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Abstract

The contribution of outdoor air pollution to premature mortality could potentially double
by 2050. The main reasons for this are the rapid growth of the urban population and
the rising urban air pollution. To counteract this development, a new technical approach
has been proposed to improve urban air quality: the installation of active cleaning sys-
tems (ACS) that are designed to remove nitrogen dioxide (NO,) and particulate matter
(PM) from the outdoor air. This M.Sc. thesis is a part of the REINELUFFT? research
project that aims to investigate the cleaning effect of ACS in the Landshuter Allee street
canyon in Munich. The efficiency of the ACS is largely controlled by the surrounding air
transport and the flow regime of the street. The thesis poses the first step towards gain-
ing a general understanding of the air flow and turbulence regime in the street canyon
using the eddy covariance (EC) measurement technique. The main objective was to
determine the turbulence characteristics of the Landshuter Allee, with a particular focus
on the turbulence generating mechanisms and turbulence strength and how this de-
pends on the canyon-specific flow regimes and the influence of moving vehicles. During
the two-month observational period summer 21, the wind was mostly channeled in the
Landshuter Allee street canyon. For synoptic flow perpendicular to the street orienta-
tion, the wind was partially washed down on the building fronts and reflected back into
the street. Overall, the turbulence strength was strongly correlated with the mean wind
speed and depended on the flow regime. In general, stronger turbulence was caused by
stronger winds and the recirculation flowregime. The shear production of turbulence was
additionally influenced by moving vehicles, depending on the traffic intensity. For very

weak winds, the generation of turbulence was buoyancy-driven.






Zusammenfassung

Die Anzahl an Menschen, die jahrlich vorzeitig an den Krankheitsfolgen von verschmutzen
AufB3enluft sterben, soll sich bis 2050 verdoppeln. Zu den Hauptgrinden z&hlen das
schnelle Wachstum der Stadtbevdlkerung und die zunehmende Luftverschmutzung in
den Stadten. Um dem entgegenzuwirken, sollen aktive Luftreinigungssysteme zur Ent-
fernung von Stickstoffdioxid und Feinstaub in besonders belasteten StraBenzigen instal-
liert werden. Der Wirkungsgrad der Luftreinigungssysteme wird maf3geblich vom atmo-
spharischen Transport im umgebenden StraBenzug beeinflusst. Diese Masterarbeit ist
ein Teil des Forschungsprojektes REINELUFFT?, das in der Landshuter Allee in Minchen
aktive Luftreinigungssysteme aufstellt und deren Reinigungswirkung untersucht. Mithilfe
von Eddy-Koviaranz-Turbulenzmessungen wird allgemeines Verstandnis des Turbulen-
zregimes im StraBenzug erlangt werden. Das Hauptziel war es, die Strémungs- und Tur-
bulenzcharakteristiken der Landshuter Allee zu bestimmen, mit besonderem Fokus auf
den Mechanismen die Turbulenz erzaugen und der Starke der Turbulenz in Abhaningkeit
von der vorherrschende Windrichtung und dem Einfluss von Fahrzeugen. Wéhrend des
zweimonatigen Messzeitraums im Sommer '21 wurde der Wind im StraBBenzug gréi3-
tenteils kanalisiert. FUr synoptischen Wind orthogonal zur Orientierung der Strafe,
bildete sich zum Teil ein Umkehrwirbel. Insgesamt ist die Stérke der Trubulenz in der
Landshuter Allee von der Windgeschwindigkeit und dem Strémungsregime abhangig.
Hbhere Windgeschwindigkeiten und die Ausbildung des Umkehrwirbles flihren zu stark-
erer Turbulenz. Die Windscherung wird, in Abhangingkeit der Verkehrsintensitat, zusat-
zlich durch die fahrzeuginduzierte Turbulenz (VIT). Bei sehr schwachen Winden wird die

Turbulenz hauptsachlich vom Auftrieb bestimmt.
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1. Introduction

1.1 Motivation

Air pollution is considered to be one of the world’s largest environmental health threats
(Lelieveld et al., 2015). According to the World Health Organization (WHO) the effects of
outdoor air pollution led to 4.2 million premature deaths worldwide and more than half a
million in the European Union (EU) in 2016 (Sicard et al., 2021). Due to the rapid growth
of the urban population and the rising urban air pollution, the contribution of outdoor air
pollution to premature mortality could potentially double by 2050 (Lelieveld et al., 2015).
To protect human health, the EU passed the ambient air quality directive (European
Council Directive 2008/50/EC) to set legally binding limits for the concentrations of major
air pollutants such as particulate matter (PM10 and PM2.5) and nitrogen dioxide (NO,)
in outdoor air. However, the current levels of air pollutants in cities continue to exceed
the EU standards (Sicard et al., 2021).

A new technical approach to improve urban air quality and to help to adhere to the legally
binding thresholds is the installation of active cleaning systems (ACS) that are designed
to remove NO, and PM from the air. The research project REINELUFFT? (REInigen NEue
LUFtFiltersysTeme von urbanem Stickstoffdioxid?) aims at determining if ACS can help
to reduce the concentration of NO; in the surroundings of an urban street canyon with
intense traffic. To formulate specific use recommendations, the first independent com-
prehensible scientific evaluation of the efficiency of ACS will be performed with three-year
funding from the Bavarian State Agency for Environment and Consumer Protection. The
question of where and under which conditions what level of reduction in air pollutants
can be expected from the installation of ACS is decisive for economic and environmental
policy-making concerning their utilization.

The study is conducted in the Landshuter Allee street canyon in the center of the city of
Munich. Due to its high importance for the traffic circulation in Munich, the four-lane street

canyon is known for its high traffic intensity and high concentration of air pollutants. To



1. Introduction

monitor the development of the concentration of air pollutants in the Landshuter Alle, the
Bavarian Environmental Agency is operating an environmental monitoring station in the
southern section of the street canyon. The development of the NO,-concentration over
the last decade showed a downward trend in the Landshuter Allee, but the street canyon
continues to exceed the EU-wide target value (Figure 2). According to the Federal Envi-
ronmental Agency (Umweltbundesamt, UBA), the annual mean NO, concentration of 54
png/m? in the Landshuter Alle in 2020 was nationwide the highest and well above the EU
limit value of 40 ug/m3. It was considerably higher than the second largest annual mean
NO, concentration of 47 ug/m?® that was measured in the SchlossstraBe in Ludwigsburg
and strongly exceeded the overall mean value of 29 ug/m? for all monitoring stations
nationwide located in a traffic-influenced urban environment (Umweltbundesamt, 2021).
Therefore, the Landshuter Alle street canyon is the most suitable choice for conducting
this research, both because of its critical role in the discussion about urban air pollution

and the pre-existing scientific infrastructure.

0 Munich / Landshuter Allee

Hg/m?

20 - == MoNthly mean === 12-months running mean I
10 +—— == tendency = EU target value (annual mean)
0

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 2.: Time series of the NO» concentration, measured at the environmental monitoring sta-
tion in the Landshuter Allee, over a time period of ten years based on monthly means (blue),
12-month running mean (red) and the tendency (black). The EU limit value of 40 pg/m? is indi-
cated as a green line (modified from Bayerisches Landesamt fir Umwelt, 2021).

The research project REINELUFFT? is subdivided into four subprojects that are led by
the University of Bayreuth (air flow and chemistry), the University of Augsburg (measur-
ing network), the Technical University of Munich (traffic) and the Regensburg Univer-
sity of Applied Sciences (adsorption and catalysis). The subproject at the University of
Bayreuth will quantify how ACS are influenced by the chemical composition of the air

as well as the atmospheric transport within the ACS and its surroundings. To this end,
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the air transport and quality will be analyzed in laboratory and field experiments and ad-
ditionally modeled using large eddy simulations (LES). How this master thesis aims to
contribute to the project and what research questions ought to be answered is described

in more detail in chapter 1.3.
1.2 State of the art: air flow in an urban street canyon

1.2.1 How can the air flow in a street canyon be characterized?

One major factor that influences the effectiveness of an ACS is the volume of air that
flows through the system. This volume mainly depends on the the air transport sur-
rounding the ACS and the flow regime of the street. The airflow in street canyons is
highly site-dependent because the morphology of building canopies differs greatly (Zajic
et al., 2011). Street canyons are defined as streets that are flanked by buildings on both
sides to create a canyon-like environment (Karra et al., 2017). The aspect ratio is com-
monly used to geometrically characterize a street canyon. It is defined as the ratio of the

canyon width b to the canyon height h.

(1) skimming flow (b/h <1.5) (2) isolated roughness regime (3) wake interference
. (b/h> 3) (1<bh<3)

wina u

M wind u wind u

O mm mE

width b

Figure 3.: Typical flow patterns and vortex regimes for idealized and symmetrical urban street
canyons for a perpendicular approach flow and depending on the aspect ratio b/h. Most cities
are built with street canyons with an aspect ratio b/h < 1.5.

Besides the morphology, the flow patterns within the building canopy are also influenced
by the direction and wind speed of the approach flow (Zajic et al., 2011). If the wind is
perpendicular to the street orientation, three idealized flow regimes can be differentiated
depending on the aspect ratio (Figure 3). 1) For an aspect ratio of b/h > 3 there is only
little interaction between the individual building wakes. 2) If the street canyon has an
aspect ratio of b/h < 1.5, the air skims over the buildings and a stable vortex develops

in the canyon. 3) Between these two regimes, for an aspect ratio 1.5 < b/h < 3 there
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is interference between the individual building wakes (Zajic et al., 2011). In contrast,
an approach flow aligned with the canyon orientation causes wind canalization and an
increase in wind speed (Yousefian et al., 2021). However, the flow regime of a heteroge-
neous street canyon, as it is typically found in city environments, can significantly differ

from the flow in an idealized symmetrical street canyon.

Under these urban cross-flow scenarios, dominated by buildings wakes and channeling
effects, turbulent exchange processes become the controlling factor of street ventilation
and pollution dispersion (Klein and Galvez, 2015). Turbulence is commonly generated in
two primary ways: wind-shear induced and thermally induced (Foken, 2017). In urban
environments, The turbulence production by shear is mainly controlled by the high sur-
face roughness of urban structures and the approach flow. The wake diffusion behind
bluff roughness elements and the formation of drag causes strong turbulence as well as
efficient vertical and horizontal mixing and potentially results in stationary vortices that
can lead to significant dispersive fluxes (Roth, 2000).

As a result of an increased frictional drag on the mean flow over built-up urban terrain,
wind speeds in cities are reduced compared to rural areas. These low wind speeds
only have the potential to produce little turbulence and thermal effects come into play
(Roth, 2000). Because of thermal convection due to the anthropogenic heat flux and
the increased heat capacity of building and street surfaces, urban areas are commonly
significantly warmer than rural areas. This effect is referred to as urban heat island (UHI).
The temperature gradient between a city and its surroundings is especially strong during
nighttime under cloudless and weak-wind conditions (Sarrat et al., 2006).

An additional influencing factor on the turbulence regime is the stratification of the atmo-
spheric boundary layer (ABL). The stratification of the ABL is connected to the stability
of the atmosphere which describes the tendency of air to move in a vertical direction due
to the temperature and density structure of the atmosphere. In a stably stratified atmo-
sphere, the air flow is only intermittently turbulent and vertical motion is suppressed. In
contrast, under unstable conditions, vertical motion is enhanced and the flow is turbulent.
Neutral air has no tendency to change but the turbulence is potentially very strong (Fo-
ken, 2017). Stable stratification suppresses vertical turbulent mixing and can therefore

lead to an accumulation of pollutants in the air (Li et al., 2016). The nocturnal ABL is in
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general stably stratified. However, due to the UHI, stable stratification occurs much less

in urban areas compared to its rural surroundings (Li et al., 2016).

