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Abstract
The flow in the atmospheric boundary layer (ABL) over cities is crucial for the urban climate as it controls the
exchange of heat, moisture and pollutants within the ABL and with the surroundings. In particular for cities
in mountainous terrain, the mesoscale flow shows a high spatial and temporal variability, which poses great
challenges to the means of observation. We used the dual-Doppler lidar scan strategy of virtual towers (VT),
to measure profiles of the horizontal wind in the ABL over the city of Stuttgart in southwestern Germany. To
study the mesoscale variability of the horizontal wind, we placed six VTs in the topographically structured
investigation area, which is characterised by a basin-shaped valley opening into a major valley. Comparisons
with radiosonde data show that reliable wind information can be retrieved from the VT measurements after
careful processing. A statistical analysis reveals a strong dependence of the flow in the valleys below ridge
height on the bulk Richardson number (BRN). A critical BRN of 1.25 is identified for the area, below which
the flow below ridge height is dynamically unstable and coupled to the ambient flow above. For BRNs greater
than 1.25, the flow is dynamically stable and the flow below ridge height is dominated by thermally driven
down-valley winds, which are decoupled from the ambient wind. This study shows that the VT technique is
applicable in highly complex terrain and a promising tool for the investigation of the flow in areas which are
difficult to access by traditional in situ or single lidar measurements, like complex urban terrain.

Keywords: virtual towers, thermally driven circulation, bulk Richardson number, atmospheric boundary
layer, wind field, urban climate under change – [UC]2

1 Introduction

Cities located in mountainous terrain often suffer from
bad air quality, as the exchange of heat, moisture and
pollutants in the urban atmospheric boundary layer
(ABL) and with the surroundings is limited (e.g. Wan-
ner and Hertig, 1984; Mayer, 1999). The flow in the
urban ABL is a complex superposition of processes on
different scales, ranging from synoptic scale pressure
systems over mesoscale topographic and thermal effects
to microscale influences from buildings and human ac-
tivities (Steyn et al., 2013). The pollutant distribution in
urban valleys may strongly depend on the valley width
and dimension (Rendón et al., 2020).

Atmospheric processes and flow over urban areas
in mountainous terrain have been investigated previ-
ously in field experiments and numerical model stud-
ies. Steyn et al. (1997) found a complex circulation
in the urban ABL in the Lower Fraser Valley in the
USA, which was influenced by interactions between the
close-by sea, mountains and the city, distributing Ozone
and pollutants in the area. In the Salt Lake City Valley
in the USA (e.g. Allwine et al., 2002; Lareau et al.,
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2013), a complex flow in the ABL was detected, result-
ing from a superposition of influences from the Great
Salt Lake, the valley and the synoptic situation. Kutt-
ler et al. (1998) analysed the cold air ventilation of the
Cologne bay in western Germany during calm summer
nights and observed an interaction between regional and
microscale circulations controlling the degree of venti-
lation of cities in the area. In the Upper Rhine Valley in
Germany, Kalthoff et al. (1998) and Kossmann et al.
(1998) found that the structure of the convective bound-
ary layer (CBL) is strongly influenced by the terrain and
the CBL height has a dominating effect on the disper-
sion of pollutants. Klaus et al. (2003) investigated in-
fluences on the surface wind directions in the “Baar”
mountain basin in southwestern Germany, where they
found that the valley-like topographic structure leads
to a predominance of dynamically forced channelling
during the day and thermally driven channelling during
nighttime. While all these studies examined ABL pro-
cesses above and around cities located in broad valleys
of widths on the order of 20 km and more, the num-
ber of studies in narrow, densely populated valleys is
much smaller. Piringer and Baumann (1999) investi-
gated how temperature changes related to an urbanized
area affect the valley wind system in a narrow valley
opening to the city of Graz in Austria. In the narrow
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and deep Adige valley Giovannini et al. (2017) investi-
gated fully developed diurnal mountain winds and found
that inhomogeneities in the topographic structure as well
as urban areas can modify diurnal up- and down-valley
winds considerably.

In order to investigate the multi-scale processes
which determine the structure and evolution of the ur-
ban ABL, comprehensive three-dimensional observa-
tions and highly resolved urban climate models, which
are able to resolve whole cities down to single buildings,
are essential. These models are also valuable tools for
city planners in times of climate change and air pollu-
tion issues. A powerful urban climate model is the Ger-
man model PALM-4U (Maronga et al., 2019), which
has been developed within the large program [UC]2 –
Urban Climate Under Change, funded by the German
Federal Ministry of Education and Research (BMBF)
(Scherer et al., 2019b). To evaluate these kinds of mod-
els, intensive observations of the urban ABL are needed.

The possibilities of observing the wind field in the
ABL by traditional in situ measurements are rather lim-
ited in urban areas, as finding suitable measurement
locations and getting permissions is challenging and
the spatial coverage of in situ measurements is usually
sparse. However, cities are characterised by a very large
spatial heterogeneity of surface conditions which de-
mands a dense observation network. Even if in situ mea-
surements are installed they only probe the lowest part of
the ABL. The observational coverage of the upper part
of the urban ABL is even worse and it remains under-
researched (Barlow, 2014).

This gap can be closed using remote sensing tech-
niques like Doppler lidar. From a single Doppler li-
dar horizontal wind profiles throughout the ABL can be
retrieved using the velocity-azimuth display (VAD) or
the Doppler beam swinging (DBS) technique (Werner,
2005). As these methods are based on the assumption
of horizontally homogeneous flow, the accuracy of the
retrieved wind profiles is rather limited over complex
terrain (Bingöl et al., 2009). Considerably more accu-
rate horizontal wind information can be retrieved by
combining two Doppler lidar devices using the dual-
Doppler method (Pauscher et al., 2016; Choukulkar
et al., 2017). The dual-Doppler method was first applied
to lidar measurements by Rothermel et al. (1985) and
developed further in recent years. The dual-Doppler li-
dar method was used to study the mean (e.g. New-
som et al., 2005; Träumner et al., 2015) and the turbu-
lent (e.g. Collier et al., 2005; Röhner and Träumner,
2013) flow over flat but inhomogeneous terrain.

