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Abstract
In this study we produce two urban development scenarios estimating potential urban sprawl and optimized
development concerning building construction, and we simulate their influence on air temperature, surface
temperatures and human thermal comfort. We select two heat waves representative for present and future
conditions of the mid 21st century and simulations are run with the Town Energy Balance Model (TEB)
coupled online and offline to the Weather Research and Forecasting Model (WRF). Global and regional
climate change under the RCP8.5 scenario causes an increase of daily maximum air temperature in Vienna
by 7 K. The daily minimum air temperature will increase by 2–4 K. Changes caused by urban growth or
densification mainly affect air temperature and human thermal comfort locally where new urbanisation takes
place and does not occur significantly in the central districts. A combination of near zero-energy standards and
increasing albedo of building materials on the city scale accomplishes a maximum reduction of urban canyon
temperature achieved by changes in urban parameters of 0.9 K for the minima and 0.2 K for the maxima.
Local scale changes of different adaptation measures show that insulation of buildings alone increases the
maximum wall surface temperatures by more than 10 K or the maximum mean radiant temperature (MRT) in
the canyon by 5 K. Therefore, measures to reduce MRT within the urban canyons like tree shade are needed
to complement the proposed measures. This study concludes that the rising air temperatures expected by
climate change puts an unprecedented heat burden on Viennese inhabitants, which cannot easily be reduced
by measures concerning buildings within the city itself. Additionally, measures such as planting trees to
provide shade, regional water sensitive planning and global reduction of greenhouse gas emissions in order
to reduce temperature extremes are required.
Keywords: urban sprawl, climate change, heat waves, urban scenarios, resilience, TEB, WRF, UTCI

1 Introduction
The urban environment influences the atmospheric conditions at the surface in various ways. Air temperature
is higher mainly at night in comparison to rural areas,
which is well known as the urban heat island effect,
(UHI, Landsberg, 1981; Oke, 1982; Grimmond et al.,
2010). In addition, vapour pressure or specific humid∗ Corresponding
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ity can be lower due to reduced water availability, and
the radiation and wind fields are strongly altered by the
three-dimensional building structures (Grimmond et al.,
2010).
These effects might further increase due to strong
urbanization trends, which includes densification and
growth of existing urban agglomerations. For instance,
until 2030, the population within the metropolitan area
of Vienna is expected to increase by 10 % (ÖROK,
2017). This will cause an increase in the demand for
gross floor area resulting in urban densification and/or
urban expansion. However, even under current conditions, the population in Vienna is suffering from heat

© 2019 The authors
Gebrüder Borntraeger Science Publishers, Stuttgart, www.borntraeger-cramer.com

2

H. Trimmel et al.: Thermal conditions during heat waves of a mid-European metropolis

stress during the summer months (Matzarakis et al.,
2011; Muthers et al., 2010; MA 22, 2018). In the
present article, we research the impact of the projected
urban development in Vienna on human thermal comfort.
Rises in air temperature that can be expected due
to climate change (APCC, 2014) present an additional
threat to human thermal comfort in the urban realm. Air
temperature has been rising and is expected to continue
to rise globally within the next century (IPCC, 2013). In
eastern Austria, mean air temperature has risen by 2 K
since 1880, which is more than double the 0.85 K rise
recorded globally (Auer et al., 2014). Emission scenario
A1B projects that by the end of the 21st century mean
air temperature increases of 3.5 K above the level of
the reference period 1961–1990 are expected in Austria
(APCC, 2014; Gobiet et al., 2014). Cities themselves
contribute to climate change by the emissions caused by
e.g., ground and air traffic, industrial processes, heating,
electricity generation, waste and production of building
material (De Pee et al., 2018; Bardow and Green,
2018; Kennedy et al., 2009).
Heat waves have been recognized as a lethal threat
to humans around the world within the last decades
(McMichael et al., 2003; Valleron and Boumendil,
2004; Kim and Kyselý, 2009; Grimmond et al., 2010:
Gabriel and Endlicher, 2011) and also Vienna (Hutter et al., 2007). Additionally, the combination of the
elevated air temperature during heat waves and high irradiation (Otani et al., 2017; Schreier et al., 2013), humidity (Steadman, 1979a, b) or air pollution (Kalisa
et al., 2018; Schnell and Prather, 2017; Zhang et al.,
2017) poses a threat to human health.
It has been found that the heat wave length and
intensity will increase in the future, e.g., for Paris
(Lemonsu et al., 2013) and also for Vienna (Formayer
et al., 2007). Kyselý days are defined as days of a heatwave period, which is characterised by at least three
subsequent days with daily maximum air temperature
larger than 30 °C and continues until the daily maximum
air temperature drops below 25 °C or until the mean
daily maximum air temperature of the period drops below 30 °C (Kyselý et al., 2000). An increase of the
number of Kyselý days by up to a factor of 10 from
1961–1990 to the end of the 21st century is expected
by Formayer et al. (2007) for Vienna (Scenario A2,
Model: HadRM3H; Jones et al., 2001). This alarming
fact has caused various heat warning systems to be developed (Michelozzi et al., 2004; Tan et al., 2007).
To be able to project the thermal strain caused by
future heat waves and urban growth it is necessary to
have the appropriate tools that can take into account
as many of the involved physical processes as possible (especially in the context of a changing climate).
This includes microscale processes such as reflections
within the urban canyon, wind reduction, energy uptake and storage in roads and buildings resolved, e.g.,
by the town and energy balance scheme TEB (Masson,
2000; Masson et al., 2002; Bueno et al., 2012; Pigeon
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et al., 2014). Furthermore, representations of evapotranspiration by urban vegetation, which have been implemented in TEB (Lemonsu et al., 2012; DeMunck
et al., 2013), city scale effects caused by spatial inhomogeneity (e.g., potential thermal breezes), and topography
(e.g., topographically-generated or modified winds) are
of key importance. Finally, the interaction between the
surface layer and the atmosphere and its effects on the
evolution of the urban boundary layer are crucial (Oke,
1987; Stull, 1988, Bornstein and Lin, 2000; Grimmond et al., 2010) as it is done in atmospheric models,
e.g., the weather research and forecasting model WRF
(Skamarock et al., 2008).
In this study we will work with resilience measures,
because we want to point out that the aim of urban development should be to make the city more resilient –
or to better cope and maintain function during climatic
extremes (Zommers and Alverson, 2018). Resilience
covers the more holistic approach of urban planning
(Sharifi and Yamagata, 2018; Ürge-Vorsatz et al.,
2018). Here, we will apply some basic changes in material properties as a first and important step to help to
reduce thermal strain in urban agglomerations and thus
increase resilience.
To measure the subjective perception of temperature
there are many indices describing human thermal comfort (PMV (Fanger, 1970), PET (Mayer and Höppe,
1987), UTCI (Fiala et al., 2001; Bröde et al., 2012;
Jendritzky et al., 2012)), heat stress or apparent temperature (humidex, wind chill, wet-bulb globe temperature). Generally important factors for the human organism are the radiation received by humans, the ambient
air temperature, humidity and wind speed (Mayer and
Höppe, 1987). There is a positive relationship between
human thermal stress and increasing MRT for the warm
part of the thermal comfort spectrum. In this thermal
comfort range the relation to air temperature and water
vapour pressure even increases with higher air temperatures (Dou, 2014). In this study the Universal Thermal
Climate Index (UTCI) is used.
The aim of this article is, to present:
1. The setup of a mesoscale meteorological model coupled to an urban energy balance model (Section 2.1)
2. Future urban scenarios for Vienna (Section 2.3
and 2.4)
3. The change of the 2 m air temperature for a selected
present and a future heat wave on city level (Section 3.1):
• Daily maximum temperature, as a factor for human thermal strain
• Daily minimum temperature, to quantify the nocturnal canopy urban heat island (CUHI) magnitude
• The influence of urban sprawl and densification
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4. Analysis of the effects of different resilience measures on a local level (Section 3.2):
• Energy flux differences, which are transferred
from the urban surface to the atmospheric model
• The surface temperatures of roof, wall and road,
to understand the air temperature changes
5. Analysis of canyon parameters to estimate thermal
strain in the idealized canyon (Section 3.3)
We do not address the detail planning within the
street canyons, but urban development regarding urban
material choice, distribution and density of built land on
a scale > 100 m.

