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Abstract This study of the urban heat island (UHI) aims to
support planning authorities by going beyond the traditional
way of urban heat island studies. Therefore, air temperature
as well as the physiologically equivalent temperature (PET)
were applied to take into account the effect of the thermal
atmosphere on city dwellers. The analysis of the urban heat
island phenomenon of Stuttgart, Germany, includes a long-
term frequency analysis using data of four urban and one
rural meteorological stations. A (high resolution map) of the
UHI intensity and PET was created using stepwise multiple
linear regression based on data of car traverses as well as
spatial data. The mapped conditions were classified accord-
ing to the long-term frequency analysis. Regarding climate
change, the need for adaptation measures as urban green-
ing is obvious. Therefore, a spatial analysis of quantification
of two scenarios of a chosen study area was done by the
application of a micro-scale model. The nocturnal UHI of
Stuttgart is during 15 % stronger than 4K in the city cen-
ter during summer when daytime heat stress occurs during
40 %. A typical summer condition is mapped using statisti-
cal approach to point out the most strained areas in Stuttgart
center and west. According to the model results, the increase
in number of trees in a chosen area (Olga hospital) can
decrease PET by 0.5 K at 22:00 CET but by maximum 27 K
at 14:00 CET.
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Introduction

The phenomenon describing the relatively warmer urban
atmosphere in comparison to the rural surroundings, usu-
ally referred to as urban heat island (UHI), was studied for
the first time for London in 1833 (Howard 1833). The urban
heat island is most pronounced under calm, cloudless con-
ditions, depending strongly on urban morphology and land
use types (Oke 1973, 1976; Landsberg 1981), whereby it
often has a irregular shape within the city (Unger 2004).

Most of past and recent studies tend to quantify UHI
in terms of highest air temperature differences or mean
monthly or annual conditions (Unger 1996). Mean UHI is
reported to be about 1-3 K on annual scale and maximum
differences are about 9-14K (i.e., Bohm and Gabl 1978;
Landsberg 1981; Katsoulis and Theoharatos 1985; Briindel
et al. 1987; Runnalls and Oke 2000; Szymanowski and
Kryza 2012).

Since the latest 1960s of the twentieth century, an
increased awareness of the UHI phenomenon has arisen.
Among the comparison of rural and urban meteorological
stations (Alcoforado and Andrade 2006), many studies have
been set up on experimental basis using temporal networks
(Katsoulis and Theoharatos 1985; Mihalakakou et al. 2004,
Szymanowski and Kryza 2012), car traverses (Bottyén et al.
2005; Blankenstein and Kuttler 2004), or model simulations
(Mirzaei and Haghighat 2010). These studies focused on
the explanation of the causes of the urban heat island phe-
nomenon at the meso-scale. They quantified the influencing
parameters (urban morphology and physical properties of
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surface material) and the different weather conditions on
UHI. Remote sensing data is often used to study surface
temperature urban heat island or to quantify, e.g., vegeta-
tion properties for further analysis of the UHI (Voogt and
Oke 2003; Ren et al. 2013). Remote sensing data has been
also used for a study that quantifies the UHI encompassing
Central Europe (Zaksek and Ostir 2012).

A gap between discretely measured data and the need
of spatially continuous information with high resolution by
officials and city planners remains to be a challenge in urban
climatology. For solving this issues, different statistical
approaches can be applied. In many studies, the relation-
ship between the urban morphology and the UHI intensity is
analyzed using (multiple) linear regressions (Runnalls and
Oke 2000; Unger 2004; Alcoforado and Andrade 2006) or
kriging methods (Unger et al. 2001; Bottydn and Unger
2003). Szymanowski and Kryza (2012) applied also geo-
graphically weighted regression for the determination of the
UHI in relation to the urban structures. Artificial neural net-
work is another method used by Mihalakakou et al. (2004)
for mapping the UHI in Athens, Greece.