1.2.2 What role does the vehicle-induced turbulence play?

The large-scale transport of air pollutants is mainly governed by the atmospheric mean
flow. During the transport, the airborne material undergoes serval physical processes,
including turbulent mixing, and chemical transformations until it is diluted or deposited.
The local-spread of air pollutants is largely influenced by small-scale atmospheric pro-
cesses. Strong turbulent mixing leads to a rapid dispersion and dilution of pollutants.
In contrast, weak turbulence and low wind speeds often result in an accumulation of
pollutants which leads to episodes of high air pollution in urban environments. In these
cases, when very little turbulence is produced by wind or thermal mechanisms, moving
vehicles potentially reduce the concentration of pollutants in the air through turbulence,
either mechanically induced by the vehicle wake or thermally induced by the hot exhaust
gas (Cai et al., 2020; Di Sabatino et al., 2003) (Figure 4). Especially on the very local-
ized scale of a street canyon, vehicles can significantly impact the vertical distribution of
freshly emitted pollutants (Makar et al., 2021). To be able to understand the transport
and dispersion of pollutants in a street canyon, it is hence necessary to investigate the

role of vehicle-induced turbulence (VIT).

thermal turbulence
from warm surfaces and
buoyant exhaust plume

ij

from
wind flow over heterogeneous
surface and vehicles

OO

Figure 4.: Driving vehicles influence the turbulence regime in a street canyon both through me-
chanical and thermal mechanisms. This effect on the turbulence production is referred to as
vehicle-induced turbulence (VIT)
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VIT has already been investigated for various configurations and urban structures, in-
cluding wind tunnel installations (Kastner-Klein et al., 2001; Ahmad et al., 2005), field
experiments (Alonso-Estébanez et al., 2012; Kalthoff et al., 2005) and modelling ap-
proaches (Cai et al., 2020; Di Sabatino et al., 2003; Makar et al., 2021). In these studies
it was demonstrated that a significant impact on the air flow due to vehicle movement
can be expected and that there are several factors that influence the turbulence produc-
tion and dissipation by vehicles in a street canyon. One is the vehicle size. Due to the
higher drag, the amount of turbulence produced by large vehicles, like busses or trucks,
is larger compared to standard passenger cars with a more streamline shape (Alonso-
Estébanez et al., 2012, Cai et al., 2020). The modelling based study by Cai et al. (2020)
quantified this effect: the turbulent kinetic energy (TKE) induced by a moving truck was
approximately 1.6 times larger than that of a sport utility vehicle (SUV) and about 2.5
times larger than that of a car. Another factor is the driving speed. In general, with
increasing driving speed more turbulence is produced (Alonso-Estébanez et al., 2012).
The field-study by Alonso-Estebanez et. al. (2012) showed a significant linear corre-
lation between the TKE and vehicle speed with a regression slope of 0.27 (R? = 0.75)
for trucks. However, the TKE did not exhibit a functional relationship with vehicle speed
for the passenger cars (Alonso-Estébanez et al., 2012). Additionally, there is a strong
correlation between traffic intensity and VIT. In a field experiment Vachon et al. (2002)
showed that up to a threshold range of 350 to 400 vehicles per hour and driving lane, the
turbulence production increases relative to the number of vehicles per hour. Beyond this
threshold, the distance between the vehicles decreases and so does the driving speed.
This leads to a comparatively lower turbulence production during high traffic conditions
(Vachon et al., 2002). Stationary vehicles, i.e. parking vehicles at the roadside or in
a traffic jam, create a blocking effect and can significantly influence the surrounding air
flow (Cai et al., 2020). The direction of the approaching flow also influences the VIT. If
the wind direction is opposite to the vehicle movement, the contribution is the highest.
Wind that aligns with the driving direction leads to a comparatively small contribution to

the turbulence production (Cai et al., 2020).
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1.3 Research questions

The B.Sc. thesis by Sophia Ramer, as a contribution to the REINELUFFT? project, pro-
vides a thorough analysis of the flow regimes in the Landshuter Allee street canyon,
depending on the large-scale weather conditions and the correlation of the NO, concen-
tration with the prevailing wind speed and direction under consideration of seasonality.
Ramer’s work showed that the wind in the Landshuter Allee is mostly channeled, inde-
pendent of the synoptic forcing. However, for specific large-scale weather conditions and
synoptic flow perpendicular to the street orientation, the flow direction is deflected by the
building fronts and reversed in the street canyon. Ramer’s B.Sc. thesis also showed that
wind speed and wind direction have a significant influence on the NO, concentrations.
Higher wind speeds lead to lower concentrations of NO, and so do wind directions that
differ from the channeled north wind.

This M.Sc. thesis is a follow-up to Ramer’s B.Sc. thesis and poses the first step towards
gaining a general understanding of the turbulence regime in the Landshuter Allee street

canyon. The analysis is guided by the following research questions:

1. How do the turbulence generating mechanisms and the strength of turbulence in

the Landshuter Alle depend on the canyon-specific flow regimes?

2. What is the effect of vehicle-induced turbulence on the TKE?
On the basis of the current state of knowledge, it is hypothesized that

(i) air flow in a street canyon is greatly influenced by its morphology and the presence
of flow-disturbing obstacles. The turbulent flow within the urban canopy is coupled
to the synoptic boundary layer flow and can consequently be characterized as a

function of the wind direction.

(il) the turbulence strength is connected to the wind speed. In weak wind conditions,

the vertical turbulent mixing is significantly suppressed.

(iii) there is a distinct difference in the diurnal cycle of the turbulence intensity and the
turbulent flow characteristics depending on the traffic intensity. The shear produc-
tion is intensified by driving vehicles and especially in high traffic situations with

slow-moving traffic, the buoyancy force is enhanced by the hot exhaust gas.
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2.1 Study site

The Landshuter Allee street canyon was chosen as the study site for the research project
because it is nationwide the street where the highest concentrations of air pollutants
are measured. To monitor the development of the concentration of air pollutants, the
Bavarian Environmental Agency is operating an environmental monitoring station (LUB-
station) in the southern section and on the western side of the street (48°9’ 58.38”
N 11°32’° 11.508” E, 520 m a.s.l.). The LUB-station (Figure 5) provides the required

infrastructure for the field experiments of the project.

b) Cross section of the Landshuter Allee street canyon

Figure 5.: Location of the (c) measurement site (LUB-station) on the western side and in the
southern section of the (b) Landshuter Allee street canyon (© Bayerisches Landesamt fiir Umwelt,
2019) (a) in the west of the city of Munich (Map data © Google Earth, 2022). The tunnelled section
of the Landshuter Allee is indicated in blue.

The Landshuter Allee is a north-south oriented street canyon with a total length of 4.5 km,

featuring many exit and entrance ramps. The four middle traffic lanes are tunneled for
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approximately 430 m (Figure 5). Due to the many traffic lanes - four in each driving
direction - the Landshuter Alle has a large width of 54 m. The buildings flanking the
Landshuter Allee are about 20 m high on both sides (Figure 6). This results in a large
aspect ratio b/h ~ 2.7. The Landshuter Allee is additionally characterized by a high
abundance of urban trees, both at the western roadside and as a separator between the

traffic lanes.

[w] [E]

Building
height
h=20m

* station

Width of street canyon b ~54 m

Figure 6.: Schematic cross section of the Landshuter Allee street canyon with the LUB-station at
the western side of the street.

2.2 Experimental setup and data acquisition at the LUB-
station

To analyze the turbulence characteristics and the flow regime of the Landshuter Alle, two
three-dimensional ultrasonic anemometer (uSonic-3-Cage MP, Metek GmbH), to resolve
and quantify the turbulence, and one mini weather station (ClimaVUE50, Campbell Sci-
entific Inc.) were set up on the roof of LUB-Station at a height of approximately 5m. One
sonic anemometer was mounted on a 1.5m long crossbar on the western side of the
roof, above the sidewalk and one was installed on the eastern side of the roof, facing
the street (Figure 7). The intention of this setup was to analyze both the direct effect
of the vehicles on the turbulence characteristics at the roadside as well as the air flow
surrounding the pedestrians on the sidewalk.

The sonic anemometer on the pedestrian side of the LUB-Station was installed on the
21.05.2021 along with the mini weather station. The sonic anemometer on the street-

side was set up about two months later, on the 15.07.2021. Both sonic anemometers
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were aligned with the main wind direction north in an azimuth angle of 0 °. Since their
installation, both sonic anemometers have been continuously recording data. For the
subsequent analysis of the flow and turbulence characteristics, a two-month time period
from the 16.07.2021 to the 15.09.2021 is taken into account.

a) View of the LUB-Station from the Landshuter Allee b) Side view of the LUB-station

¥ 3

¢) Set-up of the sidewalk sonic on a 1.5 m long cantilever
[ T . TR i\ ' NE| Compact Digital
S % K — | Weather Sensor
ClimaVUE50 >
(Campbell
Scientific)

Sonic Anemometer
uSonic-3 Multi-Path
(Metek)

Figure 7.: Set up of the instruments on the LUB-Station. One sonic anemometer was installed
at a height of approximately 5 m above ground and extends 1.4 m onto the sidewalk (c). The
mini weather station is located at the southwestern corner, approximately 1.73 m above the
roof top and 4.73 m above the ground (c). The second sonic anemometer was installedat the
southeastern corner of LUB-Station approximately 2 m above the roof and 5 m above the ground

(b).

The sonic anemometers reported data at a high frequency of 20 Hz. The acquired
data was recorded on a data logger (Model CR6, Campbell Sci. Inc.) at the sampling

frequency and written to hourly files. The min weather station has a sampling rate of
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10 s. This data was summarized as statistics of 1 minute and 10 minutes and written
to daily files. Both hourly and daily files were sent to a Raspberry Pi, transmitted to
a university-operated cloud application and additionally saved on an internal Micro-SD
card. The measured parameters are listed in Table 1 for the mini weather station and in
Table 2 for the sonic anemometers.

Table 3.: List of parameters measured by both

Table 2.: List of parameters measured by _ .
uSonic-3-Cage MP ultrasonic anemometers

the ClimaVUES50 mini weather station

Parameter Unit Parameter Unit
air temperature T ° G sonic temperature Ts °C
. . —1
solar radiation SR Wm~—2 optimized wind ms
components u,v,w
relative humidity RH | % P
L vector and scalar ms—1
precipitation mm averages of wind
wind speed T ms~1 velocity T
wind direction ¢ ° and wind direction ¢ °
inclinometer (pitch, roll ©
and azimuth)

The high frequent three dimensional wind measurements obtained by the sonic anemome-
ters are the integral component of the eddy covariance (EC) method. The raw data was
processed with the MATLAB-based Bmmflux software that was written for the analysis of
EC-measurements (Thomas et al., 2009). The main processing steps are described in
more detail in chapter 2.3.2. For further computations and statistical analysis the open
source software R (Version 3.6.1) with the development environment RStudio (Version
1.2.5042) was used (R Core Team, 2021).

In the analysis of the turbulence characteristics, the data was often examined for the
diurnal cycle and the differences between daytime and nighttime conditions. Over the
course of the two-month measurement period, dawn in the Landshuter Allee occured
between 5:00 and 6:30 and the sunrise between 5:30 and 6:50. The sunset was between
19:20 and 21:10 and dusk between 20:00 and 22:00. If necessary, the data was split by a

dynamic indicator for the time of the day that is output directly from the Bmmflux software.
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2.3 Measurement technique and data processing

2.3.1 Theoretical framework: the eddy-covariance method

The EC-technique is the most commonly applied method to investigate turbulent fluxes
in the atmospheric surface layer. The direct measurement method is based on high
frequent measurements of the horizontal and vertical components of wind speed and
other scalar parameters. The high sampling rate ensures that the full frequency range of
the present eddy structures can be captured (Foken, 2017).