2 Materials and methods
2.1 Modelling Framework
In this study, the open-source mesoscale atmospheric
model WRFv3.9.1 (Skamarock et al., 2008) is used in
combination with an urban canopy model called the
Town Energy Balance (TEB; Masson, 2000; Masson
et al., 2002) model. Both models are coupled and run online. Additionally, offline simulation runs were done by
forcing TEB as it is integrated in SURFEXv8 (Boone
et al., 2017) with the output of WRF-TEB.
WRF is used to downscale the ECMWF Analysis
Data Set for present-day conditions (temporal resolution of 6 hours, horizontal resolution of 9 km (https://
www.ecmwf.int/en/forecasts/datasets/set-i) via two intermediate nests (3 km and 1 km resolution) using oneway grid nesting to a 333 m resolution domain covering
the city of Vienna (Figure A-1). There are 40 vertical
levels in the WRF simulations, thereof 7 below 1000 m.
For the topographical elevation, the SRTM1Arc:30 m
data set is used. The Yonsei University Scheme is used
for the Planetary Boundary Layer scheme together with
the NOAH Land Surface Model to model the landatmosphere interaction. For the land cover information,
the Corine data (EEA, 2012) was reclassified to USGS
classes (30 non-urban, 3 urban) (Table B-1) in order to
be consistent with WRF (Schicker et al., 2016).
For the future heat wave conditions, we use selected events from regional climate model simulations
forced by different representative concentration pathways (RCPs) to force our WRF-TEB simulations. The
details of the regional climate model simulations, the
heat wave selection process, and the coupling with WRF
are described in Section 2.5.
Our different future urban development scenarios
representing urban densification and sprawl are created
by modifying the Corine land surface dataset using specific information regarding expected urban growth. The
details of these urban development scenarios, and how
they are created and applied is described in Section 2.4.
TEB version 1.1550 is implemented in the Weather
Research and Forecasting (WRF) model. The Town
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Energy Balance (TEB) model developed by Masson
(2000) is a physically based single-layer urban canopy
scheme that is designed for urban surface parameterization of atmospheric models. The building energy model
(BEM) that has been integrated in the TEB scheme
(Bueno et al., 2012) is also deployed in the coupling.
BEM-TEB makes it possible to represent the energy effects of buildings and building systems on the local urban climate and to provide estimations of the building
energy consumption at the city scale with a resolution
of down to 100 m.
The TEB scheme takes meteorological parameters
at the lowest level of WRF as input. These parameters
are air temperature and specific humidity, wind speed
and direction, air pressure, direct and diffuse downwelling solar radiation, downwelling longwave radiation
and precipitation. In return, TEB provides roof, road and
wall temperature, emissivity, latent, sensible heat and
momentum fluxes to the WRF model as output. In addition, 2-m temperature, 2-m humidity, and 10-m wind
are obtained from the diagnosed TEB canyon temperature, humidity, and wind, respectively.
The URBPARAM.TBL and registry files in WRF
have also been modified to accommodate urban parameters required by TEB-BEM and to write out urban parameters in the model output. All necessary conversions
(e.g., specific humidity to mixing ratio) are done. We use
the canyon temperature calculated by TEB for the calculation of the 2 m air temperature of WRF-TEB within urban areas. The coupled model WRF-TEB uses the same
spatial resolution as the original WRF.
Offline simulations using SURFEXv8 were done due
to different reasons. First, the simulation time was much
faster and so more resilience measures could be simulated, as would have been possible with the online version, second some resilience measures (green roofs and
photovoltaic on roofs) have not been implemented in
WRF-TEB, but in SURFEXv8 and third SURFEXv8 offers the calculation of the thermal index UTCI. We analysed various results from the offline simulations: the
energy fluxes, surface temperature, canyon air temperature, mean radiant temperature and UTCI. Here, mainly
shaded UTCI is used, which is the UTCI calculated only
from influences by diffuse radiation, without the direct
component. Therefore, it can also be calculated when no
buildings are present. The direct component is so pronounced, that in this study we found that there is no
way to improve the UTCI in the sun during summer heat
waves, only conditions can be made more bearable in the
shadow.

2.2 Validation and uncertainties
The energy fluxes and surface temperatures of roof, wall
and road temperatures calculated by TEB have been validated by Masson et al. (2002) for Vancouver and Mexico City. For Mexico City the road and roof temperatures showed a bias of 4 and 1.9 K, and a RMSE of 4.2
and 4.5 K. The radiation, turbulent (sensible+latent) and
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storage fluxes showed a bias of 10, −3 and 13 W m−1 ,
respectively, and a RMSE of 32, 25 and 38 W m−1 . For
Vancouver the wall and roof temperatures showed a bias
of 2.3 and 2.5 K and a RMSE of 3 and 7.3 K. Further
TEB was validated for Marseille (Lemonsu et al., 2004),
Ouagadougou (Offerle et al., 2005) and cold climates,
which is not relevant here. The BEM was validated
by Pigeon et al. (2014) for Paris. In addition, we validated the 2 m air temperature in different Viennese urban
canyons and found a mean absolute error for WRF-TEB
between 0.99 and 1.51 K, and the RMSE was between
1.3 and 1.89 (Table A-1).
The water vapour pressure calculated from WRFTEB is compared to measurements at Wien Hohe Warte
(Figure A-7) and Wien Innere Stadt (Figure A-8). An
RMSE of 2.68 and 2.03, a bias of 1.55 and 0.28, respectively, were found. Under the circumstances described above, the imprecisions lead to an uncertainty
of 0.2–0.3 K in the UTCI.
If we use the meteorological conditions of the future
heat wave to estimate the forward propagation of a potential error of air temperature in the range of the calculated RMSE of 1.9 K, then we find that the UTCI increases directly with the air temperature, so this error
would result in an increase of 1.9 K in UTCI as well.
The MRT and UTCI calculated by TEB was compared with the results of the higher spatially resolved
model SOLWEIG. The validation is described in more
detail in Annex A.

2.3 Definition of urban parameters of Vienna
In order to run the simulations, the urban parameters
were derived for Vienna. First, they were obtained
for the finest available scale, then aggregated on
block scale of the Viennese municipal land use
map (Realnutzungskartierung – https://www.wien.
gv.at/stadtentwicklung/grundlagen/stadtforschung/
siedlungsentwicklung/realnutzungskartierung/pdf/
rnk-2012.pdf). This method was oriented on the study
by Cordeau (2016) and a graphical overview can
also be found in the Annex (Figure B-1). The surface
ratios of built, sealed and unsealed surface were derived
from the highly detailed vector land cover data set
(Flächenmehrzweckkarte – Viennese building height
model (Baukörpermodell – https://www.wien.gv.at/
stadtentwicklung/stadtvermessung/geodaten/bkm).
Building roughness height was estimated as 1/10th of
building height. The vertical to horizontal wall ratio
was calculated using the above-mentioned vector data
sets. The physical building parameters were derived
by linking a dataset of building age and typology
with typical building parameters obtained from different studies (Berger et al., 2012; Amtmann and
Altmann-Mavaddat, 2014) and the OIB (Austrian
Institute of Construction Engineering). More information about the mapping of physical building parameters
can be found in Annex B. Because the selected outer
model domain covers 417 km × 297 km (Figure A-1)
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and thus is much larger than the area for which the LCZ
map could be produced and WRF is not able to include
all LCZ classes, so the Corine 2012 data set was used
in this study. Unlike the LCZs and the UrbanAtlas,
Corine 2012 is available for all WRF domains, and
there is existing methodology for how to use Corine
in WRF (Pineda et al., 2004; Schicker et al., 2016).
Corine is updated every 6 years. After this there might
be even update cycles of 5 years, which makes it a very
useful dataset.
While the standard version of WRF reclassifies
Corine to USGS classes and thereby regroups all urban classes of Corine (1–11) to one urban class (Pineda
et al., 2004), WRF-TEB is enhanced to support the use
of 3 urban classes. In order to take into account non-built
and vegetated urban areas, some urban classes of Corine
are reclassified to USGS Nature classes (Table B-1). The
parameters are thus extracted for these classes. The final
model setup is listed in Table B-2.

2.4 Urban Scenarios
In this study next to the actual Corine land use data
set two adapted “future” Corine data sets were created which show differing urban distributions (see Annex C). A further additional five scenarios, where only
urban parameters were changed are prepared (2.4.2). An
overview of the parameters used is given in Table 1.
The “reference scenario” (REF) is the base scenario
and shows the distribution of urban area according to
the Corine 2012 data set, generalized to USGS Classes
(Fig. 1a). The two urban development scenarios “urban
sprawl” (SPR) and “optimized city” (OPT) both assume
the same increase of population and estimated gross
floor area demand (see Annex C, Table C-1), but under
different spatial distribution (see Annex C, Table C-2).
SPR assumes the same material property as REF. OPT
uses modified urban parameters as described in Section 2.4.1.
2.4.1 Change in material properties
Apart from the spatial changes, the OPT scenario differs in two aspects, which are intended to represent selected effective resilience measures which can potentially be implemented in Vienna to counteract climate
change and to reduce the urban heat island within the
possibility of the modelling framework (Table 1). This
reduction is aimed to be achieved mainly by reduction
of heat uptake by increasing reflection and by preventing heat transfer into the building and not by increasing
the latent heat flux to avoid sultriness, which can play
an important role at high air temperatures (Steadman,
1979a, b). Tree shade, which is a very important measure to improve human thermal comfort at street level
could not be included in the study due to model constraints. It is assumed that the same resilience measures
are applied to all three urban categories to obtain maximum effects.
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Table 1: Overview of all presented scenarios: reference scenario (REF), the urban development scenarios: urban sprawl (SPR), optimized
city (OPT), the resilience measure scenarios: increased albedo (ALB), decreased thermal conductivity of urban materials (INS), increased
urban density (DEN), implementation of green roofs (GRR), installation of photovoltaic panels on roofs (PVR).
Name of urban scenario:

