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Abstract

Understanding the role of structure and social aspects regarding heat stress of people in urban areas requires an
interdisciplinary scientific approach that connects methods from both natural sciences and social sciences. In this
study, we combine three approaches to provide an interdisciplinary analysis of the structure and social components
of heat stress in the city of Aachen, Germany. First, we assess the overall spatial structure of the urban heat island us-
ing spatially distributed measurements from mobile air temperature recordings on public transport units combined
with spatially distributed geo-statistical data. The results indicate that the time of day matters: During the after-
noon, areas with a relative low building density, like the industrial area northeast of the inner city, are the warmest,
while surfaces in high-building-density areas like the inner city heat up faster during the evening. Second, we combine
these measurements with place-based survey data collected in 2010 from residents aged 50 to 92 regarding their in-
dividual housing conditions, medical history and social integration to examine the match among heat-based stress of
older residents, social conditions and elevated temperatures in their residential quarter. We identify disadvantaged
areas for specific already-disadvantaged demographic groups in the city, pointing to a cumulation of inequalities,
including heat stress among the most vulnerable. Third, we compare data of biometeorological measurements on
urban public squares during the afternoon with results of the micrometeorological model ENVI-met to examine the
spatial variability of the inner-city heat load. We complement the modelling results with on-site interviews to evalu-
ate people’s heat perception at the same public places. A simulation shows that additional vegetation would increase
thermal comfort at these public places, whereby the heat load assessed using the predicted mean vote (PMV) value
would decrease by approximately 60 %. Furthermore, we demonstrate the strengths and weaknesses of heat stress
simulation. ENVI-met allows for an overall reasonable representation of heat load during stable atmospheric condi-
tions. However, due to the setup and structure of ENVI-met, large-scale atmospheric changes that occur during the
day cannot readily be integrated into ENVI-met simulations.

Zusammenfassung
Der hier prasentierten Studie liegt die Annahme zugrunde, dass Hitzestress des Menschen in urbanen Raumen
eine interdisziplindre Herangehensweise erfordert, die sowohl naturwissenschaftliche als auch sozialwissen-
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schaftliche Methoden miteinander verbindet. Wir kombinieren drei Untersuchungsansatze als interdisziplinare
Analyse, die die Struktur und Wahrnehmung sommerlicher Warmebelastung in der Stadt Aachen aufzeigen.
Mittels mobiler Messungen der Lufttemperatur, unter Verwendung 6ffentlicher Linienbusse, bei gleichzeitiger
Erfassung geostatistischer Daten, wird zuerst die grofdraumige Struktur der stddtischen Warmeinsel bewertet.
Wiéhrend der Nachmittagsstunden stellen sich Gebiete mit einer relativ geringen Gebaudedichte, wie das In-
dustriegebiet norddstlich der Innenstadt, als die warmsten Areale heraus. In den Abendstunden verlagern sich
diese in Gebiete des Innenstadtbereiches mit hoher Gebdaudedichte. Wir verkniipfen diese Werte mit raumbezo-
genen Daten aus einer Befragung von 50- bis 92-jahrigen Einwohnern/-innen der Stadt Aachen aus dem Jahr
2010. Anhand der Befragungsergebnisse lassen sich in Verbindung mit der Analyse der Temperaturentwicklung
kumulativ benachteiligte Raume und soziale Gruppen innerhalb des Stadtgebiets ausmachen, die aufgrund so-
zialer Faktoren wie ungleicher Temperaturbelastung in Hitzephasen besonders hohem Stress ausgesetzt sind.
Erganzend erfolgt ein Vergleich biometeorologisch erhobener Daten von dffentlichen innerstadtischen Platzen
mit Ergebnissen von Simulationen mit dem mikrometeorologischen Modell ENVI-met, um die raumliche Varia-
bilitdt von Warmebelastung zu betrachten. Weiterhin wird die Wahrnehmung von Warmebelastung einzelner
Passanten durch Befragungen auf denselben 6ffentlichen Platzen untersucht. Eine Simulation mit zusatzlicher
Begriinung zeigt, dass der thermische Komfort deutlich steigt und die Werte des predicted mean vote (PMV) um
etwa 60 % gesenkt werden. Es lassen sich zudem die Starken und Schwachen bei der Simulation von Warme-
belastung mit ENVI-met aufzeigen. Bei stabilen atmosphéarischen Bedingungen kann eine realistische Reproduk-
tion der Warmebelastungsintensitat erzielt werden, wahrend grofirdaumige atmosphéarische Veranderungen im

Tagesverlauf, aufgrund des Konzepts und der Struktur von ENVI-met, nicht integriert werden kénnen.

