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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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at the NNE-facing sidewalk of aWNW-ESE street canyon, “Vauban”
quarter in Freiburg during typical Central European summer day.
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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 9: 1 h mean values of the long-wave radiant flux densities 𝐿
𝑖
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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.
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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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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).

Freiburg, Vauban, July 15, 2007
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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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Freiburg, Vauban, July 24, 2008
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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

Freiburg, Vauban, July 24, 2008
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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

Freiburg, Vauban, July 24, 2008
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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 𝑅2

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
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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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