (UHI).  During this phenomenon, much higher air temperatures can be observed in the central 

urban areas compared to the suburban zones and the surrounding rural areas. 

UHI may be defined as a phenomenon, caused by urbanization, where surface and atmospheric 

modifications, generally lead to modifying the urban climate that becomes warmer than the 

surrounding areas (Voogt, 2003, Coseo et al., 2014). Urban Heat Island describes a characteristic of 

the urban area in which the nocturnal temperatures are warmer than the surroundings landscape 

(Santamouris, 2013). Warmer urban air temperatures are a result of some interrelated causes 

associated with the urban modification of the natural surface, such as heat and the pollution released 

from anthropogenic activities in the urban environment (Morris and Simmonds, 2000). 

The Urban Heat Island is associated with the development of cities and urban expansion (Taleb et al., 

2013). It has a direct effect on energy efficiency, the environment, and ultimately, human comfort 

and health. The urban environment is characterized by some features like the high density of 

population and buildings, high energy consumption and the shortage of green areas (Busato et al., 

2014). According to an investigation by Hathway et al., (2012) the absorption of heat from the 

surfaces of buildings and the ground, the loss of moisture in the air due to the reducing of vegetation 

and a wide area of traffic and pavement, can contribute to the occurrence of Urban Heat Island. 
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UHI phenomenon alters the temperature of different atmospheric layers over a city at different scales 

(Mesoscale, Local scale, and Microscale). Therefore, all overlying atmospheric layers included in the 

Planetary Boundary Layer (PBL) are affected by changes due to the urbanization process. These 

changes can also radically modify the environment on Mesoscale affecting the climate of areas 

located up to 1 km from urban boundaries (Oke, 1976).  

Figure 2.1 represents the classification of the urban atmosphere layers at Mesoscale (a), Local scale 

(b) and Microscale (c) respectively. 

 

 

Figure 2.1. Classification of the urban atmosphere area layers. a) Mesoscale; b) Local scale; c) Microscale. 

PBL can be defined as the lowest part of the atmosphere above the earth’s surface which has a variable 

amplitude with the seasonal and daily climate variations. Over a city, planetary boundary layer takes 

on a characteristic form i.e., Urban Boundary Layer (UBL) (Oke et al., 2017). 

Urban Boundary Layer (UBL) can be defined as a part of the planetary boundary layer that is affected 

by high roughness of urban surface, high frictions, and turbulent factors. Kuttler et al. (2008) refer to 

the urban boundary layer as the region of the atmosphere that has a higher temperature than the 

surroundings due to the presence of a city. UBL takes on a dome form that includes the entire city 

with absent or weak winds or plume form with moderate winds (Oke et al., 2017). UBL extends from 

1 to 2 km during the daytime and up to 300 m above ground surface during the night respectively 

(Oke et al., 2017).  

In urban environment, UBL is subdivided in urban outer layer and near-surface layer (see Figure 

2.1a). Near – surface layer is strongly affected by surface conditions such as roughness of the terrain, 

heat exchanges by convection from surface layer and pollution emissions from the earth’s surface.  
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At local scale, near-surface layer is divided in inertial sublayer (ISL), roughness sublayer (RSL) and 

urban canopy layer (UCL) (Oke, 1976, Hanna and Britter, 2002). 

The canopy layer extends vertically from the ground up to an upper level of buildings. The top of the 

urban canopy layer is consequently situated above roof level, while the top of the rural canopy layer 

is just above the crops, the grass, or the trees. 

There are various types of UHI and several methods of observing and studying them. UHI occurs at 

ground level, at different heights and as surface heat islands.  

Atmospheric UHI may be measured within the planetary boundary layer (above the city) and in the 

urban canopy (up to the top of the buildings of the urban zone).  

The Surface Urban Heat Island (SUHI) occurs at the level of the various urban surfaces (Yow, 2007). 

SUHI has a particularly strong effect on radiative environment and therefore on thermal comfort of 

humans in outdoor urban environments, especially in the case of strong solar radiation exposure. It 

can exacerbate thermal discomfort, in particular during warm summer periods: the artificial surfaces, 

such as asphalt and concrete absorb heat during daytime, warm up the air by convection and release 

heat into the atmosphere during the night (Oke, 1982; Kuttler, 2008; Armson et al., 2012). The 

reduction of vegetation and the increase of artificial surfaces lead to lower albedo (and the decrease 

of reflected shortwave radiation) and to the reduction of evapotranspiration (in other words, the 

decrease of cooling due to latent heat transfer). 

Atmospheric and surface UHI represent an important problem during hot summer periods that occur 

regularly in southern Europe. The increased use of air conditioning during these periods releases more 

heat into the outside air which adds to the high short and long wave radiation fluxes in the urban 

environment resulting in extended and more frequent uncomfortable thermal periods. These in turn 

give rise to health problems especially among children and the elderly. 

 

2.4 Description of UHI causes and of the underlying physical phenomena 

The UHI phenomenon arises from a difference in the energy balance on the earth’s surface between 

urban and rural areas. Such difference could be caused by different factors that can be divided into 

three types: 

 Meteorological factors (Oke, 1978). 

 Morphological features and thermo-physical properties of urban materials. 

 City parameters, such as the city and the population size, and the anthropogenic heat. 
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These factors could be classified as the temporary effect variables, such as air speed and cloud cover, 

and the permanent effect variables such as green areas, building materials, the sky view factor and 

cyclic effect variables such as solar radiation and anthropogenic heat sources. 

The difference in the energy balance on the earth’s surface between urban and rural areas is mainly 

due to the radiative properties of the surface materials. In urban areas the materials are characterized 

by an albedo value lower than the rural areas (Oke, 1982). In the city the albedo is averagely lower if 

compared to the albedo of vegetation. The albedo of vegetation is about 0.25-0.30 while the urban 

surfaces can reach albedo values of 0.05 (Muscio, 2018; Santamouris 2013). During the daytime, the 

energy absorbed by the urban surfaces is higher than that which is absorbed by rural surfaces. In 

urban areas, the surface occupied by parks, and green areas is much reduced and thus the 

evapotranspiration and cooling effects on the reduction of air temperature can be neglected.  

The urban surfaces absorb a quantity of direct shortwave radiation higher compared to the rural areas 

and thereby an increase in surface temperature of the materials occurs. At nighttime, the energy 

balance on the earth’s surface is only characterized by the long wave radiation which depends on the 

surface temperature of ground, building materials, roads, and other urban materials. Therefore, urban 

areas tend to emit a thermal energy flux larger with respect to the surrounding rural areas 

(Santamouris, 2007). 

The urban heat island has the maximum intensity after sunset when the net heat stored by buildings 

and urban materials during daytime is slowly released in the urban environment. As a consequence, 

the urban area is warmer than surrounding suburban or rural areas. Therefore, the maximum 

temperature difference occurs when the quick decrease in the air temperature - the anthropogenic heat 

is negligible – it is counteracted by net heat storage flux released by impervious surfaces of the urban 

area. 

In rural areas, the net heat stored by materials surface is very low and is rapidly released into the 

outdoor environment. On the contrary, the net heat stored by materials is relevant and is slowly 

released into the urban area at nighttime. As a result, the heat is more persistent in the urban tissue 

that begins to suffer the phenomenon of heat island. 

As known, the net all wave radiation flux (Q*) is given by the shortwave (K) and long wave (L) 

radiation, incoming (↓) and outgoing (↑) with respect to the earth’s surface (Oke, 1987). This is 

expressed by the following equation:   

*Q K * L* K K L L                                                                                                                                  (2.1) 



15 
  

The shortwave radiation entering a surface (K↓) depends on how much the surface is irradiated by 

direct and diffuse solar radiation while the shortwave radiation re-emitted by a surface (K↑) depends 

on the surface albedo. 

The long wave radiation (L) depends on the emissivity values of urban and rural surfaces.  

In rural areas, the radiation exchange model is simply represented by reflection, transmission, and 

absorption of radiation. 

In an urban environment, the net all wave radiation fluxes balance is remarkably altered by an 

atmospheric pollution layer which reduces about 10%-20% the intensity of direct incoming shortwave 

radiation (K↓) compared to the surrounding rural areas (Oke, 1987).  

The incoming shortwave radiation (K↓) is partly backscattered and partly absorbed by gasses and 

particulate matter in the urban boundary layer. The radiation flux transmitted to the surface can in 

turn be partially reflected and undergo further absorption and backscattering. 

The geometry of urban tissue has also a relevant affection on the all-wave radiation balance. The 

intensity of incoming and outgoing radiation fluxes respect to the urban surface depends on the sky 

view factor. Sky view factor is a geometric parameter that expresses the direct fraction of radiation 

emitted by a surface towards the sky. In the urban environment, the sky view factor depends on 

geometric features of buildings area represented by Aspect ratio (H/W), where H is the height of a 

generic building and W is the amplitude of down road below.  

The increase of aspect ratio involves a decrease of the outgoing radiation towards the sky. The 

outgoing radiation will tend to be blocked and trapped by urban geometry in the case of high value 

of aspect ratio. Since the aspect ratio tends to be higher than 1, the effect of the urban geometry is to 

decrease the direct component of the incoming shortwave radiation (K↓). However, in the urban area, 

the decrease of incoming shortwave radiation (K↓) is counterbalanced by the effect of albedo of 

materials. The outgoing shortwave radiation (K↑) is lower if compared to that of the rural area. 

Therefore, the reduction in incoming shortwave radiation is mitigated by lower values of albedo of 

the urban surfaces than rural areas. 

The sky emits long wave radiation (L↓) which are partly transmitted to the earth surface and partly 

absorbed by the urban boundary layer. The air pollution of the urban boundary layer also emits long 

wave radiation towards the sky and earth’s surface respectively (Oke et al., 2017). 

In urban areas, the incoming long wave radiation (L↓) is higher than surrounding rural areas because 

of the atmospheric particulate and the urban boundary layer that is warmer with respect to the 

planetary boundary layer over the rural area (Oke, 1987).  

The urban surfaces release thermal energy by outgoing long wave radiation (L↑) that is partly 

absorbed by the urban boundary layer and partly transmitted to the sky.  
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The urbanization process has altered the radiation balance and changes in the intensity of the 

incoming and outgoing shortwave and long wave radiation were caused. 

In the rural areas, the urban net all-wave radiation budget during the daytime under clear sky in the 

light wind conditions has the following characteristics: K↓, is reduced due to anthropogenic aerosol; 

L↓ is increased due to the pollution of the urban boundary layer (UBL), K↑, is reduced due to albedo 

values of urban materials that are lower compared to the rural area, L↑ increases due to the higher 

values of outer surface temperature and emissivity values of urban materials in respect of those of 

rural areas. 

The reduction in the incoming shortwave radiation (K↓) is balanced by the increase of absorption of 

shortwave radiation by urban surface which has a lower average albedo than the pre-urbanized 

environment. As a result, the net shortwave radiation balance (K*) is positive and slightly higher with 

respect to the balance of rural area. 

The increase in the incoming long wave radiation (L↓) is balanced by the increase in long wave 

radiation emitted by the earth’s surface (L↑). The net long wave radiation balance (L*) is negative 

and lower than rural areas due to the predominance of outgoing long wave radiation (L↑). The cause 

of the urban heat island cannot only be attributed to the changes of the net all wave radiation balance 

due to urbanization processes.  

Figures 2.2 and 2.3 shows the net all wave radiation budget during the daytime and at nighttime in 

rural and urban areas respectively. 

 

Figure 2.2. Net-all wave radiation budget during daytime: a) Rural area; b) Urban area.  
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Figure 2.3. Net-all wave radiation budget at nighttime: a) Rural area; b) Urban area. 

The consequences of increased urbanization involve several factors affecting the surface energy 

balance. The surface energy balance is fundamental to understand climate phenomena under the urban 

canopy layer. The surface energy budget proposed by Oke has allowed the analysis of potential 

factors which contribute to the formation of the urban heat island. The energy balance of the “earth’s 

surface – ambient air” system is characterized by energy gains and loss. 

Figure 2.4 shows the incoming and outgoing heat fluxes with respect to surface energy balance in 

rural (a) and (b) urban areas. 

 

Figure 2.4. Surface energy balance: a) Rural area; b) Urban area. 

The surface energy balance in pre-urbanized environment is expressed as: 

*
H E GQ Q Q Q                                         (2.2) 

Where: Q*, net all wave radiation flux; QH, sensible heat flux; QE; latent heat flux; QG, sensible heat 

flux towards the ground. 

The balance is governed by net radiative flux Q* that allows energy exchange by shortwave and long 

wave radiation. During the daytime Q* is positive and thus the earth’s surface is heated. At night, the 

net radiative flux becomes negative, the earth’s surface is an emitter of long wave, and the ground 

surface is cooled (Oke et al. 2017).  
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The surplus of net radiative flux Q* is lost as sensible heat by thermal transmission towards the 

ground (QG) and by convection (QH) and as latent heat by evapotranspiration (QE) towards the 

atmosphere respectively (Oke, 1982).  

In the urbanized environment, the surface energy balance is expressed as follow: 

*
F H E S AQ Q Q Q Q Q                                                                                                                             (2.3) 

In the urban area the net radiative flux Q* is still the predominant term. There are new terms with 

respect to the pre-urbanized or rural area while the existing terms have a different incidence in the 

energy budget. 

The new terms are the anthropogenic heat flux (QF), net charge in heat storage (ΔQS) and the 

advection heat flux (ΔQA) respectively. 

The anthropogenic heat flux (QF) is the heat released by the combustion of fuels from either mobile 

systems (e.g., cars, buses, transportation etc.), or stationary sources (e.g., power generation) which 

contribute to warm the urban atmosphere and increasing air temperature (Roth, 2002, Arnfield, 2003, 

Sailor, 2011).  The anthropogenic heat flux mainly depends on pro-capita energy use and population 

density of cities (Oke, 1998). It has been proved that anthropogenic heat flux shows a linear 

dependence with population density (Oke et al. 2017). Pro-capita energy consumptions are affected 

by heating and cooling demand, different types of human activities and city transport systems. 

The term ΔQs is net charge in heat storage that is a typical sensible heat flux of the urban areas because 

it is only exchanged in presence of opaque materials that characterize the built up areas. The 

replacement of natural surface with building materials and sealed surfaces has led to a radical change 

of thermal behaviour and to the variation of the thermal conductivity, capacity, diffusivity, thermal 

inertia, and admittance of surfaces. Admittance is the most important property for the analysis of the 

heat storage heat flux (ΔQs) because it allows investigation of thermal behaviour of building materials 

under dynamic regime (Oke et al. 1991). 

When the admittance has high values, the heat received by a surface is rapidly exchanged as sensible 

heat for heating the surface below. During the night the heat stored in the surface is retransmitted as 

sensible heat in the atmosphere thus increasing the air temperature in surrounding areas. On the 

contrary, surface with low values of thermal admittance exchange the heat slowly (Oke at al. 2017). 

The properties of rural surfaces are largely affected by the moisture of the soils. Wet soils have 

thermal admittance values even seven times higher than dry surfaces. 

Urban surfaces are characterized by low thermal admittance values. In cities, the definition of an 

average value of thermal admittance of the urban area is remarkably difficult due to the presence of 

different materials in terms of density, composition, and aging (Oke et al., 2017). The complex 
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structure of the city contributes to decreasing the thermal admittance of the urban area (Oke, 1988). 

This is due to the morphology of the urban tissue which has a thermal exchange surface wider 

compared to a rural surface.  

Thermal admittance also depends on the canyon that is a typical configuration of urban settlements. 

In urban canyon, the incoming shortwave radiation is trapped owing to multiple reflections between 

the surfaces of the building walls and the outgoing long wave radiation can be partially blocked. The 

albedo of urban canyons can be quite reduced and be lower with respect to the albedo of the single 

walls of a canyon. This depends on the aspect ratio (H/W) that is the more representative parameter 

to describe the behavior of a canyon. An urban canyon characterized by a high value of aspect ratio 

(H/W) has a very low mean value of albedo. Therefore, aspect ratio and albedo are inversely 

proportional. 

Considering all reasons above mentioned, an assessment of the net heat storage flux (ΔQs) is very 

complex. Since the estimation of (ΔQs) is difficult, the numerical model and parametrization of (ΔQs) 

in term of net radiative flux (Q*) are often adopted (Oke, 1982). 

The advection heat flux (ΔQA) is the net energy transferred to or from the system through advection 

in the form of sensible or latent heat fluxes. However, the advection term can be neglected in central 

urban areas with high building density although it may be important in boundary areas where the 

urban and the rural environment meet (Santamouris, 2001). 

Figure 2.5 depicts the daily trends of incoming and outgoing heat fluxes with respect to surface energy 

balance in rural and urban areas. 

 

Figure 2.5 Daily trends of incoming and outgoing heat fluxes respect to surface energy balance in rural and urban 
areas. 

The most important change that the urbanization process produces in the environment is the 

replacement of vegetation surfaces with impervious surfaces.  Thereby, the positive action of 
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evapotranspiration in the mitigation of the net radiative flux (Q*) is dramatically reduced compared 

to the rural areas. 

Evapotranspiration phenomena is typical of vegetation, and it is fundamental for the loss of surplus 

of net radiative flux (Q*). In high built-up density areas, the evapotranspiration phenomena can be 

neglected or absent (Oke, 1987). Therefore, the surplus of net radiative flux (Q*) can only be lost by 

sensible heat flux (QH). In a similar context, the sensible heat flux is predominant and consequently 

an increase of air temperature is achieved. On the contrary, the presence of a relevant vegetation 

surface would have counteracted the increase in air temperature by means of evapotranspiration. This 

would have removed part of the sensible heat as latent heat thanks to the evaporation of water from 

vegetated surfaces reducing the air temperature.  

In the rural environment, the net radiative heat flux (Q*) is mainly exchanged by latent heat flux (QE) 

thanks to evapotranspiration. 

In the urban environment, the sensible heat flux (QH) and net storage heat flux (ΔQS) are the most 

important fluxes in surface energy balance while the latent heat flux (QE) can be neglected.  

It is worth highlight that the peak of sensible heat flux (QH) is delayed some hours if compared to the 

peak of net radiative flux (Q*). The trend of QH shows high values in evening hours and positive 

values at night. This is owing to net heat stored flux (ΔQS) that is released as heat sensible to outdoor 

air of the urban area in the evening and at nighttime. The heat stored by building walls and roofs, 

roads, and paved areas during the daytime can represent even 30% of net radiative flux (Q*). In light 

of this, the net charge in heat storage is one of the main causes of Urban Heat Island (Oke et al., 

1991).     

2.5 The heat stress impacts on human health  

The excessive heat from UHI can potentially increase the magnitude and duration of heat waves 

within cities through increased temperatures. This influences the health and welfare of the urban 

residents (Ellena et al., 2020). In a study, it was found that the summer heat waves can dramatically 

increase the mortality rate (Kovats e Hajat, 2008). In addition, the nighttime experience can be 

harmful during a heat wave, as it deprives the urban dwellers of the cooler relief found during this 

time. Another study has shown that the mortality rate during a heat wave increases exponentially with 

the increase in air temperature and such effect is exacerbated by UHI (Kovats e Hajat, 2014).  

The impact of heat waves can vary from moderate level to severe level and depends on the 

characteristics of the population affected by the phenomenon i.e., health conditions, and type of 

prevention measures adopted (Kovats e Hajat, 2008). In Europe and in the United States, some studies 

have shown that the highest rate of mortality was registered for people who live in poor quality 
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buildings with no adequate ventilation conditions and low socio-economic level (Michelozzi et al., 

2005).    

Among the pathologies related to excessive heat from urban warming, heat stroke, heat cramps and 

collapse are worth highlighting. Heat stroke can occur when the internal body temperature exceeds 

40°C and it can lead to death in a few hours (Paravantis et al., 2017).  

Older people and children are the population categories which are more vulnerable to the effects of 

heat waves phenomena. 

Children can suffer dehydration while older people can suffer from cardiac problems. The health of 

old people may also be worsened by previous conditions such as cardiovascular and respiratory 

diseases, reduced mobility, mental illness, and the use of medication (Åström et al., 2011). 

A study has shown that during the heat waves of the 2003 and 2007 summers in Athens, the average 

mortality from cardiovascular causes of the elderly over 65 years increased by about 50% when the 

temperature exceeded 40°C (Paravantis et al., 2017). In addition, the same study highlighted that the 

extension of the heat wave is associated with the progressive increase of mortality.  

In Mediterranean cities, the mortality rate rapidly increases when the air temperature is higher than 

29.6°C. Over the threshold level of 29.6°C, the mortality rate may increase by 3.12% for each 1°C 

(Paravantis et al., 2017). Higher environmental temperatures increase chemical reactivity of airborne 

pollution (NOX, PAN, etc) and this leads to a rise in concentration of respiratory or eye irritants. This 

will also affect vulnerable individuals, e.g. asthmatics, in a more serious way than healthy individuals, 

and may be life threatening (Watkins et al., 2007). 

It is worth highlighting that the most of these studies have predominantly used simple temperature 

anomalies in order to assess heat-related health impacts. Since population ageing has a direct impact 

on health and vulnerability conditions in the urban context, a parameter that takes into account 

microclimate variations and age of urban residents should be considered. 

In this light, a study developed for Stockholm County (1990–2002) linked the increased risk of heat 

related mortality to threshold values of mean radiant temperature (Tmrt), a commonly used physical 

variable that accounts for the radiant heat exchange between people and their surroundings (Thorson 

et al., 2014). It was found that an increase in the risk of mortality of more than 5% for Tmrt values 

higher than 58.8 °C for the 45-79 age group, and 55.5 °C for people over 80 years old. Over 59.4 °C, 

the increased risk for heat related death is >10% for eldest group (Thorson et al., 2014). Such 

outcomes are in line with previous studies (Åström et al., 2011), and can be explained by the fact that 

heat tolerance decreases with ageing because of the reduced thermoregulation capacity of people. 

Consequently, it takes longer for elderly people to recover from excessive heat exposure and, as such, 

they are more likely to suffer from exhaustion. Distinctive features and different climate conditions 
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should be considered when the impact of heat on people’s health in different cities is evaluated. It is 

worth highlighting that there is a lack of studies on the critical thresholds of mean radiant temperature 

correlated to the risk for human health of more vulnerable people in Mediterranean cities. 

2.6 Building and energy use 

The synergic effects of the urban heat island and climate changes are responsible for increasing the 

urban temperatures, exacerbating the consumption of energy for cooling purposes, increase the peak 

electricity demand, intensifying pollution problems, increasing the urban footprint and causing 

human discomfort and health problems (Hassid et al., 2000; Santamouris et al., 2001; Cartalis et al., 

2001; Santamouris et al., 2007 a,b; Stathopoulou et al., 2008).  

According to the predictions of several climatology studies, the increase of the “heat waves” 

phenomenon will contribute to raising the summertime cooling demands of buildings characterized 

by materials with high values of absorption coefficients to shortwave radiation and low values of 

emissivity (Akbari, 2001). As well as having a direct impact on outdoor thermal comfort, the urban 

environment alters the need for energy to modify indoor conditions (Watkins et al., 2007). 

In summer, the increase in the outdoor air temperature involves an overheating of the indoor spaces 

of buildings and consequently potential indoor thermal discomfort conditions for the urban residents 

(Sakka et al., 2012). As a result, the indoor environment in buildings may be characterized by severe 

overheating and thus the use of air conditioning systems to keep thermal comfort conditions is 

necessary (Santamouris, 2015a).  

As reported by Wong and Yu (2009), the use of air conditioning systems is becoming pervasive as 

society becomes more affluent, and this has resulted in a drastic increase in the demand for electricity 

consumption.  

A study of Akbari et al. (2001) found that peak urban electric demand rose by 2% to 4% for each 1°C 

rise in daily maximum temperature.  

Another study revealed that the energy demand for indoor space cooling of typical buildings in urban 

areas was averagely higher than 13% if compared to the similar buildings located in rural areas 

(Santamouris, 2014). 

An average increase in the electricity consumption for indoor space cooling of +1.6% per unit of 1°C 

in Spain, and +1.1% per unit of 1°C in Greece was found (Santamouris et al., 2015b). 

The predictions of an increase in air temperature and of extreme thermal conditions during the 

summer period for the Mediterranean area suggest a consequent increase in cooling energy demand. 

This led to an increase of the anthropogenic heat flux about 13% (Chrysoulakis and Grimmond, 

2016). 
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The widespread use of air conditioning systems in a densely built-up area has led to an increase in air 

temperature of 2 – 3°C in summertime (Santamouris et al. 2001). 

The increase of energy consumption to supply the air conditioning systems for indoor space cooling 

will lead to an increase of carbon dioxide, nitrogen oxide and sulphur and other pollutants emissions 

(Zauli Sajani et al., 2016). 

2.7 Air pollution  

Air and water pollution can increase in the presence of urban heat island. Elevated temperatures can 

directly increase the rate of ground level ozone formation. It is believed that ground-level ozone is 

formed when nitrogen oxides (NOx) and volatile organic compounds (VOCs) react in the presence of 

sunlight and hot weather. Normally, the NOx arises mainly from the combustion of fossil fuels in 

urban areas (Emmanuel, 2005). In fact, more ground-level ozone will form as the environment 

becomes sunnier and hotter (EPA, 2000). This pollution is one of the major problems, due to the 

ultraviolet sunlight and moisture that cause this photochemical reaction (NOx and VOC) (Wong and 

Yu, 2009). 

Another effect is accumulation of smog because it is believed that atmosphere pollution can be 

aggravated by the accumulation of smog related to the combination of higher temperatures and the 

presence of air pollutants (Wong and Yu, 2009). Due to light wind, pollution dispersal is difficult. It 

has also been found that the level of suspended particulate (SPM) often exceeded the threshold levels 

established by World Health Organization (WHO, 2018).  

 

2.8 Urban heat stress mitigation strategies  

Urban overheating can be counteracted with multiple strategies and techniques which allow the 

reduction of all incoming heat flux with respect to urban energy balance. The literature is as clear 

about the need to reduce the incoming heat flux as with the fact that the combination of different 

mitigation strategies provides a lower contribution than the theoretical sum of the effects of the 

individual approaches (Santamouris et al. 2017). 

This occurs as different mitigation strategies are in part complementary and in part overlapping, as 

they target different terms of the surface energy balance (Oke, 1982). 

To counterbalance the impact of higher ambient urban temperatures, various mitigation technologies 

have been developed and implemented in numerous cities. Reflective materials and greenery are the 

most accepted and implemented systems in order to mitigate the effects of urban warming and 

improve outdoor microclimate (Santamouris et al., 2018). 
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Several studies have highlighted that surface characterized by high albedo values and greening 

strategies can attenuate the effect of urban heat island (Akbari et al., 2006; Shashua e Hoffman, 2000; 

Yu e Wong, 2006; Wong et al., 2007). 

In another study, Computational Fluido-dynamic simulations at Microscale level or neighborhood 

scale have revealed that the effects of urban warming on cooling energy demand of buildings can be 

attenuated by means of the adoption of reflective materials for paved areas and roofs and re-

forestation of urban areas.  

Some studies carried out by means on site measurements and numerical predictor tools have shown 

that the increase in albedo of urban surfaces and green cover ratio are able to reduce the temperature 

on the urban surfaces and air temperature at pedestrian level (Taha, 2007). Therefore, the effects due 

to the change of urban surfaces by means of the implementation of materials with high reflective and 

the integration of green areas and the role of each solution by perspective of urban heat mitigation 

worth being discussed.  

Santamouris et al. (2017) considered 220 mitigation projects. The separate use of extensive and 

intensive greening solutions can reduce the peak air temperature by 1.2 °C and 1.5 °C, respectively, 

while an average increase of the albedo of a given area by 0.2 may lead to a drop of 1.5 °C. When 

greenery and reflective materials are used in the same area, the peak reduction is of 2.3 °C, thus 0.5–

0.7 °C less than their sum. Also, different vegetation strategies when combined do not provide a 

cumulative effect. 

Specifically, the increase of albedo allows a remarkable reduction in the outdoor air temperature 

contributing to an improvement of air quality and reduction of energy consumption (Akbari et al., 

2005).   

In the Greek city of Florina, microclimate analysis by means of computational fluid dynamics (CFD) 

simulations have revealed that the replacement of conventional materials by “cool” materials can 

result in the reduction of the mean surface temperature by 3.52 °C while the mean maximum air 

temperature can be reduced by 1.39 °C during noon of the warmest day (Zoras et al. 2014).  

A study carried out on passive cooling techniques (cool materials, green spaces, etc.) in a densely 

built and populated area have demonstrated that the proposed measures contribute to a decrease in 

local temperatures of up to 2.0 °C on summer days (Santamouris et al., 2001). 

Some studies focused on the thermal behavior of reflective materials in urban areas have revealed 

that the high values of albedo increase the mean radiant temperature at pedestrian height. 

Computational Fluid-dynamic simulations of microclimate models have shown that a relevant 

decrease in surface temperatures can be achieved on the surfaces of roads, pedestrian paths, and paved 

areas respectively where reflective materials are implemented. Nevertheless, no improvement was 
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found if the mean radiant temperature values at pedestrian level are considered. Consequently, the 

outdoor thermal comfort conditions of pedestrians are worse.  Some studies have revealed that the 

implementation of reflective materials can lead to an increase in comfort thermal indexes at pedestrian 

level. The reasons for such an increase are due to the high value of albedo which favours multiple 

reflections of shortwave radiation between urban surfaces. Thereby, the flux of incoming shortwave 

radiation received by urban and building surfaces is increased (Yuan et al., 2016). The incoming 

shortwave radiation on building wall surfaces are partly absorbed by the surface and partly reflected 

towards other surfaces and so on (Yuan et al., 2016). 

The intensive use of reflective materials on outer surfaces of buildings, paved areas and on the ground 

surface level can lead to further increase in reflected radiation (Vallati et al., 2018). As a result, the 

mean radiant temperature at pedestrian level is increased. 

It was proved that the adoption of reflective materials on building roofs (cool roofs) has a positive 

effect on the reduction of effects of warming under Urban Canopy Layer (UCL). In addition, cool 

roof allows for improvement of indoor thermal comfort in buildings under heat waves phenomena 

(Santamouris, 2013).  

Figure 2.6 shows some examples of building roofs coated with reflective paints.  

 

Figure 2.6. Building roofs coated with reflective paint: (a) Romeo, 2012; (b-c) Bozonnet et al., 2011;  

(d) Synnefa et al., 2012.   

Cool roofs allow a reduction in the air temperature in Urban Canopy Layer due to high values of 

thermal reflectance of materials. In the daytime, the fraction of shortwave radiation absorbed by roofs 

is reduced because a relevant part of incoming radiation is reflected towards the sky. Thereby, the 

heat stored in building materials is reduced and this is crucial for the reduction of the magnitude of 
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net storage heat flux in urban area. Cool roofs are not responsible for the multiple reflections and thus 

the mean radiant temperature is not increased in urban spaces. 

The role of greenery in mitigating the urban heat island phenomenon at mesoscale and improving the 

wellbeing of urban residents at Microscale has been widely investigated and demonstrated by a 

variety of modelling and experimental field studies all around the world. Much of the literature 

dealing with mitigating urban warming recommends extensive tree planting as the natural strategy 

for improving outdoor human thermal comfort and providing clean air and social, health and 

economic benefits. In light of these reasons, urban greening has been recommended as an important 

adaption strategy and relevant approach to mitigate the heat island phenomenon and reduce the 

health-related consequences of increased air temperatures. 

The adoption of greenery in the built environment provides cooling through evapotranspiration and 

shading. When applied to individual buildings, the cooling potential of urban greenery is very well 

studied and documented. In a similar way, many studies have evaluated the cooling impact of 

vegetation in cities (e.g., Hamada, 2010; Bowler et al. 2010). 

It is worth highlighting that the identification of greenery effects as mitigation strategies of outdoor 

climate of cities is difficult to assess because the planting of vegetation and its thermal effects depends 

on morphology of urban areas. 

Cities are complex environments for greenery because of the high level of impervious surfaces, 

reduced level of soil moisture, lack of nutrient and rooting volume. In such contexts, vegetation plays 

a fundamental role in improving the microclimate by providing shade and aiding human thermal 

comfort via evapotranspiration. The shading effect and evapotranspiration rate of a tree depends on 

the total height and canopy geometry, foliage characteristics, and mature shape of the tree. 

Urban greenery is able to produce a double benefit due to evapotranspiration and local shading, but, 

at the same time, also being an “alive” strategy, has to be carefully evaluated since its effect may be 

related to particular meteorological conditions and the greenery maintenance regime and 

configuration itself. 

The first condition is mostly related to super dry or/and super wet conditions, being responsible for 

the evapotranspiration phenomenon.  

The latter condition affects greenery morphology and therefore, its potential shading contribution. 

Both these variables may hugely compromise urban greenery mitigation effects at both local and 

mesoscale level, in terms of outdoor thermal comfort at pedestrian level. Given the typical high 

expectation rate associated with greenery benefits perceived by citizens, the variability of these two 

conditions may be crucial for determining its reliability during particularly hot times of the day or, 

even worse, super dry or super wet heat waves. The frequency of these events has increased over 



27 
  

recent decades and interaction with UHI phenomenon (Ghobadi et al.2018; Ward et al.2016) may 

thus exacerbate the human risks imputable to overheating in future years.  

Gill et al. (2007) demonstrated how green infrastructures may reduce the thermal stress in general 

urban conditions but, in case of severe drought conditions, such benefit is remarkably reduced due to 

the lack of water supply to the vegetation that is responsible for its transpiration capability. 

Cooling by evapotranspiration varies by climate, canopy physical and geometrical properties and also 

season but is typically by 2–3 °C, sometimes higher (Jonsson 2004; Ellis et al. 2017; Skoulika et al. 

2013; Doick et al. 2014; Taha 2015a).  

In response to the main scientific challenges such as urban expansion, overpopulation, climate change 

and poverty, recent scientific research has developed and proposed innovative solutions, and has 

provided new knowledge on several issues related to the capacity of greenery to mitigate urban heat. 

These include the optimum integration of greenery in densely built-up cities, with the selection of 

more performant vegetation species and the enhancement of the synergetic operation between 

vegetation and the other mitigation technologies. 

Based on a comprehensive analysis of the recent research on the cooling capacity of urban greenery, 

progress on greenery selection, plant configuration and urban morphology, research is included on:  

 Performance of urban greenery in mitigating urban heat island in high-density cities. 

 Plant configurations and urban morphology. 

 Development of environmental assessment tools to evaluate the mitigation potential of vegetation. 

A strong relationship was found between urban morphological parameters, thermal performance of 

Urban Greening Infrastructure (UGI), and plant structural characteristics indicating the potential of 

these parameters, e.g., sky-view factor or aspect ratio as a tool for implementing the right green 

infrastructure in the right place. This also allows the right plant species to be chosen especially for 

the purpose of urban heat mitigation. 

At the Microscale level (Oke 2002), both the arrangement of green infrastructure and the 

morphological properties of individual vegetation species (Deak Sjöman 2016) become relevant. The 

arrangement of vegetation (dispersed, clumped, linear, single or multiple rows), its height (shrubs, 

hedges, small / tall trees), the type and density of foliage and seasonal variation (Bartesaghi Koc et 

al. 2017) determine the capacity of green infrastructure to achieve the above-mentioned outcomes. 

Green roof, green facades and planting of trees constitute green sustainable infrastructure for urban 

heat mitigation.  
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Experimental studies on the potential mitigation of air temperature of green roofs implemented in a 

neighborhood have shown a negligible cooling effect at pedestrian level for densely built up urban 

area (Berardi 2016; Morakinyo et al. 2017; Ng et al. 2012). 

Figure 2.7 shows some examples of extensive greenery on building roofs.  

 

Figure 2.7. Extensive green roof: (a) Castleton et al., 2010; (b-c) Sam and Hui, 2009; (d) Stratigraphy 

(http://www.zinco-greenroof.com/EN/downloads/pdfs/ZinCo_Intensive_Green_Roofs.pdf). 

Vertical Greening Systems (VGSs) - green wall and green façade – can reduce façade surface 

temperatures and peak energy demand for space cooling in buildings (Cheng et al. 2010; De Jesus et 

al. 2017). Nevertheless, effectiveness of VGS in terms of surface and air temperature reductions and 

energy saving depend on location, arrangement, and typologies of plant typologies.  

A recent study has revealed the importance of a higher green façade ratio (GFR) for improved urban 

cooling (Morakinyo et al. 2017c). This result is corroborated by other studies where isolated and low 

coverage façade greening did not lead to relevant difference in term of outdoor thermal comfort. 

However, noticeable temperature mitigation and outdoor thermal comfort improvement are only 

found with 80–85% and 30–50% green façade ratio in medium and high-density neighborhoods 

respectively.  

As very high green facade coverage is unrealistic, implementation for outdoor heat mitigation is 

somewhat limited to high-density urban settings with at least 30% average coverage.  

Nonetheless, it is important to underline that meaningful façade surface temperature reduction is 

realizable irrespective of urban density. In terms of plant selection and configuration, high foliage 

density and substrate moisture content were found to be the most crucial factors in obtaining the 
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optimum thermal effect from plants, whereas other factors such as radiative properties of leaves have 

negligible effect on urban heat mitigation (Dahanayake et al. 2017; Hoelscher et al. 2016).  

Figure 2.8 shows examples of green façades and the specific anchored structures.  

 

Figure 2.8. Green facades and support structures: (a-d) Typical green walls with self-clinging climbing plants 

(Kontoleon et al., 2010); (b-f) Green facades with modular trellis panel systems (Perez, et al. 2014). 

Some authors found that the adoption of a GFR of 30–50% in the high-density urban setting of Hong 

Kong cause a reduction in air temperature of ~1 °C. This could help to improve daytime pedestrian 

thermal comfort by at least one thermal class (Morakinyo et al. 2017). 

A validated Computational Fluid-Dynamic (CFD) model with horizontal grid size of 5×5 m and a 

vertical grid size of 3 m was used for assessing Tmrt variations for five scenarios of green façades. 

Based on the orientation and Greened Façade Ratio (GFR), temperature reductions of about 2.0 °C, 

0.9 °C and 0.5 °C were attained in the case of façade oriented to East-West (GFR=67%), East 

(GFR=33%) and West (GFR=33%) (Morakinyo et al. 2018). 

A study investigated the outdoor microclimate of a densely built up urban area under different green 

roof scenarios (50%, 75%, 100% of total roof area) and green walls scenarios (50% and 100% of total 

wall area (East-West oriented)) in Colombo (Sri Lanka) with an approach based on microclimate 

modelling. CFD simulations of a validated ENVI-met model for a hot, humid, summer sunny climate 

conditions in August have highlighted reductions in air temperature by 2.0°C at 3.00 p.m. on a typical 

day under green wall in East–West direction while a temperature reduction of 1.6 °C for 100% green 

roof compared to baseline case is attained (Herath et al. 2018). 

Among the urban green infrastructures, ground level trees are the most effective for urban heat 

mitigation. Nonetheless, there are many limitations on greenery in urban areas, especially for tree 
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planting in high density districts, such as the limited size for planting potential due to the narrow 

footpaths and the large built areas. 

However, due to the variable magnitude of temperature regulation and thermal comfort realizable 

with different trees species, recent studies are moving a general analysis of trees to a species-specific 

analysis of their thermal benefits and energy saving at building, neighborhood, and city scales (Kong 

et al. 2017; Morakinyo et al. 2017b; Tan et al. 2017). In order to understand the relationship between 

tree performance and urban density, these studies have compared the cooling benefits of certain tree 

species in street canyons of variable densities and different sky view factor values. Their results 

revealed that the performance of trees generally reduces as urban density increases.  

Urban planners should consider street trees to provide more thermally comfortable able urban areas 

but implementing of trees should be effectively planned. It is worth highlighting that extensive tree 

canopy is beneficial in providing daytime shade for pedestrians, but it may reduce sky-view factor of 

the pavement surfaces during the night. Thereby, the rate of nighttime radiation emitted from the soil 

surfaces to the sky is reduced and consequently the heat is trapped in the urban materials. 

The deep canyons and high density built-up areas characterized by lower exposure of the surface to 

the sun and moreover the dense canopy prevents the humid air from escaping into the atmosphere. 

Consequently, trees increase the relative humidity and decrease the air temperature.  

Thus, planning recommendations should include the proposition of trees with higher trunk, short 

crown width, and less dense species for high density areas (Sky View Factor, SVF ≤ 0.2) where the 

shadowing effect is more dominant (Morakinyo, Lam 2016). 

In open areas and low urban density, trees should have a wider crown and shorter trunk compared to 

those recommended in deep canyons. Thereby, trees can lead to relevant shading in order to reduce 

exposition to the sun and decrease evaporation of the water from the humid loamy soil under the 

trees. As a consequence, tree leaves absorb less humidity from the air which becomes more humid 

and a decrease in air temperature is achieved. Short trees with high leaf density and a large crown are 

recommended in areas where shading benefit is reduced and where SVF values are higher than 0.60. 

As a result, the urban density mapping technique was recommended and evaluated for the selection 

of tree species for urban planting (Morakinyo et al. 2017b, 2018). 

Figure 2.8 shows examples of recommended urban greenery in high density built-up areas (a-b) and 

suggested tree species in open areas and low urban density (c-e). 
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Figure 2.9. Urban greenery; (a-b) Street trees in high density built-up areas (Ng, et al. 2012; Chen et al. 2012); (c-e) 

Tree species in open and low urban density (Aboelata,et al, 2020; Irmark et al., 2018).  

Several studies based on quantitative analysis were conducted to evaluate the effects attainable by 

tree planting along the roads in high and medium density urban areas. Such studies have 

predominantly adopted an approach based on urban Microscale or neighborhood scale using 

Computational Fluid-dynamic microclimate models. Most studies have adopted ENVI-met as the 

CFD calculation code.   

As an example, Wang et al. (2016) found that adding 10% of vegetation coverage through tree 

planting on wide streets can improve the outdoor thermal comfort of urban spaces at pedestrian level 

with respect to the current scenario. Further detailed, CFD simulations of a validated ENVI-met 

model showed reductions in average values of Tmrt of 6.2°C in the high-rise area and 6.1°C in the 

middle-rise area in Toronto at 1.8 m above the ground in open areas at 3.00 p.m. of a typical summer 

day (Wang et al., 2016). 

Another study investigated the outdoor microclimate conditions in a neighborhood in Hong Kong 

where its existing greenery coverage ratio of 7.2% was compared to a speculative case with “no 

vegetation” and one with 30% of green coverage ratio respectively (Morakinyo et al. 2018). CFD 

simulations revealed that dense foliage trees are recommended for urban areas with high sky view 

factors in shallow canyons. On the other hand, sparse foliage trees are suggested for urban areas with 

low sky view factors such as deep canyons. In addition, this research showed that a green coverage 

ratio of 7%, consisting of sparse crown trees planted along streets characterized by SVF values lower 

than 0.3, can averagely decrease the mean radiant temperature of 4.0°C at pedestrian level at 3.00 

p.m. on a typical summer day with respect to a none-vegetation scenario (Morakinyo et al. 2018). 



32 
  

It is worth considering a study aimed at finding the best urban vegetation ratio in order to improve 

the microclimate in high and low density built-up areas in a hot and arid climate located in Cairo. 

Two areas (Imbaba - 65% urban density, Elsalam district - 23% urban density) were chosen with 

different sky view factor values. They were compared in terms of the cooling effect considering a 

tree ratio of 30% and 50% respectively. The microclimate of all investigated scenarios was performed 

using ENVI-met simulation tool. This study found that a 50% tree scenario is the most effective at 

reducing air temperature in the compact area. Trees were planted with a height of 5 m and 10 m 

respectively on one side of the sidewalks, with gaps between the trees of 3 m. The outcomes have 

revealed that street trees can reduce daily air temperature by 0.2–0.4 °C in very high density built-up 

areas (Aboelata, et al. 2020). 

2.9 Approaches and methods for the estimate of the Mean Radiant Temperature (Tmrt) 

Radiation heat flux has detrimental effects on outdoor thermal comfort and buildings energy 

consumption in urban areas (Gong et al., 2019). Because of the high concentration of buildings, 

narrow streets, and low values of sky view factor, both long wave and shortwave radiation have strong 

reflection components (Chen et al., 2020). These factors constitute the complex urban radiation field. 

Therefore, a better quantification method of solar irradiance and the distribution law of the urban 

radiation field will greatly improve understanding of the interactions between radiation heat fluxes in 

the urban environment (Liu et al., 2020). 

The parameter governing outdoor human thermal comfort (HTC) on warm, clear-sky days is 

radiation. The effects of the complex radiation field on HTC are accounted for by mean radiant 

temperature (Tmrt) (Mayer et al., 1987). Mean radiant temperature (Tmrt) is one of the four 

environmental parameters (next to air temperature, relative humidity, and wind speed) that govern 

the human energy balance, and thus, plays an important role in human thermal comfort. The mean 

radiant temperature (Tmrt) is a widely used physical parameter to characterize the effects of well-being 

on people and their thermal comfort conditions (Fanger, 1972; Höppe, 1982; Ali-Toudert et al., 2007, 

Thorsson et al., 2011). Nowadays, Tmrt is considered one of the most important parameters in the 

investigation of thermal comfort and heat stress in outdoor environments because of its capability to 

identify and capture significant spatial differences due to radiant fluxes coming from buildings, 

ground surfaces and trees, which other indices such as the air temperature (Ta) cannot take into 

account (Chen et al., 2016; Thorsson et. al. 2011).  

Numerous studies have shown that Tmrt is the driving parameter of human thermal comfort in outdoor 

spaces during summertime (Cohen et al., 2012; Kántor and Unger, 2011; Holst and Mayer, 2011; 

Mayer et al., 2008; Thorsson et al., 2007). The main thermal comfort indicators are more sensitive to 
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the Tmrt variations compared to those of air temperature and relative humidity respectively. Although 

the mean radiant temperature is central for the calculation of outdoor thermal comfort indicators, Tmrt 

is difficult to estimate in the urban environment. 

The complexity and importance of the urban radiation field has determined the adoption of different 

approaches to evaluate the distribution of Tmrt in urban areas. Several methods exist for deriving mean 

radiant temperature from both modeled and observed data. An overview of these approaches is given 

by Kántor and Unger (2011). 