The EC-method is mathematically based on the Reynolds-averaged Navier-Stokes- equa-
tions (RANS). The Navier-Stokes equations are partial differential equations that express
the conservation of mass, momentum and energy of viscous fluids and describe their

motion. They can be expressed as

du du du ou 14p
= = = _— Viy - =% f- 2.3.1
ot s V5y+W(52+ ! p ox * Y ( )
dv dv dv dv 1dp
L gy = —_ Vv - 22 — f. 2.3.2
ot Y ox V6y+W62+ Y p oy ! ( )
) ) 4] )
w o dw dw o dw o L g (233
ot dx dy 0z
~~ ~—— —— ~— ~—

Tendency Advection Viscous Pressure Coriolis Gravitational

forces gradient force acceleration

force

where u, v and w are the three dimensional wind components, p is the atmospheric
pressure, p the air density, f the Coriolis parameter and g the gravitational acceleration
(Foken, 2017).

To include turbulent motions in the Navier-Stokes equations, all variables need to be
decomposed into a mean and a fluctuating part. For the separation of the fluctuating

component x’ from the mean flow x the Reynolds decomposition is applied:

X=5%+x (2.3.4)

where x represents the wind components or a scalar parameter and the overbar sym-
bolizes the time average that determines the range of motions that contribute to the
calculated flux. Fluxes are then computed as the average of the instantaneous products

of the perturbations. An important step for extracting the turbulence is the suitable choice
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of averaging time span to accurately decompose the flow into a mean and a turbulent
part (Foken, 2017).
The so-called Reynolds postulates provide averaging rules for the turbulent values x’

and y’ while a represents a constant:

I X=0 (2.3.5)
I xy=xy+xYy (2.3.6)
m Xy=xy (2.3.7)
IV ax = ax (2.3.8)
V XFy=x+y (2.3.9)

After the application of the Reynolds’s decomposition and following the Boussinesg-
approximation (Boussinesq, 1877), the turbulent equations of motion are already greatly
simplified. For the atmospheric boundary layer additional approximations can be made
to further simplify the turbulent equations. Firstly, horizontal homogeneity (§/6x =
0;6/0y = 0) and stationarity (6/6t = 0) are assumed. As a consequence, microm-
eteorological measurements are only valid under steady state conditions and require
a mostly homogeneous surface. Secondly, the flow is presumed to be incompressible
(g—f =0; ‘g = 0; w = 0). Close to the surface, the effect of the Coriolis force and the

pressure gradient force can be neglected in the flux gradient relationship. Additionally,

the surface layer is assumed to be divergence free (5g ~ 0) resulting in height-constant

covariances. Following these approximations and according to the second Reynold’s

postulate, the total flux is equal to the covariance:

— Qe
ux = —u'w';, — =T'w;

o ,;szw (2.3.10)
P

This poses the requirement and the basis for the direct measurement principle of the

EC-technique (Foken, 2017).
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2.3.2 Data corrections and quality assessment

The EC-method requires flux measurements over a flat and horizontally homogeneous
surface under stationary conditions. These requirements can rarely be fully met, es-
pecially not in urban environments. Unlike for mostly homogeneous natural vegetation,
EC-measurements in highly heterogeneous urban landscapes are directly affected by
several small-scale processes, i.e. traffic and manufacturing where the spatial and tem-
poral changes are associated with human activities. Therefore, EC-measurements in
urban environments require additional care in data filtering and need to be interpreted
with caution (Jarvi et al., 2018). The post-processing of the raw EC-data is required to
not only correct for instrumental limitations but also to make sure that the assumptions for
applying the EC-method are fulfilled. The post-processing of the EC-data, including the
corrections and the computation of the covariances and several other parameters, was
done with the MATLAB-based Bmmflux software. Firstly, the raw data is filtered by instru-
mental flags and the application of physically meaningful plausibility limits. Outliers in the
high frequent time series are detected and removed using a despiking routine (Vickers
and Mahrt, 1997). A cross-correlation analysis is performed to shift all measurements to
the same time base.

In order to fulfill the requirement of a negligible mean vertical wind component, the hori-
zontal axis needs to be rotated into the mean wind direction. However, forcing the main
vertical wind speed to zero caused implausible rotation angles in the post-processing of
the EC-data in this analysis. This tilt error can lead to a cross-contamination between
the flux components and a subsequent falsification of the computed fluxes. Therefore, a
2-D tilt correction was applied that did not let the mean vertical wind speed vanish. Not
forcing the vertical wind speed to zero potentially allows a significant mean vertical wind

speed which can directly reflect on the buoyancy effects.

2.3.2.1 Frequency-response correction

Systematic errors due to the physical limitations of the sensors and the data analysis
technique have to be considered in the turbulence analysis. The EC-technique provides
accurate turbulence measurements but it remains frequency band-limited. This leads to
aloss of data in both the low and the high frequency range of the signal and a subsequent

underestimation of the turbulent fluxes. The magnitude of this underestimation needs
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to be quantified to be accounted for in the analysis. To prevent flux loss at the high
frequency and partially the low frequency range a spectral correction method according
to Moore (1986) is commonly applied. The magnitude of the correction is usually less
than 10 % but can be up to 30 % in extreme atmospheric conditions or if the sensors are
not in an optimal position (Moore, 1986). In this analysis, the Moore correction accounted
for up to 3 % flux loss for the covariances. For the variances, the magnitude was in the
range of 11.510 12.5 %.

2.3.2.2 Choice of perturbation time scale

The spatial and temporal scale of atmospheric motions are linked (Taylor, 1938). Their
relation can be expressed in the spectrum of atmospheric turbulence which describes
the energy distribution of eddy structures according to their wavelength. The part of the
spectrum that is of interest in micrometeorology describes the exchange of energy and
matter between the land, the ocean and the atmosphere. It can be subdivided into three
major frequency ranges: The low-frequency range is the energy-containing range. It
receives the energy directly from the mean flow and drives the small scale turbulent mo-
tions. At intermediate frequencies in the inertial subrange, the energy of the eddy struc-
tures decreases by successively breaking down in size. According to Kolmogorov’s local
similarity theorem, the turbulence becomes locally isotropic and homogeneous while the
eddy structures at large scale are non isotropic. In the high-frequency range of the
micro-scale spectrum the energy is dissipated through viscosity (Foken, 2017). Accord-
ing to Kolmogorov’s hypotheses the decay of homogeneous turbulence from low to high

frequencies follows a -2/3 power-law relationship:
f - Sx(f) = f2/3 Sx(f)~ 583 (2.3.11)
The corresponding fluxes typically obey a -4/3 power-law scaling:
f o Coww(f) =3 Copn(f) =73 (2.3.12)

The turbulent co-spectra and power-spectra are analyzed to determine the most suitable
perturbation time scale 7. This is a decisive step for the flux computation in the post-

processing of EC-data because low-frequency loss can result from insufficiently long
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averaging times and if 7 is to too short, the low contribution to the fluxes is missed. With
an increasing T, the systematic error can be reduced but this may potentially introduce
non-stationarity. In the past several decades, time periods between 10 and 60 minutes
for T have proven to be most suitable (Jarvi et al., 2018). For the spectral analysis in this
study, the data was processed twice: for 7 = 30 min and 7 = 240 min. From this, the

mean power-spectra (Figure 8) and co-spectra (Figure 9) were computed.
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Figure 8.: Mean power-spectra (Sx x) for the variable x where x is the horizontal or vertical wind
velocity or the sonic temperature Ts. The power-spectra were multiplied by the frequency f and
normalized by the variance of x. The black solid lines indicates the -2/3 slope that is expected
for the inertial subrange in the surface layer. The dashed vertical line corresponds to 7 = 30 min
and the dotted vertical line to 7 = 240 min. The mean power-spectra was computed for the two-
month observational period for the measurements of the sidewalk sonic anemometer and further
subdivided by daytime (12:00-16:00) and nighttime (00:00 - 4:00). The mean power-spectra for
the streetside sonic anemometer are provided in the appendix A.

The decisive features of these plots are the spectral peaks and the slopes. For an
averaging time of 30 min and during daytime, the slopes of the power-spectra and co-

spectra in the inertial subrange were closer to the expected -2/3 and -4/3 compared to
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the 240 min averaging time and to nighttime. In the high-frequency range, the deviations
from the optimized curve can be explained with instrumental limitations. This effect was
more pronounced during the night than during the day. In the low-frequency range,
the normalized energy density of the Ts power-spectra converged for 7 = 30 min and
continued to increase for T = 240 min but did not show a distinct peak. This strong non-
stationarity for temperature is typical for the urban surface layer because of the thermal

regime and the heating of the urban surfaces.
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Figure 9.: Mean co-spectra (Coy, ,, between the vertical wind w and the variable x where x is the
horizontal wind or the sonic temperature Ts. The co-spectra were multiplied by the frequency f
and normalized by the covariance. The black solid lines indicates the -4/3 slope that is expected
for the inertial subrange in the surface layer. The dashed vertical line corresponds to 7 = 30
min and the dotted vertical line to 7 = 240 min.The mean co-spectra was computed for the two-
month observational period for the measurements of the sidewalk sonic anemometer and further
subdivided by daytime (12:00-16:00) and nighttime (00:00 - 4:00). The mean co-spectra for the
streetside sonic are provided in the appendix A.

The peaks in spectral density for the power-spectra for the 30 min averaging time were

in the range of 0.001 to 0.1 Hz. From 12:00 to 16:00, the spectral density of S,,, and S,
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reached a plateau in the frequency range from 0.01 to 0.1 Hz. For the time span from
00:00 to 4:00, S,, and S,,,, peaked at a frequency of 0.1 Hz. The co-spectra peaked at
approximately 0.01 Hz both at day- and nighttime.

With the calculation A\ = @/ f, the eddy wavelengths can be determined and a rough
approximation of the size of the peak energy containing eddies can be made. For an
average horizontal windspeed of 0.60 ms~! for daytime conditions, the eddy size was in
the range of several tens of meters during the day and during the night, for an average
horizontal windspeed of 0.27 ms~! for nighttime conditions, the eddy size was in the
range of a few tens of meters.

Overall, the 30 min averaging time is sufficient to sample any motions that contribute
to the transport adequately. Longer perturbation timescales introduce non-stationartiy
that could lead to a distortion of the computed total covariance. The analysis of the
240 min averaging time showed that for larger 7 mesoscale motions are already taken

into account.

2.3.3 Turbulent kinetic energy as a measure for the turbulence
strength

The turbulent kinetic energy (TKE) is commonly used as a measure of the turbulence
strength. It describes the mean kinetic energy per unit mass associated with eddies in

turbulent flow and is defined as half the sum of the variances of the velocity fluctuations:

TKE =e=- (u?+ v2 + w?) = 0.5uR (2.3.13)

N+

TKE can be produced by mechanical shear or buoyancy. It is then transferred down the
scales towards smaller length and time scales, and is dissipated by viscous forces at
the Kolmogorov scale. The contribution of the various processes is reflected in the TKE

tendency equation:

be _de g —— ou 5(w'e) 16(w'p)
— =— w— —=wb, — wiv—- - - = — €
v -
ot 0z 6, 0z 0z o 0z
TKE Advection Buoyancy Mechanical Turbulent Pressure Viscous
tendency shear transport transport dissipation

(2.3.14)
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2. Methods

This equation is obtained by multiplying the Navier-Stokes equation for turbulent flow
with u! and is commonly used in the evaluation which atmospheric processes contribute

to the production or consumption of TKE (Foken, 2017).