REF

SPR

OPT

ALB

INS

DEN

GRR

PVR

Total built urban area [km2 ]
relative to “REF” [%]
built area in urban category:
low density residential [%]
high density residential [%]
commercial [%]
Thermal conductivity, roof [W/mK]
Thermal conductivity, wall [W/mK]
Thermal conductivity, ground [W/mK]
Albedo, roof [–]
Albedo, wall [–]
Albedo, ground [–]
Green roof fraction [–]
Photovoltaic fraction on roofs [–]
WRF-TEB online forcing for SURFEX offline simulations

929
100 %

1115
120 %

939
101 %

929
100 %

929
100 %

929
100 %

929
100 %

929
100 %

22
46
16
1.7
1.4
0.9
0.15
0.2
0.138
0
0
REF

22
46
16
1.7
1.4
0.9
0.15
0.2
0.138
0
0
SPR

24.2
46.2
24.2
0.1
0.1
0.4
0.68
0.3
0.3
0
0
OPT

22
46
16
1.7
1.4
0.9
0.68
0.3
0.3
0
0
REF

22
46
16
0.1
0.1
0.4
0.15
0.2
0.138
0
0
REF

24.2
46
24.2
1.7
1.4
0.9
0.15
0.2
0.138
0
0
REF

22
46
16
1.7
1.4
0.9
0.154
0.2
0.138
1
0
REF

22
46
16
1.7
1.4
0.9
0.1
0.2
0.138
0
1
REF

Figure 1: Spatial location of urban area in the three urban development scenarios: a) REF (up left), b) SPR (right) and c) OPT (down left).
Actual urban areas are dark, middle and bright grey (high density residential, low density residential and commercial). Additional urban
sprawl areas are purple. Known development areas are orange. Vegetation areas: yellow: dryland cropland and pasture (USGS class 2), bright
green: mixed dryland/irrigated cropland and pasture (USGS class 4), brown-green: crops, shrubs, woodland mosaic (USGS classes 6+9),
dark-green: deciduous forest (USGS class 11), blue-green: mixed forest (USGS class 15). The green areas surrounding the lake Neusiedel
(south east of the region) is herbaceous wetland. The district borders of Vienna are thin black lines. The thick black line shows the border
of stadtregion+ (PGO 2011).
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The pre-1919 structure of Vienna is rather uniform,
consisting of mainly brick, partly lime stone walls of
about 50 cm thickness. They are not insulated, have double glazing windows and a steep roof constructions covered with clay bricks. The more recent buildings are
more diverse regarding morphology as well as physical parameters related to building construction practices
(e.g., the main wall material and insulation material).
The first measure consists of enhancing the building insulation. The thermal conductivity of the roof
and walls is decreased to 0.1 W/mK, which is the
nearly zero-energy standard and required for all
new buildings after 2020 according to the Energy
Performance of Buildings Directive EPBD (http://
data.europa.eu/eli/dir/2018/844/oj; Amtmann and Altmann-Mavaddat, 2014). The thermal conductivity
of windows is decreased to 0.9 W/mK, which is
a typical value used in refurbishment of multistoried buildings (Amtmann and Altmann-Mavaddat, 2014). The thermal conductivity of roads is decreased to 0.4 W/mK, which is the lower boundary
for medium concrete (https://www.engineeringtoolbox.
com/thermal-conductivity-d_429.html). This change in
material properties leads to a strong reduction of heat
uptake by urban materials during the day, which is expected to cool the city during the evening, thus it might
be an important factor for more effective cooling of
rooms that have heated up. During the day, the well insulated urban structure is expected to take up less energy,
which could lead to higher air temperatures during the
day.
The second measure is intended to counteract the
higher air temperature during the day due to the enhanced building insulation. The albedo of the walls and
roads is only slightly increased from 0.2 and 0.13, respectively, to 0.3, which increases reflection of solar
radiation, but also can help to reduce air temperatures
(Krispel et al., 2017; Weihs et al., 2018). The albedo
of the roof is increased to 0.68, which is technically
possible and more effective in order to reduce sensible heat flux, as has been investigated in various studies
(Taha et al., 1997; Morini et al., 2016; Žuvela-Aloise
et al., 2018). Fallmann et al. (2016) showed further that
such measures are not likely to have known negative effects on the boundary layer height and pollutant concentrations. The albedo increase mainly counteracts the
increase in air temperature during sunlit hours. Therefore, all negative effects of decreased thermal conductivity should be mitigated. Ramamurthy et al. (2015)
analyzed the effectiveness insulation and high reflective
roofs with an urban canopy model and suggests a combination. We note that the increase in albedo values does
not depend on water availability and space demands, but
it does compete with available surface areas for photovoltaic and green roof surfaces.
2.4.2 Resilience measures
The different resilience measures used in the OPT scenario are simulated separately in order to allow for a
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precise attribution of their effect. In the following, the
reduction of thermal conductivity is referred hereinafter
as INS, the increase of albedo as ALB, and the densification caused by changes of built area from 0.22 (low residential areas) and 0.16 (commercial areas) to 0.242 as
DEN. In addition, further potential mitigation and adaptation measures are investigated. These are a green roof
(referred hereinafter as GRR) and a photovoltaic roof
(referred hereinafter as PVR) scenario. For the GRR,
the green roof module is used (De Munck et al., 2013).
An extensive roof coverage using sedum is assumed.
For PVR, the photovoltaic roof module is used (Masson et al., 2014) assuming an efficiency of 20 % and an
albedo of 10 % for the solar panels. An overview of all
employed scenarios is given in Table 1. All these measures are applied on 100 % of the roof surface, which is
a first and rather extreme approximation to estimate the
potential maximum effects of such resilience measures.
Apart from being adaptation measures, which mitigate
the urban heat island by reducing air temperatures by
conversion of sunlight to either electric current or photosynthesis and evapotranspiration at roof level, PVR is
an effective mitigative measure, which helps to avoid
greenhouse gas emissions. Green roofs, as active soil
and vegetation layer could help to mitigate high green
house gas concentrations in the atmosphere as a carbon
sink (Li and Babcock, 2014).

2.5 Present and future heat wave
An analysis of 15-yearly events is done in order to select suitable heat waves from external data that can
be used to force the WRF simulations. The selected
heat waves are 15 year return period events taken from
the historical climate period (1988–2017, centred at
2002, “hw15yACT”) and also a future climate period
(2036–2065, centred at 2050, “hw15ySCE”). The selection is based on the average daily maximum 2 m air temperature of heat waves (5 days). The historical heat wave
is selected using observational data at the station Wien
Hohe Warte supplied by the Austrian weather service
ZAMG. The 5 day average daily maximum air temperature is calculated for the last 30 years (1988 to 2017) and
the return period of these 5 day events is estimated using the Generalized Extreme Value Distribution (GEV;
Fisher and Tippett, 1928). Due to the strong positive
trend of more than 2 K within the last three decades for
daily maximum air temperature, the data are detrended
before applying the GEV.
As a reference heat wave for present-day modelling we choose the most intense 5 day heat wave of
1988–2017, which occurred in summer of 2015 with a
5 day temperature maximum mean of 36.3 °C (Table 2).
According to the GEV distribution this event represents
a heat wave with a return period of 15 years.
The regional climate change scenarios are based on
the ensemble ÖKS 15 (Leuprecht et al., 2017; BMNT,
2016), a selection of 26 regional climate model scenarios from EURO-CORDEX (Jacob et al., 2014), derived
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Figure 2: Maximum 5 day heat wave temperature (average of the daily temperature maximum of five consecutive days) per year at Vienna
Hohe Warte observed (red), median of all scenarios forced with RCP4.5 (blue), median of all scenarios forced with RCP8.5 (green), scenario
with the strongest trend of the whole ensemble (orange) and linear trend lines.

Table 2: Average daily maximum 2 m air temperature of heat waves
(5 days) with 1, 2 and 15 year return periods derived from the station
observations of Vienna Hohe Warte for the period 1988–2017 (first
row) and climate change signals (2036–2065 versus 1988–2017) for
this indicator based on the ÖKS 15 scenarios (Leuprecht et al.,
2017) at a 1 km2 grid cell at the same location.
Emission scenario/Return period

1 year

2 year

15 year

Observation (1988–2017) [°C]
RCP 4.5 ensemble median [K]
RCP 8.5 ensemble median [K]
Ensemble maximum [K]

28.7
1.5
1.8
5.9

31.6
2.2
2.7
3.7

36.3
2.5
2.2
4.8

from different global (Taylor et al., 2012) and regional
climate models and forced with the emission scenarios
RCP4.5 and RCP8.5. The ÖKS15 ensemble provides
bias-corrected and localized (1 km) scenarios for daily
minimum and maximum temperature, daily precipitation and daily radiation. Bias correction was done using a quantile mapping as described in Switanek et al.
(2017). As only the daily maximum temperature is used
for the quantification of the meteorological trend of the
maximum temperature during 5 day heat waves, the spatial resolution of 1 km is sufficient.
For every ensemble member of ÖKS 15, we calculate
the annual maximum 5-day mean of the daily maximum
air temperature for the grid cell representing Hohe Warte
in Vienna. Using the same GEV method we calculate

the heat wave air temperature for return periods of 1, 2
and 15 year events for the historical period 1988–2017
and the future period of 2036–2065. In Fig. 2, the development of the maximum 5-day heat wave air temperature per year is shown for observations (red), the ensemble median of all scenarios forced with RCP4.5 (blue),
RCP8.5 (green) and the scenario with the strongest trend
in heat wave air temperature of the whole ensemble
(orange).
The observed heat wave air temperature at Wien
Hohe Warte for 1, 2 and 15 year events of the period
1988–2017 and the climate change signal until the middle of the 21st century is given in Table 2. There are no
large differences for the ensemble means between the
two emission scenarios until the middle of the century.
For the 15 year event, the RCP4.5 ensemble shows even
a 0.3 K stronger warming than RCP8.5. However, there
is a more pronounced warming seen when the more extreme heat waves occur. The 1 year events show a warming between 1.5 and 1.8 K and the 2 and 15 year events
have a warming between 2.2 and 2.7 K. For the ensemble maximum scenario this relation is not seen and the
strongest warming is for the 1 year event.
For the selection of the future scenario we chose
the historical 15 year event heat wave air temperature (36.3 °C) and added the climate change signal of the
15 year event from the most extreme scenario (4.8 K).
This choice can be interpreted as a plausible worst case
scenario until the middle of the 21st century. This ex-
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Figure 3: Subregions chosen for further analysis (clockwise): Central Districts (CE), North-Rim (NO), New development areas: Seestadt
Aspern (SA), South-eastern rim (SE), South-industrial (SI), South expansion (SX), Valley of Wien (VW), West – elevated low density
residential (WE), Rural area (RU).