Using the dual-Doppler lidar method vertical pro-
files of the horizontal wind can be obtained, with the
so-called virtual tower (VT) scan technique (hereafter
“wind” always refers to the horizontal wind unless oth-
erwise stated). VTs are consecutive measurements of the
wind at different heights along a profile. Calhoun et al.
(2006) first used the VT technique to measure contin-
uous profiles of the mean wind over Oklahoma City, a
city in flat terrain in the USA. Damian et al. (2014) ap-

plied the VT technique to study a low-level jet (LLJ)
over flat agricultural terrain in the wide Rhine Valley and
found a good agreement of the VT measurements with
measurements from a meteorological 200 m mast and a
tethered-balloon probe. Newman et al. (2016) showed
that the VT technique achieves better results than sin-
gle profiling lidar measurements in homogeneous ter-
rain in the Great Plains in the USA. The VT technique
has considerable advantages over traditional in situ mea-
surements: vertical profiles can be measured from close
to the ground up to the top of the ABL or above, de-
pending on the backscatter; VTs can be freely positioned
within the limitations by the instrument setup geom-
etry; they are applicable in densely built-up areas, as
well as in complex terrain; and, as a remote sensing
technique, they do not disturb the flow. However, to re-
trieve high-quality wind profiles from VT measurements
a very high synchronisation of the scanning Doppler li-
dars is necessary and the retrieval requires a thorough
quality control and careful processing. To get informa-
tion on the horizontal distribution of the wind, several
VTs have to be placed at different locations in the in-
vestigation area, which strongly increases the demands
for the synchronization and the complexity of the scan
pattern. While the VT technique is a very promising ap-
proach, it has to our knowledge not been used to study
the three-dimensional distribution of the wind field over
urban complex terrain.

In this study, the VT technique is used to investigate
the flow characteristics in the – so far – little researched
urban ABL in narrow, densely populated valleys. The
target area is the city of Stuttgart in southwestern Ger-
many. Stuttgart is a very good example for a large city
located in mountainous terrain suffering from frequent
air quality issues which are related to the complex to-
pography (Mayer, 1999; Scherer et al., 2019a). This
study focuses on the influence of the topography on
meso-scale wind-field structures. Impacts on the micro-
scale, i.e. individual buildings or street canyons are out
of the scope of this investigation.

Three objectives are addressed in this study, with the
first one being more technical:

1. Is it possible to use the VT method to derive meso-
scale flow characteristics in the ABL in highly com-
plex urban terrain? What processing steps are neces-
sary?

2. What flow characteristics do occur in the ABL near
Stuttgart and how are they affected by the topogra-
phy?

3. How does the flow depend on ambient wind and
atmospheric stratification?

To answer these questions, intensive measurements con-
ducted in and around Stuttgart within the [UC]2 pro-
gramme were used. Besides the development of the ur-
ban climate model PALM-4U, the program aimed to
gather comprehensive three-dimensional observational
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Figure 1: Terrain height (colour shading), buildings (grey shad-
ing) and locations of measurement sites in and around the city of
Stuttgart: Doppler lidars for virtual towers (VT): WTX and HYB;
profiling Doppler lidar (Windcube, WC) and microwave radiome-
ter (MWR) on top of the town hall; radiosondes were launched from
Erwin-Schoettle-Platz; meteorological station with near-surface and
ceilometer measurements at Schnarrenberg. Arrows indicate the
general orientation of the valleys. Topographic data provided by
the German Aerospace Centre (DLR). Coordinate system: UTM
(ETRS89) zone 32U.

data for process analyses and model validation and test-
ing (Scherer et al., 2019a).

In the following section, the field campaign and the
used instrumentation are described. The VT technique
and the data processing are explained in Section 3. In
Section 4, a case study under fair weather conditions is
investigated in detail and in Section 5 a statistical analy-
sis on the topographic influence is conducted. A sum-
mary and conclusions are given in Section 6.

2 Measurement setup and devices

2.1 Field campaign design

The data analysed in this study was gathered in the oro-
graphically structured area around the city of Stuttgart
in southwestern Germany (Figure 1). The investigated
area is characterised by the relatively broad Neckar
valley (width ∼2 km), which is orientated southeast-
northwest, and a basin-shaped valley called Stuttgart
basin (“Stuttgarter Kessel”, ∼3× 3 km) which opens to
the Neckar valley in the northeast. From the southeast
the narrow Nesenbach valley joins the Stuttgart basin.
The valley bottoms are at heights of 250–350 m above
mean sea level (m asl), while the ridge height of the sur-
rounding hills is about 520 m asl.

Three Doppler lidars and a microwave radiome-
ter (MWR), which are part of the mobile integrated
atmospheric observation platform KITcube (Kalthoff
et al., 2013), were deployed in the area to measure wind,
temperature and humidity (Figure 1, Kiseleva et al.
2019). Two Doppler lidars (WTX, HYB) were set-up on

Table 1: Locations of virtual towers (VT), Doppler lidars (WTX,
HYB, WC) and microwave radiometer (MWR), topographic height
(terrain plus building height) at the positions, and measurement
height range. Coordinate System: UTM (ETRS89) zone 32U.

easting northing topographic height range
(m) (m) height (m asl) (m asl)

VT 1 513 290 5 404 451 316 361–787
VT 2 513 963 5 404 000 287 339–2309
VT 3 514 299 5 403 861 302 347–787
VT 4 516 617 5 403 043 275 341–781
VT 5 517 182 5 403 903 316 303–2273
VT 6 517 996 5 404 559 301 333–773

WTX 512 924 5 404 697 392 (VTs)
HYB 518 332 5 405 157 357 (VTs)
WC 513 099 5 402 426 324 365–925
MWR 513 074 5 402 466 357 357–10 357

the slopes of the Neckar valley to measure profiles of
the wind using the VT technique (Section 3.1). A third
Doppler lidar (Windcube, WC) measured wind profiles
in the Stuttgart basin, on the rooftop of the town hall in
the city centre. The MWR was installed on top of the
tower of the town hall, from which temperature and hu-
midity profiles were derived. The instrument heights and
measurement ranges of the devices are given in Table 1.
Additional information on the ABL conditions were
provided by Germany’s National Meteorological Ser-
vice (Deutscher Wetterdienst, DWD), which launched
radiosondes at the Erwin-Schoettle-Platz during selected
days and operates a meteorological station at Schnarren-
berg, from where near-surface and ceilometer measure-
ments are available.

Doppler lidar measurements for VTs were carried out
on 36 days in total, distributed over three periods from
July to September 2017. During these days, measure-
ments from the WC are available on 22 days, and MWR
data are available on 17 days. For a 24-hour case study,
radiosonde, ceilometer and near surface measurements
are used additionally.