Keywords

1. Introduction

Rising temperatures caused by globally increased lev-
els of green-house gases may disproportionately impact
urban areas, according to the United Nations Intergov-
ernmental Panel on Climate Change (IPCC) Assessment
Report 2007. Reasons for the extra intensity in cities are
surface sealing, anthropogenic heat release, and dense
building structures, all of which compound to the ur-
ban heat island effect. These higher temperatures can
result in negative health consequences that are associ-
ated with the body’s ability to regulate the temperature
balance in extreme situations, e.g. heat cramps or heat
strokes (McGeehin and Mirabelli 2001). Health risks re-
sultin morbidity and even mortality for urban residents
during heat waves. The risks are moderated by socio-
demographic conditions such as social embeddedness
and exacerbated by other forms of social inequality such
as poor health or poverty. Therefore, investigations on
urban heat island (UHI) effects as well as people’s per-
ception of heat load need combined and interdiscipli-
nary approaches for a holistic perspective.

1.1 Urban heat island effects

The intensity and extent of the UHI especially de-
pend on the sky view factor and the albedo (reflec-
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tion coefficient) due to the building design and con-
struction materials in agglomerations (dida and
Gotoh 1982, Chen et al. 2012, Ryu and Baik 2012).
Additional parameters which influence the UHI are
the city population (Oke 1973), the proportion of
surface sealing, and the presence and amount of
green spaces and water bodies (Taha 1997, Kuttler
1998). As a consequence, urban areas do not heat
up homogeneously; rather, UHIs differ in their tem-
poral and spatial characteristics. They may show
one or more cores and varying intensity due to
different land use and terrain (Helbig et al. 1999).
These thermal hot spots are usually identified by
mobile measurements or satellite imagery (Mirzaei
and Haghighat 2010).

Individuals in cities are affected by the UHI effect to
varying degrees based on their living and working
conditions. Because the distribution of living and
working space is systematically biased by socio-
economic and socio-demographic positions, people
in different socio-demographic groups are likely to
experience different levels of heat stress from the
UHI based partly on their social position. Microcli-
matological conditions need to be linked to social
structures to better understand the impact of un-
commonly high temperatures on residents with dif-
ferent social and living situations.
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1.2 Linkage between social factors and heat stress

Hot summer spells and the exposure to high tempera-
tures are a threat to human health and well-being
and result in a higher risk of mortality for vulnerable
population groups such as persons with cardiovas-
cular diseases, older people and children (Harlan et
al. 2006). Diverse social factors influence the social,
financial and cognitive resources that moderate indi-
viduals’ capacities to develop adequate coping strate-
gies in times of (heat) stress. The ‘social vulnerabil-
ity’ of some people takes on a spatial component due
to place-based inequalities (Aubrecht and Ozceylan
2013, Cutter et al. 2003). Research from the 1995 Chi-
cago heat wave and the European heat wave in 2003
identified living conditions, social inequalities and so-
cial embeddedness as additional factors that increase
or decrease mortality risk in heat waves. Klinenberg
(2002) concentrated on social integration aspects
and found that a lack of social embeddedness - such
as living alone, being isolated and being reclusive -
explains death rates during heat waves. The analysis
of Semenza et al. (1996) showed that living alone dou-
bled the risk of death during the hot summer spell in
1995 in Chicago. These findings have been replicated
in diverse cultural contexts in industrialised coun-
tries (Bouchama 2004, Vaneckova et al. 2010, Wolf et
al. 2010). Strong personal community networks mod-
erate the effects of stressful events (Cohen and Mc-
Kay 1984) such as heat waves because they provide
a sense of belongingness and concrete social support
in diverse ways (Hahmann 2013). In contrast, social
isolation puts individuals at additional risk during
high temperature events. The analytical combina-
tion of environmental burdens and socio-structural
variables that reflect social hierarchy allows the de-
tection of environmental or spatial inequality which
“include[s] any form of environmental hazard that
burdens a particular social group” (Pellow 2000: 582).

1.3 Biometeorological Approach

Although the most pronounced temperature anoma-
lies between urban and rural sites occur during eve-
nings with clear sky conditions (Arnfield 2003), and
therefore imply a higher danger for city residents in
the evening in comparison to rural residents, heat
load during the day also impinges on human health.
Heat fatigue, heat exhaustion or even heat stroke
might occur due to a failure in a person’s thermoregu-
latory regulation system (Koppe et al. 2004).
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Airtemperature and surface temperature are the most
direct variables for quantifying heat stress. However,
these do not provide the full range of information re-
garding heat stress; biometeorological analyses and
personal data need to complement the evaluation. In
comparative studies using Hongkong, Freiburg and
Kassel, researchers examined the difference between
actual inner-city urban temperatures using biomete-
orological mobile measurements and the perception
of heat by individuals in the same inner-city urban
squares using on-site interviews (Katzschner 2006,
Katzschner 2010). Both data sets permit an estima-
tion of individual heat perception and allow for a com-
parison with modelled data. Comparing the predicted
mean vote (PMV) with measurement and results from
simulations using the three-dimensional micromete-
orological hydrostatic model ENVI-met (Bruse 2007,
Huttner et al. 2009) allows researchers to evaluate
whether the model can sufficiently reproduce the
temporal and spatial evolution of heat load on open
squares. Furthermore, such a method can identify dif-
ferences between the individual perception of heat
and the actual situation both in the model and accord-
ing to the measurements. We use this method here.

