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Raymond Desjardins, Canada
Klaus Dethloff, Germany
Panuganti Devara, India
Julio Diaz, Spain
Shouting Gao, China
Luis Gimeno, Spain
Sven-Erik Gryning, Denmark

Ismail Gultepe, Canada
Hiroyuki Hashiguchi, Japan
Didier Hauglustaine, France
I. S A Isaksen, Norway
Yasunobu Iwasaka, Japan
Hann-Ming Henry Juang, USA
George Kallos, Greece
Harry D. Kambezidis, Greece
Markku Kulmala, Finland
Richard Leaitch, Canada

Monique Leclerc, USA
Zhanqing Li, USA
Gwo-Fong Lin, Taiwan
Edward Llewellyn, Canada
KyawTha Paw, USA
Sara C. Pryor, USA
Eugene Rozanov, Switzerland
Zhihua Zhang, China



Contents

Advances in Urban Biometeorology, Panagiotis Nastos, Andreas Matzarakis, Marialena Nikolopoulou,
and Tzu-Ping Lin
Volume 2013, Article ID 427413, 3 pages

Lisbon Urban Heat Island Updated: New Highlights about the Relationships betweenThermal Patterns
andWind Regimes, António Lopes, Elis Alves, Maria João Alcoforado, and Raquel Machete
Volume 2013, Article ID 487695, 11 pages

Human-Biometeorological Assessment of Urban Structures in Extreme Climate Conditions:The
Example of Birobidzhan, Russian Far East, Jan Paul Bauche, Elena A. Grigorieva, and Andreas Matzarakis
Volume 2013, Article ID 749270, 10 pages

One-Day Prediction of Biometeorological Conditions in a Mediterranean Urban Environment Using
Artificial Neural Networks Modeling, K. P. Moustris, P. T. Nastos, and A. G. Paliatsos
Volume 2013, Article ID 538508, 15 pages

Pedestrian Exposure to Air Pollution in Cities: Modeling the Effect of Roadside Trees, Jorge Humberto
Amorim, Joana Valente, Pedro Cascão, Vera Rodrigues, Cláudia Pimentel, Ana I. Miranda,
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With the increase of urbanization, a significant factor playing
an important role in global warming, the scientific com-
munity has been required to provide solutions addressing
the negative impact of climate and the general atmospheric
environment on cities, along with the improvement of these
conditions for humans.The urban heat island affects not only
quality of life, but in many cases also affects morbidity and
mortality. Urban planning plays a very important role in this,
and various studies have shown the importance of taking into
account human thermal sensation in order to mitigate the
negative consequences of urbanization and strengthen the
resilience of the society [1–8].This special issue focuses on the
assessment/modeling of human thermal sensation and expo-
sure to ambient air pollution within urban agglomerations.
The various papers focus on different scales and climatic
contexts, all with the common theme of identifying the effect
of urban configurations, such as buildings, parks, and streets,
on humans’ health and well-being.

More specifically, the paper of H. Lee et al. “Modification
of human-biometeorologically significant radiant flux densities
by shading as local method to mitigate heat stress in summer
within urban street canyons” analyzes the physical processes,
which are characteristic of shading in terms of urban human
biometeorology, through experimental investigations into the
thermal effects of shading by a building and tree canopies,
conducted in Freiburg, southwest Germany, during typical
Central European summer weather. Urban human biome-
teorology, that is, the human-biometeorological concept to
assess the thermal environment, refers to the variables of

air temperature Ta, mean radiant temperature Tmrt, and
physiologically equivalent temperature PET—based on the
energy balance model of the human body. With respect to
both shading devices, the Ta reduction did not exceed 2∘C,
while PET as a measure for human heat stress was lowered
by two thermal sensation steps. The results show the crucial
significance of the horizontal radiant flux densities for Tmrt
and consequently PET.

The effect of urban structures on thermal comfort indices
in the extreme climate region of the Russian Far East, as
well as the seasonal dynamics in different urban zones at the
capital of the Jewish Autonomous Region, Birobidzhan, was
studied by J. L. Bauche et al. in “Human-biometeorological
assessment of urban structures in extreme climate conditions:
the example of birobidzhan, Russian Far East.” The difference
of thermal values for three zoneswith different vegetation and
build-up density shows the influence of urban planning on
the local microclimate. The moderating effect of dense built-
up and inner city vegetation on extreme thermal conditions
becomes clear when comparing all zones. Through the
analysis of daily and monthly timelines it was possible to
determine preferable times of the day for inner city outdoor
activities. The results indicate that, with a total of 170 days
per year with PET values below 0∘C, Birobidzhan can be
considered as a region of extreme cold stress. This suggests
that adaptation based solely on behaviour and clothing is
not sufficient, but adaptation of the urban surroundings and
therefore the identification and choice of preferable urban
structures are necessary.
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In a similar work, P. T. Nastos and A.Matzarakis “Human
bioclimatic conditions, trends, and variability in the Athens
University Campus, Greece” attempt to identify human ther-
mal bioclimatic conditions in the Athens University Campus
(AUC). The quantification of human thermal sensation in
such a place was considered of a great significance due
to the great gathering of student body and members of
University.The analysis of the bioclimate is carried out, using
PET. Results reveal that approximately 45%–65% of the days
within the year, from 08:00 to 19:00, experience PET values
greater than 18∘C (thermal comfort), while 13%–23% of the
days (mainly during summer period) are characterized by
strong/extreme thermal stress from 09:00 to 16:00. Regarding
the strong/extreme cold stress, it appeared for almost 50%
of days from midnight to early morning hours (06:00).
Regarding the extreme conditions, the intense heat waves
that occurred during summer 2007 along with extreme cold
during December 2003–February 2004 were also analyzed.
These were compared to the respective average bioclimatic
conditions of the study period, indicating that the occurrence
of extreme human-biometeorological conditions is of high
concern for the future climate, especially for very crowed
areas, such as AUC.

Long-term estimations in a tropical coastal city of Dar
es Salaam, Tanzania are carried out by E. L. Ndetto and
A. Matzarakis in “Effects of urban configuration on human
thermal conditions in a typical tropical African coastal city,” in
order to determine the effects of buildings’ heights and street
orientations on human thermal conditions at pedestrian
level. A typical urban street and a park were chosen as
representative urban environments. Results, as interpreted in
terms of the thermal comfort parameters of mean radiant
(Tmrt) and PET, indicate that urban configurations influ-
ence significantly the two parameters. In particular, optimal
reduction of Tmrt and PET values are observed on the north-
south reoriented streets and with increased building heights.
Simulation results on a small urban garden provide a novelty
in design implications and management of open spaces in
cities.

In the study of C. H. Lin et al. “Thermal comfort for
urban parks in subtropics: understanding visitor’s perceptions,
behavior and attendance,” an effort towards thermal comfort
assessment for urban parks under the climatic conditions of
Taiwan is conducted, through field interviews, observations,
and micrometeorological measurements. TheWBGT is used
as the thermophysiological index to investigate the effects of
thermal conditions on visitors’ thermal perception and adap-
tive behaviors in outdoor urban spaces. Observation results
show that the overall attendance is influenced by sun and
thermal conditions. There is a robust relationship between
thermal sensation votes, as well as thermal acceptability, and
thermal environment, in terms of WBGT. The upper and
lower limits of 80% acceptability are 26∘C WBGT and 20∘C
WBGT, respectively.

L. A. Égerházi et al. in “Application of microclimatemodel-
ling and onsite survey in planning practice related to an urban
micro-environment” perform numerical simulations of ther-
mal comfort conditions by means of the urban microclimate
model ENVI-met in a popular children’s playground located

in Szeged, Hungary. Bioclimatic conditions are quantified
using PET and thermal stress maps are created in two
different periods of typical summer and autumn days. The
study aims to reveal the seasonal and diurnal spatial patterns
of the simulated thermal conditions and thus the degree of
heat stress in different parts of the playground. Furthermore,
the momentary spatial distributions of the visitors triggered
by the microclimatic conditions of the area are analyzed.
Remarkable differences in the thermal conditions are found
depending on the sun elevation and the resulting shaded
conditions as well as the radiation of the heated surfaces.
The spatial distribution of the visitors seems to be highly
influenced by the patterns of the thermal conditions, but the
location and the preference of the playground equipment also
affect this. To evaluate the possible causes of the people’s
behavior, an on-site questionnaire surveywas conductedwith
possible modification requirements related to the design of
the playground.

In the modeling aspect of outdoor biometeorological
conditions, K. P. Moustris et al. “One-day prediction of biome-
teorological conditions in a mediterranean urban environment
using artificial neural networks modeling” deal with the 24-
hour prognosis of the outdoor human-biometeorological
conditions in an urban monitoring site within the greater
Athens area, Greece. For this purpose, artificial neural net-
works (ANNs) are applied in order to predict the maximum
and the minimum value of the PET, one day ahead, as
well as the persistence of the hours with extreme human-
biometeorological conditions. The results show that extreme
heat stress appears in 10% of the examined hours within
the warm period of the year, against extreme cold stress for
22.8% of the hours during the cold period of the year. Finally,
human thermal comfort sensation accounts for 81.8% of the
hours during the year. Concerning the PET forecast, ANNs
have a remarkable forecasting ability to predict the extreme
daily PET values one day ahead, as well as the persistence of
extreme conditions during the day, at a significant statistical
level of 𝑃 < 0.01.

Findings of the study by A. Lopes et al. in “Lisbon urban
heat island updated: new highlights about the relationships
between thermal patterns andwind regimes” update the results
of the research published in 2007 and bring more precise
information about the relationship between the UHI (urban
heat island) and the regional and local wind systems in
Lisbon. The highest frequencies of temperature differences
higher than 0∘C are found in the city centre. In the green park
ofMonsanto, the highest frequency occurred between −2 and
0∘C. During the summer, the effect of the breezes is observed
in Belém, lowering the air temperature. The “strong” UHI
(intensity > 4∘C) occurred more often during the summer,
with median values of 2∘C by night and 1.8∘C by day. The
highest frequencies of UHI occur for winds between 2 and
6m/s, and are not associated with atmospheric calm events,
as pointed out in the literature.Winds above 8m/s inhibit the
occurrence of strong UHI in Lisbon.

The assessment and comparison of variations in air tem-
perature and vapour pressure (vis-à-vis relative humidity)
against a crowd of runners—the herd effect—are studied by P.
Wong et al. in “Microclimate variations between semienclosed
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and open sections of a marathon route.” The work evaluates
conditions in two different environmental settings along the
marathon course, a semienclosed (tunnel) versus an open
space (suspension bridge). A series of small iButtons was
deployed at strategic locations along the course to undertake
minute-by-minute measurements of air temperature and
relative humidity. It is found that herd effects of varying
degrees are present in both the semienclosed and open
settings. Various environmental differences also play a role
in ameliorating or amplifying the climatological effects of
the herd of runners. Microclimatic variations in different
environmental settings and crowd conditions could have an
impact on runners. This knowledge can inform the design of
marathon routes and establishes the feasibility of employing
the iButton logging sensors for widespread deployment and
monitoring of meteorological situations.

The last paper in this volume is by J. H. Amorim et al.
“Pedestrian exposure to air pollution in cities: modeling the
effect of roadside trees,” who evaluate the exposure of students
to traffic-emitted carbon monoxide (CO) in their daily walk
to school, with a particular emphasis on the effect of trees and
route choice.The study is focused on the city centre of Aveiro,
in central Portugal. Time evolution of the georeferenced
location of an individual was tracked with a GPS for different
alternative walking routes to a school. Spatial distribution of
CO concentration was simulated with a computational fluid
dynamics (CFD) model. An exposure model was developed
that associates the georeferenced location of the student with
the computed air quality levels (at an average breathing
height) for that specific grid cell. For each individual the
model calculates the instantaneous exposure at each time
frame and the mean value for a given period. Results
show a general benefit induced by the trees over the mean
exposure of the student in each route. However, in the case of
instantaneous exposure values this is not consistent along the
entire period. Also, the variability of the estimated exposure
values indicates the potential error that can be committed
when using a single value of air quality as a surrogate of air
pollution exposure.

We expect that this special issue will help journal readers
to understand better the impacts of various aspects of urban
biometeorology. We trust that this volume will be a valuable
reference to researchers, academics, planning authorities,
practitioners, and policy makers.
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Urban growth implies significant modifications in the urban climate. To understand the influence of the city of Lisbon on the
urban boundary layer, a mesoscale meteorological network was installed in 2004.Themain goals of the present study are to update
the results of the research published in 2007 and to bring more precise information about the relationship between the Urban
Heat Island (UHI) and the regional and local wind systems. The highest frequencies of the UHI were found in the city centre
(Restauradores). In the green park ofMonsanto, the highest frequency occurred between −2 and 0∘C.During the summer, the effect
of the breezes was observed in Belém, lowering the temperature.The “strong” UHI (intensity >4∘C) occurredmore often during the
summer, with median values of 2∘C by night and 1.8∘C by day. The highest frequencies of UHI occurred for winds between 2 and
6m/s and were not associated with atmospheric calm, as pointed out in the literature. Winds above 8m/s inhibit the occurrence of
strong UHI in Lisbon. Summer nighttime strong UHI should be further investigated, due to the heat stress consequences on the
population and probable increase of energy consumption.

1. Introduction

Urban growth and land use changes imply considerablemod-
ifications on the atmospheric dynamics and induce local
climatic changes. The consequent changes in aerodynamic
roughness also induce alterations in the wind flows, which
act as one of the major factors in urban climate and micro-
climates [1]. The authors of this study [1] found a reduction
of about 30% in the mean wind speed in the Lisbon urban
boundary layer, due to both topography and built-up areas,
when compared with the wind speed simulations where only
regional winds and the local topography were taken into
account.These valuesmay reach 40%, if the roughness length
increases to 1.5m windward of the city. This will contribute
to increase the heat stress and urban atmospheric pollution,
with major negative consequences on human health and
quality of life for the urban population.

In recent years the problems caused by urban climate
modifications led to an increasing number of studies about

thermal bioclimates [2–4], also bringing about new ideas and
solutions to solve them [5–8].

Amongst the climatic effects of urbanization, the urban
heat island (UHI) pattern is the best documented example of
involuntary human climatic modification [2, 9–11].

The urban heat island is defined by the difference of
temperature between the city centre and the surrounding
areas [12]. This clear and simple definition has led to the
development of different methodologies to effectively calcu-
late the UHI in different cities (the definition used in this
study is presented in Section 2).

Lisbon is located on the western coast of Portugal, at the
latitude of 38∘43 N and the longitude of 9∘9 W. The city is
located about 30 km to the east of the Atlantic Ocean, on the
right bank of the Tagus River (Figure 1). It occupies an area
of 84 km2 and has 547733 inhabitants, while theMetropolitan
Area population has more than 2M people (2011 census).The
topography of the city is well differentiated: the maximum
altitude is about 226m (in the Monsanto Park, a small hill in
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Figure 1: Location of the measurement sites of the Lisbon mesoscale network. On the right, the radiation shield, containing the thermohy-
grometer, in “Restauradores,” is shown.

Table 1: Characterization of the measurement sites of the Lisbon mesoscale network (RES: Restauradores, BAI: Bairro Alto, SAL: Saldanha,
CAR: Carnide, MON: Monsanto, BEL: Belém, and PAR: Parque das Nações).

Measurements sites
RES BAI SAL CAR MON BEL PAR

Mean altitude∗ (m) 32.4 55.8 85.1 106.7 160.8 5.8 4.2
Minimum distance to the Tagus River (m) 1225 1168 3765 7810 2635 181 75
Buildings∗ (%) 65.7 73.6 70.8 24.7 0.6 19.8 21.6
Mean building height∗ (m) 11.6 11.4 16.2 15 7.5 9.9 16.5
NDVI (normalized difference vegetation index) 0.1 0.1 −0.1 −0.14 0.12 0 0.29
∗Measured within a square of 500m, centred over the observation site (based on Alves and Biudes [13]).
Source: adapted from Alcoforado et al. [14]

the western part of the city) and 160m in the urbanized area
[5].

According to Andrade [15] the urban heat island effect
occurs normally in the south, with undefined boundaries.
This thermal pattern is also influenced in Lisbon by a set of
nonurban features, such as the relief and the proximity to the
Tagus estuary and to the ocean.

In Lisbon, the wind blows predominantly from the north
and northwest throughout the year. Western and south-
western as well as eastern and northeastern winds are also
frequent in the cold season [16]. However, for 45% of the
spring and summer days, a relatively strong north wind (the
Nortada) dominates [17]. This natural north ventilation is
very important because it promotes pollutant dispersion and
reduces natural and anthropogenic heat loads. However, in
the last 20/30 years Lisbon has been growing towards the
north; the buildings create an enormous barrier to the north
wind and environmental problems for the south of the city
can occur [1].

After numerous studies based on field measurements
in the 1980s and 1990s [2], a mesoscale meteorological
network was set up in 2004 by the CEG/CliMA (Climate and
Environmental Changes research group) of the University of
Lisbon (Figure 1), in order to understand the influence of the
city of Lisbon on the urban heat island effect. Based on the
first temporal data series [2, 14] the researchers concluded
that the heat island effect occurs more frequently during the
night, especially in situations of weak and moderate wind
(5m/s). This was justified by the urban effect together with
shelter from the northern winds, usually cool or cold, in
summer and in winter [2, 14]. During winter and summer
days, situations of heat island interchange with “cool islands”;
these are due to cool air advection from the Tagus estuary,
“shadow effect” from the buildings and other modifications
of the energy balance (such as heat stored inside the buildings
during the day) [18].Themean intensity of the nocturnal UHI
(representing the difference between the average temperature
in the city centre and “rural” areas), varies from 0.5∘C to 4∘C,
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as found by Alcoforado andAndrade [2]. In 2007, Alcoforado
et al. [14], based on new data collected during a period
678 days from the Lisbon mesometeorological network,
concluded that the urban heat island effect had a mean
intensity of 3∘C.

The main goal of the present study is to update the
results with new observational data and to bring new light
on the relationships between the UHI patterns and the wind
conditions in Lisbon.

2. Material and Methods

The results presented here are based on data measured by
a mesoscale network currently consisting of seven thermo-
hygrographs. The network was first installed in the early
2000s, as a temporary network, and the first results were
divulged in 2003 [15]. From 2004 onwards, a permanent
mesoscale network was installed and results were presented
in a paper in 2007 [14]. In the present paper 31000 hourly
data were analysed, for the period 2004–2012 (with some
gaps due to technical problems). The CliMA research group,
of the Centre of Geographical Studies of the University
of Lisbon, maintains this network. To assess data quality,
the thermohygrometers are regularly (every 2 to 3 years)

submitted to tests to verify for the need for calibration. No
meaningful differences were reported between the devices
since the beginning of the observations, and therefore we
consider that data quality is insured.

In the present study several temporal scales of analysis
were used as follows:

(a) hourly data, frequency of temperature deviations;
urban heat island intensity;

(b) Daytime and nighttime, urban heat island intensity
(see explanation bellow);

(c) Seasonal, mean hourly temperature deviations; urban
heat island intensities; hourly mean wind speed and
directions.

The measurement sites are open (SVF ≥ 0.69), so that
the microclimatic influence of buildings or nearby trees
are banned. Following the advice given by T. R. Oke, a
consultant for one of our projects on urban climatology
(CLIMLIS) and based on [20], this network aims to study
the mesoscale features of the Lisbon thermal fields. The
instruments are Gemini data loggers (model TinyTag Plus)
and are located on public lighting poles, about 3.5m above the
ground [21], inside a radiation protection shield (Figure 1).
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Figure 4: Frequencies of air temperature deviations between the observation points and the Portela Airport meteorological station. Low
intensity: urban-rural differences up to 2∘C; medium intensity: from 2 to 4∘C; strong intensity: >4∘C (Classification based on Garćıa [19]).

The measurements are undertaken every 15 minutes, but the
present analysis is based on hourly averages.The location and
features of each measurement site are indicated in Figure 1
and Table 1.

The (Δ𝑇) frequencies were obtained from the differ-
ences between all measuring sites and the Portela Airport
meteorological station. Alcoforado and Andrade [2] (such as
other authors, in several different cities [10, 22]), applied this
concept in Lisbon, as described in

Δ𝑇 = 𝑇
𝑈
− 𝑇
𝐴
, (1)

where𝑇
𝑈
corresponds to the air temperature of eachmeasur-

ing or collecting site in the city and 𝑇
𝐴
is the air temperature

representative of a nonurban area. To follow the same meth-
odology [2], the analysis of the thermal deviations between
urban stations and a reference one was carried out. In order
to do so, the meteorological data from the Portela Airport
was used (orange point in Figure 1) as reference (𝑇

𝐴
). In

order to assess the thermal similarities between the city
measurement sites, a tree clustering analysis with all data
was carried out (Figure 2). As a result, the measurement sites
were divided into 4 groups. Group 1 comprises the central
city sites (Restauradores, Bairro Alto, and Saldanha), group
2 the peripheral sites (Monsanto and Carnide), and 3 and 4
are only represented by the riverside sites—Belém and Parque
das Nações, respectively. These sites are representative of the
oceanic influence and sea breezes (Belém) and the Tagus
estuarine breezes (Parque das Nações).

It is difficult to find an universal criteria to calculate
the UHI intensity (UHII) [20]. According to Andrade [15],
the UHI in Lisbon was considered to occur each time the
temperature in the central sites (group 1) was superior to
the temperature registered in the peripheral places (group 2).
The intensity of the UHI was calculated as the difference, at

a specific moment, between the central and the peripheral
sites following

UHII = 𝑇
𝐶
− 𝑇
𝑃
, (2)

where 𝑇
𝐶
corresponds to the highest air temperature among

the central sites and 𝑇
𝑃
to the lowest air temperature among

the peripheral sites.
The riverside areas (Belém and Parque das Nações)

were not considered in this analysis, because their thermal
behaviour is specific only to them, due to the frequent Tagus
and Ocean breezes [5, 14].

The UHI intensities were classified according to Garćıa
[19]: low: urban-rural differences up to 2∘C; medium with
differences ranging from 2 to 4∘C; strong from 4 to 6∘C; and
very strong with UHI intensities superior to 6∘C.

However, particularly during the day, “negative” UHI or
cool islands occur in Lisbon, as referred above.

Due to the large range of daytime UHI intensities in
Lisbon [2, 15], for the analysis of the temperature variation
(Δ𝑇) and frequency of UHI intensities, the data was divided
into nighttime (20:00 to 6:00 h) and daytime observations
(10:00 to 18:00 h). By selecting these periods, the radiation
conditions that can cause thermal anomalies due to the facets
shadowing near sunrise and sunset is partially avoided. In
fact, depending on the hour, the day, the season and the
position of the buildings, somemicroclimatic differencesmay
arise, unrelated to the mesoclimatic factors (Figure 3).

3. Results and Discussion

3.1. Temperature Differences (Δ𝑇). The frequencies of the
various Δ𝑇 classes can be observed in Figure 4. During
the daytime, four sites (Carnide, 70.6%; Bairro Alto, 61.6%;
Monsanto, 58.3%; and Saldanha, 50.5%) presented the highest
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Figure 5: Seasonal hourly average deviations between the urban sites of the CEG/CliMA mesoscale network and Lisbon Airport. Winter:
DJF; Spring: MAM; Summer: JJA; Autumn SON.

frequency of values between (−2∘C < Δ𝑇 < 0∘C). During
the nighttime and contrasting with the previous values, the
class between (0∘C < Δ𝑇 < 2∘C) is the most frequent in five
sites (all, excluding Monsanto and Carnide). A tendency to
register values ofΔ𝑇 < 0∘C in Carnide andMonsanto, during
day and nighttime, can be clearly observed.

During the daytime, Belém (near the river) andMonsanto
(a green park) were the locations where the higher negative
intensities (Δ𝑇 ≤ −4∘C) were observed (with frequencies of
7.9% and 1.9%, resp.). In the class rage of (−4∘C < Δ𝑇 < −2∘C)
the “air refreshment” effect can also be observed, highlighting
the importance of breeze systems and green areas in the
improvement of thermal conditions in the city.

Fortunately, the instances when Δ𝑇 > 4∘C (for which val-
ues, serious health problems can occur [14, 23–25], especially
during periods of high temperatures) were not frequent.

Figure 5 shows the seasonal mean of Δ𝑇. Monsanto
presents a lower Δ𝑇 than the other measurement sites, for
nearly every season. It is worth mentioning that Monsanto
is Lisbon’s largest green area having, therefore, the ability to
intercept solar radiation, besides cooling the surrounding air
by the process of evapotranspiration [26, 27]. In summer,
the southwest Tagus breeze reaches Monsanto, which also
cools down the atmosphere, although it is stronger and
more frequent in Belém. Also during the summer, between
10:00 h and 16:00 h, it was observed that, on average, Belém
registered lower temperatures than Monsanto. According to
Vasconcelos and Lopes [28] breezes in Lisbon are usually
set off during the morning period (10:00 h UTC), when the
temperature of the Tagus estuary is cooler than the city. As
the continent keepswarming throughout the day, theNortada
(north wind) can increase and invalidate the estuarine breeze
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[17]. The flow can oppose the Tagus breeze throughout the
day. The riverfront may be, on average, 3.5∘C cooler than the
inner city [28].

In Parque das Nações it was verified that, during the
spring and summer, from 9:00 h 17:00 h, Δ𝑇 was higher than
for the other measurement sites. Despite being a riverbank
area that may be affected by the estuarine breezes in the
morning, it is not as exposed to the ocean, unlike Belém,
which is the first site the cool sea air reaches. Parque das
Nações cools down by regional wind flows from northeast or
when eastern and south-eastern breezes occur [17, 28].

Restauradores mostly displayed the highest values of Δ𝑇
in the mesoscale network, a fact previously observed by
Alcoforado et al. [14]. Bairro Alto, and Saldanha alternate as
the 2nd and 3rd sites registering highest Δ𝑇. Carnide (urban
periphery) was the second site with the lowest Δ𝑇.

3.2. Urban Heat Island Intensity (UHII). According to the
above-stated results, the presence of a heat island in Lisbon
has been observed and the recent data confirmed the tenden-
cies found in previous research [2, 14, 15] where the temper-
atures registered in central areas (Saldanha, Restauradores,
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and Bairro Alto) were higher than the temperatures observed
in the surrounding sites (Monsanto and Carnide). However,
new highlights are now much clearer: Figure 6 shows that
during the night 50% of the UHI varies from 1.7 to 2.4∘C,
whereas during the day it is between 1.3 and 2.2∘C.The mean
and the median of the nocturnal urban heat island are 2∘C,
while the diurnal only reaches 1.8∘C. The maximum UHII
observed was 6.1∘C, during the night and 5.7∘C during the
day (114 cases with UHI > to 4∘C were observed). We should
note that these values are rare andmust be better investigated
in future research.

Taking into account all the observations (Figure 7), the
rhythm of the average Lisbon UHI becomes clear: more
intense at 20:00 h and 21:00 h (2.3∘C) and less at 10:00 h
(1.4∘C).

Figure 8(a) shows that, during the day, the highest fre-
quency of UHII (64.7%), occurred in the low intensity class
(up to 2∘C). During the night, the medium intensity class
(2 to 4∘C) reached the highest frequency (57%), results that
confirm the eminently nighttime characteristics of the UHI
in Lisbon. This had already been mentioned by [2, 14, 15].
As for the seasonality, UHI occurs in every season. However,
the strongUHII > 4∘C (Figure 8(b)) was observedmore often
during the summer (65%, mean is 2.1∘C), with only 19.2% in
autumn and 15.8% in spring andwas never observed inwinter
(the lowest UHII mean temperature: 1.7∘C).

3.3. Lisbon Wind Regimes. Figure 9 displays the seasonal
wind regimes from 2004 to 2010. As was mentioned before,
the northwestern and northeastern winds prevail in autumn
and winter. In spring and summer northwestern winds
predominate: the nortada, which is characterized by wind
speeds above 5m/s [1, 2, 17], occurs in 45% of the days.
Its origin is associated with the strong atmospheric pressure
gradient between the thermal low over the Iberian Peninsula
and the Atlantic anticyclones [2, 5].

When the nortada slows down or ceases, a second (local)
ventilation pattern develops in Lisbon; in 30% of summer
days estuarine or ocean breezes occur [2, 5, 15, 17].

3.4. The Relationship between Urban Heat Island (UHI)
Patterns and Wind. UHI is related to the wind speed,
wind direction, and time (hours) [12, 29–31]. Figures 10(a),
10(b), and 10(c) illustrate these relationships. As the wind
speed increases, the UHII presents a tendency to decrease
(Figure 10(a)). However, unlike other cities, higher frequen-
cies of UHII in Lisbon do not occur during situations of
atmospheric calm (as noted by Alcoforado et al. [14]). In fact,
the highest frequencies of UHII occur with winds of 2 to
4m/s (32.6%) and 4 to 6m/s (29.4%).The strongUHII (>4∘C)
occurs, more frequently, with winds between 2 to 4m/s (45%)
and 4 to 6m/s (25%).

However, very strong winds prevent the development of
the UHII [31]. Winds of about 6 and 7m/s are critical values
for the existence of the maximum UHII in Seoul (South
Korea) and Salamanca (Spain) [32, 33]. In Lisbon, it was
observed that from 8m/s on, strong intensity urban heath
islands do not occur (Figure 10(a)). Figure 10(b) demon-
strates that UHI occurred with winds in every direction.
However, strongUHII occursmore frequentlywith north and
northwestern winds, followed by southwestern and western
winds. The considerable number of observations of strong
UHII occurred between 21:00 h and 00:00 h (Figure 10(c)).

4. Conclusions

The analysis of the Lisbon mesoscale network data, for the
time series between 2004 and 2012, showed a high variability
in the urban thermal field. The highest frequencies of Δ𝑇 >
0∘C were found in Restauradores, both during the day and
at night, especially in the class between 0 and 2∘C. In
Monsanto, the highest frequency was found in the class
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Figure 9: Seasonal regimes of wind speed and direction. Autumn: SON; Winter: DJF; Spring: MAM; Summer: JJA. Data: IPMA.

between −2 and 0∘C. In Belém, during the summer, the effect
of the breezes was observed, attenuating the air temperature
and, consecutively, presenting prevalence of Δ𝑇 < 0∘C, as
observed in the study of Vasconcelos and Lopes [28].

Urban heat islands were observed throughout the year;
however, strong UHI (UHII >4∘C) occurred more often
during the summer, where the highest seasonal difference
mean (2.1∘C) was also recorded, whereas, in the winter, the
lower UHI mean was verified (1.7∘C).

The median value of the UHI intensity during the night
and day periods were, respectively, 2∘C and 1.8∘C (this last
value is slightly different from the one verified by Alcoforado

et al. [14] during the day, 1.6∘C). Although the number
of extreme positive differences during the night are rare
(only 114 cases with temperature > than 4∘C), these cases
must be investigated in future research because they prob-
ably correspond to situations of extreme heat stress, which
endanger human health in the city and lead to more energy
consumption (the maximum UHII observed was 6.1∘C).

In Lisbon, the highest frequencies of UHII took place
with winds of 2 to 4m/s and 4 to 6m/s, which differs from
the atmospheric calm pattern defined by Oke [12], due to
the importance of the shelter effect from Northern cold or
cool winds. The strong UHI intensity occurred, mainly, with
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Figure 10: UHII versus wind speed (a), wind direction (b), and time (hours) (c).

north, northwestern, and southwestern winds. Finally, winds
blowing above 8m/s in the Airport area, seem to inhibit the
occurrence of strong UHI inside the city.
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[19] F. F. Garćıa, Manual de Climatologı́a Aplicada: Clima, Medio
Ambiente Y Planificación, Sı́ntesis Editorial, Madrid, Spain,
1996.

[20] T. R.Oke, “Initial guidance to obtain representativemeteorolog-
ical observations at urban sites,” IOMReport 81,WMO/TD.No.
1250,WorldMeteorologicalOrganization, Geneva, Switzerland,
2006.

[21] H. Andrade, M. J. Alcoforado, and P. Canário, “Estimação da
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The study shows the effect of urban structures on human thermal comfort indices in the extreme climate region of the Russian Far
East, with an annual temperature range of 75∘C. The study examines different urban zones in Birobidzhan, the capital city of the
Jewish Autonomous Region (JAR). The climate of this region can be characterized as continental monsoon climate. The difference
of thermal values for three zones with different vegetation and build-up density shows the influence of urban planning on the local
microclimate. The moderating effect of dense build-up and inner city vegetation on extreme thermal conditions becomes clear
when comparing all zones. Through the analysis of daily and monthly timelines it was possible to determine preferable times of
the day for inner city outdoor activities. From the results derived from PET with a total of 170 days per year with PET values below
0
∘C Birobidzhan can be considered a region of extreme cold stress. This means that an adaptation based solely on behaviour and
clothing is not sufficient, but an adaptation of the urban surroundings and therefore the identification and choice of preferable
urban structures is necessary.

1. Introduction

Since the last decades of the 20th century and due to the
challenges of climate change, climatological and meteorolog-
ical parameters have been in the focus of urban planning.
Most of those studies assess the standard meteorological
parameters associated with human thermal comfort such
as air temperature, global radiation, wind velocity, relative
humidity, or precipitation. However, if they are assessed just
by themselves, the results are taken out of the human context
and lose their original purpose. To put them into context, the
application of complex and differentiated human bioclimate
indices is needed. For the purpose of this study two of these
indices haven been applied to the meteorological conditions
and the urban structures of Birobidzhan, the capital city of
the Jewish Autonomous Region (JAR), at the Russian Far
East. In the course of a year this region experiences all
facets of extreme meteorological conditions from arid cold
to humid warm (Figure 1). This makes the region of the JAR

extremely suitable for the purpose of analysing the impact of
urban structures on the human thermal comfort assuming
an intensification of extreme meteorological conditions in
presently moderate climate areas, due to the global climate
change. During the last 20 years the interest in the human
thermal bioclimate has been rising due to great awareness
of the influence of climate on our lives which is strongly
connected to the public debate about climate change and its
influence on everyday life. As a result of this development
regions that are already under the influence of harsh climates
are very interesting for analysis of climate change results.

The indices used for this study are the physiologically
equivalent temperature (PET) based on the Munich Energy-
balance Model for Individuals (MEMI) [1–3], displayed in
degrees Celsius (∘C) which makes it easy to comprehend and
easy to be compared to other indices ormeasurement, and the
universal thermal climate index (UTCI), also displayed in ∘C,
which is based on a multinode human energy balance model
for a more adaptive approach to extreme climate conditions
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Figure 1: Climate diagram for the Birobidzhan area (data source:
http://worldweather.wmo.int/).

[4, 5]. A selection of studies conducted in the JAR, and
such concerning the topic of the human biometeorology, is
displayed to show what has been done so far. Studies on
this topic have been published since the late eighties [1, 6].
They show the development and application of PET based
on the human energy balance model MEMI [1–3, 7, 8] and
the RayMan model [9, 10] and the effect of shading on
outdoor comfort [11, 12] as well as the development of UTCI
[5, 13, 14] and the underlying multinode model [4, 15–17]. In
the following years, papers concerning the bioclimate of the
JAR, focusing on the efficiency of agricultural crop growing
and outdoor recreation and tourism, were published [18–
22]. These works are designed to find preferable outdoor
activities or to quantify the influence of the regional climate
on crop seasons and are usually based on daily and monthly
climate data. This study aims to give an actual and accurate
assessment of the human thermal bioclimate and to find
preferable city structures or at least preferable inner city
locations at any given time of day in the city of Birobidzhan
using a high temporal resolution of meteorological data.