In recent years, simulation analysis has become the main approach in this field because of the 

advantages of the high capacity to handle the complexities and nonlinearity of urban climate systems. 

Most importantly, these simulation models are viable and efficient in saving time and resources 

(Sailor et al. 2006). According to the theoretical basis of calculation methods, the simulation models 

can be divided into three categories, namely, models based on energy balance equation (TEBE), 

cluster thermal time constant (TCTTC), and computational fluid dynamics (CFD) (Yanwen, 2016).  

TEBE has strong shortwave and long wave radiation calculation capabilities (Yanwen, 2016). 

RayMan, SOLWEIG and Urban Weather Generated (UWG) are based on the energy balance 

equation. SOLWEIG (Solar and Long wave Environmental Irradiance Geometry) is a plug-in of 

UMEP (Urban Multilevel Environmental Predictor). 

Computational Fluid-dynamic simulation tools are focused on the movement of air and convection, 

and the models of heat conduction and radiation are coupled and calculated. These types of simulation 

tools are mainly used to predict air temperature, wind speed, and surface temperature (Nestoras et al., 

2019). Specialized radiation calculation modules are implemented in CFD simulation tools, such as 

ENVI-met, Phoenics, and SOLENE Microclimate. Nevertheless, spatial, and temporal limitations 

affect the numerical simulation models.  

Currently, ENVI-met and SOLWEIG are the simulation tools more used to calculate the radiation 

field. These tools have good radiation calculation capabilities (Song et al., 2014; Kleerekoper et al., 

2017). Both estimate the shielding of radiation by green plants and buildings in urban radiation fields 

(Yin et al., 2019). 

By conducting a spot test, some authors verified the accuracy of outdoor urban microclimate 

simulated by ENVI-met. The reliability of ENVI-met in different contexts was investigated based on 

several studies focused on calibration and validation processes of microclimate models. ENVI-met 

was considered a reliable tool for relative comparison of urban dynamics (Jamei et al. 2019). 

However, as pointed out by Tsoka et al. (2018), the largest share of validation studies focuses on the 

ability of models to reproduce observed air temperatures. In contrast, the number of studies validating 

the ENVI-met model with parameters other than air temperature is still limited, albeit increasing.  
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Most studies evaluating the performance of models in terms of mean radiant temperature rely on 

black or grey globe temperature measurements (Acero and Arrizabalaga, 2018; Acero and Herranz-

Pascual, 2015; Forouzandeh, 2018; Morakinyo et al., 2017; Zhang et al., 2018; Zhao and Fong, 2017). 

The performance of the SOLWEIG model in estimating radiation fluxes and Tmrt values has been 

assessed by numerous studies (Lindberg et al., 2008; Lindberg and Grimmond, 2011; Konarska et al., 

2014; Chen et al., 2014; Jänicke et al., 2015; Chen et al., 2016; Lau et al., 2016; Lindberg et al., 2016; 

Kántor et al., 2018). 

Lindberg et al. (2008) reported that SOLWEIG is able to calculate variations in radiation flux and 

mean radiation temperature of a large-scale outdoor space at different moments. Dmitrieva et al. 

(2008) simulated the mean radiation temperatures of a grand square in Gothenburg, Sweden, using 

SOLWEIG. The predicted results were found to be consistent with the measured values. 

The number of studies focused on model validation, based on the comparison between the predicted 

results from a single simulation tool and observed data is broad. Few studies have conducted 

horizontal comparisons of the results of multiple tools simulating the same urban area.  

In addition, the number of simulation tools to calculate radiation fluxes in a complex urban 

environment is increased. Thus, the selection of a suitable calculation method and simulation tool to 

achieve the expected simulation results has become crucial. 

Gàl and Kàntor (2020) have compared the predicted values of Tmrt derived by SOLWEIG and ENVI-

met respectively with the Tmrt measured data in a complex urban area. 

A comparison between SOLWEIG and ENVI-met in term of shortwave and long wave radiation was 

also carried out by Liu et al. (2020). 

 

2.10 Outdoor thermal comfort estimation methods 

Due to rapid and intensified urbanisation trends, the attention to the condition of people’s health, 

wellbeing, comfort, and liveability of our cities has become pivotal. Consequently, it is essential to 

adopt models to understand and predict the thermal sensation of pedestrians in the outdoor 

environment in order to prevent consequences related to heat stress. 

In an outdoor environment the climatic parameters vary to a substantially larger extent than in an 

indoor environment: in particular, long wave, and shortwave radiation, air movement, surface, and 

air temperatures. As a consequence, the human body needs to adapt to the extended range of 

environmental outdoor conditions through its thermoregulation system, in order to maintain a 

constant deep body temperature. Thermal comfort is a state where a constant deep body temperature 

can be maintained by the least energy exchange occurring at the body’s surface. 
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As concerns human thermal comfort outdoors, conductive heat fluxes can be neglected. On the 

contrary, radiative, and convective fluxes play an important role in the heat balance of the human 

body. Convective fluxes of latent and sensible heat are modified mainly by air humidity and air 

temperature, respectively, while both are influenced by wind speed (Kántor et al., 2012). However, 

Mean Radiant Temperature is the key factor affecting thermal comfort in case of strong direct solar 

radiation.  

The outdoor comfort models and the related physical variables can be divided as: 

 Indexes based on human energy balance.  

 Empirical indexes.  

 Indexes based on linear equations. 

Among comfort indexes based on the human energy balance, PMV (Predicted Mean Vote), PET 

(Physiological Equivalent Temperature), PT (Perceived Temperature), OUT_SET* (Standard 

Effective Temperature for outdoor), SET (Standard Effective Temperature), UTCI (Universal 

Thermal Climate Index) are most known.  

A literature analysis on the primary models used highlights that although many thermal indices are 

available for the assessment of outdoor comfort, each of them presents some drawback with different 

levels of error or approximation (Coccolo et al., 2016). 

Fanger developed a comfort theory based on human body heat exchange that led to defining the PMV 

(Predicted Mean Vote). The PMV was introduced to predict the thermal sensation of a person through 

a heat balance equation based on six variables (i.e., dry bulb temperature, mean radiant temperature, 

air velocity, relative humidity, metabolic activities, and clothing insulation). 

PMV should be used to predict the general thermal sensation and degree of discomfort of people 

exposed to moderate thermal environments when the main parameters are within a specified range 

(i.e., air temperature between 10 °C and 30 °C), as highlighted in the ISO 7730, (2005). Applying 

Fanger’s theory for estimating outdoor thermal comfort when temperatures are higher than 34 °C 

involves a thermal sensation above the highest rate of +3 (Fang, 2017). Thereby, when a person 

experiences a “very hot” or “extreme hot” sensation outdoors the seven-point scale is not sufficient. 

In order to consider wider variations of outdoor climate conditions, a few studies used a nine-point 

thermal sensation scale as an extension of ASHRAE seven-point scale, from −4 (very cold) to +4 

(very hot) (Zhang et al., 2013). PMV > 4 can be attained in the hours of maximum solar radiation in 

hot summers. 

Table 2.1 summarizes information about the main thermal comfort indices. 
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Table 2.1.  Main models and thermal indices used to assess outdoor thermal comfort. 

Year Index Reference Model type Notes 

1970 PMV Fanger (1972) Steady-state energy 
balance (One-node 
model) 

PMV scale: from −3 to +3 
Metabolic rate:  
46 – 232 W∙m-2 (0.8 – 4 met) 
Clothing thermal resistance: 
0 – 0.310 m2 K∙W (0 – 2 clo) 
Ambient air temperature: 10 – 30 °C 
Mean radiant temperature: 10 – 40 °C 
Air velocity: 0 – 1 m∙s-1 

1981 PMV 
(extended 
version) 

Jendritzky and 
Nubler (1981) 
 

Klima-Michel 
Model (One-node 
model) 

PMV scale: from −4 to +4 
Metabolic rate: 172.5 W∙m-2 

Weight: 75 kg  

1986 SET* Gagge et al. 
(1986) 

Transient Energy 
(Two-node model) 

SET*scale (°C): SET*<17, 17≤SET≤37, SET*>37  
Air Temp. = Mean Radiant Temp. 
Relative humidity: 50% 
Air velocity: 0.15 m∙s-1 
Clothing thermal resistance: 0.6 clo 
Metabolic rate: 1.0 met 
The same mean skin temperature and shin wittedness 
as the person in the actual complex environment 

1999 PET Höppe (1999) Munich Energy 
Balance model for 
individuals (Two-
node model) 

PET scale (°C): PET<4, 4≤PET≤41, PET>41 
Air Temp. = Mean Radiant Temp. 
Air temperature: 20 °C 
Air velocity: 0.1 m∙s-1 
Vapor pressure in the air: 12 hPa  
Relative humidity: 50% 
Metabolic rate: 80 W∙m-2 
Clothing thermal resistance: 0.9 clo 

2000 
 

PT 
 

Jendritzky et al. 
(2000) 

Klima-Michel 
Model (Two-node 
model) 

 PT scale (°C): PT<-39, -39<PT<38, PT>38 
Relative humidity: 50% 
Metabolic rate: 135 W∙m-2  
Clothing thermal resistance:  
1.75 clo (winter), 0.5 (summer) 

2001 UTCI Jendritzky et al. 
(2014) 
Fiala (2001) 
 

UTCI-Fiala model  
(Multi-node model) 

UTCI scale (°C): UTCI<-40, -40<UTCI<46, 
UTCI>46°C 
Air Temp. = Mean Radiant Temp. 
Metabolic rate: 2.3 met 
Walking speed: 1.1 m∙s-1 
Air velocity: 0.5 m∙s-1 (10 m above ground). 
Relative humidity: 50% 

 

Jendritzky et al. (1980) managed to make Fanger’s approach applicable to outdoor conditions by 

adding outdoor radiation to adjust the model to complex outdoor conditions. Their model takes into 

account the direct and diffuse shortwave radiation and the long wave radiation fluxes originating from 

the ground, building surfaces and free atmosphere (Jendritzky et al. 1981).  This approach, also known 

as the “Klima Michel Model” does not provide any description of thermal body conditions 

(Matzarakis et al., 2008). In this model, the sweat rate is a function of metabolic activity only and it 

does not include the effects due to weather conditions (Höppe, 1999). 
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More widely applicable are the models that enable prediction of the “real values” of thermal quantities 

of the body, i.e., skin temperature, core temperature, sweat rate or skin wetness. To this purpose, it is 

necessary to take into account all basic thermoregulatory processes like the constriction or dilation of 

peripheral blood vessels and the physiological sweat rate (Höppe, 1999). 

The Physiologically Equivalent Temperature (PET) is based on a thermo-physiological heat-balance 

model called “Munich Energy Balance Model for Individuals” (MEMI) (Höppe, 1999). It was 

developed to explicitly compare the actual outdoor environmental conditions with equivalent indoor 

conditions, thus making it possible to evaluate comfort in the outdoor environment in terms of indoor 

standards. MEMI calculates the physiological sweat rate as a function of skin temperature and core 

temperature. MEMI offers an analytical solution of the human energy balance for steady-state 

conditions and avoids temporal integration compared to transient models. In the MEMI model, the 

mean clothing temperature, mean skin temperature and sweat rate depend also on climatic conditions. 

Separate calculations for the heat fluxes from body surface parts that are covered or uncovered by 

clothing are carried out as well. 

The index OUT_SET* was developed for adapting the indoor comfort index SET to the outdoor 

environment (Pickup and de Dear, 2000). This index provides physiological representation of outdoor 

human thermal comfort and stress across almost unlimited combinations of air and mean radiant 

temperatures, humidity, air velocity, clothing thermal insulation and metabolic rate.  For the body’s 

surface area participating to the radiant heat exchange, the outdoor mean radiant temperature 

OUT_MRT is calculated taking into account the amount of outdoor irradiation absorbed by the body 

and by subtracting the outgoing fluxes (Pickup and de Dear, 2000; Blazejczyk, 1998).    

The main limitation of the indices based on energy balance lies in the steady-state conditions that do 

not fully reflect how people experience the thermal equilibrium in outdoor environments. Thus, such 

models exclude the evaluation of transient thermal conditions, e.g., when a pedestrian is moving into 

an Area (Steiger et al. 2012). 

PMV and PET are the most widely used indexes in several studies regarding the mitigation strategies 

of urban warming and evaluation of the effectiveness of regeneration plans based on urban greenery 

forestation on the urban microclimate (Coccolo et al. 2016). PMV does not take into account the 

dynamic adaptive response of the human body and instead references a punctual static state. In light 

of this, its use in outdoor environments may often give misleading results (Cheng et al., 2012). 

PET is a thermal index that can be used as an alternative to PMV for evaluating the comfort in outdoor 

environments. The main drawback of this index, although the outcomes are well correlated with 

onsite monitoring and questionnaires, is the underestimation of latent heat fluxes and overestimation 

of radiant heat flows (Cheng et al., 2012). 
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However, the calculation of outdoors mean radiant temperature (OUT_MRT) shows relevant deficits, 

especially in the long wave range, resulting in an unrealistic overestimation of the absorbed radiant 

energy (Pickup and De Dear, 1999).  

Outdoor thermal indices based on a steady-state energy balance of the human body (e.g., PMV, PT 

and PET) are not appropriate for assessing short-term exposure in the outdoor environment (Fang, 

2019). UTCI-Fiala multi-node approach overcomes this shortcoming and provides the highest level 

of detail concerning the body model as well as the clothing ensemble (Blazejczyk et al. 2012). 

There are many effective measures and strategies to mitigate heat stress in urban areas, whose 

effectiveness can be properly investigated through numerical models that combine many 

microclimatic parameters to estimate the thermal sensation of people.  

Nowadays, tools for simulating project scenarios are increasingly available and updated, allowing the 

reproduction of complex urban areas. Table 2.2 reports the most used software tools for predicting 

the indices discussed so far.  

Table 2.2.  A comprehensive list of simulation tools for outdoor microclimate and thermal comfort, with their 

models and calculation capabilities 

Simulation Tool Output Indices References 

SOLENE-MICROCLIMATE LWR, Tse, CHTC 
Azam et al. (2018), Morille et al. (2015), Musy et al. 
(2015). 

ERA5-HEAT MRT, UTCI Di Napoli et al. (2020) 
PALM  
(Parallelized Large-Eddy 
Simulation Model) 

PT, UTCI, PET 
Raasch and Schröter (2021), Maloney (2011),  Maroga 
et al., (2015) 

UMEP  
(Urban Multi-scale 
Environmental Predictor)  

Ts, Ta,2m, SWdown, SWup, 
LWdown, LWup, MRT, 
PET, UTCI 

Lindberg et al. (2017) 

RayMan 
MRT, PET, PMV SET*, 
PT, UTCI  Matzarakis et al. (2006 and 2007) 

ENVI-met 
PMV, PET, SET*, UTCI, 
MRT, Tsk  

Salvati et al. (2020). Koerniawan et al. (2015) 
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3.1 Structure and outline of the chapter 

The structure of the research methodology is outlined as follows: 

 Section 3.2 describes the overall methodology framework adopted in the present research. 

 Section 3.3 discusses the state of the art, input and output data of Local Climate Zones (LCZs) 

classification. 

 Section 3.4 describes the state of the art, features, physical model, input, and output data of 

UMEP (Urban Multi-scale Environmental Predictor) tool.   

 Section 3.5 describes the state of the art, physical model, input and output data of ENVI-met 

software. 

 Section 3.6 provides a description of the thermo-physical parameters used to characterize the 

urban microclimate and outdoor thermal comfort of the study area such as Mean Radiant 

Temperature (Tmrt) and Universal Thermal Climate Index (UTCI).   

 Section 3.7 describes the mitigation strategies adopted in the studied areas.  

3.2 Methodology  

The present thesis deals with the analysis of the urban microclimate and identify the potential heat 

stress mitigation strategies in the highest risk areas by means of top-down approach (from the 

Macroscale down to the Microscale). 

To identify the most sensitive risk areas, a Local Climate Zones (LCZs) classification was carried out 

by means of UMEP (Urban Multi-scale Environmental Predictor) tool.  

Climate simulations of almost the entire urban area of the investigated city was carried out by means 

of a Macroscale approach based on SOLWEIG module (UMEP). The SOLWEIG model was 

calibrated and validated according the procedure described in section 3.4. Among risk areas, two 

areas named “Area 1” and “Area 2” were selected on the basis of their morphological and thermo-

physical features. “Area 1” is a compact and densely high built-up area with few trees while “Area 

2” is characterized by open arrangement of low-rise buildings. Such areas were analyzed with an 

approach based on urban Microscale modelling carried out by means of ENVI-met software. 

Simulations of the calibrated and validated models were run. Based on simulation results and 

morphometric features of the investigated areas, heat stress mitigation strategies were proposed. 

Subsequently, urban Macroscale and Microscale simulations of the risky areas were compared in 

order to assess the reliability of the numerical modelling at large-scale of the entire area realized by 

means of UMEP. With this aim, the discrepancy between the SOLWEIG and ENVI-met simulations 

results was analysed by means of statistical indices and cumulated frequency distributions.  

Figure 3.1 summarizes the workflow of the proposed methodology. 
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Figure 3.1. Workflow of the research methodology. 
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Based on a validated Macroscale model, proposed heat stress mitigation strategies were modelled at 

large-scale level. In order to assess the potential effectiveness of proposed mitigation strategies 

Macroscale simulations were carried out under a mitigation scenario.  

Notwithstanding the SOLWEIG module being reliable, it is suggested to design the mitigation 

strategies at Microscale level because the ENVI-met software is more accurate and detailed with 

respect to SOLWEIG module under modelling phase of the urban space model. 

Mean radiant temperature (Tmrt) and Universal Thermal Climate Index (UTCI) were adopted as the 

key analysis parameters. 

3.2.1 Calibration and validation of the urban Macroscale model 

The large-scale analysis was carried out by means of a calibrated and validated model implemented 

in the Multi-scale Environmental Predictor (UMEP) tool. In UMEP, simulations are ran through the 

SOLWEIG (Solar and Long Wave Environmental Irradiance Geometry) module. 

The calibration of the SOWEIG model was carried out using an approach based on the urban 

morphing of rural weather data in order to overcome the lack of stationary weather stations in the 

investigated urban area. On the other hand, air temperature, relative humidity and wind speed in the 

urban canopy layer were calculated by means of SUEWS (Surface Urban Energy and Water Balance 

Scheme) that is a plug-in integrated in the UMEP (Urban Multi-scale Environment Predictor) tool. 

Global, diffuse, and direct solar radiation, wind speed and direction were recorded by a stationary 

weather station in the rural area. 

Meteorological data recorded at a stationary weather station in rural or suburban areas, as well as 

geometrical and morphological data of the investigated area were used as input in SUEWS. The 

hourly values of air temperature, relative humidity, and wind speed at 10 m above ground level 

collected at rural weather station – which are the environmental variables more affected by the Urban 

Heat Island (UHI) effect – were first morphed through SUEWS and subsequently implemented in 

SOLWEIG in order to take into account urban site-specific characteristics (calibration phase). 

To demonstrate the validity of such an approach, an on-site measurement campaign was carried out 

with a portable microclimate station to measure the mean radiant temperature. These measurements 

were eventually compared against the predictions of simulations run in SOLWEIG using both rural 

weather data (scenario S_1) and the weather data morphed by SUEWS (scenario S_2) as forcing 

conditions through suitable statistical indices (validation phase). 

Figure 3.2 shows the workflow of the calibration and validation processes of the large-scale model.  
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Figure 3.2. Workflow of the calibration and validation processes of the Macroscale model. 
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3.2.2 Calibration and validation of the urban Microscale model 

The calibration approach of the ENVI-met model proposed in this research is carried out by forcing 

the software using hourly data of global, direct, and diffuse solar radiation, air temperature, relative 

humidity, wind speed and direction, as recorded by a meteorological station placed in a suburban area 

outside the city centre.  

The hourly values of air temperature and relative humidity collected at this station were first morphed 

through the Urban Weather Generator (UWG) tool and then implemented in ENVI-met to account 

for site-specific characteristics (calibration phase).  

UWG is a simulation program developed at MIT in the US that estimates air temperature and relative 

humidity in the urban canopy layer (UCL) using meteorological data measured at an operational 

weather station located in an open area outside the city.  

UWG allows the designer to identify an urban area and describe it geometrically through three 

parameters: average building height, horizontal building density, and vertical to horizontal area ratio. 

District parameters transform the complex, heterogeneous urban structure into a homogenous 

depiction as defined by the Town Energy Balance (TEB) scheme (Masson, 2000). 

To demonstrate the validity of such an approach, two on-site measurement campaigns were carried 

out with a portable microclimate station to measure air temperature and relative humidity.  

These measurements are eventually compared against the predictions of simulations run in ENVI-

met using both suburban weather data (scenario S_1) and the weather data morphed by UWG 

(scenario S_2) as forcing conditions through suitable statistical indices (validation phase). 

The approach based on the use of morphed values of air temperature and relative humidity recorded 

by the weather station (Scenario S_2) was adopted for the calibration of the ENVI-met model of area 

1 because such area is distant from the location of the weather station.   

Since the weather station is located in Area 2, the model calibration of Area 2 was carried out using 

the meteorological data recorded by the same weather station (Scenario S_1). 

Figure 3.2 shows the workflow of the calibration and validation processes of the urban Microscale 

model. 
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Figure 3.3 Workflow of the calibration and validation process of the urban Microscale model. 
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3.3 Local Climate Zone (LCZ) Classification: state of the art, input, and output data 

3.3.1 State of the art 

The measurement of the urban heat island (UHI) effect through simple comparisons of “urban” and 

“rural” air temperatures has been under the light of several researchers for many decades. The 

conventional approach was based on gathering temperatures for two or more fixed sites and/or from 

mobile surveys. Sites were classified as either urban or rural, and their temperature differences (ΔTU-

R) indicated the UHI magnitude. Most investigators simply relied on the so-called urban and rural 

qualifiers to describe the local landscapes of their measurement sites. 

Classifying measurement sites into urban and rural categories has given researchers a simple 

framework to separate the effects of city and country on local climate (Lowry 1977). Nevertheless, 

different studies have shown that the popular use of urban–rural classification and its methods have 

suffered critically (Stewart and Oke, 2012).  

A relevant issue regarding the methodology used to detect UHI magnitude was found.   This issue is 

the tremendous variety in landscapes considered as “rural” or “urban. The term urban has no single, 

objective meaning, and thus no climatological relevance. Therefore, the term urban can be defined 

universally for its physical structure, its surface properties, or its thermal climate. 

In densely populated regions, the social, political, and economic space that separates cities and 

countryside is no longer distinguished by a clear urban–rural divide (Stewart and Oke, 2012). 

Urban shape is becoming increasingly dispersed and decentralized as traditional and nontraditional 

land uses coexist. Currently, urban theorists contend that there is not a strong spatial demarcation 

between urban and rural areas, and that the relation between city and country can be more accurately 

deemed as a continuum, rather than as a dichotomy (Gugler 1996). It was recognized that a similar 

approach is limited in scope and function. 

In light of this, several studies are focused on the development of different methods for classifying 

the cities on the basis of their climate in order to assess the effect of Urban Heat Island (UHI). 

Chandler (1965) was perhaps the first heat island investigator to develop a climate-based 

classification of the city. He divided Greater London into four local regions, each distinguished by its 

climate, physiography, and built form. 

Auer (1978) proposed an urban rural classification for the city of St. Louis, Missouri. He recognized 

12 “meteorologically relevant” land uses in St. Louis, based on the city’s vegetation and building 

characteristics. Ellefsen (1991) derived a system of 17 neighborhood-scale “urban terrain zones” 

(UTZs) respectively from the geometry, street configuration, and construction materials of 10 U.S. 

cities. 
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In some European countries, the “climatope” system was traditionally used to classify urban terrain 

and climates, largely for planning purposes. Climatopes was derived from local knowledge of wind, 

temperature, land use, building structure, surface relief, and population density. These data were 

integrated in an urban area to reveal special climates of local places. It is worth highlighting that 

Wilmers (1991) identified nine such climates for the city of Hannover, Germany, based on vegetation, 

surface structure, and land use criteria. It was found that the model has several limitations. A full set 

of surface properties was not used to define climate classes. A complete set consists of the physical 

properties of surface structure, cover, fabric, and metabolism (Oke 2004). Although the climatope 

concept was well adapted to most urban settings, its class names and definitions varied widely with 

place, and thus could not provide classification systems with a means for comparison.  

Grigg (1965) listed several criteria that a classification system should satisfy. Firstly, the system 

should invoke a simple and logical nomenclature by which objects/areas can be named and described.  

Second, a classification system should facilitate information transfer by associating objects/areas in 

the real world with an organized system of generic classes. Users can then make comparative 

statements about the members belonging to each class. A properly constructed classification system 

should simplify the objects/areas under study, and thereafter promote theoretical statements about 

their properties and relations. According to Grigg’s criteria, a new classification system at local scale 

of urban and rural field sites for heat island assessment, inclusive of all regions, independent of all 

cultures, and quantifiable according to class properties that are relevant to surface thermal climate is 

proposed by Oke (2008). 

Combining features of both Auer’s and Ellefsen’s schemes, Oke designed a simple and generic 

classification of city zones to improve siting of meteorological instruments in urban areas. His scheme 

divides city terrain into seven homogenous areas called “urban Climate Zones” (UCZs), which range 

from semi-rural to intensely developed sites. The zones are distinguished by their urban structure 

(building/street sizes), cover (permeability), fabric (materials), metabolism (human activity), and 

potential to modify the natural, or “preurban,” surface climate. The classifications of Chandler, Auer, 

Ellefsen, and Oke are all predisposed to the form and function of modern, developed cities, so their 

use in more different economic settings is limited. 

Most recently, Grimmond and Loridan (2011) developed “urban zones for characterizing energy 

partitioning,” or UZEs. 

Stewart and Oke have introduced the Local Climate Zones (LCZs) to standardize the classification 

of urban and rural field sites for observational UHI studies. Given the disparity in how individual 

researchers interpret the urban landscape, LCZs are necessary instruments for a coherent and uniform 
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classification of landscapes for ground-based climate studies. the LCZ system prompts investigators 

to recognize and separate urban from nonurban influences on temperature. 

The LCZ scheme aims to overcome the simple approach based on the comparison of “urban” and 

“rural” air temperatures with a universally understood, climate-based classification of urban and rural 

sites.  The classification of weather stations and observatories into LCZ classes, rather than “urban” 

and “rural” classes, could lead to more accurate assessments of urban bias. Unlike climatopes, LCZs 

are developed from generalized knowledge of built forms and land cover types that are universally 

recognized, not from specialized knowledge of local topography and climatology. 

LCZs represent a generic, easily understood, culturally neutral description of land-use and land-cover. 

The universe for the LCZ classification is “landscape,” defined as a local-scale tract of land with 

physical and/or cultural characteristics that have been shaped by physical and/or cultural agents. 

The landscape universe is divided according to properties that influence screen-height temperature, 

namely surface structure (height and spacing of buildings and trees) and surface cover (pervious or 

impervious). 

All classes to emerge from logical division of the landscape universe are called “local climate zones” 

(LCZs). The name is appropriate because the classes are local in scale, climatic in nature, and zonal 

in representation. LCZs represent a simple composition of buildings, roads, plants, soils, rock, and 

water, each in varying amounts and each arranged uniformly into 17 recognizable patterns. 

The landscape universe consists of 17 standard LCZs, of which 15 are defined by surface structure 

and cover and 2 by construction materials and anthropogenic heat emissions. 

The standard set is divided into “built types” 1–10, and “land cover types” A–G (Table 3.1). Built 

types are composed of constructed features on a predominant land cover, which is paved for compact 

zones and low plants / scattered trees for open zones. Land cover types can be classified into seasonal 

or ephemeral properties (i.e., bare trees, snow-covered ground, dry/wet ground).  

The LCZ classification is based on 10 quantifiable properties relating to surface structure (sky view 

factor, aspect ratio, roughness element height), surface cover (plan fraction occupied by buildings, 

pervious, and impervious ground), surface fabric (thermal admittance, surface albedo), and human 

activity (anthropogenic heat output)”, which have been gathered from a large body of literature and 

extensive field work.  

Surface structure affects local climate through its modification of airflow, atmospheric heat transport, 

and shortwave and long wave radiation balances, while surface cover modifies the albedo, moisture 

availability, and heating/cooling potential of the ground 

The logical structure of the LCZ system is supported by observational and numerical modelling data 

(Stewart and Oke 2010). The parameters values for each LCZ type are reported in table 3.2 and 3.3.   
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Table 3.1. Definition of Local Climate Zone (Stewart and Oke, 2012). 

Built types Definition Land Cover types Definition 

1.Compact high-rise 

 

Dense mix of tall buildings to 

tens of stories. Few or no trees. 

Land cover mostly paved. 

Concrete, steel, stone and glass 

construction materials. 

A. Dense trees 

 

Heavily wooded landscape of 

deciduous trees. Land cover 

mostly pervious (low plants). 

Zone function is natural forest, 

tree cultivation, or urban park. 

2.Compact -midrise 

 

Dense mix of midrise buildings 

(3-9 stories). Few or no trees. 

Land cover mostly paved. Stone, 

brick, tile and concrete 

construction materials. 

B. Scattered trees 

 

Lightly wooded landscape of 

deciduous and/or evergreen 

trees. Land cover mostly pervious 

(low plants). Zone function is 

natural forest, tree cultivation, or 

urban park. 

3. Compact low-rise 

 

Dense mix of low-rise buildings 

(1-3 stories). Land cover mostly 

paved. Stone, brick, tile and 

concrete construction materials. 

C. Bush, scrub 

 

Open arrangement of bushes, 

shurbs, and short, woody trees. 

Land cover mostly pervious (bare 

soil or sand). Zone function is 

natural scrubland or agricolture. 

4. Open low-rise 

 

Open arrangement of tall 

buildings to tens of stories. 

Abundance of pervious land 

cover (low plants, scattered 

trees). Concrete, steel, stone and 

glass construction materials. 

D. Low plants 

 

Featureless landscape of grass or 

herbaceous plants/crops. Few or 

no trees. Zone function is natural 

grassland, agricolture or urban 

park 

5. Open midrise 

 

Open arrangement of midrise 

buildings (3-9 stories). 

Abundance of pervious land 

cover (low plants, scattered 

trees). Concrete, steel, stone and 

glass construction materials. 

E. Bare rock or paved 

 

Featureless landscape of rock or 

paved cover. Few or no trees or 

plants. Zone function is natural 

desert (rock) or urban 

transportation. 

6. Open Low-rise 

 

Open arrangement of low-rise 
buildings (1-3 stories). 
Abundance of pervious land 
cover (low plants, scattered 
trees). Wood, steel, stone and 
glass construction materials. 

F. Bare soil or sand 

 

Featureless landscape of soil or 

sand cover. Few or no trees or 

plants. Zone function is natural 

desert or agricolture. 

7. Lightweight Low-rise 

 

Dense mix of single-story 

buildings. Few or no trees. Land 

cover mostly hard-packed. 

Lightweight construction 

materials (e.g., wood, thatch, 

corrugated metal) 

G. Water  

 

Large, open water bodies such 

as seas and lakes, or small 

bodies such as rivers, reservoirs, 

and lagon.   

8. Large Low-rise 

 

Open arrangement of large low-

rise buildings (1-3 stories). Few or 

no trees. Land cover mostly 

paved o hard packed. Steel, 

concrete, metal, and stone 

construction materials. 

Variable Land Cover Properties 

Variable or ephemeral land cover properties that change 

significantly with synoptic weather patterns, agricultural practices, 

and/or seasonal cycles. 

9. Sparsely built 

 

Sparse arrangement of small or 

medium-sized buildings in a 

natural setting. Abundance of 

pervious land cover (low plants, 

scattered trees) 

b. bare trees  Leafless deciduous trees (e.g., winter). 
Increased sky view factor. Reduced 
albedo. 

 
s. snow cover  
 

Snow cover >10 cm in depth. Low 
admittance. High albedo. 

10. Heavy Industries 

 

Low-rise and midrise industrial 

structures (towers, tanks, 

stacks). Few or no trees. Land 

cover mostly paved or hard 

packed. Metal, steel, and 

concrete construction materials. 

d. dry ground Parched soil. Low admittance. Large 

Bowen ratio. Increased albedo 

w. wet ground Waterlogged soil. High admittance. 
Small Bowen ratio. Reduced albedo. 
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Table 3.2. Values of geometric and surface cover properties for local climate zones (Stewart and Oke, 2012). 

Local Climate Zone 
(LCZ) 

Sky View 
Factora 
(SVF) 

Aspect 
Ratiob 
(H/W) 

Building 
surface 

fractionc 
(BSF) 

Impervious 
surface 

fractiond 
(ISF) 

Pervious 
surface 

fractione 
(PSF) 

Height of 
roughness 
elementsf 

(zd) 

Terrain 
roughnessg 

(z0) 

LCZ I 
Compact high-rise 

0.2-0.4 > 2 40-60 40-60 < 10 > 25 8 

LCZ 2 
Compact midrise 

0.3-0.6 0.75 -2 40-60 30-50 < 20 10-25 6-7 

LCZ 3 
Compact low-rise 

0.2-0.6 0.75 -1.5 40-70 20-50 < 30 3-10 6 

LCZ 4 
Open low-rise 

0.5-0.7 0.75 -1.25 20-40 30-40 30-40 > 25 7-8 

LCZ 5 
Open midrise 

0.5-0.8 0.3 -0.75 20-40 30-50 20-40 10-25 5-6 

LCZ 6 
Open low-rise 

0.6-0.9 0.3 -0.75 20-40 20-50 30-60 3-10 5-6 

LCZ 7 
Lightweight low-rise 

0.2-0.5 1-2 60-90 < 20 < 30 2-4 4-5 

LCZ 8 
Large low-rise 

> 0.7 0.1 -0.3 30-50 40-50 < 20 3-10 5 

LCZ 9 
Sparsely built 

> 0.8 0.1-0.25 10-20 < 20 60-80 3-10 5-6 

LCZ 10 
Heavy Industry 

0.6-0.9 0.2-0.5 20-30 20-40 40-50 5-15 5-6 

LCZ A 
Dense trees 

> 0.4 > 1 < 10 < 10 > 90 3-30 8 

LCZ B 
Scattered trees 

0.5-0.8 0.25-0.75 < 10 < 10 > 90 3-15 5-6 

LCZ C 
Bush scrub 

0.7-0.9 0.25-1.0 < 10 < 10 > 90 < 2 4-5 

LCZ D 
Low plants 

> 0.9 < 0.1 < 10 < 10 > 90 < 1 3-4 

LCZ E 
Bare rock or paved 

> 0.9 < 0.1 < 10 > 90 < 10 < 0.25 1-2 

LCZ F 
Bare soil or sand 

> 0.9 < 0.1 < 10 < 10 > 90 < 0.25 1-2 

LCZ G 
Water 

> 0.9 < 0.1 < 10 < 10 > 90 - 1 

aRatio of the amount of sky hemisphere visible from ground level to that of an unobstructed hemisphere. 

bMean height to width ratio of street canyons (LCZs 1-7), building spaces (LCZs 8-10) and tree spacing (LCZs A-G). 

cRatio of building plan area to total plan area (%). 

dRatio of impervious plan area (paved, rock) to total plan area (%). 

eRatio of pervious plan area (bare soil, vegetation, water) to total plan area (%). 

fGeometric average of building heights (LCZs 1-10) and tree/plant heights (LCZs A-F). 
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Table 3.3. Values of thermal, radiative, and metabolic properties for local climate zones (Stewart and Oke, 2012). 

Local Climate Zone 
(LCZ) 

Surface 
admittancea  

 
Surface albedob  

Anthropogenic 
heat outputc  

LCZ I 

Compact high-rise 

1,500-1,800 0.10-0.20 50-300 

LCZ 2 

Compact midrise 
1,500-2,200 0.10-0.20 < 75 

LCZ 3 

Compact low-rise 
1,200-1,800 0.10-0.20 < 75 

LCZ 4 

Open low-rise 
1,400-1,800 0.12-0.25 < 50 

LCZ 5 

Open midrise 
1,400-2,000 0.12 -0.25 < 25 

LCZ 6 

Open low-rise 
1,200-1,800 0.12 -0.25 < 25 

LCZ 7 

Lightweight low-rise 
800-1.500 0.15-0.35 < 35 

LCZ 8 

Large low-rise 
1,200-1,800 0.15 -0.25 < 50 

LCZ 9 

Sparsely built 
1,000-1,800 0.12-0.25 < 10 

LCZ 10 

Heavy Industry 
1,000-2,500 0.12-0.30 > 300 

LCZ A 

Dense trees 
unknown 0.10–0.20 0 

LCZ B 

Scattered trees 
1,000-1,800 0.15-0.25 0 

LCZ C 

Bush scrub 
700-1,500 0.15-0.30 0 

LCZ D 

Low plants 
1,200-1,600 0.15-0.25 0 

LCZ E 

Bare rock or paved 
1,200-2,500 0.15-0.30 0 

LCZ F 

Bare soil or sand 
600-1,400 0.20-0.35 0 

LCZ G 

Water 
1,500 < 0.1 0 

aAbility of surface to accept or release heat (J m–2 s–1/2 K–1). Varies with soil wetness and material density. Few estimates 
of local-scale admittance exist in the literature; values given here are therefore subjective and should be used cautiously. 
Note that the “surface” in LCZ A is undefined and its admittance unknown. 

bRatio of the amount of solar radiation reflected by a surface to the amount received by it. Varies with surface color, 
wetness, and roughness. 

cMean annual heat flux density (W m−2) from fuel combustion and human activity (transportation, space 
cooling/heating, industrial processing, human metabolism). Varies significantly with latitude, season, and population 
density. 
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Table 3.4 reports the classification of effective terrain roughness and the correspondence with LCZs. 

Table 3.4. Classification of effective terrain roughness (Davenport, 2000) 

Davenport class 
Roughness 

length zo (m) 
Landscape description  

LCZ 
correspondence 

1. Sea 0.0002 Open water, snow-covered flat plain, featureless desert, tarmac, 
and concrete, with a free fetch of several kilometers. 

E, F, G 

2. Smooth 0.0005 
Featureless landscape with no obstacles and little if and vegetation 
(e.g., marsh, snow-covered or fallow open country). 

E, F 

3. Open 0.03 
Level country with low vegetation and isolated obstacles separated 
by 50 obstacle heights (e.g., grass, tundra, airport runway). D 

4. Roughly open 0.10 
Low crops or plant covers; moderately open country with occasional 
obstacles (e.g., isolated trees, low buildings) separated by 20 
obstacle heights. 

7, C, D 

5. Rough 0.25 
High crops, or crops of varying height; scattered obstacles separated 
by 8 to 15 obstacle heights, depending on porosity (e.g., buildings, 
tree belts). 

5-10, B, C 

6. Very rough 0.5 

Intensely cultivated landscape with large farms and forest clumps 
separated by 8 obstacle heights; bushland, orchards. Urban areas 
with low buildings interspaced by 3 to 7 building heights; no high 
trees. 

2, 3, 5, 6, 9, 10, B 

7. Skimming 1.0 
Landscape covered with large, similar-height obstacles, separated 
by 1 obstacle height (e.g., mature forests). Dense urban areas 
without significant building-height variation. 

2, 4 

8. Chaotic ≥ 2 
Landscape with irregularly distributed large obstacles (e.g., dense 
urban areas with mix of low and high-rise buildings, large forest 
with many clearings). 

1, 4, A 

 

These properties were selected from urban climate observational and numerical modelling literature. 

Measured and estimated values of geometric, thermal, radiative, metabolic, and surface cover 

properties were gathered from urban and rural field sites worldwide Anderson et al. (1976), Auer 

(1978), Ellefsen (1990/91), and Oke (2004), and from reviews of empirical urban climate literature 

(Grimmond and Oke, 1999). 

Local climate zones are defined as regions of uniform surface cover, structure, material, and human 

activity that span hundreds of meters to several kilometers in horizontal scale. LCZ is referred to as 

a local (or neighborhood) scale and lies between climatological micro and mesoscales.  

This concept allows a certain range of appropriate scales, which implies different “valid” LCZ maps 

depending on the resolution. The LCZ system is inherently generic and cannot capture the 

peculiarities of every urban and rural site.  

The scheme of classification was designed to be “sufficiently generic”, i.e., it is inclusive of all 

regions and cultures and abandons excessive regional/architectural detail. Its view of the landscape 

universe, it is highly reductionist, and, like all classifications, its descriptive and explanatory powers 

are limited. The scheme has a reasonable level of complexity, while retaining universal meaning. 
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The LCZ classes are each physically discrete in surface structure and land cover, such that the 

boundaries separating most classes can be delineated on a city map or aerial photograph. 

When an entire city is discretized, each class will unavoidably have a certain amount of internal 

heterogeneity, since it is composed of a variety of urban landscapes that are part of a continuum rather 

than discrete types. The class boundaries become crucial, demanding a precise formulation of the 

boundaries between the classes. Generally, no “overlaps” or “holes” exist for the parameter 

combinations of the 17 standard classes the concept of LCZs. 

The internal homogeneity portrayed by each LCZ is unlikely to be found in the real world, except in 

planned or intensely managed settings. The 17 patterns should nevertheless be familiar to users in 

most cities and should be adaptable to the local character of most sites. 

However, the thermal climate across those boundaries is spatially continuous— the screen-level air 

temperature of one zone blends gradually into that of its neighboring zones. This effect arises from 

advection of heat and moisture across areas of different surface structure, land cover, and human 

activity. As air crosses the border between neighboring zones, it gradually adjusts to a new set of 

internal boundary conditions, forming thermal transitions—not sudden breaks at zone borders. 

The upwind fetch required for air at screen height to become fully adjusted to its underlying surface 

is typically 200–500 m, depending on surface roughness, building geometry, and atmospheric 

stability conditions (Oke 1987). Therefore, each LCZ should have a minimum diameter of 400–1,000 

m (i.e., a radius of 200–500 m) so that the adjusted portion of its internal boundary layer lies entirely 

within the zone and does not overlap with surrounding LCZs of different structure. 

Users must collect appropriate site metadata to quantify the surface properties of the area to be 

classified. This is best done by a visit to the field sites in person to survey and assess the local horizon, 

building geometry, land cover, surface wetness, surface relief, traffic flow, and population density. If 

a field visit is not possible, secondary sources of site metadata include aerial photographs, land 

cover/land use maps, satellite images (e.g., Google Earth), and published tables of property values.  

In the case of area of influence for a field site being too heterogeneous to derive locally representative 

values from its surface properties, users are advised to designate the site “unclassified” and to find a 

more homogeneous setting for observation. In order to select the local climate zone, metadata should 

lead users to the best, not necessarily exact, match of their field sites with LCZ classes.  

Metadata are unlikely to match exactly with the surface properties values of one LCZ class. If the 

measured or estimated values align poorly with those of the LCZs, the process of selecting a best-fit 

class becomes one of interpolation rather than straight matching. Users should first look to the surface 

cover fractions of the site to guide this process. 
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The lack of a suitable match should be highlighted to the users so that they can highlight the main 

difference(s) between their site and its nearest equivalent LCZ. LCZ class should be identified by 

these differences and described with the appropriate LCZ name. Alternatively, users can create new 

subclasses for sites that deviate from the standard set of classes. 

New subclasses represent combinations of built types, land cover types, and land cover properties. 

The notation for new subclasses is LCZ Xai, where X is the higher parent class in the standard set of 

LCZs, a is the lower parent class from the standard set, and i is a variable or ephemeral land cover 

property  

Land cover properties are selected from the subset of bare trees (b), snow cover (s), dry ground (d), 

and wet ground (w). Identifiers a and i may each be assigned one or more classes or properties. 

For example, a site whose building geometry is open midrise (LCZ 5) but whose surface cover is 

predominantly bush, scrub (LCZ C) should be notated as LCZ 5C to represent the main features of 

its two parent classes, the first in a higher position of the LCZ order (baseline character 5) and the 

second in a lower position (subscript C). 

By this convention, other subclasses include open midrise with paved ground (LCZ 5E), open midrise 

with open low-rise (LCZ 56), open low-rise with dense, bare trees (LCZ 6Ab), low plants with wet 

ground (LCZ Dw), and bare soil with dry ground (LCZ Fd). 

Although subclasses add flexibility to the LCZ system, they do not have surface property values and 

thus their thermal climates may not be known a priori. At best, it can be estimating the surface 

property values—and surface air temperatures—by weighting the known values of two (or more) 

standard classes.  

The thermal climate of an LCZ subclass is not expected to differ significantly from either of its two 

(or more) parent classes, because maximum thermal contrasts between successive zones in the 

standard set are typically no more than 1–2 K (Stewart and Oke, 2010). 

In addition, the purpose of LCZs is to ease the process of site classification and metadata reporting 

for heat island investigators. Creating too many, or too complex, subclasses undermine this principal 

function. 

While subclasses may enhance the physical description of a site, they may not improve 

communication or comparison of that site with others. 

Subclasses are justified when they describe sites whose secondary features are thought to affect the 

local climate, or whose features may otherwise relate to the aims of a climate investigation. The 

definition of subclasses should be allowed in specific instances where the climatic effect is not 

negligible and the subclass is applicable to larger areas, Generally, subclasses should be used 

cautiously since the higher accuracy comes at the cost of reduced universality.  
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Existing LCZ classes provide a disjoint and largely complementary discretization of the (urban) 

landscape universe that covers most existing urban forms. The framework based on LCZs allows to 

assess the UHI magnitude by means LCZ temperature difference (e.g., ΔTLCZ 1 – LCZ D), not an 

“urban–rural” difference (ΔTu–r). 

To date, the integration of urban climate knowledge with city planning has not been especially useful 

or successful, in part because urban climatology has advanced slowly around issues of scale and 

communication. The LCZ system could advance these issues because it offers a basic package of 

urban climate principles for architects, planners, ecologists, and engineers. 