2.2 Doppler lidar devices

The two Doppler lidars (WTX, HYB) of the type “Wind-
Tracer”, manufactured by Lockheed Martin, were used
to derive wind profiles with the VT method (Sec-
tion 3.1). Technical properties and settings of the two
systems are given in Table 2 and are described in detail
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 accumulation frequency was 10 Hz. The
measurement range of the devices was 350 m to 12 km,
depending on the atmospheric conditions. Both lidar
systems are equipped with a freely configurable two-
axis scanner. Software provided by the manufacturer
makes it possible to perform highly synchronised scans
with the two devices, which is required for VT measure-
ments (Section 3.1).
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Table 2: Technical properties and settings of the two “WindTracer”
Doppler lidar devices WTX and HYB.

WTX HYB

laser type Er:YAG TM:LuAG
wavelength [µm] 1.617 2.023
pulse length [ns] 300 370
pulse energy [mJ] 2.7 2.0
pulse repetition frequency [Hz] 750 500
sampling rate [MHz] 250 250

accumulation frequency [Hz] 10 10
range gate width [m] 69.5 69.5

The third, vertically profiling Doppler lidar (WC) of
the type “Windcube WLS8-3” manufactured by Leo-
sphere, was used to get additional wind profiles. The de-
vice automatically determines wind profiles at its loca-
tion, using the DBS technique. The device software cal-
culates wind vectors in heights of 40–600 metre above
the device in steps of 20 m at a temporal resolution
of 10 min. The WC measured wind profiles in the centre
of the Stuttgart basin, an area that was not covered by
the VTs (Figure 1).

2.3 Additional instrumentation

An MWR manufactured by Radiometer Physics (humid-
ity and temperature profiler “HATPRO”) measured at-
mospheric microwave emission, from which tempera-
ture and humidity profiles were retrieved using an algo-
rithm provided by the University of Cologne (Löhnert
and Crewell, 2003; Löhnert et al., 2009). Details on
the features of the device are given in Rose et al. (2005).
The retrieval yields temperature profiles in vertical steps
of 50 m close to the ground, increasing towards 200 m
at the top of the ABL (Crewell and Löhnert, 2007).
Potential temperature profiles were calculated from the
retrieved temperatures using pressure profiles calculated
from in situ pressure measurements at the device’s hous-
ing with the barometric equation.

Vaisala “RS92” radiosondes were launched by the
DWD at Erwin-Schoettle-Platz on selected days (Fig-
ure 1). Vertical profiles of pressure, temperature, rela-
tive humidity and wind speed and direction, are avail-
able throughout the troposphere with a vertical resolu-
tion of around 5–10 m.

At the meteorological station of the DWD at Schnar-
renberg (Figure 1), standard near-surface meteorologi-
cal variables such as temperature, pressure, humid-
ity, precipitation and radiation are monitored. The data
are available with a temporal resolution of 10 min. A
ceilometer measuring attenuated backscatter was also
operated at the station.

3 Method and processing
3.1 Dual-Doppler lidar and virtual towers

The principle of the dual-Doppler lidar method is to use
two Doppler lidars to measure radial velocity at the same

Table 3: Errors in wind speed resulting from neglecting the vertical
wind w in dependence of elevation angles φ. Errors calculated ex-
emplarily for a horizontal wind speed of 5 m s−1 for typical values
of w in the stable boundary layer (SBL) and the convective bound-
ary layer (CBL) (Stull, 1988) and mean, median and maximum φ
of the measurement layout. Relative values in brackets.

φ SBL (w = 0.1 m s−1) CBL (w = 2 m s−1)

8.4° (φmean) 0.02 m s−1 (0.3 %) 0.30 m s−1 (5.9 %)
3.1° (φmedian) 0.01 m s−1 (0.1 %) 0.11 m s−1 (2.1 %)
56.8° (φmax) 0.15 m s−1 (3.1 %) 3.05 m s−1 (61.1 %)

point in space and time, from two different positions.
If the elevation angles φ of both lidar beams are small
or the vertical wind component w can be neglected, the
horizontal wind components can be calculated from the
two radial velocities (equations e.g. in Damian et al.,
2014). For non-zero vertical wind speeds and elevation
angles, errors for the horizontal wind speed ΔU occur:

ΔU = w tan(φ) . (3.1)

Error estimates for the applied measurement geometry
due to non-zero elevation angles and vertical wind com-
ponents are displayed in Table 3 for typical conditions
in the stable boundary layer (SBL) and the CBL. While,
on the average, errors are well below 10 % even in the
CBL, where vertical wind speed can be large due to tur-
bulence, maximum errors of around 60 % may occur for
the largest elevation angles occurring at the tops of VT 2
and VT 5 (Figure 3 and Table 3). Terrain-following flow
may also lead to a considerable vertical wind compo-
nent. As this mainly occurs close to the ground where
elevation angles are small (Figure 3), the resulting er-
rors are expected to be small.

To minimize the effects of the propagation of individ-
ual lidar errors due to uncorrelated noise, the azimuthal
intersection angle of the two lidar beams should be close
to rectangular. Based on considerations of Stawiarski
et al. (2013), Träumner et al. (2015) found intersection
angles between 30° and 150° to be reasonable, which
was considered for the measurement layout in this study.

The construction of VTs can generally be realised in
two different ways: Calhoun et al. (2006) performed
continuous intersecting range-height indicator scans,
which result in a high temporal resolution, but low data
accuracy due to missing synchronisation. Damian et al.
(2014) used a synchronised stop-and-stare technique,
where both lidars measured at discrete points in space
simultaneously, for a certain amount of time. This tech-
nique results in a lower temporal resolution, but a higher
spatial accuracy and data quality, and turbulent fluctu-
ations can be measured or averaged out. An approach
similar to the latter one was used in this study.