2. Study site description

The interdisciplinary projects ‘City 2020+ (http://
www.humtec.rwth-aachen.de/index.php?article_
id=11& clang=1) and ‘U-Turn’ (http://www.humtec.rwth-
aachen.de/index.php?article_id=881&clang=1) at RWTH
Aachen University use the city of Aachen, Germany as
a case study to work on questions regarding the effects
of climatic and demographic change. Aachen is situated
at the border to Belgium and the Netherlands in North
Rhine-Westphalia and is a medium-sized German city
(160 km?) with an approximate population of 250.000
residents. It is situated in a basin with differences in
altitude of up to 120 m, causing significantlocal climate
differences during situations with low wind speed. In
the national context, the annual mean air temperature
of 10.5°C in Aachen is comparatively high mainly due
to relatively moderate winter air temperatures (Hav-
lik 2002). Buttstddt et al. (2009) observed a tempera-
ture increase of 1.2 K in Aachen between the decades
1980-1989 and 2000-2009. According to this temper-
ature trend, summer days, hot days and extreme hot
days are increasing for Aachen. The number of tropi-
cal nights (overnight temperatures that do not drop
below 25°C) have remained rather constant, with a
slight trend towards a rising frequency.
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3. Methods and data
3.1 Temperature data and structure of the UHI

We collected temperature data for Aachen by mount-
ing temperature and GPS loggers on local public trans-
port buses along four routes for 44 days in 2010 and
2011, selecting days with a diurnal temperature am-
plitude of at least 7 K. We measured the air tempera-
ture from about 4:00 until midnight every 5 seconds,
ascribed to 256 predefined points in the city (Buttstddt
et al. 2011). We analysed these data in association
with a land-use classification according to Merbitz et
al. (2012). The 10-category classification comprises
three land-use classes differentiated by the degree
of surface sealing, five unsealed land-use classes, and
two building classes (residential and industrial) for the
whole city area (Fig. 1). We performed a multiple re-
gression analysis with observed air temperature data
and described land-use classes for radii of 50, 100, 250,
500 and 1000 m. Given that the area of investigation
is characterised by altitude differences of up to about
120 m, the altitude needed to be taken into account. As
the vertical temperature gradient is expected to differ
strongly in the course of the day, we included altitude
as a parameter based on the ASTER Digital Elevation
Model (NASA 2004). The results of the multiple regres-
sion analysis with the highest explained variance (R2)
and statistical significance were integrated into a GIS

model. The model allowed us to calculate the tempera-
ture distribution for the whole city area in order to de-
termine the formation of an UHI and its intensity and
extent for two different times of day.

3.2 Social factors

The sociological data reported here originate from a
postal questionnaire from 2010 that was sent to 8500 in-
habitants of Aachen, all aged 50 and older. We received
2180 completed questionnaires (response rate: 26 %).
We used the results to describe the social situation of the
older inhabitants of the city of Aachen by giving insights
on living conditions, social context, health and financial
status, and basic socio-demographic variables.

To measure the social embeddedness of Aachen’s
population, we divided our analyses in two parts:
First, we described the situation of older inhabitantsin
inner-city, outer-city and suburban areas to discover
aspects of social vulnerability that might be a sign of
a general spatial inequality in Aachen. Second, we con-
centrated on the combination of heat stress and social
isolation. We measured social isolation in three ways.
First, we measured the size of the household (Harlan
et al. 2006). Second, we asked for the number of close
friends and family members. A small number of social
ties can result in a lack of companionship and a feeling
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Fig. 1 Land-use classes and locations of mobile measurements (small white circles) for the enlarged inner-city district of Aachen;
the two squares used for micro-scale assessment of heat load are indicated as white-red circles with numbering: (1) Main
train station (hereafter ‘Main Station’) and (2) Elisenbrunnen square; number 3 indicates the location of the permanent
weather station of RWTH Aachen University.
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of loneliness. Respondents having < 5 close contacts -
either family or friends - are identified as being social-
ly isolated concerning their close social relationships.
The absence of social support is our third measure
of risk of social isolation. Respondents were asked to
identify possible support givers by type of relationship
for 12 common situations that reflect different dimen-
sions of support; social companionship (e.g., a person
to spend time with), instrumental support (e.g., a per-
son who gives a ride to the doctor), and emotional sup-
port (e.g., a person to discuss personal matters with).
Response categories included the option that nobody is
available for support in these situations. Respondents
who could not identify at least one more support per-
son for each of the 12 situations are identified as being
at risk of social isolation. The three variables togeth-
er create an additive index with a range from 0 to 3,
where 0 corresponds to the lowest and 3 to the highest
risk of social isolation. Due to the severity of the con-
sequences of social isolation for coping strategies, we
classified individuals with a value of 2 or higher to be
vulnerable to social isolation. The allocation of social
factors allows a deeper understanding of the hetero-
geneity of risk scenarios in the urban area of Aachen.