2. Area of Investigation

Birobidzhan is located close to the Chinese northern border
at 48∘N and 132∘E (Figure 2) with amean altitude of 76m a.sl.
and is inhabited about 75,000 people on an area of 169 km2.
Even though the latitude coincides with a moderate climate
by the climate in the Jewish Autonomous Region (JAR),
of which Birobidzhan is the capital, is far from moderate.
Its continental exposition leads to cold winters and warm
summers. This effect is intensified by the influence of the
summer monsoon and its close proximity to the Siberian
high pressure field resulting in an annual variation in air
temperature of up to 75∘C in the course of six months in
extreme cases. Due to this variation the annual course of the
meteorological factors in this region shows great variability.
From ameanmaximum air temperature of about 26∘C in July
to−29∘C in January and amonthly precipitation of 154mm in
August to 5mm in February all facets of an extreme climate
can be experienced.

Sources: Esri, DeLorme,
NAVTEQ, USGS, Intermap, iPC,
NRCAN, Esri Japan,METI, Esri

China (Hong Kong), Esri1 : 100.000.000
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Figure 2: Regional and local position of Birobidzhan.

Table 1: Selected locations (zones) and their respective properties.

Zone Type Build-up Vegetation
1 Residential Dense High
2 Street Medium Light
3 Square Light None

3. Methods

For the assessment of the human thermal bioclimate several
indices have been developed over the last 50 years. Two ther-
mal indices were used for this study, namely, the physiologi-
cally equivalent temperature (PET) and the universal thermal
climate index (UTCI) [4, 15–17], both of which use the unit
degrees Celsius and are based on models of human ther-
mal balance. The meteorological data from the Birobidzhan
WMO station (WMO index 31713) has been used as input for
the calculation of the thermal indices, specifically the data
for air temperature, wind velocity, wind direction, relative
humidity, and cloud cover as a proxy value for the global
radiation.These parameters have been recorded at the climate
station in a three-hour interval, resulting in eight measuring
points per day, for the 11-year period from 2000 to 2010.

Using this data and the RayMan model the thermal
indices can be calculated [9, 10]. Additionally the obstacle
parameters at three different locations within the city were
put into the model to determine their influence on the
human thermal bioclimate. All three locations are highly
frequented by the local population, but they are very different
in terms of their structural specifications. Information for all
three locations is summarised in Table 1. The terms used to
describe “Build-up” and “Vegetation” are relative termsmeant
to compare the zones with each other. Pictures of the selected
areas as well as fisheye pictures can be found in the appendix.

The meteorological data were made freely available via
http://www.ogimet.com/ and were downloaded for the
period from 2000 to 2010 in 3-hour intervals (01:00, 04:00,
07:00, 10:00, 13:00, 16:00, 19:00, and 22:00 local time). The
availability of these meteorological measurements at eight
points of time per day ensures a good temporal resolution of
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Figure 3: Mean frequency distribution of PET values in Biro-
bidzhan, zone 1, during the year divided into 10-day intervals
(decades) for the period 2000–2010.

the data. The data were initially available in SYNOP and
had to be decoded to standard meteorological units. This
was done using Microsoft Excel. All of the calculations and
simulations in this study are based on themeteorological data
obtained from this synoptic station and were modified only
by the surrounding structures via obstacle files in RayMan
whichwere based onmaps of the city and local observation of
the buildings. The general assumption for the transfer of the
data is that air temperature and air humidity remain the same
for the city and the rural station, and only wind speed, which
is changed according to roughness, and radiation fluxes,
which can be adjusted with the RayMan model, modify the
indices.

4. Results

4.1. Physiologically Equivalent Temperature. The following
section provides the results of PET in the context of the
different building situations. It also includes its daily course
for selectedmonths in summer andwinter.The overall results
showed a great range of PET values being being between
summer and winter seasons as well as between the different
zones. The general effect of the building situation on PET is
visualized in Table 2.The specific dynamics for each zone are
discussed in Section 5 of this paper.

Figure 3 shows the mean decadal distribution of PET
values in Zone 1 during the year. The lowest values can be
found in the time from the end of November to the beginning
of March. The highest frequency of extremely low values
(PET < −30.0∘C) is in the second decade of January with an
occurrence frequency of 27.7%. From the end of November

until the midst of February PET values were not above 0.0∘C
as it is a period of constant frost. The highest PET values
occur from the midst of June to the end of August. Values
between 29.1∘Cand 41.0∘Ccan be considered a fairly common
phenomenon (about 14%). With occurrence frequencies of
about 1% values between 41.1∘C and 45.0∘C occur rather
rarely. With about 30.9% the first decade of August shows
the highest occurrence frequency of comfortable PET values
between 18.1∘C and 23.0∘C. Spring and autumn generally
consist of PET values in the range of slight heat stress to
extreme cold stress and require the most flexibility in terms
of thermal adaption. In the summermonths of July, June, and
August PET does not drop to values below 0.0∘C.

Figure 4 shows the 2-dimensional daily and monthly
courses of PET values in January and July, as an example
for winter and summer, respectively. The 𝑦-axis shows the
days of July and the 𝑥-axis shows the time steps according to
the legend. The highest PET values can be expected towards
the end of July around the 26th day and in general in the
time between 13:00 and 16:00. During this time PET reaches
values up to the range of 35.0∘C to 41.0∘C. The coolest times
of the day are the ones in the early morning between 4:00
and 7:00. Here PET values range between 13.0∘C and 18.0∘C.
In winter (January) PET drops to values below −30.0∘C and
in extreme cases even below −40.0∘C creating extreme cold
stress in terms of the human bioclimate.These extremely low
values can be expected in themidst of January (exemplary for
winter) in the early morning hours between 4:00 and 7:00.
In general the highest PET values in winter do not reach the
0.0∘C mark but rather stay considerably lower. They can be
expected in the time between 13:00 and 16:00. From 16:00 on,
PET drops until it reaches its lowest value in the time around
7:00. During January PET does not varymuch, but there is an
accumulation of very low values in the time from the 10th to
the 17th of January.

Zone 2 is less sheltered from solar radiation than zone
1 and therefore shows a tendency to have more extreme
PET values. Since the climate data has been recorded at the
same station the yearly change is the same as in zone 1,
but its amplitude is different. With 29.4% the frequency of
PET values below −30.0∘C is about 2% higher than that in
zone 1 (Figure 5). Still the winter months from the end of
November until the end of February are consistenty below
0.0∘C, but the PET values are less extreme. In the summer
months the occurrence frequency of comfortable PET values
between 18.1∘C and 23.0∘C drops to 29.8%, that is, 1% lower in
comparison to zone 1.The extremely high values that result in
moderate to extreme heat stress increase in comparison. The
frequency of values above 35.1∘C does not increase much in a
single-decade but rather occurs in more decades than it does
in zone 1. In the summer season zone 2 displayed the same
dynamics as zone 1, but there are more days with extreme
PET values. Still the range leads up to about 41.0∘C in the
time between 13:00 and 16:00, but now these values can be
found throughout the months. The coldest time of the day
during July, used as an example, for summer is 4:00 with PET
dropping to values around 10.0∘C. The daily course follows
the classic pattern with the highest PET values occurring
shortly after the sun reaches its zenith. The monthly course
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Figure 4: Monthly (along 𝑦-axis) and daily (along 𝑥-axis) dynamics of thermal comfort in winter (January) and summer (July) calculated
with PET for Birobidzhan, zone 1.

Table 2: Mean number of days per year with PET values within a specific class for the 3 zones as well as the climate station in Birobidzhan
(2000–2010).

PET (∘C) WMO station Zone 1 Zone 2 Zone 3
<−30 21.0 12.1 14.9 12.9
<−20 68.3 59.4 63.0 60.5
<−10 117.2 113.0 114.6 113.5
<0 170.1 167.6 168.4 167.7
(15 ≤ 𝑋 ≤ 30) 65.4 72.3 70.1 72.2
(18 ≤ 𝑋 ≤ 27) 37.0 42.6 40.5 42.6
>29 19.5 9.9 13.9 10.7
>35 6.0 2.2 3.4 2.4
>41 1.0 0.3 0.6 0.4

does not show a very specific pattern but rather has an even
distribution of values over the whole time with a few hotspots
especially at 13:00. Winter in zone 2 displays a similar pattern
as it does in zone 1, but as in summer the values are more
extreme and there are more days with extremely low PET
values. The time of the day they occur remains the same at
7:00. The warmest times of day are still the hours after the
suns zenith between 13:00 and 16:00. Then the maximum
values lie at about −5.0∘C. At 22:00 PET starts to drop to
values below −30.0∘C and reaches its minimum around 4:00
with values close to −40.0∘C. A significant monthly pattern

is not visible, but there is a cold spot in the second decade
of January as it was observed before in the yearly course
of PET for zone 2. Since zone 3 is the one with the lowest
building density, it has the highest occurrence frequencies
of extreme PET values. In Figure 6 the second decade of
January showsthat 76.1% of all values are below −20.0∘C.
As a contrast in the first decade of July 17.8% of all PET
values lie above 29.1∘C.With 26.1% of all values in the second
decade of August situated in between 18.1∘C and 23.0∘C the
maximum frequency of comfortable PET values is the lowest
in comparison to the other two zones. The least extreme
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Figure 5: Mean frequency distribution of PET values in Biro-
bidzhan, zone 2, during the year divided into 10-day intervals
(decades) for the period 2000–2010.

timesmarked the end of spring and the beginning of autumn.
Still they are not the ones with the highest frequency of
comfortable values.

Instead they have a tendency to cold stress with the
majority of the values between comfort and strong cold stress.
The pattern of maximum and minimum values remains the
same in zone 3 since similar meteorological input data were
used. However the amplitude of those values reaches its
maximum.The hottest time of day was 13:00 with PET values
even above 41.0∘C. Around 4:00 PET reaches its minimum
of about 8.0∘C on some days. Usually even then PET does
not drop to single digit values but stays in between 13.0∘C
and 18.0∘C. The hottest time of July seems to be the end of
the first decade and the beginning of the second. The most
comfortable times of the day are the hours from 22:00 to
1:00. At that time most PET values lie in between 18.0∘C
and 23.0∘C. In January the coldest time of day in zone 3 was
around 7:00 so about the same time as in zones 1 and 2. The
PET values drop below −40.0∘C at that time, especially in
the ten days from the 8th of January to the 18th of January.
The warmest times of the day are still occur between 13:00
and 16:00 making the afternoon and early evening the most
pleasant times of the day to be outside on the city square.
Still the PET values at that time of day result in extreme
cold stress and remain below 0.0∘C. Even around 13:00 PET
values are closer to −15.0∘C than they are to 0.0∘C. A day with
PET values of single digits below 0.0∘C could therefore be
considered a comparatively warm day.

4.2. Universal Thermal Climate Index. In general the UTCI
values follow the same pattern as the PET values, which is to
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Figure 6: Mean frequency distribution of PET values in Biro-
bidzhan, zone 3, during the year divided into 10-day intervals
(decades) for the period 2000–2010.

be expected since both of the indices are based on the human
energy budget and are calculated using the same datasets
(Table 3).

However the adaptive nature of the UTCI index results
in less extreme and more moderate values since clothing and
activity are adapted to the surrounding thermal conditions
[13]. This presents the opportunity of a more detailed and
diverse look at the thermal comfort.

Zone 1 is still the most sheltered and therefore the most
comfortable zone. The equivalent temperature calculated
with UTCI actually showed more comfortable conditions
than that with PET.The adaption of the clothing insulation in
combination with the wide range of nonstressful values from
9.0∘C to 23.0∘C results in a wide range of stress-free UTCI
values from spring to autumn with a maximum of comfort
in summer. Still the summer months hold more than 30%
of moderate to very strong heat stress conditions and winter
still remains a time of cold stress varying from extreme to
moderate cold stress which makes winter the most stressful
time for the human body in terms of the thermal bioclimate.
Following the UTCI scale Figure 7 represents the monthly
and daily courses of thermal conditions for January and July
in zone 1. The warmest time of the day is the time between
13:00 and 16:00, while the lowest values occur between 4:00
and 7:00 although cold stress does not occur. During the
warmest time of the day, UTCI reached moderate heat stress
values on several occasions. But in general July can be con-
sidered a comfortable month. The monthly course showed
three phases of high UTCI values with the first being in the
beginning of the first decade, the second at the end of the
first decade, and the third in the middle of the third decade.
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Figure 7: Monthly and daily dynamics of thermal comfort in winter (January) and summer (July) calculated with UTCI for Birobidzhan,
zone 1.

Table 3:Mean number of days per year withUTCI values within a specific class for the 3 zones as well as for the climate station in Birobidzhan
(2000–2010).

UTCI (∘C) WMO station Zone 1 Zone 2 Zone 3
<−30 21.0 9.0 10.5 9.4
<−20 68.3 54.8 58.6 55.8
<−10 117.2 108.7 109.6 109.1
<0 170.1 156.1 157.0 156.1
(15 ≤ 𝑋 ≤ 30) 65.4 91.7 90.6 92.5
(18 ≤ 𝑋 ≤ 27) 37.0 57.6 55.8 57.8
>29 19.5 10.1 13.5 10.9
>35 6.0 1.1 1.3 1.0
>41 1.0 0.0 0.0 0.0

Winter (exemple in this case January) in zone 1 presents itself
to be much less comfortable than summer. The daily course
remains the same with the warmest time being between 13:00
and 16:00 and the coldest around 7:00. In contrast to summer
there were no periods without thermal stress.Throughout the
whole month the body suffers from moderate to very strong
cold stress. The highest values lie between 0.0∘C and −13.0∘C
while the coldest are close to −40.0∘C. The coldest time of
January is in the middle of the second decade from the 12th
until the 17th of January, while the highest values occurred at
13:00 between the 23rd and the 27th (Figure 7).

The thermal dynamics in zone 2 were observed to be
similar to those in zone 1 but with about 5% more heat stress
in the summer months. Comfortable values occurred from
the midst of March until the end of October. The month
with the most heat stress is July with its second decade being
the one with almost 30% of heat stress values. Winter still
presented a time of constant cold stress varying in its intensity
from extreme to moderate and with the second decade of
January as the coldest period of the year. With about 42.1%
of all values below −27.0∘C this decade showed the highest
frequency of very strong cold stress values.The seconddecade
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of December shows 92.4% of all values being below −13.0∘C
resulting in at least strong cold stress conditions. As in zone
1, the summer months are the ones that present the most
comfortable outdoor conditions but also the most heat stress.
The thermal dynamics of zone 2 for July were used as an
example for the thermal dynamics in summer. The time of
the highest thermal stress is the time between 13:00 and 16:00
with UTCI values above 32.0∘C. Also around 10:00 and 19:00
the human body can experience slight heat stress on some
days. The coldest time of the day is the time between 4:00
and 7:00. During this time the values drop almost to the
range of cold stress. In the course of July there are three
hot spots. The first two occurr in the first decade while the
last hotspot lies in the middle of the third decade. Winter in
zone 2 presents itself with constant cold stress. In January the
highest values for UTCI occur in the afternoon between 13:00
and 16:00. During this time UTCI lies between 0.0∘C and
−13.0∘C causing moderate to strong cold stress. In the course
of the night the values start to drop to reach their minimum
values below −27.0∘C around 4:00 to 7:00. At this time the
human body experiences very strong cold stress. The coldest
time of January is between the 10th and the 16th, while the,
least cold days are closer to the end of the month.

Since it has the most open space, zone 3 presents itself
with the least comfortable thermal conditions. The summer
months show the highest frequency of heat stress values,
while, in winter the frequency of strong and very strong cold
stress is increased. Still summer shows the most comfortable
setting with up to 70% of all values being within one decade
in the class of 9.0∘C to 27.0∘C.Thehighest heat stress occurs in
summer around the same time in the middle of July and the
beginning of August. In winter the human body experiences
exclusively cold stress with 43.9% of all values being between
−27.0∘C and 39.9∘C; the second decade of January shows
the most extreme conditions; while the second decade of
December can be considered the coldest in general with
92.6% of all values below −13.0∘C. Times of no thermal stress
occur from the midst of March to the midst of November
even though they are very rare at those times. In spring and
autumn the range of UTCI covers everything from thermal
stress to strong cold stress and in rare cases even heat stress.
The warmest time of day in zone 3 in summer is still the
time from 13:00 to 16:00, but the occurrence of UTCI values
outside the range of no thermal stress around 10:00 and 19:00
is increased. Also the three hotspots in the monthly course
that could be observed in zones 1 and 2 are not as prominent
because they are closer together and cover more days. From
22:00 to 7:00 the values are the lowest with a minimum
around 4:00. Still they do not present any cold stress since
they stay quite far above 9∘C. In zone 3 the winter season
presents itself with the same dynamics as those in the other
zones. It shows its coldest period in January from the 8th to
the 17th in the monthly course and in general from 4:00 to
7:00 in the daily course. The warmest time of the day is the
time between 13:00 and 16:00 but even then the UTCI values
do not exceed the range of cold stress. In the coldest hours
UTCI values drop far below −27.0∘C and get close to −40.0∘C.

5. Discussion

The results of the calculations and simulations as well as
the measurements of the meteorological parameters show
a clear picture of the thermal conditions in terms of the
human bioclimate in the JAR. In general it can be concluded
that the JAR has a very big gradient of thermal conditions
throughout the year not only in the direct thermal parameters
such as 𝑇

𝑎
and 𝑇mrt [23, 24] but also in the secondary

parameters such as VP and RH. The wind is not so much
bound to an annual cycle and therefore influences the thermal
conditions in a similar pattern throughout the year. The
thermal comfort has been determined with PET and UTCI
and they exhibited similar dynamics in the annual course.
However they indicate a great difference in their values.
While PET shows a lot of very extreme values and only
little thermal comfort throughout the year, UTCI shows
a lot of nonstressful conditions especially in the summer
months. This difference was to be expected since PET has
been calculated with the same base parameters for the entire
year while UTCI is an adaptive index which results in a
less extreme setting. Since it can be assumed that no one
is wearing a light business suit (clo = 0.9) in winter in the
Russian Far East the adaption of this parameter seems to
result in a more realistic assessment. Still the winter season
holds a lot of cold stress and in contrast to summer has no
comfortable values at all.

In case of cold stress in winter it does not matter whether
it is calculated with PET or UTCI. In both cases winter is
not comfortable. The only difference is the range of values.
While calculated with PET there aremore extreme cold stress
values, UTCI results strong rather in than extreme cold stress.
The thermal conditions in summer, however, differ greatly
depending on the applied index. While PET depicts a rather
harsh picture of the thermal conditions in summer, UTCI
shows a lot of nonstressful values.This difference is the result
of the different procedures of calculating the indices as well
as the different index classes applied to the definitions of
thermal comfort. While PET provides only a narrow window
of thermal comfort (18.0∘C to 23.0∘C), UTCI considers a
much wider range (9.0∘C to 27.0∘C) comfortable or at least
not stressful for the human body [2, 3, 5]. The result of this
calculation is a very comfortable thermal situation in summer
with about 30% of the values resulting in slight to strong heat
stress and the remaining 70% being comfortable. PET shows
most of the variability in its classed values during summer.
It shows little thermal comfort but wide rather a range from
extreme heat stress to moderate cold stress. How wide the
range of PET or UTCI is and how narrow the window of
comfortable values is depend on the surrounding structures
as well. The higher the building density is in an area and the
more vegetation there is, the more comfortable are outdoor
conditions are. In summer this is the result of shading effects
and the resulting reduction of 𝑇mrt and in winter the high
urban density results in a reduction of heat loss due to long
wave radiation. As a result the outdoor areas of the residential
area (zone 1) can be considered the most comfortable one
throughout the year while the city square (zone 3) is the
least comfortable due to its high exposure to the elements.
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Figure 8: Residential area in Birobidzhan (zone 1).

The results also show the influence of all the parameters that
are part of the calculations of PET. The higher the relative
humidity is the more extreme is the thermal impact of𝑇

𝑎
and

𝑇mrt is. The wind always has a cooling effect (except when
the air temperature is higher than the surface temperatures
of humans), but its role in this region is very important since
the occurrence of highwind velocities is rather rare.Themain
impact on the human thermal bioclimate in this region lies
with the air temperature and the mean radiant temperature.
Therefore the best possibilities for human interference lie
in the reduction of irradiation. Using wind channelling to
reduce 𝑇

𝑎
in summer seems premature since the same action

would lead to even more extreme cold stress during winter.
Another way to reduce thermal stress in urban areas of the
JAR would be the increase of vegetation.

According to a paper on thermal strain due to a change
in locations within the Russian Far East [25] the difference
in thermal comfort during the winter months is negligible
due to an overall extreme cold stress which makes the results
of this study applicable for the whole region in winter. In
summer, however, the thermal conditions within the Far East
district vary greatly making more localized investigations
necessary for a thorough assessment of preferable urban
outdoor structures in summer.

On the topic of the change of extreme climate regions due
to global climate change it can be assumed that the overall
frequency of extremely cold days is reduced in favour of an
increase in heat stress days which would lead to an overall
increase in thermal comfort for regions of high cold stress
[26]. In a region of high gradients of thermal comfort like the
JAR, however, the result would rather be a shift in types of
thermal discomfort than an increase of comfortable days.

In comparison, Freiburg in south western Germany
which lies at the same latitude (48∘N) but at a very different
longitude (9∘E) than Birobidzhan (127∘E) has a very different
climate setting. In Birobidzhan the annual climate variation
is much higher and is based on the summer monsoon or the
Siberian high pressure area. In Freiburg climate ismuchmore
dependent on the pressure systems in the northern Atlantic
especially the Northern Atlantic Oscillation (NAO) and the
interaction with the alpine climate system. As a result the
climate in Freiburg is much less extreme. In particular in
winter the thermal parameters show a much more moderate
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Figure 9: Polar diagram for the sky view factor (zone 1) in
Birobidzhan.

situation [22, 27, 28]. In summer being located on awide open
space with close to no vegetation Freiburg and Birobidzhan
present similar heat stress conditions [27–29].This difference
in climate situations shows a longitudinal dependency of
the regional climate that is not at all linked to the classic
climate zones which depend on the latitude but rather to its
proximity to pressure systems and its location in the path of
meteorological phenomena such as a monsoon or El Niño.

6. Conclusions

After analysing the results of measurements and calculations
it can be concluded that the JAR is a climatic extreme
regionwith amassive gradient of thermal comfort conditions.
However there is a variety of possibilities for adaption to this
phenomenon. The first and most simple one is of course to
follow the saying “there is no bad weather, just a bad choice
of clothing” and to choose the right clothing for the meteoro-
logical situation.This action is taken into consideration in the
application of UTCI and it shows a significant moderation of
the otherwise unpleasant conditions in late spring, summer,
and early autumn. In the cold season, however, even clothing
does not help much. It moderates the extreme cold stress but
it does not suffice to relieve the human body entirely. To gain
a maximum of cold stress reduction it is therefore necessary
to make sure that one stays outside as little as possible
and—if one does stay outside—to choose the location wisely.
According to the results of this study the wisest decision
would be to avoid wide open spaces and to remain in areas of
high urban density. Another important factor is of course the
time of the day. While it is advisable to choose the morning
and late afternoon hours of the day and to avoid noon and
early afternoon for outside chores in summer, the opposite
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Figure 10: Main street in Birobidzhan (zone 2).
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Figure 11: Polar diagram for the sky view factor (zone 2) in
Birobidzhan.

can be said about winter. The least thermal stress in winter
occurs for all zones in the time between 13:00 and 16:00which
makes it the most pleasant time to be outside. Staying outside
at night especially in the hours of early morning around 4:00
would be ill advised since those are the hours of the strongest
cold stress.

For planning purposes in this region or regions affected
by a similar climate it can be concluded that a high urban
density combined with a fair amount of inner city vegetation
would be a preferable setting to reduce thermal stress. This
measure would be especially preferable for locations that
are equally important throughout the year such as public
transport stops, train stations, or other points of public
interest.

Appendix

See Figures 8, 9, 10, 11, 12, and 13.

Figure 12: Square in Birobidzhan (zone 3).
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Figure 13: Polar diagram for the sky view factor (zone 3) in
Birobidzhan.

References
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The present study, deals with the 24-hour prognosis of the outdoor biometeorological conditions in an urbanmonitoring site within
the Greater Athens area, Greece. For this purpose, artificial neural networks (ANNs) modelling techniques are applied in order to
predict the maximum and the minimum value of the physiologically equivalent temperature (PET) one day ahead as well as the
persistence of the hours with extreme human biometeorological conditions. The findings of the analysis showed that extreme heat
stress appears to be 10.0% of the examined hours within the warm period of the year, against extreme cold stress for 22.8% of the
hours during the cold period of the year. Finally, human thermal comfort sensation accounts for 81.8% of the hours during the year.
Concerning the PET prognosis, ANNs have a remarkable forecasting ability to predict the extreme daily PET values one day ahead,
as well as the persistence of extreme conditions during the day, at a significant statistical level of 𝑃 < 0.01.

1. Introduction

The impact of climate and prevailing weather on human
thermal comfort discomfort is almost obvious. Environmen-
tal conditions affect the heat balance between the human
body and the environment and they are the source of
possible discomfort conditions. In particular, during the
summer period, extreme meteorological conditions have a
direct impact on energy consumption of buildings for air-
conditioning purposes [1]. It has been reported as an increase
of about 800% in annual purchases of air-conditioning units
ever since, due to the serious heat waves observed in Greece
during 1987–1989 [2].

Human thermal comfort or discomfort conditions may
be assessed through a large number of theoretical and empir-
ical indices requiring usually a larger or smaller number
of input microclimate parameters such as air temperature,

wind speed, and air humidity [4–6]. An important issue,
in terms of human health risk assessment, is to predict the
microclimate and the associated human thermal comfort-
discomfort conditions in the urban environment. Despite the
existence of various microclimate models, there are only a
fewmodels that are able to deal with human thermal comfort
estimations, for example, the RayMan model [7, 8] and the
Envi-Met model [9]. These models may be used efficiently
in both estimating and predicting human thermal comfort
conditions in the urban environment [10–13].

The present study deals with the application of artificial
neural networks (ANNs), an alternative modeling technique
against common modeling efforts for the evaluation and
the prognosis of human thermal comfort conditions in the
urban environment. During the last decade, there has been an
increasing use of ANNs, in various aspects of the atmospheric
environment studies [14–20]. Despite this increasing use
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of ANNs and their advantages (generalization properties,
capability of handling high dimensional data, and nonlinear-
ities), the number of ANNs model applications in problems
related to bioclimatic aspects of human health is, however,
still limited (e.g., [21, 22]), whereas in the case of the urban
environment studies, those focus only on the microclimate
patterns [23]. Specifically, during the last decade, only few
researches around the world started to apply the artificial
neural networks modeling in order to predict the human
thermal comfort-discomfort levels for different purposes.

Gao and Bai [24] proposed an artificial neural net-
work model for the prediction of bioclimatic conditions by
the use of back-propagation neural network, giving good
results. Wong et al. [25] investigated the predictability of
clothing sensory comfort from psychological perceptions
by using a feed-forward back-propagation network in an
artificial neural network (ANN) system. Results, showing
a good correlation between predicted and actual comfort
ratings with a significance of 𝑃 < 0.01 for all of the
five developed models, indicated that overall comfort per-
formance is predictable with neural networks, particularly
models with log sigmoid hidden neurons and pure linear
output neurons. Ji et al. [26] examined the possibility of
using ANNs to model the relationship between the thermal
environmental factors and the residents’ thermal reaction in
order to predict the environmental thermal comfort. The test
results showed that the ANN model had higher precision
in prediction than the traditional method-linear regression
under steady conditions. Further, under unsteady conditions,
the model can also be correctly used to predict the change
of the residents’ thermal reaction avoiding dealing with the
complicated nonlinear relation, while using the regression
method. Atthajariyakul and Leephakpreeda [27] presented
a practical approach to determine human thermal comfort
quantitatively via neural computing.The results showed good
agreement between the thermal comfort index calculated
from the neural network model in real time and those
calculated from the conventional PMV model. Liu et al. [28]
examined the relation between the main influencing factors
(such as temperature, relative humidity, air velocity, mean
radiant temperature, air pressure, and clothing insulation)
and human thermal sensation, using ANN. Moreover, back-
propagation (BP) neural network evaluationmodel of human
thermal comfort was put forward under low pressure envi-
ronment and learning algorithm of network was given. Liu
et al. [28] concluded that the prediction of network model is
closely consistent with experimental results.

Finally, regarding Greece and the prognosis of human
thermal comfort-discomfort levels using ANNs models,
Mihalakakou et al. [23] applied an intelligent “data-driven”
method (ANN) for investigating, analyzing, and quanti-
fying the urban heat island phenomenon in the major
Athens region, where hourly ambient air-temperature data
are recorded at twenty-three stations. The results were tested
with extensive sets of nontraining measurements and it was
found that they correspondedwell to the real values.Moustris
et al. and Vouterakos et al. [29–31] developed ANNs in order
to forecast the human thermal comfort-discomfort levels
within the Greater Athens Area (GAA), Greece, as well as

the number of consecutive hours of thermal discomfort for
the next day. Results in all cases showed that ANNs have
a good ability to forecast one day ahead the values of the
thermal indices used.

The growth of the city of Athens in the last decades and
the phenomenon of urbanization obviously have led to the
creation of a microclimate with explicit effects on human
thermal comfort-discomfort. The knowledge of human ther-
mal comfortdiscomfort levels, predicted for the next days, is
very important for suitable actions in order to protect public
health [29–31]. The aim of this work is the prognosis of the
biometeorological conditions, expressed by the physiologi-
cally equivalent temperature (PET), one day ahead within the
GAA urban environment, using ANNsmodeling techniques.

2. Data and Methodology

2.1. The Monitoring Site. The Greek capital city of Athens is
located in an area of about 450 km2 with a complex topog-
raphy within the Greater Athens Area-basin. According to
the census of 2011, about the 40% of Greece’s population
lives in the Greater Athens Area (GAA). During the last
decades and due to continued population growth, there was
an extremely large and rapid spatial and residential growth of
theGAA.This development led, according tomany scientists,
to the heat island effect [32–35]. This phenomenon leads to
the creation of microclimates resulting in the configuration
of different humans thermal comfort-discomfort conditions
even between adjacent regions [32–36].

For the estimation of human thermal comfort-discomfort
levels, the physiologically equivalent temperature (PET) in
an hourly base was calculated using the RayMan model.
Specifically, hourly values of air temperature (∘C), wind speed
(m/s), relative humidity (%), and global solar irradiation
(W/m2) covering the period 15/06/2005–31/12/2011 (57,384
hours) were used. These data concern the location of Galatsi
(GAL) and have been recorded by the Hydrological Obser-
vatory of Athens (HOA) operated by the National Technical
University of Athens [37]. Figure 1 depicts the monitoring
site within the GAA. The monitoring station is sited within
the Galatsi water treatment plant installations of the Water
Supply and Sewerage Company of Athens (WSSCA). Data
completeness of the examined location-monitoring site is
found about 98.8%.

2.2. Physiologically Equivalent Temperature. ThePET is based
on the Munich Energy balance Model for Individuals
(MEMI), which describes the thermal conditions of the
human body in a physiologically relevant way [38]. PET is
defined as the air temperature at which, in a typical indoor
setting (without wind and solar radiation), the heat budget
of the human body is balanced with the same core and skin
temperature under the complex outdoor conditions to be
assessed [39, 40]. Table 1 presents the different stress levels
and human thermal sensations according to PET value.

For biometeorological purposes, the height of 1.1m is
considered as the mean gravity center of the human body
[7]. In order to calculate the hourly values of PET, using
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Figure 1:The Greater Athens Area (GAA) along with the examined
monitoring site of Galatsi.

Table 1: Physiologically equivalent temperature (PET) for different
grades of thermal sensation and physiological stress on human
beings (during standard conditions: heat transfer resistance of
clothing: 0.9 clo, internal heat production: 80W) [41].

PET (∘C) Thermal sensation Physiological stress level
<4 Very cold Extreme cold stress
8 Cold Strong cold stress
13 Cool Moderate cold stress
18 Slightly cool Slight cold stress
23 Comfortable No thermal stress
29 Slightly warm Slight heat stress
35 Warm Moderate heat stress
41 Hot Strong heat stress
>41 Very hot Extreme heat stress

the RayMan model, the hourly values of wind speed at 1.1m
above the ground are necessary. The available wind speed
values (56,704 hourly values) derived from an anemometer’s
recordings, which is mounted on the top of a meteorological
mast at a height of 10.0m above the ground. The meteo-
rological mast is located inside the water treatment plant
installations of the WSSCA. It is a flat area without vigorous
and high obstacles 150∼200m around the meteorological
mast approximately. Figure 2 depicts, (Google Maps-Google
Earth), the monitoring site inside the WSSCA area.

For that purpose, the measured hourly values of wind
speed at 10.0m above the ground level had to be recalculated
at the high of 1.1m above the ground level. This parameter-
ization assumes a logarithmic vertical wind profile as it is
described in (1) [42, 43]:

𝑢 (𝑧) = 𝑢ref ⋅
ln (𝑧/𝑧

0
)

ln (𝑧ref/𝑧0)
, (1)

where 𝑢(𝑧) is the wind speed at height (𝑧) above the ground
level, (𝑧

0
) is the aerodynamic roughness length of the surface

Figure 2: Map of the examined monitoring site of Galatsi with its
altitude above sea level (from Google Maps-Google Earth).

in meters, and 𝑢ref is the measured wind speed by the
anemometer at the (𝑧ref) height above the ground level. In
our case, 𝑧 = 1.1m and 𝑧ref = 10.0m. The aerodynamic
roughness length of the surface for the given monitoring site
was taken as 𝑧

0
= 0.03m [44].

Finally, using the hourly values of the air temperature, air
relative humidity, wind speed at 1.1m above the ground, and
the corresponding hourly values of global solar irradiance,
the hourly values of PET were calculated.

2.3. Artificial Neural Networks. Artificial neural networks
are a branch of artificial intelligence developed in the 1950s
aiming at imitating the biological brain architecture. They
are an approach to the description of functioning of human
nervous system through mathematical functions. Typical
ANNs use very simple models of neurons. These artificial
neurons models retain only very rough characteristics of
biological neurons of the humanbrain [45]. ANNs are parallel
distributed systems made of many interconnected nonlinear
processing elements (PEs), called artificial neurons [46]. A
renewal of scientific interest has grown exponentially since
the last decade, mainly due to the availability of appropriate
hardware that hasmade themconvenient for fast data analysis
and information processing [47].

During the last two decades, more and more scientists
around the world have apply ANNs modeling in many
different scientific fields. ANNs have a lot of applications in
many sectors such as

(i) pattern classification applications,
(ii) control, time series, estimation, prediction, and prog-

nosis,
(iii) optimization,
(iv) environmental applications,
(v) engineering applications,
(vi) financial and commercial applications,
(vii) medical diagnosis,
(viii) management and marketing applications,
(ix) energy cost prediction.



