
Urban Climate 10 (2014) 573–584
Contents lists available at ScienceDirect

Urban Climate

journal homepage: www.elsevier.com/locate/ucl im
Human-biometeorological assessment of the
urban heat island in a city with complex
topography – The case of Stuttgart, Germany
http://dx.doi.org/10.1016/j.uclim.2014.01.003
2212-0955/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +49 761 203 6925; fax: +49 761 203 6922.
E-mail addresses: Christine.Ketterer@meteo.uni-freiburg.de (C. Ketterer), Andreas.Matzarakis@meteo.uni-fre

(A. Matzarakis).
URL: http://www.meteo.uni-freiburg.de (A. Matzarakis).

1 Tel.: +49 761 203 6921.
Christine Ketterer ⇑, Andreas Matzarakis 1

Chair of Meteorology and Climatology, Albert-Ludwigs-University Freiburg, Werthmannstrasse 10, 79085 Freiburg, Germany

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 July 2013
Revised 18 November 2013
Accepted 6 January 2014

Keywords:
Urban heat island
Thermal comfort
PET
UTCI
Topography
Stuttgart
The spatial and temporal differences of climate, urban heat island
and future conditions were assessed for Stuttgart, a city located
in complex topography in Southwest Germany. The present and
future urban climate conditions were analysed using hourly mea-
sured data from 2000 to 2011 of 5 measuring stations and data
from regional climate simulations. The urban heat island intensity
was quantified applying thermal indices as Physiologically Equiva-
lent Temperature (PET) and Universal Thermal Climate Index
(UTCI) and compared to weather type classifications. In Stuttgart,
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inconsistent and local wind could be clearly observed. The average
annual urban heat island of air temperature was between 0.3 K in
the suburb areas to 2 K in the city centre and the maximum up to
12 K. The assessed urban heat island with PET was in average 3.3 K
and maximum around 20 K. Based on regional climate simulation
we found that the amount of days with heat stress (PET P 35 �C)
is estimated to increase by about 17 days until the end of the
21st century. Urban heat island and intra-urban variability were
most obvious using thermal indices rather than air temperature.
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1. Introduction

Modifications of air and surface temperature are the most prominent characteristics of urban cli-
mate. Spatial and temporal differences of meteorological parameters develop within one urban area
as a function of aerodynamic surface structure and radiation fluxes (Landsberg, 1981; Helbig et al.,
1999; Mayer et al., 2003). The so-called urban heat island (UHI) describes the regular appearance of
higher temperature in a city compared to rural sites due to alteration in energy and water budget
(Landsberg, 1981; Oke, 1982; Wilby, 2007). Causes of the canopy layer UHI are among others, an in-
creased absorption of short-wave radiation by urban morphology. Additionally, incoming long-wave
radiation is elevated due to air pollution but outgoing long-wave radiation is reduced due to the smal-
ler sky view factor. Furthermore, anthropogenic heat sources and heat storage contribute to the UHI as
well as increased Bowen ratio (Oke, 1982).

The average UHI intensity in other cities in the same climate zone and Europe was reported to
be between 1 K in Wroclaw (Szymanowski and Kryza, 2012) and 2–3 K in Athens (Katsoulis and
Theoharatos, 1985). Böhm and Gabl (1978) reported an average UHI of 1.4 and 2.4 K in Vienna, Austria,
from 1968 to 1977 and 1.5 K from 1986 to 1995 (Böhm, 1998). Unger (1996) reports a mean
(maximum) UHI of 1.6 K (8.2 K) in Szeged, Hungary in 1997–1998. An average UHI of 1.9 K and a
maximum intensity of 8.2 K was observed in Munich (Bründl et al., 1987; Mayer, 1987). In Athens,
the mean magnitude of the urban heat island, which is strongly influenced by topography and
presence of the sea was estimated to be 2–3 K in the period 1961–1982 (Katsoulis and Theoharatos,
1985). Although, the mean monthly UHI intensity peaked during summer, the minimum mean air
temperature difference was found to be highest in November, which was explained by anthropogenic
heat production (Katsoulis and Theoharatos, 1985). In Wroclaw, Poland, the average UHI magnitude
for the period 1971–2000 is 1.0 K per year. The air temperature difference peaked in spring (1.2 K)
and are smaller in autumn and winter (1.1 K) (Szymanowski and Kryza, 2012). Runnalls and Oke
(2000) reported the largest UHI intensity in autumn and the smallest in spring in Vancouver, Canada.
The mean UHI magnitude was observed to be 1.4 K and difference between daily minima 2.4 K. The
largest UHI intensity was 8.9 K and occurred in September.

