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Abstract: This study investigates the spatio-temporal distribution of potential temperature (theta) hot- and coldspots in an 
urban environment for one day during a summerly heat wave, as reflected by a large eddy simulation (LES) model as well 
as reproduced by a multiple linear regression (MLR) model based on an observation network. The spatial variation of static 
surface characteristics only partly explains the observed patterns for both approaches. The question of which additional 
factors, mainly those related to atmospheric circulation, are essential for the development of theta hot- and coldspots is 
addressed. For this purpose, real case simulations with the LES model PALM-4U were conducted for the city of Augsburg, 
Southern Germany. Hot- and coldspots were detected in the modelled theta fields with the Gi* statistic. The theta and Gi* 
patterns were compared to the results of the MLR model, using only static surface characteristics for the referring daytime, 
season and weather type as predictors. For some times of the day, the patterns from the two approaches show good agree-
ment, but there are considerable differences for other situations, although the weather type does not change over the studied 
period. In a next step, the detected hotspots are classified into expected and unexpected hotspots according to their surface 
characteristics, and differences in the meteorological variables for both groups are investigated. A similar procedure is 
applied to areas apart from hotspots, which could be expected to be hotspots, and those which are not expected to be one. 
The results indicate that even in summerly anticyclonic conditions with low wind speeds, horizontal circulation and vertical 
mixing play a significant role in manifesting urban theta patterns. It is concluded that more than a single simulation may be 
required to represent typical urban temperature patterns during heat waves since they cannot reflect the critical influence of 
varying circulation dynamics at different synoptic conditions. This should be considered in urban planning.
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1	 Introduction

The fact that the climatic conditions in urban areas are 
altered compared to their rural surroundings (e.g., Oke 
1982) is well documented. The influence on temperature, 
especially the formation of an urban heat island (UHI), has 
been investigated profoundly (e.g., Arnfield 2003; Kuttler & 
Weber 2023). For large cities the formation of urban heat 
island or urban dome circulations with larger vertical extent 
has been proposed (i.e., Fan et  al. 2017). However, there 
are also pronounced differences in the thermal conditions 
within cities, which are attributed to spatial heterogeneity of 

land use and land cover. Factors such as building density, 
building geometry, degree of sealing, or vegetation density 
were reported to affect this variance within urban boundaries 
(e.g., Fenner et al. 2017; Kim & Brown 2021). The result-
ing complex spatial pattern of warmer and cooler areas can 
be appropriately termed an “urban heat archipelago” rather 
than an even heat island (e.g., Kuttler & Weber 2023). In 
addition to the variables characterizing the surface type, UHI 
conditions vary depending on weather type (e.g., Morris 
et al. 2001; Zak et al. 2020). The resulting atmospheric cir-
culation and three-dimensional structure of the atmospheric 
boundary layer play an important role in the development of 

© 2025 E. Schweizerbart’sche Verlagsbuchhandlung, 70176 Stuttgart, Germany	 www.schweizerbart.de
DOI: 10.1127/entomologia/2025/1252	 0171-8177/2025/1252    $ 0.00

Meteorol. Z. (Contrib. Atm. Sci.), Vol. 34 (2025), 125–148� Open Access
Published online June 12, 2025﻿﻿ Urban Meteorology

	 © 2025 The authors
DOI: 10.1127/metz/1252	 Gebrüder Borntraeger Science Publishers, Stuttgart, www.borntraeger-cramer.com

mailto:annette.straub@geo.uni-augsburg.de
https://www.schweizerbart.de
http://www.borntraeger-cramer.com


intra-urban temperature differences (e.g., Scherer et al. 2019; 
Masson et  al. 2020). For several cities, measurements and 
statistical approaches have shown that pronounced UHI con-
ditions occur especially under synoptic situations with low 
wind speeds and low cloud cover in summer, e.g. for the city 
of Augsburg, Southern Germany (Beck et al. 2018; Straub 
et al. 2019; Wild et al. 2022). However, even under such con-
ditions, land surface characteristics cannot fully explain the 
spatial temperature distribution in an urban area. This can be 
concluded from the results of statistical models for Augsburg 
with explained variances of up to 80 % (Straub et al. 2019) 
and is confirmed by other statistical studies relating land 
surface variables to temperature, which reach maximum 
explained variances of up to, e.g., 80 % (Burger et al. 2021), 
87 % (Hsu et  al. 2020), or 92 % (Alcoforado & Andrade 
2006) in the best cases. In order to address the remaining 
unexplained variance, this study investigates additional, 
especially circulation-induced variables that might contrib-
ute to the development of urban temperature patterns on the 
micro- to local scale.

Although under future climate change conditions, UHI 
intensities are not expected to necessarily rise (Hamdi et al. 
2020; Masson et al. 2020), more frequent heat waves as well 
as higher maximum temperatures are projected in cities in 
Central Europe (Masson et al. 2020) and, thus, health bur-
den by high temperatures is expected to increase (Wouters 
et al. 2017). For the city of Augsburg, Merkenschlager et al. 
(2023) found an increase in the number, duration, and spatial 
extent of summerly heat events under RCP4.5 conditions. 
As such events pose a serious threat to human health (e.g., 
Kovats & Hajat 2008; Gasparrini & Armstrong 2011), heat 
mitigation by e.g. greening, shading, additional water bodies 
or use of reflective materials (e.g., Lai et al. 2019; Kuttler 
& Weber 2023) is essential in cities. For urban planners, 
detailed information on spatio-temporal patterns of temper-
atures and overheating in individual urban areas is neces-
sary to efficiently implement such heat mitigation measures 
(Vieira Zezzo et al. 2023).

If spatial temperature data is available, hotspot analysis 
is a suitable method for detecting the warmest and coolest 
areas within a study region, and it has been applied in several 
urban climate studies. Such hotspots and coldspots can be 
defined in different ways, e.g., by thresholds based on the 
standard deviation (e.g., Steigerwald et al. 2022; García & 
Díaz 2023) or by applying the Getis-Ord Gi* statistic after 
Ord & Getis (1995) and Getis & Ord (1996). The latter has 
been successfully applied to land surface temperatures from 
satellite data and, in some cases, on air temperature data 
from dense urban measurement networks, e.g., for Florence 
metropolitan area (Guerri et al. 2021), Karaj (Mokhtari et al. 
2022) or Shenzhen (Cao et al. 2021) or in a modified version 
for the city of Karlsruhe (Bruns & Simko 2017). Spatially 
continuous data are also available from statistical and 
numerical models.

This study applies the microscale model PALM-4U 
(Parallelized Large-Eddy Simulation Model for Atmospheric 
and Oceanic Flows – for Urban Application) in the urban 
area of Augsburg for a summerly heat episode with anti-
cyclonic conditions. PALM-4U is an LES model that can 
be applied to large domains in urban areas (Maronga et al. 
2020). It has been utilized and evaluated successfully for 
simulations of the urban boundary layer in various stud-
ies, focusing on meteorological variables and air chemis-
try (Resler et al. 2021), heat exposure (Geletič et al. 2021; 
Anders et al. 2023), or aerosols (e.g., Karttunen et al. 2020). 
Additionally, a multiple linear regression (MLR) model for 
air temperature is applied. An evaluation of PALM-4U and 
the MLR model against observations, including an investi-
gation of the influence of the mesoscale input data on the 
results of PALM-4U, is carried out first. Based on validated 
model simulations, the locations of potential temperature 
(theta) hot- and coldspots during the selected period are ana-
lysed based on the Gi* statistic in a second step. Theta fields 
and the distribution of hot- and coldspots in both model 
approaches are compared. Finally, the factors leading to the 
development of hotspots in unexpected locations, as well 
as the absence of hotspots in places where a hotspot would 
be expected due to the surface characteristics, are exam-
ined based on the PALM-4U simulation applying statistical 
methods. It is important to note that these analyses do not 
investigate any human-biometeorological indices and do not 
aim at assessing heat stress. Instead, the analysis is applied 
to potential temperature (theta), i.e. air temperature that 
would be measured, if all observation points would show 
the same air pressure, because this is the direct output of 
the PALM-4U model and can be interpreted without making 
further assumptions. Therefore, the study does not reflect all 
factors for thermal health burden but examines one major 
aspect of it. The term “hotspot” as used in this study there-
fore refers to a peak in the spatial theta field, rather than a 
place with thermal heat stress for humans.

