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ABSTRACT 

Urban areas with their artificial materials and specific morphology act as an obstacle to 

the atmosphere, altering their energy-balance, the chemical composition as well as the wind 

field. Four urban measurement stations and one rural measurement station are used to quantify 

the temporal and spatial climatic characteristics in Stuttgart, Germany. Furthermore, a 

measurement campaign on 21
st
 – 23

rd
 August 2013 of the German National Weather Service 

(DWD) in Stuttgart was used as a basic data set. The thermal index Physiologically Equivalent 

Temperature following the concept of an equivalent temperature is applied in this study to 

quantify the integral effect of air temperature, air humidity, wind and radiation fluxes, expressed 

as mean radiant temperature. Urban planners work preferably with maps in specific spatial 

resolution and these maps are in demand. In order to fulfill this demand, different techniques for 

the creation can be applied including factors influencing micro- and meso-scale conditions. 

 

Introduction 

Urban areas alter the energy balance, the wind field, as well as the chemical compositions 

of the atmosphere (Oke 2006, 1982; Landsberg 1981). The nocturnal urban heat island (UHI) is 

the most prominent, world-wide studied phenomenon regarding urban climatology, describing 

urban-rural temperature differences (e.g. Böhm 1979; Oke 1973). However, during summer, the 

urban population often suffers from uncomfortable warm conditions. In both cases the urban 

climate is strongly influenced by land-use and land-cover, urban morphology, population 

density, vegetation and topography (e.g. Matzarakis 2001, Kłysik and Fortuniak 1999).  

The frequency of daytime heat stress and nocturnal uncomfortable warm conditions is 

expected to increase in the 21
st
 century due to climate change. Also heat waves are estimated to 

occur more frequent, more intense and longer lasting (Schär et al. 2004). Mitigation and 

adaptation measures counteracting uncomfortable conditions during day- and night-time are 

needed. Before establishing mitigation and adaptation measures, city planners and officials need 

to know about the spatial and temporal dimensions of the meteorological conditions in a city. 

In order to analyze nocturnal and daytime conditions in respect to human beings, human-

biometeorological methods have to be applied. Thermal indices like the Physiologically 

Equivalent Temperature (PET, Höppe 1984; Mayer and Höppe 1987; Matzarakis et al. 1999) or 

the Universal Thermal Climate Index (UTCI, Jendritzky et al. 2012) quantify the integral effect 

of air temperature, air humidity, wind and radiation fluxes, expressed by the mean radiant 

temperature on the human being. Its unit degree Celsius and their assessment scales allow an 

easy understanding also by non-specialists. 
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City planners require information about different measures considering their effect on the 

atmospheric environment on humans in terms of amount of days or hours. The assessment and 

quantification of the meteorological conditions and adaptation and mitigation measures in a city 

with complex topography requires the combination of different approaches: First, the 

quantification of meteorological conditions using long-term measurements and data from 

regional climate models. Second, the preparation of maps in high resolution for selected 

meteorological conditions to detect areas with heat stress. Third, the analysis of selected places 

for different planning scenarios/possibilities for defined meteorological conditions (e.g. thermal 

stress). 

 

Study area 

Stuttgart, the capital city of Baden-Württemberg, is located in the southwestern part of 

Germany. While the city center is located in a sink-like basin at 250 m a. s. l., the other parts of 

the city are spread across the surrounding hills up to 550 m a. s. l. and valleys. Stuttgart is the 

fourth largest metropolitan region in Germany, with a population of 600 000 in 2008 (Fig. 1). It 

is the most important city for industry, education, culture and policy in the south-western part of 

Germany. From 1961 to 1990, the mean air temperature was 9.5 °C and the average precipitation 

was 666 mm in Stuttgart. The relatively low precipitation arises from the city’s location in the 

lee of the Black Forest. The air temperature UHI between the city center and the rural reference 

station at the airport is in average 2 K, but is sometimes up to 12 K. The average annual 

precipitation was around 60 mm less in the city center compared to the airport site in the period 

2000 – 2010. The wind speed in the city center and the Neckar valley is very low, mostly less 

than 3 ms
−1 

(Ketterer and Matzarakis 2014b). 

Stuttgart’s city dwellers suffer from a strong nocturnal UHI, frequent heat stress in 

daytime and relatively strong air pollution aggravated by weather conditions connected with a 

low wind speed. In this context, urban climatology is studied by the Section of Urban 

Climatology since 1938 (for more information go to www.stadtklima-stuttgart.de). 

The study area Olga-hospital in Stuttgart-West is located within the Triassic Keuper marl 

(Mercia Mudstone) basin. The flow of cold air, which could reduce the nocturnal heat load, is 

limited by high buildings and population density of 7400 people per sq. km. The Olga Hospital 

in Stuttgart-West is planned to be redesigned to a new housing complex and a common outdoor 

area. The mean aspect ratio of the analyzed Olga Hospital area is 1.3 and the built area fraction 

0.4. Pervious surface fraction of the unbuilt area is 5 %. 
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Figure 1. Land use and topography of Stuttgart. Measuring campaign and measuring sites are depicted. 

