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Abstract

Exposure to outdoor air pollution is a major environmental threat causing around 3 million

premature deaths worldwide yearly. Particularly, aerosol particles are detrimental to human

health. Urban areas are marked by both high population densities and degraded air quality

due to high anthropogenic emissions and limited ventilation of air pollutants from the street

level, making the study of urban air quality crucial. Urban air quality results from a complex

interplay of meteorology, background concentrations, emissions, and chemical and physical

processes of air pollutants. Yet, the lack of building-resolving neighbourhood-scale open-

access numerical methods has been the bottleneck for properly solving these interactions.

To narrow this gap, the main aim of my thesis is to embed the aerosol module SALSA into

a large-eddy simulation (LES) model PALM to correctly simulate urban air quality. We

evaluate the new PALM-SALSA model in Cambridge, UK, and Helsinki, Finland, against

comprehensive aerosol particle measurements, and assess the role of different aerosol processes

and boundary conditions on the pollutant concentrations in the time scale of one hour.

Further, the influence of urban planning on local pollutant concentrations along boulevard-

type streets is examined in real scenarios in Helsinki.

The PALM-SALSA model captures well both the horizontal and vertical distribution of

aerosol particle concentrations and number size distributions in an urban environment. In-

corporating aerosol processes to PALM is important for correctly simulating air quality, as

we show that dry deposition of particles on vegetation and other surfaces decreases number

concentrations by up to 20%, whereas condensation and dissolutional growth increase aerosol

mass by over 10%. Still, dispersion and emissions govern concentration fields, and thus set-

ting the correct model boundary conditions is a determining factor. Concentration fields at

street level are sensitive to the atmospheric stability and wind speed, and vertical disper-

sion especially to the wind direction. Furthermore, my work demonstrates how choices in

urban planning can favour local air quality conditions and how particularly height variation

of buildings and trees is preferential for street-level air quality and ventilation.

This thesis introduces a novel, open-access model for high-resolution urban aerosol simula-

tions, and the first LES studies on the role of urban planning on air quality and ventilation in

entire neighbourhoods. Along with research purposes, the model is suited to supporting urban

planning and producing data for exposure studies and monitoring network development.

Keywords: LES, aerosol particle, urban planning, pollutant dispersion, street canyon
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Tiivistelmä

Altistuminen ilmansaasteille, etenkin aerosolihiukkasille, on yksi terveydelle haitallisimmista

ympäristöongelmista, johtaen vuosittain noin kolmeen miljoonaan ennenaikaiseen kuolemaan.

Kaupunkialueita yhdistää paitsi korkea väestöntiheys myös heikentynyt ilmanlaatu runsai-

den tieliikennepäästöjen sekä katukuilujen ja sisäpihojen heikentyneen ’tuulettumisen’ vuok-

si. Rakennukset ja kasvillisuus muokkaavat ja hidastavat tuulen virtausta ja näin ollen myös

ilmansaasteiden leviämistä. Kaupunki-ilmanlaatu määräytyykin useiden eri tekijöiden, mu-

kaan lukien vallitsevien sääolojen, päästöjen, taustapitoisuuksien ja ilmansaasteiden muuntu-

man, vuorovaikutuksesta. Numeerinen mallinnus soveltuu parhaiten näiden vuorovaikutusten

ratkaisemiseen, mutta sopivia menetelmiä ei kuitenkaan ole ollut aiemmin saatavilla.

Päätavoitteenani tässä väitöskirjassa on ollut kehittää tarkkaa kaupunki-ilmanlaatumallia

lisäämällä ilmakehän aerosolihiukkasia kuvaava SALSA-malli PALM-malliin, joka perustuu

LES-mallinnukseen (Large-Eddy Simulation, suomeksi suurten pyörteiden simulaatio). Ar-

vioimme uuden mallin toimintakykyä Helsingissä sekä Cambridgessä, Englannissa, kattavia

aerosolihiukkasmittauksia vasten. Lisäksi tarkastelemme aerosolihiukkasten muuntuman ja

mallin reunaehtojen merkitystä pitoisuuskenttiin tunnin aikaskaalassa. Sovellamme mallia

kahdessa eri kaupunkisuunnittelukysymyksessä tutkimalla suunnitteluratkaisujen vaikutuk-

sia ilmansaasteiden tuulettumiseen ja katutason pitoisuuksiin kaupunkibulevardeilla.