3.3.2 Methods for LCZ mapping 

The recently developed Local Climate Zones (LCZs) classification system was initially not designed 

for mapping but to classify temperature observation sites. Nevertheless, as a need arose to 

characterize areas based on their distinct thermal field, utilizing LCZ classes for mapping was a 

logical step. Methods used in LCZ classification include in-situ measurements, geographic 

information system (GIS)-based and remote-sensing-image-based calculations. These methods have 

their own advantages and limitations.  

In-situ measurement is the most basic method used in LCZ classification. An advantage of in-situ 

measurement is its ease of operation, but the high time costs limit its popularity. 

GIS-based methods are common techniques for mapping out LCZs. They rely on GIS data of urban 

morphology, urban planning and building information to calculate each contributing factor for 

classifying LCZs. The input data for GIS-based method includes building and land use data (including 

greenery information) under shape-file format. Building data include three layers (building height, 

building surface fraction, and Sky View Factor). They are generated from the original input of 

building data with QGIS software. The whole studied area is sampled in grid cells in order to identify 

LCZs of the investigated area on the basis of the LCZ classification criteria developed by Stewart and 

Oke (2012), all inputs metadata into grid cells are questioned by means combined query operation in 

QGIS environment. Since the metadata of GIS-based methods are derived from real urban 

morphologies, GIS-based methods usually achieve high accuracies. Several researchers used this 

method to develop LCZs classification maps of their target regions (Perera et al., 2012; Lelovics et 

al., 2014; Gál et al., 2015). The GIS-based approach was tested for Szeged (Hungary) and was 

conducted on lot area polygons derived from a 3D building database. The approach is quite objective 

but requires specific data that are generally unavailable for most cities. In addition, it is worth 

highlighting that one limitation is that city GIS data are not always complete or accessible to the 

public. The remote-sensing-image-based method is another widely used way to classify LCZ classes. 
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Several kinds of remote sensing images (such as Landsat images, panchromatic VHR) are used as 

input data for LCZ classification. Among these satellite images based LCZ classification methods, 

World Urban Database and Access Portal Tools (WUDAPT) deserves to be mentioned.  

WUDAPT is a global initiative based on a scientific community volunteer program. WUDAPT was 

designed to be a universal, simple, and objective method to be used as part of a global protocol to 

derive information about the form and function of cities. It aims to develop an easier LCZ 

classification scheme applying free satellite images and free software and it can be handled without 

expert remote sensing knowledge. WUDAPT uses free software such as SAGA GIS and Google Earth 

(GE). WUDAPT include three levels: 0, 1 and 2 levels. Level 0 contains mainly 2-dimensional urban 

morphological information and rough urban function based on their effect on the local air 

temperature. 

Levels 1 and 2 provide more detailed 3-dimensional urban morphological information, material 

composition data and anthropogenic functions at building level, so they are suitable for various 

weather and climate models (Ching et al., 2017). Levels 1 and 2 are not still completely developed. 

WUDAPT level 0 method includes three main steps:  

- Pre-processing of Landsat data. 

- Digitization of training areas in GE according to the LCZ scheme. 

- Classification in SAGA-GIS. 

In pre-processing of Landsat data, Landsat 5 satellite images are selected as input image data because 

they contain urban structure information, like thermal information, which can be used to classify and 

map LCZs. Digitization of training areas in Google Earth allows the representation of each area 

belonging to LCZ classes through the selection of polygons as training sample. The LCZ 

classification is carry out using the System for Automated Geoscientific Analyses (SAGA) software. 

The pre-processed Landsat images and the selected training areas are fed into SAGA-GIS.  

The LCZ classification of the study areas is calculated and conducted by the random forest classifier 

by comparing the similarity between the training samples and the rest of the study areas. A random 

forest is a prediction model which represents a mapping between attributes of each LCZ class and the 

identified LCZ type. The forest can be used to classify the whole input image into different LCZ 

classes. Several world-wide researchers have adopted and applied the WUDAPT method in their UHI 

studies (Brousse et al., 2016; Kaloustian and Bechtel, 2016; Wang et al., 2018). 

Figures 3.4 and 3.5 show the workflow of GIS-based and WUDAPT methods respectively. 
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Figure 3.4. Workflow of GIS-based Method (Wang et al. 2018). 

 

Figure 3.5. Overview of the mapping procedure of WUDAPT method: a) Acquisition of Landsat data in USGS Earth- 

Explorer; (b) Digitation of training areas in Google Earth; c) Classification in SAGA-GIS; d) Workflow (Betchel et al., 

2015). 

GIS-based and WUDAPT methods are the two most popular ways to classify and to map LCZs. A 

comparison of accuracies of the WUDAPT and GIS-based methods has found that in general the 

overall accuracy of the GIS-based method is higher than that of the WUDAPT method. Substantially, 

the WUDAPT method is relatively less accurate than the GIS-based method because it is based on 
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the digitation of training samples of potential seventeen LCZs obtained by visual interpretation from 

Google Earth.  

In particular, the relatively low accuracy of the WUDAPT method regard LCZ 1-6 built types.  

GIS-based method is relatively more accurate because it classifies built types based on actual building 

data to define the parameters of LCZ 1-6 precisely.  

The WUDAPT method is a kind of machine learning algorithm, depending significantly on the 

quantity and quality of training samples as well as remote sensing images and local urban 

morphological characteristics. The ground truth data also has its own limitations and may not truly 

represent the real conditions of study areas. In addition, a lack of building height information in the 

Landsat images can also lead to the lower accuracy of LCZ 1-6 generated by the WUDAPT method. 

Hence, a general LCZ concept mapping without building data will lead to low classification accuracy. 

The accuracy of the WUDAPT method is less satisfactory when specific LCZ classes need to be 

examined thoroughly. This method may not be so helpful for researchers hoping to look into details 

at a district level. Most dominant built types in the urban districts are classified correctly when the 

GIS-based methods are applied. Therefore, the GIS-based method is better when detailed analyses 

have to be conducted (Perera et al., 2012; Lelovics et al., 2014; Gál et al., 2015). 

3.3.3 GIS method for LCZ mapping of the investigated area 

In order to identify the more critical sites from a climate perspective in the studied area, a Local 

Climate Zones (LCZs) classification was carried out. 

Based on advantages and limitations about LCZ mapping methods discussed in 3.3.2, the GIS method 

was adopted to determine the parameters necessary for LCZ classification. 

In this study, the LCZ classification process is subdivided into four main steps: (1) Discretization of 

the investigated area; (2) Calculation of the parameters of surface structure and surface cover 

necessary for LCZ classification; (3) Setting of queries for grid cells of the investigated domain; (4) 

LCZ mapping.  

Step 1: A polygon grid was applied to the whole studied area in order to discretize the entire 

investigated area in square cells. Based on a minimum diameter of 400–1,000 m (i.e., a radius of 200–

500 m) for each LCZ as discussed above, grid cells with dimensions 200 x 200 m2 were adopted. 

These dimensions represent a good compromise to discretize the area for LCZ classification 

according to the recommendations discussed in 3.3.2.  

Step 2: Standard set parameters introduced by Oke and Stewart are represented by ten quantifiable 

properties relating to surface structure (sky view factor, aspect ratio, roughness element height, 

Terrain roughness class), surface cover (plan fraction occupied by buildings, pervious, and 

impervious ground), surface fabric (thermal admittance, surface albedo) and human activity 
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(anthropogenic heat output). Based on available databases of the investigated area, 6 of the 10 

properties identified by Stewart & Oke (2012) were determined.  

From the initial set of parameters used for LCZ classification, the aspect ratio (height: width, H : W), 

surface albedo (α), Thermal admittance (Y), and the anthropogenic heat output are omitted. The 

aspect ratio has been disregarded as it tends to be too theoretical, and it can only be clearly calculated 

for regular street networks with straight streets, rectangular intersections and blocks of buildings 

filling in the available area between roads. Surface albedo, thermal admittance and anthropogenic 

heat output were disregarded, as no data were available for the study area. 

Therefore, the parameters such as Building Surface Fraction (BSF), Pervious Surface fraction (PSF), 

Impervious Surface Fraction (ISF), Roughness element height (z), Terrain roughness class (z0) and 

Sky View Factor (SVF) were adopted for LCZ classification of the investigated area.  

Unlike the Gis-methods for LCZ classification currently available in literature studies, the Gis-

method adopted in this study uses the morphometric calculator tool of UMEP for the calculation of 

parameters such as Sky View Factor (SVF) and Terrain roughness class (z0).  

Other parameters (Building surface Fraction (BSF), Pervious Surface fraction (PSF), Impervious 

Surface Fraction (ISF) and Roughness element height (z)) were determined on the basis of original 

input Databases under shape-file format. A mean value of each parameter for each grid of the 

investigated domain was calculated by Mathematical operations implemented in QGis Environment.  

The values of such parameters, as associated to each grid cell are included in a attribute table of 

“Grid” shapefile. Figure 3.6 summarizes the steps adopted for LCZ classification of investigated area. 

 

Figure 3.6. Flow Chart of the steps related to the LCZ classification process. 
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The input data and the calculation processes of the parameters are presented in the flowchart reported 

in figure 3.4. LCZ classification parameters were calculated as follow: 

 Building surface fraction (BSF) is the fraction of ground surface covered by buildings.  

Building footprints and the lot area polygons, were obtained from the 3D building database. 3D 

building database in shapefile format contains building footprint areas as polygon-type data and 

information on building heights those were derived by means of photogrammetric methods.  

 Pervious Surface Fraction (PSF) is the ratio of pervious cover and ground surface. The pervious 

surface data was derived by original specific databases realized on the basis of aerial 

photogrammetric view of the investigated area. 

 Impervious Surface Fraction (ISF) was derived from the building surface fraction (BSF) and the 

Pervious Surface Fraction (PSF) using the formula ISF = 1 - (BSF + PSF). This formula was set 

in the attribute table associated to “Grid” vector file. 

 Height of roughness elements was calculated as a mean height of buildings and vegetation 

weighted by the building and vegetation areas. The input data of buildings were also attained from 

the 3D building database. 

 Sky view factor (SVF) was calculated at the street level for all points of the investigated domain 

by morphometric calculator of UMEP tool implemented in QGIS Environment. The SVF 

calculation takes into account the effect of trees and buildings, but the effects of pitched roofs are 

disregarded as buildings were considered to be flat roofed. For LCZ classification the average 

value of SVF referred to each grid cell was adopted.  

 Terrain roughness height was calculated by means of the morphometric calculator grid tool 

associated with the Digital Surface Model of the investigated area. Terrain roughness was 

determined using the Davenport roughness classification method (Davenport et al. 2000).  

Step 3. Based on the ranges of all parameters required for LCZ classification defined by Stewart & 

Oke (2012) (see Table 3.2), a system of combined query in QGIS environment for build types (LCZ 

1-10) and Land Cover types (LCZA-G) was set to identify the Local Climate Zones (LCZs) in the 

investigated area. Each query includes the specific ranges of BSF, PSF, ISF, z, zo and SVF parameters 

for each type of LCZ. 

The grid cells that have all parameters (such as BSF, PSF, ISF, z, zo, SVF) within the ranges required 

by Stewart and Oke’s criteria were classified as standard LCZ. 

The grid cells that have two parameters did not comply with the matched standard ranges set by 

Stewart and Oke were notated as LCZ**x, while LCZ*x was used to indicate that a standard range 

did not complied with.  
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x indicates the nearest parent class in the standard set of LCZs according to the scheme of Stewart 

and Oke. The grid cells that have four parameters outside the standard ranges were not classified.  

Step 4: LCZ mapping was carried out using bands of false color so that a single color is associated to 

each LCZ.  

3.4 Urban Multi-scale Environmental Predictor (UMEP): state of the art, input and output data 

3.4.1 UMEP: features and framework  

UMEP (Urban Multi-scale Environmental Predictor) is a freeware city-based climate analysis tool 

integrated in QGiS Environment (Lindberg et al, 2019). The modelling system contained within 

UMEP is designed to run from the street canyon to city scale (100-105 m) depending on the 

application. The potentiality of UMEP is the capacity to identify the heat waves and the effects of 

urban climate on human thermal stress. UMEP has broad utility for applications related to outdoor 

thermal comfort, urban energy balance and climate change mitigation.  

UMEP allows integration of atmospheric and surface data from multiple sources, taking 

meteorological data measured at ‘standard’ sites and using them to be representative of the urban 

environment; using climate prediction data, and comparing and visualizing results or scenarios for 

different climate indicators. 

This can all be done with a range of spatial scales consistent with end-user needs and interests.  

Figure 3.7 shows the framework of the UMEP tool. 

 

Figure 3.7. The framework of UMEP tool (Lindberg et al., 2019). 

UMEP has three main elements (see Figure 3.5): pre-processor (for inputs of meteorological and 

surface data); processor (Modelling system e.g., Urban Land Surface Models, ULSM, Simulation 

engine e.g., SOLWEIG and SUEWS); and post-processor (tools to analyze the outputs, indicators of 

uncertainty etc.). 
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SOLWEIG-model (SOlar and Long Wave Environmental Irradiance Geometry-model) is a tool 

integrated in UMEP which simulates spatial variations of 3D radiation fluxes and mean radiant 

temperature (Tmrt) in complex urban settings. The model requires a limited number of inputs, such as 

shortwave radiation, ambient air temperature, relative humidity, urban geometry and vegetation cover 

(e.g. Lindberg et al. 2008; Lindberg and Grimmond 2011). 

SUEWS (Surface Urban Energy and Water Balance Scheme) is able to simulate the energy and water 

balances using just common meteorological variables and information about the surface cover (e.g. 

Grimmond and Oke 2002; Järvi et al. 2011).  

3.4.2 SOLWEIG: Features, physical and mathematic model, input and output data 

The module called SOLWEIG (Solar and Long Wave Environmental Irradiance Geometry) is 

basically a three-dimensional radiation model. SOLWEIG simulates the spatial and temporal 

variation of shortwave and long wave radiation fluxes in complex urban environments (Lindberg et 

al., 2008). SOLWEIG was developed by the urban climate team of the University of Gothenburg, 

Sweden, in 2008. The model is based on an energy balance equation of the urban area and is integrated 

into QGis Environment. This tool constructs complex urban structures through the digital elevation 

model (DEM) of buildings, plants, etc. with a resolution up to 1.0 m x 1.0 m. 

SOLWEIG is classified as a 2.5-dimensional model by its use of a 2.5-D DEM (i.e. x and y 

coordinates with height attributes) to calculate Tmrt.  

Software structure is composed of “Pre-processor”, “Processor” and “Post-processor” sections 

(Lindberg et al., 2018). Figure 3.8 shows the workflow of the SOLWEIG. 

 

Figure 3.8. Flowchart of the SOLWEIG (Lindberg et al., 2018). 

“Pre-processor” includes four type of input data: “Spatial data”, “Urban Geometry”, “Urban Land 

Cover” e “Meteorological Data”. 
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“Spatial Data” includes the spatial inputs as DEM (Digital Elevation Model), Digital Surface Model 

(DSM) for buildings and ground (Ground & Building DSM) and the Canopy Digital Surface Model 

(CDSM). These input data are fundamental because they allow the definition of other geometric input 

necessary to carry out the simulations. Modelling system input are described as follow: 

 
 Digital Elevation Model (DEM) is a raster grid that includes only the height of ground above sea 

level expressed in meters.  

 Digital Surface Model (DSM) is a raster grid which includes the heights of all objects (ground, 

buildings, and vegetation) above sea level.  

 Ground & Building DSM is a DSM consisting of ground and building heights. 

 Canopy Digital Surface Model (CDSM) only includes the pixels with vegetation heights above 

ground.  

The “Urban geometry” section is composed of two plug-ins: “Sky View Factor Calculator” and “Wall 

and height aspect”.  

 “Sky View Factor Calculator” is able to generate the raster grid of Sky View Factor (SVF) by 

means of Digital Surface Models of Ground & Building DSM and the vegetation (CDSM) as 

described by Lindberg and Grimmond (2011). 

 “Wall and Height aspect” allows identification of the Aspect Ratio and the heights of roughness 

elements above the ground of the Digital Surface Model (DSM) as defined by Lindberg at al. 

(2015a). 

“Land Cover” is the ground cover fraction of the urban domain to be simulated. Currently, Land 

Cover includes five different ground covers (building, paved, grass, bare soil, and water). 

The “Metadata Processor” section allows implementation, in the SOLWEIG model, of any format of 

meteorological input file and conversion into the File format required to carry out the calibration of 

SOLWEIG simulations. The tool allows annual simulations to be carried out, implementing a specific 

Meteorological file as EPW or using detailed weather data from Era 5 module.  

“Processor” section is the simulation engine of SOLWEIG while “Post-Processor” is the Analyzer of 

outputs of the simulations.  

The radiation calculation of SOLWEIG follows the six-directional approach of Höppe (1992). It 

estimates short wave and long wave radiation fluxes arriving from above, below and from the four 

cardinal points for the height of 1.1 m a.g.l. This method assumes a standing person—conceptualized 

as a rectangular box—and transforms the incoming radiation fluxes accordingly. 
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SOLWEIG can divide the global radiation into direct and diffuse radiation and can calculate various 

parameters including incoming shortwave radiation (K↓), outgoing shortwave radiation (K↑), 

incoming long wave radiation (L↓), outgoing long wave radiation (L↑) and mean radiant temperature 

(Tmrt).  

SOLWEIG has no built-in calculation model of global incoming radiation (G). Therefore, the 

incoming global radiation (G) should be manually input in the calculation. The effects of buildings 

and plants on the global radiation intensity are accounted for. 

A notable approximation is with regards to surface temperatures. Such approximation is represented 

by the following assumptions: 

 The adopted surface temperature parametrization assumes that surface temperatures will return to 

the temperature of the air within two hours of shade or in the absence of direct solar radiation (i.e. 

at night); 

 The surface temperature parametrization for different ground covers is derived from observations 

conducted over horizontal surfaces with relatively large SVFs. However, surfaces with different 

tilts and exposures have different peak temperatures and diurnal patterns. 

 There are approximations introduced to the calculation of solid surface emitted long wave flux 

components as well. In upward fluxes estimation, a domain-wide mean surface temperature of 

walls and grounds is used. On one hand, this can lead to overestimated fluxes in shade and 

underestimated ones when the sites are sunlit. 

The strength and weakness of SOLWEIG is its surface temperature parametrization: it allows for a 

quick estimation of long wave fluxes, but it cannot account for all surface-exposure-based differences. 

Some of the approximations introduced in the model include the way shortwave reflected fluxes are 

accounted. For estimating the share of fluxes originating from sunlit and shaded surfaces, the model 

utilizes a theoretical approach for deriving the sunlit wall faction. The approach adjusts the available 

reflected shortwave radiation as a function of the solar altitude angle and the Sky View Factor (SVF). 

However, it distributes the amount of reflected fluxes equally among the cardinal points (Lindberg et 

al., 2016; Lindberg et al., 2008). As a consequence, the approach tends to underestimate or 

overestimate reflected fluxes when the distribution of sky obstructions is less uniform such as next to 

a building. 

The output parameters such as K↓, K↑, L↓, L↑ and Tmrt can be shown on 2D maps in Qgis Environment.  

Physiological Equivalent Temperature (PET) and Universal Thermal Climate Index (UTCI) can be 

calculated in specific points into the domain model. The outputs, in two dimensions (x, y) at a 
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specified height (z=1.1 m) above the surface, has an hourly temporal resolution. The z value is based 

on the centre of mass of an ‘average’ person (Fanger 1972). 

The flow chart of the calculation process and its inputs and outputs are reported in Figure 3.9. 

 

Figure 3.9. Flow chart of the calculation process of SOLWEIG model (Lindberg et al., 2018). 

The calculation of Tmrt requires six long wave and shortwave radiation fluxes (upward, downward 

and from the four cardinal points) to be determined from inputs of global shortwave radiation (K↓), 

air temperature (Ta) and relative humidity (RH) (Höppe 1992). 

In order to determine Tmrt (units, °C), the mean radiant flux density (Rstr) is calculated. The term Rstr 

is defined as the sum of all fields of long wave (Li) and shortwave (Ki) radiation in three dimensions 

(i=1–6), together with the angular (F) and absorption (αp) factors of a person. 

6 6
str p i i p i ii 1 i 1

R K F L F
 

                                                                                                    (3.1)

           
where Fi are the angular factors between a person and the surrounding surfaces.  

For a rotationally symmetric standing or walking person, Fi is set to 0.22 for radiation fluxes from the 

four cardinal points (east, west, north, and south) and 0.06 for radiation fluxes from upward and 

downward directions (Fanger 1972). The term αp is the absorption coefficient for shortwave radiation 

and ɛp is the emissivity of the human body (VDI 1994, 1998). From Rstr, the Tmrt is calculated from 

Stefan Boltzmann’s law. 

An important influence of vegetation on Tmrt comes from shadowing. 

The 3-D characteristics of a tree include the presence of a trunk zone (i.e. volume underneath the 

canopy). The approach taken is to introduce two new DEMs to account for the vegetation: (1) for the 

canopy and (2) for trunk zone. For the vegetation pixels, the canopy DEM has the height of bushes 

and/or trees, whereas the trunk zone DEM has the height of the base of the canopy. Thus, each tree 

has its own shape which is dependent on the spatial resolution of the DEMs. To model the 3-D radiant 

fluxes and Tmrt, the following assumptions are made with respect to the vegetation: 
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 Surface temperature of vegetation is considered equal to air temperature.  

 Transmission of shortwave radiation through foliated vegetation (τ) is given a constant value 

(e.g. Oke 1987; Robitu et al. 2006).  

 Transmission of long wave radiation through foliated vegetation is set to a default value of 0%  

 Albedo and emissivity of vegetation are treated as constant with values of 15% and 90%, 

respectively. 

SOLWEIG uses the unobstructed three components of shortwave radiation: direct (I), diffuse (D) and 

global (G). As these are not commonly available the model also allows calculation of D from G in 

conjunction with ambient air temperature (Ta) and relative humidity (RH) using the Reindl et al. 

(1990) approach. 

Direct shortwave radiation (I) on a surface perpendicular to the Sun is estimated as follow: 

 I G D / sin                                                                                                                                   (3.2) 

where η is the Sun’s altitude angle above the horizon. 

Typically within the urban environment, the sky may be obscured by objects (e.g. buildings or trees). 

Thus, the incoming shortwave radiation (K↓) for a grid cell (x, y) is a function of diffuse (D), direct 

(I) and global (G) as well as view factors (Ψ). The incoming shortwave radiation (K↓) is calculated 

as: 

     

     

b V sky,b sky,v

sky,b sky,v s

K I S 1 S 1 sin D 1 1

G 1 1 1 1 f


                

          
 

                                         (3.3)                                

 
The first and second terms on the right-hand side of Eq. 3.3 represent direct and diffuse radiation 

fluxes, respectively. The third term in Eq. 3.3 is a simplified representation of reflected radiation. 

S accounts for shadow for buildings (subscript b) and vegetation (v) and is indicated as Boolean value 

(presence=0 or absence=1); the subscripts associated with Ψ indicate what aspects are being 

accounted for (e.g. sky seen by building), and α is the surface albedo. Currently, α is treated as a 

constant with a default value of 0.15; τ, is the transmissivity of shortwave radiation through 

vegetation; fs is the fraction of wall that is shadowed.  

The outgoing shortwave radiation (K↑) is estimated as: 

    

     

g(sunlit) sky,b sky,V

sky,b sky,v s

I 1 sin D 1 1
K
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                                       (3.4)           
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where Ψg(sunlit) is the view factor of the ground (subscript g) with respect to the amount of sunlit area 

on the ground seen at z=1.1 m above the ground. When Ψg(sunlit)=1 only sunlit surfaces are seen from 

that specific pixel.  

The shortwave radiation from the four cardinal points (K→) in the case of Sun’s azimuth angle (θ) is 

θ>0° and θ≤180°, can be estimated as follow:  

 

     

 

b V Ewall Eveg

Ewall Eveg s

K I S 1 S 1 cos sin D 1 w w 1

G w w (1 ) 1 f

                

       

                               (3.5) 

 
Where w are angular weighting factors.  

In the case of θ > 90° and θ ≤ 270°, the terms wE,wall and wE,veg are replaced with wS,wall and wS.veg. 

Incoming long wave radiation (L↓) is estimated using an equation modified from Jonsson et al. (2006) 

that is expressed as follow: 

   

    

4 4
sky,b sky,v sky a sky,v sky,vb wall a

4 4
sky,vb sky,b wall s sky,b sky,v wall sky a

L 1 T 2 T

T 2 1 T

            

          
                              (3.6) 

 
The first term on the right-hand side is the direct sky long wave radiation, the second is the radiation 

originating from vegetation, the third is the wall radiation and the fourth is the reflected radiation. 

The terms εsky and εwall are the sky and wall emissivity, Ts is average surface temperature of building 

walls and ground, and Ta is ambient air temperature. All temperatures are in Kelvin.  

Outgoing long wave radiation (L↑) is estimated by means of the following equation:  

  
4

g s g (sunlit ) s aL T T T                                                                                                  (3.7) 

 
Where εg is the ground emissivity. 

The long wave radiation from each of the cardinal points is calculated using the exemplified equations 

for the easterly component. The long wave radiation fluxes from each cardinal point toward the sky 

(LE→Sky), vegetation (LE→Vegetation), ground (LE→Vegetation) and the component reflected in the case of 

sun and shadow are calculated respectively by the following equations. 

  4
E Sky sky,Eb sky,Ev sky a EskyL 1 T w 0.5                                                                                 (3.8) 

4
E Vegetation wall veg EvegL T w 0.5                                                                                                    (3.9) 

E GroundL L 0.5                                                                                                                         (3.10) 
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   E Re flected E,refl wallL L L w 1 0.5                                                                                      (3.11) 

   4 4
E Sun wall a wall E,refl swL T T sin w 1 f cos 0.5                                                                    (3.12) 

4
E Shadow wall a Ewall sL T w f 0.5                                                                                                     (3.13) 

As only half of the hemisphere is taken into account for each cardinal point all terms are multiplied 

by 0.5.  

The model of shortwave and long wave radiation fluxes is extensively documented in Lindberg et 

al. (2008, 2016), Lindberg and Grimmond (2011) and Konarska et al. (2014). 

Few studies were addressed to the evaluation of performance of SOLWEIG in terms of its ability to 

estimate Tmrt values in complex urban environments.  

It is worth mentioning research developed by Gàl and Kàntor (2020) who have compared the Tmrt 

calculated by SOLWEIG, ENVI-met and RayMan models of a “mid-rise compact” area in the center 

of Szged in Hungary. ENVI-met, SOLWEIG and RayMan models were calibrated with 

meteorological data recorded by a stationary weather station in a suburban area. In the investigated 

area, four points were selected for experimental measurements campaign conducted with a 

meteorological station during 26-hour-long field experiment. Statistical analysis related to Tmrt 

estimation during analyzed period has shown RMSE and index of agreement values of 5.02°C and 

0.97 respectively for SOLWEIG.  In ENVI-met model, a RMSE value of 6.92°C and a coefficient of 

determination comparable to those from SOLWEIG were achieved (Kàntor et al., 2020). The 

comparison in terms of Tmrt has shown that both models systematically underestimate nighttime mean 

radiant temperatures. In SOLWEIG, such outcome is due to the surface temperature parametrization 

scheme. Since Tmrt estimation errors are low during daytime in relation with high dimensions and 

resolution of the domain, SOLWEIG has appreciable accuracy level (Kantòr, 2020).  

Another study conducted by Szűcs et al. (2014) dealt with the comparison of data obtained by 

measurement and computational simulation in Campo de Ourique, a densely populated city district 

of Lisbon. The measurements were carried out in a park and in the surrounding canyon streets for 

four summer days. Computational simulation tools such as SOLWEIG, RayMan and ENVI-met were 

adopted. In case of direct solar exposure RayMan and SOLWEIG provided particularly good 

approximation (with an average difference of 6 and 9%, respectively), whereas an average 

overestimation of Tmrt attained by ENVI-met was around 20%. High correlation coefficients, between 

computer simulated and observed data for shade and sun, were obtained with the RayMan (R2 = 0.87), 

the ENVI-met (R2= 0.96) and the SOLWEIG models (R2 = 0.87). SOLWEIG provided more precise 
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results than ENVI-met for the solar exposure case, with about 4-5°C difference to the measured Tmrt 

values. 

Chen et al., 2016 have investigated the spatial variation of Tmrt in two different urban settings in 

Shanghai. A comparison between measured and modeled Tmrt values for a standing person based on 

the flux density data measured in a square and in a street canyon was carried out respectively. 

Predicted Tmrt values showed a good agreement with measured values, with R2 higher than 0.9. In the 

early afternoon with strong shortwave radiation reflected from building facades, SOLWEIG tended 

to underestimate Tmrt by around 3°C for the street canyon. Other than that, SOLWEIG normally 

overestimated Tmrt by around 4°C, which could be attributed to the overestimated lateral long wave 

radiant fluxes. Nevertheless, the comparisons proved that with accurate input data of building 

morphology and vegetation cover, SOLWEIG can accurately simulate the spatial variation of Tmrt.  

In light of these results, SOLWEIG can be considered as reliable tool to estimate the thermal comfort 

of large-scale outdoor spaces. 

3.4.3 SUEWS: Features, physical and mathematical models, input, and output data 

SUEWS (Surface Urban Energy and Water Balance Scheme) is a simulation tool integrated in UMEP 

(Urban Multi-scale Environmental Predictor). 

SUEWS allows the energy and water balance exchanges for urban areas to be modelled. The thermal 

fluxes are calculated at the local scale (e.g., from 102 to 104 m) and at height of about 2-3 times the 

mean height of the roughness elements in the roughness sublayer (RSL).    

SUEWS is able to simulate the thermal, energy and water balances using just commonly measured 

meteorological variables from the weather stations and information about the urban land use fractions 

(Järvi et al. 2011, Ward et al. 2016). SUEWS allows calculation of the air temperature (Ta), Relative 

Humidity (RH) and wind speed (w) at different heights within Roughness Surface Layer (RSL) based 

on the net energy balance in an urban area. 

Since the thermal features and land cover of an urban area are accounted for in the model, an urban 

morphing of the meteorological data recorded by a rural weather station can be carried out by means 

of SUEWS.  

SUEWS utilizes an evaporation-interception approach (Grimmond et al. 1991) to model evaporation 

from urban surfaces. 

The theoretical basis of SUEWS, the urban evaporation-interception scheme of Grimmond and Oke 

(1991) and the urban water balance model of Grimmond et al. (1986), are combined with additional 

modules to reduce the number of required input variables and to include more fully the energy and 

water exchange processes. This has provided a widely usable model for the researchers and urban 
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planners who deal with the evaluation of the effectiveness of UHI mitigation strategies on urban 

energy balance in larger scale models. 

SUEWS plugin structure includes Pre-processor, Processor and Post-processor sections. The 

workflow of SUEWS is shown in Figure 3.10.  

 

Figure 3.10. Workflow of the plug-in SUEWS (Lindberg et al., 2018). 

Pre-Processor includes geometric and morphological inputs, population density data and 

meteorological inputs.  

Geometric and morphological inputs are building and tree morphology and Land Cover fractions. 

They are derived from Digital Surface Models (DSMs) in QGIS Environment or generated by means 

of Morphometric Calculator Plugins. 

Building morphology parameters are Mean Building Height (zH), in m, Frontal Area Index (Area 

of the front face of a roughness element exposed to the wind relative to the plan area) and Plan Area 

Index (Area of the roughness elements relative to the total plan area). They are usually derived from 

Digital Surface Models (DSMs) or generated by means Image Morphometric Calculator (Point) 

plugin. These data input can be also entered manually when building databases are available in QGis 

Environment. 

Tree morphology parameters are Mean Vegetation Height (zH), in m, Frontal Area Index and Plan 

Area Index usually derived from Canopy Digital Surface Models CDSMs or generated by means of 

an Image Morphometric Calculator (Point) plugin. These data input can be also entered manually 

when tree database is available in QGis Environment. 

Land cover fraction includes seven surface types: paved, buildings, evergreen trees/shrubs, deciduous 

trees/shrubs, grass, bare soil, and water. Land Cover Fractions can be derived from a UMEP land 

cover dataset. Land Cover Fraction can be entered manually when a soil use database for investigated 

area is available in QGIS Environment. 
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Meteorological inputs are air temperature, relative humidity, specific humidity, global solar 

irradiance, direct solar radiation, diffuse solar radiation, wind speed and direction, recorded by a 

stationary weather station placed in rural or in suburban area and Long wave radiation and Cloud 

Cover. 

“Processor” section is the simulation engine of SUEWS. 

The basic time step for SUEWS is 5 min per hour and results are aggregated into daily, monthly, and 

annual time periods. SUEWS can be run for periods of a day (or less) to multiple years with changing 

surface characteristics and meteorological forcing. Thus, the changes of an urban area through time 

are accounted for.  

“Processor” allows the determination of all terms of urban energy balance expressed by the following 

equation: 

*
F H E SQ Q Q Q Q                                                                                                                                      (3.14) 

Where: Q*, net-all wave radiation, in (W·m-2); QF, anthropogenic heat flux, in (W·m-2); QE, latent 

heat flux, in (W·m-2); QH, Sensible heat flux, in (W·m-2); ΔQS, storage heat flux, in (W·m-2).  

The magnitude of sensible and latent heat fluxes is dependent on the available energy, which is 

determined from the net all-wave radiation (Q*), net storage heat flux (ΔQS) and anthropogenic heat 

flux (QF). The sensible and latent heat fluxes are typically calculated with a one-hour of time step. 

The net all-wave radiation (Q*) is calculated using the net all-wave radiation parameterization scheme 

(NARP) (Loridan et al., 2011; Offerle et al., 2003). The NARP scheme calculates outgoing shortwave 

(K↑), incoming (L↓) and outgoing long wave (L↑) radiation components based on incoming shortwave 

radiation (K↓), air temperature (Ta), relative humidity (RH) and surface characteristics (albedo and 

emissivity). The incoming long wave radiation (L↓) or cloud cover (flctd) can be used if available 

because both improve the net all-wave radiation parameterization (Loridan et al., 2011). 

The anthropogenic heat flux (QF) is calculated by means of a sub-model proposed by Järvi et al. 

(2011) that has modified the Sailor and Vasireddy (2006) approach developed for the calculation of 

residential electricity usage. The Järvi approach is based on heating and cooling degree days and 

population density and allows distinction between weekdays and weekends. This approach employs 

cooling and heating degree days (CDD and HDD, respectively) in order to take into account energy 

used for heating in cold periods and increased air conditioning in warm periods.  

The daily anthropogenic heat flux (W·m-2) per population density (p, units: capita ha-1) is calculated 

for weekdays (wd) and weekends (we) as follow: 

     F 0, wd,we 1, wd,we 2, wd,weQ a a CDD a HDD                                                                                       (3.15) 
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The Storage Heat Flux (ΔQS) is calculated using the Objective Hysteresis Model (OHM; Grimmond 

and Oke, 1999, 2002).  OHM approach calculates the storage heat flux using empirically fitted 

relations with net all-wave radiation (Q*). 

The latent heat flux for evaporation (QE) from each surface is calculated with the Penman–Monteith 

equation (Monteith, 1965) modified for urban areas (Grimmond and Oke, 1991): 

 
 

*
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                                                (3.16) 

Where: ra, aerodynamic resistance (s·m-1); rs, surface resistance (s·m-1); cp, air specific heat (J·kg-1·K-

1); ρ, air density (kg·m-3); V, deficit of air vapor pressure (hPa); s, slope of the vapor pressure curve 

(hPa·h-1); γ, psychometric constant (hPa·K-1).  

The eq. 3.16 is applicable to dry surfaces. When the surface is completely wet the surface resistance 

rs is set to zero. To link the two surface stages (dry and wet), rs is replaced with a redefined surface 

resistance rss (Shuttleworth, 1978).  

The sensible heat flux (QH) is calculated as the residual of the energy balance. 

The air temperature (Ta2m), relative humidity (RH2m) and wind speed (w10m) are calculated on the 

basis of an urban energy balance that includes all thermal fluxes above described. 

The main outputs of the “Processor” are outgoing shortwave radiation (K↑), incoming long wave 

radiation (L↓), outgoing long wave radiation (L↑), net-all wave radiation (Q*), anthropogenic heat 

flux (QF), latent heat flux (QE), sensible heat flux (QH), storage heat flux (ΔQS), air temperature (Ta), 

relative humidity (RH), and wind speed (w). These outputs are given as hourly profile for investigated 

grid. Air temperature (Ta), relative humidity (RH) and wind speed (w) are provided at different 

heights in Roughness Surface Layer (RSL). 

3.5 ENVI-met: state of the art, input, and output data 

3.5.1 Features and physical model 

ENVI-met tool is selected because it is capable of suitably simulating major processes in the 

atmosphere that affect urban microclimate based on a well-grounded physical basis (Bruse, 2018). 

ENVI-met is a numerical prognostic calculation code based on a holistic model that allows a complex 

modelling and detailed investigation of the urban microclimate, as well as small-scale interactions 

between buildings, surfaces, and plants (Ali-Toudert and Mayer, 2006).  

ENVI-met estimations are based on a three-dimensional CFD atmospheric model forced by a one-

dimensional model given by a vertical profile of weather data at the inflow boundary of the 3D model. 
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ENVI-met is deemed as one of a few computational fluid dynamic tools capable of analyzing human 

thermal comfort at Microscale level in an urban environment with a robust capability to evaluate the 

heat exchanges from and towards the vegetation at resolution as detailed as 0.5 m x 0.5 m (Bruce, 

2018). 

The software implements theoretical physical models as systems of nonlinear equations and solves 

them through mathematical formulations including three main prognostic variables that allow 

analysis of the interactions between the local environment and the atmosphere on a local basis 

(Chatzinikolaou, et al., 2018; Bruce, 1998). The analytical model is based on Navier-Stokes equations 

for wind flow, atmospheric flow turbulence equations, energy and momentum equations and 

boundary condition parameters (Bruse, 1998). 

More relevant to urban studies is the fact that ENVI-met also allows the taking into account of 

contributions due to: 

 Shortwave and long wave radiation fluxes with respect to shading, reflection, and re-radiation 

from building systems and the vegetation. 

 Transpiration, evaporation, sensible and latent heat fluxes from the vegetation into the air 

including full simulation of all plant physical parameters. 

 Water and heat exchange at the ground layer. 

Figure 3.11 shows the workflow of ENVI-met software.  

 

 

Figure 3.11. Workflow of ENVI-met software. 
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The calculation procedure of the simulation tool implies the following steps: (1) Generation of the 

mesh of the calculation grid; (2) Implementation of buildings, obstacles geometry, trees, shrubs, and 

low plants; (3) Definition of the radiative and thermo-physical properties of building walls and roofs 

and materials of roads, squares and pervious surfaces; (4) Definition of boundary conditions and 

entering climate data; (5) Numerical simulations; (6) Calculation of outdoor microclimate 

parameters; (7) Calculation of Outdoor Thermal Comfort Indicators by means of BIO-met tool; (8) 

Extraction of the simulation outcomes in specific points at different height; (9) Extraction of the 

simulation outcomes in 2D and 3D maps.  

Step 1: The generation of the mesh of the calculation grid is based on the discretization of the 

simulation domain in finite modules. Thereby, the model is composed of many three-dimensional 

cells. Finite volumes can be free setting with a typical horizontal resolution from 0.5 to 5 meters and 

a height from 0 to 5 meters. In this way, a three-dimensional grid is defined by means points and 

surface of finite volumes on which computational models are applied.  

In order to improve the stability of lateral boundary conditions for the core model without increasing 

computational time, ENVI-met allows surrounding the domain with nesting grids so that the flow 

field re-establishes its simple structure after it has crossed the core model. 

Step 2: Geometrical modelling consists of the implementation of buildings, obstacles geometry, trees, 

shrubs, and plants. 

Step 3: The input data for each material are thickness, absorption coefficient, transmission, reflection 

(albedo), emissivity, heat capacity, thermal conductivity, and density. Materials and their properties 

associated with the buildings, vegetation and roads are stored in Database Manager. The latter allows 

the editing of an existing material or the creation of a new for buildings, floors, soil, and other 

surfaces. 

Step 4: The three-dimensional atmospheric model can be calibrated by means of the entering of 

meteorological data. An important progress of new version of ENVI-met software is the possibility 

to enter climate data input by means of a meteorological file that includes hourly values of air 

temperature, relative humidity, specific humidity, global, direct, and diffuse shortwave radiation, long 

wave radiation, wind speed and directions and cloud cover registered by a weather station. 

Step 5:  Numerical simulation process. 

Step 6: The outcomes simulations can be extracted by different sections (Atmosphere, Radiation, 

Soil, Surface, Solar access, Vegetation, Buildings, Inflow etc.). From Atmosphere section can be 

extracted the Air Temperature, Relative Humidity, Wind speed and Mean Radiant Temperature. 

Step 7: In ENVI-met, the outdoor thermal comfort indexes are calculated by means of the BIO-met 

tool.  The latter is a calculation tool integrated in ENVI-met that includes the Klima Michel Model, 
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the Munich Energy Balance Model for Individuals (MEMI), two node Gagge model, and Fiala’s 

Model respectively. In light of this, PMV (Predicted Mean Vote), PET (Physiological Equivalent 

Temperature), SET (Standard Effective Temperature) and UTCI (Universal Thermal Climate Index) 

for each hour of investigated period can be calculated when are implemented the atmospheric outputs 

(Air temperature, Relative Humidity, Wind speed and Mean Radiant Temperature). 

Steps 8 and 9: The numerical results regarding outdoor thermal Comfort Indices and outcomes 

microclimate parameters such as Air Temperature, Relative Humidity, Wind speed and Mean Radiant 

Temperature can be showed on 2D maps of spatial distribution and at specific points at different 

heights above ground level.  

Analytic model of ENVI-met considers the effects of direct, diffuse, and reflected radiation. The 

shortwave radiation flux of an arbitrary point at z height in the region can be expressed as follows: 

     0 0 0
sw sw,dir sw,dir sw,dif sw,dif svf sw,dirQ (z) z Q z Q 1 (z) Q a                              (3.17)                         

where Qsw(z) is the shortwave radiation flux of an arbitrary point in the region at z height, W·m-2; 

σsw,dir(z) is the attenuation coefficient of obstacles to direct solar radiation; Q0
sw,dir is the direct solar 

radiation intensity at z height, W·m-2; σsw,dif(z) is the attenuation coefficient of obstacles to diffuse 

solar radiation; Q0
sw,dif is the diffuse radiation intensity at z height, W·m-2; σsvf(z) is the sky view 

factor seen from the centre of a grid cell; it ranges from 0 (no sky visible) to 1 (completely free sky); 

and �� is the mean reflectivity of all the walls in the model region. 

Multiple reduction factors between 0 and 1 are used to describe the shielding effects of buildings and 

plants on long wave and shortwave radiation.  

Equations (3.18-3.21) show the reduction factors of plants under direct solar radiation, diffuse 

radiation, upward long wave radiation, and downward long wave radiation: 

  sw,dir exp F LAI z                                                           (3.18) 

  sw,dif Pexp F LAI z,z                                                                                                                          (3.19) 

  lw exp F LAI 0, z                                                                                                                           (3.20) 

  lw Pexp F LAI z, z                                                                                                                         (3.21) 

where σsw,dir, σsw,dif, σ↑
lw, and σ↓

lw are the reduction factors of plants under direct solar radiation, diffuse 

radiation, upward long wave radiation, and downward long wave radiation, respectively; LAI is the 

leaf area index; and F is the coefficient of leaf orientation. When calculating direct solar radiation, 

the effect of incident sunlight angle is considered in the calculation of LAI.  
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Notably, it is possible to enable the Indexed View Sphere (IVS) function which analyzes and 

calculates in detail, multiple interactions among long wave and shortwave radiation fluxes between 

building surfaces in detail.  

The calculation of Tmrt is based on VDI (1994) that has adopted the Fanger (1972) and Jendritzky e 

Nübler (1981) approaches. Short wave and long wave fluxes are calculated with the help of individual 

view factors established for the ground, buildings, sky, and the vegetation—indicating the occupied 

percentage of these elements, as seen from the specific grid point. These factors are calculated for 

both the upper and the lower hemisphere. 

In calculating Tmrt, ENVI-met takes into account all radiation fluxes, direct, diffuse and reflected solar 

radiation as well as the long wave radiation fluxes from the atmosphere, ground and walls and is 

capable of producing Tmrt values for each cell of the model environment at varying heights above the 

ground surface (Ali Toudert 2005, Emmanuel & Fernando, 2007).  

The calculation of direct shortwave radiation absorbed by a person is based on the formula of 

Underwood and Ward (1966), which is derived from an elliptical cylinder model with its major axis 

facing the sun. 

When direct solar radiation is absent, Tmrt is calculated by the diffuse radiation components. 

The model distinguishes the upper and the lower hemisphere and assumes that 50% of the radiation 

will arrive from the sky and 50% from the ground (Ali-Toudert, 2005; Huttner, 2012; Simon, 2016). 

As regards shortwave radiation fluxes from the lower hemisphere, the ground-reflected fraction of 

the overall incoming shortwave radiation is calculated with the albedo of the actual grid point 

(Huttner, 2012).  

As concerns shortwave fluxes from the upper hemisphere, the diffuse shortwave radiation component 

incorporates the isotropic sky radiation and the reflected fraction of direct solar radiation from 

buildings - the latter calculated with a domain-wide mean building albedo (Huttner, 2012). 

In radiation calculation, ENVI-met has some drawbacks. One of these regards the calculation of long 

wave radiation intensity emitted by building surface because the calculation is based on mean 

temperature, not on the temperature of a single surface; therefore, a relatively large error exists when 

calculating the long wave radiation intensity on different surfaces in an urban region (Huttner, 2012). 

As regards long wave radiation fluxes from the lower hemisphere, the model only accounts for the 

ground emitted fluxes (Huttner, 2012).  

From the upper hemisphere, emitted long wave radiation from the atmosphere, the vegetation, and 

the building walls are considered, together with the reflected fraction from the wall of the atmospheric 

radiation.  All these components are weighted by their corresponding view factors (Huttner, 2012).  
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The components of the long wave radiation emitted by surfaces are calculated with separate domain-

wide mean surface temperature values of facade, ground, and vegetation (Huttner, 2012). This 

approximation can lead to underestimated long wave fluxes in shaded areas as well as to 

overestimated ones at sunlit locations. 

