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This study assesses the impacts of sustainable urban development adapted to climate change in the city of 
Stuttgart, Germany. We use the state-of-the-art meteorological modelling system PALM-4U to simulate the 
microclimate and outdoor thermal comfort of the development site Neckarpark during a heatwave. We compare 
the atmospheric conditions of the current urban structure before the development project (2018) and the future 
state, representing the new district after completion (2025). Our results indicate that the restructuring barely 
affects surrounding neighbourhoods, but leads to mean near-surface air temperature increases in the centre of 
development between +0.25K and +2K. Differences in Physiologically Equivalent Temperature (PET) show a 
heterogeneous pattern at daytime, with a large amplitude and temporal variability in the diurnal cycle (−9K to 
+12K). At night, the planned buildings increase the mean PET by +1K to +6K. The new buildings reduce the 
effect of adaptation measures designed to increase the cooling effects, i.e. urban trees and vegetation, amplifying 
the thermal stress during heatwaves. Our study confirms the complex composite impacts of urban restructuring 
due to the thermal and dynamic flow processes. The paper may serve as a guide for the use of meteorological 
models to assess microclimatic impacts of planned development projects, contributing to urban planning and 
adaptation strategies.

1. Introduction

Urban environments are spaces of paramount importance given their 
high concentration of population and infrastructure, their key function 
in political, economic and social processes, and their immanent vulner-
ability [9]. Nowadays, more than half of the world’s population resides 
in cities, and it is estimated that urban population will exceed 68% 
by 2050 [86]. Growing world population, ongoing urbanisation, and 
climate change exert pressure on cities and thus reinforce the need for 
urban adaption strategies and more sustainable planning concepts [15]. 
Besides the increasing frequency and intensity of extreme events world-
wide, global warming is also projected to have a negative impact on 
human health, with urban heat islands potentially amplifying the ef-
fects of heatwaves in urban areas [42,40]. Thus, urban development 
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projects should mitigate the urban heat island effects as much as possi-
ble [70,28,55,35].

Generally, urban climates are characterised by high temporal and 
spatial variability of meteorological variables due to the heterogene-
ity of the underlying structures, e.g. land cover, surface roughness, 
3-d structures, height differences, and surface albedo [14,63,61,50,75]. 
Urban environments modify the local climate, which is shaped by 
synoptic-scale conditions and determine the background climate of a 
specific location [64]. Oke [62] found that the interplay of artificial 
urban surfaces and vegetation creates distinct micro- to local-scale cli-
mates that contribute to a mosaic of microclimates at the spatial scale 
of entire cities. Therefore, a prerequisite of effective urban planning is a 
profound understanding of the physical surface-atmosphere interaction 
at macro-scale (2000 km to 10 000 km), meso-scale (2 km to 2000 km), 
and micro-scale (< 2 km) [65].
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The Implementation of urban development projects is often asso-
ciated with changes of local surface properties, which in turn affect 
the energy balance and wind circulation [90,32]. In terms of urban 
redevelopment and thermal comfort, studies often either address the 
meso-scale effects of urban expansion or micro-scale effects of specific 
urban configurations (e.g. [1,41,23,38,84,37]), and single objects (e.g. 
[85,8]). Ketterer and Matzarakis [47] examined heat stress reduction by 
re-planning measures in a similar study design. Koch et al. [51] studied 
the effects on air temperature in a brownfield redevelopment project. 
Urban planning often considers certain effects of specific building ar-
rangements and urban greening, however, their actual micro-scale and 
composite impacts are still not fully understood.

Urban Climate Models (UCMs) represent a tool to support emerg-
ing building technologies that hold great potential for mitigating cli-
mate change and conserving energy in urban areas. Given the long-
term and often irreversible nature of urban planning decisions, UCMs 
have become a powerful tool for urban planners [19]. Over the past 
few decades, the scientific community has developed several numerical 
models for urban applications, including ENVI-met [11], MUKLIMO_3 
[27], MITRAS [77], ASMUS [34], and UrbClim [74].

PALM-4U (PArallelised Large-eddy simulation Model for Urban ap-
plications) is a modern UCM system, developed specifically for use in 
urban climate studies. It has been designed to cater to various urban 
applications, ranging from meso-scale to micro-scale [71,58]. Large-
eddy simulation (LES) models like PALM-4U offer the potential of more 
accurate and reliable results compared to Reynolds-Averaged-Navier-
Stokes models, as they can resolve temporal 3-d fluctuations, and the 
flow around obstacles in an urban environment [56,91,10]. Moreover, 
PALM-4U is fully parallelised, resulting in high scalability [59]. The 
model has been increasingly used for various urban applications, in-
cluding modelling of turbulence and wind fields [67,66], aerosol con-
centrations [46], and biometeorological thermal exposure [31,30].

In this study, our objective is to examine the impact of a planned de-
velopment project on the microclimate and outdoor thermal comfort in 
a mid-latitude city. A 0.22 km2 area of predominantly bare soil is to be 
redeveloped into an area of new buildings, parks, trees, and streets. To 
assess the effects of this development, we compare high-resolution sim-
ulations of the current state with those – based on development plans 
– of the future state [2]. To achieve this, we use the state-of-the-art 
open-source model PALM-4U and force it with realistic meteorological 
conditions in a nested holistic approach [43]. We use the June 2019 
heatwave as a surrogate for future events and apply large-scale forc-
ing as a boundary condition for the model. By doing so, we aim to 
quantify and trace the microclimatic impacts resulting from structural 
urban changes. Our work here also serves as a guide regarding using 
this method to identify the impact of new urban development projects 
on the microclimate.

2. Material and methods

2.1. Study area

The study area (centred at 48.796 ◦N, 9.225 ◦E) is located in the 
city of Stuttgart in the southwest of Germany (Fig. 1). According to 
Köppen [52], the prevailing climate is characterised by a humid warm 
temperate climate (Cfb).