Table 3: Mean values for Town Fraction (FRAC_TOWN) as they were calculated within this study, Built fraction [-] (D_BLD), Unsealed
fraction [-] (D_GARDEN), Building height [m] (D_BLD_HEIG) and Vertical to horizontal wall factor [-] (D_WALL_O_H) for the
Subregions of Fig. 3.

FRAC_TOWN
D_BLD
D_GARDEN
D_BLD_HEIG
D_WALL_O_H

CE

NO

RU

SA

SE

SI

SX

VW

WE

0.95
0.43
0.19
18.75
1.75

0.9
0.23
0.5
11.44
1.11

0.05
0.16
0.54
11.2
0.5

0.46
0.21
0.53
10.68
1.08

0.89
0.19
0.53
10.9
0.83

0.95
0.21
0.52
11.13
1

0.47
0.19
0.53
10.85
0.89

0.84
0.25
0.47
12.11
1.2

0.88
0.25
0.47
11.85
1.27

treme climate scenario should also maximise the impact
of the change of the urban structure (temperature increase) and should help to identify possible interactions
between climate and land-use changes.
The lateral boundary conditions for a heat wave that
fulfils the air temperature criteria (41.3 °C average 5 day
daily maximum air temperature) are taken from a highresolution regional climate scenario simulation. This
simulation is based on the global model GFDL-CM3
(Donner et al., 2011) forced with the RCP8.5 emission scenario and downscaled with the WRF model
(Michalakes et al., 2001) with an optimized set up for

the Alpine region (Arnold et al., 2011). The regional
model has a 10 km2 spatial resolution and was run for
the Alpine region and the whole 21st century. In addition to the 5-day period, a spin-up period of two–three
days is used.

2.6 Study regions
For the presentation of the results, 9 areas of 9 × 9 model
grid cells each (total of each area: 81 cells, 9 km2 ) are
chosen to represent the variety within Vienna (Fig. 3,
Table 3). The main subregion covers the central districts.
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The magnitude of the urban heat island is quantified by
calculating the spatial mean difference in the daily minimum values in 2 m air temperature between the grid
cells of the central districts subregion (CE) and the rural (RU) subregion. The new development areas around
Seestadt Aspern (SA) are chosen to quantify the change
caused by the erection of this new built urban area.
North-Rim (NO), South-industrial (SI), South-eastern
rim (SE), are chosen as areas with high industrial coverage, which is likely to be densified, but are in suburban
areas in different cardinal directions and thus exposed to
different wind regimes. South expansion (SE) is chosen
as another suburban area where urban densification is
unlikely but urban sprawl is likely. Furthermore, a subregion in the west-elevated low density residential (WE)
was chosen as representative for the climatological situation in the areas influenced by the far reaching forested
and hilly areas west of Vienna and without change in the
land use. Finally, an area in the Valley of Wien (VW)
shall give information about changes in this area, which
is climatologically distinct due to a valley breeze.

3 Results
Two reference heat waves were run for present
(hw15yACT) and future (hw15ySCE) conditions. They
were selected by their air temperature value. They both
have very low wind speeds during the night (1 m/s) –
so there is hardly any air advected (Figure D-1). During the day the wind ranges between 3 and 4 m/s. For
hw15yACT it is from East to Southeast, for hw15ySCE
it is from East to Northeast (Figure D-1). There were
some disturbances in the downward shortwave flux at
the ground surfaces (Figure D-2). So, these days were
excluded together with the spin up time. Consequently,
for hw15yACT 9, 10, 12 and 13 August 2015 (day 4, 5, 7
and 8) is used. For hw15ySCE 7 and 8 July 2069 (day 7
and 8) is used. The minima and maximum values for 2 m
air temperature, MRT, canyon air temperature and UTCI
shade are calculated using all daily extremes of each of
the 81 grid cells of the cloud free days of the selected
period. For the present heat wave these are 324 values
(4 days), for the future heat wave there are 162 values
(2 days).
The air advected from either of these directions stems
mainly from agricultural plains. The 2 m air temperature
in these agricultural regions are rather uniform with spatial differences smaller than 1 K for hw15yACT and 2 K
for hw15ySCE (Figure D-3). Also, the simulated humidity field is uniform with spatial deviations from less than
2 g kg−1 (Figure D-4). The future heat wave shows temperatures above 40 °C with a mixing ratio of 10 g kg−1
(mean water vapour pressure of 13.5 hPa). Both simulations have a surface pressure below 1000 hPa. For the
present heat wave the dew point temperature did not surpass critical levels to cause sultriness. Also, for the future heat wave non-sultry conditions are expected. Soil
moisture is declining near the surface during the heat
wave (Figure D-5).
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3.1 Viennese future heat load (Tmax ) and
UHI (Tmin )
3.1.1 Reference scenario
The average daily maximum air temperature simulated
by WRF-TEB (Tmax ) increases by about 7 K between the
historical and future heat wave (Fig. 5). Simulated average daily minimum air temperature (Tmin ) increases between 2 and 4 K (Fig. 5). In the central districts the mean
increases are 6.7 K and 3.2 K, respectively. The median
values are slightly higher (6.8 K and 3.4 K). The variation of Tmin between the different areas is higher than
that of Tmax . The urban-rural difference of the Tmin between Vienna city centre (CE) and the eastern agricultural areas (RU) for the present heat wave is 3.0 K. For
the future heat wave, the urban-rural difference is greatly
increased to 4.6 K (Fig. 4, 5, 6).
3.1.2 Future urban scenarios
The urban scenarios show a larger effect on minimum
than on maximum air temperature (Fig. 5, 6). The influence on air temperature is generally less than 1 K,
which is low compared to the air temperature increase
due to climate change projected by the climate models (Fig. 5, 6). While SPR increases Tmin , OPT decreases Tmin for hw15yACT (Fig. 4 upper middle and
right) and for hw15ySCE (Fig. 6). For SPR, the Tmax
changes less than 0.1 K (Fig. 5). For OPT, the Tmax decreases in the range of 0.5 K for the subregions CE, SI,
SX, VW and WE (Fig. 5).

3.2 Effects of resilience measures
The components of the OPT scenario (ALB, INS, DEN)
as well as GRR and PVR are further analyzed.
First, the general influence on the town heat fluxes is
shown for CE (3.2.1). Then the surface temperature of
roof, ground and wall show more information (3.2.2).
3.2.1 Town energy fluxes in the central districts
At daytime for the ALB scenario, a reduction of up
to 180 W/m2 in net radiation and of about 100 W/m2
in sensible heat flux is simulated. The effects are relatively constant throughout the heat wave (Fig. 7a). The
INS scenario shows during the day on the one hand a
decrease of the ground heat flux up to 150 W/m2 , but an
increase of the same magnitude of the sensible heat flux.
During nighttime, the sensible heat flux is decreased up
to 100 W/m2 (Fig. 7b) and thus also air temperature is
lower at night. The change in energy balance is mainly
negative, with a declining trend. Also, the difference of
sensible heat flux during the day shows a declining trend
towards the end of the heat wave. For the DEN scenario,
the ground heat flux increases by 100 W/m2 during the
day and decreases by 30 W/m2 during the night (Fig. 7c).
The implementation of green roofs (GRR) increases net
radiation by up to 80 W/m2 during the day – an effect
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Figure 4: Mean minimum of the selected cloud free days for each grid cell for the daily 2 m minimum air temperature for the present
heat wave hw15yACT (upper left). Differences between reference scenario hw15yACT and urban development scenarios OPT (middle) and
SPR (right) (upper panels). Differences between reference scenario for present (hw15yACT) and future (hw15yrSCE) for the REF (left),
OPT (middle) and SPR (right) urban development scenario (lower panels).

that diminishes to the end of the heat wave (Fig. 7d). The
latent heat flux increases by up to 230 W/m2 , the sensible heat flux decreases by up to 100 W/m2 . The implementation of solar panels (PVR) decreases both the sensible heat flux and the net radiation by about 100 W/m2
(Fig. 7e).