Air and surface temperature are usually used as meteo-
rological parameters in these studies to quantify the UHI
intensity in terms of arithmetic means over longer time peri-
ods. However, urban planners and architects require con-
tinuous information about micro-meteorological and human
thermal comfort conditions for the whole year, as well as hot
conditions (Eliasson 2000; Ketterer and Matzarakis 2014a).
Thermal indices, which quantify the effects of thermal envi-
ronment on people under consideration of the human energy
balance, are for example the physiologically equivalent
temperature (PET (Mayer and Hoppe 1987; Hoppe 1999;
Matzarakis et al. 1999)) or the Universal Thermal Climate
Index (UTCI (Jendritzky et al. 2012)). They require mete-
orological variables (air temperature, air humidity, wind
speed as well as short- and long-wave radiation fluxes), and
they consider information about physiology (age, weight,
size, gender, activity, and clothing) in order to calculate the
human energy balance. These thermal indices can be cal-
culated by free available models (e.g., www.utci.org) and
software, e.g., RayMan (Matzarakis et al. 2007, 2010). In
this study, PET, with its widely known temperature unit
(°C), is used as an indicator of thermal stress and comfort.

The aim of this paper is to assess the different use-
oriented methods for the quantification of the UHI. First,
a frequency analysis for data of meteorological stations
was done for a period of 11 years. Second, a map with
10 m resolution was produced using statistical approaches
to identify most strained areas in Stuttgart-West and the
city center. This mapping approach is based on data col-
lected from a measuring campaign. Finally, the spatial effect
of adaptation measures on the nocturnal UHI effect was
quantified for a highly strained area comprising a hospital.
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Consequently, these spatial approaches can be ranked into
the background situation and the frequency of occurrence.
Thereby, the paper concentrates on effect-based approaches
by using PET.

Methods and data
A brief description of the study area

The study area, Stuttgart, is located in the southwest-
ern part of Germany, and as of 2011, it had a popula-
tion of 600,000. The bigger metropolitan area has more
than five million inhabitants, making it the fourth largest
metropolitan area in Germany (Fig. 1). During the cli-
matic period of 1961 to 1990, the mean air temperature
was 9.5°C and the average precipitation was 666 mm in
Stuttgart (Schnarrenberg). The city center lies in a sink-like
basin, while the urban quarters are spread across hills and
valleys. Climate conditions are 2 °C warmer in the city cen-
ter than in the rural surroundings due to topography and
the effect of the UHI phenomenon (Ketterer and Matzarakis
2014b). During winter, temperature inversions, i.e., an
increase in air temperature with height, are frequent. The
wind speed is mostly less than 3 ms™!, especially in the city
center and in the Neckar valley (Ketterer and Matzarakis
2014b). The selected area for specific thermal analysis and
assessment is located in Stuttgart-West, extending from the
circular depression to the western hills. Stuttgart-West is
a quarter with high population and high building density,
and many areas are planned to be reconstructed in future
years.

Data
Meteorological stations

Four meteorological stations are available in Stuttgart:
Neckartal (Neckar valley), Schwabenzentrum (city center),
Schnarrenberg, and Hohenheim (suburb) (Fig. 1). The rural
reference station is located at the airport in Echterdingen,
which is about 11 km from the city center. The background
measurement station at Schwabenzentrum is within the city
center on the top of a 25m high building. The stations at
Neckartal and Schnarrenberg are all located in the sink-like
basin at an altitude of 224 to 314 m asl, while the station in
the suburb area in Hohenheim lies at 405 m asl and the rural
station in Echterdingen lies at 371 m asl.

Measuring campaign

A measuring campaign was carried out on July 03, 2014
and July 04, 2014, hot summer days with air temperature
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Fig. 1 Overview of land use types, location of the measuring stations, route of the measuring campaign, and case study areas (base map: City

Surveying Office, Stuttgart)

up to 30 °C. The car traverses led from Stuttgart-West east-
wards through the city center to Stuttgart-East, then up to
the Neckar valley and back to Stuttgart-West (see Fig. 1).
Air temperature and relative humidity were measured every
10 s during the campaign by the Humidity Temperature
Meter HH314A with a resolution of 0.1°C and 0.1 % rel-
ative humidity. The measuring instrument was mounted
30cm above a white car with a horizontal offset of 30 cm
at 2m height above ground. The accuracy of the device
is £2.5% RH and £0.7°C and the response time of the
instrument is 40s in slowly moving air. The measuring
campaign was conducted at 12:30 Central European Time
(CET), 14:00CET, 21:30CET, and 3:00 CET with a dura-
tion of 1 h, except in the afternoon, when it took 1:30h due
to heavy traffic. The campaigns started and ended at the
main railway station, where the eastern and western part
from the main station took each 30 min with a maximum
driving speed of 30kmh -!. Furthermore, surface tempera-
ture of different land use types and material was exemplary
measured.

