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Abstract

Today, the majority of the world’s population lives in city areas. This renders the urban
climate to be the most impacting local climate to the global society. To understand and
improve the urban climate, local governments demand urban ventilation assessments (UVAs).
Such UVAs often simplify the highly complex urban climate in order to make an assessment
possible. In order to simplify the assessed case, the general behaviour of the urban ventilation
must be understood so that important impacts are not neglected. However, many interactions
inside the urban atmospheric boundary layer are still unknown. In this thesis, two aspects
of these unknown interactions of urban climate are studied in detail: (a) the ventilation of
courtyards, particularly, the influence of lateral openings on courtyard ventilation; and (b)
the interaction between neighbourhood ventilation and mean building parameters like mean
building height and building density under different atmospheric stratification. These two
aspects are investigated by means of large-eddy simulations.
To confirm the liability of the utilized simulation model PALM, an evaluation study was

conducted prior to the investigation of the two above-mentioned aspects. The comparison of
simulation results against wind-tunnel data revealed differences in mean wind speed and wind
direction of 5 % and 4°, respectively, on average. The maximum differences occurred within
the first grid points adjacent to obstacles and rapidly decreased with distance. Turbulence
parameters like turbulence intensity and the spectral energy-density distribution agreed to
a similar degree. Differences were found to be well within the acceptable margins. Hence, it
was concluded that the model is able to correctly simulate the urban boundary layer.
In the following part, the ventilation of courtyards through lateral openings was investiga-

ted. Various courtyard configurations were analysed in an idealized building setup. Lateral
openings were found to have nearly no effect on the ventilation of wide courtyards. However,
for deep courtyards, pollutant concentration and the residence time of pollutants were found
to be significantly influenced by lateral openings. Most configurations showed a negative im-
pact on air quality by lateral openings. Depending on the placement of the opening and the
surrounding ventilation conditions, however, lateral openings could also positively impact
the air quality by removing pollutants. It could be shown that the impact of lateral openings
is complex and should not be neglected in case of building-scale ventilation assessments.
In the last part of this thesis, the effect of atmospheric stratification on the ventilation of

neighbourhood areas was investigated. In a real-case building setup of Hong Kong city, the
ventilation was compared for neutral and unstable stratification in a weak-wind summer sce-
nario. It was found that the overall ventilation is higher in an unstably stratified atmosphere
due to the enhanced vertical mixing. The correlation between the plan area index (building
density) and the ventilation was found to be stronger under unstable conditions compared
to neutral stratification. Mean building height, however, was found to have no significant
impact on the ventilation which contradicted findings by other studies. It could be shown
that the overall ventilation differs between neutral and unstable stratification. To get an
overall estimation of the city ventilation, UVAs should therefore cover different stratification
scenarios.

Keywords: courtyard ventilation, large-eddy simulation, urban boundary layer, urban ven-
tilation
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1 Introduction

Over half of the global population lives in city areas (UN-Habitat, 2013). It is estimated that
this percentage increases to 68 % by 2050 (UN-Habitat, 2020). As a result, the majority of
the world’s population experiences an urban climate every day. Hence, the urban climate is
the most important local climate for the global society.
A measure to achieve and guarantee a healthy urban climate is to ensure good ventila-

tion of urban areas which mitigates, for example, air pollution and heat stress. In order to
improve and sustain proper ventilation, local governments demand ventilation assessments
as part of the planning process of building construction or city development (e.g. Ng, 2009;
Ministerium für Verkehr und Infrastruktur Baden-Württemberg, 2015). Such urban venti-
lation assessments (UVAs) focus on different aspects of city climate like wind and thermal
comfort, as well as air quality. High wind speeds reduce the wind comfort and can even
impose health risks to pedestrians (e.g. Blocken and Carmeliet, 2004). Strong gusts make
walking and cycling through streets or sitting in outside restaurants uncomfortable or even
dangerous (Lawson and Penwarden, 1975). Thermal comfort focuses on the thermal sensa-
tion of people and evaluates temperature, radiation and wind speed together with the human
energy balance to distinguish between cosy or hot/cold sensation. While UVAs regularly fo-
cus on thermal discomfort due to cold and windy environments, the majority of studies aim
at heat events, which will become more common within the context of global warming (e.g.
Cheung and Hart, 2014). In warm or even hot situations, well ventilated cities offer good
thermal comfort by mixing cooler air from rural areas into the heated urban environment
reducing the heat stress of city dwellers. Another important aspect of city ventilation is air
quality. Cities are densely packed with pollutant sources like car traffic or emissions from
domestic fuel (Fenger, 1999). The resulting air pollution imposes serious health risks on the
urban population and is accounted for 2 % of world-wide deaths (World Health Organization,
2009). Proper ventilation increases the pollutant removal and enhances the air quality.
It is crucial to consider all relevant aspects of the city morphology that affect ventilation

when conducting a UVA. However, urban areas are highly complex with varying obstacle
shapes, surface properties as well as a variety of heat and pollutant sources. This results in
a deeply heterogeneous urban climate, both, in horizontal and vertical direction. The com-
plex interactions between the different parameters and their effect on the local city climate
including the ventilation are still not entirely identified (e.g. Oke, 1987, 2006; Barlow, 2014).
Due to this, UVAs tend to and often must simplify the considered situation when assessing
the ventilation (e.g. Shi et al., 2015), because the high complexity cannot be fully covered by
current assessment methods. Such methods include field measurements, wind-tunnel studies,
and computational fluid dynamics (CFD) simulations. Field measurements can only cover
very limited areas, and relevant aspects of city ventilation can easily be overseen by the
sparse measurement locations. Within wind tunnel studies, larger amounts of measurement
locations can be achieved with less expenditure compared to field measurements. However,
atmospheric stability is very rarely covered by wind-tunnel experiments as this is physically
challenging (Degrazia et al., 2018; Marucci et al., 2018). CFD simulations have the bene-
fit to provide entire three-dimensional and time-dependent information of the studied area.
However, they are, like wind-tunnel experiments, merely an imperfect model of the reality
and do not include every detail. For example, turbulence and its effects on temperature and
pollution concentration is often parameterized instead of directly simulated. Also, depend-
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1.1 The Structure of the Urban Boundary Layer

ing on the resolution of the simulation, building geometries are reduced in order to decrease
computational costs to a reasonable amount. All these assumptions, however, can result in
differences between the outcome of ventilation assessments and the ventilation patterns in
reality. It is therefore crucial to know which assumptions can be applied in which situation.
In order to improve urban ventilation assessments, the various interactions between all

aspects of the urban canopy and the urban ventilation behaviour are subject to extensive
research (Buccolieri and Hang, 2019). These investigations include, but are not limited to,

• the influence of vegetation or other obstacles on pollutant dispersion and ventilation
patterns (e.g. Chew et al., 2017; Santiago et al., 2017; Hong et al., 2018; Liu et al.,
2018),

• interaction between indoor and outdoor ventilation (e.g. Bo et al., 2017; Suszanowicz,
2018),

• annual variation of ventilation depending on the season and local climate zones (e.g.
Dong et al., 2017; Tan and Deng, 2017),

• effects of building layout on ventilation (e.g. Letzel et al., 2012; Yuan et al., 2017;
Kurppa et al., 2018), and

• the influence of pollutant sources on the pollution distribution within the urban canopy
(e.g. Kwak et al., 2018; Ming et al., 2018; Nguyen et al., 2018).

Within the present work, two aspects are analysed in detail that have a high potential
to alter ventilation patterns but are often neglected by urban ventilation assessments: How
do courtyard openings modify the ventilation of courtyard cavities and what is the effect of
unstable stratification on the correlation between building parameters and city ventilation?
Both of these questions aim at the understanding of the urban ventilation and are essential
to better plan well-ventilated urban areas. These topics are tackles by utilizing the large-
eddy simulation (LES) model PALM (Raasch and Schröter, 2001; Maronga et al., 2015,
2020). In Section 3, the model PALM is evaluated against wind-tunnel experiments to prove
PALM’s capability to adequately simulate an urban boundary layer flow. After the successful
evaluation, the ventilation at building scale is focused in Section 4. It is investigated, if
building features, like courtyard openings, have a significant influence on the ventilation
patterns of single building blocks. In Section 5, the focus shifts towards a broader look on
city ventilation at the scale of single neighbourhoods or city quarters where the atmospheric
stratification has a critical influence on the ventilation. The evaluation of PALM and the
consequences of considering the two mentioned influence factors (courtyard openings and
unstable stratification) on the outcome of ventilation assessments are reviewed and presented
in three research articles.

1.1 The Structure of the Urban Boundary Layer

The ventilation patterns of an urban area are strongly influenced by the conditions within the
urban boundary layer (UBL). Differences in momentum, heat and humidity fluxes between
an urban area and its rural surroundings trigger the development of the UBL (see Fig. 1.1).
The UBL can reach to the top of the atmospheric boundary layer (ABL) over large urban
areas or in strongly convective conditions, replacing any residual layer from the upwind area.
Large variations of roughness lengths as well as thermal and humidity fluxes do not only

exist between an urban area and its rural surroundings but also within the city due to the
heterogeneous distribution of buildings, green spaces and water areas, as well as the variety
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1.1 The Structure of the Urban Boundary Layer
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Figure 1.1: General structure of the urban boundary layer.

of used materials. This forms a complex three-dimensional structure of the UBL. Areas of
similar mean surface properties create local internal boundary layers (IBL). Above the IBLs,
a mixed layer (ML) is formed due to the generally high heat flux within an urban area. The
ML forms the upper part of the UBL and reaches to the top of the ABL. In cases of a weak
heat flux or at the windward city border, a residual layer is present above the UBL.
The different effects and mechanisms within the UBL can be divided into three different

scales: the building or street scale (10 m – 100 m), the neighbourhood scale (100 m – 1000 m)
and the city scale (10 km – 20 km) (Britter and Hanna, 2003; Barlow, 2014). When focusing
on ventilation, the actual building properties such as shape and surface materials have a large
influence on the building or street scale. Tall buildings, for example, can increase turbulence
and the mean wind speed at pedestrian height level (e.g. Blocken and Carmeliet, 2004).
Bulk parameters like mean building height or building density are of more importance on the
neighbourhood scale and affect the development of the IBLs (e.g. Grimmond and Oke, 1999).
On the city scale, large-scale features of the rural surroundings affect the city ventilation and
influence the overall UBL formation and structure. Such features include, for example,
surrounding mountains or nearby coast lines creating wind systems like mountain/valley
breeze or sea/land breeze (e.g. Yang and Li, 2011).
While the impact of geographical large-scale features on the city ventilation can be sub-

stantial, the possibilities for city planners are limited to actively influence ventilation patterns
on city scale. On street or neighbourhood scale, however, the ventilation can be strongly
influenced by appropriate building arrangement if the effects on ventilation are correctly un-
derstood. Precise investigations of ventilation patterns via urban ventilation assessments are
therefore a substantial part of modern city planning.
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1.2 Urban Ventilation Assessments

1.2 Urban Ventilation Assessments

Urban ventilation assessments (UVAs) or air ventilation assessments are a measure to in-
vestigate the ventilation properties within the vicinity of single buildings, city quarters or
even entire city areas. Local governments demand such assessments prior to construction
to ensure safe conditions for the city dwellers (e.g. van Aalst et al., 1998; Ng et al., 2005;
Ng, 2009; Mills, 2006; VDI, 2008, 2020; Ministerium für Verkehr und Infrastruktur Baden-
Württemberg, 2015). Their purpose can be manifold. The main aspects to be considered in
a UVA are wind comfort, thermal comfort and air quality.
When focusing on wind comfort, the wind field is analysed for strong-wind conditions that

may impose dangerous situations for pedestrians. Strong winds can develop if the mean
wind is funnelled into street canyons, or high turbulence levels are created at building edges,
causing the wind comfort to be reduced. Due to the complex building layout forming wide
open areas and narrow street canyons, wind comfort can be very different within the city
area (Blocken and Carmeliet, 2004). The combined effect of multiple buildings then needs
to be assessed using a UVA.
The thermal comfort describes the thermal sensation and considers the human energy

balance (e.g. Fanger, 1970). It is influenced by the temperature, humidity and radiation
distribution within the urban area, but is also influenced by the wind field, and hence, by
the ventilation. In the cold season, strong winds can reduce thermal comfort in combination
with cold temperatures. A UVA can help to identify unfavourable building layouts and
design sheltered areas where a cosy thermal comfort can be guaranteed in cold strong-wind
conditions. In connection with global warming, however, UVAs are more focused on high
temperatures that induce thermal discomfort as well (e.g. Müller et al., 2014; Cheung and
Hart, 2014; Kazak, 2018). During hot summer days, thermal comfort can be reduced by a
lack of shading and hence increased solar radiation at the surface within a city. City surfaces
tend to absorb more heat compared to the average rural areas. The stored heat is released
during night time, resulting in high air temperatures and causing an uncomfortable thermal
environment. Good ventilation can ensure the exchange of hot city air with cooler air from
rural areas to improve thermal comfort.
Air quality is another important aspect of city ventilation, and hence, regularly focused by

UVAs. Urban areas are densely packed with pollutant sources (Fenger, 1999). The resulting
air pollution imposes serious health risks on the city dwellers and is accounted for 2 % of
world-wide deaths (World Health Organization, 2009). An effective way to mitigate health
risks caused by air pollution is to reduce the concentration and the exposure time of the
urban population to air pollution (Beelen et al., 2014; Shah et al., 2015). UVAs help to
identify the behaviour of pollutant dispersion within the complex urban area. Results can
be used to prevent obstructing air passageways or to create new ventilation paths through
densely built-up areas.
Different methods are utilized to perform a UVA: field measurements using long-term and

temporary measurement stations to investigate the status quo, or wind-tunnel experiments
and numerical simulations to study planning scenarios or various meteorological conditions
in relatively short time (e.g. Ministerium für Verkehr und Infrastruktur Baden-Württemberg,
2015). Measurements on site, i.e. within the actual city area, capture the exact conditions in
the area of interest but they are limited to the status quo and cannot consider any plannings.
Further, measurements usually only capture the situation at a limited number of points.
Important features relevant to the ventilation might easily be overseen by the sparse mea-
surement locations. Wind-tunnel experiments have the advantage to also consider planned
constructions with different variations. Also, data can be monitored at multiple positions
with less expenditure within wind-tunnel experiments compared to field measurements. Ad-
ditionally, two dimensional measurements are available like Particle-Image Velocimetry even
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1.2 Urban Ventilation Assessments

though these are limited to simple building setups where the view of the instruments must
not be obstructed by other buildings (Blocken et al., 2016). However, wind-tunnel experi-
ments are limited mostly to dynamically-driven meteorological scenarios. It is generally very
complicated to treat a non-neutral stratification or weak-wind scenarios within wind-tunnel
experiments (Degrazia et al., 2018; Marucci et al., 2018).
Numerical simulations in form of computational fluid dynamics (CFD) simulations, how-

ever, are capable to monitor data at every position within the simulation domain independent
of the building structures. CFD simulations are also capable to cover complex meteorological
scenarios but increase in computational costs, and hence, in monetary costs the more details
are considered.
The most common types of CFD simulations are Reynolds-averaged Navier-Stokes (RANS)

simulations, which calculate the mean atmospheric conditions and yield the mean ventila-
tion within the study area. Effects of atmospheric turbulence on the mean conditions are
parameterized. This is the to-date mostly used method for CFD simulations due to its com-
putationally cheap costs compared to other, more advanced CFD methods (Blocken et al.,
2016). However, the effect of turbulence elements on the mean flow field is strongly influ-
enced by the utilized turbulence parameterization. Flow features like re-circulation zones of
bluff bodies or the effect of convection on the building scale are often difficult to simulate and
require additional parameterizations and assumptions (Cheng et al., 2003; Defraeye et al.,
2010; Hattori et al., 2013).
A more advanced technique are large-eddy simulations (LES) that directly simulate the

relevant turbulence elements and parameterize only the small-scale turbulence (e.g. Ferziger,
1996). Considering large-scale turbulence improves simulation results over RANS simulations
such as that re-circulation zones and corner flows are better represented. Also, convection
can be directly simulated with no need for additional parameterization. This allows for better
representation of the interaction between convection and ventilation. However, LES requires
a smaller grid spacing and time step compared to RANS simulations which makes an LES
computationally more expensive. Hence, urban ventilation assessments utilizing LES are still
quite rare.
Depending on the chosen method, the costs to perform a UVA can vary significantly. To

keep the costs at a minimum and UVAs achievable for larger areas, the analysed details
are often reduced to the most necessary ones that influence the aspects of urban ventilation
focused by the UVA. For CFD studies, the grid size directly impacts the computational costs.
To limit the costs, grid sizes are chosen to be as coarse as possible to still cover all required
details important for the UVA. In turn, the considered building geometry gets distorted and
details are getting lost. To distinguish between important and irrelevant building features,
their possible impact on the ventilation must be known, which, however, is not always the
case. An example for this are openings of courtyard cavities. Their impact on air quality is
to date only poorly understood (Hall et al., 1999; Ok et al., 2008).
Another influencing factor, that is regularly reduced in detail, is the impact of atmospheric

stability on city ventilation. RANS simulations are not capable to directly simulate thermal
up- and down-draughts, developing in unstable atmospheric conditions, due to the lack of
resolved turbulence. LES, on the other hand, are still too costly to be considered as a standard
method used for UVAs. Therefore, the effect of thermal turbulence on urban ventilation is
mostly parameterized or only neutral stratification is considered to estimate the ventilation.
However, the details of ventilation behaviour within an unstably stratified atmosphere can
vary significantly compared to that under neutral stratification.
These assumptions and reduced coverage of details by UVAs can lead to an over- or under-

estimation of the ventilation. Mitigation strategies, based on wrongly identified ventilation
patterns, could even worsen the actual ventilation situation increasing health risks for city
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dwellers. Therefore, it is important to further improve the understanding of urban ventila-
tion.

1.3 Specific Problems of Urban Ventilation Assessments

For conducting an urban ventilation assessment, various methods can be used as described
in Section 1.2. However, none of these methods are capable to consider every aspect of the
UBL in high detail. Depending on the chosen method, different assumptions must be made
in order to utilize the method. These assumptions can originate from technical limitations
(e.g. ignoring thermal stratification in wind tunnels or reducing the level of detail of the
building geometry in coarse CFD simulations) or even from a lack of information available
(e.g. three-dimensional building structures are not available).
Such simplifications can be done on different scales, e.g. assuming less surface details

or assuming an idealized atmospheric setup. Within this thesis, two different assumptions
on two different scales are analysed in detail: (a) reduced building features by neglecting
courtyard openings and (b) neglecting atmospheric stability when focusing on city ventilation.
To analyse these two aspects, the LES model PALM (see Sect. 2.1) is chosen.
Even though LES models present a powerful tool to study the interactions within urban

areas, they are a mere imperfect representation of the real world. To understand the capabil-
ities and inaccuracies of a simulation model, a proper evaluation study is essential (Masson,
2006; Oke, 2006; Franke et al., 2007; Blocken, 2015). Therefore, prior to focusing the two
above-mentioned aspects, an evaluation study of the applied model PALM is presented in
Section 3. This evaluation study aims at the dynamic core of PALM and focuses on the
model’s capabilities to represent the flow within an urban area, which is the basis of each
urban ventilation assessment. The dynamic core of PALM refers to the simulation of the flow
dynamics that form the core of the model. The flow dynamics describe the transport of all
simulated quantities like momentum, heat, and other scalar quantities. Hence, the dynamic
core represents the foundation of the simulation model. Evaluating a CDF model can be
achieved by comparing simulation results against real-world measurements and wind-tunnel
experiments (e.g. Schatzmann et al., 2010). In Section 3, results from a wind-tunnel experi-
ment conducted at the Environmental Wind Tunnel Laboratory (EWTL) at the University
of Hamburg, Germany, are used as reference for the evaluation study. Wind-tunnel data are
preferred as reference data compared to real-world measurements because in wind-tunnel ex-
periments, the experimental conditions are well-defined. These conditions can then be used
for the CFD simulations. This limits the deviations between simulation and reference data
due to uncertainties in the initial and boundary conditions.

1.3.1 Urban Ventilation on Building Scale: Courtyard Ventilation

At building scale, many different aspects alter ventilation. The most influential are the
actual building shapes (e.g. Xie et al., 2005; Ng et al., 2011), as determined by numerous
wind-tunnel experiments, real-world measurements and CFD simulations (e.g. Blocken and
Carmeliet, 2004). This also includes the ventilation of courtyards. However, openings of
such courtyards are to date only rarely studied and their effect on the courtyard ventilation
is poorly understood. Courtyards are a common feature throughout cities of all sizes around
the globe. Thus, a potentially large number of city dwellers might be influenced by poorly
ventilated courtyard cavities, especially if the courtyards serve as recreation areas.
Only a few studies investigated the influence of openings on courtyard ventilation. Hall

et al. (1999) performed the first wind-tunnel study and compared the ventilation of a closed
and an opened courtyard for an isolated building with undisturbed oncoming wind. They
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1.3 Specific Problems of Urban Ventilation Assessments

Figure 1.2: Pollutants from traffic exhausts may enter courtyards through the top and
lateral openings.

identified that openings can significantly affect courtyard ventilation. The removal of pol-
lutants released within the courtyard cavity changed depending on the orientation of the
openings with respect to the mean wind direction. Even though pollutant sources can be
situated within courtyards, the more common source of pollution are the surrounding streets.
Hence, the more relevant question is how lateral openings affect the transport of pollutants
from the streets into the courtyard cavities.
Another study by Ok et al. (2008) showed that the mean wind speed increases within the

courtyards if lateral openings are present. The wind speed was found to be highest in the
case of multiple openings at the windward side of the courtyard-forming building. Their
study, as well as that of Hall et al. (1999), however, focused on single idealised courtyard
setups while in reality, courtyards are usually part of an urban building array forming several
courtyards and creating a complex flow field around each courtyard.
A more realistic setup was studied by Kurppa et al. (2018) where they focused on pollution

distribution within different city-block designs in a part of Helsinki. The pollutant concen-
tration was reported to be lower within courtyards compared to street canyons even if the
courtyard cavities were not fully enclosed by buildings. A detailed analysis of the pollutant
transport into the courtyards was, however, not part of that study.
The influence of pollution on human health depends, besides other aspects, on the concen-

tration (Kampa and Castanas, 2008). Closed courtyards or backyards are separated by their
surrounding buildings from the high pollutant concentrations in the street canyons. The
only way these pollutants can get into the courtyard is by entrainment through the roof-level
opening. In the same way fresh air from above-roof level can be mixed in, reducing the
pollutant concentration in the courtyard (Weber and Weber, 2008; Zauli Sajani et al., 2016).
However, lateral openings create a direct connection between street canyons and courtyard
cavities allowing pollutants to directly enter courtyards at street level height (see Fig. 1.2).
Courtyard openings might therefore act as significant pollutant sources for courtyard cavi-
ties. Both, mean and maximum pollution concentration might be critically different between
opened and closed courtyards.
From the findings of the above mentioned studies, the following two questions arise:
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1.3 Specific Problems of Urban Ventilation Assessments

What is the effect of lateral openings on courtyard pollution and ventilation
within an urban environment?

How do lateral openings affect maximum concentrations and residence time scales
within courtyards?

These two questions are addressed and answered in a detailed investigation of the influence
of lateral openings on courtyard ventilation. The respective study is presented in Section 4.

1.3.2 The Influence of Stratification on City Ventilation

On the building scale, individual building geometries and features like courtyard openings
influence the local ventilation. When taking a look at the ventilation properties of a neigh-
bourhood or a city quarter, a more general look needs to be taken onto the building con-
figuration. On the neighbourhood scale, building parameters like mean building height or
building density are used to identify the ventilation potential of city quarters.
Grimmond and Oke (1999) analysed various different city layouts on their morphological

properties trying to formulate a model predicting the general roughness characteristics, and
hence, the aerodynamic properties from different city areas. Even though a robust model
could not be formulated, they still found a connection between the different building proper-
ties like plan area index or frontal area index and surface roughness, and hence, ventilation.
Comparing two idealized building arrays of different building heights, Hang et al. (2011)

found a connection between building height and ventilation. The taller buildings caused
higher velocities within the street canyons than the shallower building array. They found
a stronger blocking effect of the oncoming flow by the taller buildings. The tall buildings
forced the air to go through the street canyons, while in the shallow building case, the flow
was mainly diverted over the building array.
Chen et al. (2017) investigated the influence of height variation and building density on

city ventilation also using idealized building arrays. Higher ventilation was found for building
arrays with varying building height compared to a homogeneous building configuration. Also,
better ventilation was observed for less densely packed building arrays.
The above mentioned studies focused only on neutral conditions. Under strong-wind con-

ditions, a neutral stratification is a valid assumption as buoyancy effects can be neglected
over the mechanically induced turbulence. However, especially weak-wind conditions can im-
pose a major challenge for city ventilation (Ng, 2009). With a weak background wind being
present, the air exchange is limited and pollutants as well as heat accumulates within a city
posing possibly dangerous health risks to city dwellers. To ensure a safe environment for the
population, proper city ventilation must also be guaranteed during weak-wind conditions.
Hence, there is a need to study such scenarios.
Under weak-wind conditions, flow patterns change within and above the city (see Fig. 1.3)

which also influences the transport of pollutants and heat. Yang and Li (2011) investigated
the influence of the stratification on the ventilation in Hong Kong City by means of RANS
simulations. They could show an improved ventilation for unstable stratification compared
to a neutral stratification and reported that the thermal influence was most significant un-
der weak-wind conditions. Within the study, two different idealized building setups were
considered with one having additional secondary streets, i.e. a reduced plan area index.
This reduced plan-area-index case showed an improved ventilation. However, the idealized
building array consisting of only 21 artificial building blocks and also the parameterized tur-
bulence representation within their RANS simulation allowed only for a general evaluation
of the ventilation. A detailed analysis of ventilation patterns within different city areas was
not conducted.
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1.3 Specific Problems of Urban Ventilation Assessments

neutrally strati�ed strong-wind case unstable strati�ed weak-wind case

Figure 1.3: Expected flow conditions above a city during a neutrally stratified strong-wind
case and an unstably stratified weak-wind case.