2.3.3.1 Contribution of buoyancy and shear 7

The TKE is computed automatically by the Bmmflux-software from the easured velocity
fluctuations. To get an insight into the TKE tendency, the buoyancy production term and
the shear generation term need to be determined. The contribution of the buoyancy to
the TKE budget can be calculated from the direct measurement of the buoyancy flux
w'8’ and the mean virtual potential temperature 0,.

To determine the shear term, the vertical gradient of the wind speed % is required.
It cannot be obtained from direct measurements but it can be approximated from the
measured momentum flux u, on the basis of the K-approach (Foken, 2017).

uzsz-é—u

2 = (2.3.15)

Under non-neutral conditions, the eddy diffusivity of momentum K, can be expressed

as

_kzh (2.3.16)

K = 40)

with the von Karman constant k, the measuring height z and the universal function ¢,,:

0.95(1 —11.6¢) ¢ <0
bm(Q) = (2.3.17)
0.95 -+ 7.8¢ ¢>0

where ( is the Monin-Obukhov stability parameter (Eq. 2.3.19).

From this, the vertical wind speed gradient can be calculated as:

ou Uy P

0z Kz

(2.3.18)
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2.3. Measurement technique and data processing

2.3.4 Determination of atmospheric stability

There are two concepts to describe the stability condition of the atmosphere: static and
dynamic stability. The concept of static atmospheric stability only considers buoyant
effects. It is estimated as an adiabatic process and can be determined by comparing the
vertical gradient of the virtual potential temperature with the respective average adiabatic
lapse rate vy (Foken, 2017).

The concept of dynamic atmospheric stability also takes shear-generated turbulence into
account. Dynamic stability is often assessed on the basis of the Monin-Obukhov- similar-
ity theory. It describes the vertical motion in the atmospheric surface layer as a function
of the Monin-Obukhov key parameters: the height above ground z, the normalized sur-
face momentum flux, also referred to as friction velocity u, and the buoyancy flux w'6’,
(Foken, 2017).

From this, the dimensionless Monin-Obukhov stability parameter ¢ is derived:

V4
= — 2.3.19
(=7 (23.19)
It is defined by the heigth z and the Obukov length L:
a 3
7 (2.3.20)
kg(w'd))

Where k is the von Karman constant, u, the friction velocity, ﬁ the buoyancy parameter
and w6 the buoyancy flux.

The stability parameter ¢ is commonly used to describe the atmospheric stratification in
the surface layer (Table 4). It describes the relative contribution of buoyancy and shear
to the turbulence regime and is typically in the range of -3 to 1. For dynamically unsta-
ble conditions ¢ is negativ, for dynamically stable conditions positive and it approaches
zero for neutral stratification. If ¢ is strongly negative, the turbulent flow is buoyancy-
dominated and the exchange processes are controlled by free convection. A large, pos-
itive value for ¢ indicates a strong stable stratification with potential decoupling from the
surface (Foken, 2017).
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2. Methods

Table 4.: Determination of the stratification of the surface layer depending on the Monin-Obukhov
stability parameter ¢ (Table adapted from Foken, 2017).

Stratification  Stability Parameter ¢

unstable (<A1 free convection
-0.0625 > ¢ > -1 dependent on u,

neutral 0.0625 > ¢ > -0.0625

stable 1>¢ >0.0625 dependent on u,
¢>1 independent from z

To assess the atmospheric stratification from EC-measurements, the Bmmflux-software
computes the stability parameter . Only ¢ values in the range of -3 and 1 were consid-

ered for the analysis of the atmospheric stratification in this thesis.

2.4 Meteorological comparative data

The German weather service (DWD) is operating a meteorological station at its branch
office in the Helene-Weber-Allee in Munich. Itis located about 1.5 km bee-line north/north-
east of the LUB-station and records various parameters including wind speed and wind
direction. The instruments are intentionally installed at a certain distance of potential
flow-disturbing obstacles (Figure 10). The measured air flow is therefore less disturbed
compared to the flow surrounding the sensors in the Landshuter Allee.

In general, the surface layer of the urban atmosphere can be divided into a deep rough-
ness sublayer (RSL) and the overlying inertial sublayer. Near the top of the urban canopy,
an intense shear layer forms, whose turbulence properties differ systematically from the
inertial sublayer. The RSL in cities has a substantial depth comparable to forest ecosys-
tems, because of the large building height and is strongly influenced by the individual
buidlings. The lowest part of the RSL is the canopy layer. Within the canopy layer, the
turbulent exchange processes are significantly influenced by the building structures and
street morphology. As a consequence, the convective and radiative coupling between
the air flow within the canopy, i.e. in a street canyon, and the RSL above the roofs is
potentially restricted and the canopy layer may maintain a very locally adapted flow and

turbulence regime (Aubinet et al., 2012).
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2.5. Traffic measurements

Figure 10.: Location of the branch office of the DWD in the Helene-Weber Allee (left, map data
©Google Earth, 2022). The measurement instruments (right, © Deutscher Wetterdienst) are
about 1.5 km distant from the LUB-station.

Due to its setup, the air flow measured at the DWD station in the Heinrich-Weber-Allee is
expected to be more representative for the synoptic deeper boundary flow over Munich
compared to the LUB station in the Landshuter Allee. To compare the air flow at the
two stations, the data from the DWD station was downloaded in hourly resolution via the

open-access Climate Data Center (CDC) for the required two-month time period.

2.5 Traffic measurements

The Landshuter Allee is an important traffic artery in Munich which is used by many
commuters daily to get in and out of the city center. In addition, several bus lines are
operating in the Landshuter Allee. At the bus station 30 m north of the LUB-station,
buses run at intervals of up to every 4 min, depending on the time of the day.

To analyze the traffic in the Landshuter Allee, the Kreisverwaltungsrat (KVR) of Munich
has installed double induction loops under each driving lane. With this, it is possible
to gain insight into the traffic intensity, the driving speed and the distribution of vehicle
categories.

For the analysis of the VIT two datasets are used: 15 min aggregates of the traffic vol-
ume and the mean driving speed and hourly aggregates for the traffic volume per vehicle

category. In the hourly dataset, the vehicles are subdivided into 9 different categories
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and further summarized in the two main categories: truck-like vehicles and car-like vehi-
cles (Table 5). From both datasets, the traffic measurements for the two south-oriented
driving lanes closest to the LUB-station were taken into account. The datasets were
provided by the REINELUFFT? subproject Traffic (Frederik Bachmann, TU Munich, pers.

com.) for the predefined two-month time period.

Table 5.: Overview of the average vehicle count per day per category for the two-month mea-
surement period. Only the two south-oriented driving lanes closest to the LUB-station were
considered.

Vehicle category | average vehicle

count per day
Motorcycle 192 car-like
Car 3764 4378
Car + trailer 12 (90.6%)
Delivery van 411
Bus 228 truck-like
Truck 90 452
Truck + trailer 32 (9.4%)
Semitrailer 101
Unclassified 0
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3. Results and discussion

3.1 Characteristics of the flow and turbulence regime in
the Landshuter Allee street canyon

The turbulence in the Landshuter Allee was characterized for five flow regimes defined by
the wind direction sectors "north","northwest", "east", "south" and "west" (Table 6). This
subdivision is based the findings of the study by Ramer (2021) on the wind regimes of
the Landshuter Allee and takes into account the distribution of wind speed and direction

as well as the turbulence properties of the Landshuter Allee street canyon.

Table 6.: Subdivision of the wind directions into five defined wind sectors

wind sector north northwest west south east
wind direction 350° 360° 0° 30° 300° 350° | 250°% 300° 120° 250° 30° 120°

3.1.1 Flow regime: wind direction and wind speed

The air flow in the Landshuter Allee street canyon was dominated by northerly winds
during the two-month observational time period (Figure 11). The wind speed was in the
range of 0 to 1.6 ms™! for both sonic anemometers, with a mean wind speed of 0.46 ms™!
for the sonic anemometer over the sidewalk and 0.66 ms~* for the sonic anemometer on
the street side.

The magnitude of the wind speed was dependent on the time of the day (Figure 12, left
panel). During the night the wind speed was the lowest. With increasing solar radiation
and convection after dawn, the wind speed increased, reached a steady level in the late
morning and decreased again in the late afternoon. The wind was generally stronger
on the street side with a persistent difference between both sonic anemometers. The
measured wind speed on the street side was ~0.2ms~! higher during the night and

~0.3ms~! higher during the day while the increase in wind speed at dawn as well as
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3. Results and discussion

the decrease at nightfall occurred at the same time.The mean wind direction also differed
depending on the time of the day (Figure 12, right panel). From approximately 5:00 to
21:00, north was the dominating wind direction for both sonic anemometers. Starting
at 21:00, the wind direction shifted from north to east to southeast. The southernmost
mean wind direction was observed at 2:00, with 110° for the streetside sonic and 150°

for the sidewalk sonic. Afterwards the wind direction shifted back to north.

wind sector:
Sonic 1 (sidewalk) Sonic 2 (streetside) North (350-30°)
,\? Northwest (300-350°)
S
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Figure 11.: Wind rose plot showing the mean wind speed distribution per 15°wind sector for the
half-hourly intervals of the two-month observational period for the sidewalk sonic anemometer
(left panel) and the streetside sonic anemometer (right panel).

The average distribution of the flow regime fluctuated over the course of the day (Figure
13). Northerly winds dominated throughout most of the day, with a maximum proportion
of up to 70 % in the early morning hours. The largest percentage of southerly wind was
observed during the night , with a contribution in the range of 25 to 40 % from nightfall
until dawn. The percentage of easterly winds was highest in the early morning hours
(20 %). For the daylight hours, northwest was the most common wind direction after
north. The percentage of northwesterly winds started to increase in the late morning,
from a consistently low level of 5-10 % during the night, up to 25 % in late afternoon.
The percentage of westerly winds was in a consistent range of 1 to 10 % throughout
the day. Overall, southerly and easterly winds played a larger role at nighttime and in
the early morning hours while northwesterly winds were more often observed at daytime
in the afternoon. The daily wind sector distribution fluctuated over the course of the
observational period (Figure 14). The first days of the measurement campaign, up until

the 20.07.21, were dominated by percentages of north wind of up to 90 %. Overall,
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Figure 12.: Ensemble average diel of the wind speed (left panel) and the wind direction (right
panel) for the half-hourly intervals of the two-month observational period for both sonic anemome-
ters. The respective standard error for the wind speed averages is visualized as shaded area.

north remained the main wind sector with an average daily contribution of 54 %. The
daily percentage of southerly winds was in the range of 1 to 54 % and the contribution
of easterly winds was between 1 % and 35 %. There were many days with no or hardly
any west wind and individual days, i.e. the 1.09.2021 and the 7.09.21, with a west wind
contribution higher than 10 %. The daily percentage of northwesterly wind fluctuated
strongly. Several days with high a high contribtuion of northwesterly winds stand out.
During the first week in September and on two days in August, the 23.08.21 and the

24.08.21, the percentage of northwesterly wind was above 50 %.

100 A

754

50
: I IIIIIIII||I||||I|I

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

wind sector:

North (350-30°)

Northwest (300-350°)
B west 250-300°)
I south (120-250°)
B et z0-120°)

(=]
>
S

Figure 13.: Diurnal course of the wind direction as percentage per wind sector for each half-
hourly interval, averaged over the two-month observational period and as a mean for both
sonic anemometers. The colors indicate the five predefined wind sectors "north", "north-
west","east","south", "west".

