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Abstract

The fact that different urban structures have different climatic effects and therefore differ in their thermal
loads for people is well known. However, there is a lack of quantitative and qualitative surveys in specific
districts that are suitable to derive accepted adaptation measures. This paper addresses the research questions
where thermally stressed areas in public space are identified by mobile measurements and by mental maps
and what are the causes of each, where both methods agree or disagree, and what are the benefits and the
limitations of using both methods for prioritizing adaptation measures.

Mobile measurements in an urban quarter over a whole day can supply needed data for determining
thermal loads of urban structures and their temporal development. Mental maps give information about the
perception of urban dwellers and — based on the spatial distribution of obtained data — the user frequency.
Both methods provide information concerning where and when measures should be taken in order to facilitate
adaptation to heat.

The paper presents the results of mobile measurements and mental maps of two different urban quarters
in Germany. Thermal loads were assessed by using the Universal Thermal Climate Index (UTCI) for three
selected summer days. Results indicated that the different urban structures can differ by up to 7K or by two
stages of thermal stress during a hot summer day. Surface material with high albedo can overcompensate
smaller sky view factors resulting in high thermal loads. Street trees caused changing thermal loads but
reduced them on average.

Identified hot spots based on mobile measurements mostly correlated with hot spots identified by mental
maps, if they were frequently used. However, hottest spots identified by measurements were not necessarily
most frequently named as hot spots in the mental maps. Most often named hot spots of mental maps coincided
with major traffic routes suggesting that user frequency is important. We conclude that the combination of

both methods can be valuable for identifying locations with high priority for climate adaptation in cities.
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1 Introduction

Today we live in a fast changing world and one of the
biggest challenges is the ongoing climate change and re-
lated consequences whereas projections indicate a con-
tinued global warming (IPCC 2021). Hot spells have in-
tensified and this climate risk to cities — amongst oth-
ers — will increase in the future (IPCC 2012, 2021,
2022). Adapting cities to future climatic conditions is
an important task, but the resources available to ful-
fil this task are very often limited. Therefore, it is use-
ful to know where adaptation measures concerning heat
should be taken. In order to identify hot spots as well
as suited adaptation measures within a city modelling
(e.g. SHASHUA-BAR etal., 2010; GOLDBERG et al., 2013,
Gross, 2017; TALEGHANI and BERADI, 2018) and mea-
surements (e.g. UpmaNIS, 1998; HEUSINKVELD etal.,
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2014; CHATZIDIMITROU and YANNAS, 2015; TsIN et al.,
2016, SaMAD and VoaT, 2020) are commonly used,
whereby different aspects are addressed (e.g. effects of
water bodies, of urban green in general, of buildings
itself). Obtained results supply information where un-
favourable thermal areas are located and which mea-
sures might be useful for a specific situation based on the
determined effects of the physical environment. How-
ever, they do not contain any information on the be-
haviour of residents with regard to places or routes that
must be used preferentially or necessarily in their every-
day life. Here, one established method, which recently
received more attention are mental maps (LYNCH, 1960;
Downs etal., 1982). It can be used to obtain information
about the spatial behaviour and perception of space by
residents.

Studies addressing thermal comfort in cities by using
both measurements and/or modelling and mental maps
are increasing but still rare (LENZHOLZER, 2010; LEH-
NERT etal., 2021a, 2021b; MITTERMULLER et al., 2021).
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LEHNERT etal. (2021a) compared areas with high
surface temperatures in two Czech cities with the results
of mental maps aiming to identify hot spots as perceived
by residents. They obtained surface data by using satel-
lite data und mental maps by utilizing online question-
naires. Their results indicated notable differences be-
tween the location of hot spots identified via surface
temperatures and those identified by the citizen partic-
ipation via the survey, the latter one being dependent
on how often certain areas were frequented. Following
STEWART etal. (2021), we hypothesize that the reported
mismatch between surface temperature (satellite data)
and survey results is due to the fact that satellite based
surface temperature cannot capture the information of
all surrounding surfaces. Therefore, the thermal load
cannot be adequately described with this variable alone.
MITTERMULLER etal. (2021) combined GIS-analysis of
urban vegetation and density parameters (tree coverage,
percentage of sealed area), simulation of mean radiant
temperature (model SOLWEIG, LINDBERG et al., 2008)
and mental maps in order to identify areas where adap-
tation measures should be taken first. The authors con-
cluded that geo-statistical analysis and modelled mean
radiant temperature alone do not provide sufficient in-
formation to identify areas where action should take
place. Accessibility of green spaces, their design and
quality and stress factors related to traffic (e.g. noise)
turned out to be important factors in perceiving bene-
fits of green urban infrastructure. LENZHOLZER (2010)
compared microclimate perception obtained via men-
tal maps with results of microclimate measurements for
Dutch urban squares but mainly focused on wind. LEH-
NERT etal. (2021b) recorded microclimatic data using
fixed stations at six different locations with blue infras-
tructure (five squares and one park) in different Czech
cities and compared obtained values of two different
bioclimatic indices with thermal sensation as indicated
by mental maps. They concluded that sustainable urban
planning to mitigate heat stress should take into consid-
eration the behavioural patterns of the residents.

The reported studies found a disagreement between
surface temperature and bioclimatic indices, respec-
tively, concerning location and strength of heat stress.
Other aspects like user frequency, accessibility of green
spaces, their design and quality and stress factors re-
lated to traffic (e.g. noise) were named as important fac-
tors in shaping the perception of thermal conditions and
should not be neglected in urban planning (LEHNERT
etal., 2021a, 2021b; MITTERMULLER et al., 2021).

The current paper combines (a) a metrological based
approach and (b) a participatory planning approach
based on subjective perception with the aim to prioritise
locations where adaptation measures should be taken.
For the metrological approach we used backpack mea-
surements in order to obtain information about the ex-
perienced heat load of pedestrians in terms of a bio-
climatic index UTCI (Universal Thermal Climate In-
dex, BEAZEJCZYK etal., 2010; JENDRITZKY etal., 2012;
BRODE etal., 2012). Here, backpack measurements al-
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low a direct, metrological and objective assessment of
heat stress of urban residents in open space on typical
routes through the neighbourhood. Furthermore, back-
pack measurements allow the recording of environmen-
tal conditions at high spatial resolution along ways and
tracks, where pedestrians typically move, and which are
often not accessible by other mobile measurement plat-
forms (e.g. cars). The use of a bioclimatic index takes
into account that human heat stress is dependent on sev-
eral environmental variables.

For the participatory approach, we used mental maps
which were obtained via outdoor in person interviews
during different summer days. The coupling of the back-
pack measurements with mental maps provides addi-
tional information that cannot be obtained with purely
physical measurements, such as the perception of places
or frequency of use of certain places by city dwellers.
Both investigations (backpack measurements and men-
tal maps) took place within the framework of the
HeatResilientCity project (http://heatresilientcity.de/).

Based on these data the following questions are ad-
dressed:

1. Where are thermally stressed areas in public space
identified by backpack measurements and what are
the causes?

2. Where are thermally stressed areas in public space
identified by located mental maps and what are the
causes?

3. Where do both methods agree or disagree and what
is the benefit of using both to prioritize adaptation
measures?

2 Material and methods

2.1 Investigated urban areas

The project HeatresilientCity (http://heatresilientcity.
de/, accessed 23 June 2023) focuses on two urban ar-
eas of different characteristics situated in two different
cities of Germany, Dresden (51°.05 N, 13°.73 E) and Er-
furt (50°.97N, 11.03 E). We present measurement re-
sults for a summer day with high radiation (clear sky
conditions, both cities) and a summer day with lower ra-
diation (cloudy day, only Dresden-Gorbitz).

Dresden-Gorbitz

The investigated area of Dresden was established in
the late 1980s and is an area of prefabricated houses
made of concrete. Most houses have a height between
15 and 20 m along the measurement route. The area is
characterized by generously sized vegetated courtyards
and a number of public green spaces. It is situated at a
gentle slope facing easterly directions. The height above
sea level increases from about 135 m to 175 m from East
to West.
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Figure 1: Subplot (a): Backpack with mounted measurements devices for mobile measurements, only used measurements devices are
noted, GoPro not mounted, the thermocouple was mounted below the pyranometer but is not visible in this picture. Subplot (b): Mobile
measurements in the city of Erfurt (Photo, V. GOLDBERG, TU Dresden).

Table 1: Information about used measurement devices.

Measured variable Measurement device

Manufacturer

Weather Transmitter WXT 5208
Weather Transmitter WXT 5208
Weather Transmitter WXT 520
Pyranometer SKS 1110

Air temperature
Relative humidity
Wind speed
Shortwave radiation®
Longwave radiation

Position and Time GPS16X-HVS

Infra-red Remote Temperature Sensor IR120%*

Vaisala, Vantaa, Finnland

Vaisala, Vantaa, Finnland

Vaisala, Vantaa, Finnland

Skye Instruments, Llandrindod Wells, UK
Campbell Scientific, Logan, USA

Garmin Ltd., USA

Yused with radiation shield
Sdirected towards the ground, field of view 20°
#incident on a horizontal plane

Erfurt-Oststadt

The investigated area of Erfurt was mainly built on
during the Wilhelminian period approximately between
1890 and 1920. A smaller part (northern edge of the
project area) was subject to redevelopment in the 1960s.
The perimeter blocks mostly have a height between
10m and 20m. The area is densely built and lacks
public green spaces. However, many streets do have
street greenery, including older trees with larger crowns,
which provide a lot of shade, as well as recently planted
trees with small crowns providing only little shade. The
area itself is flat with a height of approximately 195 m
above sea level.