Spatial data

Spatial data of buildings, land use and land cover, vegeta-
tion, topography, thermal images, and wind field with dif-
ferent resolution were used. Based on this data, the sky view
factor (SVF) was calculated in 3 m resolution for the whole
Stuttgart. The SVF is a dimensionless measure between 0
and 1, representing totally obstructed and free spaces, and
therefore, it denotes the ratio between radiation received
by a planar surface and that from the entire hemispheric.
Wind fields from 0° to 360° in 10° steps were calculated
by DULAN wind model (DUrchLiiftungsANalyse (Rockle
2014, personal communication)) considering buildings and
trees. The wind direction was chosen according to the diag-
nostic meso-scale wind model (DIWIMO) model that con-
siders the topography (Schédler and Lohmeyer 1996) and
the actual measured conditions at the time of the measuring
campaigns. Furthermore, the wind speed was scaled accord-
ing to the meso-scale model and measurements. Stewart
and Oke (2012) proposed the use of the defined 17 local
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climate zones (LCZ) for a better description of the study
areas. Therefore, the LCZs were classified for Stuttgart as
well (Fig. 2).

Statistical mapping approach

To transfer point data to spatially continuous information,
statistical methods such as a stepwise multiple linear regres-
sion (SMLR) are required. A stepwise MLR defines the
best combination of land use data to predict air tempera-
ture at 21:30CET and helps understand which parameters
have the greatest influence on air temperature. Stepwise
MLR systematically adds and removes predictors based on
the significance level. Interactions between predictors allow
a further decrease of the error and increase in R”. The
following normalized predictors for the SMLR were used:
altitude, slope, aspect ratio, cold air flow, wind speed, land
use types, build-up area, SVF, thermal image, depicting the
radiant equivalent temperature, building height, and number
of trees. The land use-type layers are defined as categorical
variable.

Micro-meteorological models

Micro-scale model ENVI-met 3.5 (Bruse and Fleer 1998;
Huttner 2012) was applied to simulate the spatial distribu-
tion of meteorological parameters for a selected area and
some renovation scenarios, the Olga hospital area in Stuttgart-
West. The conditions of the one-dimensional boarder model
were initialized by the data of the urban station Schwaben-
zentrum for the same day as the measuring campaign,
July 03, 2014. ENVI-met simulates micro-meteorological

Local Climate
® Zone

Cnot defined
== W compact high-rise
M compact midrise
M compact low-rise
[Cheavy industry
Midense trees
mlow plants
W bare rock/paved
. water

Fig. 2 Overview of the local climate zones (LCZ) defined by Stewart
and Oke (2012) in Stuttgart, Germany. The resolution of a grid cell is
200 x 200 m
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surface-air-plant interactions inside complex urban struc-
tures in a three-dimensional non-hydrostatic way. The three-
dimensional model is driven by a one-dimensional boundary
cell. Its maximum spatial resolution is 250 x 250 x 30
grids. Human-biometeorological conditions were calculated
based on the results of the ENVI-met simulations in terms of
PET (Ketterer and Matzarakis 2014a). To reduce the overes-
timation of the mean radiant temperature T by ENVI-met
3.5, which is primarily driven by the overestimation of the
global radiation (Ali-Toudert 2005), the factor of shortwave
adjustment was set to 0.82.

In this study, PET (Mayer and Hoppe 1987; Hoppe 1999;
Matzarakis et al. 1999) was calculated using the model Ray-
Man Pro (Matzarakis et al. 2007, 2010). Urban morphology
is considered in terms of SVF, Bowen ratio, and albedo by
the use of RayMan. Classes of PET for different grades of
thermal perception by human beings and their physiological
stress, defined as internal heat production of 80 W and heat
transfer resistance of clothing of 0.9 clo, were applied in this
analysis (Matzarakis and Mayer 1997).

The structure of the following section is described in
Fig. 3. First, the long-term frequency analysis based on air
temperature and PET is discussed for data of the meteoro-
logical stations over 11 years. Second, the map depicting
air temperature and PET at micro-scale level (10 m reso-
lution) is described. The database, namely air temperature
and air humidity measured during the car travers and land
use data, topography, thermal maps, and urban morphol-
ogy, was normalized for the statistical modeling approaches
using SMLR. PET, as a target parameter for the SMLR,
was calculated using the measured air temperature and rela-
tive humidity, the wind simulation, and the measurements
scaled thermal map using RayMan. Finally, ENVI-met sim-
ulations were conducted to quantify the impact of adaptation
measures on air temperature and PET on July 03, 2014.