4 Advances in Meteorology

2.3.1. Multilayer Perceptron and Feed-Forward ANNs. The
Multilayer Perceptron (MLP) is the most commonly used
type of ANNs. Its structure consists of processing elements
(PEs) and connections [48]. PEs, which are called neurons,
are arranged in layers. The first layer is the input layer, one or
more hidden layers follow and the final layer is the output
layer. An input layer serves as buffer that distributes input
signals to the next layer, which is a hidden layer. Each neuron
of the hidden layer communicates with all the neurons of the
next hidden layer, if any, having in each connection a typical
weight factor. So, each unit-artificial neuron in the hidden
layer sums its input, processes it with a transfer function, and
distributes the result to the output layer. It is also possible that
there are several hidden layers connected in the same fashion.
The units-artificial neurons in the output layer compute
their output in a similar manner. Finally, the signal reaches
the output layer, where the output value from the ANN is
compared to the target value and an error is estimated. Thus,
the values of weight factors are amended appropriately and
the training cycle is repeated until the error is acceptable,
depending on the application. Since data flow within the
artificial neural network from a layer to the next one without
any return path, such kinds of ANNs are defined as feed-
forward ANNs. The structure of a feed-forward Multilayer
Perceptron artificial neural network can be represented as in
Figure 3.

2.3.2. Feed-Forward ANNs Training and the Back-Propagation
Training Algorithm. The training-learning process of ANNs
can be far from the ensemble optimum in some cases, and the
problem can be solved only with a very good database, the
best choice of the input configuration for training, or using
most powerful learning algorithms [47].

The back-propagation learning algorithm consists of two
steps of computation: a forward pass and a backward pass.
In the forward pass, an input pattern vector is applied to
the sensory nodes of the network, that is, to the units in the
input layer. The signals from the input layer are propagated
to the units in the first layer and each unit produces an
output. The outputs of these units are propagated to the
units in the subsequent layers and this process continues
until, finally, the signals reach the output layer, where the
actual response of the network to the input vector is obtained
(Figure 3).

During the forward pass, the synaptic weights of the
network are fixed. During the backward pass, on the other
hand, the synaptic weights are all adjusted in accordance with
an error signal, which is propagated backward through the
network against the direction of synaptic connections.

The mathematical analysis of the algorithm is well
described by Viotti et al. [47]. It is worthwhile noting that
a network architecture having just one hidden layer and
activation functions arranged as described above, constitutes
a universal predictor and it can theoretically approximate any
continuous function to any degree of accuracy. In practice,
such degree of flexibility is not achievable because parameters
must be estimated from sample data, which are both finite and
noisy [49].
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Figure 3: Typical MLP feed-forward artificial neural network
structure [3].

The ANNs work on a matrix containing more patterns.
Particularly, the patterns represent the rows while the vari-
ables are the columns. This data set is a sample. To be
more precise, giving the ANN three different subsets of the
available sample, we can get the forecasting model; the three
subsets concern the training, the validation and the test
subsets. These subsets are briefly described as follows:

(i) training subset, the group of data with which we train-
educate the network according to the gradient descent
for the error function algorithm, in order to reach the
best fitting of the nonlinear function representing the
phenomenon;

(ii) validation subset, the group of data, given to the
network still in the learning phase, by which the
error evaluation is verified, in order to update the
best thresholds and weights effectively. Also, the cross
validation phase during the model training is used
to avoid the models’ overtraining. If the model is
overtrained, then memorize the problem instead to
find a reliable solution;

(iii) test subset, one or more sets of new and unknown
data for the ANN, which are used to evaluate ANN
generalization, that is, to evaluate whether the model
has effectively approximated the general function
representative of the phenomenon, instead of learning
the parameters uniquely.

2.4. Architecture Structure of the Developed ANNs Models.
Applying the RayMan model, the hourly values of PET
were calculated covering the examined period 15/06/2005–
31/12/2011. Then, the daily maximum and minimum PET
values from the 24 hourly values were extracted. Further, the
numbers of hours during the day where PET is greater than
41.0∘C or less than 4.0∘C (Table 1) were estimated.

Two different ANN models were developed. The first,
ANN no. 1, was trained to forecast 24 hours ahead the daily
maximum and minimum PET value, as well as the number
of extreme heat stress hours (PET > 41.0∘C) during the next
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day, for the warm period of the year (May–September) [36].
The second ANN model, ANN no. 2, was trained to forecast
24 hours ahead the daily maximum and the minimum PET
value, as well as the number of the extreme cold stress hours
(PET < 4.0∘C) during the next day, for the cold period of the
year (October–April) [36].

In order to estimate the optimal number of previous days
that should be taken into account for the appropriate ANNs
training, it is important to formulate an appropriate data set
and decide howmany days prior to the forecasted day should
be included in the training data set. For that purpose, the daily
maximum and minimum PET values for the studied period
have been organized in a superposed epoch analysis (SPEA)
illustrations and are depicted in Figure 4 [50, 51].

The “zero” day (D-0) represents themean dailymaximum
or minimum PET values for the warm and the cold period
of the year, respectively, when an “exceedance” day (PET
> 41.0∘C or PET < 4.0∘C) occurred in the monitoring site,
Galatsi. The other days, named as D-1, D-2, and so forth,
represent the mean value of the daily maximum orminimum
PET values 1, 2, 3, 4, 5, 6, 7, and 8 days before the exceedance
day, respectively. In a same manner, the days named D+1,
D+2, and so forth, represent the mean value of the daily
maximum or minimum PET values 1, 2, 3, 4, 5, 6, 7, and 8
days after the exceedance day, respectively.

The significance of differences between two samplemeans
was investigated applying the t-statistic, in other words, the
difference of two-means test [52]. This test requires that we
calculate twomeans and compare them to see if one is greater
than the other. Results showed that there is a significant
increase ofmean daily PET values three days before the “zero”
day, 𝑡
(0.05,1024)

≥ 1.960, and 𝑡
(0.05,1330)

≥ 1.960 for the warm
and the cold period of the year, respectively, at a significant
statistical level of 𝑃 < 0.05.

The above results are also depicted in Figure 4, which
shows that during the warm period of the year (upper graph),
there is a significant increase of daily maximum PET values
three days before the “zero” day. The same conclusion is
extracted for the cold period of the year (lower graph).
It seems that three days before the “zero” day, the daily
minimum PET value is reduced.

In other words, when an “exceedance” day (PET > 41.0∘C
or PET < 4.0∘C) occurs, there is a significant trend of the
daily maximum and minimum values three days earlier.
Furthermore, in both warm and cold periods of the year, it
appears that the phenomenon is smoothed out three to four
days after the onset of the “exceedance” day.

Taking into consideration the SPEA analysis, the appro-
priate training data set was created, including data con-
cerning the three days, prior to the forecasted day. Initially,
the available data were divided in two data files. The first
concerns the warm period of the year (May–September) and
the second the cold period of the year (October–April). Two
different prognostic ANN models were developed, ANN no.
1 for the warm period of the year and ANN no. 2 model for
the cold period of the year. In both cases, the available data
sets were divided into two subsets. The first subset included
data from the period 2005 to 2010 and used for training
the ANN model. A portion of this subset (20%) was used

60

55

50

45

40

35

30

25

20

15

10

Mean
Min-max

PE
T 

(∘
C)

D
−

8

D
−

7

D
−

6

D
−

5

D
−

4

D
−

3

D
−

2

D
−

1

D
−

0

D
+

1

D
+

2

D
+

3

D
+

4

D
+

5

D
+

6

D
+

7

D
+

8

Mean ± SD

(a)

Mean
Min-max

PE
T 

(∘
C)

20

15

10

5

0

−5

−10

−15

D
−

8

D
−

7

D
−

6

D
−

5

D
−

4

D
−

3

D
−

2

D
−

1

D
−

0

D
+

1

D
+

2

D
+

3

D
+

4

D
+

5

D
+

6

D
+

7

D
+

8
Mean ± SD

(b)

Figure 4: Superposed epoch analysis during the warm period of the
year (upper graph) and during the cold period of the year (lower
graph).

for cross validation during the training process. The second
subset included data for 2011 and was used as the testing set
for the evaluation of the developed ANN no. 1 and ANN no.
2 models.

Table 2 presents the input PEs and the outputs targets for
the developed ANN no. 1 and ANN no. 2 forecasting models
respectively.The twodevelopedmodels are feed forwardMLP
ANNs.They consist of one input layerwith 21 PEs, one hidden
layer with 4 PEs (hidden neurons) and one output layer with
3 PEs. Also, they have 4 PEs (hidden neurons) in the hidden
layer. The transfer function in both ANN no. 1 and ANN no.
2 is the hyperbolic tangent function, and the learning rule in
both models is the momentum [31].The best ANNs structure
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Table 2: The input PEs and the output target for the developed ANN no. 1 and ANN no. 2 forecasting models, respectively.

Input Layer (PEs) Output layer
(targets values)

The number of the month (1, 2, 3, . . . , 12)

Themaximum and the minimum daily value of PET of the
next day, as well as the number of hours during the next day
with PET > 41.0∘C (ANN no. 1) or PET < 4.0∘C (ANN no. 2)

The maximum daily air temperature for each of the three previous
days
The minimum daily air temperature for each of the three previous
days
The maximum daily PET value for each of the three previous days
The minimum daily PET value for each of the three previous days
The number of hours with PET > 41.0∘C (ANN no. 1) for each of
the three previous days or the number of hours with PET < 4.0∘C
(ANN no. 2) for each of the three previous days
The persistence factor (PF) for each of the three previous days
The maximum (ANN no. 1) and the minimum (ANN no. 2) air
temperature of the next day (the forecasted day)

was selected based on a set of exploratory experiments.
The aforementioned architecture structure of both ANNno. 1
and ANN no. 2 was selected after the trial-and-error method
[53–56].

The persistence factor (PF), which is mentioned in
Table 2, is an integer number. The PF is representing the
number of consecutive exceedance days (persistence) where
the PET value is greater than 41.0∘C (warmperiod of the year)
or less than 4.0∘C (cold period of the year). For example,
PF = 5 means that the given day is the fifth consecutive
exceedance day, and PF = 6 means that the given day is the
sixth consecutive exceedance day and so on. According to the
statistical treatment of the available data, it was found that
during the warm period of the year, PF takes values ranging
between 1 and 37. This means that 37 consecutive days with
dailymaximumPET greater than 41.0∘C (extreme heat stress)
were observed at least one time. During the cold period of the
year, PF takes values ranging between 1 and 45, meaning that
45 consecutive days with daily minimum PET less than 4.0∘C
(extreme cold stress) were observed at least once.

2.5. Statistical Performance Indices. In order to evaluate the
results and the predicting performance of the developed
models, statistical indices such as the root mean square
error (RMSE), the mean bias error (MBE), the coefficient
of determination (𝑅2), and the index of agreement (IA)
were used. The coefficient of determination (𝑅2) provides
information about the percentage of the variance that the
model is able to explain [57, 58]. The RMSE is a commonly
used measure of the differences between the predicted values
by a predictable model and the real observed values. The
RMSE is used as a single measure that indicates the ability
of the model to predict and has the same units as the
predicted value. The RMSE is always positive and a zero
value is ideal. The MBE provides information on the long-
term performance. A low MBE is desirable. Ideally, a zero
value of MBE should be obtained. A positive value gives the
average amount of overestimation in the calculated values
while a negative value underestimates. The coefficient of

determination (𝑅2) is used in cases of statistical models,
whosemain purpose is the forecast of future outcomes on the
basis of other related information. It is the proportion of the
variability in a data set that is accounted for, by the statistical
model. It provides a measure of how well future outcomes
are likely to be predicted by the model. The coefficient values
range from zero to one (0 ≤ 𝑅2 ≤ 1). The closer the value
is to one, the better and more accurate the prediction is. The
index of agreement is a dimensionless measure with values
between zero and one (0 ≤ IA ≤ 1). The IA gives information
about how close the predicted values are to the observed ones.
When IA = 0, there is no agreement between prediction
and observation, while IA = 1 denotes a perfect agreement
between prediction and observation.

The accuracy of the proposed prognostic models to pre-
dict the “exceedances” days was assessed by using appropriate
statistical indices such as the true predicted rate (TPR),
the false positive rate (FPR), the false alarm rate (FAR),
and the Success Index (SI) [58]. The true predicted rate
(TPR) represents the fraction of correct predictions over total
exceedances with values from 0.0% to 100.0% and a perfect
score equals 100.0%. False positive rate (FPR) represents
the fraction of false predictions over total nonexceedances
with values from 0.0% to 100.0% and a perfect score equals
0.0%. False alarm rate (FAR) represents the fraction of false
predictions over total exceedances with values from 0.0% to
100.0% and a perfect score equals 0.0%. Finally, SI represents
the fraction of correct predictions over total predictions with
values from 0.0% to 100.0% and a perfect score equals 100.0%.

3. Results and Discussion

Initially, the hourly values of PETduring the examined period
15/6/2005–31/12/2005 were calculated applying the RayMan
model. Figure 5 depicts the time series of hourly PET values,
along with extreme heat (PET > 41∘C) and cold stress (PET <
4∘C) thresholds, for the period 15/06/2005–31/12/2011.

According to the statistical treatment data analysis and
Figure 5, during the warm period of the year, PET > 41.0∘C
(extreme heat stress) appeared in 10.0% of the examined
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Figure 5: The time series of hourly PET values along with extreme
heat (PET > 41∘C) and cold stress (PET < 4∘C) thresholds, for the
period 15/06/2005–31/12/2011.

hours (2,449 of the 24,609 available hours) present, against
22.8% of the hours during the cold period of the year (7,320
of the 32,095 available hours) with PET < 4.0∘C (extreme
cold stress). Finally, a comfort human thermal sensation
appeared in 81.8%of the hours during the years.This indicates
that in general, the bioclimatic conditions in the examined
monitoring site could be characterized as human healthy
comfort conditions.

As mentioned above, the whole data set was divided into
two subsets. The first subset concerns the warm period of the
year (May–September) and the second one the cold period
of the year (October–April). Further below, the results with
respect to the warm and cold period of the year are presented
and discussed separately.

3.1. Warm Period of the Year (May–September). The data set
of the year 2011 was absolutely unknown to the trained ANN
model ANN no. 1. Thus, the model was then fed with the
appropriate data in order to forecast 24 hours ahead the
daily maximum and minimum PET value, as well as the
number of hours during the next day when PET is greater
than 41.0∘C (extreme heat stress). Then, the forecasted values
were compared with the observed ones.

Figure 6 depicts the observed versus the predicted daily
maximum PET values (a), the scatter plot between the
observed versus the predicted daily maximum PET values
(b), the differences between the observed and the predicted
daily maximum PET values (c), and the histogram with the
distribution of the absolute differences between the observed
and the predicted daily maximum PET values (d) . Further,
Figure 7 illustrates the same as Figure 6, but with respect to
daily minimum PET values. Table 3 presents the values of the
statistical indices used for the evaluation of the forecasting
ability of the developed ANN no. 1 model.

According to Figures 6 and 7 and Table 3, the developed
ANNno. 1 prognostic model presents a very good forecasting

Table 3: Statistical indices for the evaluation of the forecasting
ability of the developedANNno. 1 forecastingmodel. One day ahead
prognosis. Warm period of 2011.

RMSE MBE 𝑅
2 IA

Maximum PET value (∘C) 2.9∘C −0.5∘C 0.831 0.950
Minimum PET value (∘C) 1.2∘C −0.2∘C 0.910 0.975
Hours with PET > 41.0∘C 1.3 hrs −0.3 hrs 0.796 0.938

ability. Specifically, concerning, on one hand, the prediction
of the daily maximum PET value, the coefficient of determi-
nation equals 𝑅2 = 0.831, which means that the model is able
to explain 83.1% of the variability of the daily maximum PET
24 hours ahead. On the other hand, 𝑅2 = 0.910 with respect
to the prediction of the daily minimum PET value, meaning
that the model is able to explain 91.0% of the variability of
the daily minimum PET, 24 hours ahead. Besides, 70.0% of
the absolute differences between the observed and predicted
daily maximum PET values range between −3.0∘C and
+3.0∘C, against 98.0% of the absolute differences between
the observed and predicted daily minimum PET values. The
same conclusions can be derived concerning the prognosis
of the number of the hours during the next day when
PET is greater than 41.0∘C. Figure 8 presents the observed
versus the predicted hours with PET > 41.0∘C (a), the scatter
plot between the observed and predicted hours with PET >
41.0∘C (b), the differences between the observed and the
predicted hours with PET > 41.0∘C (c), and the histogram
with the distribution of the absolute differences between the
observed and the predicted hours with PET > 41.0∘C (d).
The coefficient of determination equals 𝑅2 = 0.796, meaning
that the developed model is able to explain 79.6% of the
variability of the hours with extreme heat stress one day
ahead. Finally, 96.0% of the absolute differences between the
observed and the predicted hours with PET > 41.0∘C, range
between −3.0 hours and +3.0 hours. All the aforementioned
indicate that the developedANNno. 1 prognosticmodel, after
its appropriate training phase, presents a very satisfactory
forecasting ability at a significant statistical level of 𝑃 < 0.01.

Table 4 presents the values of the statistical indices for the
evaluation of the forecasting ability of the model in order to
predict correctly the exceedances days, in other words, the
days with daily maximum PET greater than 41.0∘C (extreme
heat stress). Concerning the ability of the model to forecast
whether the next day is going to be a day with extreme heat
stress sensation (exceedance day) and according to Table 4,
the true predicted rate is TPR = 85.9%, which indicates that
the fraction of the correct predictions over total exceedances
is forecasted by themodel at a rate of 85.9%. Also, FPR = 4.0%
which means that the fraction of false predictions over total
nonexceedances is quite small. Furthermore, FAR = 4.3%,
meaning that the fraction of false predictions over total
exceedances is very small. Finally, SI = 90.8%, which indicates
that the fraction of correct predictions over total predictions
is about 90.8%. In other words, the developed ANN no. 1
model is able to forecast at a rate of 90.8% whether the next
day is going to be an exceedance day or not. As far as the hours
with extreme heat stress (PET > 41.0∘C), one day ahead, are
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Figure 6: Observed versus predicted daily maximum PET values (a); scatter plot between observed versus predicted daily maximum PET
values (b); observed minus predicted daily maximum PET values (c) and histogram with the absolute differences between the observed and
the predicted daily maximum PET values (d). One day ahead prognosis. Warm period of 2011.

concerned, SI was found equal to 84.3%, indicating that the
fraction of correct predictions over total predictions is about
84.3%.

The findings of the analysis during the warm period of
the year revealed that the combination of the prognosis of the
dailymaximumandminimumPET valueswith the prognosis
of the number of extreme heat stress hours simultaneously,
one day ahead, gives the ability for a goodmonitoring of what
is expected to happen during the next day.

3.2. Cold Period of the Year (October–April). Following the
same reasoning, the prognostic ability of the developed
ANN no. 2 model is presented. The ANN no. 2 model was
appropriately trained in order to predict, for the cold period
of the year, the daily maximum and minimum PET values, as
well as the number of extreme cold stress hours during the
next day.

Table 4: Statistical indices for the evaluation of the forecasting
ability of the developed ANN no. 1 forecasting model to predict the
number of hours during the day when PET > 41.0∘C (extreme heat
stress). One day ahead prognosis. Warm period of 2011.

TPR
(%)

FPR
(%)

FAR
(%)

SI
(%)

Day with maximum PET > 41.0∘C 85.9 4.0 4.3 90.8
Day with extreme heat hours 80.0 9.5 7.7 84.3

Figure 9 depicts, for the cold period of the year, the
observed versus the predicted dailymaximumPETvalues (a),
the scatter plot between the observed versus the predicted
daily maximum PET values (b), the differences between
the observed and the predicted daily maximum PET values
(c), and the histogram with the distribution of the absolute
differences between the observed and the predicted daily
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Figure 7: Observed versus predicted daily minimum PET values (a); scatter plot between observed versus predicted daily minimum PET
values (b); observed minus predicted minimum daily PET values (c) and histogram with the absolute differences between the observed and
the predicted minimum daily PET values (d). One day ahead prognosis. Warm period of 2011.

Table 5: Statistical indices for the evaluation of the forecasting
ability of the developed ANN no. 2 forecasting model. One day
ahead prognosis. Cold period of 2011.

RMSE MBE 𝑅
2 IA

Maximum PET value (∘C) 3.7∘C −0.7∘C 0.819 0.943
Minimum PET value (∘C) 0.9∘C +0.0∘C 0.940 0.984
Hours with PET < 4.0∘C 2.3 hrs +0.2 hrs 0.896 0.972

maximum PET values (d). Figure 10 depicts the same as
Figure 9, but with respect to daily minimum PET values.
Table 5 presents the values of the statistical indices used for
the evaluation of the forecasting ability of the developedANN
no. 2 model.

According to Figures 9 and 10 and Table 5, the developed
ANN no. 2 prognostic model shows a very good forecasting
ability. Concerning the prediction of the daily maximum
PET value, during the cold period of the year, the coefficient

of determination equals 𝑅2 = 0.819, which means that the
model is able to explain 81.9% of the variability of the daily
maximumPETvalue, 24 hours ahead. Further, with respect to
the prediction of the daily minimum PET value, 𝑅2 equals to
0.940, meaning that the model is able to explain 94.0% of the
variability of the daily minimum PET value, 24 hours ahead.
Also, 59.7% of the absolute differences between the observed
and predicted daily maximum PET values range between
−3.0∘C and +3.0∘C, against 100.0% of the absolute differences
between the observed and predicted daily minimum PET
values. The same conclusions can be derived concerning the
prognosis of the number of the hours during the next day
with extreme cold stress (PET < 4.0∘C). Figure 11 presents the
observed versus the predicted hours with PET < 4.0∘C (a),
the scatter plot between the observed and predicted hours
with PET < 4.0∘C (b), the differences between the observed
and the predicted hours with PET < 4.0∘C (c), and the
histogram with the distribution of the absolute differences
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Figure 8: Observed versus predicted hours with PET > 41.0∘C (a); scatter plot between the observed and predicted hours with PET > 41.0∘C
(b); observed minus predicted hours with PET > 41.0∘C (c) and histogram with the absolute differences between the observed and the
predicted hours with PET > 41.0∘C (d). One day ahead prognosis. Warm period of 2011.

between the observed and the predicted hours with PET
< 4.0∘C (d). The coefficient of determination equals 𝑅2 =
0.896, which means that the developed model is able to
explain 89.6% of the variability of the hours with extreme
cold stress, one day ahead. Further, 82.6% of the absolute
differences between the observed and the predicted hours
with PET < 4.0∘C range between −3.0 hours and +3.0 hours.
All the aforementioned indicate that the developed ANN
no. 2 prognostic model, after its appropriate training phase,
presents a very satisfactory forecasting ability at a significant
statistical level of 𝑃 < 0.01.

Table 6 presents the values of the statistical indices for the
evaluation of the forecasting ability of the developed model
ANN no. 2, in order to predict correctly the exceedances
days, in other words, the days with minimum PET value
less than 4.0∘C (extreme cold stress hours). Concerning the
ability of the model to forecast whether the next day is going

Table 6: Statistical indices for the evaluation of the forecasting
ability of the developed ANN no. 2 forecasting model to predict the
number of hours during the day when PET < 4.0∘C (extreme cold
stress). One day ahead prognosis. Cold period of 2011.

TPR
(%)

FPR
(%)

FAR
(%)

SI
(%)

Day with maximum PET < 4.0∘C 92.8 7.9 3.8 92.5

Day with extreme cold hours 98.6 31.7 12.8 89.1

to be a day with extreme cold stress (exceedance day) and
according to Table 6, the true predicted rate is TPR = 92.8%,
which indicates that the fraction of the correct predictions
over total exceedances is forecasted by the model at a rate
of 92.8%. Also, FPR = 7.9%, which means that the fraction
of false predictions over total nonexceedances is quite small.
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Figure 9: Observed versus predicted daily maximum PET values (a); scatter plot between observed versus predicted daily maximum PET
values (b); observed minus predicted daily maximum PET values (c) and histogram with the absolute differences between the observed and
the predicted daily maximum PET values (d). One day ahead prognosis. Cold period of 2011.

Furthermore, FAR = 3.8%, meaning that the fraction of
false predictions over total exceedances is very small. Finally,
SI = 92.5%, which indicates that the fraction of correct
predictions over total predictions is about 92.5%. In other
words, the developed ANN no. 2 model is able to forecast at a
rate of 92.5% whether the next day will be an exceedance day
or not. Regarding the hours with extreme cold stress (PET <
4.0∘C) for the next day, SI equals to 89.1%, which indicates
that the fraction of correct predictions over total predictions
is about 89.1%.

From the performed analysis during the cold period of
the year, it is concluded that the combination of the prognosis
of the daily maximum and minimum PET values with the
prognosis of the number of the extreme cold stress hours
simultaneously, one day ahead, gives the ability for a good
monitoring of what is expected to happen during the next
day.

4. Conclusions

The main objective of this work was to develop prognostic
models, using the artificial neural networks topology, in order
to forecast 24 hours ahead the biometeorological human
conditions for both the warm and the cold period of the year.
For that purpose, the hourly values of the well-known human
thermal index PET were calculated for the time period from
15/06/2005 till 31/12/2011 in an open space area of Galatsi,
which is located inside the urban environment of the capital
city Athens, Greece.The appropriate calculation of the hourly
PET values was carried out using the RayMan model.

Statistical treatment of the available data showed that
during the calendar year, both extreme heat and cold stress
hours appear. During the warm period of the year, 10.0%
of the examined hours present extreme heat stress (PET >
41.0∘C). Respectively, 22.8% of the hours during the cold
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Figure 10: Observed versus predicted daily minimum PET values (a); scatter plot between observed versus predicted daily minimum PET
values (b); observed minus predicted daily minimum PET values (c) and histogram with the absolute differences between the observed and
the predicted daily minimum PET values (d). One day ahead prognosis. Cold period of 2011.

period of the year present extreme cold stress (PET < 4.0∘C).
Finally, 81.8% of the hours during the calendar year present a
comfort human thermal sensation (18.0∘C < PET < 29.0∘C),
indicating that, in general, the bioclimatic conditions in the
examined monitoring site are healthy comfort conditions for
a humans.

As far as the prognostic ability of the two developed
models (ANN no. 1 and ANN no. 2) is concerned, the values
of appropriate statistical evaluation indices indicate a very
satisfactory forecasting ability at a significant statistical level
of 𝑃 < 0.01. The developed ANN models show a satisfactory
and sufficient prognostic ability in order to forecast the daily
maximum and minimum PET value, as well as the number
of extreme heat or cold stress hours for the next day. The
innovation of this work consists of the reasons listed below.

(a) The ANNs modeling is applied instead of traditional
statistical modeling.

(b) The biometeorological conditions were estimated
applying the RayManmodel and using the PET index,
a modern index which can describe very precisely the
human thermal comfort-discomfort conditions.

(c) The developed forecasting models seem to be able to
forecast 24 hours ahead not only the human thermal
comfort-discomfort levels but also the persistence
of extreme heat or cold stress, depending on the
period of the year. Thus, in an operational form, it
will be a very important tool for the state to take
the appropriate measures to avoid negative results
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Figure 11: Observed versus predicted hours with PET< 4.0∘C (a); scatter plot between the observed and predicted hours with PET< 4.0∘C (b);
observed minus predicted hours with PET < 4.0∘C (c) and histogram with the absolute differences between the observed and the predicted
hours with PET < 4.0∘C (d). One day ahead prognosis. Cold period of 2011.

for the population due to extreme meteorological
circumstances.

(d) Finally, the developed ANN models (ANN no. 1
and ANN no. 2) are able to forecast the extreme
(maximumandminimum)daily values of PET, aswell
as the persistence of the phenomenon simultaneously,
providing real time prognosis.

According to authors’ opinion, furthermore investigation
is necessary in order to increase the prognostic ability of the
proposed ANN models, as well as to extend the prediction
time at 48 or 72 hours ahead. In that way, a forecasting and
a protection monitoring network for the public health would
be developed. Also, the state would obtain prior warning of
extreme energy demand due to extreme heat waveswithin the
warm period of the year.
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The exposure of students to traffic-emitted carbon monoxide (CO) in their daily walk to school is evaluated, with a particular
emphasis on the effect of trees and route choice.The study is focused on the city centre of Aveiro, in central Portugal. Time evolution
of the georeferenced location of an individual is tracked with a GPS for different alternative walking routes to a school. Spatial
distribution of CO concentration is simulated with a computational fluid dynamics (CFD)model. An exposure model is developed
that associates the georeferenced location of the student with the computed air quality levels (at an average breathing height) for that
specific grid cell. For each individual, the model calculates the instantaneous exposure at each time frame and the mean value for
a given period. Results show a general benefit induced by the trees over the mean exposure of the student in each route. However,
in the case of instantaneous exposure values, this is not consistent along the entire period. Also, the variability of the estimated
exposure values indicates the potential error that can be committed when using a single value of air quality as a surrogate of air
pollution exposure.

1. Introduction

According to the United Nations Environment Programme
(UNEP) information in 2009 [1], at least 1 billion people are
exposed to outdoor air pollution that exceeds the air quality
standards of theWorldHealthOrganization (WHO). Poor air
quality in urban areas, mainly associated with the transporta-
tion sector, has been directly linked to almost 0.8 million
premature deaths annually, especially in sensitive groups as
children [1].

In urban areas, motor vehicles are a significant source of
air pollution, and, despite the achieved technological progress
in reducing motor emissions, there is a continuous growth in
the world’s motor-vehicle fleet and consequently an increase
in the total traffic-related emissions. Motor vehicles emit
large quantities of air pollutants (such as carbon monoxide
(CO), hydrocarbons (HC), nitrogen oxides (NOx), particu-
late matter (PM), benzene, formaldehyde, and acetaldehyde)
that have a negative impact on human health and contribute
to the formation of by-products such as ozone (O

3
) and

secondary aerosols. Noncombustion emissions from these
vehicles should also be taken into account since road dust,
tire, and break wear contain chemical compounds that may
pose risk to human health. Due to the high amount of air
pollutants released by traffic and the difficulty in quantifying
them, taking all into account, it is common to use traffic-
pollutant surrogates such asCO,NO

2
, or benzene in exposure

studies [2].
Since the 1990s numerous studies have demonstrated

the association between air pollutants concentration and the
occurrence of health related problems [3–6]. In particular,
some authors [7–10] have found associations between expo-
sure to traffic and adverse health effects, such as hypertension,
myocardial infarction, stroke, atherosclerosis, heart disease,
and mortality. The majority of the studies on health effects
from traffic exposure mostly rely on associations between
hospital records and data from air quality monitoring sta-
tions, considered as representative of exposure in a large
geographical area. Nevertheless, the health effects of air
pollution are the result of a sequence of events, which include
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Figure 1: Schematic representation of modeling system architecture.

the release of pollutants, their transport and dispersion in
the atmosphere, and their contact and uptake by humans.
These events should be taken into account when performing
a complete and correct assessment of human exposure. For
that, one of the possible approaches is the use of numerical air
quality models, which allow estimating spatial and temporal
distribution of air pollutants [11], together with a microenvi-
ronment approach [12], for exposure estimation.

Although generally associated with environmental ben-
efits, the presence of trees can also cause unwanted and
unexpected outcomes on local air quality. It has been shown
by field campaigns [13], wind-tunnel experiments [14], and
numerical modeling [15, 16] that the complexity of the wind
flow inside a given street-canyon is significantly increased by
the presence of urban vegetation.Themechanisms behind the
action of trees are based on the modification of the number
and arrangement of vortical structures that characterize the
turbulent recirculating flow between buildings, disrupting
the vertical exchange rate of pollutants with the upper
level atmosphere. Nevertheless, to the best of the authors’
knowledge, the effect on the exposure of pedestrians resulting
from perturbed air pollution dispersion induced by urban
trees has not been addressed in the scientific literature.

This paper aims to evaluate the exposure of students to
traffic-emitted CO in their daily walk to school and how it
relates with the effect of trees and route choice.

2. Model Development and Application

2.1. Modeling System Description. With the purpose of evalu-
ating the air pollution exposure of students in their morning
walk to school, a local scale modeling system was used. This
system (see Figure 1) includes two main models, one for sim-
ulating air quality and the other for estimating the individual
exposure with time.

2.1.1. Air Quality Modeling. Local scale air quality modeling
was carried out using the computational fluid dynamics
(CFD) model VADIS [17]. In this model, the 3D wind flow is
simulated by an RANS prognostic model with a standard

𝑘-𝜀 turbulence closure. For the dispersion, VADIS uses a
Lagrangian approach.Thismodel incorporates also the urban
vegetation canopy module, URVE [18], which is intended
for the simulation of the effect of vegetation over the wind
flow and air pollutant dispersion. The main concept behind
URVE involves the extension of the standard mean flow and
turbulence equations, through the inclusion of additional
source terms when coupled to a CFD model, allowing it to
mathematically represent the effect of leaves and branches on
the wind field. Consequently, the dispersion of the emitted
air pollutants is conditioned by the disturbed wind flow, with
effects that depend, most of all, on the characteristics of the
vegetation itself and of the prevailing airflow.The loss of wind
speed due to pressure and viscous drag forces exerted by the
leaves an branches is accounted in themodel as a source term
that is added to themomentum conservation equation, which
is dependent on the leaf area density (LAD) of each individual
tree. Similarly, the turbulent interaction between the airflow
and the plant canopy is addressed by including additional
source terms in the transport equations of the turbulent
kinetic energy and its dissipation. Model validation can be
found in Section 3.1. For more details see Amorim et al. [18].

Road traffic emissions were estimated applying the trans-
port emission model for line sources (TREM) [17], using
detailed data on vehicles counting. Due to the short time
and spatial scales of the analysis, CO can be considered as a
nonreactive chemical species. Also, the CO removal by the
canopywas neglected due to its insignificance (approximately
0.0015% of the CO concentration in ambient air according to
Nowak et al. [19]).

2.1.2. Exposure Modeling. It is important to distinguish
between the concepts of concentration and exposure. While
the first is a physical characteristic of the environment at a
given place and time, the latter quantifies the interaction bet-
ween the polluted atmosphere and the person [20].MEB [21],
the exposuremodel used in this research, was developed with
the objective of providing an estimate of the exposure of an
individual to air pollution and being able to be used in both
outdoor and indoor environments.
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Table 1: General description of the trees in the domain.

Species LAD
(m2
⋅m−3)

Crown height range
(m)

Acer pseudoplatanus
and Quercus robur 1.08 6–10

The MEB core is the calculation of personal exposure
through the following general expression (which is a simpli-
fication from the microenvironment approach of Hertel et al.
[12] since in this case only one microenvironment, outdoors,
exists):

exp
𝑖

= 𝐶
𝑗
× 𝑡
𝑖,𝑗
, (1)

where exp
𝑖

is the total exposure of the person 𝑖 over the
specified period of time;𝐶

𝑗
is the pollutant concentration in a

given location 𝑗; and 𝑡
𝑖
is the time spent by the person 𝑖 in that

specific location. As a result, the exposure value is expressed
in concentration × time (e.g., 𝜇g⋅m−3⋅min) and thus can
be interpreted as the mean pollutant concentration value to
which the individual has been exposed during a given period
of time.