2.2 Mobile measurements
Instrumentation

For the measurements, a backpack was used (Fig. 1) to
which measurement devices were mounted in order to

assess the thermal stress of pedestrians in different ur-
ban environments. Table 1 indicates the applied mea-
surement devices for measuring air temperature, relative
humidity, wind velocity, solar radiation and thermal ra-
diation of the surrounding. A GoPro camera was used to
record the conditions of the lower and upper hemisphere
along the measuring route. The GoPro camera was not
available during the measurements in Dresden.

All measurements were synchronized in time via
a GPS receiver (GPS16X-HVS). Measurements were
logged every 1s during measurements in Dresden-
Gorbitz in summer 2018. In the case of Erfurt mea-
surements were logged every 2s in order to obtain a
more stable GPS signal. Still, the quality of the GPS
signal was sometimes poor or even absent resulting in
an uneven distribution of measurement points along the
measuring route. All data were combined and stored us-
ing a data logger (CR 1000X, Campbell Scientific, Lo-
gan, US). It should be noted that the measurement height
also depends on the person carrying the backpack.
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Figure 2: General meteorological conditions (air temperature Ty, global radiation RG and specific humidity q) on the 5" and 7" of
June 2018. Time refers to Central European Time (CET). Grey shaded background indicates time range where the measurements took place.
Data source: German Weather Service (DWD), station Dresden-Klotzsche.

The accuracy of the employed instruments are as
follows as denoted by the respective manufacturer:
air temperature +0.3K at 20°C (WXT 520); relative
humidity +3 % at 0-90% (WXT 520); wind speed
+3% at 10ms~' (WXT 520); surface temperature
+0.2°C at 50°C (IR 120); shortwave radiation +5 %
(SKS 1110), position accuracy <3 m (GPS16X-HVS).

As all structures of a measurement walk were sam-
pled by the same instruments we can therefore ex-
clude differences due to different instruments. However,
we acknowledge that radiation errors might have been
larger for those time intervals with higher radiation than
for time intervals with lower radiation input.

Measurement walks and selected structures at
Dresden-Gorbitz

Presented measurement walks at Dresden-Gorbitz took
place on the 5" and 7" of June 2018. Fig. 2 gives an
overview of the general climatic conditions for these two
days using data of the German Weather Service (DWD)
station Dresden-Klotzsche (51.12N, 13.75E). Gener-
ally, the daily mean temperature and received short-
wave radiation increased from the 5™ of June to the
7% of June.

Fig. 3 shows the general route of the measurement
walks together with information about the urban struc-
ture. On the 5™ of June 2018 12 complete measurement
walks were recorded. It took approximately one hour to
cover the whole route. On the 7™ of June 2018, there
was a data loss due to storage failure between late morn-
ing and late afternoon. Therefore, data of five measure-
ment walks were available of which two were incom-
plete. However, the first walks of this day indicated a
day with high thermal load.

Seven subsections of the measurement route were se-
lected, which represent different urban structures. Urban
structures with a high proportion of urban greenery and

structures with high radiation exposure and low propor-
tion of urban greenery were selected in order to inves-
tigate different structures of different thermal loads. Ta-
ble 2 gives an overview about these seven subsections,
which are indicated in Fig. 3 as yellow lines.

Measurement walks and selected structures at
Erurt-Oststadt

Measurement walks at Erfurt-Oststadt took place on the
23 of August 2019. Fig. 4 gives an overview of the
general climatic conditions for Erfurt for this day using
data of DWD station Erfurt-Weimar (50.98 N, 10.96 E).
The 23" of August was almost a perfect radiation day.
Nine measurement walks were recorded on this day.
As in the case of Dresden-Gorbitz, it took approximately
one hour to cover the whole route. Out of the different
measured urban structures, we selected eight for which
we analysed obtained data more in detail. Table 3 and
Fig. 5 provide information about the selected structures.

Calculation of presented values for selected
structures

At first all measurement walks were loaded into a GIS
(QGIS 3.16) software and visually checked in order to
evaluate whether the quality of the GPS signal for the
respective measurement walk would allow an accurate
spatial assignment of the respective data to the differ-
ent selected structures. Data of the investigated struc-
tures were then selected from obtained measured data
according to their coordinates. In order to achieve this,
rectangles around each structure to be investigated were
defined. These rectangles differed in size with respect to
the given structure. Data points were selected for a cer-
tain structure when they fall within the respective rect-
angle according to their coordinates in order to account
for spatial uncertainty of GPS data.
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Figure 3: Investigated area of Dresden. Map base: Digital surface model, buildings, orthophotos: Open geo data of the Free State of Saxony
(Germany), Source: © GeoSN, dl-de/by-2-0. The border of the whole project area is given in Fig. 11.

Table 2: Description of selected urban structures — Dresden. De- 23 August 2019
scriptions of streets refer to the side of the street which was assessed 2 - 2
by measurements. = specific humidity
0 —A— air temperature : -3
Nr Name Description L durauun._ =
1 Hohenpromenade Pavement with established trees on i )1 [ B :
both sides e ) | 5.8
2 Amalie-Dietrich-Platz ~ Open square, sealed surface, mainly ¢ © = =L
concrete :_: ol | o o
3 Dahlienweg Street with established dense trees N dl
on both sides il L
4 Leutewitzer Ring Street running from East to West
with established evenly spaced o L &
. street trees on both sides 00:00 06:00 12:00 18:00 24:00
5 Limbacher Weg Street running from North to South, Time in hh:mm

pavement without directly adjacent
street trees

6 Gorbitzer Park Park, trees and lawn alternate

7 Wolfnitzer Ring Street running from North-north-

Figure 4: Same as Fig. 2 but for general meteorological conditions
on the 23rd of August 2019. No radiation measurements were avail-
. able. Therefore, sunshine duration is shown. Time is in Central Eu-
east to South-south-west without ropean Time (CET). Data source: German Weather Service (DWD),
street trees station Erfurt-Weimar.
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Figure 5: Investigated area of Erfurt. Map base: Buildings, orthophoto: Open geo data of the Free State Thuringia (Germany), © GDI-TH,
dl-de/by-2-0. The border of the project area is given in Fig. 12.

Table 3: Description of selected urban structures — Erfurt. Descriptions of streets refer to the side of the street which was assessed by
measurements.

Nr Name Description

1 Urban gardening
Rathenaustraf3e

Urban gardening area with established trees, canopy not closed

Street running from South to North, with established trees, buildings on
both sides of the street

Street running from East to West, pavement with a few young trees with
small crowns, buildings on both sides of the street

Street running from South to North, with established trees, buildings on
both sides of the street

Open square with lawn beside the pavement and a fountain in the middle
Northwestern edge of Leipziger Platz, unevenly spaced street trees,
adjacent buildings in northwest only, open square adjoins to the south-east
Large courtyard with sealed surfaces, trees and lawn, enclosed by
buildings on all sides

Street running from south-west to north-east, unevenly spaced street trees,
adjacent buildings in northwest only, open square adjoins to the south-east

3 Iderhoffstraf3e
4 Thilmannstra3e

5 Leipziger Platz
6 Leipziger Platz NW

7 Courtyard University

8 Leipziger Strafle

In the following, values recorded while crossing a Commonly, mobile measurements do not allow to

selected structure were used for the analysis. For each
crossing, the corresponding mean value and standard de-
viation were calculated to assess the variation within a
chosen structure. Data obtained in this way were related
to the midpoint of the time period, when a certain struc-
ture was crossed.

measure all points of given route at the same time.
We detrended air temperature to account for this fact
for comparison reason only, i.e. if not stated otherwise,
all presented values are not trend corrected. The trend-
corrected value of a temperature measurement n was cal-
culated as difference of the mean value of air tempera-
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ture calculated over the respective entire measurement
walk minus the temperature measurement n. This differ-
ence was divided by two and then the value of tempera-
ture measurement n was added back.

As mentioned earlier, the GPS-signal was sometimes
absent and resulted in an uneven distribution of mea-
sured data points along the measurement route. If at least
6 data points could be collected for the crossing of a
structure, mean and standard deviation were calculated
accordingly. In the case of Leipziger Platz (open square
at Erfurt-Oststadt) data coverage was sometimes sparser.
Information about the number of available data points
per structure and measurement walk can be found in Ta-
ble Al, A2 (Dresden-Gorbitz) and A3 (Erfurt-Oststadt)
of the Appendix.