2	 Material and methods

2.1	 Study area
The study area (Fig.  1) comprises a part of the medium-
sized city of Augsburg (48.37 °N; 10.90 °E) in the south-
western part of Bavaria, Southern Germany. In December 
2019 the city had 296,582 inhabitants and covered an area 
of 146.87 km2 (Stadt Augsburg 2021). Augsburg belongs 
to the type Cfb of the Köppen-Geiger climate classification 
(warm temperate climate) as shown by Kottek et al. (2006). 
It has an annual mean air temperature (Tair) of 8.5 °C and 
humid conditions throughout the year with a mean annual 
precipitation sum of 768 mm (Beck et al. 2018). Climatic 
influence on the meso- and local scale can be expected from 
a chain of forested hills to the west of the city (maximum 
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elevation approximately 60 m above the lowest level of the 
city area), which is however not part of the study area. The 
two rivers Wertach and Lech and their valleys traverse the 
area from the south and confluence in the north of the city. 
Between the rivers quarternary terraces elevate approxi-
mately 15 m above the valleys. A large, forested area in 
the southeast of the city along the Lech river is located in 
the direct neighbourhood of the built-up area (Fig. 1). The 
highest building densities belonging to the local climate 
zone (LCZ, after Stewart & Oke 2012) “compact mid-rise” 
can be found in the centre, but most of the area of Augsburg 
is covered by the LCZ “open mid-rise”. In the surroundings 
of the city, the LCZ “low plants” can be found frequently, 
and the large, forested area in the southeast of the city is 
covered by the LCZs “dense trees” and “scattered trees” 
(Beck et al. 2018).

2.2	 Meteorological observation data
Different meteorological measurements are available for 
the model evaluation. Four automatic weather stations (type 
MWS9/10, manufacturer: Reinhardt, hereafter referred to as 
AWS) are deployed in the study area (Fig. 1, yellow rhombs). 
They record air temperature, relative humidity, horizontal 
wind speed, wind direction, and various other variables at 
heights between 4.3 m and 20 m above ground as five-minute 
mean values. A measurement network of 83 HOBO pro v2 
loggers (manufacturer: Onset, hereafter referred to as tem-
perature and humidity logger, THL) for air temperature and 
relative humidity is installed in Augsburg, 32 of which are 
distributed over the PALM-4U domain (Fig. 1, blue rhombs). 
The network is operated jointly by German Research Center 
for Environmental Health in Munich (Helmholtz Zentrum 
München) and the University of Augsburg. The first sites 

Fig. 1.  Location, extent (black numbers at the domain boarders given in meter) and land-use information for the model domain for 
the PALM-4U simulations (red rectangle) in Augsburg as well as the domain for the MLR model (orange rectangle). Locations of the 
measurement sites of a stationary network, the flights with unmanned aerial systems (UAS) as well as the official DWD measurement 
site are included, too. Reinhardt automatic weather stations (AWS) from north to south with height above ground given in brackets: 
St. Stephan (4.3 m), Königsplatz (8 m), Rotes Tor (9.6 m), University roof (20 m). Height above ground of the HOBO loggers (THL): 
1.5 m–2.3 m.
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were established in December 2012 (Beck et al. 2018). Their 
locations represent various microclimatic environments and 
different local climate zones (LCZ) according to the con-
cept by Stewart & Oke (2012). The data are recorded at 
heights between 1.5 m and 2.3 m with a temporal resolution 
of four minutes (instant values) and various quality checks 
are conducted (Beck et al. 2018). They were utilized for the 
PALM-4U evaluation and for fitting the MLR models. For 
the PALM-4U evaluation, they were aggregated to 20 min-
utes mean values and the mean value was attributed to the 
last time step in the interval.

Besides, vertical profiles of air temperature and relative 
humidity were recorded by measurement flights with fixed-
wing UAS (unmanned aerial systems) and a hexacopter 
(M600 from DJI) equipped with SHT75 and SHT85 sen-
sors (manufacturer: Sensirion). For the heat wave episode 
(25.06.2019 12:00 UTC to 27.06.2019 09:00 UTC, cf. sec-
tion 2.3), one flight at 7:00 CEST is available in the south-
ern part of the PALM-4U domain. For the reference period 
(04.06.2019 12:00 UTC to 06.06.2019 06:00 UTC, cf. sec-
tion 2.3), hourly flights at three different sites in the city were 
performed between 05.06.2019 05:00 UTC and 06.06.2019 
05:00 UTC. These include two inner-city sites and one out-
side the city centre (Fig. 1). Vertical profiles of wind speed 
were calculated based on the flight parameters, following 
Mayer et al. (2012). These measured profiles were compared 
with the corresponding PALM-4U output to evaluate the 
model.

Furthermore, hourly measurements from the official 
station of the German Meteorological Service (DWD, 
Deutscher Wetterdienst) (DWD Climate Data Center 2024a) 
were utilized to select the periods modelled with PALM-4U. 
They also served as a rural temperature reference in the MLR 
models (see section 2.4). For the evaluation of PALM-4U, 
all measured Tair values were converted into theta, and rela-
tive humidity was converted into mixing ratio to match the 
prognostic variables in PALM-4U. This conversion utilized 
air pressure measurements from the DWD station (DWD 
Climate Data Center 2024b). The maximum uncertainty in 
the theta field resulting from the use of this pressure for the 
whole study domain despite small elevation differences has 
been determined not to exceed 0.37 K.

2.3	 PALM-4U simulations
Two different periods were selected for the PALM-4U model 
runs: i) a heat wave episode, which was simulated twice with 
different synoptic forcings, and ii) a period with average 
temperature conditions.

The first period from 25.06.2019 12:00 UTC to 
27.06.2019 09:00 UTC is part of a heat wave with maxi-
mum Tair of 34.3 °C in the afternoon at the station Augsburg 
Mühlhausen from DWD in the rural surroundings of the city. 
Because of these high Tair and the two preceding days also 
reaching Tair above 30 °C, this period can be considered a 
heat wave situation. The DWD defines a hot day as a day 

with maximum temperatures of at least 30 °C, a definition 
also applied by e.g. Tomczyk (2018). Heat wave definitions 
are not uniform but usually include a minimum duration of 
e.g. three days exceeding a temperature threshold (as e.g. in 
Mücke & Litvinovitch 2020). In addition, the atmospheric 
circulation on that day is characterized by anticyclonic con-
ditions and weak synoptic forcing with maximum wind 
speeds of 2.9 m/s and an average wind speed of 1.3 m/s at 
9 m above the ground (which is the height of the wind sensor 
at the DWD station). The mesoscale dynamic forcing for this 
run came from the COSMO-D2 model from DWD and was 
generated with the INIFOR tool (Kadasch et al. 2021). The 
mesoscale input provides PALM-4U with initial atmospheric 
and soil conditions. It also provides time-variant hourly 
input of atmospheric variables as cross sections along the 
PALM-4U lateral boundaries and top (Kadasch et al. 2021). 
As the modelled episodes are not entirely free of clouds, the 
effect of clouds on incoming shortwave radiation was taken 
into account utilizing measurements of global radiation from 
the AWS at the University roof. Cloud cover measurements 
from a ceilometer at the University roof were used to esti-
mate the incoming longwave radiation after Unsworth & 
Monteith (1975) and Dilley & O’Brien (1998). This simula-
tion was utilized to find and analyse theta hot- and coldspots 
in Augsburg. Another run was conducted for this heat wave 
episode (25.06.2019 12:00 UTC to 27.06.2019 00:00 UTC) 
with mesoscale forcing from a WRF-Chem run instead of 
the COSMO-D2 run (for the WRF-Chem setup see Knote 
et al. 2015). The latter dynamic driver was created using a 
tool developed at the Chair for Model-based Environmental 
Exposure Science, University of Augsburg, based on the 
WRF4PALM tool after Lin et al. (2021). This run was uti-
lized to estimate the influence of the dynamic input on the 
PALM-4U results.

The second period, 04.06.2019 12:00 UTC to 06.06.2019 
06:00 UTC, is used as a reference situation and is utilized in 
this study for the model evaluation only. This summer day 
is characterized by more moderate Tair of up to 27.9 °C and 
higher wind speeds of up to 5.3 m/s, with 2.7 m/s on aver-
age at 9 m above the ground and consequently more vertical 
mixing. On that day, a measurement campaign took place in 
Augsburg. Vertical Tair and relative humidity profiles were 
measured with unmanned aerial vehicles at three different 
sites in the city. The flights were carried out hourly and cov-
ered the lower part of the urban boundary layer up to 500 m 
above the ground. This makes the day particularly suitable 
for model evaluation as it allows us to evaluate the three-
dimensional structure of the boundary layer. This run was 
forced using a dynamic driver generated from the output of 
the COSMO-D2 model.