The input data for this model is the following:

(i) the temporal variation of the individual location: this
information was provided by a GPS equipment with a
predefined temporal resolution (as it will be analysed
in the following section);

(ii) the spatial distribution of concentrations at an average
inhalation height for a given period of time.

By matching, in each time-step, the georeferenced posi-
tion of the individual with the corresponding concentration,
the model tracks the time evolution of the exposure.The out-
put data produced by MEB are both instant and mean expo-
sure values.

2.2. Model Application. This research was carried out in
Aveiro, a medium sized town located in central Portugal, and
is focused in the High School of “José Estêvão,” including one
of its most important traffic lanes, the “25 de Abril” avenue,
in front of the school.

The study domain has an area of approximately 0.4 ×
0.2 km2. The 3D configuration of the buildings and trees was
virtually created in VADIS and the resulting computational
domain is shown in Figure 2. The dimensions of the compu-
tational domain and the boundary conditions were defined
following the recommendations from COST Action 732 [22]
for the simulation of urban flows withmultiple buildings. For
more details on the air quality simulations see Amorim et al.
[18].

Table 1 summarizes the information collected on trees.
The LAD value was obtained from Lalic and Mihailovic [23].

A field campaign was carried out on May 5, 2004,
which included meteorological measurements at the school
front yard and road traffic counting in the main avenue
(“25 de Abril”) and in four other roads. CO concentrations
were obtained from an “urban traffic” air quality monitoring

Table 2: Walking routes parameters (obtained from GPS tracking):
maximum distance travelled; average walking speed; and the range
of heights above mean sea level.

Route Distance (m) Mean speed (km⋅h−1) Elevation range (m)
A 300 4.4 10–12
B 315 4.9 12–15
C 217 5.8 12–14
D 333 5.0 9–12

N

100m

Figure 2: Computational domain generated by VADIS for the set
of buildings (in grey) and trees (in green). The star indicates the
location of the school.

D
C

B
A

Figure 3: Trackedwalking routes to school for exposure calculation.

station (AQS) of the national Portuguese network [24] that is
located also in the school yard.

Four different walking routes to the school were defined
(see Figure 3) and then tracked with a GPS equipment with a
10-second time resolution.This procedure allowed to account
for realistic walking speeds for each pathway and for the effect
of potential delays caused by, for example, traffic lights in road
traversing.

Table 2 characterizes the different routes according to the
total distance covered by each individual, average walking
speed, and elevation range.

With a mean speed of 5m⋅s−1 (std. dev.: 0.6m⋅s−1) and
a mean distance of 291m (std. dev.: 51m), no significant dif-
ferences exist between the four routes, except for the traffic
volume of each road.
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Figure 4: Comparison of 3m high horizontal CO concentration fields with (a) and without (b) the effect of trees (in green) for the period
between 8 and 9 a.m. The star indicates the location of the school.

In order to evaluate the effects induced by the vegetation
canopy, the modeling system shown in Figure 1 was applied
with the URVE module activated and deactivated. Simula-
tions correspond to the hourly period between 8 and 9 a.m.,
which comprises the start of classes in the morning.

3. Results and Discussion

Results are analysed in the following sections in terms of local
air quality and individual exposure attained on each route.

3.1. Air Quality. In order to validate the modeling results, we
have compared the simulated hourly averaged values of CO
concentration and wind velocity against the observed data
for the period between 5 p.m. on May 4 and 12 p.m. of the
next day. For this entire period, the normalizedmean squared
error (NMSE) obtained was 0.04 and the correlation coeffi-
cient was 0.9. All the statistical metrics calculated fulfill the
model acceptance criteria defined by Chang and Hanna [25]
for air quality model assessment. The modeling uncertainty
was 19%, fulfilling the data air quality objective established
by the Directive 2008/50/CE. We have also concluded that
themodel performance increased when the effect of trees was
taken into account. Additional details on the validation of the
air quality simulations can be found in Amorim et al. [18].

In an inhomogeneous urban canopy the magnitude of
the effect of trees on air quality is mostly determined by
the characteristics of buildings and trees and by the angle
between the prevailing wind and the street-canyons.This het-
erogeneous role of trees leads to specific areas benefiting from
their action over the wind flow and dispersion while others
have their ventilation capacity diminished (thus, promoting
the formation of air pollution hot-spots). These effects are
evident in the CO concentration patterns shown in Figure 4.

Figure 4(a) shows that the CO emitted by traffic in the “25
de Abril” avenue is partially “contained” by the rows of trees
in the sidewalks, causing an air quality improvement at the
school front yard. On the contrary, without the windbreak
action induced by trees the pollutant is more easily dispersed
into the school, as shown in Figure 4(b). It should be noted
that as a consequence of the “barrier effect” shown in Figure
4(a), a clear hot-spot is formed on the left end of the avenue,

highlighting the strong spatial heterogeneity of the impacts of
trees on urban air quality.

3.2. Human Exposure. In Figure 5, the evolution of the CO
exposure is presented for the considered walking routes.

The differences in the magnitude of the exposure shown
in Figure 5 are notorious, revealing that the individuals
approaching the school from north (A and B) are exposed
to much lower levels of CO than the others, which is a direct
consequence from the lower traffic levels in the northern area.

Opposite effects of trees are found in routes C and D.The
inflection points (corresponding to instant 55 s after depar-
ture in C and 115 s in D) correspond to the arrival of child C
at the main avenue and to the moment in which child D, after
entering the avenue, leaves the hot-spot at its left end (shown
in Figure 4(a)). This allows to conclude that the presence of
vegetation has no linear effect on the exposure values. This
result is, in fact, consistent with the conclusion drawn from
the comparative analysis of the air quality fields (in Figure 4),
where no absolute tendency was observed.

As it can be seen from Figure 5, the values of the individ-
ual exposure to CO vary significantly with route and time,
ranging from values close to zero to nearly 260 𝜇g⋅m−3⋅min.
From this fact it can be concluded that even in a small
domain, a significant error can occur if a mean air quality
value is used as a proxy for the exposure of the individuals that
use that space.

A comparison between the different profiles is shown in
the box plot of Figure 6. In all routes the trees promote a
decrease of themean exposure value. Except inD, peak values
are also decreased by the vegetation.

Additionally, Figure 7 shows the variation rate of the
mean exposure that is induced by trees. The results shown in
Figure 7 indicate a consistent decrease in exposure caused by
trees. As can be seen by the comparison with Figure 6, maxi-
mum differences are found for lower exposure levels.

4. Conclusions

As shown by the CFD simulations, the individual exposure of
pedestrians (which is closely linked with the local air quality)
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Figure 5: Time evolution of the individual exposure (𝜇g⋅m−3⋅min) to CO for each of the four considered pathways, with and without the
presence of trees.
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Figure 6: Box plot of the simulated exposure values for each route,
comparing the results obtained with (w) and without (w/o) the
influence of trees.

is strongly dependent on the synergies between the meteo-
rological conditions, the three-dimensional configuration of
the street-canyons, and the presence of vegetation. The effect
of the urban canopy (as a mosaic of buildings and trees)
on the dispersion of air pollutants, and resulting exposure,
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Figure 7: Comparison of the effect of trees on the personal exposure
in each walking route. The variation in exposure was calculated as
follows: [(EXPnotrees − EXPtrees)/EXPtrees] × 100, where EXPnotrees
is the average exposure calculated without the effect of trees and
EXPtrees is the average exposure with the presence of trees.

was shown to be complex and highly spatially dependent.
The variability of the exposure results obtained in this study
indicates the potential error that can be committed when
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a single value of air quality is used as a surrogate of air pollu-
tion exposure. This conclusion is valid for a small domain,
such as the one studied in this work, and it can be easily
concluded that the error may be significantly higher when
larger domains are considered.

The fact that the presence of vegetation may have oppo-
site effects on air quality, and consequently on pedestrian
exposure, clearly indicates that, aiming at the improvement
of public health, exposure studies are worth to be developed
when a planning intervention is envisioned.The simulation of
different planning alternatives, where the position and type of
vegetation are explored in terms of its effect on air quality and
exposure, should be supported by tools, as CFD models, that
allow an enhanced understanding of the symbiosis between
the city morphology and the citizen dynamics. This is a
needed step towards healthier and sustainable future cities.
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A long-term simulation of urban climate was done using the easily available long-termmeteorological data from a nearby synoptic
station in a tropical coastal city of Dar es Salaam, Tanzania.The study aimed at determining the effects of buildings’ height and street
orientations on human thermal conditions at pedestrian level. The urban configuration was represented by a typical urban street
and a small urban park near the seaside. The simulations were conducted in the microscale applied climate model of RayMan,
and results were interpreted in terms of the thermal comfort parameters of mean radiant (𝑇mrt) and physiologically equivalent
(PET) temperatures. PET values, high as 34∘C, are observed to prevail during the afternoons especially in the east-west oriented
streets, and buildings’ height of 5m has less effect on the thermal comfort. The optimal reduction of 𝑇mrt and PET values for
pedestrians was observed on the nearly north-south reoriented streets and with increased buildings’ height especially close to
100m. Likewise, buildings close to the park enhance comfort conditions in the park through additional shadow.The study provides
design implications andmanagement of open spaces like urban parks in cities for the sake of improving thermal comfort conditions
for pedestrians.

1. Introduction

Dar es Salaam is a hot, humid tropical city situated along the
Tanzanian coast on theWestern IndianOcean coast. It enjoys
the sea-land breezes system which is observed to be more
organised during themonths ofMarch, April, September, and
October [1, 2]. On the other hand, sultriness is not uncom-
mon particularly during the December–February (DJF)
season. Such sultry conditions bring an undesirable thermal
discomfort especially to pedestrians and street vendors. Most
biometeorological studies done elsewhere have revealed the
effects of street orientation and height to width ratio on the
variation of local thermal comfort at an urban canyon level
[3–6].

Although the human thermal comfort is influenced by
four meteorological parameters of air temperature, humidity,
wind speed, and radiation flux (usually quantified in terms of
mean radiant temperature), it is the wind speed and mean
radiant temperature which can be significantly varied by

changing the street orientation and height to width ratio [7].
A past urban climate research in Dar es Salaam has suggested
that the observed sea-land breeze effect could improve the
thermal comfort at high ground places in the city like at
the university of Dar es Salaam campus which is about
12 km to the west from the city centre [1]. Moreover, various
methods have been applied elsewhere in order to deepen the
understanding of the effect of street geometry and orientation
on urban thermal comfort especially at pedestrian level.
For instance, from the field-measurements in an east-west
urban canyon during cloudless summer weather in 2003, it
was found that thermal stress is mostly attributable to solar
exposure, and the study suggested further field investigations
to be done in other locations and climatic conditions in order
to verify the generality of such thermal observations in street
canyons [3].

In Fez, Morocco, measurements were carried out dur-
ing the hot summer and cool winter seasons where the
deep canyons were found considerably cooler in day than
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the shallow canyons [8]. Effects of urban configuration on
urban thermal climate have also been recently explored
through series of field measurements in many cities includ-
ing Tokyo, Japan [9] Athens, Greece [4] Constantine [5],
Colombo [10, 11]. In some of the cities situated within the
coastal environments, influence of sea breezes on urban
thermal climate was also investigated [10, 12, 13].

Likewise, numerical simulation also offers a valuable
method to understanding the effects of urban geometry and
street orientation. In Ghardaia, Algeria, numerical simu-
lations were done using the three-dimensional numerical
model, ENVI-met, for a typical summer day, and results
showed contrasting patterns of thermal comfort between
shallow and deep urban streets as well as between various
orientations [6]. In studying the impact of street geometry
on ambient temperatures and on daytime pedestrian comfort
levels, two approaches involving field measurements and
urban climate simulations using the ENVI-met were carried
out in downtown of Curitiba, Brazil [14]. Having observed
that maximum daily temperature within street canyons in
Colombo, Sri Lanka, decreases with increasing height to
width (𝐻/𝑊) ratio and that sea breezes exert a cooling
effect, simulations done in ENVI-met model were initiated
by data obtained from a synoptic weather station located at
the airport (approximately 24 km north of the measurement
location) for the purpose of understanding the effect of differ-
ent urban design options on air and surface temperatures, as
well as on outdoor thermal comfort [15]. Similarly, long-term
thermal comfort at theUniversity Campus in Taiwanwas pre-
dicted by using long-termmeteorological data collected from
a nearby station, and simulations were performed in RayMan
model [7].This suggests that with modern advances in urban
climatology especially through continuous improvement on
the available microscale models, assessment of thermal con-
ditions in urban places could then be sufficiently studied
where simulations could deliver helpful results. Besides, most
field studies examining outdoor thermal comfort merely
clarify characteristics measured on a particular day; hence,
such studies may not represent annual thermal conditions
accurately.

Due to its coastal location and proximity to the equator,
Dar es Salaam seems to be a perfect location of understanding
the effects of urban geometry on human thermal comfort
at pedestrian level in the low latitudes. Long-term analysis
of urban thermal climate in Dar es Salaam is therefore of
paramount importance in understanding the tropical urban
climate in a typical African city.

The current study, therefore aimed at quantifying the
effects of the buildings’ height and orientation on radiation
fluxes in a typical urban canyon and an urban park in a
tropical African city. In order to optimise thermal comfort
through modified urban configurations, human thermal
index of physiologically equivalent temperature (PET) was
used in visualizing the changes in terms of thermal comfort
classes after every modification. Simulations were performed
using the microscale model of RayMan [16, 17]. The model is
reputed to be easy to use. Recent research done in a midlati-
tude city found that RayMan can even deliver more accurate
results at high sun elevations [18], and this underpins it as
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Figure 1: (a) Location of measurement stations and area of study.
Source:modified fromHill andLindner (2010). (b)A satellite picture
as obtained from Google Earth, locating the simulation points, MP1
(typical urban street) and MP2 (urban park), in a part of Dar es
Salaam city, Tanzania.

an ideal microscale model to study urban climate in the low
latitude cities including Dar es Salaam where, as elsewhere
in the world, the afternoons are usually the most thermal
stressful times [1, 2]. Simulating the optimal configurations
for thermal comfort inDar es Salaam is of utmost importance
in advancing the science of urban climate in low latitudes
and urban planning of cities in developing countries. Dar es
Salaam is an important economic centre in easternAfrica due
to its harbour services, and it has recently been observed to
expand rapidly. Better understanding of its urban climate is
significant for its future urban planning and well-being of the
increasing population.

2. Methods

Dar es Salaam (Figure 1(a)) is located at 6∘51S, 39∘18E along
the south western coast of the Indian ocean, covering an area
of 1350 km2 of which about 1000 km2 is a land area [19, 20].
Dar es Salaam is generally a lowland area with its altitude
ranging from the sea level at the coast to an approximately
250m in the south-west along the Pugu hills situated about
25 km from the city centre [21]. The climate is typically hot-
humid, referred to as tropical wet/dry climate (Aw) according
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to the Köppen classification system [22, 23]. The climate is
mainly influenced by the northeast monsoon which prevails
fromMarch to October and the southeast monsoon between
October and March [19]. This is in response to the passage of
the Intertropical convergence zone (ITCZ). Local winds are
generally high up to 13m/s during the afternoons particularly
from August to November.

Usually, the relative humidity in Dar es Salaam ranges
between 67 and 96% in a year, and the annual rainfall is about
1050mmwith peaks in April and December. April is however
the wettest month, and the rain seasons are usually described
as short rains (October–December season) with an average
of 75 to 100mm and long rains (March–May season) with a
monthly average of 150 to 300mm of rainfall [24]. The mean
annual air temperature is about 30∘C with a slight seasonal
change due to its proximity to the equator. The mean daily
sunshine duration is about 10–12 hours.

The study area comprised of two urban resort places
(Figure 1(b)). The first area (MP1) is along the typical street
(width of 24.5m) in the downtown area of Dar es Salaam.
One side of the street there is a tall building of 21 storeys
(about 93m high), and the other side is a waiting area for
boarding public transport. The second area of simulation
(MP2) is on a small urban park (locally called as a Posta
garden) overlooking the sea to the south. It also serves as
the bus waiting and recreation place. The street is originally
orientated in a northwest-southeast direction (i.e., about 45∘
from the north in an anticlockwise direction) while the park
takes the triangle-like shapemeasuring 156m × 140m × 60m
with its hypotenuse facing the sea. There are few trees of
mainly Ashoka type along the street whereas the park has
many trees with different species, but notably the leaf trees
of Neem species, grass, and a concrete floor at the centre.
Although the park overlooks the sea, the presence of two lines
of trees may act as an obstacle to the sea breezes at low levels
or near the ground level. Simulations were therefore done
by rotating the orientation every 15∘ and by increasing the
buildings’ height by 5m up to 50m, and 100m was taken as
the maximum height of the current highest building in the
city.

The input meteorological data used for the long-term
simulation were based on the available meteorological data
collected at a synoptic station located at the Julius Nyerere
International Airport (JNIA) (see Figure 1(a)). These data
were from the year 2001 to 2012. The airport station usually
does meteorological observations at every synoptic hour.
However, the available data used in this study had a three-
hour frequency period, with observation times at 0 LST
(local standard time), 3 LST, 6 LST, 9 LST, 12 LST, 15 LST,
18 LST, and 21 LST. These include air temperature, wind
speed, relative humidity, and amount of cloud cover. Cloud
cover was used to estimate the radiation flux as there are
only daily measurements of radiation at the synoptic station.
The airport datasets were used on the assumption that they
form a continuous long-term dataset as required in long-
term climatic analysis, unlike the datasets from the other
two stations. The urban effect at MP1 and MP2 locations
was considered to affect the wind speed which was then

Table 1: Climate measuring stations in Dar es Salaam.

Meteorological
station Grid reference Altitude (m)

Approximate
distance to area
of study (km)

JNIA 06∘52S, 39∘12E 53.0 11.2
Port 06∘50S, 39∘18E 18.0 0.8
Kibaha 06∘50S, 38∘58E 167.0 35.2
Source: Tanzania meteorological agency.

estimated from the readings at the airport station using
equation provided in [25] and applied in [26]:

ws
1.1
= ws
ℎ
(
1.1

ℎ
)

∝

, ∝= 0.12𝑧
0
+ 0.18, (1)

where ws
ℎ
is the wind speed (ms1) at a height of ℎ (10m),∝ is

an empirical exponent that depends on the surface roughness,
and 𝑧

0
is the roughness length. Due to slight differences in

terrain features atMP1 (a densely built-up city area) andMP2
(partly wooded areas with buildings and open to sea), 𝑧

0
were

taken to be 1.5 and 1.3, respectively, though both areas are
within the inner city.

Additional meteorological datasets of air temperature
(including maximum and minimum) and relative humid-
ity were also obtained from other two stations located at
the harbour (Port) and at the Kibaha Sugarcane Research
Institute (Kibaha) (see Figure 1(a) and Table 1). The air
temperature datasets from the two stations were from the
year 2001 to 2011, whereas relative humidity data spanned
for the period March–September 2005 was only collected at
the Port station. These additional datasets were compared
with the corresponding datasets from the airport station in
order to establish the rationale of using long-term synoptic
data to simulate urban bioclimatic conditions. Comparison
between theweather elements from the threeweather stations
was examined using the rank correlation of Kendall tau
correlation at a 0.05 significance level. The Kendall tau is a
bivariate measure of correlation/association usually used for
the rank-order data [27].

The simulated bioclimatic conditions at pedestrian level
were interpreted using PET and 𝑇mrt. PET evaluates the
thermal conditions in a human physiological manner and
uses a commonly known unit of degree Celsius. PET is
defined as the air temperature at which the human energy
budget for the assumed indoor conditions is balanced by the
same skin temperature and sweat rate as under the actual
complex outdoor conditions to be assessed [28–30]. On the
other hand, 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 nonuniform enclosure [31]. 𝑇mrt
is one of the meteorological parameters that govern human
thermal energy balance hence affecting the human thermal
comfort [32].

As the aim of the study was to determine the optimal
urban configuration for the urban thermal comfort in Dar es
Salaam at pedestrian level, long-term simulation would give
reliable and comprehensive information as opposed to short
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field measurements. Field studies examine outdoor thermal
comfort that merely expound characteristics measured on a
particular day and would not accurately represent the annual
thermal conditions. Besides, the lack of urbanmeteorological
stations with continuous measurements in many tropical
cities including Dar es Salaam lead to many urban climate
studies in such cities to rely on the easily available long-
term meteorological data from nearby stations [7, 15, 33–
35]. For instance, climatic changes in temperature conditions
in Nairobi city were investigated using data collected from
weather stations situated about 4 kilometres from the city
centre [33], and in Taiwan, long-term thermal environment
was simulated using meteorological data of a 10-year period
collected from a nearby station [7]. However, altitude is
acknowledged as a determinant factor for the spatial varia-
tion of weather and climate, and winds are experienced to
decrease in urban areas [36]. Taking into consideration such
observations, variation of weather in Dar es Salaam due to
altitude could be assumed insignificant as the synoptic station
lies at an altitude of 53m above sea level while the city centre
is at about 11m above sea level. Theoretically, air temperature
varies by 0.6∘C for every 100m high. Furthermore, mean
climatic conditions of Dar es Salaam are defined using data
from the airport station.

The assumptions that guided the use of the available
synoptic meteorological data as input in the simulations
thus base on the fact that Dar es Salaam lies within the
coastal lowland terrain, and a weather change due to altitude
is insignificant within few horizontal distances. A robust
and plausible long-term urban thermal characteristic can
be attained by using long-term and continuous meteorolog-
ical data. Although differences exist in some atmospheric
parameters between the simulation points in the city and the
synoptic weather station, the attributed changes in thermal
indices generated by the simulationmodel are relatively small
and can be neglected.Therefore, the simulated results provide
a precise representation of the thermal conditions within the
city environment.

3. Results and Discussion

3.1. Local Urban Micrometeorological Variations. The intrau-
rban variation of local meteorological conditions in Dar es
Salaam was investigated in order to determine to what extent
does the local meteorological conditions change in spatial
and temporal scales. Analysis was done only in terms of
relative humidity and air temperature due to availability of
these meteorological parameters in the three weather sta-
tions. Spatial variability in cloud cover could be understood
to be within the allowable limits as the observation at the
synoptic station is considered to span a horizontal distance
of nearly 30 km from the observation point for the horizontal
visibility and consequently cloud cover. This analysis was of
course considered necessary and of utmost importance to
understand the variability of the local weather, and hence,
how reliable can the weather parameters at the synoptic
weather station be considered representative of the city’s
climate. Further, variability analysis of weather parameters
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Figure 2: Intraurban air temperature differences as depicted by
the long-term mean monthly differences between the three weather
stations.

was also considered as an important step to establish a
rationale of using the meteorological data from the synoptic
station as the representative input parameter in the long-term
urban climate simulation.

The results, therefore, suggested that the variation of the
local micrometeorological conditions in Dar es Salaam could
be highly influenced by its proximity to the sea. Places close to
the sea could be slightly warmer than those far away from the
sea as suggested by the analysis of air temperature from the
three stations. Figure 2 depicts the long-term mean monthly
air temperature differences (Δ𝑇

𝑎
) where air temperature at

the Port station could be on average 1.5∘C or higher than
the readings at the airport and Kibaha stations. The monthly
mean air temperature differences between JNIA and Port
varied from −0.4∘C in February to −1.7∘C in June and
between Port and Kibaha ranged from 0.3∘C in October
to 1.8∘C in May. Between JNIA and Kibaha, the intraurban
monthly mean air temperature differences were up to 0.6∘C
from December to May, warm at JNIA and cold by nearly
0.5∘C during June–November season. The intraurban air
temperature differences were observed to be more consistent
in terms of the mean daily air temperatures in a sense that it
is warmer near the seaside (Port station) than inland of the
coast (see Figure 2).

The relationship between the evolutions of temperature
profiles among the threemeasuring stations as determined by
the Kendall tau coefficient was found to be as low as 0.25 and
0.27 between the maximum air temperature at the Port and
that of other stations, respectively (Table 2). On the contrary,
the correlation coefficients for the mean and minimum air
temperature between the three stations was high as 0.6
suggesting a similar evolution of temperature at the stations.
Usually, the maximum temperature is reached at 15 LST
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Figure 3: Mean monthly relative humidity at JNIA and Port (a) and its corresponding mean relative humidity at 15 LST (lowest relative
humidity for the day) (b), for the period March–September 2005.

Table 2: Kendall’s tau correlation coefficients at a significant level of
0.05 for intra-urban temperature and relative humidity differences
between the three stations.

JNIA-Port Kibaha-Port JNIA-Kibaha
𝑇
𝑎

maximum 0.25 0.27 0.72
𝑇
𝑎

minimum 0.87 0.86 0.87
𝑇
𝑎

mean 0.70 0.60 0.67
RH mean 0.49 — —
RH at 15 LST 0.43 — —

where the surface receives much of the solar insolation. The
low correlation coefficients between the seaside station and
the inland stations during the maximum temperature could
be explained by the differences in terrain at the measuring
stations. While Port is near to the sea, terrain features at
the inland stations is mostly consisted by green vegetation,
usually short grass at the airport (JNIA) and scattered trees at
Kibaha. It could be suggested that the differences in thermal
capacity between the mostly vegetated terrain station and the
station near the large water body is pronounced during the
daytime. Other studies also found a trend towards a greater
difference between annual mean of daily maximum and that
of minimum temperatures from the coast to inland stations
[37].

Relative humidity is always high along the eastern Africa
coast, but our analysis for relative humidity was limited by
availability of data in Dar es Salaam area. Although two of
the stations (JNIA and Port) can do observation of relative
humidity, available data at Port station were limited to six
months of the year 2005.This cannot give a conclusive spatial
distribution of relative humidity in Dar es Salaam.With such
shortcomings, the current analysis, however, surprisingly
indicated that relative humidity is slightly higher at the
airport station than at a seaside station especially from April

to July (Figure 3). The significant correlation coefficients
between readings of relative humidity at the port and the
airport stations for the mean monthly and at 15 LST (time
of lowest relative humidity) are given in Table 2. The relative
humidity climatology of Dar es Salaam as observed from
previous studies indicates that relative humidity along the
coast usually reach it daily maximum during the night
at 90–95% throughout the year, and greater variations are
experienced during the daily minimum period at 15 LST [37].
While the seaside station is very close to the city and despite
the presence of a large water body, relative humidity readings
can as well be influenced by the impervious surface of the
urban on the other side. The airport station is well within
a short-grass vegetation area. Furthermore, the months of
April and May are usually rainy months in Dar es Salaam,
and perhaps the proportion difference in terrain features and
rain events can influence high humidity in many places not
necessarily being close to the sea. However, a good picture
of intraurban relative humidity variation in Dar es Salaam
could be comprehensive withmore datasets with good spatial
resolution.

3.2. Simulation Results in the Street. The simulations of
varying the street orientation and height of buildings were
done at two popular urban places in Dar es Salaam for
a purpose of quantifying the effects of street orientation
and buildings’ height on the human thermal comfort at
pedestrian level.This section therefore describes the results of
the simulation performed at the street and at the urban park.

In its original orientation of a northwest-southeast direc-
tion and settings of one side with tall buildings, pedestri-
ans at the street can experience thermal stress during the
afternoons. The temporal distribution of 𝑇mrt as depicted in
Figure 4 indicates high values of about 45∘C occurring
at around 12 LST from the end of November through
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East-west orientation, 2001–2012
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North-south orientation, 2001–2012
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Figure 4: The temporal distribution of 𝑇mrt at the urban street in its origin orientation of a northwest-southeast direction (a), east-west
orientation (225∘) (b) and north-south orientation (315∘) (c).
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East-west orientation, 2001–2012
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North-south orientation, 2001–2012
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Figure 5: The temporal distribution of thermal comfort conditions in terms of PET index at the urban street in its origin orientation of a
northwest-southeast direction (a), east-west orientation (225∘) (b), and north-south orientation (315∘) (c), suggesting a high prevalence of
human thermal stress between 12 and 15 LST particularly from late October to early April.

the beginning of January as well in March. When reoriented
in the west-east direction, the highest values of 𝑇mrt above
45∘C became prevalent at 15 LST in October and from late
January to early March while in the north-south reorienta-
tion, high values of 𝑇mrt of more than 45∘C prevailed at noon
time from late November to early March.

The corresponding situation in terms of human thermal
comfort was analysed using PET index and depicted in
Figure 5. The temporal distribution then indicated that high

value of PET as 34∘C was prevalent between 12 and 15 LST in
the months of February, March, November, and December.
Further, in an east-west reorientation, high PET values of
about 34∘C could frequently occur between 12 and 15 LST in
March and November whereas in the north-south reorienta-
tion similar high values would be experienced in February,
March, November, and December in the same hours of the
day. The same period was also indentified in the earlier
studies as the most thermal stress period in Dar es Salaam
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Figure 6: Effects of increasing buildings’ height on the temporal distribution of 𝑇mrt at the urban street as depicted in the annual cycle (a)
and the diurnal cycle (b). The corresponding thermal comfort distribution is shown in terms of PET index ((c) and (d)).

even without considering urban obstacles in calculating the
thermal indices [1, 2]. Thus, in order to visualize the thermal
comfort characteristics in Dar es Salaam, an idealized urban
canyon was considered in further analysis.

An idealized urban canyon with equal heights of build-
ings on each side was then formulated based on the settings
of the original street, and simulations were done by varying
the orientation and height of buildings. It is important to note
that the new city master plan strategize on densification of
the central business district (CBD) of Dar es Salaam through
erecting buildings of more than 10 storeys while leaving most
of the streets’ widths unchanged. Results in this setting are
described in Figures 6 and 7 in terms of the annual and

diurnal cycles of evolution of 𝑇mrt and its corresponding
thermal comfort condition in terms of PET index.

From Figure 6, effect of buildings’ height is described in
terms of the annual and diurnal distribution of 𝑇mrt ((a) and
(b)) and its corresponding PET index ((c) and (d)). It could
then be evidently observed that a significant reduction of
𝑇mrt and PET values just at the buildings’ height of 20m
can be attained and more reduction at the height of 100m.
Whereas, effect of street orientation is illustrated by keeping
the buildings at a height of 5m (Figures 7(a) and 7(b)) and at
a height of 25m. Although significant differences could not
be easily discerned at the 5m buildings’ height (Figures 7(a)
and 7(b)), it is evident that street orientation particularly on
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Figure 7: Effects of orientation on the temporal distribution of 𝑇mrt at the urban street when the buildings’ height was kept at 5m, depicted
in terms of the annual cycle of 𝑇mrt (a) and the diurnal cycle (b). ((c) and (d)) show the corresponding effects when the buildings’ height was
kept at 25m high.

the east-west direction (i.e., 45∘ in the figure) influences the
calculated thermal comfort parameters as it can be observed
in Figures 7(c) and 7(d). For this case, in Dar es Salaam,
the east-west oriented street could be an undesirable street
orientation for pedestrian thermal comfort condition. Other
studies have attributed such an orientation to be prone
to solar access [3, 6]. Otherwise, the north-south oriented
streets (i.e., 120–135∘ in the figure) could present a good
scenario for pedestrian thermal comfort in Dar es Salaam
based on both annual and diurnal temporal distributions of
𝑇mrt.

3.3. Simulation Results in the Urban Garden. Perhaps one
of the reasons of doing simulation at the urban park is the
understanding that many of the urban parks in Tanzanian
cities including Dar es Salaam are relatively small in size
but are also very close to surrounding buildings. The close
buildings to such parks could potentially impose some
significant effects on the thermal comfort in a garden or park
(see MP2 in Figure 1) especially when buildings’ height is too
high. Figure 8, therefore, describes the effects of buildings’
height on a small urban garden while the effect of orientation
is illustrated in Figure 9.
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Figure 8: Effects of increasing buildings’ height on the temporal distribution of 𝑇mrt at the urban park as depicted in terms of the annual
cycle (a) and diurnal cycle (b). The corresponding thermal comfort distribution is shown in terms of PET index ((c) and (d)).

The simulations results at the urban park suggested
that buildings close to the park could significantly affect
the thermal comfort at pedestrian level (i.e., human beings
resting in an urban park), and the effects become clear as the
height of the buildings increases. For instance, at a building
height of 100m, both 𝑇mrt and PET values were observed
to be significantly reduced (Figure 8). In order to visualize
the buildings effect on the park thermal comfort, the park
setup was also idealized and rotated every 15∘. It should
be noted that the buildings surrounding the urban parks
are not usually uniformly located around the park as the
case here. Results in this simulation are therefore illustrated
in Figure 9.

In Figures 9(a) and 9(b), the buildings surrounding the
park were kept at 5m high, and it is clear that a significant
reduction of 𝑇mrt values could be reached when most of
the buildings are located to the south-western side of the
park (60∘ and 105∘ in the figure). In the diurnal distribution,
this reduction could be revealed clearly at 9 LST. When the
buildings’ height was increased to 100m, still the situation
where most of them are located to the southwest side favours
the significant reduction of 𝑇mrt (Figures 9(a) and 9(b)). Due
to the increased height of the buildings, the effect can also be
observed at 15 LST on the diurnal cycle.

The simulations of varying the heights of surrounding
buildings and rotating the urban park in order to determine
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Figure 9: Effects of orientation on the temporal distribution of 𝑇mrt at the urban park in terms of annual and diurnal cycles ((a) and (b)) with
buildings’ height kept at 5m. Corresponding effect when buildings’ height was increased to 100m high ((c) and (d)).

the effect on thermal comfort at pedestrian level seems to
be of a novelty in urban climate simulation studies. Many
studies have concentrated on simulation of an urban canyon
[3, 6, 11, 15, 38], and most of the studies suggested that
at pedestrian level, the extreme cases in terms of thermal
comfort parameters could be observed at the east-west and
north-south orientations [3, 6, 38]. This situation was also
observed in this study although with some slight differences
which could be attributed to the latitudinal location of the
cities which slightly affects the solar path of a particular place.

Simulation of thermal comfort for open spaces is very
important especially in realizing the thermal comfort and
recreation potential for the parks. Information like this has

potential impact on design implications in cities particularly
in developing countries where open spaces in cities might be
considerably few. It can also help in management of urban
parks in the sense that optimal comfort conditions within
the urban park could be attained through shading effects
of plants within the park itself and the influence of nearby
buildings. In this study, buildings’ height was particularly
observed to exert a decisive role in altering the thermal
comfort parameter values. Although, generally the increase in
buildings’ height was observed to favour reduction in thermal
comfort parameters mainly through altering the solar access,
this could also have an effect on the wind flow as already
discussed in [15]. For Dar es Salaam example, any design
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affecting the city open spaces should consider taking the
advantage of the sea breezes too.

4. Conclusion

Due to its economic importance in eastern and central Africa,
Dar es Salaam city is growing fast. There are increasingly
many tall buildings especially in the central business district.
Although there are no continuous measurements of urban
climate, simulation of urban climate especially to quantify the
effects of building and street orientation at pedestrian level
using the easily available synoptic data is important and could
provide applicable information in terms of urban planning
in developing countries. Simulation of urban climate at
pedestrian level is also of crucial impact in tropical cities since
most of the activities are outdoors. For instance, in Dar es
Salaam, there are lot of street vendorswho spendmost of their
daytime hours outside in streets. Thus, the results provided
in this study could help in redesigning the streets that ensure
thermal comfort at pedestrian level through the variation of
buildings’ height and orientation.

