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1	 Introduction
The climate and air quality of cities are determined by 
meteorological and air-chemical processes, including 
surface-atmosphere exchange. Especially over complex 
terrain, several atmospheric processes superimpose on 
different scales and turbulent mixing, slope- and valley 
winds as well as capping inversions are decisive fac-
tors influencing the urban climate (e.g., Landsberg, 

1981; Baumbach and Vogt, 2003; Oke et al., 2017). 
One of the relevant parameters describing vertical tur-
bulent mixing in the atmospheric boundary layer (ABL) 
is the variance of vertical wind speed, σ w

2 . Therefore, 
observations of this parameter have been performed for 
several decades based on aircraft, wind profilers, and 
Doppler lidars (e.g., Wyngaard et al., 1971; Panofsky 
and Mazzola, 1971; Kaimal et  al., 1976; Young, 
1988; Angevine et al., 1994; Eng et al., 2003; Hogan 
et  al., 2009; Ansmann et  al., 2010; Lenschow et  al., 
2012). Typical fit functions of vertical σ w

2  profiles are 
based on aircraft measurements provided by Lenschow 
et al. (1980) and Sorbjan (1986). With respect to point 
measurements of turbulence parameters, the vertical 
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wind speed variance parameter’s representativity is a 
critical issue, too (e.g. Mahrt, 1998; Steinfeld et al., 
2007). For example, Hogan et  al. (2009) found that 
variance profiles derived from lidar measurements at 
one particular site showed a case-to-case variability that 
was about as large as the scatter of fit functions pro-
vided by Lenschow et al. (1980) and Sorbjan (1986). 
Therefore, especially for complex terrain, aspects of 
uncertainty or representativity of point measurements 
can become quite relevant.

Cities located in valleys often suffer from poor air 
quality, as the exchange of heat, moisture, and air pollut-
ants in the urban atmospheric boundary layer (UABL) 
and with the surroundings is limited by terrain effects 
(e.g., Wanner and Hertig, 1984; Mayer, 1999; Steyn 
et al., 2013). This has been proven by different investi-
gations. For example, Rendón et al. (2014) simulated 
how counteracting up-slope winds and country breezes 
can lead to poor urban ventilation during daytime. 
Giovannini et al. (2017) reported that in the narrow and 
deep Adige valley, inhomogeneities in the urban areas 
modify the diurnal up- and down-valley winds consid-
erably. Adler et al. (2020) used horizontally scanning 
Doppler lidar measurements to show how blocking 
effects due to convergence of drainage flows from the 
main and a tributary river valley strongly reduce urban 
ventilation during nighttime.

To investigate the urban climate and provide recom-
mendations for urban planning, high-resolution models 
on decametre scales are desirable. To foster and achieve 
these aims, a high-resolution urban climate and air 
quality model was developed (Maronga et al., 2019; 
2020), and comprehensive measurements for model 
evaluation were conducted (Scherer et  al., 2019b) 
within the framework of the project “Urban Climate 
Under Change [UC]2” (Scherer et  al., 2019a). The 
observations were carried out in cities under different 
environmental conditions (Berlin, Hamburg, Stuttgart). 
Stuttgart is a well-known example of a city located in 
hilly terrain suffering from frequent air quality issues 
which are related to its complex topography (Mayer, 
1999; Scherer et al., 2019a; Reuter and Kapp, 2021). 
At the same time, the area of Stuttgart is characterised 
by pronounced diurnal cycles of the meteorological and 
air-chemical parameters (Kiseleva et al., 2021; Zeeman 
et al., 2022; Samad et al., 2023).

While the practicability of the PALM-4U model for 
a user community was already tested (Halbig et  al., 
2019; Steuri et  al., 2020; Winkler et  al., 2020) and 
first applications were successfully carried out (e.g., 
Geletič et al., 2021), we aim to evaluate the PALM-4U 
model with respect to dynamical and turbulent parame-
ters in the ABL. Special focus is given to the nocturnal 
wind field and the daytime σ w

2 . The paper is structured 
as follows. In Section 2, we describe the observations 
used for the model evaluation and the PALM-4U model 
setup. Section 3 provides the model evaluation of the 
simulated diurnal cycle of the wind in the convective 
(CBL) and nocturnal stably stratified boundary layers 

(NBL) in the Stuttgart basin and Neckar valley. In 
Section 4, we focus on the model evaluation of σ w

2  in 
the CBL. Finally, Section 5 summarises the main results 
of the investigation.

2	� Observations, model setup, and 
analysis tools

2.1	 Observations

The observations were performed over the oro-
graphically structured terrain characterising the sur-
roundings of the city of Stuttgart in southwestern 
Germany (Figure  1a, b). Stuttgart is the sixth largest 
city in Germany with a population of about 630,000. 
The investigation area includes the relatively broad 
Neckar valley, oriented southeast to northwest (width 
about 2 km) and the basin-shaped valley referred to as 
Stuttgart basin (about 2.5 km x 2.5 km), which opens to 
the Neckar valley in the northeast (Figure 1b, c). The 
valley and basin floor are approximately at an altitude 
of 300 m above mean sea level (m asl) and surrounded 
by hills with ridge heights up to 520 m asl. The inner 
city of Stuttgart is located in a valley that extends from 
Kaltental in the southwest via the Stuttgart basin to the 
Neckar valley in the northeast of the city. The position 
of buildings (Figure 1c) and land use map (Figure 1d) 
show the high building density in the Stuttgart basin 
and somewhat lower building density in the lower parts 
of the surrounding hills. The sealed surfaces in the 
Neckar valley are often built with industrial facilities. 
The upper parts of the hills are mostly forested.

The topographic setting of Stuttgart strongly influ-
ences the meteorological situation in the city (Samad 
et al., 2023). While in the Neckar valley northwesterly 
and southeasterly winds predominate, the main wind 
direction within the Stuttgart basin is southwest or 
northeast. Nocturnal cold air flows from the hills sup-
ply the city with fresh air while upslope winds in the 
morning transport pollutants emitted in the city to the 
suburban areas and the outskirts.

Two intensive observation periods (IOPs) lasted 
from 05  July to 15  August 2017  and from 14  June 
to 31  August 2018. For a detailed overview of the 
measurement campaigns, we refer to Scherer et  al. 
(2019b). From these two summer periods, two episodes 
were selected for the PALM-4U evaluation, which were 
characterised by high pressure conditions and mainly 
clear skies. The first episode is from 14 to 15 August 
2017 and the second is on 20 June 2018. During the two 
IOPs, different vertical profiling systems were operated 
(Kiseleva et al., 2019). An overview of instrumentation 
and measured parameters is given in Table 1. The mea-
surement systems were operated differently in 2017 and 
2018, according to the ABL parameters chosen for the 
PALM-4U evaluation, i.e., the horizontal wind field in 
2017 and σ w

2  in 2018. Their positions in the IOPs in the 
two years are shown in Figure 1b, c.
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Figure 1: (a) The model domain with 40 m grid spacing for wind field evaluation on 14–15 August 2017 and (b) the location of observa-
tion sites Erwin-Schöttle-Platz (ESP), Town Hall (TH), Schnarrenberg (SB), lidars WTX and HYB, and corresponding virtual towers 1–6  
(VT1, …, VT6). (c) Model domain with 10 m grid spacing for σ w

2  evaluation on 20 June 2018 and location of observation sites (TH, SB, 
Amt für Umweltschutz (AFU)). Areas with buildings are grey shaded. 10-s output data are available for the 3 x 3 km2 subdomain indicated 
by the dotted square. (d) land use distribution. The latitudinal and longitudinal coordinates of the southwestern corner in (a) are 48.562721° 
N, 8.838169° E. Topographic data is provided by DLR. Coordinate system: UTM (ETRS89) zone 32U, geoid egm2008. 