Calculation of UTCI

We used the Universal Thermal Climate Index (UTCI,
Brazerczyk etal. (2010), JENDRITZKY etal., 2012;
BRODE etal., 2012), to evaluate the thermal stress of
human beings. It is given in degree Celsius and is di-
vided in different stages of thermal stress. BLAZEICZYK
etal. (2010, p.94) state that the “UTCI is the air tem-
perature which would produce under reference condi-
tions the same thermal strain as in the actual thermal
environment.” Please refer to BeAZEjczyK etal. (2010);
HAVENITH etal. (2012); BRODE etal. (2012) and JEN-
DRITZKY etal. (2012) for more detailed information
about the UTCIL.

RayMan Pro 2.2 (MATZARAKIS etal., 2010) was ut-
ilised to calculate UTCI. Following variables were used
to obtain the UTCI (°C), global radiation (W m™2), air
temperature (°C), relative humidity (%), Wind (m s7h
and infrared temperature (°C) of the ground. Ray-
Man 2.2 applies a regression equation for the UTCI
(BRODE etal., 2012 and therein cited online resources).
Independently of this, the UTCI values were compared
with UTCI values determined with a self-written Fortran
code. The values from RayMan were confirmed.

The recorded wind speed of a moving person is al-
ways influenced by the walking speed of the person
itself. Therefore, general wind conditions were ana-
lysed when the measuring person remained station-
ary for some time and did not walk. The locations
where the backpack carrier stopped for a few min-
utes and where wind speed was measured are repre-
sentative of the urban structures studied. These val-
ues were averaged for each inspected day and resulted
in average values of 0.8ms™! (05.06.2018 at Dres-
den), 0.9ms™! (07.06.2018 at Dresden) and 0.5ms™!
(23.08.2019, 24.08.2019 at Erfurt). These values were
used for the calculation of UTCI for each respective
day. Although this might alleviate differences in ther-
mal conditions to a certain degree we are convinced that
the main characteristics are preserved as the UTCI most
strongly depends on mean radiant temperature. Wind
speed was generally low at the inspected days. There-
fore, its influence on thermal conditions can be assumed
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to be of minor importance. This assumption is sup-
ported by the findings of Novak (2013), who investi-
gated typical conditions for the Czech Republic. Novak
(2013) showed only weak dependency of the UTCI on
wind speed for air temperatures above 25 °C when wind

speeds were larger than 2ms™!.

2.3 Mental maps

In summer 2018, surveys were conducted in the neigh-
bourhoods of Gorbitz in the City of Dresden and of the
Oststadst, in the City of Erfurt which addressed heat re-
lated aspects. As part of these surveys, hot spots (places
and paths that are unpleasant during hot days) and cool
spots (pleasant places and paths during hot days) were
identified (BALDIN and SINNING, 2019a; 2019b).

The method of mental maps (LYNCH, 1960; DOwNs
etal., 1982) was used in order to obtain data where
residents locate cool and hot spots. The basic concept
is based on perceptual and behavioural geographic re-
search approaches. According to those, different types
of perception shape a subjective, selective image of
spaces (LYNCH, 1960; DownNs etal., 1982). A notable
advantage of mental maps is that residents are not con-
fronted with a selection of ready-made answers but re-
produce the most important spatial elements by them-
selves and evaluate them (e.g., KRANEPUHL and ZIER-
VOGEL, 2007).

The data used for creating mental maps were exclu-
sively obtained through a pedestrian survey. Residents
were asked to mark hot and cool spots in a map, which
are accessible to the public. This map showed areas of
the city neighbourhoods of Dresden-Gorbitz (Fig. 11)
and Erfurt-Oststadt (Fig. 12), respectively. The corre-
sponding area is marked by a by red-dashed line in
these Figures. Each interviewee could indicate several
hot and cool spots in this map according to own expe-
rience and subjective evaluation. This was always done
in a face-to-face situation, which offered the possibil-
ity to help residents if there were concerns regarding
drawing errors, correct orientation or needed additional
information (BALDIN and SINNING, 2019a; 2019b). All
passers-by who passed by the survey stands and thus
passed through the corresponding neighbourhoods could
fill in mental maps. This means that not only residents
of Dresden-Gorbitz (Erfurt-Oststadt), but also residents
from other parts of Dresden (Erfurt) participated in the
survey as they also used the neighbourhoods and public
spaces.

In Dresden, surveys took place on seven days in
July and August 2018. Air temperature maxima of these
days varied between 19.5°C and 35.2 °C with 4 days
having maximum temperatures greater or equal to 30 °C
(Data source: German Weather Service (DWD), station
Dresden-Klotzsche). The survey was located at various
places near Merianplatz (Fig. 3) and took place during
different daytimes in order to reach different groups
of residents. Based on these surveys, 139 mental maps
were completed (BALDIN and SINNING, 2019a).
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The age structure of the respondents at Dresden
shows some deviations with respect to the general age
structure of the neighbourhood of Gorbitz as a whole.
The groups of 18 to 24 year-olds and 25 to 44 year-
olds were encountered less frequently but the oldest age
group (65 years and older) is more represented than in
the statistical reports of the city of Dresden (BALDIN and
SINNIG, 2019a). This can be attributed to the fact that the
area of Dresden-Gorbitz, where the survey took place is
an area of older residents in general (BALDIN and SIN-
NIG, 2019a). Thus, the survey especially reflects the sub-
jective location of older people to some degree, which is
a group more vulnerable to heat stress.

In Erfurt, the surveys took place on ten days in July
and August 2018. Air temperature maxima of these days
varied between 16.9 °C and 36.5 °C with 5 days having
maximum temperatures greater or equal to 30 °C (Data
source: German Weather Service (DWD), station Erfurt-
Weimar). As during the surveys in Dresden, the location
and time of the surveys varied from day to day in order to
reach different groups of residents The locations of the
pedestrian survey are marked in Fig. 5. Based on these
surveys, 139 mental maps were completed (BALDIN and
SINNING, 2019b).

The age structure of the respondents in Erfurt reflects
the age structure of Erfurt’s Oststadt with minor devia-
tions. Only the 45-64 age group was encountered less
frequently in the pedestrian surveys and the group of
25 to 44 year-olds is slightly more represented than in
the statistics of the City of Erfurt (BALDIN and SINNING,
2019b). Thus, one can assume that the obtained mental
maps of Erfurt-Oststadt reflect the resident’s view rea-
sonably.

The spatial distribution of hot spots and the spatial
distribution of cool spots were separately analysed by
using GIS (BALDIN and SINNING, 2019a; 2019b). The
used Add-on ‘Spatial Analyst’ of ArcGIS (ESRI) uses
Kernel density estimates (KDE). Kernel density estima-
tion enables a statistical investigation of the spatial dis-
tribution of variables (events; in this study: locations,
which were marked as hot or cool, respectively, by the
interviewees). The general concept assumes that the rel-
evant variable (event) pattern has a density at any lo-
cation in the area of interest and not only at locations
where an event is, which allows the construction of con-
tinuous surfaces of density estimates. For further infor-
mation about spatial analyses using KDE we kindly re-
fer to (e.g.) DE SmiTH etal. (2007). The resulting maps
for hot and cool spots were subtracted from each other
(hot spots minus cool spots) in order to obtain the final
map.

3 Results
3.1 Mobile measurements Dresden-Gorbitz
Radiation Day — Dresden-Gorbitz

Fig. 6 shows obtained UTCI values of the selected struc-
tures for the 7 June 2018, which was almost a perfect
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radiation day. Mean values and corresponding standard
deviation are shown. For each structure it took some
time to cross it. The shown mean values were related to
the midpoint of the respective time period. Due to the
chosen route some urban structures were crossed two
times within a measurement walk. This holds for Lim-
bacher Weg, Amalie-Dietrich-Platz and Dahlienweg. As
Dahlienweg and Limbacher Weg were crossed two times
within a short time (maximum time gap 6 minutes), all
respective data points were used to obtain the respective
average value.

Highest thermal loads were obtained during midday
and lowest in the late afternoon. Differences between the
investigated structures were largest in the late morning
and during midday and smallest in the late afternoon.
Although shown UTCI values of each walk were not re-
ferred to a reference point in time, the available data il-
lustrate that differences between different structures can
be as large as 7K and almost 10K concerning UTCI
during times of high thermal load. This means the dif-
ferent urban structures differed by one stage of thermal
stress for our investigations. In the early evening, ob-
tained UTCI indicated conditions of no thermal stress
for all investigated structures.

Standard deviations of obtained UTCI for each struc-
ture crossed were smallest in the evening and largest
during times of high thermal stress. Largest variations
were found for urban structures with trees but in-
complete canopy closure, i.e., Leutewitzer Ring (street
with trees), Gorbitzer Park (park with groups of trees
and lawn), Hohenpromenade (pathway with established
trees on both sides) and Limbacher Weg (street with es-
tablished trees on both sides in the vicinity of a beck). It
indicates that sunlit areas and shadowed areas alternate
and thus thermal conditions. During times of high ther-
mal load, standard deviation of UTCI was smallest for
structures offering almost no shade i.e., Wolfnitzer Ring
(street running from north-north-east to south-south-
west with no street trees), Amalie-Dietrich-Platz (open
square with only a very few small trees) and Limbacher
Weg (running from North to South). These are also those
structures with high thermal load, i.e., a person crossing
these structures experience a high thermal stress, which
additionally varies only little.

