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1 | INTRODUCTION

Air quality is a well-known issue in many populated
areas of the world. Besides the emission strength of air
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Abstract

Meteorological and air pollutant measurements were conducted in the area of
Stuttgart during winter and summer seasons. Stuttgart is situated in moderate
mountainous terrain in southwestern Germany. We focus on the connection
between atmospheric conditions and air pollutants in the urban nocturnal bound-
ary layer. This is done by relating the bulk Richardson number (Rib), turbulence
intensity, cloudiness, and winds, as well as NO, and O; data. Turbulence intensity
is inversely related to Rib, with the lower values occurring at Rib >0.33. The coeffi-
cient of determination for the exponential regression is only moderate, which
partly can be attributed to sporadic turbulence in the transition from dynamically
unstable to stable flows. Dynamically unstable flows (Rib <0.33) occur frequently
in winter, as a result of the presence of low-level clouds and strong winds,
supporting low buoyant suppression and strong shear generation of turbulence.
Dynamically stable flows (Rib >1.25) are found preferably under clear skies in
summer with the build-up of strong surface inversions, so that buoyant suppres-
sion is strong and shear generation of turbulence is weak. The nocturnal NO;, con-
centrations are positively correlated with Rib. The correlation is weak, which is
mainly related to the large variability of air pollutant concentrations in a range
around Rib = 0.33. In this range, many low-level jets are present that can cause
sporadic turbulent coupling between the atmosphere and the surface. Reduced
mixing under dynamically stable flows causes NO, values about 3 times higher
than under dynamically unstable flows. The overall lowest NO, concentrations
occur during winter when low clouds and strong winds are present.
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pollutants, the wind speed and atmospheric stratification
determine the air quality considerably. Factors influenc-
ing the atmospheric stratification are boundary condi-
tions such as the synoptic conditions and land-surface
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properties. Parameters such as the Richardson number
are often used to quantify the atmospheric stratification
and to indicate whether turbulence can exist
(e.g., Stull, 1988). In the nocturnal boundary layer (NBL),
the suppression of turbulence is affected by the formation
of surface temperature inversions built under weak syn-
optic forcing and clear skies. The interplay between
inversion-related suppression and shear generation of
turbulence during the night, for example, due to a low-
level jet (LLJ), was found to result in episodes with
enhanced, intermittent vertical turbulent mixing of
momentum, heat, and air constituents in the NBL
(Corsmeier et al., 1997, 2006; Hu et al., 2013; Mathieu
et al, 2005; Reitebuch et al., 2000; Salmond &
McKendry, 2002).

Over complex terrain, mesoscale atmospheric phe-
nomena additionally become important to air quality,
because in valleys, slope and valley winds can effectively
transport air pollutants (Kalthoff et al., 2000; Steyn
et al, 2013; Zardi & Whiteman, 2013). Kossmann
et al. (1998), S. F. J De Wekker and Kossmann (2015),
and Rotach et al. (2015) described and reviewed most of
these mechanisms active over mountainous terrain. Espe-
cially, cities located in valleys or basins are prone to high
air pollutant concentrations (S. F. De Wekker et al., 2018;
Fast & Zhong, 1998; Mayer, 1999; Panday & Prinn, 2009;
Wanner & Hertig, 1984). This happens when
unfavourable atmospheric conditions, such as cold pools,
and high emissions, for example, from traffic, industrial
activities, and domestic heating, occur simultaneously
(Conangla et al., 2018; Whiteman et al., 1999).

The forecast of situations such as these is still a great
challenge (e.g., Giovannini et al., 2020), and several field
campaigns have been performed to improve the under-
standing of the interaction of nocturnal concentrations of
pollutants with the vertical structure of the lower tropo-
sphere and/or to provide appropriate data for model vali-
dation (Doran et al., 2002; Lareau et al., 2013; Pardyjak
et al., 2009; Price et al., 2011; Zhong & Fast, 2003). Teth-
ered balloons (Glaser et al., 2003; Giisten et al., 1998;
Pisano et al., 1997), radiosondes (Corsmeier et al., 2006),
and meteorological towers (Li et al., 2005; Mathieu
et al., 2005) have been used in this context. These studies
have shown a strong dependence of air pollutants on the
thermodynamic structures and turbulence processes in
the NBL. However, tethered-balloon measurements usu-
ally are conducted during short, intensive observational
periods and under moderate wind speeds. Tower mea-
surements have limitations in vertical resolution and
extension. Radiosondes are rarely launched at night.

A recently launched project, which fosters both field
campaigns and the development of the parallelized large-
eddy simulation model (PALM-4U, Maronga et al., 2019)

to improve the understanding of city climates, is the
German project ‘Urban Climate Under Change’ or [UC]?
for short (Scherer, Ament, et al., 2019b; Scherer, Florian,
et al., 2019a). One of the selected cities for these investi-
gations is Stuttgart, a city well known for its air quality
problems for many years (Mayer, 1999). Stuttgart is situ-
ated in a basin-shaped valley (Stuttgart basin), which
opens into the Neckar valley in the northeast (Figure 1).
This complex environment makes Stuttgart predestined
for studying the connection between the state of the
atmospheric boundary layer (ABL) and air pollutant con-
centrations. Within the framework of the [UC]* project,
parts of the mobile integrated atmospheric observation
platform KITcube (Kalthoff et al., 2013) were installed in
the city of Stuttgart in 2017 and 2018 to collect a compre-
hensive data set pertaining to these connections. The data
set, consisting of radiosonde and continuous, high-
resolution wind lidar observations, has already allowed
the successful study of the horizontal (Adler et al., 2020)
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FIGURE 1 (a) Topography (orography plus buildings) and
measurement sites in and around the city of Stuttgart. Wind lidar
and MWR were positioned on top of the town hall (TH).
Radiosonde and ceilometer data are available at Schnarrenberg
(SB). Near-surface meteorological observations were performed at
the City Centre (CZ), Bad Cannstatt (BC), SB, and Stuttgart airport
(AP). Air quality was measured at Arnulf-Klett Platz (AKP) and
BC. (b) Maps with land use in the surroundings of the
measurement sites. Topographic and land-use data are provided by
the German aerospace Centre (DLR). Coordinate system: UTM
(ETRS89) zone 32U, geoid egm2008
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and vertical structure (Wittkamp et al., 2021) of the wind
field in Stuttgart and its surroundings. In this study, we
focus on the examination of the characteristics of the
NBL, its relation to cloudiness and winds, and on the
conditions aloft in the NBL and the associated near-
surface air pollutant concentrations (NO, = NO + NO,;
and O3) both for winter and summer episodes. The atmo-
spheric variables and processes under investigation are
shown in the rectangles in Figure 2, and the connections
between these are addressed through the following
research questions:

1. What is the state of the NBL with respect to atmo-
spheric stratification and how is it related to shear
generation and buoyant suppression of turbulence
both for summer and winter?

2. Do we see a connection between cloudiness and winds
and the processes determining the atmospheric
stratification?

3. How do cloudiness and winds impact the atmospheric
stratification?

4. How does the observed turbulence intensity in the
NBL relate to the atmospheric stratification?

5. How do the nocturnal near-surface NO, and O3 con-
centrations relate to the atmospheric stratification and
how does the relationship vary between different
urban sites and between summer and winter nights?

The rest of the paper is structured as follows: Section 2
introduces the investigation area, measurement set-up,
instrumentation, and available data. Section 3 describes
the analysis methods. Atmospheric state, the relation-
ships between atmospheric stratification, cloudiness and
winds, and turbulence are analysed in Section 4 and for
air pollutants in Section 5. In Section 6, two case studies

Cloudiness and winds

Atmospheric stratification Turbulence
(Rib, Ribc) (TKE, 5,)
Processes _@_T
(buoyancy, shear)
Air pollutants
FIGURE 2 Schematic view of the research items outlined in

Section 1. (1) Atmospheric state and impact of buoyant suppression
and shear generation of turbulence on atmospheric stratification,
(2) relation between cloudiness and winds and stratification-related
processes, (3) impact of cloudiness and winds on atmospheric
stratification, (4) connection between observed turbulence and Rib,
and (5) influence of atmospheric stratification on air pollutants
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from summer and winter episodes with dynamically sta-
ble and unstable flows, respectively, are presented. And
finally, Section 7 summarizes the main findings.