Numerous studies have validated the ENVI-met model with respect to the air temperature and relative 

humidity measured values. It is worth pointing out that the number of validation studies in respect to 

other parameters such as mean radiant temperature and surface temperature is still limited. Within 

this reduced set of studies, most research works reported validation results for global radiation (Liu 

et al., 2018; Piselli et al., 2018), two for emitted long wave radiation by façades (Jänicke et al., 2015; 

Morakinyo et al., 2019) and only one for downwelling and upwelling shortwave and long wave 

radiation fluxes (Jänicke et al., 2015). In terms of various surface temperatures, Piselli et al. (2018) 

and Yang et al. (2013) reported results for ground surface temperature, Morakinyo et al. (2019) and 

Simon (2016) for façade temperatures, Yang et al. (2013) for soil and various substrate layer 

temperatures and Liu et al. (2018) for leaf surface temperature. 

The most comprehensive review of available ENVI-met validation studies is given by Tsoka et al. 

(2018). There are many examples in related literature validating the ENVI-met model outputs 

(Lahme, Bruce 2003, Emmanuel and Fernando 2007) concluding that ENVI-met reproduces 

measured data with adequate accuracy and is a dependable tool in simulating various urban scenarios.  

Nevertheless, ENVI-met has some meaningful limitations that are discussed in section 3.5.2.  

3.5.2 Microclimate analysis limitations 

Notwithstanding ENVI-met suitability to approach the study of urban heat mitigation strategies, like 

other modelling and simulation tools, it also has its intrinsic limitations rooted in an attempt to 

simplify and ostensibly represent a far more complex reality. The main weaknesses of ENVI-met are 

reported and explained as follow:  

 The possibility of modelling the areas with maximum size (500 m x 500 m). 

 The complexity of the CFD model and the long time for running simulations (Chow et al., 2011). 

 The albedo of the material surfaces and thermal properties of wall and roof layers are constant 

and cannot be varied (Emmanuel & Fernando 2007).  

 The simplification of building façades to a single, averaged heat transfer coefficient (Emmanuel 

and Fernando, 2007). 

 Building blocks have no thermal mass and consequently the thermal inertia of building envelopes 

is not accounted for. 

 The inability to dynamically simulate heat storage for building walls and roofs (Bruse, 2006). 
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 Water bodies are input as a type of soil, and the processes are limited to the transmission and 

absorption of shortwave radiation (Bruse 2006). 

 The effects due to anthropogenic heat fluxes cannot be estimated because power generation and 

air conditioning systems, transportation systems, vehicles and heat gains due to equipment cannot 

be implemented into the model (Sailor, 2011).  

The possibility of modelling the Microscale urban areas with maximum size (500 m x 500 m) involves 

the selection and modelling of two or more areas at different building density (Compact and high 

built-up density area, suburban or rural areas) in order to evaluate the effects of different 

morphological characteristics on the outdoor microclimate and their variations. The simulations can 

take a long time due to the complexity of the model environment. A run time for simulation higher 

than 48 hours involves the use of a more powerful computer especially when a high spatial resolution 

is adopted. Therefore, a few days can be set as simulation time. 

In addition, the software tends to under-predict temperatures, especially in the first 24 hours of 

simulated time. Generally, a simulation time higher than 24 hours is recommended because the first 

simulation day acts as a ‘‘buffer’’ to dampen internal model oscillations and achieve values of the 

output variables which are more refined concerning the initialization time (Goldberg et al. 2013). 

Despite these shortcomings, Chow et al. (2014) have concluded that the model accuracy was 

adequate. ENVI-met remains the most comprehensive tool that combines many of the factors 

involved in outdoor thermal comfort. With proper input of the initial data and understanding the 

limitations, the software does represent an appreciable tool for outdoor microclimate estimate in a 

complex urban environment. 

Past initiatives have tended to focus on specific processes (Herbert et al., 1998) or restricted spatial 

or temporal scales (Bruse and Fleer, 1998), with applications most often intended for Microscale or 

neighborhood scales. Nevertheless, the urban climate is influenced by intra-urban climate interaction 

processes taking place on a range of different scales.  Based on applications (e.g., thermal comfort 

modelling), a large scale should be considered to take into account the intra-urban interactions to 

make accurate estimation of the phenomena examined (Grimmond, et al., 2011).  

City-based climate analysis should be adopted in order to overcome the spatial and temporal 

limitations of climate analysis at Microscale level (Grimmond, et al., 2011). 
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3.6 Outdoor microclimate parameters and thermal comfort indices  

3.6.1 Mean Radiant Temperature 

The mean radiant temperature is defined as “the uniform temperature of an imaginary enclosure in 

which the radiant heat transfer from the human body equals the radiant heat transfer in the actual non-

uniform enclosure” (ASHRAE, 2001). As such, the mean radiant temperature can be regarded as a 

weighted sum of all long wave and shortwave radiant fluxes (including direct, reflected and diffuse 

components), to which a human body is exposed (ASHRAE, 2013). 

Mean radiant temperature (Tmrt) is a widely used physical parameter to characterize the effects of 

well-being on people and their thermal comfort conditions (Fanger, 1972; Mayer, 1987; Ali Toudert, 

2007). Tmrt is considered one of the most important parameters used to investigate thermal comfort 

and heat stress in outdoor environments because of its capability of identifying and capturing 

significant spatial differences due to radiant fluxes coming from buildings, ground surfaces and trees, 

which other indices such as the air temperature (Ta) cannot take into account (Emmanuel, 2007; 

Thorsson, 2011; Chen, 2016). As an example, the temperature difference between a sunlit street 

canyon and a nearby shaded one can be as high as 30 °C for Tmrt while being 3 °C lower for Ta. 

Different methods for the modelling/measuring of the Tmrt in outdoor urban settings can be used.  

Various models exist which are able to predict the Tmrt outdoors, among which the Solar and Long 

Wave Environmental Irradiance Geometry (SOLWEIG) and ENVI-met are two of the most accurate 

and reliable (Gàl and Kàntor, 2020; Liu et al., 2020; Chen et al., 2016).  

SOLWEIG estimates the mean radiant temperature using the six-directional approach of Höppe 

(1992). Tmrt is calculated at a height of 1.1 m above ground level (representing the height of the centre 

of gravity for a standing person) through the classic Stefan-Boltzmann’s equation: 

4
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                                                                                                                       (3.22) 

Here, σ is the Stefan- Boltzmann constant (5.67·10-8 W·m-2·K-4), εp is the thermal emissivity of the 

human body that is equal to absorption coefficients for long wave radiation according to Kirchoff 

laws (standard value 0.97) and Rstr is the mean radiant flux density (W·m-2). The latter is defined as 

the sum of all shortwave (Ki) and long wave (Li) radiant fluxes reaching the human body – and 

absorbed by it – from all four cardinal directions, as well as from upward and downward directions. 

Six individual values of the shortwave and long wave radiant fluxes are multiplied with the 

corresponding weights namely the view factors Fi (i =1-6) between a person and the surrounding 

surfaces according to Equation 3.1 (VDI, 1994, 1998) already described in section 3.4.2 and reported 

as follow: 
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 Ki, the short wave radiant fluxes from the i-th direction. 

 Li, the long wave radiant fluxes from the i-th direction. 

 Fi, the angular factors between a person and the surrounding surfaces (i = 1–6). 

 αp, is the absorption coefficient for shortwave radiation of the human body (αp =0.7). 

Fi depends on the position and orientation of the person (Fanger, 1972). The calculation of Fi is 

complicated for complex urban forms and simplifications are thus necessary. For a (rotationally 

symmetric) standing or walking person Fi is set to 0.22 for radiation fluxes from the four cardinal 

points (north, south, east and west) and 0.06 for radiation fluxes from above and below.  

The calculation of the shortwave (Ki) and long wave (Li) radiation components from the six directions 

is performed according to different analytical expressions that are reported in section 3.4.2 (VDI 

1994, 1998). Further details regarding the calculation of field radiation can be found in Lindberg and 

Grimmond (2011). 

ENVI-met predicts mean radiant temperature using all radiation fluxes, direct, diffuse and reflected 

solar radiation as well as the long wave radiation fluxes from the atmosphere, ground, and walls 

according to the method adopted in VDI (1998). 

Estimation of mean radiant temperature by globe thermometer temperature measurements can be 

carried out. The temperature assumed by the globe thermometer results from a balance between the 

heat gained and lost by radiation and convection fluxes (ASHRAE, 2001). The globe temperature 

represents the weighted average of radiant and ambient temperatures. If the globe temperature, air 

temperature and air velocity are known the Tmrt can be calculated according to Eq. 3.23 (ISO 7627, 

1998):   
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                                                    (3.23)             

 

Here, Tg is globe temperature (°C), va, is air velocity (m·s-1), Ta is air temperature (°C), D is Globe 

diameter (mm), ε is globe emissivity. The mean convection coefficient (1.1 x 108va
0.6) is defined as 

the empirically derived parameter (va
0.8). 

Thorsson et al, 2014 have assumed the hourly maximum values of mean radiant temperature as hazard 

factor in the heat stress risk assessment in an urban context. Threshold values of Tmrt were used to 

identify outdoor microclimate conditions that can cause increase of the heat-related mortality risk for 
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more vulnerable people. Figure 3.12 shows the threshold values of Tmrt adopted in this study for the 

assessment of the heat stress risk. 

 

Figure 3.12. Threshold values related to the hazard of heat-related mortality.  

As shown in figure 3.12, no heat stress hazard is considered for people aged below 45, while the 

hazard increases in a scale of zero to two (expected increase in the risk of heat-related mortality of 

10%) according to different Tmrt values and age bands. It is worth noting that the thresholds for each 

class are different for age bands (45-79) and 80+. This expresses different strength capabilities of the 

human body with the ageing process.   

3.6.2 Universal Thermal Climate Index     

The Universal Thermal Climate Index (UTCI) is defined as an equivalent temperature of the reference 

environment which produces the same thermal response of a reference person in the real environment 

(Wheis et al., 2012).   

UTCI is regarded as one of the most comprehensive indices for calculating outdoor thermal comfort 

conditions (Blazejczyk, 1994). The input data for calculating UTCI include meteorological and non-

meteorological (metabolic rate and clothing thermal resistance) data (Farajzadeh et al., 2016). 

The meteorological parameters that are taken into account for calculating UTCI involve dry bulb air 

temperature, mean radiant temperature, the pressure of water vapour or relative humidity, and wind 

speed (at an elevation of 10 m). 

The UTCI reference environment shows a wind velocity of 0.5 m∙s-1 observed at 10 m above the 

ground, the mean radiant temperature equal to the air temperature and relative humidity of 50%. The 

wind speed should range from 0.5 to 17 m/s in order to calculate UTCI (Froehlich and Matzarakis, 

2015). 

The reference person has a body surface area of 1.85 m2, a body weight of 73.4 kg and body fat 

content of 14% (Fiala et al., 2001). The metabolic rate, that is of 2.3 met (135 W), is higher than that 

used by the PET and SET* model. 
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UTCI is a multi-node model for human thermoregulation that consists of 12 body elements 

comprising overall 187 tissue nodes. UTCI is based on Fiala’s advanced multi-node model (Fiala et 

al., 2012). UTCI allows the overcoming of limitations of outdoor thermal comfort indices based on a 

steady-state energy balance of the human body (PMV, PT and PET) which are not very appropriate 

for assessing short-term exposure in the outdoor environment (Fang et al., 2019). 

Compared with the two-node models, multi-node models simulate the human body with higher detail, 

predicting both overall and local physiological responses. The variables under analysis include mean 

skin temperature, body core temperature and different forms of heat loss. 

The UTCI is classified into ten thermal stress categories that correspond to a specific set of human 

physiological responses to the thermal environment.  

Table 3.5 reports the range values of UTCI which is divided into 10 groups ranging from extreme 

cold stress to extreme heat stress (Young, 2017). 

Table 3.5 - Thermal sensations and different group in UTCI. 

Thermal sensation UTCI (°C) Physiological stress 

very hot > 46 Extreme heat stress 

 38 ÷ 46 Very strong heat stress 

hot 32 ÷ 38 Strong heat stress 

warm 26 ÷ 32 Moderate heat stress 

slightly warm  Slight heat stress 

comfortable 9 ÷26 No thermal stress 

slightly cool 0 ÷ 9 Slight cold stress 

cool −13 ÷ 0 Moderate cold stress 

cold −27 ÷ −13 Strong cold stress 

very cold −40 ÷ −27 Very strong cold stress 

frosty < −40 Extreme cold stress 

 

3.7 Proposed urban heat stress mitigation strategies 

Two strategies for urban heat stress mitigation and the improvement of outdoor environmental 

microclimate conditions were proposed and evaluated: 

 Urban greening infrastructures (UGIs).  

 Cool materials. 

Such strategies were evaluated under different separated scenarios at Microscale and large-scale 

respectively. Thermo-physical properties, and potential benefits of proposed solutions were described 

in the following sections. The reasons that have led to the choice of such strategies are explained and 

discussed in the following.   
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3.7.1 Urban Greening Infrastructures and renovation scenarios 

Green infrastructures were integrated in a renovation scenario for heat stress mitigation at urban 

Microscale level and afterwards their application was extended on a large scale.  

Preliminary, a selection was carried out of the more suitable urban greening strategies to the 

morphological and geometrical features of investigated urban areas.  

Based on morphological features of the urban tissue of the two analyzed areas at urban Microscale 

level, two different intervention scenarios were investigated. 

In compact and high built-up density area, a scenario was proposed which was based on the 

integration of greenery along existing street spaces rearranged according to the principles of traffic 

calming. 

In open and low-rise built areas, an intensive greening of existing urban spaces was proposed, through 

the planting of high trees with large crown and the installation of extensive green roofs on the flat 

roofs of buildings included in the investigated area was proposed.  

The interventions are addressed to increase the liveability of the public realm and improve the thermal 

comfort of outdoor areas. 

Both scenarios aim to increase the Green Cover Ratio, and the selection of the plants was carried out 

based on morphological properties of individual vegetation species and urban morphology of the 

investigated urban contexts. 

In light of this, urban greening strategies such as street trees and green roofs were selected. 

 

3.7.2 Compact and high built-up density areas: a design scenario 

The proposed renovation scenario for heat stress mitigation of high built-up density areas aims to 

increase the Green Cover Ratio using a strategy that does not imply strong urban transformations of 

the existing urban settlements. The spatial transformations aim at de-sealing paved spaces, mainly 

the ones currently used for parking, and converting them into green spaces. To this aim, the design 

criteria based on woonerf was adopted. Woonerf is a system introduced in the late sixties in The 

Netherlands, useful for containing vehicular traffic in residential areas. 

The main characteristics of the woonerf strategy are: 

 Reduction of the road section, with a maximum width of 3.50 m. 

 Reducing existing on-street parking spaces reserving them only for residents. 

 Insertion of tall trees and greening surfaces. 

The greening is substantially based on the addition of trees along the roads. Coherently to literature 

studies, the typology of trees was adopted on the basis of Sky View Factor values of the streets. The 

Sky View Factor (SVF) was deemed as reference parameter to choose the geometrical configuration 
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of plants due to the fact that a strong relationship between urban morphological parameters, thermal 

performance of trees, and plant structural characteristics was found. Sky View Factor (SVF) and 

geometrical configuration of plants are responsible for the radiant and thermal fluxes exchanged 

between the same trees and the surrounding atmosphere under Urban Canopy Layer (UCL). 

Since the typical canyons of high built-up density areas are characterized by low values of SVF and 

wide shaded areas due to the mutual shadings of the buildings, the medium foliage trees, with average 

and/or short total height but high trunk were inserted into urban areas with SVF values predominantly 

between 0.20 and 0.50. The tree typologies adopted in high built-up density areas are reported in 

Table 3.6. It reports the name, species, morphology, and geometric features of the trees (Trunk height, 

Total tree height, Canopy Diameter), and Sky View Factor (SVF) values of the area of interest. 

Table 3.6. Name, species, geometry features of trees and SVF values of the high built-up density areas.  

Name Species 

Trunk 
zone 

heigth  
ht (m) 

Totheight 
–  

total tree 
height  
H (m)  

Diameter 
–  

canopy 
diameter 
CW (m) 

Layout 

Sky View 
Factor of the 

area of interest 
(SVF) 

Local 
SVF 
value 

Area of 
application 

Platanus Deciduous 2.0 3.0 2.0 

 

0.2÷0.45 0.20÷0.40 
Road  

(width: 7-
10 m)  

Platanus 
Hispanica 

Deciduous 4.0 9.0 5.0 

 

0.20÷0.45 0.30÷0.50 

Road  
(width: 10-

15 m)  

Car park 

 

In the design scenario, the streets and public spaces were reorganized according to principles of 

woonerf. Based on the width of the streets, two configurations were accounted:   

1) The first configuration is related to the section of the street with a width in the range 7-10 m.  

A row of car parking is eliminated in order to integrate a green space along the sidewalk. A 

row of deciduous trees such as Platanus (see Table 3.2) was inserted with a distance of 3.0 m 

from each other. Therefore, the seal paved area is reduced as shown in Figure 3.13b. 

2) A second configuration is related to the street sections characterized by a width in the range 

10-15 m. The row of car parking was replaced with a green space on both sides along the road. 

Therefore, two rows of trees such as Platanus Hispanica were inserted as shown in Figure 

3.13c. 

As an example, two graphical sections of a typical street before and after application of Woonerf 

criteria were depicted in Figure 3.13.  
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Figure 3.13. Cross sections of the roads: a) Existing configuration; b) and c) Design scenario. 

3.7.3 Open and low-rise area: Urban Heat Mitigation strategies  

In the open and low-rise built areas, heat stress mitigation strategies based on advanced 

transformation were adopted. Such areas are characterized by high values of Sky View Factor 

(SVF>0.60), low buildings and are particularly exposed to the sunlit. A high priority of tree-planting 

was found, mainly due to largely reduced effect of shading benefit due to low height or absence of 

buildings. In light of this, intensive greening strategies consisting of trees with high leaf density and 

large crown were applied.  

The planting of trees in large areas such as bare soils, paved areas and car parks was planned.  

Platanus Acerifolia, Platanus occidentalis, and Ficus species were adopted.  The morphology and 

geometric features of these trees species are reported in table 3.7. 

Table 3.7. Name, species, geometry features of trees and SVF values of the open and low-rise built open areas.  

Name Species 

Trunk 
zone 

heigth  
ht (m) 

Totheight 
–  

total tree 
height  
H (m)  

Diameter 
–  

canopy 
diameter 
CW (m) 

Layout 

Sky View 
Factor of 
the area 
of interst 

(SVF) 

Local 
SVF 
value 

Area of 
application 

Platanus 
Acerifolia 

Deciduous 2.0 10.0 6.0 

 

0.45÷0.60 0.50÷0.60 

Road  
(width >20 

m) 

Car Park  
 

Platanus 
occidentalis 

Deciduous 1.5 18-20 10.0 

 

> 0.60 

0.60÷0.70 

0.70÷0.80 

0.80÷0.90 

Open area 
(park/Green 

area/bare 
soil) 

 

Ficus Deciduous 1.0 10 15 

 

>0.80 
0.80÷0.90 

0.90÷1.00 

Open area 
(park/Green 

area/bare 
soil) 
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In open and low-rise area, green roofs and cool materials were also adopted.   

Although experimental studies on the potential mitigation of air temperature of green roofs 

implemented in a neighborhood have shown a negligible cooling effect at pedestrian level for densely 

built-up urban areas, green roofs can lead to appreciable results on the surrounding environment when 

they are installed on the lowest buildings. 

Since the open areas with high value of SVF are characterized by low-rise buildings, the installation 

of green roofs on the flat roofs of such buildings was also planned.  

The application of reflective paints on the building roofs and pedestrian pavements was adopted 

because the effect of multiple reflections is low.   

3.7.3.1 Cool materials 

The main effects of Urban Heat Island consist of human discomfort, environmental pollution, energy 

consumption for building cooling, peak of electricity demand, and consequently the rise of energy 

prices (Hassid et al. 2000). In order to counter the overheating of urban areas and reduce its impact 

on the communities several intervention policies in relation to space scale are available. It is possible 

to select three levels: urban, neighborhood, and Microscale. In recent years, in a Microscale context, 

a wide set of countermeasures such as cool roofs (Synnefa et al., 2012), cool pavements (Akbari et 

al., 2007), green roofs (Santamouris et al. 2014b), and greenery of urban surfaces (Morakinjo, 2020) 

have been promoted because they are capable of reducing energy consumption and improving outdoor 

thermal comfort (Akbari et al., 2005). 

 
3.7.3.2 Cool roof 

A cool roof is substantially a roof with a highly reflective material (cool material) on its outermost 

surface. Cool materials are characterized by high values of solar reflectance (r > 0.6), which strongly 

reduces the amount of solar radiation absorbed by the roof outer layer. Furthermore, cool roofs are 

also characterized by high infrared emissivity (0.8 < ε < 0.9) (Synnefa, 2012), which contributes to 

dissipate the heat accumulated during the day through an intensive radiant heat exchange at night 

(Prado et al., 2005). Nowadays, a wide range of cool materials is commercialized: paints, coatings, 

membranes, tiles, and pre-painted steel panels (Santamouris et al., 2015). 

Cool roofs usually show lower values of the surface temperature if compared with a traditional roof, 

and they reduce the roof daily heat gain (Suehercke et al., 2008; Bozonnet et al., 2011). As an 

example, an average reduction by 30°C in the daily peak of the outer roof surface temperature has 

been found by Akbari et al. (2005).  Several studies have investigated the effectiveness of cool roofs 

as an urban heat island mitigation strategy (Synnefa et al., 2007). 
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3.7.3.4 Green roof 

A green roof consists of a vegetation cover on top of a roof surface. Two types of green roofs are 

generally identified: extensive green roofs, whose soil thickness is below 15 cm, and intensive green 

roofs, with a soil thickness above 20 cm (Jaffal, 2012). 

Because of their low additional loads, extensive green roofs do not require any additional 

strengthening, so they are suitable for building retrofitting (Ekaterini, et al., 1998). The typical layers 

of an extensive green roof, from the inner to the outer side, are load-bearing slabs (roof deck), vapor 

barrier, insulation layer, roofing membrane, root barrier, drainage layer with/without aeration and 

storage water, filter layer, growing substrate/porous soil and vegetation layer (Parizzotto et al., 2011; 

Lazzarin et al., 2005). 

Several studies have highlighted the favorable environmental and energy performance of green roofs, 

showing how they introduce a reduction of both the heating and the cooling loads, an improvement 

in thermal comfort and of the urban air quality. 

Moreover, it is possible to observe a reduction of noise transmission, a mitigation of the Urban Heat 

Island effect and the extension of roof life (Lazzarin et al., 2005; Theodosiu et al., 2003). Indeed, a 

green roof absorbs a high percentage of solar radiation for performing the biological functions of the 

vegetation, thereby only a low heat flux is transferred to the indoor space (Castelton et al., 2010). The 

effects of shading and evapotranspiration, as well as the thermal mass of a green roof, help to stabilize 

internal temperatures, delay the outdoor surface temperature peak and keep the internal conditions 

within the comfort range (Copozzoli et al., 2013; Parizzoto et al., 2011; Lazzarin et al., 2005; 

Niachou, et al., 2001; Feng et al., 2010).  
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4.1 Structure and outline of the chapter 

This chapter describes the case study, results of the climate analysis at urban Microscale level and at 

large scale as follow: 

 Section 4.2 provides a description of the morphological and geometrical features of a part of 

Municipality of Catania. 

 Section 4.3 analyzes the results of the Local Climate Zones (LCZs) classification. 

 Section 4.4 describes the morphological and geometrical features of two selected urban 

settlements as affected by potential heat stress risk. 

 Section 4.5 describes the results of the urban Macroscale-based climate analysis of a calibrated 

and validated model of a part of Municipality of Catania. The potential effectiveness of the 

proposed mitigation heat stress strategies attained at large-scale were assessed. 

 Section 4.6 describes and discusses the results of the urban Microscale-based climate analysis at 

current state and after the application of mitigation strategies respectively of two selected areas 

as the most sensitive risk areas. 

 Section 4.7 discusses the comparison between the outcomes of Macroscale analysis and those 

attained at Microscale level in order to assess the accuracy and reliability of the large-scale model. 

4.2 The case study 

This study takes in a part of the Catania Municipal Area, located in Southern-Italy (Lat. 37.30 North, 

Long. 15.07 East), as the study area. The weather conditions are characterized by hot and humid 

summers and moderately cold and wet winter seasons. In summer, the average outdoor temperature 

generally ranges from 20 °C to 35 °C, with peaks of 40 °C. In winter, the outdoor temperature 

generally varies from 5 °C to 15 °C, while in spring and autumn the climate is mild and the 

temperatures vary from 10 °C to 28 °C as is typical on coastal Mediterranean areas.  

Table 4.1 summarizes the general and physical data of the municipality of Catania. 

                                          Table 4.1. General and physical data of Municipality land. 

Parameters Value Unit 

Surface  41.2 Km2 

Average temperature in winter period  (1st December -31th March) 11.7 °C 

Average temperature in summer period  (1st June -30th September) 25.7 °C 

Wind speed 4.40 m·s-1 

Prevailing wind direction  East - 

Population density 204 Inhabitants·ha-1  
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The region is classified as Csa - Hot-Summer Mediterranean climate class - according to the Köppen-

Geiger classification (Kottek et al., 2006). Figure 4.1 shows the aerial photogrammetric view of a 

part of Catania municipal area. 

 

Figure 4.1. Aerial photogrammetric view of the city of Catania and surrounding areas. 

The large-scale climate analysis was not extended to the entire Municipality of Catania but an area 

that includes the most critical Local Climate Zones (LCZs) was analysed. 

4.2.1 UMEP modelling: Morphological input for Local Climate Zones classification 

The Digital Elevation Model (DEM) and Digital Surface Model (DSM) of a part of Catania Municipal 

area were used as primary morphological and geometrical input for LCZ classification. DEM and 

DSM are reported in Figures 4.2 and 4.3.  

 

Figure 4.2. 2D map of Digital Elevation Model (DEM); 
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Figure 4.3. 2D map of Ground and Building DSM. 

DEM and Ground and building DSM acquired from the Laboratorio per la Pianificazione Territoriale 

e Ambientale (LAPTA) of the Department of Civil Engineering and Architecture of the University 

of Catania (2021). DEM and DSM have 4 m resolution. The elevation of the terrain varies from 10 

m a.s.l. along the coast to 195.41 m a.s.l. in areas located to the north and west of the Municipality 

land. 2D map of the Sky View Factor (SVF) was achieved by Morphometric Calculator tool that is a 

plugin integrated in UMEP (Urban Multi-scale Environmental Predictor). Figure 4.4 shows the 2D 

Map of the Sky View Factor.   

 

Figure 4.4. 2D digital map of the Sky View Factor.  
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2D map of Sky View Factor shows that the open areas have SVF values higher than 0.70. The urban 

areas in the city center, compacts and densely high built-up areas have SVF values predominantly 

between 0.30 and 0.60. 

Figure 4.5 shows the 2D map of spatial distribution of buildings, pervious and impervious surfaces 

in the studied area. The 2D map is associated with a database file that includes the building surface 

fraction (BSF), impervious surface fraction (ISF) and pervious surface fraction (PSF) of the city of 

Catania.  

 

Figure 4.5. 2D map of investigated area in shapefile format in QGIS Environment. 

The geometrical and morphology data of the 2D map of Digital Elevation Model (DEM), Digital 

Surface Model (DSM), Sky View Factor (SVF) and the building surface fraction (BSF), impervious 

surface fraction (ISF) and pervious surface fraction (PSF) were used to carry out the Local Climate 

Zones (LCZs) classification of the studied area. 

4.3 Local Climate Zones (LCZs) classification of the study area 

The Local Climate Zones (LCZs) classification was carried out on an area of the Municipality of 

Catania shown in the aerial photogrammetric view reported in Figure 4.1. The investigated area was 

discretized according to square cells of 200 x 200 m2 size. (see figure 4.6). 
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Figure 4.6. Grid “layer” applied to the investigated domain. 

The parameters used to classify the Local Climate Zones (BSF, PSF, ISF, z, zo, SVF) are aggregated 

in an attribute table associated to the “Grid” layer.  

Therefore, the attribute table includes the georeferenced values of Building Surface Fraction, BSF 

(1_pai), Impervious Surface Fraction, ISF (1_Iimp), Roughness element height, z (1_zH), Terrain 

roughness class, z0 (1_z0), Pervious Surface Fraction, PSF (1_Ip) and Sky View Factor (SVF) of each 

grid cell of the investigated domain. 

A query was set in the attribute table of the “Grid” layer (Vector attribute) for all standard LCZs types 

of the Oke and Stewart classification. 

Figures (4.7-4.15) show 2D location map for each LCZ type and the matched query. Figures depict 

the LCZs types found in the study area. 

In each figure, empty cells with a dark border represent cells that did not comply with all parameter 

ranges required for the standard classification scheme set by Oke. These cells were noted as LCZ*x, 

where x indicates the nearest parent class in the standard set of LCZs according to the criteria of 

Stewart and Oke, and (*) indicates that one morphological parameter did not comply with the specific 

requested range for standard LCZ classification, while (**) indicates that two morphological 

parameters did not comply with the specific requested ranges for standard LCZ classification. 

As shown in Figures 4.7, 4.9 and 4.10, in Built LCZs types (LCZ2, LCZ5 and LCZ6), empty cells 

with a dark border are characterized by values of Impervious Surface Fraction (ISF) higher than 
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threshold values of the ranges of standard LCZs. In particular, these grid cells have values of ISF > 

0.50.  

Here, such cells were classified as LCZ*2, LCZ*5 and LCZ*6 respectively because these cells 

complied with five standards of LCZ2, LCZ5 and LCZ6 except ISF which is higher than 0.50.   

In Figure 4.11, (Built type LCZ9) empty cells with a dark border complied with five standards of 

LCZ9 except ISF that is higher than 0.20. The LCZ*9 class was attributed to these cells.  

The same criteria were adopted to classify the cells that complied with the standard of LCZC except 

for the impervious surface fraction (ISF) which was higher than 0.10 (see Figure 4.12). These square 

cells were classified as LCZ*C where (*) indicates that ISF > 0.10. 

Some grid cells along the coast (see Figure 4.15) did not comply with the ranges of ISF and PSF 

parameters of LCZG. Since all the others parameters complied with the set of standard LCZG, these 

cells were classified as LCZ**G where (**) indicates that ISF > 0.10 and PSF < 0.90. 

Figure 4.7 shows the 2D location map of LCZ2 and LCZ2* in to the study area. 

 

Figure 4.7. 2D location map and query of standard LCZ2 (Compact Midrise) and LCZ*2 (Compact Midrise with 

ISF > 0.50). 
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Figure 4.8. 2D location map and query of standard LCZ3 (Compact Low-rise). 

 

 

 

 

Figure 4.9. 2D location map and query of standard LCZ5 (Open Midrise) and LCZ*5 (Open Midrise with ISF > 0.50). 
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Figure 4.10. 2D location map and query of standard LCZ6 (Open Low-rise) and LCZ*6 (Open 

 Low-rise with ISF > 0.50). 

 

 

Figure 4.11. 2D location map and query of standard LCZ9 (Sparsely Built) and LCZ*9 (Sparsely Built with ISF > 0.20). 
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Figure 4.12. 2D location map and query of standard LCZC (Bush scrub) and LCZ*C (Bush Scrub with ISF > 0.10). 

 

 

 

Figure 4.13. 2D location map and query of standard LCZD (Low Plants). 
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Figure 4.14. 2D location map and query of standard LCZE (Bare rock or paved).  

 

 

Figure 4.15. 2D location map and query of standard LCZG (Water) and LCZ**G (Water with ISF > 0.10  

and PSF < 0.90). 
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Figure 4.16 shows the 2D digital map of spatial distribution of LCZs in the study area. LCZs were 

represented by means of a band false colours. 

For sake of clarity all the grid cells matched to LCZ*2, LCZ*5, LCZ*6, LCZ2*9, LCZ3*C were 

represented with the same colors of the corresponding to standard LCZs. It can be observed that 

LCZ**G was represented with a different colour in respect of the LCZG. 

 

Figure 4.16. 2D map of spatial distribution of Local Climate Zones (LCZs). 

The spatial distribution of LCZs shows that the ‘built’ LCZ types are predominant with respect to the 

“Land Cover” LCZ types. Some “built” LCZ classes such as high-rise (LCZs 1 and 4), the lightweight 

low-rise (LCZ 7), Large Low-Rise (LCZ 8) and the heavy industrialized (LCZ 10) classes were not 

found in the study area. The fraction of the investigated area occupied by different types of LCZs is 

reported in table 4.2. 

The “Built” LCZ types are 86.5% of the study area whereas the “Land Cover” LCZ types are 13.5%. 

LCZ2 (Compact Midrise), LCZ5 (Open Midrise) and LCZ6 (Open Low-rise) are “built” LCZ types 

most present in the study area.  

The large-scale analysis was focused on the area that includes the most critical Local Climate Zones 

such as Compact Midrise (LCZ2) and Low-rise (LCZ3) zones. The investigated area is shown in 

Figure 4.17. 
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Table 4.2. Local Climate Zones (LCZs): type, name, area (Ai) and surface fraction (%)  

respect to the surface of the studied area (Ai/Atot) 

Type LCZ Name Ai (km2) Ai/Atot (%) 

Parameters not in 
accordance with the 

standard scheme set by 
Oke 

Built 

LCZ2 3.9375 14.2% - 

LCZ3 2.1875 7.9% - 

LCZ5 3.0625 11.0% - 

LCZ6 5.2500 18.9% - 

LCZ9 2.8125 10.1% - 

LCZ2* 0.1875 0.7% ISF > 0.50 

LCZ5* 1.9375 7.0% ISF > 0.50 

LCZ6* 0.4375 1.6% ISF > 0.50 

LCZ9* 4.1875 15.1% ISF > 0.20 

Total 24.00 86.5%  

Land Cover 

LCZC 0.8125 2.9% - 

LCZD 1.2500 4.5% - 

LCZE 0.1250 0.4% - 

LCZC* 0.8125 2.9% ISF > 0.10 

LCZG** 0.7500 2.7% ISF > 0.10 and PSF < 0.90 

Total 3.7500 13.5%  

                              
 

 

Figure 4.17. 2D map of spatial distribution of LCZs and boundary of investigated area. 
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4.4 Description of the morphological features of the heat stress risk area  

4.4.1 Morphological features of the investigated area 

The investigated area has a surface of 7.5 km2 and it is included in the General Master Plan approved 

in 1969.  Figure 4.18 shows the digital aerial view of the selected area. 

 

Figure 4.18. 2D digital map of the investigated area. 

The land cover is predominantly characterized by an impervious surface (ISF) of 47.2%, while the 

building surface fraction (BSF) accounts for 34.9% of the investigated area and the pervious surface 

covers the remaining 17.9% of the selected area. Figure 4.19 shows the soil use surface fractions of 

the area. 

 

Figure 4.19 Soil use surface fractions of the investigated area. 

 

 



102 
  

The land cover fraction and building morphology data are instead reported in Table 4.3. 

Table 4.3. Land Cover fraction and average building height. 

Parameters  Unit Value Fraction (%) 

Area A
site

 m
2
 7505993 - 

Pervious surface Aper/ASite m
2
 1338022 17.90 

Impervious surface Aimp/ASite m
2
 3543582 47.20 

Building surface ABuild/ASite m
2
 2618395 34.90 

Average Building height h
w,Build

 m 12.3 - 

 

The pervious surface is occupied by trees, and grass for 9.66% and 4.75% of the investigated area 

respectively (see Figure 4.19). The percentage of vegetation surface is low if compared to that of the 

impervious surface fraction. Tables 4.4 and 4.5 report the percentage of pervious surfaces and those 

of the trees respectively. 

 

Table 4.4. Pervious surface fractions. 

Parameters  Unit Value Fraction (%) 

Bare Soil Asoil/APer m
2
 262399 3.50 

Grass A
imp

 m
2
 356803 4.75 

Trees  ATree m2 718819 9.66 

 

Table 4.5. Tree type surface fractions and average height trees. 

Parameters - Unit Value Fraction (%) 

Deciduous trees A
Tdec

 m
2
 262399 6.66 

Evergreen trees A
T,ever

 m
2
 356803 3.00 

Average height trees h
w,t

 m 7.07 - 

 

Deciduous trees such as Platanus acerifolia and Citrus are the types predominant along the roads and 

in open areas. Urban morphological features such as average building height, site coverage ratio, 

vegetation area and tree coverage, and sky view factor come from the Digital Surface Model (DSM) 

in GIS environment and specific GIS database of Catania. 
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4.4.2 Description of two representative sites selected as heat stress risk areas 

Two areas were identified as prone to potential heat wave risk sites and selected for detail analyses 

based on critical properties of their surface structure, cover land, and particular urban texture 

(morphology).  

The two areas - named “Area 1” and “Area 2”-  are included in “built” LCZ types: “Area 1” is 

classified as “LCZ2” (Compact midrise) while “Area 2” belongs to “LCZ5” (Open Low-rise). Figure 

4.20 shown the localization of the two selected areas into the investigated urban context.  

 

Figure 4.20. Location of areas 1 and 2 in the investigated area. a) Extract of aerial photogrammetric view; b) Extract 

of Local Climate Zones (LCZs) mapping. 

Figure 4.21 shows the aerial photogrammetric views of the area 1 and 2 and the localization of the 

two selected points of interest into the two areas. 
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Figure 4.21. Aerial view of the studied areas and localization of the points of interest: a) Area 1; b) Area 2. 

Area 1 has an urban settlement pattern characterized by remarkable repetitiveness and low quality, 

and poor quality public space characterized by lack of vegetation.  

Area 2 is an open area characterized by large buildings with an average height between 5.0 m and 

15.0 m. Urban spaces are predominantly covered by paved areas and bare soil. 

Both zones have buildings realized with stone and concrete construction materials and urban surfaces 

such as roads, pedestrian pavements predominantly dark and grey with a low value of surface albedo.  

The areas have urban tissue of different geometric configuration, as summarized by their average 

canyon ratio.  

The morphometric characteristics and land cover fractions of the two areas are reported in Table 4.6. 

Table 4.6. Morphometric and land cover characteristics of the areas 1 and 2.  

Area
Avg. building 

height (m) 
Avg. street 
width (m) 

Avg. canyon 
ratio (-) 

Building 
surface (%) 

Impervious 
surface (%) 

Bare soil 
(%) 

Trees (%) Grass (%) 

1  20.45 14 1.79 42.0 57.0 0 1 0 

2  9.50 18 0.50 25.0 36.0 19 18 2 

 

Various points of interest (POIs) were selected to derive detailed values of the most important radiant 

heat components that make up the radiant heat balance on the human body. Such points were also 

selected for their placement with respect to sensible locations to heat wave phenomena such as 

schools, hospitals, wide streets in the central areas, and compact midrise areas characterized by lack 

of trees. The characteristics of such POIs are shown in Table 4.7, which reports on their geometric 

(i.e., sky view factor (SVF), Aspect ratio) and optical properties (i.e., albedo and thermal emissivity). 
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Table 4.7. Characteristics of the selected points of interest (POIs).  

Point of interest 
Local climate 
zone (LCZ) 

Street 
orientation SVF (-) H/W 

Land  
cover 

Thermal 
emissivity ε (-) 

Avg. ground 
albedo (-) 

P1  LCZ2 West-East 0.25 3 Paved 0.90 0.20 

P2  LCZ2 North-south 0.60 0.4 Paved 0.90 0.20 

P3 LCZ6 - 0.80 0.3 Paved 0.90 0.25 

 

In particular, P1 is near a school while P2 is located in a wide street in the densely high compact built-

up area (Area 1) as reported in Figure 4.21a. P3 is located on pedestrian pavements in the university 

Campus of Catania (Area 2) as shown in Figure 4.21b 
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4.5 Macroscale climate analysis 

4.5.1 Geometrical modelling of the investigated area 

Large-scale modelling of the investigated area was developed using digital terrain and surface models 

(DEM and DSM) with 4 m resolution extracted by DEM and DSM reported in Figure 4.2 and 4.3 

respectively. 

Figures 4.22a and 4.22b show DEM and DSM of the investigated area. 

 

                       

Figure 4.22. 2D Digital map: a) Digital Elevation Model (DEM); b) Ground and Building DSM. 



107 
  

The Ground and Building DSM comprise only the height of ground plus buildings. The vegetation is 

only included in the Canopy Digital Surface Model (CDSM) which is a raster grid containing only 

trees taller than 2.50 m.  

Figure 4.23 shows the CDSM raster overlying the raster of Ground and Building DSM of the 

investigated area. 

 

Figure 4.23. 2D map of Digital Ground and Building DSM + Canopy Digital Surface Model (CDSM). 

The residential neighborhoods are located in the centre of the investigated area which is densely 

packed with residential buildings normally 1-5 storeys high.  

Surrounding areas are characterized by taller buildings compared to the centre but none of them is 

taller than 35.0 m. The area is dominated by the East-West and North-South street orientations. 

The trees are predominantly in a park located in the centre of the city as can be seen in Figure 4.23. 

Due to the limited space, vegetation such as trees and shrubs is scarce, and in some narrow streets 

there is literally no urban greenery.  

Wall height, wall aspect and sky view factor parameters have a fundamental role in the urban radiation 

and energy balance because the radiation field changes due to the shading of the buildings and trees.  

2D Map of wall aspect, wall height and sky view factor are reported in figures 4.24, 4.25, and 4.26. 

2D spatial distribution of Sky view factor shows that a relevant part of the investigated area is 

characterized by open and sunlit areas (such as squares, paved areas and bare soil surfaces without 

trees) with SVF values between 0.80 and 1.  
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Figure 4.24. 2D Digital map of wall height. 

   

Figure 4.25. 2D Digital map of wall aspect. 

 

Figure 4.26. 2D Digital map of the Sky View Factor (SVF). 
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4.5.2 Thermo-physical data of the urban macro scale model 

Materials of the urban fabric play a very important role in the urban thermal balance as they absorb 

incident solar radiation and dissipate a percentage of the absorbed heat through convective and 

radiative processes in the atmosphere, thus increasing the outdoor air temperature (Akbari et al, 2016; 

Morini et al., 2016; Zinzi, 2015). Radiative properties such as albedo and emissivity affect the surface 

temperature of the materials and outdoor air temperature in the surrounding environment 

(Santamouris, 2013). Surface albedo is responsible for the multiple reflections and absorption of 

shortwave radiation whereas the emissivity determines the intensity of long wave radiation emitted 

by surfaces (Taha, 1988).  

In the SOLWEIG model, a value of surface albedo of 0.20 and an emissivity of 0.90 were adopted 

for building walls while an albedo of 0.15 and an emissivity of 0.95 were selected for ground surface.  

All the input data and thermo-physical parameters of SOLWEIG model are summarized in table 4.8. 

Table 4.8. Thermo-physical data and parameter settings for SOLWEIG simulations. 

 Required input Value 

Thermo-physical parameters  
of urban materials 

Façade albedo 0.2 

Ground albedo 0.15 

 Emissivity of facades 0.9 

 Emissivity of ground  0.95 

 Transmissivity of short wave radiation through trees 0.15 

 Transmissivity of long wave radiation through trees 0 

 (Lindberg et al., 2011; Oke, 1987)  

Parameters for the calculation of 

Tmrt (people) 

Absorption coefficients for short wave radiation  0.7 

Absorption coefficients for long wave radiation 0.97 

 Posture Standing 

 

The albedo and emissivity of the urban surfaces in the simulation model were adopted based on 

several literature studies about albedo and emissivity values of urban surfaces. As examples, Taha et 

al. (1988) have revealed that urban albedo typically varies in the range from 0.10 to 0.20. Much of 

the urbanized basin of U.S. and European cities are characterized by an albedo between 0.12 and 0.16 

(Taha, 1997). 

According to Oke’s study, a mean albedo of 0.2 for all urban surface well represents the typical 

average albedo of an urban area (Oke et al. 1987). The albedo varies from 0.1 to 0.35 for concrete 

walls, from 0.2 to 0.4 for brick walls, from 0.1 to 0.35 for tiled roofs, and from 0.05 to 0.2 for ground 

that includes asphalt roads, and paved areas (Oke et al., 1987).  
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In a recent study, a mean weighted albedo of 0.13 for the city of Modena was used well (Muscio et 

al., 2011). 

Urban materials are also characterized by high infrared emissivity, thus making them able to emit and 

dissipate the stored heat towards the sky during the night. Emissivity values of building and ground 

surfaces adopted in this model were selected according to the emissivity of common building 

materials (e.g. concrete, bricks, glass) and range between 0.85 and 0.98 depending on the composition 

of materials and the age. For ground surface such as asphalt and paved area, emissivity values range 

from 0.93 to 0.95 (Carnielo & Zinzi, 2013). 

As regards the street and park trees, such as Platanus acerifolia and citrus, the transmissivity values 

of short wave radiation through trees at around 0.15 were adopted based on the study of Cànton et al. 

(1994). For tree foliage, a mean and constant value of albedo of 0.15 was set by default in the 

SOLWEIG model (Lindberg et al., 2011; Konarska et al., 2014). 

The mean radiant temperature was calculated considering a standing person with an absorption 

coefficient for shortwave radiation and an emissivity of the human body of 0.7 and 0.97, respectively 

(VDI 1994, 1998). An isotropic model for diffuse radiation was used to calculate the mean radiant 

temperature according to the Perez method (Perez et al., 1986). 

4.5.3 Rural weather data morphed through SUEWS for model calibration 

Figure 4.27 depicts the hourly profiles of air temperature, relative humidity and wind speed at 10.0 

m a.s.l. calculated by SUEWS in comparison with those registered by the reference weather station 

during a warm week (30th July-13st August). 
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Figure 4.27. Comparison between rural weather data and SUEWS data during (30th July-13st August): a) Air 

Temperature; b) Relative Humidity; c) wind speed at 10 m. 

