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1. Introduction

Due to the expected climate change forced by the anthropogenic greenhouse gas emissions, the global temperature will increase by
up to 1 °C-5.7 °C until the end of the 21st century compared to the pre-industrial area. Without significant emission cuts within the
next decades, an increase of more than 2 °C is more than likely (IPCC, 2021). Thus, more regions of the world will be affected by
extreme air temperatures and prolonged heat waves leading to increasing numbers of deaths or heat-related diseases like heat stroke,
heat exhaustion, heat syncope and heat cramps (Kilbourne, 1997). Especially cities will become climate change hot spots since air
temperatures within urban agglomerations are significantly higher than in its rural surroundings. Besides air temperature increase, the
urban population is expected to increase up to nearly 70% of the global population until the mid of the 21st century (IPCC, 2021) and,
thus, more and more people will be affected by heat-related diseases. But heat is not equally distributed within urban areas. Local air
temperature patterns can be modified by local-specific characteristics like fraction of green space or sealed areas, distance to dense
urban areas or sky view factor (Oke et al., 2017). Thus, in order to assess high-resolution intra-urban air temperature extremes and heat
events, these factors should also be taken into account.
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The fact that urban areas are warmer than its rural surroundings was first mentioned by Howard (1818). Since then, many pub-
lications were dedicated to the so-called urban heat island effect (Oke, 1987). The UHI summarizes physical characteristics of specific
surfaces. For example, buildings or sealed areas exhibit a higher heat storage capacity so that they can store (day) or emit (night) more
heat than natural surfaces (Chudnovsky et al., 2004). In contrast, green spaces exhibit higher soil moisture and plants and, thus, a
higher evapotranspiration which ensures a cooling effect for its surrounding (Jusuf et al., 2007). The canopy layer UHI reaches its
maximum at nighttime under cloudless and calm weather conditions and can be over 10 °C in major metropolises (Rizwan et al., 2008).
An air temperature up to 10 °C higher within urban areas also naturally affects the number of extreme temperature events and the
number and duration of heat events. In the present study, we analyzed the future development of heat events within the medium-sized
city of Augsburg (Bavaria, Southern Germany) under consideration of moderate (RCP4.5) and a strong (RCP8.5) Representative
Concentration Pathway.

Most of the studies which deal with the assessment of future climate change within urban areas are based on Regional Climate
Models (RCMs). The information derived from the dynamical downscaling process are then implemented in a statistical model or used
to determine the boundary conditions of an urban climate model (e.g., Lauwaet et al., 2016; Hamdi et al., 2014). However, RCMs are
accompanied by a high amount of computing effort and memory capacity so that the dynamical downscaling represents a cost-
intensive and time-consuming method (Teutschbein et al., 2011). Statistical methods like (urban) weather generators (e.g., Salvati
etal., 2017; Le Bras and Masson, 2015; Bueno et al., 2013), regression models (MLR e.g., Straub et al., 2019; Ketterer and Matzarakis,
2015), regression trees (e.g., Makido et al., 2016) or random forests (e.g., Ho et al., 2014) are also applied within urban climate science
but all mentioned studies do not deal with projections of urban climate change. Studies which applied statistical methods for pro-
jections of urban heat events or the UHI either exhibit a too sparse resolution to identify intra-district hot spots (e.g., Bartos and
Chester, 2014) or the spatial distribution model for temperatures is only based on a little number of stations within the city (e.g., Ortiz
et al., 2019). Thus, the authors of the latter study also applied dynamical downscaling and came to the conclusion that dynamical

Fig. 1. City districts (colored areas), urban centers of agglomeration (numbered circles) and logger stations (black dots) within the study area of
Augsburg, Bavaria. The meteorological station of Augsburg-Miihlhausen (DWD) is represented by a red dot. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)



outperforms statistical downscaling. Since the quality of the statistical transfer function highly depends on quality and quantity of
available data (Teutschbein et al., 2011), we used a dense urban meteorological network with 38 quality checked logger stations over
an area of 146.9km? for model setup in order to overcome this lack of skill. If the quality and quantity of the data is high, the results of
statistical approaches are indeed meaningful and comparable to dynamical downscaling approaches (Hertig and Jacobeit, 2008).
Furthermore, statistical downscaling is bounded to specific framework conditions. On the one hand, the relationship between predictor
and predictand established within the reference period should also be stable under climate change conditions. On the other hand, a
thorough selection of predictors should be conducted (Gutierrez et al., 2013). In our study, the latter is given by a selection process
based on cross-validation of different predictor combinations whereas the former can only be assumed to be valid under climate
change conditions (Diaz-Nieto and Wilby, 2005).

The present study provides a comprehensive analysis of heat events for a medium-sized city in central Europe. The study is based on
novel statistical downscaling techniques which aim to reduce computational costs without losing model skill in comparison to other
established analog models. Furthermore, the assessments of the spatial distribution of temperatures are based on a dense meteoro-
logical network which allows for precise temperature assessments on a very high resolution. Thus, the study provides a significant
contribution towards the understanding of heat extremes within urban areas under climate change conditions. Detailed assessments of
intra-urban heat events can help urban planners to identify urban climate change hot spots. Thus, countermeasures like renaturation of
sealed areas can be implemented immediately in order to reduce the impacts of climate change. Furthermore, public health services
can precisely establish a range of measures early, including management of chronic diseases or institutional care of elderly and
vulnerable people to reduce health impacts (Kovats and Hajat, 2008).

In section 2, the data which were used in this study are described. The linear regression model and its modifications for assessing
the spatial temperature distribution are presented in section 3. The results for absolute and relative temperature extremes are sum-
marized in section 4. A discussion about the results is given in section 5. Finally, the conclusions in section 6 summarizes the present
study and highlights the major findings.

2. Data

Since analysis are performed with respect to warm temperature extremes, all data are limited to the extended summer season from
May, 1st to September, 30th.

2.1. Study area

The study area is limited to the official urban area of the city of Augsburg (296.582 inhabitants, Stadt Augsburg 2020). Augsburg is
located in Bavaria, Southern Germany (10.90°E, 48.37°N), between 444 m (Firnhaberau, North) and 562 m (Bergheim, Southwest) a.s.
1., covers an area of 146.86 km? and its maximum extension is 22.3 km (North-South) and 14.7 km (East-West), respectively. The city is
divided into 42 city districts (Fig. 1) with large forest areas in the south-eastern and south-western parts and two rivers which cross the
city area from south to north. Overall, 50% of the city area is covered by agricultural land or forests, 37.4% by buildings or infra-
structure facilities and 6.6% by water bodies (Amt fiir Statistik und Stadforschung, Stadt Augsburg, 2017).

The weather of Augsburg is determined by a warm temperate climate with humid conditions throughout the year (Kottek et al.,
2006) and thus belongs to the Cfb type of the Koppen-Geiger climate classification. The long-term mean of the annual air temperatures
is 8.5 °C with highest monthly mean temperatures in July (18.1 °C). The mean annual rainfall sum is 767 mm and the main wind
direction is southwest (Beck et al., 2018).