Cloudy Day — Dresden-Gorbitz

In contrast to 7 June 2018, 5 June 2018 was very cloudy
day. Fig. 7 shows obtained UTCI values of the selected
structures for this day. Again structures with a larger
proportion of urban greenery and large crowned trees of-
fered conditions of lower heat stress compared to struc-
tures with no or only very few small trees. The relative
course of differences between the selected urban struc-
tures follow a similar pattern as for 7 June 2018 (day
with high radiation). Largest differences between urban
structures were found in the early afternoon with a max-
imum value of 7 K concerning UTCI. However, gener-
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Figure 6: Obtained UTCI-values of the different urban structures. Filled circles denote the mean values averaged over all values obtained
when the respective structure was crossed. Vertical lines denote standard deviation. Background colours denote the different stages of
thermal strain. Each mean value is composed out of six measurements points at least.
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Figure 7: As Fig. 6 but for 5 June 2018.

ally differences were smaller than for the day with high
radiation. Only during midday, moderate heat stress oc-
curred. Although, differences were somewhat alleviated
among different structures, they can differ in terms of
stages of thermal strain by one stage. The magnitude of
standard deviations changed less over the day than for
the high radiation day suggesting that differences in ra-
diation gain were generally smaller.

24:00

On both days, UTCI was closely related to mean ra-
diant temperature and thus follows the relative course of
this variable (Fig. 8). However, UTCI values at compa-
rable Ty values are higher on 7 June than on 5 June
due to higher air temperatures on 7 June. The higher
temperatures on 7 June more than compensate for the
lower humidity and slightly higher wind speed on this
day compared to 5 June.
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Although, specific humidity was higher on 5 June
2018 (between 8.6 gkg™' and 9.9 gkg™!) than 7 June
2018 (between 6.8 gkg™' and 8.6 gkg™!), there was no
clear dependency of UTCI on specific humidity on either
day.

For both measurement days, structures, which have
no or only little urban green, i.e. their overall appear-
ance is not determined by urban greenery, exhibit larger
thermal loads than those, with a good provision with
urban green. According to the results of the microme-
teorological measurements, an implementation of heat
adaptation measures should be prioritised at the follow-
ing locations (descending order): Amalie-Dietrich-Platz,
Limbacher Weg, Wolfnitzer Ring.

3.2 Mobile measurements — Erfurt-Oststadt

Fig. 9 presents the UTCI-values of the different struc-
tures investigated in the case of Erfurt-Oststadt for
23 August 2019. During this very warm day, the measur-
ing persons experienced heat stress, which varied from
no heat stress to strong heat stress. Strongest heat stress
was recorded in case of Iderhoffstralle (red filled circles
in Fig. 9). This is a remarkable result as the heat stress
at Iderhoffstrale was even larger than at Leipziger Platz
(brown filled circles in Fig. 9), which is a large open
square with rather few trees. Variables, which determine
thermal stress, were investigated in order to identify pos-
sible causes for the differences between these two struc-
tures.

In the case of air temperature, it turned out that
both structures differed in air temperature only very
slightly. In the case of the measuring walk from 14:00
to 14:53 pm, air temperature differences along the route
were not larger than 1K. However, air temperature
at IderhoffstraBe was lower and belonged to 10" per-

centile of all measured air temperatures for this walk.
This pattern in air temperature could be especially ob-
served between 12:45 pm and 16:00 pm but gener-
ally holds for all other measurements walks. This did
not change, when air temperature was detrended in or-
der to account for the fact that the different points
of the measurement route cannot be measured at the
same time. The sky view factor (SVF) at Iderhoffstrafle
was lower than at Leipziger Platz (Iderhoffstrale: 0.31,
Leipziger Platz: 0.72; based on fisheye photos and esti-
mated using RayMan Pro 2.2 MATZARAKIS etal., 2010).
Therefore, other factors than air temperature and a
large SVF must have contributed to the high thermal
load at Iderhoffstrale. A comparison of received inci-
dent shortwave radiation and recorded surface temper-
ature (Tgf) showed that both variables were consis-
tently larger in the case of Iderhoffstrale than in the
case of Leipziger Platz during hours of high thermal
loads (Fig. 10). This resulted in higher Ty, at Iderhoft-
stral3e than at Leipziger Platz. The larger Ty, at Ider-
hoffstrale indicated a higher radiation load. This might
be explained by the general orientation of Iderhoffs-
traf3e, which runs from West to South and therefore the
northern side of the street receives full sun light during
hours of highest radiation but this could be also stated in
the case of Leipziger Platz. However, the houses at the
northern side of Iderhoffstralle are mainly of very light
(white) colour and therefore probably reflect a consid-
erable part of the incident shortwave radiation thus en-
larging the radiation load for pedestrians. We hypothe-
size that the colour of the buildings in concert with char-
acteristics of the surface material overcompensated the
smaller SVF at Iderhoff making this the hottest spot at
Erfurt-Oststadt. The fact that light colours of buildings
have an unfavourable effect on thermal load is also de-
scribed in other studies (CHATZIDIMITROU and YANNAS,
2015; SALATA etal., 2015; YuaN etal., 2017).
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Figure 9: Obtained UTClI-values of the different urban structures. Filled circles denote the mean values averaged over all values obtained
when the respective structure was crossed. Vertical lines denote standard deviation. Background colours denote the different stages of
thermal strain. Each mean value is composed out of six measurements points at least. In the case of Leipziger Platz data coverage was

sometimes sparser.
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Figure 10: Obtained values for shortwave incoming radiation (SWincoming), Surface temperature (Tys) and resulting mean radiant tempera-

ture (Ty,) of the different urban structures. See Fig. 9 for further information.

A further area with high thermal load is Leipziger
Strae. As for Iderhoffstral3e the buildings are also of
light colour (reflection enhances radiation load), which
is especially relevant in the morning hours. Additionally,
surface materials seem to favour high surface tempera-
tures (second largest Ty.f). However, trees at this street
are bigger providing more shade (larger standard devi-
ation) and the street is shaded by buildings after 15 pm
(drop in UTCI, smaller standard deviation). A similar

behaviour is found in case of Leipziger Platz NW, al-
though not as pronounced as for Leipziger Straf3e. Ra-
thenaustrae and Thilmannstra3e are streets, which run
from southerly to northerly direction. Each have trees
on both street sides but measurements were only taken
at the easterly pedestrian walk way of each street. How-
ever, Rathenaustra3e is narrower than Thilmannstrae
and there is no greenery between the buildings and the
pedestrian walkway. Therefore, the easterly side of Ra-
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thenaustrale benefits from being in the shade longer
in the morning and earlier in the shade in the after-
noon. It mostly receives less shortwave radiation, shows
smaller surface temperatures and showed a tendency
to marginal lower air temperatures compared to Thél-
mannstra3e. Consequently, Rathenaustrale experiences
less heat stress compared to Thilmannstrale for most of
the day. All three investigated streets show a marked de-
crease in standard deviation as soon as they lie in shade
after midday indicating that street trees make the micro-
climate more variable for sunlit hours. This is also true
in case of the urban gardening site, which provides one
of the most comfortable conditions on average during
the whole day due to its trees and their shading but it
also benefits from the shadow of buildings from the late
afternoon onwards.

The inner courtyard of the University of Applied Sci-
ences Erfurt, which is open to public, shows a compar-
atively high thermal load but also a strong scatter (large
standard deviation). This is due to the fact that during the
measurements in this courtyard, different surface condi-
tions (lawn, trees, sealed surfaces, different distances to
surrounding buildings) were recorded within a short dis-
tance. Thus variable conditions were measured. As these
conditions vary comparatively strongly this might also
enhance the problem of unevenly distributed data points
as the different conditions are not evenly measured in
every case. However, its comparatively large SVF is re-
flected in higher thermal loads until late afternoon. Sur-
face temperatures as well as shortwave incident radia-
tion show smaller values compared to Iderhoffstral3e and
Leipziger Platz and result in conditions of mainly mod-
erate heat stress.

Highest thermal loads and largest differences be-
tween selected structures were obtained over midday
and in the early afternoon. The available data show
that differences between different structures can be as
large as 7K and almost 10K concerning UTCI during
times of high thermal load, which is comparable to dif-
ferences obtained between structures as for Dresden-
Gorbitz. This means the thermal load between different
urban structures differed by up to two stages of ther-
mal stress in Erfurt-Oststadt. This is one stage more as
in Dresden-Gorbitz. However, one should take into ac-
count that no values were recorded in Dresden-Gorbitz
from late morning to early afternoon for the day with
high radiation load (7 June 2018). Thus, this difference
between Erfurt-Oststadt and Dresden-Gorbitz might be
an effect of missing values.

In the early evening, obtained UTCI indicated condi-
tions of no thermal stress for all investigated structures,
which was also found in the case of Dresden-Gorbitz.