2 | INVESTIGATION AREA,
INSTRUMENT SET-UP, AND
AVAILABLE DATA

2.1 | Investigation area and
measurement campaigns

This study is based on a data set collected over the
orographically structured terrain characterizing the sur-
roundings of the city of Stuttgart in southwestern
Germany (Figure 1). The area of interest includes the rel-
atively broad Neckar valley (width about 2 km), which is
orientated from southeast to northwest, and the basin-
shaped valley called the Stuttgart basin (about 2.5 km
x 2.5 km), which opens to the Neckar valley in the
northeast. The valley floor is 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 two observa-
tion periods used in this study lasted from 1 February to
31 March 2017 (winter campaign) and from 14 June to
31 August 2018 (summer campaign). In this study, we
used meteorological data from the stations City Centre
(CZ, 300 m asl) in the Stuttgart basin; Bad Cannstatt (BC,
303 m asl) and Schnarrenberg (SB, 366 m asl) in the
Neckar valley, and Stuttgart Airport (AP, 411 m asl) on
the Filder plateau. Air pollutant data were collected from
the stations Arnulf-Klett Platz (AKP, 295 m asl) in the
Stuttgart basin and Bad Cannstatt, and vertical profiling
data from the stations Town Hall (TH, 297 m asl) in the
Stuttgart basin and Schnarrenberg (Figure 1, Table 1).
For a detailed overview of the measurement campaigns,
we refer to Scherer, Ament, et al. (2019b).

2.2 | Vertical profiling of meteorological
parameters

The remote sensing systems included one wind lidar of
type Leosphere Windcube WLSS8-3 (wind lidar) using a
wavelength of 1.543 pm, pulse energy of 200 pJ, and
pulse repetition frequency of 20 kHz; one ceilometer of
type CHM15k Nimbus manufactured by Lufft (ceilome-
ter) using a wavelength of 1.064 um, pulse energy of
7-8 wl, and repetition frequency of 5-7 kHz (Martucci
et al. (2010); one scanning microwave radiometer (MWR)
of type HATPRO RPG manufactured by Radiometer
Physics (Rose et al., 2005); and the radiosonde system
RS92 (winter campaign 2017) or RS41 (summer
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TABLE 1
Station name elevation
Region (m asl/m agl) Abbreviation
Stuttgart basin Arnulf-Klett Platz (295) AKP
513276E, 5403366N
Town hall (297) TH
513099E, 5402426N
City centre (300/25) CzZ
513054E, 5402180N
Neckar valley Bad Cannstatt (303) BC
516877E, 5406242N
Schnarrenberg (366) SB
514679E, 5408377N
Filder plateau Airport (411) AP

517696E, 5393083N

Region, station name and applied abbreviation, measured parameters, and profiling instrument

Measured Measured
chemical meteorological Profiling instrument
parameters parameters elevation (m asl/m agl)
NO,, NO, O,
MWR (297/60)
Wind lidar (297/28)
T, p, RH, |v|, wd
NO,, NO, O3 G, T, p, RH, |v|, wd
G, T, p, RH, |v|, wd Ceilometer (366)
Radiosonde (366)

T, p, RH, |v|, wd

Note: G is solar irradiation, T is temperature, p is air pressure, RH is relative humidity, |v| is wind speed, and wd is wind direction. All instruments are installed

at the ground except where indicated. For these, the height above ground level at which the instrument was deployed is added. Locations are given using UTM

coordinates zone 32U.

campaign 2018) from Vaisala. The wind lidar and the
MWR are part of the KITcube (Kalthoff et al., 2013) and
were operated by the Karlsruhe Institute of Technology
(KIT). These devices were placed on the rooftops of two
buildings of the Town Hall (Figure 1) in the Stuttgart
basin, that is, the MWR at 60 m above ground level (agl)
(357 m asl) and the wind lidar at 28 m agl (325 m asl).
The ceilometer and the radio-sounding system employed
in this study were operated by the German Meteorologi-
cal Service (DWD) at SB.

The wind lidar was operated alternately in two
modes: the Doppler beam swing (DBS) mode, and the
vertical stare mode. 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 col-
lect data at each beam location and to steer the beam to
the next beam location. The 3D wind components were
derived with a vertical resolution of 20 m from 40 m up
to a maximum of 600 m above the roof level (depending
on the aerosol concentration) and with a temporal resolu-
tion of 10 min from instantaneous radial velocities mea-
sured at each beam position by the internal software
provided by Leosphere. According to the manufacturer's
technical specifications, the accuracy of the wind speed is
0.2 m s ' and of wind direction is 1.5°. Using the vertical
stare mode, the wind lidar beam was continuously
pointing vertically, which provided a direct measurement
of the vertical wind speed with a time resolution of 7 s.

The MWR was used to derive the vertical temperature
profiles. These profiles were retrieved from brightness
temperature measurements in the V-band using a

retrieval algorithm provided by the University of Cologne
(Lohnert et al., 2009; Lohnert & Crewell, 2003). Tempera-
ture profiles were retrieved every 15 min with a vertical
resolution of 50 m up to 250 m over the device, increas-
ing toward 200 m at 2000 m over the device. By combing
the brightness temperature measurement from the zenith
and from the low-elevation boundary layer scans, the
accuracy of the temperature profiles in the ABL is
improved to about <1 K (Crewell & Lohnert, 2007).
Potential temperature profiles were calculated from tem-
perature and pressure profiles. The pressure profiles were
determined from in situ pressure measurements at the
MWR's housing using the barometric equation.

Operational radio soundings were performed at
Schnarrenberg twice a day reaching up to about 32 km asl
with a vertical resolution of 10 m, providing profiles of air
temperature, relative humidity, wind speed, wind direction,
and air pressure (uncertainty of wind speed is 0.15 m s ' and
of wind direction is 2°, and the total accuracy of temperature
in the ABL is <0.5 K). The balloon was launched approxi-
mately 75 min before 00:00 and 12:00 Universal Standard
Time (UTC), that is, at 22:45 and 10:45 UTC, respectively.

The ceilometer is a lidar-based sensor that is used for
cloud-base height detection. The system provides profiles
of uncalibrated backscatter up to 15 km agl with a range
resolution of 5 m and a time resolution of 15s. From
these profiles, up to three cloud-base heights were deter-
mined based on a threshold method of the Lufft algo-
rithm. 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 height.
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2.3 | Near-surface meteorological and
air-quality observations

Data of meteorological parameters and air pollutants were
available from DWD, from the urban climate stations oper-
ated by the Department of Urban Climatology of Stuttgart
(City of Stuttgart), and from an operational analytical qual-
ity assurance network operated by the State Office for the
Environment, Measurements and Nature Conservation of
the Federal State of Baden-Wiirttemberg (LUBW).

Mean values of concentrations of NO,, NO, and O; for
every hour were available at the two LUBW stations: AKP
(an urban station close to a major road) and BC (an urban
background station) (Figure 1, Table 1). NO, and NO were
measured using a NO, monitor (APNA-370; HORIBA).
The reproducibility of measurement was 1% of the full
scale. The certified ranges are 0-1200 ug m > for NO and
0-500 pg m > for NO,. The O; measurement was per-
formed using an 49i-PS analyser (Thermo Scientific). The
precision of O; measurement was 2 pg m>. Observations
of temperature, air pressure, relative humidity, wind speed,
and wind direction were taken from four stations: CZ (City
of Stuttgart), BC (LUBW), SB (DWD), and AP (DWD). The
AP station is located about 9 km to the southsouthwest of
the city of Stuttgart on the Filder plateau (Figure 1), and
because of its location at higher elevation outside the
Neckar valley, it is assumed to reflect the ambient wind,
that is, synoptic or large-scale wind, which is not locally
influenced by the slopes and valleys. Mean values of the
meteorological parameters for every 10 min were available
from stations operated by DWD and the City of Stuttgart
and those for every 30 min came from LUBW stations.

2.4 | Data availability

In order to study air pollutant concentrations under various
nocturnal atmospheric conditions in different seasons of the

TABLE 2
the nocturnal 1-h period analysis from

Number of cases used for

the different instruments and applied Device
parameters (T is temperature, p is air Radiosonde (00:00 UTC)
pressure, |v| is wind speed, and wd is .
. R Ceilometer
wind direction)
MWR

Wind lidar in DBS mode
Wind lidar in ‘vertical stare mode’

Meteorological surface stations T,

AP, BC, SB and SZ

Air pollutant stations AKP and BC

en Acc
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year, a statistical analysis was performed over the winter
and summer period, respectively. In addition, four detailed
analyses of 24-h periods, when different cloudiness and
winds prevailed, were conducted. Since radiosonde mea-
surements were available only as vertical profiles through-
out the entire winter and summer periods (56 soundings for
winter and 78 soundings for summer without rain), the
soundings were used for the statistics to describe the condi-
tions at midnight. An averaging period of 1 h (from 23:00 to
00:00 UTC) was used for the calculation of parameters from
remote sensing data and air pollutant concentrations. One-
hour means of these parameters were chosen because their
dependence on the radiosonde-based atmospheric stratifica-
tion on average decreases with increasing averaging inter-
vals. In other words, the representativity of the radio
soundings turns out to be best for 1-h periods. The date
assignment of the individual cases is at the end of the aver-
aging period, that is, at 00:00 UTC on the following day.
NO, and NO concentrations were available in winter and
summer from BC and AKP stations, while O values from
AKP were available only in winter 2017. The different
instruments used in this study are summarized in Table 2.