The influence of climate on human health and well-being is already well analysed (Souch and
Grimmond, 2004; European Environment Agency, 2004; O’Neill and Ebi, 2009). Extreme weather con-
ditions, especially heat waves have a negative effect on mortality and morbidity (Robinson, 2001;
Flynn et al., 2005; Ishigami et al., 2008; Gosling et al., 2009; Matzarakis et al., 2011). The UHI is an
additional factor during heat waves that enhances health risks leading to higher mortality rates in cit-
ies compared to rural environments (Clarke, 1972; Conti et al., 2005). Furthermore, the UHI might lead
to an increase in air pollution (Taha, 1997) and energy consumption (Lin, 2000).

The analysis and quantification of the urban micro-climate and adaptation measures are necessary
to improve the micro-climate conditions, health and well-being of city dwellers (Matzarakis and End-
ler, 2010). The analysis of the UHI and intra-urban differences for in particular city planning issues
needs to focus on the thermal perception of humans, wherefore the integral effect of air temperature,
wind speed, air humidity and radiation has to be taken into account (Eliasson, 2000). This can be
performed by using thermal indices as the Physiologically Equivalent Temperature (PET (Mayer and
Höppe, 1987; Höppe, 1999; Matzarakis et al., 1999)) and Universal Thermal Climate Index (UTCI
(Jendritzky et al., 2012)).

Complex topography and location of cities in sink-like basins exacerbate the existing urban climate
issue mainly due to reduced ventilation and further decrease of total turbulent heat transport as well
as worsening of the air quality. At the same time, the analysis is more complex for cities located in
complex terrain and having inhomogeneous land cover due to local scale phenomena as for example
katabatic wind (Landsberg, 1981).

The regional climate conditions, which form the background conditions of urban climates, are ex-
pected to change in the 21st century due to climate change (IPCC, 2007). Numerical models show that
the actual climate in a city represents the conditions in rural areas in the same climate zone at the end
of the 21st century (Matzarakis, 2013). Longer-lasting, more frequent and more intense heat waves are
expected to occur in Western Europe in the 21st century (Schär et al., 2004; Meehl and Tebaldi, 2004).
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Therefore, the implementation of mitigation and adaptation measures is absolutely essential
(Grimmond, 2007).

The aim of this paper is the analysis and human-biometeorological quantification of; firstly, the
current intra-urban variations; secondly, the frequency of urban heat island intensities of Stuttgart un-
der consideration of the complex environment and weather types; and thirdly, future climate condi-
tions in the greater area of Stuttgart are studied.

2. Methods and data

2.1. Study area

Stuttgart (48�470 N, 9�100 E, 244m asl), the fourth largest metropolitan region in Germany, is lo-
cated in the south western part of the country. Stuttgart is spread across several hills, while the city
centre, called Stuttgarter Kessel (cauldron), is located in a sink-like basin (Fig. 1). Besides, the greater
Stuttgart region is one of the warmest areas in Germany. Its location favours warmer and more humid
climate with less precipitation than in its surrounding rural site. Due to its importance in industry,
education, culture and policy in the south-western part of Germany, Stuttgart has been experiencing
population growth also in recent years. Stuttgart’s climate is temperate with warm humid summers
and cool, wet winters (Köppen climate classification Cfb). The average air temperature was 11.8 �C
in the city centre and 9.8 �C in its surrounding suburbs and rural sites from 2000 to 2010. The average
annual amount of precipitation was 732 mm in the surroundings while in the city centre is about
60 mm less. Stuttgart’s city dwellers suffer not only from strong UHI, but also from strong air pollution
caused by weather conditions connected with a low wind speed and air temperature inversions. Com-
pared to other cities the low wind speed is a unique feature in Stuttgart (State capital Stuttgart, 2010).
Fig. 1. Map of Stuttgart with wind roses at the measurement stations Echterdingen (rural), Hohenheim (suburban),
Schwabenzentrum (city centre), Neckartal and Schnarrenberg (both urban). The wind roses depict the frequency of a wind
direction and according wind speed.
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Four measurement stations exist in Stuttgart: Neckartal (Neckar valley), Schwabenzentrum (city
centre), Schnarrenberg (urban hill) and Hohenheim (suburb). The rural reference station is located
at the airport in Echterdingen (Table 1), which is about 11 km from the city centre. The background
measurement station at Schwabenzentrum is within the city centre on the top of a 25 m high building.
The stations at Neckartal and Schnarrenberg are all located in the basin at an altitude of 224 to 314 m,
while the station in the suburb area in Hohenheim lies at 405 m asl and the rural station in Echterd-
ingen lies at 371 m asl (Table 1).

