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Summer thermal comfort of pedestrians in diverse urban settings: A 
mobile study 
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A B S T R A C T   

Urban planning must consider the outdoor thermal comfort of city dwellers, particularly in cities where climate 
and the effects of climate change may severely influence human health and wellbeing in increasingly hot 
summers. The role of the urban forest in ameliorating this problem is decisive. The present study is based on a 
campaign of meteorological measurements in a large number of sites using a mobile data collection system to 
allow a human-centred approach. The aim is to quantify the different microclimates and thermal comfort con
ditions in six classes of urban morphology, discriminating landtypes with or without trees. In the case study of 
Florence, local physical characteristics of the sites; Sky View Factor (SVF), tree shade, ground surface cover, and 
canyon effect, can moderate human exposure to potentially uncomfortable thermal conditions during a typical 
Mediterranean summer. Significant differences in Universal Thermal Comfort Index (UTCI) were observed be
tween treeless piazzas and streets and landtypes with trees or high height to width ratio (narrow alleys). Varying 
levels of SVF and tree cover in the sites allowed the construction of multivariate models, which revealed that, 
during common summer afternoon conditions, decreases of SVF by 12.5% or increases of tree cover by 25% can 
reduce the UTCI by 1◦. Additionally, the total site factor, by incorporating temporally integrated sun exposure 
with the sky view factor, revealed itself a promising variable for future studies to use.   

1. Introduction 

It is now widely recognised that sustainable urban planning and 
development must take the outdoor thermal comfort of city dwellers 
into consideration [1]. When the ambient temperature reaches, or ex
ceeds, the human body temperature of 37 ◦C, the resulting physiological 
stress can be detrimental to human health [2]. Increases in heat-related 
mortality during heatwave events are well-documented [3], with the 
elderly and city residents disproportionately affected [4]. Extreme air 
temperature in heatwave events may become exacerbated due to the 
Urban Heat Island (UHI) effect whereby the energy balance of cities is 
modified by factors such as the thermal properties of building materials 
[5], a reduction in the spatial coverage of green areas which provide 
evapotranspirative cooling [6], and the arrangement of buildings in 
urban canyons [7,8]. 

These factors not only cause urban surface and air temperature to be 
higher than those of nearby rural areas [9] but are also responsible for 
intra-urban differences in thermal conditions [10,11]. In fact, the 
complexities of the effect of different urban built forms on the local 

microclimate has led to a broadening of the UHI concept from a simple 
urban-rural difference to the appreciation of diverse local climate zones 
[12]. The outdoor thermal comfort experienced in these different en
vironments can influence not only the health status [13]) but also the 
behaviour of residents, with some spaces being avoided if they are un
comfortably hot [14]. The liveability and vitality of cities can be greatly 
improved by a careful consideration of the factors which influence 
outdoor thermal comfort thus resulting in physical, social, economic, 
and environmental benefits [15]. These benefits can be incorporated 
into urban planning and design options which aim to ameliorate the UHI 
problem and reduce climate change related risks [16]. 

One of the most important bioclimatic design elements for thermal 
comfort is greenspace [17]. Trees provide direct shade via interception 
of solar radiation by the leaf canopy [18,19] which provides a welcome 
respite for pedestrians [20]; Sun et al., 2021). Additionally, they provide 
local cooling via evapotranspiration [18] and many studies have 
demonstrated the impact of various quantities, types and arrangements 
of urban vegetation on the thermal conditions of public urban spaces 
(Fan et al., 2015; [21–23]. It is the direct shading factor which most 
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influences the radiation exchange of a person in a certain setting and 
carries most weight in thermal comfort studies [24,25]. 

The Sky View Factor (SVF) is a metric which estimates the amount of 
sun that an area receives via the ratio of visible sky to a hemisphere 
centred over a fixed point. The mean radiant temperature (MRT) of a 
location has a significant relationship with SVF, whether the shade 
comes from trees or buildings [26–28]. Many cities in hot, arid climates 
were constructed with deep, narrow alleys which reduces the SVF and 
can reduce summer air temperature by up to 10 ◦C with respect to a 
shallow street canyon [29]. The ground surface materials also play a 
part, and while secondary to shade, may play a significant role in 
thermal comfort when able to influence surface energy budgets such as 
the case of irrigated grass [22,30]. 

Numerous approaches have been used to quantify the spatial vari
ability of thermal comfort within cities [31,32], with the prevailing 
approach being stationary meteorological stations that measure comfort 
related variables such as humidity and MRT, which are then used to 
produce comfort indices such as the Universal Thermal Climate Index 
(UTCI) [33]). These indices are then mapped to the subjective comfort 
experienced by interviewing the users of the space by administering 
standardised questionnaires [20]. These studies often relate the physical 
characteristics of the locations with the indices, while other studies 
choose to focus on the human centred perspective, for example using eye 
level street photos for quantifying tree shade levels (Sun et al., 2021). 
This human centred approach is important given the high subjectivity of 
thermal comfort and there is a need to explore further the direct expe
riences of people as they use the urban spaces. Simply turning a corner 
into a different street can drastically alter the perceived thermal con
ditions of a person navigating the city. 