A study by Park et al. (2013) utilized LES to compare the ventilation inside an idealized
building array under heated and non-heated conditions. They found that the span-wise flow
increased in strength for the heated condition also showing an improved ventilation under
unstable conditions.
The studies by Yang and Li (2011) and Park et al. (2013) showed that ventilation changes

for different stratification. However, a detailed analysis is missing how different building
parameters influence the city ventilation under different atmospheric stratification. The
questions to be raised, are:

Does the building height still have the same impact on the ventilation if an
unstably stratified weak-wind case is considered instead of a neutrally stratified
strong-wind case?

How does the correlation between plan area index (building density) and venti-
lation change under different atmospheric stratification?

The knowledge of such relation between building parameters and ventilation can be of high
value for city planners in order to make a first estimation of the ventilation of newly planned
urban areas. By means of high-resolution turbulence-resolving simulations, these questions
are addressed in Section 5.
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2 Methods

Observations, wind-tunnel experiments and CFD models are tools to study the urban bound-
ary layer. For this thesis, a CFD model was chosen to tackle the research questions raised
in Section 1.3. CFD models allow a detailed analysis of the ventilation and the interaction
between ventilation and different aspects of the meteorological situation and the building
setup by isolating single effects in an idealised case study.
The RANS technique is unsuitable due to its lack of properly representing turbulence ef-

fects on corner flows and re-circulation zones (Cheng et al., 2003). These flow features might
have a large impact on the ventilation of courtyards, especially when including small-scale
structures like courtyard openings. Also, RANS simulations cannot directly simulate ther-
mally induced up- and down-draughts in a convective boundary layer. Only the mean effect
of these thermally induced turbulence features are considered through parameterization (De-
fraeye et al., 2010; Hattori et al., 2013). Another common simulation approach is the direct
numerical simulation (DNS) which resolves the entire turbulence spectrum without the use
of any turbulence parameterization (Moin and Mahesh, 1998). However, the computational
demands still exceed the current available resources to perform a DNS of atmospheric tur-
bulence where the Reynolds number Re is typically in the order of 109 (Yang and Griffin,
2021). As a compromise between the computational demanding DNS and the fully param-
eterized turbulence used by RANS simulations, the large-eddy simulation (LES) method
simulates only the most energy-containing turbulence elements, while small-scale turbulence
is parameterized (e.g. Ferziger, 1996). This allows for larger grid sizes, and hence, reduces
the required amount of total grid points (and thus computational demands), compared to
DNS, while still resolving turbulent flow features like corner flows (Xie and Castro, 2006,
2009) and thermally induced turbulence (e.g. Deardorff, 1972; Schmidt and Schumann, 1989;
Moeng and Sullivan, 1994). The LES method currently presents the best trade-off between
accuracy and computational costs, and is thus be used in the studies presented in this thesis.

2.1 The PALM Model System

The German city-climate project "Urban Climate Under Change, [UC]2" aims to develop
an LES model which is capable of representing the processes inside the complex urban envi-
ronments (Scherer et al., 2019). During the [UC]2 project, the scientific LES model PALM
(Raasch and Schröter, 2001; Maronga et al., 2015, 2020) is used as a basis and is further
developed to simulate complex urban situations in high detail (Maronga et al., 2019). Even
though the development is still ongoing, PALM has already been successfully deployed for
research projects studying processes in urban areas and building canopies (e.g. Letzel et al.,
2008, 2012; Park et al., 2012, 2015; Hellsten et al., 2015; Lo and Ngan, 2015; Kurppa et al.,
2018; Geletič et al., 2021). Therefore, the PALM model is well suited to study urban venti-
lation and is, hence, used in the studies presented in this thesis.

2.1.1 Governing Equations

PALM has a large number of different features of which many specifically deal with the
urban boundary layer (e.g. the building representation, the building-surface model, or the
indoor-climate model). However, only a few of these features were actually used in this thesis
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2.1 The PALM Model System

in order to isolate specific effects on the urban boundary layer. Hence, the following model
description covers only those parts of PALM which are actually used in the following sections
of this thesis. A full description of all available features of PALM is given by Maronga et al.
(2015, 2020).

PALM is based on the non-hydrostatic, filtered, incompressible, Bousinesq-approximated
Navier-Stokes equations. The momentum equations read as:

∂ui
∂t

= −∂ui uj
∂xj

− εijkfjuk + εi3jf3ug,j −
1

ρ0

∂p∗

∂xi
+ g

θ −
〈
θ
〉

〈
θ
〉 δi3 −

∂

∂xj

(
u′′i u

′′
j

)
. (2.1)

The equations for mass conservation and energy conservation are

∂ui
∂xi

= 0, (2.2)

∂θ

∂t
= −∂ujθ

∂xj
− ∂

∂xj

(
u′′j θ
′′
)

+Qθ, (2.3)

with i, j, k ∈ {1, 2, 3}. The velocity components are denoted by ui with u1 = u, u2 = v and
u3 = w and the direction by xi with x1 = x, x2 = y and x3 = z; t represents the time,
ε the Levi-Civita symbol and δ the Kronecker delta. The Coriolis parameter is defined as
f = (0, 2Ω cos(φ), 2Ω sin(φ)) with Ω = 0.729× 10−4 rad s−1 being the angular velocity of
Earth and φ being the geographical latitude. The geostrophic wind is denoted by ug, ρ0

describes the density of dry air, p∗ is the perturbation pressure, and g is the gravitational
acceleration. Finally, θ denotes the potential temperature, and Qθ additional source or
redistribution terms. A horizontal average over the entire model domain is marked as 〈·〉 while
the overline and double prime mark filtered and sub-grid scale (SGS) quantities, respectively.
Additionally, a passive scalar can be simulated via

∂s

∂t
= −∂uj s

∂xj
− ∂

∂xj

(
u′′j s
′′
)

+Qs, (2.4)

where s denotes the scalar concentration, and Qs is a source term. For readability, the
overline is omitted for all quantities, except for the turbulent fluxes, in the following.

The above mentioned equations describe a dry situation. Humidity effects were neglected
in all studies presented in this thesis. The full set of equations including humidity effects are
described by Maronga et al. (2015).

The Equations 2.1 – 2.4 do not represent a closed set of equations. The turbulent fluxes
u′′jφ

′′ with φ ∈ {ui, θ, s} are unknowns. Hence, additional formulations are required to close
set of equations.

2.1.2 Turbulence Closure

In order to solve the Equations 2.1, 2.3, and 2.4, the turbulent fluxes u′′jφ′′ with φ ∈ {ui, θ, s}
need to be parameterized. For this so-called turbulence closure, a 1.5-order closure based on
the method presented by Deardorff (1980), with modifications made by Moeng and Wyngaard
(1988) and Saiki et al. (2000), is used in PALM. Local gradients of the resolved (filtered)
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2.1 The PALM Model System

quantities approximate the turbulent fluxes:

u′′i u
′′
j −

2

3
eδij = −Km

(
∂ui
∂xj

+
∂uj
∂xi

)
, (2.5)

u′′i θ
′′ = −Kh

∂θ

∂xi
, (2.6)

u′′i s
′′ = −Kh

∂s

∂xi
, (2.7)

where Km and Kh denote the SGS eddy diffusivities of momentum and heat, respectively,
and e = 1

2u
′′
i u
′′
i denotes the SGS turbulent kinetic energy (TKE).

The parameterized turbulent momentum flux, defined in Equation 2.5, is reduced by −2
3e.

The subtracted term is added to the perturbation pressure forming the modified perturbation
pressure

π∗ = p∗ +
2

3
ρ0e. (2.8)

This leads to the modified version of the momentum equations:

∂ui
∂t

= −∂uiuj
∂xj

− εijkfjuk + εi3jf3ug,j −
1

ρ0

∂π∗

∂xi
+ g

θ − 〈θ〉
〈θ〉 δi3 +

∂

∂xj

(
Km

(
∂ui
∂xj

+
∂uj
∂xi

))
.

(2.9)

The eddy diffusivities are calculated using the SGS-TKE:

Km =cml
√
e, (2.10)

Kh =

(
1 +

2l

∆
Km

)
, (2.11)

with cm = 0.1 according to Lilly (1967) and Deardorff (1980), ∆ = 3
√

∆x∆y∆z with ∆x, ∆y
and ∆z being the grid sizes along each direction, and l being the SGS mixing length defined
as

l =





min

(
1.8z,∆, 0.76

√
e

(
g

〈θ〉
∂θ

∂z

)− 1
2

)
for

∂θ

∂z
> 0,

min(1.8z,∆) for
∂θ

∂z
≤ 0.

(2.12)

Finally, e needs to be calculated. To acquire an equation for e, first, the equation of the
total kinetic energy E is derived from the non-filtered Navier-Stokes equations multiplied by
ui:

∂E

∂t
= −∂ujE

∂xj
− 1

ρ0

∂uip
∗

∂xi
+ uig

θ − 〈θ〉
〈θ〉 δi3 − εtotal, (2.13)

where εtotal describes the dissipation rate of kinetic energy. Subtracting the filtered part of
Equation 2.13 from Equation 2.13 yields the prognostic SGS-TKE equation:

∂e

∂t
= −∂uje

∂xj
−
(
u′′i u

′′
j

) ∂ui
∂xj

+
g

〈θ〉
(
u′′3θ
′′
)
− ∂

∂xj
u′′j

(
e′′ +

p′′

ρ0

)
− ε, (2.14)

where the SGS flux of e and pressure are parameterized as

u′′
(
e′′ +

p′′

ρ0

)
= −2Km

∂e

∂xj
, (2.15)
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and the SGS dissipation rate is defined as

ε =

(
0.19 + 0.74

l

∆

)
e

3
2

l
. (2.16)

2.1.3 Discretization

The equations are solved using finite differences on a rectilinear staggered Arakawa-C grid
(Harlow and Welch, 1965; Arakawa and Lamb, 1977). The grid spacing in vertical direction
(∆z) can vary with height while ∆x and ∆y are constant. Scalar quantities like θ and s are
defined at the centre of a grid volume, while horizontal velocity components are shifted by mi-
nus half a grid spacing along their respective direction, and the vertical velocity component is
shifted by half a grid spacing upwards. For discretization, an upwind-biased fifth-order differ-
encing scheme is used for the advection terms (Wicker and Skamarock, 2002) in combination
with a third order Runge-Kutta time-stepping scheme according to Williamson (1980).
The time step ∆t has to be chosen in a way that the numerical solution stays stable.

Hence, two stability criteria have to be met: the Courant-Friedrichs-Lewi (CFL) criterion
according to Courant et al. (1928):

∆tCFL ≤ min

(
∆x

u(x, y, z)
,

∆y

v(x, y, z)
,

∆z(z)

w(x, y, z)

)
, (2.17)

and the diffusion criterion according to Roache (1972):

∆tdiff ≤ 0.125 min

(
min(∆x2,∆y2,∆z2(z))

max(Km(x, y, z),Kh(x, y, z))

)
. (2.18)

Both, ∆tCFL and ∆tdiff , are first calculated at every grid point. The minimum value over all
grid points is then used as the time step for the prognostic equations:

∆t = c∆t min(∆tCFL,∆tdiff), (2.19)

where c∆t = 0.9 is a security factor.

2.1.4 Pressure Solver

According to the Boussinesq approximation, the flow is incompressible, and hence, must be
divergence-free, i.e., Equation 2.2 must be fulfilled. Solving Equation 2.9, however, does not
automatically ensure that the computed velocity field is free of divergence. To remove the
divergence of the flow, a predictor-corrector method (e.g., Patrinos and Kistler, 1977) is used
where the perturbation pressure is calculated after each time step. First, Equation 2.9 is
solved ignoring the pressure term. This results in a predicted velocity ut+∆t

i,pre at time t+ ∆t.
This predicted preliminary velocity is used to calculate the predicted final velocity:

ut+∆t
i = ut+∆t

i,pre −∆t
1

ρ0

∂π∗t

∂xi
. (2.20)

Combining Equation 2.2 and 2.20 yields the Poisson equation for π∗:

∂2π∗t

∂x2
i

=
ρ0

∆t

∂ut+∆t
i,pre

∂xi
. (2.21)

Solving Equation 2.21 gives the modified perturbation pressure π∗t that is then used in
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2.1 The PALM Model System

Equation 2.20 to derive the divergence-free solution for the flow field.
When using the Runge-Kutta time-stepping scheme, several sub-time steps are calculated

(Williamson, 1980). For each of these sub-time steps, Equation 2.21 is solved and the result-
ing π∗ is calculated from a weighted average over all sub steps.
In the presented studies of this thesis, two different methods are used to solve Equa-

tion 2.21, depending on the boundary conditions. For cyclic lateral boundary conditions (see
details in Sect. 2.1.5), a fast Fourier transform (FFT) can be utilized where Equation 2.21
is Fourier transformed along both horizontal directions and the resulting tri-diagonal matrix
is solved along the z-direction (see, e.g., Schumann and Sweet, 1988). To compute the FFT,
the FFTW library (Frigo and Johnson, 1998) is used. Due to the technical realization of
the implementation of the FFT method (Raasch and Schröter, 2001), only cyclic boundary
conditions are possible when applying the FFT method.
Alternatively, Equation 2.21 can be solved using the multi-grid scheme. The multi-grid

scheme uses an iterative successive over-relaxation method to solve the Poisson equation on
different grid levels (i.e. coarser versions of the domain grid of the simulation, e.g. Hackbusch,
1985). In contrast to the implementation of the FFT method, the technical realization of the
multi-grid method also allows to apply non-cyclic lateral boundaries. Hence, this method is
used for all non-cyclic simulations of this thesis.

2.1.5 Boundary Conditions

A model has several boundaries: physical boundaries at the ground and at each obstacle
surface, and non-physical boundaries in lateral and top direction, because of the limited size
of the model domain. At these boundaries, specific boundary conditions must be considered
for each prognostic variable. PALM offers several different boundary condition depending on
the type of the boundary and the variable. The conditions used in this thesis are discussed
in the following.

Bottom Boundary Conditions

At the bottom of the simulation domain, a solid surface is considered. This implies a Dirichlet
condition for the wind velocity components with u(z = 0) = v(z = 0) = w(z = 0) = 0. For
the perturbation pressure, a Neumann condition with π∗(z = 0) = π∗(z = ∆z) is used in
order to maintain w(z = 0) = 0 after applying the pressure solver. A similar Neumann
condition is also used for the scalar quantities e, θ and s. For θ and s, a vertical flux is
prescribed at the bottom boundary to represent solar heating (in case of θ, see Sect. 5) and
the release of pollutants by traffic (in case of s, see Sect. 4).
Simply applying Dirichlet or Neumann conditions, however, does not fully resolve the

physical interactions between the solid surface and the atmosphere that can be observed in
reality. Effects like surface friction and heat transfer between the surface and the atmosphere
needs to be considered. Because the momentum and heat transfer between surface and
atmosphere happens on the sub-grid scale, these transfers cannot be explicitly resolved. To
parameterize these transfers, a constant flux layer is assumed between the surface and the
first atmospheric grid level. This assumption follows the Monin-Obukhov similarity theory
(MOST). Using MOST, the vertical fluxes of momentum and heat at the first grid level above
the surface, w′′u′′0, w′′v′′0, and w′′θ′′0, are calculated based on prescribed roughness lengths
for momentum, z0, and heat, z0,h. These fluxes are utilized in Equations 2.1 and 2.3 and
replace the respective fluxes of the turbulence closure at this grid level.
According to MOST, the vertical profile of the horizontal wind velocity, uh =

√
u2 + v2,

23



2.1 The PALM Model System

and potential temperature are

∂uh

∂z
=
u∗
κz

Φm

( z
L

)
, (2.22)

∂θ

∂z
=
θ∗
κz

Φh

( z
L

)
, (2.23)

with L being the Obukhov length and u∗ and θ∗ being the friction velocity and the scaling
parameter for potential temperature, respectively. They are defined as

u∗ =
4

√(
u′′w′′0

)2
+
(
v′′w′′0

)2
, (2.24)

θ∗ = −w
′′θ′′0
u∗

. (2.25)

The similarity functions for momentum, Φm, and heat, Φh, are implemented according to
the Businger-Dyer formulation (e.g. Panofsky and Dutton, 1984):

Φm =





1 + 5
z

L
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z

L
≥ 0,

(1− 16
z

L
)−

1
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z

L
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(2.26)

Φh =





1 + 5
z

L
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z

L
≥ 0,

(1− 16
z

L
)−

1
2 for

z

L
< 0.

(2.27)

For a neutral case, as considered in Section 3 and 4, z
L approaches 0, and hence, Φm and

Φh approach 1. The friction velocity, u∗, is calculated by integrating Equation 2.22 along z
between z0 and zmo = 0.5∆z, which is the first atmospheric grid level above the surface:

u∗ =
κuh

ln
(
zmo
z0

)
Φm

. (2.28)

Equation 2.22 can be transformed by using Equation 2.24 into

∂u

∂z
=
−u′′w′′0
u∗κz

Φm and
∂v

∂z
=
−v′′w′′0
u∗κz

Φm. (2.29)

The momentum fluxes are then derived by vertically integrating Equation 2.29 between z0

and zmo.
In case of non-neutral conditions, as considered in Section 5, L is defined as

L =
θu2
∗

κgθ∗
. (2.30)

For the study presented in Section 5, the surface heat flux is prescribed as a constant value
of w′′θ′′0 = 0.165 K m s−1. Together with u∗ and θ∗ from the previous time step, L can be
calculated, and thus, the new u∗ and θ∗.
The above mentioned method is used to calculate the surface fluxes at horizontal sur-

faces. At vertically oriented surfaces, momentum fluxes are also calculated using MOST, but
assuming a neutral stratification.
The described bottom boundary condition is in accordance to the MOST method shown

by Maronga et al. (2015). The method to determine L, presented by Maronga et al. (2020),
was not used in the simulations shown in Section 5.
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Figure 2.1: Concept of the turbulence recycling method used as inflow-boundary condition.
After Maronga et al. (2015).

Top Boundary Conditions

For the horizontal wind speed components, either a Dirichlet condition,

u(ztop) = const and v(ztop) = const , (2.31)

or a Neumann condition,

u(ztop) = u(ztop −∆z) and v(ztop) = v(ztop −∆z), (2.32)

is used at the top boundary, i.e. at z = ztop. For the vertical wind speed, w(ztop) = 0 was
set for all studies. The perturbation pressure is set to π∗(ztop) = 0, as well. For the SGS
TKE and the scalar concentration, a Neumann condition with

e(ztop) = e(ztop −∆z) and s(ztop) = s(ztop −∆z), (2.33)

respectively, is utilized, while a Dirichlet condition is applied for θ.

Lateral Boundary Conditions

PALM offers different options for the lateral boundary conditions. The simplest of which is a
cyclic boundary condition, where values of the prognostic quantities are mirrored at opposing
boundaries. Flow features exiting on one side are immediately entering on the opposing side
of the model domain. This method can be applied in both horizontal directions.
When applying cyclic boundary conditions along the mean wind direction, elongated co-

herent flow features may develop, that are persistent in space and time. These streak-like
flow features form naturally and can reach lengths of several kilometres in nature. Due to the
limited size of the simulation domain in combination with the cyclic boundary condition, the
head of a streak can be cycled into its own tail forming an infinitely long and self-containing
streak (Munters et al., 2016). This results in unnaturally stable flow features. To force these
structures to break up and dissipate, a shifting method according to Munters et al. (2016)
is used. Instead of directly mirroring opposite boundaries, the copied values are shifted by
a distance yshift parallel to the boundary before being applied to the opposing boundary. In
order for the shifting to work, cyclic boundaries must also be set in y-direction. The shifting
method is used in Section 3 and 4.
Cyclic lateral boundary conditions have the disadvantage that the influence of any obstacles

within the simulation domain on the flow field are not able to leave the domain. If the
simulation domain does not offer enough space in stream-wise direction for the effects of the
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obstacles to decay before arriving at the domain border, these effects are cycled through the
domain and enter the domain at the windward boundary. This changes the approaching
flow and alters the simulation results. To avoid this effect, one method is to enlarge the
simulation domain along the stream-wise direction to offer enough space that all effects of the
obstacles decay before re-entering the domain. This, however, can increase the computational
costs significantly. Another option is to use non-cyclic boundary conditions in stream-wise
direction allowing the influence of the obstacles on the flow field to leave the simulation
domain. In this case, a smaller simulation domain can be used reducing the computational
demand. In Section 5, such non-cyclic boundary conditions are used in stream-wise direction,
i.e. along the x-direction.
Non-cyclic boundary conditions impose, however, a challenge at the inflow boundary. At

the inflow boundary, no turbulence information is available. Hence, without additional in-
formation, a laminar flow is set by the prescribed initial wind profile. Turbulence is then
slowly generated inside the domain, for example due to friction at the surface. This would
again require a large simulation domain until the approaching flow has developed a sufficient
turbulent state. Therefore, an inflow-boundary condition offering additional turbulence in-
formation is required. In Section 5, a turbulence recycling method based on the works of
Lund et al. (1998) and Kataoka and Mizuno (2002) is used. The turbulent signal of ui, e,
and θ are captured from a so-called recycling plane at xrecycling and added to the fixed inflow
profiles at the inflow boundary (at x = 0, see Fig. 2.1). At x = xrecycling, the turbulent
signals are calculated as

ϕ′ = ϕ− 〈ϕ〉y with ϕ ∈ u, v, w, e, θ, (2.34)

where 〈·〉y denotes an average along y-direction. This recycling of turbulent information
transforms the laminar inflow into a turbulent inflow and reduces the required domain size.
The boundary values are updated at each time step.
PALM’s standard outflow-boundary condition for non-cyclic boundaries is a radiation-

boundary condition as described by Orlanski (1976):

∂ui
∂t

+ Uui
∂ui
∂x

= 0. (2.35)

This boundary condition allows turbulence to leave the simulation domain without being
reflected back into the domain influencing the simulation results. The transport velocity,
Uui , is calculated as

Uui =

〈
−∂ui
∂t

(
∂ui
∂x

)−1
〉

y

(2.36)

at interior grid points next to the outflow boundary. Further, Uui ∈ [0,∆/∆t], which means,
that if the calculated value of Uui exceeds one of its thresholds, the threshold value is used
instead. To use this boundary condition, the flow must always be directed towards the
outflow boundary.
In a strong-wind scenario, the outflow boundary is only influenced by the upwind area.

Hence, no information is required from the downwind direction and the boundary values
can be computed solely depending on the upwind values, as it is done by the radiation-
boundary condition. However, in a convective weak-wind scenario, the stronger variation
in wind direction causes information to be advected into the domain also at the outflow
boundary. Because no information from outside the domain is available, this advection is
suppressed by the radiation-boundary condition by setting Uui = 0 in that case. In a con-
vective weak-wind scenario, this lead to strong numerical instabilities during test simulations
for the study presented in Section 5. To overcome this limitation, a new boundary condition
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Figure 2.2: Concept of the turbulent outflow method used as outflow boundary condition.

was developed, that provides physically realistic information of the wind and temperature
distribution beyond the outflow boundary. Instead of transporting the prognostic quantities
ϕ ∈ ui, θ, e from the adjacent grid layer to the outflow boundary, values at a source plane
xsource are copied to the boundary at xmax (see Fig. 2.2). This allows that physically realistic
information can enter the domain at the outflow boundary. It has to be noted, however, that
this boundary condition is only a technical solution and is not based on a physical concept.
If xsource = xmax −∆x, this outflow condition equals the radiation-boundary condition with
Uui = ∆/∆t.
In order for the new outflow condition to avoid the generation of strong numerical in-

stabilities, that were observed when using the radiation-boundary condition in a convective
weak-wind case, xsource needs to be placed at a certain distance to the outflow boundary. In
Section 5, a buffer zone of 500 m between the source plane and the outflow boundary was
used which prove to be sufficient. It should also be checked that the general flow situation at
the source plane matches those at the outflow boundary. Flow features created by obstacles
like corner flows or re-circulation zones should not be present at the source plane. Otherwise,
these effects of the obstacles would also appear at the outflow boundary creating unwanted
flow features. Therefore, another 500 m-wide buffer zone between the topography features
and xsource was considered in Section 5.