Standard deviations of obtained UTCI for each struc-
ture crossed were smallest in the evening and largest
during times of high thermal stress. As for Dresden-
Gorbitz, largest variations were found for urban struc-
tures with trees but incomplete canopy closure, i.e. Thil-
mannstra3e and Rathenaustrale but also structures that
are themselves structurally diverse (University of Ap-
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plied Science). During times of high thermal load, stan-
dard deviation of UTCI was smallest for structures of-
fering almost no shade i.e. Iderhoffstrafle (street running
approx. from East to West) and partly Leipziger Platz.
As noted already in relation to Dresden-Gorbitz, these
are structures with high thermal load, i.e. a person cross-
ing this structures experience a high thermal stress,
which additionally varies only little, especially in the
case of Iderhoffstraf3e.

Based on the measurement results the following
structural aspects tend to favour high thermal loads for
pedestrian during day: no or only little urban green,
adjacent buildings of light color, unfavorable orienta-
tion to the sun (streets running from westerly to east-
erly direction), large sky view factors. Generally, this
confirms existing literature (ALI-TOUDERT and MAYER,
2006; EReLL etal., 2014; WANG and AKBARI, 2014;
ERLWEIN etal., 2021). All the aforementioned aspects
are characteristics of the hottest spots according to Fig. 9
(UTCI). According to the results of the micrometeoro-
logical measurements, an implementation of heat adap-
tation measures should be prioritised at the following
locations (descending order): Iderhoffstralle, Leipziger
Strale, Leipziger Platz.

3.3 Mental maps — Dresden-Gorbitz

Fig. 11 shows the differences between the mentions of
hot and pleasant places, i.e. places more often termed
as “hot” than as “pleasant” (yellow, orange, red) and
places which are were more often termed as “pleasant”
than as “hot” (blue colours). Two hot spots stand out in
particular, Amalie-Dietrich-Platz and Merianplatz. Both
sites are open sites with limited urban green and high
degree of sealing, adjacent shopping facilities, parking
areas and tram stops. In the case of Merianplatz there
is also an adjacent public indoor swimming pool. Both
places provide uncomfortable microclimate conditions
due to its building characteristics and amount of ur-
ban green, which is supported by micrometeorological
measurements (see Sections 3.1 and 3.2) in the case of
Amalie-Dietrich-Platz. Both places must be passed by
the residents to absolve obligations of everyday lives (go
to school, shopping, use of public transport in order to
get to work, go for swimming) and therefore are busy
places. When residents wait for public transport at the
tram stops, they inevitably have to stay longer in uncom-
fortable conditions. Both places are not used for leisure.
A third hot spot is located at Gorbitzer Ring. It is re-
lated to a supermarket with an adjacent parking area.
There is no direct access to public transport. The park-
ing area is sealed and there are only some younger trees
(no large crowns), i.e. the amount of shade is limited. As
in the case of Amalie-Dietrich-Platz and Merianplatz,
this is a location, which has to be used by the residents
in their daily life and it is therefore more frequently
passed than other places. There are also other large park-
ing areas with similar characteristics at Dresden-Gorbitz
but with no adjacent shopping facility. Probably due to
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Figure 11: Dresden-Gorbitz, differences in “hot” and “pleasant” characteristics of the absolute mentions of the residents, multiple answers
by residents possible. Red, yellow and orange refer to places which were more often termed as “hot” than as “pleasant”. Blue colours refer
to places, which were more often termed as “pleasant” than as “hot”. Building data, digital surface model: Open geo data of the Freestate

Saxony (Germany), Source: GeoSN, dl-de/by-2-0.

lower user frequency, these parking areas are not men-
tioned as “hot” as often as the parking area at the super-
market. Comparing the area of the supermarket at Gor-
bitzer Ring to Amalie-Dietrich-Platz and Merianplatz,
it suggests that access to public transport and related
higher user frequency contributes to the fact that places
of these characteristics are even more often named as
hot. Furthermore, it might be possible that residents
must stay in unfavourable conditions when waiting for
public transport. Therefore, exposure time might also
play a role concerning whether a place is subjectively
remembered as hot or pleasant (c.f. NIKoLorpOULOU and
STEEMERS, 2003). A relevant area is also the sports
ground at Omsewitzer Ring, which is more often per-
ceived as hot than as pleasant. As this is a sports ground,
it also has a higher user frequency and the user addition-
ally strain their bodies through sport. Probably, it was
less often named as “hot” spot compared to Merianplatz
und Amalie-Dietrich-Platz as sport is not part of every-
one’s daily life. It is therefore likely, that the purpose of
use and the frequency of use (mainly favoured by access
to public transport and shopping facilities) play a role
whether a certain place, which objectively exhibits hot
conditions, is often named as “hot” or not.

Places that were assessed as most thermally stressed
by the respondents (Merianplatz, Amalie-Dietrich-
Platz) are also characterized by an average high noise
pollution (>65 db(A) tramway noise; EU Noise Map-
ping 2017; EU Directive 2002/49/EC; map viewer:
https://gis.uba.de/maps/resources/apps/laermkartierung/
index.html?lang=de&land=de, accessed 18 June 2023).
This value is critical to health (UMWELTBUNDESAMT,
2019) if there is a permanent exposure. However, it can
be assumed that most people stay in the aforementioned
areas only temporarily and not for a longer period
of time. Therefore, it can only be stated that noise
pollution exists in addition to thermal stress. Whether
noise increases or change the perception of heat stress
cannot be stated unequivocally on the basis of available
data, but it certainly represents another stress factor.

Gorbitzer Park (public urban park) stands out as the
place most often termed as “pleasant”. This is the largest
public park in this area with established trees, mead-
ows, shaded benches and playgrounds. Although, the
spaces between prefabricated buildings are commonly
well provided with landscaped urban greenery (meadow,
established trees) they are less often named as pleas-
ant, because they are probably more semi-public places
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and therefore mainly used by the tenants of the adja-
cent buildings. Gorbitzer Park probably attracts more
people from a wider area for social activities. The area
second most indicated as “pleasant” is Forsythienstrale
with street trees on both sides and an adjacent cemetery
(Obergorbitzer Friedhof) with established trees. A third
larger area more often termed as “pleasant” than as “hot”
is Stadtblickpark (public urban park). However, com-
pared to Gorbitzer Park, it is mainly characterized by
meadows and less by older (large-crowned) trees, i.e.
less shade is provided and the park is therefore less of-
ten termed as “pleasant” Results suggest that public ac-
cessible places, which have a sufficient amount of ur-
ban green (especially established trees) are more of-
ten termed as pleasant. This also holds for a section
of Hohenpromenade and Weidigtbach (small stream).
Furthermore, this result is in accordance with MITTER-
MULLER et al. (2021), who stated that the accessibility of
urban green is important for its appreciation.

3.4 Mental maps — Erfurt-Oststadt

Fig. 12 shows the mental map results concerning hot
and pleasant spots in Erfurt-Oststadt. Areas, which are

most referred to as being “hot” are the northwestern
edge of Leipziger Platz, a section of Leipziger Strafie
and a crossing adjacent to Leipziger Platz (north of it).
All these areas are passed by the residents in order to
get to work or to return home as there are locations
of public administration and the University of Applied
Science, where many people work. However, in contrast
to Dresden there are no larger shopping facilities.
At first we have a look at the northwest edge of
Leipziger Platz. Residents locate hot spots more at the
northern edge and at the corresponding sidewalk than
at the middle of the street, where the tram and bus stop
is located. Whether this is an effect of a fuzzy spatial
location or whether residents perceive the sidewalk it-
self as hot remains unclear. Similarly, the spot most of-
ten termed as hot is located right at the middle of the
crossing north of Leipziger Platz. This is somewhat un-
expected as this area is very probably passed in a very
short time when crossing the street. Possibly, the cross-
ing as a whole should be marked as residents experience
heat stress on different sides of the crossing over the day.
Leipziger Straf3e is also quite often described as being a
hot spot. This might be due to the fact that there are adja-
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Table 4: Ranking of three hottest areas based on measurements and mental maps results for Dresden-Gorbitz and Erfurt-Oststadt. Areas
and/or structures that were assessed by both methods are highlighted in grey. Crossing north of Leipziger Platz (Erfurt-Oststadt) was only

partly assessed by measurements (lightgray background).

Dresden-Gorbitz

Erfurt-Oststadt

Rank  Measurements Mental Map Measurements Mental Map

1 Amalie-Dietrich-Platz = Merianplatz Iderhoffstralie Crossing north of Leipziger Platz
Limbacher Weg Amalie-Dietrich-Platz  Leipziger Strale  Leipziger Platz NW

3 Wolfnitzer Ring Supermarket Leipziger Platz Leipziger Strafie

cent buildings only at one side of the street and therefore
less shade, especially during midday.