Results
Long-term analysis of urban meteorological conditions

The urban meteorological conditions are analyzed using air
temperature in terms of frequencies throughout the years
2000-2010. Additionally, the summer of 2003, characteri-
zed by two strong heat waves, is compared to the average
conditions of the period 2000-2010 (Fig. 4). During sum-
mer 2003, air temperature was over 60 % of hourly data
higher than 20 °C at Schnarrenberg and Schwabenzentrum,
while in an average summer, this is the case only during
40 % (Fig. 4). Considering air temperature in general, it is
highest at Schwabenzentrum, followed by Schnarrenberg,
Neckartal, Hohenheim, and the rural reference station
Echterdingen. Air temperature < 0 °C occurs during 31.1 %
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in the rural surroundings in Echterdingen but only during
23.6 % in the city center (Schwabenzentrum) (Fig. 4).

However, PET is higher at Schnarrenberg, followed by
Neckartal, Schwabenzentrum, Hohenheim (suburb), and the
rural reference station Echterdingen. PET value higher than
25 °C indicates heat stress according to Matzarakis and
Mayer (1997). Heat stress occurs to 34 % during normal
summer, but to 41 % in 2003. This means additional 110 h
of heat stress from June to August in summer 2003 in com-
parison to normal summer. Strong cold stress (PET < 4 °C)
occurs during 64.7 % in Echterdingen and 53.8 % in Schnar-
renberg and, therefore, around 10 % less in the city center
compared to Echterdingen (figure is not shown for clarity
reasons).

Fig. 4 Frequency diagram of
hourly averages of air
temperature 7, following
different measuring stations in
Stuttgart for the period 2000—
2011 (panel A): Echterdingen
(E), Hohenheim (H), Neckar
valley (N), Schnarrenberg (),
and Schwabenzentrum (Schw).
The conditions of the summer
months June to August (JJA)
over the 11 years are depicted in
panel B and JJA in 2003 in
panel C

) Coupling
“::;Sl;rimr? LCZs micro- and
(c’;r g SVF meso-scale
roughness wind
traverses) simulation
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Land use data,
topography
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At night time, the median nocturnal air temperature dif-
ferences between the urban and the rural reference station
(Echterdingen) are largest at Schwabenzentrum (2.5 K), fol-
lowed by Schnarrenberg (2.1K), Neckartal (1.2K), and
Hohenheim (0.7 K). For this analysis, hourly averages are
used between sunset and sunrise. The median difference
between Schwabenzentrum and Echterdingen corresponds
to the difference of annual mean air temperature between
450 m difference in altitude. At Schnarrenberg, the noctur-
nal air temperature UHI is smaller than the urban-rural air
temperature differences in daytime. Actually, the noctur-
nal PET differences are lower than during daytime. This
is based on the fact that the measuring site is surrounded
by unbuilt area, and it is located on top of a southwest

T, classes (°C)

> 250
B 20.1- 250
15.1- 200
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exposed hill, featuring high daytime irradiation on the one
hand, but a high cooling rate on the other hand. Further-
more, the altitude of the measuring station of 314 m asl. is
only 57 m lower than the rural reference station. Neckartal
and Schwabenzentrum show frequently lower air tempera-
ture and PET during daytime than the rural surroundings.
This is due to inversions, but it is also caused by the
frequently occurring urban cooling island during summer
between 10:00 and 12:00 CET (Ketterer and Matzarakis
2014b). The differences between the suburb Hohenheim and
the rural reference station Echterdingen show a small stan-
dard deviation, and they are larger at night than at daytime.
During night time, UHIpgT is similar to UHIT,. In Hohen-
heim, UHIpgT is negative almost during 50 % of the time
due its higher elevation (405 m) compared to Echterdingen
(371 m). Urban-rural PET differences are highest in daytime
(in the late afternoon), while air temperature UHI is highest
at night time.