All simulations were carried out with the PALM-4U 
model system, version 21.10-rc1. The model setup com-
prises a model domain (Fig. 1) with 880 × 640 × 256 grid 
points and a grid spacing of 10 m. In order to save compu-
tational time, the grid is stretched vertically above 2000 m 
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with a factor of 1.08. The resulting domain height amounts to 
approximately 4000 m and, thus, covers the boundary layer 
completely. The model domain covers a large part of the 
city of Augsburg, with dense buildings, a high proportion of 
sealed surfaces in the inner-city, and various smaller parks. 
The domain also covers the two rivers and the large, for-
ested area in the southeast (Fig. 1). The altitude differences 
in the PALM-4U domain amount to approximately 35 m. 
The static driver (time-invariable surface and land cover 
characteristics) includes the elevation from a digital terrain 
model provided by the Bavarian Agency for Digitisation, 
High-Speed Internet and Surveying (LDBV). Building loca-
tions, height, and type come from a LoD2 building model 
from LDBV. Open Street Map was used to derive vegetation 
type, pavement type, water type, and street type, according 
to Heldens et  al. (2020). Vegetation heights of large, con-
tiguous tree populations were derived from lidar data from 
LDBV to create three-dimensional tree information for the 
model domain. Due to a lack of data, the soil type was set to 
a uniform value of “medium-fine” for the whole domain. The 
temporal resolution of the PALM-4U output was set to five 
minutes and aggregated to 20 minutes mean values analo-
gous to the THL data for the comparison with the measure-
ments from this network. PALM-4U’s wall and soil surface 
spin-up mechanism (Maronga et  al. 2020) was applied for 
the 30 hours advancing the actual beginning of the simula-
tion period in both runs. All simulations were carried out on 
three compute nodes with AMD EPYC processors, each with 
128 CPUs.

2.4	� MLR models for the spatial distribution of 
potential temperature

Continuous spatial fields of urban heat island intensity were 
modelled with multiple linear regression (MLR) for different 
times of day, seasons, and weather situations (Table 1) based 
on the observation network data (THL). The MLR models 
are based on previous work by Straub et al. (2019), but some 
adaptations were made. Predictors include the elevation, the 

percentage of coverage of different land cover characteris-
tics (forest, buildings, water, park, roads, railway, meadow, 
farmland, built-up, low vegetation) in different radii (500 m, 
250 m, 100 m, 50 m, 25 m) as well as the sky view factor, the 
distance to the city centre and the distance to natural surfaces 
with potential cooling effect. The sky view factor (SVF) was 
found to be an essential predictor for Tair in Augsburg but 
could not be included in the former version of the MLR mod-
els because of missing data. In order to improve the results, 
the SVF was estimated for the whole study area by applying 
the geographic information system GRASS Gis (Geographic 
Resources Analysis Support System) plugin r.skyview on a 
digital surface model with a horizontal resolution of 1  m. 
Thus, buildings and trees are included in the area-wide, 
high-resolution calculation of the SVF. A stepwise approach 
was used for the final predictor selection (cf. Table 4). The 
domain was extended to cover an area of 12 km × 10 km and 
includes the built-up area of Augsburg, some of its surround-
ings, and the whole PALM-4U domain (Fig. 1). Besides, a 
distinction of five instead of three times of day was imple-
mented. This allows for a more subtle differentiation and 
helps to cover the characteristic processes in the daily cycle 
of the boundary layer evolution. The time intervals were 
selected based on the daily cycle of the height of the plan-
etary boundary layer observed with a ceilometer at the roof 
station at the University of Augsburg for the simulated day, 
the evolution of turbulence intensity in the PALM-4U simu-
lation, and theoretical considerations about the daily cycle 
of the planetary boundary layer from Stull (1988). The five 
different time intervals are given in UTC and comprise 
morning, noon, evening, and night, where night is divided 
into first and second half. Morning is defined as the time 
from 8:00 to 10:00 when turbulence intensity increases, the 
boundary layer grows, and a mixed layer develops. The time 
directly after sunrise was excluded from the interval because 
PALM-4U’s exact times of the onset of turbulence devel-
opment can differ from reality because PALM-4U cannot 
resolve initial sub grid scale turbulence. Noon covers the 

Table 1.  Overview of situations differentiated by season, time of day and weather situation based on cloud cover (“cc”) [octas] and 
wind speed (“ws”) [m/s], which are covered by the MLR models.

Seasons: MAM JJA SON DJF
March–May June–August September–

November
December–
February

times of day: morning noon evening 1st half of the 
night

2nd half of the 
night

8 a.m.–10 a.m. 12 a.m.–2 p.m. 5 p.m.–7 p.m. 10 p.m.–11 p.m. 2 a.m.–4 a.m.
weather 
situations:

clear & calm clear & 
intermediate 
wind speed

clear & windy cloudy & calm cloudy & 
intermediate 
wind speed

cloudy & calm

cc: 0–3 cc: 0–3 cc: 0–3 cc: 4–8 cc: 4–8 cc: 4–8
ws: 0–2 ws: 2–7 ws: >7 ws: 0–2 ws: 2–7 ws: >7
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time from 12:00 to 14:00 when the boundary layer is well 
mixed and reaches its maximum depth. The interval from 
17:00 to 19:00 is included for the evening, which is the time 
before sunset. Turbulence is already decreasing, and the 
height of the boundary layer is shrinking. The first half of the 
night covers 22:00 and 23:00, which represents the time after 
sunset when maximum values of the urban heat island inten-
sity can be expected (Oke 1982); some turbulence remains, 
but a stable boundary layer is beginning to develop. The sec-
ond half of the night includes the time from 2:00 to 4:00, the 
time before sunrise with the general daily minimum of Tair. 
Turbulence intensity and the boundary layer height reach 
their minimum, and a stable stratification is established. The 
resulting time intervals, thus, are distinctly different from one 
another, relatively homogenous in themselves and represent 
characteristic conditions in the daily evolution of the bound-
ary layer. Besides considering SVF and the different daytime 
intervals outlined above, another improvement of the MLR 
models is the utilization of a more extended time series at all 
measurement stations (six years of additional data, resulting 
in ten years) and the inclusion of newly established stations 
of the THL network. Three new forest sites should especially 
be highlighted because forested areas were underrepresented 
in the former version of the MLR model.

Finally, the MLR models for summer and calm and clear 
conditions and the hourly Tair measurements from the DWD 
station were applied to estimate the Tair fields for the heat 
wave situation. In order to compare these MLR model results 
with the PALM-4U results, the Tair fields were converted to 
theta using the same methodology as for the conversion of 
the measured data (see section 2.2). This was done for all 
time intervals: the second half of the night before the heat 
day (26.6.), morning, noon, evening, the first half of the night 
on the heat day (26.6.), and the second half of the night after 
the heat day (27.6.). As the whole period belongs to the same 
weather category (calm and clear), the MLR models for the 
second half of the night on 26.6. and 27.6. are identical.

The resulting theta fields were compared with theta fields 
from PALM-4U averaged in each time interval modelled 
with the MLR. For the comparison the fields from both mod-
els were z-standardised by subtracting the mean value and 
dividing by the standard deviation to take the bias of theta 
in PALM-4U into account (cf. section 3.1.1). The maps of 
z-standardized theta values were compared (cf. Fig. 5), and 
the correlation between the theta maps of the MLR model 
and the PALM-4U model was examined by applying the 
modified t-test after Dutilleul et  al. (1993), which uses a 
reduced number of degrees of freedom to account for the 
spatial autocorrelation of the fields, respectively.

2.5	 Detection and analysis of hot- and coldspots
The R package “spdep” was applied to calculate the Getis-
Ord Gi* statistic (e.g., Ord & Getis 1995) for the detection 
of hot- and coldspots in the theta fields at 2 m above the 
ground from PALM-4U and the MLR models. This statistic 

takes a region (in this case a grid point) and the neighbour-
ing areas (i.e., surrounding grid points within relatively large 
radii) around the central grid point into account to look for 
significantly hot and cool areas compared to the mean value 
of the field (Getis & Ord 1996). So, in this study, hotspots 
and coldspots are defined as clusters of grid points with high 
or low theta, respectively, and will be referred to as hot- and 
coldspots hereafter. The resulting values of Gi* are z-scores, 
which can be assumed to follow a standard normal distribu-
tion even if the distribution of the original data is skewed 
assuming the number of included neighbours is sufficiently 
large (Getis & Ord 1996). In this case, the directly neigh-
bouring grid points were included. The z-scores show if a 
grid point belongs to a hot- or coldspot and also contain 
information on the significance of the detected hot- and cold-
spots (Ord & Getis 1995; Getis & Ord 1996; Bivand & Wong 
2018).