Relatively few studies have explored the potential of mobile thermal 
comfort measuring methods, despite the benefit of improved spatial 
coverage that they offer, and the ability to address the issue of insuffi
cient fixed measuring points in cities [34]. Tsin et al. [35] attached a 
meteorological station to a backpack and undertook transects on foot 
within Vancouver and compared the data to that from fixed stations and 
remote sensing. The mobile measurements captured more of the 
infra-urban variability than fixed stations but correlations with land 
surface temperature were weak and variable. Gallineli et al. [36]; with 
the CityFeel project, developed a state-of-the-art microclimate moni
toring backpack which measured air quality, noise, radiation, temper
ature, humidity, and wind speed, and took hemispherical images for 
calculation of the SVF. They found Physiological Equivalent 

Temperature (PET) varied by location consistently over separate days, 
with urban morphology being responsible for the variation between 
locations. Other studies have attached field equipment to bicycles [37, 
38,34] or carts [39,40] to allow spatial differences in air temperature at 
the scale of 101 m to be detected. 

In the present study, we collect microclimate relevant meteorolog
ical data from transects using a mobile data collection system within a 
large number of sites. The aim is to quantify the different microclimates 
and thermal comfort conditions in six classes of urban morphology. We 
demonstrate how local physical characteristics of the sites; SVF, tree 
shade, ground surface cover, and canyon effect, can moderate human 
exposure to potentially uncomfortable thermal conditions during a 
typical Mediterranean summer. Different levels of green space in these 
sites facilitates the quantification of a hypothesised linear effect of tree 
canopy cover on local cooling. Utilising a mobile station allows an 
investigation which mimics the actual, dynamic lived experience of 
urban space, and thus provides results which are translatable and 
relatable for practitioners and the general public. 

2. Methodology 

2.1. Site selection 

The city of Florence is situated on a plain to the southwest of the 
Apennine mountains in central Italy. It has a humid Mediterranean 
climate and is characterised by hot, dry summers. Average high tem
peratures reach 31.5 ◦C in the summer, with solar radiation maxima 
between 1100 and 1400 Wm-2 [41]). Variability in green space distri
bution has been shown to influence intra-urban thermal conditions [10], 
and rising air temperatures in the summer have been associated with 
increases in emergency calls for cardiovascular events and psychiatric 
disorders [42]. The city thus represents a study site where the issue of 
thermal comfort is very important, not just for residents but for the 
millions of annual tourists. 18.8% of the land cover is green space 
resulting in 20.7 m2 per capita in 2014 (Italian national average is 31.2 
m2 per capita) [43]. 

The potential area for study was restricted to the city centre and 
suburbs consisting of commercial and residential areas and excluding 
industrial zones, agricultural land and low-density residential areas on 
the periphery (Fig. 1). Six categories of outdoor landtypes were chosen 
for the study. Three non-green categories: treeless piazzas, two-lane 
streets and deep, narrow streets (henceforth named alleys), the latter 

Fig. 1. Distribution of study sites within the city of Florence.  
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being a common feature of the historic city centres of Mediterranean 
cities. Three green categories: public parks, private gardens (usually 
belonging to residents of condominiums), and tree-lined two-lane 
streets. The piazzas were not restricted to city centre historic piazzas, 
but included also open, treeless areas of parks with grass surfaces. An 
initial desk study was undertaken to develop a list of potential sites 
around the city from which sites were chosen randomly. 

Florence contains a major river and several minor tributaries within 
the city, therefore, to reduce potential cooling effect from water bodies, 
sites were rejected if they were adjacent to these features. The three 
street categories were sampled by selecting a 30 m long section of the 
street, and the gardens and piazzas were either studied in their entirety 
or, in the case of spaces exceeding 0.3 ha in size, a spatial subsection was 
studied. Permission was always requested to enter private gardens and if 
permission was denied a new random study site was chosen. 

2.2. Data collection 

Fieldwork was carried out on 24 days between June 29, 2020 and 
August 28, 2020 between the times of 11.30 and 17.30. A day was 
considered suitable for fieldwork if the forecast was for cloudless skies 
and low winds. A mobile meteorological monitoring station was con
structed such that it could be worn as a backpack and carried around the 
study sites, taking measurements at the relevant body height of 1.5 m. 
The station primarily consisted of a WBGT (Wet Bulb Globe Tempera
ture) data logger (DeltaOhm HD32.2) with dry bulb (range -40 – 100 ◦C, 
resolution 0.1 ◦C), wet bulb (4–80 ◦C, 0.1 ◦C) and 50 mm diameter globe 
temperature (− 30 – 120 ◦C, 0.1 ◦C) probes. Added to this were sensors 
for humidity (1–99%, 1%) and wind speed (0–50 ms− 1, 0.1 ms− 1) (PCE 
Instruments FWS-20), and all equipment were attached to an open lat
tice plastic crate of depth 30 cm, to minimise obstruction of air move
ments and to minimise any influence of human body temperature on the 
sensors. 