SALSA:n tuottama pitoisuusvaihtelu kaupunkiympäristössä vastaa hyvin mitattuja arvoja

sekä vaaka- että pystysuunnassa. Hiukkasprosessien huomiominen PALM-mallissa on olen-

naista ja osoitamme hiukkasten asettumisen erilaisille pinnoille vähentävän aerosolihiukkas-

ten kokonaislukumäärää kaupunkiympäristössä maanpinnan lähellä jopa 20%, kun taas kaa-

sujen tiivistyminen lisää hiukkasmassaa yli 10%. Kuitenkin pienhiukkasten leviäminen ja nii-

den päästöt hallitsevat pitoisuuksia. Näin ollen mallin reunaehdot tulee asettaa mahdollisim-

man totuudenmukaisesti. Katutasossa ilmansaasteiden pitoisuuskentät ovat herkkiä etenkin

ilmakehän kerrostuneisuudelle, tuulensuunnalle ja -nopeudelle. Sekä rakennusten ja puiden

korkeusvaihtelu tehostaa katukuilujen tuulettumista ja parantaa katutason ilmanlaatua.

Tämä väitöskirjatyö esittelee uuden, avoimesti saatavilla olevan mallinnustyökalun ja en-

simmäiset LES-tutkimukset kaupunkisuunnittelun vaikutuksesta kaupunkibulevardien ilman-

laatuun. Mallia voidaan näin ollen hyödyntää kaupunkisuunnittelun tukena sekä tuottamaan

aineistoa ilmansaasteiden altistustutkimukseen ja mittausverkoston kehittämiseen.

Keywords: LES, pienhiukkanen, kaupunkisuunnittelu, leviämismallinnus, katukuilu



Contents

Acknowledgements 3

Abstract 4

Abstract in Finnish 5

List of original publications 8

List of acronyms 9

1 Introduction 11

2 Background 14

2.1 Characteristics of the flow field in the urban boundary layer . . . . . . 14

2.2 Aerosol particles and their dynamic processes . . . . . . . . . . . . . . 16

2.3 Urban air pollutant dispersion . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Large-eddy simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Methods and material 19

3.1 The PALM model system . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Sectional aerosol module SALSA . . . . . . . . . . . . . . . . . . . . . 19

3.3 Detailed urban topography information . . . . . . . . . . . . . . . . . . 20

3.4 Model boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . 22

3.4.1 Meteorology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.4.2 Background concentrations . . . . . . . . . . . . . . . . . . . . . 23

3.4.3 Emissions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.5 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.5.1 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.5.2 Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25



4 Overview of main results 27

4.1 Evaluation of SALSA within the PALM model system . . . . . . . . . . 27

4.2 Relative importance of aerosol dynamic processes and dispersion . . . . 28

4.3 Sensitivity to boundary conditions . . . . . . . . . . . . . . . . . . . . . 30

4.4 Model application in real urban-planning scenarios . . . . . . . . . . . 31

4.4.1 Building blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.4.2 Street trees . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5 Discussion and conclusions 35

6 Review of papers and the author’s contribution 39

References 48



List of original publications

This thesis consists of an introductory review, followed by four research articles. In

the introductory part, these publications are cited according to their roman numerals.

All publications are reprinted under the Creative Commons Attribution 4.0 License.

I Kurppa, M., Hellsten, A., Roldin, P., Kokkola, H., Tonttila, J., Auvinen, M.,

Kent, C., Kumar, P., Maronga, B., and Järvi, L. (2019). Implementation of the

sectional aerosol module SALSA2.0 into the PALM model system 6.0: model

development and first evaluation. Geoscientific Model Development, 12, 1403–

1422. https://doi.org/10.5194/gmd-12-1403-2019
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1 Introduction

Exposure to outdoor air pollution and consequent detrimental health effects (Cohen

et al., 2005) are estimated to cause yearly 0.8 million premature deaths in Europe

(Lelieveld et al., 2019) and 3 million worldwide (Lelieveld et al., 2015; World Health

Organization, 2016). According to a recent study by Burnett et al. (2018), outdoor fine

particulate matter (PM2.5, aerodynamic diameter < 2.5 µm) solely could have led to

8.9 million premature deaths worldwide in 2015. Urban air quality is of major concern

as over half of the global population lives in cities (55% according to United Nations,

2019). Road traffic contributes strongly on the urban aerosol emissions (Amato et al.,

2014; Glasius et al., 2018; Rönkkö et al., 2017), and hence a large fraction of the

emissions occur at the same level where urban dwellers inhale outdoor air.

Streets with traffic are typically flanked by buildings and vegetation (Fig. 1), which

block and decelerate the airflow, complicate dispersion and can limit the ventilation

of pollutants away from the street level (Buccolieri et al., 2010; Ramponi et al., 2015)

further decreasing air quality. Thus, urban air quality is an outcome of complex interac-

tions between the urban landscape, meteorology, background pollutant concentrations

and emissions, leading to highly variable concentration fields both in time and space

(e.g., Kumar et al., 2011). Furthermore, chemical and physical processes of air pollu-

tants generate local sources and sinks, and influence the pollutant characteristics which

are essential for their health impact (Kampa and Castanas, 2008; Kelly and Fussell,

2012). However, the importance of aerosol dynamics compared to dispersion is not yet

well understood (Kumar et al., 2011).