2019 is the second warmest year in Germany since 1881, with an 
average air temperature of 10.3 ◦C. Overall, the year was characterised 
by rather dry conditions (93% of the long-term average), more sunshine 
than usual, and extreme heat waves during summer [22]. The heat wave 
in late June occurred as a result of a high-pressure ridge across Western 
Europe and a low-pressure system that developed offshore the Iberian 
peninsula, inducing intense advection of hot air from North Africa to 
Europe [88].

The regional climate of Stuttgart is shaped by its topographical po-
sition in the Neckar basin, shielded by the Black Forest in the west, the 

Swabian Alb in the south, the Schurwald forest in the east, and the lo-
cal Strom- and Heuchelberg low mountain areas in the northwest [6]. 
Stuttgart is one of the warmest regions in Germany with comparably 
low precipitation due to surrounding low mountain ranges and their 
shielding effects. The citizens are exposed to strong urban heat island 
(UHI) effects and strong air pollution, which is connected to weather 
conditions with low wind speeds and air temperature inversions [48].

The urban development project investigated aims at restructuring 
the Neckarpark site, which is located in the northeast of Stuttgart. 
The study area is currently restructured and is intended to undergo a 
transformation from an abandoned former railway area to a sustainable 
district.1 The area under construction covers 0.22 km2 and is scheduled 
for completion by 2025 [3,2].

2.1.1. Current study area (2018)

When referring to the ‘current study area’ or the ‘current scenario’, 
we refer to the state in 2018 (Fig. 2a). The north-facing study area is 
enclosed by railroad tracks from north to east and a river in the south-
west. Terrain height in the model domain ranges from 268m above sea 
level in the southwest to 282m above sea level in the northeast.

According to the classification system by Stewart and Oke [82], 
the Neckarpark development site can be classified as compact midrise 
(LCZ 2) or open midrise local climate zone (LCZ 5) with scattered trees 
(LCZ B), i.e. LCZ 2𝐵 or LCZ 5𝐵 . Most buildings are concentrated in the 
north of the current study area, mainly comprising residential and office 
buildings that were built before 1950. Most buildings range between ap-
prox. 7m and 13m, with the tallest building exceeding 23 m in height. 
Current vegetation consists primarily of short grass in courtyards and 
parks and single trees located along main streets and the river. The cen-
tre of the current study area is characterised by bare soil.

2.1.2. Future study area (2025)

When referring to the ‘future study area’ or the ‘future scenario’, we 
refer to the state in 2025 after completion of the development project 
(Fig. 2b). The centre of the study area undergoes the most pronounced 
transformation. Major changes arise from several newly constructed 
buildings replacing the former bare soil. These are almost exclusively 
new residential buildings, which have higher insulation standard than 
the surrounding older buildings. Most building complexes have inner 
courtyard structures interspersed with short grass and single trees. The 
existing older buildings in the centre are to be refurbished and their in-
sulation standard improved. Around the new buildings there are new 
areas with short grass. However, some buildings in the northeast and in 
the southeast disappear. Additional minor structural changes occur due 
to the rearrangement of some older buildings, affecting the network of 
roads and walkways. In total, the number of single trees increases by 
591, which are mainly located along main roads, in emerging parks 
and recreation areas, and inner courtyards. In summary, both sealed 
surfaces and vegetated ares with trees increase at the expense of bare 
soil in the future scenario.

2.2. PALM-4U

PALM-4U2 is a modern and highly efficient UCM allowing for sim-
ulations of the urban atmosphere with building-resolving spatial reso-
lution over a neighbourhood and a city scale [57,76]. PALM-4U solves 
the 3-d, non-hydrostatic, filtered, incompressible Navier–Stokes equa-
tions of wind and scalar variables. The model applies the Boussinesq 
approximation to the filtered Navier–Stokes equations to neglect the 
density variations for the buoyancy term.

This model is equipped with all the modules required for simu-
lating urban areas, such as the plant canopy module [44], the urban 

1 https://www .stuttgart -meine -stadt .de /stadtentwicklung /neckarpark/.
2 https://palm .muk .uni -hannover .de /trac /wiki /doc /tec.

https://www.stuttgart-meine-stadt.de/stadtentwicklung/neckarpark/
https://palm.muk.uni-hannover.de/trac/wiki/doc/tec
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Fig. 1. Topographic location of the Neckarpark urban development site in Stuttgart, Germany.

Fig. 2. Spatial delimitation of the Neckarpark development site showing (a) the current study area (2018) and (b) the future study area (2025). The location of the 
local measuring station is shown as M in blue and the specific sites park site and the road site are displayed in blue at the map. (For interpretation of the colours in 
3

the figure(s), the reader is referred to the web version of this article.)
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surface module [73], the land surface module [29], the radiation mod-
ule [53,78], the indoor climate module [69], the chemistry module 
[49], and the biometeorological module [26]. The model has been 
successfully evaluated against field measurements [72,7], wind tunnel 
simulations [33], and previous LES studies [68]. It shows also excel-
lent scalability on massively parallel computer architectures [59]. As 
computing resources, we use cluster nodes with Intel Xeon E5-2630v4 
chips running at 2.2 GHz that are connected via Intel OmniPath. For 
each scenario we use 500 cores resulting in a running time of approx. 
40 hours.

2.2.1. Model setup and boundary conditions

We define a horizontal grid spacing of 2 m to capture microclimatic 
effects at the micro-𝛾-scale [25]. The model domain covers an area of 
1300× 760m, i.e. 650× 380 grid cells. We use a vertical grid spacing of 
2m below 90m and apply a stretch factor of 1.02 above 90m. Atmo-
spheric processes are resolved up a height level of approx. 3000m, with 
a subdivision into 350 height levels.