3.3 Biometeorological assessment

Biometeorological assessment is based on meteoro-
logical measurements and on-site interviews in the

city of Aachen. Results are compared with values of
PMV modelled with ENVI-met, which is used to simu-
late the interaction between surface, vegetation and
atmosphere in the urban environment (Huttner et al.
2008). We used measurements of air temperature,
wind, humidity and solar radiation to determine the
thermal comfort which can be expressed by the pre-
dicted mean vote (PMV), an integral index indicating
the thermal sensation of a larger group of people on a
scale from -4 (cool) to +4 (hot) (Jendritzky 1993). The
PMV value of 0 indicates thermal comfort and no heat
load for the human body: the case where the heat re-
leased by the human body is in equilibrium with its
heat production (Turowski 2002). Consequently, PMV
combines the heat balance equation of the human
body with meteorological parameters.

Four places in Aachen were selected due to their rele-
vance as public open spaces. However, in this study
we focused on two places (see Fig.1). We investi-
gated the central square in front of the Main (train)
Station as a sealed place on the edge of the city cen-
tre, strongly frequented by people of all ages for
short-term stopovers. The second location is ‘Elisen-
brunnen’, a partly green urban area in the centre of
Aachen. Between 13:00 and 17:00, 20 persons of all
ages were interviewed at the Main Station on June
28th 2011 and 17 persons at Elisenbrunnen on Au-
gust 4th 2011 concerning their individual reason for
their visit, their heat perception and personal data

Photo 1 Mobile weather station with multisensor WXT520 (Vaisala), CNR1 radiometer (Kipp and Zonen) and data logger

(Campbell Scientific)
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such as age, personal habits and health status. We
did not require any professional knowledge about
atmospheric processes and physical details because
we were interested in the opinions and perceptions
of lay people who were incidentally present in these
locations. Micro-climatic measurements with a mo-
bile weather station were carried out on the same
dates and same times, June 28th and August 4th
2011, from 13:00 to 17:00. These days showed dif-
ferent atmospheric conditions which are strongly
reflected in the results. While on June 28th, the air
temperature exceeded +30°C without any clouds,
on August 4th the maximal air temperature did not
exceed +27°C also due to a rising degree of cloudi-
ness over the course of the day. The mobile weather
station consists of two main parts which are both
installed at a biometeorological standard distance
to the ground of 1.1 metres (see Photo 1).

The multisensor Vaisala weather transmitter WXT520
was used to measure the relevant parameters air
temperature (T), relative humidity (RH) and wind
speed (U). An Kipp & Zonen CNR 1 radiometer was
used to measure radiation fluxes in a three-dimen-
sional way according to Héppe (1992) and compara-
tive studies (Ali-Toudert and Mayer 2007, Thorsson
et al. 2007). All values were collected by a CR1000
measurement and control datalogger by Campbell
Scientific with a one-minute recording interval.

To reduce measurement errors and increase flexibility
as well as stability, the CNR1 was installed on a tele-
scope bar. Thus, we ensured that the CNR1 can easily
be turned from vertical to horizontal alignment every
20 minutes. According to Hdppe (1992) the three-
dimensional radiation fluxes serve as input for the
determination of the mean radiant temperature Ty, ¢

T =4S« 27315
ao

where S, (Wm) are the mean radiant flux densities
of the human body, a; is the absorption coefficient for
longwave radiation and o is the Stefan-Boltzmann
constant (5.67*108 W (m2K*)1). The calculated Ty
and measured data further allowed for the estima-
tion of PMV values by the model RayMan (Matzarakis
and Rutz 2005). However, as there is no availabil-
ity of three CNR1, it is not possible to determine Ty, ¢
and PMV values for every minute. Therefore, the
20-minute values of radiation flux for every dimen-
sion are used to generate mean hourly values.
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By using the three dimensional micrometeorological
hydrostatic model ENVI-met, an immediate compari-
son between measured data, e.g. PMV values, results
of the on-site interviews and model results was possi-
ble and allowed us to identify potential heat stress in
urban public squares by combining social and physical
approaches. ENVI-met can be used for micro-climate
modellingin urban areas (Bruse and Fleer 1998). It com-
bines air flow, thermodynamics, radiation balance and
the physiological response of vegetation (Bruse 2001).
The model enables a complete simulation of urban
micro-climate and the influence of vegetation in diurnal
course (Huttner et al. 2008). Furthermore, ENVI-met
allows us to produce an assessment of the temporal and
spatial distribution of heat stress on the investigated
public places, while biometeorological measurements
were carried out at a single spot within the squares
only. Therefore, the open public squares Elisenbrunnen
and Aachen’s Main Station are constructed with the
ENVI-met Editor to simulate the weather conditions for
both June 28th and August 4th 2011.