2.1.6 Initialization

For this thesis, different initial conditions were used for the simulations. The default initial
condition is to prescribe vertical profiles for the horizontal wind components and potential
temperature, that are used to homogeneously initialize the three-dimensional arrays. To
initiate turbulence, uncorrelated Gaussian-distributed random perturbations are imposed to
the horizontal velocity fields at the beginning of the simulation until the resolved-scale TKE
exceeds a given threshold.
Depending on the meteorological and surface conditions, a certain simulation time is re-

quired until the turbulence is fully developed. To reduce this so-called spin-up time, and
hence, the computational costs, the cyclic-fill method is applied for the initialization. A
simulation with an identical meteorological setup as the main simulation, but with a reduced
horizontal domain size and cyclic boundary conditions, is computed until the turbulence is
fully developed. At the end of this precursor simulation, the instantaneous three-dimensional
arrays of the prognostic quantities are saved. These arrays are used to initialize the domain
of the main simulation. Because of the cyclic boundary conditions used in the precursor sim-
ulation, the arrays can be seamlessly stringed together repeatedly until the larger domain of
the main simulation is completely filled. This presents already fully developed turbulence at
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the simulation start, which then reduces the required spin-up time for the main simulation.

2.1.7 Rayleigh Damping

In the simulation of the convective boundary layer, shown in Section 5, gravity waves are
triggered by the convection at the top of the boundary layer. To prevent the reflection of
these gravity waves at the domain top, a Rayleigh damping is employed within the upper
part of the simulation domain. The damping is achieved by adding an additional term to
Equation 2.9 and 2.3:

−Rdamping · (φ− φref), with φ ∈ {u, v, w, θ}. (2.37)

The reference φref, used for damping, is defined by the initial profile of the respective variable.
The damping coefficient is defined as

Rdamping =





0 for z < zdamping,

0.01 sin2

(
π

2

z − zdamping

ztop − zdamping

)
for z ≥ zdamping,

(2.38)

where zdamping = 1.2 km describes the height above which the damping takes place.

2.1.8 Large-Scale Subsidence

In Section 5, a large-scale subsidence is considered in order to get a constant boundary-layer
height over time while also having a positive heat flux at the surface. The subsidence is
realized by adding another tendency term to Equation 2.3:

Qθ = −ws
∂θ

∂z
, (2.39)

where ws is a height-dependent prescribed subsidence velocity.
When applying the large-scale subsidence, the top boundary condition of θ needs to be

adjusted to account for the increasing temperature:

θ(ztop, t+ ∆t) = θ(ztop, t)−∆t · ws(ztop)
θ(ztop, t = 0)− θ(ztop −∆z, t = 0)

∆z
. (2.40)

If also Rayleigh damping is applied (see Sect. 2.1.7), the reference state of θ used by the
Rayleigh damping, i.e. the initial profile, is adjusted in the same manner as the top boundary
condition.

2.1.9 Building Implementation

PALM uses the mask method (Briscolini and Santangelo, 1989) to represent buildings and
topography. A grid volume is set to be either fluid or solid, i.e. either belongs to the
atmosphere or to an obstacle. Obstacle walls are defined by setting the wall-normal velocity
to zero at the obstacle walls. Velocities inside the obstacle are set to zero as well. In
combination with PALM’s rectilinear grid structure, this results in a step-wise representation
of the topography. MOST is considered at atmospheric grid points adjacent to obstacles (see
Sect. 2.1.5).
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2.1.10 Lagrangian Particle Model

PALM comes with an embedded Lagrangian particle model (LPM). The LPM is used in
Section 4 to study the residence times of pollutants within a courtyard cavity. The LPM
simulates the paths of individual particles released inside the model domain. These paths
can be tracked and used in post-processing to, e.g., analyse residence times of particles inside
specific domain areas as done in Section 4.
The equations describing the particle’s position xp,i read as:

dxp,i

dt
= up,i(t) with i ∈ {1, 2, 3}, (2.41)

where up,i(t) are the velocity components of a particle in the respective direction. In this
thesis, particles are considered as passive without any mass or temperature, i.e. they are
affected exclusively by the wind field.
The particle velocity up,i can be split into a resolved-scale and an SGS part according to

Lamb (1978). The resolved-scale part is determined by interpolating the LES velocities onto
the particle’s position. The SGS part of the velocity is calculated by integrating a stochastic
differential equation based on the model of Thomson (1987) with modifications by Weil et al.
(2004). Isotropic and Gaussian-distributed turbulence is assumed and the stochastic particle
dispersion is parameterized using the SGS-TKE and dissipation rate provided by the LES.
A detailed description of the LPM is given in Maronga et al. (2015) with the newest changes
described in Maronga et al. (2020).

2.2 Evaluation Methods for Urban Ventilation Analyses

Urban ventilation can be evaluated on different levels with different approaches depending
on the focus of a study. As different aspects of the urban ventilation are studied in Section 4
and 5, also different methods are utilized. The study presented in Section 4 focuses on
air pollution, and hence, uses scalar concentration and the residence time of pollutants to
investigate the ventilation of single courtyard cavities. Section 5 takes a more general look
on the urban ventilation within a large built-up urban area. The aim here is to study the
overall ventilation and the blockage of the air flow through city quarters. In this case, the
velocity ratio is a suitable measure for the urban ventilation.
It has to be noted, that many other parameters can be used to evaluate urban ventilation

like the age of air (e.g. Hang et al., 2009), the net escape velocity or the purging flow rate
(e.g. Hang et al., 2015). These methods, however, were not utilized in this thesis.

2.2.1 Scalar Concentration Analysis

Analysing scalar concentration and its transport can give a deep insight on the ventilation
behaviour of enclosed cavities. In Section 4, the influence of lateral openings on courtyard
ventilation and air quality is investigated. A passive scalar is released outside of the court-
yards within the surrounding streets to simulate pollutants emitted by traffic. An analysis of
the mean concentration s of the passive scalar within the courtyard cavities can then be used
as a measurement of how much pollution is transported into the courtyards. Additionally,
time series of the scalar concentration at the centre of the courtyard cavities are measured
to allow an analysis of peak values. Besides the average concentration, the peak values are
important if focusing on health risks.
To further understand the transport of pollutants into the courtyard cavities, the fluxes

through the lateral and top openings are monitored. Analysing the fluxes through the open-
ings allows to conclude if pollutants are entrained or detrained through the additional lateral
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openings. Insights to the entrainment/detrainment behaviour can be utilized for the posi-
tioning of openings during the planning phase of the construction.

Taking Equation 2.4, the transport terms can be split into lateral and vertical transport:

∂s

∂t
= −∂us

∂x
− ∂vs

∂y
− ∂u′′s′′

∂x
− ∂v′′s′′

∂y︸ ︷︷ ︸
lateral transport

−∂ws
∂z
− ∂w′′s′′

∂z︸ ︷︷ ︸
vertical transport

+Qs. (2.42)

Inside the courtyards, no source is present, hence, Qs = 0. Averaging Equation 2.42 over
time and integrating it over the entire courtyard cavity, V , leads to

∫

V

∂̃s

∂t
∂V =

∫

V


− ∂̃us

∂x
− ∂̃vs

∂y
− ∂̃u′′s′′

∂x
− ∂̃v′′s′′

∂y


 ∂V

︸ ︷︷ ︸
=:Tl

+

∫

V


− ∂̃ws

∂z
− ∂̃w′′s′′

∂z


 ∂V

︸ ︷︷ ︸
=:Tv

,

(2.43)
where ·̃ denotes a time average. The left-hand side describes the mean temporal accumula-
tion of s within V . Compared to the terms on the right-hand side, the accumulation is only
small due to the constant ventilation of the courtyard cavities. The lateral net transport of
pollutants, i.e. through the lateral opening, is described by Tl, while the vertical net transport
through the top of the courtyard is described by Tv. Positive values indicate an increase of
pollutant concentration, negative values indicate a decrease of concentration through the
corresponding opening (lateral or top).

2.2.2 Residence Time

The residence time is another measure to describe the ventilation of an urban area. It is
defined as the time an air parcel resides within a certain volume, i.e. the time between
its first entering and first leaving of the volume. The mean residence time, which can be
obtained from simulating a passive scalar (Eulerian approach), can be taken as a measure
of how effectively air is ventilated through a certain volume (Etheridge and Sandberg, 1996;
Kato et al., 2003; Bady et al., 2008). A more detailed analysis of residence time, however,
requires tracking of single particles (Lagrangian approach) through the analysis volume (Lo
and Ngan, 2017). The advantage of the Lagrangian approach is that the time-integrated
effect of pollutants can be analysed in much higher detail which gives a better insight of the
ventilation within the analysis volume.

In Section 4, the residence time of pollutants is investigated by simulating single particles
within courtyard cavities utilizing PALM’s LPM. The method is based on Lo and Ngan
(2017). Particles are released within the courtyards at a height of 1.8 m being representative
for human exposure. As soon as a particle exits the courtyard volume, the age of that
particle, which corresponds to the residence time, is stored and the particle itself is removed
from the simulation to reduce computational costs.

When focusing on the time-integrated effect of particles onto a certain volume, the ex-
posure time would be an even better measure than the residence time. The exposure time
also considers the re-entrainment of particles. However, Lo and Ngan (2017) found that
the number of re-entrainment events was only small in their analysis of a street-canyon flow
which is comparable to the situation studied in Section 4. Therefore, the computationally
less expensive option of measuring the residence time is used in Section 4.
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2.2.3 Velocity Ratio

The ventilation of an urban area can also be quantified by the reduction of the wind velocity
compared to a reference area. Often, the wind-speed reduction is computed at the pedestrian
height level, which is usually defined at 2 m height. The velocity reduction is defined by the
velocity ratio

Vr =
V2m

Vref
, (2.44)

where V2m is the mean velocity at 2 m height within the urban area and Vref is a reference
velocity. Often, Vref is defined at a height well above the urban canopy layer (e.g. Ng,
2009; Letzel et al., 2012). However, in this case, Vr does not only account for the velocity
reduction due to blockage by buildings, but also considers the vertical velocity profile within
the UBL. Comparing Vr under different atmospheric stratification is, hence, dominated by
the differences of the vertical wind profiles. Distinguishing between ventilation reduction due
to different blockage behaviour of the buildings or due to different vertical velocity profiles
is not possible using this definition.
To exclude the influence of the stratification on Vr, Vref must be defined at the same height

as V2m. In Section 5, Vref is calculated also at z = 2 m but within the approaching flow over
the non-obstructed area in front of the city:

Vref = V2m|approaching area . (2.45)

Using this definition of Vref, only the blockage of the flow by the buildings influences Vr while
the vertical velocity profile has no influence. Hence, Vr can be used to compare the blockage
behaviour of the buildings between different stratification.
The velocities V2m and Vref are defined using the three-dimensional wind vector, i.e.

V2m =
√
u2 + v2 + w2

∣∣∣
z=2m

. (2.46)

This definition also considers the increased vertical motions in the convective case.
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Abstract. We demonstrate the capability of the PALM model
system version 6.0 to simulate neutrally stratified urban
boundary layers. Our simulation uses the real-world build-
ing configuration of the HafenCity area in Hamburg, Ger-
many. Using PALM’s virtual measurement module, we com-
pare simulation results to wind-tunnel measurements of a
downscaled replica of the study area. Wind-tunnel measure-
ments of mean wind speed agree within 5 % on average while
the wind direction deviates by approximately 4◦. Turbulence
statistics similarly agree. However, larger differences be-
tween measurements and simulation arise in the vicinity of
surfaces where building geometry is insufficiently resolved.
We discuss how to minimize these differences by improving
the grid layout and give tips for setup preparation. Also, we
discuss how existing and upcoming features of PALM like
the grid nesting and immersed boundary condition help im-
prove the simulation results.

1 Introduction

The PALM model system version 6.0 is the latest version
of the large-eddy simulation (LES) model PALM. PALM
is a FORTRAN-based code that simulates atmospheric and
oceanic boundary layers. The development of version 6.0 fol-
lowed the framework of the Urban Climate Under Change
([UC]2) project, which is funded by the German Federal
Ministry of Education and Research (Scherer et al., 2019;
Maronga et al., 2019). [UC]2 aims to develop a fully func-

tional urban climate model capable of simulating the ur-
ban canopy with grid sizes down to 1 m. Maronga et al.
(2015, 2020a) provide a detailed description of the PALM
model system. A variety of urban boundary layer studies
have already used PALM successfully (e.g. Letzel et al.,
2008; Park et al., 2012; Kanda et al., 2013; Kurppa et al.,
2018; Wang and Ng, 2018; Paas et al., 2020). Built upon
PALM version 4.0, the latest version contains many new fea-
tures and improvements of existing components in the model
system. One of the most impactful changes is the new treat-
ment of surfaces within PALM. While previous versions of
PALM did not distinguish between different surface types,
it is now possible to directly specify a surface type to each
individual solid surface within a model domain via the land-
surface model (Maronga et al., 2020a) or the building-surface
model (Resler et al., 2017; Maronga et al., 2020a). Also, a
fully three-dimensional obstacle representation is now possi-
ble. Previous versions allowed only a 2.5-dimensional repre-
sentation of obstacles (no overhanging structures like bridges
or gates). These additions required extensive re-coding of
PALM 4.0, which affected the dynamic core of the model.
The re-coding included the modularization of the code base,
which led to a re-ordering and re-grouping of code parts into
several internal modules (e.g. constant flux-layer module,
boundary-conditions module, and turbulence-closure mod-
ule). Changes to the dynamic core are technical changes,
only. The underlying physical equations in version 6.0 are
identical to version 4.0.
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Other studies evaluated previous versions of PALM
against wind-tunnel measurements, real-world measure-
ments, and other computational fluid dynamics (CFD) codes
(Letzel et al., 2008; Razak et al., 2013; Park et al., 2015;
Gronemeier and Sühring, 2019; Paas et al., 2020). The signif-
icant changes to PALM’s code base in version 6.0, however,
produce different results compared to former versions. These
differences are due to either roundoff errors or code defects.
Roundoff errors occur because the order of code execution
differs from version 6.0 to 4.0. Old code defects may have
been repaired when the dynamic core was modified, while
new code defects may have been introduced. Hence, version
6.0 requires a new evaluation, from scratch, to ensure confi-
dence in the results of the PALM model system.

Because of the complexity of PALM, evaluating the model
is a lengthy and costly exercise. A complete validation of all
model components would easily go beyond the scope of a
single article. In this study, we therefore focus on the eval-
uation of the model’s flow dynamics, which make up the
core of the model system and build the foundation for all
other features within PALM. To isolate the dynamics from
all other code parts, we operate PALM in a pure dynamic-
driven mode, i.e. we switched off all thermal effects (tem-
perature and humidity distribution, radiation, surface albedo,
heat capacity, etc.). We can then compare the simulation re-
sults with wind-tunnel measurements using the methodology
of Leitl and Schatzmann (2010). While it is virtually im-
possible to neglect temperature or humidity effects in real-
world measurements, wind-tunnel experiments can provide
exactly the same idealized conditions as those used in our
idealized simulation. Paas et al. (2020) compared PALM
simulations to measurements of a mobile measurement plat-
form. Although they found overall good agreement between
PALM and the measurements, some non-resolved obstacles
like trees complicated the comparison at several points and
led to differences in results. Hence, we decided to compare
PALM against an idealized wind-tunnel experiment for this
study.

We use a real-world building configuration from the
HafenCity area of Hamburg, Germany. A real-world building
setup is advantageous in that it can include a variety of build-
ing configurations, ranging from solitary buildings to com-
plex street canyons, within a single simulation. Likewise, it
may show the capability of PALM to correctly reproduce a
complex, realistic wind distribution.

We initially designed the evaluation study as a blind test
where only the boundary conditions (building layout, ap-
proaching flow profile, location of measurements) but no fur-
ther results of the wind-tunnel experiment were available to
conduct the PALM simulation. Such a blind test has the ben-
efit of preventing model tuning and indicates how accurately
a model can reproduce reference data based only on bound-
ary conditions. This procedure also reflects a more realistic
use case where reference data might not exist. However, after
comparing results from both PALM and wind-tunnel exper-

iments, we identified several errors in the simulation setup.
Errors in building height and the roughness representation
within the upwind region were most prominent. We then up-
dated the PALM setup with all identified flaws corrected and
re-simulated the case. Although there are methods to adjust
CFD results to better match to measurements (e.g. Blocken
et al., 2007), these adjustments depend on the individual case,
must be re-calculated for each case, and are only usable if
detailed reference data are available. We did not implement
such setup tuning for the revised simulation setup. We made
corrections solely to input parameters that were available but
not considered (layout of roughness elements within the wind
tunnel) or not correct (incorrect building heights) during the
initial blind-test simulation.

2 Experimental setup

2.1 Wind-tunnel experiment

We used measurements made at the Environmental Wind
Tunnel Laboratory (EWTL) facility “WOTAN” at the Uni-
versity of Hamburg, Germany. The 25 m long wind tunnel
provides an 18 m long test section equipped with two turn
tables and an adjustable ceiling. The cross section of the
tunnel measures 4 m in width and 3 m in height. Figure 1
shows a photograph inside the wind tunnel for reference.
For each wind-tunnel campaign, a neutrally stratified bound-
ary layer flow is generated by a carefully optimized combi-
nation of turbulence generators at the inlet of the test sec-
tion and a compatible floor roughness. For the present study,
we modelled a boundary layer flow to match full-scale con-
ditions for a typical urban boundary layer measured at a
280 m tall tower in Billwerder, Hamburg. The mean wind
profile fits a logarithmic wind profile with a roughness length
z0 = (0.66±0.22)m and a power law with a profile exponent
α = 0.21± 0.02. Figure 2 depicts the approaching flow pro-
file for a modelled wind direction of 110◦.

The miniature replica of the HafenCity, Hamburg, Ger-
many, has a scale of m= 1/500 and represents an area of
2.6 km2 (see Fig. 1). Standard quality measurements dur-
ing the wind-tunnel experiment proved scale-independence
of the results (based on Townsend’s hypothesis of self sim-
ilarity) and allowed scaling of the results from model scale
(ms) to full scale (fs). Scaling of space l, time t , and velocity
u is achieved via

lfs =
lms

m
, (1)

tfs =
tms

m
,and (2)

ufs = ums. (3)

We used a two-dimensional laser doppler anemometry
(LDA) system to measure component-resolved flow data at
sampling rates of 200–800 Hz (model scale). This measure-
ment method resolves even small-scale turbulence in time at
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Figure 1. Photograph of the building setup within the wind-tunnel facility “WOTAN” for an approaching flow of 290◦. Please note that
contrary to the depicted orientation, an approaching flow from 110◦ was used in this study.

Figure 2. Mean profiles of the approaching flow for the wind-tunnel
experiment and the PALM simulation normalized with the reference
velocity uref = u(z= 50 m). Note that z= 0 m is defined at street-
level height while the lowest level within both experiments was at
z=−5 m, which is the water-level height.

most measurement locations. We recorded a 3 min time se-
ries at each measurement location, which corresponds to a
period of about 25 h at full scale. Prandtl tubes continuously
monitored the reference wind speed close to the tunnel in-
let. For the model evaluation case presented here, measure-
ments were taken at 25 different locations within the building
setup as shown in Fig. 3. As the measurements were orig-

inally planned and used for a different study focusing on
near-ground ventilation and pedestrian wind comfort, loca-
tions were not specifically chosen for the present study. How-
ever, the measurements still cover a variety of aspects of the
flow within the building canopy including open areas, narrow
and wide street canyons, and intersections.

2.2 PALM simulation

We used the PALM Model System 6.0, revision 3921, to con-
duct the simulation for this study. We operated PALM using
a fifth-order advection scheme after Wicker and Skamarock
(2002) in combination with a third-order Runge–Kutta time-
stepping scheme after Williamson (1980). Maronga et al.
(2015, 2020a) provide a detailed description of the PALM
model. We conducted the simulation at full scale with a do-
main size of 6000 m by 2880 m horizontally and 601 m verti-
cally at a spatial resolution of 1x =1y =1z= 1 m in each
direction. This domain resulted in approximately 10.4× 109

grid points in our staggered Arakawa C-grid (Harlow and
Welch, 1965; Arakawa and Lamb, 1977). The study region,
i.e. the HafenCity area, was situated downstream of the sim-
ulation domain. We aligned the mean flow direction with the
x direction. Hence, we rotated the model domain counter
clockwise by 200◦ to produce a mean wind direction of 110◦.

Figure 4 displays the building layout used in PALM.
PALM uses the mask method (Briscolini and Santangelo,
1989) for topography, where a grid volume is either 100 %
fluid or 100 % obstacle. In combination with PALM’s recti-
linear grid, this method can cause non-grid aligned buildings
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Figure 3. Building layout used in the wind-tunnel experiment. Measurement locations are marked and labelled by their respective number.

Figure 4. Building layout and heights as used in the PALM simu-
lation. The x direction is oriented to follow the mean wind direc-
tion. The total domain size is 6000, 2880, and 601 m in the x, y,
and z direction, respectively. Note that z= 0 m is defined at street-
level height while the lowest level within both experiments was at
z=−5 m, which is the water-level height.

to have inconsistent geometries (step-like) when compared
with the wind-tunnel replica.

We based the setup for this study on the settings used by
Letzel et al. (2012). A heterogeneous building setup usu-
ally requires a non-cyclic boundary condition along the mean
flow direction to ensure that building-induced turbulence is
not recycled into the analysis area. However, tests with non-
cyclic boundary conditions along the mean flow showed that
simulations would require extremely long simulation times
to generate a stationary state. Hence, we used cyclic bound-

ary conditions instead, which reduced the required CPU time
significantly. We extended the domain in mean flow direc-
tion (x direction) to allow the building-induced turbulence to
dissipate before the flow hits the target area again due to the
cyclic conditions. Because we simulated an ideal, neutrally
stratified case that neglected trace gases and the like within
the city area, there was no disadvantage to use cyclic bound-
ary conditions. After a simulation time of 1.5 h, the simula-
tion reached a steady state.

We assumed a constant flux layer between the surface
and the first computational grid level to calculate the surface
shear stress. The exact value of the roughness length, z0, for
the building surfaces is not known from the wind-tunnel ex-
periment. Therefore, it was estimated as z0 = 0.01 m. This
value was recommended by Basu and Lacser (2017) who
state that z0 ≤ 0.02 ·min(1z). Due to the staggered grid, the
first computational level was positioned 0.51z above the sur-
face. Hence, z0 = 0.02 · 0.5 · 1m= 0.01 m.

The estimated roughness length of the approaching flow
in the wind-tunnel experiment was z0 = (0.66±0.22)m (see
Sect. 2.1). Surface-flux parameterizations cannot represent
such a large roughness length at the simulated resolution
(1 m). Therefore, we explicitly resolved the roughness us-
ing roughness elements of the exact same shape and layout
as those elements used in the wind-tunnel experiment. This
methodology produced a boundary layer flow in the simula-
tion similar to that observed in the wind-tunnel experiment
(see Fig. 2).

To match the conditions within the wind tunnel, we con-
sidered a strictly neutral atmosphere with potential tempera-
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ture being constant over time. We also neglected the Coriolis
force.

Munters et al. (2016) reported persistent streak-like arte-
facts in the flow field that are oriented along the mean wind
direction for LES of neutral flows using cyclic boundary
conditions. Such streaks naturally develop within the neu-
tral boundary layer, reach lengths of several kilometres, and
move along the mean wind direction while remaining sta-
tionary in the span-wise direction. These streaks form ran-
domly and have a limited lifetime. In combination with
cyclic boundary conditions, however, the start and end of
a streak can merge, forming an infinite streak that is self-
containing and persistent in time. To avoid the artificial per-
sistence of these structures by cyclic boundary conditions,
we use the shifting method of Munters et al. (2016). This
method breaks up the infinite and persistent streak-like arte-
facts and ensures a natural dissipation. We shifted the flow by
300 m in the y direction, i.e. perpendicular to the mean wind
direction, before entering the domain at the left boundary.