The modelling period is 24 hours, using meteorological input from 
30 June 2019, beginning at midnight (00:00 UTC). The day is during a 
heatwave and characterised by clear-sky conditions. Prior to the actual 
3-d atmosphere simulation, a spin-up phase of 24 hours is preceded for 
adjusting the inert soil- and wall-layer temperature to the prevailing 
atmospheric conditions. Spin-up is initialised by using meteorological 
conditions of the previous day. During spin-up phase, the soil and wall 
modules run without an interactive atmosphere.

PALM-4U uses 1.5-order turbulence closure to explicitly solve the 
turbulent motions in the atmospheric boundary layer [59]. A multigrid 
scheme (w-cycle) and the discrete Fourier transformation (FFTW) rou-
tine is used for solving the Poisson equation for the perturbation pres-
sure, with calculations at every Runge-Kutta step. The advection terms 
are discretised using an upwind-biased 5th-order differencing scheme in 
combination with a 3rd-order Runge–Kutta time-stepping scheme [89].

Energy balance solvers for interactive building and paved surfaces 
are switched on. The simulation is carried out with non-cyclic bound-
ary conditions and Dirichlet conditions for potential temperature and 
humidity. For both the horizontal velocity components and the subgrid-
scale turbulence kinetic energy we use Dirichlet no-slip boundary con-
ditions. The external Rapid Radiation Transfer Model for Global Models 
(RRTMG) is used to calculate the radiative heating rates for each model 
column [17].

Data from the non-hydrostatic regional model COSMO (COnsortium 
for Small-Scale MOdelling) developed at the German Meteorological 
Service provide the initial and boundary conditions3 [81,20].

The COSMO model has been designed for operational numerical 
weather prediction and various scientific applications on the meso-𝛽-
scale and meso-𝛾-scale. We use hourly data from COSMO-D2, a higher-
resolution short-term forecasting model of the COSMO model system. It 
covers Germany, Switzerland, Austria, and parts of neighbouring coun-
tries and has a horizontal grid spacing of 2.2 km [4,79]. We interpolate 
the COSMO data both spatially and temporally to match the model 
setup by applying the meso-scale interface for INItialising and FORcing 
PALM (INIFOR) [43].

We use the same model setup and meteorological boundary con-
ditions for both the current and the future scenario to attribute the 
microclimatic changes to the modification of urban structures. Thus, 
the impacts of climate change are not included in the meteorological 
forcing.

3 https://www .cosmo -model .org /content /model /documentation /core /
default .htm.

2.2.2. Surface description

As described in detail by Heldens et al. [36], PALM-4U requires sur-
face parameters of buildings, vegetation, soil type, terrain height, and 
further urban infrastructures.

We obtain all geospatial data for the current study area from the 
German aerospace centre, Deutsches Zentrum für Luft- und Raumfahrt 
(DLR). We verify the data quality, modify erroneous classifications, and 
add missing information by using latest satellite imagery. The DLR 
acquired building data from local municipalities, 3-d model City Ge-
ography Markup Language (CityGML), and the 3-d triangulated irregu-
lar network [80]. This resulted in detailed information about building 
height, roof slope, and building function. DLR sources for infrastruc-
ture and vegetation were OpenStreetMap4 and CORINE land cover data 
[18]. Both OpenStreetMap and CORINE data can contain errors of omis-
sion and commission, leading to potential misclassifications, especially 
when used as a source of high-resolution urban information. However, 
several studies validated their quality against ortho-corrected high spa-
tial resolution satellite images and land use/land cover datasets (e.g. 
[13,12,24]). The implementation of the future study area requires fun-
damental editing. We create the future scenario based on the construc-
tion plans of the Office for Urban Planning and Housing of Stuttgart. 
These construction plans contain information about residential areas, 
traffic areas, green spaces, industrial estate, infrastructural area, and 
tree locations. However, the construction plans have no information 
about exact building shapes and heights, courtyards, single tree char-
acteristics, smaller pathways, types of emerging roads, park trials, and 
pavements. Thus, we adapt the construction plans by inserting build-
ing shapes, paths, single trees, and green patches, as illustrated on the 
commercial photo of the official project website5 (Fig. B.8). A detailed 
visualisation of construction plans and the manually induced changes 
can be found in the supplementary materials (Fig. B.9).

We make assumptions regarding the characteristics of the new urban 
elements. Newly implemented buildings are distinguished by residential 
buildings with heights of 12m or 16m and office buildings with heights 
of 6m or 8m height. The assigned building types correspond to param-
eterisations of energetic properties, as described by Heldens et al. [36]. 
The classes are derived by building use and age and differ mainly in the 
fraction of building components and their thermodynamic character-
istics. Not only new buildings are added, but also some old buildings 
are removed, which is due to a trade-off between latest data (cur-
rent scenario) and an idealised vision of the future scenario. In terms 
of vegetation, we combine non-resolved (i.e. flat) vegetation surfaces 
with uniform properties and single trees that are resolved in 3-d by 
the numerical grid. The former is used for larger vegetation patches in 
courtyards and parks. All single trees added are type Acer (height: 12m, 
crown diameter: 7m, LAI summer: 3.0) as it is the most frequently oc-
curring tree type in the centre of Stuttgart.6

2.3. Evaluation of PALM-4U

For evaluation, we compare the PALM-4U output of the current 
situation (PALM) with meteorological observations (OBS) and the meso-
scale forcing data (COSMO). We evaluate the simulations with averaged 
30-min meteorological observations within the model domain (Fig. 2, 
Point M).7 The measuring station is located on a 15 m high roof and is 
surrounded by buildings, sealed area, and nearly no vegetation. In or-
der to compare the diurnal cycle between the weather station and the 
model, we extract the air temperature at the roof top level where the 
station is located.