2.2. Long-term weather station

Daily meteorological data of air temperature 2 m above ground (TMIN, TMEAN and TMAX), relative humidity (RHUM), wind speed
(WSPD) and direction (WDIR), cloud cover (CC) and sunshine duration (SD), sea level (SLP) and vapor pressure (VAPOR) from the
Augsburg-Miihlhausen weather station (elevation: 461.4 m; 10.9420°E, 48.4254°N) operated by the German Weather Service (DWD
Climate Data Center Deutscher Wetterdienst, 2019) were included in the analysis. The station data comprises daily data from 1950 to
present and is situated north of Augsburg near the airport of Miihlhausen. The station is mainly surrounded by agricultural land (Straub
et al.,, 2019). In Fig. 1, the Augsburg-Miihlhausen weather station is represented by a red dot.

2.3. Urban meteorological network

The urban meteorological network is based on 80 HOBO pro v2 U23-001 data loggers which measure air temperature and relative
humidity with 4 min temporal resolution (Onset, 2010). The data loggers were set up in a cooperative effort of the Helmholtz Zentrum
Miinchen (German Research Center for Environmental Health, Institute of Epidemiology, Environmental Risks) and the University of
Augsburg (Institute of Geography, Physical Geography and Quantitative Methods) in December 2012. Information about the accuracy
of the sensors, the methods which were used for the quality check and site-specific information are described in detail in Beck et al.
(2018). For the present study, data for the extended summer season for the period 2013-2018 were used. With respect to completeness,
a day was assumed to be complete when 80% of the daily data were available. Furthermore, a station was assumed to be complete
when the logger time series contains at least 80% of the days of the extended summer season. Overall, 38 stations meet the given
conditions. The locations of the logger sites are given in Fig. 1 (black dots).



2.4. Reanalysis data

The prevailing circulation is represented by the geopotential heights on the 850 hPa level (HGT.0850) of the ERAS5 reanalysis data
set provided by the European Centre for Medium-Range Weather Forecasts (Copernicus Climate Change Service (C3S), 2017). In order
to represent the circulation similar to the highest resolution of the Generalized Circulation Models (GCMs) of the Coupled Model
Intercomparison Project- Phase 5 (CMIP5), the data were downloaded on a 0.75°x0.75° grid, covering an area from 0.25° to 19.75°E
and 40.0° to 59.5°N (27 x 27 grid, 729 grid boxes). Furthermore, daily minimum, mean and maximum temperatures at two meters
above ground (T2M) for the grid box containing Augsburg-Miihlhausen weather station and its eight surrounding grid boxes were
taken into account for the analysis. All reanalysis data sets were trimmed to the extended summer season of the period 1979-2018.

2.5. Generalized circulation models (GCMs)

For projections, analyses are based on five model runs of three different GCMs which cover the period from 1950 to 2100. Ac-
cording to the reanalysis data, the same circulation and temperature data for the Representative Concentration Pathways (RCP) with a
radiative forcing of 4.5 W/m? and 8.5 W/m? were downloaded for the ACCESS1-0 (RUN 1) model provided by the Australian
Community Climate and Earth System Simulator, Australia, the CNRM-CM5 (RUN 1) model of the Centre National de Recherches
Meteorologiques, France, and the MPI-ESM-LR (RUN 1-3) of the Max-Planck-Institute, Germany. All data sets were interpolated on the
same regular grid provided by the reanalysis data set and adjusted to the extended summer season. Analyses have shown that, in
comparison with the reanalysis data, all model runs exhibit rather similar variances and seasonal mean values for the period
1979-2018 and, thus, are suitable for temperature projections for the study area (Supplementary S1.2, S2.2). This is also supported by
Brands (2013) who analyzed how well earth system models of the CMIP5 represent recent climate conditions in Europe.

2.6. Spatial characteristics

In the present study, the spatial characteristics of the urban area of Augsburg are described by four different data sets. The European

Fig. 2. Spatial characteristics of Augsburg. The figures represent the elevation (top left), the sky view factor (top right), the modified urban atlas
classes (bottom left) and the local climate zones (bottom right).



Urban Atlas (UA, EEA, 2010) as well as the Local Climate Zones (LCZ, Bechtel and Daneke, 2012; Bechtel et al., 2015) determined for
Augsburg (Beck et al., 2018) represent the land use characteristics within the city of Augsburg. Since the UA contains more than 20
different classes, various classes were summarized according to the fraction of sealed or green space areas and building heights.
Overall, six different classes of the modified UA were taken into account for further analysis. Furthermore, the UA data set was used to
determine urban agglomeration centers (UACs). Here, UACs represent contiguous areas of dense urban structures with only little green
areas and a high proportion of sealed areas. A mean shift cluster algorithm established by Cheng (1995) was applied to the categories
with continuous or discontinuous urban fabric over 50%. The assigned grid boxes were then used to determine circular UACs. Overall,
21 UACs were obtained with areas from 0.22 to 7.25km?. The UACs are numbered and displayed in Fig. 1 as slate blue shaded circles
and the area of the circles corresponds to the area of the UAC. A larger domain was chosen for the calculation of the UACs since nearby
UAC:s outside the city may also affect loggers or grid boxes close to the city borders. Furthermore, wind speed and direction were also
considered to assess the degree of influence of the UACs. In particular, the effect of densely built-up areas (e.g., local UHIs) on sur-
roundings is slightly shifted by wind speed and direction. A digital terrain model (DGM) and the sky view factor (SVF) derived from
data of the Landesamt fiir Digitalisierung, Breitband und Vermessung (LDBV, 2017) were taken into account in order to consider
elevation and site-specific shadowing effects caused by buildings. All data sets were interpolated on a regular grid of 100 m x 100 m
resulting in 14,674 grid boxes (Fig. 2).

3. Method
3.1. Projections for Augsburg-Miihlhausen

The projections for Augsburg-Miihlhausen were performed by an analog method based on the normal vector (NVEC) of the cir-
culation patterns. For each day of the extended summer season of the GCM model runs, an analog day was selected from the ERA5
reanalysis data set. Prior to this, all temperature data sets (reanalysis, GCMs) were bias corrected and detrended using the Augsburg-
Miihlhausen temperature time series. A detailed description of bias correction and detrending as well as the analog method is given in
Merkenschlager et al. (2021).

The analog method is divided into three steps: preselection — first level of analogy — second level of analogy. The setup for the
analog method corresponds to the Q90 + T2M described in Merkenschlager et al. (2021). This means the initial subsample of potential
analog days is limited to £15 days of the day of interest and equal exceedances of the 90th quantile (Q90). By means of the NVEC
analog method, distances between points (day of interest — analog days) within an artificial coordinate system defined by the mean of
the geopotential heights and the inclination and direction of the corresponding normal vector were calculated (first level of analogy).
Subsequently, the 5% of analog days which exhibit the least distances between the points were considered for the final analog se-
lection. The second level of analogy is then performed by means of the mean Root Mean Square Error (RMSE) of the gridded tem-
perature data (T2M). The day of the subsample which exhibits the lowest mean RMSE was defined as analog day. Since analysis aims
on temperature extremes and heat events, only one analog day was chosen instead of an analog ensemble in order to avoid the
flattening of the tails of the temperature distribution. The variables given by Augsburg-Miihlhausen and the circulation pattern of
ERAS finally represent the analog day for the respective day of interest of the GCM. Thus, for each model run of the GCM we obtain a
time series of variables represented by Augsburg-Miihlhausen or ERA5, respectively, for the period 1950-2100. Subsequently, the
trends of the respective model run of the GCMs were added to the detrended temperature time series of Augsburg-Miihlhausen, again.
Since historical periods and scenarios were jointly analyzed (historical+RCP4.5, historical+RCP8.5), small differences within the
historical periods can occur. For simplicity, the results of the historical periods were averaged and subsequently named historical
period. Thus, we obtain time series of meteorological variables based on the observation but under consideration of climate change
represented by the GCMs.