For the five daytime intervals defined in section 2.4, 
values of Gi* were evaluated for the time-averaged theta 
fields from the PALM-4U heat wave simulation results. To 
reduce the influence of lateral boundary effects, an area of 
500 m at each model boundary of the PALM-4U domain 
was excluded from this analysis. Equivalently, Gi* was cal-
culated for the theta fields from the MLR for the five time 
intervals. The resulting Gi* maps from PALM-4U and MLR 
were compared.

In the next step, the significant hotspots (α < 0.05) 
detected in the PALM-4U theta field, as well as the areas 
apart from these hotspots (insignificant Gi* value or signifi-
cant coldspots, also from PALM-4U), were characterized by 
different land cover characteristics from the static PALM-4U 
input on the one hand and time dependent meteorological 
variables from the PALM-4U output on the other hand. The 
former include mean and maximum building height, building 
volume, percentage of sealed area, sky view factor, percent-
age of vegetated area, and albedo. The latter include horizon-
tal wind speed at the lowest grid point, in the canopy layer 
and above the canopy layer as well as the absolute vertical 
velocity, the turbulence intensity, theta, mixing ratio, short-
wave incoming radiation, and the various heat fluxes within 
the canopy layer. The vertical shear of horizontal wind speed 
and the lapse rate of theta, both within the boundary layer, 
were calculated from the PALM-4U output and used as 
additional measures for turbulence and atmospheric stabil-
ity, respectively. Here, the boundary layer height was esti-
mated by visual assessment of vertical profiles for each time 
interval as the height where turbulence intensity decreases 
rapidly.

Then, the hotspots detected in the PALM-4U output were 
categorized into expected and unexpected hotspots based 
on their respective land cover characteristics. Unexpected 
hotspots were defined as grid points that are outliers in at 
least one of the surface variables. Outliers were defined as 
values lower or higher than the 1.5-fold interquartile range 
from the first or third quartile, respectively, depending on 
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the variable. For example, an unexpected hotspot could be 
defined by unusually low building cover or unusually high 
vegetation cover. The insignificant areas and coldspots were 
categorized into those where a hotspot could be expected due 
to the surface cover and those where no hotspot is expected. 
This differentiation was based on values higher than the third 
quartile or lower than the first quartile, again depending on 
the variable. The results for the different variables were 
combined in the following way: An unexpectedly missing 
hotspot is defined as a spot with large building cover or vol-
ume and low vegetation cover, large percentage of sealed 
area and low vegetation cover or low albedo. For both the 
expected and unexpected hotspots on the one hand and the 
expectedly and unexpectedly missing hotspots on the other 
hand, a Mann-Whitney U-test was performed for the meteo-
rological variables to find significant differences (α < 0.05) 
between the respective samples.

Finally, backward trajectories for the expected, unex-
pected and unexpectedly missing hotspots were calculated 
using the averaged three-dimensional wind field for each 
of the five time intervals defined in section 2.4. Trajectories 
were calculated for five minutes, but trajectories reaching the 
domain boundary within five minutes travel duration were 
excluded in order to keep comparability and to avoid arte-
facts arising from discontinuities at the PALM-4U model 
domain boundary. The positions of the virtual parcels were 
calculated every three seconds. In some rare cases where 
the trajectories get stuck in building corners as a dead end, 
resulting from the averaging of the wind field, the particles 
were lifted above the building. For each time step along the 
trajectories the theta, turbulent kinetic energy, speed and 
height above ground level was determined and aggregated to 

average values for the whole trajectory over the five minutes 
travel time. This allows to estimate the impacts of circulation 
not only directly at the location of the hotspots but also by 
the history of the advected air masses along their path before 
reaching the hotspots. The trajectories were analysed using a 
Kruskal-Wallis test for the selected variables aggregated for 
the travel path to detect significant differences between the 
three groups.

3	 Results

3.1	 Model evaluation

3.1.1	 PALM-4U evaluation
For the PALM-4U evaluation, the first twelve hours of the 
simulations were omitted to exclude unphysical effects pos-
sibly remaining after the wall and soil surface spin-up, as it is 
done, e.g., by Vogel et al. (2022). Results for comparing time 
series of theta and mixing ratio values derived from THL and 
AWS measurements (section 2.2) with the PALM-4U out-
put generally show lower values of theta and mixing ratio in 
the model (Table 2). These deviations result primarily from 
the mesoscale forcing using COSMO-D2 output (cf. Fig. 4). 
Differences in the mean bias at THL stations compared to 
AWS could be due to the different temporal resolution of 
the time series (20 minutes vs. 5 minutes). Besides, more 
minor deviations can be observed in evaluating vertical pro-
files compared to those for ground-based stations. This could 
result from higher model uncertainties at near-surface grid 
points. The absolute values of the mean bias for theta and 
mixing ratio are smaller for the reference run compared to 

Table 2.  Mean values of bias and explained variance (R2) for potential temperature (theta, K), mixing ratio (q, g/kg) and wind speed 
(ws, m/s) in the model domain of two real case PALM-4U runs in Augsburg (run for the heat wave forced with COSMO-D2 “tb03”, run 
for the reference situation “tn01”), differentiated by measurement device/type of measurement. Numbers in square brackets in the first 
column give the number of available stations. The comparison for THL and AWS is based on time series of measurements and the 
corresponding time series of model grid points surrounding the measurement station (mean of 3 × 3 grid points around the coordinate 
of the station). The temporal resolution of the compared time series is 20 minutes for the THL and 5 minutes for the AWS. The com-
parison for UAS flights is based on vertical profiles, hourly or single ones depending on the measurement site, and the corresponding 
profile of model grid points. IGUA = site at the institute of geography, University of Augsburg.

theta (K) q (g/kg) ws (m/s)
tb03 tn01 tb03 tn01 tb03 tn01

Mean bias THL stations [tb03: 32; tn01: 29] −1.5 −2.2 −0.7 −0.3 – –
Mean bias AWS [4] −2.5 −2.2 −1.3 −0.6 −1.7 −1.5
Mean bias UAS flights inner-city [2], copter – −0.7 – 0.5 – 3.6
Mean bias UAS flights at site IGUA, copter – 1.2 – 0.5 – 1.2
bias UAS flight at university, 7:00 CEST [1 flight] −2.3 −3.1 1.0 −0.7 2.4 5.0
Mean R2 THL stations [tb03: 32; tn01: 29] 96.2 % 93.7 % 38.1 % 34.7 % – –
Mean R2 AWS [4] 88.5 % 89.5 % 25.2 % 27.3 % 10.2 % 13.4 %
Mean R2 UAS flights inner-city [2] – 57.8 % – 46.3 % – 60.8 %
Mean R2 UAS flights IGUA – 41.1 % – 53.1 % – 38.6 %
R2 UAS flight at university, 7:00 CEST 87.0 % 95.7 % 77.7 % 32.7 % 47.2 % 22.9 %
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Fig. 2.  Time series of vertical profiles of potential temperature for the time period from 05.06.2019 5:00 UTC until 06.06.2019 5:00 
UTC (reference run) at the inner-city measurement site “Prinzregentenplatz” in Augsburg. above: PALM-4U, below: measurements 
with a hexacopter.

the run for the heat day. The values of explained variance 
are similar for both runs for the comparison of near-surface 
time series as well as vertical profiles. However, there are 
differences of R2 between different meteorological variables 
and for each variable it varies between different measure-
ment devices. Especially for theta, R2 has high values for 
time series and some profiles. Thus, in some situations, the 
vertical structure of the boundary layer is described well in 
the model runs. The vertical profiles of the wind speeds show 
higher values in the PALM-4U runs compared to the mea-
surements, but in the model there is an underestimation of 
wind speeds near the ground (Table 2).