2.2. Thermal indices

2.2.1. Physiologically equivalent temperature
PET is based on the energy balance of humans (Mayer and Höppe, 1987; Höppe, 1999; Matzarakis

et al., 1999) in terms of the Munich Energy Balance Model for Individuals (Höppe, 1984). The advan-
tage of PET is to be in the unit degree Celsius, which makes it more comprehensible for e.g. urban plan-
ners (Höppe, 1999). In this study, PET was calculated using the model RayMan (Matzarakis et al., 2007;
Matzarakis et al., 2010). The assessment scale classifying cold stress, thermal comfort and heat stress
is based on (Matzarakis and Mayer, 1997). Wind speed was calculated at the height h of 1.1 m, the
human centre of gravity:
Table 1
Location

Mea

Neck
Schw
Schn
Hohe
Echt
WS1:1 ¼WSh �
1:1
h

� �a

ð1Þ
where WSh is the wind speed (ms�1) at a height of h = 10 m, a is an empirical exponent
a ¼ 0:12z0 þ 0:18, depending on the roughness length z0.

2.2.2. Universal thermal climate index
UTCI follows the concept of an equivalent temperature. The meteorological conditions are com-

pared to a reference environment, which has 50% relative humidity, calm air and the mean radiant
temperature being equal to the air temperature (Jendritzky et al., 2012). The UTCI equivalent temper-
ature for a given meteorological condition is defined as the air temperature of the reference environ-
ment that produces the same physiological stress (strain). These dynamic physiological reactions are
multidimensional (core temperature, sweat rate, skin hydration, etc. at different exposure times). A
one-dimensional representation of the model responses, a strain index, was calculated by principal
component analysis. UTCI expresses the equivalent temperature of the defined meteorological envi-
ronment which produces the same strain index. The thermal stress can thus be evaluated over a
10-point scale of ‘‘extreme heat stress’’ to ‘‘extreme cold stress’’. UTCI values between 18 and 26 �C
may comply closely with the definition of the ’’thermal comfort zone’’ (International Union of Physi-
ological Sciences - Thermal Commission, 2003).

2.2.3. Weather types classification
The classification of weather types (Grosswetterlagen) by Hess and Brezowsky (1977), as revised in

Gerstengarbe et al. (1999) was applied. The weather types are defined by the mean spatial pressure
distribution over at least three days over a larger area. They are classified in 29 categories of anticy-
clonic and cyclonic circulation and depending on circulation patterns. The weather type is ‘undefined’
during transitions between weather types.
and altitude of the measurement stations.

surement station Lat (N) Long (E) Altitude (asl)

artal 48:47 09:13 224 m
abenzentrum 48:46 09:10 250 m

arrenberg 48:50 09:12 314 m
nheim 48:42 09:02 405 m

erdingen 48:41 09:14 371 m
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2.2.4. Climate change
The regional ENSEMBLES model RT2B is used to analyse future background conditions until the

21st century in the greater area of Stuttgart in daily resolution (for more information see http://
ensembles-eu.metoffice.com). Additionally, a dataset of the regional climate model REMO (Jacob,
2001) (for more information see www.remo-rcm.com) based on an A1B scenario with hourly resolu-
tion is used to assess future biometeorological conditions. Climate change in Stuttgart is statistically
analysed calculating the number of following specific climatic event days:

� Extreme hot days: maximum air temperature is higher than 39 �C
� Hot days: maximum air temperature is higher than 30 �C
� Summer days: maximum air temperature is higher than 25 �C
� Frost days: minimum air temperature is lower than 0 �C
� Ice days: maximum air temperature is lower than 0 �C
� Extreme cold days: minimum air temperature is lower than �10 �C
� Days with heat stress: PET is higher than 35 �C

3. Results

The intra-urban variability of human-thermal biometeorological conditions, wind direction and
wind speed were analysed at the different measurement sites in Stuttgart. Furthermore, the UHI of
Stuttgart was studied for different weather types and meteorological parameters to estimate future
frequency of UHI intensities. Additionally, background conditions in the 21st century were analysed.