Air Temperature (To) and relative humidity (RH) were calculated at height of 2 m while the wind 

speed (w) was calculated at height of 10 m a.s.l. A zoom of the hourly trend of To, RH and w during 

period (7th -9th August) is shown in Figure 4.28. 

 

 

 
Figure 4.28. Comparison between rural weather data and SUEWS data during (7th-9th August): a) Air Temperature;  

b) Relative Humidity; c) wind speed at 10 m a.s.l. 
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This period (7th -9th August) was selected because it represents the three hottest consecutive days of 

the year in Catania. 

It is worth noting that the hourly values of outdoor air temperature calculated by SUEWS are around 

1 – 2 °C higher in the morning and early afternoon (13.00-15.00) if compared with those recorded by 

the reference weather station during the period 7th-9th August (Figure 4.28a). An average increase of 

about 0 – 1 °C with respect to the air temperature registered by the stationary meteorological station 

can be observed at nighttime.  

As a consequence, a decrease in the relative humidity of about 3-5% in the urban area was achieved 

with respect to the rural area during the analyzed period (Figure 4.28b).  

The increase of air temperature in the urban area is likely to be due to the different surface net-wave 

radiation budget between the rural and urban environment, the anthropogenic heat and net stored heat 

flux by building structures and urban surfaces. 

The net storage heat flux is typical of densely built-up districts of urban area and is very low or absent 

in rural areas. In urban areas, surfaces and building materials absorb and store more solar radiation 

than vegetation or bare soil surfaces. As a result, the outdoor surface temperature in the urban areas 

is higher than that of the surrounding rural areas (so-called Surface Urban Heat Island effect, SUHI). 

In the evening and at nighttime, the energy budget is determined by the long wave radiation among 

surfaces and the sky, so the urban area releases – by means of infrared radiation and also convection 

with the air – a remarkable heat flux towards the surroundings.  

In addition, the low surface fraction of vegetation contributes to increase the outdoor surface 

temperature. Indeed, during the day, the potential fraction of radiant heat flux that can be reduced 

through shading and evapotranspiration by vegetation is lower than the rural area. As a consequence, 

the air temperature was found to have increased. 

The urban microclimate is also affected by a remarkable reduction of wind speed at height of 10 m 

a.g.l. as shown in Figure 4.28c. The roughness elements of the urban settlements have attenuated the 

wind speed down to a maximum value of 2.0 m·s-1. As a result, a decrease of heat exchanged by 

convection between urban material surfaces and the air was found.  

The cumulative frequency distribution was also calculated for the hourly values of air temperature, 

relative humidity and wind speed during the summer season (1th June – 30th September).  

Figure 4.29 reports the cumulative frequency distribution of To and RH at height of 2 m a.g.l. and 

wind speed at height of 10 m a.g.l respectively. 
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Figure 4.29. Cumulative frequency distribution of outdoor air temperature (a), relative humidity (b), and wind speed at 

10 m a.g.l. during period (1th June – 30th September). 

The outdoor air temperature calculated by SUEWS was found to always be higher compared to the 

air temperature recorded by the rural weather station during the period (1th June – 30th September).  

It is worth emphasizing that the air temperature To calculated by SUEWS exceeded the values of 31°C 

for 30% of the time. Therefore, the latter scenario was worse with respect to the rural weather data 

which exceeded 31°C for about 20% of the time (Figure 4.29a). 

As shown in Figure 4.29b, relative humidity calculated by SUEWS was always lower than that 

recorded by the rural weather station.  

The wind speed calculated by SUEWS never exceeded 1.5 m·s-1 and, thus, it was significantly lower 

than the wind speed registered by the rural weather station during the entire analyzed period (see 

Figure 4.29c). 

4.5.4 Validation of the SOLWEIG model with field measurements 

The profiles of mean radiant temperature calculated by SOLWEIG under scenario S_1 (forcing with 

rural weather data) and scenario S_2 (forcing with SUEWS weather data) were compared against 

those of the on-site experimental measurement campaign. 

The comparison was carried out in two receptors, named R1 and R2, located in area 1 and area 2 

which were identified as risk areas as described in section 4.4.2. 
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Two receptors (R1, R2) at pedestrian level (z=1.10 m) were selected for their placement with respect 

also to the locations sensitive to heat wave phenomena, geometric features (i.e., sky view factor 

(SVF), Aspect ratio) and orientation. 

R1 is located in the paved internal courtyard of a school in a highly compact densely built up area 

characterized by lack of trees with a sky view factor (SVF) of 0.20 and an aspect ratio of 2. 

R2 is located on the pedestrian pavement in the university campus in an open low-rise buildings area 

with few trees, characterized by a sky view factor (SVF) of 0.8 and a low aspect ratio value. The 

receptor R2 corresponds to the measurement point P2.  

Figure 4.30 shows the location of the receptors R1 and R2 in the investigated area (a) and in the areas 

1 and 2 (b-c).  In figure 4.30a are also shown the two receptors R1 and R2 corresponding to points 

where the potable weather stations were placed to measure the mean radiant temperature values.  

 

Figure 4.30. Localization of the receptors R1 and R2 in the investigated area (a) and into the area 1 (b) and area 2 (c). 

R1 and R2 views of the locations of receptors R1 and R2 where the microclimate portable stations were placed to measure 

mean radiant temperature values. 

The characteristics of the two receptors R1 and R2 are summarized in Table 4.9.  

Table 4.9. Location and investigated periods selected for measurements survey.  

No Points Measurements  time Location  
Height a.g.l. 

(m) 
SVF (-) 

1  R1 12:00 a.m. on August 7- 10:00 a.m. August 8 School 
Courtyard 

of a School 
1.10 0.25 

2 R2 08:00 a.m. on July 30 - 09:00 a.m. July 31 Pedestrian pavements 
University 
Campus 

1.10 0.80 



115 
  

Figure 4.31 shows the comparison between the actual mean radiant temperature measurement at R1 

and R2 receptors and the corresponding simulated profiles during period (from 12.00 a.m. on 7th 

August to 10.00 a.m. on 8st August) and (from 8.00 a.m. on 30th July to 9.00 a.m. on 31st July).  

 

 

 
Figure 4.31. Comparison between simulated and measured mean radiant temperature at receptors R1 (a) and R2 (b). 

The comparison reveals a good agreement between measured data (solid blue lines) and simulated 

data from scenarios S_1 (dashed blue lines) and S_2 (dotted blue line) throughout the days 

considered. Both predicted scenarios have very similar trends from early morning until late evening. 

Nevertheless, simulated scenarios are below the actual measured profile predominantly during the 

night period. A difference in the mean radiant temperature around 4 – 5°C between the simulated and 

measured data was found from 8.00 p.m. to 6.00 a.m. in the receptor R1 (Figure 4.31a). In the receptor 

R2, a discrepancy higher than that of the receptor R1 was found at nighttime (Figure 4.31b).  

Despite both scenarios predicting rather similar results, it can be observed that Tmrt simulated profile 

of Scenario S_2 is always higher with respect to that of Scenario S_1. This difference is at around 

2.0°C during the selected period. As a consequence, Tmrt simulated profile achieved by SOLWEIG 

forcing with SUEWS weather data has better approximation with the measured values if compared 

with the profile of Scenario S_1 (SOLWEIG forcing with rural weather data).  
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To numerically evaluate the deviation between the modelling outputs and the actual measured data, 

statistical indices were calculated and reported in Table 4.10 for Receptors R1 and R2. 

Table 4.10. Validation indices of the SOLWEIG model for both scenarios S_1 and S_2 in the receptors R1 and R2. 

Variable Indices 
R1 (7th– 8th August) R2 (30th – 31th July) 

S_1 S_2 S_1 S_2 

T
mrt

 

%error - 13% 10% 19% 14% 

MAE  °C 4.38 3.37 6.95 5.19 

RMSE  °C 4.90 3.77 7.02 6.44 

d  - 0.97 0.98 0.97 0.98 

r  - 0.97 0.99 0.98 0.98 

R
2
  - 0.97 0.97 0.97 0.97 

Table 4.10 shows that Scenario S_2 has a percentage of errors, values of MAE and RMSE lower than 

those attained in the Scenario S_1 in all two receptors. As an example, Scenario S_2 shows values of 

MAE = 3.37°C and RMSE = 3.77°C while Scenario S_1 has MAE = 4.38°C and RMSE = 4.90°C 

respectively in the receptor R1. This confirms that the Scenario S_2 better reflects experimental 

measurements than Scenario S_1 does. A graphical representation of the results obtained by both 

simulation scenarios is given also in Figure 4.32, where regression lines are plotted for mean radiant 

temperature data along with the attained coefficient of determination R2. 

  

Figure 4.32. Linear regression of mean radiant temperature (measured vs predicted) at R1 (a) and R2 (b) receptors.  

As shown in Figures 4.32a and b, both simulated scenarios S_1 and S_2 have almost the same Person 

coefficient and a high correlation with the observed data (R2 = 0.97) in the receptors R1 and R2. Since 

under the scenario S_2, the lowest MAE and RMSE values were attained, the simulations of the 

SOLWEIG model calibrated with rural weather data morphed by SUEWS were accounted.  
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Therefore, all the results relating to the 2D spatial distribution and hourly trend of mean radiant 

temperature and outdoor thermal comfort indices presented in this research are referred to the 

Scenario S_2.  

4.5.5 Assessment of the urban energy balance 

The energy balance of the investigated urban area was calculated yearly using the SUEWS Simple 

plug-in. 

The incoming and outgoing radiation fluxes energy balance and the surface energy balance of the 

outgoing and incoming thermal fluxes with respect to the investigated model were analyzed in a warm 

summer week. The results relating to the period (7th-9th August) are shown in Figures 4.33 and 4.34 

respectively.  

Figure 4.33 shows the incoming and outgoing shortwave and long wave radiation exchanged with 

respect to the Urban Canopy Layer. 

The radiative heat balance shows high values of the incoming shortwave radiation (K↓) during 

maximum sunshine hours (900 W·m-2 at 12.00) and low values of outgoing shortwave radiation (K↑).  

 

Figure 4.33. Incoming and outgoing radiation fluxes balance during period (7th-9th August). 

The net shortwave flux is significantly influenced by high values of incoming radiation and low 

values of albedo of buildings and impervious surfaces.  

The outgoing long wave radiation (L↑) is the predominant term of the long wave radiation. This 

depends on the radiative properties of the building materials and urban surfaces. The materials that 

are characterized by low values of albedo and emissivity experience the increase of their outer surface 

temperature. As a consequence, high-magnitude heat fluxes are re-emitted by the outer surface of 
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building structures and paved areas. Therefore, the net long wave flux is negative due to high values 

of long wave radiation (L↑) both daily and during night hours. 

Figure 4.34 shows the trend of incoming and outgoing of heat fluxes on the urban heat surface 

balance. 

 

Figure 4.34. Heat flux surface balance during the investigated period (7th-9th August). 

The energy balance shown in Figure 4.34 is typical of urban areas with high impervious surface 

fractions and very low surface fraction occupied by vegetation. The lack of trees and grass surface is 

relevant, and the contribution of latent heat flux (QE) is very low and therefore it can be neglected. 

Since the evapotranspiration effect is fundamental to reduce the net all wave radiation (Q*), the 

sensible heat flux (QH) is predominant because it is the only term that can dissipate by convection the 

radiant heat flux (Q*) and the anthropogenic heat (QF). 

It is worth highlighting that the peak of sensible heat flux (QH) keeps relatively high in the evenings 

and is relevant even at nighttime. This phenomenon is due to the net heat flux stored in building 

structures that is released as sensible heat flux during the night from walls, roofs, roads and surfaces 

exposed to the solar radiation during daily hours.  

As a result, the sensible heat flux is relevant and an increase in the air temperature may be achieved 

in the district urban area. 

4.5.6 2D spatial distribution of Mean Radiant Temperature in the investigated area.  

2D spatial distribution of Tmrt in the investigated area is shown in three representative hours of a sunny 

summer day. The 2D distribution of Tmrt values is related to the simulation scenario S_2. 

Figure 4.35 depicts the 2D maps of Tmrt at 11.00 (a), 14.00 (b) and 17.00 (c) on 7th August respectively. 

-200

-100

0

100

200

300

400

500

600

700

800
7/

8

03
:0

0

06
:0

0

09
:0

0

12
:0

0

15
:0

0

18
:0

0

21
:0

0

8/
8

03
:0

0

06
:0

0

09
:0

0

12
:0

0

15
:0

0

18
:0

0

21
:0

0

9/
8

03
:0

0

06
:0

0

09
:0

0

12
:0

0

15
:0

0

18
:0

0

21
:0

0

10
/ 8

W
/m

2

7th-9th August                                                     Time                                      

Qs QH QF QE Q*

QS  = Net charge in heat storage QE = Latent heat Flux

QH = Sensible heat flux Q* = Net all wave radiation

QF  =  Antropogenic heat flux



119 
  

 

Figure 4.35. 2D Map of Tmrt of the investigated area at 11:00 (a), at 14:00 (b) and 17:00 (c) on 7th August. 

The open areas have predominantly Tmrt values at around 50 – 60°C at all investigated hours. In a 

more extreme condition (at 14.00), the same areas show Tmrt values between 60°C and 65°C. 

High Tmrt values occur in sunlit areas, in particular where the Sky View Factor (SVF) values are above 

0.60. In narrow streets, where SVF values lie between 0.20 and 0.30, the areas shaded by buildings 

show Tmrt values at around 35.0 °C - 40.0°C.  It is worth noting that areas covered by trees have Tmrt 

values between 30.0°C and 40.0°C. 

A cumulated frequency distribution of the Tmrt values occurring over the entire area at a selected point 

in time (11.00, 14.00 and 17.00) respectively is accounted for. Here, the threshold values of Tmrt over 

which heat-related mortality risks increase by 5% and 10% respectively in people aged over 80 were 

adopted according to classes introduced by Thorson et al. 2014. 

Figure 4.36 shows the cumulated frequency distribution of the Tmrt in the investigated area at 11.00, 

14.00 and 17.00 on 7th August respectively. 
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Figure 4.36. Cumulated frequency distribution of the Tmrt values over the investigated area  

at 11.00, 14.00, and 17.00 on 7th August. 

As shown in Figure 4.36, Tmrt values higher than 55.5°C – i.e. the threshold over which heat-related 

mortality risk increase by 5% in people aged over 80 – occurred in about 53% of the entire area at 

11.00. 

At 14.00 on the same day (Figure 4.36), Tmrt was within the hazard level II in about 58% of 

investigated area. At the same time, Tmrt values of 59.4°C - i.e. threshold value over which heat-

related mortality risk increases by 10% (Hazard Level III) - were reached for 17% of the entire area.  

However, in a less extreme situation (Figure 4.36) – e.g. at 17:00 on the same day – spatial distribution 

of Tmrt exceeded 55.5°C for 30% of the whole investigated area. Tmrt values were below 60°C in every 

point of the area, and thus suggested the major role played by direct sunlight. 

It is worth highlighting that such results depend on the meteorological conditions of the investigated 

day. Therefore, the fractions of the investigated domain within the Hazard levels I, II and III 

respectively could change in relation to solar radiation, air temperature and relative humidity of the 

analyzed period.  

4.5.7 Relationship between Universal Thermal Climate Index (UTCI) and Mean Radiant Temperature  

In order to recognize the behaviour of the Universal Thermal Climate Index (UTCI) in relation to the 

variation of mean radiant temperature, a sensitive analysis of UTCI with mean radiant temperature 

and air temperature variations is described.  

With this aim, the Universal Thermal Climate Index (UTCI) values were computed for specific air 

temperature values. The computation was done at intervals from 20°C to 35°C according to the 

common range of air temperatures recorded during summer periods in a warm and temperate climate. 

Two meteorological parameters were considered constant and one third was variable. The constant 

values of the relative humidity (RH = 50%) and the wind speed (w = 0.5 m·s-1) were used in this 
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study. The difference between mean radiant temperature and air temperature (Tmrt-Ta) was variable 

from -5°C to 40°C. Such interval corresponds to a variation of mean radiant temperature from 15°C 

to 60°C.  

Figure 4.37 shows the dependency of the UTCI on the difference between mean radiant temperature 

and air temperature (Tmrt-Ta) for RH=50% and w = 0.5 m·s-1. 

 

Figure 4.37. The dependency of UTCI on the difference between mean radiant temperature and air temperature Tmrt-Ta 

(for RH=50%, and w=0.5 m·s-1). 

Figure 4.37 shows that UTCI depends on the mean radiant temperature (Tmrt) linearity. 

UTCI values significantly increase with the increase in positive difference (Tmrt–Ta). The difference 

between air temperature and UTCI is very low for a ‘light radiant situation’ (Tmrt~Ta) whereas the 

UTCI values are about 10°C higher than air temperature for a full radiant situation (typically clear 

sky in the early afternoon). 

It can be noted that “Very strong heat stress” class can be attained for air temperature of 30°C and 

mean radiant temperature of 58.5°C. “Very Strong heat stress” conditions can also be attained for 

Tmrt values of around 40.0°C when the air temperature is 35.0°C.  

In order to understand what heat-related risk level for human health could be attained on the basis of 

UTCI values calculated by SOLWEIG simulations, the hourly profiles of Tmrt and UTCI at specific 

points at pedestrian level were plotted for the warmest days.  

Figure 4.38 depicts the hourly profiles of Tmrt and UTCI overlaid on a double axis graph. The 

reference values of UTCI reported on the graduate y-axis were calculated with constant values of RH 

and w (RH=50% and w = 0.5 m·s-1) on the basis of Tmrt values variable in the range (15°C-65°C) as 

above described. The heat stress categories were overlaid on the graph according to Standard 

classification of UTCI represented as band of false colours. Tmrt threshold values of the heat-related 

mortality risk according to the scheme shown in methodology were also reported in Figures. 
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The profiles of Tmrt and UTCI achieved by means of SOLWEIG simulations are related to points P1, 

P2, and P3 located in areas 1 and 2 (see Figure 4.21-section 4.4.2) at pedestrian level (z = 1.10 m 

a.g.l.) during period (7th - 9th August).  

 

 

Figure 4.38. Hourly profiles of Tmrt and UTCI at pedestrian level during period (7th-9th August), Hazard threshold levels 

of Tmrt and Heat stress categories related to UTCI classification: a) Point P1, b) Point P2, and c) Point P3. 

For UTCI values between 36.0°C and 38.0°C, “Strong heat stress”, the corresponding Tmrt values are 

within Hazard level II (Tmrt values between 55.5°C and 59.4°C).  

It is worth highlighting that under conditions of “Very strong heat stress”, UTCI values between 38°C 

and 42°C, it was found that the hourly profile of Tmrt is predominantly within Hazard Level III 

characterized by Tmrt values higher 59.4°C over which the heat-related mortality risk for people age 

band 80+ is increased by 10%.  

No Thermal stress                       UTCI < 26°C

Moderate heat stress      26°C < UTCI < 32°C

Strong heat stress          32°C < UTCI < 38°C

Extreme heat stress                     UTCI > 46°C

Very Strong heat stress    38°C < UTCI < 46°C
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4.5.8 Assessment of the potential effectiveness of heat stress mitigation scenario 

4.5.8.1 Morphological properties and modelling of the investigated area in design scenario 

Based on the criteria explained in section 3.7, an urban heat stress mitigation scenario was proposed.  

As described in sections 3.7.1 and 3.7.2, a design scenario was planned based on the planting of trees 

in compact and densely high built-up areas and in open low-rise areas respectively.  

A new scenario was modelled in UMEP by means of the implementation of trees into the raster grid 

of the Building and Ground DSM of the current state. Therefore, a new Canopy Digital Surface Model 

(CDSM) was created through the “tree generator tool” of UMEP.  

The proposed tree types in sections 3.7.1 and 3.7.2 were implemented as Vector “Point” files in the 

UMEP model.  Each tree is represented by a point and the geometrical and morphological features of 

trees were inserted in an associated attribute table. Tree species (Deciduous or Conifer), Trunk zone 

height in m, Total tree height in m and Canopy diameter in m are included in the attribute table.  

Trunk Digital Surface Model (TDSM), Canopy Digital Surface Model (CDSM) of existing trees and 

all geometry parameters (ttype, trunk height, total height, Diameter of crown) were used in the “tree 

generator tool” of UMEP to generate a new Canopy Digital surface model (CDSM). 

In order to show the morphological changes due to the urban greenery, the new Canopy Digital 

Surface Model (CDSM) was put beside the existing CDSM.  

Figure 4.39 shows the 2D map of Canopy Digital Surface Model (CDSM) in the Current scenario (a) 

and in Design scenario (b) respectively. 

 

Figure 4.39. Canopy Digital Surface Model (CDSM) on the Building and ground DSM: (a) Current scenario; 

 (b) Design Scenario. 
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At Current scenario, the surface occupied by trees is 9.66% of the investigated area. 

In Design scenario, the planting of trees has increased by +6.34% the surface covered by trees with 

respect to the current state. Therefore, after the integration of vegetation in urban spaces the surface 

covered by the trees is 16% of the investigated area.  

The introduction of trees reduced the surfaces of bare soil and impervious area which now are 1% 

and 43.4% respectively of the investigated area. As a result, an increase of 3.79% in the Pervious 

surface (PSF) was achieved.  

Figure 4.40 reports the percentage of the soil using fractions of the investigated area in the Current 

scenario (a) and Design scenario (b) respectively. 

  
Figure 4.40. Land use fraction of the investigated area: a) Current scenario; b) Design scenario. 

Figure 4.41 shows the 2D map of Sky view factor (SVF) in the Current scenario (a) and in Design 

scenario (b) respectively. 

 

Figure 4.41. 2D digital map of Sky view factor: a) Current scenario; b) Design scenario. 
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As shown in Figure 4.41b, the addition of the trees according to the design approach described in 

section 3.7 leads to an increase of the shaded areas which have Sky View Factor (SVF) values 

between 0 and 0.10.  

4.5.8.2 Assessment of the effects of design scenario on outdoor thermal comfort 

In order to describe the spatial variations and potential reductions of Tmrt in a mitigation heat stress 

scenario, Figure 4.42 shows 2D map of Tmrt spatial distribution on the entire area on 7th of August at 

14:00 in a false color scale in Current and Design scenarios respectively. 

2D distribution of Tmrt values in Current and Design Scenarios were calculated using the weather data 

morphed by SUEWS as meteorological input. Namely Tmrt were computed using the SOLWEIG 

model calibrated with weather data morphed by SUEWS (Scenario S_2).  

 

Figure 4.42. 2D map of spatial distribution of mean radiant temperature at 14.00 on 7th August. a) Current Scenario 

(CS); b) Design Scenario (DS). 

As can be seen in Figure 4.42, the proposed Design scenario (DS) shows relevant mean radiant 

temperature reductions in open areas and along the roads where the trees were integrated compared 

to the Current Scenario (CS). In these areas, Tmrt value is reduced down to 20°C where the soil or 

pavement surface is covered by trees. These reductions occur in the areas characterized by SVF values 

between 0 and 0.10. The surrounding areas near the trees are characterized by a meaningful decrease 

of Tmrt values because they are affected by evapotranspiration of the vegetation. 

Although the highest Tmrt reductions occur near the trees, the entire investigated area has slightly 

lower Tmrt values with respect to the Current Scenario (CS). This result reveals that even areas far 

from away vegetation are affected by evapotranspiration effects. 

A frequency cumulative distribution of the Tmrt values occurring over the entire area at a selected 

point in time (14.00) in Current and Design scenarios respectively was reported in Figure 4.43. 
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Figure 4.43. Spatial frequency cumulative distribution of the Tmrt values over the entire area at 14.00 on 7th August. 

Figure 4.43 shows that the Current Scenario (CS) has Tmrt values higher than 55.5°C -  i.e. the 

threshold over which heat-related mortality risks increase by 5% in people aged over 80 - in about 

55% of the entire area whereas the corresponding curve for Design Scenario (DS) exceeds the same 

threshold value for 51% of the investigated area. 

As a consequence, the proposed strategy has reduced by 4% the fraction of investigated domain that 

exceeds the Tmrt threshold of 55.5°C. This result reveals that a forestation intervention based on a 

milder approach does not allow the achievement of more impacting results on the whole area. 

In light of this, a more advanced heat stress mitigation scenario based on radical transformations of 

the existing urban tissue should be planned to achieve meaningful results.  

In order to investigate the potential effects of the vegetation on the local scale, the results attained in 

Area 1 and Area 2 are shown.  

Figure 4.44 shows the 2D spatial distribution of mean radiant temperature at 14.00 on 7th August for 

the selected areas 1 and 2, along with the identification of every POIs (Point of interest) within them.  

Figures (a-b) depict the Current and Design scenarios respectively for Area 1 while Figures (c-d) 

show Current and Design scenarios for Area 2. 
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Figure 4.44. 2D maps of spatial distribution of Tmrt in Current and Design scenarios for Area 1 (a-b) and Area 2 (c-d) 

at 14.00 on 7th August.  

As it is possible to see, Figures show the highest Tmrt values in Area 2 with peaks at around 68 °C, 

followed by Area 1. Despite a meaningful surface of Area 1 being shaded, a significant surface 

characterized by Tmrt values between 65°C and 67°C was found. In Area 2, high peak values of Tmrt 

are located at some points in the investigated domain. This can be explained by the fact that the areas 

1 and 2 have a different urban morphology.  

Area 2 has large open areas and wide streets and thus, aspect ratio has low values. Although the 

canyon ratio is lower than that in 1 and as such pedestrians are directly exposed to solar radiation, 

Area 2 is characterized by a vegetation surface higher than Area 1. As a result, the areas near buildings 

and between the buildings have Tmrt values higher than surroundings areas (see Figure 4.44c). 

The geometric configuration of Area 1 with its courtyards and taller buildings contributes to lowering 

Tmrt values, especially in proximity of the east facing façades that show values in the range from 40°C 

to 50°C (see Figure 4.44a). Nevertheless, the absence of vegetation such as trees, shrubs, and grass 

in the urban spaces determines rather high Tmrt values close to the buildings. The lowest Tmrt values, 

in the range of 35°C to 40°C, were found in the internal courtyard and shaded areas (Figure 4.44a). 

In Design Scenario, Area 2 shows Tmrt reductions higher respect to that of Area 1. The different effects 

of the vegetation on the Tmrt reductions in areas 1 and 2 can be explained by two factors that are 

closely related to each other.  Firstly, the typology and quantity of trees and shrubs that can be planted 
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in relation to the geometry of the urban tissue. Secondly, the morphology of the study area such as 

shaded areas and available public spaces.  

In Design Scenario, both areas show remarkable Tmrt reductions – around 20°C - under trees thanks 

to their shading effect. The surrounding areas around the trees are characterized by Tmrt reductions 

below 5°C. Although the decrease of Tmrt is very low in areas far from away the vegetation, the adding 

of trees seems to affect the Tmrt spatial distribution over the entire studied area.  

The assessment of the potential effects of the proposed scenario in the Tmrt reduction was carried out 

by means of spatial cumulative frequency distribution of Tmrt values occurring over the entire area at 

a selected point in time.  

Figure 4.45 shows the curves that describe the cumulated frequency of Tmrt values occurring over the 

entire area at 14.00 on 7th August in Current Scenario (CS) and Design Scenario (DS) respectively 

for areas 1 (a) and 2 (b). 

  

Figure 4.45. Spatial cumulative frequency distribution of mean radiant temperature for Current Scenario (CS) and 

Design Scenario (DS) in the study areas on 7thAugust at 14.00: a) Area 1; b) Area 2. 

In Current Scenario (CS), both study areas have about 25% of the investigated domain where the Tmrt 

values are higher than 59.4°C (Tmrt value over which heat-related mortality risk increases by 10% in 

people aged over 80).  

In Design Scenario (DS), Tmrt is higher than 59.4°C in about 23% of Area 1, while the corresponding 

figures for Area 2 is 17%. It is worth highlighting that Design Scenario (DS) has the highest influence 

in the Tmrt reduction in Area 2. Here, the cumulative frequency of Tmrt spatial distribution on the entire 

area is mostly lower of 10% than existing scenario. 

In order to better explain the outcomes in both analysed scenarios, the magnitude of the radiant heat 

forces acting on the different POIs was plotted against the corresponding Tmrt values in Figure 4.46.  
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Figure 4.46. Radiant energy balance and mean radiant temperature profile for POIs during three consecutive warm 

days in Current Scenario (CS): a) P1; b) P2 and c) P3. 

In Current Scenario (CS), what immediately emerges is the predominance of the downward 

shortwave radiation from the sky (KDOWN, red solid line) during daytime, with peaks of around 900 

W·m-2 between 13:00 and 14:00 for POIs P1, P2 and P3: in these points, which are always sunlit 

during daytime, Tmrt closely follows the pattern of KDOWN. By contrast, when the POI is shaded for 

most of the time, LUP (L↑) and LDOWN (L↓) turn out to be the predominant radiant forces. As a general 

rule, both long wave terms range between 400 and 600 W·m-2: LUP is mainly determined by the high 

rate of heat absorbed by the ground – and then re-emitted in the long wave range – whereas LDOWN is 

due to the infrared radiation directly coming from the sky and eventually reflected from the façades.  

Finally, the lowest contribution to Tmrt comes from the shortwave radiation reflected by the ground 

(KUP, orange dashed line), which in each POI peaks below 200 W·m-2 at the same time of KDOWN.  
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It is worth noting that the simplification imposed by SOLWEIG of considering a fixed albedo value 

for all the façades can undermine not only the prediction of the shortwave radiation coming from the 

four cardinal directions when the POI is close to one or more façades, but also that of KUP that 

accounts for the same façades’ reflection. On the other hand, the magnitude of the long wave radiation 

coming from the four cardinal directions is comparable to LUP and strongly depends on the POIs’ sky 

view factor (i.e., proximity to building façades). 

Figure 4.47 shows the radiant energy balance and mean radiant temperature profiles for the same 

POIs (P1, P2, and P3) in Design Scenario (DS). 

 

 

 

Figure 4.47. Radiant energy balance and mean radiant temperature profile for POIs during  

three consecutive warm days in Design Scenario (DS): a) P1, b) P2, and c) P3. 

By contrast, when the POI are shaded by the trees for most of the daytime (P2 and P3 points), a 

relevant decrease in peak value of the mean radiant temperature was attained. KDOWN is remarkably 
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reduced and LUP and LDOWN turn out to be the predominant radiant forces. This is the case of P2 and 

P3 points.  

In P2 (see Figure 4.47b), a relevant decrease in Tmrt was achieved except during the short time interval 

(around 16:00) where sun rays coming from west hit the POI and determine a sudden (but short) 

increase in KDOWN and Tmrt. Since P3 is below a tree with a dense and wide crown, Tmrt values are 

further reduced with respect to P2 point (Figure 4.47c). In Design Scenario, P1 is placed near to the 

trees and as a consequence the mean radiant temperature is slightly reduced during daytime.  

Figure 4.48 (a-b-c) shows the hourly profiles of Tmrt at the selected POIs (P1, P2 and P3) in the 

Current Scenario (CS) and Design Scenario (CS) respectively during period (7th – 9th August). The 

threshold values of Tmrt of heat-related mortality risk for age band 80+ (dashed red lines) were 

represented.   

 

 

   
Figure 4.48. Mean radiant temperature (Tmrt) profiles during three consecutive warm days  

in Current Scenario (CS) and Design Scenario (DS) in Point a) P1, b) P2, and c) P3. 
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The selected points of interests (POIs) at pedestrian height (z = 1.10 m) were described in Table 4.6 

and reported in Figure 4.21 (Section 4.4.2).  

All three points are sunlit during daytime at current scenario. P1 is located in an urban canyon with 

Sky View Factor (SVF) value below 0.40 and an aspect ratio (H/W=3) whereas points P2 and P3 are 

in areas with SFV>0.60 (see Table 4.6). 

In P1, surrounding areas at around the trees (see figure 4.45a), the profile of Tmrt is reduced at about 

5°C during the sunny hours of the day respect to the Current Scenario (CS). This showed that Tmrt 

reductions could be up to 5.0°C in points located nearby sparse canopy trees due to the 

evapotranspiration phenomenon. This result is meaningful because, during the warmest hours, the 

peak of Tmrt can be lowered below the threshold value over which heat-related mortality risk increases 

by 10% in people aged over 80 (see Figure 4.48a).  

At nighttime, a slight increase in the minimum values of Tmrt was found. This is due to the fact that 

the crown of trees reduces the Sky View Factor (SVF) values and hinders the heat transfer via long 

wave radiation towards the sky (LUP). Thereby, the rate of nighttime radiation emitted from the soil 

surfaces to the sky is reduced and consequently the heat is trapped in the urban canopy layer. 

However, the increase of Tmrt in P1 is very low if compared to that occurred in open areas (P2 and P3 

points) where the SVF value is markedly reduced due to the wide crown of trees planted in P2 and 

P3. Indeed, in Compact Midrise area, the adoption of the morphology of trees with sparse crown and 

high trunk counteract the reduction of SVF of the pavement and soil surfaces. 

Trees with higher dense foliage screen the incoming shortwave radiation and provide extensive 

shading at pedestrian level. The extensive shading lowers the temperature of the ground surface 

reducing radiant heat load and mitigating the heat stress. A decrease in peak values of mean radiant 

temperature even higher than 20°C can be attained in points shaded by trees (points P2 and P3) (see 

Figure 4.48b and c).  In open areas, the tall trees with wide crowns can reduce the Tmrt values until to 

40°C. Thereby, the peak values of Tmrt are below the threshold of risk level.  

4.5.9 Heat stress risk analysis 

Figures 4.49 and 4.50 identify hazard areas using the daily maximum value of Tmrt thresholds for ages 

80 and older in Current (a-c) and Design Scenarios (b-d) for areas 1 and 2. To this aim, a 2D spatial 

distribution of Tmrt values at 14.00 on a warm and sunny summer day (7th August, 2019) was 

considered.   

The comparison between hazard maps of the Current and Design scenarios respectively revealed that 

trees can be an effective measure for mitigating heat stress in urban areas. In fact, the areas nearby 

the trees showed a reduction in mean radiant temperature of up to 20°C. As a consequence, such areas 
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fall within “no hazard” levels in Design Scenario. However, the majority of the surface of the study 

areas is in hazard levels II and III. This could be explained by the fact that the area shaded by the 

trees becomes rather limited due to high elevation of the sun at noon or in the early afternoon. 

However, such result depends on the approach used to plan the planting of the trees and the hour that 

is taken into account for the investigation. 

 

Figure 4.49. 2D Spatial variations of Tmrt, and identification of hazard areas in the high built-up densely district (Area 

1) at 14.00 on 7th August: (a-c) Current Scenario (CS); (b-d) Design Scenario (DS). 

             

Figure 4.50. 2D Spatial variations of Tmrt, and identification of hazard areas in the open Low-rise district (Area 2) at 

14.00 on 7th August: (a-c) Current Scenario (CS); (b-d) Design Scenario (DS). 

a
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Figure 4.51 shows the cumulative frequency f (%) of the domain area falling within different hazard 

levels during daytime (from 8.00 to 18.00) on 7th of August in Current Scenario (CS) and Design 

Scenario (DS) for areas 1 and 2 respectively. 

   

Figure 4.51. Cumulative frequency of domain area within specific hazard levels of heat stress related mortality in 

Current Scenario (CS) and Design Scenario (DS) for Area 1 (a) and Area 2 (b). 

This analysis has shown that Current Scenario falls within the “No-Hazard” class for 38.3% and 

50.8% of the domain of area 1 and 2 respectively. Area 2 shows a cumulated frequency of Tmrt falling 

within No-Hazard level higher than Area 1. In both areas, Tmrt distribution is predominantly within 

No-Hazard and Hazard level III respectively. This depends on the fact that during daily hours of 

maximum solar radiation the Tmrt values are predominantly between 60°C and 65°C in sunlit areas 

and between 35°C and 45°C in shaded areas.  

Design scenario (DS) increases the fraction of investigated domain that is included within “No- 

Hazard” class. In areas 1 and 2, Design scenario falls into No-Hazard for 44.7% and 61.8% of the 

investigated domain. As a result, an increase of 6% and 11% of the entire domain characterized by 

values lower than 47.6°C was found in area 1 and 2 when a Design Scenario is considered.   

Overall, the cumulative frequency of Tmrt included in Hazard levels I, II and III are reduced under 

Design scenario (DS). 

It is worth highlighting that the areas characterized by high values of Tmrt are more sensitive to the 

effectiveness of the increase of vegetation included in Design scenario. The reduction of cumulative 

frequency of Tmrt that fall within hazard level III is reduced by 5% with respect to the Current scenario. 
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4.6. Microscale climate analysis 

The outdoor microclimate of the two identified sites as risky areas was investigated using an urban 

Microscale approach based on accurate CFD models by means of ENVI-met calculation code. 

Based on the Microscale analysis of calibrated and validated models of the two selected areas (Area 

1 and Area 2), different heat stress mitigation strategies were planned in relation to the morphological 

features of the two studied areas. The results achieved were presented and discussed in two papers 

published in Urban Climate and Sustainability journals respectively. Both articles are attached to the 

present thesis in order to show the effectiveness of proposed UHI mitigation strategies on the outdoor 

microclimate.  

Based on the proposed methodology, first, the results of the heat stress mitigation of compact and 

high density built-up area (Area 1) were described and thereafter, those of the open low-rise area 

characterized by less urban density (Area 2). 

It has to be highlighted that the article published on Urban Climate - “Application of weather data 

morphing for calibration of urban ENVI-met microclimate models. Results and critical issues” –  

addresses calibration approach of an urban micro scale three-dimensional CFD model with weather 

data calculated by the morphing procedure of UWG, and the validation of the same model comparing 

the hourly-simulated outputs in specific points of the calculation domain with on-site measurements. 

In light of this, the extract of an article entitled “A risk index for assessing heat stress mitigation 

strategies. An application in the Mediterranean context”, currently under review, is also attached. 

This latter deals with the assessment of the effects of heat stress mitigation strategies on the reduction 

of the risk for human health of the same urban district analyzed in the paper published in Urban 

Climate journal. 

Subsequently, the paper “Sustainable Urban Greening and Cooling Strategies for Thermal Comfort 

at Pedestrian Level” was written. 
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ABSTRACT  

The detafifled anaflysfis of the urban mficrocflfimate caflfls for the use of Computatfionafl Fflufid Dynamfics 

(CFD) toofls abfle to modefl compflex heat and mass transfer mechanfisms. ENVI-met fis one of the 

most used and reflfiabfle toofls for mficrocflfimate anaflysfis fif an accurate caflfibratfion fis performed. The 

caflfibratfion  process  fis  fundamentafl  to  have  a  reflfiabfle  modefl  fin  order  to  perform  mficrocflfimate 

anaflysfis,  but  requfires  accurate  on-sfite  measurements  of  urban  weather  data  and  fit  fis  usuaflfly 

dfifficuflt to have urban meteoroflogficafl data of the requfired granuflarfity because of the flack of on- 

sfite statfionary weather statfions. To overcome such an fissue, thfis paper expflores the use of weather 

data retrfieved from suburban meteoroflogficafl statfions and morphed for the urban context under 

study through the Urban Weather Generator (UWG) toofl. UWG generates an urban weather fifle fin 

the hourfly .epw format that fis eventuaflfly used for forcfing the ENVI-met modefl of the finvestfigated 

area. Thfis approach fis vaflfidated agafinst on-sfite measurements at dfifferent tfimes for varfious pofints 

flocated fin a dfistrfict of the cfity center of Catanfia (Itafly). The vaflfidatfion process presented a very 

good  correflatfion  for  most  of  the  study  pofints  fin  the  dfistrfict  durfing  nfighttfime,  whfifle  durfing 

daytfime some dfiscrepancfies may occur.   

1. Introductfion 

The fincreasfing awareness of the fissues comfing from frequent heat waves fin cfitfies has finspfired a growfing number of studfies deaflfing 

wfith urban physfics and the Urban Heat Isfland (UHI) effect fin partficuflar. Dfifferent approaches such as Computatfionafl Fflufid Dynamfics 

(CFD) (Lfi et afl., 2013), anaflytficafl and empfirficafl aflgorfithms (Ignatfius et afl., 2015) and physficafl modefls based on an urban canopy 

energy baflance (Lee and Park, 2008) are typficaflfly empfloyed, wfith a preference gfiven to CFD modefls because of thefir capabfiflfity to drfive 

the desfign, anaflysfis and optfimfizatfion of varfious urban envfironment scenarfios. In thfis context, the ENVI-met software fis flargefly used for 

predfictfing outdoor cflfimate condfitfions at urban mficro or nefighborhood scafles (Gfirfidharan and Emmanuefl, 2018; Ma et afl., 2019). 

Despfite  the  advancements  fin  the  fiefld  of  CFD  anaflysfis,  sfimuflatfion  practfice  has  a  recognfized  obstacfle  that  fis  the  dfiscrepancy, 

sometfimes sfignfificant, between actuafl and predficted vaflues (Mao, 2018). Thfis fissue fis due to the compflex finteractfions amongst severafl 

bufiflt envfironment parameters that makes fit dfifficuflt to obtafin an accurate representatfion of these reafl-worfld systems (Forouzandeh, 

2018). The modefl errors are mafinfly caused by software flfimfitatfions and finaccurate parameter descrfiptfions that cannot be compfletefly 

known – and thus modeflfled – a prfiorfi (Maggfiotto et afl., 2014; Huttner and Bruse, 2009). Because of thfis, modefl caflfibratfion and un-

certafinty anaflysfis hofld a partficuflar finterest and are fundamentafl to evafluate the degree of accuracy of a modefl before usfing fits out-

comes fin decfisfion-makfing process (Vuckovfic et afl., 2015). In the case of sfimuflatfion-based evafluatfion of flarge-scafle and costfly urban 
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interventions, the execution of a systematic calibration process is therefore essential (Maleki et al., 2014). 
In the assessment of the outdoor thermal comfort conditions of urban areas, current calibration approaches usually rely on 

measurements of air temperature in a limited number of points of the study domain (Fabbri and Costanzo, 2020). The air temperature 
is deemed a suitable variable to calibrate CFD models because it is a bulk index of the local climate and is less prone to vary within a 
micro scale domain compared to other variables such as near ground measurements, surface temperatures and wind speed (Salvati and 
Kolokotroni, 2019). 

As an example, Koutra et al. reviewed various ENVI-met simulations coupled with on-site measurement campaigns that most often 
recorded air temperature and relative humidity while less frequently considered mean radiant temperature and wind speed (Koutra 
et al., 2018). Nonetheless, simulation results were not always validated (or the model calibrated) against on-site measured data, thus 
the reliability of the simulation results appears questionable. In fact, the accuracy of a CFD model may vary substantially depending on 
the forcing conditions used for the simulation and, in particular, according to the meteorological boundary conditions. Accordingly, 
the local climate conditions determined by neighborhood characteristics should be used to force CFD microclimate simulations instead 
of using measurements collected at weather stations located in the peripheral zone of the cities as input boundary conditions (Salvati 
and Kolokotroni, 2019). 

However, when urban or on-site microclimate measurements are not available, a promising way to estimate the local urban climate 
could be that of resorting to urban energy balance models such as in the case of the Urban Weather Generator (UWG) (Mao, 2018; 
Bueno et al., 2015; Salvati et al., 2016). 

The goal of this paper is to propose and discuss a calibration approach of an urban micro scale three-dimensional CFD model built in 
ENVI-met with weather data calculated by the morphing procedure of UWG, and to validate the same model comparing the hourly- 
simulated outputs in specific points of the calculation domain with on-site measurements. 

2. Methods for calibration and validation of ENVI-met models in the literature 

When dealing with ENVI-met simulations, the approaches followed by most scholars make use of models validated with on-site 
measurements, although there are also few examples of models that are not validated as in the case of a recent research of Battista 
et al. about the evaluation of the UHI effect in a neighborhood in Rome (Battista et al., 2019). Also Sözen and Koçlar used non-validated 
ENVI-met models of different urban canyons in Madrid (Sözen and Koçlar Oral, 2018), while O’Malley et al. investigated different 
mitigation strategies to the UHI phenomenon to gauge resilience and promote urban sustainability in a selected area in the borough of 
West Kensington in London (O’Malley et al., 2015). Rui et al. reported on the relationship between greenery amount, thermal comfort 
and air quality according to different scenarios of green cover ratio but without any use of experimental data for calibration purposes 
(Rui et al., 2019). Another example is that of Li et al. who analyzed the cooling and energy-saving performances of different green wall 
designs in an urban district located in Chenzhou (China) using an ENVI-met model not validated (Li et al., 2019). Finally, also Gaspari 
et al. made use of a model not validated with on-site measurements for supporting decision makers in choosing amongst alternative 
design solutions with different green elements in the framework of the follow up of a design competition for a public square launched 
by the Municipality of Cesena (Gaspari et al., 2018). 

On the other hand, researches employing measurements for calibration and validation purposes - for just one or several points in 
the spatial domain - are found to adopt mainly two strategies:  

• Statistical analysis of one or more environmental variables;  
• Trends comparison of one or more measured variables with simulated ones through graphical representations. 

In the context of statistical analysis, the outdoor air temperature and relative humidity are the main indicators used to calibrate 
CFD models (Zhang et al., 2018). This is not only because of the easiness of their measurement process, but also because the possibility 
to use diurnal cycles of air temperature and relative humidity to force the models has proved to increase significantly the accuracy of 
the simulation results (Vuckovic et al., 2015). 

Other studies, instead, considered the mean radiant temperature (Tmrt) for calibrating outdoor comfort models (Elnabawi et al., 
2015; Chen et al., 2014). However, despite this variable is more related to humans’ thermal comfort than air temperature, the 
measurement of Tmrt outdoors via the globe thermometer or the six direction radiation method proved to be challenging and prone to 
errors because this variable depends on wind speed and radiant fluxes that are extremely variable outdoors (Chen et al., 2014; 
Andreou, 2013). 