3.2 Measurement layout

In order to gain information on the horizontal as well
as on the vertical variability of the wind field, six VTs
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Figure 2: Arrangement of the six VTs with measurement heights
(circles) over the topography. Measurement heights are displayed
up to 800 m asl, the height axis is elongated by factor 5 relative to
the horizontal axes. Terrain, buildings and coordinate system as in
Figure 1.

were placed in the investigation area around Stuttgart,
three across the opening of the Stuttgart basin to the
Neckar valley (VTs 1–3), and three across the Neckar
valley (VTs 4–6) (Figures 1, 2). Each VT consisted
of 9 discrete measurement heights between 300 m asl
and 800 m asl, with the lowest height 30–50 m above
ground level (m agl) and with increasing vertical spac-
ing upwards (Table 1 and Figure 2). The VTs in the
middle of the valleys (VT 2 and VT 5) had 7 addi-
tional measurement heights up to 2300 m asl. The two
lidar devices performed temporally synchronised scans,
measuring simultaneously for 10 s at every measure-
ment height of each tower, i.e. with an accumulation
frequency of 10 Hz, 100 values are available at each
height. The scan started from the lowest height of VT 1,
proceeded upwards through all measurement heights of
this tower, and continued with VT 2 to VT 6, scanning
each tower from bottom to top (Figure 3). During the
scanning of one VT, the azimuth angles stay constant
while the elevation angles increase stepwise, with ev-
ery step representing the 10 s measuring period at a spe-
cific height level. In total 68 heights were scanned and it
took the two lidar devices approximately 15 min to com-
plete one scan cycle. As the elevation angles of the li-
dars were relatively small for most measurement heights
(85 % smaller than 22.5°), the errors resulting from ne-
glecting the vertical wind component are assumed to be
small for most cases (Figure 3 and Table 3).

3.3 Data processing

To retrieve high-quality profiles of the wind from the
dual-Doppler measurements, several processing steps
are necessary:

• Identification of range gates for VTs. Every measure-
ment height of each VT is characterised by a unique
combination of azimuth and elevation angle for the
two Doppler lidars, given by its location in space
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Figure 3: Lidar beam angles of both Doppler lidars during a com-
plete scan cycle for VTs. Blue and red lines display elevation and
azimuth angles of HYB (180° subtracted from azimuth for better
visibility). Angles of WTX are displayed as dashed lines. Vertical
black lines mark the boundaries of the time periods, during which
the individual VTs are scanned.

(Figures 2, 3). For each lidar, the range gate clos-
est in space to the specific measurement height was
selected for the VTs.

• Filtering of raw data. The radial velocities measured
by the two lidars at each measurement height were
filtered in three steps in order to eliminate random
noise and outliers before the calculation of the wind
components: (i) A maximum radial velocity thresh-
old filter of 15 m s−1 was applied to get rid of un-
realistically high values. (ii) A minimum signal-to-
noise ratio filter was applied to remove random noise
caused by low backscatter signal. To keep as much
data as possible a relatively low filter threshold was
chosen. Due to different instrument specifications,
different minimum signal-to-noise ratio thresholds
were chosen (−8 dB for WTX and −7 dB for HYB).
(iii) Remaining outliers were eliminated by setting
a median absolute deviation threshold (e.g. Machi-
wal and Jha, 2012) for the radial velocities. Values
exceeding a certain multiple of the median absolute
deviation (6.7 for WTX and 6 for HYB) are regarded
as outliers and filtered out. The filter was applied for
each height for a (temporally) moving box containing
900 values at 10 Hz, i.e. roughly 1.75 h were taken
into account. After the filtering 81 % of the raw data
remained.

• Calculation of wind vectors and temporal averag-
ing. The filtered radial velocities were averaged over
each 10 s measurement interval and the horizontal
wind components were calculated. The wind com-
ponents were first calculated regardless of the num-
ber of values within the 10 s interval. If only very
few values are available, strong fluctuations from one
profile to the next and from one height to the other
might occur. Removing periods during which less
than 5 %, i.e. less than 5 out of 100 values, were
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Figure 4: All nine common height levels of the six VTs. Coloured
dashed lines mark the common height levels and actual measurement
heights of all six VTs are displayed as crosses, with the same
colour as the corresponding common height levels. Black crosses are
measurement heights not assigned to any common height level. The
lowest measurement heights were topographically disturbed at VT 1
and VT 3, and proved to be influenced by a tall building very close
by at VT 5. Short black horizontal lines mark the topographic height
(terrain height plus building height) at the respective VT position.

available, led to much more consistent and realistic
wind profiles. After this availability filtering, 89 %
of the original intervals remained. Due to the dura-
tion of one dual-Doppler scan the resolution of the re-
sulting wind data is approximately 15 min. Variation
of the flow within this interval cannot be covered by
the measurement technique. Using the continuously
measuring WC the uncertainty caused by assuming
that a 10 s measurement represents a 15 min period
can be estimated: At 405 m asl and 685 m asl, heights
which are used in the subsequent analyses, the root-
mean-square errors are 1.26 m s−1 and 1.46 m s−1,
with correlation coefficients of 0.79 and 0.85 (the
values are based on data from the whole measure-
ment campaign). While for the case study (Section 4)
the 15-min data were used, the wind components
were hourly averaged for the statistical analysis (Sec-
tion 5). Note that only four to five samples were
available for the hourly averages, which may cause
a large uncertainty.

• Determination of common height levels. The actual
measurement heights of the VTs were assigned for
each VT individually before the campaign with re-
spect to terrain height at the individual VT site. For
the statistical analysis and to compare wind measure-
ments at the different sites, common height levels
in m asl are chosen for all VTs (Figure 4). The max-
imum distance of an actual height to the correspond-

ing common height level is 24 m. Some measure-
ment heights proved to be strongly influenced by lo-
cal effects and were not considered for the statistical
analysis (black crosses in Figure 4). At VT 5 the low-
est measurement height was affected by a tall build-
ing very close by, which was not considered during
the planning of the measurement layout. The mea-
surement heights of the WC are evenly spaced at a
distance of 20 m, with the lowest height at 365 m asl.
For comparison with the VTs, the height levels of the
WC closest to the corresponding VT common height
levels are used.

4 Case study

The characteristic features of the ABL are analysed in
detail with a focus on the wind field for a 24-hour period,
from noon of 14 August until noon of 15 August 2017.
During this period, the large-scale conditions in the in-
vestigation area are dominated by a high pressure sys-
tem centred over eastern Europe and a westward prop-
agating low pressure system with centre over Scotland
(Figure 5). This is associated with weak ambient wind
from the south on the first day, which turned to south-
west in the course of the night of the second day. The
period is generally characterised by fair weather condi-
tions and is mostly cloud free with only few cumuli top-
ping the CBL during daytime, as visible in the measure-
ments of global radiation at DWD station Schnarrenberg
(not shown). Changes in attenuated ceilometer backscat-
ter occur throughout the night (not shown), which are
likely related to the advection of a warmer airmass asso-
ciated with the change in wind direction from south to
southwest.