4. Results
4.1 Spatial structure of the urban heat island

The UHI is well reproduced by the GIS based model,
showing positive air temperature anomalies of up
to approximately 1.5 K compared to the permanent
weather station of RWTH Aachen University (WS
Aachen-Horn), which we use as reference station in
this study (Fig. 2). The temperature distribution for
the afternoon situation showed the highest tempera-
ture differential in the industrial area northeast of the
inner city due to the high degree of surface sealing.
Differentiated air temperature patterns arose dur-
ing the evening. Building densities gained influence
and contributed significantly to an UHI in the city
centre. By contrast, grassland and forest showed an
increased cooling with air temperature differences to
the inner city of about -1.5 K compared to WS Aachen-
Horn. For the afternoon situation, surface sealing
(>90 %) in a 250 m radius of the measurement points,
green spaces and forestin a 500 m radius and altitude
resulted in an explained variance R? of 0.82 in spa-
tial air temperature variability. For the evening, less
data were available because the driving cycle of the
employed buses ended in some cases before 20:00. As
the measurements in the evening did not include the
south of Aachen, large areas covered by green spaces
are not well represented. Even though most influenc-
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Tab. 1 Descriptive statistics of the survey data by degree of urbanisation of living area, including subjective evaluation of health
status reported as being poor or very poor, subjective evaluation of financial status reported as being poor or very poor,
N=2181. Source: City 2020+ Survey of Residents aged 50+ in Aachen, Germany, 2011

Measures Inner-city Outer-city Suburban
N (and as % of total sample) 489 (22.5) 913 (41.9) 776 (36.6)
Women 55.8 54.1 56.5
Gender (%)
Men 44.2 45.9 43.5
Mean age (in years) 67.0 66.7 66.3
Married 55.4 69.6 71.2
Single 14.2 6.7 5.5
Relationship status (%)
Widowed 12.1 11.7 11.6
Divorced or separated 18.2 12.0 11.8
% reporting poor health status 12.8 6.2 6.3
% reporting poor financial status 14.8 8.6 5.5
% living alone 36.7 21.1 18.9
% with nobody to give support 219 14.9 12.8
% with 5 or fewer close friends and/or family members 15.8 5.9 10.2
% at risk for social isolation 20.7 9.0 8.9

ing factors are thus limited to buildings and forestin a
500 m radius and altitude, the temperature distribu-
tion within the inner city is reflected well, with spa-
tial variance being well explained (R? = 0.81).

4.2 Spatial social inequality and heat stress

In order to obtain a measure for signs of spatial social
inequality, we divided the city of Aachen into three sec-
tors, comprising living areas in the inner city, the outer
city and in suburban districts. As can be seen in Table 1,
mean age of residents does not differ among living
areas and neither does gender distribution within the
data from the survey. Therefore, we ruled out composi-
tional effects (e.g., a higher density of, for example, wid-
ows due to a greater concentration of older women in
certain areas) when considering the data on relation-
ship status or social isolation regarding heat stress.

The relationship status of residents aged 50 and
above differed by degree of urbanisation of the living
area. The number of single and divorced or separated
individuals was clearly higher in inner-city areas than

296

in the rest of Aachen. By contrast, residents aged 50+
in outer districts were more likely to be married, es-
pecially in the suburban areas, even when controlled
for age. In the next step, we analysed two measures
of social inequality: financial and health status. The
data showed an unequal distribution of respond-
ents reporting a poor health and finances according
to their residential status: Inhabitants of inner-city
districts are clearly more likely to report poor health
and a poor financial status than those in outer-city or
suburban areas. The disparity is repeated on the level
of social-contextual factors. Respondents residing in
the city centre were more likely to live alone, which
is directly related to the higher number of separated,
divorced and single individuals in this area. Every
fifth inner-city inhabitant reported at least one every-
day life or emergency situation in which he or she has
nobody to receive support from. Every sixth person
had five or fewer close relationships to friends and/
or family members. Both these measures - nobody to
give support and five or fewer close contacts - were
less likely to apply for inhabitants of outer-city or sub-
urban districts. These results thus show an unequal
distribution of social isolation in the three sectors:

DIE ERDE - Vol. 144 - 3-4/2013
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20 % of the respondents who live in the inner city are
defined as being socially isolated while less than ten
percent were at risk in the other parts of Aachen. We
therefore see evidence for spatially distributed social
inequality on two levels: living conditions (e.g. health
status and financial status) and social isolation that
differ by degree of urbanisation.