Detailed information on the variability of urban pollutant concentrations and its depen-

dence on urban planning is essential for designing healthy living environments by en-

abling good ventilation, as well as for monitoring network design and exposure studies.

However, traditionally used local urban air quality models, such as Gaussian disper-

sion or semi-empirical street pollution models, cannot resolve the details in pollutant

dispersion due to an inadequate level of representing urban complexity and limitations

of resolving any fine-scale flow structures (Tominaga and Stathopoulos, 2016). For

building-resolving simulations in the temporal scales from one hour to one day, com-

putational fluid dynamic (CFD) models have successfully been applied. Many studies

apply Reynolds-averaged Navier-Stokes (RANS) method (Baik and Kim, 2002; Buccol-

ieri et al., 2010; Gromke and Blocken, 2015; Kumar et al., 2009; Ramponi et al., 2015;

11



Figure 1: Schematic diagram over a simplified urban area for connecting the publica-

tions of this thesis.

Santiago et al., 2020), while large-eddy simulation (LES) is shown to perform clearly

better than RANS in complex urban areas (Garćıa-Sánchez et al., 2018; Gousseau

et al., 2011; Salim et al., 2011a). However, LES is computationally demanding and

requires a supercomputing environment by default. Consequently, computational costs

have been the bottleneck for implementing detailed aerosol dynamic processes and

chemical reactions into any LES model and extending modelling from a single tailpipe

emission (Albriet et al., 2010; Huang et al., 2014b; Wang and Zhang, 2012) to entire

neighbourhoods.

Most of the urban LES studies have been performed for simplified street canyons and

other urban topographies (e.g., Lo and Ngan, 2015; Michioka et al., 2014). Also, porous

urban vegetation has been considered only recently (Salim et al., 2011b) and, for in-

stance, the influence of urban vegetation on air quality is still not well-understood

(Abhijith et al., 2017, and references within). To date, availability of detailed topogra-

phy datasets have enabled applying LES to real urban environments (Auvinen et al.,

2020; Moon et al., 2014) and also to directly support urban planning (Keck et al.,

2014). This enables conducting LES-based urban air quality simulations. Yet, to the

12



best of our knowledge, LES and aerosol dynamic processes have only been incorpo-

rated in CTAG (Wang and Zhang, 2012; Wang et al., 2013), which is a closed-source

in-house model based on the commercial CFD solver ANSYS Fluent. Further, even

if the modelling methodology is appropriate, the accuracy of quantitative simulations

depends strongly on boundary conditions for meteorological variables and air pollu-

tants. No previous CFD study has assessed the sensitivity of meteorological and/or

aerosol boundary conditions on the concentrations and ventilation of aerosol particles,

including a detailed description for their size distribution, chemical composition and

dynamic processes, in an urban area.

The general aim of this thesis is to develop a novel open-source methodology for high-

resolution, building-resolving modelling of aerosol particle concentrations, size distri-

butions, chemical composition and ventilation in urban areas. More specifically, the

thesis seeks to answer the following research questions:

1. How to most accurately include aerosols and their dynamic processes into

an LES model without massive computational costs? This study applies the

LES model PALM, which has been carefully optimised for a large number of grid points.

Aerosols are included by embedding the sectional aerosol module SALSA2.0 into PALM

(Paper I) and the model is evaluated against comprehensive aerosol observations under

different meteorological conditions.

2. Do we need to include aerosol dynamic processes in urban air quality sim-

ulations in the temporal scales of one hour? The relative importance of aerosol

dynamic processes on the aerosol concentrations and size distributions compared to

dispersion in complex urban environments is assessed in Papers I and IV.

3. How sensitive are the horizontal and vertical distributions of aerosol

particles to the model boundary conditions of meteorological variables and

aerosol background concentrations? This question is investigated in Paper II by

applying both modelled and observed information as the model boundary conditions

for three different modelling periods.

4. To what extent can urban planning improve street-level air quality in a

boulevard-type street canyon and its surroundings, assuming high traffic-

related emissions? Focusing on densely arranged building blocks and street trees,

respectively, Papers III and IV aim to find urban planning solutions that would

minimise the street-level aerosol concentrations and maximise the ventilation.