Spatial analysis of meteorological conditions in Stuttgart
Statistical approaches

A map of the micro-climatic conditions for parts of the city
center was made by the use of SMLR for the July 03, 2014
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at 21:30CET (Figs. 5 and 6). The warm city center around
the main station has an UHI intensity of up to 5.8 K and air
temperature of 25.7°C (Fig. 5). The city center is also the
lowest elevation of the selected study area. The cooler area,
with an UHI of 3.5-4 K in the south of the main station, is a
small park called Oberer Schlossgarten. The UHI intensity
also drops by 2 K at the Feuersee, a small park with a lake
surrounding a church to the southwestern part of the city
center. The area on the west of the Olga hospital in Stuttgart-
West suffers from warm temperature of up to 25.4 °C due to
the high building density. Areas situated on the higher eleva-
tion in the west and north feature lower temperature values
of 22.5 to 24.3°C, and therefore, a UHI intensity between
0.8 and 3.1 K. The model was compared with the measured
values. The root mean square error (RMSE) is 0.28 and R?
is 0.88.

The PET map (Fig. 6) depicts similar pattern of the ther-
mal environment, as described above. PET was calculated
based on the measured air temperature and air humidity
during the measuring campaign, as well as on the wind
simulations and surface temperatures estimated by the use
of the thermal map, scaled by point measurements of the
surface temperature during the measuring campaign for dif-
ferent materials. PET values are higher in the densely built
city center and in the surroundings of the city center, but

UHI (K)

- 0.9-23
|:| 2.4-3.0
D EREY
\:| 3.8-4.4
|:| 45-51
- 5.2-6.0
I:I Buildings

Main station
Oberer Schlossgarten

(park)
3 Olga-hospital

N =

Fig. 5 Mapping of UHIT, using stepwise multiple linear regression for Stuttgart-West and the city center on July 03, 2014, 21:00 CET
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Fig. 6 Mapping of PET using stepwise multiple linear regression for Stuttgart-West and the city center on July 03, 2014, 21:00 CET

also in Stuttgart-West, higher PET values of 18-20°C area
are depicted. The RMSE of the PET simulation is 0.32 and
R? is 0.89.

Micro-scale simulations on adaptation measures

The UHI was simulated for the current state of the Olga
hospital and one scenario with additional trees using ENVI-
met and forcing with the data of the nearby measuring site
Schwabenzentrum (locations, see Fig. 1). The tree scenario
features 12 times more trees than the hospital scenario,
which is located especially along streets and pavements to

Fig. 7 Mapping of PET
differences (A PET) between the

provide shading. The tree scenario is up to 27 K PET lower
on July 03, 2014 at 14:00 CET. The spatial average is 2.2 K
and the median is 0.2 K. In Fig. 7, panel A, it is clearly vis-
ible that the cooler areas are very limited to the areas with
additional trees.

In the evening at 21:00 CET, the average PET differences
are very small between the different scenarios in the Olga
hospital area. The median and average difference between
the scenarios with more trees and the current state is 0.4 and
0.5K at 21:00 CET. PET of the tree scenario compared to
the current state is up to a maximum of 1.4 K colder (Fig. 7,
panel B).

4.0
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Discussion

The main focus in this urban micro-meteorological analysis
is the thermal comfort of city dwellers. Therefore, the inte-
gral effect of the thermal atmosphere is taken into account
by the use of PET.

The nocturnal UHI is most distinguished during summer
when its intensity often exceeds 4 K, especially in the city
center (see Table 1). This increases the number of hours
with heat stress within 1 day. Therewith, the city dwellers
are exposed to additional heat stress compared to the rural
site or higher elevated suburban site. In spite of the nega-
tive reputation of the UHI phenomenon, it is, by triggering a
higher thermal regime in urban areas, also advantageous for
the better part of the year in mid-latitudes in terms of energy
consumption (Matzarakis et al. 2009) or outdoor comfort
(Ketterer and Matzarakis 2014b).

The maximum UHI intensity of 5.4 K detected during the
measuring campaign is a representative value for nocturnal
summer conditions in Stuttgart. The studied adaptation mea-
sure of doubling the number of trees in this area leads,
at 22:00CET, to cooling in PET of 0.5K (spatial aver-
age). Heat stress is a phenomenon on macro-scale during
conditions with stable high pressure. Therefore, it is not
possible to mitigate this straining conditions, but daytime
heat stress can be counteracted by shading. The impact of
trees on daytime comfort conditions is admittedly signif-
icant by an average cooling of 2.2K PET and maximal
27 K. The urban-rural temperature differences are often neg-
ative in the morning hours (Ketterer and Matzarakis 2014b)
because the building material absorbs the incoming short-
wave radiation. However, these measures have rather a small
impact on the nocturnal conditions. Better insulation, such
as green roofs (Niachou et al. 2001) or phase-changing
material (free-cooling) (Baetens et al. 2010), could be used
to improve indoor thermal conditions during heat waves due
to technical measures. Additionally, the population has to

Int J Biometeorol

be informed how to adapt their behavior relating to shading
and ventilating their flat (Matthies 2008).