3.2. Spatial extrapolation of temperatures

The analog time series of Augsburg-Miihlhausen and ERAS are now used as temporal predictors for a multiple linear regression
(MLR) to extrapolate temperatures to the study area. The variables T2M, RHUM, SD, CC, SLP and VAPOR represent the temporal
predictors of Augsburg-Miihlhausen. The circulation represented by ERA5 were subjected to a t-mode principal component analysis
(PCA, Preisendorfer, 1988). Subsequently, the time series of the PC-loadings derived from the t-mode PCA (S1.1) were also taken into
account as temporal predictors. The categorial variables of UA and LCZ as well as the SVF and the DGM represent the spatial predictor
variables. Since the UHI affects temperature behavior within each UAC and its surroundings, a weighted distance model was estab-
lished in order to assess the influence of each UAC on each logger station or grid box, respectively. For this purpose, the physical
locations of the logger stations or grid boxes with respect to the UACs as well as WDIR and WSPD of the Augsburg-Miihlhausen analog
time series were used. The temperature time series of the 38 logger stations were taken into account as predictands for model cali-
bration and validation.

3.2.1. Weighted distance

When the absolute distances were considered for model calibration a small number of logger stations at the edge of the study area
led to unrealistic temperature values when the established model was applied to the grid boxes. Thus, weighted distances were used.
The calculation of the weighted distances is based on a simple model which considers whether or not the logger stations (grid boxes) lie
within a UAC, and, if not, depending on the wind direction, if the station or grid box is in the catchment area of the UAC. The size of the



UAC and the wind speed was used to determine the range of influence of the respective UAC. The higher the wind speed and the larger
the UAC, the larger the range of influence. If the logger station or grid box lies exactly at the outer edge of the center, the weighted
distance is 1, whereas logger stations or grid boxes within (outside) the center exhibit higher (lower) values. A summary of the
weighted distance model is given in S3.

3.2.2. Spatial model

For each temperature variable (TMIN, TMEAN and TMAX) a specific MLR model was established for all days representing one of the
four leading principal components (PCs) of the t-mode PCA. Since the sample size for the last two PCs is too small for cross validation,
days which exhibit highest loadings on these two PCs were excluded from temperature assessments. Thus, twelve models were
established to assess minimum, mean and maximum temperatures for the four remaining PCs. Overall, with respect to missing data or
assignment to one of the last two PCs, temperature assessments could be conducted for 98.3% of all days of the time series. The spatial
model was calibrated by means of the logger time series for the extended summer season of the period 2013-2018. For cross-
validation, the Mean Square Error Skill Score (MSESS) was used to assess the skill of the temperature assessments. As reference, a
model which only considers the temperatures of Augsburg-Miihlhausen as predictor variable was taken into account. The MSESS is
given in S2.3 and indicates how much better the established model is in comparison to the reference. The cross-validation process is
based on leave one out, i.e., the temperatures from one year of one station were always assessed by means of the model established by
means of the remaining stations and years. The skill is defined by the exceedance of the MSESS of the established over the reference
model.

The elimination criterion (EC) for the predictors is based on the MSESS and depends on the predictor variable. The temperature
variable given by the analog time series of Augsburg-Miihlhausen was always considered within the model setup. The EC for the
remaining temporal variables were set to 0.05. First, the linear regression was performed under consideration of all temporal pre-
dictors and a reference MSESS (MSESSggr) was calculated. Subsequently, a backward oriented stepwise elimination of predictors was
performed i.e., regressions were performed by leave-one-out predictor. If the MSESS of the worst predictor declines (exceeds) the
threshold of MSESSggr - EC the respective temporal variable was taken into account (eliminated) for model setup. If the new MSESS
even exceeds the MSESSggr the new MSESS replaces the MSESSggr. Furthermore, the circulation patterns of ERA5 represented by their
respective PC-loadings were considered as a whole, i.e., if the MSESS exceeds (falls below) the MSESSggr — EC, all PCs were removed
(taken into account). To obtain a higher spatial differentiation of the temperatures, the EC for spatial predictors was set to 0, so that any
improvement of the MSESS has led to the consideration of the respective spatial predictor. In contrast to the PCs, each weighted
distance to the UAC was investigated, separately. Thus, a UAC was eliminated when its consideration results in a decline of the MSESS.

3.3. Definition of heat or anomaly waves

Since there is no universal definition of heat extremes or waves (Perkins, 2015), analysis of extremes was performed by means of
absolute as well as relative thresholds. Relative thresholds are commonly defined as the daily (calendar-day) 90th quantile (Q90) of the
respective temperature variable (e.g., Meehl and Tebaldi, 2004), whereas absolute thresholds are defined by fixed temperature values
(e.g., Zhao et al., 2018). Even the delineation of the duration for heat waves is not uniform (e.g., 6 consecutive days Fischer and Schar,
2010; 3 consecutive days Vautard et al., 2013), but most studies define a heat wave by three or more consecutive days exceeding a
certain threshold since mortality increases dramatically when heat events last more than 2 days (Pantavou et al., 2008). In this study,
we apply thresholds on all temperature variables and, thus, the definition of heat waves, too. The relative threshold of the respective
temperature is based on the exceedance of the daily Q90, whereas the absolute thresholds were set to 20 °C for TMIN (tropical night),
25 °C for TMEAN and 30 °C for TMAX (hot day). If a day exceeds at least two of three thresholds, the day was defined as positive
anomaly day (PAD) or heat day (HD), respectively. An event comprises each kind of consecutive PADs or HDs. Thus, a heat event (HE)
or positive anomaly event (PAE) can last only one day as well as more than ten days. In accordance with most studies, the minimum
duration for a heat wave (HW) or positive anomaly wave (PAW), respectively, was set to at least three days. Furthermore, HW and
PAW were categorized by duration so that short waves last 3-5 days, medium waves 6-9 days and long waves ten or more days.

4. Results
4.1. Model performance

The skill of the analog model (NVEC) used in this study is described in detail in Merkenschlager et al. (2021). It shows that the
applied method can keep up with existing analog techniques and provides good skills. The highest skills were obtained by using
HGT.0850 of the ERA5 data set for the first level of analogy as well as for the spatial extrapolation of the temperatures.

Cross-validation for the spatial temperature model shows that the method is appropriate to assess temperatures within the study
area. For all stations and years, the MSESS was calculated by means of the regression models and a model based on temperature
(reference), only. The MSESS ranges from approximately 0.1 to 0.8 indicating an improvement over the reference for all stations and
years. Thus, the final spatial regression models were established under consideration of all stations and years. The final predictor sets
for each temperature variable and PC as well as the MSESS and the Root Mean Square Error (RMSE) from cross-validation are pre-
sented in S2.3.