 

Data and Methods 

Data 

Four urban and one rural measurement stations in Echterdingen are used to quantify the 

temporal and spatial climatic characteristics in Stuttgart (Fig. 1). The rural reference station is 

located at the airport in Echterdingen, which is about 11 km from the city center at 371 m a.s.l.. 

The four urban measuring sites are Neckartal (Neckar valley, 224 m a.s.l.), Schwabenzentrum 

(city center, 250 m a.s.l.), Schnarrenberg (hill, 314 m a.s.l.) and Hohenheim (suburb, 405 m 

a.s.l.). The background measurement station at Schwabenzentrum is within the city center on the 

top of a 25 m high building.  

A measurement campaign on 21st – 23rd August 2013 of the German National Weather 

Service (DWD) in Stuttgart was used as a basic data set. 

Additionally, the regional ENSEMBLE model RT2B in daily resolution (for more 

information go to http://ensembles-eu.metoffice.com) and a dataset with hourly resolution of the 

regional climate model REMO (Jacob 2001) (for more information go to www.remo-rcm.com) 

both based on an A1B scenario are used to assess future background conditions in the 21st 

century. 
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Methods 

The thermal index PET (Höppe 1984; Mayer and Höppe 1987; Matzarakis et al. 1999) 

was chosen to quantify the human-thermal biometeorological conditions. PET is calculated by 

RayMan (Matzarakis et al. 2007, 2010) on the basis of the human energy balance and takes the 

integral thermo-physiological effect of the meteorological parameters air temperature, air 

humidity, wind velocity and radiation fluxes into account. 

Micro-scale model ENVI-met 3.5 (Bruse and Fleer 1998; Huttner 2012) in combination with TIC 

ENVI-met (Runnalls and Oke 2000) were applied to analyze the human-biometeorological 

conditions and their changes due to redesign within an urban quarter. ENVI-met calculates 

micro-scale surface-air-plant interactions inside complex urban structures in a three-dimensional 

non hydrostatic way (Bruse and Fleer 1998; Huttner 2012). Its high spatial and temporal 

resolution provides a good basis for quantification of changes due to redesign. The current state 

of the Olga Hospital and several future scenarios were simulated.  

For mapping issues wind is calculated using DULAN model (Röckle 2014). Global radiation is 

calculated for complex topography according to Bendix (2004). The mean radiant temperature 

method is estimated according to the guidelines VDI (1998). Furthermore, land-use and land-

cover, vegetation (green areas and trees), topography, slope, aspect, aspect ratio (height-to-width 

ratio), building ratio, sky view factor (SVF), thermal images (Baumüller et al. 2008), and 

information about cold air production and cold air flow are being combined. The statistical 

methods that are used are the Artificial Neural Network and Stepwise Multiple Linear 

Regression. Basic meteorological input data for this climate mapping is the data of the measuring 

campaign. 

 

Results and discussion 

Assessment of the meteorological conditions and urban heat island 

The urban heat island of Stuttgart was quantified on the data basis of the four urban and 

reference measuring stations over 11 years from 2000 - 2010. The air temperature UHI between 

the city center and the rural reference station at the airport is in average 2 K, but is sometimes up 

to 12 K. The assessed urban heat island with PET was in average 3.3 K and maximum 20 K. 

However, as the UHI values do not show normal distribution, average values do not describe the 

UHI sufficiently. It is more meaningful to analyze the UHI of a city in terms of frequencies. The 

nocturnal cold air flow makes the UHI analysis very complex. 

 

The urban heat island is analyzed in terms of air and potential temperature, as well as the 

urban-rural temperature differences measured during a campaign on 21.08.2013 at 21:25 MEZ 

and 22.08.2013 at 4:27 MEZ (Fig. 2). By analyzing the potential temperature, the effect of the 

topography can be excluded. This enables the analysis of urban morphology and land use on the 

nocturnal urban heat island. In the evening, the potential temperature ranges between 15.6 °C at 

the beginning of the measurement campaign in Stuttgart-West and 20.2 °C in the city center (Fig. 

2, panel A). The corresponding urban-rural temperature differences (ΔTu-r) peak in the region of 

the main station and have their minimum at the beginning of the campaign, at the border to the 

forested hills in the west (Fig. 2, panel B). Temperature and UHI have its peak at to the railway  
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Figure 2. Potential and air temperature (panel A), urban-rural temperature differences (panel B) and cooling 

rate (panel C) and altitude (panel D) of the measuring campaign in Stuttgart on 21
st
 and 22

nd
 August 2013 

on 21:25  

station (3500 m from beginning). Another minimum after 5000 m can be explained by a 

maximum in SVF and an abrupt increase in altitude. 

The cooling rate of the temperature (ΔT21-4:00) is between 3.7 K next to the forest in the west and 

5.5 K in the city center near the main station from 21:25 to 4:27 MEZ (Fig. 2, panel C). 

Accordingly, the potential temperature in the west is almost as high as in the city center (15 °C) 

in the next morning. The minimum of the potential temperature is in the Schlossgarten, a green 

area next to the main station.  