Increase in vegetation, in the number of trees, or in
their dimensions in urban areas are a popular measure to
counteract heat stress. Trees decreases air temperature up
to 1.5-3.1K at 13:00 CET (Streiling and Matzarakis 2003;
Shashua-Bar and Hoffman 2004; Ali-Toudert and Mayer
2007; Ketterer and Matzarakis 2014a) and PET by 15K
(Streiling and Matzarakis 2003) and up to 24 K (Ali-Toudert
and Mayer 2007). Trees have a maximum impact on ther-
mal conditions by shading in the daytime and by increased
evaporation (Shashua-Bar and Hoffman 2004; Cohen et al.
2012). Furthermore, not all tree species are adequate to be
planted in cities in respect to allergic persons (D’Amato
et al. 2007) also because they produce more biomass and
pollen compared to rural areas (Ziska et al. 2003). In mid-
latitudes, deciduous trees are more favorable to increase
global radiation in winter and providing shade in summer.

With data measured by climate and meteorological sta-
tions, not only arithmetic mean can be calculated but
also a much more meaningful frequency analysis can be
conducted. Calculating the arithmetic mean is often not
representative because, mostly, the data is not normally dis-
tributed, and thus, the median is more meaningful. Using
the frequency analysis, single events can be classified in
a broader context. The UHI intensity depends strongly on
the choice of the urban as well as rural reference stations,
especially in complex topography. Additionally, it has to
be mentioned that the approach of Stewart and Oke (2012)
is limited due to influence of the micro-scale meteorolog-
ical phenomenon triggered by the topography, e.g., cold
air flow.

Data of car traverses often lack quality compared to
meteorological stations. Possible sources of errors are due
to relatively high driving and inconstant speed of the car,
choice of the route, calibration and exactness of the mea-
suring devices, position of the devices on the car, and
surface temperature of the car in comparison to ambient

Table 1 Frequency (%) of urban-rural PET differences (in K) between the four urban and the rural reference station at Echterdingen between

sunset and sunrise

A PET (K) Winter Spring

Summer Autumn

SchB Neckar SchwZ. Hohenh SchB Neckar SchZ. Hohenh SchB Neckar SchZ. Hohenh SchB Neckar SchZ. Hohenh

<=2 04 13 0.1 3.7 02 08 0.1
>—-2t00 94 518 7.0 64.8 8.8 472 4.1
> 0-2 70.9 40.8 63.5 26.7 70.7 422 54.4
> 24 182 5.6 25.6 4.5 17.1 8.9 30.6
>4 1.1 05 39 0.3 32 09 10.7

2.3 00 07 0.1 2.5 03 15 0.1 2.9
56.9 5.1 38.6 3.6 59.7 11.3 484 6.1 617
33.0 64.6 514 455 346 66.1 42.5 572 312

73 264 83 35.7 32 190 69 28.3 4.0

0.4 38 1.0 152 0.1 32 06 8.3 0.2

Data basis are hourly averages in the period 2000-2010. The urban stations are Schnarrenberg (SchB), Neckar valley (Neckar), Schwabenzentrum

(SchZ), and Hohenheim (Hohenh)
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air and surface temperature. Furthermore, the measurements
are subject to a time delay due to a certain inertia of the
measuring devices. Statistical models and approaches like
SMLR are a good possibility to offer spatial information
of meteorological data provided that sufficient point data
in a certain neighborhood are available. However, signif-
icant linear correlation between land use and parameters
derived from land use data, such as SVF and temperature
(air temperature, potential temperature or PET), cannot be
detected for Stuttgart. This finding is contrary to studies in
Szeged, Hungary (e.g., Unger 2004, 2006). Causes might be
the complex topography of Stuttgart, triggering local mete-
orological phenomenon, as well as the inhomogeneous land
use and land cover, while Szeged is located in very flat
terrain; therefore, the SVF might be a parameter that expe-
riences the strongest changes. Regarding the SMLR, there
were some complexities to overcome. First of all, the res-
olution of some input raster data is inhomogeneous and do
not always meet the demands of the necessary resolution.
Secondly, the measurements of the measuring campaign
do not cover the whole range of possible combinations of
land use data. The error between measured temperature and
simulated one along the car route is most frequent (67 %)
between 0 and 0.25 K, which can be assessed to be reason-
able. Another error developed by choosing estimated Bowen
ratio and albedo for the PET calculation by RayMan is esti-
mated to be between 1 and 3 K depending on the conditions
(wet or dry surface).