4 https://planet .openstreetmap .org/.
5 https://www .stuttgart -meine -stadt .de /stadtentwicklung /neckarpark/.
6 https://www .stuttgart .de /leben /bauen /geoportal /stadtplan -stuttgart .php.
7 https://www .stadtklima -stuttgart .de /index .php ?klima _messdaten _station _

fw.

https://www.cosmo-model.org/content/model/documentation/core/default.htm
https://www.cosmo-model.org/content/model/documentation/core/default.htm
https://planet.openstreetmap.org/
https://www.stuttgart-meine-stadt.de/stadtentwicklung/neckarpark/
https://www.stuttgart.de/leben/bauen/geoportal/stadtplan-stuttgart.php
https://www.stadtklima-stuttgart.de/index.php?klima_messdaten_station_fw
https://www.stadtklima-stuttgart.de/index.php?klima_messdaten_station_fw
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Fig. 3. Evaluation of the PALM-4U model output for the current situation (PALM) by comparing the near-surface air temperature to local measuring data (OBS) and 
the meso-scale COSMO forcing data (COSMO). Diurnal air temperature cycles correspond to UTC timecode.

2.4. Microclimatic changes

We calculate the scenario effects by subtracting the PALM-4U out-
put of the current scenario from the future scenario. We mask out all 
buildings, even if they only exist in one of the two scenarios. Separation 
into daytime and nighttime is based on sunrise (03:30 UTC) and sunset 
(19:30 UTC). In order to assess whether these scenario effects differ sig-
nificantly from zero, we perform a two-sample t-test for auto-correlated 
data as described by Zwiers and Storch [92].

Besides the near-surface air temperature, we investigate the outdoor 
thermal comfort using the physiologically equivalent temperature (PET) 
[39]. The PET is a biometeorological index that translates an indoor ref-
erence climate into outdoor conditions, incorporating the human-body 
energy balance and meteorological conditions, namely mean radiant 
temperature, air velocity, air humidity, and air temperature [39,60,85].

Finally, we investigate how scenario changes affect the microclimate 
of two specific sites, the park site and road site marked in Fig. 2. The 
park site is located in the park in the centre and is covered by short 
grass in both scenarios, but with different environmental conditions in 
the surrounding region. While the park in the current scenario is en-
closed by bare area, it is surrounded by residential buildings, sealed 
pavements/streets, and interspersed with nearby trees in the future sit-
uation. The road site is converted from a main road (current) to a green 
space with short grass and several adjacent trees (future).

3. Results

3.1. Evaluation of PALM-4U

By dynamically downscaling the meso-scale COSMO forcing data to 
the micro-scale using PALM-4U, we considerably improve the diurnal 
cycle of the near-surface air temperature (Fig. 3). PALM consistently 
shows a higher near-surface air temperature than COSMO at all times of 
the day. While the temperature curves align quite close during the day 
with maximum differences of −2K, COSMO reveals a much colder air 
temperature during the nighttime with maximum differences of −5.8K. 
Furthermore, the air temperature of PALM drops at a much lower rate 
after 18:00 UTC. Overall, COSMO shows a high daily amplitude (23.1K) 
which is lower for PALM (19.2K) and also for OBS (17.3K).

PALM and OBS show a significant correlation of 0.987 (p-value<
0.01). However, PALM overestimates the air temperatures, in particular 

during noon. On average, PALM has a bias of +1.1K, with a maximum 
overestimation of +3.8K at 14:00 UTC. In addition to the temperature 
bias, the incoming shortwave radiation also differs (Fig. B.12), as PALM

has a higher mean radiation (PALM: 360W m−2, OBS: 341W m−2) and a 
higher maximum (PALM: 927W m−2, OBS: 888W m−2).

3.2. Microclimatic changes

3.2.1. Near-surface air temperature

The near-surface air temperature ranges from 17 ◦C before sunrise 
to a maximum peak of 42 ◦C during afternoon in both scenarios. Mean 
air temperature differences of the future and the current scenario are 
depicted in Fig. 4, separated by day (Fig. 4a) and night (Fig. 4b). For 
more details on the diurnal cycles of the absolute temperature, see the 
appendix (Fig. B.13, Fig. B.14).

Both the daytime and nighttime situations show a similar heteroge-
neous spatial temperature pattern, with a higher temperature amplitude 
during the daytime (−2.3K to +3.5K) compared to the nighttime (−2.3K 
to +2.1K). Temperature increases primarily in the centre of the study 
area. Temperature changes are on average more than +0.5K during day-
time and often exceed +1.0K, or even +1.5K at locations close to the 
new buildings. The nighttime overall shows the same pattern with less 
pronounced differences. However, the area influenced by the develop-
ment project seems to be greater during the night with increases of 
+0.25K to +0.5K.

Along a narrow band adjacent to the east and south of the new res-
idential area, temperatures are cooler than in the reference run. While 
the changes are moderate at daytime (−0.5K to −1.0K), they become 
more prominent at nighttime (−0.5K to −2.0K). Some locations even 
exceed −2.0K. Outside the model domain centre, most locations remain 
unchanged on average (less than ±0.25K), especially during daytime. 
Noticeable, there is an area in the southeast, bare soil (current) con-
verted to a park (future), that shows positive changes during the day 
and negative ones at night.

Fig. 4c shows the two-sample t-test for auto-correlated data. Signif-
icant changes (p-value < 0.05) are found in the centre, coinciding with 
the development area. Further significant changes can be found mainly 
in the northwest, north, and northeast of the centre.

3.2.2. Outdoor thermal comfort

The PET ranges from 10 ◦C to 62 ◦C in both scenarios. Fig. 5 shows 
the mean PET differences between future and current scenario. In the 
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Fig. 4. Mean near-surface air temperature differences between the two scenarios at (a) daytime (03:30 – 19:30 UTC) and (b) nighttime (19:40 – 03:20 UTC). 
Statistical significance (c) is based on a two-sample t-test for auto-correlated data (green colour: statistically significant, p-value < 0.05). Black objects are buildings 
6

in at least one of the two scenarios.
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Fig. 5. Mean physiologically equivalent temperature differences between the two scenarios, showing (a) daytime difference (03:30 – 19:30 UTC), (b) nighttime 
difference (19:40 – 03:20 UTC), and hourly averaged differences between (c) 04:00 – 05:00, (d) 11:00 – 12:00, (e) 17:00 – 18:00, and (f) 22:00 – 23:00 UTC. Black 
objects are buildings in at least one of the two scenarios.

future scenario, the PET increases during daytime and even more in 
the night situation. Similarly to the air temperature, the amplitude is 
higher during the day (−8.9K to +12.2K) compared to the night situa-

tion (−5.1K to +6.0K). The amplitude of instantaneous (non-averaged) 
PET differences even exceeds ±20K at single locations during the day. 
For more details on the diurnal PET cycles, see the appendix (Fig. B.15, 
Fig. B.16).