Figure 2 shows a combination of temperature differ-
ences and the percentage of respondents within an
area who have a social isolation index value of 2 or
more, which means that they were socially isolated in
at least two of three ways: living alone, having a small
number of close social ties, and having only little so-
cial supportin a small-scale range of 41 city districts.
We ranked the proportions of isolated individuals
from 1 to 4. Category 4 indicates the highest num-
ber of socially isolated persons, 1 the lowest. Most of
the socially vulnerable individuals live in inner-city
districts and especially in the city centre. These dis-
tricts are associated with a high building density and
relative high temperatures for the period from 20:00
to 24:00, precisely when heat-related morbidity and
mortality are high. Additionally, the number of resi-
dents aged 80 or older and the proportion of residents
reporting cardio-vascular diseases was especially
high in the city centre around the market square and
the cathedral (the same area where the UHI is most
intense in Figure 2) (Siuda et al. 2010). Figure 2 shows
a clear correspondence between two of three ar-

eas with the highest percentage of isolated residents
(Category 4) and the greatest evening UHI.

4.3 Comparison of biometeorological measurements,
modelling and on-site interviews

We investigated the heatload on urban public spaces in
the city centre in more detail by measuring and model-
ling PMV values both in time and space. For the Main
Station, PMV values at 15:00 on June 28th 2011 showed
an average perception of extremely high temperatures
(purple areas, see Fig. 3) for a large portion of the in-
vestigated area, while blue colors indicated lowest
PMV values. The latter applies to shadows of buildings
and very dense trees (Fig. 3). While the left simulation
in Figure 3 shows the present situation, the right one
includes an improved vegetation structure. It can be
demonstrated, that this additional vegetation would in-
crease thermal comfort at these public places, whereby
the heat load assessed using the predicted mean vote
(PMV) value would decrease by approximately 60 %.

A closer examination of the comparison between
modelled and measured PMV values, and in par-
ticular at the specific point of measurement in front
of the Main Station, shows that these are in good
agreement (see Fig. 4). At 15:00 on June 28th 2011
both ENVI-met and measurement results showed a
PMV value of 4.3. Looking at the remaining meas-
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Fig. 2 Modelled temperature anomalies to the reference station Aachen-Hérn for the afternoon (left) and evening (right)
situation, mapped with city areas describing the proportion of isolated persons in a particular district: 1: 0-10 % isolated;
2:10.1-20 % isolated; 3: 20.1-30 % isolated; 4: >30 % isolated residents
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Fig. 3 Simulated PMV values using the ENVI-met model for the Main Station at 15:00 on June 28th 2011. Left: present situation,
right: with improved vegetation
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urement period of this day, we observed only a small
difference (approx. 0.3 PMV) between modelled and
measured data. In the model as well as in the meas-
urements, PMV values indicate heat load level four.
The data for Elisenbrunnen show a different situa-
tion. At 15:00, ENVI-met results revealed a modelled
PMV value of 1.7 for the selected point of measure-
ment in front of Elisenbrunnen. However, the actual

measurements indicated a much higher value of 2.3.
It can therefore be noted that the model for the situ-
ations documented in this study tends to underesti-
mate the PMV values, which is more obvious in the
case of the Elisenbrunnen location.

The comparison between the spatial distribution of
PMV values of the Main Station on June 28th 2011 and

5
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Fig. 4 Comparison between measured and modelled PMV values of the two open public squares, Main Station (June 28th 2011)

and Elisenbrunnen (August 4th 2011) for afternoon hours
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Elisenbrunnen on August 4th 2011 showed a number
of differences. While the Main Station was character-
ised by very high heat load levels excluding the shad-
ed areas, the PMV values for Elisenbrunnen showed
much larger spatial variability. The centre of Elisen-
brunnen offered a range of PMV values between 0.6
and 1.0. In contrast, the surrounding streets indicated
higher PMV values between 1.5 and 2.2 (Fig. 5).

Conducting on-site interviews, in contrast to ENVI-
met and biometeorological measurements, offered
an assessment of heat load on the urban public places
based on individual subjective perception. The evalu-
ation of the on-site interviews at the Main Station did
notreveal significant differences in heat perception of
people based on age or gender differences. In the re-
sults for the Main Station, individual discontent was
expressed by a general desire for a modified public
place: 70 % of the 20 people interviewed would prefer
more vegetation and/or shading, as the sealed surface
in front of the Main Station promotes noticeably high
air temperature values on hot days. This result is con-
firmed by the broader survey: Inner-city inhabitants
were significantly less content with the vegetation in
their residential areas compared to respondents liv-
ing in suburban areas. In contrast to the high levels

of discomfort with temperature, 45 % of the respond-
ents at the Main Station felt comfortable with the local
solar radiation, 20 % felt very comfortable, and 15 %
were neutral, while only one in five reported feeling
uncomfortable or very uncomfortable. While meas-
urement and model results revealed high heat load
levels for the Main Station, only 30 % of the 20 people
interviewed reported not feeling exhausted with the
general weather conditions.