3 | ANALYSIS METHODS AND
DATA PROCESSING

In order to analyse the different nights with respect to
meteorology and air pollutants, we applied two different
approaches characterizing the meteorological conditions:
atmospheric stratification, as well as cloudiness and wind
conditions. The parameters used to describe both
approaches are introduced in the following.

3.1 | Stability regimes

As a measure of atmospheric stratification and to deter-
mine whether turbulence can exist in the ABL, we used

Number of cases

Used parameter Winter Summer
T, p, [v], wd 56 78
Cloud classification 56 78
T 46 78
TKE 21 59
G 23 15
v|, wd 56 78
NO, NO,, O, 56 (49) 78 (45)

Note: The number of cases for all devices is given after quality control. The number of NO,, NO, and O; data
used for the 24-h period (Figure 6) is given in brackets.
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the bulk Richardson number (Rib), which is the dimen-
sionless ratio of buoyant generation or suppression of
turbulence to shear generation of turbulence. We apply
the formula according to Stull (1988) for two discrete
height levels. The vertical gradients of the horizontal
wind speed (4%) and potential temperature (32) between
two levels were calculated for the lowest 200 m agl of the
radiosonde data. The upper level of Rib calculation at
200m agl (566 m asl) lies about 40 m above the mean
ridge height. This means the layer mostly characterizes
the stratification of the valley atmosphere. For the lower
level of potential temperature, we used the mean value
between 0 and 20m agl to minimize local effects. Wind
speed at the lower level was taken as zero.

In order to determine the different stability regimes,
the Rib value has to be compared with a critical Richard-
son number, Ribc (Stull, 1988). To cover the possible
range of atmospheric stratification (see Appendix A), we
apply two Ribc values, 0.33 and 1.25, to characterize the
investigated nocturnal conditions and assume that
dynamically stable flows exist for Rib >1.25 (denoted as
the RIBC1 regime) and dynamically unstable flows exist
for Rib <0.33 (denoted as RIBC3 regime). The stability
regime in between, that is, 0.33 < Rib < 1.25 (denoted as
RIBC2 regime), is either dynamically stable or unstable.

3.2 | Cloud layers, ambient wind, and
nocturnal low-level jet

The presence of clouds and their height in the atmo-
sphere impact the radiative cooling at the surface and
thereby the stability of the NBL. We divided the inves-
tigated nocturnal conditions into three different cate-
gories with respect to cloudiness: (i) clear sky,
(ii) cloudy nights with low clouds (<2 km), (iii) no low
clouds but middle-high clouds (2-6 km) or high clouds
(7-14 km). The mean cloud-base heights from the ceil-
ometer measurements were determined for the period
between 23:00 and 00:00 UTC. For the selection of one
of the defined cloud conditions, a respective percent-
age occurrence of 75% had to be present during that
time interval.

Additionally, two categories with respect to wind were
separated: strong synoptically driven wind and an LLJ.
Both might trigger night-time turbulence due to wind
shear. Such turbulence, often intermittent, can affect the
vertical structure of the NBL and vertical distribution of air
pollutants. Following Bonner (1968) and Stull (1988), we
defined LLJ nights when a low-level wind speed maximum
exists that is at least 2 m s~ ' stronger than at the layers
above and below while decreasing monotonically towards
the surface. Nights with an LLJ are classified as a separate
wind category. The definition and identification of strong

wind cases and distinction between moderate and strong
wind speed are explained in Appendix B.

3.3 | Turbulence parameters

The wind lidar data were used to calculate turbulence
parameters such as the variance of the vertical wind
speed o2, and the turbulent kinetic energy TKE. The o2,
values were computed for 1-h intervals from 7-s obser-
vations in the vertical stare mode. The advantage of
having a vertically pointed beam position to measure
o2 has been pointed out by Newman et al. (2016). To
ensure good data quality of the variances, a two-step pro-
cedure was applied: values with a carrier-to-noise ratio
(CNR) lower than —27dB were discarded, and range
gates with data availability of more than 75% within 1 h
only were considered. Second, random uncorrelated
noise (Lenschow & Kristensen, 1985) was estimated by
extrapolating the autocorrelation function to the zero lag
(Lenschow et al., 2000) and removed. The first five lags
were used to apply a linear fit to the autocorrelation func-
tion. The difference between the autocorrelation function
at the lag zero and the fit function at the lag zero pro-
vides the uncorrelated noise. Note that for winter and
summer periods, the uncorrelated noise could reach up
to 50% of 2, as turbulence during the night is usually
small to moderate only (<0.25m? s~ 2).

The TKE values allow the characterization of buoy-
ancy and/or shear-driven turbulence. TKE is calculated
from the velocity variances ¢* of the wind components u,
v, and w (e.g., Stull, 1988). We calculated TKE from the
wind lidar data in DBS mode and for 1-h intervals based
on the 10-min o,, o,, and o, values provided by the
Leosphere software. The values were filtered by using a
10-min-averaged CNR threshold and removing values
lower than —21 dB. Finally, range gates with an availabil-
ity of more than 75% within each 1-h interval only were
used. The TKE and o2 values, calculated for the period
from 23:00 to 00:00 UTC, were then averaged over the
lowest 300m over device for later use in the statistical
analysis.

4 | METEOROLOGICAL
CONDITIONS IN THE NBL

In the following, we investigate the atmospheric stratifi-
cation and the dependence of Rib on buoyant suppres-
sion and shear generation of turbulence (research
question 1), the relationship between stratification-
related processes and cloudiness and winds (research
question 2), the influence of clouds and wind on atmo-
spheric stratification (research question 3), and relations
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between Rib and turbulence intensity (TKE and afv,
research question 4) in the NBL (see Figure 2) for the
summer and winter seasons.

4.1 | Atmospheric stratification

Figure 3 shows the distribution of night-time Rib
values as a function of the potential temperature gradi-
ent AA—f (as a proxy for buoyant suppression of turbulence)
and squared wind speed gradient (ﬁ—;)z (shear generation
of turbulence) for winter and summer. The indicated
isolines of Rib = 0.33 and Rib = 1.25 separate the
three introduced stability regimes RIBC1, RIBC2, and
RIBC3.

In winter (Figure 3a), 57% of all nights fall into
RIBC3, 30% into RIBC2, and only 13% are assigned to
RIBC1. The nights with very large Rib values are caused
by large buoyancy suppression of turbulence and rather
low shear generation of turbulence. On the other hand,
very small Rib values are caused by small buoyancy sup-
pression and rather high shear generation. The nights
indicated with W1 (Rib = 5.15 from RIBC1) and W2
(Rib = 0.09 from RIBC3) are presented in the 24-h case
studies in Section 6.1.

In summer, most of the cases fall into the regimes
RIBC1 (39%) and RIBC2 (37%) and only 24% into RIBC3
(Figure 3b). Once again, the nights with very large Rib
values, such as Rib = 47 during the night indicated with
S1, are characterized by large buoyant suppression and
low shear generation of turbulence. And, as strong shear
is mostly absent in summer nights, there are fewer nights
with rather low Rib values compared to the winter sea-
son. That means, the nights in winter and summer are
considerably different with respect to the occurrence of
states of atmospheric stratification and the associated
processes that are responsible for them.

4.2 | Cloudiness and winds

To identify the wind and cloud conditions associated
with Rib, the different categories introduced in Section 3.2
(low clouds, middle-high clouds, clear sky, LLJ, moderate
or strong wind speed) are also marked in Figure 3.