3.2.2 Surface temperatures of roof, wall and road
in the central districts
On the roof five resilience measures show different properties. This causes a different increase in roof surface
temperature during the day (Fig. 8a). The strongest diurnal amplitude is seen in INS. GRR and ALB both have
cooler roof surfaces than REF. PVR stays coolest under
the assumptions of this study.
The surfaces within the canyon are only altered in
ALB and INS, therefore only these resilience measures
are shown for wall and road. On the unsealed fraction
there are no changes done. The wall surfaces show that
INS strongly alters the wall surface temperature compared to REF. During daytime, there is an increase by
more than 10 K and during night a decrease of up to 5 K
(Fig. 8b).
The road surface temperatures show the least changes,
but also here it can be seen that INS increases the maximum surface temperature whereas ALB decreases it
(Fig. 8c).

3.3 Canyon parameters and human thermal
stress
Finally, the parameters relevant to quantify human thermal stress or comfort are analyzed within the street
canyon. For the canyon wind speed no changes greater
than 0.5 m/s have been found. Also, the canyon humidity changes are  0.01 kg/kg. For the MRT and canyon
air temperature there do exist notable changes. During
heat waves after MRT, the air temperature has a great
impact on determining whether the UTCI reaches thermal stress levels or stays in the human thermal comfort region. Therefore, the effect of the separate measures on the mean radiant temperature and canyon air
temperature was analyzed. In Fig. 9 timeseries of MRT
and canyon air temperature during the whole heat wave
hw15ySCE are shown for the central districts (CE). Table 4, 5 and 5 give additional information about the minima and maxima in the subregions.
3.3.1 MRT
The MRT maxima for the reference scenario increase
by 6.6 K in the shade and 7.6 K in the sun between the
present and future scenario for the central districts (Table 4a). For GRR, DEN and PVR the difference in MRT
maxima to the reference scenario was less than 0.2 K
(Table 4b, 4c) for all subregions. For ALB the mean
increase of maximum MRT is 2.3 (Table 4c, Fig. 9a)
for CE. For INS the MRT increased during day up to 8 K
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Figure 5 and 6: 2 m air temperature for the selected cloud free days of the chosen climate episode for present (hw15yACT, blue) and
future (hw15ySCE, red) and the 3 different urban development scenarios (sh. Table 1) for daily maximum temperature (above) and daily
minimum temperature (below) in the 9 different subregions (Fig. 3): Central Districts (CE), North-Rim (NO), New development areas:
Seestadt Aspern (SA), South-eastern rim (SE), South-industrial (SI), South expansion (SX), Valley of Wien (VW), West – elevated low
density residential (WE), Rural area (RU).
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Figure 7: Timeseries differences compared to reference (REF) of radiation balance (Q*), sensible (H), latent (LE) (positive downwards),
ground (G) heat flux and energy balance (Bal) during the hw15ySCE in the Central Districts (CE) for different measures: ALB (increased
albedo), INS (insulation), DEN (density), GRR (green roof) and PVR (photovoltaic roof)

and decreased at night up to 3 K (Fig. 9b) for CE. On average this is an increase of 5 K (Table 4c) for CE. Both
the daily maxima and minima of both variables show a
declining trend for CE (Fig. 9b).
3.3.2 Canyon air temperature
For SPR the maximum canyon air temperature increases
by 0.2 K (Table 5b) in the central districts (CE). For
OPT, both the minimum and maximum canyon temperature decrease by 0.2 and 0.9 K in CE (Table 5b, 5c)

respectively. In the new urbanized areas (SA) itself the
maximum and minimum canyon temperature increase
by 0.7 and 1.0 K for SPR. In the OPT scenario, the mean
increase is only 0.5 K and 0.3 K in SA (Table 5b, 5c)
while for the median of the 2 m air temperature calculated by WRF-TEB there is even a decrease (Fig. 5
and 6).
For ALB the canyon air temperature maxima and
minima decrease by not more than 0.2 K and 0.1 K,
respectively in all subregions (Table 5b, 5c). For INS
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Figure 8: Time series of the surface temperature of roof (a), wall (b) and road (c) of the resilience measures where changes have been
applied to these surfaces – during the future episode (hw15ySCE) for the Central Districts (CE).

Figure 9: Difference of time series of two elements of UTCI, changed by the resilience measures: Mean radiant temperature in the shade
and canyon air temperature during the future episode (hw15ySCE) for the Central Districts (CE).

the maximum canyon temperature does not increase by
more than 0.1 K while the minimum canyon temperature
decreases up to 0.8 K, where 0.8 K are only reached in
the central districts (Table 5b, 5c). For DEN the changes
for maximum and minimum canyon air temperature are
below 0.1 K in all subregions (Table 5b, 5c). For GRR

both maximum and minimum canyon air temperature
decrease by 0.1 K and 0.2 K, respectively, in CE and are
lower in all other subregions (Table 5b, 5c). For PVR
both maximum and minimum canyon air temperature
decrease by 0.2 K and 0.2 K in CE and are lower in all
other subregions (Table 5b, 5c), respectively.

14

H. Trimmel et al.: Thermal conditions during heat waves of a mid-European metropolis

Meteorol. Z. (Contrib. Atm. Sci.)
PrePub Article, 2019

Table 4: a) absolute maximum and minimum radiant temperature (MRT) values [°C] of the actual (hw15yACT – “ACT”) and future heat
wave (hw15ySCE – “SCE”) of the reference run and differences [K] of b) maximum MRT in the sun c) maximum MRT in the shade and
d) minimum MRT (shade = sun) to the reference run hw15ySCE for the cloud free days of the selected episode, for all urban scenarios and
resilience measures spatial mean in the 9 different subregions (Fig. 3): Central Districts (CE), North-Rim (NO), New development areas:
Seestadt Aspern (SA), South-eastern rim (SE), South-industrial (SI), South expansion (SX), Valley of Wien (VW), West – elevated low
density residential (WE), Rural area (RU) – which is *only based on 4 values. Differences over +/−1 are marked red/blue.
a) MRT
REF ACT
REF ACT
REF ACT
REF SCE
REF SCE
REF SCE

SX
51.3
22.6
76.2
55.1
24.6
81.4

SI
51.0
23.2
76.1
55.4
25.8
81.7

VW
50.5
24.1
75.6
55.8
27.3
81.9

WE
50.7
24.7
24.8
56.1
27.4
82.1

0.3
0.5

0.2
0.5

0.0
0.4

0.0
0.6

1.6
1.6
0.1
−0.0
−0.1

1.6
1.8
0.1
−0.0
−0.1

1.6
2.2
0.1
−0.1
−0.1

1.6
2.4
0.1
−0.1
−0.1

c) maximum MRT in the shade, differences to REF (both: hw15ySCE)
SPR
−0.1 −0.1
0.6
−1.3
0.1
0.5
OPT
0.3 −0.1
0.6
−1.1
0.2
0.4

0.3
0.6

0.1
0.3

0.1
0.50

Shade, max
Shade, min
Sun, max
Shade, max
Shade, min
Sun, max

CE
47.8
27.5
73.2
54.4
30.9
80.8

NO
50.8
23.6
75.9
56.6
25.9
82.4

RU*
50.4
20.2
75.2
54.2
21.1
80.6

SA
51.9
23.2
76.5
57.07
25.16
82.73

SE
50.9
22.3
75.8
56.0
24.2
81.9

b) maximum MRT in the sun, differences to REF (both: hw15ySCE)
SPR
−0.1 −0.1
0.3
−0.9
0.1
OPT
0.6
0.2
0.5
−0.5
0.4
ALB
INS
DEN
GRR
PVR

ALB
INS
DEN
GRR
PVR

1.9
4.0
0.0
−0.1
−0.1

1.5
1.9
0.1
−0.0
−0.1

1.9
2.0
0.1
−0.0
−0.1

1.9
2.3
0.1
−0.1
−0.1

2.0
2.8
0.1
−0.1
−0.1

1.9
3.0
0.1
−0.1
−0.1

d) minimum MRT, differences to REF (both: hw15ySCE)
SPR
0.0
0.2
0.1
2.2
OPT
−0.4
0.2
0.2
2.3

0.1
0.3

0.8
0.2

0.1
0.1

0.1
0.2

0
0.3

−0.3
−2.5
0.5
−0.1
−0.1

−0.3
−2.5
0.5
−0.1
−0.1

−0.3
−2.6
0.5
−0.1
−0.1

−0.3
−2.6
0.5
−0.1
−0.1

−0.3
−2.8
0.5
−0.1
−0.1

−0.3
−2.6
0.5
−0.1
−0.1

2.0
1.7
0.1
−0.0
−0.0

1.4
2.2
0.0
−0.0
−0.1

1.8
2.6
0.1
−0.0
−0.1

−0.3
−3.1
0.0
−0.2
−0.2

1.8
3.0
0.1
−0.1
−0.1

1.6
1.3
0.1
−0.0
−0.0

1.8
2.8
0.0
−0.1
−0.1

ALB
INS
DEN
GRR
PVR

2.3
5.0
0.0
−0.1
−0.2

1.5
2.3
0.1
−0.0
−0.1

−0.2
−1.9
0.4
−0.1
−0.1

3.3.3 Universal Thermal Comfort Index (UTCI)
Both MRT and canyon air temperature influence the
magnitude of UTCI. Here, mainly UTCI shade is used.
The maximum future UTCI in the sun for hw15ySCE
is included as reference in Table 6e. Values of 51.0 °C
in the central districts (CE) and 49.6 °C in the rural
region (RU) are extremely heat stressed (Bröde et al.,
2012), so that we did not think it feasible to reduce it to a
comfortable range by applying resilience measures. Between the present (hw15yACT) and future (hw15ySCE)
heat wave there is already an increase of 5.3–6.3 K for
the absolute maximum UTCI shade averaged over the
different subregions (Table 6a). The absolute minimum
UTCI changes least in the rural areas, but within the urban areas can increase up to 3 K (Table 6c).
Compared to the reference scenario (REF), in the urban sprawl scenario (SPR), the UTCI increases excluding SA (maximum UTCI by less than 0.1, minimum