For TMIN, all predictor sets contain the temporal predictors T2M, RHUM, VAPOR of Augsburg-Miihlhausen and the circulation
patterns of ERA5, whereas CC, SLP and, to some extent, SD are redundant. In contrast, SD is part of all predictor sets of TMEAN whereas



RHUM is eliminated. The temporal predictor set of TMAX contains almost all temporal variables, only CC and SLP are eliminated for
PC-1 and/or PC-2, respectively. LCZ and UA seem to be the most powerful spatial predictors, whereas SVF is only significant for TMIN
and PC-4 of TMAX, and DGM data were only considered as predictor for two PCs (TMIN PC-1, TMEAN PC-4). The most important UAC
for all MLR models is UAC-7 located in the city center of Augsburg, since only one model eliminates these UAC. Overall, the
consideration of UACs improves the model skill (MSESS +0.0914 on average), only PC-4 of TMAX excludes the weighted distances
within the model calibration process.

4.2. Historical reference period of Augsburg-Miihlhausen

The historical runs were jointly analyzed with the RCP scenarios. Thus, the following results contain historical periods for RCP4.5
and RCP8.5. As expected, differences between both historical periods of the RCPs are rather small (Fig. 3). Thus, the historical periods
are averaged, and the following results are related to the historical period, only. Since all data sets only cover the years 1979-2005
within the historical period, analyses of the skill were limited to this period. Overall, the mean of the daily temperature variables of
Augsburg-Miihlhausen were overestimated by the GCMs by 0.7 °C-2.1 °C with minor deviations for TMIN. Almost each model run of
the GCMs exhibits a lower standard deviation with up to 0.92 °C for TMAX. The Box-Whisker-plots for the daily temperature values for
both RCPs are presented in Fig. 3.

For all other temporal predictor variables, the Whisker-Boxplots are presented in S2.2. The figure shows that the distributions as
well as the means of the daily values are well reproduced by the analog time series of the GCM model runs. Only the mean sunshine
duration was slightly overestimated and, therefore, the cloud cover underestimated by the analog time series.

With respect to the circulation, the patterns of the analog time series approximately correspond to the patterns of the reanalysis
data set. In general, the positive and negative modes of the first two PCs represent the dominant circulation patterns. Only the French
model CNRM-CMS5 clearly underestimates (overestimates) the likelihood of occurrence of PC-2 (PC-3), which leads to a changing order
of the dominant PCs. Significant deviations can also be seen for PC-1 of the MPI-ESM-LR model run 3, since the positive mode was
occurring 7.8% more frequently than within the ERAS data set. For PC-4, only the analog time series of CNRM-CMS5 captures that the
positive mode occurs more frequently than the negative mode, whereas all other analog time series show the negative mode up to three
times more frequently than during observation. The occurrence of circulation patterns for the different analog time series of the GCMs
are presented in detail in S1.2.

With respect to the mean duration of PAEs, only ACCESS1.0 RUN1 assigns more days to events of 3-5 days than to events of less
than three days (not shown). The only model which does not exhibit a PAE with a duration of more than ten days is MPI-ESM-LR RUN2.
Overall, only CNRM-CM5 RUN1 (11.16 days) exhibits a smaller number of days exceeding two of three thresholds than the observation
(12.26 days). With respect to HDs, CNRM-CM5 RUN1 (1.9 days) exhibits three times more HDs per year than the observation (0.63
days, not shown). Thus, for CNRM-CMS5 the absolute (HD) and relative (PAE) thresholds show a contrary development. In accordance
with the observation, the reanalysis and the models of MPI-ESM-LR exhibit less than one day per year which exceeds two of the three

Fig. 3. Comparison of the daily temperatures for the period 1979-2005 for RCP4.5 (left) and RCP8.5 (right). The colors represent the observation
(AUX-MH), reanalysis (ERA5) and different runs of the GCMs ACCESS1.0, CNRM-CM5 and MPI-ESM-LR.



temperature variables. However, some models show a different distribution with respect to the duration of HEs. HEs of more than six
days do not occur within the observation but ERA5 and ACCESS1-0 RUN1 even exhibit HEs of more than 10 days. On average, all
models exhibit less than one HE per year within the reference period and HEs of more than five days are very rare. Detailed information
about the exceedance of thresholds by temperature are given in S2.4.

The mean heat day period (HDP) of the observation lasts from July, 18th to July, 26th and exhibits a mean duration of 9 days. The
HDP is limited by the first and the last day of the year where a heat day occurs. Here, the first and last day are averaged over all years of
the reference period which exhibit a HD. Years when no heat day occurs were eliminated. The number of years without any HD is given
as second number in Fig. 4. Independent of model, more than half of the years of the reference period do not exhibit a HD. The figure
also shows that only the HDP of ACCESS1-0 RUN1 is considerably earlier in the year and significantly longer than the HDP of the other
models. In general, the HDP starts mid of July and ends in the late third of July or early third of August.

4.3. Projections for Augsburg-Miihlhausen

4.3.1. Temperature

In Fig. 5, the downscaled annual mean temperatures of Augsburg-Miihlhausen are given for all temperature variables. For com-
parison, observation (darkblue) and reanalysis (blue) data are also presented for the period 1979-2018. Under consideration of RCP4.5
(RCP8.5), the historical reference period (1970-2000) exhibits a mean temperature of 10.6 °C (10.8 °C) for TMIN, 16.3 °C (16.4 °C) for
TMEAN and 21.9 °C (22.2 °C) for TMAX. For RCP4.5 the strongest increase with 1.1 °C for TMIN and TMEAN and 1.2 °C for TMAX can
be observed for the early 21st century (period: 2010-2040). For the mid (2040-2070) and late (2070-2100) 21st century, the rate of
temperature rise is steadily decreasing. In comparison with the historical reference period the temperatures for Augsburg-Miihlhausen
are 2.2 °C-2.7 °C higher at the end of the 21st century. In contrast, under consideration of RCP8.5 the highest rate of temperature rise
was projected for the late 21st century. Here, with respect to the previous period an increase in temperature of 1.9 °C-2.3 °C was
projected, leading to temperatures of 4.3 °C-5.3 °C higher than within the historical period.

4.3.2. Positive anomalies

The rise in temperature within the 21st century leads to an increase of PADs and PAEs (Fig. 6). At the end of the 21st century, about
75% (50%) of all days exhibit at least one temperature variable which exceeds Q90 under consideration of RCP8.5 (RCP4.5), and over
60% (30%) are by definition PADs. While most of the PADs of the historical period are assigned to events of 1-2 days, a shift to longer
lasting events occurs in the future periods. In period 2010-2040, most PADs are assigned to PAEs with a duration of 3-5 days and from
the middle of the century on, PAEs of more than 10 days exhibit the largest number of days (2070-2100: 19.3 days in RCP4.5; 65.3
days in RCP8.5). Within the historical reference period, 5 PAEs per year can be observed and mostly exhibit a duration of 1-2 days
(RCPA4.5: 3.6; RCP8.5: 4.1 days). The likelihood of PAEs with more than 10 days exists but is almost zero. Throughout the 21st century,

Fig. 4. Temporal classification of the heat day period within the historical period (1979-2005) for the observation, reanalysis and the different
model runs. The line depicts the mean heat period (period between first and last heat day of the year) where heat days occur. The first number gives
the mean duration of the heat period in days, the second number the number of years without a heat day.