Based on the results from the interviews, we simulat-
ed a redesigned vegetation alignment in front of the
Main Station. Trees with leafless base, dense crown
and 10 m in height are added as well as three dense
lawns with a height of 50 cm (see Fig. 3, right side).

The results of the on-site interviews of Elisenbrun-
nen differed from the results of the Main Station. Only
24 % of the 17 people interviewed preferred more
vegetation and 12 % opted for more shade. According-
ly, 41 % of the respondents felt comfortable with the
local solar radiation and 29 % reported feeling very
comfortable. Furthermore, 59 % of the respondents
reported feeling ‘not exhausted’ by the local weather
conditions while only 6 % (one respondent) reported
feeling ‘very exhausted’.
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Fig. 5 Simulated PMV values for the ‘Elisenbrunnen’ at 15:00 on August 4th 2011
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5. Discussion
5.1 Spatial distribution of the urban heat island

During the afternoon, outdoor thermal load did not
prevail in the inner city, where public places are
widely spread, but rather dominated in the industrial
area, an area which does not include leisure facilities.
Nevertheless, a lack of green spaces in the inner city
and an abundance of surface materials that promote
high air temperatures is likely to produce uncom-
fortable temperature conditions in open spaces, even
though these locations do not represent the highest
temperature anomalies. For the afternoon situation,
the UHI was most pronounced in industrial areas, af-
fecting the working population by heat load. Air con-
ditioning indoors often reduces negative health con-
sequences, but it also increases the air temperature
in streets and therefore the cooling demand (Tremeac
et al. 2012). More relevant, especially in the context
of social inequality within the city, is clearly the over-
heating of the city centre during evening hours. While
this inequality may be irrelevant during most periods
of the year and does not disturb evening visitors who
are voluntarily in the streets on hot summer days,
it matters greatly for residents in these city centre
quarters. The reason is that this part of the population
will be at risk of adverse effects of heat waves with-
out appropriate relief and possibilities for relaxation
during evening hours and at night, especially for those
living in poorly ventilated homes or flats without any
active air-conditioning.

5.2 Analysis of spatial inequality

The results of the social factors show that individu-
als differ in the compared residential areas of the city
of Aachen by their relationship status, regarding their
subjective evaluation of health and finances, but also
by different aspects of social embeddedness that re-
sult in a risk for social isolation. The combination of
reported poor health and social isolation is especially
dangerous in times of heat waves. Exceptionally vul-
nerable individuals lacked highly needed assistance
for example in situations of heat-related fainting. Ad-
ditionally, these individuals reported having fewer
financial resources. Those with better finances have
more resources to cope with stressful situations, for
example paying for comfortable alternative housing
(such as a hotel) during a heat wave, investing in an
air-conditioning unit, having travel resources to visit
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cool green areas, and obtaining high quality health
care. We therefore see evidence for a concentration of
socially vulnerable individuals in the inner-city dis-
tricts and especially in the city centre of Aachen. Since
the UHI is most pronounced between the late evening
and the early morning (Oke 1982, Klysik and Fortuniak
1999, Montdvez et al. 2000, Unger et al. 2001), the expo-
sure of urban dwellers to exceptionally high overnight
temperatures hampers relief at night and results in a
strengthening of thermal load situations. Small case
numbers limit the small-scale comparison among the
41 districts of Aachen. Nevertheless, we see evidence
for a combination of heat stress, social isolation and
other factors of social vulnerability such as health and
financial disadvantage for residents of the city centre
around the market square and the cathedral, a combi-
nation that compounds and exacerbates the negative
effects of any one of these stressors. The exception-
ally high risks for residents of the most urbanised dis-
tricts of Aachen on all dimensions of inequality point
to the need for acute public and policy attention to
this kind of urban area, including measures to allevi-
ate the negative effects of, or reduce, UHI.

5.3 The analysis of biometeorological results

The analysis of the results of the measured and mod-
elled data reveals different levels of discrepancy. Due
to the fact that diurnal variations were only computed
by using initial values to internally calculate the tem-
poral evolution of energy fluxes, ENVI-met systemati-
cally underestimated PMV values for the Elisenbrun-
nen square while it more accurately reproduced heat
load levels for the Main Station. The reason for this
deviations is that initial conditions are the basis for
proposed further development of the model output.
Large-scale atmospheric changes in the course of the
day cannot be integrated into this kind of atmospheric
simulation. On a cloudless day with high pressure con-
ditions without large-scale atmospheric forcing like
on June 28th, 2011 (Main Station), model output from
ENVI-met and measurements were in good agreement.
Therefore, it is reasonable to expect that there was
considerable underestimation of modelled PMV values
for Elisenbrunnen during a situation with advection
of warm and moist air on August 4th, 2011, with an
increasing degree of cloudiness during the afternoon.
There is indication that the ENVI-met model cannot re-
produce absolute values especially under labile atmos-
pheric conditions. However, ENVI-met provides the
possibility to show the detailed spatial and temporal
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distribution of heat load, in particular for simulating
different urban planning concepts.