The simulations performed in this study shows that the
thermal comfort parameters (𝑇mrt and PET) at both the urban
street and the park can be significantly affected by the urban
configuration. Optimal reduction of 𝑇mrt and PET values
could particularly be obtained on the north-south reoriented
streets and with increased buildings’ heights. Additionally,
the results from the simulations undertaken on a small urban
park provided a novelty in design implications and manage-
ment of open spaces in many cities in the developing coun-
tries includingDar es Salaam.These should also help planners
understand the potential of open spaces on improving the
microclimates in urban areas. The results of this study could
also ultimately assist planners in determining appropriate
configuration in urban growth areas of Tanzania and else-
where. Further urban spatial modelling of open spaces in Dar
es Salaam is also suggested involvingmoremicroscalemodels
for the sake of having robust andfirmbioclimatic information
to assist in urban planning and management of open spaces.
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The Hong Kong Standard Chartered Marathon, held annually, is one of the most popular international marathon events. Its
primarily urban environmental setting characterized by high-density urban areas, semienclosed tunnels, and suspension bridges,
together with the herds of runners, has an influence on themicroclimate along themarathon course.This study focused on assessing
and comparing variations in temperature and vapour pressure (vis-à-vis relative humidity) against the crowd of runners, or the
herd effects, in two different environmental settings along the marathon course: semienclosed (a tunnel) versus open space (a
suspension bridge). A series of small iButtons were deployed at strategic locations along the course to undertake minute-by-
minute measurements of temperature and relative humidity. It was found that herd effects of varying degrees were present in
both semienclosed and open settings. Various environmental differences also played a role in ameliorating or amplifying the
climatological effects of the herd of runners. Our study suggests that microclimate variations in different environmental settings
and crowd conditions could have an impact on runners. This new knowledge can inform the design of marathon routes. It also
establishes the feasibility of employing the iButton logging sensors for widespread deployment and monitoring of meteorological
situations.

1. Introduction

More than 500 marathons are held annually around the
world, with competitors ranging from elitemarathon runners
to recreational athletes [1]. Each marathon is challenging by
the way of its course design and the environment through
which the route passes. The increased popularity of mara-
thons has prompted research on the effects of weather
conditions on runners. Previous studies have been mainly
based on statistical analyses of past marathon data by quan-
tifying effects of weather conditions on the performance or
completion times of the runners [2–6].

The most noticeable human effect is in the microclimates
found in the heavily built-up areas, and this localised micro-
climate may become more pronounced when runners are
tightly bunched inmoving packs or “herds” [7, 8]. In addition
to anthropogenic impacts on themicroclimate from the herds
of runners, course terrain, landscape, urban configurations,

and meteorological conditions will contribute to the micro-
climate along a marathon route [9], which may influence
level of human thermal comfort [10] and performance of
each individual runner. However, there is a lack of studies
exploring possible impacts of microclimatic variation along
marathon courses, particularly in events held in such chal-
lenging conditions as in the Hong Kong urban area.

TheHongKong StandardCharteredMarathon, one of the
signature international sporting events of Hong Kong, is held
annually with recorded entrants growing from 1,000 in 1997
to 70,000 in 2012 [11]. The event route is confined to urban
areas passing through various types of urban morphology
and topography. The route passes through commercial areas
with high building density and many built structures which
do not usually have pedestrian access, such as enclosed
tunnels, divided highways, and overhead bridges.

It is well known that warmer temperatures and higher
humidity levels have a negative effect on the runners due to
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the reduction of heat loss and the corresponding increase
in the body temperature [8, 12]. During warm conditions,
marathon runners’ control of their thermoregulation may be
reduced [5, 13], and heat loss of runnerswould physiologically
worsen by a parallel increase in themetabolic heat production
from exercising under a relatively high ambient temperature.
Febbraio [14] suggested that the intramuscular temperature
would rise in proportion to the increase of work load and
that metabolism rate would also amplify during exercise and
under thermal stress. It is common for runners to suffer from
heat exhaustion, heat stress, and other heat-related illnesses
[15, 16]. A few young runners collapsed in the middle of the
2012 Hong Kong Marathon run, and one was reported dead
[17]. In addition to heating up when exercising, metabolic
heat emissions from surrounding people when in a crowd can
also affect levels of thermal comfort and/or stress [7].

Blows [7] established the “penguin effect” to illustrate
physiological changes on people in overcrowded situations.
He argued that overcrowding would reduce the heat loss
ability of an individual exercising in a crowd and that the
physiological heat stress would amplify if the crowd was to
engage in physical or emotionally heightened activities. He
also claimed that heat would transfer from people to the
environment. A similar study conducted by De Freitas et al.
[18] quantified and modelled heat loads brought about by
running in a herd. It became evident that the heat load for
a runner in an exercising crowd would increase a great deal
compared to those running solo. Furthermore, Montain et
al. [8] recognised that slower or casual runners compared to
elite runners would suffer further performance deprivation
in warmer weather. They argued that slower runners would
be exposed longer to the environment and would be more
likely to run in close proximity to other runners.The situation
would mean that they would be running in a microclimate
that tended to be warmer than the indicated weather con-
ditions. In this paper, the effects of heat retention on an
individual in a moving crowd are described as the “herd
effect” which is unlike the “penguin effect” which describes
the effects of heat retention on an individual in a stationary
crowd.

In view of the likelihood of thermal heat stress aris-
ing from exercising in high ambient temperatures and the
adverse health impacts caused by excessive heat retention of
an individual in a crowd, this study focuses on assessing the
above phenomena in semienclosed and open spaces. It offers
empirical evidence of the “herd effect” on the microclimate
in different environmental settings along a marathon route.

2. Materials and Method

2.1. Background and Study Area. Hong Kong has a humid
subtropical climate (Köppen classification Cwa) with hot and
humid summers and mild winters. Most summer days have
high humidity with warm air coming from the southwest,
creating local thermal discomfort. The Hong Kong Standard
Chartered Marathon is usually held in late winter or early
spring to minimise runner discomfort. The full marathon
follows its famed urban route starting at Nathan Road in
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Figure 1:The 2012HongKong Standard CharteredMarathon Route
with study sites and sampling locations indicated.

Tsim Sha Tsui and finishing at the Victoria Park in Causeway
Bay [11] (Figure 1). The course follows major highways and
passes through three tunnels (NamWan, Cheung Tsing, and
Western Harbour) and three bridges (Stonecutters, TsingMa,
and Ting Kau). In 2012, the marathon was held on 5th Febru-
ary from 0530 to 1300. The weather on that day was calm
with light north-easterly winds and warmer than average
air temperature and vapour pressure ranging from 16∘C to
22∘C and 13.6 hPa to 25.1 hPa, respectively, as reported by
the Hong KongObservatory [19]. Average daily temperatures
in February range between 15.0∘C to 18.9∘C, and mean daily
vapour pressure is 15.4 hPa [19].

Two study locations representing an open area (Site A)
and a semienclosed space (Site B) (Figure 1 and Table 1)
were used to examine variability in thermal environment
and microclimate conditions along the marathon course. A
camera with a fish-eye lens was employed to take photos at
both sites to calculate their sky view factors (SVF) using the
RayMan model developed by Matzarakis et al. [20]. Site A
is the Stonecutters Bridge, a suspension bridge above water
located 8 km along the marathon route. It is totally exposed
without vegetation coverage (SVF = 0.97 for visible sky,
Table 1). Site B is the Cheung Tsing Tunnel, 24 km into the
marathon route; the site is a borne tunnel through solid
granite of Tsing Yi Island. The 1.6 km long semienclosed
tunnel (SVF = 0 for no visible sky, Table 1) carries three lanes
of dual carriageway and is connected by an overpass at one
end and a bridge at the other [21].

Two types of data were collected at these sites: meteoro-
logical data and runner counts.

2.2. Meteorological Data. To monitor microclimatic condi-
tions, dry-bulb temperature and relative humidity weremon-
itored using a wireless temperature measuring system, the
Thermochrons iButton (type DS1923; Maxim/Dallas Semi-
conductor Corp., USA). The iButton is a small and durable
temperature/humidity sensor equipped with a data logger
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Table 1: Urbanisation characteristics of the sampling sites with respect to the marathon route.

Site A Site B
(a) Characteristic Open area Semienclosed area
(b) Location Stonecutters Bridge Cheung Tsing Tunnel

(c) Specifications (i) 1.60 km length
(ii) Dual three-lane high-level cable-stayed bridge

(i) 1.60 km length
(ii) Dual three-lane twin-borne tunnel

(d) Width of marathon course 3 to 4m (single lane) 3 to 4m (single lane)
(e) Distance from starting point Approximately 8 km Approximately 24 km

(f) Location of iButtons

(g) Orthophotograph

(h) Snapshot

(i) Sky view factor (SVF)

SVF = 0.97 SVF = 0

(Figure 2(a)). The thermal and relative humidity accuracy
stated by its manufacturer are ±1∘C with thermal response
time of 130 seconds and ±5%with a 30-second response time,
respectively. All iButtons have been calibrated and tested in
house, utilizing ice and warm water baths to assure that all
of the iButtons were within ±1∘C accuracy. Notably, most of
them were within ±0.5∘C, which was well within the stated
accuracy. Two iButtons (A1 and A2) were installed at Site A.
A1 is at the middle of the bridge which is an entirely open
area above water (Figure 3(A1)). A2, on the other hand, is
on the landward side and partially surrounded by high-rise
buildings on both sides (Figure 3(A2)). Due to the complexity
of the semienclosed tunnel microclimate, three iButtons
(B1, B2, and B3) were placed at Site B. B1 is at the entrance

of the tunnel with lush vegetation alongside the overpass
(Figure 3(B1)), site B2 is located in the middle of the tunnel
(Figure 3(B2)), and site B3 is located near the exit of the
tunnel leading to a suspension bridge which was entirely
exposed (Figure 3(B3)). There are jet fans installed along the
ceiling of the tunnel for longitudinal ventilation.

Each of the iButtons was housed in an Onset HOBO
RS3 solar radiation shield and installed on a standard one-
metre high traffic cone (Figure 2(b)). The sensors were set to
measure air temperature and relative humidity at one-minute
intervals. In addition, one-minute meteorological data were
obtained from the nearby Tsing Yi South automatic weather
station (see Figure 1). The weather station is managed by the
Hong Kong Observatory (HKO) and was classified by Siu
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(a) (b)

Figure 2: Temperature and relative humidity measurement and logging equipment: (a) iButton in solar radiation shield and (b) iButton in
solar radiation shield installed on a traffic cone.

(B1) Entrance to the Cheung Tsing Tunnel is
surrounded by green vegetation on both

(B3) Exit of the Cheung Tsing Tunnel leads
is equipped with jet-fan longitudinal
ventilationsides

to a suspension bridge that is totally
exposed

suspension bridge surrounded by open
water on both sides

(A2) Exit of the Stonecutters Bridge is surrounded by
buildings on both sides before approaching
a tunnel

(B2) The 1.6 km long Cheung Tsing Tunnel

(A1) The 1.6 km long Stonecutters Bridge is a

Figure 3: Photographs and descriptions of each of the sampling locations (A1, A2, B1, B2, and B3).

and Hart [22] as open-set blocks (BCZ5) using the Local
Climate Zones (LCZ) landscape classification system [23].
These official measurements were used as a control against
data collected by the iButtons.

2.3. Runner Counts. There were a total of 12,105 recorded
entrants for the full marathon in 2012 [11]. Staggered start
times at 0645 and 0715 were used to manage the large
number of runners. Several timing mats were positioned
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by the marathon organisers at split or turning points to
track runners throughout the race. The temporal accounts of
individual runners were used to model the herds of runners
at various junctures to correlate withmicroclimate data at the
corresponding time intervals.

2.4. Method of Analysis. One-minute temperature (𝑇IB) and
humidity (RHIB) readings collected by iButton sensors at
Site A (open space) and Site B (semienclosed space) were
compared against the corresponding one-minuteHKOmete-
orological data measured at the Tsing Yi South weather
station (𝑇HKO and RHHKO) to develop the temperature dif-
ferences (Δ𝑇 = 𝑇IB − 𝑇HKO). The temperature differences of
each location were then plotted across the temporal scale at a
one-minute interval. The herds of runners for the same time
period were modelled from the time records of individual
runners based on the available runner counts data. With
the aid of global positioning system devices, the runner
counts were mapped against the temporal scale to examine
the herd effects at each site, which have two very different
environmental settings.

The humidity readings were used to compute vapour
pressure (VP), an absolute measure of atmospheric moisture
that is not temperature dependent. The computed vapour
pressures were compared across the computed official HKO
data to develop the vapour pressure differences (ΔVP =
VPIB − VPHKO). The vapour pressure differences of each site
were plotted across the temporal scale of per-minute interval
and correlated with the herd of runners to examine the herd
effects on atmospheric moisture level under the different
environmental settings.

Microclimatic conditions (temperature and vapour pres-
sure) at the two sites were also compared for two groups, herd
and no herd, using Student’s 𝑡-test for further verification of
the herd effect on microclimatic conditions. Temporal inter-
vals with more than 10 runners (arbitrarily set for this study)
were put into the group with herd and the remaining into the
group with no herd. This grouping effectively preempted the
few elite runners and the very slow runners from skewing the
results.

3. Results

3.1. Site A—Stonecutters Bridge (Open Space). The marathon
commenced at 0645 with runners coming through the mea-
surement sites at Stonecutters Bridge (8 km from the starting
point) from 0717 to 0830 (Figure 3). Figure 4 illustrates the
temperature difference between the iButton readings (𝑇IB)
and the official temperature readings (𝑇HKO) from the Tsing
Yi South weather station. Sites A1 (orange line) and A2
(green line), located at the middle and near one end of
the 1.6 km long suspension bridge, respectively, experienced
similar trends, with A2 experiencing, on average, a 0.2∘C
higher temperature difference to the control site. Figure 4 also
shows two batches of full marathon runners with staggered
start times peaking at the Stonecutters Bridge site at 0730
and 0810. Between 0723 and 0740 and 0800 and 0817, the
herds of runners crossing the bridge amounted to more than
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Figure 4: Minute-by-minute temperature difference and runner
counts at the Stonecutters Bridge (Site A: open space).

100 per minute. The temperature difference was on average
0.5∘Cwhen the first herd of runners were crossing the bridge;
this difference narrows after the sun had risen at 0700. The
temperature difference for the secondherd of runnerswas less
with an average of 0.3∘C.

The microclimatic conditions at the Stonecutters Bridge
were examined under two scenarios: herd and no herd.
As defined in Section 2.4, temporal intervals with more
than 10 runners were added to the “herd” group, and the
remaining intervals fell into the group “no herd”. The results
of Student’s 𝑡-test in Table 2 reveal significant temperature
differences (𝑃 = 0.00) in the microclimate of both sites when
runners pass by. Both A1 and A2 reported mean temperature
differences of 0.2∘Chigher, during times the herd was passing
by.

Figure 5 shows the minute-by-minute vapour pressure
differences derived with relative humidity readings from
the iButtons (VPIB) and the Tsing Yi South weather station
(VPHKO). The line graphs of both A1 (orange line) and A2
(green line) at the middle and exit of the suspension bridge,
respectively, displayed similar fluctuations. However, vapour
pressure difference at A2 was on average 0.4 hPa higher
than A1. During the times the first herd of runners crossed
Stonecutters Bridge the vapour pressure difference was more
pronounced at A2, with an average difference of 0.5 hPa,
compared to 0.1 hPa at A1 when the first herd of runners
crossed the bridge. The vapour pressure difference for both
A1 and A2 rose sharply (an average of 0.5 hPa and 0.8 hPa,
resp.) when the second herd passed.

Results of Student’s 𝑡-test, shown in Table 2, revealed
significant vapour pressure differences as the herd passed at
A2 (𝑃 = 0.00), which is situated at one end of the suspension
bridge, but not at A1 (𝑃 = 0.05) which is located in themiddle
of the 1.6 km long crossing. A mean vapour pressure differ-
ence of 0.2 hPa higher with herd was observed at A2 (the
landward side) compared with 0.1 hPa at A1 (in the middle
of the bridge) indicating the ameliorating effects of open-air
circulation.
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Figure 5:Minute-by-minute vapour pressure difference and runner
counts at the Stonecutters Bridge (Site A: open space).

3.2. Site B—Cheung Tsing Tunnel (Semienclosed Space). The
iButtons B1, B2, and B3 were located at the entrance, centre,
and exit of the Cheung Tsing Tunnel as shown in Table 1.
The iButtonmeasurements commenced from0700until 1030.
Figure 6 shows theminute-by-minute temperature difference
between the iButtons (𝑇IB) and official temperature (𝑇HKO)
readings from the Tsing Yi South weather station. The three
lines (red for B1, green for B2, and purple for B3) registered
dissimilar trends with B3, at the exit point of the tunnel,
measuring the highest temperature difference (average =
2.3
∘C), compared to an average of 1.6∘C for B2 at the centre

of the tunnel and 1.0∘C for B1 at the entrance of the tunnel.
Figure 6 shows that two herds of runners passed through the
Cheung Tsing Tunnel, showing the influence of the staggered
start times. It was also evident that, between 0915 and 0935,
some runners from the first herd had begun to slow down to
merge with the faster runners of the second herd; the tunnel
is more than half way (24 km) into the 42 km full marathon
run. Time intervals with herds of runners exceeding 100 per
minute appeared intermittently between 0945 and 1005.

Given that the Cheung Tsing Tunnel has jet fans installed
along the tunnel ceiling for longitudinal ventilation [21, 24],
temperature differences at the centre of the tunnel (B2)
displayed a decreasing trend in the presence of runners to
indicate that the ventilation system may have done its job in
regulating the airflow. The jet fans regulate airflow along one
direction to evacuate air pollutants and heat to the end of the
tunnel [25]. The situation was quite different at the ends of
the tunnel. Before the first herd of runners approached the
tunnel starting from 0750, the temperature difference at the
centre of the tunnel (B2) was on average 1.4∘C higher than
those at the two ends (B1 and B3). The entrance to the tunnel
(B1), unlike the exit (B3), experienced a drop in temperature
for the first 40 minutes when total runners per minute stayed
below 40. Thereafter, the temperature differences for both
entrance (B1) and exit (B3) fluctuated in the same patterns,
with B3 on average 1.0∘C higher than B1. The temperature
differences appeared to oscillate with the number of runners

Temperature difference, where

iButton readings at B1, B2, or B3,
temperature readings at the Tsing Yi South weather station
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Figure 6: Minute-by-minute temperature difference and runner
counts at the Cheung Tsing Tunnel (Site B: semienclosed space).

for the major part of the marathon, except around the second
peak of runner counts. We attribute this anomaly to the
ventilation control in the tunnel that could have ventilated
the airflow to this end and disrupted the herd effect.

Themicroclimatic conditions in theCheungTsingTunnel
were examined under two scenarios: herd and no herd.
Results in Table 2 confirmed significant temperature differ-
ences (𝑃 = 0.00) at all three sites during times with herd and
no herd. When the sites were under the influence of the
herd effect, mean temperature differences of 0.3∘C, 0.3∘C, and
0.6∘C higher were observed for B1, B2, and B3, respectively.

Figure 7 illustrates that the vapour pressure differences
for all three sampling sites (B1 at the entrance, B2 at the
centre, and B3 at the exit) of the tunnel exhibited similar
trends and values before the first herd of runners approached
the tunnel. Site B2, at the centre of the tunnel, measured a
steady increase in vapour pressure as the first herd of runners
entered the tunnel at around 0830. The vapour pressure
difference continued to rise for 25 minutes from 1.5 hPa
to the maximum of 6.0 hPa. The vapour pressure declined
thereafter as the second herd of runners were leaving the
tunnel. Comparable differenceswith average values of 0.9 hPa
and 1.0 hPa higher than the official readings were found at
both ends of the tunnel at B1 and B3.Therewas no remarkable
fluctuation at B1 and B3 in the presence of runners.

The results of the 𝑡-test in Table 2 confirmed that there
were significant differences in vapour pressure with herd and
no herd at B2 (𝑃 = 0.00) and B3 (𝑃 = 0.04) located at the
centre and exit of the tunnel, with amean difference in vapour
pressure of 2.1 and −0.1 hPa, respectively. No significant
difference was observed at B1 located at the entrance of the
tunnel, with mean vapour pressure differences of 0.01 hPa
(𝑃 = 0.80), with herd.

4. Discussion

Our study offers empirical evidence about the microcli-
matic differences between semienclosed and open sections
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Figure 7:Minute-by-minute vapour pressure difference and runner
counts at the Cheung Tsing Tunnel (Site B: semienclosed space).

of a marathon route. Herd effects were felt in both settings,
with the effects in the semienclosed setting interrupted by
controlled ventilation in the tunnel. It does appear that
environmental differences have an impact on ameliorating
or amplifying the herd effects. For Site A, representative
of the entirely open sections of the route (as illustrated in
Figures 4 and 5), both temperature and vapour pressure
differences for the site located at the end of the bridge (A2)
were higher compared to those at Site A1, located at the
middle of the bridge. A1 at the middle of the Stonecutter
Bridge is an entirely open area above water and has abundant
air circulation to offset the herd effects (Figure 3(A1)). A2, on
the other hand, is partially surrounded by high-rise buildings
to compromise wind ventilation (Figure 3(A2)). Herd effects
were, therefore, more pronounced at A2 than A1. In other
words, sufficient wind ventilation and proximity to a large
water body (serving as a cool sink) effectively reduce both
microclimatic urbanisation effects at pedestrian level [26]
and herd impacts on the runners.

The situation of B3 at the exit of the semienclosed tunnel
(Figure 3(B3)) is comparable to that of A2 near the end of the
overhead bridge. Figures 6 and 7 showed that temperature
and vapour pressure differences at B3 were always above
those at B1 (entrance of the tunnel). The former led to a
suspension bridgewhichwas entirely exposed (Figure 3(B3)),
while the latter had lush vegetation alongside the motorway
(Figure 3(B1)), demonstrating cooling effects of vegetation on
the microclimate [27, 28]. It is also interesting to note that
the ventilation system of the tunnel may have played a role
in moderating temperature differences but not in reducing
vapour pressure arising from the herds, as illustrated in
Figures 6 and 7. The increased airflow from the ventilation
system may have caused evaporative cooling of the initial
warm, moist air mass brought into the tunnel by the herd
of runners. Ventilation systems of this type are designed to
evacuate air pollutants (traffic emissions) and heat within

the tunnel as means of air quality and fire safety measure
[25]. During normal traffic conditions in tunnels of this kind,
the airflow from the ventilation fans flows in the direction of
prevailing traffic, and the system may occasionally switch off
to self-ventilate by taking advantage of traffic-induced piston
effects [24]. Onemajor limitation of this study is that we were
unable to gain explicit information on the operation of the
system during the event, making it difficult to quantify the
exact effects of the ventilation system on the herd.

Our study also confirms the practical utility of the small
and low-cost iButtons for widespread deployment. The af-
fordable iButtons offer reliable measurement and consistent
performance when compared against official readings from a
nearby HKOweather station. Similar to a study by Cheung et
al. [29], the accuracy of iButtons in our study was well within
±1∘C as listed by the manufacturer.

We note a few methodological drawbacks in our study.
Firstly, we made use of meteorological data from a nearby
weather station managed by the HKO to compute microcli-
mate differences. However, we were unable to separate clearly
herd effects from the diurnal warming effects after sunrise at
0700. Secondly, we modelled runner counts from temporal
accounts of individual runners.The derived values might not
be entirely accurate as 27.8% of full marathon runners were
miscounted for various reasons. For instance, some runners
started after the cutoff time, or they did not step on the
timing mats properly, or they pulled at the event at some
point along the course. In addition, the modelling procedure
for runner counts at one-minute time interval assumed that
individual runners ran at steady speeds without provisions
for stopping for replenishment or relaxation. And finally, the
lack of information available to us on the operation of the
ventilation system in the tunnel during the event makes it
difficult to quantify its impact on the herd of runners; future
studies of this kind would benefit from the incorporation of
wind speed and wind direction measurements at sampling
locations. Despite these limitations, results of our study
did suggest that environmental factors and herd effects will
affect the microclimate of a marathon course, which may
detrimentally impact marathon runners although the error
limits of the iButton temperature sensors (±1∘C) should be
taken into account during the interpretation of the results.

5. Conclusion

This study presented empirical evidence of the “herd effect”
on marathon runners and contrasted the microclimate vari-
ations of herd effects in two different environmental settings
along a full marathon course: open-space suspension bridge
(Site A) versus semienclosed vehicle tunnel (Site B).

The microclimate differences at both sites, in terms of
temperature and vapour pressure, with and without the
influence of the herd of runners were statistically significant.
Comparatively, the microclimate differences appeared to be
more pronounced at the exits of both sites (A2 and B3).
Environmental factors such as greenery, wind ventilation,
water body, urbanmorphology, andmesoscale flows also play
a role in impacting the magnitude of the herd effect.



Advances in Meteorology 9

Although our findings on herd effects may not be exact,
the study is the first of its kind to examine association between
microclimate differences and crowding of runners. It also
demonstrates methodological feasibility for bulk installation
of an economical monitoring device for temperature and
humidity measurements. Our findings also provide guidance
to marathon organisers about design considerations for an
optimum marathon course and the need for crowd control
to minimise the impact of herd effects.
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The objective of this work is the assessment of human thermal bioclimatic conditions in the Athens University Campus (AUC),
including the Faculties and their respective Departments of the largest state institution of higher learning in Greece, and among
the largest universities in Europe. The analysis of bioclimate was carried out, using the physiologically equivalent temperature
(PET), which is based on the energy balance model of the human body. The meteorological data required for the calculation of
PET concern hourly values of air temperature, relative humidity, wind speed and total solar radiation, for the time period 1999–
2007. The recorded data sets were obtained from the meteorological station of the Laboratory of Climatology and Atmospheric
Environment of the University of Athens. The results revealed the hours of the day in which thermal comfort or stress prevails, as
well as the trends and variability of PET, for the studied period. Finally, the intense heat waves occurred during summer 2007 along
with extreme cold conditions during December 2003-February 2004 were analyzed in terms of PET classes and compared to the
respective average bioclimatic conditions of the study period.

1. Introduction

Analysis of the human thermal environment is subject of
special investigation among scientists serving at different
disciplines such as climatologists, urban planners, archi-
tects, biologists, and physicians. A lot of human bioclimatic
research has been carried out recently, indicating the impact
of urban bioclimate on human morbidity [1–3], mortality
[1–8], tourism potential and decision making [9–12], and
urban planning [13–15]. Although a heat/cold wave is a
meteorological event, it cannot be assessed without reference
to its impacts on humans. An analysis of weather elements
should always include the assessment of the human sensation
of heat/cold [12]. Many thermal indices have been used,
such as among others the Effective Temperature [16], the
Discomfort Index byThom [17] and the Cooling Power index
[18, 19]. Since 1938, Buttner [20] found that the total effects of
all thermal components and not of a single meteorological
parameter should be taken into account, in order to assess

the thermal effect of environment on the human body. The
necessity of modeling the human thermal balance led to
the development of bioclimatic models, which are widely
applied in bioclimatic studies, known as KLIMA-MICHEL-
MODEL [21, 22] andMEMI [23].Driscoll [24] refers to eleven
independent indices, and, since then, Kalkstein andValimont
[25] and Höppe [26] have proposed further analysis. Fol-
lowing this effort, remarkable research has been carried out
in order to formulate a reliable and user-friendly index for
the assessment of the physiological thermal response of the
human body to climatic conditions [27], but only Physiolog-
ically Equivalent Temperature (PET) and Universal Thermal
Climate Index (UTCI) seem tomeet these requirements. PET
is recommended for the evaluation of the thermal component
of different climates by VDI Guideline 3787 [28]. PET is
based on the Munich Energy-balance Model for Individuals
(MEMI), which describes the thermal conditions of the
human body in a physiological relevant way [29, 30]. The
UTCI equivalent temperature for a particular set of wind,
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radiation, humidity, and air temperature parameters is then
defined as the air temperature of the reference environment
which produces the same strain index value as the actual
conditions [31, 32].

The climate is already changing, and the intensity and
frequency of extreme weather events, such as floods, heat-
waves, and cold spells, may change in the future. Recent
extreme weather events caused serious health and social
problems in Europe, particularly in urban areas.These events
will continue to pose additional challenges to health risk
management and to the reliability of the power supply
and other infrastructure. This demands a proactive and
multidisciplinary approach by governments, agencies, and
international organizations and improved interaction on all
levels from local to international [33]. Europe experienced a
deadly summer in 2003, when average summer temperatures
were about 3∘Chigher than the long-termmean, and inmajor
cities of Europe, the daily maximum temperature exceeded
35∘C for more than a week, causing about 70,000 excess
deaths in parts of southern, western, and central Europe [34–
36]. This is the reason that the German Weather Service,
within the framework of the EuroHeat project [37], has
developed a climate information decision support tool with
medium-termheat forecasting, whichmaps the probability of
a forthcoming heat-wave over Europe (http://www.euroheat-
project.org/dwd/).

The purpose of the present study is the assessment and
interpretation of human bioclimatic conditions in Athens
University Campus, during the 1999–2007 period, based on
PET human thermal index, which is irrespective of clothing
and metabolic activity. Further, the heat waves occurred in
summer 2007, and the cold spells during winter 2003/2004
were also analyzed and compared to the mean bioclimatic
conditions.

2. Data and Methodology

The performed human biometeorological analysis in the
Athens University Campus (AUC) was considered by the
authors of great importance due to the large number of
people involved in the AUC, during the entire year. National
and Kapodistrian University of Athens is the largest state
institution of higher learning inGreece and among the largest
universities in Europe. With a student body of about 125000
undergraduate and postgraduate students, over 2000 mem-
bers of academic staff, and approximately 1300 administrative
and secretarial staff and specialized personnel, the University
of Athens aims at excellence in both teaching and research
in a significantly varied range of disciplines. Regarding the
time distribution during the year of the mentioned crowd
in the university campus, there are two semesters within
the year, the first begins in September and ends in January
and the second from February to July. During August,
the university is closed due to summer holidays. Official
holidays concern the Christmas and Easter holidays from
December 24 to January 7 and fifteen days in April or May,
respectively. Further, there are a few sparse individual days
off, due to national celebrations such as October 28 and

March 25. Thus, in general, the campus is not crowded
fifteen days in winter, fifteen days in spring, and the whole
August.

The meteorological data used in the study were acquired
from the meteorological station of the Laboratory of Clima-
tology and Atmospheric Environment, University of Athens
(latitude: 37∘58N, longitude: 23∘47Ε, and altitude: 257m)
and concern hourly values of air temperature, relative humid-
ity, total solar radiation, and wind speed for the period
1999–2007. In this point we have to remark that the time series
of the meteorological data had been interrupted after 2007
for long consecutive spells, due to technical reasons. This is
why we considered the 9-year period as the one with themost
reliable meteorological data sets for the performed analysis.
The location of the meteorological station in AUC along with
a satellite image of the greater Athens area is depicted in
Figure 1.

For bioclimatic purposes, the wind speed was adjusted
according to the following formula [38]:
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0
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where WS
ℎ
is the wind speed (m s−1) at the anemometer

height (ℎ, usually 10m a.g.l.), 𝛼 is an empirical exponent,
depending on the surface roughness, and 𝑧

0
is the roughness

length. Wind velocity was estimated at 1.1m, which is the
center of gravity of the human body and builds the reference
level for human biometeorological studies. In this study,
the value of roughness length 𝑧

0
= 0.25 was applied,

depending on the landscape around the examined station.
The aforementioned value of roughness length for a specific
terrain was derived from the European Wind Atlas [39].

The quantification of human bioclimatic conditions was
achieved using the Physiologically Equivalent Temperature
(PET), at a given place (outdoors or indoors). It is equivalent
to the air temperature at which—in a typical indoor setting
(without wind and solar radiation)—the heat balance of the
human body (work metabolic rate 80W of light activity,
that should be added to the basic metabolic rate 86.5W,
[40]; heat resistance of clothing 0.9 clo, which is the ref-
erence clothing insulation value used for the formulation
of PET) is maintained with core and skin temperatures
equal to those of the under assessment conditions [26, 41].
The following assumptions are made for indoor reference
climate: mean radiant temperature equals air temperature
(𝑇mrt = 𝑇𝑎). Air velocity is set to 0.1m/s. Water vapour
pressure is set to 12 hPa (approximately equivalent to relative
humidity of 50% at 𝑇

𝑎
= 20
∘C). The PET assessment scale

(Table 1) is derived by calculating Fanger’s [29] PMV for
varying air temperatures in the reference environment using
the settings for the PET reference person (height: 1.75m,
weight: 75 kg, age: 35 yrs, and sex: male; work metabolic
rate 80W of light activity, that should be added to the
basic metabolic rate and heat resistance of clothing 0.9 clo)
[42]. According to Höppe [26], the assumption of constant
values for clothing and activity in the calculation of PET was
made in order to define an index independent of individual
behavior.
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(a)

(b)

Figure 1: Athens University Campus (a) and satellite image of the wider Athens area (b) with the marked site of the campus meteorological
station.

Table 1: Physiologically Equivalent Temperature (PET) for different
grades of thermal sensation and physiological stress on human
beings [42].

PET (∘C) Thermal sensation Physiological stress level
<4 Very cold Extreme cold stress
4–8 Cold Strong cold stress
8–13 Cool Moderate cold stress
13–18 Slightly cool Slight cold stress
18–23 Comfortable No thermal stress
23–29 Slightly warm Slight heat stress
29–35 Warm Moderate heat stress
35–41 Hot Strong heat stress
>41 Very hot Extreme heat stress

PET was calculated using “RayMan” model, appropriate
to calculate radiative heat transfer and human biom-
eteorological indices [42, 43]. The “RayMan” model,
developed according to Guideline 3787 of the German Eng-
ineering Society [28], calculates the radiative heat transfer
in both simple and complex environments. Finally, the use
of pivot diagrams was considered necessary to demonstrate
the frequency (%) of PET classes, in order to interpret the

bioclimatic patterns prevailing in different time scales. The
time used in the analysis concerns local time, thus UTC +
2h.

3. Results and Discussion

3.1. Human Bioclimatic Conditions in Athens University Cam-
pus. The mean PET within the examined period (1999–
2007) was found 14.6∘C, while the absolute maximum PET
was 54.8∘C in June 24, 2007, at 15:00, and the absolute
minimum PET was −15.5∘C in February 14, 2004, at 07:00.
These high/low figures of PET characterize the extreme heat
stress, appeared during the heat waves in summer 2007
and the extreme cold stress in the very cold winter 2004,
respectively. In addition, the mean frequency of days, within
the examined period, with strong and extreme heat stress
(PET > 35∘C), thermal comfort and slight heat stress (18∘C <
PET < 29∘C), and strong and extreme cold stress (PET < 8∘C)
was calculated, and the results are presented in Table 2.