The wind lidar of type Leosphere Windcube 
WLS8-3  was installed at the Town Hall (TH, wave-
length of 1.543 μm, pulse energy of 200 μJ, pulse repeti-
tion frequency of 20 kHz). The wind lidar was operated 
in two modes: the Doppler beam swing (DBS) mode 
in 2017, and the vertical stare mode in 2018. Using the 
DBS mode, the wind lidar performed measurements of 

radial wind speeds with a cone angle of 14.84° along 
the four beam directions of 90, 180, 270, and 360°. It 
took the wind lidar 7 s to collect data at each beam loca-
tion and to steer the beam to the next beam location. 
The 2-D wind components were derived with a verti-
cal resolution of 20 m from 40 m up to a maximum of 
600 m above the roof level (depending on the aerosol  
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Table 1: Region, station name and abbreviation, measurement platform and measured parameters for the IOPs in the two years 2017 and 
2018. T is the temperature, p is the air pressure, RH is the relative humidity, w is the vertical wind speed, |v| is the horizontal wind speed, wd 
is the wind direction, zi is the boundary-layer height and CBH is the cloud-base height. The station height data are based on the coordinate 
system UTM (ETRS89) zone 32U, geoid egm2008. Site locations are indicated in Fig. 1b,c. *The weather station was approx. 200 m away 
from TH. 

Region
Station name  
(elevation in m asl) Abbreviation Measurement platform 

Measured meteorological 
parameters

Stuttgart basin Town hall (303) TH Wind lidar
Weather station*

|v|, wd (2017), w (2018)
T, RH, |v|, wd

Erwin-Schöttle-Platz (322) ESP Radiosonde
Weather station

T, p, RH, |v|, wd (2017)
T, RH, |v|, wd

Amt für Umweltschutz (333) AFU Wind lidar w (2018) 
Virtual tower 1 (316) VT1  |v|, wd up to 500 m agl (2017)
Virtual tower 2 (287) VT2 |v|, wd up to 2000 m agl (2017) 
Virtual tower 3 (302) VT3 Wind lidars |v|, wd up to 500 m agl (2017) 

Neckar valley Virtual tower 4 (275) VT4 Dual-Doppler scan pattern |v|, wd up to 500 m agl (2017) 
Virtual tower 5 (278) VT5 |v|, wd up to 2000 m agl (2017) 
Virtual tower 6 (301) VT6 |v|, wd up to 500 m agl (2017) 
Schnarrenberg (366) SB Ceilometer zi, CBH (2017, 2018)

Radiosonde T, p, RH,|v|, wd (2017, 2018)
Weather station T (0.05 and 2 m agl), RH, |v|, wd

concentration) and with a temporal resolution of 10 min 
from instantaneous radial velocities measured at each 
beam position by the internal software provided by 
Leosphere. According to the manufacturer’s techni-
cal specifications, the accuracy of the wind speed is 
0.2 m s-1 and of wind direction is 1.5°. In summer 2018, 
the wind lidar was operated in vertical stare mode only. In 
this mode, the wind lidar beam was continuously point-
ing vertically, which provided a direct measurement of 
the vertical wind speed with a time resolution of 7 s. At 
TH, data from a weather station were available, too.

Two Doppler lidars (WTX, HYB) of the type “Wind-
Tracer”, manufactured by Lockheed Martin, were 
installed in summer 2017 (Figure 1b) to derive wind 
profiles at 6  different sites (VT1, …, VT6) based on 
the virtual tower (VT) technique (e.g., Wittkamp et al., 
2021). Detailed technical information and settings of 
the two lidars are described by Röhner and Träumner 
(2013) and Damian et al. (2014). For both devices, the 
range gate length was set to 69.5 m and the accumu-
lation frequency was 10  Hz. The measurement range 
of the devices was 350 m to 12 km, depending on the 
atmospheric conditions. Both lidars are equipped with 
a freely configurable two-axis scanner. The manufac-
turer’s software allows to perform highly synchronised 
scans with the two devices, which is required for the 
VT technique. The two lidar devices performed tem-
porally synchronised scans, measuring simultaneously 
for 10  s at every measurement height of each VT. In 
total, 68 heights were scanned, and it took the two lidar 
devices approximately 15  min to complete one scan 
cycle.

On the roof of the Amt für Umweltschutz (AFU, 
Figure 1c) the wind lidar Streamline (Halo Photonics) 
was deployed in summer 2018. The height of the sensor 

was 332.6 m asl, around 21.5 m above ground level (agl). 
It was operated in vertical stare mode for vertical wind 
speed observations. The range gate length of the lidar 
was set to 18 m while the temporal sampling frequency 
was set to approximately 1 Hz; 15000 pulses were inte-
grated into one such sample. The Doppler velocity res-
olution is specified by the manufacturer as 3.82 cm s-1.

At Erwin-Schöttle-Platz (ESP), a radiosonde 
was launched at 1203, 1524, 1941, 2257  Universal 
Standard Time (UTC) on 14 August and at 0300, 0755, 
1049 UTC on 15 August 2017 (Figure 1b). The Vaisala 
Radiosondes RS92  provided vertical profiles of pres-
sure, temperature, relative humidity and wind speed, 
and direction with a vertical resolution of 5  to 10 m, 
depending on the ascent speed of the balloon. At ESP, 
also a weather station was operated.

At Schnarrenberg (SB), the Vaisala radiosonde 
systems RS92 (2017) and RS41 (2018) were oper-
ated (Figure 1b, c). Operational radiosoundings were 
available from different times of the day reaching up 
to about 32 km asl with a vertical resolution of about 
10  m, providing profiles of air temperature, relative 
humidity, wind speed, wind direction, and air pres-
sure. Routinely, the balloon was launched approxi-
mately 75 min before 0000 and 1200 UTC, that is at 
2245  and 1045  UTC, respectively. For the 2017-epi-
sode, additional radiosondes were started 75 min before 
0600 and 1800 UTC, that is at 0445 and 1645 UTC. For 
the RS92 and RS41 radiosonde systems, uncertainty of 
wind speed is 0.15 m s-1 and of wind direction 2°, and 
the total accuracy of temperature in the ABL is <0.5 K.

At SB, a ceilometer CHM15k Nimbus (manufac-
tured by Lufft, wavelength of 1.064 μm, pulse energy 
of 7–8 μJ, repetition frequency of 5–7 kHz, Martucci 
et  al. (2010)) was running routinely. The CHM15k 
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ceilometer is a lidar-based sensor that is used for cloud-
base height and ABL height detection. The system pro-
vides profiles of uncalibrated backscatter up to 15 km 
agl with a range resolution of 5 m and a time resolu-
tion of 15 s. From these profiles, up to three cloud-base 
heights were determined based on a threshold method 
of the Lufft algorithm. Ceilometer intercomparisons 
by Martucci et  al. (2010) and Milroy et  al. (2012) 
provide an accuracy of cloud-height detection of about 
150  m. We used only the lowest cloud-base height. 
Finally, at SB a weather station provided near-surface 
data.

2.2	 PALM-4U model setup

The large-eddy simulation (LES) model PALM-4U was 
designed to allow high-resolution simulations (metres to 
decametres) over urban areas. A detailed description is 
given by Maronga et al. (2019, 2020). Therefore, we 
confine ourselves to the configuration of PALM-4U used 
in this study. We applied PALM release 21.10  driven 
with COSMO analysis data. The synthetic turbulence 
generator implemented in PALM-4U is turned on to 
adjust the turbulence conditions at the inflow (Kadasch 
et al., 2021). The method is based on the work of Xie 
and Castro (2008) and Kim et al. (2013).

The simulations were initialised using three input 
files, the namelist, static (static driver) and dynamic input 
files (dynamic driver). The static driver contains all static 
information to initialise land- and urban-type surfaces, 
such as topography, geographical coordinates, surface, 
vegetation, and building information. This informa-
tion was provided by Deutsches Zentrum für Luft- und 
Raumfahrt (DLR), supplemented by OpenStreetMaps 
data prepared by module A of (UC)2 (Scherer et  al., 
2019a; Heldens et al., 2020). The used terrain data are 
based on the coordinate system UTM (ETRS89) zone 
32U, geoid egm2008. Terrain height in this coordinate 
system differs by approximately 50  m from German 
governmental terrain height data. The dynamic driver 
contains the information on the initial state of the mete-
orological fields (such as 3-D data of wind, temperature, 
humidity, pressure, soil moisture, soil temperature) as 
well as the boundary data required for the offline nest-
ing of PALM-4U. These are interpolated from 1-h out-
put data of the model COSMO (Schättler et al., 2014) 
using the pre-processing tool INIFOR. For soil- and 
wall-layer temperature, a spin-up phase of 24 hours was 
used before the start of the atmospheric model. As the 
format of the standard COSMO analysis changed from 
COSMO-DE to COSMO-D2 in May 2018 (with reduc-
tion in grid spacing from 2.8 km to 2.2 km and increase 
in the number of vertical levels from 50 to 65), we used 
COSMO-DE data for the 2017 simulations (Sec. 3) and 
COSMO-D2 data for the 2018 simulations (Sec. 4).