27



3. Results and discussion

1001

751

~ ™~ © @ @ ©
< < < < < <
<) © o [} © ]
— ~ o =} ~ Y

wind sector:
North (350-30°)
Northwest (300-350°)
B west (250-300°)
[ south (120-250%)
P East 30-1207)

© =}
< <
[=} ©
3} =}

Figure 14.: Percentage per wind sector as daily mean for both sonic anemometers for the two-
month observational period. The colors indicate the five predefined wind sectors "north", "north-

west","east","south", "west".
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Figure 15.: Box plot of the wind speed for the sidewalk sonic (top panel) and the streetside sonic
(bottom panel) divided by 10° wind direction sectors for the two-month observational period. The
colors indicate the five predefined wind sectors "north", "northwest","east","south", "west".
Boxplots are a standardized way of showing the distribution of quantitative data. The position and
length of the box is determined by the upper and lower quartile. The line inside the box indicates
the median. The whiskers extend 1.5 times the interquartile range (difference between the upper
and the lower quartile) from the center of the box. All data points beyond the end of the whiskers
are plotted individually as outliers.
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The wind speed varied with wind direction (Figure 15).The wind speed was the highest
for the flow channeled by the orientation of the street canyon: north and northwesterly
flow. For these flow directions, the average wind speed was between 0.50 ms~! and 1.0
ms~1! for the streetside sonic and between 0.40 ms—! and 0.80 ms~! for the sidewalk
sonic. Lower wind speeds, with a median of around 0.5 ms~! for the streetside sonic
and a median of around 0.25ms~! for the sidewalk sonic, were observed for easterly
and southerly flow. The weakest winds with median values of around 0.20 ms~! for the

streetside sonic and 0.10 ms~! for the sidewalk sonic came from southeast.

3.1.2 Comparison with synoptic winds over Munich

In contrast to the Landshuter Allee, the wind in the Helene Weber-Allee came predomi-
nantly from west-southwest and east during the two-month observational period (Figure
16). In addition, the overall mean wind speed of 2.18 ms~! was significantly higher com-
pared to the Landshuter Allee. This is in line with the results of a report on the urban
climate of Munich (Funk, 2014). This analysis showed that the longtime average wind
conditions in Munich are dominated by west-southwesterly and easterly flow.

The direct comparison of the observed wind directions during the two-month measure-

wind sector:

North (350-30°)

Northwest (300-350°)

Figure 16: Wind rose plot
illustrating the mean wind

. -1\.
wind speed (ms ©): speed distribution per 15°
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| RS wind sector at the DWD-
. 45-6.0 operated meteorological sta-
30-45 tion in the Helene-Weber
15-30 Allee for the hourly obser-
0-15 vations during the two-month

measurement period.

ment period illustrates that the wind conditions in the Landshuter Allee did not reflect the
synoptic flow over Munich (Figure 17). Instead, the synoptic wind was mostly channelled
to northerly winds aligned with the street orientation, independent of the synoptic flow di-

rection. West wind in the Landshuter Allee only resulted from synoptic easterly flow and
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3. Results and discussion

east wind in the street canyon mainly came from synoptic westerly flow. This leads to the
conclusion that the synoptic wind from east and west is partially deflected by the building
fronts and reversed in the street canyon (Figure 18) which confirms the findings of the
previously conducted bachelor thesis that analyzed the flow regimes in the Landshuter

Allee street canyon (Ramer, 2021).
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Figure 17.: Comparison of the measured wind direction during the two-month observational pe-
riod for the LUB-station in the Landshuter Allee and DWD-operated meteorological station in the
Heinrich-Weber Allee. Each data point represents an hourly interval. The colors indicate the five
predefined wind sectors "north", "northwest","east","south", "west".
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Figure 18: Presumed flow pattern in the
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synoptic easterly winds are reflected by
the building fronts and reversed to westerly
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3.1. Characteristics of the flow and turbulence regime in the Landshuter Allee street canyon

3.1.3 Atmospheric stratification

The atmospheric stratification in the Landshuter Allee was mostly unstable during the
two-month observational period. The stability parameter { was smaller than -0.0625 for
86 % of all half-hourly data points (Table 7). Stable stratification occurred only sporad-
ically, for 2 % of all half-hourly data points, and mainly at night when for 68 % of the
half-hourly data points ¢ was above 0.0625. Neutral stratification also did not occur often
(12 %) and more frequently during the night (53 %). Overall, stable and neutral stratifi-
cation were observed slightly more frequent for the sonic anemometer over the sidewalk
(15 %) than for the sonic anemometer on the street-side (13 %) (Figure 19, top panel).

The more detailed subdivision of the stability classes, depending on the magnitude of the
stability parameter ( illustrates the difference between both sonic anemometers (Figure
19, bottom panel). The proportion of half-hourly intervals with values for { < -1 was
comparatively higher for the sonic anemometer over the sidewalk. This indicates that the
air surrounding the system was more often influenced by free convection with buoyancy
as the main turbulence-generating process. In contrast, the sonic anemometer on the
street side had a higher proportion of ¢ values between -1 and -0.0625. The value range
closer to neutral and unstable stratification suggests that the turbulence generation was

more dependent on shear.

Table 7.: Overview of the total number of half-hourly intervals and the corresponding percentage
of the respective stability regime depending on the sonic anemometer and the time of the day.

Sonic 1 Sonic 2 . —
ificati . . D Nigh
Stratification (sidewalk) (street-side) aytime ighttime

unstable 4950 (86%) | 2377 (87%) 2573 (87%) | 2932 (90%) 2018 (83%)

neutral 661 (12%) | 322 (12%) 339 (12%) | 310(9%) 351 (14%)
stable 113 (2%) 83 (3%) 30 (2%) 36 (1%) 77 (3%)
5724 2782 2942 3278 2446

Typically, the wind gradient near the surface increases after nightfall and radiative cool-
ing constrains vertical turbulent motion. As a consequence, the atmosphere becomes
increasingly stable and turbulent mixing is suppressed. In a street canyon, stable strat-
ification can lead to an accumulation of air pollutants close to the source on the ground

because the dispersive fluxes are capped. However, due to the UHI, unstable stratifica-
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3. Results and discussion

tion at night is a well-known phenomenon for the urban atmosphere (Pelliccioni et al.,
2012) and could also be observed for the Landshuter Allee street canyon during the
two-month measurement period. Due to the strong heating of urban surfaces, thermal
convection is also present during the night. The atmospheric stratification rarely became
stable for the two summer months and presumably did not impair the dispersion of air
pollutants.

In general, there is a strong dependence of the stability on the seasonality because
less solar radiation is received at the surface during the winter and the temperature pro-
files change. This leads to a more stable stratification, also in urban areas (Pelliccioni
et al.,, 2012). The two-month observational period does not cover the full seasonality.
It still showed the onset of the transition from summer to fall and the trend towards a
more neutrally stratified atmosphere in the Landshuter Allee. For the first half of the
measurement-period, 91 % of all half-hourly data points indicated unstable stratification,
compared to 83 % in the second half. The percentage of neutral and stable stratification
increased from 8 % to 14 % and from 1 % to 3 %, respectively. This shift towards a slightly
more stable stratification suggests that the atmospheric stratification in the Landshuter
Allee does show seasonality. With an increasingly stable stratification during the night in
the winter months, the vertical turbulent motions potentially become more suppressed.
However, this presumably also leads to increased nighttime wind speeds. These higher
wind speeds have the potential to produce more turbulence compared to a weak-wind
regime. The bachelor thesis of Ramer (2021) showed that the NO, concentration was
higher in the summer compared to the winter. This supports the presumption that sea-
sonal changes of the wind speed are the dominating process. Yet, a thorough analysis
of one annual cycle of EC-measurements is required to gain better insight into the sea-
sonality effects on the atmospheric stratification and the connection to the turbulence

properties in the Landshuter Allee.
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Figure 19.: Visualization of the atmospheric stratification in the Landshuter Allee during the two-
month observational period.

Top: Daily percentage of half-hourly intervals of neutral (orange), stable (purple) and unstable
(cyan) atmospheric stratification for the sidewalk sonic anemometer (left) and the streetside sonic
anemometer (right).

Bottom: Number of data points per stability class for both sonic anemometers. Each data point
represents one half-hourly interval. The stability classes of stable and unstable atmospheric
stratification are further subdivided according to the size of the value of ¢ (Table4). The total
number of intervals per sonic anemometer and stability range is written above the respective bar.
The time of the day is represented by the transparency in both plots. High transparency illustrates
nighttime and low transparency depicts daytime.

The average distribution of the Monin-Obukhov stability parameter ¢ differed across the
wind direction sectors (Figure 20). For both sonic anemometers, the median of { was
closest to the range of -0.0625 to 0.0625. For the sidewalk sonic, the median of { was

distinctly below -0.0625 for the other wind sectors. For the streetside sonic, the median
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of ¢ was also below -0.0625 but closer to the neutral range, especially for easterly flow.

Overall, these findings need to be interpreted with caution. Since in the post-processing
of the EC-data the vertical wind speed was not forced to zero, there might be a significant
mean vertical wind speed that potentially reflects the buoyancy effects and falsifies the

computation of the Monin-Obukhov stability parameter (.
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Figure 20.: Violin plot to illustrate the distribution of the Monin-Obukhov stability parameter ¢
per flow regime and per sonic anemometer. The dotted lines correspond to ¢ = -0.0625 and ¢
= 0.0625 and mark the transition from unstable (¢ < - 0.0625) to neutral (- 0.0625 < ¢ < 0.0625)
to stable conditions (¢ > 0.0625). The colors indicate the five wind direction sectors: "north"
(350°- 30°), "northwest" (300°- 350°),"east" (30°- 120°),"south” (120°- 250°), "west" (250°- 300°).
Compared to a box plot, the violin plot shows the full distribution of the data. The probability
density is visualized on both sides of the boxplot.

3.1.4 Turbulent kinetic energy

The TKE is a measure to describe the energy associated with the eddy structures in
turbulent flow and defines the flow behavior. During the two-month observational period,
the TKE was in range of 0.012 to 1.9m?s~2 in the Landshuter Allee street canyon. On
average, the TKE was lower over the sidewalk (0.21 m?s~2) compared to the streetside
of the LUB-Station (0.29m?s~2). As for the wind speed, the TKE varied with the time
of the day and it was continuously higher on the streetside. The average ensemble
diel of the half-hourly intervals showed a distinct course for both sonic anemometers

(Figure 24). During the night, the TKE was only slightly above 0.0 m?s~2. It started
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to increase at dawn and reached a plateau in the late morning hours with magnitudes
around 0.30 m?s~2 for the sidewalk sonic and slightly below 0.50 m?s~2 for the streetside
sonic. In the late afternoon, the TKE decreased again towards nightfall. The higher TKE
values for the streetside sonic correspond to the higher wind speeds on the streetside

and can potentially also be correlated with the closer proximity to the driving vehicles.
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Figure 21.: Box plot illustrating the average ensemble diel for the half-hourly intervals of the the
two-month measurement period of the TKE for the streetside sonic anemometer (blue) and the
sidewalk sonic anemometer(red).