The wind field initializes with a turbulent wind field from
a precursor simulation via the cyclic-fill method (Maronga
et al., 2015). The setup of the precursor simulation was sim-
ilar to the main simulation but with a reduced domain size
of 600 m by 600 m in the horizontal direction. To initial-
ize the precursor simulation, we measured the normalized
approaching wind profile in the wind tunnel and scaled the
wind speed to 4 m s−1 at 50 m height to obtain a representa-
tive wind speed for within the canopy layer. The fixed wind
speed was 6.26 m s−1 at the top boundary for the precursor
and main simulation.

The total simulation time of the main simulation was 4 h.
The simulation achieved a steady state after the first 1.5 h. We
used the results from the final 2.5 h for the analysis presented
here (see Sect. 3).

Figure 2 shows the mean wind profile of the flow ap-
proaching the building area during the analysis time as well
as the approaching flow of the wind-tunnel experiment. Note
that we defined the street-level height at z= 0 m and the low-
ermost height at water level, which is 5 m below street level
(see Fig. 4). Hence, the approaching wind profile shown in
Fig. 2 starts at z=−5 m.

2.3 Measurement stations

Within the wind-tunnel experiment, wind speed was mea-
sured at certain measurement stations within the building ar-
ray. Figure 3 shows the locations of the measurement sta-
tions. To be able to mirror the measurements as best as pos-
sible, we used the virtual measurement module of PALM
(Maronga et al., 2020a). This module defines several vir-
tual measurement stations within the model domain via ge-
ographical coordinates. The model domain must be geo-
referenced in order to identify the grid points closest to the
measurement location. PALM references the geographical

coordinates based on the coordinates of the lower left cor-
ner of the domain and the domain’s orientation.

When mapping the measurement stations onto the PALM
grid, there were two difficulties. First, there was not always a
grid point available at the exact location of the measurement
within the wind-tunnel experiment. Therefore, measurement
positions can differ between the virtual and wind-tunnel mea-
surements by a distance of less than 1 m. Second, the topog-
raphy in the vicinity of a measurement point at the virtual
stations may differ from the wind-tunnel stations due to the
topography representation used in PALM (see Sect. 2.2). To
overcome these two issues, we also recorded virtual mea-
surements from the grid points neighbouring a measurement
position. In post-processing, we analysed the area of each
measurement station and selected the measurement from the
grid point that best fit the wind-tunnel measurements. Each
measurement station recorded vertical profiles with a sam-
pling rate between 8.7 and 11.2 Hz (measurements recorded
during each time step).

3 Results

3.1 PALM simulation

The PALM simulation required a spin-up time of 1.5 h, which
is evident by the time series of the domain-averaged kinetic
energy E = 0.5

√
u2+ v2+w2 and the friction velocity u∗

(see Fig. 5). Both quantities stabilized after 1.5 h at approxi-
mately E = 15.4 m2 s−2 and u∗ = 0.16 ms−1. Therefore, we
only evaluated data from the last 2.5 h of the simulation.

Figure 6 shows the horizontally and time-averaged vertical
profile of the stream-wise component of the vertical momen-
tum flux wu. The vertical momentum flux wu is split into a
resolved component and a sub-grid scale (SGS) component.
An SGS model parameterizes the SGS component. The less
the SGS model contributes to the flux the better resolved is
the turbulence causing the flux. The ratio of the resolved and
the total momentum flux is close to 1 revealing that the sim-
ulation domain properly resolved the turbulence (see Fig. 6).

Turbulent structures tend to become smaller the closer they
get to the surface. Hence, at the surface, the constant grid
spacing resolves less turbulence (Maronga et al., 2020b).
However, the ratio between resolved and total wu exceeds
0.9 except for the lowest two grid levels where the ratio re-
duces to 0.78. The discontinuity at z= 15 m is related to
the roughness elements. Most of these elements extend to
z= 15 m, causing the disturbance in the vertical wu profile
at that height.

To visualize the turbulent structures, Fig. 7 shows a snap-
shot of the magnitude of the three-dimensional vorticity as
a proxy for turbulence. Strong turbulence (yellow and red
structures) occurs in the vicinity of buildings, while weak tur-
bulence occurs above smooth surfaces. Roughness elements
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Figure 5. Time series of the total kinetic energy E and the friction velocity u∗ of the PALM simulation.

Figure 6. Mean profile of the vertical momentum flux and the ratio
between resolved and total flux, averaged over the entire domain
of the PALM simulation. Please note the two different horizontal
scales for momentum flux (bottom scale) and flux ratio (top scale).

that are not visible within Fig. 7 cause the strong turbulence
outside of the building array.

3.2 Comparison between wind tunnel and PALM

To compare the simulation and the wind-tunnel experiment,
we must first normalize the results as the simulation and
wind-tunnel experiment were conducted on different scales
and mean wind speeds. The reference wind speed uref used
for normalization corresponds to the wind speed of the
approaching flow at a height of 50 m (full scale). Previ-
ously conducted laboratory experiments defined the refer-
ence height to be representative of the measured canopy flow.
The reference height falls within the range expected to most
accurately model a scaled neutrally stratified atmospheric
boundary layer wind flow. We report our results at full scale
unless otherwise stated.

Figure 8 shows the wind distribution for each measure-
ment station at the lowest measurement height for (a) the
wind-tunnel measurements (z= 3 m) and (b) the PALM sim-
ulation (z= 2.5 m). Due to the staggered grid used in PALM
(see Sect. 2.2), the positions of the PALM measurements are
0.5 m below their corresponding wind-tunnel measurements.
Note that measurement station 15 stands on top of a building
where measurements were only available above 18 m height
(see Fig. 3). At most measurement stations, the main wind di-
rection in the PALM simulation is similar to the wind-tunnel
data. Noticeable differences in the distribution of wind di-
rections occur at stations 6, 7, 10, and 20, where the PALM
simulation reports a larger variation in wind direction or a
different mean wind direction. On average, the wind speed
is 9 % less in the PALM simulation than in the wind-tunnel
measurements.

At 10 m height (PALM: 9.5 m), the wind distributions are
still very close between PALM and the wind tunnel at most
stations (see Fig. 9). Stations 6, 10, and 20 still show no-
ticeable differences. The difference in average wind speed
reduces to 5 % between PALM and wind-tunnel results. At
40 m height and above, the difference reduces to less than
2.5 %.

Figure 10 shows scatter plots of wind-tunnel and PALM
measurements at each station and height, which are 173 data
pairs in total. Looking at the horizontal wind speed Uhor and
the wind-speed components u and v, PALM underestimates
the lower values while higher values compare well to the
wind-tunnel measurements. Wind direction d differs by less
than 4◦ on average with a maximum difference of less than
44◦. It has to be noted, however, that wind-tunnel measure-
ments might be located between grid points of the PALM
grid creating a spatial offset between the measurements. Es-
pecially close to obstacles, this spatial offset can lead to dif-
ferences between both experiments.

Three major reasons caused the general lower wind speeds
in the PALM simulation: (i) a mismatch in measurement
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Figure 7. View of the volume-rendered instantaneous turbulence structures above the building array. Turbulence is visualized using the
magnitude of the three-dimensional vorticity. Green and red indicate low and high values, respectively. The image was rendered using VAPOR
(Li et al., 2019, http://www.vapor.ucar.edu/, last access: 2 June 2021) and the background image was designed by freepic.diller/Freepik
(http://www.freepik.com, last access: 16 May 2019).

height, (ii) a mismatch in z0 between both experiments, and
(iii) the stepwise building representation caused by PALM’s
rectilinear grid. The staggered Arakawa C-grid caused the
PALM measurements to be located 0.5 m below the cor-
responding wind-tunnel measurements. PALM calculates u
and v at half the height of each grid cell. With a grid size
of 1z= 1 m, u and v are, hence, calculated at heights of
0.5, 1.5, 2.5 m, etc. We chose to not interpolate between the
height levels in order to not alter the simulation results by
adding additional uncertainty due to the chosen interpolation
techniques. When comparing PALM results at 0.5 m above
the wind-tunnel measurements, the underestimation of wind-
speed reduces to 5 % at 3 m height. Because vertical gradi-
ents of the wind-speed decrease with height, differences in
measurement heights are less severe at greater heights.

Second, a mismatch of z0 between both experiments also
affects results most significantly at the lowest height levels.
This is supported by the fact that we observed the largest dif-
ference in mean wind speed (9 % lower wind speed) at the
lowest measurement height. Hence, the surfaces in the wind-
tunnel experiment might have been smoother than estimated
and z0 = 0.01 m might have been too large. In a different not
yet published wind-tunnel experiment with similar wall ma-
terials of the building model, we observed roughness lengths
between 0.002 and 0.01 m. This puts the chosen z0 for the
simulation at the upper end of the possible value range for
the roughness within the wind-tunnel experiment.

The third reason, the stepwise building representation, af-
fects results within the entire building canopy layer. Because
PALM discretizes obstacles on a rectilinear grid as men-
tioned in Sect. 2.2, smooth building walls are represented by
stepwise surfaces if not aligned with the grid layout. There-

fore, building walls become significantly rougher than they
were in the wind-tunnel experiment. This causes higher tur-
bulence and an overall reduced mean wind speed within the
building canopy layer.

To better evaluate the deviations between both experi-
ments, we calculated different validation metrics. COST Ac-
tion 732 (Schatzmann et al., 2010) lists several validation
metrics to help evaluate simulation models. The proposed
metrics are the factor of two FAC2, the hit rate q, the frac-
tional bias FB, the geometric mean bias MG, the normal-
ized mean square error NMSE, and the geometric variance
VG. Additionally, we calculated the correlation coefficient
R. These metrics are defined as

FAC2=
1
N

∑
i

ni,

with ni =

1 if
1
2
≤
Pi

Oi
≤ 2∨ (|Pi | ≤ δa ∧ |Oi | ≤ δa) ,

0 otherwise,

(4)

q =
1
N

∑
i

ni,

with ni =

1 if
∣∣∣∣Pi −OiOi

∣∣∣∣≤ δr ∨ |Pi −Oi | ≤ δa,

0 otherwise,
(5)
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Figure 8. Wind-speed distribution (wind rose plots) at all measure-
ment stations for (a) wind-tunnel measurements and (b) the PALM
simulation at about 3 m height above street level (wind tunnel: 3 m,
PALM: 2.5 m). Axes are only shown for a single station for bet-
ter overview, but all wind distributions are scaled equal. Numbers
indicate the station number.

R2
=

(
1
N

1
σP σO

∑
i

(Pi −P)(Oi −O)

)2

, (6)

FB= 2
O −P

O +P
, (7)

MG= exp
(

ln(Õi)− ln(P̃i)
)

with ϕ̃ =max(ϕ,δa), (8)

NMSE=
1
N

∑
i

(Pi −Oi)
2

P O
, (9)

VG= exp
((

ln(Õi)− ln(P̃i)
)2) with ϕ̃ =max(ϕ,δa),

(10)

with Oi being the observed (wind tunnel), Pi the predicted
(PALM) measurements, δr the relative deviation threshold, δa
the absolute deviation threshold, and N the total number of

Figure 9. Wind-speed distribution (wind rose plots) at all measure-
ment stations for (a) wind-tunnel measurements and (b) the PALM
simulation at about 10 m height above street level (wind tunnel:
10 m, PALM: 9.5 m). Axes are only shown for a single station for
better overview, but all wind distributions are scaled equal. Num-
bers indicate the station number.

measurements; the overline denotes an average over all mea-
surements and σP and σO are the standard deviation of P and
O, respectively. We set the deviation thresholds to δr = 0.25
for all variables as recommended by VDI (2005). Table 1 lists
the δa used for all variables.

We calculated the validation metrics for the horizontal
wind speed Uhor, the wind-velocity components u and v,
their variance σ 2

u and σ 2
v , as well as for the turbulence in-

tensities Iu and Iv that are defined as the standard deviation
divided by the mean horizontal wind speed (see Table 1).
In general, all validation metrics are close to their ideal val-
ues indicating a high agreement between both experiments.
The largest deviation between both experiments is apparent
for v where both FAC2 and q give the lowest values. How-
ever, q is still within the acceptable range of q ≥ 0.66, de-
fined by VDI (2005). The metrics also reflect the abovemen-
tioned findings that PALM underestimates the mean wind
speed. Both FB and MG indicate an underestimation of ap-
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Table 1. Calculated validation metrics for different variables. The rightmost column gives the respective value of a perfect match between
simulation and observation.

Metric u/uref v/uref Uhor/uref σ 2
u/u

2
ref σ 2

v /u
2
ref Iu Iv Ideal

FAC2 0.98 0.73 1 0.98 0.98 1 1 1
q 0.91 0.70 0.96 0.82 0.79 0.93 0.91 1
R2 0.97 0.87 0.96 0.57 0.55 0.83 0.85 1
FB – – 0.03 -0.06 0.19 -0.08 0.03 0
MG – – 1.05 0.95 1.2 0.93 1.04 1
NMSE – – 0.01 0.07 0.21 0.05 0.07 0
VG – – 1.01 1.05 1.08 1.02 1.02 1
δa 0.025 0.025 0.025 0 0 0 0

Figure 10. Scatter plots of wind tunnel and PALM measurements of horizontal wind speedUhor, wind direction d , wind-velocity components
u and v, and their variance σ 2

u and σ 2
v for all 25 measurement stations and all heights (173 data pairs in total). Solid lines indicate perfect

agreement and dashed lines indicate the area between a deviation factor of 0.5 and 2.

proximately 5 % (MG= 1.05). The metrics also indicate an
underestimation of σv of 20 % (MG= 1.2), which is visi-
ble in Fig. 10. However, all metrics lie well within the mar-
gins reported by Hanna et al. (2004) for an acceptable per-
forming model. These margins are FAC2> 0.5, |FB|< 0.3,
0.7<MG< 1.3, NMSE< 4, and VG< 1.6.

Hertwig et al. (2017) recommend to evaluate the shape pa-
rameters of the wind speed distributions of u and v when
comparing LES and wind-tunnel results. Figure 11 shows
the skewness γ and the excess kurtosis β of u and v. Be-
tween both experiments, γu mostly agrees and shows either
symmetrical distributions (γu ≈ 0) or a positive skew. For v,
distributions tend to have a lower skewness in PALM than in
the wind-tunnel measurements. Also, βv is smaller meaning
that the distributions are less peaked. This is also related to

the higher roughness in the PALM simulation because this
produces a wider spread of the distribution with a less pro-
nounced peak, resulting in lower β and (in case of a positive
average as is the case here) γ . Again, this is more pronounced
in the span-wise wind component v.

The higher roughness and enhanced turbulence lead to a
less correlated flow and reduced length scales. Figure 12 dis-
plays the comparison of length scales Lu and Lv of the u and
v component, respectively. We calculated the length scales
based on the integral timescale T :

Lϕ = Tϕuref, (11)

where T is calculated using the auto-correlation function Ra:
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Figure 11. Scatter plots of wind tunnel and PALM measurements
of skewness γ and excess kurtosis β of the horizontal wind velocity
components for all 25 measurement stations and all heights (173
data pairs in total). Solid lines indicate perfect agreement.

Tϕ∫
0

Ra,ϕ(tl)dtl = e
−1

with Ra,ϕ(tl)=
1
σ 2
ϕ

(ϕ(t)−ϕ(t))(ϕ(t + tl)−ϕ(t + tl))

for ϕ ∈ {u,v}, (12)

with tl being the time lag.
Most striking are the considerably lower values of Lv

within the PALM simulation. However, most data points
still lie within the factor-of-two margins: FAC2(Lv)= 0.8.
PALM tends to underestimate low Lu and overestimate Lv .

In the following, we compare the vertical profiles recorded
at the measurement stations. Because many vertical profiles
showed nearly identical behaviour at different stations, we
limit the discussion to three stations: 4, 11, and 7. We chose
these stations as examples of a good, an average, and a rel-
atively poor agreement, respectively, between the simulation
and the wind-tunnel measurements.

Figure 13 shows vertical profiles of Uhor, d, u, and v, as
well as turbulence intensity I , skewness γ , excess kurtosis
β, and length scale L for u and v measured at station 7. Er-
ror bars show the standard deviation of u and v. The blue
shaded area shows the range of values of the neighbouring
grid points within PALM at the respective measurement sta-
tion.

Figure 12. Scatter plots of wind tunnel and PALM measurements of
the length scales Lu and Lv of the velocity components u and v, re-
spectively, for all 25 measurement stations and all heights (173 data
pairs in total). Solid lines indicate perfect agreement and dashed
lines indicate the area between a deviation factor of 0.5 and 2.

Station 7 is situated at the opening of a street canyon
within the lee of a building edge (see Fig. 3). Because the
surrounding building walls were not aligned with the PALM
grid, the building edge had a different shape within the sim-
ulation than in the wind-tunnel experiment. This shape dif-
ference created an enlarged corner vortex in the simulation.
The vortex increased the turbulence and decreased the mean
wind speed at station 7 compared to the wind-tunnel results,
as shown in Fig. 13. Also, d is affected and deviates from
the wind-tunnel results. The effect of rougher building walls
by the stepwise representation is limited to the canopy layer.
Therefore, d, Iu, and Iv agree significantly better with the
wind-tunnel measurements above the rooftop height that is
situated between 26 and 36 m in the vicinity of station 7.
Due to higher turbulence below the rooftop level, βv de-
creases, indicating a less peaked distribution, while the lower
γu indicates larger tails towards low u values. The higher
turbulence also causes L to be shorter within the canopy.
Above the canopy layer, the mean wind speed and length
scales are larger than in the wind-tunnel experiment because
of a higher vertical momentum flux in the simulation caused
by the higher roughness within the canopy layer. Similar
behaviour can be found at station 20 (profiles not shown),
which is located close to a windward building corner. In
this case, the blocking effect of the building is increased be-
cause of the broader building edge, causing significant dif-
ferences in wind-direction distribution and mean wind speed
(see Figs. 8 and 9).

Profiles not affected by corner flows or the blocking effect
tend to agree better between PALM and wind-tunnel mea-
surements. Station 11, positioned at the centre of a street
canyon (see Fig. 3), serves as an example of such a mea-
surement location. Profiles tend to agree significantly bet-
ter within the canopy layer than for station 7, as shown in
Fig. 14. Higher deviations between the experiments appear
close to the rooftop height (between 26 and 36 m). The roofs
of the surrounding buildings have small structures that might
not be sufficiently resolved. Hence, the details of the build-
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Figure 13. Profiles of mean horizontal wind speed Uhor, wind direction d, and wind components u and v as well as turbulence intensity I ,
skewness γ , excess kurtosis β, and length scale L of both wind velocity components u and v at measurement station 7. Error bars denote the
standard deviation of the respective quantity. Note that z= 0 denotes street-level height.

ing layout differ between the simulation and the wind tunnel
at station 11. Stations 5, 6, 10, and 17 show results similar
to those of station 11. Figure 14 shows a large value range
of the profiles as indicated by the blue-shaded areas. This
large range shows that profiles vary significantly inside the
street canyon depending on the distance to the building walls.
Hence, it is very important to place the measurements cor-
rectly in the simulation if they are situated in close vicinity
to buildings.

Station 4 is located at the leeward site of a flat-roofed
building (see Fig. 3). Also, no building corners that could

produce blocking effects or corner flows are within the prox-
imity of station 4. Profiles at station 4, displayed in Fig. 15,
show only small deviations between the two experiments.
The rougher wall, generated by the building representation,
produces larger turbulence and a less peaked distribution of
u and v within the canopy layer. However, results agree sig-
nificantly better at station 4 compared to station 7 and 11.
Hence, PALM reproduces the wind field better if the build-
ing structures are less complex.

Figure 16 shows the spectral energy density S measured at
station 4 (left panel) and station 11 (right panel) at the pro-
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Figure 14. Profiles of mean horizontal wind speed Uhor, wind direction d, and wind components u and v as well as turbulence intensity I ,
skewness γ , excess kurtosis β, and length scale L of both wind velocity components u and v at measurement station 11. Error bars denote
the standard deviation of the respective quantity. Note that z= 0 denotes street-level height.

file top, rooftop, and near the surface (top, centre, and bottom
row, respectively). Spectra measured at station 7 are compa-
rable to those of station 11 and are therefore not shown. The
covered range of frequencies f differ between PALM and
wind-tunnel measurements because the sampling rate of the
measurements and the measured time interval vary between
the PALM and the wind-tunnel experiment. However, results
of both experiments overlap over a large range of frequen-
cies.

The spectra of u and v coincide to a high degree be-
tween the simulation and the wind-tunnel measurements at

all heights. At both stations, the spectra show an exponential
decrease between f z

Uhor
= 2 and 50 at 75 m height (above the

canopy layer), indicating the inertial range (Fig. 16a and b).
The normalized energy spectrum decays with roughly f S ∝
f−

2
3 following Kolmogorov’s theory. At high frequencies,

spectra of the PALM measurements rapidly decay, which
is related to numerical dissipation. This decay is a typi-
cal behaviour of LES models using high-order differencing
schemes (e.g. Glendening and Haack, 2001; Kitamura and
Nishizawa, 2019).
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Figure 15. Profiles of mean horizontal wind speed Uhor, wind direction d, and wind components u and v as well as turbulence intensity I ,
skewness γ , excess kurtosis β, and length scale L of both wind velocity components u and v at measurement station 4. Error bars denote the
standard deviation of the respective quantity. Note that z= 0 denotes street-level height.

At rooftop height (Fig. 16c and d), PALM’s spectra are
shifted towards higher frequencies compared to those of the
wind tunnel at the same height. This shift indicates that
PALM simulates smaller-scale turbulence at these heights.
The shift can be related to higher roughness and further fos-
ters the abovementioned findings from the profile analysis.
The stepwise representation of the buildings introduces ad-
ditional roughness causing smaller turbulence elements and,
hence, a shift of the energy spectrum to higher frequencies.
Station 4 shows a more pronounced shift than station 11,

which might, however, be related to the more distinct maxi-
mum and, hence, better visibility of a shift at station 4.

The spectra agree better between PALM and the wind-
tunnel measurements close to the surface. However, the
wind-tunnel measurements did not cover the inertial range
at 3 m height because of the limitation of the measurement
frequency and small turbulent structures near the surface.
PALM does not resolve the inertial range at this height as
well because the turbulence elements are smaller than the
grid size of 1 m; hence, the small-scale turbulence cannot be
directly simulated. Comparing the measured spectra to the
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Figure 16. Spectral energy density S for u and v at station 4 (a, c, e) and station 11 (b, d, f) at profile top (a, b), rooftop height (c, d), and
near the surface (e, f). S is normalized by multiplying by the frequency f and dividing by the variance σ 2. For reference, the dash-dotted

line shows a slope f−
2
3 indicating the slope of energy decay according to Kolmogorov’s theory. Note that z is given relative to street-level

height.

theoretical decay of f−
2
3 , the inertial range is indeed hardly

represented within the data.

4 Conclusions

In this study, we analysed PALM’s capability to simulate a
complex flow field within a realistic urban building array.
We compared simulation results to measurements done at the
EWTL facility at the University of Hamburg, Germany. The
aim was to evaluate the dynamic core of the newest version
of PALM, which underwent significant code changes in re-
cent model development.

The comparison of PALM results with the wind-tunnel
data demonstrated that PALM is capable of accurately simu-
lating a neutrally stratified urban boundary layer produced by
a realistic, complex building array. We compared measure-
ments from the simulation to those of the wind-tunnel ex-

periment at several positions throughout the building array.
These positions included non-obstructed locations, wind-
ward and leeward sides of buildings, street canyons, and
roadway intersections. Overall, the PALM results displayed
relatively good agreement with the corresponding wind-
tunnel measurements in regards to wind speed and direction
as well as turbulence intensity. Validation metrics proposed
by Schatzmann et al. (2010) were all within the acceptable
ranges.

However, PALM underestimates wind speed and overesti-
mates turbulence close to the ground and building surfaces.
Estimates differed most in the span-wise wind velocity com-
ponent. Paas et al. (2020) recently reported such discrepan-
cies when comparing PALM simulations to real-world mea-
surements. These differences partly occur due to an overesti-
mation of roughness mainly introduced by the stepwise rep-
resentation of buildings onto PALM’s rectilinear grid. This
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representation causes building walls not aligned with the grid
to appear significantly rougher, resulting in lower wind speed
and higher turbulence close to walls, especially in the vicin-
ity of building corners. Also, the used roughness length of
z0 = 0.01 m might be larger than the actual surface rough-
ness in the wind-tunnel experiment, causing the highest dif-
ference of mean wind speed (9 %) at the lowest analysis
height.

To a lesser degree, the mismatch in measurement height
is responsible for a difference in mean wind speed. Due to
PALM’s staggered Arakawa C-grid, output was not available
at the exact same position as in the wind-tunnel experiment
but shifted half a grid spacing (0.5 m) downwards. This half-
grid shift accounted for up to 3 % difference in wind speed at
the lowest grid level.