Fig. 5. Projections of annual mean temperatures of TMIN, TMEAN and TMAX for Augsburg-Miihlhausen under consideration of RCP4.5 (left) and
RCP8.5 (right). Observation and reanalysis are depicted in blue; the model runs of GCMs in light green or red solid thin lines. The multi-model mean
is represented by bold dark colored lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Number of positive anomaly days (PADs, top) and events (PAEs, bottom) with respect to the length of an event for RCP4.5 (left) and RCP8.5
(right). Solid lines in the upper figures represent the absolute numbers, dashed lines the relative number in percent in steps of 10.

PAE of 1-2 days are noted most frequently but under consideration of RCP8.5 (RCP4.5) the number decreases in the middle (end) of the
21st century. A decrease can also be observed for PAEs with 3-5 and 6-9 days at the end of the 21st century for RCP8.5, whereas an
intensified increase of PAEs of 10 or more days (10+ PAE) takes place. In period 2070-2100, almost 3 PAEs of more than 10 days can



be expected per year. In comparison, a 10+ PAE within the historical period can be observed every 10 years. Overall, at the end of the
21st century the number of PAEs decreases in favor of longer lasting events, since shorter events are merged to one longer event. For
RCP4.5, a steady increase of PAEs with more than 3 days can be observed for the 21st century and, thus, the number of days as well as
the number of events increase throughout the 21st century.

In Fig. 7, time series based on 31 year periods are depicted for the number of anomaly days and waves and the mean and maximum
duration of anomaly events. It shows that the number of PAWs is more than four times higher at the end of the 21st century for both,
RCP4.5 and RCP8.5. The differences between RCP4.5 and RCP8.5 can be traced back to the mean and maximum duration of PAEs. At
the end of the 21st century, under consideration of RCP8.5 (RCP4.5) the mean duration of PAEs is 5.5 (2.0) times higher than within
the historical period. With respect to RCP8.5, the maximum duration of PAEs at the end of the 21st century is longer than a month
(35.5 days), whereas the maximum duration of RCP4.5 is 14.3 days.

4.3.3. Heat events

Similar, although less distinct trends, can be observed for HDs and HEs (Fig. 8). On average, in the historical period only one day per
year is by definition an HD and an HE approximately occurs every two years. Most of the HEs exhibit a duration of 1-2 days and heat
events of ten or more days exhibit a return rate of 100 years. Even under consideration of RCP4.5, HEs of more than 10 days are
unlikely at the end of the 21st century, although the return rate decreases by a factor of 10. In contrast, HEs of less than 5 days are very
likely since one or more HEs of 1-2 days will occur each year, and the appearance of a small HW in three out of four years seems to be
more than likely. For RCP8.5, especially HDs where TMAX exceeds the threshold increase significantly. At the end of the 21st century,
more than 33 days are by definition HDs (Fig. 9) and more than three HEs of 1-2 days as well as up to two HEs of 3-5 days per year
seem to be likely. Furthermore, under consideration of RCP8.5, the likelihood of large HWs in the period 2070-2100 is higher than the
likelihood for small HWs in RCP4.5 for the same period (Fig. 8).

In Fig. 8, the heat day period (HDP) is depicted at the bottom. It shows that the HDP of the historical period is mainly located in the
last third of July and lasts 10-11 days. More than 20 years do not exhibit an HD at all. Under consideration of RCP4.5, an extension of
the HDP takes place especially due to an earlier start of the HDP. In the early 21st century, the HDP starts 9 days earlier whereas the end
of the HDP is only 3 days earlier than within the historical period. In the middle of the 21st century, the start of the HDP remains almost
constant but the end is shifted to the early third of August. Thus, the HDP lasts 30 days and only 6 years do not exhibit a heat day. A
further extension of the HDP can be identified at the end of the 21st century. Here, the HDP starts on July, 6th and ends on August,
14th. Thus, the HDP lasts 40 days and only three years do not exhibit an HD. A more alarming development can be identified for
RCP8.5. While the HDP remains almost constant until the early 21st century, the extension of the HDP increases rapidly during the
second half. At the end of the 21st century, the HDP starts at June, 11th and ends at September, 2nd. Thus, the HDP lasts 84 days and
HDs can be identified for all years of the period 2070-2100. With respect to the historical period, the HDP under consideration of

Fig. 7. Number of positive anomaly days and waves and duration of positive anomaly events for 31 year periods of Augsburg-Miihlhausen for
RCP4.5 (green) and RCP8.5 (red). Vertical lines and associated numbers represent the historical reference period (1970-2000), the early
(2010-2040), mid (2040-2070) and late (2070-2100) 21st century. Thin solid lines depict the time series of the GCMs, bold solid lines the time
series for the multi-model mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)



Fig. 8. Number of heat days (HDs, top) and events (HEs, middle) with respect to the length of an event for RCP4.5 (left) and RCP8.5 (right). Solid
lines in the upper figures represent the absolute numbers, dashed lines the relative number in percent in steps of 10. The heat day period (bottom)
represents the period between the first and last HD occurring within the extended summer season for 31 year running periods. The first numbers
represent the mean duration of the heat day period and the second numbers the number of years without a heat day within the respective period
(y-axis).

Fig. 9. Number of heat days and waves and duration of heat events for 31 year periods of Augsburg-Miihlhausen for RCP4.5 (green) and RCP8.5
(red). Vertical lines and associated numbers represent the historical reference period (1970-2000), the early (2010-2040), mid (2040-2070) and
late (2070-2100) 21st century. Thin solid lines depict the time series of the GCMs, bold solid lines the time series for the multi-model mean. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



RCP8.5 (RCP4.5) is 8 (4) times longer.

For RCP4.5, the mean and maximum duration of heat events (Fig. 9), show rather moderate changes until the end of the 21st
century. The mean duration is prolonged by 0.8 days and maximum duration increases from 2.2 to 4.7. In contrast, in period
2070-2100, the mean duration of HEs under consideration of RCP8.5 is even higher than the maximum duration of RCP4.5. The mean
duration is prolonged by 3.4 days, whereas the maximum duration is 13.7 days and, thus, 6 times higher than within the historical
period.

4.4. Spatial projections for the city of Augsburg

4.4.1. Temperature

The spatial temperature distribution within the city of Augsburg for TMIN is presented in Fig. 10. Overall, only a small number of
grid boxes (0.4%) exhibit a lower mean TMIN than the reference station Augsburg-Miihlhausen with highest values for the early 21st
century, and subsequently decreasing numbers until the end of the 21st century. With respect to TMEAN, no grid box exhibits lower
mean temperatures than the reference station within any period, whereas the mean of TMAX of approximately 2.3% grid boxes is
lower. In order to determine the coldest (hottest) regions within the city of Augsburg, the 100 grid boxes with the lowest (highest)
temperature values were assigned to the respective districts. The coldest regions of TMIN are settled in the North (Firnhaberau,
Hammerschmiede) and South (Inningen, Goggingen-Siid) of Augsburg and the hottest regions are in the center of Augsburg, on the
western (Bahnhofs- and Bismarckviertel, Innenstadt St. Ulrich Dom) and eastern side (Lechhausen-Siid) of the Lech River. The hottest
regions for TMEAN are slightly shifted to the East (Innenstadt St. Ulrich Dom, Jakobervorstadt-Nord, Lechhausen Siid) whereas the
coolest regions are settled in the southeastern (Siebenbrunn, Haunstetten-Siid) and -western parts (Bergheim) of the city. For TMAX,
the coolest regions appear in the North (Firnhaberau, Hammerschmiede, Rechts der Wertach) and the hottest regions are settled in the
western part of the city (Pfersee-Siid, Kriegshaber, Rosenau- Thelottviertel). The figures for TMEAN and TMAX corresponding to
Fig. 10 are attached in S4.