−0.2
−2.6
0.6
−0.1
−0.1

UTCI by up to 0.4), whereas in the optimized urban development scenario (OPT), the UTCI is reduced (maximum by up to 0.2 K, and the minimum by up to 0.7 K) in
most areas. The largest differences are simulated in the
new development areas (SA) where new urban districts
are constructed on formerly unbuilt land (Table 6b, 6d).
Here also in the OPT scenario there are increases of
maximum and minimum UTCI by 0.9 K and 0.4 K, respectively. In the SPR scenario in the new development
areas (SA) the UTCI maximum increases by 0.6 K and
the minimum by 1.3 K. Also, in other areas of potential spread of settlement area, especially the minimum
UTCI is increased, e.g., in South expansion areas (SX)
by 0.4 K (Table 6d).
For ALB the average daily maximum UTCI increases by 0.2 K, while the average daily minimum decreases by 0.1 K in CE (Table 6b, 6d). For INS the
daily maximum UTCI increases by 1.2 K, while the
daily minimum decreases by 1.2 K in CE (Table 6b, 6d).
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Table 5: a) absolute maximum and minimum canyon air temperature values [°C] of the future heat wave (hw15ySCE) for the reference
run. b) differences [K] for the maximum canyon air temperature and c) differences [K] for the minimum canyon air temperature to the
reference run hw15ySCE. average values for the cloud free days of the selected episode for all urban scenarios and resilience measures
spatial mean in the 9 different subregions (Fig. 3): Central Districts (CE), North-Rim (NO), New development areas: Seestadt Aspern (SA),
South-eastern rim (SE), South-industrial (SI), South expansion (SX), Valley of Wien (VW), West – elevated low density residential (WE),
Rural area (RU) – which is *only based on 4 values. Differences over +/−0 0.25 are marked red/blue.
a) canyon air temperature
REF max
REF min

SX
42.2
27.5

SI
42.1
28.3

VW
42.3
29.3

WE
42.1
28.2

b) maximum canyon air temperature, differences to REF (both: hw15ySCE)
SPR max
−0.0
−0.0
−0.0
0.7
0.1
0.1
OPT max
−0.2
−0.1
−0.3
0.5
0.1
−0.2

−0.0
−0.1

0
−0.2

0.0
−0.1

−0.1
0.1
0.0
−0.0
−0.1

−0.2
0.0
0.1
−0.0
−0.0

−0.1
0.1
0.0
−0.0
−0.1

−0.1
0.1
0.1
−0.1
−0.1

c) minimum canyon air temperature, differences to REF (both: hw15ySCE)
SPR min
0.2
0.3
0.2
1.0
0.0
0.3
OPT min
−0.9
−0.8
−0.1
0.3 −0.1
−0.3

0.3
−0.7

0.1
−0.8

0.2
−0.5

−0.1
−0.3
0.1
−0.1
−0.1

−0.1
−0.3
0.1
−0.1
−0.1

−0.1
−0.3
0.0
−0.1
−0.1

ALB max
ISO max
DEN max
GRR max
PVR max

ALB min
ISO min
DEN min
GRR min
PVR min

CE
43.8
29.9

−0.2
0.1
0
−0.1
−0.2

−0.1
−0.8
0.0
−0.2
−0.2

NO
42.6
27.4

−0.1
0.1
0.0
−0.0
−0.1

−0.1
−0.3
0.1
−0.1
−0.1

RU*
42.2
24.2

−0.1
0.0
−0.0
−0.0
−0.0

−0.1
−0.0
0.1
−0.1
−0.1

SA
42.3
25.9

−0.1
0.1
0.0
−0.0
−0.0

−0.1
−0.3
0.1
−0.1
−0.1

SE
42.3
26.5

−0.1
0.1
0.0
−0.0
−0.1

−0.1
−0.3
0.1
−0.1
−0.1

−0.1
−0.3
0.1
−0.0
−0.1

For DEN the changes of UTCI of both maxima and
minima are below 0.1 K on average in the central districts, where no densification takes place. In the densified districts with widespread commercial/industrial areas (SE, SI and NO), canyon air temperature is increasing, but changes are still below 0.1 K. The daily maximum UTCI increases only below 0.1 K whereas the
daily minimum UTCI increases by 0.2 K (Table 6b, 6d).
For GRR the daily maximum UTCI decreases by 0.1 K
whereas the daily minimum UTCI decreases by 0.2 K
(Table 6b, 6d) in CE. For PVR the daily maximum
UTCI decreases by 0.2 K and the daily minimum UTCI
by 0.2 K (Table 6b, 6d) in CE.
Most scenarios show a significant difference to the
reference in their extreme values with p  0.05 using
the T-Test for related samples in the central districts.
Only SPR does not show a significant difference in
minima and maxima UTCI when the central districts are
compared.

2011) forced with the RCP8.5 emission. The air temperature calculated for the selected 9 km2 subregions
of Vienna using 3 nests in this study increases by up
to 7 K for the Tmax and 2 to 4 K for the Tmin values
from the heat waves hw15y2015ACT to hw15ySCE.
This means that both heat waves have Kyselý days (Kyselý et al., 2000) and tropical nights (Tmin >20 °C). This
shows a strong increase in Tmax for extreme heat waves
compared to the mean annual air temperature increase
of 3.5 K published by APCC (2014) and Gobiet et al.
(2014), which also refers to A1B instead of the more extreme RCP8.5. For France increases of 6–13 K for different regions by 2100 have been projected by Bador
et al. (2017). Seneviratne et al. (2018) found positive
air temperature anomalies of 8 K for Central Europe
for the 21st century. Soil moisture – temperature feedbacks after early and intensified depletion of root-zone
soil moisture contribute significantly to the Central European strong increases in extreme temperature (Vidale
et al., 2007; Vogel, 2018).

4 Discussion

It is interesting to note that the projected increase
in Tmax (Fig. 5) is more than twice as strong as the
increase projected for the mean annual temperature in
Austria (3.5 K), while the Tmin (Fig. 5) are projected to
increase about the amount of the mean annual temperature. As a result, the daily temperature range is projected
to increase. Such an increase in daily temperature range
was also found by Cattiaux et al. (2015) and be could
also be partly attributed to the decreasing surface evaporation due to soil moisture depletion in future European
summers (Jasper et al., 2006). This also affects the ru-

4.1 Global climate change and influence on
the Vienna region
4.1.1

Air temperature (Tmax and Tmin ):

The lateral boundary conditions of the future heat wave
are taken from regional climate scenarios, which are
based on the global model GFDL-CM3 (Donner et al.,
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Table 6: a) absolute maximum UTCI shade values [°C] of present (hw15yACT – cloud free days: 4, 5, 7, 8) and future (hw15ySCE – cloud
free days: 7, 8) of the reference run followed by the difference [K] between the two heat waves and b) differences [K] to the reference run
hw15ySCE average values for the cloud free days of the selected episode for all urban scenarios and resilience measures spatial mean in
the 9 different subregions (Fig. 3): Central Districts (CE), North-Rim (NO), New development areas: Seestadt Aspern (SA), South-eastern
rim (SE), South-industrial (SI), South expansion (SX), Valley of Wien (VW), West – elevated low density residential (WE), Rural area (RU).
Differences over +/−0.5 are marked red/blue. c) and d) show the same for minimum UTCI shade, e) shows absolute maximum UTCI sun
values for the hw15ySCE.
a) max UTCI shade
hw15yACT
hw15ySCE
hw15ySCE-hw15yACT

CE
38.9
45.2
6.3

SE
38.2
44.2
6.0

SX
38.3
43.7
5.4

SI
38.7
44.0
5.3

VW
38.6
44.1
5.5

WE
38.3
44.0
5.7

b) max UTCI shade, differences to REF (both: hw15ySCE)
SPR max
0.0
0.0
0.1
0.6 −0.1
OPT max
−0.1
−0.1 −0.0
0.4 −0.1