A time series of vertical profiles of theta for the thermal 
reference situation at an inner-city site shows an inversion 
between approximately 100 m and 340 m above ground 
and a residual layer above for the beginning of the period 
shown in Fig. 2. This is present in both the measurements 
and weaker in PALM-4U. In the morning, the heating of the 

atmosphere from the ground happens parallel in the model 
and the observations. Temporal deviations may result from 
the inability of PALM-4U to resolve initial sub grid scale 
turbulence and, consequently, a slightly delayed develop-
ment of the planetary boundary layer. The warming results 
in a neutrally stratified mixed layer at noon and the afternoon 
with slightly higher theta in the lower 50 m of the boundary 
layer in the model and the measurements. In the evening, the 
model starts to cool down earlier and faster than the observa-
tions, but from 19:00 UTC, this cooling proceeds synchro-
nously. An exception is a warming in the upper part of the 
model’s profiles around midnight, which is not observed in 
the measurements. This comes with a distinctly lower inver-
sion height compared to the measurements. Overall, the 
plots show a good agreement of the temporal evolution of 
the lower 500 m of the urban boundary layer for the refer-
ence run (Fig. 2).
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Fig. 3 shows boxplots and mean values of theta from the 
PALM-4U domain and the measurement network in different 
LCZ for the modelled heat day. Inner-city theta variance is 
represented well by the model. In both cases, all the built-
up LCZs are warmer than the vegetated ones. The “compact 
mid-rise” zone shows the highest theta in the model and the 
measurements. Regarding the vegetated zones, “dense trees” 
is colder than “scattered trees” in both cases.

Consequently, despite the lower theta level in the 
PALM-4U simulations compared with observations, which 
result mainly from the mesoscale input (see section 3.1.2), 
the theta variances within the city seem to form a reliable 
basis for further analyses. No observations are available for 
the classes “low-plants” and “bare soil or sand,” but their 
modelled theta levels are as expected compared to the other 
LCZs. As water surface temperatures in PALM-4U are kept 
at a constant value throughout the simulation, the air and 
potential temperature at these grid points must be interpreted 
carefully.

3.1.2	 Influence of the mesoscale forcing on PALM-4U 
results

The PALM-4U theta input for the two simulations of the heat 
day with different mesoscale forcing is compared in Fig. 4. 
The differences in the dynamic drivers generated from WRF 
and COSMO-D2 output, respectively, are visible along with 
the theta calculated from measurements from the official 
DWD station. For the first afternoon in the run, WRF gen-
erates higher theta than COSMO-D2 and corresponds well 
with the observations at the DWD station. However, the two 

mesoscale models show only minor differences for the night 
and especially for the second day. Both overestimate the noc-
turnal theta values and underestimate the theta around noon.

The mean theta bias was calculated separately for both 
days of the runs and the two measurement device types. For 
this comparison, the simulations’ first hour was omitted to 
exclude spin-up effects remaining after the wall and soil sur-
face spin-up (cf. section 2.3), but include the first afternoon 
of the simulations, because the largest differences between 
the two dynamic drivers occur then. Table 3 shows that for 
the simulation with mesoscale forcing from WRF, the mean 
theta bias of all measurement stations in the PALM-4U 
model domain is distinctly smaller on the first day of the run. 
This is true for the THL and the AWS. The cold bias results 
mainly from the differences by day and is distinctly smaller 
during the period without incoming shortwave radiation. On 
the second day, however, the mean bias of the two runs is 
very similar. Here, the deviations by day are also larger than 
at night.

3.1.3	 Evaluation of the MLR models
The MLR models show good agreement with the observa-
tions from the THL network, especially in the evening and 
night. The explained variances reach values from 38 % up to 
72 % in the fitting procedure and still have values between 
16 % and 68 % in the leave-one-out cross-validation. The 
MSE is small, with some values around or below 0.5 K and 
up to approximately 1 K. The explained variances are dis-
tinctly lower in the morning and noon compared to other 
times of the day, but the MSE is still relatively low, with 

Fig. 3.  Boxplots of potential temperature in Augsburg differentiated by LCZ for 26.06.2019. The x indicates the respective mean value. 
Left: values from PALM-4U at 2 m above ground for the model run for the heat wave episode. Right: values from the measurement 
network for the same day, numbers on the x-axis give the number of measurement sites per LCZ. Boxplots are defined as follows: 
the bold line in the boxes indicates the medians of the respective boxes, the lower and upper boundary of the box indicate the 1st and 
3rd quartile, respectively, the whiskers indicate the 1.5-fold interquartile range from the boundary of the box, and the dots are outliers.
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maximum values of 1 K in the leave-one-out cross-valida-
tion (Table 4).

3.2	 Comparison of PALM-4U and MLR
The comparison of spatial theta fields from MLR and 
PALM-4U (sample size: 22528 grid points, degrees of free-
dom between 12 and 19 depending on time of day) shows 
good agreement and the correlations between the fields 
are highly significant (α = 0.01) for most time intervals. 
Correlation coefficients reach up to 0.92 at noon and are also 
high in the other situations for the run with mesoscale forcing 
from COSMO-D2. Only in the second half of the first night 
did the correlation between the models reach intermediate 

values (Table 5). For the run with mesoscale forcing from 
WRF, the theta field correlations show comparable values.

Fig. 5 shows z-standardized theta maps from the PALM-4U 
simulation with dynamic forcing from COSMO-D2 on the 
right and MLR on the left, including measurements from the 
THL network for noon (Fig. 5 above) and the first half of the 
night after the heat day (Fig. 5 below). Although the absolute 
near-surface theta values from PALM-4U are lower than the 
measurements (see section 3.1) and aside from showing dif-
ferent levels of detail due to different horizontal resolutions, 
the maps show similar spatial theta patterns from PALM-4U 
and MLR for both selected times of the day. At noon, dis-
tinctly cool areas are in the forest and along the rivers in both 

Fig. 4.  Time series of near ground values of the potential temperature from the two dynamic drivers (each of the four red and brown 
lines, respectively, representing the theta value given as mesoscale input from COSMO-D2 and WRF, respectively, along one lat-
eral boundary of the PALM-4U domain) as well as observations from the official DWD station and four inner-city automatic weather 
stations.

Table 3.  Mean bias of the potential temperature in PALM-4U for the two runs with different mesoscale forcing, differentiated by station 
type, simulated day and time of day.

forcing with COSMO-D2 forcing with WRF
all day period with 

incoming 
shortwave 
radiation

period without 
incoming 
shortwave 
radiation

all day period with 
incoming 
shortwave 
radiation

period without 
incoming 
shortwave 
radiation

25.06.2019
THL −1.7 K −2.1 K −1.1 K −0.8 K −0.8 K −0.8 K
AWS −2.1 K −2.6 K −0.4 K −1.4 K −1.3 K −0.3 K

26.06.2019
THL −1.5 K −1.6 K −1.3 K −1.4 K −1.4 K −1.3 K
AWS −3.0 K −3.6 K −0.5 K −2.8 K −3.2 K −0.4 K
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Table 4.  Evaluation of the MLR for different times of day against the THL observations applying R2 and the mean square error (MSE) 
for the fitting and leave-one-out cross validation (LOOCV). The last column shows the predictors selected in the models by the step-
wise approach (numbers indicate the radius, dc=distance to city centre, svf=sky view factor).

time of day R2 (fit) MSE (fit) R2 (LOOCV) MSE (LOOCV) final predictors
morning 44 % 0.47 K 21 % 0.72 K buildings 500 + forest 50 + svf
noon 38 % 0.71 K 16 % 1 K forest 500 + roads 250 + svf
evening 72 % 0.28 K 68 % 0.31 K buildings 500 + forest 500 + dc
1st half of the night 65 % 0.85 K 60 % 0.97 K buildings 500 + roads 500
2nd half of the night 72 % 0.53 K 66 % 0.65 K buildings 500 + roads 500 + dc

Table 5.  Correlation coefficients (r) and p-values for the t-test between the potential temperature fields from MLR and PALM-4U for 
different time intervals for the simulated heat situation including the 2nd half of the night on 26.06.2019 (night before the actual heat 
day) until the 2nd half of the night on 27.06.2019 (night after the heat day).

2nd half of the night 
(before heat day)

morning noon evening 1st half of 
the night

2nd half of the night 
(after heat day)

run with COSMO-
D2 forcing

r 0.52 0.90 0.92 0.89 0.75 0.72
p-value 0.03 0 0 0 0 0.002

run with WRF
forcing

r 0.64 0.89 0.92 0.91 0.67 –
p-value 0.007 0 0 0 0.002 –

Fig. 5.  Exemplary comparison of the maps of z-standardized theta from PALM-4U (cf. section 2.4) and the MLR for selected times of 
day, including theta derived from the Tair measurements of the stationary network. Coordinates are given in km from the south-western 
corner of the PALM-4U domain. Left: MLR, right: PALM-4U, above: noon, below: first half of the night.
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maps, which is to be expected and is in line with many other 
studies (e.g., Balany et al. 2020; Jacobs et al. 2020). Theta is 
higher in the city centre, other built-up parts of the domain, 
and the open areas surrounding the city, but spatial differ-
ences are slight. The theta from the stationary measurement 
network also shows the lowest values in the forest and along 
the rivers. However, in the rest of the domain, they exhibit 
more considerable horizontal differences than the two model 
approaches. In the evening, the spatial variation in PALM-4U 
and the MLR increases, with a clear dependence on surface 
characteristics. Again, both model approaches show a good 
agreement. The measurements fit both maps better than at 
noon, with the highest theta in the inner-city, medium values 
towards the edges of built-up areas, and the lowest values in 
natural surroundings.