The rates of temperature rise are rather the same for the coldest and hottest regions. This holds true both for RCP4.5 as well as
RCP8.5 but with higher rates under consideration of RCP8.5. The greatest differences between hot and cold regions within the city of
Augsburg occur for TMIN (3.8 °C) and lowest differences arise for TMEAN (1.9 °C). At the end of the 21st century the difference
between RCP4.5 and RCP8.5 is lowest for TMIN (2.3 °C) and highest for TMAX (2.9 °C). Overall, the mean temperatures of TMIN for
the period 2070-2100 reach 18.8 °C (16.6 °C) for RCP8.5 (RCP4.5) in the city center and 15.1 °C (12.8 °C) in the cooler regions. For
TMAZX, the hottest regions exhibit temperatures of 29.1 °C (26.2 °C) and 26.9 °C (24.1 °C) within the coldest regions.

4.4.2. Positive anomalies

In Fig. 11, the numbers of PADs within the city of Augsburg are depicted for different periods. In period 1970-2000, the lowest
number of PADs occurs in the southern parts of Augsburg. Only 7% of days exceed two of three thresholds in the districts Inningen and

Fig. 10. Spatial mean temperatures of TMIN for different 31 year periods in Augsburg (columns) and RCPs (rows).



Goggingen-Siid. In contrast, over 30% of the days are by definition PADs within the wider range of the city center and in some parts of
Lechhausen-Ost and the Rosenau- und Thelottviertel. At the end of the 21st century, the number of PADs increases to 57-71%
(32-59%) under consideration of RCP8.5 (RCP4.5). Thus, the minimum number of PADs of RCP8.5 is almost as high as the maximum
number for RCP4.5. Furthermore, for RCP8.5, the range of PADs within the city of Augsburg is already higher in period 2040-2070
than for RCP4.5 in period 2070-2100. The districts with minimum and maximum values rather remain the same, only the area of the
cooler regions expands to the east (Haunstetten-Siid, Hochzoll-Siid and Siebenbrunn) under consideration of RCP8.5.

The increasing number of PADs leads to an increasing number of PAEs as well as an extension of mean and maximum duration (S 5).
Within the reference period, the mean number of PAEs per year is between 1.2 and 6.8 events with a mean duration of 1.8-3.3 days,
and maximum duration varies between 3.7 and 10.6 days. The area which is affected most frequently by PAEs is similar to the hottest
region within the city of Augsburg. In contrast, the region with the lowest number of PAEs is additionally extended by regions in the
northern edge of the city area. The hottest and coldest areas are also those regions where the longest or shortest PAEs took place.

Significant differences between RCP4.5 and RCP8.5 are projected from the period 2040-2070 onwards. Similar to the tempera-
tures, mean and maximum duration of RCP4.5 within the period 2070-2100 are twice as low as under consideration of RCP8.5 and
even lower than in period 2040-2070 of RCP8.5. In contrast, at the end of the 21st century the mean number of PAEs is higher for
RCP4.5. At the end of the 21st century, for RCP8.5 (RCP4.5), PAEs of the city center last on average 14.7 (7.0) days and maximum
events of over 43 (25) consecutive days are possible which is approximately 4 (2.5) times as high than within the reference period.
Even the mean and maximum duration of the cooler regions are more than two times higher than in period 1970-2000.

4.4.3. Heat events

Within the reference period, a maximum number of 4% was determined as HD (Fig. 12). The area with the maximum number of
HDs is located in the city center and, with growing distance to the center, the number is decreasing. Overall, a HE occurs in the cooler
regions every 10 years and every two years in the hotter regions (S 6). When a HE occurs, the mean duration is 1.6-2.5 days and the
maximum duration is 1.9-3.5 days. For the early 21st century, the number of HDs increases by 3-11% (3-9%) under consideration of
RCP8.5 (RCP4.5), although the mean duration of HEs increases only slightly and both RCPs are rather on the same level. RCP4.5 and
RCP8.5 also exhibit similar values for the maximum duration but, especially in the hotter regions, on a significantly higher level than
within the reference period. Thus, differences between RCP4.5 and RCP8.5 can be traced back to a significant change of the recurrence
interval of HEs. The recurrence interval for cooler regions decreases from 10 to 3.3 (5) years for RCP8.5 (RCP4.5) and in the hotter
regions 2.2 (1.6) HEs will occur per year. At the end of the 21st century, the differences are highest with 6-18% HDs for RCP4.5 and
21-41% HDs for RCP8.5. Under consideration of RCP4.5, only one HE occurs per year during the extended summer season within the
cooler regions and 3.6 per year in the hotter regions. The mean duration is 2-3.3 days and maximum duration is 3.8-9.4 days. In
contrast, under consideration of RCP8.5, the number (3.7-6.5), mean (3.5-6.1) and maximum duration (10.7-21.1) of HEs is higher
for the cooler regions than expected for the hottest regions under RCP4.5.

In Fig. 13, the HDP is displayed for each city district, depending on RCP and period. It shows, that the HDP within the reference
period (dark colors) last from mid of July to the first third of August for the hotter districts or end of July, respectively, for the cooler
districts. The HDP exhibit a maximum duration of 25 days for the district Innenstadt, St. Ullrich Dom, starting at July, 15th (July, 13th)

Fig. 11. Number of positive anomaly days for different 31 year periods (columns) and RCPs (rows) in Augsburg.



Fig. 12. Number of heat days for different 31 year periods (columns) and RCPs (rows) in Augsburg.

and ending at August, 8th (August, 6th) under consideration of RCP4.5 (RCP8.5). Thus, the duration of the HDP of the city center is
more than twice as high than the HDP of Siebenbrunn which represents the district with the shortest HDP (12 days, July, 19th — July,
30th). Overall, the mean duration of the HDP within the reference period is 17.0 days. The districts of the city center exhibit a HDP of
20.7 which is, on average, 6 days longer than the HDP within the districts at the periphery of the city. In period 2010-2040, the mean
duration of the HDP increases significantly for both RCPs but with higher rates for RCP8.5. The mean duration of the HDP is 25.0 (21.4)
days longer for RCP8.5 (RCP4.5) and, thus, more than twice as high as within the reference period. For both RCPs, the rate of increase