As it turned out that the influence of the upstream 
topography of the Neckar valley is stronger for noctur-
nal flow fields in the investigation area than its influ-
ence on the daytime convection in the Stuttgart basin, 
the model domains were chosen differently for the two 

evaluation periods. The PALM-4U model domain for 
the wind field evaluation (Sec. 3) and for the turbulence 
evaluation (Sec. 4) are shown in Figure 1.

On 14–15 August 2017, the model size was 48 x 48 x 
4 km3 in x-, y-, and z-direction (Figure 1a), respectively, 
and the isotropic grid spacing was 40 m. We started the 
model on 13 August 2017 at 2100 UTC with the sim-
ulation time of 39 h. The model evaluation covers the 
period from 0000 UTC on 14 August to 1200 UTC on 
15  August. The instantaneous 3-D volume output of 
temperature (T), specific humidity (q), and u-, v-, and 
w-wind components was every 10  min. Additionally, 
we stored height-resolved u,v,w data (1 s) at VT2 up to 
400 m agl to allow TKE calculation.

On 20 June 2018, a model domain size of 12 km × 
12 km × 2.5 km3 in x-, y- and z-directions (Figure 1c), 
respectively, with an isotropic grid spacing of 10  m 
was used. The start time of the simulation was set to 
20 June 2018 at 0000 UTC and the simulation time was 
18  h. The model evaluation then includes the period 
from 0900 to 1800 UTC on 20 June. The instantaneous 
3-D volume data of u, v, w-components of the velocity, 
T, q, and potential temperature (Θ) were stored every 
15  min. Additionally, we stored height-resolved ver-
tical wind speed (10 s) for two boxes of 100 x 100 x 
2500 m3  around each of two evaluation sites TH and 
AFU (Figure 1c), and for a 3 x 3 km2 subdomain at the 
level of 350 m agl (Figure 1c).

2.3	 Analysis tools

2.3.1	 Atmospheric boundary-layer height

We assume a CBL to be existing when the near-surface 
layer is unstably stratified. The SB station provides the 
vertical temperature gradient for the layer 2  m above 
ground. Concerning radiosoundings, we applied the par-
cel method, the maximum gradient method using Θ and 
specific humidity profiles as well as the bulk Richardson 
number (Ri) method to determine zi (e.g., Adler et al., 
2019). We applied sensitivity tests to the three meth-
ods. The maximum gradient method proved to be most 
robust because it does not depend on the exact value of 
the surface air temperature as does the parcel method. 
Therefore, their results were used in the following. To 
determine zi from the model simulations, we applied the 
parcel method to Θ profiles. As 10 and 40 m vertical 
resolutions were used in the simulations, we also com-
pared the impact on the zi determination. No consider-
able differences were found. In Section 3, we used the 
Θ profiles from locations SB und ESP. In Section 4, the 
mean Θ profiles, that were calculated from hourly out-
puts over a 3 x 3 km2 area (Figure 1c), were used. The 
standard deviations of these mean profiles were applied 
to determine the statistical uncertainty of zi.

The top of the NBL can be defined as the transi-
tion between the stable surface layer and the neutral 
residual layer (Stull, 1988). This height was detected 
by scanning the temperature gradient profile of radio-
sonde observations and model output upwards to 
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Figure 2: Time-height sections of Θ (isolines), horizontal wind speed (arrows), boundary-layer characteristics (CBL, NBL, and RL), and 
clouds for 14 August 0000 UTC to 15 August 1200 UTC. (a) Potential temperature and horizontal wind speed are based on the radiosound-
ings of SB. blue dots: radiosonde at SB, green dots: radiosonde at ESP, red circles: ceilometer at SB. Cloud base and cloud coverage (in 
oktas) are based on ceilometer data from SB. The triangles indicate (left to right) the sunrise, sunset, and again sunrise. The site locations 
of the different observation systems are given in Figure 1b. (b) same as in (a) but from the PALM-4U simulations. The blue and green dots 
indicate CBL and NBL height at SB and ESP, respectively.

find the lowest level at which the Θ gradient, dΘ/dz, 
reaches its minimum and then checking if at that level, 
the following condition is met: |d2Θ/dz2|<0.1 K2 km-2. 
Figure 2 shows the detection of CBL and NBL heights 
based on these introduced algorithms.

The manufacture’s software of the ceilometer 
deployed at SB provides three levels with significant 
vertical changes in attenuated backscatter (threshold 
method, e.g., Babić et al., 2019; Ritter and Münkel, 
2021; Kotthaus et  al., 2023). We used the lowest 

level for zi detection, i.e. for CBL or NBL top when 
the near-surface layer is unstable or stable, respectively.  
Hourly mean and standard deviation of zi were calcu-
lated from 15 s ceilometer measurements.

2.3.2	 Horizontal wind

We used measured profiles of horizontal wind from 
two different kinds of systems (Tab. 1): wind lidar (TH, 
VTs) and radiosondes (SB, ESP). The observations 
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from the systems were available with different temporal 
resolutions (Sec. 2.1). For evaluation of the PALM-4U 
simulations, wind-lidar observations and model output 
were aggregated to hourly means.

2.3.3	 Variance of the vertical wind speed

The wind lidar and simulation data were used to cal-
culate σ w

2 . The values were computed for 1-h and 
3-h intervals. To ensure a good data quality of the 
lidar data, a two-step procedure was applied: values 
with a carrier-to-noise ratio (CNR) lower than 27 dB 
(Windcube WLS8-3) and 19.0  dB (Halo Photonics) 
were discarded, and range gates with data availability 
of more than 75% within 1 h only were considered.

As the observation and simulation data have dif-
ferent temporal sampling rates (Windcube WLS8-3: 
7  s, Halo Photonics: 1  s, simulations: 10  s), a high-
pass filter with a frequency of 0.10 Hz was applied 
to the observation data. This also helped to remove 
random uncorrelated noise automatically. The results 
of this method were compared to the established 
methods of Lenschow and Kristensen (1985) and 
Lenschow et al. (2000), i.e. the estimation of random 
uncorrelated noise by extrapolating the autocorrela-
tion function of the variance to the zero lag. The out-
come was quite similar, with differences amounting 
to ≈ 1–1.5%.

3	� Model evaluation of the wind field in 
the boundary layer

The synoptic conditions during the two-day period 
from 14  to 15  August 2017  were dominated by a 
high-pressure system centred over eastern Europe and 
an eastward propagating low-pressure system with its 
centre over Scotland. On 14 August, this was asso-
ciated with weak free-tropospheric wind from the 
southeast, which turned to southwest in the evening 
(Figure 2a). On 15 August, south-westerly wind pre-
vailed throughout the day. Both days were generally 
characterised by fair weather conditions and were 
mostly cloudless with only few cumuli topping the 
CBL during daytime, as visible in the measurements of 
global radiation (not shown) and ceilometer backscat-
ter at SB (Figure 2a). These synoptic flow conditions 
were well represented in the PALM-4U simulations 
(Figure 2b).

3.1	 Boundary-layer conditions

The Θ profiles in the ABL from radiosoundings show 
that a moderately stably stratified NBL up to about 
600 m asl existed in the night of 14 August (Figure 2a). 
After sunrise, the CBL deepened continuously, reach-
ing about 2000 m asl at 1200 UTC. While the determi-
nation of the depth of the growing CBL agrees between 
radiosounding and ceilometer backscatter data, the 
CBL depth estimation in the afternoon (after about 

1500 UTC) differed considerably. We assume that the 
backscatter data indicated the height of the residual 
layer (RL), while the decrease of the CBL based on the 
radiosounding data is due to warm-air advection associ-
ated with the approach of the low-pressure system. An 
NBL started to form around sunset at about 1800 UTC, 
then grew in depth and strength throughout the night 
and reached up to around 700 m asl at 0300 UTC on 
15 August 2017. By this time, a strong surface inver-
sion with a vertical potential temperature gradient of 
2.25 K (100 m)-1 was visible in the radiosounding data. 
After about 0700  UTC, Θ increased in the NBL due 
to surface heating, and the developing CBL eroded the 
NBL from below. By around 1100  UTC, a CBL had 
developed and reached up to 1500 m asl.