The area most referred to as pleasant is located at the
crossing of Geschwister-Scholl-Strale and Rathenau-
straBBe. This is a small area with established trees and
a popular fast food restaurant. There is no direct access
to public transport but it is not far away from Leipziger
Platz. However, the aspect of frequent use is also appar-
ent here but probably more in conjunction with leisure
activities. Rathenaustrae with established trees on both
sides is also quite often termed as pleasant. It is mainly
a residential area with almost no shopping facilities.
Therefore, noise pollution is likely to be less than in
Thalmannstrae, which is also accompanied by street
trees on both sides but is not as often named as pleas-
ant as Rathenaustrafe. A third spot, which is quite often
perceived as pleasant, is the courtyard of the Erfurt Uni-
versity of Applied Science although it is a comparatively
large and open area. However, its design is characterised
by various greening, different sitting areas, sealed sur-
faces, a little pond and it is free of permanent noise
sources. It is publicly accessible and used by residents
for recreation.

Summarized, based on mental map results, places
most named as hot are the crossing north of Leipziger
Platz, the northwest edge of Leipziger Platz and
Leipziger StraBe. The crossing at Rathenaustral3e/
Geschwister-Scholl-Strale was most often termed as
pleasant by the residents followed by Rathenaustrafe
and the courtyard of the University of Applied Science.

As in the case of Dresden-Gorbitz, places that were
assessed as thermally stressed (Leipziger Platz NW,
Leipziger Straf3e, crossing northwest of Leipziger Platz)
by the respondents are also characterized by an average
high noise pollution (EU Noise Mapping 2017; EU Di-
rective 2002/49/EC; map viewer: https://gis.uba.de/
maps/resources/apps/laermkartierung/index.html?lang=
de&land=de, accessed 18 June 2023). However, as in
the case of Dresden-Gorbitz, it can only be stated that
noise pollution exists in addition to thermal stress but
no connection with the perception to heat stress can be
established.

3.5 Comparison of mental maps results and
measurements results

The presented mental maps identify places, that are
more often perceived as hot (unpleasant) than other

places but they do not contain any quantitative informa-
tion concerning the intensity of heat stress. Therefore,
we next compare the residents’ ranking with the rank-
ing based on measurements. It should be noted that the
measurement walks only covered a part of the area of
the mental maps. Table 4 lists the hottest places for both
quartiers as determined by mental map result and mea-
surements.

For each of the two cities, there is only one struc-
ture that stands out as a hot spot, both in the men-
tal map and measurement results, namely Amalie-
Dietrich Platz (Dresden-Gorbitz) and Leipziger Stralle
(Erfurt-Oststadt). Both places have in common that they
are used frequently (e.g. from/to work) and have direct
access to public transport. However, both areas were not
the area most often to be named as hot. In the case of
Dresden-Gorbitz, Merianplatz was most often named to
be hot in mental map results but does not turn up in mea-
surement results as it was not assessed during presented
measurement campaigns. Therefore, the main reason for
this deviating result between both methods is probably
a spatial mismatch between measurements and mental
map results. This is also partly true for the crossing north
of Leipziger Platz (Erfurt-Oststadt), which is prominent
in mental map results but was not selected to be inves-
tigated more in detail based on measurements. For this
structure, limited measurements only are available for
the northwestern edge of this crossing but confirm very
strong heat stress from late morning until midday.

A spatial mismatch might also cause the difference
in the ranking of Leipziger Platz NW between mental
map results and measurements results (Erfurt-Oststadt).
Measurements indicated that Leipziger Platz NW ex-
hibits large thermal loads until late midday, which were
commonly lower than Leipziger Platz, Iderhoffstrafe
and Leipziger Strale on average. However, the tram
bus/stop right in the middle of the street, where shade
is very limited, was not assessed by measurements. Pos-
sibly, interviewees referred to the bus/tram stop in the
mental maps rather than to the north-western part of
Leipziger Platz itself.

The structure ‘Supermarket’ ranked 3™ in mental
maps results (Dresden-Gorbitz) but does not appear in
measurement results as it was not assessed by measure-
ments (spatial mismatch between both methods).

For each of the two cities, there are structures that
stands out as a hot spot based on measurement results
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Table 5: Ranking of three coolest and pleasant, respectively, areas based mental maps results for Dresden-Gorbitz and Erfurt-Oststadt.
Areas/structures assessed by both methods are highlighted in grey. There were no ambiguous ranking concerning the three places with
lowest thermal load based on measurements at Dresden-Gorbitz Therefore a corresponding listing is missing here.

Dresden-Gorbitz

Erfurt-Oststadt

Rank  Mental Map Measurements Mental Map

1 Gorbitzer Park Rathenaustrafle Crossing Rathenaustrafie/-Geschwister-Scholl-Strafle
Cemetery Urban Gardening  Rathenaustrafle

3 Stadtblickpark Thilmannstrafle Courtyard University of Applied Science

but appear not in the top three hot spots of correspond-
ing mental maps. In the case of Iderhoffstrale (Erfurt-
Oststadt) and Wolfnitzer Ring (Dresden-Gorbitz) an ex-
planation could be that this is due to lower user fre-
quency by residents caused by various reasons (limited
shopping facilities, no public institutions, possibly less
attractive environment to walk). In contrast to these two
structures, Limbacher Weg (Dresden-Gorbitz) provides
access to a public institution (kindergarden) but is also
not very prominent in the mental map results. A pos-
sible reason lies in the mental map sample. The age
group 65 years and older is over represented whereas
age groups typically having little children are less repre-
sented compared to census data. Another reason might
be that the presence time in this structure is probably
short.

Leipziger Platz (Erfurt-Oststadt) is ranked 3™ based
on measurement results but does not appear in the top
three based on map results. This was a somewhat unex-
pected result as Leipziger Platz is an open square with
a comparatively large sky view factor and therefore re-
ceives full sunlight during most of the day. However, the
square provides a fountain. Leipziger Platz could be less
prominent in the mental map results because residents
might use the fountain and its droplets to cool them-
selves down. Therefore, it is not remembered to be ex-
tremely hot. This suggests that the perception of resi-
dents of whether a place is “hot” or “pleasant” might be
inadvertently influenced by adaptation measures taken.
Furthermore, this perception is probably conditioned by
a psychological component, i.e. the mere presence of the
fountain, possibly leads to feeling cooler.

There is no ambiguous ranking concerning the three
places with lowest thermal load based on measurements
at Dresden-Gorbitz, when considering the whole mea-
surement days whereas a ranking for both methods was
possible in the case of Erfurt-Oststadt (Table 5).

If one inspects Table 5 it is apparent that the dif-
ference in the ranking by both methods is partly due
to different spatial coverage (Cemetery, Stadtblickpark
in the case of Dresden-Gorbitz; Crossing Rathenaus-
strale/-Geschwister-Scholl-Strale in the case of Erfurt-
Oststadt). However, mental map results strongly indicate
that supplied public green is valued and apparently used.
Even small green areas which offer a pleasant environ-
ment are used and valued in an environment, which is
poor in public green otherwise (Erfurt-Oststadt).

There is good accordance between mental map re-
sults and measurement results concerning Rathenaus-
trale (Erfurt-Oststadt). Rathenaustraf3e exhibited lowest
thermal load of all structures investigated based on mea-
surements and is also valued as a pleasant (cool) area by
residents.

Gorbitzer Park (Dresden-Gorbitz; public park) was
named most often by residents to be “pleasant”, but it
does not stand out as a place of low or high thermal load
either based on measurements. One reason might be that
the residents use the park in a different way compared
to the measuring person, which just crossed the park
and experienced alternating sunlit and shaded areas. It
is very likely that residents deliberately go to shaded ar-
eas and stay there longer. Therefore, the perception of
the residents is already influenced by an adaptation mea-
sure taken (stay in shade). Additionally, this is likely to
be done during leisure time when it can be anticipated
that stress levels are generally lower. It is very likely
that the same reasons lead to the result that the court-
yard of the University of Applied Science is highlighted
as a pleasant place in the mental map, where, addition-
ally, residents might take advantage of a little pond to
cool themselves down. Measurements denote that the
urban gardening area (Erfurt-Oststadt) is an area of re-
duced thermal stress (no thermal stress or only moder-
ate heat stress) but it is less prominent in the mental
map results. One hypothesis might be that urban gar-
dening is more often pursued by people with higher ed-
ucation (BERGES etal., 2014; WINKLER etal., 2019). It
further might be that the area implies not to be open
to the public and/or that this area is less known among
the interviewees (interviewees must live in Erfurt but not
necessarily in Erfurt-Oststadt). Measurements show that
ThéalmannstraBe (Erfurt-Oststadt) offers slightly more
favourable thermal conditions than other inspected mea-
sured structures but is seldom named by residents to be
“pleasant” concerning heat. This might be due to street
noise (c.f. Chapter 3.4).

4 Summary and conclusion

The presented study discusses two different methods for
analysing thermal discomfort in cities, the participatory
approach of mental mapping and the expert tool of mo-
bile measurement. The two cases of Dresden and Erfurt
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Table 6: Comparison of mental maps and mobile measurements regarding methodological similarities and differences.