The researcher, wearing the mounted station, walked very slowly 
(approx. 1 km h− 1) for 30 min around the whole study site in order to 
minimise the creation of air movements related to normal walking 
speed, retracing steps if the area was covered within the time period 
(Fig. 2b and c). For the street study sites the researcher walked up and 
down the pavements, crossing the road after the completion of one side, 
repeating as necessary within the 30 min time period. A 5 min adjust
ment period was included at each site before data logging started and 

the log interval was 15 s. All data were then averaged for the 30 min 
period, which overcomes issues with sensor lag [44]. This is particularly 
relevant for the globe thermometer which can take a couple of minutes 
to equilibrate to sudden changes in radiation flux, so the average pro
vides an estimate of the integrated thermal conditions within the space. 

A Nikon D300s 12.3 Mp digital camera equipped with a hemi
spherical 180◦ lens (AF DX Fisheye Nikkor) was used to take upward 
photographs at a height of 1 m, oriented north in the centre of the study 
site, pre-calculated as the centroid using QGIS (version 3.12.1). The 
images were later processed and analysed using the Winscanopy Pro 
software [43]version) which allows the calculation of the canopy 
openness, which corresponds to the SVF, here represented as a per
centage. The total site factor (TSF) was also calculated which is a ratio to 
quantify the incident radiation that penetrates below canopy during the 
growing season calculated by average daily radiation received under 
canopy divided by that received over canopy. 

The height and diameter at breast height (DBH) of all the trees in the 
green sites were measured using a vertex IV laser hypsometer (Haglöf 
Inc.) and a DBH measuring tape, respectively. Additional measures 
included the average of the crown width in two dimensions and the trees 
were also identified to species level. The tree density was calculated as 
trees per hectare. A visual estimate of the percentage floor cover by 
grass, bare soil and impermeable paving was made to evaluate the po
tential influence of evapotranspiring surfaces within the site. 

Geospatial data were downloaded from the province of Tuscany’s 
online portal [45]). A surface elevation model was used to calculate the 
height to width (HW) ratio of the streets. This was also calculated for the 
piazzas and parks/gardens, where possible, by taking the average width 
of the site and the average heights of surrounding buildings. This was 
not possible for all sites, for instance piazzas in parks, so a value of 0.1 
was given to these open spaces. An orthophotograph from July 2019 
with a high resolution of 20 cm was used to estimate percentage tree 
canopy cover in the green sites by a manual pixel counting method. 

Multispectral Sentinel 2 data were acquired from the Copernicus hub 
with a search criterion of less than 15% cloud cover. The data were from 
June 23, 2019 at 10:10 and had a resolution of 10 m. The Normalised 
Difference Vegetation Index (NDVI) was calculated using QGIS which 
created a vegetation layer for the city. This layer was further processed 
by selecting only pixels with a NDVI greater than 0.4, which represents 
moderate to high vegetation density [46]. Finally, the amount of vege
tation within a 250 m radius of each site was calculated. 

2.3. Index calculation 

We chose to use WBGT and the UTCI to estimate the thermal comfort 
conditions at the study sites, with most analyses using UTCI due to the 
clearer stress category scale for comparative interpretation of results. 
We chose WBGT because it is easy to calculate and requires few vari
ables, therefore it is easily transferable to other studies. UTCI was chosen 
for its sensitivity to changes in ambient stimuli and the fact it represents 
the state of the art of thermal indices [47]. WBGT in external environ
ments is calculated by:  

WBGToutdoors = 0.7*Tw + 0.2*Tg + 0.1*Ta                                       (1) 

where Tw, Tg and Ta are the wet bulb, globe and dry bulb temper
ature, respectively. According to ISO 7243 the stress limit at light ac
tivity is a WBGT of 30 ◦C for acclimatised and 29 ◦C for nonacclimatised 
people. 

The UTCI uses a multi-node model for human heat balance in 
conjunction with measured microclimatological and clothing level 
(CLO) data inputs alongside metabolic rates [48,33]. The indices were 
calculated with the free software BioKlima 2.6 (http://www.igipz.pan. 
pl/Bioklima-zgik.html). UTCI categories of 9–26 ◦C (no thermal 
stress), 26–32 ◦C (moderate stress), 32–38 ◦C (strong stress) and 
38–46 ◦C (very strong stress) were used in the analysis. The default 

Fig. 2. a) Mobile meteorological monitoring station for measuring wet bulb, 
dry bulb and globe temperature alongside humidity and wind speed, and 
schematic diagrams of the walking paths taken in b) streets and c) gardens, 
parks and piazzas. 
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settings from the Rayman model [25] of a 35-year-old male of height 
1.80 m, weight 75 kg, CLO level 0.4 and activity level of 80 W (light 
activity) were used as parameters. Mean radiant temperature (MRT), 
which is used in the calculations, was estimated from measured globe 
thermometer temperature using equation (1) [49]:   

where Ta and Tg are in oC, Va is wind speed in m s− 1, D is globe 
diameter in mm and ϵ is globe emissivity. In low wind conditions (0–6 
ms− 1), using globe thermometers to estimate MRT is an acceptable 
method, used in several studies [19,50], especially when data are 
averaged to smooth the effect of sensor lag. 