The TKE fluctuated considerably over the two-month observational period (Figure 22).
The overall daily average for the streetside sonic was 0.26 m?s—2 compared to 0.17 m?s—2
for the sidewalk sonic. On most days, the daily median value was in the range of the over-
all daily average. Two days with higher median values stand out. On the 15.8. and the
2.9., the daily average of the TKE was above 0.40 m?s~2. The days following the 2.9.
the median was again comparatively low, but the variability was high. In addition, there
were several periods with a few days of comparatively low TKE median values and low
variability (i.e. 26.8. to 31.8.). These trends were observed for both sonic anemometers
during the measurement period and can presumably be correlated with the dominating
wind direction on the respective day.

In general, the magnitude of the TKE was dependent on the wind direction. On average,

the TKE was the highest for the northwest and west wind sector, similar for the north and
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Figure 22.: Box plot of the TKE to illustrate the daily average for the street-side sonic (blue) and
the sidewalk sonic (red) for the two-month observational period.

I
I ., Sonicl /

B Gzt /
'S streetside; /
& 100 . A
g LV
5 AN
:? : .' '/ /
o
a8 50 . / // , Figure 23: Daily percentage of westerly
2 ) / ﬁ:qg:igg oo doe and northwesterly wind as a function of
; . .‘/ the daily mean TKE differentiated by sonic
= payd anemometer. Each data point represents
g Y. one half-hourly interval of the two-month ob-
Z o phfan .. . servational period. The solid lines corre-
1/ p
spond to the respective regression line with
0.3 0.6 0.9

. R? as coefficient of determination.
daily mean TKE (m“s )

east wind sectors and the lowest for wind from the south (Figure 24). With an increasing
percentage of northwesterly and westerly winds per day, the daily mean TKE increased
(Figure 23). Therefore, the redirection of the synoptic easterly winds by the building
fronts to westerly winds did not only lead to high wind speeds but also to the highest
TKE during the observational period. The large deviation between the sidewalk and the
streetside sonic for westerly winds is presumably caused by the flow-disturbing LUB-
station. For westerly winds, the streetside sonic measures the air that directly overflows
the station which causes high values of TKE.

The presumption of a strong dependency of the TKE on the flow regime is additionally

supported by the correlation of TKE and the mean wind speed © (Figure 25). In general,
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3.1. Characteristics of the flow and turbulence regime in the Landshuter Allee street canyon

the TKE increased with increasing @w. This increase was most pronounced for westerly
and northwesterly flow, resulting in higher TKE values compared southerly and northerly
flow for the same mean wind speed. The stronger relative increase for easterly flow can

likely be attributed to the traffic.
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Figure 24.: Dependency of TKE on the wind direction. Left panel: Wind rose plot illustrating the
mean TKE per 15°wind sector differentiated by sonic anemometer. Right panel: Box plot showing
the average TKE per predefined wind sector. The wind sectors "north" (350°- 30°), "northwest"
(300°- 350°9),"east" (30°- 120°),"south” (120°- 250°) and "west" (250°- 300°) are differentiated by
color.
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3.1.5 Contributions to the TKE tendency

The TKE budget equation (Eq. 2.3.14) is commonly investigated to analyze which at-
mospheric processes contribute to the consumption or production of TKE. Two terms
of the TKE budget equation are examined and compared in this study: the shear gen-
eration term and the buoyancy production term. Both terms were generally larger for
the streetside sonic during the two-month observational period (Figure 26). Overall, the
shear generation was the dominant source of TKE throughout most of the day for the
streetside sonic while for the sidewalk sonic the buoyancy term did not differ significantly
from the shear term. The mean buoyancy production over the entire measurement pe-
riod was 1.8-1073 m?s~3 for the street-side sonic and 1.4-10~3 m2s~3 for the sidewalk
sonic, the corresponding values for the mean shear generation were 3.7 -1073 m2?s~3

and 2.5-1073 m?s~3, respectively. The ensemble averaged diel of the buoyancy produc-
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Figure 26.: Boxplot illustrating the ensemble averaged diel for the half-hourly intervals of the
the two-month measurement period for the buoyancy production (yellow) and shear generation
term (cyan) in the TKE budget equation for the sidewalk sonic anemometer (left panel) and the
streetside sonic anemometer (right panel).

tion and shear generation term in the TKE budget equation showed a distinct diurnal
course during the measurement period (Figure 26). During the night, buoyancy and
shear had the smallest magnitude with values only slightly above zero. The diurnal

course of the buoyancy term was similar for both sonic anemometers. The buoyancy
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3.1. Characteristics of the flow and turbulence regime in the Landshuter Allee street canyon

term began to increase in the early morning hours, reached the peak shortly before
noon and decreased again towards nightfall. The peak of the buoyancy term was ap-
proximately 0.7 -1073 m2s=3 higher on the streetside compared to the sidewalk. The
diurnal course of the shear contribution differed between the two sonic anemometers.
On the streetside, the shear term strongly increased after dawn and reached a steady
level from the early morning until the late afternoon, when it began to decrease slowly to-
wards midnight. Over the sidewalk, the shear contribution also started to gain influence
after dawn but increased slower compared to the streetside. The shear term reached
its maximum in the late afternoon and was approximately 2.2 -10~3 m?s~3 lower than on
the streetside. While the magnitude of the buoyancy and shear term was similar for both
sonic anemometers during the night, during the day, the buoyancy production was on
average 42 % and the shear production on average 51 % larger on the streetside. The
difference between the two sonic anemometers goes in line with the difference in total

TKE and can presumably be attributed to the higher wind speeds on the streetside.
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Figure 27.: Wind rose plots for the two-month observational period illustrating the mean buoyancy
flux H (left panel) and the mean friction velocity u, (right panel) per 15° wind sector differentiated
by sonic anemometers. The five wind sectors "north","northwest","east","south" and "west" are
highlighted by color.

The computation of the buoyancy term was based on the measured buoyancy flux H and
the shear term was determined using the friction velocity u,. The magnitudes of u, and
H fluctuated with wind direction during the the two-month observational period (Figure
27). On average, H and u, were higher on the streetside. For both measuring systems,
H was the highest for northwesterly winds, with a mean of 59 Wm~=2 for the streetside

sonic and 44 Wm~2 for the sidewalk sonic, while u, was the highest for westerly winds
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3. Results and discussion

with the corresponding mean values of 0.26 ms~! and 0.23 ms~!. Over the sidewalk, u,
was second highest for northwesterly winds (0.19 ms~1)) and similar for the other wind
sectors (=~ 0.14 ms~1). In contrast, on the street-side, u, was comparatively higher for
easterly winds (0.21 ms™1) in relation to winds from northwest, north and south. For
both sonic anemometers, H was higher for northerly, northwesterly and westerly winds,
compared to winds from south and east.

The overall high mean u, for westerly flows goes in line with the findings, that turbulence
was stronger for wind that was deflected by the building fronts. The comparatively high
mean u, on the streetside for easterly flow can likely be explained by the influence of
the traffic. Because u, was not enhanced for easterly flow for the sidewalk sonic, the
influence of traffic seemed to more significant on the streetside. H was the largest for
winds that come from near the buildings. This supports the assumption that buildings and

the LUB-Station, as additional source for heat input, enhance the effect on the buoyancy.
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3.2. Comparison of street-typical north wind period and west wind dominated period

3.2 Comparison of street-typical north wind period and
west wind dominated period

The flow regime in the Landshuter Allee street canyon was dominated by northerly winds
that align with the street orientation. However, if west wind occurred in the street canyon,
the wind speeds and the TKE was the largest. These differences have a significant im-
pact on the street ventilation and pollution dispersion. To investigate this in more detail,
two 48 h periods are compared: one representing the site-typical north wind flow regime
and one with west wind dominated conditions (Figure 28). During the measurement pe-
riod there were several days with a high daily contribution of westerly and northwesterly
wind. On Tuesday, the 7.9.21 and Wednesday, the 8.9.21, the percentage of west wind
was high for two consecutive days. On these two days, 51 % and 92 % of the wind came
from north and northwest while only 40 % and 6.0 % of the wind came from north. In
contrast, on Tuesday, the 20.7.21 and Wednesday, the 21.7.21 the percentage of north
wind was 87 % and 82 %.
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Figure 28.: Percentage per wind sector as daily mean for both sonic anemometers. The five
predefined wind sectors "north", "northwest","east","south" and "west" are differentiated by color.

The two 48h time periods that represent the site-typical north wind (20. and 21.7.) and west wind
dominated conditions (7. and 8.9.) are framed by red boxes.
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During the 48 h west wind period in September, north wind mainly occurred during the
night and in the early morning hours and during daytime the flow regime was dominated
by winds mainly from northwest (Figure 29). During the north wind period in July, the

proportion of northwesterly wind increrased from the first to the second measurement
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3. Results and discussion

day. The northwesterly wind occured mostly in the afternoon. The wind speed was in
the range of 0.15 ms~! to 1.0 ms~! for both 48 h periods and showed a similar diurnal
course. While the maximum value was slightly below 1.0 ms~! for both measurement
days, the daily mean wind speed was lower for the second measurement day compared
to the first day. Overall, the wind speed was slightly higher during the north wind period

in July with a mean wind speed of 0.53 ms~! compared to the mean wind speed of 0.45

ms~! for the west wind period.
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Figure 29.: Time series plot of the hourly mean wind speed and wind direction for the two 48
h time periods that represent site-typical north wind (20. and 21.7.) and west wind dominated
conditions (7. and 8.9.). The wind speed is displayed as solid (20. and 21.7.) and dashed
line (7. and 8.9.). The wind direction is represented by single points - crosses (20. and 21.7.)
and diamonds (7. and 8.9.) - and further differentiated by color. The colors indicate the five
predefined wind sectors "north" (350°- 30°), "northwest" (300°- 350°),"east" (30> 120°),"south"
(120°- 250°), "west" (250°- 300°).

Apart from wind speed and direction, solar radiation (SR) and the air temperature also
play an important role for the turbulence regime. The amount of solar radiation, that
reaches the surface is influenced by seasonality, the synoptic forcing and the morphology
of the street canyon. The building geometry and the presence of urban trees can lead
to shading effects dependent on the time of the day. The higher number of daylight
hours during the north-wind period in July resulted in a longer diurnal time span of a

SR and higher peak values (Figure 30). For both 48 h periods the SR dropped slightly
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3.2. Comparison of street-typical north wind period and west wind dominated period

around noon due to a large tree crown directly south of the instruments. The buoyancy
flux directly relates to the SR. H was on average slightly higher during the west wind
period in September with a mean of 43.3 Wm~2 compared to 39.9 Wm~2 during the
north wind period. During the north wind period in July, H peaked approximately two
hours later in the day, reaching a maximum value of 145 Wm~2 at noon on the second

day. In September the maximum value of 215 Wm~2 was also reached on the second

day.
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Figure 30.: Time series plot of the hourly mean solar radiation SR (green), the sonic temperature
Ts (purple) and the buoyancy flux H (orange) for the two 48 h time periods that represent site-
typical north wind (20. and 21.7.) and west wind dominated conditions (7. and 8.9.). H is scaled
by a factor of three. The north wind period is displayed as solid line and the west wind period as
dashed line.

The temperature measured by the sonic anemometers is not equal to the absolute air
temperature. The sonic temperature closely approximates the virtual temperature T, .
T, describes the temperature of a dry air parcel if it had the same density as a moist
air parcel. As a consequence, T, can be greater than the absolute air temperature
in unsaturated moist air. However, for an urban street canyon with low humidity, the
difference is expected to be insignificant. The sonic temperature Ts was in the range of
290 K to 300 K during the north wind period in July and slightly lower, between 287 K

and 298 K, during the west wind period in September. The diurnal course was similar for
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3. Results and discussion

both 48 h periods with a systematic difference of approximately 3 K. Only on the first day
at around 10:00, the Ts of the northwind period dropped below the Ts of the west wind
period.