3.1. Wind

Very light wind and wind direction, which is determined by the topography is typical for the city of
Stuttgart. The Stuttgart’s sheltered position by the Black Forest, the Swabian Alb, the Schurwald and
the Swabian-Franconian Forest leads to frequent development of a mean wind speed below 3 ms�1

and inconsistent wind directions as indicated by wind roses in Fig. 1. The wind direction in Echterd-
ingen and Hohenheim is rather representative for the greater area of Stuttgart. The main frequent
wind direction is the south to south-westerly component, according to the west wind zone, followed
by south-eastern and northern wind. The northerly component dominates the periods with light wind
under 3 ms�1 in Echterdingen at nighttime. East wind is more frequent in the daytime than at night-
time. The strongest wind speed appears to be the westerlies while the northerlies and easterlies are
the weakest. In the city, the wind direction is inconsistent and is often dominated by thermal-induced
local wind. A vivid example here is the well known local wind called ‘‘Nesenbachtäler’’ as measured at
the Schwabenzentrum. This is a cold air flow from the hills to the city following the Nessenbach valley.
The frequency of the Nesenbachtäler is 63% at night. In the daytime, south-west and north-east wind
occurs almost in equal parts. The north-east and north-west components are also forced by long street
canyons with their orientations. In the city centre (Schwabenzentrum), the wind speed exceeds
6 ms�1 only at 2% of the time. In the Neckar valley, 80% of the wind speed is lower than 3 ms�1 and
the frequency of the wind direction from the north is 28% while the other (south, west and east) direc-
tions occur to 10 ± 2.7%. South-eastern and the north-western wind is most frequent at the measure-
ment station of Schnarrenberg. During the day stronger wind above 6 ms�1 from north-west are more
frequent at 18% per year. The nocturnal wind from south–southeast has a share of 25% of wind speed
below 6 ms�1. The average wind speed is, however, 2.9 ms�1 in Schnarrenberg, and only 1.7 ms�1 in
the Neckar valley. To sum up, wind speed is very low in Stuttgart, local wind, often thermally induced,
dominates in Stuttgart, depending on topography and urban morphology. Wind direction and speed
observed at Echterdingen is rather representative for the greater area of Stuttgart.

3.2. Intra-urban variability

The differences of the intra-urban and urban-rural air temperature frequencies are very small
(Fig. 2). The highest frequency of air temperature was observed between 14 and 16 �C in Echterdingen,

http://ensembles-eu.metoffice.com
http://ensembles-eu.metoffice.com
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Neckartal and Schwabenzentrum, 12–14 �C in Hohenheim and 16–18 �C in Schnarrenberg (Fig. 2a). At
Schnarrenberg, the most frequent air temperature is to be above 20 �C. The air temperature above
28 �C is more frequent in Echterdingen than in Hohenheim, due to the difference in altitude between
the two measurement stations.

The frequency of PET above 12 �C in Schwabenzentrum and Schnarrenberg is 30% higher than in
Echterdingen and Hohenheim (Fig. 2b). The median of PET is 11.0 �C in Schnarrenberg and 9.3 �C in
Schwabenzentrum. The median of PET in Hohenheim was found to be 6.1 �C, which is 0.9 K lower than
in Echterdingen. The highest minimum and mean PET was observed at Schnarrenberg, followed by
Schwabenzentrum, Hohenheim and Echterdingen (Fig. 2d and e). Differences in PETmin, which are
maximum during summer period, were up to 5 K between Schnarrenberg and Schwabenzentrum
and 8 K between Schnarrenberg and Echterdingen and Hohenheim (Fig. 2b). The height of the measur-
ing station at Schwabenzentrum is the reason for lower minimum PET, as this height above the urban
canopy layer experiences stronger cooling. The differences in PETmean were observed to be smaller
between Schnarrenberg and the other four measurement sites. The maximum PET was the highest
at Schwabenzentrum followed by Schnarrenberg (Fig. 2f), because Schnarrenberg features a smaller
Bowen ratio. Usually, PETmax is higher in the suburb Hohenheim than in Echterdingen despite the
higher elevation, except in winter. The reason could be less solar irradiation and stronger wind in
Hohenheim during winter, reducing the UHI effect.