2.4. Data analysis 

Sites were visited at different times of the afternoon, therefore an 
adjustment to the data was necessary to make them directly comparable. 
Independent climate data of air temperature, humidity, wind speed and 
solar radiation were obtained from Florence University meteorological 
station with a time period of 15 min [41]. An initial check was under
taken to ensure the station and WBGT measuring device data were 
correlated by leaving the device in a suburb of Florence (approx. 3 km 
from the station) between 11.30 and 17.30 to match the field mea
surement period, on two days. One day in full sun and one in full shade. 

For each study day the station air temperature at the midpoint of 
each site visit time period was registered and an adjustment factor 
derived which transforms the temperature at the midpoint into that 
recorded at 14:00, chosen because it is a central time within the range of 
study times. These adjustment factors were then applied to the dry bulb 
and globe temperatures for that day. The adjusted site data are thus 
rendered more comparable as they approximate data taken at the same 
time of day. 

All data analyses were carried out using R version 4.0.2 [51]. The 
effect of the different site landtypes was assessed using Kruskal Wallis 
chi-square with Benjamini-Hochberg post-hoc tests. 

Multiple regression models were constructed which assess the rela
tionship between site characteristics (tree cover, SVF, HW ratio, ground 
surface cover, TSF, vegetation percentage in 250 m radius) and meteo
rological variables (humidity, air temperature and wind speed from both 
mobile and fixed stations, and solar radiation and pressure from the 
fixed station) with UTCI as the dependent variable. The relative 
importance of all the predictor variables was first determined (as a 
relative percentage) using the ‘relaimpo’ package which assesses the 
contribution of predictors to the R2 averaged over orderings [52]). A 
stepwise regression approach was used to determine the best models 
using Akaike Information Criterion (AIC) and testing the effect of site 
landtype and a binary tree vs no tree site category within mixed models. 
These models were then further refined by assessing the theoretical 
sense of the model, significance of variable inclusion (p values) and 
collinearity of variables determined using Variance Inflation Factors 
(VIF). The best models were used to visualise the effect of varying tree 
canopy cover and SVF on UTCI keeping any other variables constant. 

3. Results 

The weather conditions on the study days were very similar with 
average maximum solar radiation 1134 W m− 2 (StDev 68), maximum air 
temperature 32.2 ◦C (StDev 2.1), relative humidity 37.2% (StDev 6.2) 

and wind velocity 2.2 ms− 1 (StDev 1.2). The correlations of the WBGT 
data logger with the university stationary meteorological station were 
all high and significant, indicating the suitability of using the station 
data to standardise the field measurements. Specifically, for the full sun 
trial the correlations had an R of 0.77 (p < 0.001) for Ta and 0.87 (p <

0.001) for Tg, and for the shade trial, 0.94 (p < 0.001) for both Ta and 
Tg. Tw was observed to remain constant in both sun and shade therefore 
no adjustment was made to the study Tw data. The adjustment factors 
ranged from 0.92 to 1.12 with a mean of 1.01. 

A total of 126 sites were visited with sizes ranging from 0.05 to 0.29 

Table 1 
– Key features of the different landtypes.   

Piazzas 
N = 15 

Alleys 
N = 12 

Streets 
without 
trees N 
= 20 

Streets 
with 
trees N 
= 20 

Public 
gardens 
N = 30 

Private 
gardens 
N = 29 

H/W ratio 0.48 ±
0.25 

3.11 
± 0.61 

1.06 ±
0.53 

0.75 ±
0.32 

0.31 ±
0.17 

0.45 ±
0.20 

Sky View 
Factor 

0.64 ±
0.15 

0.09 
± 0.03 

0.49 ±
0.15 

0.34 ±
0.16 

0.33 ±
0.17 

0.25 ±
0.15 

Vegetation 
in 250 m 
radius % 

16.0 ±
20.2 

3.6 ±
3.5 

17.5 ±
7.8 

19.8 ±
8.6 

23.4 ±
14.4 

26.6 ±
11.0 

Live grass 
% 

1.3 ±
2.9 

0.0 0.0 0.5 ±
2.2 

14.0 ±
17.9 

44.5 ±
32.9 

Dead grass 
% 

21.7 ±
37.4 

0.0 0.0 0.5 ±
1.5 

28.0 ±
29.8 

35.3 ±
31.2 

Bare soil % 3.7 ±
7.2 

0.0 0.0 2.8 ±
3.8 

20.8 ±
25.8 

13.3 ±
21.3 

Paved % 73.3 ±
45.8 

100.0 100.0 96.3 ±
5.6 

37.7 ±
37.4 

5.0 ±
15.1  

Fig. 3. Processed hemispherical images from each site landtype used in 
calculating sky view factor and total site factor. A) Piazza, b) alley, c) street 
without trees, d) street with trees, e) public garden, f) private garden. 