The diurnal course of the total TKE as well as the buoyancy and the shear contribution to
the TKE budget equation varied during the north wind period in July and the west wind
period in September 31. During the west wind period, the TKE was significantly higher
on the first measurement day compared to the second day. This was opposite during the
north wind period, where the TKE was slightly higher on the second measurement day.
Overall, the TKE was mostly larger during the west wind period, but the difference was
more pronounced on the first measurement day. The difference in the daily maximum

TKE was 0.6 m?s~2 compared to 0.1 m?s~2,
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Figure 31.: Time series plot of hourly mean of the buoyancy (orange) and the shear (green)
contribution to the TKE budget equation and the total TKE (purple) for the two 48h time periods
that represent site-typical north wind (20. and 21.7.) and west wind dominated conditions (7. and
8.9.). The north wind period is displayed as solid line and the west wind period as dashed line.

The higher TKE on the first measurement day of the west wind period can potentially
be explained with the higher mean wind speed on the first day compared to the second
day. As shown in section 3.1.4, TKE and @ can be linearly correlated. With increasing
u, the TKE increases. This increase was most pronounced for the west wind sector

(Figure 25). During the west wind period, u decreased from the first to the second day
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and and so did the TKE. In contrast, during the north wind period this correlation was
not observed. While T decreased, the TKE slightly increased from the first to the second
measurement day. However, the percentage of northwesterly and westerly wind per day
increased from 7 % to 15 % from the first to the second day (Figure 28). In general,
the increase in TKE with increasing u was least pronounced for the north wind sector
(Figure 23) while the TKE increased strongly with increasing percentage of westerly and
northwesterly wind per day. Therefore, the increase in northwesterly wind seemed to be
the dominating factor for the diurnal course of the TKE during the north wind period.

In contrast to the ensemble average diel of the TKE tendency over the entire measure-
ment period (Figure 26), the buoyancy term was continuously higher than the shear term
for both 48 h time periods. Both buoyancy and shear term were higher during the west
wind period throughout most of the day. The shear term remained close to zero for the
north wind period both at daytime and nighttime and peaked twice with varying magni-
tude at around 10:00 and 14:00 on both days during the north-wind period.

The overall higher values for buoyancy compared to shear are partially linked to the low
wind speeds for both 48 h periods. The overall mean wind speed of 0.57 ms~1 for the
two-month measurement period was higher than the wind speed during both north and
west wind period with corresponding mean values of 0.53 ms~! and 0.45 ms~!. The
lower the wind speed, the lower is the potential for wind-shear induced turbulence. In
contrast, the SR during both 48 h periods indicated clear-sky conditions which likely
intensified thermal convective processes and enhanced the buoyancy flux. The combi-
nation of a small shear term and comparably large buoyancy term potentially explain why
the buoyancy term was higher than the shear term for the two 48 h periods in contrast to

the entire measurement period.
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3. Results and discussion

3.3 Influence of traffic on the turbulence regime

3.3.1 Traffic in the Landshuter Allee

The ensemble averaged diel of the half-hourly vehicle count showed typical commuter
traffic for the weekdays (Figure 32). Starting at 5:00, the vehicle count increased strongly
from only 20 to slightly under 600 vehicles each half-hour by 8:30. The morning rush hour
ended at 9:00 and afterwards, the traffic intensity remained at a level of approximately
500 vehicles per half-hour until the afternoon. The afternoon rush hour started at around
14:00 and the vehicle count increased to over 600 vehicles per half-hour. After 19:00
the vehicle count fell steadily until the morning hours. On the weekends, there was no
distinct rush hours. The vehicle count increased more slowly in the morning, reached a
maximum of about 490 vehicles per half-hour at noon and decreased afterwards towards
the evening.
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Figure 32.: Ensemble average diel of the traffic volume (orange) on the two driving lanes directly
adjacent to the LUB-station station and the associated mean driving speed (cyan) for the two-
month time period from the 16.07.2021 to the 15.09.2021 divided by day of the week. The dotted
line shows the ensemble average for the weekend (Saturday and Sunday) and the solid line the
average for the weekdays (Monday through Friday).

The ensemble average of the mean driving speed also followed a distinct diurnal course
for weekdays and the weekend. The driving speed was in the range of 38 to 50 km/h
which falls within the permitted speed limit of 50 km/h. During the night, the driving speed

was comparatively higher than during the day. With the onset of increasing traffic inten-
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3.3. Influence of traffic on the turbulence regime

sity in the morning, the driving speed decreased. For the weekends, the driving speed
remained constant but during the week there was a significant drop below 40 km/h dur-

ing the afternoon rush hour.

The nine vehicle categories were summarized into two main categories: "truck-like" and
"car-like" vehicles (Table 5). Overall, significantly more car-like vehicles were counted
during the two-month measurement period (Figure 33, right panel). The average vehicle
count per day was different across weekday and weekend. During the week the average
count for the "car-like" category was 4,841 vehicles per day and 525 for the "truck-like"
vehicles. Both car-like and truck-like vehicles decreased in number on the weekends
with an average vehicle count per day of 3,463 for car-like and 293 for truck-like vehicles.
With ~ 45 % less vehicles per day on the weekends, the decrease in vehicle count was
more pronounced for the truck-like vehicles. The average vehicle count for the car-likes

vehicles decreased by 29 %.
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Figure 33.: Distribution of the vehicle types for the two south-orientated driving lanes closest to
the LUB-station station over the course of the two-month observational period. Left panel: Diurnal
ensemble average of the percentage (lines) and the total number (bars) of truck-like vehicles per
hourly interval differentiated by weekday (cyan) and weekend (orange). Right panel: Distribution
of the vehicle count per day in the week in the two main categories "truck-like" (darkgrey) and
"car-like" (lightgrey). Each day occurred equally often during the measurement period.

Over the course of the day, the percentage of truck-like vehicles varied (Figure 33, left
panel). On average, the share of truck-like vehicles was larger during the night and

in the early morning hours while the total number of truck-like-vehicles per hour was
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consistently below 40. Both on the weekdays and on the weekend, the percentage of
truck-like vehicles peaked around 1:00 in the morning. During the week, there was a
second peak shortly before the morning rush hour and on the weekend, the percentage
peaked again at around 6:00. During the day, the percentage of truck-like vehicles was

steadily around 10 %.

3.3.2 Turbulence characteristics

The traffic data for the Landshuter Allee showed typical commuter traffic for the weekdays
with high traffic intensities especially during the rush hours and a lower traffic intensity for
the weekends. To investigate the influence of traffic on the turbulence regime, it is there-
fore reasonable to analyze the differences in the turbulence characteristics depending
on the day of the week. Overall, 18 days of the measurement period fell on the weekend

and 44 days on a weekday.

Table 8.: Overview of the mean TKE (m?s~2) over the entire two-month observational period,
separated by the sonic anemometer, the day of the week and only the daytime.

sonic anemometer | overall kend kd weekend weekday
weeken weekday (daytime) (daytime)

sidewalk sonic 0.22 0.19 0.23 0.26 0.32

overall 0.26 0.22 0.27 0.30 0.38

Vehicle-induced turbulence (VIT) can be a major mechanism for turbulence generation
in a traffic-influenced urban environment. The VIT can significantly contribute to the
buoyancy production and shear generation of TKE. In contrast to idealized flow models,
the sonic anemometers report the total TKE and cannot accurately partiton the TKE into
the different sinks and sources. However, the TKE measurements in the Landshuter
Allee still showed the influence of VIT on the TKE’s diurnal course (Figure 34). Overall,
the TKE was higher for the street-side sonic, independent of the day of the week. The
TKE was consistently low during the night, both on the weekends and during the week.
In the morning, the increase in TKE started earlier on the weekdays in correspondence

to the morning rush hour at 5:00. On the weekends, the increase in TKE lagged by
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3.3. Influence of traffic on the turbulence regime

approximately 2 h compared to the weekdays. The mean daily maximum of the TKE
was reached in the late morning at around 11:00 for both measuring systems. Although
the TKE peaked on average at the same time across all days of the week, the magnitude
of the difference between the weekdays and the weekends varied. On the weekends,
the maximum values were approximately 22 % lower for the streetside sonic and about
9 % lower for the sidewalk sonic compared to the weekdays. On the weekdays, the
decrease in TKE towards nightfall lagged by approximately 1h compared to the weekend.
Overall, the TKE began to increase earlier in the day reached a larger peak and started
to decrease later. This led to higher mean TKE values on weekdays which was more
pronounced during daylight hours compared to nighttime (Table 8). These differences
can be attributed to the higher traffic intensity on the weekdays and the proximity of the

streetside sonic to the traffic.
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Figure 34.: Ensemble average diel of the TKE for the given half-hour intervals over the two-month
observational period. Depicted is the average per measuring system (sidewalk and streetside
sonic) with further subdivision by the day of the week (weekdays and weekend).

3.3.2.1 Influence of traffic on the TKE tendency

The VIT potentially influences both buoyancy and shear term in the TKE budget equa-
tion. Across the two-month measurement period, the median ratio of shear to buoyancy
was significantly larger than unity for the streetside sonic while it equalled unity for the

sidewalk sonic (Figure 35, left panel). The comparatively higher shear to buoyancy ratio
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on the streetsdie supports the findings, that the shear contribution to the TKE was higher

on the streetside due to the higher wind speeds and the close proximity to the moving

vehicles.
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Figure 35.: Boxplot illustrating the overall ratio of the shear to the buoyancy term in the TKE
budget equation depending on the measuring sonic anemometer (left) and depending on the day
of the week (right).

The contribution of buoyancy and shear to the TKE budget equation fluctuated depend-
ing on the time of the day but showed a similar diurnal course for both weekend and
weekdays (Figure 36). The median of the ratio of buoyancy to shear was around unity
at nighttime and over midday. During the early morning hours and in the afternoons, the
ratio clearly exceeded unity with maximum median values of 2.9 on the weekdays and

2.0 on the weekends.
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Figure 36.: Boxplot illustrating the ensemble average diel of the hourly shear to buoyancy ratio
as an average for both sonic anemometers. The ratio of the terms in the TKE budget equation
was further subdivided by weekday (cyan) and weekend (orange). Unity is indicated as solid line.
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3.3. Influence of traffic on the turbulence regime

During the night, the buoyancy to shear ratio was around unity because the buoyancy
and the shear term were similarly low but not zero. The increase in shear contribution
occurred parallel to the increase in wind speeds in the morning resulting in shear to
buoyancy ratios that clearly exceeded unity. Over noon, when the SR was the highest,
the shear production was presumably counteracted by the increasing influence of buoy-
ancy. In the afternoons, the shear to buoyancy ratio again exceeded unity, likely because
the SR decreased while there were still significant wind speeds. Consequently, the wind
induced shear was again the dominant turbulence generating mechanism. No signifi-
cant differences in the shear to buoyancy ratio were observed depending on the day of
the week both in the overall average (Figure 35, right panel) and the ensemble average
diel (Figure 36) even though the traffic intensity was significantly higher on the week-
days. The unique influence of the VIT on the thermal-induced and wind-shear induced

turbulence could therefore not be distinctly separated.