If z0 is unknown, this can certainly produce differences
between PALM and reference data close to surfaces. More
importantly, however, is a good representation of building
structures. If the focus lies on flow features in close vicinity
to buildings, the most important buildings should align with
the simulation grid. Also, we recommend a high grid resolu-
tion to represent structures as close to the reference as possi-
ble. To achieve this, future validations could utilize PALM’s
nesting feature in order to cope with increasing computa-
tional demand of reduced grid size (Hellsten et al., 2020). A
higher resolution also reduces the errors introduced by shift-
ing locations of measurements of PALM when comparing
against reference data. These errors can otherwise cause de-
viations close to buildings, where large gradients can cause
significant differences in results (see, e.g. the profiles of sta-
tion 11; Fig. 14). In a future release of PALM, an immersed
boundary condition will be available (e.g. Mittal and Iac-
carino, 2005). This new boundary condition will mitigate the
increased roughness effect introduced by the stepwise rep-
resentation of building walls not aligned with the rectilinear
grid.

Lastly, we provide some general advice for the setup
preparation. In the present study, we experienced that input
data must always be checked very carefully, especially large
building data sets. These building setups might contain errors
and false building heights or missing and/or displaced build-
ings, which are more difficult to spot than in setups with a
limited number of buildings. This is, of course, of utmost
importance for the area of interest. However, the upwind re-
gion also requires proper verification because it directly af-
fects the analysis area. Additionally, when comparing with
other experiments, like real-world or wind-tunnel measure-
ments, the positioning of the measurements must be thor-
oughly checked, as mentioned by Paas et al. (2020). This is
true for positioning virtual measurements within the PALM
domain as well. At positions with complex wind fields, it
can make a large difference for the results if measurement
positions are off by only a single grid point. This of course
depends on the grid spacing and will be most relevant when
using relatively coarse grids.

This study focused on only a single, but the most essential,
component of PALM, the dynamic core. However, a full val-
idation of the entire model requires additional studies focus-
ing on the other model components like the radiation module,
the chemistry module, or the land surface module. Some of
these are already validated (Resler et al., 2017; Kurppa et al.,
2019; Fröhlich and Matzarakis, 2020; Gehrke et al., 2020).
Others will follow in future publications.
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and distributed under the GNU General Public License v3 (http:
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Abstract: Courtyards are an omnipresent feature within the urban environment. Residents often
use courtyards as recreation areas, which makes them crucial for the physical and psychological
comfort of the urban population. However, considering that courtyards represent enclosed cavities,
they are often poorly ventilated spaces and pollutants from neighboring traffic, once entrained, can
pose a serious threat to human health. Here, we studied the effects of lateral openings on courtyard
pollution and ventilation. Therefore, we performed a set of large-eddy simulations for idealized urban
environments with different courtyard configurations. While pollutant concentration and ventilation
are barely modified by lateral openings for wide courtyards, lateral openings have a significant
effect on the mean concentration, the number of high-concentration events and the ventilation within
narrower and deeper courtyards. The impacts of lateral openings on air quality within courtyards
strongly depend on their orientation with respect to the flow direction, as well as on the upstream flow
conditions and upstream building configuration. We show that lateral openings, in most cases, have
a negative impact on air quality; nevertheless, we also present configurations where lateral openings
positively impact the air quality within courtyards. These outcomes may certainly contribute to
improve future urban planning in terms of health protection.

Keywords: courtyard; lagrangian particle model; large-eddy simulation; pollution; urban
environment; ventilation

1. Introduction

Courtyards are an essential part of the urban environment. They serve as recreation areas for the
local population and therefore play an important role for physical and psychological well-being in
residential areas [1]. Courtyards are, however, often poorly ventilated spaces [2], where contaminants
can pose a serious threat to human health once they are inside the courtyard cavity; with sources
of contaminants could be external, such as from traffic on the nearby streets, or local, such as from
domestic fuel [3] or from car parks within the courtyard. Beside the pollutant concentration also the
time humans are exposed to the pollutants are critical factors that need to be considered in terms
of human health protection [4,5]. For a street canyon, Lo and Ngan [6] showed that a significant
amount of pollutants resides within the canyon for a longer time period (e.g., >10 min). Compared to
street canyons, however, courtyards might be even worse ventilated since they have typically fewer
exits. Hence, once pollutants are entrained into courtyards, they may reside within the courtyard for
even longer compared to a street canyon. To design and improve urban planning in terms of health
protection, it is, therefore, crucial to understand how contaminants are mixed into and out of the
courtyards and for how long they reside within the courtyard cavities.
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Although several studies have already described ventilation and pollutant removal from
courtyards, e.g., [2,7–11], only a few address the influence of openings on courtyard ventilation.
Courtyard ventilation itself largely depends on building configuration, e.g., aspect ratio and building
height [2], wind speed [9], wind direction [10], stratification [2,8], as well as blocking obstacles within
the courtyard itself [2]. Based on wind-tunnel experiments, Hall et al. [2] revealed that also tunnel-like
lateral openings can significantly affect courtyard ventilation. They analyzed removal of pollutants
released within the courtyards and showed that lateral openings can either increase or decrease the
concentration compared to a closed courtyard, depending on the orientation of the opening with
respect to the wind direction. They attributed this to the re-circulation within the courtyard cavity,
which can be perturbed but also reinforced by cross flows induced by the opening, worsening or
improving courtyard ventilation, respectively. However, in their experiments, Hall et al. [2] considered
only undisturbed oncoming flow reaching the building block, which is largely different to a complex
flow within an urban environment where neighboring buildings can significantly modify the flow
field, e.g., [12,13]. Also, pollutants were only emitted within the courtyard cavity, leaving open the
question of how much courtyard cavities are polluted from sources outside, e.g., from the adjacent
street canyons?

Using large-eddy simulation (LES), Kurppa et al. [14] studied the effect of different city-block
designs on pollutant dispersion. Although pollution within courtyards was only low compared
to the adjacent street canyons, different concentrations were observed between the different
building setups that partly included also gaps within the building blocks. By means of wind-tunnel
experiments Ok et al. [7] showed that lateral openings can strongly affect the wind speed within the
courtyards. The lowest wind speeds were observed within closed courtyards, while the highest were
observed when multiple openings are aligned along the mean wind direction. Openings orientated
perpendicularly to the main flow direction increased wind speeds less compared to other opening
setups. Even though Ok et al. [7] did not investigate pollutant dispersion, their results indicate that
lateral openings can significantly affect courtyard ventilation, which in turn might possibly also affect
the air quality within courtyards.

The impact of pollutants on human health depends, among other aspects, largely on the
concentration, e.g., [15]. Within busy street canyons, concentration levels can reach high values.
In the absence of lateral building openings, significantly lower concentrations can be observed in the
rear of the buildings [16] and adjacent backyards [8]. Before polluted air can reach these areas, it first
needs to exit the street canyon via the roof level, where it is mixed with fresh air from above, leading
to significantly lower pollutant concentrations. However, this might become different when lateral
openings are present, where high pollutant concentrations can be directly mixed into the courtyards.

Here, motivated by the findings of previous studies, we ask:

• What is the effect of lateral openings on courtyard pollution and ventilation within an
urban environment?

• How do lateral openings affect maximum concentrations and residence time scales
within courtyards?

To answer these questions, we used LES datasets for idealized building arrays to investigate
pollutant dispersion into courtyards. Pollutant sources are considered outside of the courtyard cavity
resembling e.g., car exhausts from streets. We considered different building configurations, i.e.,
different aspect ratios, and different orientation of lateral tunnel-like openings with respect to the mean
wind. Although observations already revealed that stratification also significantly influences pollutant
dispersion in urban environments [8], we exclusively concentrate on neutral conditions within this
first study.

Section 2 describes the LES model, the simulation setups as well as the applied analysis techniques
followed by validation results of the LES model against wind-tunnel data. Section 3 gives a description
of the mean flow field and concentration distribution and shows results on the net transport of scalar
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through the openings as well as the analysis of high-concentration events and residence times. Finally,
Section 4 gives a summary and closes with ideas for future studies.

2. Methods

2.1. LES Model and Numerical Experiments

For the numerical simulations in our study, we used the LES model PALM [17], revision 2705.
PALM has been already successfully used to simulate the flow in urban environments in high detail,
e.g., [14,18–22]. Also, PALM provides the possibility to represent three-dimensional building topologies
and includes an embedded Lagrangian particle model, making it well-suited to study pollutant
dispersion and ventilation in urban environments. PALM solves the non-hydrostatic incompressible
Boussinesq equations. For the subgrid model, the kinetic energy scheme of Deardorff [23] was used.
The advection terms were discretized by a fifth-order scheme [24], while near solid walls the order of
the scheme was successively degraded. For the time discretization a third-order Runge-Kutta scheme
by Williamson [25] was used.

The model domain consists of several building patches that are aligned and shifted in rows as
depicted in Figure 1. A single patch consists of a building containing a courtyard and an adjacent
street at its southern and western wall. To study effects of different building/courtyard geometries on
courtyard ventilation, we performed three simulations with different courtyard aspect ratio (AR, ratio
of building height, or courtyard depth, H, to courtyard width W), which are listed in Table 1. The case
with AR = 1, where H = W, as well as the cases with high and low AR are hereafter referred to as
“AR1”, “AR3” and “AR03”, respectively. The case AR1 was chosen to link to other studies as this is the
most famous case throughout other research, e.g., [2,7,9,10]. The other two cases, AR03 and AR3, were
chosen as they showed the most pronounced differences in scalar concentrations compared to the AR1
case within the study by Hall et al. [2]. The building within a patch has a single lateral opening either
on its western, eastern, northern or southern wall, or has no opening at all, i.e., it is closed. These
patches are labelled as “W”, “E”, “N”, “S”, and “C”, respectively. The lateral opening has a size of
4 m by 4 m and is always located at the bottom center of the respective building wall to represent an
entrance to the courtyard. The size of the opening is chosen according to our personal experience,
assumed to be typical for mid-European city quarters, even though we note that openings vary in
size in real cities, depending on the prevailing architecture. Also, different sized openings at other
locations of a building wall might also appear within a real city. However, in this idealized study, we
tried to keep the setup simple, to limit the number of effects and hence the complexity of the results.

Table 1. Courtyard aspect ratio (AR) and domain size of the three simulated cases. H indicates the
building height (or courtyard depth) and W indicates the courtyard width.

Case AR H (m) W (m) Domain Size (x × y × z) (m)

AR1 1 20 20 480× 400× 531
AR3 3 60 20 480× 400× 531

AR03 0.3 20 60 480× 600× 531

A row of buildings is then formed by aligning five building patches, with each patch along
the y-direction having a different courtyard/opening configuration (see Figure 1). The street width
was set to 20 m for all streets and the building-wall thickness was set to 20 m for all buildings in all
simulated cases.

For cases AR1 and AR3, the domain consists of six rows, while three neighboring rows are shifted
along the y-direction, forming a front, center and back row with respect to the x-parallel flow from the
West (see Figure 1b). For case AR03, the center rows are missing resulting in only four rows within
the domain (see Figure 1c). This was done to keep the length of the x-parallel (wind-parallel) streets
constant throughout the different cases (compare Figure 1b,c). This ensures that in all simulated setups
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the flow can accelerate the same distance and has the same input of scalar (see details below) along the
x-parallel streets.

Figure 1. (a) 3D view of the building setup used in case AR1 and (b,c) horizontal cross-sections of
the simulation domains and building configuration: (b) case AR1 and AR3, (c) case AR03. Different
shades of grey indicate building patches with a different courtyard configuration, labelled according
to their lateral opening orientation. Red colors indicate locations and strength of the scalar sources.
The “front”, “center” and “back” labelling indicates the front-, center-, and back-building row of the
staggered building patches.

We have chosen this staggered building setup to break-up the street canyons along the x-direction,
to prevent artificial jets that would develop along the infinite x-parallel street canyons, as we did
observe in preparatory test simulations. Hence, we optimized our setup to prevent such unrealistic
long streets. Furthermore, these setups allow study of different courtyard realizations within a single
simulation, which requires significantly less computational effort compared to study each courtyard
realization in a single simulation individually, which would not be possible without increasing the grid
spacing. To study different courtyard realizations in one simulation, however, requires that the flow
and scalar distribution within the different courtyard cavities are statistically independent from each
other. Indeed, an analysis of velocity and scalar variances within identical courtyards but different
upstream courtyards revealed no significant differences (not shown). Hence, we are confident that the
impact of a lateral opening is limited to the courtyard cavity itself and the part of the street directly
adjacent to the opening. This is only true as long as lateral openings do not directly face each other,
hence, we avoided this configuration in our building layout (see Figure 1).

At this point, we would like to note that the studied building configuration is highly idealized.
In reality, buildings would vary in height and orientation, and courtyard configurations and opening
sizes would be more heterogeneous. However, as we try to focus purely on effects of openings on
courtyard ventilation and pollution, we idealized the building setup to isolate those effects, while still
trying to mimic an urban environment with neighboring buildings.
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In total, the domain size adds up to 480 m in the x-direction and 400 m (case AR03: 600 m) in the
y-direction with a domain height of 531 m. A rectilinear grid with an isotropic grid spacing of 0.4 m
within the lower 200 m of the domain was used. To save computational costs, the vertical grid spacing
(along z-direction) above 200 m was stretched by a factor of 1.08 until it reached 4 m at a height of
247 m, from where on it was kept constant up to the domain top. Overall, the domain consisted of
1200 by 1000 by 602 grid cells (case AR03: 1200 by 1500 by 602) in x- y- and z-direction, respectively.

The simulations were initialized with a logarithmic wind profile reported by Hall et al. [2] and
driven by a horizontal pressure gradient of −1× 10−4 Pa m−1 along the x-direction, resulting in a
mean wind speed of (1.9± 0.3)m s−1 at z = 2H during the analysis period with flow parallel to the
x-direction, while almost constant wind speed during the analysis period.

At the lateral boundaries, we used cyclic conditions at the spanwise boundaries and shifted
cyclic conditions according to Munters et al. [26] at the streamwise boundaries. The shifted cyclic
condition was used to prevent the generation of streamwise-elongated coherent structures that can
appear if pure cyclic conditions are applied [26]. The shifting distance along the y-direction was set
to the size of a single building patch, hence, to 80 m in case AR1 and AR3 and 120 m in case AR03.
Free-slip boundary conditions were applied at the domain top. As surface boundary condition for the
momentum equations (at Earth and building surfaces), Monin–Obukhov similarity theory (MOST) was
applied locally between the surface and the first grid point normal to the respective surface orientation.
This applies for all surfaces, i.e., at horizontal upward- and downward-facing surfaces (at the top
of the lateral opening), as well as at vertical surfaces, following Park et al. [20] and Park et al. [27].
The boundary layer in our simulations is purely shear-driven, i.e., we solved no equation for the
temperature or humidity.

To investigate dispersion of pollutants, e.g., from car exhausts, into the courtyards, we considered
line sources of passive scalar within the street canyons, as indicated by the red lines in Figure 1. These
sources emulate a time-constant, Gaussian-shaped surface scalar flux along the center line of the streets.
This way, we simulated the pollutant release from traffic within the street canyons which allows us
to investigate how such pollutants are transported into the courtyards. Surface fluxes were identical
on all streets, i.e., we did not distinguish between main and side streets with different traffic density.
Besides directly simulating pollutant sources, also other concepts exist which evaluate the ventilation
of the urban environment such as the concept of air delay [28]. The air delay gives an estimate of how
long a specific air parcel resides within the urban environment and this way concludes the ventilation.
However, the main focus of this study is to evaluate how pollutants are advected from outer sources
into the courtyard cavity while lateral openings are considered. Therefore, a direct simulation of scalar
sources is superior to indirect measurements.

The total simulation time for all cases was 4 h. This includes 2 h spin-up time and 2 h analysis time.
Presented data were averaged over the analysis period (2 h) as well as over identical courtyards

(in a simulation, there are two identical courtyard realizations). Before time-averaging, scalar
concentration s was normalized by the time-dependent background concentration sB, which is defined
as the domain-averaged concentration at z = H. The normalization was done to account for any time
dependencies in scalar concentration due to the time-constant scalar flux.

To investigate the relative occurrence of high concentrations within the courtyards and how
these depend on the lateral openings, we calculated probability density functions (PDF) for the scalar
concentration. Concentrations were sampled at the courtyard center at a height of 1.8 m at each time
step during the analysis period. The sampled concentrations were then normalized by sB.

Finally, in the following, we refer to courtyards with westward lateral opening in the front, center,
and back row as “W front”, “W center”, and “W back”, respectively (equivalent for the other opening
orientations, see Figure 1).

The used model parameter lists for PALM for all described cases, as well as the additional code
parts used for data analysis in this study are included in the Supplementary Materials.
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2.2. Balance Term Analysis

To study courtyard pollution in more detail and distinguish between mixing of scalar into
the courtyard through the top opening and the lateral opening, we examined the terms of the
time-averaged scalar transport equation

∂s
∂t

= −∂u1,2 s
∂x1,2

− ∂u3 s
∂x3

− ∂τ1,2,s

∂x1,2
− ∂τ3,s

∂x3
, (1)

where the left-hand side describes the local temporal change of passive scalar s. The first and the
second terms on the right-hand side describe the resolved-scale transport of s in horizontal as well as
in vertical direction, respectively, with u1,2 being the horizontal velocity components and u3 being the
vertical component. The third and fourth terms on the right-hand side are the parametrized turbulent
transport on the subgrid scale in horizontal (τ1,2,s) and vertical direction (τ1,s), respectively. The overbar
indicates the time-averaging. To be consistent with the numerical discretization, we directly used
the flux divergence provided by the advection scheme and the subgrid-scale parametrization. As no
sources or sinks of passive scalar exist within the courtyard volume, the entire passive scalar is
entrained into the courtyard via the openings, so that we can make use of Gauss’s theorem to calculate
the net transport. Thus, integrating Equation (1) over the entire courtyard volume leads to the mean
net transport of scalar along the respective spatial direction,

∫

V

∂s
∂t

∂V =
∫

V

(
−∂u1,2 s

∂x1,2
− ∂τ1,2,s

∂x1,2

)
∂V +

∫

V

(
−∂u3 s

∂x3
− ∂τ3,s

∂x3

)
∂V, (2)

with V indicating the entire courtyard volume up to z = H. The left-hand side describes the
temporal mean accumulation of scalar within the courtyard volume, which is, however, relatively small
compared to the terms on the right-hand side. The first term on the right-hand side of Equation (2)
gives the net transport of scalar via the lateral opening (Tl), while the second term gives the vertical
net transport of scalar via the top opening (Tv). A positive value indicates an increase of passive scalar,
while a negative value indicates a decrease of passive scalar. For closed courtyards, the Tl vanishes so
that scalar accumulation is only due to the vertical transport.

2.3. Evaluation of Pollutant Residence Times

The impact of pollutants on human health depends, among other factors, on the time humans are
exposed to these pollutants [4,5], or, in other words, how long pollutants reside within the courtyard
cavity. To estimate the residence times of pollutants within courtyards, we followed Lo and Ngan [6]
and used a Lagrangian particle model embedded into the LES model, where the residence time
is defined as the time elapsed between the entry of a particle into the region of interest and its
exit [29]. Although the Lagrangian particle model requires higher computational resources, it allows
us to directly measure the residence time and therefore gives more reliable results than indirect
measurements retrieved from scalar concentration values as, e.g., when analyzing the air delay.

The embedded Lagrangian particle model is based on Weil et al. [30], to separate the particle
speed into a deterministic and a stochastic contribution, which corresponds to dividing the turbulent
flow field into a resolved-scale and a subgrid-scale (SGS) portion, respectively, following the LES
philosophy. The resolved-scale velocity is provided by the LES at each time step, while the SGS velocity
is predicted by integrating a stochastic differential equation according to Weil et al. [30], who strictly
adopted the Thomson [31] model to the subgrid scale by assuming isotropic and Gaussian-distributed
turbulence. To parametrize the stochastic particle dispersion on the subgrid scale, the LES provides
local values of the SGS turbulent kinetic energy and the dissipation rate at each time step.

According to Steinfeld et al. [32], the LES data are interpolated bi-linearly on the actual particle
position in the horizontal. In the vertical, a linear interpolation is used, except for the particles located
between the surface and the first grid level, where a logarithmic interpolation according to local MOST
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for the resolved-scale horizontal velocity components is applied. At the solid boundaries, i.e., upward-
and downward-facing as well as vertical building surfaces, we used a reflection boundary condition
for the particles, and cyclic conditions at the lateral boundaries. A more detailed description of the
particle model embedded into the LES model is given by Steinfeld et al. [32] and Maronga et al. [17].

Following Lo and Ngan [6], we calculated the residence time of a particle by summing-up the total
time the particle spent within the courtyard volume. Once a particle exits the courtyard volume by
the lateral or the top opening, the particle age is stored and the particle itself is immediately removed
from the simulation. Particles were released within the courtyard each LES time step at a height of
1.8 m. This particle-source height should be representative for human exposure. Setting the particle
sources within the courtyard only, has the advantage that fewer particles need to be modelled to obtain
sufficient statistics, compared to the case where particle sources are along the street canyons and only
a small portion of the particles would be mixed into the courtyards.

Physically, larger residence times indicate less turbulent mixing and ventilation of the courtyard.
This in turn indicates larger impact of pollutants on human health in case of high concentrations,
compared to smaller residence times [6]. Please note that we focus on residence times only, which is a
pure ventilation measure. Following Lo and Ngan [6], however, the exposure time is a more direct
measure to relate the impact of pollutants on human health as it also considers re-entrainment of
particles into the region of interest, which the residence time does not. However, Lo and Ngan [6]
showed that the number of re-entrainment events is relatively small, so that we decided to focus on
the residence times, for the sake of simplicity and computational effort.

At this point, we want to note that Lo and Ngan [6] did observe particle accumulation near solid
walls in their study (also using PALM) and excluded these regions from their analysis. In preparatory
studies, we could observe similar particle accumulation near solid walls. This accumulation could be
traced back to an erroneous treatment of SGS particle velocities near solid walls, which was fixed in
PALM revision 2418. In the following, we could not observe particle accumulation near solid walls
any more.

2.4. Validation and Grid Sensitivity

To prove PALM’s capability to correctly represent the flow within a courtyard cavity, we
first compare simulation results against data from wind-tunnel experiments by Hall et al. [2] and
Reynolds-averaged simulations by Ryu and Baik [9]. The validation setup consists of a single building
with a closed courtyard (no lateral opening) and an undisturbed incoming flow according to the
wind-tunnel experiments shown by Hall et al. [2]. The building setup (height, width) is similar to
a single building of case AR1 with its center placed at (x, y) = (370 m, 144 m). The domain size for
this case is 620 m by 288 m by 240 m in the x-, y-, and z-direction, respectively, with an isotropic grid
spacing of 0.4 m. The simulation time was 4 h. The complete parameter list of this simulation is
included in the Supplementary Materials.

Figure 2 shows profiles of the normalized and time-averaged u-component of the wind speed
and its standard deviation. Within the courtyard cavity, u agrees well with the data from Ryu and
Baik [9] and Hall et al. [2], except for the lower half of the courtyard where Hall et al. [2] reported a
higher negative u-component, indicating a stronger re-circulation within the courtyard cavity. Above
the cavity, the simulated u-profile agrees fairly well with the observed wind-tunnel data. The variation
u′ can only be compared with the wind-tunnel measurement of Hall et al. [2] as it was not reported by
Ryu and Baik [9]. The simulated u′/u0 is about 0.1 within the courtyard cavity, while Hall et al. [2]
reported larger values of around 0.2 within the cavity. However, other courtyard setups with larger
and smaller ARs reported by Hall et al. [2] showed significantly lower values which are in better
agreement with our validation case. Since the mean wind profile is in good agreement with the data
reported by Hall et al. [2] and Ryu and Baik [9] and u′ shows qualitatively good agreement with
profiles of Hall et al. [2], we are confident that PALM is capable of correctly simulating the flow inside
the courtyard cavity.
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Figure 2. Vertical profiles of normalized (a) u-component of the wind and (b) its standard deviation
u′ at the center of the courtyard. The red curve shows the profiles simulated by PALM, the black
curve the simulated data by Ryu and Baik [9], and the dots data from the wind-tunnel experiments by
Hall et al. [2]. u0 represents the mean oncoming wind speed at z = H (height marked by horizontal
line). The PALM profiles are time-averaged over 3 h.

The scalar dispersion simulated by PALM was previously validated by Park et al. [20] via
wind-tunnel data for a street-canyon case and is therefore not validated again in the current study.

By definition, the results of an LES with implicit filtering, as used in PALM, depend on the grid
spacing [33,34]. In practice, the question is whether the analyzed statistical moments converge towards
finer grid spacing. Hence, we performed a grid sensitivity study where we conducted a simulation
of a single building patch as described above (domain size: 80 m× 80 m), including a courtyard with
an opening in wind direction. Three different grid sizes (1 m, 0.4 m and 0.2 m) were considered and
the simulation time was 10 h. Other simulation parameters were identical to the main simulations
(a detailed parameter list is included in the Supplementary Materials).