Figure 2b provides the evolution of Θ and ABL from 
the PALM-4U simulation. Due to the observed small 
number of cumuli (Figure 2a), we neglected clouds in 
the simulation. The comparison shows that the main 
thermodynamic conditions are well represented by 
the simulation: the weaker but deeper NBL in the first 
night, a CBL depth of about 2000 m asl on 14 August, 
and a strong and shallow NBL on the night from 14 to 
15 August, although somewhat weaker in the simula-
tions than in the observations. This means that the pre-
conditions for the evaluation of PALM-4U concerning 
the flow field in the ABL were given.

3.2	 The diurnal cycle of the wind field

For comparison of the simulated wind with the observa-
tions, we focused on characteristic levels with respect 
to the ABL. The first level was chosen at 1000 m asl 
(≈ 700 m agl) to be approximately in the middle of the 
daytime CBL (Figure 2) and the second was chosen at 
410 m asl (≈ 100 m agl) to be within the NBL during the 
night. Vertical profiles of wind speed and wind direc-
tion at ESP, TH, and VT2 in the Stuttgart basin and at 
SB and VT5 in the Neckar valley are available for the 
comparison. The diagrams include instantaneous val-
ues from the radiosoundings at ESP and SB, 1-h means 
including standard deviations from the virtual lidar 
measurements at VT2 and VT5, calculated from 15-min 
resolution measurement data (Sec. 2.1), and 1-h means 
and standard deviations from the simulations, calcu-
lated from 10-min resolution output (Sec. 2.2).

The observed flow conditions in the investigation 
area at 1000 m asl could be separated into three main 
periods (Figure 3): 0000  to 0900 UTC on 14 August, 
when wind speeds of up to 8 m s-1 occurred blowing from 
south-easterly directions. The second time interval cov-
ers approximately the period from 0900 to 2100 UTC on 
14 August. During this period, the wind speed reduced to 
3–4 m s-1 while the wind direction turned to south-west-
erly directions at the end of the time interval. The third 
time interval covers the night from 14  to 15 August 
and the first half of 15 August. During this period, the 
wind speed reached up to 8–10  m s-1  while the wind 
direction was still from the southwest. In general, the 
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Figure 3: Hourly means and standard deviation of the wind speed and direction from lidar or instantaneous data from radiosoundings (red) 
at 1000 m asl (700 m agl) at ESP (a,b) VT2, (c,d), VT5 (e,f), and SB (g,h) for 14 August 0000 UTC to 15 August 1200 UTC. The site loca-
tions of the observation sites are shown in Figure 1b. The corresponding model results are given in blue.
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simulated wind conditions show a good agreement with 
the measurements both in the Stuttgart basin and in the 
Neckar valley. The standard deviations of the measured 
and simulated wind speed and wind direction overlap 
quite often throughout the day. The diagrams also show 
that the simulations sometimes differ more from the 
instantaneous radiosounding values than from the tem-
porally averaged wind lidar data. Figure 4a, b visualises 
the spatial flow fields at 1000 m asl for representative 
daytime (1200–1300 UTC on 14 August) and nighttime 
periods (0300–0400 UTC on 15 August). Particularly 
the spatially homogeneous flow fields that exist during 
both periods become clearly visible as well as the good 
agreement between observations and simulation.

To quantify the differences between measurements 
and simulation, we calculated root mean square error 
(RMSE) and normalised RMSE (NRMSE) from the 
measured and simulated time series. The results are sum-
marised in Table 2a. The RMSE values vary between 
1.0 and 1.5 m s-1 which, with respect to the mean wind 
speed of 5 m s-1 at that level, results in NRMSE values 
between 0.2 and 0.3.

Figure 5 presents the temporal development of the 
wind at 410 m asl (100 m agl). In the Stuttgart basin, 
the measured wind was quite low in the NBL on the 
first night (<2 m s-1, Figure 5a, c, e) and a pronounced 
down-valley wind did not develop at 100  m agl 
(Figure 5b, d, f; the dashed line indicates the orienta-
tion of down-valley wind direction). Between 0800 and 
0900 UTC, as the CBL started to grow (Figure 2a) and 
momentum was mixed downward, the wind speed at 
all sites in the Stuttgart basin increased to values of 
2–4 m s-1 (Figure 5a, c, e). Note that the south-easterly 
wind prevailing between 0900  and 1800  UTC does 
not correspond to the up-valley wind direction of the 
Stuttgart basin but corresponds to the wind direction at 
1000 m asl (Figure 3b, d) so that we assume that verti-
cal coupling between the flow layers of the CBL exists. 
Then, between 1800 and 2100 UTC, a south-westerly 
down-valley wind established in the Stuttgart basin 
(Figure 5b, d, f). As the large-scale wind also turned 
to southwest during that time interval (Figs. 2a, 3), it is 
hard to decide whether this flow is a thermally-driven 
down-valley wind accompanied by a decoupling of the  

Figure 4: Hourly averaged measured (magenta) and simulated (blue) wind vectors (a,c) from 1200–1300 UTC on 14 August and (b,d) from 
0300–0400 UTC on 15 August at two levels. Squares indicate radiosonde stations, circles virtual towers and the triangle the lidar site. In 
(d) the areas with buildings (grey shaded) are added. Station names see Figure 1b.
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Figure 5: Hourly means and standard deviation of the wind speed and direction from lidar or instantaneous data from radiosoundings (red) 
at 410 m asl (100 m agl) at ESP (a,b), TH (c,d), VT2 (e,f), VT5 (g,h), and SB (i,j) for 14 August 0000 UTC to 15 August 1200 UTC (site 
locations of the measurements see Figure 1b). The dotted line indicates the up-valley and the dashed line the down-valley direction of the 
Stuttgart basin and Neckar valley, respectively. The corresponding model results are given in blue.
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flow in the NBL from the one in the RL or if the flow 
in the NBL and in the RL are still coupled. However, 
Ri (Eq. 1, see Sec. 3.3), calculated for the lowest 
500-m layer at nighttime, results in Ri > 1  and sug-
gests a decoupling of the flow in the NBL from the 
one in the RL. Both features, vertical coupling during 
the day and decoupling at night of flows in the ABL 
in the Stuttgart area were reported by Wittkamp et al. 
(2021). After 0700 UTC on 15 August, the wind speed 
in the Stuttgart basin increased moderately to values 
of 4–5 m s-1 (Figure 5a, c, e) while the wind direction 
remained southwest.

Considering the simulation results for the Stuttgart 
basin, the observed wind speed (Figure 5a, c, e) and 
wind direction (Figure 5b, d, f) at 100 m agl are well 
reproduced until 2100 UTC on 14 August: no down-val-
ley flow at TH and VT2 was simulated (Figure 5d, f) 
in the first night as well as the increase in the wind 
speed and the turning of the wind direction from north-
east to southeast in the morning was captured by the 
model. However, at ESP a weak down-valley flow 
between 0400 and 0500 UTC on 14 August was sim-
ulated (Figure 5a, b). This will be investigated later by 
looking at weather station data, as radiosoundings were 
not available at ESP during this period. The occurrence 
of the measured down-valley wind after 2100 UTC on 
14 August was also correctly simulated. However, pro-
nounced differences in wind speed become visible in 
the night and particularly in the morning of 15 August. 
For example, while the observed wind at TH was low 
during the night (< 2 m s-1) the modelled wind speed 
reached up to 4 m s-1 (Figure 5c). Somewhat less pro-
nounced deviations exist between measurement and 
simulation at VT2 during the night (Figure 5e). Finally, 
after about 0700 UTC on 15 August, the simulated wind 
speed increases to about 8 m s-1 while the measured val-
ues are on average lower than 6 m s-1 (Figure 5a, c, e).

To clarify whether a shallow down-valley flow had 
developed in the Stuttgart basin during the first night, 
as indicated by the simulation for ESP at 100  m agl 
between 0400 and 0500 UTC (Figure 5b), we analysed 

the simulation data of ESP and TH (40 m agl) and the 
corresponding weather station data at ESP (10 m agl) 
and observations very close to TH (city centre, 25 m 
agl). At both sites, a weak down-valley flow (< 1 m s-1) 
was observed and simulated however, more intermit-
tent, during the night until 0600 UTC (not shown). A 
similar depth of the down-valley flow (approximately 
100  m agl) in the Stuttgart basin under comparable 
weather conditions was also reported by Baumbach 
et al. (1999).