While an enhanced but inconsistent PET pattern occurs in the core 
area of the model during the day, the PET increases at night (+1.0K 
to +6.0K). An exception are the band-shaped negative PET changes, 
which are consistent with the air temperature pattern. During the day, 
courtyards enclosed by tall buildings, narrow street canyons, and areas 
north of buildings show negative PET values. Wide streets and south-

facing open spaces, on the other hand, show positive PET values. Newly 

planted trees reduce PET extremes, e.g. along main roads or in the new 
green spaces.

Shortly after sunrise (Fig. 5c), negative PET changes up to −10K 
primarily occur in the southern part of the centre. During late noon 
(Fig. 5d), the centre of the model domain is characterised by remarkably 
high PET values, with only negative changes in the north of buildings 
and scattered spots corresponding to single tree locations within parks, 
along streets, and in courtyards. By far, highest positive changes are 
achieved during the period from 11:00 – 12:00. The situation shortly 
before sunset (Fig. 5e) is analogous to the one before sunrise, but show-

ing a different spatial shift of negative changes. The PET situation at 
22:00 – 23:00 (Fig. 5f) corresponds to mean PET changes of the entire 
night.



Energy & Buildings 296 (2023) 113324

8

J. Anders, S. Schubert, T. Sauter et al.

Fig. 6. Comparisons between the current state and the future scenario of the development area showing the mean differences in (a) incoming longwave radiation, 
(b) incoming shortwave radiation, (c) sensible heat flux, (d) latent heat flux, (e) wind velocity, and (f) surface temperature. Black objects are buildings in at least 
one of the two scenarios.

3.2.3. Incoming radiation, turbulent fluxes, wind velocity, and surface 
temperature

Differences of incoming radiation, sensible heat, latent heat, wind 
velocity, and surface temperature between the two scenarios are shown 
in Fig. 6. All variables are averaged over the modelling period.

Longwave radiation increases in the centre (+10 W m−2 to
+108 W m−2). Small areas of negative change occur in the north-east 
and south-east of the centre (Fig. 6a). Incoming shortwave radiation 
reveals exactly the opposite pattern (Fig. 6b), as surfaces in the cen-
tre receive up to −531W m−2 less shortwave radiation in the future 
scenario.

In the centre of the model domain, there is a predominant shift to-
wards more sensible (Fig. 6c) and less latent heat flux (Fig. 6d). Sensible 
heat flux increases due to new buildings, sealed surfaces, and streets, 

and decreases at emerging green spaces in the northeast, the south, 
and the southeast. Regardless of the overall trend, sensible heat flux 
changes range between −157W m−2 and +162W m−2 and latent heat 
flux changes between −214W m−2 and +196W m−2.

Horizontal wind velocity at 10m decreases in the entire model 
domain (Fig. 6e). The centre reveals values between −0.5m s−1 and 
−1.5m s−1, especially around new buildings and courtyards even ex-
ceeding −2.0m s−1. Surface temperature changes show a heterogeneous 
pattern, with maximum differences of ±24K (Fig. 6f).

3.2.4. Specific sites
The diurnal cycles at specific sites are shown in Fig. 7. Here, 

the sign convention of the energy balance corresponds to the micro-
meteorological convention, i.e. net shortwave and longwave radiation 
are positive if they are an energy gain, latent and sensible heat flux are 
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Fig. 7. Investigation of two specific sites; (a) park site and (b) road site. As marked in Fig. 2, park site is covered by short grass in both cases, but surrounded by bare 
areas (current) and buildings and trees (future), while road site experienced a conversion from an asphalted street to a short grass spot with nearby trees. Diurnal 
energy balance cycles and scenario differences are depicted for park site and road site, following micro-meteorological sign convention. Scenario differences in air 
9

temperature, PET, and surface temperature are visualised in (c).
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positive if they are directed from the surface to the atmosphere, and 
ground heat flux is positive if heat storage at the surface and the under-
lying soil layers occurs.

The current scenario for the park site (Fig. 7a) shows a pronounced 
daily cycle with a high positive latent heat flux during daytime, whereas 
the daily cycle of the sensible heat flux is small. In the future sce-
nario, the latent heat flux and incoming shortwave radiation decrease. 
When comparing both scenarios, the mean latent heat flux decreases 
by −38W m−2, reaching maximum differences of −254W m−2 around 
noon and afternoon. Mean net shortwave radiation also decreases by 
−70W m−2, with differences exceeding −400W m−2 between 10:30 and 
12:30 and considerable high differences of more than −250W m−2 be-
tween 14:30 and 16:00. The net longwave radiation is positive through-
out the day (mean: +27W m−2) with maximum peaks during the same 
time periods just described.

The road site shows in the current scenario (Fig. 7b) a high sensi-
ble heat flux, a strong ground heat flux, and no latent heat flux. The 
future situation reveals a latent heat flux in the magnitude of the for-
mer sensible heat flux. Sensible heat is reduced by more than one third, 
both ground heat flux and net shortwave radiation decrease, but net 
longwave radiation increases. Considering scenario changes, sensible 
heat flux on average decreases by −105W m−2, exhibiting maximum 
declines of −334W m−2, the previously non-existent latent heat on av-
erage is +124W m−2 with a maximum of +369W m−2 at noon. Net 
longwave radiation increases throughout the day (mean: +59W m−2) 
and net shortwave radiation decreases (mean: −79W m−2). Ground heat 
flux differences are positive during nighttime and negative during day-
time.