0.1
−0.0

−0.2
−0.2

0.1
−0.1

−0.0
0.2

ALB max
INS max
DEN max
GRR max
PVR max

0.2
1.2
0.0
−0.1
−0.2

0.3
0.8
0.0
−0.0
−0.1

0.2
0.3
0.0
0.5
0.5

0.3
0.6
0.1
0.1
0.0

0.3
0.6
0.0
−0.0
−0.1

0.3
0.5
0.0
−0.0
−0.0

0.3
0.5
0.1
−0.1
−0.1

0.3
0.7
0.1
−0.0
−0.1

0.3
0.7
0.1
−0.0
−0.1

c) min UTCI shade
hw15yACT
hw15ySCE
hw15ySCE-hw15yACT

CE
26.6
28.8
2.2

NO
23.5
25.8
2.3

RU
21.7
22.1
0.4

SA
23.3
24.5
1.2

SE
22.0
24.9
2.9

SX
23.1
25.4
2.3

SI
23.9
26.4
2.5

VW
24.4
27.4
3.0

WE
25.3
26.9
1.6

d) minimum UTCI shade, differences to REF (both: hw15ySCE)
SPR min
0.2
0.3
0.3
1.3
0.0
OPT min
−0.7
−0.5
0.1
0.9
0

0.4
−0.3

0.2
−0.6

0.1
−0.6

−0.1
−0.4

RU
38.1
43.9
5.8

SA
38.2
44.2
5.6

−0.1
−0.9
0.2
−0.1
−0.1

−0.0
−0.8
0.2
−0.1
−0.1

−0.0
−1.0
0.2
−0.1
−0.1

−0.0
−0.7
0.2
−0.1
−0.1

−0.1
−0.9
0.2
−0.1
−0.1

−0.1
−0.8
0.2
−0.1
−0.1

−0.1
−1.0
0.2
−0.1
−0.1

−0.1
−0.8
0.2
−0.1
−0.1

e) maximum UTCI sun, absolute values
hw15ySCE
51.0
50.3

49.5

50.0

50.0

49.4

49.7

49.8

49.8

ALB min
INS min
DEN min
GRR min
PVR min

−0.1
−1.2
0.0
−0.2
−0.2

NO
38.8
44.4
5.6

ral surroundings, which are even more affected by reduced soil moisture than urban areas with high sealing
fractions. Dryer soils have a lower heat capacity and can
cool more strongly than wetter soils. Also, in this study
a decrease of soil moisture was simulated (Figure D-5).
This can explain the high values of Tmax in the rural subregion during day but also the low values of Tmin during
night, thus this could be the reason of the increase of the
future nocturnal urban-rural difference.
The nocturnal canopy UHI is expected to increase
from 3 to 4.6 K which is caused rather by the lower
increase of minimum temperatures in the rural areas
than within the city.
The actual and future UHI is strongly dominated
by the mesoscale thermal regime and especially the future UHI is affected by high temperature reinforced by
dry fields in the surroundings, which is a known process during heat waves (Fischer and Seneviratne,
2007; Hartmann, 1994). Fischer and Seneviratne
(2007) analyzed the interactions between soil moisture
and atmosphere for the 2003 summer heat wave in Europe and found that precipitation deficits, early vegetation growth and positive radiation anomalies preced-

ing the heat wave contributed to rapid loss of soil moisture. Zampieri et al. (2009) showed that drought in the
Mediterranean region can favour heat waves conditions
in Europe at a continental scale by change in atmospheric circulation and hot air mass advection. This
would suggest, that soil moisture deficits ought to be reduced by suitable methods on a continent-scale rather
than only regional scale. Duchez et al. (2016) and
Kornhuber et al. (2017) name a stationary jet stream
position, caused by global scale circulation patterns,
that coincides with observed European temperature extremes, including the 2015 event.
4.1.2 Thermal comfort index UTCI
The Universal Thermal Climate Index (UTCI) is used by
meteorological services to quantify outdoor human thermal comfort and has been included in TEB to provide
standardized information about human thermal comfort
for grid resolutions > 100 m and with highly parameterized building morphology. It takes into account whole
body thermal effects thanks to a multi-node thermophysiological model. It is derived by the air temperature, water vapour pressure and MRT, which is a quantity that
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describes the shortwave and longwave radiation balance
of the human body at 2 m and wind speed at 10 m height
(Jendritzky et al., 2012; Weihs et al., 2012). In this
study first WRF-TEB uses the different urban roughness of the three used building morphologies to calculate a 10 m wind, which is 10 m above the mean building
height – so around 30 m agl in the city centre. Within
the UTCI calculation a 6th order polynomial is used
that assumes a uniform roughness length of 0.01 and
a logarithmic profile, which reduces the 10 m wind to
70 % at 1.3 m. Although the roughness length is low this
attenuation is very similar to the attenuation between
above roof and within canyon wind speeds presented in
Erell et al. (2011), which is based on Pearlmutter
et al. (2005). They found an attenuation of around 60 %
and 70 % caused by street canyons of a height/width ratio 0.66 and 1.0, as they are common in the Viennese city
structure, which varies +/−10 % dependent on the wind
direction or ‘angle of attack’. The influence of the low
roughness was further calculated by first applying the
Hellman’s exponential law (Urban and Kysely, 2014;
Ketterer et al., 2017) with the maximum roughness assumed for Vienna (z0 = 2) to calculate a more realistic
reduction of wind speed from the 10 m level to 1.3 agl.
Using this second approach the average wind speeds occurring in heat waves analysed in this study of 2.2 m/s
were reduced to 0.3 m/s. Then the 10 m wind was recalculated with the agreed UTCI logarithmic profile and a
z0 of 0.01. For the future heat wave situation of an air
temperature of 40 °C, an MRT shade of 50 °C, an average water vapour pressure of 13.5 hPa, this change in
wind speed results in a UTCI change of 0.3 K during
the period of maximum MRT. For water vapour pressure
of 20 hPa the change is only 0.1 K UTCI.
A recent comparison has been done by Zare et al.,
2018, which shows that UTCI and PET are highly correlated. Urban and Kysely (2014) found for two regions
in Bohemia that the simplification and underestimation
of urban roughness only affects the prediction during
cold spells, while PET and UTCI are both suitable to
predict thermal discomfort during heat waves.
The maximum UTCI changes during extreme heat
waves projected for the climate period 2050 from strong
(32–38 °C UTCI) to very strong (38–46 °C UTCI) heat
stress. This goes with other studies regarding future
human thermal comfort. For example, Muthers et al.
(2010) projected that even heat-related mortality could
increase up to 129 % in Vienna until the end of the
century, if no adaptation takes place. Matzarakis and
Endler (2010) showed for Freiburg an increase of
days with heat stress (PET>35 °C) in the order of 5 %
(from 9.2 % for 1961–1990) per year.

4.2 City scale urban scenarios
4.2.1

Urban sprawl scenario

Urban sprawl of the Viennese agglomeration affects
urban energy fluxes and temperature mainly in areas
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where new urban fabric is constructed on formerly vegetated areas. The sensible heat flux increases by up to
+400 W/m2 (not shown in the Figures), Tmin by 1 K and
the daily minimum UTCI by 1.3 K. No significant differences are simulated in the central districts, and no significant influence on the nocturnal UHI was found.
Kohler et al. (2017) presented a similar study for the
Strasbourg–Kehl urban region (France–Germany). They
conclude that under realistic assumptions urban sprawl
until the year 2030 will not affect the UHI intensity
significantly. Significant warming was only observed at
atmospheric grid cells for which the urban fraction was
increased more than 20 % compared to the initial case.
4.2.2 Optimized urban scenario
The optimized urban development scenario (OPT),
which includes densification, slightly reduces air temperatures during the day, but clearly reduces them at
night by 0.9 K. This leads to a slight reduction of nocturnal UHI by about 0.5 K. Also, the daily minimum UTCI
is reduced by up to 0.7 K. The changed material properties can therefore counteract the negative effects of
densification, which shows that the existing densification strategy of the city of Vienna (MA 18 (2014a+b)
is promising. Salamanca et al. (2012) simulated a reduction of 1–2 K in UHI by assuming high albedo roofs
and increased insulation for Madrid using WRF. Also, in
their study the reduction of the heat ejected by air conditioning systems is mentioned as an important factor.