For the example of the Main Station, this possibility
is evident in Figure 3. This modelling effort led to de-
creasing PMV values in the adjacencies of the simulat-
ed trees from 4 to arange of 3.6 to 1.4. The effect from
additional simulated lawns was small in comparison.

For Elisenbrunnen, lower temperatures on the day of
measurement caused an overall lower level of heat load.
Additionally, the structure of the square incorporating a
variety of trees with different densities as well as alawn
and some hedges principally led to lower PMV values.

Some of the on-site interview results were a contrast
to the results from the measurement and the model.
While for the Elisenbrunnen square we found a good
concordance between individual responses and tech-
nical measurements, the results for the Main Station
showed significant differences. The reasons may be
due to the different locations themselves. The Main
Station is a sealed place with only very little vegeta-
tion. It can be characterised as a short-term stopover
place for pedestrians. The Elisenbrunnen area with
the Elisengarten restaurant and terraces and greens
isan urban green area in the middle of the city centre.
Therefore, it is frequently used for recreational ac-
tivities. Nevertheless, we expected more negative re-
sponses to questions regarding the well-being of the
interviewed people at the Main Station. Unexpected
positive results might be attributed to weather condi-
tions and expectations prior to the day of measure-
ments. June 28th, 2011 was the first hot summer day
since April 2011. It is likely that residents reported
unexpectedly positive results because they were fi-
nally experiencing the onset of generally warm sum-
mer weather conditions. Nevertheless, and in the
light of principal agreement between modelled data,
measured PMV and on-site inquiry, it appears that the
subjective component of heat stress - as measured in
PMV - is an important measurement strategy when
evaluating heat stress effects in cities (Huttner et al.
2009, Katzschner 2006, Knez and Thorsson 2008).

6. Conclusion

We present three complementary analyses that point
out a consistent insight on the spatial and temporal
structure and significance of UHI and heat load levels as

well as vulnerable areas in the city of Aachen. We show
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in this interdisciplinary approach that highest tempera-
ture anomalies in the evening hours occurred in the
inner-city residential districts that concurrently have
an overrepresentation of vulnerable population groups.
These inner-city residential districts are especially af-
fected by thermal load in the evening. We have com-
bined these findings with biometeorological measure-
ments and on-site interviews on urban public squares in
Aachen as well as with results of the hydrostatic model
ENVI-met showing that urban greening would likely be
an effective measure to provide low heat stress envi-
ronments for the public in the inner-city centre.

Industrial areas show the highest temperature anoma-
lies in the afternoon, whereas vulnerable population
groups in inner-city residential districts are especially
affected by thermal load in the evening. The descriptive
analyses show that the spatial distribution of residentsin
urban and suburban areas is not determined by random
chance but is strongly correlated with social inequalities
in economic resources, health and social embeddedness.
Specific groups are thus subject to an accumulation of
disadvantages, as illustrated in our data for individuals
in inner-city districts who experience a combination of
poor health and poor financial status, are at a high risk
for social isolation and reside in areas with a stronger
UHI effect. Our findings may be a starting point for a
broader debate regarding the political and social impli-
cations of climate change in urban areas and the need for
environmental justice (Szasz and Meuser 1997, Reed and
George 2011). Adequate insulation, ventilation, shade
facilities and professional support that compensates for
social isolation could reduce the burden for especially
vulnerable older inhabitants of urban districts during
hot summer spells. Estimates of future temperature
change must be incorporated and, subsequently, pos-
sible planning measures ought to be analysed in more
detail with an eye on the social inequalities in cities.
Supportive policy strategies and the provision of ther-
mally comfortable conditions are especially necessary
for socially vulnerable individuals and should there-
fore be prioritised in areas where residents suffer from
multiple social and structural disadvantages.

By investigating thermal comfort during hot days in
two exemplary open public squares in the inner city, we
demonstrate the importance of urban green spaces and
alow sealing ratio. The important connections between
UHI, thermal comfort and heat load as well as social in-
equality are illustrated through the interdisciplinary
approach of this study. An investigation of more urban
open public squares in prospective studies by using bio-
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meteorological approaches could help to specify the
heat load and thermal comfort situation in the city of
Aachen and other cities. Furthermore, a larger sample
of on-site interviews would allow us to draw conclu-
sions concerning differences in heat perception among
people in different social groups and how these percep-
tions correspond to not only characteristics such as age
and gender but also the duration of time spent in the
place as well as seasonal expectations.
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