3.3	 Analysis of hot- and coldspots

3.3.1	 Location of hot- and coldspots
The results of the Gi* statistic for the PALM-4U simulation 
with dynamic forcing from COSMO-D2 of the heat day are 
presented in Fig. 6. Overall, the spatial distribution of hot- 
and coldspots follows surface characteristics. In the morning 
and noon, only a few street canyons are highly significant 
hotspots, but significant hotspots also occur in most of the 
built-up areas. Coldspots are restricted mainly to larger urban 
green spaces and forests but do not extend into the surround-
ings of these natural areas, which contradicts the studies by, 
e.g., Chang & Li (2014) and Li et al. (2021), where measure-
ments revealed cooling effects in the surroundings of urban 
green spaces also during daytime. Most of the open areas 
and several inner-city points have insignificant Gi* values 
(Fig. 6b and 6c). In the evening, the area with highly sig-
nificant hotspots increases distinctly and covers large parts 
of the built-up area of Augsburg. Besides, the area of some 
significant coldspots increases, too, e.g., around the forest 
(Fig. 6d). During the night, this distribution mostly stays the 
same. However, some hotspots become smaller, especially in 
the western part of the city. Besides, some inner-city green 
spaces, which are coldspots during the day, turn into hotspots 
at night (Fig. 6e and 6f) (see also section 4.2). Some con-
siderable differences occur between the Gi* patterns of the 
second half of the night before and after the heat day in the 
study area (Fig. 6a and 6f). On the night before the heat day, 
there are mainly insignificant values of Gi* in the built-up 
area of the northern and north-western part of the area, and 
the coldspots around the forest expand farther into the built-
up areas in its surroundings. On the other hand, after the heat 
day at night, there are several highly significant hotspots in 
the northern and north-western part of the domain, and the 
coldspot of the forest is smaller than during the night before 
the heat day. Differences also occur in the south-western part 
of the study area, with larger highly significant hotspots in 
the night before the heat day compared to the night after the 
heat day.

A comparison of the Gi* statistic from PALM-4U and 
MLR shows good agreement for some times of the day. At 
noon (Figs. 7a and 6c), both maps have only a few highly 
significant hotspots, which occur in the built-up part of the 
domain. Significant coldspots are mainly restricted to natural 
areas. In the evening (Figs. 7b and 6d), significant hotspots 
can be found in most of the built-up areas in both cases, 
and significant coldspots extend over the borders of natural 
areas. On the other hand, there are considerable differences 
in the Gi* maps from PALM-4U for the second half of the 
night before and after the heat day, as shown above (Figs. 6a 
and 6f). In the MLR, however, the relatively coarse classifi-
cation of weather categories leads to the attribution of both 
nights to the same weather type, namely “calm and clear”. 
Therefore, the MLR produces the same Gi* map for both 
situations, which fits better with the PALM-4U pattern for 
the night after the heat day (Figs. 7c and 6f). There are con-
siderable differences for the night before the heat day, thus at 
a time which can be expected to be clearly outside the spin-
up interval of PALM-4U, especially in the eastern half of 
the domain (Figs. 7c and 6a). This indicates that even under 
calm conditions, the circulation influences spatial theta pat-
terns in cities, which cannot be captured adequately by this 
MLR model.

3.3.2	 Statistical analysis of hotspots from PALM-4U
This section presents the statistical analysis of unexpected 
hotspots and unexpectedly missing hotspots defined based 
on PALM-4U results and static variables as described in sec-
tion 2.5 (Fig. 8), as well as their locations during the course 
of the day (Fig. 9).

The statistical analysis of meteorological variables for 
the expected and unexpected hotspots shows significant 
differences for several variables, as shown by the U-test 
(Fig. 8, red bars. For boxplots of the comparison the reader 
is referred to figures S1 and S2, red boxes). In general, unex-
pected hotspots are areas with reduced turbulence intensity, 
and lower vertical shear of horizontal wind speed compared 
to expected hotspots. Shear turbulence is, therefore, reduced. 
Higher horizontal wind speeds near the ground and within 
the canopy layer (which are very similar, see also figure S2, 
red boxes) but lower horizontal wind speeds above the can-
opy layer compared to expected hotspots for most times of 
day support the reduction of vertical shear of horizontal wind 
speed and, thus, the development of unexpected hotspots. 
Unexpected hotspots show higher absolute vertical wind 
speeds and higher lapse rate compared to expected hotspots 
and are characterized by increased incoming solar radia-
tion and, especially at night, soil moisture is slightly higher. 
The relationship of sensible to latent heat flux shows, that 
for expected hotspots, sensible heat predominates, while in 
unexpected hotspots, evaporation is higher (Fig. 8, red bars). 
For unexpected hotspots, the mixing ratio is smaller as at 
expected hotspots most of the day. The unexpected hotspots 
are among the warmest areas during the second half of the 
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Fig. 6.  Locations of hot- and coldspots from the PALM-4U simulation of the heat day given by the Gi* statistic, which detects local 
clusters of high or low values, respectively, by comparing regions and their surroundings to the mean value of the whole study area. 
Coordinates are given in km from the south-western corner of the PALM-4U domain. Symbols in the legend: ***=highly significant, 
**=very significant, *=significant, no symbol: insignificant.
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first night and in the morning but show slightly lower theta 
than expected hotspots in the noon and evening (figure S2, 
red boxes). The areas with unexpected hotspots comprise 
relatively open places throughout the day, including some-
times the edges of the built-up area. At night, they can also 
be found in some inner-city parks (Fig. 9).

Unexpectedly missing hotspots are characterized by 
higher horizontal wind speeds near the ground (figure S2, 
blue boxes) and in and above the canopy layer compared 
to other areas with insignificant Gi* or coldspots, i.e. other 
areas without hotspots (Fig. 8, blue bars. For boxplots of the 
comparison the reader is referred to figures S1 and S2, blue 
boxes). Besides, absolute vertical wind speeds and turbu-
lence intensity also show increased values for most times of 
the day and the lapse rate is reduced, indicating a less sta-
ble thermal stratification in unexpectedly missing hotspots 
compared to other areas without hotspot. These all facilitate 

vertical mixing and transport. The differences in the vertical 
shear of horizontal wind speed between these two types of 
areas without hotspot vary over the course of the day, with 
increased values at noon and in the first half of the night, 
indicating increased turbulence. On the other hand, short-
wave incoming radiation in unexpectedly missing hotspots 
is reduced and soil moisture is slightly lower compared to 
other areas without hotspot. In areas with unexpectedly 
missing hotspots, sensible heat flux is higher than in other 
areas without hotspot, where latent heat flux often exceeds 
(Fig.  8, blue bars). The areas with unexpectedly missing 
hotspots are mainly densely built-up areas. By day, many of 
them are located in the inner-city. They can mostly be found 
in the built-up areas near the forests, rivers, and green spaces 
in the evening and at night. On the night before the heat day, 
a noticeably large number of such areas is located in the east-
ern half of the built-up part of the study area (Fig. 9).