4.1 Thermal stratification

Potential temperature profiles in the ABL from ra-
diosoundings and the MWR (Figure 6) show that at
the beginning of the investigated period the CBL is
well developed, reaching up to 1900 m asl. A noctur-
nal SBL starts to form shortly before sunset at around
18:00 UTC, grows in depth and strength throughout the
night and reaches up to around 1000 m asl at 3:00 UTC.
By this time a strong surface inversion with a verti-
cal gradient of 2.25 K(100 m)−1 has built up reaching
up to 700 m asl, visible in the radiosounding. Shortly
after the SBL starts to form, the potential temperature
in the residual layer above increases compared to day-
time, which is likely due to the advection of warm air-
masses. After around 7:00 UTC the potential tempera-
ture increases in the SBL due to surface heating, and
the developing CBL erodes the SBL from below. The
radiosounding at 8:00 UTC already shows a CBL reach-
ing up to around 500 m asl. By around 11:00 UTC the
CBL is well developed and reaches up to 1500 m asl.
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Figure 5: Surface pressure chart of Europe on 14 August 18:00 UTC. Isobars in steps of 5 hPa, the red cross marks the investigation area.
(Deutscher Wetterdienst, 2017)
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Figure 6: Evolution of potential temperature profiles from continuous MWR measurements (colour shading, at Stuttgart town hall) and from
seven radiosoundings (black isolines, linearly interpolated, at Erwin-Schoettle-Platz (Figure 1)) during the case study from 14 to 15 August.
Profiles of the horizontal wind from radiosoundings (arrows) are displayed at the VTs’ common height levels. The dashed line marks the
mean ridge height of 520 m asl. Sunset was at 18:40 UTC and sunrise at 4:15 UTC.

4.2 Temporal evolution of wind profiles

The temporal development of the wind profiles at VTs 2
and 5 in the middle of the valleys is displayed in Fig-
ure 7. In the afternoon of 14 August 2017, the CBL
reaches up to the highest measurement height of the two
VTs (Figures 6, 7). The wind is rather constant with
height at both VTs within the CBL. The wind speed is

around 4 m s−1 from the southeast, and the wind direc-
tion turns slightly anticyclonic with height. Shortly be-
fore sunset the wind near the surface decreases in paral-
lel with the evolution of the SBL (Figures 6, 7). Around
the same time the wind speed above and in the resid-
ual layer increases gradually downwards from the top
(Figure 7), accompanied by the warm air advection (see
Section 4.1).
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Figure 7: Evolution of the horizontal wind profiles at VT 2 (a, Stuttgart basin opening) and VT 5 (b, Neckar valley). Colour shading denotes
horizontal wind speed, arrows represent horizontal wind vectors at every third measurement interval (north upwards and east to the right).
Grey fields indicate no data due to filtering. Radiosonde launch times are indicated by the black circles, the dashed line marks the mean
ridge height of 520 m asl and the solid black line at the bottom indicates the topographic height at the VT location. Investigation period from
12:00 UTC on 14 August until 12:00 UTC on 15 August. Sunset was at 18:40 UTC and sunrise at 4:15 UTC.

Between 23:00 UTC and 2:00 UTC a weak LLJ
forms directly above ridge height, at around 600 m asl,
with maximum wind speeds of 7 m s−1, which is about
2 m s−1 stronger than the flow above at 800 m asl (Fig-
ure 7). LLJs in this height layer are frequently observed
in the area around Stuttgart both in summer and winter
periods (O. Kiseleva, personal communication).

Shortly after 3:00 UTC, the wind speed significantly
decreases between 900 m asl and 2000 m asl at both
sites. This decrease occurs rather simultaneously to the
occurrence of an airmass with low backscatter observed
by the ceilometer (not shown). At the same time, the
wind speed increases between around 600 m asl and
800 m asl, resulting in a strong LLJ wind profile with
a maximum of around 11 m s−1, which is about 5 m s−1

faster than aloft. The LLJ stays constant until around
7:00 UTC in the morning and is clearly visible at both
VTs (Figure 7), as well as in the radiosoundings (Fig-
ure 6). After about 7:00 UTC, the height of the LLJ

rises up to 1300 m asl shortly before 9:00 UTC, which is
likely related to the growing CBL. After 9:00 UTC, the
LLJ is neither recognisable at the VT sites, nor in the
last radiosounding at 10:49 UTC (Figures 6, 7). Within
the growing CBL, which starts to develop at 8:00 UTC,
the wind is rather constant with height at around 5 m s−1

from southwest.
The profiles of the wind at VT 2, VT 5 and from the

radiosounding, are similar in the CBL during the day,
as well as above the ridge height during the night. How-
ever, below the ridge height considerable differences be-
tween the two VTs and the radiosoundings occur during
nighttime.

At the opening of the Stuttgart basin at VT 2 (see
Figure 1), the wind below ridge height decreases in the
evening due to the development of the SBL and the end
of downward mixing of momentum (Figure 7a). The
wind stays weak during the night and directions vary.
In the morning after 8:00 UTC, when the CBL starts to
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Figure 8: Spatial distribution of horizontal wind vectors at two heights in the investigation area during stable conditions around 0:30 UTC (a)
and 7:15 UTC (b) and during convective conditions at around 11:45 UTC (c) on 15 August. Measurements at all VTs and the WC site are
shown. Colour shading indicates terrain and building height as in Figure 1. The top figures display the wind above ridge height at approx.
685 m asl and the bottom figures show the wind below ridge height at 400 m asl. The vertical black line separates stable from convective
conditions.

form, the wind becomes stronger again and the direc-
tion turns to the wind direction above, as momentum is
transported downwards again.

At VT 5 in the Neckar valley (see Figure 1), the wind
below the ridge height decreases around sunset similar
to VT 2, but shortly after 20:00 UTC the wind starts to
increase again (Figure 7b). Throughout the whole night
until around 7:00 UTC in the morning, there is a strong
and persistent wind of up to 7 m s−1, blowing steadily
from southeast. Between 21:00 UTC and 3:00 UTC
the wind below ridge height is even stronger than the
wind at ridge height. This corresponds to a thermally-
driven down-valley wind in the Neckar valley. Once the
stratification becomes unstable and a CBL starts to form
at around 8:00 UTC (Figure 6), the down-valley wind
weakens and eventually is replaced by southwesterly
flow.

In the Stuttgart basin, the radiosoundings at Erwin-
Schoettle-Platz (see Figure 1) measure wind of around
4 m s−1 from southwest in the SBL (Figure 6). This in-
dicates the existence of a thermally-driven down-valley
wind in the Nesenbach valley, which is penetrating into
the Stuttgart basin.