The data of the measuring campaign is used as meteorological input data for mapping of the 

urban climate. 

 

 

Preliminary results: Mapping of human-biometeorological conditions  

The heat stress map is going to be based on the meteorological data of the measuring 

campaign at 15:00 MEZ on 22.08.2013. This technique requires existing information and data 

about influencing factors. These parameters and factors have to exist or to be calculated in the 

appropriate resolution (< 100 m). Additionally, data about topography, land use and land cover 

(Fig. 1) as well as urban morphology is needed.  
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Figure 3. Sky view factor (SVF) calculated for Stuttgart 

 

The Sky View Factor (SVF) is playing a major role for the urban climate by its influence 

on the radiation fluxes. It affects global radiation fluxes during the day and effective radiation 

during the night. The SVF is calculated for 10 m resolution for the whole of Stuttgart, taking 

topography and buildings into account (Fig. 3). Forests are going to be treated as an extra case. 

For the analyzed daytime a raster with information about shading is produced as well. The 

roughness is going to be calculated on the basis of the height of roughness elements (Fig. 4). The 

roughness influences wind speed strongly in urban areas. The wind field itself is calculated by a 

combination of the DULAN model (Röckle, 2014) and meso-scale model (Lohmeyer CD 

Stuttgart, 2010). The DULAN wind model estimates the wind field regarding buildings, trees and 

forests. The Lohmeyer model, on the other hand, takes topography into account. Wind is the 

meteorological factor that varies strongly in temporal and spatial dimension in urban areas. 

All these datasets are used as input data to run the artificial neural network. 
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Figure 4. Height of roughness elements. 

 

Quantification of adaptation and mitigation measures  

Regional climate models estimate an increase in frequency, intensity and duration of heat 

waves in the 21st century. A heat wave is defined as three days or more on which the air 

temperature exceeds 30 °C. The ENSEMBLE RT2B model estimates by average an increase of 

the heat wave frequency from 0.8 to 1.2 until 2021-2050 and 2.3 until the end of the century for 

the region of Stuttgart. The duration of the heat wave should increase from 3.7 days in the period 

1961-1990 to 4.9 days until the middle and to 6.3 days until the end of the 21st century. The 

number of days per years with heat stress (PET > 35 °C) at 14:00 MEZ will increase by 6 days 

from 1961-90 to 2021-50 and by 28 days until the end of the 21st century according to the 

REMO data A1B scenario. The B1 data shows no increase until the mid of the 21st century, but 

an increase of 4 % (16 days) until 2071-2100. 

 

This increase in uncomfortable conditions, having a significant impact on human health, 

requires the implementation of adaptation and mitigation measures. These methods have to be 

quantified and assessed separately for different cities in different climate zones. The human- 
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Figure 5: Different scenarios for the Olga-hospital site are studied: the current state of the area with the 

hospital (left), the establishment of a park (right) and the corresponding spatial distribution of PET. 

biometeorological conditions for different scenarios are analyzed for the Olga hospital area in 

Stuttgart-West (Fig. 5). Therefore, the meteorological conditions are simulated by ENVI-met. 

PET is then calculated by TIC ENVI-met. A park and green areas can reduce PET by 10-15 °C. 

PET is influenced by three comfort classes considering different shading of trees. Shaded 

courtyards also feature only slight heat stress conditions. In contrast, unshaded, paved courtyards 

are exposed to very hot conditions as they are sheltered from the wind and are affected by 

multiple radiation reflection (depending on surface albedo). It must be pointed out that PET 

based on ENVI-met simulation is overestimated due to the overestimation of the mean radiant 

temperature. 

Additionally, H/W ratio and street canyon orientation is quantified. In Stuttgart, the 

comfortable conditions in street canyons can be maximized by a street orientation from NNW-

SSE and an aspect ratio larger than 1.5 (Ketterer and Matzarakis, 2014a). This street 

configuration also allows solar access during the whole year, which is very important for city 

dwellers in mid-latitudes. 

However, values like green areas, trees or different urban morphology have for the most 

part a local effect on the human-biometeorological conditions. 
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Conclusion 

The final aim of assessing areas for specific regions of cities or even whole cities is the 

quantification of them and the detection of areas where negative effects might occur. Urban 

planning is responsible for the application and implementation of developed adaptation and 

mitigation possibilities in urban areas. This requires the knowledge of the negative effects of 

recent and expected climate conditions. That is the reason why the construction of maps is of 

importance to the detection and assessment of background and expected conditions. 

The construction of maps requires the inclusion of measurements, urban micro scale 

models and also the application of GIS techniques. In addition it is important to know which 

information has to be transferred to the users and planners. For the quantification the human-

biometeorological thermal stress (here quantified by PET) is a possible way.  

Concerning human-biometeorological conditions, a separation between diurnal and 

nocturnal conditions has to be performed because of different air exchange conditions during hot 

days. This applies especially in cities embedded in complex topographies, where local and 

thermal wind systems are predominant. All of the modified conditions have to be estimated 

based on the micro-climatic effects (including bioclimate and air pollution) and the sensitivity of 

the area of interest. 
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