MRT =
[(
(Tg + 273.15)4

+
(
1.1*108* Va0.6))÷

( (
ε* D0.4)*(Tg − Ta)

)]1/4
− 273.15 (2)   
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ha (mean 0.13). The alleys were between 70 and 340 m2 in area and 
were oriented at least 20◦ from 0◦ (north – south orientation). 

3.1. Landtype differences 

The different site types varied considerably in physical characteris
tics (Table 1). Alleys consisted of deep urban canyons evidenced by a 
high H/W ratio and low SVF (Fig. 3b). Streets with trees were generally 
wider than streets without trees due to the space needed for planting, 
and the most open spaces were the gardens and piazzas (Fig. 3). The 
presence of trees in green spaces lowered the SVF in comparison to 
treeless streets and piazzas. The lack of vegetation in the city centre is 
reflected in the lower values for vegetation in a 250 m radius for the 
alleys, a uniquely city centre feature. Most of the piazzas were paved and 
streets with trees generally had low amounts of permeable ground cover 
existing solely in the tree pits. Public parks suffered more from a lack of 
irrigation, reflected in the quality of the grass cover, and contained more 
paved areas than private gardens. 

Fig. 4. Boxplots to show the difference in selected meteorological variables and thermal comfort indicators between the site types.  

Table 2 
– Key features of the green landtypes, range in brackets.   

Streets with trees Public gardens Private gardens 

Tree cover % 56.7 ± 23.7 
(6.6–92.1) 

58.7 ± 24.7 
(15.6–99.0) 

63.4 ± 19.5 
(13.7–93.7) 

Height m 13.3 ± 4.7 
(3.6–24.5) 

12.3 ± 4.7 
(4.0–22.0) 

13.0 ± 4.4 (4.4–21.0) 

DBH m 43.5 ± 14.5 
(8.1–65.2) 

38.2 ± 13.9 
(12.3–66.1) 

36.4 ± 10.0 
(12.2–60.1) 

Crown width 
m 

6.6 ± 2.0 
(1.3–10.4) 

6.8 ± 2.5 
(2.6–11.8) 

6.0 ± 1.8 (1.9–10.8) 

Trees per 
hectare 

94.3 ± 39.4 
(48–118) 

112.6 ± 42.7 
(53–233.3) 

169.4 ± 74.3 
(76.1–395.8) 

Species 
richness 

1.5 ± 0.5 (1–2) 4.5 ± 2.3 (1–9) 6.1 ± 2.2 (1–11)  
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Fig. 4 illustrates the main differences in micrometeorological con
ditions between the site types. Air temperatures were generally a couple 
of degrees higher in the piazzas and treeless streets, lowest in the alleys, 
and very similar in the green spaces. Humidity levels tended to be higher 
in the alleys and lowest in the piazzas, with the reverse pattern for wind 
speeds. The trends for the calculated thermal comfort indices are very 
similar, with the majority (89%) of sites falling in the moderate to strong 
UTCI heat class. Only sites from the piazza and treeless streets categories 
registered UTCI values linked to very strong heat stress, and only sites 
from public parks and treelined streets with comfortable values. The 
differences were highly significant (Kruskal Wallis χ2 = 27.5, p < 0.001) 
with a post-hoc test revealing pair-wise differences between treeless 
streets and all the green site types plus alleys, and between piazzas and 
the two garden site types plus alleys. 

3.2. Landtypes and cooling 

Table 2 reveals that the three green landtypes were very similar in 
tree cover percentage, and the physical dimensions of the trees. Tree 
planting density and species richness were much higher in the gardens 
than the monospecific rows of street trees, with private gardens being 
the most densely planted and species rich. The top five species, consti
tuting 51% of the measured trees and encountered in all three green 
landtypes were, Celtis australis, Tilia x europaea, Platanus x acerifolia, 
Quercus ilex and Pinus pinea. 

The correlations (Table 3) suggest significant negative relationships 
exist between tree cover and the three tree dimensions and air temper
ature, globe temperature and the indices, with the strongest relationship 
for Tg. Increasing tree cover and size did not significantly affect the 
humidity at the sites. Low correlations were noted between the measures 
of solar penetration (SVF and TSF) and Tg and the indices, but these 
improve considerably when the data from sites without trees are 
included. Species richness seems to have an effect on Tg and UTCI but it 
is weak and the direction of the relationship is positive. When these 
relationships are modelled with linear regressions (Fig. 5) the models 
fail to explain much of the variance observed, with very low R2 values. 
There is a negative linear relationship between HW ratio and UTCI for 
sites without trees, and the presence of trees generally lowers the UTCI 
in comparison with sites without trees at HW ratios less than 1 (Fig. 5f). 