4.3 Local resilience measures
No coupled WRF-TEB simulations have been made for
the quantification of the effect of single resilience measures. For this reason, the meteorological parameters
above the urban canopy layer from the REF simulation
has been used as forcing for offline simulations with
SURFEX. With this modelling approach, the potential
modification of the meteorological parameters above the
urban canopy layer is not considered, and only the local
effects can be seen, as if the rest of the city would still
be built as REF. This part of the analysis shows what effects are to be expected locally if certain measures are
not realized on a city scale but only on a local scale.
4.3.1 Albedo increase (ALB)
Increase of albedo is widely discussed as a cheap
and effective measure to mitigate urban heat during
summer heat episodes. e.g., Rafael et al. (2016)
simulated using the WRF-SUEWS modelling system
and roofs with an albedo of 80 % for Porto (Portugal) a
maximum reduction in sensible heat flux of 62.8 W/m2 .
Ramamurthy et al. (2015) showed that the wintertime
penalty of white roofs, also for cool climates with
5 times more heating degree days than cooling degree
days is insignificant compared to the summertime
benefits. Žuvela-Aloise et al. (2018) simulated using
MUKLIMO for Vienna a reduction of up to 6 summer
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days when assuming a roof albedo of 70 %. In many
cities this measure is widely discussed, e.g., Los Angeles (https://albedomap.lbl.gov/) or even has already
been implemented (https://www.coolrooftoolkit.org/
knowledgebase/white-roofs-in-brooklyn-new-york/).
In Vienna itself there are no real life examples so far and
potential legal difficulties and hindrances to implement
bright roofs are yet unknown.
For street canyons, Weihs et al. (2018) found that
wall albedo increases from 0.1 to 0.2 during periods
of high solar irradiation in a canyon of height/width
ratio 1 can reduce air temperature in the canyon by
about 1 K, dependent on the canyon geometry and reduce UTCI by about the same value. Schrijvers et al.
(2016) found a reduction in canyon air temperatures
as well, and an increase of UTCI for high albedo values. For a height/width ratio of 0.5 Schrijvers et al.
(2016) recommend a uniform albedo of 0.2, while for
height/width ratio 1 they recommend a gradient from
high albedo close to the roof to low albedo on the
ground. Lee and Mayer (2018) found that during heat
wave conditions also starting for low albedo values there
is a positive linear relationship between albedo increases
(0.2–0.8) within the canyon and the human thermal comfort index PET. Also, in this study the ALB scenario
shows an increase in the UTCI human thermal comfort index. Therefore, only increases in roof albedo, not
within the canyon are recommended.
4.3.2 Decreased thermal conductivity of urban
materials (INS)
Increasing the albedo of a very low insulation roof from
0.05 to 0.75 is roughly equivalent to adding 14 cm of insulation thickness (Ramamurthy et al., 2015). While it
is a challenge to maintain the reflective properties of a
white roof, insulations have longer lasting effects (Ramamurthy et al., 2015). Roman et al. (2016) found that
increasing insulation results in an increase in sensible
heat flux and surface temperatures during the day and
a reduction at night. Here the same patterns are found.
Increases of daily maximum as well as decreases of
minimum air temperature and UTCI of about 1 °C/1 K
caused by insulation was found by Weihs et al. (2018)
for historical climate. In this study, the daily maximum
UTCI increases by more than 1.2 °C for a future heat
wave with a 15 year return period. This is a clear negative effect of such a measure during daytime. However,
the analysis of the energy fluxes during the heat wave
shows that the longer the heat wave persists, the more
the positive effects of building insulation prevail. Decreased thermal conductivity due to better building insulation is currently being adopted in widespread fashion in Vienna mainly to reduce the need for heating and
reduce green house gas emissions during winter.
4.3.3 Increased building density (DEN)
Increase in building density within feasible ranges in
Vienna has only limited effect on the sensible heat flux
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(an increase of 10 W/m2 is simulated) and leads to a
slight increase of the daily minimum UTCI (0.2 K) and
maximum UTCI (up to 0.1 K). In the present study
increasing height of buildings is not considered, as those
are still restricted and there is still enough attic space
to be developed and changes in building height are still
low. Beyond 2050 it is possible that the building height
will further increase and lead to a densification and
could cause a damping of the diurnal air temperature and
increased nocturnal temperatures (Coutts et al., 2007)
caused by the reduced sky view. Without improving
insulation this is likely to lead to an increase in mean
air temperature and intensified UHI (Rad et al., 2017).
4.3.4 Evaporation of vegetation surfaces (GRR)
De Munck et al. (2018) found that green roofs have
nearly no influence on street level air temperature, but
are a good strategy to reduce energy consumption all
year round. The evaporative cooling is strongly dependent on available soil moisture. Also, in this study the
changes caused in the air canyon are marginal. The
roof temperatures on the other hand are reduced by
over 10 K. Also, here it could be seen, that the cooling
potential of green roofs decline towards the end of the
heat wave as latent heat flux goes down (Fig. 7d).
The maximum cooling generated during heat wave
conditions caused by evapotranspiration of vegetation
(not shading) within the city modelled by De Munck
et al. (2018) varied between 0.5 and 2 K. The influence
in terms of additional humidity caused by urban vegetation appears tolerable in comparison to the benefits. Additional water vapour pressure caused by forest vegetation compared to an open site in Oxford (UK) was quantified by Morecroft et al. (1998) to be below 2 hPa. As
an extreme scenario Mahmood et al. (2008) could show
that the influence of irrigation of agricultural fields during a long term measurement series increases the average near ground dew point temperature during growing
season by 1.56 K in the North American Great Plains.
Apart from this, the water vapour pressure of cities can
also exceed the rural values due to different reasons
(Kuttler et al., 2007). Maximum differences of 5 hPa
between urban and rural (agricultural) areas were found
by Fortuniak et al. (2006) for Łodz (Poland).
4.3.5 Photovoltaic panels on roofs (PVR)
The use of photovoltaic panels on roofs shows a slight
reduction of temperature and thermal stress, which is
in correspondence with findings from Masson et al.
(2014), who found that solar panels can reduce the UHI
by 0.2 K during day and 0.3 K at night. Weihs et al.
(2018) found that photovoltaic used on roofs could lead
to a temperature reduction of 1.5 K and a reduction of
UTCI of 1.5 K. Therefore, this article encourages the use
of photovoltaic on roofs within the city.
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Shade and urban trees

(Tree) shade is a fundamental method to reduce mean
radiant temperature (MRT) and thus improve human
thermal comfort during clear sky conditions. Although
we do not take into account the influence of tree shade
on wall, road and canyon temperatures, we demonstrate
the main influence of tree shade, which is the reduced
direct radiation, by presenting the MRT in the sun and
shade. So, the shade caused by buildings in this study
can serve as a proxy for the influence of tree shade.
By now tree shade has been implemented in one fork
of TEB by Redon et al. (2017), but the code is not
implemented in the main code tree yet. Wang et al.
(2018) simulated the effect of radiative cooling (not
evapotranspiration) of trees in the built environment of
contiguous United States and found an average decrease
in near surface air temperatures of 3.06 K. They show
that not only do trees reduce incoming solar radiation
during daytime they also increase radiative cooling at
night. The ground heat flux is reduced in intensity in
the shaded areas. Although the sensible heat flux is
increased at night, it is strongly reduced during daytime.
Matzarakis and Endler (2010) could show that by
reducing global radiation by assuming tree shade in
urban areas the number of days with heat stress could
be reduced by more than 10 % in Freiburg. Ketterer
and Matzarakis (2015) increased the number of trees
in an area in Stuttgart and found a decrease in PET by
0.5 K at 22:00 CET but by maximum 27 K at 14:00 CET.
Also, in this study we found a decrease of 26 K between
the maximum MRT in the sun and in the shade.
The vitality of urban trees declined drastically over
the last 3–4 decades (Bradshaw et al., 1995) and trees
in Viennese parks (Drlik, 2010) and some species
used in Viennese streets (Schimann, 2015; Neuwirth,
2015) and cities close to Vienna (Zeiler, 2015) are documented to be under stress due to multiple stressors including summer heat waves and there is likely to be a
low shade transition phase between our historical tree
stock dying and new more tolerant trees being planted
and growing to a state where they can provide perceptible shade.
Generally urban green infrastructure improves air
quality (Abhijith et al., 2017). Only in urban canyons
air pollution can deteriorate (Abhijith et al., 2017),
which can be avoided by reducing emissions.

5 Conclusions and Outlook
• We coupled WRF and TEB to simulate two urban development scenarios of Vienna, which are presented
here, for two heat waves representative for present
and future climatic conditions of the mid-21st century. Further extreme changes in building material
parameters have been done to estimate the potential
to reduce air temperatures and maintain human thermal comfort by altering buildings themselves.
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• Global and regional climate change subject to the
RCP8.5 scenario causes an increase in the mean daily
maximum air temperature in Vienna by 7 K. The
mean daily minimum air temperature will increase
by 2–4 K. This increase is stronger than the global
average. One important factor may be low soil water
content in the agricultural region Northeast to Southeast of Vienna. This increase needs to be mitigated
on a global level by reducing the emission of green
house gases, but also land use on the regional level is
of importance.
• City scale changes caused by urban growth or densification, which will mainly affect air temperature and
human thermal comfort locally at the place where
new urbanisation takes place and not to a significant degree in the central districts. Using a combination of adoption of nearly zero-energy building standard, as demanded by the European Union under the
Energy Performance of Buildings Directive and increasing albedo of building materials on city scale,
a maximum reduction of urban canyon temperature
achieved by changes in urban parameters of 0.9 K
for the minima and 0.2 K for the maxima is accomplished. The effects on human thermal comfort are
even smaller with 0.7 K UTCI and 0.1 K UTCI respectively.
• Local scale changes of different adaptation measures show, that insulation of buildings used alone
increases the maximum wall surface temperatures by
more than 10 K or the maximum MRT in the canyon
by 5 K.
• Therefore, measures to reduce MRT within the urban canyon preferably by tree shade, which was not
possible to include in this study, are expected to complement the proposed measures and are urgently recommended.
This study concludes that the rising air temperatures
expected by climate change puts an unprecedented heat
burden on the Viennese inhabitants, which cannot easily
be reduced by measures concerning buildings within
the city itself. Therefore, in addition to those measures,
small scale measures such as planting trees to provide
shade, water sensitive planning in the agricultural plains
surrounding Vienna and global measures such as the
reduction of greenhouse gas emissions in order to reduce
temperature extremes are required.
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