Differences in the diurnal cycles between future and current sce-
nario are illustrated in Fig. 7c. Air temperature at the park site increases 
in the future situation, with highest increases occurring during after-
noon and after sunset (mean +0.3K, maximum: +1.3K). Negative air 
temperature changes occur at noon (minimum: −0.5K). In contrast, the 
road site experiences colder conditions (mean: −0.6K) in the future sce-
nario and air temperature shows a maximum difference of −1.5K during 
the night before sunrise, after noon, and during sunset. PET reveals a 
higher variation and amplitude of changes. The park site shows posi-
tive PET changes of around +2K during the night and in the morning 
(maximum: +4.8K) but also has three periods (09:00 – 13:00, 15:00 – 
17:00, and 18:00 – 19:30) with negative lowpoints of −8.2K, −4.5K, and 
−5.2K, respectively. Nearly consistent negative changes (mean: −1.1K) 
occur at the road site, corresponding to lower future PET values. The 
change in surface temperature at the park site corresponds to the trajec-
tory of the PET curve. The road site consistently reveals negative surface 
temperature values with maximum differences of −16.4K during after-
noon.

4. Discussion

4.1. Evaluation of PALM-4U output

Air temperature differences between COSMO and PALM can be at-
tributed to the simplistic urban parameterisation and the coarser grid 
spacing of the meso-scale COSMO forcing data. COSMO uses simple 
land cover parameterisations and poorly represents urban environments 
[21]. The model sensitivity to the large-scale weather pattern in the 
forcing data is recognisable in the diurnal cycles, especially during 
daytime. It is noticeable that already the COSMO shows a higher air 
temperature during the day than OBS. However, dynamical downscal-
ing of the coarser COSMO data with PALM-4U by inserting geospatial 
urban information considerably improves the diurnal cycle, as can be 
seen in the small differences between PALM and OBS. PALM has a 
positive temperature bias throughout the entire model period. Nonethe-
less, the diurnal cycle is captured quite well, as the deviation from 
OBS is +1.1K on average. Similar maximum discrepancies in the di-

urnal cycle (± 3 K) were also observed in the validation study of Resler 
et al. [72].

The higher incoming shortwave radiation of PALM in comparison to 
OBS has a strong impact on the energy balance and propagates to the 
simulations. Air temperature before sunset is influenced by the spin-
up phase, which is mainly driven by radiation. Consequently, higher 
incoming radiation translates into a warmer spin-up phase and thus in-
creases heat storage and higher soil/building temperature. This in turn 
heats the air layer above at the onset of the modelled day. Shortwave 
radiation differences are also most prominent during noon, which fits to 
the observed maximum temperature differences. Potential error sources 
could be related to parameterisations of the components determining 
the energy balances of certain locations (e.g. albedo, longwave radi-
ation), which then could be reflected in the turbulent fluxes. Conclu-
sively, differences in incoming shortwave radiation appear to be mainly 
responsible for the temperature bias. However, since we are interested 
in the differences between the scenarios, this bias is not problematic for 
this study.

In addition, several studies validated important meteorological vari-
ables that determine thermal comfort, i.e. wind flow (e.g. [33,54]), 
radiation [53,78], and biometeorology indices [26].

4.2. Microclimatic changes

4.2.1. Near-surface air temperature

Differences in near-surface air temperature occur primarily in the 
centre at the locations directly affected by the scenario changes, while 
the surrounding area remains largely unchanged. This result indicates 
that urban changes have limited impact on adjacent urban spaces, and 
new constructions on bare ground or wasteland hardly influence the 
surrounding urban areas.

The air temperature differences can be attributed to the reconstruc-
tion measures of the buildings. Thermally massive building structures 
absorb, store, and emit more energy from solar radiation per unit area 
than bare ground. The surface energy budget quickly responds to these 
changes and the radiative (Fig. 6a, 6b) and turbulent sensible heat 
flux (Fig. 6c) heat the near-surface layer and determine the tempera-
ture distribution in the street canyons. Generally, the sensible heat flux 
increases at the expense of the latent heat flux (Fig. 6d), as the pro-
portion of green spaces in the vicinity of the new buildings decreases. 
Heat traps occur mainly in courtyards or between buildings, where low 
sky-view-factors reduce heat exchange and long-wave radiation losses 
[63,83,87]. The buildings also block the air flow in the street canyons, 
which further reduces the exchange and ventilation [16].

The results are consistent with findings from previous studies. 
In a similar redevelopment study in Rome (0.09 km2, Italy), an in-
crease in air temperature between +2.5K and +3.5K was observed 
by adding new buildings [5]. When the building structure was loos-
ened with vegetation-covered open spaces, the temperature increase 
was reduced between +0.5K and +2.0K. In a similar brownfield re-
development project (0.12 km2), Koch et al. [51] simulated the im-
pact of new residential buildings at the micro-scale. They found air 
temperature reductions of −0.5K and −1.0K in the centre during day-
time, air temperature reductions of −1.0K during nighttime, and over-
all more widespread influence on neighbouring districts. Berardi and 
Wang [8] also found that new buildings reduce air temperature by 
up to −0.9K during the day. In both studies, the decrease in air tem-
perature during the day was attributed to the effects of shading and 
higher wind speeds around the buildings. The latter was not observed 
in our study, most likely due to the asymmetric building layout, the 
higher number of implemented buildings, and the higher building den-
sity.

The band-shaped area, south and north-east to south-east of the res-
idential centre, with a strong decrease in air temperature is converted
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from buildings, roads, and pavements (current) to a green belt with in-
dividual trees (future). The conversion of the areas leads to an increase 
in albedo and thus to lower surface temperatures. The lower surface 
temperatures decrease the sensible heat flux, but at the same time in-
crease the latent heat flux. The finding that the air temperature changes 
in the new park in the southeast are positive during the day but nega-
tive at night is consistent with the study of Geletič et al. [31].