4.3 Spatial differences in the wind field

In general three flow characteristics can be distinguished
from the analysis of the wind profiles in Section 4.2:
(i) during daytime, the wind is well mixed in the CBL
down to the surface; during nighttime, (ii) an LLJ above
ridge height is observed and (iii) thermally driven down-
valley winds are detected in the Neckar Valley and at

Erwin-Schoettle-Platz in the Stuttgart basin below the
ridge height.

To investigate the spatial variability of these charac-
teristics, horizontal sections of the wind at all VTs and
the WC site are plotted at two heights, one below and
one above the mean ridge height, for two time periods
in the SBL and one time period in the CBL (Figure 8).
The lower height level 400 m asl was chosen, as it is
well below the ridge height, but high enough above the
ground at all sites for not to be disturbed by local effects
like buildings (Figure 4). The higher level 685 m asl was
chosen, because at VT 2 and VT 5 the LLJ could be
observed in this height (Figure 7) and data availability
of the WC and the VTs was quite high. The horizon-
tal sections are plotted at three times, which are chosen
based on the observations at VT 2 and VT 5 (Figure 7):
at around 0:30 UTC (Figure 8a), an LLJ is observed for
the first time in the night and a down-valley wind oc-
curs in the Neckar valley. At 7:15 UTC (Figure 8b) the
sun has already risen and a shallow CBL starts to erode
the SBL from below (Figure 6), the LLJ is most pro-
nounced and the down-valley wind in the Neckar valley
starts to weaken (Figure 7). At around 11:45 UTC (Fig-
ure 8c), both measurement heights are within the CBL
(Figure 6).

At 0:30 UTC, the LLJ can be observed at all sites
above the ridge height, with similar wind speed and di-
rection, i.e. around 7 m s−1 from south-southwest (Fig-
ure 8a). This indicates that the LLJ is a mesoscale phe-
nomenon in the area, independent from the local topog-
raphy. Below the ridge height, a distinct down-valley
wind of around 5 m s−1 occurs in the Neckar valley at
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Figure 9: Daily composites of the hourly spatial standard deviations of horizontal wind speed (a, normalised with the hourly mean horizontal
wind speed) and wind direction (b) for the six VTs. The dashed black line indicates the mean ridge height.

VTs 4, 5 and 6. At VTs 1, 2 and 3 a weak outflow from
the Stuttgart basin is visible. In the basin, the WC shows
an inflow into the basin from the Nesenbach valley,
which agrees with the radiosonde measurements close
to the Nesenbach valley exit (Figure 6).

At 7:15 UTC, the LLJ blows strongly from southwest
at all sites, with a wind speed of around 9 m s−1 (Fig-
ure 8b). Below the ridge height the down-valley wind
in the Neckar valley is still present but slightly weaker
than at 0:30 UTC. This could be related to the evolu-
tion of the CBL that starts around the same time (Fig-
ure 6). At the opening of the Stuttgart basin at VTs 1,
2 and 3, no outflow is observed but the wind increased
slightly and turned to southeast, possibly influenced by
the down-valley wind in the Neckar valley (Figure 8b).
In the basin, an outflow from the Nesenbach valley is
still visible at the WC site. During both nighttime peri-
ods, the wind below ridge height depends on the location
in the valley and is independent from the wind above, i.e.
they are decoupled.

At 11:45 UTC the wind is generally similar in speed
and direction (westerly at around 5 m s−1) at all mea-
surement locations and both heights (Figure 8c), which
indicates vertical coupling by convection in the CBL.

5 Topographic influence on the wind
field

The case study reveals a considerable influence of the to-
pography on the wind field, depending on atmospheric
stratification and height (Section 4). In the following
the influence of the topography on the flow below ridge
height is investigated statistically for the whole cam-
paign, taking into account stratification and the ambi-
ent wind. The weather during the campaign was diverse,
including several passing cyclones as well as calm, fair
weather periods.

5.1 Height dependence of the topographic
influence

To assess how strongly the wind at the different height
levels of the VTs is influenced by the topography, the

spatial variability of the wind is examined. The approach
is based on the assumption that at low heights the wind at
the different VT sites differs strongly due to differences
of the topography surrounding the sites, while at higher
levels the wind is controlled by large-scale pressure gra-
dients and less affected by the topography, i.e. the wind
is similar at all locations. To assess the spatio-temporal
variability, spatial standard deviations of the hourly av-
eraged wind speed and direction were calculated. The
spatial standard deviations σ of the wind speed U for
each common height level z were calculated for every
hourly timestamp t over all six VTs (i = 1, . . . , 6), and
normalised by the mean wind speed for all VTs Ū(t, z):

σ(t, z)

Ū(t, z)
=

√
1
6

6∑
i=1

(
Ui(t, z) − Ū(t, z)

)2
Ū(t, z)

. (5.1)

The spatial standard deviations of the wind direction are
calculated respectively (without normalisation), using
a method proposed by Yamartino (1984). The small
sample size of 6 VTs used for the calculation of the
standard deviation may lead to some uncertainty. The
daily composites, i.e. means for each hour of the day,
of the normalised spatial standard deviations of wind
speed and spatial standard deviations of wind direction
are displayed in Figure 9.

The daily composites of the spatial standard devia-
tions show two distinct regimes, which indicate a depen-
dency on stratification: between around 9:00 UTC and
20:00 UTC, i.e. mainly during daytime, medium values
are found at all levels, and between around 20:00 UTC
and 9:00 UTC, i.e. mainly during nighttime, high spatial
standard deviations occur below the ridge height, with
low values above.

The moderate values during the day are probably
related to the small sample size (4–5 values, each de-
rived from 10 s measurement periods) used for the cal-
culation of the hourly means. Especially during peri-
ods of enhanced turbulence, like in the CBL, the hourly
means calculated from these short periods and few sam-
ples may not represent the mean wind very well (see
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Section 3.3) and thus induce some spatial variability.
This may be the reason for the moderate values of the
(normalised) spatial standard deviations during daytime
(Figure 9).

During nighttime, the spatial standard deviations de-
crease with height and reach a minimum at around
685 m asl (Figure 9), i.e. the flow below ridge height
is influenced by the topography while the wind above is
less influenced and more similar at all locations, this is
in line with the findings of the case study (Section 4).
Based on these results, two height levels are determined
for the further statistical analysis of the wind. The height
level at 400 m asl is chosen as the height where the wind
is strongly influenced by the topography (hereafter low-
level wind). 685 m asl is chosen as the height level which
reflects the ambient wind and which is mostly unaffected
by the topography.