In the Neckar valley at VT5  and SB, the wind 
speed in the NBL was also quite low during the first 
night (≤  2  m s-1, Figure 5g, i) coming from easterly 
or north-easterly directions (Figure 5h, j). At around 
0900 UTC, the wind direction changed to southeast and 
the wind speed rose to values of about 4 m s-1. Between 
1800  and 2100  UTC, another slight increase in wind 
speed occurred while the south-easterly down-val-
ley wind remained. All temporal behaviour of wind 
speed and wind direction is adequately reproduced by 
the model simulations (Figure 5g–j). Only, as already 
observed for the Stuttgart basin, the simulations over-
estimate the wind speed after 0900 UTC on 15 August 
(Figure 5g, i).

The spatial distribution of the flow field at 410 m asl 
during day- and nighttime is shown in Figure 4c, d. The 
flow fields of the daytime hours again demonstrate the 
strong vertical coupling of the layers in the CBL while 
the nocturnal flow fields indicate the decoupling partic-
ularly visible for the Neckar valley (VT4, VT5, VT6, 
SB). It also shows the section of the Stuttgart basin 
(TH, VT1, VT2, VT3) where considerable differences 
between the simulated and the measured wind speed 
occur during the night.

In the Stuttgart basin, the RMSE of wind speed at 
410 m asl for the whole 36-h period is 1.6 m s-1 at TH 
and even 2.0  m s-1  at VT2  and ESP (Tab. 2). As the 
mean wind speed is only slightly higher than 2 m s-1, 
e.g., the NRMSE reaches up to 0.9 at VT2. Concerning 
the wind direction, RMSE is about 35°. Since major 
differences between observed and simulated winds in 

Figure 5: (Continued)
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the Stuttgart basin occur during the night and morning 
hours of 15 August, we additionally calculated RMSE 
and NRMSE on the subset of data available until 
2100 UTC of 14 August (only for TH and VT2 because 
for the radiosonde stations the limited number of 
soundings does not allow meaningful statistics). The 
much better coincidence between the measurement and 
simulation during this reduced period is reflected in a 
more than halving of RMSE for the wind speed while 
the wind direction is nearly unaffected by the reduced 
time period. Possible reasons for the major differences 
between the measurements and simulations of the period 
after 2100 UTC will be investigated in Section 3.3.

In the Neckar valley, the RMSE values for the 36-h 
period are 1.3–1.4  m s-1, i.e. somewhat lower com-
pared to the Stuttgart basin. The differences between 
the Stuttgart basin and the Neckar valley become more 
obvious when the NRMSE are compared. The NRMSE 
values are about 0.4–0.5 and even independent from the 
considered time period. The low NRMSE values are 
caused by the fact that a pronounced down-valley wind 
became established in the Neckar valley in the night 
from 14 to 15 August (Figs. 4, d and 5h, j). Concerning 
the wind direction, the RMSE is about 35°, which is 
similar to the one in the Stuttgart basin. Considering 
that the angle between the Stuttgart basin and the 
Neckar valley is about 90°, an RMSE of 35° indicates 
that the simulation clearly distinguishes between flows 
in the Stuttgart basin and Neckar valley.

3.3	� Discussion of possible reasons for 
differences between measured and 
simulated wind

As outlined in the previous section, the simulated wind 
speed was higher than measured in the Stuttgart basin 
at 410  m asl during the night from 14  to 15 August 
(Figure  5c, e) and in the morning of 15  August 
(Figure  5a, c, e). Figure 6  shows the simulated and 
measured wind speed profiles under the nighttime and 
morning conditions of 15 August. A nocturnal low-level 
jet (LLJ) developed in the area of interest (Figure 6a). 
While the wind speed at the height of the LLJ wind 
speed maximum does not differ considerably between 
simulation and observations (≈ 11 m s-1 in the simula-
tion and ≈ 9 m s-1 in the observations), the LLJ in the 
simulation is at ≈ 700 m agl while the observed one is 
at ≈ 900 m agl. Additionally, the NBL is slightly more 
stably stratified in the observation than in the simula-
tion (Figure 2).

We calculated the bulk Richardson number Ri, to 
investigate the nocturnal period in more detail:

	 Ri g z
v

�
�
�

��
�0

2( | |)
� (3.1)

where Θ0 is near-surface potential temperature, g is 
gravitational acceleration, Δz is the height of a refer-
ence level, ΔΘ and Δ|v| are the differences of potential 
temperature respectively absolute value of wind speed 
between the reference level and the surface. We deter-
mined the nighttime Ri values for the layer between the 
height of the LLJ wind speed maximum and the surface. 
The Ri values based on the observed nocturnal condi-
tions in the Stuttgart basin range from 1.6–4.4 while the 
simulated values range from 0.0–0.4 only. This means 
that Ri from observations indicate suppression of verti-
cal turbulent mixing, while Ri values from the simula-
tion, which are close to the critical Richardson number 
of 0.25, indicate that shear-generated turbulence allows 
transport of momentum from the LLJ layer downwards. 
The impact of LLJs on turbulence beneath the jet and 
on near-surface wind was already emphasised e.g. 
by Corsmeier et  al. (1997), Banta et  al. (2003), and 
Kiseleva et al. (2021). Figure 6c shows the simulated 
turbulent kinetic energy (TKE) determined for 15 min 
intervals and based on 1-s output at VT2. Enhanced 
TKE values of up to 0.5 m2s-2 below the LLJ level are 
noticeable in Figure 6c and support the assumption that 
probably an unrealistic occurrence of vertical turbulent 
mixing was simulated by PALM-4U and was responsi-
ble for the larger simulated than measured wind speed 
at 410  m asl at night. Another reason for the higher 
wind speed at 410 m agl in the simulations than in the 
observations could also be that a vertical resolution of 
40 m could be insufficient to simulate the NBL because 
the turbulence is not resolved properly. By this, the sub-
grid scale turbulence scheme could cause a too strong 

Table 2: RMSE and NRMSE of the horizontal wind speed and 
RMSE for wind direction between observations and PALM-4U sim-
ulations for (a) 1000 m asl and (b) 410 m asl for the sites TH (only 
available for 410 m asl), ESP, and VT2 in the Stuttgart basin and SB 
and VT5 in the Neckar valley. The locations of the different sites are 
indicated in Fig. 1b. Values without brackets are for 0000 UTC on 
14 August to 1200 UTC on 15 August while values in brackets are 
for the 0000 to 2100 UTC on 14 August. 
a)
1000 m asl (700 m agl) 
 wind speed wind direction

RMSE (m s-1) NRMSE (-) RMSE (°)
ESP 1.5 0.3 52.4
VT2 1.2 0.2 13.6
SB 1.3 0.3 15.3
VT5 1.0 0.2 16.0

b)
410 m asl (100 m agl) 
 wind speed wind direction

RMSE (m s-1) NRMSE (-) RMSE (°)
TH 1.6 (0.7) 0.8 (0.4) 29.6 (34.8)
ESP 2.0 0.5 39.0
VT2 2.0 (0.8) 0.9 (0.4) 35.4 (31.3)
SB 1.3 0.5 32.4
VT5 1.4 (1.1) 0.4 (0.5) 35.2 (43.0)
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Figure 6: (a) Profiles of wind speed at ESP, TH, and VT2 at 0300 UTC on 15 August. Measurements in red and PALM-4U simulations 
in blue. COSMO DE profiles of the corresponding grid box in the Stuttgart basin (COSMOc) and at the southwestern boundary of the 
PALM-4U model domain (COSMOf) are shown in green. (b) The same but for 0800 UTC on 15 August. (c) Time-height cross section of 
simulated TKE at VT2 from 0000 to 0900 UTC on 15 August. The triangles indicate 0300 and 0800 UTC.

turbulent mixing (van Stratum and Stevens, 2015). 
Unfortunately, due to the scanning procedure (Sec. 2.1), 
TKE with good statistics cannot be determined from the 
lidar observations for comparison with model results.

The larger simulated than observed LLJ strength in 
the morning of 15 August (Figure 6b) could be respon-
sible for the corresponding differences of the wind 
speed at 410  m asl (Figure 5). Although the unstable 
atmospheric conditions (Figure 2) allow vertical mix-
ing beneath the LLJ in the simulations and observa-
tions alike (Ri < 0.25), the simulated jet velocity of up 
to 14  m s-1  represents a stronger source for turbulent 
downward transport of momentum from the LLJ level 
and large TKE values (≈3 m2s-2, Figure 6c) compared to 
the observed jet velocity < 10 m s-1 (Figure 6b).