Figure 3a,c show the mean wind speed within the courtyard cavity and along the center line of the
opening, respectively. The mean wind speed differs most between the simulation with 1 m and 0.4 m
grid spacing, while the differences between 0.4 m and 0.2 m grid spacing are only small. A similar
behavior can be observed for the standard deviation u′ (Figure 3b,d), even though there are still small
differences between 0.4 m and 0.2 m grid spacing. Hence, as a grid spacing of 0.2 m does not yield to
significantly different results compared to a grid spacing of 0.4 m but would significantly increase the
computational demands, we chose a grid spacing of 0.4 m for all following simulations.

4.2 Research Article

59



Atmosphere 2019, 10, 63 9 of 23

Figure 3. Vertical profiles of normalized (a) u-component of the wind and (b) its standard deviation u′

at the center of the courtyard, as well as horizontal profiles of (c) u and (d) u′ along the center line of
the courtyard opening for different grid sizes. u0 represents the mean oncoming wind speed at z = H
(height marked by horizontal line). Profiles are time-averaged over 3 h.

3. Results

3.1. Mean Flow and Scalar Distribution

3.1.1. Case AR1

Figures 4a–c and 5a–c show vertical and horizontal cross-sections, respectively, of the
time-averaged flow field and scalar concentration for the closed courtyards in case AR1 (ref. Figure 1
and Table 1 for better orientation). Within the courtyard cavities, well-defined re-circulations are
present which extend throughout the entire cavity (Figure 4a–c). Similar well-defined re-circulations
can be observed within the street canyons between the buildings (Figure 4b) as well as downstream of
the back-building row (Figure 4c), where the strongest re-circulations with the largest horizontal extent
into downstream direction can be observed. Furthermore, upstream of “C front” we can observe a small
eddy close to the surface, attributed to the non-blocked oncoming flow through the x-parallel street
canyon (Figure 4a). All these mentioned flow patterns were already focused on in previous studies and
are well documented, e.g., [12,13,35,36]. Furthermore, we refer also to the work of Hall et al. [2] and
Ryu and Baik [9], where the flow pattern within closed-courtyard cavities is already well described.

The highest scalar concentrations can be observed within the street canyons (Figure 4). The largest
values occur near the surface and the leeward walls of the canyon, according to the observed pattern
in previous studies [12,37], as it becomes most obvious downstream of “C back” (Figure 4c), where the
re-circulation can catch up more scalar along the x-parallel street canyon compared to the re-circulations
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downstream of “C front” or “C center” (compare Figures 4a,b and 6a). Within the closed-courtyard
cavities, the concentrations are significantly lower compared to those within the street canyons, with
values slightly lower than sB, while no significant differences can be observed among the front-, center-,
and back-row courtyards.

Figure 4. Xz-cross-section of the mean flow field (vector arrows) and mean scalar concentration
(contours) at the courtyard center for case AR1. Scalar concentration is normalized with the background
concentration sB at z = H. Please note, due to symmetry, courtyards with southern openings show
similar scalar distribution and wind field than those with northern openings and are hence not shown.

If lateral openings are present, the flow and concentration patterns within the courtyards change,
depending on the flow pattern within the adjacent relevant street canyon. For courtyard “W front”, the
opening faces the incoming flow from the upstream x-parallel street canyon. It can thus directly enter
the courtyard, which leads to a significant input of scalar (see Figure 5d) with highest concentrations
near the surface and the lateral opening. Within the “W front” courtyard, the re-circulation is still
present but shifted upwards as well as towards the windward building wall (see Figure 4a,d) compared
to that in the closed case, while in the lower part of the courtyard also a horizontal re-circulation forms
(see Figure 5d). This perturbation of the re-circulation agrees with the findings of Hall et al. [2], who
identified a perturbation of the re-circulation within the courtyard due to lateral openings.

For courtyards “W center” and “W back”, similar re-circulation patterns can be observed within
the street canyon and the courtyard cavity, with low concentrations inside the courtyards. This is
attributed to the re-circulation within the street canyon (courtyard) which points away (towards) the
opening (see Figure 4e,f) and so prevents entrainment of scalar into the courtyard cavity through the
lateral opening.

In contrast, courtyards with an opening on their eastward side (“E front”, “E center”, and “E
back”) show a significantly higher scalar concentration (Figure 5g–i). In these cases, the circulation
within the street canyons transports the polluted air towards the courtyard cavity (cf. Figure 4g–i),
which might be further supported by the circulation inside the courtyard that further distributes the
entrained scalar throughout the cavity.
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Figure 5. Xy-cross-section of the mean flow field (vector arrows) and scalar concentration (contours)
within courtyards at z = 1.8 m for case AR1. Scalar concentration is normalized with the background
concentration sB at z = H. Please note, due to symmetry, courtyards with southern openings show
similar scalar distribution and wind field than those with northern openings and are hence not shown.

If the opening is located at the northern wall, the x-parallel street-canyon flow slightly pushes
polluted air into the courtyard (cf. Figure 5j–l). The strength of this mean inflow as well as the
scalar concentration within and near the lateral opening increases from the front row to the back row.
However, it does not significantly affect the mean flow pattern within the rest of the courtyard and
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the re-circulation is quite similar to that of a closed courtyard (cf. Figure 4j–l). The concentration is
about the same or slightly higher within these courtyards compared to the closed ones as well as “W
center” and “W back”, but it is well below the levels of courtyard “W front” and those with openings
at the eastward wall. Please note, due to symmetry, results for courtyards with openings located at the
northern wall are similar to those with openings at the southern wall.

Figure 6. Xz-cross-section of the mean flow field (vector arrows) and scalar concentration (contours)
along the center of an x-parallel street for case (a) AR1 and (b) AR3. Scalar concentration is normalized
with the background concentration sB at z = H. The black-and-white lines indicate the positions of the
buildings along the street.

3.1.2. Case AR3

Figure 7 shows vertical cross-sections for the high aspect ratio case AR3, where courtyards as
well as the street canyons are three times deeper compared to AR1 (ref. Table 1). The re-circulation
within the courtyard cavities does not extent throughout the entire cavity but occurs only within the
upper part. Close to the surface, a weak secondary counter-rotating circulation is present, similar to
the findings described in, e.g., Hall et al. [2] and Assimakopoulos et al. [12] (see Figure 7a–c). Similar to
case AR1, the non-blocked oncoming flow along the x-parallel street canyon upstream of the front row
causes a small eddy close to the surface at the windward building wall, where also air from the upper
part of the street canyon is transported downwards (see Figure 7a). Likewise, downstream of the back
row, a re-circulation downstream of the building can be observed. The street-canyon flow between
the center and back row shows a comparable pattern as within the courtyard cavity. Between the
front- and center-row building (see Figure 7b), it strikes that the street-canyon flow exhibits a vertical
component which extends down to the surface, which might be linked to the flow along the x-parallel
street canyon.

4.2 Research Article

63



Atmosphere 2019, 10, 63 13 of 23

Figure 7. Xz-cross-section of the mean flow field (vector arrows) and mean scalar concentration
(contours) at the courtyard center for case AR3. Please note, for reasons of space, not all realizations
are shown.

The scalar concentration within the closed-courtyard cavities is lowest near the surface with values
significantly lower than the background concentration; and highest in the upper part where scalar is
vertically mixed into the cavity but not effectively transported downwards. Within the street canyons,
the concentration shows significantly higher values compared to the courtyard cavity, while the scalar
distribution is quite different for the different canyons. Upstream of the front-row building, the largest
values can be observed in the lower part of the canyon further upstream of the street, while directly at
the windward building wall, relatively lower concentrations can be observed which correlates with
the downward transport of less-polluted air from above near the wall (see Figure 7a,d,g).

Between the front and the center row (Figure 7b) the highest concentrations occur near the
surface at the windward building wall, which might be due to the downward component which is
strongest near the leeward building wall where it transports fresh air downward (this, however, needs
further investigation as it is beyond the scope of this study). Between the center- and back-row, scalar
concentration is highest compared to the other street canyons along y-direction (see, e.g., Figure 7b,c),
which is related to the flow and scalar concentration along the x-parallel street as depicted in Figure 6b.
Similar to case AR1, the highest concentrations behind the back-row building can be observed at the
leeward wall, attributed to the re-circulation (compare, e.g., Figures 4c and 7c).

The differences in the flow field and scalar concentration between the y-parallel streets, as
indicated by Figure 7, might be also linked to the flow and scalar distribution along the x-parallel
streets, which is depicted in Figure 6b. Compared to case AR1, the extent of the re-circulation
downstream of the back-row building is significantly larger in case AR3, reaching approximately up
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to the second y-parallel side street. This also affects the scalar distribution along the x-parallel street
canyon, which is more heterogeneous compared to case AR1 (see Figure 6a).

All opened courtyards show an inflow through their lateral opening and hence a higher scalar
concentration compared to the closed courtyards, as indicated by Figures 7 and 8. In contrast to the
closed courtyards, the highest concentrations can be observed within the lower poorly ventilated parts
of the cavities, whereas the better-ventilated upper parts of the cavities exhibit lower concentrations.
For “W front”, the oncoming flow along the x-parallel street enters the courtyard causing a significant
increase of scalar concentration near the courtyard surface (see Figure 8a), similar to case AR1. Caused
by the weak street-canyon circulation, “W center” and “W back” show a mean inflow into the courtyard
cavity, with lower scalar concentration in case of “W center” attributed to the downward-mixing of
less-polluted air from upper parts of the street canyon (Figure 7e).

Figure 8. Xy-cross-section of the mean flow field (vector arrows) and mean scalar concentration
(contours) within courtyards at z = 1.8 m for case AR3. Scalar concentration is normalized with the
background concentration sB at z = H. Please note, for reasons of space, not all realizations are shown.
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Courtyards with an eastward opening indicate an even stronger mean inflow (see Figure 8d–f),
which comes together with high mean concentrations near the courtyard surface. The highest mean
concentrations can be observed for courtyard “E back”, which can be attributed to the near-surface
re-circulation downstream of the building that entrains scalar through the opening into the courtyard.

The north/southward-opened courtyards also show a mean inflow into the courtyard, which
is also accompanied by higher scalar concentrations. The scalar concentration within the courtyard
increases from the front- towards the back-row courtyard (Figure 8g–i), which can be attributed to the
increasing scalar concentration along the x-parallel street canyon, as indicated by Figure 6.

3.1.3. Case AR03

Figures 9 and 10 show vertical and horizontal cross-sections of the mean flow and scalar
concentration for the wide courtyard setup AR03, respectively. As expected, the flow pattern and
scalar distribution within the street canyons is comparable to case AR1. Within the closed courtyards,
however, the re-circulation is shifted towards the windward building wall and covers only about two
thirds of the cavity along the x-direction, while mean scalar concentrations are comparable to those in
case AR1. Furthermore, in Figure 10a it strikes that near the leeward corners of the courtyard a pair of
horizontally re-circulating eddies can be observed.

Figure 9. Xz-cross-section of the mean flow field (vector arrows) and scalar concentration (contours) at
the courtyard center for case AR03. Please note, for reasons of space, not all realizations are shown.

Similar to the other aspect-ratio cases, “W front” shows a mean inflow through its opening,
strengthening the pair of horizontal eddies near the surface and reaching into the courtyard about half
its width (Figure 10b). The re-circulation (Figure 9b) within the courtyard, however, is less affected
compared to case AR1 as it is already shifted towards the windward building wall. The mean scalar
concentration shows higher values about half way into the courtyard near the surface, before it is
transported upwards by the re-circulation and further mixed.

“W back” exhibits high scalar concentration along the tunnel-like opening. This actually
contradicts with the re-circulation in the upwind street canyon that counteracts an inflow through
the opening (similar to case AR1). However, the pair of horizontal eddies within the courtyard might
promote the weak inflow of polluted air into the cavity (see Figure 10c).

Furthermore, it surprises that courtyards with an eastward opening do not show high
concentrations, which is in contrast to case AR1 and AR3 (compare Figure 10d and, e.g., Figure 5g),
even though the re-circulation pattern within the relevant street canyons are similar in shape and
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strength compared to case AR1. Even a weak outflow through the eastward opening can be observed
in Figure 10d (also present but weaker for “E back”).

Results for courtyards with northward and southward openings (not shown) are similar to those
of case AR1, except for the mean scalar concentration which is lower due to the larger courtyard
volume compared to case AR1.

Figure 10. Xy-cross-section of the mean flow field (vector arrows) and scalar concentration (contours)
within courtyards at z = 1.8 m for case AR03. Scalar concentration is normalized with the background
concentration sB at z = H. Please note, for reasons of space, not all realizations are shown.

3.2. Quantification of Net Scalar Transport

In Section 3.1, we showed that the mean scalar concentration within the courtyards can be quite
different among the different courtyard realizations, depending on the orientation of the opening,
the incoming flow, as well as the strength and shape of the street-canyon circulation. The mean
concentration, however, depends not only on the amount of entrained scalar into the courtyard but
also on how long the scalar resides within the courtyard volume. Hence, to quantify how much scalar
is transported through the lateral openings and thus estimate their significance on courtyard pollution,
we calculated the net transport of scalar through the vertical and lateral openings as described in
Section 2.2.

Figure 11 shows the time-averaged net transport of scalar into the courtyard volume by the lateral
and the vertical opening for the different courtyard realizations. Positive values indicate increasing
scalar concentrations within the courtyard and vice versa. As expected, the closed courtyards (black
symbols) show slightly positive net transport through the top opening, which indicates slightly
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increasing concentration within the courtyard cavity during the analysis period. For all ARs, the
highest net transport by the lateral opening can be observed for the “W front” courtyards (blue circle,
Figure 11), attributed to the non-blocked incoming flow. At this point, we want to emphasize that a
high net transport into the courtyard does not necessarily correlate with high scalar concentrations.
This becomes obvious for “W front” and “E back” in case AR3 (blue circle and green square, Figure 11a),
where “W front” exhibits higher net transport than “E back” but shows lower mean concentration (see
also Figure 8a,f). This is because the high net transport through the lateral opening for “W front” is
relatively quickly compensated by the vertical transport across the top opening, while for “E back”, the
entrained scalar resides for a longer time within the courtyard leading to higher mean concentrations.

Figure 11. Net transport of scalar into the courtyard volume through the lateral (abscissa) and the
top opening (ordinate), for (a) case AR = 3, (b) AR = 1, and (c) case AR = 0.3, averaged over 2 h of
simulation time. Net transport is normalized with the background concentration. Positive (negative)
values of net transport indicate increasing (decreasing) scalar concentration within the courtyard cavity.
The dashed horizontal and vertical lines indicate zero values.

For the “W center” and “W back” courtyards (blue triangle and square, Figure 11) the situation is
different among the different ARs. In case AR3 and AR03 (Figure 11a,c), scalar is entrained through
the lateral opening and detrained through the top opening, while in case AR1 (Figure 11b), these
courtyards show a net detrainment of scalar through the lateral opening and a net entrainment of
scalar through the top opening, according to the mean concentration level shown in Figure 4.

For cases AR3 and AR1, the courtyards with eastward openings (green symbols, Figure 11a,b)
show positive net transport through the lateral opening. In contrast, for case AR03 (Figure 11c),
the eastward-opened courtyards show a negative net transport of scalar through the lateral opening.
As we already mentioned in Section 3.1, this is in contradiction to the shape of the circulation patterns
within the courtyard and the adjacent street canyon, which both points towards the courtyard center
and thus should promote the transport of scalar-rich air into the courtyard (see Figure 9d,e). This gives
rise to the question of how important theses circulations are for the transport of scalar through the
lateral opening. Here, we must note that investigating this question is beyond the scope of this study.
Hence, we postpone a more detailed analysis of this contradiction, as well as a quantitative analysis of
the relevant transport mechanisms (re-circulation or random turbulent mixing) responsible for the
lateral mixing of scalar into the courtyard to a follow-up study.

The north/southward-opened courtyards (red symbols) indicate a net transport through the
lateral opening for all ARs, which is in accordance to the high mean concentrations within the
tunnel-like opening (see, e.g., Figure 8). It strikes that the net transport through the lateral opening
is lowest for the front-row courtyard and highest for the back-row courtyard. This is related to
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the increasing scalar concentration along the x-parallel street canyon, with the largest gradient in
concentration between street canyon and courtyard in the back row.

3.3. High Scalar Concentration Events

The previous analysis revealed that mean scalar concentrations within the courtyard cavities are
lower compared to the adjacent street canyons. To estimate the impact on human health, however,
the exposure to high concentrations and their relative occurrence are also relevant. To investigate
whether lateral openings promote the occurrence of high concentrations within courtyards, we
calculated PDFs from the sampled scalar concentrations at the courtyard center at a height of 1.8 m
(representative for human exposure). Figure 12 shows the PDFs for the different ARs and courtyard
setups. Among the different ARs, the closed courtyards (black curves) show similar PDFs with
quite narrow Gaussian-shaped distributions and median values below the background concentration,
indicating that almost no high concentrations are mixed from the top into the courtyard. For case AR03
(Figure 12c), almost all courtyard geometries show PDFs which are quite similar to the closed-courtyard
PDFs. Only the “W front” courtyard (solid blue curve) shows a slightly skewed PDF where scalar
concentrations reach values up to 1.5 times the background concentration, which is due to the direct
inflow of scalar-rich air from the street canyon through the lateral opening. Similarly skewed PDFs
can be observed for the “W front” courtyards in case AR3 and AR1 (Figure 12a,b).

Figure 12. Probability density function of scalar concentration at courtyard center at z = 1.8 m for
(a) case AR = 3, (b) AR = 1, and (c) case AR = 0.3. The scalar concentration is normalized with the
background concentration sB, which is the domain-averaged concentration at z = H.

In case AR1 (Figure 12b), also the eastward-opened courtyards (green curves) exhibit PDFs that
are skewed towards higher concentrations, which is in accordance with the increased lateral mixing of
scalar into the courtyard via the lateral opening (see Figures 5 and 11). In the high aspect ratio case AR3
(Figure 12a), all open-courtyard setups show skewed PDFs that tend towards higher concentrations,
with maximum values multiple times the background concentration. Especially “E back” (green
dashed curve) as well as the north/southward-opened courtyards (red curves) show a significant
number of high-concentration events, according to the high lateral net transport of scalar into the
courtyard (see Figure 11a).

3.4. Residence Time of Pollutants

To estimate for how long scalar resides within the courtyards, we applied a Lagrangian particle
model embedded into the LES and evaluated of how long particles reside within the courtyard cavity.
Figure 13 shows the PDFs of particle residence times for the different courtyard realizations. In case
AR03 (Figure 13c), as expected, no significant differences between the different courtyard setups
can be observed, indicating that the overall impact of lateral openings onto courtyard ventilation is
negligible in this case as all courtyards are already well ventilated by the large top opening. The PDFs
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are skewed towards larger residence times, with a small number of particles that reside up to 2000 s
within the courtyard; we could trace this back to particles that were trapped mainly near the corners
of the courtyard within the pair of horizontal eddies which are most pronounced for “W front” (see
Figure 10). Most particles, however, reside only for a few hundreds of seconds within the courtyard,
with peak positions at about 100 s (see Figure 13c).

Figure 13. Probability density functions of particle residence times within the courtyard volume, for
(a) case AR3, (b) AR1, and (c) case AR03.

Similar PDFs can be observed for case AR1 (Figure 13b), with no significant differences among the
courtyard setups, except for the “W front” courtyard (solid blue curve) with slightly higher residence
times. There, the re-circulation within the courtyard cavity is disturbed by the lateral inflow and does
not reach down to the surface so that vertical particle transport in the lower part of the cavity is less
effective. Taking particle residence times as a direct measure of ventilation, this means that “W front”
openings even slightly decrease courtyard ventilation in case AR1, which agrees with the findings of
Hall et al. [2] who also observed less ventilated courtyards if the flow can directly enter the courtyard
through the opening.

For the high aspect ratio case AR3 (Figure 13a), the peak positions are shifted towards longer
times of about 1800 s to 2300 s, meaning that particles reside for a significantly longer time period
within the courtyard compared to the lower aspect-ratio cases.

This is not surprising for two reasons: first, the vertical distance between the particle source
and the particle sink at the top opening is larger compared to AR1 and AR03; and second, the flow
near the surface is detached from the upper part within the courtyard as shown in Figure 7, which
reduces turbulent mixing within the lower part of the courtyard. For AR3 (Figure 13a), it strikes that
“E center” (dotted green curve) as well as the north/southward-opened courtyards (red curves), exhibit
a secondary peak at about 100 s, with a significant number of particles reside only for a short period
of time within the courtyard cavity, while the bulk of particles reside for longer period of time. This
secondary peak indicates intermittent mixing events where particles are quickly mixed out of the
courtyard at some point in time; in fact, we could observe intermittent events in the scalar timeseries
sampled at the courtyard center for these courtyards (not shown). At this point, however, we note that
the physical mechanisms that promote this behavior for these building setups are not clear, drawing
the need to investigate this in more detail in follow-up studies.

Furthermore, we note that the larger residence times observed in case AR3 come together with
the increased number of high-concentration events as discussed in Section 3.3. This, in turn, suggests
that scalar that is once mixed into the courtyards remains there for a longer time, increasing the human
exposure to pollutants in such courtyard geometries.

4. Conclusions

We performed a set of LESs for idealized building-courtyard setups where we altered the
height-to-width ratio of the courtyard cavities. Based on this, we studied the effect of tunnel-like
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lateral openings onto courtyard ventilation and pollution. We considered different orientations of
lateral openings with respect to the mean flow direction, as well as different arrangements of the
building blocks, with non-blocked and blocked oncoming flow in the front- and center/back-building
row, respectively.

To estimate courtyard ventilation, we calculated residence times using a Lagrangian particle model
embedded into the LES. Courtyards with an AR of one (courtyard width equals courtyard depth)
and wide courtyards show similar residence times with mean values of a few hundreds of seconds,
indicating that both geometries are similarly ventilated. In contrast, deep courtyard geometries show
significantly larger residence times with mean values of more than half an hour. We showed that lateral
openings can affect courtyard ventilation in different ways, ranging from increasing to decreasing the
ventilation. Wide courtyards show almost no impact of lateral openings on ventilation as these are
already well ventilated via the top opening. Also, courtyards with an AR of one show no significant
effect of lateral openings onto the ventilation, except for windward lateral openings in the front row.
There, courtyard ventilation is slightly decreased since the re-circulation within the courtyard cavity is
partly disturbed by the direct lateral inflow, so that the vertical exchange within the lower half of the
cavity is less effective, which is in accordance to the results shown by Hall et al. [2].

In terms of ventilation, the deep courtyards indicate a more complex behavior. Courtyards with
windward openings as well as leeward openings in the front and center row show similar residence
times than closed courtyards. This is different for lateral openings with orientation perpendicular to
the mean flow as well as leeward-orientated openings in the back row. There, the residence times
indicate the occurrence of two alternating regimes, one similar to that in the closed-courtyard case
with large residence times indicating poorly ventilated courtyard cavities, and a second one with low
residence times indicating well-ventilated cavities. However, within this study we did not analyze
this in more detail, nor did we figure out what are the responsible mechanism that promote such
intermittent mixing events. This must be part of future research.

To study the effect of lateral openings onto courtyard pollution, we emitted a passive scalar along
the center of the street canyons, emulating pollution by traffic. For the deep courtyards, on average,
scalar is entrained through the lateral opening and detrained through the top opening for all considered
courtyard realizations. The largest entrainment can be observed through the windward openings in
the front row, where the flow can enter the courtyard unhinderedly. Courtyards with leeward openings
in the back row show also large entrainment of scalar through the lateral opening, as the re-circulation
downstream of the building transports high scalar concentrations towards the opening. Likewise,
deep courtyards with openings orientated perpendicularly to the mean flow are strongly polluted as a
mean inflow develops from the street canyon into the courtyard.

The large entrainment also causes deep courtyards with lateral openings to show a significant
increase of mean scalar concentration as well as an increased number of high-concentration events
compared to closed courtyards. This, in turn, reveals the negative impact of lateral openings on the air
quality in deep courtyards. In addition, this comes together with large particle residence times in deep
courtyards, indicating that once high scalar concentration is mixed into the courtyard cavity, it stays
therein for a while. However, to estimate the impact on human health issues, future studies need to
draw a clear connection between high scalar concentrations and large particle residence times, where
this study was not designed for. For example, suppose high concentrations are recurrently entrained
into the courtyard but mixed out relatively quickly, while low concentrations remain in the courtyard
cavity for a longer time. Now, suppose a situation where high concentrations are only entrained into
the courtyard occasionally but mixed out very slowly. Both situations could lead to similar particle
residence times, high-concentration events, and mean concentrations but may have a significantly
different impact on human health, e.g., [4,5,15].