There was no correlation between UTCI and the amount of ground 
covered by live grass (r = − 0.15, p = 0.09), dry grass (r = − 0.06, p =

0.49), bare soil (r = − 0.03. p = 0.71) or paving (r = 0.14, p = 0.11) for 
all the landtypes. This did not change when only the green landtypes 
were considered. Nonetheless grass and paving cover variables were 
included in the multivariate modelling. 

3.3. Multivariate models 

The mixed effects models showed that very little of the variance was 
explained by either of the random effects of site land type or sites with 
trees versus no trees. Therefore, the optimum linear multiple regression 
model was sought using the best combination of variables, without the 
random effects. Table 4 shows that the variables of ground cover, species 
richness, solar radiation and percent vegetation in a 250 m radius 
contributed little to the models, while Ta, Va and site openness variables 
contributed the most. 

Models were created which included weather data from the fixed 
station with some site characteristic variables in order to make the 
models applicable to situations where in situ meteorological data may 
not be available. Tmrt was not included, even though it is the best 
predictor for UTCI, due to the difficulties associated with measuring it, 
thus making the models useable with commonly accessible urban 
meteorological data. The best model using data from all the sites to 
predict UTCI consisted of fixed station air temperature and humidity, 
mobile station wind speed, and SVF (R2adj = 0.57, p < 0.001, AIC =
565.9). The best model using data from the sites with trees only con
sisted of fixed station air temperature and humidity, mobile station wind 
speed and tree cover (R2adj = 0.74, p < 0.001, AIC = 287.6). VIF were 
below 2 for all variables in both models indicating no potential issues of 
collinearity. Both models and all predictor variables were significant at 
p < 0.001. Given the higher relative importance of mobile station air 
temperature (Table 4), its replacement of fixed station air temperature 
in the models improved the performance of the all-data SVF model 
(R2adj = 0.65, AIC = 540.2). However, it was decided to use the more 
generally applicable fixed station data for replicability. 

The two models were used to simulate how the physical parameters 
influence UTCI when wind speed is kept at 2 m s− 1, at three different 
summer air temperatures and two different humidity levels (Fig. 6). A 
sensitivity analysis, altering each predictor variable by 20%, showed the 
dependent variable of UTCI was most sensitive to changes in air tem
perature (alterations of ~18% compared to alterations of 1–4% with the 
other variables). 

4. Discussion 

The results of this study indicate clear differences in the summer 
meteorological variables measured in six categories of outdoor urban 
environment. Average differences in air temperature of over 2 ◦C were 
observed between treeless streets and piazzas and the three landtypes 
with trees, demonstrating the ability of tree shade and evapotranspira
tion to cool the local environment. The subsequent differences in the 
calculated UTCI between these spaces were significant and provide 
further evidence for the complex spatial patterns of thermal comfort 
within local microclimate zones of cities related to the location and type 
of infrastructural elements. 

The physical greenspace characteristics varied little between the 
three green landtype categories, however, private gardens were more 
likely to include a wider variety of species and provide irrigation for the 
vegetation. This did not appear to increase the cooling capability of 
these spaces over public gardens and, in fact, there was some indication 
of a positive relationship between species richness and MRT. This was 
unexpected, as the currently accepted theory is that an increase in di
versity would increase cooling by creating a heterogenous, multi- 
layered canopy which intercepts more radiation [53]. The private gar
dens varied in their structure, from purely ornamental to functional 
park-like spaces for residents of the condominiums, therefore any 
cooling influence of species richness may have been obscured by the 

Table 3 
Correlations of physical site characteristics for the green landtypes with mete
orological variables and thermal comfort indices.   

Dry bulb air 
temperature 

Globe 
temperature 

Humidity WBGT UTCI 

Tree cover 
% 

− 0.30** − 0.54*** − 0.14 − 0.37*** − 0.32** 

Diameter 
at Breast 
Height 
m 

− 0.34** − 0.51*** − 0.09 − 0.32** − 0.36*** 

Height m − 0.30** − 0.45*** − 0.05 − 0.26* − 0.35** 
Crown 

Width m 
− 0.23* − 0.42*** − 0.07 − 0.22 − 0.24* 

Trees per 
hectare 

− 0.02 − 0.04 − 0.14 − 0.09 − 0.01 

Sky View 
Factor 

0.13 0.35* 0.12 0.24* 0.14 

Total Site 
Factor 

0.21 0.41*** 0.13 0.27* 0.25* 

Species − 0.16 0.27* 0.13 0.10 0.24* 
Using all 

data:      
Sky View 

Factor 
0.39*** 0.59*** − 0.11 0.33*** 0.32*** 

Total Site 
Factor 

0.43*** 0.62*** − 0.11 0.34*** 0.39***  
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diversity of sites and planting arrangements. The similarity in ambient 
conditions between private and public gardens is more than likely due to 
the similarities in tree height and canopy cover. 