The daily minimum figures of PET, occurring at night,
were taken into account in order to estimate the frequency
of days with strong and extreme cold stress against daily
maximum PET for the other classes of PET. About 50% of
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Table 2: Mean frequency (days) of characteristic thresholds of PET,
within the period 1999–2007.

PET < 8∘C 18∘C < PET < 29∘C PET > 35∘C
Frequency (days) 187.1 98.5 114.3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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Figure 2: Bioclimatic diagram for Athens University Campus for
the period 1999–2007; frequencies (%) of the nine PET classes for
each hour of the mean day.

the nights of the year were related to strong/extreme cold
bioclimatic conditions, which is very likely due toAUCwhich
is lying out of the urbanized area and on the foothills of
Hymettus Mountain. Approximately 30% of the days of the
year were associated with strong/extreme heat stress and
thermal comfort or slight heat stress appeared in almost 27%
of the days.

The human bioclimatic conditions are presented in terms
of PET classes (%) for each hour of the day (Figure 2) and for
10-days period (Figure 3) in the respective diagrams. These
bioclimatic diagrams provide very clear and in a simple way
the bioclimatic information for the area concerned. Figure 2
reveals that approximately 45%–65% of days, from 08:00 in
the morning to 17:00 in the afternoon, depict PET greater
than 18∘C (thermal comfort). Further, for about 13%–23%
of days, the environment is characterized by strong/extreme
heat stress from 09:00 in the morning till 16:00 in the after-
noon. Regarding the strong/extreme cold stress, it appears for
almost 50% of days from midnight to early morning hours
(06:00).

The frequency distribution of PET classes in 10-day
period is depicted in Figure 3. Here, it should be noted that
the results shown in the diagram concern mean daily figures
of PET. Since the first 10 days of June up to the second 10
days of September, 45%–85% of the days within the examined
period are associated with PET greater than 18∘C (threshold
for thermal comfort). Regarding the strong/extreme heat
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Figure 3: Bioclimatic diagram for Athens University Campus for
the period 1999–2007; frequencies (%) of the nine PET classes for
10-day period of the mean year.

stress (PET > 35∘C), it appears in almost 20%–25% of the
days from the third 10 days of June to the third 10 days of
August.

PET index has been used widely in the assessment of
human bioclimatic conditions. More specifically, Thorsson
et al. [15] and Gulyás et al. [44] have applied PET in urban
built-up area with complex shading patterns and generated
accurate predictions of thermal environments. Outdoor ther-
mal environment is impacted by the built environment, for
example, anthropogenic heat, evaporation and evapotran-
spiration of plants, shading by trees and man-made objects
[45], and ground surface covering, such as natural grass
and artificial pavement. However, Lin [46] concluded that
in hot and humid regions few people visit squares or other
public spaces when the thermal index is high. The largest
numbers of people who visit squares are when the thermal
condition is close to their thermal comfort range. Svensson
et al. [47] presented the PET distribution map of Goteborg
using the geographic information system. Gulyás et al. [44]
evaluated thermal comfort in Szeged, Hungary. Bouyer et al.
[48] evaluated the thermal comfort in two stadia (Stade de
France, Paris, and the Atatürk olympic stadium, Istanbul),
using wind tunnel experiments and PET.

Further to the above discussion, we must acknowledge
a constraint related to the PET assessment scale. We used
the PET scale for western/middle European countries taking
into consideration that the greater Athens area has a tem-
perate climate, not significantly different from the climate of
western/middle European countries.Thus, the use of the PET
assessment scale for western/middle European countries is
almost acceptable, while a future work for the determination
of PET assessment scale in Athens, Greece, is already in
progress. A recent study by Cohen et al. [49] confirms our
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Figure 4: Composite mean hourly variability of PET within the cold period 1999–2007 (upper graph), along with the hourly variability of
PET within the cold period 2003-2004 (lower graph).
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assumption, revealing that the acceptable comfort range of
PET for the Mediterranean climate of Tel Aviv is 19–26∘C,
against 18–23∘C for the acceptable comfort range of PET for
western/middle European countries. Besides, the assessment
scale [42] is frequently used in international literature to
estimate bioclimatic conditions in different places, such as
Istanbul and Paris [48], Goteborg [47], Szeged [44], Matsudo
(a satellite city near Tokyo), Japan [15], and Far-Eastern
Federal District of the Russian Federation (temperate mon-
soon climate zone, which is characterized by an extreme
continental regime of annual temperatures) [50].

3.2. Warm and Cold Periods of the Year-Heat Waves and
Cold Spells. We analyzed on one hand the composite mean
hourly variability of PET within the cold (October–March)
and warm (April to September) periods of the year during
1999–2007, and on the other hand we compared these
two composite periods with the corresponding periods of
extremes, which appeared within the examined period,
namely, the cold period 2003/2004 with the occurrence of
two extreme cold spells and the warm period 2007, associated
with three extreme heat waves. The results of the analysis are
depicted in Figures 4 and 5.
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As far as the composite cold period is concerned, the
bioclimatic conditions appeared to be cool to slightly warm
from 08:00 in the morning until 17:00 in the afternoon, and
this is evident from early October until late November and
in March, as well. The thermal sensation was classified in
cool to cold during the day, while the midnight hours were
usually characterized by strong/extreme cold stress, from
December to February (Figure 4, upper graph). Comparing
the composite mean cold period with the corresponding cold
period 2003-2004 (Figure 4, lower graph), the two extreme
cold spells (January 22–24, 2004, and February 13-14, 2004)
are obvious, and one could remark the very extreme low PET
figures (−20∘C to−15∘C), appeared even during thewhole day
(this is the case of total frost).

During the composite warmperiod, the environment was
characterized by strong/extreme heat stress from 08:00 in
the morning until 17:00 in the afternoon, against thermal
comfort to slightly heat stress for the rest of the day (Figure 5,
upper graph). Analyzing the extreme warm period appeared
in 2007, the three cells corresponding to three extreme
heat waves were revealed, which were recorded in June 24–
28, July 19–27 and August 22–24, in descending order of
intensity, respectively. The thermal stress was very extreme
(PET: 50∘C–55∘C), and it was evident from 08:00 in the
morning to 15:00 in the afternoon, especially for the first two
heat waves (Figure 5, lower graph). It should be remarked
here the duration of the heat waves concerning 8, 6, and
3 consecutive days, respectively, as well as the prevailing
calm against the development of Etesian winds, which is
normal event during summer in Greece. These winds are
periodical winds of the north section established over the
Aegean Sea, when a high pressure center in the central and
south Europe is combined with the Indian low pressure
system over Asia Minor and the Eastern Mediterranean Sea
[51]. A characteristic effect of the Etesians regime is summer
droughts and uniform weather conditions in Greece [52].
This prevailing weather type (cool and dry winds over the
Aegean Sea) in summer moderates the intensity of heat stress
affecting the population mainly living in urban areas.

3.3. Trends and Variability. In order to examine the vari-
ability and trends of PET extremes, the annual number of
days with PET values above or below certain thresholds
was estimated. The results are presented in Figure 6 and
should be only considered as indicative of the PET variability,
due to the short record of observations. The time series of
annual number of days with PET > 41∘C (extreme heat stress)
shows a statistically significant increasing trend (𝑃 < 0.05),
which when combined with the projected climate change
allows us to consider that the human bioclimatic conditions
in the study area are likely to get worse. Further, the time
series of annual number of days with PET < 4∘C (extreme
cold stress) showed similar statistically significant increasing
trend (𝑃 < 0.05), indicating that the human bioclimatic
conditions tend to become more extreme with respect to
the cold component of thermal sensation. The time series
of annual number of days with strong cold/heat stress did
not show significant trends. Matzarakis and Nastos [53] have

1999 2000 2001 2002 2003 2004 2005 2006 2007
Year

40
60
80

100
120
140
160
180
200
220

A
nn

ua
l n

um
be

r o
f d

ay
s

PET >41
∘C

PET >35
∘C

PET <8
∘C

PET <4
∘C

Figure 6: Annual number of days with PET > 41∘C, PET > 35∘C,
PET < 8∘C, and PET < 4∘C.

revealed that the human thermal bioclimatic conditions are
expected to change rapidly in summer, based onA1F scenario.
The forthcoming changes concern increases in more than
two or three heat stress classes for the summer, within the
greater Athens area, while in winter, the expected changes
are likely to range between one and two classes of heat
stress.

4. Conclusions

The conducted analysis for the assessment of PET in the
Athens University Campus, using bioclimatic diagrams,
revealed the following findings.

(i) About 50% of the nights of the entire year were
related to strong/extreme cold bioclimatic conditions,
against almost 30% of the days associated with
strong/extreme heat stress. Thermal comfort or slight
heat stress appeared in almost 27% of the days.

(ii) The outdoor thermal environment was characterized
by strong/extreme heat stress from 09:00 in the
morning till 16:00 in the afternoon for approximately
13%–23% of days. Regarding strong/extreme cold
stress, it appears for almost 50% of days from mid-
night to early morning hours (06:00).

(iii) The outdoor thermal environment remains above
thermal comfort (PET > 18∘C) for approximately
45%–65% of days, from 08:00 in the morning to 17:00
in the afternoon.

(iv) The period from the beginning of June until the mid-
dle of September is characterized by PET > 18∘C con-
cerning 45%–85% of the days, while strong/extreme
heat stress (PET> 35∘C) appeared in almost 20%–25%
of the days from the end of June to the end of August.

(v) During the warm period of the year, the thermal
environment was characterized by strong/extreme
heat stress from 08:00 in the morning until 17:00 in
the afternoon, while during the cold period of the
year, the bioclimatic conditions appeared to be cool to
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slightlywarm from08:00 in themorning until 17:00 in
the afternoon, and this is evident from early October
until late November and in March.

The trend analysis of PET extremes indicated increasing
trends for both extreme heat/cold stress. Besides, taking
into consideration the extreme heat waves in summer 2007
and extreme cold spells in winter 2003-2004, the authors
are aware that the application of human biometeorologi-
cal indices against single meteorological parameters in the
assessment of heat/cold waves would contribute more effec-
tively in addressing and mitigating such extreme circum-
stances. This is very crucial in crowded areas, where outdoor
activities are imposed daily, and this is the case of Athens
University Campus.
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The paper is an effort toward thermal comfort assessment for urban parks under the climatic conditions of Taiwan to help architects
achieve better climatic design. Field interviews, observations, andmicrometeorologicalmeasurementswere conducted in this study.
TheWBGTwas used as the thermophysiological index to investigate the effects of thermal conditions on visitor’s thermal perception
and adaptive behavior in outdoor urban spaces. In this study, behavioral adaptations used by visitors as ameans of achieving comfort
were evaluated. Observational results showed that the overall attendance was influenced by sun and thermal conditions.There was a
robust relationship between thermal sensation votes, as well as thermal acceptability, and thermal environment, in terms ofWBGT.
The upper and lower limits of 80% acceptability are 26∘CWBGT and 20∘CWBGT, respectively.

1. Introduction

Ensuring acceptable thermal comfort conditions in outdoor
spaces is always one of the considerations of landscape
design, since thermal environmental conditions greatly affect
individual moods and activities in the outdoors as well as
the usage of the outdoor spaces. In densely populated cities,
with the continuously growing emphasis on the importance
of quality of life, the public attaches greater value to the
quality of thermal comfort in outdoor urban spaces. At the
same time, with the expansion of cities, the urban heat
island effect is increasingly significant, and the trend of
urban microclimate change is not optimistic. Hence, the
architects or landscape designers must seriously consider
the actions required for outdoor space design to support
comfortable conditions. In recent years, the thermal comfort
of outdoor spaces has become an important issue, attracting
a considerable number of articles to analyze and discuss
outdoor thermal comfort through field surveys, for example,
Spagnolo and de Dear in Australia [1], Ahmed in Bangladesh
[2], Nakano and Tanabe in Japan [3], Nikolopoulou and
Lykoudis in European countries [4],Oliveira andAndrade [5]
and Andrade et al. [6] in Portugal, Cheng et al. in Hong Kong

[7], Kariminia et al. in Iran [8], and Lin [9], Hwang et al. [10],
and Lin et al. [11] in Taiwan.

Many of the research studies have generally used a ther-
mophysiological index in outdoor thermal condition analy-
sis. Some of the indices, for example, physiological equiva-
lent temperature (PET), standard new effective temperature
(SET∗), universal thermal climate index (UTCI), and so forth,
are based on comprehensive energy-balance models for the
human body to describe outdoor thermal conditions. The
outdoor thermal comfort investigations conducted in Taiwan
[9–12] found that the thermal comfort characteristics of a
population adapted to hot and humid climate were different
from residents living in temperate climates. Meanwhile, it
was also found that thermo-physiological indices, based
on energy-balance model, cannot fully explain subjective
perceptions or preferences of people due to the impacts of
their personal psychological and behavioral adjustments [12].
In addition, thermo-physiological indices based on energy-
balance model are general complex in calculation and result
in difficulties in application for those architects or landscape
designers who are unfamiliar with energy-balance modeling.
In this sense, our research question is, can simpler and
directly measurable indices, which correlate well with human
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Figure 1: Photograph of investigated Wen-Xin Park in Taichung,
Taiwan.

responses and thus enable reliable predictions to be made,
be used to replace such complex indictors to help architects
achieve better climatic design? Thus, the objectives of this
study were to select a thermo-physiological index that can be
determined from simple readings to analyze outdoor thermal
comfort and to discuss the relationship between the public’s
outdoor adaptive behaviors and the selected index.

2. Materials and Methods

2.1. Description of Study Park. This study was based on ques-
tionnaire surveys and weather measurements performed
simultaneously in Taichung City, the third largest city of
Taiwan (longitude 120∘40E; latitude 24∘09N), which is
located in central Taiwan and has approximately 1,200,000
inhabitants. The city has a hot and humid climate, with mild
winters and hot and humid summers.

The field investigations were conducted in the open
area of Wen-Xin Park (see Figure 1), which is one of the
three metropolitan parks in downtown Taichung City. This
park is used for leisure and sport activities, such as lying,
sitting, promenading, jogging, and kite flying, particularly
during weekends and holidays. The surveyed area has paved
sidewalks and green areas, with about 80% of the total area
covered by grass. There are a few benches facing the green
areas along the sidewalks; however, most people use the grass
areas.The trees that provide shade are around the sidewalk in
the middle of the surveyed area and cover about 20% of the
area.

2.2. Instrumentations and Microclimatic Measurements. A
combination of portable equipment, which complies with the
requirements of instruments for measuring physical quan-
tities in ISO 7726 [13], was assembled to allow monitoring
of the microclimate during questionnaire interviews. Data
Logger Center 314 was used to collect measurements of dry-
bulb temperature, globe temperature, and relative humidity.
The globe thermometer is a standard black-painted matte
globe.Thedry-bulb temperature and relative humidity sensor

were shielded from radiation by a highly reflective alu-
minized top film but were subject to free-flowing ventilation.
Air speed was monitored with a separate data logger, the
omnidirectional anemometers Delta HD 2103.Metabolic rate
and the insulation of clothing [14] were estimated based on
the answers to the questionnaire. The thermo-physiological
index WBGT was calculated in order to evaluate the com-
bined effects of atmospheric variables on thermal sensation
votes (TSV). The wet-bulb temperature was obtained by
substituting the measured dry-bulb temperature and relative
humidity into the equations in the Chapter of Psychometrics,
ASHRAE Handbook of Fundamentals [15]. Besides the mea-
surements of condition nearby the respondents, two sets of
instruments were installed in sunlit and tree-shaded area for
continuous measurements on fieldwork days. Meteorological
data were also obtained from a nearby local official weather
station, which is located in another downtown metropolitan
park about 4 km away from the study park.

2.3. Questionnaire Interviews and Observation. A team of
three research assistants performed the questionnaire inter-
views and observations every fieldwork day: two of themwere
responsible for questionnaire interviews, and the remaining
assistant for observations. The interviews were performed in
Chinese and required 15 minutes to complete. The question-
naires used in this study were created by modifying those
deployed in earlier studies [9–11], divided into two parts,
namely, BACKGROUND and PERCEPTION.

BACKGROUND covered questions regarding demo-
graphics, current clothing garments, metabolic activities,
living or working in the neighborhood of park, the reason
for being in the park, and the frequency and duration of time
spent in the park.

PERCEPTION had questions concerning the subject’s
assessment of their immediate thermal environment at that
point in time. The subjects were asked to report their
sensations of thermal environment through a 7-point scale
and of air movement through a 5-point scale. The thermal
sensation scale was the ASHRAE 7-point scale, ranging from
cold (−3) to hot (+3), with neutral (0) in the middle. The
subjects assessed the wind sensation on a 5-point scale: still
(−2), weak (−1), moderate (0), strong (+1), and very strong
(+2). The final question in the PERCEPTION part asked
subjects whether, or not, they considered the weather of
the fieldwork day suitable for leisure outdoor activities. The
protocol for each interview was as follows: (1) two research
assistants approach subject, ask if time is convenient, and
present the questionnaire; (2) one of them gives the subject
a brief explanation about the aim and the context of ques-
tionnaire, while the other settles the instrumentations nearby
to measure thermal environmental variables; (3) subject
completes questionnaire survey; (4) during the survey, a 15-
minute sample of the thermal environment is made; and (5)
subject leaves and the assistants seek the next subject. 60–120
subjects were surveyed daily on fieldwork days.

The number of visitors and their activities within the
study area were investigated by observations on fieldwork
days. Observations on each day were performed every 30
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Table 1: Climatic characterization of fieldwork days.

Fieldwork date
Daily average values Maximum DB temperature Δ𝑇max

†

DB RH Wind speed Solar radiation
∘C % m/s MW/m2 ∘C ∘C

Sep. 19 27.4 74.5 1.3 1.56 31.2 −2.8
Sep. 26 28.1 76.0 1.0 1.65 32.4 −1.6
Oct. 03 28.1 75.5 1.5 1.22 30.7 −1.9
Oct. 10 28.2 71.4 0.8 1.38 32.1 −0.5
Oct. 17 27.9 69.1 1.0 1.44 32.3 −0.3
Oct. 24 27.1 73.3 1.1 1.58 30.8 −1.8
Oct. 31 21.2 61.4 2.6 1.83 26.2 −6.4
Nov. 07 24.4 77.3 2.0 1.30 28.0 −0.1
Nov. 28 21.5 68.0 0.8 1.42 26.4 −1.7
Dec. 05 23.1 67.3 1.0 1.34 28.4 0.0
Dec. 12 19.7 72.4 0.9 1.36 27.0 −1.4
Dec. 19 18.2 65.5 0.6 1.39 24.3 −4.1
Jan. 09 16.6 73.6 2.9 1.34 20.0 −2.9
Jan. 16 10.3 68.5 2.8 0.55 11.5 −11.4
†Difference between daily maximum temperature on fieldwork day and monthly maximum temperature.

minutes from 10:00 am to 5:00 pm, for a daily total of 15
observations. The numbers of people in different subspaces
were observed according to the observation protocol. Field
investigations were conducted on Saturday or Sunday from
September 2010 to January 2011. All fieldwork days were
sunny and no festival celebrations held in the park.

3. Results of Key Survey Questions

3.1. Descriptions of the Weather on Fieldwork Days. Table 1
summarizes the weather conditions on the fieldwork days.
The data in Table 1 are from the local weather station. The
differences between maximum air temperatures of fieldwork
days and monthly maximum temperature are also shown for
comparison. The mean dry-bulb temperature varies between
10.3∘C and 28.2∘C. Mean relative humidity and mean wind
speeds are in the ranges of 61.4–77.3% and 0.6–2.9m/s,
respectively.

3.2. Characterization of Subjects. The fieldwork team invited
759 visitors to take part in the questionnaires. Of the ques-
tionnaire responses, 43% were from male visitors of the park
and 57% were from female visitors. Of the respondents, 51%
live or work in neighborhood of the park, and 49% are from
other regions. The profile of subjects’ age is 20% teenagers,
75% in the range of 20–50 years, and 5% older than 50 years.

The result of the question regarding how often the
subjects visit this park shows 9% visit more than 10 times,
17% visit 5–10 times, and 35% visit 1–5 times per month,
respectively. There are 27% of subjects seldom visiting this
park and 13% visiting this park for the first time. Regarding
the question “How long are you going to spend in this park?”
37% answeredmore than two hours, 33% answered 1-2 hours,
23% answered 0.5–1 hour, and the remaining 7% answered
less than 0.5 hour. Regarding the question “For what purpose
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do you visit this park?” and 69% said for the special reason
of sport, relaxing, or meeting other(s), 31% said for other
reasons, such as being on the way to other places. Based
on the results of observations, the frequency distribution of
visitors’ activities shows that 32%of the visitors observedwere
engaged in light activities, such as seating relaxed, reading,
sun bathing, and picnicking; 39% were taking a walk; 16%
were jogging; and 14% were playing ball, flying a Frisbee,
flying a kite, and so forth. In addition, it was observed that
visitors prefer to use this park after 3:00 pm, as the solar
radiation at that time would not annoy them.

3.3. Assessment of the Thermal Environment. The subjects
were asked to report their thermal and wind sensations
according to a 7-point and a 5-point scale, respectively.
Figure 2 shows, the relative frequency distribution for ther-
mal sensation votes while being surveyed; 42% of the subjects
felt the thermal conditions to be thermal neutral; 28% felt
slightly cool, cool, and cold; and 30% felt slightly warm,
warm, and hot. Figure 2 also shows the distribution for wind
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Figure 3: (a)Thermal sensation votes versus votes on fieldwork day’s weather, (b) wind sensation votes versus votes on fieldwork day’s weather.

sensation votes. In wind assessment, the majority of subjects
(72%) assessed the wind conditions as being moderate; 14%
as still or weak, and 14% as strong or very strong. As shown
in Figure 2, themajority of subjects considered the weather of
fieldwork days as suitable for outdoor leisure activities; 22%
chose very suitable, 51% suitable, 22% general, 5% unsuitable,
and 1% as very unsuitable.

Patterns of thermal or wind sensation votes, versus field-
work day weather, are examined in more detail in Figure 3.
As shown in Figure 3(a), when feeling the weather as suitable
or very suitable for outdoor leisure activity, about 70% of
subjects were also satisfied with the thermal conditions at
the site, with their votes falling in the three central categories
(TSV = −1, 0 and +1) of the thermal sensation scale, whereas
30% were unsatisfied by voting extreme thermal sensations
(TSV = ±2, ±3). Of the people feeling unsuitable or very
unsuitable, 80% to 100% were not satisfied with the thermal
conditions at the site. In Figure 3(b), the distributions of
cross-examinations between wind sensation and votes on the
weather fieldwork days revealed the same trend; however,
when subjects felt “unsuitable” or “very unsuitable,” 35% and
14% felt the wind was moderate, respectively.

4. Thermal Perception Analysis

4.1. Thermal Sensation versus Thermal Environment. The re-
lationship between thermal sensation and thermal envi-
ronment was examined using linear regressions between
thermal sensation votes and the thermo-physiological index.
WBGT was selected as the thermal index in this study.
Provided in ISO 7243 [16], as a simplified version of ET∗
for the assessment of hot environments, the WBGT for
outdoor environments with solar radiation is determined
from three single readings, namely, wet-bulb temperature,
globe temperature, and dry bulb temperature. As explained in
the introduction, the WBGT seems suitable for practical use

by those unskilled in energy-balance modeling of the human
body, which is the reason this study decided to test WBGT
as the basis for all subsequent analyses. The WBGT index
combines temperature, humidity, radiation, and wind into a
single index, which is determined as follows:

WBGT = 0.7 × 𝑡wb + 0.2 × 𝑡𝑔 + 0.1 × 𝑡𝑎, (1)

where 𝑡wb is normal meteorological wet bulb temperature
shown by awet bulb thermometer; 𝑡

𝑎
is dry bulb temperature;

and 𝑡
𝑔
is 150mm diameter black globe temperature.

In the regression analysis, the mean thermal sensation
votes in each temperature interval were used, rather than
actual individual votes, in order to eliminate the influence
of individual differences. Thus, all thermal sensation votes
of the subjects were sorted in ascending order according to
WBGT and are binned into 1.0∘C intervals of WBGT. The
𝑅
2 of the model can be interpreted as an index of goodness

of fit. The regression of the mean thermal sensation vote
against WBGT is shown in Figure 4.Thermal sensation votes
correlate strongly with WBGT; thus, the WBGT index is
considered by this study as a suitable index without elaborate
procedures of calculations.

4.2. Thermal Acceptability. Generally, the votes equal to
“slightly cool,” “neutral”, and “slightlywarm” are considered to
be of those who consider the thermal conditions surrounding
them acceptable. Thus, for each 1∘C interval of the WBGT,
the percentage of thermal acceptability could be determined
from counting the total number of votes and the number
of votes falling into the three categories of “slightly cool”,
“neutral”, and “slightly warm.” Figure 5 shows the histogram
of the distribution of the acceptable votes as well as the
percentage of unacceptability, due to coldness or hotness.
The percentage of hot unacceptability in each interval of
the WBGT is derived from dividing the number of votes
falling into the categories of “warm” and “hot” by the total
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number of votes, while the percentage of cold unacceptability
is derived from dividing the number of votes falling into the
categories of “cool” and “cold” by the total number of votes.
It appears that the distribution of thermal acceptability rate
and the distribution of thermal unacceptability rate depend
on WBGT.

The sigmoid distribution of unacceptability rates due to
hotness or coldness suggests that the resulting percentages
within each interval could be subjected to the probit analysis
[17, 18]. The resulting models are depicted in Figure 6. The
maximum likelihood probit models for the percentages of
unacceptability due hotness and coldness are given in (2) and
(3), respectively.

For hotness,

probit 𝑝hot = 4.38 ×WBGT + 29.2𝑅2 = 0.89. (2)

For coldness,

probit 𝑝cold = −4.11 ×𝑊𝐵𝐺𝑇 + 16.6𝑅
2

= 0.93. (3)
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Then, the sum of the probabilities of unacceptability due
to hotness and coldness is the total percentage of unac-
ceptability, with respect to a specific WBGT. By inspecting
the curve of total unacceptability, it can be noticed that
the distribution of thermal unacceptability is approximately
symmetrical around the ideal comfort temperature. For
WBGT between 20∘C and 26.0∘C, there are less than 20%
of subjects voting unacceptable, that is, more than 80% of
subjects voting acceptable. An ideal comfort condition, at
which theminimum value of thermal unacceptability occurs,
is at the point of 23.2∘CWBGT.

5. Behavioral Adaptation

According to the adaptive principle, “If a change occurs, and
produces discomfort, people react in ways that tend to restore
their comfort” [19]. For the case of this study, the behavioral
adaptations of clothing adjustments andmetabolic rates were
evaluated. The air velocity and attendance of visitors were
used as means to measure the methods subjects used to
achieve comfort.

5.1. Clothing Level. Adjusting clothing is the most important
personal behavioral adaptation to restore thermal comfort
at different temperatures. By plotting the value of clothing
insulation worn by the subjects, it is easy to determine the
correlation between the clo value and the outdoor thermal
condition. Figure 7 shows how the clo value varies among the
fieldwork days. The scattered clo value was observed from a
minimum of 0.3 clo on hot days to a maximum of 1.5 clo on
cold days. The regression in (4) shows that the correlation
between average clothing insulation and average WBGT on
a fieldwork days is robust:

clo = −0.039 ×WBGT + 1.54𝑅2 = 0.96. (4)
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Figure 8

A similar regression was conducted between the clothing
and the instantaneous WBGT during interviews. The linear
regression gives

clo = −0.031 ×WBGT + 1.50𝑅2 = 0.93. (5)

Results from the field studies demonstrate that individu-
als use changes in clothing levels to try and achieve comfort
and that a correlation exists between the clothing and the
WBGT.

5.2. Activity Level. The plot of the activity levels of visitors on
fieldwork days shows that the corresponding metabolic rate
is nearly horizontal, between 1.0 and 1.5 met, Figure 8. This
indicates that the visitor’s activity level is independent of the
value of the WBGT.

5.3. Air Movement. Figure 9 shows the average wind speed
and percentage of wind sensation votes in “still” and “weak”

0.0 

2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

0

20

40

60

80

6 10 14 18 22 26 30 34 38 

W
in

d 
sp

ee
d 

(m
/s

)

Fr
eq

ue
nc

y 
(%

)

Still and weak
Strong and very strong
Air speed

−40

−20

WBGT (∘C)

Figure 9

categories or “strong” and “very strong” categories as a func-
tion ofWBGT. Inwarmer-than-neutral conditions (WBGT ≧
24.0
∘C), the percentage of subjects feeling the wind speed

to be “still” or “weak” increases dramatically from 10% at
24.0∘C WBGT to 52% at 34.0∘C WBGT, even though the
mean air speed varies in a narrow range of 0.9–1.5m/s.
A possible explanation is that subjects who exposed to
high WBGT perceived the wind to be weak based on their
experience that lower wind speed may contribute to hot
condition.That is, they think stronger wind may release their
uncomfortable feeling so they might vote the wind speed as
“still” and “weak” to reflect their subconscious uncomfortable
perception.The sharp rise in wind discomfort votes without a
significant change in wind speed and in accordance with the
respective thermal conditions indicates that wind is actually
perceived as a component of the thermal environment rather
than as a separate environmental factor. It should be noted
that the wind speed measured in this park is not strong
due to the high density urban forms in Taiwan and tall
buildings surrounding.The subjectsmay express a reasonable
perception equivalent to actual wind speed once the wind
speed is relatively high (e.g., >10m/s).

5.4. Avoidance of the Sun. Thorsson et al. [20] conducted
a fieldwork study in Japan, where the ideal beauty is fair
skin, and found that 80% of the visitors in the urban public
places sought shade at temperatures higher than 20∘C. A
counterpart study done in Sweden [21], where the ideal
beauty includes a suntan, showed that only 14% of park
visitors sought shade at temperatures higher than 20∘C.With
respect to attitudes toward the sun, this study demonstrates
the relationship between the thermal environment, in terms
of the temperature difference (𝑡

𝑔
− 𝑡
𝑎
) between globe tem-

perature and dry-bulb temperature, and the usage as shown
Figure 10. Rather than the percentage of visitors in shade, total
attendance is used in Figure 10, which results from the limited
amount of shade in the park. As shown in Figure 10, the
maximum of people in the park was observed at a situation
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where the temperature difference was less than 1.0∘C. As the
𝑡
𝑔
− 𝑡
𝑎
increases, the total attendance presents an exponential

decay. The best-fitted regression equation is superposed in
Figure 10. The 𝑅2 = 0.92 indicates a robust relation exists.
This demonstrates that strong solar radiation intensity result
in people in Taiwan, where the ideal beauty is also fair skin,
tends to avoid the sun to a notable extent.

5.5. Relation between Total Attendance and Thermal Condi-
tions. Figure 11 shows the relation between thermal environ-
ments in terms of WBGT and the average total attendance.
This distribution of total attendance againstWBGT is a single
peak model. When the park’s thermal condition is moderate,
there are more than 120 people remaining in the study area
of the park, and the total attendance in the park decreases
considerably, to a level of less than 20 people staying in the
study area. The number of people decreases more rapidly
withWBGT in hot conditions than in cool conditions. Linear
regression analysis is used to fit the relation between thermal
conditions and total attendance, as shown in Figure 11. The
relation is found to be significant, which indicates that the
more comfortable the perceived thermal environment is, the
higher the usage rate of the park will be.

6. Conclusions

Urban outdoor thermal environmental evaluation is of
great significance in guiding the public’s outdoor activities,
the design of comfortable outdoor environments, and the
improvement of urban climate. Based on the data from
field surveys, this study used the WBGT as the thermo-
physiological index to analyze outdoor thermal comfort. The
major achievements of this study are as follows.

According to the respondents’ thermal perceptions,
WBGT, as an index of the outdoor thermal conditions, has
statistical significance relationship with the thermal percep-
tion of the respondents. This suggested the reliability of its
application for analyzing outdoor thermal comfort. Accord-
ing to that relationship, the lower and upper limits of comfort
acceptability for 80% of acceptability were 20∘C WBGT and
26∘C WBGT. This study also found that the temperature,
corresponding to the lowest thermal unacceptable value, is
23.2∘CWBGT.

The results regarding the adjustment behaviors and ther-
mal environments suggested that the amount of clothing
was significantly correlated to WBGT. However, the activity
was not significantly correlated to WBGT. When the WBGT
increases, expectations for high wind speed rise rapidly.
When theWBGT decreases, expectations for low wind speed
rise rapidly. The research found that Taiwan’s residents had
the apparent characteristics of avoiding sunlight. With rising
or falling of WBGT, the number of visitors in the park would
decline accordingly. The WBGT range of most visitors was
approximately consistent with the outdoor thermal comfort-
able zone.
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Numerical simulations of human thermal comfort conditions were carried out by means of the urban microclimate model ENVI-
met in a popular children’s playground located in Szeged, Hungary. Bioclimatic conditions were quantified by the Physiologically
Equivalent Temperature (PET). Based on the PET values, thermal stress maps were created in two different periods of typical
summer and autumn days. The study aims to reveal the seasonal and diurnal spatial patterns of the simulated thermal conditions
and thus the degree of heat stress in different parts of the playground. Furthermore, we analysed themomentary spatial distributions
of the visitors triggered by the microclimatic conditions of the area. According to the simulation, remarkable differences in the
thermal conditions were found depending on the sun elevation and the resulting shaded conditions as well as the radiation of the
heated surfaces. The spatial distribution of the visitors seems to be highly influenced by the patterns of the thermal conditions but
the location and the preference of the children’s playground equipment also affects it. In order to reveal the possible causes of the
people’s behaviour, an onsite questionnaire survey was conducted on their opinions and possible modification requirements related
to the design of the playground.

1. Introduction

Due to accelerated urbanization, more than half of the Earth’s
population live in urbanized areas and this ratiomay continue
to increase in the future [1]. This also means that the number
of people affected by the hazards of their housing andworking
environments such as air and light pollution and noise and
thermal load (heat stress) is growing rapidly. In addition
to urbanization, the trends of climate change, particularly
the increasing frequency and intensification of extreme heat
waves [2], increase the importance of urban bioclimatological
research.

Urban bioclimatology examines the physiological im-
pacts of the urban climate on the human health and the ther-
mal comfort requirements. In urban environments, climate
parameters aremodified compared to the rural areas and even
microscale climatic conditions change rapidly which have
great influence on the thermal sensations and thermal stress
levels of the residents and visitors. The microclimatic aspects
of an area substantially determine the behavioural reactions

as well as the subjective judgments of the visitors related to
the area design, and ultimately area usage.

In the last years, numerous prominent urban bioclimate
research projects were carried out in order to reveal the
microclimatic conditions of open spaces (streets, squares, and
parks) with different designs and also the visitors’ behavioural
reactions (e.g., RUROS [3], UCS [4, 5], and KLIMES [6]). A
number of further studies conducted in the field of outdoor
thermal comfort have attempted to contribute to encouraging
sustainable urban development in various climates around
the world. These studies focus on the thermal effects of
urban microenvironments based on different methods. Sev-
eral studies analyze the thermal environment-dependent area
usage and the involuntary human reactions (mainly the cloth-
ing and solar exposure of visitors) triggered by these envi-
ronments based on observations, for example, in Cambridge
[7], Göteborg [8], Athens [9] as well as in Taichung City [10].
Numerous studies focus on revealing subjective assessments
directed towards the thermal sensations, perceptions, and
preferences of outdoor thermal factors based on structured
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onsite interviews (e.g., [11–14]). Cultural and psychological
characteristics and differences in subjective reactions to the
thermal environment are also frequently analyzed [15–17].