The two-sample t-test for auto-correlated data compares the mean 
difference (future – current) and spread around the statistical mean. 
It follows that even small differences can be statistically significant if 
a site is characterised by lower air temperature variability. Statistical 
significant regions are found at sites that have undergone structural 
urban changes. Here, the significance test is only based on one single 
modelling day, which results in a very low effective sample size after 
correcting for auto-correlation. Longer modelling periods and/or more 
scenario simulations would be necessary to increase the robustness of 
the significance measure.

4.2.2. Outdoor thermal comfort

The PET depends on the air temperature, the mean radiant tem-
perature, wind velocity, and humidity, and thus responds quickly to 
changing meteorological conditions. Negative PET changes, i.e. colder 
conditions in the future scenario, are primarily attributed to shading by 
buildings and trees, as they strongly reduce the mean radiant tempera-
ture. The diurnal cycle of the sun and the resulting sun angles mainly 
determine the diurnal PET cycle. Consequently, negative PET values 
arise near buildings and trees (Fig. 5c, 5d, 5e). This is supported by 
our findings that the entire new residential area receives less incom-
ing shortwave radiation in the future scenario (Fig. 6b). Shading also 
explains lower mean PET values during the day at the north-side of 
buildings.

These results are in line with the work of Kántor et al. [45] who 
found that tree shading reduces PET around −9K, during summer-
time in Pécs, Hungary. Findings of Berardi and Wang [8] support the 
strong decline in PET through building shade, with values of −17.5K 
(10:00) and −14.1K (14:00). Remarkably lower PET during the day in-
side of courtyards and east-west streets are consistent with the study by 
Taleghani et al. [84], who investigated different building arrangements.

The new buildings prevent ground-level surfaces from absorbing 
shortwave radiation. The buildings themselves absorb shortwave radi-
ation and the associated increase in surface temperature enhances the 
outgoing longwave radiation. This mechanism largely explains the dif-
ferences of the PET patterns during daytime and nighttime (Fig. 5a, 
5b). In addition, heat accumulation is amplified as new buildings in-
crease the roughness length and deflect or even block the wind flow. 
This enhances heat divergence and weakens the thermal mixing in the 
near-surface boundary layer.

Ketterer and Matzarakis [47] modelled urban re-planning in Stuttgart 
and discovered instantaneous PET to be around −10K lower under trees 
compared to green areas and at least −25K lower than over sealed sur-
faces. Johansson and Emmanuel [41] investigated PET in Colombo, 
Sri Lanka, and found the most comfortable conditions to be in narrow 
streets with tall buildings and the worst conditions to be in wide streets 
and open spaces without shade, which is also in line with the findings 
of this study.

4.2.3. Specific sites
We select both sites to highlight individual examples of direct 

and indirect urban development impacts. The park site is a location 
that remains unchanged itself, but the surrounding urban environment 
changes as new trees and buildings are added. In contrast, the road site
is directly converted from an asphalted road to a short grass spot with 
nearby trees. In both cases, the changes lead to considerable changes in 
the energy balance, air temperature, PET, and surface temperature.

At the park site the shading by nearby trees in the future scenario 
reduces the latent heat flux and net shortwave radiation. The newly 

constructed buildings that surround the park enhance the outgoing 
longwave radiation increasing the longwave budget. The peak values of 
net longwave radiation correspond to the lows of net shortwave radia-
tion and the latent heat flux. This is due to the nearby trees that receive 
more radiant energy at treetop height and thus emit more longwave 
radiation toward the park site. The absence (current) and presence (fu-
ture) of buildings and related longwave radiation changes most likely 
account for the positive air temperature and PET differences (night-
time) of the park site. Besides the dominating impact of tree shading, 
leaf crowns reduce wind velocities and block/hinder vertical mixing, 
amplifying near-surface heat accumulation. New buildings also impact 
circulation patterns by considerably reducing wind speeds within the 
centre of the model domain.

The conversion of the road site increases the albedo and heat ca-
pacity and reduced the heat storage. These changes might explain the 
strong decrease in shortwave radiation, surface temperature, and the 
decline in ground heat flux. Moreover, it might explain the pronounced 
shift from sensible to latent heat flux. Longwave net radiation increases 
even though adjacent sealed surfaces as well as five residential build-
ings in the north disappear (distance: approx. 10 – 50 m). Possibly, it is 
an interplay of trees and a distant influence of the newly emerged cen-
tre. Shading due to more trees accounts for the net shortwave radiation 
drop during the day, which might also be reflected in the PET, as mean 
radiant temperature declines substantially. Conclusively, the conversion 
from sealed to vegetated surface, the removal of nearby buildings, the 
introduction of new trees can be considered responsible for lower air 
temperature and PET values of the road site.

5. Conclusion

In this study, we model the impacts of a planned urban development 
project (0.22 km2) on the micro-meteorological conditions. PALM-4U 
resolves the thermal comfort and atmospheric motions at micro-scale 
(2m), which allows to assess the small-scale impacts. The implications 
are analysed for two distinct urban configurations - the current sce-
nario before the reconstruction (2018) and the future scenario after 
completion (2025) - for one of the hottest summer days with clear-
sky conditions during a heatwave. In particular, the changes in air 
temperature, outdoor thermal comfort, using physiologically equivalent 
temperature (PET), and the diurnal energy balance of specific locations 
are considered.

Both during the day and the night, mean near-surface air tempera-
ture increases within the newly constructed residential area, with more 
pronounced warming during daytime. In contrast, the air temperature 
decreases over areas, where building areas, bare soil, and sealed sur-
faces are converted into green spaces with extensive vegetation. The 
PET shows higher variations and amplitudes. During the day, a spatially 
heterogeneous pattern of low and high thermal exposure is observed, 
determined by changes in incoming radiation. At night, PET increases 
in the centre and is consistent with the findings for near-surface air tem-
perature. Despite the large-scale development, surrounding areas are 
barely affected by changes. This indicates the limited area of influence 
that the development project has on adjacent non-modified structures.