The air temperature is thus widely considered the preferred variable to calibrate ENVI-met models being a bulk index of the local 
climate of an urban area, less likely to vary within a microscale domain compared to other variables such as surface temperatures or 
wind speeds (Salvati and Kolokotroni, 2019). As an example, Mohamed et al. have assessed the microclimate of an urban area located 
within the Islamic Quarter of Cairo (Egypt) through ENVI-met simulations calibrated against air temperature, relative humidity and 
mean radiant temperature values as measured on site by mobile weather stations. The regression analysis between the measured and 
computed air temperature has reported a coefficient of determination R2 of 0.942 (Elnabawi et al., 2015). The comparison between the 
simulated values of mean radiant temperature and those measured via globe thermometer shows a good qualitative agreement until 
sunset. However, after sunset, it was found that the predicted values of Tmrt do not adequately follow the field data (Elnabawi et al., 
2015). This is rebated also in the validation exercise carried out by Gal and Kantor (Gál and Kántor, 2020), where it is discussed in 
detail how the main cause of prediction discrepancies is the reliance on domain-wide mean values for both emitted and reflected 
upwelling shortwave and longwave radiation. 
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Battfista and De Lfieto Voflflaro finvestfigated the potentfiafl effects of mfitfigatfion strategfies fincfludfing vegetatfion fimprovement on the 

outdoor comfort of a nefighborhood fin Rome based on a vaflfidated modefl reaflfized wfith ENVI-met (Battfista et afl., 2016). The modefl was 

forced wfith cflfimate data detected by a LSI Lastem mficro-cflfimate statfion pflaced at 6.5 m above the ground fin the seflected area. The 

vaflfidatfion process was performed by comparfing the measured data wfith numerficafl resuflts of afir temperature and reflatfive humfidfity of a 

receptor pflaced fin the same pofint where the actuafl measurements were taken. Mean Absoflute Error (MAE), Root Mean Square Error 

(RMSE) and the Index of Agreement (d) were adopted as statfistficafl performance findfices, and a good agreement between the measured 

and computed ENVI-met for afir temperature was achfieved (MAE =1.28 ◦C, RMSE =1.63 ◦C, d =0.99). 

Gusson and Duarte performed on-sfite mficrocflfimate measurements for the caflfibratfion of ENVI-met modefls of two densefly popuflated 

dfistrficts fin S̃ao Pauflo fin Brasfifl (Brasfiflandfia and Befla Vfista namefly) wfith contrastfing bufifldfing densfitfies and typoflogfies. Afir temperature, 

reflatfive humfidfity, wfind speed and dfirectfion, as weflfl as gflobe temperature, were regfistered at a hefight of 1.50 m above ground flevefl. For 

Befla Vfista dfistrfict, the RMSE vaflue was 1.6 ◦C, the MAE vaflue 1.4 ◦C and the d vaflue of 0.85 for the dry buflb temperature, whfifle for 

Brasfiflandfia the correspondfing figures were MAE =1.8 ◦C, RMSE =1.9 ◦C and d =0.92 respectfivefly (Gusson and Duarte, 2016). 

Aflso Tsoka  et  afl.  have  estfimated  the  fimpact  of  coofl  pavements  and  greenfing  strategfies on  flocafl  mficrocflfimate  reflyfing  on  CFD 

sfimuflatfions. To thfis afim, a three-dfimensfionafl urban mficro scafle modefl wfith a mesh resoflutfion of 2.5 ×2.5 m2 was reaflfized wfith ENVI- 

Ffig. 1.Fflowchart of the methodoflogy.  
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Fig. 2. Hourly values of outdoor air temperature and relative humidity (a,c), solar radiation and wind speed (b,d), recorded at the suburban weather station.  
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met. A good agreement between sfimuflated vaflues and on-sfite measurements was found as reported by the vaflues of varfious statfistficafl 

findfices (MAE =1.10 ◦C, RMSE =1.85 ◦C, d =0.90) (Tsoka et afl., 2017). 

A good correspondence between fiefld measurements and ENVI-met sfimuflatfions was found aflso fin a study regardfing the effects of 

urban bfiocflfimatfic finterventfions fin the centrafl area of a coastafl medfium-sfized cfity fin Greece. The accuracy of the modefl was assessed by 

comparfing the sfimuflated vaflues of afir temperature wfith the correspondfing measurement serfies, eventuaflfly reportfing a RMSE equafl to 

0.9 ◦C. Addfitfionaflfly, the regressfion coefficfient approaches one (R2 =0.92) and then findficates a good correflatfion of the temperature 

fluctuatfion vaflues (Makropouflou, 2017). In a sfimfiflar fashfion, aflso Fabbrfi et afl. vaflfidated thefir modefl of a pubflfic square fin Parma (Itafly) 

through the caflcuflatfion of the regressfion coefficfient of afir temperature vaflues obtafined from the Meteobflue weather servfice (Fabbrfi 

et afl., 2020). 

Ffinaflfly, exampfles of CFD modefl caflfibratfion through a graphficafl process based on the comparfison of measured and sfimuflated afir 

temperature trends can be found fin Huttner’s Ph.D. thesfis (Huttner, 2012) that treats the appflficatfion of ENVI-met sfimuflatfions to a case 

study, fin the paper of Maggfiotto et afl. (Maggfiotto et afl., 2014) wfith 4-pofints on-sfite measurements, and fin that of Tsfitoura et afl. 

(Tsfitoura et afl., 2016). 

3. Methodoflogy 

The caflfibratfion approach of ENVI-met modefls proposed fin thfis research fis carrfied out by forcfing the software usfing hourfly data of 

gflobafl, dfirect and dfiffuse soflar radfiatfion, wfind speed and dfirectfion, as recorded by a meteoroflogficafl statfion pflaced fin a suburban area 

outsfide the cfity center. Incomfing flongwave radfiatfion and cfloud cover are used as weflfl but are obtafined from the flocafl aeronautfic 

servfice. The hourfly vaflues of afir temperature and reflatfive humfidfity coflflected at thfis statfion – whfich are the envfironmentafl varfiabfles 

more affected by the Urban Heat Isfland (UHI) effect – are first morphed through the Urban Weather Generator (UWG) toofl and then 

fimpflemented fin ENVI-met to account for sfite-specfific characterfistfics (caflfibratfion phase). 

To demonstrate the vaflfidfity of such an approach, a sfite survey was conducted to compfifle the constructfion characterfistfics of the 

bufifldfings and paved areas, the flocatfion of green areas, the number and type of trees and parkfing flots fin the study area. Furthermore, 

two on-sfite measurement campafigns were carrfied out wfith a mficrocflfimate portabfle statfion to measure afir temperature and reflatfive 

humfidfity. These measurements are eventuaflfly compared agafinst the predfictfions of sfimuflatfions run fin ENVI-met usfing both suburban 

weather data (scenarfio S_1) and the weather data morphed by UWG (scenarfio S_2) as forcfing condfitfions through sufitabfle statfistficafl 

findfices (vaflfidatfion phase). The workflow of the entfire process fis summarfized fin Ffig. 1. 

3.1. Weather data coflflectfion 

The weather data fimpflemented fin the UWG and ENVI-met modefls, apart from fincomfing flongwave radfiatfion and cfloud cover that 

were retrfieved from the flocafl aeronautfic servfice, were taken from the statfionary weather statfion LSI Lastem pflaced on top of the roof of 

a bufifldfing of the Unfiversfity Campus of Catanfia, whfich fis flocated fin the suburbs of the cfity of Catanfia (Itafly). The weather statfion fis 

equfipped wfith afir temperature and thermo-hygrometrfic sensors, a bflack gflobe thermometer and an anemometer, and fit fis abfle to 

record  dry  buflb  afir  temperature,  reflatfive  humfidfity,  gflobafl,  dfirect  and  dfiffuse  soflar  firradfiance,  wfind  speed  and  dfirectfion,  wfith  a 

sampflfing tfime of 1 mfin. The uncertafinty, measurements range and characterfistfics of the sensors are reported as foflflows:  

•Afir temperature and reflatfive humfidfity sensors: (uncertafinty: 0.10 ◦C and 0.1%; measurements range: −50 to 100◦C and 0 to 100%);  

•Radfiometer: (spectrafl response: 300–3000 nm; operatfive temperature −40 ◦C/+80 ◦C; uncertafinty: ±4 W/m2);  

•Anemometer: (measurement range: 0÷50 m/s; threshofld: 0.36 m/s; uncertafinty 1% beflow 3 m/s and 1.5% above 3 m/s; resoflutfion: 

0.06 m/s). 

The hourfly vaflues of afir temperature (To, 
◦C), reflatfive humfidfity (RH, %), Gflobafl Horfizontafl Irradfiance (GhI, W⋅m

−2) and wfind speed 

(w, m⋅s−1) recorded durfing the anaflyzed perfiods (7th – 9th August 2019; 16th – 18th September 2019) are depficted fin Ffig. 2

Deflta Ohm Trfipod/ 
Mast Assembfly 1.2 m

Measurament 
Dataflogger Deflta Ohm 
HD32.3

Gflobe thermometer 
TP3275 probe: Pt100

Combfined Temperature 
/RH probe HP3271R 
pt100  - Sun Sheflter

Omnfidfirectfionafl  hot  
wfire probe AP3203, 
Sensor type: NTC 

. 

Ffig. 3.Mficrocflfimate portabfle statfion and fits components.  
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In the perfiod 7th–9th August, the maxfimum vaflue of soflar radfiatfion (about 800 W/m2) occurs at around 12:00 pm (see Ffig. 2b), 

whfifle the outdoor afir temperature varfies from a mfinfimum of 24 ◦C (at 6.00 a.m.) to a maxfimum of 34.5 ◦C (at 14.00 p.m.) as shown fin 

Ffig. 2a. The prevaflent wfind dfirectfions are east and south. 

Durfing 16th–18th September, the maxfimum GHI vaflue fis of about 700 W/m2, whfifle the peak of the outdoor afir temperature fis 

around 27 ◦C and the wfind predomfinantfly bflows from southeast (see Ffig. 2c). 

On the other hand, the vaflfidatfion of CFD sfimuflatfions fin ENVI-met has been accompflfished by comparfing sfimuflatfion outcomes 

agafinst two on-sfite measurement campafigns carrfied out wfith a portabfle mficrocflfimate statfion Deflta ohm HD type 32. Ffig. 3 shows aflfl 

the components and sensors of such finstrumentatfion: a thermo-hygrometrfic probe, a gflobe-thermometer and an omnfidfirectfionafl hot 

wfire probe. The thermo-hygrometrfic sensor fis shfieflded by a whfite cyflfindrficafl box (20 cm hefight) wfith sflfits on the vertficafl surface for 

favorfing ventfiflatfion and avofidfing overheatfing. The vaflues of afir temperature (Ta), gflobe temperature (Tg), wfind speed (w) and reflatfive 

humfidfity (RH) were recorded every mfinute, whfifle the measurfing finstruments (whose characterfistfics are reported fin Tabfle 1) were 

tested and caflfibrated before the fiefld survey. The entfire measurement process compflfied wfith the suggestfions of the ISO 7726 Standard 

(ISO 7726, 1998). 

3.2. Spectrafl reflectance measurements of materfiafls aflbedo 

The measurements of the spectrafl reflectfivfity of varfious opaque materfiafls found fin the urban context were carrfied out by means of a 

spectrophotometer CM-700d UV – VIS (see Ffig. 4) fin accordance wfith ISO 7724/1 Standard (ISO 7724-1, 1984). 

The spectrophotometer fis based on sphere geometry wfith sfimufltaneous coflor measurement and specuflar component fincfluded (SCI), 

and fis equfipped wfith both standard source flamp D65 and dfiffuse flfightfing wfith 8-degree vfiewfing angfle (D/8◦). The finstrument fis abfle to 

measure a materfiafl’s reflectfivfity onfly fin the vfisfibfle range (380 nm – 780 nm) by pofintfing a square sampfle of about 16 ×16 cm2. For 

each sampfle, ten measurements were performed wfith the fintegratfion tfime set to 2 s and finaflfly an average vaflue fis obtafined. 

3.3. Weather data morphfing: the Urban weather Generator (UWG) 

The Urban Weather Generator (UWG) fis a sfimuflatfion toofl devefloped at MIT that estfimates afir temperature and reflatfive humfidfity fin 

the Urban Canopy Layer (UCL) usfing meteoroflogficafl data obtafined at an operatfionafl rurafl weather statfion (MIT 2030 East Campus 

Urban Desfign Study, 2014; Bueno et afl., 2013a; Rotach, 2005; Bueno et afl., 2014). 

UWG transforms the compflex and heterogeneous urban structure finto a homogenous urban canyon depfictfion accordfing to the 

Town Energy Baflance (TEB) scheme. TEB afims to sfimuflate turbuflent fluxes finto the atmosphere at the surface of a mesoscafle atmo-

spherfic modefl takfing downward finfrared radfiatfion, dfirect and dfiffuse soflar radfiatfion on a horfizontafl surface as finput energy fluxes 

aflong wfith varfious anthropogenfic heat sources. In thfis way, the atmospherfic modefl faces onfly a constant flux at fits flower boundary, 

whfich represents the parameterfizatfion of both urban surfaces and the roughness subflayer (Masson, 2000). 

Tabfle 1 

Technficafl characterfistfics of the probes of the portabfle mficrocflfimate statfion.  

Cflfimatfic varfiabfles Type of probes Accuracy Resoflutfion  Range 

Afir temperature and Reflatfive 

humfidfity 

Combfined probe HP3271R pt100 Cflass: 1/3 DIN 0.1 ◦C  10 ◦C÷

80 ◦C 

±2% (15÷90) 0.1%  5% ÷98% 

±2.5% remafinfing 

range 

Wfind speed AP3203 Omnfidfirectfionafl hot wfire probe, Sensor type: NTC 

10kohm 

±0.05 m/s (0 ÷1 m/s)  0.01 m/s  0 ÷5 m/s 

±0.15 m/s (1 ÷5 m/s) 

Gflobe temperature TP3275 gflobe thermometer probe (Ø =150 mm), Sensor type: 

Pt100 

Cflass: 1/3 DIN 0.1 ◦C  -10 ÷100 ◦C  

Ffig. 4.Spectrophotometer CM-700d (a); Sampfle of the seflected materfiafl (b); waveflength fiefld reported as output (c).  
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In doing so, TEB treats the urban energy budget as the combined effect of surface energy budgets on roofs, walls and roads 
respectively, and accordingly uses the corresponding surface temperatures. 

On the other hand, heat conduction through roofs, walls (e.g. with buildings) and roads (e.g. with soil) is modelled by discretizing 
each surface into various layers. Anthropogenic heat fluxes – specified by the user in its sensible and latent components originating 
from buildings, combustion and traffic processes – do not directly modify the various surface energy budgets because they are directly 
released into the air, and this appears to be as the main limitation of the model (Masson, 2000). The output energy fluxes allow, 
eventually, the direct estimation of air temperature and relative humidity values as modified by the urban structure. 

A sensitivity analysis performed by Bueno et al. showed that factors governing the specific urban site’s morphology, vegetative 
features and reference weather station, are of the greatest importance (Mao, 2018; Bueno et al., 2013a; Rotach, 2005). Hence, the rural 
weather file, city location, urban, district and building parameters are the main input to the UWG. The tool takes a rural or suburban *. 
epw weather file and the *.xml (or *.xlsm) input file which describes the urban canyon, and produces a morphed weather file with the 
same *.epw format that captures the UHI effect by morphing air temperature and relative humidity values only that is compatible with 
many microclimate and building energy simulation programs. 

UWG is composed of four coupled modules: Rural Station Model (RSM), Vertical Diffusion Model (VDM), Urban Boundary-Layer 
(UBL) model and the Urban Canopy and Building Energy Model (UC–BEM) (Bueno et al., 2013a; Bueno et al., 2014). In particular, 
UC–BEM estimates building energy consumption at the city scale, specifically accounting for the interactions amongst the buildings 
and the urban environment. 

The UWG has been evaluated against field data from two cities: Basel (Switzerland) and Toulouse (France) (Bueno et al., 2013a; 
Rotach, 2005; Bueno Unzeta, 2010). Hourly values of urban air temperature calculated by the UWG were compared with the air 
temperature measured at the urban and rural sites from two boundary-layer experiments: the BUBBLE experimental campaign, carried 
out from 10 June to 10 July 2002 in Basel (Rotach, 2005); the CAPITOUL experimental campaign carried out from February 2004 to 
March 2005 in Toulouse (Hidalgo et al., 2008). In Basel, a RMSE between the predictions and observations on urban site of 0.9 ◦C was 
achieved; the CAPITOUL campaign showed instead a RMSE of 1.1 ◦C. 

Another research that focused on the validation of an UWG model of downtown Abu Dhabi, reported a good agreement with the 
experimental measurements, with the air temperature calculated by the UWG closely following the profile of air temperature recorded 
by a rural weather station (Bande et al., 2019). 

3.4. ENVI-met simulations 

The ENVI-met version 4.4 is selected because it is capable of suitably simulating major processes in the atmosphere that affect 
urban microclimate based on a well-grounded physical basis (ENVI-met V4.4, 2020; Simon, 2016). ENVI-met is a numerical prognostic 
calculation code based on a holistic model that allows a complex modelling and detailed investigation of urban microclimate, as well as 
small-scale interactions between buildings, surfaces and plants (Ali-Toudert and Mayer, 2006). 

ENVI-met estimations are based on a three-dimensional CFD atmospheric model forced by a one-dimensional model given by a 
vertical profile of weather data at the inflow boundary of the 3D model. An important advance of the ENVI-met version 4.4 if compared 
to previous versions concerns the possibility of forcing climate data input parameters by creating a user specified weather file including 
hourly values of dry bulb temperature, relative humidity, global, direct and diffuse solar radiation, wind speed and wind direction, 
longwave radiation and cloud cover (full forcing weather data input, (Emmanuel et al., 2007)). 

Time step is set on the basis of the variation of the sun height in the current settings of ENVI-met. Smaller time steps are required 
when the solar input is high, whereas bigger ones are used in the morning or evening. A spin-up period advised to be as long as 24–48 h 
is needed for the model to stabilize (Chen et al., 2014; Goldber et al., 2013; Salata et al., 2016). 

As concerns soil conditions, they are modelled through four layers of different depth below the ground surface: the upper layer 
extends 20 cm below the ground, the second layer extends down to 50 cm, the third layer goes down further until a depth of 200 cm, 
and finally the deepest layer goes below 200 cm of depth (Bruse, 2006). The soil temperatures assigned to the first three layers are 
deduced from the thermal profile of the soil based on the various months of the year, while the last one is kept constant (Busby et al., 
2009). 

Further, to improve the stability of lateral boundary conditions for the core model without increasing computational time, ENVI- 
met allows surrounding the domain with nesting grids so that the flow field re-establishes its simple structure after it has crossed the 
core model (Bruse, 1999; Chatzinikolaou et al., 2018). 

The software thus implements theoretical physical models as systems of nonlinear equations and solves them through mathematical 
formulations including three main prognostic variables that allow analyzing the interactions between local environment and the at-
mosphere on a local basis (Bruse and Fleer, 1998; Bruse, 2018). The analytical model is based on Navier-Stokes equations for wind 
flow, atmospheric flow turbulence equations, energy and momentum equations and boundary condition parameters (Bruse and Fleer, 
1998). 

More relevant to urban studies is the fact that ENVI-met allows taking into account also the contributions due to:  

• Shortwave and longwave radiation fluxes with respect to shading, reflection, and re-radiation from building systems and the 
vegetation;  

• Transpiration, evaporation, sensible and latent heat fluxes from the vegetation into the air including full simulation of all plant 
physical parameters;  

• Water and heat exchange at the ground layer. 
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Gfiven that radfiant energy fluxes are the major factors causfing dfifferences fin flocafl cflfimate fin urban envfironments (Bruse, 2006), the 

modeflflfing equatfions of fincomfing shortwave and flongwave fluxes adopted fin ENVI-met are reported fin the foflflowfing as reference. 

The shortwave radfiatfion budget at hefight z can be summed up as: 

Qsw(z) =σsw,dfir(z)Q
0
sw,dfir+σsw,dfiff(z)σsvfQ

0
sw,dfiff+

(
1−σsvf(z)

)
Q0sw,dfira (1)  

wfith Q0sw befing  the  fincomfing shortwave  radfiatfion  at  the  upper boundary  of  the  modefl fin  fits  dfirect (Qsw,dfir) and  dfiffuse  (Qsw,dfiff) 

components. The term σsvf fis the flocafl sky vfiew factor, a measure of the amount of sky seen from the centre of a grfid ceflfl; fit ranges from 
0 (no sky vfisfibfle) to 1 (compfletefly free sky). The coefficfients σsw,dfir and σsw,dfiff descrfibe the finfluence of vegetatfion on dfirect and dfiffuse 
shortwave radfiatfion; such coefficfients range from 0 for totafl absorptfion to 1 for undfisturbed fluxes. The addfitfionafl flast term consfiders 

reflectfion of shortwave radfiatfion from the envfironment, wfith a denotfing the average aflbedo of aflfl waflfls wfithfin the modefl area. 

The downward and upward flongwave radfiant fluxes at flevefl z are defined as foflflow: 

Q↓flw(z) =σ
↓
flw

(
z,zp
)
Q↓,0flw+

(
1−σ↓flw(0,z)

)
εfσBT

4

f++
(
1−σsvf(z)

)
εwσBT

4

w (2)  

Q↑flw(z) =σ
↑
flw(0,z)εsσBT

4

so+
(
1−σ↓flw(0,z)

)
εfσBT

4

f− (3) 

befing Qflw
↓, 0 the fincomfing flongwave radfiatfion at the upper edge of the modefl, Qflw

↓(z) the downward and Qflw
↑(z) the upward flongwave 

radfiatfion fluxes at z hefight. The coefficfients σflw
↓ and σflw

↑ descrfibe the finfluence of vegetatfion on the downward and upward flong wave 

radfiatfion respectfivefly. The terms Tf+and Tf−are the average foflfiage temperature of the overflyfing and underflyfing vegetatfion flayer, Tw 

fis the average waflfl temperature of waflfls as ‘seen’ from the grfid pofint and Tso fis the ground surface temperature. The terms εf, εs and εw 
denote the emfissfivfity of the foflfiage, ground surface and waflfls, fin order. σB fis the Stephan-Bofltzmann constant (5.67⋅10–8 W⋅m

−2⋅K−4). 

In the flongwave radfiant baflance, fit fis assumed that shfiefldfing vegetatfion flayers wfiflfl absorb part of the radfiant flux and repflaces fit 

wfith thefir own flongwave radfiatfion, whereas the flast term fin Eq. (2) takes finto account the finfluence of surroundfing bufifldfings by addfing 

addfitfionafl fluxes wefighted by the sky-vfiew-factor (Huttner, 2012). 

Startfing wfith ENVI-met 4.0, an fimprovement of the reflectfive shortwave caflcuflatfion has been achfieved through the addfitfion of the 

Indexed Vfiew Sphere (IVS) modefl (Govehovfitch et afl., 2018). Thfis modefl afims at better evafluatfing the reflected radfiatfion recefived by 

bufifldfing  façades  from  thefir  surroundfing  envfironment.  In  partficuflar,  each  urban  eflement  fis  consfidered  usfing  fits  actuafl  state  (sun 

reflectfion, thermafl radfiatfion) finstead of averaged fluxes. In flfight of thfis, the fincomfing shortwave radfiatfion for a bufifldfing fis gfiven by: 

QBfldg,sw,fin(x,y,z) =σsvf,Bfldg,fin(x,y,z)QBfldg,sw,reffl(x,y,z) (4) 

wfith Qsw,Bfldg,fin representfing the fincomfing shortwave radfiatfion, σsvf,Bfldg,fin fis the Sky Vfiew Factor (SVF) and QBfldg,sw,refl fis the short-
wave radfiatfion reflected by the cflose surroundfing. On the other hand, the reflected radfiatfion comfing from a façade fis evafluated as 

foflflows: 

QBfldg,sw,reffl(x,y,z) =
1

36

∑35

az=0

∑8

h=0

ξ(h,az)Qoutsw,reffl(h,az) (5) 

ξ(h, az) fis the actuafl shfiefldfing, az fis the azfimuth and h fis the hefight of the sun. The use of the IVS modufle can have a flarge fimpact on 

the sfimuflatfion tfime: preflfimfinary sfimuflatfions findeed showed a doubflfing of the tfime needed for sfimuflatfions for the case study area 

dfiscussed fin Sectfion 4. 

Ffinaflfly, the fintroductfion of the pflant-as-object modefl aflflows consfiderfing pflants as dynamfic objects that react to outdoor weather 

condfitfions through detafifled evapotranspfiratfion processes usfing an adaptatfion of the weflfl-known empfirficafl Jacob’s modefl. Thfis, aflong 

wfith the use of fuflfl-forcfing weather data boundarfies, has been demonstrated to correctfly sfimuflate the transpfiratfion rate of trees at fleast 

under cflear and sflfightfly cfloudy sky condfitfions (Sfimon et afl., 2018). 

Tabfle 2 

Statfistficafl findfices used for modefl vaflfidatfion.  

Index Name Formufla U.M. 

% error Percent error/dfifference %error=
m−s

m
=1−

(s

m

)
% 

MAE Mean absoflute error 
MAE =

∑n
fi=1|mfi−sfi|

n  

data-dependent 

RMSE Root mean square error 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n
fi=1(mfi−sfi)

2

n

√
data-dependent 

d Index of agreement 
d=1−

∑n
fi=1(sfi−mfi)

2

∑n
fi=1(|sfi−m| + |mfi−m| )

2  

–   

r Pearson correflatfion coefficfient 
r=

∑n
fi=1(mfi−m)(sfi−s)̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
fi=1(mfi−m)

2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n
fi=1(sfi−s)

2
√

–   

R2 Coefficfient of determfinatfion 
R2=1−

∑n
fi=1(mfi−sfi)

2

∑n
fi=1(mfi−m)

2   

–  
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3.5. Statfistficafl anaflysfis for modefl vaflfidatfion 

Dfifferent statfistficafl findfices are used to quantfify the dfiscrepancfies between the experfimentafl and sfimuflated data. Consfiderfing the 

measured (m) and sfimuflated (s) varfiabfles for each tfime step fi for a totafl of n data sampfles, the quantfitatfive findficators adopted fin thfis 

study are reported fin Tabfle 2. 

The Mean Absoflute Error (MAE) fis the average of aflfl absoflute errors and expresses the dfifference between actuafl and predficted 

vaflues. It represents the vertficafl or horfizontafl dfistance between each pofint and the equaflfity flfine (Battfista et afl., 2016). 

The Root Mean Square Error (RMSE) fis finstead the standard devfiatfion of the resfiduafls (fi.e. the dfifferences between observed and 

predficted vaflues). Resfiduafls are a measure of how far from the regressfion flfine data pofints are. It fis worth to notfice that few flarge errors 

can flead to a great RMSE vaflue (Battfista et afl., 2016; Ramos Rufiz and Ferńandez Bandera, 2017). 

The findex of agreement (d) descrfibes the reflatfive varfiabfiflfity of predficted (sfi) and observed (mfi) vaflues from an estfimate of the true 

mean, that fis the mean observed vaflue (m). It was devefloped by Wfiflflmott as a standardfized measure of the degree of modefl predfictfion 

error and varfies between zero and one. A vaflue of one findficates a perfect match, whfifle zero findficates no agreement at aflfl (Wfiflflmott, 

1982; Wfiflflmott et afl., 2012). 

The Pearson’s coefficfient (r) measures the fintensfity of the correflatfion between two random varfiabfles or two quantfitatfive statfistficafl 

characters. It fis the ratfio between the covarfiance of the two varfiabfles and the product of thefir mean square devfiatfions. 

Ffinaflfly, the coefficfient of determfinatfion (R2) findficates how cflose sfimuflated vaflues are to the regressfion flfine of the measured vaflues. 

The findex fis defined as the proportfion of the varfiance fin the dependent varfiabfle (sfi) that fis predfictabfle from the findependent varfiabfle 

(mj). R
2 fis flfimfited to between 0 and 1, where the upper vaflue means that the sfimuflated vaflues match the measured ones perfectfly and 

the flower ones do not (Ramos Rufiz and Ferńandez Bandera, 2017). 

4. Case study area 

4.1. Morphoflogficafl and typoflogficafl characterfistfics 

A nefighborhood fin the urban area of Catanfia fis seflected as a case study. Catanfia fis a cfity flocated fin southern Itafly (Lat. 37.30 North, 

Long. 15.07 East), wfith a cflfimate characterfized by warm and humfid summer and moderatefly cofld and wet wfinter seasons (the reported 
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oppen-Gefiger cflassfificatfion fis Csa). The seflected area fis a dfistrfict resuflted from the expansfion process that the cfity experfienced fin the 

1960s. The afltfitude flevefl of the finvestfigated urban dfistrfict fis 100 m flower than the sfite where the reference weather statfion fis flocated, 

Ffig. 5.Investfigated area fin downtown Catanfia: a) Dfigfitafl 2D map fincfludfing the study area and the suburban weather statfion flocatfion; b) 2D vfiew; c) 

axonometrfic vfiew; d) 3D modefl of the area. 
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while the distance between them is of about 4 km. Fig. 5 reports the digital 2D map of the urban context of Catania, along with 2D and 
3D aerial views and the geometrical 3D model used for simulation purposes. The points X1, X2, X3 and X4 represent the places where 
the microclimate portable station was placed during the ground survey. The investigated area has a high building density, with 
majority of mid-rise residential buildings, stand-alone retail and warehouses at the street level, and is characterized by remarkable 
repetitiveness and low quality of both the settlement patterns and the formal characteristics of the buildings. Consequently, buildings 
with scarce sunshine and ventilation conditions characterize the settlement. The area has a public space of poor quality and the 
vegetation areas are almost absent. The total land area of the investigated neighborhood is approximately 129,600 m2. 

In total, 167 buildings are considered, out of which 165 are residential buildings, one is a primary school and the last one is a 
supermarket. Table 3 reports the district parameters of the urban area. 

The pervious surface fraction is about 3% of the total area, while vegetation occupies about 1% of the total area and it is char-
acterized by a few street trees and some trees and shrubs in the garden of a school. With reference to the district parameters (see 
Table 3), the selected area is classified as ‘Compact midrise’ according to classification of Local Climate Zone (LCZ) proposed by Oke 
and Stewart (Stewart and Oke, 2012). 

4.2. UWG data for the morphing procedure 

The parameters used for modelling the selected area in UWG v.4.1 tool are categorized into three groups: microclimate 

Table 3 
Morphological parameters of the investigated area.  

District parameters Symbol Value Unit 

Plan area of the site Asite 129,000 m2 

Building area Abldg 60,528 m2 

Building density (site coverage ratio) ρH 47% – 
Vertical to horizontal built ratio (aspect ratio) VHu 1.36  
Impervious surface fraction Aimp/Asite 97% – 
Pervious surface fraction Aper/Asite 3% – 
Vegetation surface Aveg/Asite 1% – 
Weight average building height hwtd 16.10 m  

Table 4 
Input parameters for the UWG model.  

Parameters Setting Unit 

Microclimate characteristics 
Urban Boundary Layer Height – Daytime 1000 m 
Urban Boundary Layer Height – Night time 50 m 
Inversion height 150 m 
Rural Station Model (RSM) temperature reference height 10 m 
Rural Station Model (RSM) wind reference height 10 m 
Circulation coefficient 1.2 – 
UCM – UBL exchange coefficient 1 – 
Heat flux thresholds for daytime conditions 150 W/m2 

Heat flux thresholds for night-time conditions 50 W/m2 

Minimum wind velocity 0.3 m/s 
Rural average obstacle height 0.1 m  

Urban characteristics 
Average building height 16.1 m 
Fraction of waste heat into canyon 0.7 – 
Building density (site coverage ratio) 0.47 – 
Vertical to horizontal ratio 1.36  
Urban area characteristic length 250 m 
Roof albedo 0.10 – 
Pavement thickness 0.50 m 
Sensible Anthropogenic Heat (peak) 30.0 W/m2 

Latent Anthropogenic Heat (peak) 3.0 W/m2  

Vegetation parameters 
Urban area vegetation coverage 0.001 – 
Urban area tree coverage 0.009 – 
Start month of vegetation participation March  
End month of vegetation participation October  
Vegetation albedo 0.25 – 
Latent fraction of grass 0.6 – 
Latent fraction of tree 0.7 – 
Rural vegetation coverage 0.01 –  
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characteristics, district parameters and vegetation variables. A summary of the key input parameters of the UWG model are reported in 
Table 4. 

As for the choice of the various parameters, the Urban Boundary Layer (UBL) model is delimited at the top by a height that varies in 
relation to the horizontal scale of the urban morphology and to time. For a neighborhood of size ranging from 100 × 100 m2 to 1000 ×
1000 m2, the daytime boundary layer height can be assumed equal to 1000 m while for bigger sizes the height of UBL usually ranges 
from 1000 m to 2000 m (Bueno et al., 2013a; Barlow, 2014). On the other hand, during night time the UBL is usually much lower 
(Bueno et al., 2013a). In relation with the investigated urban scale, an UBL height of 1000 m for daytime and 50 m for nighttime has 
been set accordingly. 

The Rural Station Model (RSM) is instead a rural canopy model that takes as input the hourly values of air temperature and wind 
speed measured at the rural site and then calculates the sensible heat fluxes to be provided to the Vertical Diffuse Model (VDM) and the 
Urban Boundary Layer (UBL) models (Bruse and Fleer, 1998). Under urban-breeze circulation, a circulation velocity coefficient equal 
to 1.2 was used to calculate the characteristic circulation velocity according to (Bueno et al., 2013a; Bueno et al., 2013b). 

In terms of anthropogenic heat sources, average values range from 20 to 40 W/m2 in summer and from 70 to 210 W/m2 in winter 
according to the literature (Bueno et al., 2013b; Sailor, 2011). Taha gathered data from a number of early inventory-based approaches 
and found that the city-wide estimates of anthropogenic heat typically ranged from 15 to 150 W/m2 (Taha, 1997). In relation with 
existing published data concerning buildings’ energy consumption and population density of a compact mid-rise city, the peak values 
of 150 W/m2 for daytime and 50 W/m2 for nighttime are adopted. With a reference to a mid-dense city, a fraction of waste heat into 
canyon of 0.7 is selected. 

Urban characteristic such as average building height, site coverage ratio, vertical to horizontal ratio, area vegetation and area tree 
coverage come from the Digital Surface Model (DSM) of Catania in GIS environment (Laboratorio per la Pianificazione Territoriale e 
Ambientale (LAPTA) of the Department Civil Engineering and Architecture of the University of Catania, 2021). 

Albedo and emissivity values were taken from various literature references (Santamouris et al., 2011; McIlvaine et al., 2000). In 
particular, the albedo values of the urban materials were chosen based on a comparison between the values measured in the visible 
range as described in Section 3.2 and the corresponding integral solar values reported in the literature for the same materials. This is 
because the albedo value required by the software to correctly model the radiant heat transfer from every surface is the integral solar 
value (i.e. in the range 250–2500 nm), while the instrument was able to report only the visible range (380–780 nm). 

This procedure should ensure a better predictive power of the simulations as suggested by Maggiotto et al. (Maggiotto et al., 2014). 
The key parameters of the building thermo-physical properties, energy loads and HVAC system, are all set as weighted averages 

based on corresponding area (or volume) according to average model (AM). Table 5 summarizes these building parameters. 
The thermo-physical properties of building components (U-value, SHGC, infiltration rate and coefficient of performance COP) of 

the cooling systems come from existing studies on similar building typologies in this area (Evola et al., 2020). As for the density of 
internal loads (occupancy, lighting and equipment) and indoor air temperature set points, the values taken from national standards 
and technical recommendations are considered in relation to the specific use of the buildings. 

4.3. Simulation model in ENVI-met 

In the input file editor of the ENVI-met graphical interface, an area of 129,600 m2 is implemented as the simulation domain. 
Because ENVI-met has been found to not be grid independent even in the case of absence of buildings and other urban obstacles (Crank 
et al., 2018), two different mesh resolutions have been tested according to the computational capabilities of our PC (Intel i7-4790K; 
RAM 32 GB, Free disk space 550 GB): one with 3.0 × 3.0 × 1.0 m3 dimensions and another with 4.0 × 4.0 × 1.0 m3 dimensions. Given 
that air temperature results deviated, on average, less than 5% between the two mesh options, the coarser mesh of 4.0 × 4.0 × 1.0 m3 

was finally retained. As a result, a total area of 360 × 360 m2 in the horizontal extension and a vertical extension of 100 m are obtained. 
The grid has a fixed spacing in the x and y-axes while along the vertical z-axis a telescoping grid is adopted. The telescoping starts from 
the height of 38 m above ground, which corresponds to the highest building within the domain, in order to maintain a constant value of 
1 m along z-axis in the core area. Above this height, a mesh size of 2 m along z-axis and a number of grid cells equal to 50 was set in 
order to have sufficient space between building top and model border (a telescoping factor of 20% was set here). In light of these 

Table 5 
Settings of building parameters implemented in the UWG.  

Building parameters Residential Primary school Unit 

Glazing ratio 0.48 0.35 – 
Wall U-value 1.15 1.50 W/m2K 
Roof U-value 1.00 1.10 W/m2K 
Window U-value 4.0 4.5 W/m2K 
Window SHGC 0.80 0.85 – 
Infiltration rate 0.5 0.5 ACH 
Lighting load density 8 15 W/m2 

Equipment load density 12 10 W/m2 

Occupancy density 25 8 m2/person 
Indoor air temperature set point 26 26 ◦C 
Chiller COP 2.5 2.5 –  

M. Detommaso et al.                                                                                                                                                                                                  



UrbanCflfimate38(2021)100895

12

settfings, the mesh of 4.0 ×4.0 ×2.0 m3 and a grfid of 90 ×90 ×50 ceflfls were retafined for sfimuflatfions. Aflong the flaterafl domafin 

borders, sfix ceflfls for every dfimensfion fin space are set as nestfing grfids. 

Ffig. 6 dfispflays the 3D Modefl of the finvestfigated area fin the current condfitfions. 

In ENVI-met modefl, the tfime step dynamficaflfly adapts to the sun hefight. Three fintervafls are defined by 2 boundary vaflues of the sun 

hefight, and are set by defauflt to 10 s, 5 s and 2 s) respectfivefly. In thfis work, a constant sfimuflatfion tfime step of 2 s was used fin order to 

avofid stabfiflfity probflems, whfifle two cycfles of sfimuflatfions were carrfied out for the anaflyzed perfiods. A sfimuflatfion tfime of 78 h was set 

for the perfiod 7th–9th August 2019 and one of 75 h for the perfiod 16th–

Waterprooffing membrane

Concrete Tfifles  

Concrete Tfifles (dark)

Concrete Tfifles 

Cflay brficks

Lfime Pflaster

Lfime Pflaster

Lfime Pflaster

Lfime Pflaster

Lfime Pflaster

Lfime Pflaster

Cflay Tfifles

Bare sofifl

Asphaflt

Concrete 

Bufifldfing roofs

Bufifldfing waflfls

Sfloped roof

Ground

Roads, square

Pavements

MAT 1

MAT 2 

MAT 3

MAT 4

MAT 5

MAT 6

MAT 7

MAT 8

MAT 9

MAT 10

MAT 11

MAT 12

MAT 13

MAT 14

MAT 15 

Cyflfindrfic flarge trunk, dense medfium

Tree very dense, fleaffless base 

Spherficafl smaflfl trunk,  dense smaflfl

Paflm, flarge trunk,  dense smaflfl

DM

T1 

DS

1DS

X3 X4

X2

X1

Receptors
(X1,X2,…., X4)

18th September 2019, fin order. Sfimuflatfions started at 6.00 am 

of the prevfious day respect to the seflected days so that materfiafls can adequatefly heat up over the first day. Thus, the first cycfle of 

sfimuflatfion goes from 6.00 a.m. on 6th to 12.00 a.m. on 9th August whfifle the second cycfle from 6.00 a.m. on 15th to 9.00 a.m. on 18th 

September. 

In the domafin core, four receptors are seflected for the anaflysfis of the resuflts named X1, X2, X3 and X4 respectfivefly. The receptor 

(X1) fis pflaced at the floor flevefl of the finternafl courtyard of a prfimary schoofl, whfifle receptor X2 fis pflaced on the flat roof of a bufifldfing 

15 m taflfl. The receptors X3 and X4 are flocated on the roof terrace of two dfifferent bufifldfings of 18 m and 15 m hefight respectfivefly. The 

posfitfion of the receptors fin the modefl fis chosen fin the correspondfing pofints where the actuafl measurements were carrfied out. 

Ffig. 6.ENVI-met sfimuflatfion modefl: 3D vfiew wfith flocatfion of the receptor pofints and flfist of bufifldfing materfiafls and trees fimpflemented.  

Tabfle 6 

Optficafl and physficafl propertfies of outer surface materfiafls.  

MAT Materfiafls Coflor Surface Aflbedo (ρ) Emfissfivfity (ε) 

1 Waterproofing Dark grey Fflat roof 0.15 0.92 

2 Concrete tfifles Befige Fflat roof 0.40 0.90 

3 Concrete tfifles Dark Fflat roof 0.10 0.90 

4 Concrete tfifles Cflear befige Fflat roof 0.40 0.90 

5 Cflay brficks Reddfish Fflat roof 0.30 0.95 

6 Lfime pflaster Befige Waflfl 0.50 0.93 

7 Lfime pflaster Whfite Waflfl 0.60 0.90 

8 Lfime pflaster Lfight grey Waflfl 0.40 0.90 

9 Lfime pflaster Red Waflfl 0.30 0.95 

10 Lfime mortar Grey Waflfl 0.30 0.93 

11 Lfime pflaster Brown Waflfl 0.25 0.90 

12 Cflay tfifles Red Sfloped roof 0.30 0.95 

13 Bare sofifl Brown Ground 0.20 0.98 

14 Asphaflt Dark grey Roads 0.10 0.90 

15 Concrete Grey Pavements 0.30 0.90  
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The seflected area fis modeflfled wfith materfiafls’ thermafl propertfies chosen accordfing to the crfiterfia dfiscussed fin sectfion 4.2 fin order to 

be consfistent wfith the morphfing procedure carrfied out wfith the UWG toofl. Tabfle 6 reports the vaflues of the optficafl and physficafl 

propertfies thus chosen for the outer surfaces. 

The exfistfing trees are predomfinantfly decfiduous specfies but aflso some smaflfl, grass pflants are present so that five pflant types are 

fimpflemented fin the end: cyflfindrficafl flarge trunk dense medfium, tree very dense fleafless base, spherficafl smaflfl trunk dense smaflfl, paflm 

flarge trunk dense smaflfl and grass averagefly dense. The thermo-physficafl and optficafl propertfies of pflants, comfing from the database 

manager embedded wfithfin ENVI-met, are reported fin Tabfle 7. As regards sofifl condfitfions, the sofifl temperatures assfigned to the su-

perficfiafl flayers were deduced from thermafl profifle of the sofifl based on estfimates for a typficafl Medfiterranean cflfimate (Busby et afl., 

2009). The sofifl temperature beflow 2 m depth was kept constant durfing the sfimuflatfion, whfifle reflatfive humfidfity vaflues were kept as 

defauflt vaflues because they are refined usfing the water content at fiefld capacfity vaflue. 

4.4. On sfite weather measurements 

The portabfle mficrocflfimate statfion Deflta Ohm Type HD32.3 descrfibed fin Sectfion 3.1 fis used to record the afir temperature and 

reflatfive humfidfity at the four receptor pofints (X1, X2, X3 and X4 fin order) fin the perfiods between 7th–9th August and 16th–18th 

September 2019. 

Because baflconfies have been chosen as on sfite measurement flocatfions for receptors X3 and X4 to anaflyze aflso the vertficafl gradfient 

of temperature wfithfin the urban canopy flayer, a partficuflar attentfion fis pafid to avofid potentfiafl boundary effects aflong the vertficafl waflfl 

facades that coufld affect the quaflfity of measurements. In thfis vefin, based on the recommendatfions of Nfiachou (Nfiachou et afl., 2008), 

the trfipod was pflaced at a dfistance of 60 cm from the exterfior bufifldfing waflfl. 

Ffig. 7 shows the actuafl flocatfions where the portabfle weather statfion was pflaced durfing the fiefld measurement and surveys. 

The portabfle statfion was pflaced at 1.1 m above the ground flevefl fin the mfiddfle of the backyard of a prfimary schoofl (pofint X1) from 

11.00 a.m. on 7th August to 12.00 a.m. on 8th August (Ffig. 7a). 

The mobfifle statfion was mounted on a trfipod of 1.1 m hefight and pflaced fin the mfiddfle of a flat roof of a bufifldfing 15.0 m taflfl (pofint 

Tabfle 7 

Pflant physfioflogficafl and physficafl parameters.   

Typoflogy Specfies  Hefight (m)  Number of trees  LAD (−)  Aflbedo ρ (−)  Transmfissfivfity τ (−) 

DM  Cyflfindrfic, flarge trunk, dense medfium  Decfiduous  15.0 3 2 0.18 0.30 

T1  Tree very dense, fleafless base Decfiduous  10.0 21 2.18  0.20 0.30 

SS  Spherficafl, smaflfl trunk, dense smaflfl  Decfiduous  5.0 6 2 0.18 0.30 

1DS  Paflm, flarge trunk, dense smaflfl Decfiduous  5.0 2 2 0.18 0.30 

GG  Base grass, averagefly densfity – 0.50 – 0.30  0.20 0.30 

XX  Base grass, averagefly densfity – 0.30 – 0.30  0.20 0.30  

Ffig. 7.3D vfiews of the flocatfions where the portabfle mficrocflfimate statfion was pflaced: a) X1, h =1.1 m (7–8 August 2019); b) X2, h =15 m (8–9 

August 2019); c) X3, h =18 m (16–17 September 2019); d) X4, h =15 m (17–18 September 2019). 
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Fig. 8. Comparison between suburban weather station data and UWG data: a) Air Temperature during 7th–9th August; b) Relative Humidity during 7th–9th August; c) Air Temperature during 
16th–18th September; d) Relative Humidity during 16th–18th September. 
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Fig. 9. Comparison between simulated and measured air temperature: a) receptor X1 (h = 1.20 m); b) receptor X2 (h = 15 m); c) receptorX3 (h = 18 m); d) receptor X4 (h = 15 m).  
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X2) from 12.00 a.m. on 8th August to 12.00 a.m. on 9th August. Afterwards, the same instrument was placed on a sixth floor balcony 
(point X3) and on a fifth floor balcony (point X4) of the same building (see Fig. 7c and d). The measurements were carried out on from 
9.00 a.m. on the 16th to 9.00 a.m. on the 17th of September for receptor point X3 and from 9.00 a.m. on 17th to 9.00 a.m. on 18th 
September for receptor point X4. Despite receptors X3 and X4 have almost the same position, the location X4 is taken into account 
because on-site measurements carried out on X4 are referred to the next day. In fact, the validated numerical model in different periods 
can offer more accuracy in microclimate simulation results especially in the case when a CFD model is set with a low grid resolution. 