The tree morphology variables of height, DBH and crown width all 
showed significant correlations with cooling, as they are the underlying 
structures contributing, directly or indirectly, to the total canopy cover 
of a site. This result reaffirms the need for well-established urban forests 

with large, healthy trees in order to maximise the ecosystem services 
provided in cities [54]). Newly planted trees with small crowns with low 
leaf density will provide little cooling and may take decades before they 
provide the cooling effects observed in this study. While not significant, 
the areas with trees registered lower average wind speeds and higher 
humidity than piazzas and treeless streets (Fig. 4), an effect of trees 
concurrent with other studies [55]. 

Fig. 5. Variation of the thermal index UTCI by a) average tree diameter, b) average tree height, c) tree canopy cover, d) sky view factor, e) total site factor, and f) 
Height/width ratio. a) to c) represent data from green sites only, d) from non-green sites only and e) to f) using all data. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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The potential cooling effect of ground surfaces on comfort relevant 
indices was not apparent within this study. The change of surface cover 
from paving or bare soil to grass can certainly have a strong effect on 
surface temperature, especially in combination with tree shade [23] but 
the translation of these to perceivable thermal comfort effects is less 
conclusive [56]. The differences in MRT, important for comfort, be
tween a shaded location and one in full sun far outweigh any influence 
on MRT from the surface covering and the present study was not able to 
discern an effect from the ground surface covering on comfort. This is 
potentially a consequence of the long, hot periods without precipitation 
in Florence which reduces grass areas to bare soil and dead grass, which 
then act more like concrete surfaces thermally. We must conclude, like 
other studies, that shade is the most important element for comfort [40] 
and future research is needed to quantify the impact of ground surface 
materials. 

There was no apparent influence of the quantity of vegetation in a 
250 m radius of the sites, in contrast to a previous study in Florence [57] 
which found a 10% increase in green in that radius could reduce the 
number of hours of summer discomfort by 30. They investigated a 
longer, seasonal time scale using air temperature and humidity from 

fixed stations. The shorter timescales and inclusion of MRT, which varies 
greatly on very small spatial scales within cities, would perhaps not 
capture this wider scale effect. In fact, this contrast highlights the 
different scales upon which intra urban differences in comfort indices 
operate, with a single tree influencing the surface energy budget directly 
beneath it, up to a park acting as a cool island with impacts on the 
surrounding neighbourhood [58,59]. 

The importance of SVF for localised cooling was demonstrated 
clearly in this study by the inclusion of narrow streets (alleys) with HW 
ratios over 2 leading to low SVF. This structure, combined with orien
tations away from the north-south axis, prevents solar radiative forcing 
and subsequent re-irradiation of long wave energy from building and 
floor surfaces. This resulted in alleys having the lowest average UTCI 
values of all the sites, despite the higher humidity and low penetration of 
cooling breezes in these spaces. The use of deep urban canyons is a well- 
established adaptation to hot climates, exemplified by the medinas of 
north Africa, but they are often colder in winter due to low solar access 
[29]) and they are unlikely to be considered in modern urban planning. 

Based on the correlations, the strongest relationship appeared with 
TSF. This is probably due to the fact that TSF is a measure of not just the 
SVF but also takes into consideration the path of the sun during summer 
and thus finetunes SVF to include actual solar radiation. It may thus 
better estimate the time-integrated solar radiation a space receives over 
the course of a day and future outdoor thermal comfort studies might 
benefit from the inclusion of this metric instead of SVF. However, its 
calculation is not trivial without dedicated software like Winscanopy. 

Few studies to date have produced general rules linking greenspace 
quantity to local thermal comfort. The large number of sites with 
varying amounts of tree cover and SVF has allowed the production of 
multivariate models capable of demonstrating a simple linear relation
ship between these two elements and the comfort index UTCI. The 
models are promising, with high R2 values and variable significance. 

There is a clear influence of SVF on thermal comfort, in line with past 
studies [60,24,26,28]. A SVF of 0.63, common in city squares and pi
azzas was predicted to determine the boundary between ‘very strong’ 
and ‘extreme’ heat stress at 50% humidity and 40 ◦C air temperature, 
and a SVF of 0.28 demarcated ‘strong’ and ‘very strong’ (50% humidity 
and 35 ◦C) (Fig. 5). In terms of the model, an increase in SVF of 0.13 
increased the UTCI by 1 ◦C approximately. A study in Hong Kong found 

Table 4 
Relative importance of the model predictor variables for UTCI.  