In winter, in regime RIBC3, low-level clouds (75%)
were present during most of the nights (Figure 3a). In
regime RIBC2, all types of clouds occurred, while in
RIBC1, four out of seven (57%) were clear-sky cases.
From the perspective of cloud types, low clouds (green
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FIGURE 3

Distribution of the Rib values for midnight conditions as a function of the vertical gradient of the potential temperature (as a

proxy for buoyant suppression of turbulence), squared gradient of the wind speed (shear generation of turbulence), and wind speed,
respectively. Note that the scaling of shear generation is not linear. Both gradients are calculated between 200 m agl and the surface at
Schnarrenberg (SB). Symbols: Low clouds (LC, small circles for moderate wind speed, LC1, big circles for strong wind speed, LC2), middle-
high clouds (MHC, black triangles), clear skies (CS, red squares), LLJ events (crosses). Rib isolines are in grey. Black isolines of Rib = 0.33
(solid) and Rib = 1.25 (dashed) separate the three stability regimes RIBC1, RIBC2 and RIBC3. 0, used for rib-isoline calculation for winter
and summer are means for the corresponding season. W1, W2 and S1, S2 indicate the case study days discussed in Section 6
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circles) are all accompanied by small temperature gradi-
ents (<0.015 K m™ %), likely due to low radiative cooling,
and a wide range of wind speeds from about 2 to
17ms ' LLJs (crosses) occurred during 22% of all
nights, particularly during nights with middle-high
clouds or clear skies (45%). The nights with LLJ events
are mainly attributed to RIBC2. The large range of wind
speeds during nights with low clouds is also accompanied
by a large range of Rib values (Figure 3a). This suggests
grouping them separately, that is, into low clouds with
moderate wind speed (LC1) and with strong wind speed
(LC2, the criterion for separation is given in Appendix B),
in order to investigate whether the new categories are
also accompanied by different meteorological characteris-
tics and air pollutant concentrations. The LC2 cases are
indicated in Figure 3a separately. The corresponding
mean Rib value for the LC2 cases is 0.03 + 0.01, which is
considerably lower than that of the LC1 cases
(Rib = 0.23 +0.24). However, both values are still
assigned to the RIBC3 regime.

To get some insight into the vertical structure of the
lower troposphere, vertical profiles of mean wind speed
and potential temperature gradients calculated for the
defined cloudiness and wind categories (nights with low
clouds [LC1, LC2], middle-high clouds, clear skies, and
LLJ events) are displayed in Figure 4. LC2s and LLJs

(a) SB Winter (b)
1000 1000
800 800
E]
£ 600 600
8
=
20400 400
5
=
200 200
0 0
0 5 10 15 20 0 0.01 0.02 0.03
(C) Summer (d)
1000 1000
800 800 ¢
Ei
g 600 600
g
5 400 400
(5
o=t
200 200
0 0
0 5 10 15 20 0 0.01 0.02 0.03
[o/ in ms™! A6/ AzinKm™

LC2 LCl =—=MHC =——CS —LLJ

FIGURE 4 Vertical profiles of mean wind speed (a, c) and
mean gradients of potential vertical temperature (b, d) at
Schnarrenberg (SB) for different cloudiness and wind conditions
(low clouds with moderate wind (LC1), respectively strong wind
(LC2), middle-high clouds (MHC), clear skies (CS) and low-level
jets (LLY)). The location of SB is indicated in Figure 1

show larger wind shear in the lowest 200 m agl than
LC1, middle-high clouds, and clear skies (Figure 4a).
With respect to mean potential temperature gradients,
cloudiness and winds are arranged differently: while
the gradients of LC1 and LC2 cases are small in the low-
est 200 m agl (<0.005 K m™'), that is, the NBL is nearly
neutrally stratified, the gradients during nights with
middle-high, clear skies, or LLJ events all differ signifi-
cantly, reaching up to about 0.025 K m™' close to the
ground (Figure 4b). The statistical significance of the
differences of means here and in the following is based
on t-tests. Thus, the very low Rib values of the LC2
cases can be assigned to shear-driven turbulence due to
high could be mainly traced back to a well-mixed sub-
cloud layer only. Well-mixed sub-cloud layers often
establish due to radiative cooling at the cloud tops
(e.g., Lohou et al., 2020; Moeng, 1986) as well as low
negative net radiation at the surface (Kalthoff
et al., 2018). These processes prevent the formation of a
surface inversion and reduce the suppression of turbu-
lence. The low negative net radiation at the surface is
due to the temperature difference between the cloud
base and Earth's surface, which in general is quite low.
In contrast, strong buoyant suppression of turbulence
due to strong negative net radiation at the surface char-
acterizes the atmospheric stratification of NBLs under
middle-high cloud and clear sky conditions.

In summer (Figure 3b), in RIBC3, low clouds
occurred in 33%, middle-high clouds in 34%, and clear
skies in 28% of all cases. In RIBC1, middle-high clouds
and clear skies clearly dominate and amount to 97%. This
can be explained by the synoptic conditions governing
RIBC1, that is, anticyclones with large-scale subsidence
associated with low wind speed and high clouds or clear
skies likely result in the formation of a strong surface
inversion. Consequently, nights with clear skies are
accompanied by temperature gradients reaching up to
about 0.035 K m™}, as valid for S1, while low clouds pre-
vent the build-up of a strong surface inversion so that the
near-surface temperature gradients are <0.01 K m~'. LLJ
events occurred during 22% of all nights and during 26%
of the nights with middle-high clouds or clear skies. As
in winter, LLJ cases mainly belong to the regime RIBC2.
In contrast to the winter season, the highest wind speeds
are connected with LLJ events. The large range of stabil-
ity regimes during which LLJs exist suggests that differ-
ent processes are responsible for the generation of the
LLJs, for example, inertial oscillation for stably stratified
flows but more synoptically influenced for less stably
stratified flows (e.g., Stull, 1988).

In summer, three typical mean wind speed profiles
can be distinguished (Figure 4c). While the mean wind
speeds for middle-high clouds and clear skies are similar
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and low (<5.5 ms ' at 1000 m agl), the wind speed

values for low clouds and LLJ events are higher. The
supergeostrophic wind maximum of the LLJ reaches a
value of 7 ms' at 400 m agl (766 m asl). As expected,
clear skies show the greatest mean potential temperature
gradient (up to 0.03 K m ™! close to the ground) and dif-
fers significantly from that of low clouds (<0.008 K m ),
that is, a nearly neutral stratification (Figure 4d).

To find out whether the different wind and cloud condi-
tions were accompanied by specific wind directions, wind
roses were generated (not shown). The data from 23:00 to
00:00 UTC of the valley stations SB, BC, CZ, and the Filder
plateau station AP—the latter assumed to represent the
ambient wind—were considered. For the cases with middle-
high clouds or clear skies, valley winds prevailed at SB, BC,
and CZ both in summer and winter, that is, a southeasterly
downvalley flow dominated in the northwest-southeast-
oriented Neckar valley and a southwesterly downvalley flow
dominated in the Stuttgart basin. Especially during the LC2
cases, often southwesterly ambient winds existed. For these
cases, as Rib is low (Figure 3a), coupling between the
upper-level ambient wind and the near-surface wind is com-
mon. The relationship between ambient winds and valley
winds has been investigated in detail by Adler et al. (2020)
and Wittkamp et al. (2021).

We also analysed the wind directions during LLJ
events in summer and winter by comparing the wind
direction at 1 km agl, the mean jet core level (350 m agl),
and the near-surface winds at the valley stations. Wind
directions at the jet core and 1 km agl were similar and
equally distributed without having a preferred wind

Science and Technology for Weather and Climate

depended on the stability regime, that is, on whether cou-
pling existed or not. This means that the wind direction
of the LLJ was determined by the ambient wind direction
and not related to the topography. Typical examples with
the described flow conditions are described in Section 6.

4.3 | Relationship between turbulence
and atmospheric stratification

The relationships between the turbulence parameters TKE
and o2, and Rib and the cloudiness and winds are pres-
ented in Figure 5. As the wind lidar was either operated
in DBS or stare mode, after quality control, the amount
of data available for this analysis is reduced (Table 2). On
average, the TKE and o2, values show a decrease with
increasing dynamic stability. Considering both seasons,
the exponential regressions for TKE and 6?2, as functions of
Rib applied to the RIBC2 and RIBC3 regimes resulted in
coefficients of determination of r*(TKE) = 0.43 and
r*(62,) = 0.65. With respect to estimating an Rib threshold
for turbulence (Ribc), a value of 0.33 seems to be more
appropriate than 1.25 (see discussion in Appendix A) and
fits with the results of Banta et al. (2003) which are also
based on Rib and TKE data. For TKE and aﬁ), all regression
coefficients and means are included in Table 3. Although
standard deviations and regression coefficients indicate a
rather poor relationship, we think that it is worth pre-
senting them, as direct measurements of turbulence in
the urban NBL based on wind lidar data are rare.

During LLJ events, the variability of TKE and &2 is

direction, while the near-surface wind direction  quite large (Figure 5). The strength of the observed LLIJs
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FIGURE 5 TKE (a) and o2, (b) using data from both seasons as a function of Rib (note values with Rib >2 are not plotted). Symbols:

Low clouds (LC1, small circles; LC2, big circles), middle-high clouds (MHC, triangles), clear skies (CS, squares), LLJ events (crosses).