Fig. 7.  Comparison of the locations of hot- and coldspots (given by the Gi* statistic) from MLR for selected times of the day. Coordinates 
are given in km from the south-western corner of the PALM-4U domain. Symbols in the legend: ***=highly significant, **=very signifi-
cant, *=significant, no symbol: insignificant.
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Fig. 8.  Barplots comparing medians of different meteorological variables for expected and unexpected hotspots (dark and light red) 
as well as no hotspots and unexpectedly missing hotspots (dark and light blue) for different times of the day. Symbols above the plots 
show the level of significance of the U-test for the respective variable and time of day. **: α = 0.01, *: α = 0.05, ~: α = 0.1, no symbol: 
insignificant. Colours of the symbols indicate the types of hotspots which are compared: red symbol for the comparison of unexpected 
and expected hotspots, blue symbol for the comparison of no hotspots and unexpectedly missing hotspots. X-axis labels for the night: 
night1 = first half of the night, night2a = second half of the night before the heat day, night2b = second half of the night after the heat 
day. UCL = urban canopy layer, ws = wind speed, sw rad = shortwave radiation. Wind speeds are horizontal wind speeds if not indi-
cated differently. Figure S1 gives the medians presented here as numbers.
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Fig. 9.  Location of unexpected hotspots (yellow) and unexpectedly missing hotspots (green) for the different time intervals during the 
heat day. Coordinates are given in km from the south-western corner of the PALM-4U domain.
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The analysis of trajectories (Fig. 10) shows that air with 
higher mean theta is transported towards the unexpected 
hotspots compared to the expected hotspots. This is true for 
all times of day. At night the air reaching unexpected hotspots 
is even warmer than the hotspot itself in many cases. Besides, 
the turbulence values of the incoming air are lower for unex-
pected than for the expected hotspots. Unexpectedly miss-
ing hotspots receive cooler air and less turbulence for most 
times of day compared to hotspots. Horizontal wind speeds 
influence the length of the trajectories. They are higher for 
unexpected hotspots than for expected and missing hotspots, 
especially during the second half of the first night and dur-
ing the day. Thus, the air comes from a larger surrounding 
area. Wind speeds also influence the amount of adaptation 
of a moving air parcel to the underlying surfaces. The mean 
height above ground of the advected air parcels is lower 
for unexpected hotspots for some times of day compared to 
expected hotspots, indicating less vertical temperature flux.

4	 Discussion

4.1	 Comparison of PALM-4U and MLR
Overall, the comparison between the theta fields from 
PALM-4U and the MLR shows good agreement for most 
of the simulated period. This also applies to the Gi* fields 
from the two models. Consequently, surface characteristics 
play an essential role in the development of spatial theta pat-
terns in both approaches, which has already been shown by 
many studies relating land use and land cover to urban air or 
surface temperatures (e.g., Oke 1982; Kottmeier et al. 2007; 
Fenner et al. 2017; Siqi & Yuhong 2020; Burger et al. 2021).

However, there are differences in the correlation between 
the theta fields from both models over the day, and the agree-
ment of the Gi* maps varies, too. For the second half of the 
night before the heat day, the lowest correlations between 
PALM-4U and MLR were obtained. A reason could be the 
slightly higher wind speed on the first night compared to 
the rest of the studied period. In the MLR, the first night 
is within the class “clear and calm” and, thus, assumes the 
same synoptic conditions as the other times of the day. In the 
PALM-4U theta fields, however, a distinctly different pat-
tern is visible, which results from the different wind condi-
tions. The mean horizontal wind speed near the ground in 
the PALM-4U domain during the second half of the night 
before the heat day amounts to 3.5 m/s to 4.5 m/s. With a 
maximum extent of built-up area in the domain of approxi-
mately 7.2 km, the air parcels pass this area within approxi-
mately 25 to 35 minutes. In addition, it should be noted that 
the most densely built-up part of the city is even smaller, 
leading to less time of contact between passing air and these 
surfaces. Therefore, warm air is removed efficiently and the 
influence of land use/land cover variables on theta is reduced 
in PALM-4U in this situation. Furthermore, the wind direc-
tion is not taken into account in the MLR model at all but 

is modelled in PALM-4U explicitly. Another reason for dif-
ferences could be the critical influence of incoming short-
wave radiation by day, which is included in PALM-4U via 
a radiative transfer model (Krč et  al. 2021). In the MLR, 
however, such effects cannot be modelled. The SVF is the 
only predictor variable related to radiation effects. However, 
it does not include information about the exact geometry and 
orientation of street canyons, which influences shadowing, 
nor any other mechanisms that the radiative transfer model 
calculates.

In principle urban landcover is heterogeneous across 
different length-, magnitude-, and timescales. Therefore, 
accurate predictions require non-local state- and transport 
information to a larger extent compared to homogeneous 
surfaces. While we accounted for spatial variance in our 
MLR model approach, the transport component is general-
ized homogeneously by defining a circle of influence. This 
simplification limits the MLR model’s representativeness, as 
features that depend on transport direction (i.e., advection) 
are underrepresented.

Consequently, it seems essential to take wind speed, 
wind direction, and building geometry into account in model 
approaches. Barlow et al. (2008) also emphasize the depen-
dence of urban features, in their case roughness parameters, 
on flow direction. Minor differences in the large- and meso-
scale meteorological situation influence the theta patterns 
calculated by PALM-4U, and being able to model such indi-
vidual situations is a strength of microscale models.

4.2	� Circulation effects on the occurrence and 
absence of hotspots

The positions and temporal development of hot- and cold-
spots in the PALM-4U theta patterns are often related closely 
to surface characteristics, which is in line with many other 
studies, as shown in section 4.1. The statistical analysis shows 
that unexpected hotspots are characterized by higher incom-
ing shortwave radiation, which indicates missing shadowing 
effects, presumably due to the specific building geometry. 
This also shows the critical influence of land use/land cover 
characteristics on theta. In order to focus on the different fac-
tors responsible for causing unexpected and unexpectedly 
missing hotspots, the characteristics of unexpected hotspots 
are compared to expected hotspots and the characteristics of 
unexpectedly missing hotspots are compared to other areas 
without hotspot. This analysis of unexpected hotspots and 
areas where hotspots would be expected but are missing 
indicates that the circulation can explain deviations from the 
relation of land use/land cover characteristics and theta.

The unexpected hotspots are areas with higher horizon-
tal wind speeds in the canopy layer, but lower wind speeds 
above compared to the expected hotspots. This indicates that 
advection, transporting warmer air from the surroundings to 
these spots, plays a role. In addition, the higher vertical wind 
speeds and higher lapse rate in unexpected hotspots com-
pared to expected hotspots can be explained by enhanced 
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Fig. 10.  Boxplots for the comparison of different variables for the 5-minute trajectories for unexpected hotspots, expected hotspots 
and unexpectedly missing hotspots. The symbols above the plots indicate the level of significance of the Kruskal-Wallis test for the 
respective variable and time of day. Symbols above the plots and x-axis labels are defined as in Fig. 8, boxplots are defined as in 
Fig. 3. Mean deviation of potential temperature in the upper left panel refers to the difference of potential temperature of the trajectory 
and the respective hotspot/missing hotspot.

convection at unexpected hotspots associated with low level 
advection towards the convection centre. Gedzelman et al. 
(2003) and Vicente-Serrano et al. (2005) show that the UHI 
can shift its position due to variations in the wind direction, 
so the influence of wind relocates the warmer areas. Brousse 
et al. (2022) show that horizontal advection of heat is also 

an essential factor at the scale of LCZs in urban areas. Such 
effects can be explained by the thermally induced urban 
breeze circulation or urban heat island circulation (e.g., Wong 
& Dirks 1978; Hidalgo et al. 2008; Hong et al. 2024), which 
develops strongest under calm background winds near the 
ground. Similar processes can play a role on the microscale, 
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as in the case of Augsburg. The analysis of trajectories con-
firms that unexpected hotspots receive warm air with small 
turbulence signals compared to other locations. In addition, 
turbulence and vertical exchange are significantly reduced 
in locations of unexpected hotspots. This means that by day, 
the warm air near the ground is mixed less with cooler air 
from above the canopy layer, which prevents a cooling effect 
in the canopy layer. The mean height of the trajectories can 
be interpreted as an indirect indicator for vertical transport, 
because in the case of trajectories passing high altitudes and 
ending at ground level, vertical winds enable air parcels to 
be transported from higher levels to the near surface atmo-
sphere, where the hotspots are defined. On the other hand, 
the height of the tracks can also be a result of the building 
height in the respective area. However, together with the 
turbulence intensity of the advected air, the results confirm 
the tendency that air arriving at unexpected hotspots is not 
mixed vertically to the same extent as air reaching expected 
hotspots. The slightly higher soil moisture found at unex-
pected hotspots is as expected due to the more natural surface 
types and underlines the importance of atmospheric advec-
tion. The unexpected hotspots found at night under the trees 
in inner-city parks could result from reduced longwave emis-
sion due to small sky view factors (Spronken-Smith & Oke 
1999) as well as reduced wind speed due to increased rough-
ness and, thus, reduced exchange of air masses (Shahidan 
2015; Yuan et al. 2017). According to Foken (2006), forests 
can be warmer than their surroundings in the evening, and at 
night, warming can occur due to gusts that transport warm 
air from the crowns toward the ground. Small parks, in par-
ticular, can be warm compared to their surroundings under 
some conditions (e.g., Chang et  al. 2007). The differences 
of ground heat flux, sensible and latent heat flux between 
expected and unexpected hotspots are small. Although there 
are differences in the medians, the overall distributions are 
very similar. Therefore, these variables were not examined 
in more detail.