Mental maps

Mobile measurements

Expertice and perspective
perception of residents)

Type of assessment of thermal load

layperson expertise (based on personal

mix of quantitative and qualitative®

microclimate or micrometeorological expertise
(based on measurements of meteorological
quantities)

quantitative

Repeatability limited (differences in the sample not unlikely)  limited (unlikely that measurements could be
repeated under exact same weather conditions)
Survey/evaluation of space punctiform/areal linear
Quality of spatial localization could be blurred (depends on the memory and precise
spatial orientation of the interviewees, but also
on aid to orientation on the map)
Reference to time not precise (Statements are made based on precise
previous experiences during the summer
season in general apart from the implicit
temporal reference ‘summer’, the reference
period and its length is undetermined and can
vary from interviewee to interviewee.)
Influence of other stressors on the yes, generally possible (e.g. noise pollution, no

localization and stated/determined
strength of heat loads
or overall)

Statements for different age groups

Statements about frequency of use yes, generally possible

yes, generally possible (depends on sample)

recent thermal history of interviewee,
meteorological conditions during the interview

very limited

no

#only qualitative statements in this study

are situated in Germany and represent cities of about
200.000 and 500.000 inhabitants. The study provides
empirical data that show which are of relevance for local
adaptation to climate change.

The method of mental maps has already been ap-
plied in previous studies and compared to measured
heat stress from micrometeorological measurements
(LENZHOLZER, 2010; LEHNERT etal., 2021a, 2021b;
MITTERMULLER etal., 2021). The current paper com-
bines mental maps and a bioclimatic index to describe
heat loads of human beings. Concerning the identifi-
cation of thermally pleasant and unpleasant places and
methodological aspects, there are some relevant differ-
ences between both methods (Table 6).

Based on the study it can be concluded that there is
reasonable agreement between mental map and mobile
measurement results concerning the location of hot spots
when the corresponding area is frequently used by resi-
dents. This corresponds with results of LEHNERT et al.
(2021a) who also reported a positive relationship be-
tween the location of hot spots and user frequency for
mental maps obtained in their research.

Nevertheless, the comparison also identifies differ-
ences in the location of most heat stressed areas be-
tween mobile measurements and mental maps. Gener-
ally, these can be related to user frequency, to different
ways of staying in or crossing a certain structure (e.g.
Gorbitzer Park), but also to different spatial coverage of

the two methods. The results confirm results of the study
of LEHNERT etal. (2021a) that the behavioural patterns
of the residents and already applied adaptation mea-
sures should be taken into account in order to achieve
a comprehensive picture. Furthermore, the research has
shown that for mobile measurement the routes should
be adapted to user behaviour if possible to reach better
results.

The importance of longer residence duration in heat
stressed areas on the perception of heat by residents is
somewhat reduced when there are options for limiting
personal heat stress (e.g. shadow or water droplets of
a fountain). This means that taken adaptation measures
or the access to urban green influence the perception of
heat in areas, which, however, objectively exhibit con-
siderable heat stress. This result is somewhat in contra-
diction to the results of LEHNERT etal. (2021b), who
found a higher probability for TSV-related heat stress
near sprayed water mist (TSV, thermal sensation votes,
obtained via questionnaires). This might be an indica-
tion that obtained results are rather site specific and de-
pend on specific site characteristics.

Results further suggest that lower stress levels during
leisure time might alter the perception of heat. Noise
polluted areas generally coincided with areas most often
named to be hot. However, the data of the study do not
allow further interpretation on the relationship of noise
and heat perception.
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Overall, the research concludes, that both methods,
mental maps and mobile measurement, provide valuable
results for local adaptation strategies. If co-creation and
implementation of measures are prior goals of the local
transformation approach, mental maps offer a respective
methodology by making citizens become an active part-
ner of the analysis and conceptualisation process and
help municipalities to identify fields of action of climate
adaptation with high benefit for the citizens.

Results show the benefits of the combined use of
mental maps and meteorological measurements, yet
there are points that should be addressed in further
work. Backpack measurements offer the advantage that
all measured areas were measured with the same mea-
surement devices, but the measurement uncertainty can
change, e.g. with the radiation conditions (radiation er-
ror). Therefore, the uncertainty of the measured me-
teorological variables should be estimated in further
work. For this purpose, the Monte Carlo simulation
method can be used to apply uncertainties (within jus-
tified limits) to the individual measured values. A suf-
ficiently high number of simulations would then lead
to reasonable statements on the uncertainty of the mea-
sured values. An unsolved problem and thus a subject
of further possible research is the determination of the
uncertainties of mental maps and their comparison with
uncertainties of meteorological measurements.
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Additionally, further efforts should focus on includ-
ing both methods into a mixed methods approach of
local climate adaptation respecting the strengths and
weaknesses of both and benefitting from synergies. Fur-
thermore, the potential of innovative digitalisation needs
to be explored and reflected to be applied and optimize
the methods (e.g. use of apps to lower the effort and
increase the participation of mental mapping as it was
experienced in other participation processes in Dres-
den and Erfurt in the HeatResilientCity-project (GROSSs-
MANN etal., 2021; GROSSMANN and SINNING, 2021).
However, face-to-face questionnaires should remain part
of the methodology to avoid digital divide-restrictions.
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Appendix

Table A1: Information about number of obtained data points per structure for Dresden-Gorbitz, 5 June 2018. The variation coefficient was
calculated as standard deviation divided by the mean value and is given in percent.

Investigated structure Time Number of Difference in time UTCI Standard Variation
(midpoint) obtained data between first and last (Mean value) deviation coefficient
in CET+1 points data point in s in °C in °C in %

Gorbitzer Park 07:05:33 88 87 17.1 0.3 1.7

08:11:23 78 77 18.7 0.4 2.3
09:17:28 71 70 19.8 0.3 1.8
10:32:51 113 137 21.3 0.7 3.5
11:43:27 86 85 20.8 0.6 2.9
11:45:17 29 28 20.9 0.1 0.3
13:03:33 335 334 24.2 0.8 3.2
14:26:08 190 189 24.7 0.7 2.8
16:05:42 89 88 25.1 0.9 3.6
16:07:30 11 16 25.6 0.1 0.3
17:27:16 156 155 23.1 0.5 2.2
18:49:26 86 85 21.6 1.4 6.3
20:13:12 91 90 18.3 0.5 2.6
21:34:47 98 97 15.5 0.3 1.8
Wolfnitzer Ring 07:12:13 103 102 17.5 0.1 0.6
08:18:10 106 105 20.6 0.2 0.9
09:25:03 114 113 20.1 0.1 0.7
10:39:36 115 114 22.9 0.1 0.6
11:51:24 119 118 20.7 0.2 0.9
13:12:58 122 121 25.4 0.2 0.7
14:52:44 108 107 26.1 0.2 1.0
16:14:23 120 119 26.4 0.1 0.5
17:34:03 114 113 24.1 0.2 0.6
18:57:57 115 114 21.2 0.8 3.9
20:21:23 119 118 18.2 0.1 0.6
21:45:41 158 157 15.0 0.1 0.7
Hohenpromenade 06:14:50 216 274 16.9 0.2 0.9
07:25:32 141 140 16.8 0.1 0.9
08:31:17 77 76 19.0 0.4 2.0
09:40:18 80 79 19.2 0.5 2.5
10:48:16 117 119 19.5 0.5 2.7
12:01:00 149 148 18.4 0.5 2.6
13:21:22 91 90 21.0 0.5 2.4
15:00:28 118 117 24.2 0.7 2.9
16:23:00 74 73 22.9 0.6 2.7
17:43:09 217 216 20.9 0.5 2.2
19:13:25 217 216 19.3 0.5 2.4
20:29:16 127 126 17.7 0.2 1.2
21:56:40 173 172 15.3 0.1 0.6
Amalie-Dietrich-Platz 06:18:53 118 121 17.7 0.4 2.2
06:36:40 49 48 18.2 0.1 0.3
07:27:22 39 38 18.0 0.1 0.4
07:43:42 50 49 18.5 0.2 0.8
08:48:44 46 45 21.0 0.1 0.5
09:41:42 29 28 21.3 0.1 0.5
09:59:29 239 238 21.4 0.2 1.1
08:32:48 40 39 21.5 0.0 0.2
10:50:01 43 42 22.5 0.1 0.5
11:08:12 6 6 22.4 0.4 1.6