Rib = 0.33 (solid) and Rib = 1.25 (dashed) separate the three stability regimes RIBC1, RIBC2, and RICB3. TKE and 2 are measured at TH,
Rib calculated from the radio soundings at SB. The positions of the different stations are indicated in Figure 1. Regression line for sectors
RIBC3 and RIBC2 (blue), mean value, and standard deviation of variables for the sector RIBC1 (grey). The statistics of the regression and

means are given in Table 3
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NO, (BC) in pygm~*

NO, (AKP) in pg m >

62 (TH) inm*s™>

Winter

NOy =89 x Rib+16
= 0.40
NO, = 108 + 21

NOy =87 x Rib+ 65
¥ =024
NO, = 189 + 59

o =axebRb ¢

Summer

NOy =91 x Rib+ 62
= 0.58

NOy =34 + 10

NOy =20 x Rib+33
¥ =0.14

NO, = 51 + 17

TABLE 3 Regression formula,
coefficient of determination 2,
estimated using data for sectors RIBC2
and RIBC3, and mean value and
standard deviation for sector RIBC1 for
the different stations (see Figure 1)

a=0.25+0.12, b = 6.73 + 8.05, c = 0.05 + 0.07

¥ =0.65
6%, =0.04+0.09

TKE (TH) in m? s> TKE=aq x e bRb | ¢

a =427+ 1.52, b =13.75 + 9.30, ¢ = 0.58 + 0.40

=043
TKE = 0.25 + 0.19

Note: The formulas for G‘ZV and TKE are based on both seasons; for the regression formula for RIBC2 and

RIBC3, the coefficients include 95% confidence bounds.

(Figure 4a,c) can be classified as moderate (Banta, 2008).
The LLJ cases mostly belong to the RIBC2 regime
(Figure 3), which is comparable to what Banta (2008)
denotes as the transitional regime between weakly stable
and strongly stable stratification. Turbulence in this range is
characterized as bursting and intermittent (Corsmeier
et al., 1997, Ohya et al., 2008) and by sporadic coupling
between the atmosphere and the surface (Karipot
et al., 2006), which may explain the large variability in TKE
and o2,. Note, however, that TKE and ¢7 of the wind
lidar are also the parameters most prone to measurement
uncertainties. The turbulence during night-time is quite
low, and uncorrelated noise is high (Section 3.3). That
means that part of the weak correlation between Rib and
the turbulence parameters might be due to the uncer-
tainty of the turbulence measurements as well.

5 | RELATIONSHIP OF AIR
POLLUTANTS WITH
ATMOSPHERIC STRATIFICATION
AND CLOUDINESS AND WINDS

In this section, we deal with research question 5 by inves-
tigating how the nocturnal near-surface NOy and O3 con-
centrations at different urban sites and different times of
the seasons relate to atmospheric stratification.

5.1 | Diurnal cycle of NO, and O;
concentrations for different cloudiness and
winds

We first review the mean diurnal time series of NO, and
O3 concentrations for different cloudiness and wind cate-
gories before we focus on the relations at night-time in

the second part. Time series are presented from the BC
station and both seasons (note that there are no O data
at AKP in summer). Only those days were considered
where the selected cloud types occurred for at least 75%
of the time during the 24-h period. At the BC site, well-
known diurnal cycles of NO, and O5 concentrations, typi-
cal of many cities worldwide (Sanchez et al., 2007), are
observed (Figure 6). NO, exhibits a double wave with a
morning and late-afternoon peak, coinciding with the
rush-hour traffic. The increase in O; at daytime correlates
with the decrease in NO, due to photochemical forma-
tion and convectional mixing. The decrease in O after
sunset can presumably be traced back to NO titration
and dry deposition. Although these general features are
visible during both seasons and for most cloudiness and
wind categories, differences are evident, too.

In winter, the morning peak of NO, concentration on
average appears between 07:00 and 08:00 UTC (local
time = UTC + 1), while the evening peak appears
between 20:00 and 21:00 UTC for all wind and cloud con-
ditions (Figure 6a). The morning peak was higher than
the evening peak for all cloudiness and wind categories.
This can be attributed to shorter rush hours in the morn-
ing (Mayer, 1999) and the quite deep and strong surface
inversion still present in the morning in winter. The NOy
concentrations for clear sky, middle-high clouds, and LLJ
events are higher than for days with low clouds, espe-
cially at night-time; for example, at 00:00 UTC, the con-
centrations for clear skies, middle-high clouds, and LLJ
events are about 3 times higher than those for nights with
low clouds of LC1 type and 3.5 times higher than of LC2
type. This is because air pollutants are trapped within the
surface inversion that is present under clear skies,
middle-high clouds, and LLJ events but stronger mixing
under LC1 and LC2 conditions (Figure 4b and
Section 5.2). This result confirms the findings of other
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FIGURE 6 Mean diurnal cycles (a)
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studies in which wind speed showed a negative correla-
tion with NOy concentration (Jones et al., 2010; Wang
et al., 2020).

In summer, the amplitudes of the diurnal cycle of
NOx for all cloudiness and wind categories are only mod-
erate (<30 pg m ) (Figure 6c). The nocturnal NO, con-
centrations, which are highest for clear skies, can be
related to the presence of a correspondingly stronger sur-
face inversion than for the other cloudiness and wind cat-
egories (Figure 4d and Section 5.2). Because of this, for
most of the cloudiness and wind categories, the NOy con-
centrations are much lower in summer than in winter,
which is due to the lower pollutant emissions and more
favourable vertical air mass exchange during daytime in
summer. These seasonal differences are also consistent
with previous findings (Boersma et al., 2009; Lamsal
et al., 2010; Mayer, 1999; Wang et al., 2020). However,
while the NO, concentrations during daytime in summer
for all cloudiness and wind categories are about 2.5 times
lower than for clear sky, middle-high clouds, and LLJ
cases in winter (Figure 6a,c), they are comparable to the
NOj cycles of the low-cloud cases in winter.

In winter, the highest O; concentrations are noted in
the afternoon between 13:00 and 16:00 UTC, while the
lowest concentrations occur at night-time (Figure 6b).
However, for low clouds, both of the LC1 and LC2 type,
the night-time minimum of O; concentrations are nearly
indistinguishable, that is, the O; values in the night are
nearly as high as during daytime. In other words, during
night-time, the low-cloud cases are significantly higher
than clear sky, middle-high clouds, and LLJ events. This
indicates that especially for LC2 cases, O3 was efficiently

0
12

03 06 09 12 15 18 21 00

UTC

03 06 09

LC2 LCl ==MHC =—CS —LLJ

mixed down from the residual layer to the surface due to
shear-generated turbulence, as was also reported by Cor-
smeier et al. (1997, 2006), Reitebuch et al. (2000),
Salmond and McKendry (2002), Mathieu et al. (2005),
and Hu et al. (2013).

In summer, the time series of O; concentrations
showed that the peak value was reached between 15:00
and 18:00 UTC (local summertime UTC + 2)
(Figure 6d). During this period, the Oz concentrations are
about 2-3 times higher than in winter, except for low
clouds, caused by greater solar irradiation and more
intense vertical mixing, bringing air with higher O; con-
centration down to the surface. In the night, the O; con-
centrations for middle-high clouds, low clouds, and LLJ
events do not differ much from each other, while for
clear skies Oz decreases more strongly in the evening,
likely because it is more effectively removed from the
atmosphere by dry deposition at the surface or by stron-
ger titration in the more stable NBL.

5.2 | Relationship between NO,
concentrations and stability regimes

Figure 7 shows the distribution of nocturnal NOy concen-
trations at the BC and AKP sites for the different cloudi-
ness and winds as a function of Rib, potential
temperature gradient, squared gradient of wind speed,
and wind speed. The influence of the stability regime on
NO, concentrations becomes evident for the winter sea-
son at both sites alike (Figure 7a,b). The increase in sta-
bility from dynamically unstable to dynamically stable
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flow is accompanied by a significant increase in the mean
NO, concentrations at both sites, that is, at BC from
NO(RIBC3) = 24+23 to NOJRIBC1) = 108
+ 21 pg m > and at AKP from NO(RIBC3) = 71 + 35 to
NO,(RIBC1) = 189 + 59 pg m >. This result agrees with
those of other studies, which also showed that NO, con-
centrations are closely related with stability (Corsmeier
et al., 2006; Giisten et al., 1998; Li et al., 2005). It is also
found that the concentrations at the BC station
(Figure 7a) are much lower than at the AKP site
(Figure 7b) for the different stability regimes. While the
mean ratio of NO, concentrations for BC/AKP for the
RIBC2 and RIBC1 regimes is approximately 0.5, it
amounts to approximately 0.3 for the RIBC3 regime.
These values can be explained by the fact that AKP is
classified as an urban station close to a road with traffic

whereas BC is an wurban background station.