To explain the differences between the simulated 
and observed LLJ characteristics, i.e. simulated too 

low during the night and too low and too strong in the 
morning, we investigated the impact of the driving 
COSMO model on the PALM-4U simulations. For 
this, we analysed the COSMO wind field both at the 
grid box in the Stuttgart basin as well as the wind 
field at the upwind southwestern boundary of the 
PALM-4U model domain (10 km each at the south-
ern and western boundary). Figure 6a, b includes the 
COSMO wind speed profiles at 0300 and 0800 UTC. 
At 0300 UTC, the wind speed maximum is, in height 
and strength, close to the observed one. At 0800 UTC, 
the wind profile of COSMO is positioned between 
the observed and the simulated one. This means that 
the lateral forcing of PALM-4U by COSMO can only 
be partially held responsible for the analysed differ-
ences in the wind speed during night and morning 
hours.
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4	� Model evaluation of the vertical wind 
speed variance in the CBL

The synoptic conditions in the investigation area on 
20 June 2018 were dominated by a high-pressure sys-
tem stretching from France to Poland. This resulted 
in weak easterly winds of approximately 1–2 m s-1  in 
the CBL (Figure 7). Clear-sky conditions prevailed 
during daytime so that the global radiation reached up 
to 850 W m-2 around noon. Due to this, the near-surface 
layer became unstably stratified at around 0430 UTC, 
the daily maximum temperature reached approximately 
35 °C. The near-surface layer became stably stratified 
again at around 1830 UTC. We restrict the model eval-
uation to the period from 0900 to 1800 UTC when pro-
nounced convective activity was present in the CBL.

The diurnal evolution of zi was determined from 
the backscatter signal of the ceilometer of SB station 
(Sec. 2.3.1). According to this, zi in the morning grew 
constantly from about 450 m agl at 0900 UTC to about 
1350 m agl at 1200 UTC (Figure 7a). The 1045 UTC 
radiosounding data from SB station shows that the zi 
detection of the ceilometer agrees quite well with the 
well-mixed layer based on potential temperature and 
humidity data during this morning transition phase (dif-
ference of about 100 m, Figure 7a). In the afternoon, the 
zi growth was weaker so that the CBL top reached about 
1750 m agl at around 1600 UTC.

4.1	 Vertical wind speed

Figure 8a, b presents the time-height cross sections of 
the vertical wind speed, w, at the two lidar sites TH 
and AFU (site locations see Figure 1c). Note that the 

maximum vertical range of the Windcube is 500  m 
agl only (Figure 8a). The horizontal distance between 
both observation sites is about 630 m. In the observa-
tions, the first considerable convection can be detected 
at both sites after about 0900 UTC. Until 1200 UTC, 
the convective updraughts at AFU reach the height 
of 1400  to 1500 m agl marking the entrainment zone 
(Figure 8b), which corresponds with the top of zi due 
to the ceilometer data. Most of the deep thermals with 
updraught speeds up to 4  m s-1  extend from the sur-
face to the entrainment zone. Periods with updraughts 
last about 30  to 45 min, interrupted by downdraughts 
of roughly the same order of duration (all well-known 
from textbooks like Stull (1988) or Garratt (1992)). 
Although only 630  m apart, some pronounced differ-
ences in convective activity can be detected between 
the TH and AFU site. For example, at AFU, a period 
with mainly downdraughts can be found between about 
1300 and 1500 UTC which is not visible at TH. This is 
also reflected in σ w

2  discussed in Section 4.2.
Figure 8c, d shows the time-height cross sections 

of w from the PALM-4U simulation at TH and AFU. 
One striking feature is the much later onset of turbu-
lence in the morning. There is no pronounced deeper 
convective activity simulated at TH before 1000 UTC 
and at AFU before 1100 UTC. This behaviour is inves-
tigated in more detail in Section 4.2. After that time, the 
simulations show similar patterns of convection as in 
the observations, also reaching approximately the same 
altitude as measured. However, the periods with strong 
updraughts between the two sites differ in time. The 
zi grows from about 350 m agl at 0930 UTC to about 
1200 m agl at 1200 UTC, i.e., the growth rate corre-
sponds to the observed one (Figure 7).

Figure 7: (a) Diurnal evolution of zi based on the radiosonde at SB (red square), ceilometer at SB (red line, including uncertainty) (site 
locations see Figure 1c) and PALM-4U simulations for a 3 x 3 km2 area in the Stuttgart basin (blue line, including uncertainty) on 20 June. 
(b) profiles of the potential temperature, Θ, specific humidity, q, u- and v-wind components of wind speed of the radiosounding at SB at 
1045 UTC (solid red line) and simulation (mean value and uncertainty for the 3 x 3 km2 area) at 1100 UTC (blue solid and dashed lines). 
The dotted lines indicate the corresponding zi heights from observations (red) and simulation (blue).
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4.2	 Vertical wind speed variance

In this section, the measured and simulated σ w
2  values 

are compared. Additionally, the impact of the averaging 
period and the role of spatial variability are discussed. 
The motivation for this is that common integration inter-
vals of 𝒪(1 h) in boundary-layer studies may be critical 
in terms of representativity of σ w

2  (e.g. Maurer et al., 
2016). As our simulations provide high spatial resolu-
tion model output, they allow to investigate this issue in 
more detail. In the following, we discuss time series of 
σ w

2  (Sec. 4.2.1) and vertical profiles of σ w
2  (Sec. 4.2.2).

4.2.1	� Times series of the vertical wind speed 
variance

Concerning the comparison of the diurnal cycle of 
σ w

2  in the CBL, we used the continuous wind lidar mea-
surements and simulation at the height of 350  m agl 
of TH and AFU. This height was selected as measured 
data are available at both sites. The σ w

2  is calculated as 
1-h moving averages (10  s shifted). Additionally, we 
determined spatial variances from the simulated verti-
cal wind speed field of a 3 x 3 km2-sized area, which 
includes the TH and AFU sites (area see Figure 1c). 
These spatial variances are indicated as� w,3 3

2

� .
Two main time intervals can be distinguished 

(Figure 9a). In the main growing phase of the CBL until 
1100  UTC, the measured σ w

2  values at TH and AFU 
reached up to more than 2 m2s-2, while the simulated ones 

varied between about 0.5 and 1.5 m2s-2 only. The reason 
for these differences will be explained further below.

The second phase covers the period in which zi is 
rather stationary (Figure 7), i.e., after 1100 UTC. At both 
measurement sites, temporal σ w

2  variations in the order 
of 1 m2s-2 occur. This holds for the measured and sim-
ulated 1-h moving averages of σ w

2 . Additionally, con-
siderable spatial deviations of σ w

2  between TH and AFU 
are visible (Figure 9a). For example, at about 1145 and 
1315 UTC, the differences of measured σ w

2  reach about 
0.5  m2s-2. The times with these differences coincide 
with those of greater differences in convection activi-
ties between TH and AFU (Figs. 8a,b and 9a). During 
some periods, the simulated σ w

2  values at TH and 
AFU even reached differences of Δσ w

2 (1100  UTC) > 
1.5 m2s-2 or Δσ w

2 (1200 UTC) ≈ 0.7 m2s-2. More insight 
is provided by looking at the cumulative integral of the 
spectrum of σ w

2 (t), where t is the oscillation period t = 
f-1 and f is frequency (Figure 10). For the time intervals 
when considerable measured differences of σ w

2  occur 
(e.g., 1115–1215 UTC and 1245–1345 UTC), σ w

2 (t) of 
TH and AFU increase similarly at smaller oscillation 
periods (Figure 10b, c). Concerning 1115–1215 UTC, 
this is until ≈ 25 min, and concerning 1245–1345 UTC, 
this is until ≈ 10 min. Consequently, the main measured 
differences between σ w

2  at TH and AFU are caused 
by turbulent structures with greater oscillation times. 
Concerning the simulations of σ w

2  at TH and AFU during 
this time interval, the separation occurs for oscillation 
periods ≳ 15 min each (Figure 10b, c). To conclude: 

Figure 8: Time-height cross sections of vertical wind speed, w, measured at the two observational sites (a) TH and (b) AFU and (c,d) the 
corresponding values from the PALM-4U simulation on 20 June (site locations see Figure 1c). zi (red line including uncertainty) in a) and 
b) is based on the ceilometer data from SB and zi (blue line including uncertainty) in c) and d) is determined for the 3 x 3 km2 area (see 
Figure 1c). In c) and d), the grey colour indicates vertical wind speed values between -0.1 and 0.1 m s-1.
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Figure 9: Time series of σ w
2  at 350 m agl (a) based on 1-h moving averages and (b) on 3-h moving averages from observations at TH (red) 

and AFU (magenta) and simulations at TH (blue) and AFU (cyan) on 20 June (site locations see Figure 1c). The dotted black lines in a) and 
b) show � w,3 3

2

�  and the solid black lines in a) show 1-h and in b) 3-h moving averages of � w,3 3
2

�  including standard deviation (gray shading). 
The 3 x 3 km2 area is indicated in Figure 1c.