11:12:33 79 94 223 0.1 0.6
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Investigated structure Time Number of Difference in time UTCI Standard Variation
(midpoint) obtained data between first and last (Mean value) deviation coefficient
in CET+1 points data point in s in °C in °C in %
Amalie-Dietrich-Platz 12:03:07 44 43 21.0 0.1 0.3
12:24:50 400 399 22.5 0.4 1.9
13:23:09 48 47 243 0.1 0.5
13:47:45 626 625 22.6 0.2 1.1
15:02:28 65 64 27.1 0.2 0.6
15:25:45 537 536 25.7 0.3 1.0
16:25:42 52 51 26.1 0.1 0.3
16:49:49 369 368 254 0.2 0.9
17:45:57 51 50 23.9 0.1 0.6
18:09:07 759 758 25.0 0.7 2.8
19:15:56 35 34 22.0 0.6 2.7
19:35:51 9 8 20.5 0.7 33
19:39:39 36 35 20.1 0.1 0.7
20:30:59 40 39 18.3 0.1 0.3
20:55:26 515 518 16.7 0.3 2.0
Leutewitzer Ring 06:38:55 87 86 17.1 0.4 24
07:46:21 71 70 16.9 0.5 2.9
08:50:50 71 70 17.5 0.7 42
10:03:43 88 93 18.5 1.2 6.7
11:16:14 142 141 20.0 1.5 7.3
12:30:48 103 102 18.5 0.9 5.0
13:55:30 100 99 19.2 0.9 4.8
15:32:43 85 84 21.9 1.5 7.0
16:55:26 98 97 22.0 1.9 8.7
18:17:30 81 106 21.1 1.0 4.6
19:41:50 72 71 19.1 04 1.9
21:02:03 80 79 17.0 0.1 0.8
Limbacher Weg 06:59:42 63 232 18.1 0.3 1.9
08:05:35 59 244 19.1 0.3 1.4
09:11:22 81 266 21.3 0.4 2.1
10:25:59 83 190 21.0 0.4 2.0
11:37:32 69 187 21.8 0.2 1.1
12:54:54 79 190 24.6 0.4 1.6
14:18:51 70 260 24.8 0.6 23
15:58:59 79 251 25.8 0.3 1.2
17:21:06 73 174 23.8 0.2 1.0
18:42:44 70 266 204 0.4 2.1
20:06:57 70 226 18.3 0.1 0.7
21:28:09 76 259 15.8 0.2 1.0
Dahlienweg 06:28:12 88 356 17.3 0.4 2.1
07:35:27 95 314 16.9 0.5 2.9
08:40:37 83 315 18.8 0.8 43
09:50:01 115 283 18.3 0.9 4.8
10:59:14 95 348 19.4 1.2 6.3
12:12:27 105 344 18.6 0.9 5.0
13:33:02 98 398 21.1 1.4 6.8
15:11:58 104 405 222 1.7 7.8
16:36:31 108 442 234 1.9 8.3
17:54:38 101 310 213 1.2 5.5
19:22:21 47 46 19.0 04 2.3
19:29:59 45 44 19.1 04 2.0
20:37:25 56 55 17.5 0.1 0.7

20:44:35 54 53 17.2 0.2 0.9
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Table A2: Information about number of obtained data points per structure for Dresden-Gorbitz, 7 June 2018. The variation coefficient was
calculated as standard deviation divided by the mean value and is given in percent.

Investigated structure Time Number of Difference in time UTCI Standard Variation
(midpoint) obtained data between first and last (Mean value) deviation Coefficient
in CET+1 points data point in s in °C in °C in %

Gorbitzer Park 10:59:15 127 134 29.1 3.7 12.6

12:38:22 526 540 26.8 34 12.7
19:31:03 162 171 24.9 1.1 4.4
20:58:34 401 400 21.5 0.4 2.0
Wolfnitzer Ring 11:09:07 143 142 32.5 0.3 0.9
12:50:51 122 121 33.6 0.4 1.3
19:39:37 130 129 25.1 0.3 1.2
21:09:12 137 136 21.7 0.2 0.8
Hohenpromenade 09:55:30 143 142 223 0.5 24
11:18:59 172 171 27.3 3.3 12.1
13:01:56 132 137 29.3 2.5 8.5
18:30:51 127 126 26.1 0.4 1.4
19:55:42 128 127 24.1 0.6 2.6
21:27:11 208 207 21.0 0.3 1.5
Amalie-Dietrich-Platz 09:57:27 41 40 29.1 0.9 3.0
10:17:44 43 42 30.2 1.0 3.2
11:26:40 703 702 27.1 1.9 6.9
11:54:06 39 38 33.4 0.4 1.2
13:04:14 51 50 33.6 0.3 1.0
13:26:04 39 38 34.6 1.2 33
18:32:41 39 38 29.0 0.1 0.2
18:52:38 48 47 27.7 0.3 1.1
19:57:38 53 52 24.8 0.1 0.3
20:19:33 56 55 23.6 0.1 0.5
21:29:46 54 53 21.6 0.1 0.6
21:50:29 39 38 20.7 0.1 0.6
Leutewitzer Ring 10:20:05 83 82 25.5 2.7 10.4
11:58:25 238 256 32.2 3.0 9.3
18:55:13 95 94 25.7 1.2 4.8
20:22:06 91 90 23.1 0.4 1.8
Limbacher Weg 10:51:18 79 368 325 0.6 1.7
12:27:32 77 281 34.1 0.5 1.4
19:23:06 82 289 25.0 0.4 1.7
20:48:32 81 227 21.8 0.3 1.3
Dahlienweg 10:07:35 96 417 25.0 1.6 6.5
11:43:12 112 462 28.1 2.2 7.8
13:15:01 118 464 30.3 2.6 8.6
18:42:30 96 400 25.7 1.0 3.9
20:08:32 112 459 23.0 0.4 1.7

21:40:07 109 411 20.5 0.2 1.0
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Table A3: Information about number of obtained data points per structure for Erfurt-Oststadt, 23 August 2019. The variation coefficient
was calculated as standard deviation divided by the mean value and is given in percent.

Investigated structure Time Number of Difference in time UTCI Standard Variation
(midpoint) obtained data between first and last (Mean value) deviation Coefficient
in CET+1 points data point in s in °C in °C in %

Urban Gardening 10:15:37 165 604 27.6 3.0 10.9

11:21:03 359 1034 24.8 1.4 5.8
12:33:34 308 1414 25.2 1.8 7.2
13:46:13 275 1206 25.5 2.0 8.0
15:04:15 304 1272 27.3 2.3 8.4
16:19:33 372 1322 24.7 0.2 0.9
17:36:24 309 1246 23.4 0.3 1.3
18:48:04 320 1320 21.2 0.4 1.8
19:47:23 38 164 18.4 0.2 1.2
Iderhoffstraf3e 09:26:22 20 52 27.6 0.5 1.9
10:29:16 12 50 314 0.4 1.1
11:38:44 11 20 33.9 0.2 0.7
12:53:22 8 46 34.3 0.6 1.9
14:08:04 11 48 34.8 0.3 0.9
15:25:08 10 50 33.6 0.4 1.2
16:40:08 12 52 30.5 0.3 1.0
17:55:30 17 50 25.0 0.1 0.6
19:04:36 16 48 22.5 0.2 0.8
Thilmannstraf3e 09:30:09 23 70 22.6 2.6 11.6
10:33:45 29 80 24.7 3.1 12.7
11:42:55 19 70 26.8 3.7 13.7
12:57:29 7 68 29.4 33 11.1
14:11:58 16 76 25.0 0.7 2.6
15:29:32 18 78 24.9 0.5 1.9
16:45:07 18 74 24.4 0.5 2.0
17:59:43 9 56 22.8 0.2 0.9
19:08:35 9 70 21.1 0.3 1.5
Courtyard University 09:46:47 18 60 241 3.6 14.8
10:51:49 12 58 28.9 3.7 12.8
11:59:49 10 56 27.7 4.7 16.9
13:13:45 24 66 30.3 3.6 12.1
14:29:20 12 66 30.6 2.7 8.8
15:46:23 14 54 30.1 1.9 6.2
17:02:29 21 72 26.4 1.7 6.3
18:15:24 15 56 23.3 0.1 0.5
19:24:13 12 76 20.7 0.2 1.0
Leipziger Platz 09:31:39 8 14 26.8 0.2 0.8
10:36:33 17 64 29.9 1.8 6.0
11:44:19 8 22 31.7 0.5 1.7
12:58:54 2 2 32.5 0.1 0.2
14:13:40 7 12 31.7 2.5 8.0
15:31:13 11 20 30.7 2.1 7.0
16:46:29 2 2 29.3 0.1 0.2
18:00:53 10 24 23.9 0.3 1.2
19:09:41 5 14 21.1 0.2 0.7
Rathenaustraf3e 09:22:10 28 262 19.7 2.4 11.9
10:25:33 25 238 22.7 4.0 17.6
11:34:52 32 314 27.2 4.4 16.2
12:49:44 17 216 22.8 0.9 3.8
14:03:41 19 312 24.3 0.6 2.7
15:20:47 15 310 23.3 0.6 2.4
16:36:02 16 282 23.0 0.3 1.3

17:51:34 11 244 222 0.2 1.1
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Investigated structure Time Number of Difference in time UTCI Standard Variation
(midpoint) obtained data between first and last (Mean value) deviation Coefficient
in CET+1 points data point in s in °C in °C in %

Leipziger Strafie 09:49:26 7 44 29.2 1.9 6.4

10:54:20 15 42 32.8 0.6 1.7
12:02:06 16 56 33.7 0.6 1.7
13:16:07 7 36 339 0.2 0.5
14:32:23 15 66 332 0.2 0.5
15:49:04 19 62 26.0 0.2 0.9
17:05:32 6 52 25.4 0.2 0.8
18:17:47 12 52 23.7 0.2 0.7
19:26:30 25 52 21.2 0.1 0.6
Leipziger Platz NW 09:32:49 12 36 26.9 2.7 10.0
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