Additionally, the standard deviation at BC is lower than
at AKP. The lowest concentration at the BC station is
observed for the LC2 cases (Figure 7a). For example, the
mean concentration for LC1 is NO, = 33 +29 pgm >,
which differs significantly from the LC2 cases, where
NO, = 9 + 3 ug m . At the AKP station, such a signifi-
cant difference between LC1 and LC2 cases was not
observed. The concentration of NO, is 71 + 38 pgm >
for LC1 cases and 67 + 23 pg m > for LC2 cases.

Figure 8a shows the relationship between NOy and Rib
for the BC site in winter. The linear correlation is restricted
to RIBC2 and RIBC3, and a mean value is determined for
RIBCI. All cloudiness and wind categories in winter are con-
sidered. The coefficient of determination is poor, mainly
because NO, concentrations during LLJ events seem to be
not well correlated with Rib. As discussed in Section 4.3, we
assume that most of the LLJ cases, especially the ones
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FIGURE 8 NO, at BC for winter (a) and summer (b) as a function of Rib (note values with Rib >2 are not plotted). Symbols: Low

clouds (LC1, small circles; LC2, big circles), middle-high clouds (MHC, triangles), clear skies (CS, squares), LLJ events (crosses). Rib = 0.33
(solid) and Rib = 1.25 (dashed) separate the three stability regimes RIBC1, RIBC2, and RICB3. Rib calculated from the radio sounding at SB
and NO, measurements are from BC. The positions of the different stations are indicated in Figure 1. Regression line for sectors RIBC3 and

RIBC2 (blue), mean value, and standard deviation of variables for the sector RIBC1 (grey). The statistics of the regression and means are

given in Table 3

associated with Rib values around 0.33, are related to burst-
ing or intermittent turbulence so that vertical exchange of air
pollutants between the surface and the atmosphere is spo-
radic (Corsmeier et al., 1997; Karipot et al., 2006; Ohya
et al., 2008) and hard to describe by bulk numbers such
as Rib.

In summer, the influence of atmospheric stratification
on the nocturnal NO, concentrations at both sites is evi-
dent, too, although the absolute values are much lower
(Figure 7c,d). NOy concentrations for the RIBC1 and
RIBC2 regimes reach up to only about 30% compared to
those in winter, and for RIBC3 up to about 50%
(Figure 7a,b and c,d). The coefficient of determination for
BC is ¥* =0.58 (Figure 8b), while it is considerably
poorer for AKP (Table 3), which indicates that additional
factors such as advection and thermally driven circula-
tions influence the nocturnal air pollutant concentrations
in the urban environment. All four relations and all
regression coefficients in each relation are significant at
the 5% significance level. The statistical significance of
each regression was tested using the F-test and the signif-
icance of the regression coefficients using the t-test.

6 | CASE STUDIES FOR
DIFFERENT STABILITY REGIMES,
CLOUDINESS, AND WINDS

The results shown in Section 5 are based on stability
regimes valid for a restricted nocturnal period (23:00-
00:00 UTC) and not necessarily representative for the
entire night. As mentioned, the variability of air pollutant

concentrations within the individual cloudiness and wind
categories or stability regimes could be high. Therefore,
in the following, we present four working days, two for
each season: days with dynamically stable (RIBC1, win-
ter, W1; summer, S1); a case assigned to the transition
from dynamically stable to unstable (RIBC2-RIBC3, sum-
mer, S2); and an unstable (RIBC3, winter, W2) flow dur-
ing the night (the individual nights are labelled in
Figures 3 and 7). Figure 9 shows the profiles of the poten-
tial temperature and gradient of potential temperature of
the nocturnal radio soundings for the four cases. Using a
threshold of 0.005 K m ™! for the detection of the depth of
the stable NBL, the two dynamically stable cases, W1 and
S1, are characterized by strong surface inversions
strengths and shallow NBL depths of about 615 m asl
(250 m agl), while the transition case, S2, is characterized
by a weak surface inversion strength but deeper NBL of
715 m asl (350 m agl). The dynamically unstable case,
W2, is not associated with a surface inversion at all.
Before we start with the detailed analysis, we contrast
the four cases by comparing wind direction measure-
ments at surface stations at different altitudes with the
wind direction at 700 m asl measured by the nocturnal
radio sounding (Figure 10). Clear differences are visible
for the individual nights. During the dynamically stable
flows (W1 and S1), wind direction differed at the individ-
ual heights, indicating a nocturnal decoupling between
the atmosphere and the surface: at CZ in the Stuttgart
basin and at BC in the Neckar valley, southwesterly and
southeasterly downvalley wind was present. At AP on the
Filder plateau and in the radio sounding, the wind rev-
ealed a northerly component. During the dynamically
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Wind directions during cases W1 and S1 (dynamically stable flow in winter and summer, respectively) and during cases

W2 and S2 (dynamically unstable flow in winter and summer, respectively). Shown are near-surface wind direction, WD, at City Centre (CZ,
300 m asl) in the Stuttgart basin, at Bad Cannstatt (BC, 303 m asl) in the Neckar valley, and at Stuttgart airport (AP, 411 m asl) on the Filder
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in Figure 1

unstable flow (W2) and transition flow case (S2), the
wind direction was similar at the individual heights with
northeasterly flow during W2 and northwesterly flow
during S2, indicating a nocturnal coupling between the
atmosphere aloft and the surface.

6.1 | The winter cases of 10 and
16 February 2017

A clear-sky case with an LLJ and representative of the
RIBC1 regime was 16 February (indicated by W1 in

Figures 3a and 7a,b). The synoptic situation was domi-
nated by a high-pressure system leading to cloud-free
conditions during the 24-h period from 06:00 UTC on
15 February to 06:00 UTC on 16 February (Figure 11g).
In the morning of 15 February, a deep surface inversion
with an inversion strength of 0.03 K m ! near the surface
existed (Figures 3a and 11c). Around 600 m asl, a weak
nocturnal LLJ from southwest with wind speeds of
5ms ! at the jet core was detected (Figure 11a). After
07:00 UTC, the transition from a stable to a neutrally
stratified, well-mixed layer, accompanied by a continuous
increase in TKE (Figure 11c), took place. By about 10:00
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UTC, TKE values in the lowest 450 m asl reached up to
1-1.5 m* s> and the wind had slightly increased to
3 ms ! blowing from a northeasterly direction. Around
noontime, the near-neutral stratified layer reached its

maximum height of 500 m asl. After 17:00 UTC, a surface
inversion started to form, resulting in a strongly stable
and shallow NBL at both sites (TH and SB) around mid-
night, as indicated by the microwave radiometer and
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radio sonde observations, respectively (Figures 9 and
11c). Parallel to the evolution of the surface inversion, an
LLJ formed during the night, with a wind speed maxi-
mum of 8 m s~ at the jet core at 550 m asl (Figure 11a).
Despite the LLJ and the associated shear, no enhanced
turbulent mixing was observed, and TKE values stayed
below 1.0 m* s~ at all heights (Figure 11c).

The corresponding diurnal cycles of NOy and O; con-
centrations at AKP and BC are shown in Figure 11e. The
temporal evolution during W1 was typical of clear-sky
cases (Figure 6a,b). The morning and evening peaks of the
NO, concentrations were associated with the emission and
accumulation of air pollutants in the surface inversion layer.
At AKP, the concentrations reached a maximum value of
450 pg m > and at BC up to 200 pg m . O; at these times
exhibited low values due to titration by abundant NO and dry
deposition. As typical of nocturnal pollutant concentrations
under dynamically stable flows (Figure 6a,b), the NO, con-
centrations at the AKP and BC remained high (100 pg m >
at BC and 150 pg m > and AKP) (Figure 11e) due to missing
of shear-generated turbulent mixing (Figure 11c), so that air
pollutants were trapped in the shallow NBL.