5. Results and discussion 

5.1. Urban microclimate morphing 

Fig. 8 depicts the hourly profiles of air temperature and relative humidity calculated by UWG in comparison with those registered 
by the reference weather station. 

It is worth noticing that the hourly values of outdoor air temperature calculated by the UWG tool are around 2–3 ◦C higher during 
the night and early morning (6 am) if compared with those recorded by the reference weather station during the period 7th–9th August 
(Fig. 8a). This result is in line with another study regarding the validation of the microclimate model of an urban canyon realized with 
UWG tool (Rotach, 2005). 

An average increase of about 1–2 ◦C with respect to the air temperature registered by the stationary meteorological station can be 
observed starting from the early afternoon (Fig. 8a and c). 

Consequently, a decrease in the relative humidity of about 10% in the urban area is achieved with respect to the rural area at night 
during the periods 7th–9th August and 16th–18th September (see Fig. 8b and d). 

The increase of air temperature in the urban area is likely due to the different surface net-wave radiation budget between rural and 
urban environment and to the anthropogenic heat. In particular, during daytime urban surfaces and building materials absorb and 
store more solar radiation than vegetation or bare soil surfaces do. As a result, the outdoor surface temperature in the urban areas are 
higher than that of the surrounding rural areas (so-called Surface Urban Heat Island effect, SUHI (Roth, 2013)). During the evening and 
night time, the radiation budget is determined by the long wave radiation amongst surfaces and the sky, so the urban area releases – by 
means of infrared radiation and also convection with the air – a remarkable heat flux towards the surroundings. 

In addition, a delay of the peak value of air temperature is estimated by the UWG. This depends on the admittance of the urban 
surfaces that transfer the heat towards the atmosphere more slowly with respect to plants, shrubs and bare soil surfaces. 

5.2. Validation of ENVI-met modelling results with field measurements 

5.2.1. Air temperature 
In order to perform the validation of the ENVI-met microclimate model, the profiles of air temperature, relative humidity and 

specific humidity from ENVI-met modelling for both scenario S_1 (forcing with suburban weather data) and scenario S_2 (forcing with 
UWG weather data) are compared against those of the measurement campaign. 

Fig. 9 shows the comparison between the actual air temperature measurements at the various receptor locations and the corre-
sponding simulated profiles. The comparison reveals an excellent agreement between measured data (solid blue lines) and simulated 
data from scenario S_2 (point blue lines) throughout the days considered, while predictions based on scenario S_1 (dashed blue lines) 
deviate the most from actual measurements during the hours of maximum solar irradiance (dotted blue line). In fact, for all receptors, 
the simulated profiles of air temperature are well below the actual measured profiles: the model shows a greater flattening in the 
simulated data curve if compared to the measured one. In particular, a difference in the air temperature of about 7.5 ◦C in the simulated 
data is found at around 14:00 on the 17th of September for receptor X1 and scenario S_1. Very similar trends are instead reported from 
late afternoon until early morning for all the receptor positions, and this holds true also for results from scenario S_2. 

The discrepancies during daytime hours, which reach a maximum for scenario S_2 of 5.5 ◦C for receptor X1, may be attributed to 
the simplifications of the Advanced Radiation Transfer Scheme (IVS method) implemented in ENVI-met. In fact, despite the radiation 
balance offered by the IVS method looks notably improved if compared to that implemented in previous versions of the software, 
inaccuracies in the calculation within urban canyons as reported in (Liu et al., 2020) may affect the calculation of urban air tem-
perature during the hours of maximum insolation. It is then expected that if applying the approach proposed to either milder climates 
or considering winter conditions, the discrepancies between measurements and simulations would be lower because of the minor role 
played by solar radiation in determining the urban energy balance. In fact, lower sun angles would reduce the amount of solar ra-
diation absorbed by building facades and roads within the urban canyons, and consequently the convective heat transfer from these 
surfaces to the air, thus affecting less air temperature predictions. 

Indeed, a similar result has been reported in a recent study that investigated the ENVI-met model’s accuracy of an urban canyon in 
London (UK). The model of an urban area with a similar size (300 × 500 m2), forced with the air temperature and relative humidity 
generated with the UWG and radiation fluxes calculated with the IVS model, showed an underestimation of the air temperature up to 
3.0 ◦C during the hours of maximum solar radiation (Salvati and Kolokotroni, 2019). 

5.2.2. Relative and specific humidity 
Fig. 10 reports the profiles of the simulated relative humidity against the values observed during the periods 8th–9th August and 

16th–18th September. In this case, both scenarios S_1 and S_2 tend to slightly underestimate the relative humidity values of about 8% if 
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Fig. 11. Comparison between simulated and calculated specific humidity: a) receptor X1 (h = 1.20 m); b) receptor X2 (h = 15 m); c) receptor X3 (h = 18 m); d) receptor X4 (h = 15 m).  
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compared to the observed values for all the receptor points during daytime. Nevertheless, the comparative assessment reveals that the 
simulated profiles show high similarity with those actually measured. In fact, Fig. 10 shows that the hourly profiles of computed and 
measured values have the same trend for receptors X1, X2 and X4. As shown in Fig. 10b, the RH values observed from the site 
measurement campaign and the RH calculated by ENVI-met for receptor X2 are those that deviate the most in the case of scenario S_1 
(a difference of about 30% is recorded at 9 pm of the 8th of August). On the other hand, for the same receptor, the peak difference is 
lower than 10% for scenario S_2. 

In the case of receptors X3 and X4, the simulated and measured values tend to overlap (see Fig. 10c and d). It is worth highlighting 
that measured and predicted relative humidity values are almost the same during nighttime, in particular, from 12.00 am to 9.00 am of 
17th of September right when the simulated and measured temperatures are coincident. 

In order to evaluate the possible influence of air temperature on relative humidity predictions, the specific humidity SH (g/kg) has 
been calculated through psychrometric relations and air pressure values obtained from the local weather web service for the selected 
days. The results of this calculation, reported in Fig. 11, show that overall the measured trend (solid lines) is followed well by scenario 
S_2 (forcing with UWG weather data, point lines), with a maximum deviation of 4 g/kg for receptors X1 and X2 during early afternoon. 
The upper receptors (X3 and X4, placed at 18 m and 15 m above the ground respectively) show instead a maximum deviation that is 
always below 2 g/kg. 

On the other hand, such discrepancies are higher for scenario S_1, i.e. when forcing ENVI-met with suburban weather data: in this 
case, SH can be under-estimated by about 6 g/kg at late evening (receptor X2). 

5.3. Calculation of statistical indices for model validation 

To evaluate numerically the deviation between the modelling outputs and the actual measured data, the statistical indices pre-
sented in Section 3.4 are calculated and reported in Table 8 for all the four receptors and the two simulation scenarios. 

As it is possible to see, the best performances are reported for scenario S_2 (i.e. when forcing the tool with UWG morphed weather 
data): in fact, in the case of air temperature, the maximum MAE is predicted for receptor X1 and amounts to 1.7 ◦C while for all other 
points it keeps below 1.5 ◦C. The good correlation with experimental measurements is rebated by the very high values of the corre-
lation coefficient r and of the coefficient of determination R2 (both always higher than 0.81). These values are in line and even better 
that those reported in previous studies as summarized in Section 2. 

When it comes to scenario S_1, it is shown that the estimation of dry bulb air temperature (To) is in a good approximation with the 
measured values for all receptors, whose values of Pearson correlation coefficient (r) are higher than 0.90 and the values of the 
determination coefficient (R2) are always above 0.81. In particular, the best result is achieved for receptor X2, where MAE value is 
3.02 ◦C and RMSE is 3.61 ◦C. In addition, the index of agreement (d) approaches 0.81 and the Pearson’s correlation coefficient (r) 
achieves a value of 0.94. However, ENVI-met generally tends to underestimate air temperature during daytime, and this is especially 
true for receptors X1, X3 and X4 for which the value of the index of agreement keeps around 0.70. 

As far as relative humidity is concerned, both scenarios predict rather similar results, especially for receptors X3 and X4 that are 
placed on two consecutive balconies at 18 m and 15 m respectively above the street level. The worst predictions are expected for 
receptor X2, with a MAE of around 10% and a coefficient of determination R2 of 0.67 for scenario S_1 (the corresponding figures for 
scenario S_2 are 8% and 0.94 respectively). 

Table 8 
Validation indices of the ENVI-met model for both scenarios S_1 and S_2.  

Variable Statistical indices and units Locations 

X1 (h = 1.20 m) X2 (h = 15.00 m) X3 (h = 18.00 m) X4 (h = 15.00 m) 

7th – 8th August 8th - 9th August 16th - 17th September 17th - 18th September 

S_1 S_2 S_1 S_2 S_1 S_2 S_1 S_2 

To %error – 10% 7% 9% 4% 11% 6% 12% 4% 
MAE ◦C 3.26 1.70 3.02 1.39 3.16 1.52 3.63 1.17 
RMSE ◦C 3.95 2.72 3.61 1.83 3.71 2.36 4.00 1.80 
d – 0.73 0.85 0.81 0.94 0.71 0.86 0.70 0.90 
r – 0.90 0.92 0.94 0.96 0.95 0.96 0.92 0.96 
R2 – 0.81 0.85 0.90 0.92 0.88 0.92 0.84 0.91 

RH %error – 14% 12% 18% 17% 11% 7% 10% 9% 
MAE % 4.70 3.28 10.83 8.18 5.14 3.65 6.10 5.42 
RMSE % 4.20 5.23 13.86 8.79 6.22 4.79 6.45 5.78 
d – 0.87 0.90 0.77 0.92 0.85 0.92 0.90 0.91 
r – 0.83 0.93 0.83 0.97 0.80 0.87 0.86 0.91 
R2 – 0.69 0.87 0.67 0.94 0.64 0.77 0.74 0.83 

SH %error – 12% 10% 21% 11% 11% 7% 16% 8% 
MAE g/kg 1.90 1.60 4.06 2.11 1.75 1.25 2.74 1.37 
RMSE g/kg 2.24 2.10 4.26 2.52 2.02 1.56 2.85 1.53 
d – 0.78 0.79 0.38 0.52 0.56 0.62 0.47 0.70 
r – 0.94 0.95 0.59 0.42 0.80 0.75 0.86 0.85 
R2 – 0.88 0.91 0.64 0.57 0.56 0.64 0.73 0.76  
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Similar conclusions can be drawn also in terms of specific humidity, where once again the poorest prediction pertains to receptor X2 
under both scenarios: a MAE of 4.06 g/kg and an index of agreement (d) of 0.38 are calculated for scenario S_1, while in the case of 
scenario S_2 the corresponding figures are 2.11 g/kg and 0.52 respectively. 

A graphical representation of the results obtained by both simulation scenarios is given also in Figs. 11–13, where regression lines 
are plotted for air temperature, relative humidity data and specific humidity along with the attained coefficient of determination R2. 

6. Conclusions 

This paper explored a methodological approach to calibrate a CFD model realized with the ENVI-met software by forcing it with 
weather data morphed through the Urban Weather Generator (UWG) tool. Taking as demonstration case a densely built urban district 
in the city of Catania (Italy) for which urban stationary weather stations are not available, the UWG has been employed to generate 
neighborhood-specific hourly profiles of air temperature and relative humidity from data recorded at a suburban meteorological 
station to account for the UHI effect. This approach has been compared to results obtained running ENVI-met simulations forced with 
suburban weather data and validated against on-site measurements at different points in the study domain and for different days of the 
year. 

Despite some simplifications embedded in the Town Energy Balance (TEB) scheme implemented by the UWG tool leading to the 
definition of an “average” urban canyon representative of the city district under study, results show a close match between locally 
measured and simulated data of air temperature, relative humidity and specific humidity. 

In fact, the calculation of various statistical indices show how the maximum discrepancy in terms of air temperature pertains to a 
receptor placed in the middle of a courtyard at the street level (receptor X1, MAE = 1.70 ◦C, d = 0.85). On the other hand, the highest 
deviations from measured values of relative and specific humidity pertain to receptor X2, which is placed on a terrace at 15 m above 
the ground. For such a point, the MAE is of 8.18% and 2.11 g/kg for relative and specific humidity respectively, while the corre-
sponding values of the index of agreement d are 0.92 and 0.52 in order. 

The corresponding figures for the simulations run forcing ENVI-met with suburban weather data are consistently worse for all 
receptor points. As examples, the MAE for air temperature at receptor X1 is of 3.26 ◦C and the index of agreement d is equal to 0.73, 
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Fig. 11. Linear regression of air temperature (measured vs predicted): a) receptor X1; b) receptor X2; c) receptor X3; d) receptor X4.  
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whfifle the correspondfing figures fin terms of reflatfive humfidfity for receptor X2 are 10.83% and 0.77. 

Based on the statfistficafl anaflysfis and on the detafifled finvestfigatfion of the hourfly profifles of weather varfiabfles, the proposed approach 

for  caflfibratfing  and  vaflfidatfing  urban  ENVI-met  modefls  can  be  consfidered  reflfiabfle  enough  for  mficro-cflfimate  sfimuflatfion  purposes. 

However, some dfiscrepancfies are recorded durfing the hours of maxfimum finsoflatfion fin summer (up to 5.5 ◦C) for receptors pflaced fin 

semfi-open spaces. These devfiatfions are flfikefly due to finaccuracfies of the Advanced Radfiatfion Transfer Scheme (IVS method) fimpfle-

mented fin ENVI-met for caflcuflatfing the radfiant energy baflance, whfich fin turn affects the convectfive heat exchanged wfith the afir. 

Future finvestfigatfions usfing the same approach descrfibed fin thfis paper shoufld thus anaflyze dfifferent cflfimate condfitfions and urban 

flayouts fin order to gafin a wfider knowfledge of the magnfitude of the error. 
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4.6.2 Extract of the article “A risk index for assessing heat stress mitigation strategies. An 

application in the Mediterranean context” 

In this section, an extract of the article “A risk index for assessing heat stress mitigation strategies. 

An application in the Mediterranean context”, currently under review, is attached to the present thesis. 

This has been done in order to show the potential effectiveness of heat stress mitigation strategies on 

outdoor thermal comfort in a compact and high density built-up area using an urban Microscale 

approach.  

The study area, named “Area 1” was described in the paper “Application of weather data morphing 

for calibration of urban ENVI-met microclimate models. Results and critical issues”.     

1. Proposed design scenario: morphological features and Microscale modelling 

In order to enhance the outdoor environmental microclimate conditions of the neighborhood above 

described, a design scenario was proposed which was based on minimal interventions in the existing 

urban settlement.  

Such interventions are addressed to increase the liveability of public spaces with design strategies 

that do not imply radical transformation of the urban areas. 

For this purpose, a Design Scenario aimed at increasing the existing Green Cover Ratio was fine-

tuned respecting the limitations on greenery in urban areas such as the limited size due to the narrow 

footpaths.  

In accordance with the proposed design configurations for the streets with width of 7-10 m and 10-

15 m, public spaces were reorganized based on the principles of woonerf as described in sections 

3.7.1 and 3.7.2. 

In the first configuration (street with a width in the range 7-10 m), a row of car parking was eliminated 

in order to integrate a green space along the sidewalk. A row of deciduous trees (see Table 3.2) was 

inserted with distance of 3.0 m from each other.  

In the second configuration (street sections with width 10-15 m), the row of car parking was replaced 

with a green space on both sides along the road. Therefore, two rows of trees were planned. 

The introduction of trees led to an increase for greenery of 3.39%, and a reduction of about 80% of 

the parking places - those being maintained exclusively for residents. 

The typology of trees adopted in the study area was selected on the basis of SVF values of the streets 

and other urban spaces respectively. 

Figure 1a shows the 2D map of spatial distribution of Sky View Factor (SVF) of the investigated area 

at current state (CS). Along the streets, SVF values are predominantly between 0.20 and 0.40 (see 
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Figure 1a). For these areas, trees with average and/or short total height but high trunk and sparse 

crown were adopted because they are recommended according to the findings from previous studies.  

For the areas characterized by SVF values included in the range (0.40-0.60), dense foliage trees, with 

high total height and wide crown but short trunk were adopted. 

Therefore, Platanus Hispanica were selected for areas where SVF is between 0.20 and 0.4 while 

Platanus Acerifolia was adopted for its wide crown in areas where SVF is between 0.40 and 0.60. 

Table 1.1 reports the thermo-physical and optical properties of selected trees according to the 

morphological configurations of the investigated area. 

Table 1.1 Physical configurations, thermo-physical and optical properties of selected trees. 

SVF Name Species Trunk Height 

hT (m) 

Total Height 

TH (m) 

Crown 

Diameter        

D (m) 

Albedo  

ρ (-) 

< 0.45 Platanus Hispanica (PH) Deciduous 4 9 5 0.15 

0.40-0.60 Platanus Acerifolia (PA) Deciduous 2 10 6 0.15 

 

Based on the calibrated and validated model, comprehensively described in the paper “Application 

of weather data morphing for calibration of urban ENVI-met microclimate models. Results and 

critical issues”, the tree types reported in Table I were modelled in the 2D calculation grid.  

Figure 1b shows the 2D map of the ENVI-met domain where the selected trees were implemented. 

 

Figure 1. a) 2D map of the Sky View Factor at Current Scenario (CS); 2D calculation grid of the ENVI-met domain and 

location of tree types added in Design Scenario (DS).  
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Figure 1b depicts the placement of the trees “Platanus Hispanica and Platanus Acerifolia” in the space 

model of the investigated domain under Design Scenario (DS). “PH” and “PA” represent the models 

of Platanus Hispanica, and Platanus Acerifolia while “Ex trees” depicts the existing trees at current 

state. 

The tree-planting selection strategies and Green Cover Ratio (GCR) adopted in the Design scenario 

are summarized in Table 1.2. 

Table 1.2. The tree-planting selection strategies and Green Cover Ratio adopted in Design Scenario (DS). 

Scenario Urban greenery strategies Green Cover Ratio (GCR) 

Current (CS) Existing trees distribution  1.04% 

Design (DS) Medium foliage trees along all the streets (0.20 < SVF < 0.40) 

and dense foliage trees in open areas (0.40 < SVF < 0.60) 
3.39% 

 

The proposed scenario, tested in the study area, is applicable to a larger set of similar Mediterranean 

cities, with similar features. Forestation interventions can be implemented by applying actions which 

include public intervention, compensation, incentive-based strategies and tax exemptions. 

2. Analysis of results 

2.2. Spatial-temporal variations of mean radiant temperature on a hot day 

Based on CFD simulation of the calibrated and validated ENVI-met model of the neighborhood as 

described in the article above reported, the spatial variations of Tmrt in the hottest hour on a warm day 

were investigated in order to assess the potential effectiveness in heat stress mitigation due to the 

integration of the vegetation. 

With this aim, 2D spatial distribution of Tmrt at pedestrian height in Current and Design scenarios 

respectively was analyzed. The temporal variation of Tmrt was also analyzed in specific points located 

in areas where the planting of trees was planned according to Design Scenario (DS). 

Figure 2.1 depicts the 2D map of the investigated ENVI-met domain in the Current Scenario (CS) (a) 

and Design Scenario (DS) (b). Figures c and d, instead show the spatial variations of Tmrt in the 

Current Scenario (CS) and Design Scenario (DS), while the (e) panel reports the reductions achieved 

by Design Scenario respectively at 1.50 m height above the ground level on a clear and hot summer 

day (7th August) at 12.00.  

Panel (e) shows the reductions in Tmrt between Current and Design Scenarios notated as ΔTmrt=Tmrt 

(CS)- Tmrt (DS) for each pixel of the 2D digital map (CS-DS).  
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Figure 2.1. ENVI-met domain (a-b), Tmrt distribution in Current scenario (CS) (c) and in Design Scenario (DS) (d) and 

its reduction in Design Scenario(DS) (e) at z=1.50 m at 12.00 on 7th August. 

As shown in Figure 2.1a, Current Scenario (CS) has high values of Tmrt near the south-facing walls 

in the East-West roads and in the wide North-South road where the Sky View Factor values are higher 

than 0.40. In the sunlit locations of these roads, Tmrt values were predominantly between 55°C and 

60°C and in some areas Tmrt exceeded 60°C. This is the result of intense shortwave and long wave 

radiation both from the ground and the walls.   

Meanwhile the lowest values of Tmrt were found at the north side of the shaded East-West streets and 

in narrow streets in the densely built up areas in the centre of the investigated area. In particular, the 

narrow streets, where SVF values lie between 0.20 and 0.40, Tmrt values in the range of 35.0 °C to 
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45.0°C were found. It is worth highlighting that the crossroads have Tmrt values typically higher than 

those predicted in the streets due to the higher amount of direct and reflected shortwave radiation, as 

well as of the re-emitted long wave radiation from the neighbouring surfaces exposed to the sun.  

In narrow built structures and internal courtyards, Tmrt values below 30.0°C were attained due to the 

mutual shading of the buildings. Tmrt values between 20 and 25°C were achieved below the trees.   

When analysing the Design Scenario (DS) results, remarkable reductions in Tmrt were found both in 

areas where the trees were added and in areas far away from the trees (Figure 2.1d). As a result, a 

decrease in Tmrt values was achieved in all the 2D spatial domain of the investigated area. Although 

the Tmrt reductions are different, the whole study area is affected by the effects of vegetation integrated 

in the existing urban spaces. 

Figure 2.1e shows a decrease in Tmrt values between 7.5 °C and 10.0 °C where the presence of the 

forestation interventions is dense. The area characterized by a similar decrease in Tmrt values 

represents about 12.1% of the investigated area. 

In particular, it is worth noting that a decrease in Tmrt between 5.0 °C and 7.5 °C is quite widespread 

in the investigated domain, and accounts for about 44.1% of the study area.   

The vegetation also influences the areas far from the forestation interventions because of reduced 

reflections and re-emissions from built up surfaces: such areas are indeed characterized by a decrease 

of Tmrt up to 5.0 °C and represent more than 40% of the investigated area. Since the mean radiant 

temperatures are meaningfully decreased, the ground level trees can be deemed a very effective 

measure to mitigate heat stress in urban spaces. 

In order to investigate the temporal variation of Tmrt during the warmest hours of a hot sunny summer 

day, an hourly profile of Tmrt at Current Scenario (CS) was plotted against that of the Design Scenario 

(DS) in two specific points (P1 and P3) from 12.00 on 7th August to 12.00 on 9th August (Figure 2.2). 

Figure 2.2 depicts the hourly profile of Tmrt in Current and Design scenarios in locations P1 and P2 

from 12.00 on 7th August to 12.00 on 9th August. In points P1 and P3, both located in sunlit areas at 

current state, the hourly trend of the mean radiant temperature ranges from a minimum value of 15°C 

to a maximum of 60°C. In P3, Tmrt value exceeded 60°C at 12.00 on 8th August as shown in Figure 

2.2b. After forestation interventions, Point P1 is near the trees whereas P3 is under the trees planted 

along the roads. 

Figure 2.2 shows that the Design Scenario (DS) allows reduction of the Tmrt values during the entire 

daytime thanks to the presence of the trees. During the warmest hours of daytime, a decrease of Tmrt 

up to 10°C was achieved in point P1 and a reduction of Tmrt up to about 20°C was attained in point 

P3. 
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Figure 2.2. Hourly profile of mean radiant temperature at Current Scenario (CS) and at Design Scenario (DS) from 

12.00 on 7th August to 12.00 on 9th August. a) Point P1; b) Point P3. 

Since the point P3 is covered by a tree, the decrease achieved is substantially due to the shading effect 

by the crown.  On the contrary, the point P1 is not below the tree and, thus, the reduction of 10°C can 

mainly be attributed to the evapotranspiration effects of the tree foliage. Nevertheless, it is worth 

highlighting that an increase in Tmrt was achieved at night time. This effect can be attributed to the 

reduction of Sky view factor due to the presence of a large crown that reduces the escape of heat 

through the long wave radiation towards the sky. As a result, the heat is trapped in the urban canopy 

layer contributing to increase the air temperature at night time. This phenomenon is more intense in 

the presence of trees with large crowns and high dense foliage. Although high trees with wide crowns 

significantly reduce the peak value of mean radiant temperature during the hottest hours, an increase 

in the air temperature can be achieved at night. In light of this, the forestation intervention should be 

based on a milder approach that takes into account the morphological properties of the investigated 

urban area. 

Overall, a design scenario based on planting trees according to a mild approach allows the 

achievement of meaningful results in terms of mean radiant temperature reductions. This is confirmed 

by the outcomes of mean radiant temperature attained in areas far away from the points where the 

forestation interventions were planned. It is also worth highlighting that areas not shaded by the trees 

are characterized by meaningful reduction in mean radiant temperature. 
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Abstract: The increase of the urban warming phenomenon all over the world is gaining increasing 

attention from scientists as well as planners and policymakers due to its adverse effects on energy 

consumption, health, wellbeing, and air pollution. The protection of urban areas from the outdoor 

warming phenomenon is one of the challenges that policy and governments have to tackle as soon 

as possible and in the best possible way. Among the urban heat island mitigation techniques, cool 

materials and urban greening are identified as the most effective solutions in reducing the urban 

warming phenomenon. The effects produced by the adoption of cool materials and urban foresta‐

tion on  the urban microclimate were  investigated  through a computational fluid‐dynamic (CFD) 

model. The CFD model was calibrated and validated  thanks  to experimental surveys within  the 

Catania University campus area. The urban microclimate thermal comfort analysis and assessment 

were carried out with the Klima–Michel Model (KMM) and Munich Energy Balance Model for In‐

dividuals (MEMI). In particular, three scenarios were performed: cool, low, and high levels of urban 

greening. The cool scenario, although it produces air temperature at around 1.00 °C, determines the 

worst condition of outdoor thermal comfort, especially at the pedestrian level. On the contrary, a 

high level of urban greening, obtained by the extensive green roofs together with an urban foresta‐

tion, guarantees the wellbeing of pedestrians, showing more convenient values of PMV and PET. 

Keywords: outdoor microclimate; pedestrian thermal comfort; heat thermal stress; urban greening; 

cool materials 

 

1. Introduction 

The increase of urban population all over the world is leading to environmental, en‐

ergy, and health implications of urban warming [1]. A recent study has shown that heat‐

waves, which are estimated  to become more  frequent and  last  longer  in a hot climate, 

interact with urban warming to produce rather high heat stress for urban residents [2]. 

Furthermore,  the  features of  the urbanized environments exacerbate  the effects of 

global climate change [3]. Urban areas tend to have air temperatures higher than the rural 

surroundings as a result of gradual ground changes that include replacing the vegetation 

with buildings and roads [4]. 

The increase in temperatures in urban spaces is known as urban heat island (UHI) 

[5]. This phenomenon is due to several factors such as the specific composition of urban 

areas in terms of people and activities, morphology of neighborhoods, geometries, urban 

canyons [6], as well as surfaces with low albedo [7]. On a clear summer afternoon, the air 

temperature in a typical city could come up 2.5 °C higher than in the surrounding rural 

areas [8]. These factors affect the urban climate, energy uses, and livability of cities [9]. 

Urban areas are often characterized by higher vehicular traffic and less vegetation than 

their surrounding environment [10]. 
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The radiative properties of the surface used in outdoor spaces have a key role, as they 

influence the air temperature of the  lowest layers of the urban canopy layer [11]. Road 

pavements, claddings of facades, and roofs of the buildings are fundamental in the energy 

balance of the urban areas. The materials absorb solar radiation and store and release it 

by means of infrared radiation and convection heat transfer to their surrounding area dur‐

ing the evening and night‐time [12]. Urban surfaces are characterized by values of solar 

absorption higher than rural surfaces [13]. Thereby, they have a superficial temperature 

lower  than  that of  the building surfaces. Building materials emit an amount of energy 

higher than rural surfaces, and it leads to persistent warming in urban areas [14]. 

Increased urban temperatures produce the rising of the energy demand for building 

cooling, which in turn increases the greenhouse gas emissions and the outdoor thermal 

discomfort [15,16]. 

For evaluating outdoor  thermal comfort  in  the urban contexts, several models are 

available in the scientific literature. Fanger’s indexes based on a steady‐state energy bal‐

ance model are implemented in many international standards [17,18]. Currently, the orig‐

inal equation of Fanger  indexes  is modified by  Jendritzky and Nubler, 1981  [19,20],  to 

evaluate the thermal comfort in external environments. They have produced the Klima–

Michel Model (KMM) by adding the complex radiation balance in the outdoor environ‐

ment and considering basic thermoregulatory processes through the human body, such 

as  the constriction or dilation of peripheral blood vessels and  the rate of physiological 

sweat [21]. 

The “Munich Energy‐Balance Model for Individuals” (MEMI) [22,23] is the basis for 

the  calculation  of  another  index,  called  Physiological  Equivalent  Temperature  (PET), 

which collected all the meteo‐climatic factors in a single temperature index, namely the 

equivalent temperature. In KMM and MEMI models, the thermoregulatory processes are 

evaluated considering the human activity and climatic conditions. 

Nowadays, mitigation strategies  such as cool and green surfaces  can enhance  the 

outdoor thermal comfort in the urban areas, since both strategies reduce the sensible heat 

reaching the building surfaces, but the processes for reducing UHI are different [24]. Cool 

materials increase the reflectiveness of incoming solar radiation in urban areas reducing 

the net radiation [25]. Green surfaces increase the latent heat flux through the evapotran‐

spiration process, while, thanks to the shading effect, reducing the incoming net radiation 

[26]. Cool materials applied on road pavements, with reflectivity 0.60, prove to be able to 

reduce the surface temperature by 5–6 °C compared to the conventional asphalt road [11]. 

In the Greek city of Florina, the application of cool pavements and cool roofs led to a re‐

duction in the maximum air temperature by 1.39 °C and a decrease in soil temperature by 

3.52 °C [27]. In Acharnes (Greece), reflective materials on the roofs allowed a reduction in 

surface temperature on the roofs between 1.51 °C to 10 °C and a decrease of 17% in energy 

consumptions [28]. The analysis of several mitigation strategies such as green roofs, green 

park, cool roofs, and cool pavements in an old densely populated neighborhood of Avola 

(Italy) highlighted that cool pavements reduce the environmental air temperature by over 

2.0 °C [29]. Nevertheless, cool pavements can induce thermal discomfort to pedestrians 

and residents because of the high reflected solar radiation [30]. 

The adoption of vegetation in urban areas produces significant benefits by lowering 

air temperature and reducing air conditioning in the building [26,31]. It was found that 

medium  trees and shrubs can cool down cities by  from about 0.3 °C  to 1.0 °C  [4]. The 

results of CFD simulations on the effectiveness of several different mitigation strategies 

on the microclimate in Vienna showed that, at the pedestrian level, the planting trees al‐

low achieving a decrease  in air  temperature of about 0.7 °C. A slight cooling in the air 

temperature, about 0.3 °C, was found when applying green roofs on all buildings of the 

investigated area. Moreover, the combined adoption of trees and green roofs can lead to 

a lower air temperature by around 1.0 °C [32]. 

However,  few studies analyze critically  the mitigation strategies  that  involve cool 

materials and urban forestation from the point of view of thermal comfort at pedestrian 
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level. The purpose of this paper is to provide a comprehensive assessment of the effec‐

tiveness of three different scenarios based on the adoption of cool materials and low and 

high levels of urban greening. 

These analyses have been developed through computational thermo‐fluid‐dynamic 

(CFD) simulations, calibrated with experimental measurements within the  investigated 

area. Different parameters such as air temperature, wind speed, relative humidity, mean 

radiant temperature, predicted mean vote, and physiological equivalent temperature in‐

dexes were calculated and analyzed for each scenario. Finally, a comparative analysis was 

carried out to highlight the weaknesses and strengths of the different strategies. 

The paper is organized as follows: 

 Section 2 describes  the methodological approach,  the  tools and  software used  for 

CFD simulations, and analytic models for calculating comfort indicators. The equip‐

ment used for a ground survey is described too; 

 Section 3 provides detailed descriptions of the case study; 

 Section  4  discusses  the methods  used  for  calibrating  and  validating  the model 

through statistical analysis approach; 

 Section 5 provides the results of computational simulations (CFD) for Cool and Green 

scenarios; 

 Section  6  reports  scenarios’  results  and  some  critical  issues  through  comparative 

analysis. 

2. Materials and Methods 

2.1. CFD Simulations 

Computational fluid‐dynamic simulations have been carried out through the ENVI‐

met software  [33], which  is a  three dimensional numerical prognostic calculation code 

based on a holistic model. This tool is able to recreate the microclimate and thermo‐phys‐

ical behavior of the urban microscale. Three‐dimensional modeling of the urban area is 

based on the discretization of simulation domain in finite volumes. Thereby, the model is 

composed of many three‐dimensional cells with a typical horizontal resolution from 0.5 

to 10 m. 

The software implements theoretical physical models of nonlinear equations, includ‐

ing three main prognostic variables, that allow the analysis of the  interactions between 

environment and atmosphere on a local basis [34,35]. The main variables are average air 

flow, temperature and humidity, and turbulence. The analytic model is based on Navier–

Stokes equations for wind flow, atmospheric flow turbulence equations, energy and mo‐

mentum equation, and boundary condition parameters [34]. ENVI‐met software imple‐

ments the energy and mass balance equations related to: 

 Shortwave and longwave radiation fluxes attributable to shading, reflection, and re‐

radiation from building systems and the vegetation; 

 Transpiration, evaporation, and sensible and latent heat flux from the vegetation, in‐

cluding full simulation of all plant physical parameters [36]; 

 Water and heat transfer inside the soil system. 

The calculation procedure implies the following steps: 

•  Geometry modeling of simulation domain; 

•  Generation of the mesh of the calculation grid; 

•  Implementation of buildings, obstacles geometry, trees, shrubs, and plants; 

•  Definition of the boundary conditions and entering climate data; 

•  Definition of the radiative and thermo‐physical properties of buildings and urban 

materials; 

•  Calculation of the field of temperature, humidity, wind speed, and comfort indica‐

tors; 
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•  Extraction of the simulation outcomes in 2D and 3D maps and in specific points at 

different height. 

The results of the simulations are collected in several outputs folders that can be ex‐

tracted as plots or text files. 

In this study, outdoor air temperature (To), wind speed (w), relative humidity (RH), 

soil temperature (Tsoil), and mean radiant temperature (MRT) were considered useful pa‐

rameters for comparing different scenarios. The evaluation of outdoor thermal comfort at 

pedestrian level, 1.00 m above ground level, in the different scenarios is carried out using 

the Klima–Michel Model (KMM) for calculating PMV index and Munich Energy‐Balance 

Model for Individuals (MEMI) based on the Physiological Equivalent Temperature (PET). 

2.2. Comfort Indexes 

2.2.1. PMV 

Predicted mean vote (PMV) is a well‐known index defined by ISO 7730 [17]. It was 

initially  intended  for  indoor use.  In 1990,  Jendritzky  [20]  introduced  the Klima–Michel 

model (KMM) in the PMV in order to take into account the outdoor conditions. It is an 

adaptation of the Fanger model [17], with a short wave radiation model, for the calculation 

of the mean radiant temperature. This model assumes a typical activity and clothing of a 

man, 35 years old, 1.75 m tall, 75 kg weight, walking at 4 km/h (2.3 met). 

Therefore, the values of the adapted PMV index [19,20] for the outdoor environment 

can overcome the international standard graduation used for indoor spaces. Indeed, while 

the PMV scale is defined between −3 (very cold) and +3 (very hot), where 0 is the thermal 

neutral (comfort) condition, the PMV for outdoor environment, may reach values above 

+4 or below −4 [37]. 

2.2.2. PET 

The “MEMI” model is used for calculating the physiological equivalent temperature 

(PET). It is based on the energy balance of the human body (Equation (1)) and some pa‐

rameters of the Gagge two‐node model [38]. The most important advantage of the model 

is the possibility of calculating the physiological sweat rate, as a function of the average 

skin temperature (Tsk) and the core temperature (Tcr). The evaluation of both the heat flow‐

ing from the parts of the body surface covered by clothes or not is also allowed. 

According  to  the Gagge model,  the human body  is divided  into  the outer  region 

“skin” and internal body “core”. Therefore, the equation of the thermal balance between 

the human body and the outdoor environment is given by: 

M + W + R + C + Ed + Ere + Esw = S = Scr + Ssk  (1) 

where S—the heat stored through body heating or cooling; Scr—the heat stored in the core; 

Ssk—the heat stored  in  the skin; M—metabolic rate; W—Physical work output; R—Net 

radiative heat flux; C—convective heat flux; E—Latent heat flux exchanged through evap‐

oration of moisture diffused through the skin (Ed), respiratory (Ere), and evaporation sweat 

(Esw). 

The terms reported in Equation (1) are in (W/m2) and depend on the meteorological 

parameters [38], heat resistance of clothing, and human activity. 

In particular, Esw depends on sweat frequency that is a function of the core tempera‐

ture (Tcr), outdoor environmental conditions, and human activity. As the mean clothing 

temperature, mean skin temperature and sweat rate depend also on the climatic condi‐

tions; a substantial difference emerges with respect to Fanger’s theory. 

The  equation  is  solved  under  typical  indoor  settings  (mean  radiant  temperature 

equal to air temperature MRT = Ta, water vapor pressure (pa) of 12 hPa, approximately 

equivalent to a relative humidity of 50% at Ta = 20 °C, and wind speed (w) of 0.1 m/s. In 

these conditions, the air temperature obtained solving the system is the PET. 
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PET is defined as the air temperature at which, in a typical indoor setting, the heat 

balance of the human body (work metabolism 80 W of light activity, added to basic me‐

tabolism; heat resistance of clothing 0.9 clo) is maintained with core and skin temperatures 

equal to those under the actual environmental conditions. The relationship between PMV 

and PET is shown in Figure 1. 

 

Figure 1. The relationship values for PMV and PET model according to [39]. 

2.3. Field Survey 

The weather data implemented in ENVI‐met are as follows: dry bulb temperature, 

relative humidity, global, direct and diffuse solar radiation, wind speed, and direction 

taken from a permanent weather station. The uncertainty, measurements range, and char‐

acteristics of the sensors are reported below: 

 Air temperature and relative humidity sensors: (uncertainty: 0.10 °C and 0.1%; meas‐

urements range: −50–100 °C and 0–100%); 

 Radiometer: (spectral response: 300–3000 nm; operative temperature −40 °C/+80 °C; 

uncertainty: ±4 W/m2); 

 Anemometer: (measurement range: 0 ÷ 50 m/s; threshold: 0.36 m/s; uncertainty 1%; 

below 3 m/s and 1.5% above 3 m/s; resolution: 0.06 m/s). 

For the validation of the CFD simulations, the measurements were carried out with 

a portable microclimate station Heat Shield Master ELR615M by LSI Lastem. 

Figure 2 shows all the components and sensors, such as a globe‐thermometer, a thermo‐

hygrometric probe, and a rotor anemometer. Table 1 reports the technical characteristics 

of each probe. 

       
(a)  (b)  (c)  (d) 

Figure 2. Microclimate portable station: (a) LSI Lastem BVA304 Tripod/Mast Assembly 1.2 m; (b) 

Heat Shield Master ELR615M; (c) Globe thermometer ELR615M probe: Pt100; Thermo‐Hygromet‐

ric sensors; (d) Rotor Anemometer DNA 202. 
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Table 1. Technical features of probe. 

Climatic Variables  Type of Probes  Accuracy  Range 

Air temperature 
Thermometer 

Silicon band gap 

±0.3 °C, (@10, 40 °C) 

±0.8 °C (@60 °C) 
−20 °C ÷ 60 °C 

Relative Humidity  Hygrometric Sensors  1.8% (10 ÷ 90%)  0 ÷ 100% 

Wind speed  DNA205 Rotor Anemometer  2.5%  0 ÷ 0.75 m/s 

Globe temperature 

ELR615M globe thermometer 

probe (Ø = 150 mm), Sensor type: 

1/3 DIN‐A Pt100 

± 0.3 °C (@25 °C)  −20 ÷ 125 °C 

The values of air temperature (To), globe temperature (Tg), wind speed (w), and rela‐

tive humidity (RH) were recorded every minute. The instruments were tested and cali‐

brated before the field survey, while the measurement process complied with the Stand‐

ard ISO 7726 [40]. 

2.4. Statistical Analysis 

Table 2 reports the statistical indexes for quantifying the discrepancies between the 

observed (mi) and simulated (si) data. 

Table 2. Statistical indices used for validation. 

Index  Name  Formula  U.M. 

MAE  Mean absolute error 
n

i ii 1
m s

MAE
n







 data‐dependent 

RMSE  Root mean square error   2n

i ii 1
m s

RMSE
n







 
data‐dependent 

r 
Pearson correlation co‐

efficient 

  
   

n

i ii 1

2 2n n

i ii 1 i 1

m m s s
r

m m s s



 

 


  


 

  ‐ 

R2 
Coefficient of determi‐

nation 

 
 

2n

i i2 i 1

2n

ii 1

m s
R 1

m m






 






  ‐ 

The mean absolute error (MAE) is the average of all absolute errors and expresses 

the difference between actual and predicted values. It represents the vertical or horizontal 

distance between each point and the equality line [41]. 

The root mean square error (RMSE) is instead the standard deviation of the residuals 

(i.e., the differences between observed and predicted values). Residuals are a measure of 

how far from the regression line data points are. It is worth noticing that few large errors 

can lead to a great RMSE value [42–44]. 

The Pearson coefficient (r)  is given by the ratio between the covariance of the two 

variables and the product of their mean square deviations. It measures the intensity of the 

correlation between two random variables or two quantitative statistical characters. 

The coefficient of determination (R2) is defined as the proportion of the variance in 

the dependent variable (si) that is predictable from the independent variable (mj). It indi‐

cates how simulated values are close to the regression line of the measured values. The 

index R2 ranges between 0 and 1; the upper value means that the simulated values match 

the measured ones perfectly [45]. 
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3. The Case Study 

The investigated area is a part of the University Campus of the metropolitan city of 

Catania along the Mediterranean coast in Southern Italy (latitude 37°30′ North and longi‐

tude 15°04′ East). This area was selected for its peculiar urban texture, high population 

density, as well as urban density. 

According to the international Köppen–Geiger climate classification, Catania is char‐

acterized by warm and humid summer and moderately cool, wet winter. In the summer, 

the average outdoor temperature ranges from 23 °C to 35 °C, with peaks of 39 °C when 

hot winds blow from North Africa. Figure 3 shows the investigated area. 

The area has a surface of around 33,600 m2 and includes five buildings 5.00 to 15.00 

m high that host classrooms and Department offices. The squared buildings have huge 

sizes (35 × 35 m2), as shown in Figure 3b. Figure 4 shows the different typology of the land 

surface of the investigated area at current state. 

 

Figure 3. University Campus in the neighborhood of S. Sofia: (a) 3D views; (b) 2D view. 

 

Figure 4. Land use and surface cover (%). 

Currently, about 8496 m2 are the building roofs and about 12,160 m2 is a paved area 

(pavements, roads), while the presence of vegetation is estimated at around 6610 m2 of the 

total investigated area. 

The measurements were taken with a LSI‐Lastem weather station (equipped with the 

air temperature sensor, black globe thermometric sensor, thermo‐hygrometric sensor, and 

anemometer) located on the roof of the building of the Electric, Electronics, and Computer 

Engineering Department. 
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3.1. Baseline Scenario 

3.1.1. Model Simulation 

The simulation model presents a domain with a number of grids equal to 50 × 42 × 30 

featured by a mesh of 4.0 × 4.0 × 1.0 m. The total domain dimension is 200.0 × 168.0 × 100.0 

m. The height along the z‐axis of the domain is constant until 15.0 m, which represents the 

size of the tallest building; after that, it increases with a telescopic factor rate of 10%. Along 

all borders of the domain, six cells of nesting grids are set. The time step of the simulation 

was constant and equal to two seconds to avoid numerical  instability and convergence 

issues. 

Figure 5 displays the 3D Model of the investigated area in the baseline scenario where 

green  color  represents  the vegetated  area  (trees  or  shrubs), black  color  represents  the 

paved area (road, parking, square), dark gray represents photovoltaic panels, light gray 

represents pedestrians’ roads, and light brown represents the unpaved area (ground, soil). 

 

Figure 5. Baseline scenario (BS): 3D view of the model. 

In  the domain,  three  receptors, namely P1, P2, and P3, have been selected  for  the 

purpose of validating the CFD model (see Figure 6). 

In the same way, two receptors (S1 and S2) have been selected to investigate locally 

the variation of microclimate and thermal comfort under the three proposed different sce‐

narios (see Figure 5). 

Two sequences of simulations were carried out: from 6.00 a.m. on July 28 to 6.00 a.m. 

on July 31 and from 6.00 a.m. on August 22 to 6.00 a.m. on August 25. The simulations 

started at sunrise when the energy balance is almost equal to zero. 

Finally, the parameters for calculating PMV and PET were set up as follows: age of 

users, 24 years old, medium height of 1.70 m, average weight of 70 kg, metabolic rate equal 

to 1.50 Met, and clothing thermal insulation (clo) equal to 0.50. 

3.1.2. Materials and Thermo‐Physical Properties 

Materials and thermo‐physical properties have been modeled according to interna‐

tional  literature  sources  [12]. The  outer  surfaces  of buildings,  roads, pedestrian pave‐

ments, and other outdoor spaces are made up of “standard” materials that absorb remark‐

able solar radiation during daytime contributing to the release of high heat flux. 

Globally, eight different kinds of urban surfaces have been identified and defined. 

Aiming to simplify the model, for each of them, a single value of albedo and emittance 

based on the material predominance was assigned. 