The average UTCI is around 12 �C in Schwabenzentrum and Schnarrenberg, and only 6 �C
Echterdingen and Hohenheim (Fig. 2c).

Highest vapour pressure is observed in Hohenheim with 10.1 hPa, followed by Neckartal (9.8 hPa),
Schnarrenberg and Schwabenzentrum (9.6 hPa) and finally by Echterdingen (9.4 hPa).
Fig. 2. Frequency distribution of Ta (a), PET (b) and UTCI (c) for the four measurement stations in Stuttgart and Echterdingen
(see legend) for 2000–2011. Minimum (d), mean (e) and maximum (f) PET averaged for every day of the year (DOY) over
10 years for different measurement stations (see legend). The grey shaded areas depict the temperature ranges with thermal
comfort according to the assessment scales of PET (Matzarakis and Mayer, 1997) and UTCI (International Union of Physiological
Sciences - Thermal Commission, 2003).
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3.3. Urban heat island

The urban heat island was analysed by comparing air temperature (UHITa) and PET (UHIPET) of Sch-
narrenberg and Schwabenzentrum with the rural reference station at Echterdingen (Fig. 3). The aver-
age annual UHITa intensity at Schwabenzentrum is 2 K and at Schnarrenberg 1.6 K. The Neckar valley is
affected by very low wind speed, but the presence of water seems to cause a compensatory effect on
air temperature so that the mean UHITa is 0.9 K. At the suburb Hohenheim, the UHI of 0.3 K is not pro-
nounced as the suburb is surrounded by agricultural areas and has a higher elevation as the rural ref-
erence station Echterdingen.

The differences in PET are higher with 4.1 K (3.1 K) between Schnarrenberg (Schwabenzentrum)
and Echterdingen.

The UHITa shows a stronger diurnal cycle in Schwabenzentrum (3 K) compared to Schnarrenberg
(0.7 K) (Fig. 3a, b). The UHI intensity in winter and spring has the smallest amplitude (0.4 K) com-
pared to summer (0.8 K) and autumn (0.7 K) at Schnarrenberg. During summer the minimum UHI oc-
curs at 10:00 (all times are given in Coordinated Universal Time, UTC), in autumn at 12:00, in spring
between 9:00 and 11:00. The UHITa intensity peaks between 5:00 and 6:00 during the whole year. At
Schwabenzentrum, the maximum of the UHITa occurred in the evening between 18:00 in winter and
21:00 during the other seasons and the lowest UHITa between 8:00 and 11:00. During summer an
average urban cooling island can be seen between 7:00 and 12:00 of �0.4 K. On the other hand,
the urban-rural temperature differences are always positive between 1.3 and 2.4 K during winter.
The urban cooling island is generated by a stronger warming rate in rural areas than in cities. Cooling
and heating rate do not only diverge between urban and rural site, but also between different urban
sites.

The average monthly UHITa cycle shows a maximum of 2.1 K in December and January at Schwa-
benzentrum due to the great influence of anthropogenically produced heat, but with 1.9 K in Schnar-
renberg in July (Fig. 3c and d). However, the maximum UHI intensity occurs at both locations with
8.4 K (Schnarrenberg) and 13 K (Schwabenzentrum) in June and July. However, a urban cooling island
develops during daytime from April to September of up to �8.5 K, but also a stronger UHI at nighttime
and evening. The UHI is more variable in spring and summer.

The diurnal cycle of UHIPET is minimum at 8:00 and a maximum between 17:00 and 20:00, whereas
in winter the UHI is maximum at 12:00 (Fig. 3e). At night the amount of the UHIPET and UHITa are sim-
ilar, due to light winds and great influence of air temperature on thermal index.

The annual cycle of UHIPET shows a maximum in spring and summer and a minimum during winter
solstice (Fig. 3f). The maximum average UHI of 3.3 K occurs in June with an absolute maximum up to
20 K. The absolute maximum is minimum in March and shows a second maximum in January, during
the heating season.