Figure 10: Cumulative integral of the spectrum of σ w t
2 ( )  at 350 m agl as a function of the oscillation period, t=f -1 from observations at TH 

(red) and AFU (magenta) and simulations at TH (blue) and AFU (cyan) on 20 June (site locations see Figure 1c).
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using 1-h integration intervals, the relative differ-
ences of σ w

2  between two adjacent measurement sites 
(distance of 630 m) as well as the relative differences 
between measured and simulated σ w

2  values could even 
reach up to ≈ 50%. As σ w

2  is dominated by turbulent 
structures at greater oscillation times, we suppose that 
the evaluation of PALM-4U based on 1-h integration 
times from measurements at single measurement sites 
– due to poor statistics – are not meaningful. In con-
trast to the diurnal cycles of σ w

2  of the individual sites,
� w,3 3
2

� , shows a much smoother temporal behaviour 
(Figure  9a). Obviously, the vertical wind on the 3  x 
3  km2  area includes enough of the convective cells 
which determine the vertical wind speed variance. We 
compared the simulated σ w

2  values of TH and AFU with 
� w,3 3
2

� to estimate the representativity of the measure-
ments of these individual sites. This is done based on 
the NRMSE. Using a daily mean of  σ w

2  = 1.8 m2s-2 for 
normalisation (Figure 9a, solid black line), the NRMSE 
≈ 17% for TH and ≈ 22% for AFU. Hence, σ w

2  values at 
individual sites and for 1-h intervals could be assumed 
to be associated with considerable uncertainties due to 
poor statistics. Thus, they seem to be only conditionally 
suitable for model evaluation. How many lidars would 
be useful under calm wind conditions providing statis-
tically robust results (e.g. NRMSE < 10%) for model 
evaluation will be addressed in Section 4.3.

Since the number of measurement sites cannot be 
increased in hindsight, we increased the integration 
time to 3 hours. For them, the σ w

2  values coincide much 
better (Figure 9b). This holds for the measurement and 
simulation results alike. For example, the relative devi-
ations of measured σ w

2  between TH and AFU at around 
1145 and 1315 UTC decreased from ≈ 40% for an inte-
gration time of 1  h to ≈ 10% for an integration time 

of 3 h (Figure 9a, b). Additionally, it can be concluded 
that the simulated 3-h moving average of� w,3 3

2

� fits 
with the measured σ w

2 . Relative deviations are < 15% 
(Figure 9b). Note that the high standard deviation of the 
simulated 3-h moving average of� w,3 3

2

� in the morning 
hours is due to the low σ w

2  values before approximately 
1100 UTC (Figure 9a).

4.2.2	� Vertical profiles of the vertical wind speed 
variance

In consequence of the previous findings, we used 3-h 
integration times for the model evaluation of σ w

2  for three 
selected time intervals (Figure 11). Shown are measured 
σ w

2  profiles including error bars (according to Lenschow 
and Kristensen, 1985; Lenschow et al., 1994) for TH 
and AFU and the corresponding simulation results as 
well as � w,3 3

2

�  profiles including standard deviations. The 
differences between measured σ w

2  at TH and AFU in the 
lowest about 300 m during all time intervals could be due 
the fact that turbulence at AFU – which is close to the 
slopes (Figure 1c) – is affected by slope winds and/or 
even by the lower density of buildings (Figure 1d). That 
means, larger symmetric eddies are disturbed more by the 
terrain (Zeeman et al., 2022). For the time interval from 
0900  to 1200  UTC, the measured maximum of σ w

2  at 
approximately 600 m agl is ≈ 2 m2s-2 (available only for 
σ w

2  at AFU) while the simulated maxima of σ w
2  at TH and 

AFU as well as of � w,3 3
2

�  are approximately at 300 m agl 
and are < 1.5 m2s-2 (Figure 11a). Additionally, the standard 
deviation of � w,3 3

2

�  is quite high (0.5 m2s-2). Note that in 
the simulation, pronounced convection before 1100 UTC 
is limited to levels below 500 m (Figs. 8c, d, and 9a). 
Consequently, the simulated profiles of TH and AFU 
above 400 m agl lie outside of the error bars estimated 

Figure 11: Vertical profiles of σ w
2 from observations of TH (red) and AFU (magenta) including error bars and simulations of TH (blue) 

and AFU (cyan) (site locations see Figure 1c) for the time periods (a) 0900–1200 UTC, (b) 1100–1400 UTC, and (c) 1300–1600 UTC on 
20 June. The black solid line indicates the 3-h means of � w,3 3

2

�  including standard deviation based on the 15-min values (grey shaded). 
Horizontal lines show zi based on the observation (dotted red line) and simulation (dashed blue line).
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for the measured profile (Figure 11a). We suppose that 
the main reason for the simulated slow growth of zi in 
the morning to 400 m agl at 1000 UTC is caused by the 
approximately 500 m deep and 5 K strong NBL. The ero-
sion of this NBL occurs later in the simulation than in the 
observation and the delayed erosion is responsible for the 
lower simulated variance of w compared to the measured 
variance of w at 350 m agl in the morning (Figure 9a).

Between 1100  and 1400  UTC, the simulated and 
observed zi vary between approximately 1250  and 
1400 m agl, respectively (Figure 11b). Between 1300 and 
1600  UTC, zi did not increase that much anymore 
(Figure 11c) being 1400 m agl in the simulation and approx-
imately 1550 m agl in the observation. This means that for 
the two periods, the CBL conditions could be assumed to 
be nearly stationary. During the early-afternoon period, 
the measured and simulated σ w

2  profiles at AFU reach a 
σ w

2  maximum of approximately 2  m2s-2  around 500  to 
600 m agl, i.e., in the middle of the CBL (Figure 11b). For 
this time interval, the simulated σ w

2  at AFU and � w,3 3
2

�  lie – 
except for a few lower levels – within the error bars of the 
observation. The same findings also hold for the results 
of the time interval from 1300 to 1600 UTC (Figure 11c). 
Note that the � w,3 3

2

�  profiles exhibit the smoothest profiles 
which again confirms the finding that for model evalu-
ation, spatial information, e.g., achievable with an array 
of lidars, would be helpful to provide data with good 
statistics. Hence, using 3-h integration times, except for 
the non-stationary morning transition period, the vertical 
wind speed variances between simulations and observa-
tions agree considering the given uncertainty.