Fig. 13. Length of the heat day period by district within the city of Augsburg for different 31 year periods (from dark to light colors: 1970-2000,
2010-2040, 2040-2070, 2070-2100) under consideration of RCP4.5 (left, green) and RCP8.5 (right, red). The districts are ordered from top (low) to
bottom (high) according to the fraction of sealed areas (percentage in brackets). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)



is strongest in the center of the city and decreasing rates towards the outskirts. In comparison with RCP8.5, the HDP of RCP4.5 is
postponed. Thus, the HDP starts five days later, and ends two days later. On average, the HDP in the center of the city is 10 days longer
than it is projected for the periphery of the city with maximum differences of 26 days between Siebenbrunn (RCP4.5: 24; RCP8.5: 29)
and Links der Wertach Nord (50; 55). In period 2040-2070, differing trends are projected for RCP4.5 and RCP8.5. While the rate of
increase under consideration of RCP4.5 is 9.4 days lower than in the early 21st century, the rate increases by 5.7 for RCP8.5. Thus, the
mean duration of the HDP is 21.9 days longer for RCP8.5 (72.4) than for RCP4.5 (50.5). The difference between the rates of the city
center and the outskirts is significantly smaller (RCP4.5) or inverted (RCP8.5), respectively. This means that under consideration of
RCP8.5, from the middle of the 21st century, the extension of the HDP is progressing faster in the outskirts than in the city center. The
same development is also projected for the end of the 21st century with a rate of increase which is 3.4 higher for the outskirts. Thus,
with respect to the length of the HDP, an assimilation between city center and outskirts is projected, whereas the difference steadily
grows for RCP4.5. On average, the HDP of RCP8.5 (102.9) is twice as high than the HDP of RCP4.5 (61.3). The districts Links der
Wertach Nord and Innenstadt, St. Ulrich Dom exhibit maximum lengths of 109 days (RCP8.5) and a minimum length of 44 days
(RCP4.5) is projected for Siebenbrunn. Thus, the longest HDP starts on May, 27th and ends September, 12th whereas the shortest HDP
starts on July, 3rd and ends August, 15th.

5. Discussion
5.1. Model setup and skill

The present study shows a method for high-resolution intra-urban temperature assessments solely based on statistical methods. The
downscaling of large-scale information was performed by means of a novel analog method which can keep up with existing methods (e.
g., Zorita and Von Storch, 1999) but with the advantage of less computational time due to reduced input data required (Mer-
kenschlager et al., 2021). The spatial projection of temperatures is based on a Multiple Linear Regression (MLR) which takes temporal
and spatial predictor variables into account. Furthermore, the present approach tries to capture the urban heat island effect not only by
a single center but by multiple so-called urban agglomeration centers. The UACs were derived by a cluster analysis and weighted
distances were calculated under consideration of distance, relative position of logger or grid box to the center as well as wind speed and
direction. MLR models were then established for all temperature variables and the leading four essential large-scale circulation pat-
terns, separately. The described method provides assessments for temperatures of adequate skill. Improvements are still possible since
the weighted distance model has not yet reached its full potential. For example, for high wind speeds, the UHI effect decreases but the
weighted distances still increase. However, since intra-urban thermal differences can also be identified under disturbed conditions
(Beck et al., 2018), the model was applied to the entire data set even if the effect is probably overestimated for stormy days.
Furthermore, an elaborated model could also be adapted to other spatial variables. However, the consideration of the weighted dis-
tance model leads to an increase of skill and, thus, the method was taken into account for projections.

Model skill and the selection of predictor variables are depending on the respective temperature time series. In general, the higher
the temperature difference between city center and environs, the higher the skill of the model. When the overall temperature vari-
ability within the city is higher, it is easier for the MLR model to establish relationships between explanatory and response variables.
Thus, the highest model skill can be observed for TMIN since the UHI is most pronounced during night time (2.6 °C on average).
Furthermore, the climate predictor variables can be divided into two groups: Predictors which indirectly describe incoming solar
radiation (e.g., SD, CC) and predictors which indirectly describe the storage capacity of incoming solar radiation and evapotranspi-
ration (e.g., RHUM, VAPOR). This is confirmed by Zhang et al. (2022) and references therein which describe evapotranspiration as one
of the major drivers for the UHI effect. Depending on the temperature time series, either the one or the other is more significant. Since
incoming solar radiation and related processes are negligible during night time, predictors like SD or CC are mainly removed from the
final model for TMIN and variables representing thermodynamic (RHUM, VAPOR) processes are more important. Due to a higher heat
storage capacity, humid air can absorb more heat and, thus, cooling rates during night-time are lower. In contrast, the predictor set of
TMEAN contains more information about the incoming solar radiation and thermodynamic variables are eliminated. Since the tem-
perature gradient between hottest and coolest region of the city is small for TMAX (0.6 °C on average), on the one hand model skill is
relatively low and on the other hand, intra-urban temperature differences can hardly be assigned to specific predictors. Thus, the
predictor set contains almost all climate variables since no variable was proofed to be non-significant.

With respect to the local-specific predictors, the SVF can also be attributed to the predictor group which indirectly describes heat
storage capacity of incoming solar radiation. In this study, the SVF is solely based on buildings and, thus, the SVF provides information
about building geometry (e.g., size, height, exterior surfaces). Since exterior walls exhibit the highest surface temperatures at night
(Chudnovsky et al., 2004), the SVF also gives indications about how much longwave (shortwave) radiation can be emitted (absorbed)
from the building during nighttime (daytime). During daytime, the UHI is significantly smaller due to the low-level atmospheric
structure and strong mixing of the air by turbulence. Furthermore, the SVF and derived building geometry can counteract the UHI
because of shadowing effects (Masson et al., 2020). However, since the UHI is significantly smaller during daytime and information on
surface and the urban structure are also provided by UA and LCZ, the SVF is only considered in models were UA and/or LCZ are
missing. Where UA and LCZ are considered as predictor, the SVF provides no additional important information for assessing TMEAN or
TMAX. Although UA and LCZ contain similar information, both predictors are significant for most models whereas elevation hardly
affects temperature assessments. This is due to the relatively small differences in altitude within the city of Augsburg. In contrast,
temperature of Augsburg-Miihlhausen and circulation are the only predictors which are significant in each model. The most important
UAC for all MLR models is UAC-7 located in the city center of Augsburg, since only one model eliminates these UAC. Overall, the



consideration of UACs improves the model skill (MSESS +0.0914 on average) in comparison to models which do not consider UACs.
5.2. Reference period

Within the reference period, only TMIN shows significant differences between observations and reanalysis or GCMs. This could be
traced back to trends with different signs between 2000 and 2006. The observation time series exhibits decreasing minimum tem-
peratures but all models provide increasing minimum temperatures for the period 2000-2006. Analysis have shown that, due to land
use changes in the nearby vicinity of Augsburg-Miihlhausen weather station, the minimum temperature time series is affected by
inhomogeneous behavior. Gravel extraction leads to a lower groundwater level and, thus, to a loss of soil humidity which predomi-
nantly affects heat storage capacity and, thus, processes during nighttime (Merkenschlager et al., 2021). In contrast, for the reference
period, the temperature time series of TMEAN and TMAX are well represented by the different models.

5.3. Projections

For projections it is conspicuous that the Australian model is very different in comparison to the other models. The projected
number of heat and anomaly days or events by far exceeds the projected number of the other models. But since the distribution of the
predictor variables within the historical period as well as the trend of the seasonal temperatures corresponds to the other models,
ACCESSL1.0 is yet taken into account for projections. However, indications about different behavior within the reference period of
ACCESS1.0 can be derived from the heat season. It seems that heat relevant processes occur earlier within the year and, thus, the
expansion of the heat season during the 21st century is faster. Further analyses are necessary to provide more information about the
processes which are responsible for the temperature behavior of ACCESS1.0.