The microclimatic changes are most likely due to the reconstruc-
tion of buildings, which represent by far the largest structural changes. 
Buildings lead to changes in the energy balance, heat trapping, and 
lower horizontal wind velocities. The PET is highly sensitive to shading 
from new buildings and trees, lowering mean radiant temperature and 
thus the PET, primarily during daytime periods with low sun angles. 
The cooling impact of vegetation occurs at very small-scale. However, 
the impact of the specific building configuration examined in this study 
appears to be dominant in terms of microclimatic changes. In conclu-
sion, the effect of adaptation measures designed to increase the cooling 
effects is reduced by the pronounced impact of new buildings.

We conclude that modelling real urban development projects at 
micro-scale can help to improve our understanding of distinct small-
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scale changes, e.g. impact of buildings properties, street trees, and 
surface cover changes. More importantly, it enables the assessment 
of interrelated meteorological processes that govern the microclimate 
within an urban environment. During the planning of large develop-
ment projects, such simulations should have greater importance. By 
implementing feasible urban planning and mitigation strategies into the 
study design, further investigations could help to minimise heat stress 
during summer. Technical progress towards more computational power 
reduces trade-offs between model domain size and fine resolution and 
supports similar study designs in the future.

The main future challenge is to understand implications of an ur-
ban development projects in its entirety and nonetheless scrutinise all 
the micro-scale processes that contribute to it. In the face of a globally 
growing urban population, implications of structural urban changes on 
surface-atmosphere interactions will remain an issue of paramount im-
portance. This study can provide a framework for further investigation 
and can contribute to urban planning and urban adaptation to heat-
waves.
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Appendix A. Methods - evaluation of input forcing data

We evaluated the COSMO Forcing data with local air temperature 
data measured at DWD stations (Fig. B.10). Therefore, we selected four 
measuring stations located at a maximum distance of 40 km from the 
study site. We chose rural measuring sites, as the COSMO model lacks 
urban parameterisation, which might cause large differences over ur-
ban environments. Time series analysis was carried out based on linear 
regression, Pearson correlation, bias, mean-absolute-error (MAE), and 
root-mean-squared-error (RMSE).

Appendix B. Results - evaluation of input forcing data

The outcome of the forcing data evaluation is depicted in Fig. B.11. 
Overall, the three-month time series of COSMO model data matches the 
local measuring station data very well. All four data pairs have a corre-
lation of 0.99, a bias smaller than ± 0.7 K, an MAE below 0.8 K, and an 
RMSE around 1 K. Thereby, all correlations are statistically significant 
(p-value < 0.01), and a Shapiro-Wilk test indicates that all datasets are 
normally distributed.

Fig. B.8. Commercial figure of the construction plans for the urban development site Neckarpark that constitutes the basis for implementing the future scenario. 
Source: https://www .stuttgart -meine -stadt .de /stadtentwicklung /neckarpark/.

https://www.stuttgart-meine-stadt.de/stadtentwicklung/neckarpark/
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Fig. B.9. Differences between the assigned land use in the official development plans of the Stuttgart City Planning Office (left) and the adapted plans with inserted 
building shapes, paths, single trees, and green patches (right). The classification corresponds to the assigned main functionality of the areas.

Fig. B.10. Land cover map with local DWD stations selected for evaluation of COSMO forcing data. Measuring stations are located in Notzingen (A), Neubulach-
Oberhaugstett (B), Kaiserbach-Cronhütte (C), Renningen-Ihinger Hof (D). All stations are sited in rural areas with a maximum distance of 40 km to the centre of the 
study area Neckarpark.
13
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Fig. B.11. Evaluation of COSMO forcing data by investigating air temperature (2 m) and comparing it to four local measuring stations of the German Meteorological 
Service (DWD). Three-month time series (left) and linear regressions (right) are examined at the locations of Notzingen (A), Neubulach-Oberhaugstett (B), Kaiserbach-
14

Cronhütte (C), and Renningen-Ihinger Hof (D).
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Fig. B.12. Incoming shortwave radiation for the PALM run and the local measuring data OBS. The measuring station is the on the roof of the fire station, which 
corresponds to Point M in Fig. 2.

Fig. B.13. PALM-4U model output for the current scenario showing the diurnal cycle of the near-surface air temperature. Absolute temperature values are shown 
15

for the state at 04:00, 08:00, 12:00, 16:00, 20:00, and 24:00 UTC. The black objects are buildings in at least one of the two scenarios.
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Fig. B.14. PALM-4U model output for the future scenario showing the diurnal cycle of the near-surface air temperature. Absolute temperature values are shown for 
16

the state at 04:00, 08:00, 12:00, 16:00, 20:00, and 24:00 UTC. The black objects are buildings in at least one of the two scenarios.
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Fig. B.15. PALM-4U model output for the current scenario showing the diurnal cycle of the PET. Absolute PET values are shown for the state at 04:00, 08:00, 12:00, 
17

16:00, 20:00, and 24:00 UTC. The black objects are buildings in at least one of the two scenarios.
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Fig. B.16. PALM-4U model output for the future scenario showing the diurnal cycle of the PET. Absolute PET values are shown for the state at 04:00, 08:00, 12:00, 
18

16:00, 20:00, and 24:00 UTC. The black objects are buildings in at least one of the two scenarios.
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[30] J. Geletič, M. Lehnert, P. Krč, J. Resler, E.S. Krayenhoff, High-resolution modelling 
of thermal exposure during a hot spell: a case study using palm-4u in Prague, Czech 
Republic, Atmosphere 12 (2021) 175, https://doi .org /10 .3390 /atmos12020175.
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[73] J. Resler, P. Krč, M. Belda, P. Juruš, N. Benešová, J. Lopata, O. Vlček, D. Damašková, 
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