4.3	 Discussion

We found that under high air pressure conditions, where 
wind speed is weak i.e., typically in the order of about 
1 to 3 m s-1, integration times of 1 h could be insufficient 

to provide turbulence parameters with good statistics 
(e.g., NRMSE < ± 10%). On the other hand, assuming 
stationary conditions is usually not valid for periods 
longer than 1 h. Thus, extending the integration time is 
not a suitable option. Therefore, we investigate the other 
option to yield good statistics for σ w

2 , namely to increase 
the number of lidars in the field. The wavelength at the 
spectral peak, λm, usually represents the size of eddies 
with the most energy (Kaimal and Finnigan, 1994). 
According to previous observational studies (e.g., 
Kaimal et al., 1976; Caughey and Palmer, 1979; Adler 
et al., 2019), this wavelength relates to �m iz�1 5.  at alti-
tudes near the centre of the CBL. With zi being of the 
order of 𝒪(1 km) (Figure 7), this yields �m �1 5. km . To 
resolve eddies ≥ λm, in analogy to the Nyquist frequency, 
the horizontal distance, Δ, between lidars should be 
approximately 750 m. We used a 10-s model output with 
10 m grid spacing at 350 m agl of the 3 x 3 km2 area 
as reference of “true” variance. This corresponds to an 
array with 90000 virtual lidars. From that value, we then 
successively reduced the number of lidars, N, respec-
tively increased Δ between them from N=3480/Δ=50 m, 
N=840/Δ=100 m via N=36/Δ=400 m, N=25/Δ=500 m, 
N=9/Δ=700 m down to N=4/Δ=1000 m. By this, we esti-
mated how many lidars would be necessary to represent 
the “true” σ w

2  value. For an array with 840 lidars, their 
mean σ w

2  shows a quite low NRMSE < 0.5% (RMSE < 
0.007 m2s-2) (Figure 12). For lidar numbers of 36 or 25, 
their mean σ w

2  values result in NRMSE of < 6% (RMSE 
< 0.08  m2s-2. Using nine lidars results in NRMSE ≈ 
4% (RMSE ≈ 0.04 m2s-2) in the morning and NRMSE 
≈ 8% (RMSE ≈ 0.13 m2s-2) during noon and afternoon 
and finally, using four lidars results in NRMSE ≈ 9% 
(RMSE ≈ 0.09 m2s-2) in the morning and NRMSE ≈ 12% 
(RMSE ≈ 0.19 m2s-2) during noon and afternoon. This 
means that to assure good quality data, approximately 
nine lidars should be installed on days with calm wind 

Figure 12: Simulated time series of σ w
2 at 350 m agl based on 1-h moving averages using virtual lidar arrays on 20 June (area see Figure 1c) 

with different numbers of lidars and different lidar distances (see text) between them.
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conditions. This seems to be a lot, but this number of 
lidars was already deployed in recent experiments. For 
example, about 20  wind lidars were deployed during 
the Perdigão experiment (Vasiljević et al., 2015; Mann 
et al., 2018), and nine wind lidars were available for the 
FESSTVaL experiment (Lundgren et al., 2022).

Arrays with 5 x 5 lidar pairs distributed over an area 
of 3  x 3  km2  with distances of 750  m between them 
turned out to be suitable for σ w

2  measurements with 
requested accuracy for entirely calm wind conditions. 
In addition, 25  lidars is still an affordable number. 
Therefore, we use this approach to estimate the impact 
of wind speed on the uncertainty of σ w

2 . It is assumed 
that the uncertainty of σ w

2  remains the same if the num-
ber of λm-sized cells scanned by wind lidars during a 1-h 
sampling period remains the same. For a wind speed of 
U=1 m s-1, in time T=1 h, the λm-sized cells are trans-
ported over a distance of Lx ≈ 3.5 km, i.e, over our vir-
tual lidar array. Increasing the wind speed to 2 m s-1, the 
cells are transported over Lx ≈ 7 km, so that the array 
in y-direction could be halved, which corresponds to a 
lidar number of 12 to 13. In the case of a wind speed 
of 3 m s-1, the Lx ≈ 11 km and the number of lidars in 
y-direction could be divided by 3 so that the lidar array 
could consist of 7 to 8 lidars. Our results indicate that 
evaluations of eddy-resolving CBL simulations with 
σ w

2  measurements from a small number of wind lidars 
should target weather situations with moderate regional 
winds rather than entirely calm wind conditions.

5	 Summary and conclusion
The objective of this study was to evaluate the city cli-
mate model PALM-4U concerning its representation 
of dynamical and turbulent conditions in the ABL over 
complex terrain. For this purpose, we used data from 
the [UC]2  summer campaigns conducted in Stuttgart 
in 2017 and 2018 (Kiseleva et al., 2021; Samad et al., 
2023). We selected a two-day episode in 2017 to eval-
uate the flow field under stable and unstable conditions 
and a day in 2018 to evaluate σ w

2  in the boundary layer 
under convective conditions.

The flow field in 2017  was compiled from in-situ 
and remote sensing vertical profiling as well as the vir-
tual-tower techniques using Doppler lidars to measure 
wind profiles at several sites. In 2018, two Doppler 
lidars were operated in vertical stare mode at the TH 
and AFU sites in the Stuttgart basin to measure vertical 
wind speed to provide σ w

2  profiles.
PALM-4U was off-line nested in the COSMO 

model. For the 2017  episode, the model domain was 
48 x 48 x 4 km3 in x-, y-, and z-direction, respectively, 
the grid spacing was 40 m and model output was every 
10 min. For the 2018 episode, the model domain was 
12 x 12 x 2.5 km3 with grid spacings of 10 m. Standard 
model output for the whole model domain was every 
hour. Additionally, the vertical wind speed was stored 
every 10 s for a box of 100 m diameter around the lidar 
sites TH and AFU.

The main findings of this study are:
•	 PALM-4U properly simulated the depth and strength 

of the nocturnal boundary layer and the evolution of 
the daytime boundary-layer depth.

•	 Concerning the wind field evaluation, we focused 
on the levels at about 100 and 700 m agl. The first 
level provides the daytime conditions in the sur-
face layer of the CBL and nighttime conditions of 
the NBL and the second level provides the daytime 
conditions in the mixed layer of the CBL and the 
nighttime conditions in the RL. Overall, PALM-4U 
provided a good agreement with the observed diur-
nal cycle of the wind in the investigation area. 
Good agreement means: the NRMSE values of 
wind speed at 100 m agl for the first 21 hours and 
the whole 36  hours are about 0.5  and 0.9, respec-
tively. For wind direction RMSE values are about 
35°. For the 700 m agl level, the NRMSE value of 
wind speed is 0.2–0.3 and RMSE of wind direction 
is about 15°. The considerable differences between 
observed and simulated wind speed in the Stuttgart 
basin at 100 m agl during the last 15 hours (night 
from 14 to 15 August and morning of 15 August) are 
associated with the underestimated height and over-
estimated strength of the simulated nocturnal LLJ. 
This is reflected in lower bulk Richardson numbers 
at lower levels in the simulation allowing enhanced 
downward mixing of momentum and the associated 
higher wind speed. Concerning the uncertainty of 
PALM-4U nighttime simulations, ensemble simula-
tions could be an appropriate approach to quantify 
the uncertainty in more detail.

•	 Concerning σ w
2  based on 1-h integration times, the 

measured moving averages of σ w
2  at TH and AFU 

showed variations of up to 50% in time as well as 
between both sites, although both sites were only 
630 m apart. The different locations relative to the 
basin centre accompanied by different underlying 
building density could be one reason for the devia-
tions. A similarly high difference was found for the 
comparison of observed and simulated σ w

2  values. 
The cumulative spectrum of σ w

2  revealed that the 
difference in the variance between the two sites was 
dominated by turbulence structures of 10 to 25 min 
oscillation periods and explained the poor statistics 
associated with 1-h intervals. Thus, they seem to be 
of insufficient robustness for model evaluation.

•	 Using 3-h integration times for the σ w
2  calculation, 

the simulated profiles of σ w
2  lie within the error bars 

of the observed σ w
2  profiles.

In summary it can be concluded that PALM-4U 
simulates wind fields, turbulence and diurnal bound-
ary layer development with sufficient accuracy for the 
intended use as a high-resolution city climate model.

Additional to the model evaluation, the model simu-
lations can be used to estimate the number of wind lidars 
needed to guarantee an uncertainty of e.g. NRMSE < 10% 
for σ w

2 . Our following considerations assume almost sta-
tionarity conditions (i.e., allowing only 1-h integration  
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intervals) and calm winds. Reducing the initial num-
ber of virtual lidars (90000) and in parallel increasing 
the initial 10-m distance between them, it turned out 
that arrays with 9 to 25 lidars provide σ w

2  with NRMSE 
of < 10%. Note that 9 to 25 lidars are a realistic num-
ber of available lidars as already deployed in previous 
experiments (e.g., 20 wind lidars in the Perdigão exper-
iment (Vasiljević et al., 2017; Mann et al., 2018) and 
8 wind lidars in the FESSTVaL experiment (Lundgren 
et al., 2022)). When the calm wind (1 m s-1) is doubled 
or tripled, theoretical considerations suggest that the 
number of lidars could be reduced to about 12 and 8, 
respectively, to achieve the same degree of uncertainty. 
Hence, for experiments designed to receive variance or 
covariance data in the CBL for model evaluation, it is 
recommended – in case that only a limited number of 
lidars are available – to assure that synoptic conditions 
with rather moderate than calm winds prevail.
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