Table 3 reports the values of albedo and solar emittance adopted for the model. 
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Table 3. Thermal and optical properties of existing material. 

Urban Components  Albedo (ρ)  Solar Emittance (ε) 

Roads, parking, square (asphalt)  0.20  0.85 

Pedestrian roads  0.30  0.85 

Ground, soil  0.20  0.95 

Concrete building roofs  0.30  0.90 

Clay brick building roofs  0.30  0.90 

Building walls  0.20  0.90 
Photovoltaic panels  0.625  0.90 

Shelter parking  0.20  0.90 

It is worth highlighting that PV systems are installed on many roofs. Consequently, 

they have been modeled  too.  Indeed,  they have been considered as conventional roofs 

with a reduction in reflectivity of around 0.625. The latter was calculated considering the 

conversion rate of the solar radiation into electricity (15%), the PV panel reflection (10%), 

and the portion of absorbed energy that comes back to the external environment by con‐

vection and radiation from the upper and lower surface of the PV modules (12.5%). 

The vegetation occupies about 20% of the total land area in the model. Indeed, most 

trees and shrubs are placed to the north‐west of the selected area, whereas the extensive 

vegetation and bare ground are facing south‐east. The trees are predominantly conifers, 

but some deciduous plants are present, while  flowerbeds are occupied by  some  small 

grass and evergreen plants. The plants  identified on  the area and simulated are conic: 

small  trunk, sparse, medium 15 m  (conifer);  tree: 10.0 m height, dense  foliage,  leafless 

(conifer); and Populus Alba: 7.0 m height (deciduous) and base grass, average density, 

0.50 m tall. All the plants are characterized by the albedo estimated in the range 0.25–0.40. 

Thermo‐physical  and  optical properties  of plants  as well  as  the  leaf  area density 

(LAD) are reported in Table 4. 

Table 4. Thermo‐physical and optical properties of plants included in the model. 

Type  Species  Height (m)  LAD (‐)  ρ (‐)  ε (‐) 

Conic, small trunk, dense  conifer  15.0  2.3  0.12  0.10 

Tree dense foliage leafless  conifer  10.0  2.5  0.25  0.12 

Populus alba  deciduous  7.0  2.0  0.40  0.20 

Base grass, average density  ‐  0.30  0.30  0.25  0.15 

3.2. On Site Weather Measurements 

Figure 6 shows the actual locations where the portable weather stations have been 

placed during the field measurement and surveys. Table 5 reports the locations and time 

periods of the survey. 

 

Figure 6. Position of the receptors P1, P2, and P3: (a) real geometry; (b) ENVI‐met model. 
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Table 5. Locations and investigated periods selected for measurements survey. 

No  Locations  Time Periods  Locations 
Height a.g.l. 

(m) 

1  P1  10.00 a.m. on July 29–6.00 p.m. on July 30 
Roof Terrace of 

building. n. 13 
5.4 

2  P2  10.00 a.m.–6.00 pm. on July 30  Pavements  7.0 

3  P3 
12.00 a.m. on August 22–12.00 a.m. on August 

24 

Roof Terrace of 

building. n. 13 
5.4 

The portable station was settled at 1.2 m on the roof of the building n. 13 (P1 point) 

from 10.00 a.m. on July 29 to 6.00 p.m. on July 30 and in P3 point in close proximity to the 

stationary weather station from 12.00 a.m. on August 22 to 12.00 p.m. on August 24 (Fig‐

ure 6a). The mobile station was installed on a tripod of 1.2 m height and placed close to 

the building n. 15 (P2 point) from 10.00 a.m. on July 30 to 6.00 p.m. on July 30. 

4. Calibration and Validation 

The simulation model was calibrated using hourly data of weather station reported 

in Figure 7. 

   

(a)  (b) 

Figure 7. Hourly values of outdoor air  temperature  (To), horizontal solar radiation  (Hh), relative humidity  (RH), wind 

speed (w): (a) July 29–30; (b) August 22–24. 

The reliability of the ENVI‐met model was evaluated against the statistical indicators 

introduced in Section 2.4 using the data recorded by the portable weather station in P1, 

P2, and P3. Table 6 reports the calculated statistical indicators. 

The analysis of MAE and RMSE values for the air temperature and relative humidity 

reveal a not perfect correlation at the points P1 and P2, while at P3 the discrepancies are 

quite low. For the air temperatures, MAE at P3 is less of 1.0 °C, while anywhere else it 

exceeds 1.0 °C, and it is even above 2.0 °C at P2. 
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Table 6. Validation indices of the ENVI‐met model. 

Variables 
Statistical 

Indices 
Unit 

  Locations     

P1 (h = 5.41 m) 

29th–30th July 

P2 (h = 1.20 m)   

30th July 

P3 (h = 1.20 m) 

22th–24th August 

To 

MAE  °C  1.33  2.41  0.82 

RMSE  °C  1.60  2.50  0.69 

r  ‐  0.96  0.95  0.98 

R2  ‐  0.93  0.91  0.94 

RH 

MAE  %  4.76  4.95  3.04 

RMSE  %  5.49  6.02  2.15 

r  ‐  0.94  0.77  0.97 

R2  ‐  0.88  0.60  0.95 

Nevertheless, a good correlation with experimental measurements  is confirmed  in 

terms of air temperature by the high values of the correlation coefficient “r“ and of the 

determination coefficient R2, which are always higher than 0.90. Although the statistical 

indicators do not achieve optimal values, the profiles of air temperature and relative hu‐

midity are very close and similar in all points. 

Indeed, as an example, the comparison between the measured and simulated values 

at P1, displayed in Figure 8a,b, highlight a good correlation for air temperature (To) and 

relative humidity (RH). 

   

(a)  (b) 

Figure 8. Correlation between measured and simulated data at P1 point: (a) air temperature (To); (b) relative humidity 

(RH), on and July 29 and 30. 

Nevertheless, during the night, the temperatures simulated are around 1.0 °C lower 

compared with  the measured ones. This could be due  to an overestimation of  the  low 

long‐wave radiation exchange with the sky because of low sky temperatures or high val‐

ues of emittance of the outer layer of the building’s surface. Despite this, the model does 

not seem to be affected by the fraction of anthropogenic heat that actually contributes to 

climate microscale. 

During the hours of maximum solar radiation, the profile of simulated air tempera‐

ture is lower than about 1.0–2.0 °C with respect to that measured trend. A similar result 

was also found in other studies [45]. For example, Mohamed et al. [46] have evaluated the 

microclimate of an urban area located within the Islamic Quarter of Cairo (Egypt). They 

have compared ENVI‐met and measured data, discovering a difference in peak value of 

the temperature of 2.0 °C between 11.00 a.m. and 3.00 p.m. on a summer day. 

Gusson and Duarte performed on‐site microclimate measurements for the calibration 

of ENVI‐met models of two densely populated districts in São Paulo in Brasil (Brasilândia 

and Bela Vista). A grid with a mesh of 3 × 3 × 3 m3 was adopted for modeling both districts 
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in ENVI‐met. Despite good correlation coefficients, they found out a difference in peak 

value of temperatures of 3.2 °C between simulated and recorded data at around 12 p.m. 

[47]. 

5. Proposed Scenarios 

Three scenarios were proposed and evaluated to enhance outdoor environmental mi‐

croclimate conditions: 

 Cool scenario (Cs), in which a reflective paint is applied on the pedestrian pavements, 

roads, and building roofs; 

 Green Roof scenario (GRs), in which extensive green roofs are installed with an in‐

crease of surface cover at around 25%; 

 Green Saturation scenario (GSs), in which any available area is covered with vegeta‐

tion and green roofs. In this way, the green surface cover increases by around 44%. 

More  in detail,  the Cool scenario  (Cs) consists  in  the  replacement of conventional 

materials with cool paints for pedestrian roads, pavements roads, and the application of 

cool paint on the roofs of all buildings. The cool materials are supposed to have high al‐

bedo  and  high  emissivity  to  reflect  the  solar  radiation.  Commercial  products  were 

adopted: their thermal and optical features are reported in Table 7 [48]. 

Table 7. Surface cover (%) treated with cool materials. 

Urban Components  Surface (m2)  Surfaces Ratio (%)    Albedo (ρ)    Emittance (ε) 

Cool pavements  12,160  36%    0.80  0.90 

Cool roofs  8500  25%  0.80  0.90 

Total  20,650  61%  ‐  ‐ 

The total surface treated with cool materials is 20,650 m2, which represents 61% of the 

investigated area. The Green Roof scenario (GRs) is based on the installation of 8500 m2 

extensive green roofs on the top of all buildings. The features of the substrate and vegeta‐

tion layer of the green roof are reported in Tables 8 and 9, respectively. 

Table 8. Features of the substrate layer. 

Height    H  0.15  m 

Thermal conductivity  λ  1.00  W∙m−1∙K−1 

Absorptance  α  0.60  ‐ 

Albedo  ρ  0.30  ‐ 

Emittance    ε  0.90  ‐ 

Moisture content  Θsat  0.50  m−3∙m−3 

Table 9. Features of the vegetation layer. 

Height  H  0.30  m 

Leaf Area Index  LAI  1.50  m2∙m−2 

Absorptance  α  0.60  ‐ 

Albedo  ρ  0.25  ‐ 

Emittance  ε  0.95  ‐ 

Transmissivity  τ  0.15  ‐ 

Data available in the scientific literature [49] were considered for the thermo‐physical 

properties of substrate and vegetation layers. The Green Saturation scenario (GSs), in ad‐

dition to the green roofs, considers the planting of new trees, such as Populus alba and 

pine, with an average height of 10 m, and new grass until it reaches the saturation of bare 

soil. Pines and Populus alba have been adopted, because they are endemic species and 

have physical characteristics that are suitable for urban greening. The surface of vegeta‐

tion is 14,800 m2 in the green saturation scenario. 
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6. Results and Discussion 

6.1. Microclimate and Thermal Comfort Daily Variation 

This section reports the results of thermal comfort simulation for the Baseline, Cool, 

and Green scenarios. An accurate analysis has highlighted that Green Roofs (GRs) do not 

affect the microclimate at pedestrian level. For this reason, Figure 9a–d reports only the 

profile of air temperature, mean radiant temperature, predicted mean vote and physio‐

logical Equivalent Temperature  for  the Baseline  (Bs), Cool  (Cs), and Green Saturation 

(GSs) scenarios at the S1 and S2 receptors. 

   

S1 (a)  S2 (a) 

   

S1 (b)  S2 (b) 

 
 

S1 (c)  S2 (c) 

   

S1 (d)  S2 (d) 

Figure 9. Outdoor temperature (To) (a) and mean radiant temperature (MRT) (b) for the Baseline (Bs), Cool (Cs), and Green 

Saturation scenarios, Table 1 and S2.PMV  (c) and PET  (d)  for  the Baseline  (Bs), Cool  (Cs), and Green Saturation (GSs) 

scenarios at the receptor S1 and S2. 
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Under the Baseline scenario (Bs), the air temperature ranges from 22.8 °C to 31.0 °C 

for both S1 and S2 receptors. At noon, the Cool scenario (Cs), compared to the baseline 

scenario (Bs), gives place to a decrease of the air temperature by 0.5 °C at the S2 receptor 

and by 0.8 °C at the S1 receptor. 

The Green Saturation scenario (GSs) shows the best performance at the receptors S2, 

which  is close to green spaces, with a reduction in the air temperature of about 0.8 °C. 

Nevertheless, a decrease in the air temperature is also achieved at the receptor S1, which 

is quite far from green areas. 

It is to outline that during the daytime the Cool scenario (Cs) shows values of MRT 

higher than in the green saturation (GSs) and baseline (Bs) scenarios; this happens for the 

zone closest to the building facades due to highest albedo of these surfaces. An increase 

of 4.0 °C is observed at S2 receptor and of 3.4 °C at S1 receptor. 

As to the PMV, a value of 2.5 is exceeded for all scenarios for both receptors from 8:00 

a.m. to 4.00 p.m. The only exception is observed at the receptor S2 for the Green Saturation 

scenario (GSs). A similar result is observed for the PET index, which is higher than 35.0 

°C, “very strong heat stress”, excepting at the receptor S2 for the Green Saturation scenario 

(GSs). 

However, during the hour of maximum solar radiation, the highest values of PMV 

and PET, according to the value of MRT, have been observed for the Cool scenario. It has 

to be highlighted that the trend of all investigated parameters show a rapid drop of the 

curve at around 2.00 p.m. on August 23 due to a decrease of direct solar radiation caused 

by clouds. In any case, the best results are achieved by the GSs, for which the PET ranges 

from 19.9 °C to 36.4 °C. 

The cumulative frequency distribution was also calculated for the following param‐

eters: To, MRT, PMV, and PET during the selected period from 12.00 p.m. on August 22 to 

12.00 p.m. on August 24. 

Actually, Figure 10a–d reports only the cumulative frequency distribution of air tem‐

perature and mean radiant temperature of the Baseline (Bs), Cool (Cs), and Green Satura‐

tion (GSs) scenarios in the S1 and S2 receptors. 
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S1 (c)  S2 (c) 

 

S1 (d)  S2 (d) 

Figure 10. Cumulative frequency distribution of outdoor temperature (To) (a) and mean radiant temperature (MRT) (b) 

for the Baseline (Bs), Cool (Cs), and Green Saturation (GSs) scenarios in the receptors S1 and S2. Cumulative frequency 

distribution of predicted mean vote (PMV) (c) and physiological equivalent temperature (d) for Table 1 and S2. 

It can be seen that in the Cool scenario (Cs), the air temperature To exceeds 28 °C for 

10% of the time. The situation is thus better than in the Baseline scenario (Bs), where To 

exceeds 28 °C for about 30% of the time. That may be explained on the basis of the previ‐

ous remarks. 

From Figure 10b,  it  is  evident  that  the  three  scenarios are better differentiated  in 

terms of MRT, especially for MRT higher than 33 °C. As to the parameters more strictly 

related to thermal comfort (PMV end PET), it can be seen from Figure 10c that all investi‐

gated scenarios reach the “Warm” level. Actually, the “warm level” is exceeded 25% of 

time in the (Cs) and 20% in the (Bs). The GSs exceeds for 10% of time the “Warm” category 

in the receptor S1. The effect of the Green Saturation scenario (GSs) is remarkable in re‐

ceptor S2. 

It worth highlighting  that, as  far as  the PMV  is concerned,  the worst results were 

obtained in the (Cs), while the best performance was achieved by the GSs. This trend is 

even more evident in the cumulative frequency distribution of PET. 

6.2. Spatial Analysis 

6.2.1. Air Temperature, Wind Speed, and Relative Humidity 

Figure 11 collects a horizontal view (x‐y) of air temperature, wind speed, and relative 

humidity for the three scenarios at 1.00 m height above the ground level at 12:00 am on 

August 23. 
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In this section, the scenarios are analyzed according to a spatial point of view, con‐

sidering the following parameters: air temperature (To), wind speed (w), and relative hu‐

midity (RH). In the Baseline scenario (Bs), the air temperature of 30.0 °C is reached in most 

of the areas analyzed. 

The highest values of air temperature occur on waterproof surfaces, such as pedes‐

trian pavement and roads, while the minimum value of temperature, of about 28.4 °C, 

occurs on unpaved surfaces. Under the Cool scenario (Cs), temperatures lower than 29.0 

°C have been found in all the investigated areas. 

 

Figure 11. Air temperature, wind speed, and relative humidity on horizontal plan (x‐y) at z = 1.00 m and at 12.00 a.m. on 

August 23 for the Baseline (Bs), Cool (Cs), and Green Staturation (GSs) scenarios. 

Above soil surfaces,  the  temperatures range between 28.5  to 28.8 °C and over  the 

roads and pedestrian pavements, the temperature is about 28.2 °C. Globally, cool pave‐

ments and roofs allow to reduce the peaks of about 1.0 °C. 

For the Green Saturation scenario (GSs), the maximum external air temperature  is 

29.2 °C, whereas the minimum is 28.0 °C. Consequently, this latest scenario is the most 

effective, especially regarding the magnitude of minimum values of air temperature. 

However,  it  is worth noticing that the cooling effect of vegetation  is not  limited to 

spaces where the plants were added, but their effects are spread to all the surrounding 

areas. 
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As regards the field of wind, it is possible to observe that the wind comes from the 

east, and its speed ranges from 0 to 2.25 m/s. As predicted, the highest wind speed is ob‐

served in open areas, whereas areas of stagnation appear behind the buildings or in the 

narrow spaces between the buildings. Moreover, in areas where vegetation is most pre‐

sent, substantial disturbances of wind speed occur as a consequence of the highest rough‐

ness of the soil surface. 

The maps of relative humidity, for the three scenarios, indicate that the areas where 

vegetation is present are characterized by the highest relative humidity (up to 49%). In the 

Green Saturation scenario (GSs), the highest values of relative humidity were found. A 

maximum value of 51.6% was recorded in areas where the vegetation is very dense. 

6.2.2. Soil Temperature, Mean Radiant Temperature, and Thermal Comfort Indexes 

In this section, the scenarios are analyzed by a spatial point of view considering the 

following parameters: soil temperature (Tsoil), mean radiant temperature (MRT), predicted 

mean vote (PMV), and physiological equivalent temperature (PET) (Figure 12). 

 

Figure 12. Soil temperature, mean radiant temperature, predicted mean vote, and physiological equivalent temperature 

for Baseline (Bs), Cool (Cs), and Green Saturation (GSs) scenarios on a horizontal plan (x‐y) at z = 1.00 m, at 12.00 a.m., on 

August 23. 
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For the Baseline scenario (Bs), the soil temperature reaches the maximum values of 

44.2 °C in paved areas, while just 27.0 °C is observed in the vegetated or shaded areas. The 

MRT has an average value of 52.0 °C in the whole area, which drops to 43.0 °C in shaded 

areas. The PMV index has a maximum value of 3.03 and a minimum value of 1.99. 

The areas occupied by pedestrian pavements and roads have PMV values of about 

3.00 and can be classified as hot areas, whereas the green areas with PMV values of 2.00 

can be classified as warm areas. The PET index has a maximum value of 47.0 °C in paved 

areas and a minimum of 30.5 °C in the vegetation areas. Therefore, the Baseline scenario 

can be classified as hot and characterized by rather strong heat stress. Thus, for most of 

the investigated areas, the environment is very far from comfortable conditions, and high 

degrees of discomfort are perceived by the people. 

The Cool scenario (Cs) shows values of soil temperature between 25.1 °C and 38.8 °C. 

On the surface of cool pavements, one can observe a reduction at around 5.0 °C compared 

to the maximum value of the Baseline scenario (Bs) and a reduction by 2.0 °C in the mini‐

mum value. It has to be highlighted that the mean radiant temperature reaches values of 

55.0 °C almost in the whole area with an increment of about 3.0 °C compared to the Base‐

line scenario. This quite unexpected outcome depends on the remarkable amount of solar 

radiation reflected from the cool pavements and able to cause an increase in the tempera‐

ture of  the surrounding surfaces. The PMV ranges  from a minimum value of 2.08  to a 

maximum of 3.50. In the Cool scenario, both the minimum and maximum values of PMV 

are higher than in the Baseline case. The PET index has a maximum value of 47.6 °C and 

a minimum value of 31.4 °C, with an increment of about 1.6 °C and 1.0 °C with respect to 

the Baseline scenario. It is worth to be highlighted that in the areas between neighboring 

buildings and  in the spaces between the cool pavements and buildings  is apparently a 

strong increase of PET. These areas suffer because of high reflected radiation and relative 

humidity. 

Although the surface temperature of the pavements is reduced, the multiple heat re‐

flections lead to an increase of the human thermal stress, as deductible by observing the 

magnitude of the maximum and minimum values of PMV and PET, compared to the base‐

line scenario. 

Looking at the map of the reflected radiation,  it is worth underlining that the cool 

pavements reflect in the average 200 W/m2 against 170 and 130 W/m2 of the Baseline (Bs) 

and Green Saturation (GSs) scenarios, respectively. The previous outcome confirms that 

the application of cool paint over a paved area contributes to the deterioration of the out‐

door thermal comfort due to the increase of the reflected solar irradiance. 

Figure 13 reports the 2D maps of reflected solar radiation  (Gr) for all  investigated 

scenarios on a horizontal plane at pedestrian level, at 12.00 a.m., on August 23. 

 
   

 

 

(a)  (b)  (c)   

Figure 13. Reflected solar radiation (Gr) on a horizontal plan (x‐y) at z = 1.00 m, at 12.00 a.m., on August 23: (a) Baseline 

scenario (Bs); (b) Cool scenario (Cs); (c) Green Saturation scenario (GSs). 
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The Green Saturation scenario (GSs) offers the best behavior in terms of MRT, PMV, 

and PET. As a matter of fact, MRT ranges between 34.4 °C and 52.3 °C. In addition, PMV 

has a minimum value of 1.4 and a maximum value of 3.0. Finally, PET assumes values 

between 28.0 °C and 41.1 °C. 

To further characterize the various scenarios, it is useful to introduce the indicator 

IPET defined by the variation of PET between the Baseline (Bs) and the proposed scenarios 

(Ps,i), as follows: 

  Ps,i Bs
PET,i

Bs

PET PET
I %

PET


   (2)

The i index is referred to the different proposed scenarios, i.e., Ps = Cs, Ps = GSs. 

Figure 14 depicts the IPET for the Cool and Green Saturation scenarios at z = 1.00 m at 

noon on August 23. The positive sign means an increase of PET, while the negative sign 

indicated a reduction. 

 

Figure 14. Normalized percentage variation of PET (IPET) (a) Cool scenario (Cs); (b) Green Satura‐

tion scenario (GSs) on a horizontal plan (x‐y) at z = 1.00 m, at 12.00 a.m., on August 23. 

As it is possible to see, the Cool scenario shows an increase in the PET in all points of 

the investigated area. Figure 14 shows that the highest increase of the PET (10–15%) occurs 

in the internal courtyards of the buildings, mostly due to the multiple reflections. On the 

contrary, the Green Saturation scenario shows a reduction in the PET values in all inves‐

tigated areas. 

The highest reduction (−30% to −20%) is reached in the areas with trees and shrubs. 

It is worth pointing out that a decrease in PET of about 5% is achieved even in areas not 

provided with vegetation. 

Of course, the beneficial effect of the Green scenario has to be attributed to the evap‐

otranspiration of plants, which leads to a cooling effect in the surroundings. Moreover, 

the shading effect of trees and shrubs allows the creation of small areas where the warm‐

ing sensation is attenuated. 

Generally, under the Green Saturation scenario, it is possible to achieve acceptable 

outdoor thermal comfort with the exception of very limited areas represented by the sur‐

faces between neighboring buildings and spaces around the buildings. 

6.2.3. Spatial Cumulative Frequency Distribution 

Figure 15 shows the cumulative frequency distribution of To, MRT, PMV, and PET 

for Baseline  (Bs), Cool (Cs), and Green Saturation (GSs) scenarios with reference to the 

whole investigated area at height of 1.0 m above the ground level at 12.00 p.m. on August 

23. 

Overall, the graphs show that in spite of the fact that the Cool scenario (Cs) exhibits 

the best performance in terms of To, it proves to be the worst case in terms of MRT, because 

of the high reflectivity assumed by the surfaces treated with cooling paints. 
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The consequences can be seen in the PMV and PET, considering that both PMV and 

PET are more sensitive to MRT than to To. 

This is a clear hint about the adverse effect that reflective paints may cause on the 

thermal sensation in the outdoor environment. In conclusion, compared to the baseline 

scenario, the best performance thus pertains to the GSs. 

   

(a)  (b) 

   

(c)  (d) 

Figure 15. Cumulative frequency distribution referred to the whole surface of investigated area at 12.00 p.m. on August 

23 at height of 1.0 m above the ground  level for the Baseline (Bs), Cool (Cs), and Green Saturation (GSs) scenarios: (a) 

outdoor temperature (To); (b) mean radiant temperature (MRT); (c) PMV; (d) PET. 

6.3. Spatial Averages 

In order to provide a synthetic comparison of the three proposed scenarios, the aver‐

age values of the thermal parameters and the comfort Indicators were calculated. The spa‐

tial average values on the whole area relating to air temperature, mean radiant tempera‐

ture, relative humidity, predicted mean vote, and physiological equivalent temperature is 

as follows: 

n

ni 1
L

L
n



  (3) 

Here,  L   is the average spatial value of any previously mentioned (L) parameter ex‐

tended to all cells (n) of the domain. 

The average values of the investigated parameters for each scenario are compared 

and  reported  in Figure 16.  In particular, Figure 16a displays a comparison  in  terms of 

outdoor air  temperature, mean radiant  temperature, and relative humidity. Figure 16b 

reports  the comparison  in  terms of  the mean values of PMV and PET according  to  the 

thermal sensation scale and heat stress categories. All the microclimate parameters and 

thermal comfort  indicators refer  to 1.00 m above  the ground  level and at 12.00 a.m. on 
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August 23. Finally, PMV and PET normalized to their maximum values for the three ana‐

lyzed scenarios are reported in Figure 16c. 

Again, overall, Figure 16 shows that the best results are achieved by the Green Satu‐

ration scenario (GSs), which has the lowest of value To, MRT, PMV, and PET. These results 

are attributable to the synergic effect of shading and evapotranspiration processes. On the 

other hand,  the Cool scenario (Cs) has  the worst performance even with respect to  the 

Baseline scenario (Bs), for all the mentioned parameters, with the exception of To. 

 

(a) 

 
 

(b)  (c) 

Figure 16. The average values of the investigated parameters for the Baseline (Bs), Cool (Cs) and Green Saturation (GSs) 

Scheme 1.00 m, at 12.00 a.m., on August 23. (a) To, MRT, and RH; (b) PMV and PET with threshold values of thermal 

sensation and stress category; (c) PMV and PET normalized to their maximum values. 

It is to outline, that although the surfaces treated with green materials are less by 17% 

than those treated with cool materials, they allow achieving the greatest benefits for the 

urban microclimate and thermal comfort at the pedestrian level. 

7. Conclusions 

This paper aims to identify the effectiveness of urban greening and cool materials as 

strategies for the enhancement of urban micro‐climate and well‐being conditions of pe‐

destrians. To this purpose, a micro‐scale analysis, based on a numerical model and exper‐

imental field measurements, was carried out in the University Campus of the metropoli‐

tan city of Catania. The influence of materials and vegetation was analyzed to assess pe‐

destrian comfort in different scenarios. The outcomes of the simulations reveal that the 

green roof does not affect the microclimate at the pedestrian level, while the application 

of cool materials can reduce the air temperature by almost 1.0 °C in the peak value com‐

pared to the other scenarios, while it is the Green Saturation scenario that ensured the best 

performance in terms of MRT, PMV, and PET. 

Other meaningful results were also provided by the cumulative  frequency curves. 

They allowed the estimation of how long a given condition of To, MRT, PMV, or PET is 

holding, and showed that the three scenarios are more sensitive to MRT than to To. Finally, 
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the  evaluation  of PET  and PMV provided  comparable  results. All  the gathered  infor‐

mation made it easy to assess the effectiveness of the various mitigation measures. 

In conclusion, the methodology used here may be useful to urban planners and pol‐

icymakers searching for the optimal urban greening and cooling strategies in the urban 

environment. 
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4.7 Macroscale modelling vs Microscale modelling: a comparison in terms of Tmrt  

The outcomes relating to the selected risk areas (area 1 and area 2) derived by numerical modelling 

at large scale were compared with those of the same areas modelled at urban Microscale level.  

The comparison was carried out in terms of mean radiant temperature. The hourly profiles of mean 

radiant temperature predicted by models at urban Macroscale level (SOLWEIG) (dashed blue line) 

and at Microscale level (ENVI-met) (dotted brown line) respectively were compared to that measured 

(solid blue line) at specific points (receptors R1 and R2) located in the investigated areas 1 and 2.  

Figure 4.52a show the hourly profiles of Tmrt calculated in the receptor R1 located in the area 1 

modelled at urban large scale and Microscale respectively and plotted against the Tmrt measured 

profile from 12.00 on 7th August to 10.00 on 8th August at the same point.  

Figure 4.52b depicts the hourly profiles of Tmrt calculated in the receptor R2 located in the area 2 

modelled at urban large scale and Microscale respectively and plotted against the Tmrt measured from 

8.00 on 30th July to 9.00 on 31st July at the same point.  

 

 

 

Figure 4.52. Hourly profiles of Tmrt predicted by urban Macroscale and 

 Microscale models in receptors R1 (a) and R2 (b) against Tmrt measured profile. 
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The comparison revealed some discrepancies between measured data (solid brown lines) and 

simulated scenarios M_1 (Urban Microscale model) and M_2 (Urban Macroscale model) throughout 

the days considered. Although the discrepancies are less evident in SOLWEIG (M_2 Urban 

Macroscale level), they are significant during night hours. Indeed, simulated profiles by means of 

ENVI-met (M_1 Urban Microscale level) and SOLWEIG (M_2 Urban Macroscale level) are below 

the actual measured profile at nighttime in both receptors R1 and R2. A difference in the mean radiant 

temperature of around 8 – 10°C between simulations and measurements was found during the period 

(from 18.00 to 8.00). This gap could be due to the overestimation of Tmrt measurements at nighttime 

because of the shelter device of the thermo-hygrometric sensor. The device has shielded the thermo-

hygrometric probe under direct solar radiation but has reduced the heat transfer from device surface 

towards the surrounding air during the night hours. As a result, the cooling of the sensor was reduced 

and the mean radiant temperature measured at night was always above 23°C. 

Nevertheless, both Macroscale and Microscale models have well approximated the Tmrt observed 

values during the hours of maximum solar radiation.  

Table 4.11 reports the statistical indices between the predicted and measured data of mean radiant 

temperature in the receptors R1 and R2. 

Table 4.11. Validation indices of the Macroscale and Microscale models in the receptors R1 and R2. 

Variable Indices               Unit 

R1 (7th– 8th August) R2 (30th – 31st July) 

Microscale 
(ENVI-met) 

M_1 

Macroscale 
(SOLWEIG) 

M_2 

Microscale 
(ENVI-met) 

M_1 

Macroscale 
(SOLWEIG) 

M_2 

T
mrt

 

%error - 29% 10% 15% 14% 

MAE  °C 9.88 3.37 6.22 5.19 

RMSE  °C 9.92 3.77 7.50 6.44 

d  - 0.92 0.98 0.96 0.98 

r  - 0.96 0.99 0.96 0.98 

R
2
  - 0.93 0.97 0.94 0.96 

 

When it comes to Macroscale (M_2) and Microscale (M_1) scenarios, it is shown that the estimation 

of mean radiant temperature (Tmrt) is in a good approximation with the measured values for both of 

the two receptors, whose values of Pearson correlation coefficient (r) are higher than 0.96 and the 

values of the determination coefficient (R2) are always above 0.93.  

Tmrt predicted using the Microscale approach (M_1) has shown a higher gap between simulations and 

measurements than that attained at Macroscale level at nighttime. This can be inferred from the MAE 

and RMSE values attained when a Microscale approach is adopted (Scenario M_1) in all investigated 

receptors. As an example MAE = 9.88°C and RMSE = 9.92°C in receptor R1 under Scenario M_1 

were achieved. This deviation was probably due to some approximations used in the radiation 
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calculation in the ENVI-met model. Since the calculation of long wave radiation intensity emitted by 

building surfaces is based on mean temperature and not on the temperature of a single surface, a 

relatively large error can be determined when the long wave radiation intensity on different surfaces 

in an urban region is calculated (Huttner, 2012). 

A graphical representation of the results obtained by simulation scenarios (M_1 and M_2) is also 

given in Figure 4.53, where a regression line is plotted for Tmrt data along with the attained coefficient 

of determination R2. 

 

 

Figure 4.53. Linear regression of Mean Radiant Temperature predicted by Microscale and Macroscale models against 

the Mean Radiant Temperature observed: a) receptor R1, b) receptor R2.  

As shown in Figures 4.53a and 4.53b, the mean radiant temperature profiles derived from the 

simulation of Macroscale model (M_2) have a good correlation with the observed data (R2 = 0.96 and 

R2=0.97) in the receptors R1 and R2. The comparison between the outcomes achieved by the 

simulations of urban large-scale model and those attained by Microscale model was extended to the 

entire domain of the investigated areas (Area 1 and Area 2).  

Figures 4.54a and 4.54b show the spatial cumulative frequency of Tmrt with reference to the 

investigated domain at 1.10 m above the ground level of Area 1 (at 12.00 on 7th August (a)) and Area 

2 (at 12.00 on 30th July(b)) modelled at Macroscale and Microscale respectively.  
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Figure 4.54. Spatial cumulative frequency distribution of Tmrt at 1.10 m a.g.l. in Macroscale and Microscale models:  

a) Area 1 (12.00 on 7th August), b) Area 2 (12.00 on 30th July). 

Overall, although the graphs show that Macroscale and Microscale models exhibit trends rather 

similar to spatial cumulative frequency of Tmrt in both investigated areas, a discrepancy between 

Macroscale and Microscale models predominantly in the range of Tmrt between 50°C and 60°C was 

found in both areas 1 and 2.  

This discrepancy is relevant in Area 2, characterized by open and sunlit areas where a deviation of 

25% around 55°C was achieved (Figure 4.54 b). This means that Area 1 modeled at Macroscale level 

has a surface about 25% more than the Microscale model of the same area where the Tmrt value is 

higher than 55°C. In Area 1, a deviation of 10% for the same range of Tmrt was achieved.  

In Area 1, a deviation within 10% between Microscale and Macroscale modelling for Tmrt values 

below 40°C was also found.  

Overall, the areas modelled at large-scale by means of SOLWEIG are more sensitive with respect to 

the radiation field as the areas modelled at Macroscale have a percentage of surface higher than that 

of the Microscale model where the Tmrt values between 50°C and 60°C are exceeded. This result may 

be due to a different calculation method of the outgoing shortwave and long wave radiation adopted 

in SOLWEIG and ENVI-met software respectively. In particular, this outcome may be attributed to 

the method used to calculate the shortwave reflected radiation by buildings, ground and other surfaces 

in ENVI-met. In ENVI-met, the adoption of a domain-wide mean surface albedo can underestimate 

the magnitude of the reflected radiation.  

In addition, the discrepancy between Macroscale and Microscale models may depend on the 

difference in vegetation models between the two software and approximation regarding the radiative 

properties of vegetation and wall surfaces of the SOLWEIG model. Since a single value of albedo 

and emissivity can be attributed to walls surface and ground of a wide-domain in SOLWEIG, an 

overestimation of a mean radiant temperature may be generated. 
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Conclusions 

“Heat waves” phenomena will be more frequent and last longer in warm and temperate climates 

typical of the Mediterranean context. The interactions between this phenomenon and urban heat 

island can produce rather high heat stress for urban residents. The implications of Urban Heat Island, 

which is caused by the combined effects of urbanization through poor design planning and decreased 

green areas, can lead to uncomfortably raised urban temperatures. 

This prompted the carrying out of extensive research on the effects and consequences of urban heat 

stress and human health of urban residents. Most studies present in literature dealt with the assessment 

of the effects of UHI mitigation strategies through an approach based on Microscale analysis. In 

addition, these studies predominantly analysed the outdoor microclimate by means of parameters 

such as the air temperature. However, this parameter is not sufficient to investigate the outdoor 

thermal comfort and the correlation between outdoor comfort and heat stress pathologies. In literature, 

very few studies dealt with the assessment of the heat-related mortality risk based on urban climate 

analysis at large-scale. 

In the light of this, the present thesis deals with the analysis of the urban microclimate and 

identification of the potential heat stress mitigation strategies in the most risk areas by means of top-

down approach (from the Macroscale down to the Microscale). 

The top-down approach adopted in this research is outlined based on three main steps: 

 Identification of the most sensitive heat stress risk areas based on Macroscale analysis; to this 

aim, a new Local Climate Zones (LCZs) classification by means of the UMEP (Urban Multi-scale 

Environmental Predictor) tool was carried out. 

 Urban Microscale analysis of two risk areas by means of accurate CFD models developed in 

ENVI-met. Based on Microscale modelling heat stress mitigation strategies were proposed. 

 Climate simulations of almost the entire urban area were carried out by means of a Macroscale 

approach based on the SOLWEIG module in UMEP. Subsequently, urban Macroscale and 

Microscale simulations were compared in order to assess the reliability of the numerical 

modelling at large-scale to design suitable mitigation strategies. 

The analysis was conducted using the mean radiant temperature as the main parameter owing to its 

capability for investigating human thermal comfort and heat stress in outdoor environments. 

Moreover, high mean radiant temperature values are assumed as the hazard factor to identify outdoor 

climate conditions that can cause increased heat-related mortality risk for vulnerable urban residents. 

ENVI-met and UMEP models were calibrated and validated through different measurement 

campaigns conducted at four selected locations points in different summer periods as presented in the 
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article “Application of weather data morphing for calibration of urban ENVI-met microclimate 

models. Results and critical issues” reported in section 4.4. Air temperature, relative humidity, wind 

speed and mean radiant temperature were measured.  

What has been found is that mean radiant temperature simulated by ENVI-met can be deemed well 

correlated and accurately predicted. Overall, a reasonable agreement between field measurement and 

ENVI-met simulations was achieved.  

As reported in the published articles, the integration of urban heat mitigation strategies in the urban 

Microscale models has shown appreciable results in term of reductions of the main microclimate 

parameters.  

Although ENVI-met is a reliable tool in the estimation of the effectiveness of mitigation heat stress 

strategies by virtue of high accuracy level of the modelling, the models are very complex. The 

modelling of urban areas with size of 500 m x 500 m and very high resolution of the calculation grid 

requires very long simulation time. Thus, climate analysis of areas larger than 500 m x 500 m cannot 

be dealt with using the Microscale approach.  

In order to assess the reliability of SOLWEIG in the simulation of an urban large-scale area and 

overcome the spatial and temporal limitations of Microscale models, the urban Macroscale and 

Microscale simulations were compared with on-site measurements. 

The SOLWEIG model, calibrated by means of urban climate morphing via SUEWS plugin has proved 

to accurately estimate the mean radiant temperature. Based on the comparison between predicted and 

measured mean radiant temperature, the values of statistical indices (MAE, d, r, R2) have shown a 

good correlation between simulated and measured data in the investigated receptors. In particular, the 

best result was achieved for receptor R1 under Macroscale modelling (M_2), where MAE value is 

3.07 °C and RMSE is 3.77 °C. In addition, the index of agreement (d) approaches 0.98 and the 

Pearson’s correlation coefficient (r) achieves a value of 0.98. In light of this, it was observed that the 

predicted data by SOLWEIG can be considered reliable. 

According to Local Climate Zones (LCZs) classification, impervious and no shading areas were 

identified as the more critical areas during the warmest hours in clear sky and on a sunny day.  

SOLWEIG simulations have confirmed this evidence. In open areas, mean radiant temperature values 

predominantly between 60°C and 65°C were found. Mean radiant temperature values even higher 

than 60°C were attained. Since the mean radiant temperatures of 55.5°C and 59.4°C represent the 

threshold values over which the heat-related mortality risk increase of 5% and 10% for age bands 

80+, open areas can involve critical consequences for human health and “Very Strong Heat Stress” 

conditions for urban residents.  
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In compact dense built-up areas, mean radiant temperatures are predominantly between 50°C and 

60°C. Mean radiant temperature values between 40°C and 50°C were achieved in shaded areas by 

virtue of the effect of the mutual shadings of buildings. According to UTCI values, “Strong Heat 

stress” conditions were predicted during the warmest sunny days. 

The present study has also estimated also the potential effectiveness of heat stress mitigation 

strategies through SOLWEIG and ENVI-met models respectively. To this aim, a design scenario was 

proposed according to the morphological features of the investigated areas as described in section 

3.7. 

In compact and high built-up density area, a scenario based on the integration of greenery along 

existing street spaces rearranged according to the principles of traffic calming was proposed. It 

includes a reduction of the wide of streets and the planting of trees along the roads according to a 

mild approach as described in section 3.7.2. The tree type was selected according to morphological 

and geometrical features of the local urban area. Trees with sparse foliage and high trunk are 

implemented in dense built up areas. 

In open and low-rise built areas, an intensive greening of existing urban spaces by means of the 

planting of high trees with large crown was proposed as in section 3.7.3.  

In Design Scenario, an increase in the Green Cover Ratio of +6.34% was planned with respect to the 

Current Scenario. 

In areas close to the street trees, mean radiant temperature reductions of up to 5°C were achieved 

during sunny hours. In these locations, a decrease in peak values of UTCI allowed the maintaining of 

the thermal sensation below the threshold of “Very Strong Heat Stress” at pedestrian levels.  

Under canopy trees with wide crowns, mean radiant temperatures reductions up to 20°C were 

attained. In these points, UTCI values were predominantly within the “Moderate Heat Stress” class. 

Despite relevant results being attained at specific points nearby the trees, the entire investigated urban 

area is slightly affected by the presence of vegetation. This revealed that the increase of Green Cover 

Ratio of +6.34% is very low in comparison with the investigated area size. Areas far away from trees 

have shown small or negligible reductions in mean radiant temperature.  

On the contrary, ENVI-met simulations have shown that the vegetation also influences the areas far 

away from the forestation interventions.  Indeed, such areas are characterized by a decrease in mean 

radiant temperature of up to 5.0 °C as discussed in the section related to the interventions at the urban 

Microscale level. This could be attributed to the difference between analytical models adopted by 

both the two software. ENVI-met is based on the Computation Fluid-dynamic model and is accurate 

in the estimation of the interactions between plant surfaces and atmosphere as asserted in numerous 



198 
  

studies. In addition, this result could be due to the assumptions made with respect to the vegetation 

in SOLWEIG.  

No relevant difference was found between the Macroscale and Microscale approaches in term of 

results. Macroscale modelling is recommended for analysis at large-scale both spatial and temporal 

because numerical simulations can be extended to an entire year.  

In addition, as the Macroscale model is integrated in Qgis Environment the climate data and 

microclimate predictions are georeferenced. 

By means of Qgis Environment the Macroscale model can be linked to a prediction system that allows 

the population to be notified on the most heat-wave risk days or hours.  

Macroscale analysis is suggested to carry out studies aimed to alert the population on the risk heat 

wave. 

Despite the intrinsic spatial and temporal limitations, ENVI-met remains the more accurate software 

that allows the detailed modelling of buildings, trees, and plants. Since the cool materials, green roofs, 

green façades and specific trees can be modelled into the spatial domain, ENVI-met software is 

recommended when a detailed analysis of the potential effects of the advanced mitigation strategies 

have to be carried out. 

Based on the research findings and conclusions, the potential guidelines for providing mitigation 

strategies are as follows: 

1. Forestation interventions have a relevant influence in urban environment. Therefore, it is 

suggested that planting tree species in appropriate quantities should be considered as additional 

guidelines in mitigation strategies, in the design of urban regeneration plans of existing scenarios. 

In the case of built-up urban areas, the replacement or adding of extra trees, with the right physical 

criteria is recommended to result in the desired cooling effect.  

2. Choice of the right trees should be based on the morphological features of the trees such as trunk 

height, height and crown diameter, type of tree species, size of leaves and branching arrangement.  

These morphological features should be selected taking into account the sky view factor of the 

points of the investigated areas where the forestation interventions are planned.  

Medium foliage trees, with average and/or short total height but high trunk are recommended in 

high densely built-up areas with Sky view factor values predominantly between 0.20 and 0.45.  

In the light of this, deciduous trees such as Platanus Hispanica should be planted along the roads 

and in urban spaces where SVF is between 0.30 and 0.50.  

On the contrary, trees with high leaf density and a large crown are recommended in open areas 

with Sky view factor values between 0.50 and 0.90. Tree species such as Platanus Acerifolia 
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should be planted along large roads with width of around 20 m while Platanus occidentalis should 

be inserted in open areas such as bare soil, paved areas, parks and green areas. 

The species selection also needs to take into consideration availability of native plants that are 

appropriate for the geographic and climate context. Making the right choice of the plants would 

result in a more effective and better radiation interception and also lowered urban temperatures. 

In addition, in order to provide optimum effect, trees with cluster planting design are 

recommended to offer a better quality of shade and cooling to influence the human energy budget 

and improve outdoor thermal comfort. 

The outcomes of this study offer a solution to evaluate the influence of heat waves in the urban 

environment and identify the critical areas in term of pedestrian thermal comfort by means of city-

based climate analysis.  

The study has proposed a renovation scenario for the mitigation of urban heat in warm and temperate 

climates by assessing the potential cooling effect of trees. The proposed guidelines can be useful to 

city officials, architects, landscape architects, urban planners and environmentalists in order to 

develop mitigation urban heat stress scenarios. 

Nevertheless, some issues and detailed findings need further investigations, in order to refine the 

simulation models, improve physical properties modelling and evaluation of outdoor climate.  

Some suggestions for future research are recommended to refine the detailed procedures carried out 

for this study:  

1. One of the critical issues of the present study regards the instruments used in measuring globe 

temperature during the experimental measuring campaign. Although the predicted data by 

simulation models have a good index of agreement and are well correlated with observed data, 

the mean radiant temperature could be slightly overestimated. This suggests that further research 

needs to consider grey globe thermometer and pyrgeometer with six flux directions that are able 

to evaluate globe temperature more accurately.  

2. Despite a good correlation between predicted and observed data being achieved, there are some 

shortcomings which should be addressed. They concern the number of points selected for the on-

site microclimate measurements and the length of period of experimental measurements 

campaigns. Two receptors and a measurement period of one day represent a limitation. 

Therefore, a number of higher points and a longer period of experimental measurements should 

be considered, compared to that selected.  

3. Risk areas mapping of the entire investigated city. 
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4. Development of a predictive algorithm that allows the population to be notified in advance (48-

72 h) the probability of a heat wave. In this way, it is also possible to plan temporary interventions. 

5. Future investigations should be carried out considering a more advanced urban regeneration 

scenario that involves strong transformation of urban tissue, i.e. scenario with higher Green Cover 

Ratio values in respect of that adopted in this study. A renovation scenario based on reduction of 

unused building stock should be considered in order to increase the Green Cover Ratio. The free 

areas achieved by the demolition of buildings can be covered by vegetation.  
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