5.2 Relationship between ambient and
low-level wind

The analysis in Section 5.1 indicates that the topo-
graphic influence on the low-level wind depends on
the atmospheric stratification. To get information on the
stratification of the ABL regarding both thermal and dy-
namical effects, the bulk Richardson number (BRN) can
be used. The BRN is calculated as defined by Stull
(1988):

BRN =
g Δθv Δz

θv
[
(Δu)2 + (Δv)2] , (5.2)

with the gravitational acceleration g. The differences in
virtual potential temperature from the MWR, Δθv, and
the wind components, Δu and Δv, are calculated be-
tween 685 m asl and 400 m asl, i.e. the layer depth Δz
is 285 m. The virtual potential temperature θv is the
mean of the two levels. Negative BRNs indicate stati-
cally unstable conditions. For positive BRNs, the condi-
tions are statically stable and turbulence is suppressed by
the stratification, but can be produced by vertical wind
shear. The flow is assumed to become dynamically un-
stable for BRNs smaller than a critical value and to re-
main stable for BRNs larger than the critical value.

To assess how the influence of the topography on the
low-level wind depends on the stratification, the median
absolute deviation of the low-level wind direction from
the along valley axes is plotted in Figure 10, in depen-
dence of the BRN. For BRNs below 1 the average abso-
lute deviation from the valley axis is around 45°, which
indicates little dependence of the flow on the valley di-
rection. For BRNs above 2 the deviations are mainly be-
tween 10° and 20°, which means that the flow is mostly
aligned with valley axis. Between BRNs of 1 and 2 the
flow conditions change between the two regimes. In par-
ticular for VT 5, a sharp decrease in the mean absolute
deviation occurs for a BRN value of 1.25. VT 5 lies in
the centre of the Neckar valley whose shape and axis
is more pronounced than in the Stuttgart basin or the
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Figure 10: Absolute deviation of the low-level wind direction from
the valley axis (up- and down-valley direction) depending on the
BRN. Median (lines) of the deviation at the valley centre sites (VT 2,
VT 5, WC) and at VT 5, for BRN bins with width 0.5. The vertical
dotted line marks a BRN of 1.25. The histogram shows the number
of samples per BRN bin at VT 5.

basin opening and thus allows for a more distinct evolu-
tion of thermally driven circulations and a clearer impact
of the topography on the flow. This is likely the reason
why the decrease in the median absolute deviation is less
pronounced when averaging over all valley centre sites
(VT 5, VT 2 and WC).

In the next step, the dependency of the low-level
wind direction on the ambient wind direction is inves-
tigated for different BRNs (Figure 11). For negative
BRNs the low-level wind directions are very similar to
the ambient wind direction at all sites and no effects of
the topography are visible (beige circles in Figure 11).
This indicates that vertical mixing due to buoyancy-
driven turbulence, i.e. convection, couples the low-level
and the ambient flow. These cases have on the average a
deviation from valley axis of 45° (Figure 10).

For BRNs between 0 and 1.25 (green circles in Fig-
ure 11), the wind directions are generally similar at both
height levels, but the low-level wind vectors are rotated
cyclonically and begin to turn towards the down-valley
direction, which indicates reduced vertical mixing com-
pared to the cases with negative BRNs. The cyclonic ro-
tation is likely caused by surface friction slowing down
the wind towards the surface, which leads to a reduc-
tion of the Coriolis force. For this BRN range, the main
influence on the low-level wind direction is still the am-
bient wind, which means that momentum is transported
downward by shear-driven turbulence, however, some
influences from the topography are also visible. In some
cases also the down-valley winds might be caused or
enhanced by pressure-driven channelling, but the visi-
ble effects on the wind direction relation in these cases
are the same as for thermally driven down-valley winds
and therefore the underlying forces cannot be distin-
guished. For BRNs larger than 1.25, the wind directions
at VT 5 largely coincide with the down-valley direction
(Figure 11b). For VT 2 and the WC (Figure 11a,b) the
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Figure 11: Relationship between the wind directions of ambient (x-axis) and low-level wind (y-axis) at VT 2 (a, Stuttgart basin opening),
VT 5 (b, Neckar valley) and the WC site (c, Stuttgart basin centre). The colours denote the bulk Richardson number (BRN, Eq. 5.2). The
dashed horizontal line indicates the down-valley direction of the Neckar valley and the Stuttgart basin, the solid horizontal line marks the
up-valley direction. Markers on the grey diagonal line indicate that the wind directions are the same at both levels.

low-level wind directions for BRNs greater than 1.25
are also mostly scattered around the down-valley direc-
tion, although the spread is larger than for VT5. This is
possibly related to the shape of the Stuttgart basin and
the much smaller dimension of the Nesenbach Valley,
in comparison to the relatively long, deep and straight
Neckar Valley and agrees with the sharp decrease of the
median absolute deviations of the wind direction from
the valley for BRNs of 1.25 at VT 5 (Figure 10).

Overall, turbulent downward momentum transport
seems to be the dominating influence at all sites for
BRNs below 1.25. For values larger than 1.25 the to-
pographic influence becomes dominant and down-valley
flows are prevailing. Thus, we identify 1.25 as the criti-
cal value for the BRN, above which the flow is dynam-
ically stable, i.e. decoupled, and below which it is dy-
namically unstable, i.e. coupled.

5.3 Spatial distribution of the low-level wind

Using the critical value of the BRN found in Section 5.2
the spatial distribution of the low-level wind is examined
further using wind roses at the six VTs and the WC site.
For dynamically unstable conditions (BRN < 1.25) the
wind roses generally show a similar wind distribution
throughout the area at all sites in both 400 m asl and
685 m asl (not shown), as expected from the previous
analysis.

For dynamically stable conditions (BRN > 1.25) there
are considerable differences between the lower and the
upper level. While at the upper level, the wind roses at all
sites are very similar and indicate prevailing westerly di-
rection (not shown), the wind roses at 400 m asl strongly
depend on the site location (Figure 12): in the Stuttgart
basin (WC) and at the opening of the basin (VTs 1,
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Figure 12: Wind roses for dynamically stable conditions (BRN≥ 1.25) at 400 m asl displayed at the different sites in the Stuttgart basin and
in the Neckar valley. Wind rose frequency grid is in 10 % steps. The wind rose of VT 3 is slightly shifted to the right as indicated by the
black lines. Red diamonds indicate positions of WTX and HYB. Terrain height and buildings as in Figure 1.