The case of 10 February is representative of the RIBC3
regime and was characterized by low clouds and weak
winds (LC1, W2 in Figures 3a and 7a,b). During nearly the
whole 24-h period from 06:00 UTC on 09 February to 06:00
UTC on 10 February, the sky was overcast by low clouds
with a cloud-base height of about 850-1350 m asl
(Figure 11h). Neither in the morning of 09 February nor in
the night of 10 February (Figure 9) did distinct surface inver-
sions develop due to absence of radiative cooling of the
Earth's surface. Instead, the sub-cloud layer was nearly well
mixed during the entire period (Figure 11d). Easterly winds
prevailed, reaching up to 10 ms ' above 600 m asl on
09 February between 06:00 and 10:00 UTC (Figure 11b).
However, at this time, at lower levels the wind speed did not
exceed 4 ms ' so that moderate vertical wind shear only
allowed TKE to reach values of 0.5-1 m* s> (Figure 11d).
After about 10:00 UTC and until 02:00 UTC of the following
night, the strong easterly wind reached further down
(Figure 11b), accompanied by an increase in TKE to
2.5 m* s~ 2 (Figure 11d). TKE remained high until about
16:00 UTC and stayed moderately high at all detectable alti-
tudes with noticeable temporal variations until about
22:00 UTC. Afterwards, high TKE values of up to about
1.5 m* s~ % were mainly restricted to the lowest about
450 m asl, that is, to the layer with strong vertical wind
shear. As solar irradiation was quite low and the sur-
face layer was only weakly thermally unstable during
the day (Rib[12:00 UTC] = —0.05) and dynamically
unstable during the night (Rib[24:00 UTC] = 0.09)
(Figure 11h), vertical wind shear can be considered
mainly responsible for TKE production.

The strong mechanically induced turbulence during
the night also affected the pollutant concentrations. The
downward mixing of Oz on 9 February started at 09:00
UTC, resulting in a rapid O; increase both at the AKP
and BC stations so that values between 30 and 40 pg m >
were reached (Figure 11f). In contrast, NO, was quite
low at the AKP and BC stations. After a small morning
peak with concentrations of only about 150 pg m >, the
concentrations continuously decreased, and the evening
peak was even completely missing.

6.2 | The summer cases of 23 and
31 August 2018

A clear-sky case (indicated by S1 in Figures 3b and 7c,d)
and a representative of the RIBC1 regime was 23 August.
In the morning of 22 August, a strong surface inversion
was visible favoured by a cloudless sky (Figure 12¢,g). At
06:00 UTC, the strength of the surface inversion was
about 0.02 K m~". Until 09:00 UTC, easterly winds at all
observed heights did not exceed 2 ms™'. Caused by
increasing solar irradiation (Figure 12g), the stable sur-
face layer was eroded at around 09:00 UTC (Figure 12c).
Until 12:00 UTC, the solar irradiation reached
780 Wm 2, and a 1.65-km deep convective boundary
layer (CBL) was established, according to the radio
sounding (not shown). The CBL persisted until about
15:00 UTC, associated with moderate winds, and TKE
values reached up to 3.5 m* s~ 2 (Figure 12c). After 12:00
UTC, broken low-level clouds partly reduced the incom-
ing radiation at the surface. At around 15:30 UTC, a con-
vective thunderstorm passed the investigation area,
accompanied by strong southwesterly winds of up to
13 m s, high TKE (1.5-3.5 m* s~ 2), a short precipitation
event of 0.1 mm within 10 min, and a temperature drop
in the lowest 600 m asl (Figure 12c). The temperature
decrease was probably caused by evaporative cooling of
raindrops below the cloud base. After 16:00 UTC, the
atmosphere became stably stratified and TKE did not
exceed 0.5 m® s~ 2 for several hours. The period from
17:00 to 22:00 UTC was characterized by low wind and
TKE values, the clouds dissolved, and a strong and shal-
low surface inversion started to form (Figures 9 and 12a,
c,g). After 22:00 UTC, however, the westerly winds
increased again, reaching up to 3-6 ms '. The wind
speed maximum at about 02:30 UTC on 23 August was
accompanied by TKE values of 1-2 m* s~ 2,

Because of the lower emissions and stronger convec-
tive vertical mixing in summer than in winter, the NOy
concentrations were low on this day (Figure 12e). While
at the BC station weak morning and evening peaks were
detectable, at the AKP station these two peaks did not
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(h) for S1 (23 August) and S2 (31 August). For the positions of the different measurement stations, we refer to Figure 1

show up. At BC, strong turbulent mixing even resulted in
a reduction of NO, to <20 pg m™* in the early afternoon.
The strong increase in near-surface O; concentrations in
the morning can be explained by photochemical produc-
tion of O; and turbulent downward mixing from the

residual layer to the ground (Figure 12c.e,g). The
decrease in O; in the afternoon was accompanied by a
rapid decrease in solar irradiation and turbulence.

A day with low clouds (Figure 12h), representing a
case assigned to the transition from RIBC2 to RIBC3, was
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31 August (S2 in Figures 3b and 7c,d). On 30 August, the
cloud base rose from about 600 m asl in the morning to
1500 m asl at mid-day. Consequently, radiative cooling at
the surface in the night was reduced, preventing a surface
inversion to develop (Figure 12d). In the afternoon and
the night from 30 to 31 August, scattered low-level clouds
and middle and high clouds covered the sky in the inves-
tigation area. From 06:00 to 10:00 UTC, westerly to
northwesterly winds prevailed at all heights, reaching
values of up to 10 m s~ ' at elevations between 700 and
900 m asl (Figure 12b). Accordingly, TKE amounted to
1-2.5 m* s~ 2 (Figure 12d). From 10:00 to 16:00 UTC, the
winds calmed down slightly, and the broken clouds
allowed the solar irradiation to reach maximum values of
780 W m ™ * around mid-day (Figure 12h). A 1-km deep
CBL visible in the radio sounding at noon (not shown)
developed during this period, indicated by neutral stratifi-
cation, and accompanied by large TKE values of up to
3.5 m* s 2 (Figure 12d). TKE can be considered both
shear- and buoyancy-generated. After about 18:00 UTC,
winds and TKE weakened considerably in the lowest
500 m asl. However, the NBL became only weakly stable,
stratified, and relatively deep (e.g., at SB at 22:45 UTC
being about 350 m agl; Figure 9) and, owing to vertical
wind shear (Figure 12b), the turbulence was relatively
strong throughout the night: the values were up to
1.0 m* s at 700 m asl and up to 2.0 m* s™? between
450 and 550 m asl (Figure 12d).

Concerning the NO, concentrations, no morning
peaks were present at BC and AKP on 30 August
(Figure 12f). The values were about 90 pg m > at AKP
and about 20 pg m > at BC. In the course of the day, NO,
concentrations decreased continuously at AKP and
remained at a low level at BC. Evening peaks were miss-
ing at both sites. This is consistent with the high wind
speed and associated shear-generated turbulence
(Figure 12d). The strong turbulence between 06:00 and
09:00 UTC also led to by a higher O; concentrations (by a
factor of about two) compared to the corresponding
period on 22 August (Figure 12e,(f). However, on
30 August between 09:00 and 12:00 UTC, the O; concen-
trations increased much slower and were lower than on
22 August. While turbulent mixing processes did not dif-
fer much on both days between 09:00 and 12:00 UTC, the
solar irradiation did, that is, on 30 August it was 54%
lower than on 22 August (Figure 12g,h). Therefore, we
assume that the photochemical formation of O; was
responsible for the higher concentration on the
22 August, although higher background concentrations
in the residual layer could have additionally contributed
to the increase in O; concentrations. Afterwards, that is,
from 12:00 to 18:00 UTC (sunset), the solar irradiation
was very similar on both days and associated with a

continuous decrease in the O; concentrations. We
assume that the nocturnal NO, concentrations, which
were slightly lower during S2 compared to S1
(Figure 12e,f), besides being affected by shear-driven tur-
bulent mixing, were also favoured by the deeper and less
stable NBL present during S2 compared to S1.

7 | SUMMARY AND
CONCLUSIONS

Within the framework of the city climate project [UC]?,
meteorological and air pollutant measurements were per-
formed in various cities of different topographic complex-
ities in Germany (Scherer, Ament, et al., 2019b). The
project aims at improving the understanding of city cli-
mates and to investigate the connection between meteoro-
logical conditions and air pollutant concentrations.
Additionally, such measurements will provide high-quality
data for the evaluation of the newly developed large-eddy
simulation model PALM-4U (Maronga et al., 2019; Scherer,
Florian, et al., 2019a). In this study, we used data from the
measurement campaigns conducted in the Stuttgart area
during winter 2017 and summer 2018. This city was chosen
because it is embedded in a complex orographic environ-
ment characterized by a basin-shaped valley (Stuttgart
basin) that opens into the larger Neckar valley and is
known for its air quality issues.

We concentrated on the state of the NBL and investi-
gated how the atmospheric stratification was related to
cloudiness and winds and how the nocturnal near-
surface NO, and O; concentrations were influenced by
these atmospheric conditions (Figure 2). Atmospheric
stratification was classified using the bulk Richardson
number. Wind information was chosen because, for
example, strong synoptic winds or LLJs could cause
shear-generated turbulence and by this affect vertical
mixing of air pollutants in the NBL. For separation of the
stability regimes, two critical Rib values were used,
namely 0.33 and 1.25, characterizing the range between
dynamically stable and unstable flows using thresholds
suggested from previous investigations.