Micro-scale models, such as ENVI-met, represent a good
possibility for the quantification of the impact of different
planning scenarios on human-biometeorological conditions
at micro-scale. Availability of hourly measured data of air
temperature and humidity of a nearby meteorological sta-
tions as forcing of the ENVI-met simulations ensures rather
realistic simulated results. However, micro-scale models
have limitations. Only short periods over several days and a
small simulation area can be calculated. Moreover, ENVI-
met 3.5 does not consider heat storage and transfer by
buildings or anthropogenic heat production in an adequate
manner. These processes, anyhow, contribute strongly to
the development of urban-rural temperature differences,
especially in the tropics and in the mid and high Ilati-
tudes in winter. Cold air flow, an important phenomenon
for air quality, and thermal comfort in cities in complex
topography are not considered by most micro-scale models.
ENVI-met 3.5 requires also homogeneous horizontal con-
ditions. The global radiation calculated by ENVI-met 3.5
is usually to high (Ali-Toudert 2005), for which reason the
factor of shortwave adjustment was set to 0.82. However,
in the morning and afternoon, the global radiation is still
overestimated.

Maps show always a trend and the main pattern of the
thermal environment, but the absolute values are defective.
The error in measurements accounts for up to 0.7K; the

SMLR results in an error between 0 and 0.25 K for mapping
of air temperature. Regarding the PET map, an additional
error of the PET calculation by RayMan of 1-2K has to
be added. The land use-type raster data has a resolution
between 10 and 50 m, which is sometimes visible in the
maps having a resolution of 10 m.

Conclusion

Extreme meteorological conditions, especially heat waves,
are of interest for city planners and authorities. Frequent
occurrence of heat stress limits the health-related qual-
ity of life for people in cities. Therefore, urban micro-
meteorology issues are becoming more important for
authorities dealing with planning purposes. This is also of
importance facing the challenges of climate change, with an
increase in the average temperature as well as more frequent
heat waves, in urban areas. In the summer of 2003, heat
stress occurred at 41 %, which is 7 % more than in an aver-
age summer in the period 2000-2010. Based on the fact that
air temperature is only one factor affecting human energy
balance, the meteorological conditions have to be studied
using appropriate human-biometeorological methods con-
sidering the integral effect of the thermal atmosphere. A
study about urban micro-meteorological conditions should
be based on a frequency analysis of measured data over a
period of several years in order to have an overall descrip-
tion of the background conditions. Heat stress is 7 % more,
but cold stress is 9 % less, frequent in the city center of
Stuttgart compared to the rural reference station at the
airport.

From these results, single events, which can be extreme
or average, can be chosen for a spatial assessment. Maps
are helpful for planners and architects to identify areas with
more or less heat stress in order to counteract this heat
stress and the urban heat island. For these identified hot
spot areas, different adaptation measures can be quantified
by micro-scale models, such as ENVI-met or RayMan. For
the development of maps, two possibilities, namely numer-
ical and statistical modeling, exist and can be applied under
consideration of their limitations. Extracted results from
mapping and spatial distribution have finally been embed-
ded in the long-term analysis. The combination of these
maps, background conditions, expected climate change con-
ditions, and expected changes in urban micro-structures is
of great importance to decision-makers. The way to commu-
nicate the derived results to final users and decision-makers
should be set in the focus of recent studies. Limitations
of applied methods have to be expressed and discussed in
detail. At micro-scale level, the variability of the human-
biometeorological conditions is very high and complex to
be assessed and communicated.

@ Springer



Finally, the seasonal aspects of UHI have to be consid-
ered. During daytime, heat stress occurs most frequently.
In summer, when the day is longer in mid-latitudes and
the nocturnal cooling phase is short, city dwellers suffer
additionally from a low cooling rate, which is expressed
by a high nocturnal heat island intensity. A decrease in the
indoor air temperature could be achieved by enhanced heat
isolation that is effective in daytime.
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