The projections for the early 21st century hardly show a difference between RCP4.5 and RCP8.5 since mitigation actions do not
produce discernibly different climate change outcomes within the early years (IPCC, 2013). Thus, effects on the local climate of
Augsburg rather remain the same, independent of the underlying emission scenario. The only difference between both RCPs is that the
rate of increase is highest for RCP4.5 but lowest for RCP8.5. With respect to anomaly events, an increasing number of ADs results in
longer and more frequent occurrence of anomaly events. The same situation can also be observed for heat events. From the mid-21st
century on, the differences between both RCPs become obvious and increase steadily until the end of the 21st century. The significantly
higher number of anomaly days in the period 2070-2100 under consideration of RCP8.5 results in a reduction of events since recovery
periods between events disappear and former short events are merged to one longer lasting event. Thus, the mean and maximum
duration of events for RCP8.5 is almost doubled with respect to the mid-21st century. For heat events, this effect has not yet taken place
but the number of heat days at the end of the 21st century is more than 30 times higher than within the reference period and, thus,
significantly higher than projected for anomaly days (7 times higher). Furthermore, a heat event within the reference period occurs
every ten years with a mean duration of approximately 2 days. At the end of the 21st century, events with a mean duration of more than
5 days occur more than three times a year. In comparison, at the end of the 21st century, the duration and number of heat events under
consideration of RCP4.5 is also higher than within the reference period but, here, only one event with a mean duration of less than
three days per year is projected.

With respect to circulation patterns, the relative frequency remains almost constant through the 21st century. Only with respect to
the relative frequency of circulation patterns on PADs, a shift takes place. The fraction of the positive mode of PC-2 increases in favor of
the positive mode of PC-1. This is remarkable since the positive mode of PC-2 is characterized by winds from northwestern directions.
This leads to the assumption that global warming leads to a general warming of air masses advected over the northern Atlantic so that
former cooler weather conditions are increasingly able to exceed the relative temperature thresholds in Augsburg.

5.4. Intra-urban assessments of heat events

In general, the spatial temperature assessments show higher temperatures and more and longer heat events for areas near the city
center and decreasing values towards the periphery. For TMIN and TMEAN, the region of the hottest districts remains almost the same
(city center, Lechhausen-Siid). In contrast, the hottest regions of TMAX represent districts within the western part of the urban area. All
districts are characterized by a small fraction of green space and a high fraction of sealed areas. Differences between the city center and
the districts in the western part of the city are that in the center the buildings are significantly higher and, thus, the SVF is lower. The
emission of thermal radiation at night and shadowing effects during day time are one reason why temperatures are highest for TMIN
and TMEAN and slightly smaller for TMAX with respect to the western city districts. Furthermore, the western districts are located
within a relatively small topographic sink so that air masses can heat up on calm days. Due to the western exposure and low buildings,
solar radiation can unhamperedly heat up the air within the districts at the afternoon when temperatures reach their maximum. Thus,
maximum temperatures of the western districts are higher than within the city center. The cooler districts are unexceptionally located
at the periphery and are generally characterized by a high fraction of green space, a sparse development and, to some extent, a
relatively high fraction of water bodies. With respect to TMIN, the cooler districts mainly exhibit agricultural land and a low fraction of
forested areas. A low fraction of trees is essential for cooling during night time since surface are above normal under the tree canopy
(Chudnovsky et al., 2004). The tree canopy behaves like a trap for long-wave terrestrial radiation (Ziter et al., 2019). In contrast,
districts with vast forests exhibit the lowest mean temperatures within the city borders of Augsburg. Since tree shade can result in
reduction of short-wave radiation reaching the surface by 60-90% (Winbourne et al., 2020), the surface temperature difference be-
tween shaded and sunny areas can exceed 20 °C (Rahman et al., 2020) and also air temperature is substantially lower. Due to



evapotranspiration of trees the cooling effect is reinforced within forested areas (Jusuf et al., 2007). Furthermore, a large number of
water bodies as well as the proximity to the Lech River provide additional cooling in the southeastern parts of the city. But large
forested areas also hamper the exchange of air masses since they exhibit a high friction which decelerates air stream on windy days.
Overall, forested areas exhibit a balancing effect with low mean temperatures and low temperature variability. In contrast, low
developed areas with a high fraction of agricultural areas with low plants exhibit a high temperature variability since they can heat up
fast on warm and calm days and cool down fast on cooler and windy days. When two rivers cross these areas which have their
headwater in the alpine region, an additional cooling effect is available. Thus, the coldest regions with respect to TMAX are located in
the north of Augsburg in the confluence of Lech and Wertach and surrounding areas.

The projected climate change leads not only to an increase in number and duration of events but also to more areas within the city
which have to deal with extreme events. While some districts get off relatively lightly with respect to heat events or anomaly events
under consideration of RCP4.5, the differences between hot and cool areas within the city slowly disappear under consideration of
RCP8.5. For RCP4.5, the difference between hot and cool areas with respect to the length of the heat day period is more than a month,
whereas the difference for RCP8.5 only amounts to 16 days. This is particularly noticeable for the number of days and events since,
under consideration of RCP4.5, the cool areas within the city of Augsburg are only half as often affected by heat days or events than the
hot regions. In contrast, the difference in number of heat days and events for RCP8.5 is only 25%. This is due to the fact that the missing
green space, a high fraction of sealed areas and the heat storage capacity of the buildings within the city center favor the urban heat
island effect during night-time. Thus, especially TMIN exceeds regularly the absolute temperature threshold within the city center
leading to a significant higher number of heat days.

6. Conclusion

The present study provides assessments of high-resolution temperature and heat extremes within the city of Augsburg for two
different RCPs (until 2100). The applied downscaling approach obtains similar skills in comparison to an established analog approach
but with less computational costs. Results have shown that it does matter if we achieve the 2 °C target (similar to RCP4.5) since urban
greening or other adaption policies can only mitigate and not counteract the impacts of climate change within urban areas. This is
shown by the fact that, with the exception of TMIN, the temperature difference between both scenarios is far greater than between cool
and hot regions within the city of Augsburg. Overall, the temperature difference between hot and cool regions of Augsburg is similar
between both scenarios for all periods. Thus, no region within the city of Augsburg faces a significantly stronger or weaker temperature
increase due to the underlying scenario. In contrast, with respect to heat waves, days and heat day period, differences between hot and
cool regions as well as the underlying scenarios are significant. All indices increase more sharply under RCP8.5 and, with the exception
of the heat day period, within the warmer regions of the city.

But nevertheless, due to the assumption that the number of people which live in cities will increase and an ageing population is
expected for Germany, it is of utmost importance to identify the climate hot spot regions within urban areas. On that basis and under
consideration of socio-economic factors, urban planners obtain indications about the priority of structural modifications within the
urban area. Furthermore, where intra-urban climate hotspots meet an inconvenient combination of socio-economic factors (e.g.,
elderly + living alone + socially deprived), public health services should provide special offers like warning systems or a dense medical
care. Thus, the number of death and the number of people who suffer from heat can be reduced to a reasonable level.
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