For the areas where hotspots are missing unexpectedly, 
higher horizontal wind speeds in and above the canopy 
layer were found compared to areas where hotspots are not 
expected. Here, an advection of air could also play a role, 
but in this case, the air is assumed to originate from natu-
ral surroundings and cool the built-up areas. The analysis 
of trajectories shows the advection of relatively cool air 
towards unexpectedly missing hotspots and confirms this 
assumption. This is in line with the fact that these built-up 
areas are mainly near the forest, rivers, or inner-city parks 
in the evening and night and can be explained by the park 
cool island effect (e.g., Spronken-Smith & Oke 1998). Its 
impact can be observable at a considerable distance from 
the green space (e.g., Upmanis et al. 1998; Yan et al. 2018; 
Algretawee 2022). The importance of advection for the cool-
ing of densely built urban areas on a regional scale is also 
highlighted by Steigerwald et al. (2022). In addition, the tur-
bulence intensity is increased in these spots most of the day. 

This indicates effective mixing, which can contribute to the 
cooling of these areas.

These results indicate that even in situations with low 
wind speeds, horizontal and vertical circulation signifi-
cantly impact the locations with the highest temperatures 
in a city. This study only focuses at one specific day within 
a heat wave but already shows that different theta patterns 
can occur in situations classified into the same weather type. 
Therefore, accounting for the individual circulation pat-
terns, which are highly variable, is essential. Consequently, 
it would be necessary to run many PALM-4U simulations for 
different conditions to cover the spread of possible spatial 
hotspot distributions. Such a catalogue approach is used in 
the GRAMM-GRAL model (e.g., Berchet et al. 2017).

Furthermore, differences in the large- and mesoscale cir-
culation could contribute to the different patterns in the first 
and second nights of the studied period. Such effects should 
be studied in more detail.

For urban planning, these results show the importance of 
taking different flow conditions and weather types instead 
of selected days or mean conditions into account to gain 
more accurate information on the locations of the warmest 
areas because high ambient temperatures favour heat stress 
for humans. In order to implement the various heat adapta-
tion measures as efficiently as possible, this would be neces-
sary to ensure quality of life and minimize health risks due 
to heat stress in cities in the future. On the other hand, the 
effort required to simulate many different situations with a 
microscale model is extensive and is only feasible for some 
city administrations. Therefore, the practicability of such 
an approach needs to be investigated. Simulating smaller 
domains in PALM-4U or applying the model without self-
nesting is an option for reducing the necessary resources for 
the computation.

4.3	 Limitations
Some limitations of the study concern the PALM-4U setup.

The water surface temperature in the PALM-4U simula-
tions is set to a fixed value. Thus, it does not exhibit a daily 
cycle. In this study, the default value of 285 K was used, 
which is too cold for a summer day. Measurements of the 
surface temperature of the river Lech in Augsburg show 
values between 17.5 °C and 19 °C for the simulated day 
(Gewässerkundlicher Dienst Bayern 2024). Consequently, 
the cooling effect of water surfaces is likely to be overesti-
mated in the PALM-4U model results. Such measured val-
ues should be taken into account for an improvement of the 
model setup.

Further limitations of the PALM-4U simulations relate 
to the static and dynamic input data. In the static driver, dif-
ferent sources of information are combined to describe the 
land surface and land cover. Some variables were derived 
from the crowdsourcing project Open Street Map. Studies 
have found good completeness and considerable agreement 
between Open Street Map data and commercial and official 
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data sets for Germany (Neis et al. 2011; Dorn et al. 2015). 
Thus, the data quality of Open Street Map can be regarded 
as reliable, especially in urban areas. However, errors and 
missing data can occur. The data from official sources can be 
assumed to be reliable. However, these data sets are updated 
infrequently, so errors can still occur. For example, a few 
newer buildings were missing in the building model data. 
Such errors or missing features can affect the PALM-4U 
results, e.g., by modification of the flow, the turbulence, 
and the energy balance, at least locally. Uncertainties in the 
land cover data may also affect the MLR model (see also 
Straub et al. 2019). Further uncertainties result from setting 
a uniform soil type in the whole PALM-4U domain, which 
may affect the calculation of soil moisture, but due to the 
lack of more detailed information, assumptions had to be 
made. However, for Augsburg, a medium-fine soil type is 
assumed to be a good approximation, because of the occur-
rence of luvisols and mixed rendzinas in the surroundings 
of the PALM-4U model domain (Bayerisches Geologisches 
Landesamt 1987). Collecting more detailed soil data in cit-
ies and making them publicly available could help improve 
the setup of microscale urban models. The dynamic driver 
from a mesoscale model provides meteorological input at 
the model boundaries. It was found that PALM-4U is very 
sensitive towards dynamic forcing, which is in line with the 
results from Vogel et al. (2022). In the current study, this is 
a primary factor leading to theta values that are too low in 
PALM-4U compared to measurements.

Other problems may result from the spatial resolution of 
the PALM-4U domain. The evaluation of vertical theta pro-
files indicates that PALM-4U does not fully resolve the turbu-
lence at night and underestimates the height of the inversion 
at some time steps. Therefore, the resolution of 10 m could 
be too coarse. On the other hand, a compromise between the 
resources needed for one simulation and a high resolution 
always has to be made. While compute resources are increas-
ingly available, rising energy prices led to the emergence of 
ideas about sustainable computing and increasing interest in 
optimization and feasibility.

The utilization of potential temperatures instead of Tair 
for the PALM-4U evaluation and hotspot analysis as well as 
the utilization of air pressure measurements from the DWD 
station for the calculation of theta and mixing ratios for the 
THL and AWS leads to uncertainties due to altitude differ-
ences in the study area and dynamic pressure fluctuations. 
The dynamic pressure fluctuations represented by the pertur-
bation pressure calculated by PALM-4U are very small and, 
therefore, lead only to small uncertainties regarding theta 
(maximum 0.16 K). The altitude differences in the study area 
amount to a maximum of 35 m, which corresponds to uncer-
tainties of calculated theta of up to 0.37 K. Small scale air 
pressure differences estimated by the air pressure difference 
between the DWD station and the AWS at the University of 
Augsburg amount to 4.5 hPa for the studied day, which cor-

responds to a theta difference of 0.41 K, while 0.53 K can 
be attributed to the altitude difference of approximately 50 
m between the two sites. These theta uncertainties are dis-
tinctly smaller than the theta differences between significant 
hot- and coldspots and areas with insignificant Gi* (cf. table 
S1). Therefore, for Augsburg, the spatial theta patterns seem 
to give a good approximation of Tair patterns but the cooler 
areas of significant hotspots and the warmer areas of sig-
nificant coldspots, especially at higher altitudes, have to be 
interpreted with care. For a more straightforward approach, 
the hotspot analysis could be conducted with the Tair calcu-
lated from the PALM-4U output and for assessing human 
heat stress, it could be repeated with output variables from 
the PALM-4U biometeorology module. Furthermore, for the 
PALM-4U evaluation, uncertainties due to the calculation of 
theta and mixing ratios based on air pressure measurements 
from the DWD station can lead to an underestimation of the 
bias.

5	 Summary and conclusion

This study investigated the spatio-temporal distribution of 
urban theta hot- and coldspots during a summerly heat wave 
in the medium-sized city of Augsburg. Microscale simula-
tions with the LES model PALM-4U and a statistical MLR 
model were utilized to gain insight into these patterns for 
different times of the day. The main result was that in addi-
tion to the well-studied impact of land use and land cover 
on urban temperature patterns, different variables related to 
the circulation are important. Horizontal wind speed, which 
causes horizontal advection, was one main factor connected 
to unexpected theta patterns. Turbulence, vertical exchange 
and advection of air masses have a significant influence, 
too. Reduced turbulence promotes the development of 
unexpected hotspots, while increased turbulence prevents 
the development of hotspots. These processes were effec-
tive even under low mesoscale wind speeds when urban air 
temperature patterns are often assumed to depend mainly on 
surface characteristics. The manifestation of these processes 
under different synoptic conditions remains an open ques-
tion because only one specific day was investigated in this 
study. However, the indicated prominent role of circulation 
suggests that assessments of distribution and intensity of 
urban hotspots based on single simulations for a distinct syn-
optic situation may be limited and may be improved by con-
sideration of a multitude of different typical weather types 
leading to varying influences of small-scale circulation. The 
role of circulation compared to surface characteristics for the 
establishment of urban cold spots, which might also play an 
important role for human health, should be also addressed 
in more detail in the future, in order to improve urban plan-
ning, where the effective implementation of heat mitigation 
measures is a major goal.
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