Recent papers have emphasized the role and importance
of urban planning processes in the thermal comfort inves-
tigations [18]. The design of an urban space is determined
primarily by aspects of architecture but it would be desirable
that urban planners and architects create also thermally com-
fortable and enjoyable microscale climatic conditions taking
into account the health and well-being of the citizens. Mainly
due to the large role of urban planning, considerable efforts
have been put into analyzing the microclimate perception of
people in urban environments through cognitive mapping
[19], the shading effects of the vegetation, and buildings on
outdoor thermal comfort (e.g., [20–23]) as well as the thermal
performance and effects of natural and artificial materials
used in outdoor urban spaces (e.g., [24, 25]). Extensive
research has also been conducted emphasizing the role of
microclimate simulations in urban planning.

The application of urban microscale models provides an
opportunity to predict the different thermal stress conditions
in high spatial and temporal resolution. Simulation results
can give useful information for the architects and urban plan-
ners already before a construction process begins, therefore,
they can estimate its possible thermal impacts and conse-
quences. In case of existing places, thermally comfortable
or critical areas can be identified by a modelling approach,
and, if necessary, possible goals in relation to the area design
can be determined. Nowadays, there are studies dealing
with microclimate simulation in planning using the models
RayMan [26–28], ENVI-met [19, 29], or their combination
[30, 31].

In Szeged, Hungary, several public places (squares, play-
grounds, and a pedestrian street) have been evaluated in
terms of thermal conditions and the resulting human reac-
tions in the framework of a long-term urban bioclimate
project. The applied methods consisted of, for example,
onsite questionnaire surveys related to the subjective thermal
sensations, perceptions and preferences of the visitors as
well as their opinions about the design of the areas [13].
In addition, the momentary attendance of the places was
observed [32]. In the second part of the project, the investi-
gationwas extendedwith amicroclimatemodelling approach
performed by means of the models RayMan [33] and ENVI-
met [34]. In summer 2011, one of the most modern children’s
playgrounds of Szeged was included in the thermal comfort
studies.

Children’s playgrounds have a significant influence on the
social life of their neighbourhood and provide recreational
activity and enjoyment to the visitors of the area. Typically,
the groupsmost affected by heat stress are the young children
and the older adults who often take care of them [35].
Therefore, the thermal comfort examination of these types
of public places is a particularly important research topic
and can provide valuable information to architects and urban
planners as well as decision makers.

The main objective of the study is to identify different
microclimatic areas with various thermal stress levels in the
above-mentioned popular playground of Szeged according to

the results of an urban microscale model simulation. In this
context, we also analyze the momentary spatial distributions
of the visitors triggered by these different microclimatic
conditions. In order to reveal the possible causes of the
visitors’ behaviour, they were asked to evaluate the design of
the area in an onsite questionnaire survey.

The paper is organized as follows. In Section 2, the study
area and the methodology are introduced. In Section 3,
the results of the model simulation, area usage, and the
questionnaire survey are presented. We also propose some
possible solutions to improve the thermal conditions in the
area. Finally, in Section 4, we summarize the results.

2. Materials and Methods

2.1. Study Area. The examined playground is located in
Szeged (46∘N, 20∘E, 82m above sea level), a medium-sized
city in the southeastern part of Hungary, having a population
of 160,000 and an area of 40 km2. The city belongs to
the climatic region Cfb according to Köppen’s classification
(temperate warm climate with uniform annual distribution
of precipitation) or to the climatic region D.1 according to
Trewartha’s classification (continental climate with a long
warm season) [36].

The study area is one of the most popular and attended
playgrounds in the city with an area of approximately
3,300m2. Children can choose from several playground
equipments such as jungle gyms, swings, and slides; more-
over a cottage in the western part of the area provides an
opportunity to play in comfortable, shaded conditions and
also in the case of bad weather (Figure 1). The surface of the
area is primarily covered by light-coloured gravel; however,
in the immediate vicinity of the playhouse, paving stone can
be found. A large number of deciduous trees (about 60) are
plantedmainly at the boundaries of the playground; however,
in the middle parts of the area, there are only a few trees
(about 20), moreover they are too young to provide shade
yet. Therefore, in the morning and early afternoon hours, a
considerable part of the area is exposed to direct sunlight
which can adversely affect the thermal conditions in summer,
though the shading of the trees would be a decisive way to
control heat stress, especially in summer.

2.2. Applied Methods: Model Simulation, Area Usage, and
Questionnaire Survey. In order to examine the microbio-
climatic conditions of the area, a modelling approach was
applied in the study.We used themodel ENVI-met which is a
three-dimensional nonhydrostatic climatemodel and is capa-
ble to simulate the interactions in the surface-atmosphere-
vegetation system with relatively high temporal (10min)
and spatial (0.5–10m) resolution [37, 38]. The simulation
required two groups of model input data: the configuration
file (cf) contains the basic settings and the necessary initial
meteorological parameters of the simulation while the area
input file (.in) includes the morphological elements (build-
ings, vegetation, land covers, etc.) of the area. ENVI-met
needs initialization time, therefore it is suggested to start the
simulation at midnight or at sunrise.
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Figure 1: Spatial design and surface cover of the examined play-
ground.

The morphological characteristics of the study area were
previously assessed during field surveys. In the model the
vegetation (trees and bushes) was divided into six groups
based on their heights. Then a default type of tree selected
in the model was modified layer by layer according to our
groups. This method was applied also in case of the bushes.
The model was run with a spatial resolution of 1.5m, and
the results refer to 1.2m. The simulation had a stabilization
time of 24 hours and then results for the period from9 a.m.
to 6 p.m. CEST (in accordance with the opening hours of
the playground) were applied for a hot summer day (12th
July 2011) and a temperate autumn day (3rd October 2011),
both typical in terms of the average climatic conditions of
Szeged. We tried to select relatively windless and sunny
days so that the thermal conditions could develop clearly
in the study area. The necessary initial meteorological data
for the model on both days were air temperature, relative
humidity (both at 12 a.m.), wind speed (average of the ten-
minute measurements in the period from 9 a.m. to 6 p.m.),
the most frequent wind direction (from9 a.m. to 6 p.m.), and
specific humidity (sounding measurements at 0 UTC).These
necessary meteorological parameters were obtained from
the meteorological station of the Hungarian Meteorological
Service at a distance of about 6 km from the playground.
The specific humidity was derived from [39]. The value at
2500m necessary for modelling was obtained by interpola-
tion (Table 1).

The simulated thermal conditions were quantified by a
widely used thermal comfort index which is the Physiolog-
ically Equivalent Temperature (PET). It is defined as the air
temperatures at which, in a typical indoor setting, the heat

Table 1: Basic initial meteorological input parameters of the simu-
lation on both investigated days.

Meteorological parameters 12th July 3rd October
Air temperature at 2m (K) 294 285
Relative humidity at 2m (%) 75 70
Wind speed at 10m (ms−1) 3.3 1.3
Wind direction (∘) 10 60
Spec. humidity at 2500m (gkg−1) 4 2

Table 2: Categories of the PET values (∘C) for different grades of
thermal sensation and physiological stress level [42].

Very hot Extreme heat
Hot Strong heat

Warm Moderate heat
Slightly warm Slight heat

Neutral No stress
Slightly cool Slight cold

Cool Moderate cold
Cold Strong cold

Very cold Extreme cold

PET categories (∘C)
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budget of the body is balanced with the same core and skin
temperature as those under the prevailing complex outdoor
conditions [40, 41]. The PET value ranges were defined
according to different Central European thermal sensations
and physiological stress levels [42] (Table 2).

After the modelling process, hourly thermal stress maps,
that is, spatial distributions of the simulatedPET,were created
with the software Surfer 8 from 9 a.m. to 6 p.m. for the
selected days. Surfer is able to visualize accurately microscale
model results. Maps in two distinct times of the days (11 a.m.
and 4 p.m.) were analyzed.Themomentary spatial patterns of
visitors in the area (at 11 a.m. and 4 p.m.) are also illustrated
on the maps and analyzed in terms of the actual thermal
conditions.

Additionally, an onsite questionnaire survey was con-
ducted for 12 days (each day from 10 a.m. to 6 p.m.) related
to the subjective evaluation of the design of the playground.
The survey was carried out during the summer of 2011
and 2012 (226 interviewees) and the autumn of 2011 (329
interviewees); the dataset from each season comprises 6 days.
The responses are fairly well representative of the population
regularly visiting the playground.

Table 3 informs about the dates of the surveys and also the
overall climatic conditions. The meteorological parameters
were obtained from the above-mentioned meteorological
station. The data were averaged for the period from 10 a.m.
to 6 p.m. for all parameters.

The questionnaires took about 5minutes to be completed.
The first part collected information on the degree of the
satisfaction with the design of the area marked in a seven-
point semantic differential scale (from −3 very unpleasant
to +3 very pleasant). Then subjects were asked to identify
more than one preference and deficiency related to the area
design. In the last part, we were interested in their possible
modification requirements in the area. At first, we asked
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Table 3: The dates of the questionnaire surveys and the basic climatic conditions. The parameters are marked in bold in case of the dates
considered for simulations.

Campaign Meteorological parameters
Temperature (∘C) Relative humidity (%) Wind speed (m/s) Global radiation (W/m2

)

Summer of 2011
12/07/2011 29.4 43.9 3.2 767.8
04/08/2011 25.8 51.2 3.4 467.7

Summer of 2012
07/06/2012 25.6 45.9 2.8 756.6
08/06/2012 27.6 49.7 5.1 749.3
02/07/2012 34.5 33.6 4.1 697.4
02/08/2012 n/a n/a n/a n/a

Autumn of 2011
12/09/2011 30.2 38.8 4.6 540.8
19/09/2011 29.4 32.3 8.4 474.9
26/09/2011 25.0 39.0 1.6 445.3
03/10/2011 22.8 34.1 1.3 445.6
10/10/2011 13.3 47.7 3.1 412.4
17/10/2011 9.8 32.8 2.6 399.3
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Figure 2: Thermal stress map (PET) and spatial pattern of visitors (black dots) at 11 a.m. (a) and 4 p.m. (b) CEST, 12th July 2011. The thick
black line indicates the border of the playground.

them to indicate the degree of their modification demand
according to three categories: significant, slight, or none.
Then they could give up to three concrete proposals for
solutions from a list of six predefined factors (e.g., “construct
shade structures”, “plant trees”, and “construct fountain”),
and they also had the option to mention other proposals
according to their individual ideas.

3. Results and Discussion

3.1. SimulatedThermal Conditions and theMomentary Spatial
Distributions of Visitors. According to themethods described

in Section 2, the heat stress conditions expressed by the spatial
distribution of PET values and their relationship with the
momentary area usage of the playground are examined. The
thermal stress maps indicate remarkable differences between
summer (Figure 2) and autumn (Figure 3) and also between
the investigated times.

The heat load was more dominant in the summer day in
the whole area than in autumn. In summer, in the morning
(Figure 2(a)), the highest heat load appeared around the
playhousewhere PET values exceeded 41∘Cdenoting extreme
heat stress (very hot thermal sensation).This can be explained
by the strong heat radiation of the pavement (see Figure 1)
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Figure 3:Thermal stress map (PET) and spatial pattern of visitors (black dots) at 11 a.m. (a) and 4 p.m. (b) CEST, 3rd October 2011. The thick
black line indicates the border of the playground.
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Figure 4: Percentage distribution of the visitors’ general satisfaction
with the playground.

which was strongly heated by the direct solar radiation. In
the middle and northern parts of the playground, slightly
moremoderate thermal conditions can be found, but even so,
mainlywarmandhot thermal sensations (29–41∘C) occurred.
In the immediate vicinity of the single trees, thermal stress
was negligible. Due to the shading effect of the dense
foliage, thermal conditionsweremuchmore pleasant near the
southern and eastern boundaries of the area; however, slight
cold stress was still present (13–18∘C). Although the spatial
distribution of the visitors can be highly influenced by the
location and the preference of the playground equipment, it
also has some connections with the patterns of the thermal
conditions. Some visitors spent their time at the playground
equipments exposed to the direct sunlight. Seemingly they

did not care about the existing heat load too much. However,
most people preferred the comfortable southern and eastern
spaces protecting themselves from the direct sunlight.

In the afternoon (Figure 2(b)), despite the lower sun
elevation, there were more unpleasant thermal conditions
in the places exposed to the sunlight compared to those
in the morning. Besides the direct radiation, this might be
related to the strong radiation from the heated surfaces. The
most unpleasant conditions corresponding to hot and very
hot thermal sensations (PET of above 35∘C) were in the
sunny middle and eastern parts of the area as well as on
the southern side of the house. Similarly to the situation
at 11 a.m., comfortable conditions prevailed in the southern
shaded area. However, due to the altered shading conditions
of the trees, the thermal sensation on the western part of
the playground became also comfortable. The attendance
followed the spatial pattern of the thermal conditions, that
is, people were not exposed to the direct sunlight at all.
Nevertheless, there were much less people in the playground
at this time compared to the morning. The more stressful
thermal load and, as a consequence, the increasing number of
sun-heated equipments may play a role in this phenomenon.

The selected autumn day can be characterized with lower
thermal load (Figure 3). At this time, cold stress also appeared
in large areas. In the morning (Figure 3(a)), similarly to the
summer day, warm load prevailed primarily in the northern
parts (corresponding to slight and moderate heat stress,
i.e., 23–35∘C). Additionally, moderate and strong heat stress
conditions (29–41∘C) occurred on the western side of the
house even in autumn. In these places, there was practically
nothing to protect the people from the direct radiation.
Due to the lower sun elevation in autumn, greater parts
of the area were shaded by the southern vegetation and
the buildings. The PET decreased there below 13∘C which
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Figure 5: Preferences (a) and deficiencies (b) according to the opinions of the respondents (a person could mention more than one
assessment).

already indicates cool conditions (moderate cold stress).
It can be therefore concluded that areas with comfortable
conditions were negligible, thus people could only choose
places with thermal stress. Most people favoured the shady,
cold conditions (Figure 3(a)) which can be considered to be
a real human reaction in autumn, after a hot summer period.
However, several children enjoyed their time on the jungle
gym partly exposed to the direct sunlight.

Regarding the late afternoon period of the autumn day
(Figure 3(b)), cool thermal sensation (PET of below 13∘C)
occurred in large parts of the area since they became shady.
The heat stress zone (23–35∘C) shifted to the northeast
compared to that of the morning hour due to the western
position of the sun. The number of people was lower at
this time and their distribution did not follow strictly that
of the thermal conditions; the locations of the playground
equipment had rather greater influence on the patterns of the
visitors.

The thermal stress maps indicate appropriately the spatial
differences in thermal conditions in such a small area.
However, the results of ENVI-met should be interpreted
with caution due to inaccuracies in simulations, which have
been also discussed in [19, 31]. The model gives inaccurate
results in certain situations as near the large buildings at the
edges of the maps clearly seen in Figures 2 and 3. There
is an overestimation of radiation fluxes and thus PET in

these spaces, therefore they were excluded from the analysis.
It should be noted, however, that the results of ENVI-met
entirely outline the adversely thermal effects of the pavement
around the playhouse in the studied area (Figures 1–3).

3.2. Questionnaire Survey Related to the Design of the Play-
ground. According to the results analyzed in Section 3.1, the
creation of more comfortable conditions becomes particu-
larly important which can be achieved by somemodifications
in the design of the area reflecting the visitor’s opinions and
requirements. In this section, the onsite seasonal evaluation
of the visitors’ answers pertaining to the area design is
analyzed.

The first question concerns their general satisfaction with
the area was marked in a seven-point semantic differential
scale (from−3 very unpleasant to +3 very pleasant) (Figure 4).
The vast majority of the votes correspond to the “pleasant”
categories (+1−3): 94.6% in summer and 96.4% in autumn,
respectively. Moreover, more than two-thirds of the respon-
dents were fully satisfied (+3): 74.3% and 68.4% in the two
seasons.

We then surveyed the possible positive or negative judg-
ments of the visitors about the area design (Figure 5) in
order to reveal the causes of their satisfaction or dissatisfac-
tion. A person could mention more issues at this question.
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The differences between the seasons are found to be small.
As a positive factor, most people emphasized the diversity
and high quality of the playground toys as well as the closure
and security of the area. Many people found the park to
be clean and well equipped. The large size of the area, the
amount of shady places, and the existence of the playhouse
were also mentioned a few times (Figure 5(a)). The high level
of satisfaction is reflected by the fact that 58.3% (in summer)
and 57.1% (in autumn) of the interviewees did not mention
any problem (Figure 5(b)). As a negative factor, however, the
absence or small amount of shade was pointed out by several
people (18.7% and 16.9%, resp.). In addition, a few people
emphasized the type of the dominant land cover (gravel
instead of grass) and the absence of a (drinking) fountain or
a pool (Figure 5(b)).

The dissatisfaction of the visitors could be reduced even
more by creating more pleasant and comfortable thermal
conditions in the area. To facilitate this complex process,
finally the possible modification requirements in the area
were surveyed where a person could mark more factors.
In accordance with the overall satisfaction (Figure 4) and
the few deficiencies found (Figure 5(b)), about 60% of the
people would not change anything in the design in both
seasons and only a few percent of them would modify it
significantly (Figure 6). The most frequently marked modi-
fication requirements are tree planting and the construction
of shade structureswhich reflect themain deficiency (absence
of shade), that is, most people would prefer shady conditions
in both seasons (Figure 7). The shade structures would be
more desired in summer probably due to human thermal
aspects, that is, the intense summer heat load. However, more
plants are desired in autumn which may have a primarily
aesthetic facet because of the decline of vegetation in autumn.
Further important demands are the placement of a fountain
and change in land cover (grass instead of gravel) which has
both aesthetic and thermal aspects.

3.3. Planning Proposals for Solutions to Improve Thermal
Comfort. In the case of the presented playground, it would
be highly desirable to ensure suitable shading conditions in
order to reduce the heat load of the children and the

0 20 40
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Change location of
benches

Increase number of
benches

Change land cover

Construct fountain

Construct shade
structures

Plant trees

Summer
Autumn

Figure 7: Modification requirements of the respondents related to
the area design (a person could mark more factors).

accompanying adults (often elderly people).This requirement
is clearly reflected in the demands of the visitors according to
the questionnaire survey described in Section 3.2. The most
obvious and natural solution may be to plant trees because
of their shading and aesthetic qualities. Although there are
some trees in the most uncomfortable middle parts of the
studied area, they are too young to provide shade and will
remain like this for a long time. It could be a good option
to plant adult trees, but we think that it is not economical to
replace the existing young trees in the playground with adult
trees. Moreover, the thermal effects of adult trees strongly
vary by season since they can reduce hot thermal conditions
in summer; however, shading is not really required in autumn
[43]. Another natural solution may be to create some green
roofs, however it is not really possible in the study area.
Maybe greening of the southern and eastern walls of the
playhouse would be appropriate for this purpose. Thus the
most practical option is to construct artificial and temporary
shade structures in the unpleasant areas. These devices are to
effectively reduce the amount of direct sunlight in the period
of high heat stress (in summer, around noon) but allow it
to reach the ground in cooler times of the year. Another
advantage is to allow for cross-ventilation below.

Such structures can be, for example, temporary shade
sails (Figures 8(a) and 8(b)) or large shade umbrellas
(Figure 8(c)) and might be placed at least above the most
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Figure 8: Proposals for solutions to reduce heat stress by shade structures during summer: (a) and (b) shade sails [44, 45], (c) shade umbrella
[46], and (d) artificial shade canopy [photo: N. Kántor].

exposed parts of the area during summer heat, especially
above the most frequently used jungle gym system (in the
northeast, see Figure 1). There are examples of using artificial
shade canopies (Figure 8(d)) which consist of small resistant
plastic items that do not prevent air movement below, but
properly protect from strong sunlight around midday due to
their adjusted inclination. Additionally, it would be desirable
to construct a fountain in the studied area which could
improve both thermal and aesthetic conditions.

4. Conclusion

In the studied playground, many children and adults spend
their time most of the year and are often exposed to thermal
stress conditions which are highly influenced by the design
of the area. It is particularly necessary to manage these
microclimatically different areas and therefore to provide
information to the responsible decision makers and urban
planners to make the best choices from the thermal comfort
point of view.

According to the analysis of the simulated thermal con-
ditions, remarkable microclimatic differences were found in
the two examined seasons and times. The most unpleasant
areas were in the middle and northern parts of the area as
well as around the playhouse in summer.The shady southern
areas had favourable microclimate even in the summer
afternoon. However, in autumn, cool conditions already
appeared in these places. The detected thermal comfort dif-
ferences depend on the sun elevation and the resulting shaded
conditions caused by the vegetation and the surrounding
buildings. Besides the direct sunlight, the radiation of the

heated surfaces can greatly contribute to the thermal stress
conditions.

The thermal conditions prevailing in the playground
highly influence the thermal perception of humans. This
is clearly reflected in the involuntary behaviour of visitors
altering their spatial distribution depending on the momen-
tary thermal conditions. For example, most people were not
exposed to the direct solar radiation in the summer day
and preferred comfortable spaces. However, it is important
to point out that the location and the preference of the
playground equipment also have significant impact on the
patterns in both seasons, and it can increase the probability
of exposure to stress conditions.

In order to reduce the unpleasant effects of heat load
on the visitors, it would be desirable to construct artificial
and temporary shade structures especially above the most
frequently used toys.This demand, aswell as tree planting and
placement of a fountain, is clearly supported by the conducted
onsite survey and it would be a significant step forward in
providingmore liveable microclimatic conditions in the area.
As a negative factor, most people emphasized the absence
or small amount of shade. However, most interviewees were
fully satisfied and would not change anything in the design
or only slight changes are required. More than half of the
respondents did not mention any problem and pointed out
the diversity and high quality of the playground equipment
and the cleanliness as well as the closure and security of the
area.

The methods applied in the study (modelling and onsite
surveys) can contribute to encouraging sustainable and
climate-friendly urban development and can be generally
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applicable to other similar situations. The ENVI-met sim-
ulations can be a useful tool to reveal thermal differences
in microscale spaces, but the results should be considered
with some caution. Due to its high complexity, the model
computation is slow especially in case of low spatial resolution
(1m or less) making it slightly difficult to apply in planning
practice. However, the model takes also the thermal effects
of surface cover into account which makes it beneficial in
practice.

Application of microclimate models in urban planning
is suggested together with adequate onsite measurements
reflecting the real microclimatic conditions in order to
validate the outcomes of the simulations. There is a need for
a generic microclimate model which takes the effects of all
factors influencing thermal conditions (vegetation, buildings,
and surface cover) into consideration. By means of such a
complex model, the onsite measurements can be eliminated
before a construction process begins. Our further study will
be directed to compare the results with those from other
microclimate models (e.g., RayMan) as well as from onsite
measurements.
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of attendance and thermal conditions on a pedestrian street,”
in Proceedings of the 8th International Conference on Urban
Climate, 2012, paper 169.
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Increasing heat will be a significant problem for Central European cities in the future. Shading devices are discussed as a method
to mitigate heat stress on citizens. To analyze the physical processes, which are characteristic of shading in terms of urban human-
biometeorology, experimental investigations on the thermal effects of shading by a building and shading by tree canopies were
conducted in Freiburg (Southwest Germany) during typical Central European summer weather. Urban human-biometeorology
stands for the variables air temperature 𝑇

𝑎

, mean radiant temperature 𝑇mrt, and physiologically equivalent temperature PET, that
is the human-biometeorological concept to assess the thermal environment which was applied. The measuring setup consists of
specific human-biometeorological stations, which enable the direct or indirect determination of 𝑇

𝑎

, 𝑇mrt, and PET. With respect
to both shading devices, the 𝑇

𝑎

reduction did not exceed 2∘C, while PET as a measure for human heat stress was lowered by two
thermal sensation steps according to the ASHRAE scale. As 𝑇mrt has the role of a key variable for outdoor thermal comfort during
Central European summer weather, all radiant flux densities relevant to the determination of 𝑇mrt were directly measured and
analyzed in detail. The results show the crucial significance of the horizontal radiant flux densities for 𝑇mrt and consequently PET.

1. Introduction

Severe heat in summer is currently a problem for Central
European cities, as both their design and citizens are not
adapted to this meteorological hazard [1, 2]. For the future,
results of regional climate simulations [3, 4] project not only
a continuation of the long-term increase of near-surface air
temperature 𝑇

𝑎
but also embedded heat waves, which will

be more frequent and intense as well as lasting longer. The
increasing severe heat will enhance the previous thermal
strain for citizens into a considerable thermal stress, which
causes extremely negative impacts on their efficiency, well-
being, and health [5]. For example, the list of heat events
during the period 2000–2007 [6] shows that the mortality
rate in consequence of the heat wave of 2003 in Western
Europe amounted to 19.490 in France and 5.250 in Germany.
The demographic change in Central Europe is reflected by
the age distribution of its population. Related to Germany,

the percentage of people ≥65 years was 20% in 2008 and will
be 29% in 2030 [7]. This development, which is similar to
other countries in Central Europe, shows a gradual increase
in elderly people; that is, the human vulnerability of risk
groups with respect to severe heat is rising. Thereby, the
accumulation impact of longer lasting heat on citizens has to
be taken into account.

Given this background, urban planning faces the huge
challenge to develop, apply, and validatemethods tomaintain
human thermal comfort for citizens even under severe heat.
It must be noted that severe heat is a regional phenomenon,
which depends on the large-scale weather situation.Theplan-
ning methods should include a redesign of buildings, streets,
and open spaces in a preventive way that severe heat can be
mitigated on the local urban scale [8, 9]. In this context, it
has to be discussed whether these methods can be applied to
Central European cities and to what extent [10]. Due tomete-
orological reasons, the assumption suggests that they will be
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more effective for dry heat than humid heat periods. The
scope of urban planning to reduce severe humid heat impacts
on citizens is restricted as hardly any physical process exists
that leads to a local reduction of moisture [11], which itself
is governed by the large-scale weather conditions. Provided
that it is not too low, the ventilation of cities has the potential
to reduce the heat stress perceived by citizens. Therefore, all
planning methods to mitigate heat stress on the urban scale
should also include an improvement of the local ventilation
conditions [12].

To cope with the need for action, urban planning needs
quantitative fundamentals of urban human-biometeorology.
For that purpose, results of investigations can be applied,
which provide indications on the variation of human ther-
mal comfort caused by changed urban design parameters
[2, 13–15]. These investigations show a common feature:
thermophysiological assessment indices are used, which were
derived from the human heat budget. The physiologically
equivalent temperature PET defined by Mayer and Höppe
[16] represents one of those indices. Compared to similar
indices, it has the advantage that many results for PET
are available in the meantime, which has been obtained by
numeric simulations or experimentsworldwide [17–22].They
facilitate the comparative evaluation of thermal stress con-
ditions for citizens. It will take some time, until the recently
developed universal thermal climate indexUTCI [23] reaches
a similar basis of comparison. In addition, the current version
of UTCI does not include a new approach to determine the
mean radiant temperature 𝑇mrt but recommends the use of
existing simulation tools like the RayMan model [24].

In Central Europe, severe heat occurs only in summer,
when day is longer than night. Therefore, urban planning
prefers a double strategy for methods aiming at maintaining
thermal comfort for citizens under severe heat. Methods,
which are effective in the daytime, have a first priority, while
methods, which are related only to nocturnal meteorological
phenomena like thermally induced down-slope or mountain
air flow, are often classified as secondary. The general objec-
tive of planning methods for the daytime conditions is to
reduce the heat input into all urban spaces. This should be
achieved in compliance with the targets of environmental
protection, that is, avoidance of air conditioning systems.
According to results of investigations on outdoor thermal
comfort conducted in inland cities during clear-sky weather
[2, 13–15, 18, 22, 25], the radiant exchange is the dominant
meteorological factor affecting thermal comfort in the day-
time. Therefore, the decrease of the direct solar radiation by
shading can be the most effective method to reduce the heat
entered into urban spaces [2, 13, 15, 25–31]. Transpiration
from vegetation leads to a lowering of its surface temperature
[32] including a slight decrease of 𝑇

𝑎
above the vegetation

layer, but this effect does not reach a comparative magnitude
of shading impacts on citizens.

Local shading of direct solar radiation within the urban
canopy layer can be achieved by (i) optimized design of
buildings, open spaces, and streets [2, 14, 15], (ii) man-made
devices like awnings or sunshades, and (iii) street trees [2,
13, 25–31]. Under a human-biometeorological point of view,
which includes aesthetic and psychological aspects, shading

by street trees has the highest significance despite conflicting
goals like impacts on the near-surface air flow or emission of
BVOC as a precursor for the ozone formation [10].

The radiant exchange, which is relevant to the perception
of heat by citizens [1, 25], can be quantified by 𝑇mrt. It repre-
sents a measure for the heat of the short- and long-wave radi-
ant flux densities from the three-dimensional environment
absorbed by the human-biometeorological reference person
and plays a fundamental role in the thermophysiological
concept to assess the thermal environment [1, 2, 33].

In order to get a deeper understanding on the physical
processes, which lead to a local reduction of heat for citizens,
the main objective of this study is to quantify the human-
biometeorological consequences of two effective shading
methods, namely, shading by (i) a building and (ii) street
trees. Against the background of existing studies on human-
biometeorological shading effects, this study is focussed on
the pattern of measured three-dimensional short- and long-
wave radiant flux densities, which will be analyzed in a
comparative way for both shading devices. This approach
enables a physically based explanation of the spatiotemporal
behaviour of 𝑇mrt in contrast to 𝑇𝑎. Up to now, it is only avail-
able to some extent. As for inland cities in Central Europe,
the daytime values of PET on typical summer days are
strongly influenced by𝑇mrt [2, 13], the daytime pattern of PET
can be interpreted by 𝑇mrt. The analysis of the three-
dimensional radiant fields should also give hints on the
potential to manipulate physical surface properties aimed at
an additional lowering of radiant flux densities from selected
directions.

2. Materials and Methods

On typical Central European summer days during the
period 2007–2010, several 1-day human-biometeorological
measuring campaigns were conducted in different quarters
of Freiburg (Southwest Germany) within the scope of the
KLIMES project [1]. Their main objective has been the quan-
titative analysis of the influences of street design characteris-
tics on those meteorological variables, which are necessary to
calculate PET, that is, particularly 𝑇

𝑎
and 𝑇mrt. In order to get

a better insight into the pattern of radiant flux densities aswell
as 𝑇mrt and PET during shading situations, two measuring
campaigns were selected for this specific issue (Figure 1),
one on July 15, 2007, and another on July 24, 2008. They
were performed within the sameWNW-ESE street canyon in
the “Vauban” quarter but at different sites (Figure 1), which
were about 300m off each other. During each measuring
campaign, parallel human-biometeorological measurements
were conducted at a sunny and a shaded measuring site. As
the weather conditions on both summer days were quite sim-
ilar, the requirements for a comparison of the results, which
can be regarded as representative for both shading situations,
were met.

The specific objective of the measuring campaign on
July 15, 2007, was the human-biometeorological analysis of
shading of the direct solar radiation caused by a three-storey
building (height: 15m). The main measuring site was at
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Figure 1: Location of the measuring sites during the human-
biometeorological measuring campaigns within the same WNW
street canyon in the “Vauban” quarter of Freiburg conducted on
typical Central European summer days on July 15, 2007 (b) and July
24, 2008 (a).

 

Figure 2: Human-biometeorological measuring site at the NNE-
facing sidewalk of a WNW street canyon in Freiburg, “Vauban”
quarter, July 15, 2007.

the NNE-facing sidewalk about 1m apart in front of this
building (Figure 2). The site of comparison was at the oppo-
site SSW-facing sidewalk in a distance of about 60m.

The experimental investigation on July 24, 2008,
addressed the human-biometeorological consequences of
shading of the direct solar radiation by the canopy of five
small leaved linden trees (Figure 3). They were planted about
10m apart from a four-storey SSW-facing building, arranged
parallel to the street axis, and spaced about 8m apart from
trunk to trunk of each tree. The main measuring site was at
the sidewalk about 2.5m apart in front of the building and
about 7.5m far from the stem of the centered small leaved lin-
den tree.The individual tree height and crown diameter were
about 25m and 10m, respectively. In the light of these, this
site was almost shaded during the entire summer days. The
site for a comparison was located in a distance of about 40m
at the same SSW-facing sidewalk about 2.5m apart in front
of another four-storey building but not influenced by trees.

Table 1: Aspect ratio𝐻/𝑊 (𝐻: building height,𝑊: street width) and
SVF90–270 (sky view factor related to the southern half of the upper
hemisphere) at the measuring sites within the WNW street canyon
in Freiburg, “Vauban” quarter.

July 15, 2007 July 24, 2008
NNE-facing,

shaded
SSW-facing,

sunny
SSW-facing,

sunny
SSW-facing,

shaded
𝐻/𝑊 0.25 0.25 0.39 0.39
SVF90–270 20% 65% 70% 6%

 
Figure 3: Human-biometeorological measuring sites at the sunny
(in the front) and shaded (at the back) SSW-facing sidewalk of a
WNW street canyon in Freiburg, “Vauban” quarter, July 24, 2008.

To characterize the measuring sites, Table 1 contains their
sky view factors SVF

90–270 related to the southern half of the
upper hemisphere, that is, from east via south to west, and
the aspect ratios𝐻/𝑊 of the street canyon. According to [2,
13], SVF

90–270 is more suitable for human-biometeorological
investigations on thermal comfort in contrast to SVF for
the complete upper hemisphere, because SVF

90–270 is closely
related to the direct solar radiation (Figure 4).

For the measurements, a specific human-biometeorolog-
ical device was used, which consists of a stationary station
(Figure 5) and a mobile station. Both are described in detail
in [1, 2]. They measure all meteorological variables in the
human-biometeorological reference height of 1.1m that are
necessary to calculate𝑇mrt and PET. For PET, themethod was
applied, which is described in detail in [1, 2, 13, 33].

To determine𝑇mrt, the approach by Höppe [34] was used.
It required the measurement of the short- and long-wave
radiant flux densities received by the human-meteorological
reference person from the three-dimensional environment.
For that purpose, the setup of the station in Figure 5 contains
three cantilevers. A pair of two pyranometers and two
pyrgeometers was attached to each of the three cantilevers
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(a) (b)

Figure 4: Fish-eye photos from the upper hemisphere at the sunny (a) and shaded (b) site during the human-biometeorological measuring
campaign in Freiburg on July 24, 2008 [2, 13].