Above a wind speed of 5 ms�1 the UHI intensity of PET approaches zero, while the UHITa goes to
around 2 K. The maximum UHI intensity of air temperature and PET is detected in combination with
990 hPa air pressure measured at the station.
3.4. Urban heat island in dependence of weather types

The urban heat island intensity was compared to the pressure area as well as flow patterns. Com-
paring only the pressure area to the UHI, independent of the flow patterns, the causal link could not
be sufficiently established. However, the 75% (95%) percentile of the UHITa is around 0.2 K (0.5 K)
higher under cyclonic or anticyclonic pressure areas on 500 and 950 hPa compared to mixed pressure
areas at these heights. At Schwabenzentrum, the UHIPET is highly dominated by anticyclonic weather
type.

Comparing the UHI intensity to large-scale flow patterns, the maximum UHITa intensity occurs
mainly during periods with south-westerly flow combined with anticyclonic weather situation at
500 hPa. At Schnarrenberg, the UHITa intensity is high in the warm seasons with northerly flow pat-
terns, and high in the cold seasons with flow patterns from the south. The highest UHIPET occurred
when the flow patterns were from the south-eastern.



Fig. 3. Diurnal (panel a–c) and annual cycles (panel d–f) of the urban heat island analysed using air temperature (a, b, d, e) and
PET (c, f) differences of Schwabenzentrum and Schnarrenberg and the rural reference station Echterdingen from 2000 to 2011.
The median is depicted by circles.
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3.5. Climate change and changing background conditions

The changing background conditions in the greater area of Stuttgart were evaluated using climato-
logical thresholds. The mean and standard deviation of all 22 ENSEMBLE models (http://ensembles-
eu.metoffice.com) were calculated (Table 2) in order to analyse the current and future frequency of
these climatological thresholds. Extreme cold days (Tamax 6 �10 �C) will disappear until the end of
the 21st century compared to the climatic normal period 1961–90. The frequency of hot days
(Tamax P 30 �C) and summer days (Tamax P 25 �C) will increase to 174% and 140% in the period
2021–50 and 280% and 157% until end of the 21st century. On the other hand the number of frost
(Tamax 6 0 �C) and icy days (Tamax 6 0 �C) per year will decrease to 33% in the period 2071–2100. Days
with heat stress (PET P35 �C), calculated on the basis of REMO model with an A1B scenario, are ex-
pected to increase by 17 days to 140 days per year until 2100.
4. Discussion

The UHI and intra-urban temperature differences in Stuttgart are strongly influenced by various
micro-climates and topography. It is, however, difficult to differentiate between topographical effects
and the impact of land-use and rural-urban impact on the local climate (Landsberg, 1981). Neverthe-
less, the topography allows the formation of many local climates in a small distance. Hence, city dwell-
ers have the possibility to visit and experience diverse micro-climates in a small area due to changing
elevation and land-use. The UHI as well as the intra-urban differences show large ranges. The UHI of
the suburb Hohenheim is 0.3 K despite of its higher elevation as compared to the rural reference sta-
tion, whereas the air temperature difference between city centre and the rural reference station is 2 K.
However, it is not easy to differentiate between topographic and urban effect. The potential temper-
ature could not be used as air pressure is not measured in all of the stations and it is also not possible
to assume average lapse rates due to frequent air temperature inversions.

Schwabenzentrum is more influenced by anthropogenically-produced heat than the other mea-
surement sites. This explains also the higher UHI during winter. However, the causes of UHI in Stutt-
gart seem to be rather radiation dependent: Heat storage by building and surface material, sky-view
factor or height-to-width ratio. As well, the lack of available water for dissipating heat energy into la-
tent instead of sensible heat flux also seems to be an important factor for a strong UHI in summer.

The city centre mostly experiences a warm temperature regime, just as the measurement site at
Schnarrenberg that is located at the top of a south-exposed vineyard hill. Hohenheim and Echterdin-
gen are the respective suburb and rural reference site near the airport at an elevated altitude. The Nec-
kar valley is affected by very low wind speed, but the presence of water seems to cause a
compensatory effect on air temperature.