For courtyards with an AR of one, scalar is entrained through the lateral opening and detrained
through the top opening for most of the courtyard realizations. Largest entrainment could be observed
through the windward openings in the front row and through the leeward openings, where also the
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highest mean concentrations as well as the highest number of high-concentration events could be
observed. For windward lateral openings in the center and back row, however, the situation becomes
different and, on average, scalar is detrained through the lateral opening and entrained through the
top opening. This is mainly attributed to the re-circulation within the crosswind-aligned street canyon
and the courtyard circulation which cause a mean outflow through the opening.

For wide courtyards, again, the largest net entrainment through the lateral opening can be
observed for windward openings in the front row, while detrainment through the lateral opening can
be observed for the leeward openings.

To summarize, the effects of lateral openings on courtyard pollution and ventilation are diverse.
In general, it can be said that the influence of lateral openings weakens for decreasing AR (courtyards
become wider). For courtyards with low AR, the ventilation and pollutant de- and entrainment
through the top dominates, so that laterally opened courtyards exhibit very similar flow patterns and
scalar distributions as closed courtyards. In contrast, for high ARs, lateral openings strongly alter
the ventilation and air quality within courtyards, as the bottom part of the courtyard cavity is poorly
ventilated from the top opening.

We note that our idealized study only covers a small part of possible courtyard configurations and
air pollution scenarios. For example, different opening sizes or opening locations that are not centered
may also affect the entrainment of scalar into the courtyards, as well as the flow within the courtyard
and thus its ventilation. Hall et al. [2] had shown that also solid obstacles at the courtyard surface
decrease the ventilation and increase concentrations near the surface. We expect the same for plant
canopy located within courtyards, which would perturb the courtyard circulation and suppresses
turbulent mixing. This case, even wide courtyard geometries may become poorly ventilated by the top
opening, so that the impact of lateral openings on air pollution gains further relevance.

In this study, we considered only scalar sources on the streets. However, inner-courtyard sources
(courtyards are also often used as car parks) or domestic fuel may also be important with respect to
the air quality within courtyards. Hence, lateral openings may possibly become even important for
scalar removal from courtyards.

Also, buildings and roof shapes, e.g., [13], as well as variable building heights, e.g., [12,14] may
alter courtyard ventilation, to name only a few of possible parameters.

Another aspect we neglected in our study are buoyancy effects. Thermodynamic effects can
significantly alter ventilation patterns in street canyons [20] or even in entire cities [38]. We expect this
will account for courtyards as well. Especially in warmer climates, where courtyards are often used to
control indoor ventilation and cooling, different studies, e.g., [39] already revealed that courtyards of
different depth can increase or decreased thermal ventilation.

Supplementary Materials: The complete list of parameters for all presented simulations as well as the modified
code parts used in addition to the standard code base of PALM are available online at http://www.mdpi.com/
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Abstract: Ventilation in cities is crucial for the well being of their inhabitants. Therefore, local governments
require air ventilation assessments (AVAs) prior to the construction of new buildings. In a standard
AVA, however, only neutral stratification is considered, although diabatic and particularly unstable
conditions may be observed more frequently in nature. The results presented here indicate significant
changes in ventilation within most of the area of Kowloon City, Hong Kong, included in the study.
A new definition for calculating ventilation was introduced, and used to compare the influence
of buildings on ventilation under conditions of neutral and unstable stratification. The overall
ventilation increased due to enhanced vertical mixing. In the vicinity of exposed buildings, however,
ventilation was weaker for unstable stratification than for neutral stratification. The influence
on ventilation by building parameters, such as the plan area index, was altered when unstable
stratification was considered. Consequently, differences in stratification were shown to have marked
effects on ventilation estimates, which should be taken into consideration in future AVAs.

Keywords: convective boundary layer; LES (large-eddy simulations); street-level ventilation

1. Introduction

Air ventilation is a crucial factor of city climate and has a major impact on the well being of the
urban population. The wind field within a city, and hence ventilation, is markedly influenced by
the actual building setup (e.g., [1–3]). Accordingly, local governments, particularly those of larger
cities, have started to regulate the construction of new buildings to maintain or improve ventilation.
As a consequence, an air ventilation assessment (AVA) is usually required to obtain approval for
large building projects [2]. These AVAs typically only require wind tunnel experiments. However,
wind tunnel experiments have the disadvantage of usually only being capable of reproducing neutrally
stratified atmospheric conditions, and the effects of diabatic stratification on ventilation are neglected.
This is often justified when focusing on high wind speeds, where mechanically induced turbulence
has a greater influence on ventilation than turbulence generated by buoyancy, which is only present if
diabatic stratification is considered.

However, the most crucial situations for city ventilation are those where only a low wind speed
is present, which drastically reduces ventilation. For such situations, the building setup must be
well organized to ensure sufficient ventilation of the whole city area. However, the assumption that
buoyancy-driven turbulence only has a minor influence on ventilation is not true in such low-wind
situations. Particularly for regions with regularly occurring low wind speeds, an AVA that solely
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focuses on neutral conditions may not include the actual ventilation effects of planned buildings within
the study area. Therefore, the validity of such an AVA would be limited.

This study was performed to identify the limitations if only neutral conditions are considered
when analyzing air ventilation under weak-wind conditions. We computed and compared the
ventilation under neutral and unstable atmospheric conditions. Ventilation analyses were performed
for Kowloon City, Hong Kong, by large-eddy simulations (LES).

The LES technique predicts the wind field within a building array more accurately than a
Reynolds-averaged Navier-Stokes (RANS) simulation [4]. LES resolves the large energy-containing
turbulence elements (eddies) and only parameterizes the small (sub-grid)-scale turbulence, while the
RANS technique parameterizes the whole turbulence spectrum. This also has the advantage that the
convective up- and downdrafts are directly simulated within the LES instead of being parameterized,
which tends to give more realistic results.

Although there have been many studies regarding ventilation within large cities, particularly
Hong Kong (e.g., [5–9]), there have been few high-resolution LES studies dealing with large real
urban areas. Letzel et al. [10] investigated the ventilation in two areas within Kowloon City for
neutral conditions using LES. They concluded that the urban morphology has a marked impact
on ventilation. The ventilation of a single city quarter can be affected by its surroundings, which
implies that neglecting the surrounding city area may lead to inaccuracies in ventilation analysis.
Ref. Park et al. [11] utilized an LES model to study the ventilation in a region of roughly 7 km2 within
the densely built-up metropolitan area of Seoul, South Korea. Their results showed good ventilation of
wide streets and at intersections, while poor ventilation was observed in densely built-up areas.

However, the above studies only analyzed neutral conditions excluding thermal buoyancy effects.
Park and Baik [12] included thermal effects by surface heating, and found that the spanwise flow is
stronger within an idealized building array compared to the non-heated case. Yang and Li [13] focused
on the influence of stratification on ventilation considering a very simplified building array with a
maximum of 21 blocks to simulate Hong Kong city. Turbulence was fully parameterized by the RANS
model used in their study. Generally, higher ventilation was reported for unstable stratification in
the case of weak background wind compared to neutral stratification. However, the simplifications
(building setup and fully parameterized turbulence) allowed only a general evaluation of ventilation.

In this study, LES was used to analyze and compare ventilation in a large real metropolitan
area (Kowloon City) for neutral and unstable stratification, whereas previous studies only focused
on idealized building setups (e.g., [13]). There are a number of additional challenges for unstable
stratification, including that a large model domain is required to catch all relevant turbulent structures,
which are considerably larger than for neutral stratification, while the grid size must be kept small to
sufficiently resolve the street-canyon flows (e.g., [10]). This substantially increases the computational
expense of the simulations. Special attention must also be given to the choice of lateral boundary
conditions such that they do not alter the ventilation results within the analyzed area. The comparison
of ventilation for neutral and unstable stratification purely focused on the differences in how buildings
influence ventilation under different stratification conditions. Ventilation effects due to differential
heating between the city and the surroundings (e.g., sea-breeze effects) have not been studied and
model setups have been chosen in a way that they are explicitly excluded. To the best of our knowledge,
this is the first LES study to encompass a large realistic city domain with high (2 m) resolution and to
compare ventilation results for different stratification.

The local government of Hong Kong initiated its AVA program focusing on summer weak-wind
conditions [2]. These are the most hazardous conditions, as the weak wind in summer leads to a rapid
increase in heat stress on the population and pollutants accumulate quickly in the streets because of
reduced ventilation. This study therefore focused on these conditions.

The following text is divided into three parts. First, Section 2 presents a description of the
simulation setup and the methods used; and Section 3 discusses the simulation results and compares
two cases with different stratification. Finally, the conclusions are given in Section 4.
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2. Model and Case Description

2.1. LES Model

The LES model PALM [14,15], version 4.0 revision 1746 (developed at the Insitute of
Meteorology and Climatology of Leibniz Universität Hannover, Hannover, Germany), was used
to perform the simulations in this study. It has been previously used to simulate the atmospheric
boundary layer in densely built-up areas (e.g., [10,11,16]), and was successfully validated against
wind-tunnel measurements within urban-like building arrays using neutrally and unstable stratified
conditions [12,16,17]. PALM solves the non-hydrostatic incompressible Boussinesq equations.

2.2. Simulation Setup

Two cases were simulated with different types of atmospheric stratification. The first case featured
neutral stratification, while the second had unstable stratification.

The simulation domains for the neutral and unstable cases are shown in Figure 1a,b, respectively.
The simulated city area is detailed in Figure 1c and included an area of about 3.9 km× 4.7 km of
Kowloon City. The same city area was used for both cases. Orographic features within the city area
and the surroundings were neglected in order to limit ventilation effects purely to buildings and
atmospheric stratification. The city was oriented south-north along the x (streamwise) direction and
east-west along the y (spanwise) direction due to model constraints.

re
cy

cl
in

g 
ar

ea

city area recycling area city area

Figure 1. Domain setup for the (a) neutral case and (b) unstable case; building height information is
depicted in (c). The dashed line marks the recycling area. The gray rectangle marks the city area shown
in detail in (c).
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A buffer region around the city ensured that the city area was not influenced by the domain
boundaries. The buffer region had a width of 500 m at both sides (spanwise direction) and a length of
1000 m at the windward and leeward sides of the city. In the neutral case, the buffer region in front
of the city had to be enlarged to 2000 m. The reduced mixing in the neutral case caused the blocking
effects of the buildings to reach further upstream than in the unstable case, which required a larger
windward buffer region.

To ensure a realistic turbulent inflow, a turbulence recycling method was used at the upstream
boundary, which is described in more detail in Section 2.3. This method required an additional
recycling domain at the inflow boundary with its length depending on the sizes of the turbulent
structures. In the neutral case, a length of 1 km was sufficient for the recycling domain, while a length
of 6 km was required in the unstable case. Upstream topographic features like Hong Kong Island were
not considered. The outflow boundary condition used at the downstream boundary is described in
Section 2.4. Cyclic boundary conditions were used in the spanwise direction.

The total domain sizes summed to 8 km (neutral case) and 12 km (unstable case) in the streamwise
direction, 6 km in the spanwise direction, and 2.6 km in the vertical direction. Due to restrictions
of the model grid, the exact domain size was 8192 m × 6144 m × 2653 m in the neutral case and
12.288 m× 6144 m× 2653 m in the unstable case.

The grid size was set to 2 m in each direction according to the results of a grid sensitivity study
(see Appendix A). Starting at a height of 1100 m, the vertical grid size increased by 4% at each height
level up to a maximum grid size of 40 m to reduce the computational time.

A Dirichlet boundary condition was applied at the top boundary and the Monin–Obukhov
similarity theory was used at the bottom boundary as well as at the building walls. The roughness
length was set to 0.1 m at each surface to account for roughness elements in the streets such as
billboards, cars, and so forth. At the top boundary, Rayleigh damping was used to prevent the
reflection of gravity waves.

In the unstable case, a constant near-surface heat flux of 0.165 K m s−1 (approximately 200 W m−2)
was applied at every horizontal surface while a heat flux of 0 was set at all vertical building walls.
This setup was comparable to the situation at noon in the summer with the sun situated in the zenith
heating only horizontally oriented surfaces. Any additional heat release from buildings, for example,
by air conditioning systems, was neglected. In addition, no distinction was made for different land use
or land covers like water bodies or roads (i.e., no difference in surface heat flux). This simplification
prevented the development of secondary circulations like sea-breeze, which would otherwise affect
city ventilation [18].

The geostrophic wind was set to 1.5 m s−1 with a southerly wind direction (along a positive x
direction), and the potential temperature θ was set to a constant value of 308 K within the boundary
layer. This corresponded to daytime summer weak-wind conditions. To initialize the unstable case,
a capping inversion layer was set above a height of 700 m where θ increased with a vertical gradient
of 0.01 K m−1. A large-scale subsidence velocity was used to limit the growth of the boundary layer
during the simulation. This prevented drifts in average wind speed and turbulence characteristics
within the boundary layer. The large-scale subsidence velocity was set to zero at the surface and
decreased linearly until it reached −0.025 m s−1 at a height of 700 m from which it remained constant.
After a spin-up time of 2 h, the boundary layer reached a height of 900 m and increased by only 60 m
during the analysis period. The Coriolis force was taken into consideration.

Each simulation was initialized with turbulent three-dimensional velocity and temperature fields
received from a precursor simulation with cyclic boundaries and a flat surface, and otherwise used the
same setup as the main simulations.

Both cases were integrated over 6 h. Within the first 2 h, the turbulent fields adjusted to the
urban surface and the simulations reached a quasi-stationary state. After this spin-up time, both cases
were simulated for an additional 4 h to gain stable average values for the analysis. Simulations were
performed using the Cray-XC40 supercomputer of the North-German Supercomputing Alliance
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(HLRN) in Hannover, Germany. Due to the large domains and high spatial resolution, more than
7× 109 and 12× 109 grid points had to be used for the neutral and unstable case, respectively.
The simulations required between 20 h and 60 h of computing time using more than 12,000 cores.

2.3. Inflow Boundary Conditions

To impose realistic inflow conditions on the LES, a turbulence recycling method was used at the
inflow boundary following the method proposed by Lund et al. [19] and Kataoka and Mizuno [20].
A subdomain, named “recycling area” in Figure 1, was included in the simulation domain at the inflow
boundary. Within this recycling area, the turbulence information Ψ′ was recycled. Ψ′ is defined as

Ψ′ = Ψ− 〈Ψ〉y , (1)

where 〈. . . 〉y denotes the spatial average along the spanwise or y direction, and is calculated at the
downwind boundary of the recycling area. At the inflow boundary, Ψ′ was added to a fixed mean
inflow profile. Ψ was one of u, v, w or e, which were the wind velocity components in streamwise (x),
spanwise (y), and vertical (z) directions, and subgrid-scale turbulent kinetic energy, respectively.

In the case of potential temperature θ, the method was altered such that, instead of the turbulent
signal, the instantaneous value θ was copied from the downwind boundary of the recycling area
and pasted to the inflow boundary. This ensured that the temperature level at the inflow boundary
was equal to that in the simulation domain. Using the standard recycling method instead would
cause a horizontal temperature gradient because the vertical temperature profile at the inlet would
be fixed, while θ increased due to surface heating in the model domain. Then, this gradient would
trigger a secondary circulation and hence alter the ventilation within the whole simulation domain.
Although such a secondary circulation does occur in reality due to different surface heat-fluxes between
Kowloon City and the surrounding bay, this effect on ventilation was omitted as it was not within the
aim of the study.

The size of the recycling area was bound to the size of the turbulent structures present in the
atmosphere. To ensure that the turbulent structures are not restricted by the size of the recycling area,
its size must be large enough to enable the development of several turbulent structures of the largest
occurring size but at least double the boundary layer height. In the neutral case, the boundary layer
reached a height of 500 m. Hence, the size of the recycling area was set to 1 km in the streamwise
direction, which proved to be sufficient. In the unstable case, the diameter of the convective cells,
which was about 2 km, defined the size of the recycling area. To ensure that the convective cells could
develop freely without being restricted by the boundaries of the recycling area, its size was set to
three times the convective cell diameter, which was 6 km. Due to technical restrictions of the model
grid, the actual size of the recycling domain was set to 1024 m and 6144 m in the neutral and unstable
cases, respectively.

2.4. Outflow Boundary Condition

In PALM, a radiation boundary condition [21,22] was set as the standard outflow condition in
the non-cyclic boundary case. However, this could not be used in the current study. The radiation
boundary condition required a positive outflow (i.e., u > 0, at all times). This is not a problem if
a sufficient background wind is considered like Park et al. [11] or Gryschka et al. [23] did. In this
study, however, the weak background wind did not ensure that no negative u values occurred at the
outflow boundary, particularly in the unstable case where strong turbulent motions were present.
Once negative velocities occurred at the outflow, they were artificially strengthened by the radiation
condition. This led to strong inward-directed artificial winds at the outflow boundary, which persisted
in time.

To prevent these strong artificial winds, a new technique was introduced to handle the outflow.
The instantaneous values of u, v, w, θ, and e were copied from a vertical plane (source plane), positioned
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500 m in front of the outflow boundary, and then pasted to the outflow boundary. As the values were
taken from within the simulation domain, they changed according to the flow field around the source
plane and negative values were not artificially strengthened. This way, negative values were possible
at the outflow boundary. It should be noted that this method was a technical workaround and did not
represent the actual physics. However, the modification to the flow field was limited to the area close
to the outflow boundary. A buffer zone of 1 km width ensured that the analysis area was unaffected by
the boundary condition.

3. Results

The following analysis showed the differences in ventilation in varying atmospheric conditions.
The analysis focused on the pedestrian height level 2 m above ground. All of the data are presented as
averages during the last 4 h of each simulation unless otherwise stated.

First, to verify that the above-mentioned boundary conditions produced reasonable results,
particularly from a meteorological viewpoint, Figure 2 shows the non-averaged vertical velocity
component w and potential temperature θ for the unstable case at a height of 100 m at the last time step
of the simulation. At this time point, the boundary layer reached a height of 960 m. The hexagonal
structures visible in these figures had a size of about 2 km, which is within the typical range of
2–3 times the boundary layer height for a convective boundary layer [24]. Consequently, the size
of the recycling area chosen was large enough to enable the development of several convective
structures. Furthermore, no general horizontal temperature gradient was visible within the streamwise
direction. This is because the temperature profile at the inflow boundary was constantly updated
to the temperature level within the model domain as described in Section 2.3. Finally, none of the
fields depicted in Figure 2 showed any visual effects due to the newly introduced outflow boundary
condition, but retained their characteristics throughout the whole simulated domain.

Figure 3a,b depicts the magnitude of the time-averaged three-dimensional wind vector at
2 m height

V2m =
√

u2 + v2 + w2
∣∣∣∣
z=2m

(2)

for the neutral and unstable cases, respectively. It is obvious that V2m was significantly higher
throughout the whole city area and its surroundings in the unstable case compared to the neutral case.
The average of V2m in the unstable case was about 0.68 m s−1 or 1.9 times higher than that in the neutral
case. The higher wind velocity in the unstable case was related to the greater downward vertical
transport of momentum from above the city due to buoyancy-induced turbulence. It reflected the
typical increase in near-surface winds during daytime (unstable stratification) compared to nighttime
(neutral or stable stratification).

Figure 4 shows the vertical profile of the time and horizontally averaged horizontal wind vector∣∣∣~vh

∣∣∣ =
√

u2 + v2 for both cases within the recycling area (i.e., without building effects). The strong
vertical mixing led to a higher velocity near the surface in the unstable case than in the neutral case.
As a result, the unstable case gave better ventilation than the neutral case with regard to ventilation
solely at local near-surface wind speed. This was not related to any building effect and only reflected
the change due to differences in stratification.

Usually, ventilation within the city is quantified using the velocity ratio

Vr =
V2m

Vref
, (3)

where Vref denotes a reference velocity often defined as
∣∣∣~vh

∣∣∣ at a height well above the city area [2,10].
However, this definition of Vref resulted in a higher Vr in the unstable case than in the neutral case
according to general differences in the vertical distribution of horizontal wind speed (higher wind
speed near the surface, lower wind speed within the boundary layer in the unstable case than in
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the neutral case, cf. Figure 4). This effect made it extremely difficult to detect and analyze the
separate effects of the buildings on Vr for the different stratifications. To eliminate this trivial, purely
stratification-related difference between the two cases, Vref was redefined as V2m calculated over the
flat surface in front of the city area.

This adapted definition of Vr excluded the differences in vertical profiles between both cases,
as now V2m and Vref are both calculated at the same height level within and outside the city region.
Consequently, only differences in ventilation caused by the buildings under different stratification
were emphasized. A Vr < 1 indicated reduced wind speed (low ventilation), while Vr > 1 was related
to a higher wind speed (high ventilation) compared to that outside the city.

Figure 2. Instantaneous vertical wind velocity (a) and potential temperature (b) for the unstable case
after a simulation time of 6 h at a height of 100 m. The solid inner rectangle marks the city area.
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Figure 3. Averaged three-dimensional wind velocity at 2 m height for the (a) neutral case and
(b) unstable case. Buildings are shown in gray.

Figure 4. Vertical profile of the wind speed of the mean horizontal wind vector |~vh| within the recycling area.

Figure 5a,b shows the newly defined Vr for the neutral and unstable cases, respectively. In the
neutral case, Vr was significantly less than 1 within the city area. The low Vr, which was related to a
decrease in V2m between the surroundings and the city, resulted from the buildings that were blocking
the airflow within the city area. However, at the corners of exposed buildings, Vr increased as the
air was forced to move around the buildings, which was consistent with well-known flow patterns
around bluff bodies (e.g., [25]). In the unstable case (Figure 5b), such local influences of the buildings
on Vr were significantly reduced in general, resulting in a more uniform distribution of Vr throughout
the domain analyzed. Areas of high Vr in the neutral case still showed Vr > 1 in the unstable case, but
the magnitude of the increase in Vr was significantly lower (e.g., at the edges of the large building
complex at position (x, y) = (1.2 km2, 3.6 km2).

5.2 Research Article

83



Atmosphere 2017, 8, 168 9 of 15

Figure 5. Velocity ratio Vr for the (a) neutral case and (b) unstable case.

A better view of the differences in Vr is shown in Figure 6, which shows the normalized velocity ratio

Vr,norm =
Vr(unstable)
Vr(neutral)

. (4)

Within the city, Vr was up to four times higher in the unstable case than in the neutral case.
However, at the edges of the exposed buildings and at the windward edge of the city, Vr was only
about 0.6 times its value in the neutral case. In the neutral case, the buildings blocked the airflow and
forced the air to circulate around them horizontally. For reasons of continuity, the air was accelerated
at the edges and decelerated at the leeward side of the buildings. In the unstable case, however,
stratification made it much easier for the blocked air to flow over the buildings. This significantly
reduced the air volume that was forced around the buildings, thereby preventing a strong increase in
Vr around the exposed buildings. Furthermore, the enhanced vertical exchange in momentum due
to convection led to higher Vr at the leeward side of these buildings and was also responsible for the
strong increase in Vr within the city. The average Vr was about twice as high in the unstable case than
in the neutral case.

The increase in Vr within the city area for the unstable case compared to the neutral case was also
found by Yang and Li [13], who reported that flow rates through street canyons were higher in an
unstable stratified atmosphere compared to those under conditions of neutral stratification. However,
the reduction of Vr in the vicinity of exposed buildings was not reported, which was because Yang and
Li [13] only used a very simplified building setup that did not include exposed buildings.

Further effects of a change in stratification on the ventilation could be derived from correlations
of Vr with different building parameters. Figure 7a,b shows the scatter plot for Vr and the average
building height Havg and for Vr and the plan area index λp (building area divided by total area),
respectively. For this, the city was divided into non-overlapping 100 m× 100 m patches. The data
points represent the average values within each of the patches. Data for the neutral and unstable cases
are depicted by blue dots and red crosses, respectively.

Figure 7 shows that Vr(unstable) > Vr(neutral) as most data points for the neutral case lay
within 0.1 and 0.7, while, for the unstable case, the majority of data points were within 0.5 and 1.1.
However, no significant correlation was found between Havg and Vr (Figure 7a). For both stratifications,
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the coefficient of determination is R2 < 0.1. This means that Havg had almost no influence on Vr

in the neutral or unstable case. By contrast, Hang et al. [26] observed higher wind speed in a tall
idealized building array compared to a shallower building array considering neutral stratification.
The dependency found by Hang et al. [26] was related to perfectly aligned buildings channeling the
flow within the idealized building arrays. In this case, higher buildings improved the channeling
effect as a larger air volume was blocked at the front of the building array and forced into the streets.
This effect was not observed in the simulations in this study, in which streets were randomly aligned
to the wind direction.

Figure 6. Normalized velocity ratio Vr,norm. Values above 1 indicate higher Vr in the unstable case,
while values below 1 indicate higher Vr in the neutral case.