 

Figure 5: Stationary human-biometeorological station for exper-
imental investigations to determine 𝑇mrt and PET within urban
structures in Freiburg.

in order to enable the parallelmeasurement of the two vertical
and four horizontal short- and long-wave radiant flux densi-
ties. Similar measuring systems have proven to be success-
ful in human-biometeorological investigations, which were
conducted in Gothenburg, Sweden, [35], Szeged, Hungary,
[36] and Lisbon, Portugal [37]. Based on thismethod,𝑇mrt (in
∘C) was calculated according to the Stefan-Boltzmann law by

𝑇mrt =
4
√
𝐾
∗

abs + 𝐿
∗

abs
𝜀
𝑝
⋅ 𝜎
− 273.15, (1)

where 𝐾∗abs is the sum of short-wave radiant flux densi-
ties from the three-dimensional environment absorbed by
the human-biometeorological reference person, 𝐿∗abs is the
sum of long-wave radiant flux densities from the three-
dimensional environment absorbed by the human-biomete-
orological reference person, 𝜀

𝑝
is its long-wave emissivity, and

𝜎 is the Stefan-Boltzmann constant.

𝐾
∗

abs was determined by [34]

𝐾
∗

abs = 𝛼𝑘 ⋅
6

∑

𝑖=1

𝑊
𝑖
⋅ 𝐾
𝑖
, (2)

where 𝛼
𝑘
is the absorption coefficient of the reference person

for the short-wave radiation,𝑊
𝑖
are the weighting factors of

the standing reference person for the three-dimensional radi-
ant flux densities𝐾

𝑖
(𝑖 = downward, upward, E, S, W, N); that

is,𝑊 is 0.06 for the vertical and 0.22 for the horizontal radiant
flux densities.

In the same way 𝐿∗abs was calculated by

𝐿
∗

abs = 𝛼𝑙 ⋅
6

∑

𝑖=1

𝑊
𝑖
⋅ 𝐿
𝑖
, (3)

where 𝛼
𝑙
is the absorption coefficient of the reference person

for the long-wave radiation.
Compared to a globe thermometer, which also enables the

determination of 𝑇mrt [35, 38], the set-up used in this study
has two advantages, which are of importance for the discus-
sion of urban planning methods against heat: (i) the differen-
tiation between the effects of all short- and long-wave radiant
flux densities is possible, and (ii) a differentiation of the radi-
ant flux densities according to their spatial directions can be
made.

For practical applications of PET like in urban planning, it
is advisable to classify the PETvalues in terms of theASHRAE
thermal sensation scale, which represents a kind of standard.
Based on results of suitable questionnaires for citizens and
parallel experiments to determine PET, the PET classification
scheme achieved for summer conditions in Freiburg [13] is
shown in Table 2. This method, which was also applied in
another investigations like in Gothenburg, Sweden, [39],
Lisbon, Portugal, [37], Szeged, Hungary, [40], Taichung City,
Taiwan [41], and Hong Kong [42], considers the acclima-
tization and adaptation of citizens to the local thermal
environment.
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Table 2: Ranges of the physiologically equivalent temperature PET
for different warm levels of human thermal sensation according
to the ASHRAE thermal sensation scale determined for summer
conditions in Freiburg [13].

ASRAE thermal sensation scale PET range (∘C)
Name Scale
Slightly warm +1 30–34
Warm +2 35–40
Hot +3 >40

Both are not included in the well-known classification
scheme of PET by [43], as it has been developed from com-
parative numeric calculations of PMV and PET for different
weather stations in Greece covering the period 1990–1999.
Based on a linear regression analysis, the PMV thresholds
according to [44] for different human thermal sensations
were transferred into corresponding PET thresholds.

This method has two weaknesses. (i) Basically, the origi-
nal PMV thresholds were only developed for indoor climate;
that is, simplified approaches for the human heat budget
as basis for PMV were used. They are only valid for slight
deviations from the human thermal comfort. Due to the
meteorological conditions in Greece, the deviations from the
thermal comfort aremuch stronger at least in summer.There-
fore, PMV should not be applied to outdoor conditions like in
Greece. (ii) The PET classification scheme by [43] is not
generally applicable because it is limited to an internal human
heat production of 80W and a heat transfer resistance of
human clothing of 0.9 clo.

3. Results and Discussion

3.1. Shading by a Building. According to [2, 13], the results of
the measuring campaign on July 15, 2007, show that the shad-
ing effect was only reflected by 𝑇mrt and PET but hardly by 𝑇

𝑎

(Figure 6). It occurred from 10–16 CET andwas caused by the
building, whichwas located about 1m apart in opposite direc-
tion to the NNE-facing measuring site. The shading led to a
reduction of𝑇mrt by about 18

∘C and of PET by about 7∘C. PET
exceeded the thermophysiological threshold value under hot
conditions in Freiburg (Table 2) only from 16–18 CET.

With respect to the strong 𝑇mrt dependence of daytime
PET in Central European cities in summer [2, 13], differ-
entiated analyses of the short- and long-wave radiant flux
densities give a deeper insight into their behaviour, which is
relevant to 𝑇mrt. In contrast to other studies [1], Figure 7 does
not contain absolute values of the direction-dependent short-
wave radiant flux densities 𝐾

𝑖
(𝑖 = down, up, E, S, W, and N)

but normalized values related to the daily 1 h peak value of the
short-wave radiant flux density from the upper hemisphere
(𝐾down,max). Thus, results from different measuring cam-
paigns can be easily compared. The results of 𝐾

𝑖
/𝐾down,max

show that the shading by the building led to relative𝐾
𝑖
values

below 10%. The geometry of the measuring site caused the
strongest drop for 𝐾down, 𝐾E, and𝐾W.

Due to the standing position of the human-biometeor-
ological reference person, which results in different weighting

Freiburg, Vauban, July 15, 2007
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Figure 6: 1 h mean values of air temperature 𝑇
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, mean radiant
temperature 𝑇mrt, and physiologically equivalent temperature PET
at the NNE-facing sidewalk of aWNW-ESE street canyon, “Vauban”
quarter in Freiburg during typical Central European summer day.

Freiburg, Vauban, July 15, 2007

0

20

40

60

80

100

120

8 10 12 14 16 18 20
CET (h)

KNK
i/
K

do
w

n,
m

ax
(%

)
Kdown

KW

KE

KS
Kup

Figure 7: 1 h mean values of the short-wave radiant flux densities
𝐾
𝑖

(𝑖 = down, up, E, S, W, and N) reaching the human-biometeor-
ological reference person from the three-dimensional environment,
related to the daily 1 h peak value of 𝐾down (𝐾down,max = 659W/m2),
NNE-facing sidewalk of a WNW-ESE street canyon, “Vauban”
quarter in Freiburg during typical Central European summer day.

factors with respect to the radiant flux densities [2, 16, 33,
34], and its absorption coefficient (0.7) for 𝐾

𝑖
, the amounts

of 𝐾
𝑖,abs, that is, short-wave radiant flux densities from the

three-dimensional environment absorbed by the human-
biometeorological reference person, were lower (Figure 8)
compared to𝐾

𝑖
, in particular for𝐾down,abs and𝐾up,abs [1].The

shading by the building led to relative 𝐾
𝑖,abs values, which

were about 7% for𝐾down,abs, 1% for𝐾up,abs, 25% for𝐾E,abs, 30%
for𝐾S,abs, 18% for𝐾W,abs, and 7% for𝐾N,abs.

The response of the direction-dependent long-wave radi-
ant flux densities 𝐿

𝑖
on the shading by the building (Figure 9)

turned out to be distinctlyweaker as compared to𝐾
𝑖
.With the

exception of 𝐿down, that is, the long-wave radiant flux density
from the upper hemisphere, the shading caused a drop of
about 10% of the relative 𝐿

𝑖
values, which were related to the

1 h peak value of 𝐿up, that is, long-wave radiant flux density
from the lower hemisphere. It is noticeable that the 𝐿down
values were about 15% lower than the other 𝐿

𝑖
values, whose

behaviour and range were quite similar.
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Figure 8: 1 h mean values of the short-wave radiant flux densities
𝐾
𝑖,abs (𝑖 = down, up, E, S, W, and N) from the three-dimensional

environment absorbed by the human-biometeorological reference
person, related to the 1 h peak value of 𝐾down,abs (𝐾down,abs,max =
28W/m2), NNE-facing sidewalk of a WNW-ESE street canyon,
“Vauban” quarter in Freiburg during typical Central European
summer day.
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Figure 9: 1 h mean values of the long-wave radiant flux densities 𝐿
𝑖

(𝑖 = down, up, E, S, W, and N) reaching the human-biometeoro-
logical reference person from the three-dimensional environment,
related to the 1 h peak value of 𝐿up (𝐿up,max = 533W/m2), NNE-
facing sidewalk of a WNW-ESE street canyon, “Vauban” quarter in
Freiburg during typical Central European summer day.

With respect to the long-wave radiant flux densities 𝐿
𝑖,abs

from the three-dimensional environment absorbed by the
human-biometeorological reference person, its absorption
coefficient (0.97) for 𝐿

𝑖
led to a slight lowering of 𝐿

𝑖,abs. In
addition, a more pronounced reduction of 𝐿

𝑖,abs was caused
by the weighting factors for radiant flux densities due to the
standing position of the reference person (Figure 10). Due to
the selected reference (1 h peak value of 𝐿up,abs), the vertical
radiant flux densities 𝐿down,abs and 𝐿up,abs were at least 200%
lower than the horizontal 𝐿

𝑖,abs values, whereby 𝐿up,abs was by
13% higher than 𝐿down,abs. The values of the four horizontal
𝐿
𝑖,abs (𝑖 = E, S,W, and N) were quite similar in their range and

scattered around 330%on average. Interestingly, the reference
values𝐾down,abs,max (28W/m2) and 𝐿up,abs,max (31W/m2) were
in a similar range.

Freiburg, Vauban, July 15, 2007
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Figure 10: 1 h mean values of the long-wave radiant flux densities
𝐿
𝑖,abs (𝑖 = down, up, E, S, W, and N) from the three-dimensional

environment absorbed by the human-biometeorological reference
person, related to the 1 h peak value of 𝐿up,abs (𝐿up,abs,max = 31W/m2),
NNE-facing sidewalk of a WNW-ESE street canyon, “Vauban”
quarter in Freiburg during typical Central European summer day.
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Figure 11: 1 h mean values of differences Δ of air temperature
𝑇
𝑎

, mean radiant temperature 𝑇mrt, and physiologically equivalent
temperature PET between the shaded NNE- and sunny SSW-
facing sidewalk of a WNW-ESE street canyon, “Vauban” quarter in
Freiburg during typical Central European summer day.

In order to assess the effectiveness of the shading by a
building, the differences Δ of 𝑇

𝑎
, 𝑇mrt, and PET between the

shaded NNE- and sunny SSW-facing sidewalk were deter-
mined (Figure 11). The peak values of Δ𝑇

𝑎
, Δ𝑇mrt, and ΔPET

were −1.7∘C, −29.0∘C, and −13.1∘C, respectively; that is, Δ𝑇mrt
strongly reacted on the shading as it mainly affected the
radiant exchange. The findings of similar investigations [1, 2,
13, 22, 24] that 𝑇mrt turns out to be a key variable for PET
during typical Central European summer weather can be
confirmed by Figure 11. Therefore, the peak value of ΔPET
was comparatively high. It corresponded to amitigation of the
human thermal sensation from “hot” to “slightly warm”
according to the ASHRAE scale. Due to the physical pro-
cesses that govern the heat exchange in the near-surface layer,
the resulting variable 𝑇

𝑎
, which represents the sensible heat

conditions, only showed a slight effect of the shading. As
the human-biometeorological concept to assess the human
perception of heat is not only related to the sensible heat,
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Figure 12: 1 h mean values of the difference between mean radiant
temperature𝑇mrt and air temperature𝑇

𝑎

, related to the 1 h peak value
of (𝑇mrt − 𝑇𝑎) at the shaded NNE-facing sidewalk ((𝑇mrt − 𝑇𝑎)max =
26.4∘C) and sunny SSW-facing sidewalk ((𝑇mrt − 𝑇𝑎)max = 33.3∘C)
of a WNW-ESE street canyon, “Vauban” quarter in Freiburg during
typical Central European summer day.

𝑇
𝑎
or the urban heat island intensity UHI is inappropriate to

characterize the human thermal sensation [13–15].
At the sunny SSW-facing sidewalk, the peak difference

between 𝑇mrt and 𝑇𝑎 was relatively high (33.3∘C at 11 CET),
while shading by the building reduced (𝑇mrt −𝑇𝑎) up to 3.2

∘C
(14CET) at the NNE-facing sidewalk. For the normalized
(𝑇mrt −𝑇𝑎), it corresponds about 12% (Figure 12), whereas the
normalized (𝑇mrt − 𝑇𝑎) was higher than 80% at the sunny
sidewalk during 10–16CET, which can be regarded as the
period with the strongest heat for citizens.

The difference Δ of the sums of the short-wave radiant
flux densities (𝐾∗abs) from the three-dimensional environment
absorbed by the human-biometeorological reference person
between the shaded NNE- and sunny SSW-facing sidewalk
was higher (Figure 13) than those of the sums of the long-
wave radiant flux densities (𝐿∗abs). For Δ𝐾

∗

abs, the difference
was the strongest (−171W/m2) around 14 CET, while the peak
value of Δ𝐿∗abs amounted to −43W/m2 around 13 CET. From
this it follows that shading by a building causes a stronger
impact on 𝐾∗abs than on 𝐿∗abs. Therefore, the differences of
𝑇mrt between the sunny and the shaded sidewalk of the street
canyon were mainly caused by Δ𝐾∗abs.

The magnitude of 𝑇mrt is governed by the values of 𝐾∗abs
and 𝐿∗abs. Referred to (𝐾∗abs + 𝐿

∗

abs), the relative 𝐾
∗

abs for the
sunny SSW-facing sidewalk did not exceed 30% (Figure 14),
while it reached 6% at the shaded NNE-facing sidewalk. This
implies that the relative 𝐿∗abs comprised about 70% for the
case of the sunny (see also [1]) and about 94% in the shaded
situation. Consequently, shading not only reduces the three-
dimensional radiant flux densities and, therefore, 𝑇mrt but
also leads to a higher portion of relative 𝐿∗abs for 𝑇mrt than
in the sunny situation.

3.2. Shading by Tree Canopies. The shading effect by tree
canopies, which was investigated in the measuring campaign
conducted on July 24, 2008, in the same street canyon, started
about 10 CET and lasted the entire day (Figures 4 and 15).
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Figure 13: 1 h mean values of differences Δ of the sums of short-
wave radiant flux densities (𝐾∗abs) and long-wave radiant flux
densities (𝐿∗abs) from the three-dimensional environment absorbed
by the human-biometeorological reference person between the
shaded NNE- and sunny SSW-facing sidewalk of a WNW-ESE
street canyon, “Vauban” quarter in Freiburg during typical Central
European summer day.
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Figure 14: 1 h mean values of the sums of short-wave radiant
flux densities (𝐾∗abs) and long-wave radiant flux densities (𝐿∗abs)
from the three-dimensional environment absorbed by the human-
biometeorological reference person, related to 1 h mean values of
(𝐾∗abs + 𝐿

∗

abs), at the shaded NNE- and sunny SSW-facing sidewalk
of a WNW-ESE street canyon, “Vauban” quarter in Freiburg during
typical Central European summer day.

As reflected by the results of both shading cases (Figures 6 and
15), 𝑇
𝑎
and PET were in a similar range, while 𝑇mrt was about

5∘C higher than 𝑇
𝑎
. According to the PET classification for

Freiburg (Table 2), the PET values did not indicate any kind
of thermal load.

The relative short-wave radiant flux densities hardly
differentiated between both shading cases (Figures 7 and 16)
with the exception that the shading by tree canopies extended
over a longer time period; that is,𝐾W was also comparatively
low in the afternoon. Due to the transmission of the short-
wave radiation through the canopy [45], the relative 𝐾down
values for the case of the tree shading were about 4% higher
than those for the shading through the building.

As for shading by a building, the relative 𝐾
𝑖,abs values at

the measuring site shaded by tree canopies (Figure 17) also
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Figure 15: 1 h mean values of air temperature 𝑇
𝑎

, mean radiant
temperature 𝑇mrt, and physiologically equivalent temperature PET,
SSW-facing sidewalk (shaded by tree canopies) of a WNW-ESE
street canyon, “Vauban” quarter in Freiburg during typical Central
European summer day.
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Figure 16: 1 h mean values of the short-wave radiant flux den-
sities 𝐾

𝑖

(𝑖 = down, up, E, S, W, and N) reaching the human-
biometeorological reference person from the three-dimensional
environment, related to the 1 h peak value of 𝐾down (𝐾down,max =
600W/m2), SSW-facing sidewalk (shaded by tree canopies) of a
WNW-ESE street canyon, “Vauban” quarter in Freiburg during
typical Central European summer day.

reflected the short-wave radiation exchange, which is relevant
to the calculation of 𝑇mrt and was predetermined by the
relative𝐾

𝑖
values (Figure 16).The longer duration of the shad-

ing effect at the measuring site under the tree canopies was
responsible for the comparatively low 𝐾

𝑖,abs values in the
afternoon.With the exception of the relative𝐾down,abs at about
14 CET, the relative 𝐾

𝑖,abs values in the afternoon were below
20% and showed a lower direction-dependent variability
compared to the shading in the late morning. Around noon,
the shading by tree canopies led to relative𝐾

𝑖,abs values up to
11% for𝐾down,abs, 2% for𝐾up,abs, 18% for𝐾E,abs, 13% for𝐾S,abs,
17% for𝐾W,abs, and 27% for𝐾N,abs.

In contrast to Figure 9, where 𝐿down/𝐿up,max was con-
tinuously lower by at least 10% than the other relative 𝐿

𝑖

values, the temporal course of 𝐿down/𝐿up,max (Figure 18) was
more pronounced and almost touched the other relative 𝐿

𝑖

values around 14 CET. As the shading by a building referred
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Figure 17: 1 h mean values of the short-wave radiant flux densities
𝐾
𝑖,abs (𝑖 = down, up, E, S, W, and N) from the three-dimensional

environment absorbed by the human-biometeorological reference
person, related to the 1 h peak value of 𝐾down,abs (𝐾down,abs,max =
25W/m2), SSW-facing sidewalk (shaded by tree canopies) of a
WNW-ESE street canyon, “Vauban” quarter in Freiburg during
typical Central European summer day.
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Figure 18: 1 h mean values of the long-wave radiant flux den-
sities 𝐿

𝑖

(𝑖 = down, up, E, S, W, and N) reaching the human-
biometeorological reference person from the three-dimensional
environment, related to the 1 h peak value of 𝐿up (𝐿up,max =
474W/m2), SSW-facing sidewalk (shaded by tree canopies) of a
WNW-ESE street canyon, “Vauban” quarter in Freiburg during
typical Central European summer day.

to about 4 hours around noon, the 1 h peak value of 𝐿up
occurred in the late afternoon (Figure 9), which caused some
kind of a diurnal variation of the relative 𝐿

𝑖
values. As the

shading by tree canopies extended over the entire afternoon,
the 1 h peak value of 𝐿up was already observed in the early
morning (Figure 18). Due to the following shading at the
measuring site, the temporal courses of the relative 𝐿

𝑖
values,

with the exception of 𝐿down, scattered around a near-constant
level until the late afternoon. The specific location of the
measuring site, that is, about 2.5m apart in front of a SSW-
facing building, wasmainly responsible for the relative values
of 𝐿N, which were slightly above 100%.

Also for the shading by tree canopies, the relative 𝐿up,abs
values were higher than the relative 𝐿down,abs values during
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Figure 19: 1 h mean values of the long-wave radiant flux densities
𝐿
𝑖,abs (𝑖 = down, up, E, S, W, and N) from the three-dimensional

environment absorbed by the human-biometeorological reference
person, related to the 1 h peak value of 𝐿up,abs (𝐿up,abs,max = 28W/m2),
SSW-facing sidewalk (shaded by tree canopies) of a WNW-ESE
street canyon, “Vauban” quarter in Freiburg during typical Central
European summer day.

the complete measuring period (Figure 19) but by only 5%
on average, while it was 13% for the shading by a building.
The relative 𝐿

𝑖,abs values of the four horizontal directions 𝑖
were at a higher mean level (350%) for the shading by tree
canopies compared to themean value of 330% for the shading
by a building. As for this shading method, the reference
values 𝐾down,abs,max (25W/m2) and 𝐿up,abs,max (28W/m2) for
the shading by tree canopies were also in a similar range. For
both shading options, 𝐿up,abs,max was by about 3W/m2 higher
than𝐾down,abs,max, whereby both reference valueswere slightly
higher for the shading by a building.

As both sites of this measuring campaign were located at
the same SSW-facing sidewalk (Figure 1), the shading effect
of the tree canopies can be determined by a comparison
of the results for the shaded and the adjacent sunny site.
The peak values of the differences Δ for the same variables
like in Figure 11 between both sites are Δ𝑇

𝑎
= −1.7∘C, Δ𝑇mrt

= −32.8∘C, and ΔPET = −15.7∘C (Figure 20). Compared
to the Δ values for the shading by a building, the shading
by tree canopies caused slightly higher peak values of
Δ𝑇mrt and consequently also for ΔPET, while the peak
value for Δ𝑇

𝑎
was equal for both shading conditions. With

respect to the physical processes, which are related to the
shading by tree canopies, it is understandable that Δ was the
strongest at the early afternoon for each of the three selected
human-biometeorological variables.

Related to the mean values of 𝑇
𝑎
, 𝑇mrt, and PET over 12–

15 CET, that is, the period where the shading was effective
during both measuring campaigns, the maximal relative
reduction Δ (Table 3) was equal for 𝑇

𝑎
(6%). However, it was

slightly higher for 𝑇mrt (51%) and PET (41%) in the case of
shading by tree canopies compared toΔ𝑇mrt (47%) andΔPET
(31%) for shading by a building.

In contrast to the measuring campaign on July 15, 2007,
the peak difference between 𝑇mrt and 𝑇𝑎 (39.9

∘C) for the
measuring campaign on July 24, 2008, which occurred in
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Figure 20: 1 h mean values of differences Δ of air temperature
𝑇
𝑎

, mean radiant temperature 𝑇mrt, and physiologically equivalent
temperature PET between a shaded (by tree canopies) and sunny
SSW-facing sidewalk of a WNW-ESE street canyon, “Vauban”
quarter in Freiburg during typical Central European summer day.

Table 3: Maximal relative reduction Δ of 𝑇
𝑎

, 𝑇mrt, and PET by two
shading methods related to the mean values of 𝑇

𝑎

, 𝑇mrt, and PET
over 12–15 CET, based on results of both human-biometeorological
measuring campaigns in Freiburg during typical Central European
summer weather.

Shading methods Δ𝑇
𝑎

Δ𝑇mrt ΔPET
Shading by a building (July 15, 2007) 6% 47% 31%
Shading by tree canopies (July 24, 2008) 6% 51% 41%

the afternoon, was distinctly higher at the sunny SSW-facing
sidewalk. For the shaded SSW-facing sidewalk, the peak
difference (31.2∘C) was observed in the morning before the
shading effect started. The longer lasting shading in the
measuring campaign of July 24, 2008 was responsible for the
continuous decrease of the normalized (𝑇mrt−𝑇𝑎) values from
30% around 10CET to 5% in the late afternoon (Figure 21). At
the sunny SSW-facing sidewalk, the values of the normalized
(𝑇mrt − 𝑇𝑎) started to decrease from the middle of the
afternoon.This result is quite similar to those obtained for the
comparable SSW-facing sidewalk in themeasuring campaign
a year earlier.

As for the measuring campaign in 2007, the differences
Δ of the sums of the short-wave radiant flux densities (𝐾∗abs)
between the shaded and sunny SSW-facing measuring sites
were higher (Figure 22) than for the sums of the long-wave
radiant flux densities (𝐿∗abs). For Δ𝐾

∗

abs, this difference was
the strongest with −193W/m2 around 14CET, while the peak
value for Δ𝐿∗abs amounted to −43W/m2 and occurred one
hour later. Despite differences of type and structure of the
three-dimensional environment at the measuring sites, the
peakΔ𝐿∗abs values do not differ between bothmeasuring cam-
paigns. Two essential reasons for this result, which is some-
what surprising at the first view, are the similar weather con-
ditions and the unchanged orientation of the street canyon.

In contrast to the measuring campaign of 2007, the
relative 𝐾∗abs values obtained for the sunny sidewalk in
the measuring campaign of 2008 slightly exceeded 30%
(Figure 23). The peak value of 34% in the afternoon was
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Figure 21: 1 h mean values of the difference between mean radiant
temperature 𝑇mrt and air temperature 𝑇

𝑎

, related to the 1 h peak
value of (𝑇mrt − 𝑇𝑎) at the shaded ((𝑇mrt − 𝑇𝑎)max = 31.2∘C) and
sunny ((𝑇mrt − 𝑇𝑎)max = 39.9∘C) SSW-facing sidewalk of a WNW-
ESE street canyon, “Vauban” quarter in Freiburg during typical
Central European summer day.
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Figure 22: 1 hmean values of differencesΔof the sumsof short-wave
radiant flux densities (𝐾∗abs) and long-wave radiant flux densities
(𝐿∗abs) from the three-dimensional environment absorbed by the
human-biometeorological reference person between the shaded (by
tree canopies) and sunny SSW-facing sidewalk of a WNW-ESE
street canyon, “Vauban” quarter in Freiburg during typical Central
European summer day.

equivalent to a minimum value for the relative 𝐿∗abs of 66%.
The shading by tree canopies caused a continuous decrease
of the relative 𝐾∗abs from 8% at the beginning of the shading
up to 1% in the late afternoon. Accordingly, the relative 𝐿∗abs
increased from 92% to 99%. During the complete afternoon,
the relative 𝐿∗abs values for the shaded situation in 2008 were
above 94%, which was the level under the shading condition
by a building in 2007.

3.3. Discussion. Among several human-biometeorological
experiments conducted during comparable weather condi-
tions, that is, on typical Central European summer days,
in different quarters of Freiburg from 2007–2010, two 1-day
campaigns were selected to achieve generalizable results for
the objectives of this study. Up to now, they were already
known qualitatively, but these experiments enabled their
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Figure 23: 1 h mean values of the sums of short-wave radiant
flux densities (𝐾∗abs) and long-wave radiant flux densities (𝐿∗abs)
from the three-dimensional environment absorbed by the human-
biometeorological reference person, related to 1 h mean values of
(𝐾∗abs + 𝐿

∗

abs), at the shaded (by tree canopies) and sunny SSW-
facing sidewalk of a WNW-ESE street canyon, “Vauban” quarter in
Freiburg during typical Central European summer day.

Table 4: Coefficient of determination 𝑅2 of linear regres-
sion functions 𝑓 between 1 h mean values of different human-
biometeorological variables, basis: experimental investigations on
typical Central European summer days in various urban quarters
of Freiburg from 2007–2010 (𝑛: number of values).

function 𝑓 𝑅
2

10–16 CET
𝑛 = 200

22–5 CET
𝑛 = 40

PET = 𝑓 (𝑇mrt) 0.892 0.616
PET = 𝑓 (𝑇

𝑎

) 0.589 0.892
PET = 𝑓 (VP) 0.023 0.006
PET = 𝑓 (V) 0.029 0.013
𝑇mrt = 𝑓 (𝑇𝑎) 0.308 0.825

quantification in a reliable way. By discussing the short- and
long-wave radiant flux densities from the three-dimensional
surroundings in detail, a deeper insight was provided into
the radiation exchange. This is necessary for the physical
understanding of the behaviour of 𝑇mrt under different local
environments.

Based on all human-biometeorological experiments in
Freiburg concerning humanheat stress during typical Central
European summer weather, the results of a statistical analysis
show that in the daytime PET was strongly governed by
𝑇mrt (Table 4). This relationship was already indicated by
the results of both case studies, which mainly addressed the
variability of 𝑇mrt for two shading methods.

During the daytime hours from 10–16CET, that is, the
periodwhen citizens are badly affected by outdoor heat stress,
the coefficient of determination 𝑅2 of the linear regression
between 1 h mean values of PET (∘C) and 𝑇mrt (

∘C)

PET = 0.581 ⋅ 𝑇mrt + 8.2 (4)

was 0.892; that is, it was clearly higher than for the linear
regression between PET and 𝑇

𝑎
(0.589).
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Figure 24: Relationship between mean values (10–16CET) of
(𝐾∗abs/(𝐾

∗

abs + 𝐿
∗

abs)) and SVF
90–270, based on human-biometeoro-

logical measuring campaigns at different sites in Freiburg on typical
summer days 2007–2010.

The distinctly lower significance of 𝑇
𝑎
and consequently

of the urban heat island intensity for PET in the daytime was
caused by the human-biometeorological assessment method
for thermal comfort. It can be interpreted as a nesting of a
smaller volume, that is, the volume of the standing human-
biometeorological reference person, into the larger volume of
an urban street canyon [13]. The thermal conditions within
the latter volume can be described by 𝑇

𝑎
. As the human

heat budget represents the thermophysiological basis for the
perception of outdoor heat by citizens, additional processes
besides those, which are responsible for 𝑇

𝑎
, have to be taken

into account for the smaller volume. They are included in
human-biometeorological variables like 𝑇mrt or PET.

The relatively low 𝑅2 values of the regressions between
PET and vapour pressure VP as well as PET and wind
speed V point out that the prevailing VP and V conditions
during typical Central European summer weather just play a
minor part for the human perception of heat in inland cities
expressed by PET.

At night, the radiation exchange only consists of long-
wave radiant flux densities. Therefore, 𝑅2 of the linear
regression between 𝑇mrt and 𝑇𝑎 was distinctly higher in the
period 22–5 CET (0.825) than that for the daytime period 10–
16CET (0.308). As a result,𝑅2 was the highest in the night for
the linear regression between PET and 𝑇

𝑎
(0.892).

This investigation in terms of two 1-day human-biomete-
orological experiments has shown that human thermal stress
in the daytime indicated by PET can be reduced in the
local urban scale, if the direct solar radiation is decreased
by shading, which itself influences another short- and some
long-wave radiant flux densities. As previously mentioned,
SVF
90–270 represents a suitable measure to characterize the

spatial extent of shading in terms of urban human-biomete-
orology. A decreasing SVF

90–270 indicates an increase of the
spatial extent of shading in the southern half of the upper
hemisphere.

Based on data of all measurement campaigns mentioned
in Table 4, the mean relative 𝐾∗abs determined for the period
10–16CET linearly decreased with a lowering of SVF

90–270

20

30

40

50

60

70

0 20 40 60 80 100
SVF90–270 (%)

R
2
= 0.764

Freiburg, 2007–2010, typical summer days

Tmrt = 0.378 ∗ SVF
90–270∘ + 32.6

T
m

rt
,1

0–
16

 C
ET

(∘
C)

Figure 25: Relationship between mean values (10–16CET) of
𝑇mrt and SVF

90–270, based on human-biometeorological measuring
campaigns at different sites in Freiburg on typical summer days
2007–2010 [2].

(Figure 24). This means that the mean relative 𝐿∗abs over the
same period increased with a lowering of SVF

90–270. As 𝑇mrt
depends on the sum of 𝐾∗abs and 𝐿

∗

abs (1), the contribution of
relative 𝐿∗abs for 𝑇mrt was linearly increasing with decreasing
SVF
90–270. However, it should be borne in mind that shading

decreased the absolute values of both 𝐾∗abs and 𝐿
∗

abs, whereby
this decrease was stronger for 𝐾∗abs than for 𝐿∗abs. Shading in
terms of lower SVF

90–270 also led to a lower absolute sum
(𝐾
∗

abs + 𝐿
∗

abs). Due to the dependence of 𝑇mrt on this sum, a
decreasing SVF

90–270 also caused a lower 𝑇mrt [2], whereby
the relationship can be approximated by linear regression
(Figure 25).

In the human-biometeorological concept to assess the
thermal environment, the standing position of the reference
person leads to a higher significance of the horizontal radiant
flux densities. However, shading of the direction-dependent
solar radiation also has consequences for the other radiant
flux densities. Different shading methods mainly influence
the short- and long-wave radiant flux densities directly in
the spatial range of the shading device. Its extent varies
dependent on the solar altitude, that is, time of day and year.

Due to the substantial significance of the horizontal
radiant flux densities for the determination of 𝑇mrt and
consequently PET during summer weather, a simulation for
an E-W street canyon (𝐻/𝑊 = 1) with similar buildings
at both sides was performed using the ENVI-met model.
Related to the meteorological conditions of a day during the
Central European heat wave of 2003, the results show that
an extreme change of the albedo of the vertical walls of both
buildings from 0.1 to 0.9 leads to modifications of short- and
long-wave radiant flux densities, which result in an increase
of 𝑇mrt up to 30

∘C.This is mainly caused by the higher short-
wave radiant flux densities reflected from the vertical walls.
This result, which seems to be surprising at first view, does not
agree with other investigations on the influence of changed
albedo performed with the Green CTTC model [31], as they
show a decrease of 𝑇mrt with an increase of the albedo of
vertical walls.
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4. Conclusions

Among several human-biometeorological measuring cam-
paigns conducted from 2007–2010 within different urban
quarters in Freiburg during typical Central European sum-
mer weather, two measuring campaigns were selected in
order to analyze the response of the human-biometeoro-
logical variables 𝑇

𝑎
, 𝑇mrt, and PET on the shading of the

direct solar radiation by (i) a building and (ii) tree canopies.
As 𝑇mrt and consequently PET reflect the shading effects
much stronger than 𝑇

𝑎
, the behaviour of the short- and

long-wave radiant flux densities from the three-dimensional
environment, which are the basis to calculate 𝑇mrt, was
investigated in detail. Related to all human-biometeorological
measuring campaigns in Freiburg, the achieved results for the
two case studies have a general validity, because their weather
conditions were always quite similar.

Results from regional climate simulations project for
Central Europe that extreme summer heat like in 2003 will be
the normality as from 2050 [3, 4]. By providing physical data,
which can be used for the explanation of shading impacts and
the preliminary fixing of specific shading devices, for exam-
ple, with respect to its type or duration, this investigation
contributes to the discussion on the effectiveness of shading
impacts on maintaining human thermal comfort even under
extreme summer heat.

Another advantage of this applied investigation design
is the availability of reliable data on the short- and long-
wave radiant flux densities from the three-dimensional envi-
ronment, which can be used for the validation of results of
simulation models for the three-dimensional radiation field
within urban structures [24, 28]. This validation can lead to
an update of the physical basis of themodels, which is recom-
mended to improve the accuracy of their results [35, 38].

The synopsis of all human-biometeorological experi-
ments conducted during Central European summer weather
in different urban structures of Freiburg from 2007–2010
points out that shading in terms of SVF

90–270 causes not only
lower relative 𝐾∗abs and, therefore, higher relative 𝐿

∗

abs values
but also lower absolute values of the sum (𝐾∗abs + 𝐿

∗

abs). They
are responsible for the decrease of 𝑇mrt with lower SVF

90–270.
The analysis of all experimental results in terms of mean
values for the period from 10 to 16CET shows that a reduction
of SVF

90–270 by 10% through shading by tree canopies leads
to a lowering of 𝑇

𝑎
by 0.2∘C, 𝑇mrt by 3.8∘C, and PET by

1.4∘C.These communal benefits are qualitatively visualized by
Figure 26.
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