The comparison of frequency distributions of air temperature and PET (UTCI) showed the greatest
differences in high (low) temperature ranges. The average intra-urban differences between the sink-
like basin and the suburbs on the surrounding hills is one assessment category of the thermo-physi-
ological assessment scales. The contradictory results between these two thermal indices arise due to
Table 2
Analysis of the amount of days exceeding defined climatological thresholds in the greater area of Stuttgart using the ENSEMBLE
model RT2B for three different time periods 1961–1990, 2021–2050 and 2071–2100. PET is calculated using data of the regional
climate model REMO for the same climate normal periods.

Event 1961–1990 2025–2050 Dd/yr 2071–2100 Dd/yr

Extreme hot days Tamax P 39 �C 0 � 1 1 � 2 1 3 � 5 3
Hot days Tamax P 30 �C 7 � 9 12 � 14 5 20 � 24 7
Summer days Tamax P25 �C 27 � 19 37 �22 11 42 � 38 15
Frost days Tamin 6 0 �C 104 � 29 79 � 27 25 35 � 30 �69
Ice days Tamax 6 0 �C 30 � 13 18 � 10 12 7 � 8 �23
Extreme cold days Tamax 6 �10 �C 1 � 1 � 0 1 � 0 �1
Days with heat stress PET P 35 �C 119 123 4 140 17

http://ensembles-eu.metoffice.com
http://ensembles-eu.metoffice.com


Fig. 4. Frequencies of PET at 14:00 for the periods 1961–1990 and 2021–2050 based on the A1B scenario of the regional climate
model REMO. Input parameters wind is reduced for the period 2021–2050 by 1 ms�1 (v - 1) and enhanced by 1 ms�1 (v + 1). In a
shade area the mean radiant temperature (Tmrt) is equal to air temperature (Ta) from 2021 - 2050.
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the clothing model, which is integrated in UTCI. In contrast, PET tends rather towards heat stress. A
direct comparison concerning wind influence is difficult because PET and UTCI require wind data from
different heights (1.1 m versus 10 m). As air temperature is only one element of the energy budget and
only a indirect meteorological parameter, it can only describe a part of the UHI phenomenon.

An increase of summer and hot days by 50% is projected by most climate models which are in-
cluded in the ENSEMBLE model RT2B. The frequency of heat stress is expected to increase in the
21st century, and together with the already occurring, strong UHI in Stuttgart, enhance negative ef-
fects on city dwellers’ health and productivity. The frequencies of PET based on the A1B scenario of
the regional climate model REMO for the period 1961–1990 and 2021–2050 at 14:00 are depicted
in Fig. 2. In the middle of the 21st century, the frequency of PET 60 �C decreases, while the frequency
of PET P38 �C increases at the expense of comfortable conditions (18 �C P PET 628 �C. A decrease in
wind speed by 1 ms�1, e. g. due to urban densification, would further increase the frequency of heat
stress. Whereas increasing wind speed by 1 ms�1 would significantly lower the frequency of heat
stress below the level of 1961–1990 ( Fig. 4). This could be achieved by preserving and developing
air flow corridors. Shading reduces the mean radiant temperature to the level of air temperature
and is able to establish a high frequency of thermal comfort (Fig. 4).
5. Conclusion

The intra-urban and rural-urban differences were studied in a city with complex topography. The
urban heat island is pronounced due to the influence of the topography. The maximum intensity was
observed during the summer period of which it could be concluded that the UHI effect in Stuttgart is a
strongly radiation and heat storage driven phenomenon. The UHI and intra-urban temperature differ-
ences showed larger ranges using thermal indices compared to air temperature. These specific results
and differences in PET and UTCI are caused by different assessment scales and clothing models. The
clothing model of PET is static, while UTCI has an acclimatised clothing model integrated. Therefore,
it could be concluded that air temperature alone is not an appropriate measure to quantify the urban
heat island or the intra-urban spatial variability of climate in respect to human thermal comfort. As
most of the regional climate models expect an strong increase in summer and hot days in the 21st cen-
tury and due to the strong UHI in Stuttgart it is of vitally importance to implement mitigation and
adaptation measures. This could be performed by reducing of daytime radiation load by changing
street orientation, aspect ratio, triggering changes in surface temperature and heat storage by chang-
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ing building material. The produced results based on frequencies are easier to understand for urban
planners and can be directly considered. These results are fundamental for the production of heat
stress maps for recent and future climate conditions.
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