Figure 7b shows the scatter plot for Vr and λp. In the neutral and unstable cases, Vr and λp show
a negative correlation. This was also reported by Hang et al. [26] for the neutral case. An area with
high λp described a dense built-up area with narrow streets where the wind velocity was significantly
reduced resulting in a low Vr. By contrast, a mostly open-space area, where λp was low, had less
influence on the wind field and therefore Vr was high in such areas.

However, determination of the correlation varied between the neutral case and the unstable case.
In the neutral case, the correlation was weak as Vr showed a high level of variation for a specific λp.
This resulted in a low R2 of 0.104. In the unstable case, the impact of λp on ventilation was significantly
higher than in the neutral case as R2 was 0.511, which resulted from less variation in Vr for a given λp.

This difference in correlation between the two cases can be explained when considering the
influence of the wind direction. In the neutral case, the ventilation was highly dependent on the
orientation of the wind direction with regard to the orientation of the streets [27]. The wind direction
changed only slightly at a given point in the neutral case. Figure 8 shows representative measurements
of wind direction for both cases at position (x, y) = (2713 m, 2671 m), which is the center of a street
crossing within the city center. The wind direction varied between 54◦ and 188◦ for the neutral case,
while the wind came from all directions in the unstable case. At the same time, the orientation of
the streets within Kowloon was heterogeneous, with many patches existing with the same λp but
different street orientations. Therefore, in the neutral case, some patches experienced good ventilation
as their streets were oriented favorably for the given wind direction, while other patches constantly
experienced unfavorable winds and therefore were poorly ventilated. Therefore, Vr varied markedly
in the neutral case for a given λp. As stated above, in the unstable case, ventilation was dominated
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by vertical mixing. Due to the strong convective motions and low background wind speed, the wind
direction changed frequently (Figure 8). Therefore, the actual orientation of streets according to the
wind direction was less important in the unstable case than in the neutral case. The main parameter
determining the ventilation for the unstable case was therefore the amount of void space where
convective motions could develop. This was related to λp, as it gave the ratio of occupied area to the
total area. As R2 > 0.5, λp was the key parameter determining the ventilation for the unstable case.

Figure 7. Scatter plot for Vr and (a) the average building height Havg and (b) the plan area index λp.
Each point represents an average value inside a 100 m× 100 m area within the city. Blue dots represent
the neutral case and red crosses represent the unstable case.

Figure 8. Time series of wind direction at position (x, y) = (2713 m, 2671 m) in the city center.
Blue dots represent the neutral case and red crosses represent the unstable case.

4. Conclusions

This study compared ventilation in Kowloon City, Hong Kong, under conditions of neutral
and unstable atmospheric stratification. For the comparison, a summer weak-wind situation with a
geostrophic wind of 1.5 m s−1 was chosen, as this condition was also the primary target of AVAs for
Kowloon City.

An alternative definition of ventilation via the velocity ratio Vr was presented. The standard
definition considers the vertical distribution of wind velocity, and therefore depends on the
stratification. The new definition neglected this vertical distribution and purely focused on the impact
of obstacles under conditions of varying stratification, as it was directly calculated from the reduction
of the wind velocity due to blockage of airflow by buildings. This enabled a better comparison of the
influence of building on ventilation under different stratification conditions.
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The averaged ventilation in the unstable case was about double that in the neutral case. This was
due to the large convective eddies in the unstable case, which created a high degree of variation in wind
direction and strong up- and downdrafts. The strong vertical motions reduced the decelerating impact
of buildings on the flow field, as it was easier for the air to flow over them. However, this also reduced
acceleration effects at the side edges of exposed buildings, which appeared in the neutral case. In these
areas, Vr was reduced to 0.6 times its value in the neutral case. Consequently, considering only neutral
stratification when analyzing the ventilation of a city area was insufficient, as the ventilation appeared
to be significantly changed, positively and negatively, under conditions of unstable stratification.

A linkage between the plan area index λp and Vr was found similar to other studies for neutral
stratification where low Vr corresponds to high λp. However, the correlation between both variables
was stronger in the unstable case than in the neutral case. In the neutral case, the correlation was
reduced because, apart from λp, the orientation of the buildings in relation to the wind direction also
influenced ventilation. In the unstable case, no distinct wind direction was present as it changed
frequently due to the convective motions. This led to a smaller influence of the building orientation
and a greater influence of λp on ventilation. Therefore, for cities where convective low-wind conditions
are often present, such as Hong Kong, city planning should focus more on reducing λp to improve city
ventilation than on the orientation of buildings and streets.

In contrast to other studies, no correlation was found between the average building height Havg

and Vr. As these other studies only focused on idealized homogeneous block arrays, it is possible that
the idealized cases overestimated the channeling induced by these idealized building arrays.

The results of this study indicated that AVAs should not focus purely on neutral stratification but
should also consider unstable stratification, particularly when these conditions in combination with
low wind speed are observed frequently, as in Hong Kong. When focusing on summer weak-wind
conditions, a complete view on the ventilation of a city area can only be obtained if both neutral
and unstable stratification are included in the analysis. For strong-wind conditions, the influence of
mechanically induced turbulence may become stronger than that of thermally induced turbulence,
which was already found by Yang and Li [13] for a very simplified city case.

The impact of stable stratification was not covered in this study but should be examined in future
analyses. The first inspection of the impact of stable stratification on ventilation was made by Yang and
Li [13] for a simplified city case. However, these results should be tested with a more realistic setup.
The results of this study revealed differences between a simple building case and a more realistic setup
for unstable stratification. Therefore, it is possible that results would also differ for a stable case with a
more sophisticated building setup.

Surface elevation and land cover were neglected in this study to extract the pure
influence of buildings on ventilation under different stratification conditions. Recent studies by
Wolf-Grosse et al. [28] and Ronda et al. [18], however, showed the importance of topographic effects
and consideration of water bodies at city scale. Therefore, these effects will be considered in a follow-up
study, focusing on their combined influence on ventilation. In particular, the difference in land cover
with resulting heterogeneous surface heat flux may have a large impact on ventilation as this leads to
small-scale secondary circulations, such as sea breeze. A further step towards reality will also be to
use an urban surface model available in PALM [29,30], which allows to accurately calculate surface
temperatures based on a building-energy-balance model.

Supplementary Materials: The modified code parts used in addition to the standard code base of PALM are
available online at www.mdpi.com/2073-4433/8/9/168/s1.
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Appendix A

A grid sensitivity study was conducted to determine an appropriate grid width for the main
simulations. Four simulations with grid sizes ∆ of 1 m, 2 m, 4 m, and 8 m were compared. The domain
used in the sensitivity study included 1 km2 of Kowloon City. Cyclic boundary conditions and neutral
stratification were used. As turbulent structures are generally larger in the unstable case than in the
neutral case, the latter defined the minimum grid size to be used.

Figure A1 depicts the cumulative distribution function of the 1 h averaged 3-dimensional wind

velocity V =
√

u2 + v2 + w2 at a height of 4 m for each simulation. Due to differences in grid level
height between the simulations, data were linearly interpolated to z = 4 m. Significant differences in
the distribution of V could be observed between 2 m, 4 m and 8 m grid sizes. The distribution of low V
decreased if a smaller grid size was used. The test statistic A(a, b) of Kuiper’s test [31], where A(a, b)
compares the distribution function of case a to that of case b, yields A(8, 4) = 0.11, A(4, 2) = 0.10, and
A(2, 1) = 0.06. Thus, the distribution of V changed significantly less if the grid size was reduced from
2 m to 1 m compared to a reduction from 8 m to 4 m or from 4 m to 2 m. Consequently, a reduction of
grid size from 2 m to 1 m only slightly improved the quality of the representation of the wind field
within the city. As a reduction of the grid size by a factor of 2 increased the computational load by
a factor of 16 (double the grid points in each dimension multiplied by 2 for double the amount of
time steps needed), a grid size of 2 m was selected for the main simulations as a compromise between
accuracy and computational cost.

Figure A1. Cumulative distribution function of three-dimensional wind velocity V at 4 m height. Data
are averaged over 1 h.
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6 Concluding Remarks

6.1 Summary

The aim of this thesis was to improve the quality of urban ventilation assessments (UVAs).
UVAs are a key instrument to evaluate urban ventilation and to identify poorly ventilated
city areas. Well ventilated cities are a crucial part to ensure a high health quality of city
dwellers by reducing the exposure to potentially health-threatening pollution. If used during
the planning phase of new constructions, poorly ventilated areas can be avoided before being
created.
Due to the high complexity of the urban canopy layer, UVAs are incapable to consider

every detail, and are, hence, forced to simplify the reality. However, some details can prove
to be crucial for the urban ventilation and should not be neglected. Within this thesis, urban
ventilation on two different scales were investigated: the building scale and the neighbour-
hood scale. On the building scale, the influence of lateral courtyard openings on the courtyard
ventilation was investigated. The aim was to analyse the change in maximum concentration
and in residence time scales of pollutants within courtyards if lateral openings are considered.
On the neighbourhood scale, the focus was the influence of atmospheric stratification on the
correlation between city ventilation and the mean properties of the building array. Partic-
ularly, it was investigated if the impact of mean building height on the ventilation varies
between a neutral strong-wind case and a weak-wind unstably stratified scenario. Also, the
correlation between building density (plan area index) and ventilation under neutral and
unstable stratification was analysed.
All studies applied large-eddy simulations (LES) using the LES model PALM. LES has

the advantage over real-world measurements and wind-tunnel experiments, that data can be
monitored at every grid point of the simulation. The LES technique was chosen over other
computational-fluid dynamics (CDF) methods, because LES allows to directly simulate the
effect of large-scale turbulence while also covering the entire atmospheric boundary layer.
At first, a model evaluation was conducted to confirm that PALM is capable to repre-

sent the complex flow field within a built-up urban area. In the evaluation study, the flow
through a built-up urban area was simulated and compared against wind-tunnel measure-
ments conducted in the Environmental Wind Tunnel Laboratory (EWTL) facility ’Wotan’
at the University of Hamburg. The built-up area represented a real-case building array of
the HafenCity in Hamburg, Germany. Because a realistic building setup was simulated,
a variety of different flow regimes could be tested in a single simulation including street
canyons of different orientation and width, crossings, as well as fairly isolated buildings. A
neutral stratification was considered. Non-neutral stratification is still difficult to obtain
within wind-tunnel studies and was therefore not covered by the evaluation study. Measure-
ments were conducted at different positions throughout the building array and the measured
statistics were compared between both, the wind-tunnel experiment and the PALM simula-
tion. Besides mean wind speed and direction, also higher order statistics including variants,
skewness and excess kurtosis were compared as well as turbulence intensities, length scales
and the spectral energy-density distribution. The comparison showed an overall very good
agreement between the PALM results and the wind-tunnel measurements. This was veri-
fied using different validation metrics following the recommendations of Schatzmann et al.
(2010). All considered metrics were well within the acceptable margins. On closer investi-
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gation, however, it was found that PALM tends to overestimate the turbulence close to the
surface and obstacles. This led to an underestimation of mean wind speed in the vicinity of
solid surfaces. Two main reasons were identified causing these differences. The first was a
discrepancy between the measurement heights between both experiments. Due to the grid
layout of the PALM simulation, no grid points were available at the exact same heights as
in the wind-tunnel experiment. PALM measurements were situated 0.5 m below those of the
wind-tunnel experiment. This height difference is of higher importance the closer the mea-
surements are to the surface due to the high vertical mean gradients. The height difference
could be accounted for up to 3 % wind-speed deficit within the lowest evaluation level that
was at 3 m height. The second reason for the lower wind speed was an overestimation of the
surface roughness caused by the chosen roughness length z0 and the building representation.
Because the exact value of z0 of the surfaces in the wind-tunnel experiment was unknown, it
was estimated that z0 = 0.01 m. Other wind-tunnel experiments conducted at the EWTL,
using comparable obstacle materials and model scale, reported roughness lengths between
0.002 m and 0.01 m (B. Leitl, personal communication, March 12, 2021). Hence, the chosen
z0 is still within a reasonable range, but might be at the upper end of the scale. Also, the
building representation on PALM’s computational grid introduced additional roughness. If
buildings are not aligned with the grid, smooth walls are transformed into a rougher step-
wise representation in the simulation which is a disadvantage of the pure rectilinear grid
used by PALM. The combined effect of the larger roughness and high z0 resulted in a mean
wind-speed deficit of 9 % at the lowest analysis height. Despite the difference between the
wind-tunnel experiment and the PALM simulation, PALM still performed well within the
acceptable margins and was found to be suitable to correctly reproduce all relevant flow
features inside a complex urban environment.

For urban ventilation assessments focusing on building-scale ventilation and pollutant dis-
persion, even small-scale building features may be of high importance. Lateral openings
of courtyards are only a few metres wide. However, they can significantly alter ventilation
patterns inside courtyard cavities. Hall et al. (1999) analysed the pollutant removal from
courtyards through lateral openings by means of wind-tunnel experiments. They found that,
in an undisturbed approaching flow, openings can either worsen or improve the pollutant
removal from the courtyards, depending on the orientation of the opening in relation to the
mean wind direction. However, in a real-case scenario, courtyards are part of a complex
urban building array with significantly different flow regimes compared to an undisturbed
approaching flow. Also, in a real city case, pollutants are more often released outside of
courtyards. Therefore, a study was conducted by means of LES to analyse the pollutant
dispersion from street canyons into courtyards through lateral openings.

Several courtyards were placed in an artificial building array, that allowed to consider
several orientations of the openings with respect to the main wind direction. Also, the ar-
rangement of the courtyards allowed to distinguish between buildings placed at the windward
end, the centre or the leeward end of a street, where different flow regimes inside the street
canyon developed. Lastly, also the aspect ratio (AR, height-to-width ratio) of the courtyards
was altered between 0.3 (wide courtyards) and 3 (deep courtyards). In total, 32 different
courtyard configurations were analysed using three simulations. The focus lied on the pollu-
tant dispersion into courtyards. Hence, pollutants were released along the streets resembling
pollution by traffic. Besides pollutant concentration also the residence time is important to
evaluate potential health risks (Beelen et al., 2014; Shah et al., 2015). To analyse the res-
idence time of pollutants inside the courtyards, PALM’s Lagrangian particle model (LPM)
was applied and single particles were tracked.

The analysis of residence time showed that for aspect ratios of 1 or 0.3, courtyards with
lateral openings were equally ventilated as closed courtyards. Wide courtyards were mainly
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ventilated through the wide top opening and the influence of the relatively small lateral
opening did not alter the residence times. For courtyards with an aspect ratio of 1, most
lateral openings did not alter the ventilation patterns within the courtyard cavities, and
hence, no influence was observed on the residence times. The only exception was the case
where the courtyards were placed at the windward end of the street canyons with the opening
placed at the windward wall (case "W front"). In this case, the oncoming wind was able to
penetrate the courtyard cavity through the lateral opening unhindered. The re-circulation
inside the courtyard was shifted upwards. As a result, detrainment of pollutants near the
surface out of the cavity was reduced leading to longer residence times of pollutant particles
for this courtyard setup.
For deep courtyards, the influence on the ventilation by openings was found to be more

complex. While most opened courtyards showed comparable residence times to closed court-
yards, those with openings positioned perpendicular to the wind direction and those with a
leeward positioned opening at the end of a street canyon showed two peaks in the residence-
time distribution. The majority of particles showed a long residence time, indicating a poor
ventilation of the courtyard cavities. The secondary peak of the residence-time distribution,
that was observed in some of the courtyards, was at short residence times. This points to-
wards intermittent mixing events that transport pollutants quickly out of the cavities. These
intermittent mixing events were also observed in the scalar time series recorded inside the
courtyards. A detailed investigation on this phenomenon, however, was left for future studies.
To inspect the transport of pollutants from street canyons into the courtyards, the pol-

lutant flux through the lateral and top openings were monitored. Deep courtyards showed
entrainment of pollutants through the lateral opening for all considered cases. Inside deep
courtyards, only a weak circulation was present close to the surface compared to the street-
canyon flow. Pollutant-rich air could easily penetrate the courtyard cavity through the lateral
openings, especially when the opening was situated at the windward walls of the buildings at
the windward end of a street canyon. Due to the large entrainment, opened courtyards also
showed significantly larger mean concentrations and experienced high-concentration events
more often compared to closed courtyards.
Courtyards with an aspect ratio of 1 also showed a mean entrainment through the lateral

opening except for those buildings placed at the centre and leeward end of the street having
an opening at the windward wall. In these cases, the re-circulation inside the courtyard
cavity and the street canyon in front of the opening promote a detrainment through the
lateral opening. The mean concentration for these cases were similar to those of the closed
courtyards.
Wide courtyards exhibited only minor influences on mean concentration and high-concen-

tration events. Again, the strongest influence was found for the case where the approaching
flow could directly enter the courtyard through the windward opening.
In all cases, lateral openings increased the pollutant concentration. The amount of the

increase depends on the positioning of the courtyard along the street and the positioning
of the opening in relation to the mean wind direction. Lateral openings impose only minor
changes in pollutant concentration and ventilation behaviour for wide courtyards, but have
a high impact on the ventilation and pollutant dispersion inside deep courtyards. Urban
ventilation assessments should, hence, include courtyard openings if pollutant dispersion is
focused on the building scale or the neighbourhood scale.
Moving from the building scale to the city scale, details of individual buildings become

less important to the ventilation of entire city quarters, but the mean building properties
like mean building height or building density correlate with ventilation. These correlations
were found for neutral stratification (Hang et al., 2011). However, several studies found that
ventilation patterns through built-up areas change significantly under unstable stratification
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(Yang and Li, 2011; Park et al., 2013). To investigate if the correlation between mean building
parameters and ventilation is also influenced by the stratification, simulations of Hong Kong
City were conducted for neutral and unstable stratification. Differences in ventilation between
both situations were analysed based on the velocity ratio Vr. In order to compare Vr for
different stratification, a new definition was required that is not influenced by the vertical
wind-speed distribution. Instead of defining the reference wind speed at a height of 500 m,
the wind speed at 2 m height (pedestrian height level) in a non-obstructed area outside of the
city was used as reference for Vr. This definition only accounts for the wind-speed change
caused by buildings but neglects any variation in height distribution.
Under unstable conditions, the mean ventilation improved by a factor of two inside the

entire city area. This was attributed to the increased vertical mixing which mitigated the
velocity reduction by the blocking effect of the buildings. However, increased vertical mixing
also reduced Vr in areas where strong corner flows occurred under neutral stratification. The
reduction was up to 40 % in these areas. This showed the general influence of stratification
on city ventilation and agreed with the findings of Yang and Li (2011) and Park et al. (2013).
The mean building heightHavg and the plan area index λp, as a measure of building density,

were correlated with Vr. No correlation could be found between Vr and Havg under neutral
or unstable stratification. This is in contrast to other studies that focused on idealized
homogeneous building arrays. The influence of Havg might be overestimated by idealized
building arrays because of the strong channelling of air through the perfectly aligned street
canyons in such cases.
Under neutral stratification, the detected correlation between Vr and λp was only weak with

a correlation coefficient of R2 = 0.104. Ventilation decreased only slightly with increasing λp.
In case of unstable stratification, however, the correlation coefficient increased to R2 = 0.511.
The influence of λp on the ventilation was attributed to the higher variation in wind direction.
In the neutral case, only small variations in wind direction were observed. If wind came from
an unfavourable direction, an area was only poorly ventilated. Because of the convective
motions, and hence, a stronger variation in wind direction, wind from all directions ventilate
the area. This reduces the impact on direction and increases the importance of the direction-
independent plan area index.
In conclusion, urban ventilation assessments should consider different stratification. If

ventilation is only analysed for neutral stratification, the mean ventilation might be under-
estimated. For conservative estimates, this might be acceptable. However, areas with high
ventilation under neutral stratification also showed reduced ventilation by up to 40 % under
unstable stratification. This reveals that a complete estimate of the ventilation potential of
a built-up area can only be made if neutral and unstable stratification are considered.

6.2 Outlook

This thesis was aimed to improve the understanding of urban ventilation. Urban ventila-
tion assessments profit from the findings because courtyard ventilation and the interaction
between ventilation and mean building parameters are better understood. Consequences of
neglecting courtyard openings and atmospheric stratification can be better estimated. How-
ever, certain questions arose from the findings of the presented studies which should be
covered in future studies.
The evaluation study, presented in Section 3, revealed an overestimation of the roughness

compared to the wind-tunnel experiments which was partly attributed to the building rep-
resentation on the simulation grid. In a future study, this should be further investigated.
The influence of non-aligned building walls on the roughness could be analysed by simulat-
ing the flow around a simple single cube-shaped building under different orientation of the
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walls in relation to the grid layout. Measurements at multiple distances to the walls could
be compared to the many reference wind-tunnel and simulation experiments available in the
literature (e.g. Hussein and Martinuzzi, 1996; Nozawa and Tamura, 2002; Letzel et al., 2008).
In Section 4, intermittent mixing events were found for deep courtyards, that also in-

fluenced the residence times of pollutants. The cause of these intermittent mixing events,
however, could not be identified. As residence time is of importance when focusing on health-
risking pollutants, understanding the nature of mixing events is crucial to adequately assess
air quality in courtyard cavities. Regarding health risks, also the pollutant concentration
and the residence time should be connected, which could not be achieved in the presented
study. Connecting concentration and the residence time should give a better insight if large
amount of pollutants reside for long time periods within courtyard cavities. This is especially
important if slow-reacting chemical components are studied that may transform into health-
threatening pollutants. A strategy to couple residence time and pollutant concentration is
to simulate pollutants using Lagrangian particles. These particles must be released inside
the street canyons. The concentration could be calculated by the concentration of particles
inside the courtyards, and the residence time is measured by tracking the particles like it
was already done in the presented study. This, however, requires a large amount of released
particles. Hence, a smaller simulation domain compared to the one used in the presented
study, might have to be used.
Multiple studies revealed the importance of the building layout on the ventilation proper-

ties (e.g., Assimakopoulos et al., 2003; Xie et al., 2005; Kurppa et al., 2018). The presented
study, however, only covered the orientation of courtyard openings and different aspect ratios
of the courtyards. Other parameters, like height and width of the openings or the thickness
of the surrounding building, might be of importance for courtyard ventilation and should be
featured in future studies.
Hall et al. (1999) showed that high vegetation like trees influence the ventilation patterns

inside courtyards. In Section 4, it was shown that the influence of lateral openings on the
ventilation strongly depends on the ventilation patterns in the courtyard cavity. Trees or
other obstacles might therefore alter the influence of courtyard openings on the ventilation.
Trees decouple the near-surface air flow and potentially trap pollutants below the tree crowns.
Other obstacles like fences or cars introduce higher roughness inside the courtyards and cause
reduced wind speed and mixing. Reduced mixing would decrease the transport of pollutants
out of the courtyards but might also limit the transport of pollutants into the courtyards
as well. Because obstacles like trees, fences, cars or even small buildings are often present
inside courtyards, future studies should analyse the change in ventilation considering lateral
openings and obstacles inside courtyards.
Ventilation patterns can significantly change under different atmospheric stratification, as

shown in Section 5 and by, e.g. Park et al. (2015) and Yang and Li (2011). It is therefore
very likely, that thermally induced turbulence also affects the influence of lateral openings on
courtyard ventilation. During night time, the surrounding warm building walls still provide
enough energy to heat up the air within the courtyards. The lateral openings in combination
with the rising warm air from the courtyard cavities then cause a chimney effect drawing
potentially polluted air from the street canyons into the courtyards. This should be confirmed
by future studies.
Section 5 covered the influence of unstable stratification during a weak-wind scenario on

the ventilation at neighbourhood scale, and showed that the ventilation differs compared to
neutral stratification. Stable stratification, however, was not considered. Stable stratification
often occurs during night time, when good ventilation is required to reduce night-time heat
stress in summer. Yang and Li (2011) showed, that the ventilation behaviour differs also for
stable stratification compared to neutral stratification. However, only a simplified building

95



6.2 Outlook

case was considered. As shown in Section 5, results from a simple building setup can differ
from findings derived from realistic building setups. Hence, the effects of stable stratification
on ventilation found by Yang and Li (2011) cannot be directly transferred to realistic building
configurations. Future studies are hence necessary to analyse the difference in ventilation
behaviour of real-case city setups under neutral and stable atmospheric conditions.
In Section 5, a real-case building setup was used, but differences in surface materials,

anthropogenic heat emissions, and radiation effects were neglected. These effects cause het-
erogeneously distributed heat emissions, that have a significant impact on the wind field and
may trigger secondary circulations (Raasch and Harbusch, 2001). For example, Wolf-Grosse
et al. (2017) and Ronda et al. (2017) showed the influence of nearby water bodies on the
ventilation on city scale. Using advanced surface models and considering radiation effects, a
more realistic heat distribution can be achieved in simulations. The effects of evolving small-
scale secondary circulations, especially during weak-wind scenarios, might have an additional
strong effect on the ventilation behaviour. These heterogeneous effects should be covered for
different stratification by future studies.
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