2 and 3) weak (< 3 m s−1) southwesterly wind prevails,
while in the Neckar valley (VTs 4, 5 and 6) moderate
to strong (up to 5 m s−1) south-southeasterly wind dom-
inates. The dominating wind direction at all locations
is down-valley, which indicates the regular occurrence
of thermally driven circulations in the area for dynami-
cally stable conditions. The down-valley winds are most
pronounced in the Neckar valley. At the WC site in the
middle of the Stuttgart basin the down-valley flow is
stronger than at the basin opening, which is likely related
to a down-valley wind flowing out of the Nesenbach val-
ley into the basin (see Figure 1). At the opening of the
basin at VTs 1, 2 and 3, the occurring winds are compar-
atively weak, which is probably due to the shape of the
basin, not allowing stronger down-valley winds to de-
velop (Figure 12). At VTs 1, 2 and 3 the flow slightly di-
verges, possibly resulting from the widening of the val-
ley towards the Neckar valley. Besides the outflow from
the Stuttgart basin, some cases with moderate south-
westerly to northwesterly wind are found at VT 1, which
are much less frequent than the outflow cases. This could
possibly be related to thermally driven downslope flows
forming on the slopes northwest of VT 1. At VT 4, some
cases with westerly wind occur which could be related to
the outflow of the Stuttgart basin passing over the shal-
low plateau between VT 3 and VT 4.

6 Summary and conclusions
In the framework of the project [UC]2 the flow in the
ABL over Stuttgart, a major city in mountainous ter-
rain in southwestern Germany, was observed using dual-
Doppler lidar measurements in summer 2017. Vertical
profiles of the horizontal wind, so-called virtual tow-
ers (VTs) were retrieved at six positions at the opening
of the Stuttgart basin and in the Neckar valley with dis-
crete measurement heights between 30–2000 m agl. Ad-
ditionally, a third profiling Doppler lidar measured wind
profiles in the Stuttgart basin and a microwave radiome-
ter was used to obtain information on atmospheric strat-
ification. The data were used to investigate the meso-
scale flow characteristics in the urban ABL over a com-
plex topography characterised by a basin-shaped valley
(Stuttgart basin) which opens to the relatively straight
Neckar valley.

The main findings of this study are:

1. As the VT technique has so far not been used to study
mesoscale flow structures over mountainous urban
terrain, we first demonstrated that it is a suitable
method to provide high-quality wind profile informa-
tion over complex terrain, given that a sophisticated
scan strategy and intense processing and quality con-
trol are performed. The radial velocity measurements
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from each Doppler lidar corresponding to VTs are
selected using geometric considerations and the raw
radial velocity data is filtered in three steps using
a maximum radial velocity threshold, a minimum
signal-to-noise ratio threshold and an outlier filter
based on the median absolute deviation. 81 % of the
raw data remained after applying these filtering steps.
The radial velocities are averaged over the 10 s mea-
surement intervals at each measurement height of the
VTs and wind is calculated, if both lidars have a
minimum data availability per interval. Finally 89 %
of the initial 10 s measurement intervals passed the
quality checks and were used for the analysis. The re-
sulting wind profiles qualitatively show a good agree-
ment with other wind measurements of the profiling
lidar and radiosondes.

2. In order to identify the flow patterns occurring in
the urban ABL, we analysed a 24-hour case study
under fair weather conditions. While the horizontal
flow is rather constant with height in the ABL under
convective conditions, distinct differences occur dur-
ing nighttime under stable conditions below the ridge
height. A pronounced down-valley wind is observed
in the Neckar valley and in the Stuttgart basin near
the exit of the Nesenbach valley. Above the ridge
height the flow is spatially homogeneous throughout
the area and a low-level jet is observed in the sec-
ond half of the night. The case study indicates that
the flow below and above ridge height is coupled un-
der convective conditions and decoupled under stable
conditions, which allows the development of ther-
mally driven flows.

3. To generalise the dependence of the flow on topog-
raphy and stratification found in the case study, we
investigate all available days and thus consider all
kinds of large-scale conditions. In order to quantify
which measurement heights are affected by the to-
pography, we calculated spatial standard deviations
of the hourly averaged wind speed and direction and
find a considerable topographic influence below the
ridge height during nighttime, while the topographic
influence above the ridge height is much lower. Dur-
ing the day, spatial standard deviations are smaller
and no clear topographic influence can be detected.
Based on this analysis we choose two measurement
heights for the further investigation: one level below
ridge height, where the wind is strongly influenced
by the topography, and one level above ridge height
which is assumed to reflect the ambient wind.

The relationship between the low-level and ambient
wind strongly depends on the bulk Richardson num-
ber (BRN). We identify a critical BRN of 1.25 for the
area. For BRNs smaller than the critical value, the
flow above and below ridge height are coupled. If the
BRN is larger than 1.25 (dynamically stable), mainly
down-valley winds are observed in the Neckar valley
and in the Stuttgart basin and an outflow is detected

at the opening of the Stuttgart basin, independent of
the ambient wind direction. There is evidence for a
few cases where pressure-driven channelling causes
up-valley flow in the Neckar valley. The relationship
between the low-level and ambient wind is somewhat
less clear in the Stuttgart basin and at the basin open-
ing compared to the Neckar valley, which is likely
related to the different dimensions and shapes of the
valleys. Wind roses for dynamically stable conditions
nicely demonstrate the dependence of the flow on the
topography at the different sites.

This study shows that VTs from dual-Doppler lidar
measurements are a powerful method to investigate the
wind field over complex terrain. Depending on the re-
search interest, arrays of VTs can be used for tempo-
ral and spatial investigation of mesoscale circulations or
microscale flow patterns. A high spatial coverage can
be achieved using many VTs, or few VTs with a higher
temporal resolution can be used to obtain more reliable
statistics. The possibilities of the VT method are only
limited by geometric requirements and the availability
of atmospheric scatterers and enable measurements in
the ABL in regions that are difficult to access with in
situ measurements, like urban terrain. At the expense
of the vertical coverage, the horizontal resolution of the
wind field can be further increased by performing syn-
chronous coplanar horizontal scans with multiple lidars.
Adler et al. (2020) used this approach to identify struc-
tures in the horizontal flow field over Stuttgart and to
detect the displacement of convective cells in the ABL.
The detected down-valley winds in the Nesenbach val-
ley and outflow at the opening of the Stuttgart basin
result in a ventilation of the basin, which is likely to
have a considerable influence on the air quality in the
city by removing pollutants. The effects of the ventila-
tion by down-valley winds could be further investigated
by combining the VT wind measurements with pollu-
tant measurements. The dependence of the air quality in
the Stuttgart basin on the conditions in the ABL will be
examined in further studies.
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