For the investigations, we used data from near-
surface meteorological and air pollutant observations as
well as vertical profiling data, both in situ and by remote
sensing, positioned in the Stuttgart basin, in the adjacent
Neckar valley, and on the Filder plateau. Especially, the
information from the thermal and dynamic profiling sys-
tems, which are normally not available for air pollutant
studies, gave additional insight into the processes rele-
vant to the temporal behaviour of the air pollutant con-
centrations. The main findings addressing the five
research questions (sketched in Figure 2) are as follows:
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(1) In winter nights, dynamically unstable flows
(Rib<0.33, RIBC3 regime) dominate (57%), while dynam-
ically stable flows (Rib>1.25, RIBC1 regime) occur most
rarely (13%). In summer nights, the occurrences are more
uniformly distributed over the different stability regimes
(39% in RIBC1, 37% in RIBC2, 24% in RIBC3). In winter,
the most unstable flows are caused by strong shear gener-
ation and weak buoyant suppression of turbulence alike.
Cases with this kind of strong shear generation of turbu-
lence are not observed in summer. During both seasons,
most nights with dynamically stable flows (RIBC1) are
caused by strong buoyant suppression and weak shear
generation of turbulence.

(2 and 3) The investigation of the relation between the dif-
ferent stability regimes and clouds showed that dynamically
stable flows (RIBC1) were mainly associated with middle
and high clouds or clear skies—a finding that holds for win-
ter and summer. These conditions, typical for the presence
of high-pressure systems, allow considerable net radiative
cooling at the surface the build-up of strong surface inver-
sions, and associated buoyant suppression of turbulence.
These processes are most effective under clear-sky condi-
tions. Dynamically unstable flows (RIBC3) can often be
found under conditions with low clouds (75% in winter and
33% in summer). The NBL and the sub-cloud layer during
these nights is also very often near-neutrally stratified. Well-
mixed, near-neutrally stratified sub-cloud layers can be
explained by radiative cooling at the cloud tops and low net
longwave radiation (weak cooling) at the Earth's surface
(e.g., Kalthoff et al., 2018; Lohou et al., 2020; Moeng, 1986).
Especially in winter, the low clouds are accompanied by
strong winds, that is, shear generation of turbulent mixing.
The analysis of the wind speed profiles reveals that LLIJs
formed in about 22% of all nights both in winter and sum-
mer. The height of the 7-8 m s~ strong jet, on average, is
observed between 165 m (winter) and 245 m (summer)
above the mean ridge height of the hills surrounding the
Stuttgart basin and the Neckar valley, respectively.

(4) The turbulence parameters o2, and TKE show turbu-
lent intensity inversely related to Rib values. The largest
values occur under dynamically unstable flows (RIBC3)
and the lowest under dynamically stable flows (RIBC1).
The turbulence data suggest a threshold—indicating the
transition from dynamically unstable flows to dynami-
cally stable flows—close to Ribc = 0.33, although the
coefficients of determination of the regression curve are
only moderate. By this, the observations support the
threshold value of, for example, Wetzel (1982) and
Banta (2008) (cf. Appendix A). The LLJ cases being only
moderate in strength is mainly due to RIBC2, where tur-
bulence is expected to be sporadic. We assume that the
sporadic and intermittent appearance of turbulence is
responsible for the great variability of TKE and o, under
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LLJ conditions, which is comparable to the findings by
Banta (2008). The four selected cases studied in more
detail clearly show the relation between turbulence
intensity, Rib, and the degree of coupling between the
ambient wind and near-surface flows both in the Stutt-
gart basin and Neckar valley.

(5) Air pollutants in summer and winter differ consider-
ably both with respect to absolute values and diurnal
cycles. On average, NO,/O; concentrations are higher/
lower in winter than in summer. The values are higher at
AKP (an urban station close to a road with traffic) than
at BC (an urban background station in the Neckar val-
ley). In both seasons and at both stations, the NO, con-
centrations are positively correlated with Rib—at least in
RIBC2 and RIBC3 at BC. We expect that the strong scat-
ter of NO, at values of about Rib = 0.33, that is, at the
transition from RIBC3 to RIBC2, is due to the intermit-
tent and bursting turbulence leading sporadic exchange
of air pollutants between the atmosphere aloft and the
surface. This phenomenon has also been described by
other investigators (Corsmeier et al., 1997; Karipot
et al., 2006; Ohya et al., 2008). As the coefficient of deter-
mination was only poor for AKP, additional factors must
be more important for the nocturnal NO, concentration
in the city centre. The NO, values under dynamically sta-
ble flows are considerably higher than under dynamically
unstable flows (3-4 times at AKP and 2-3 times at BC).
This again emphasizes the specific role of the atmo-
spheric stratification on the nocturnal air pollutant
concentrations.

With respect to the different cloudiness and wind catego-
ries, we found that during nights in winter with low
clouds, which are associated with strong winds and near-
neutral stratification, the NO, concentrations are much
lower than during nights with middle-high clouds and
clear skies. Accordingly, O; shows the opposite behav-
iour. A case study of a day that falls into the RIBC3
regime (W2) clearly shows that vertical coupling due to
turbulence, which occurs over some hundred meters, was
responsible for the reduction of near-surface air pollutant
concentrations. In summer, as strong winds do not show
up, the differences between the air pollutant concentra-
tions for the different cloudiness and wind categories are
less pronounced.

Overall, the data collected during the two seasons give a
comprehensive overview of the meteorological conditions
and air pollutant concentrations as well as their interrela-
tion. Together with the results of characteristics of the hori-
zontal (Adler et al., 2020) and vertical structures of the wind
field in the Stuttgart basin and Neckar valley (Wittkamp
et al., 2021), the data will be used for evaluation of the
PALM-4U model in the ongoing second project phase of
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[UCJ°. Especially, the information from the ground-based
remote sensing systems (wind lidar, MWR), which are nor-
mally not available for air pollutant studies, gave additional
insight into the processes relevant to the temporal behaviour
of the air pollutant concentrations. Therefore, we are con-
vinced that their application could contribute considerably
to operational air quality monitoring and forecasting in
Stuttgart and other cities. Future studies on dynamic stabil-
ity of the nocturnal urban boundary layer could look at
impacts of heat emissions from home-heating (in winter)
and from heat storage in the urban fabric during daytime
(in summer).
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APPENDIX A: THRESHOLDS FOR CRITICAL
VALUES OF Rib

Some ambiguity concerning the critical value of the Rich-
ardson number, Ribc, exists in the literature. For exam-
ple, an empirically determined Ribc value for the
convective boundary layer (CBL), that is, below which
the flow is deemed to be dynamically unstable, is 0.25
according to Stull (1988) and Serensen et al. (1998) and is
0.22 according to Beyrich and Leps (2012) and Jericevié
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and Grisogono (2006). For stable, nocturnal atmospheric
conditions, a wide range of Ribc values is used in
practice, ranging from 0.3 (Vogelezang & Holtslag, 1996),
to 0.33 (Banta, 2008; Wetzel, 1982), and 0.5-1.0
(Mabhrt, 1981) to 1.5 (Jeri¢evi¢ & Grisogono, 2006). The
low value of 0.33 is often used in models (Collaud Coen
et al., 2014; Kalthoff et al., 2020), and the large value of
Jeri¢evi¢ and Grisogono (2006) was derived for an urban
environment, which they attributed to the enhanced sur-
face roughnesses of cities. Wittkamp et al. (2021) found
an Ribc value of 1.25 for Stuttgart, which separates
dynamically unstable flows, during which the flow in the
Neckar valley was coupled to the flow aloft, from dynam-
ically stable flows, during which the two flows were
decoupled. In the case of decoupling, the flow in the val-
ley was mainly channelled in along-valley direction.
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APPENDIX B: CRITERION FOR THE
DEFINITION OF LOW CLOUDS WITH
MODERATE AND STRONG WIND SPEED

The separation between low clouds with moderate and
strong wind is done using a threshold which is given by
the mean wind speed plus standard deviation calculated
for the low-cloud cases in summer (e.g., 5.3 + 3.0 ms '
at 200 m agl). Summer data were used for threshold cal-
culation in order to separate winter cases into those with
wind speeds that are comparable to the summer cases
and to those that are considerably higher. The winter
cases with a wind speed that is below (above) the thresh-
old are denoted as moderate (strong) wind-speed cases
(abbreviated as LC1 and LC2, respectively).
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