Variable All 
data 

Air temperature (mobile station) 44.5 
Air temperature (fixed station) 10.2 
Wind speed (mobile station) 5.1 
Total site factor 3.5 
Sky view factor 2.5 
Height 2.4 
DBH 2.4 
Tree cover 2.2 
Humidity (mobile station) 2.0 
Height/Width ratio 1.8 
Crown width 1.8 
Pressure 1.5 
Humidity (fixed station) 1.5 
Wind speed (fixed station) 1.4 
Species, Paving cover, Grass cover, Trees per hectare, Solar radiation, 

Vegetation 250 m radius 
<1  

Fig. 6. Simulations of the effect of physical site characteristics on UTCI when keeping climate variables constant for a) sky view factor (SVF) and b) tree cover (Tree, 
using only the green site data). Ta = air temperature, Hum = humidity, Va = wind speed, *** = p < 0.001. 
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an increase in the 100 m neighbourhood average SVF of 0.1 increased 
the measurable UHI effect by 0.7 ◦C [60], though comparisons are made 
with caution as UTCI is different than UHI effect [61]. showed a 10% 
reduction in SVF can lead to a lowering of Tmrt and Physiological 
Equivalent Temperature (PET) by 3.8 ◦C and 1.4 ◦C respectively. 

In the case of the tree cover model, a cover of 54% was able to reduce 
the stress category from ‘very strong’ to ‘strong’ at 50% humidity and 
35 ◦C. Maximum temperatures in the city between 2014 and 2019 were 
greater than 31 ◦C on 82 days per year on average (25 days above 36 ◦C, 
and 3 days above 40 ◦C) [41]. The severity of these frequent hot periods 
may thus be ameliorated by achievable levels of tree cover. The UTCI 
was able to be reduced by 1◦ for every 25% increase in tree cover 
approximately. This is not too distant from the 0.8 ◦C cooling predicted 
by a 10% increase in the ratio of green to built in a model simulation 
[62]. A meta-analysis of observational studies of urban greenery showed 
that parks are on average 1 ◦C cooler than non-vegetated sites [63]. 

The summer in which field work took place was typical of recent 
summers in Florence in terms of maximum temperatures [41] and it 
must be noted that a number of field sites in piazzas and treeless streets 
recorded thermal stress levels within the ‘very strong’ category for UTCI, 
indicating these spaces may be avoided or used unwillingly in such a 
typical summer. These areas classed as strong heat stress will only 
become more abundant during the more frequent heat wave events 
predicted for the future. In contrast, several sites in parks and streets 
with trees registered ‘comfortable’ thermal conditions and reinforce the 
need for urban planning to consider green infrastructure as an important 
component of the urban fabric. This conclusion should stress careful 
consideration of thermal comfort in current and future urban planning, 
design and adaptive management [54]). 

4.1. Study limitations 

While the mobile data collection method has allowed an in-depth 
localised analysis of a high number of different field sites within the 
city, the sensor lag (approx. 2 min) of the globe thermometer may have 
led to an underestimation of the true MRT in sites with a mixture of sun 
and shade. The averaging of data over 30 min should compensate this. 
For instance, while collecting data in a site with dappled shade, the 
inability of the sensor to adjust from going from sun into shade would be 
matched by the reverse trend when re-entering the sun so the sensor is 
recording the average ambient conditions. 

The use of a thermal comfort index such as UTCI has its uses but it 
must be remembered that the actual reactions and preferences of people 
using these spaces will vary greatly depending on several factors such as 
gender, previous experiences, expectations, and purpose of visit [20]). 

The data represent thermal comfort during hot, summer days with 
full sun. Future studies could benefit from also studying how these 
different landtypes differ at night, especially as the inability to cool 
down on ‘tropical nights’ (when the air temperature does not go below 
20 ◦C) is a major factor in heat-related illness. It would be interesting 
also to clarify the effect of species richness and three-dimensional tree 
canopy structure on the thermal comfort experienced. 

5. Conclusion 

A mobile method of monitoring thermal climate variables relevant to 
pedestrians was employed in a large number of sites during typical 
summer weather in the city of Florence. Varying levels of SVF and tree 
cover in the sites allowed the construction of multivariate models which 
revealed that decreases of SVF by 12.5% and increases of tree cover by 
25% can reduce the UTCI by 1◦. Such quantitative relationships may 
prove to be a useful tool for practitioners aiming to improve the thermal 
comfort of outdoor spaces. The only sites reaching comfortable UTCI 
categories were streets with trees and public gardens. 

The mobile methodology has proved useful for investigating a large 
number of sites from the point of view of the pedestrians that use those 

spaces, and future studies could benefit from application and modifi
cation of this approach. Additionally, the total site factor, by incorpo
rating temporally integrated sun exposure with the sky view factor, 
revealed itself to be a promising variable for future studies to use. 

The effects of species richness, ground cover and amount of vege
tation in a 250 m radius neighbourhood were inconclusive, but the 
approach and the time and spatial scales of the study were not directed 
to capture these effects. 
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