3.3.2.2 Influence of vehicle count, driving speed and vehicle type on TKE

There was a strong linkage between the TKE and the number of vehicles per 30 min
interval (Figure 37, left panel). The vehicle count was in the range of 0 to 800 during
the two-month observational period. Half-hourly intervals with 300 vehicles and less
were associated with low TKE values. These vehicles counts mostly occurred during
the night and in the early morning hours. Starting at 300 vehicles per 30 min interval,
the TKE increased with increasing vehicle count. The majority of the data points fell
within the range of 400 to 600 vehicles per 30 min interval. This range was typical for
the average daytime traffic intensity. The TKE was the largest for a vehicle count of
approximately 500. Above this threshold, the TKE decreased with increasing vehicle
count. A traffic intensity of 600 vehicles per 30min and above was partially reached
during the morning rush-hour and mostly during the afternoon rush-hour. These findings
agree with a previous study (Vachon et al., 2002). They showed that the TKE increases
with increasing traffic up until a certain threshold. Above this threshold, the vehicles
are closer together and the driving speed decreases. This leads to traffic congestions,
resulting in a blocking effect and consequently in a decrease in TKE. For the Landshuter

Allee, this was the case during the afternoon rush-hour.
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Figure 37.: TKE as a function of the number of vehicles per 30 min interval (left) and as a
function of the mean driving speed per 30 min interval (right). The data intervals for the two-month
measurement period are categorized by the time of the day: 5:00-8:30 (purple squares), 9:00-
13:30 (red circles), 14:00-19:30 (orange triangles) and 20:00-4:30 (yellow diamonds). Dynamic
bin averages are illustrated in black and the error bars denote 4 one standard deviation.

The mean driving speed ranged from 38 to 50 km/h over the course of the two-month
measurement period (Figure 37, right panel). High driving speeds occurred mostly dur-
ing the night and in the early morning and were observed along with low TKE values.
The TKE was comparatively higher during the day with most data intervals with a mean
driving speed in the range of 43 to 46 km/h. Intervals with lower driving speeds mainly
occurred during the afternoon rush-hour but were not associated with significantly lower
TKE values. The highest driving speeds in the Landshuter Allee occurred during the
night and in the mornings, where the TKE is in general the lowest because of overall
low wind speeds and the thermal forcing. Apart from the nighttime values, the TKE was
similar for all driving speeds. The missing dependence of the TKE on the driving speed
follows the findings of a previous study (Alonso-Estébanez et al., 2012). They concluded
that the TKE generally increases with increasing driving speed for large vehicles, i.e.
vans or trucks. For individual passenger cars, no significant increase in TKE was ob-
served with increasing driving speed. The traffic data set used for the analysis in this
thesis, which resolved the vehicle-types, did not include the driving speed. Therefore,
wit &~ 90 % of the daily vehicle count being car-like vehicles in the Landshuter Allee (Ta-
ble 5), the overall traffic in the Landshuter Allee is presumably more representative for

the passenger cars.
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Figure 38.: Time series of the TKE for the time period from 00:00 to 4:00 for the night between
the 20.07. and the 21.7. The temporal resolution is 1.5 s. The red lines indicate the mean TKE
over the 4-hour period + 50

To investigate the presumption that large vehicles have a greater impact on the TKE than
small vehicles, the raw EC-data of the streetside sonic anemometer was recalculated
with a perturbation time scale of 1.5 s for one night. 1.5 s was chosen for T because it is
the approximate time it takes a truck to pass by the LUB-station and nighttime conditions
were chosen, because during nighttime the percentage of truck-like vehicles was larger
and the overall number of vehicles lower. This simplifies and possibly enables the detec-
tion of individual vehicles. It is presumed that the spikes in the highly-resolved TKE cor-
respond to the number of truck-like vehicles that passed by the sonic anemometer. For
the comparison, the night between the 20.07. and the 21.7. was selected because of the
consistently low TKE (Figure 31) and the north-wind dominated conditions (Figure 29).
The TKE spiked several times per hour during the period from 00:00 to 4:00 (Figure 38).
The hourly count of truck-like vehicles for the two driving lanes closest to the LUB-station
was in the same range of several per hours but not equal (Table 38). However, this indi-
cates that the spikes in TKE could potentially be correlated with higher-resolution traffic
data. Information on the vehicle count not per hour but per minute could provides tem-
porally better correlated data and consequently enable a more precise spike-detection
routine. In addition, the influence of the vehicles on the other driving lanes should not be
neglected. Even though the influence of vehicles on the TKE decreases with increasing
distance from the measuring instruments (Alonso-Estébanez et al., 2012), the vehicles
on the driving lanes at a greater distance from the sonic anemometers might also affect

the TKE.
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Table 9.: Overview of the hourly number of truck-like vehicles in the time period from 00:00
to 4:00 for the night between the 20.07. and the 21.7., the hourly number of all vehicles, the
corresponding percentage of truck-like vehicles per hour and the number of spikes detected in
the TKE signal of the streetside sonic. All data points outside the range of the mean TKE +b5¢
were considered as spikes.

Interval No. of | No. of truck- | total No. of | % of truck-
spikes | like vehicles | vehicles like vehicles
00:00-1:00 | 5 6 54 11.1 %
01:00-2:00 | 5 6 18 33.3 %
02:00 - 3:00 | 7 4 25 16.0 %
03:00 - 4:00 | 6 4 19 211 %

3.3.2.3 Dependence of the friction velocity u, on the mean wind speed @

During the two-month measurement period, the wind speed @ was on average slightly
higher on the weekdays compared to the weekends (Figure 39, left panel). Since the
most common wind direction is aligned with the street orientation and the driving direc-
tion and there is significantly more traffic on the weekdays, the vehicles potentially have
an enhancing influence on the wind speed. The presumed effect of moving vehicles on
u was observed at the DWD station. In the Helene-Weber-Allee, T was on average the
same for the weekend and the weekdays (Figure 39, right panel). However, the main pre-
vailing wind directions in the Helene-Weber Allee did not align with the street orientation
and the instruments are not installed as close to the traffic as the sonic anemometers at
the LUB-station.

LUB-station — Landshuter Allee DWD station — Helene—Weber Allee

15

a(ms?)

2

0.0

weekend weekday weekend weekday

Figure 39.: Box plots illustrating the average wind speed w for the two-month measurement
period differentiated by weekend and weekday for the LUB-station in the Landshuter Allee (left
panel) and the DWD station in the Helene-Weber Allee (right panel).
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3.3. Influence of traffic on the turbulence regime

The friction velocity u, and the mean wind speed @ well correlated during the two-month
measurement period (Figure 40). For low wind speeds, the relationship between u, and
u was close to linear. However, above a wind speed of 0.5 ms~!, ux did not increase
linearly with @ and as a consequence, the curve flattens. This trend was observed for

the weekends as well as the weekdays.
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It is commonly observed that u, increases more rapidly with increasing wind speed above
a threshold wind speed. For weak winds the slope is smaller compared to the slope
for stronger wind speeds. For weak-wind regimes the dependence of u, on the mean
flow is only weak while above the threshold wind speed, the surface turbulence strongly
depends on © . This threshold wind speed is determined by the thermal characteristics
of the surface, as well as the surface roughness and energy budget (Mahrt et al., 2014).
In contrast to this usually observed correlation, in this study, the slope was larger for
weaker winds. u, strongly depended on the mean wind speed also for the smallest wind
speeds, likely because there is always shear present in a street canyon with high surface
roughness. u, increased slower instead of stronger for increasing wind speeds. The
smaller wind slope for the high wind speeds can potentially be explained by increasing
saturation of the turbulence and decoupling of the turbulence surface due to the the

traffic.
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4. Conclusions

In this thesis, turbulence measurements in the Landshuter Allee street canyon were in-
vestigated to gain a general understanding of turbulence regime in the street canyon and

what influencing factors it depends on.

The results of this thesis show that the structure and the building morphology of the
Landshuter Allee control the air flow and turbulence regime within the street canyon.
The wind is mostly channeled along the north-south orientation of the street. The synop-
tic flow perpendicular to the street oreintation, is partially washed down by the building
fronts, accelerated and deflected back into the canyon with a 180° reversal of the wind
direction: synoptic easterly flow leads to westerly winds in the street canyon and vice
versa. The wind speeds in the Landshuter Allee are genereally small. The wind is
stronger closer to the street compared to the sidewalk and is the largest for northerly
and northwesterly flow. The larger wind speeds on the streetside result in stronger tur-
bulence. Overall, the wind speed correlates with the turbulence strength: an increase in
U led to stronger turbulence. This increase is more pronounced for the northwesterly and
westerly flow compared to southerly and northerly flow, resulting in higher TKE values
for the reversed flow compared to the channeled flow, for the same wind speed. This re-
lationship demonstrates that the recirculation of the winds in the street canyon enhances
the turbulence. The stronger incease of the TKE for easterly winds indicates, that the
shear generation was not only influenced by the wind recirculation but also by the VIT.
The buoyancy production was strongly influenced by the proximity to the heat-storing
buildings. For very winds in the street canyon, the turbulence-generation was buoyancy-

driven.

The thesis further demonstrates that the surface layer in the Landshuter Allee was gen-
erally unstably stratified during the measurement period. Even though the nocturnal
atmosphere is typically stably stratified, this rarely occurred in the Landshuter Allee due

to strong anthropogenic heat release and the high surface roughness of the urban struc-
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tures. Stratification did therefore not surpress turbulent vertical mixing. Yet, the two-
month observational period did not cover a full annual cycle and was consequently not
influenced by seasonality. Neutral stability occured slightly more often towards the end
of the measurement period. This indicates a potentially more neutrally or stably strati-
fied atmosphere in the fall and winter months. The presumed increase in episodes with
neutral stratification is likely to result in increased mean wind speeds and consequently

leads to stronger turbulence.

One of the main points of this thesis was the question about the influence of vehicle-
induced turbulence. The comparatively stronger turbulence on weekdays and closer
to the street, confirmed the assumption that the movement of vehicles enhances the
turbulence. The positive correlation between the turbulence strength and the vehicle
movement depended on the traffic intensity. Above a certain threshold value for the vehi-
cle count, the amplification of turbulence by vehicle movement was counteracted by the
blocking effect due to congested traffic. In the Landshuter Allee, this blocking effect was

observed for the afternoon rush hour.

The results from this thesis provide the basis for understanding the main turbulence
generating mechanisms in the Landshuter Alle. Turbulent motions are presumably the
dominat process in pollution dispersion in the Landshuter Allee. Because the wind in
the street canyon is generally weak, there is only little potential to produce turbulence. It
seems that for the street-typical, channeled north wind, there is only low ventilation possi-
ble and the turbulence-surpressing effect of high traffic intensities likely further enhances
the peak in air pollution concentrations during the rush hour. Only for the recirculation
flow regime, more turbulence is produced and the greater vertical mixing potentially re-

duces the concentration of air pollutants.
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Figure 41.: Mean power-spectra (Sx x) for the variable x where x is the horizontal or vertical wind
velocity or the sonic temperature Ts. The power-spectra were multiplied by the frequency f and
normalized by the variance of x. The black solid lines indicates the -2/3 slope that is expected
for the inertial subrange in the surface layer. The dashed vertical line corresponds to 7 = 30
min and the dotted vertical line to 7 = 240 min. The mean power-spectra was computed for the
two-month observational period for the measurements of the streetside sonic anemometer and
further subdivided by daytime (12:00-16:00) and nighttime (00:00 - 4:00).
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Figure 42.: Mean co-spectra (Coy,,, between the vertical wind w and the variable x where x is the
horizontal wind or the sonic temperature Ts. The co-spectra were multiplied by the frequency f
and normalized by the covariance. The black solid lines indicates the -4/3 slope that is expected
for the inertial subrange in the surface layer. The dashed vertical line corresponds to 7 = 30
min and the dotted vertical line to 7 = 240 min. The mean co-spectra was computed for the
two-month observational period for the measurements of the streetside sonic anemometer and

further subdivided by daytime (12:00-16:00) and nighttime (00:00 - 4:00).
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