13



2 Background

2.1 Characteristics of the flow field in the urban boundary

layer

The atmospheric boundary layer (ABL) is the lowest layer of the troposphere that

is directly influenced by interactions with the Earth’s surface with a response time

of one hour or less (Stull, 1988). The interactions occur through turbulent fluxes

of momentum, heat and mass that are carried by turbulent motions. Consequently,

its turbulent nature separates ABL from the rest of the atmosphere. Most of the air

pollutant emissions also occur within ABL, and thus its behaviour determines pollutant

dispersion. When air flows over an urban area, it adjusts to the surface characteristics,

forming an internal boundary within the existing ABL, called the urban boundary

layer (UBL) (Stull, 1988). Within the lowest layer up to 1.5–3 times the mean building

height, called the roughness sublayer (RSL), the wind field is controlled by individual

surface elements, varying both spatially and temporally (Fig. 1, Oke et al., 2017).

Theoretical understanding of ABL and UBL is complicated by their turbulent na-

ture. Turbulence is chaotic, quasi-random motions (Holton and Hakim, 2013), which

can be envisioned being composed of eddies (Stull, 1988). Eddies of many different

scales are superimposed on each other and their relative strength defines the turbu-

lence energy spectrum. Larger eddies (∼ 103 m) containing most of the energy are

continuously broken up into smaller eddies (down to ∼ 10−3 m), transforming energy

from larger to smaller scales. Finally, the smallest eddies are converted into heat by

viscous dissipation (Garratt, 1992). Because of dissipation, there must exist a constant

source of turbulent kinetic energy (TKE). Turbulence can be generated mechanically

and thermally. Mechanical production originates from wind shear. Over a surface,

molecular viscosity within the lowest few millimetres in the viscous sublayer generates

frictional (skin) drag, leading to no-slip condition (i.e., zero velocity at the surface)

and wind shear. Yet, in aerodynamically rough urban areas wind shear and resulting

flow instabilities and turbulence are mainly caused by the form (or pressure) drag (see

more below; Holton and Hakim, 2013). Thermal turbulence forms when the surface

air becomes warmer than the air above e.g., due to solar or anthropogenic heating,

generating positive buoyancy, updrafts and downdrafts, so-called convective eddies.

Similarly, stability suppresses turbulence in stable conditions.

14



The turbulent flow of a viscous fluid can be described by the Navier-Stokes equation of

motion. For conservation of momentum for an incompressible Newtonian fluid in the

Boussinesq-approximated form:

∂ui
∂t

= −uj
∂ui
∂xj
− εij3fcuj − δij3g

(
θv − 〈θv〉
〈θv〉

)
− 1

ρ0

∂p

∂xi
+ ν

∂2ui
∂x2j

(1)

and for conservation of mass for a scalar C

∂C

∂t
= −uj

∂C

∂xj
+ νC

∂2C

∂x2j
+ SC . (2)

Here, {i, j, k} ∈ {1, 2, 3} and thus ui represents the wind components (u1 = u, u2 = v,

u3 = w) and xi the Cartesian coordinates (x1 = x, x2 = y, x3 = z), t the time,

fc the Coriolis parameter, g the gravitational acceleration, θv the virtual potential

temperature, p the air pressure, ρ0 the air density and ν the kinematic viscosity of

fluid. For the scalar C, νC is its molecular diffusivity and SC incorporates all source

and sink terms, e.g. emissions of C. Further, δij3 is the Kronecker delta and εij3

the Levi-Civita symbol (Stull, 1988), and 〈...〉 denotes a spatial average. Boussinesq-

approximation assumes the air density to be constant (ρ0), except in the gravitational

term.

From the aerodynamic point-of-view, the main characteristic of UBL is the increased

aerodynamic roughness primarily due to solid man-made obstacles such as buildings.

Solid obstacles deflect the flow in both vertical and horizontal. At a sharp edge, the

flow is separated from the surface, and immediately behind it the lower surface pressure

generates form drag and leads to flow recirculation (Oke et al., 2017). Furthermore,

wind shear is formed in the vicinity of solid obstacles, leading to mechanical turbulence

production. Vegetation instead is porous and flexible, and therefore the aerodynamic

impact is different. Firstly, airflow through vegetation generates aerodynamic drag on

the foliage and decelerates the flow. Secondly, this deceleration generates wind shear

and dynamic instabilities, leading to turbulence production. On the other hand, both

frictional and form drag on the foliage remove energy from the large to small eddies

that are rapidly dissipated into heat (Finnigan, 2000).

In addition to turbulence, relatively stable flow patterns are formed in urban areas,

namely channelling when the mean flow is close to parallel to a street canyon, corner

vortices next to building corners and a street canyon vortex when the mean flow has

a component perpendicular to the street canyon. When the height-to-width ratio

15



(H/W ) of a street canyon approaches unity, the flow above the canyon becomes partly

decoupled from that in the street canyon, leading to minimal exchange of air, also called

’skimming flow’ (Britter and Hanna, 2003; Oke et al., 2017). With these examples for

simple geometries in mind, one must remember that in urban areas the impact of many

single solid and/or porous obstacles is merged, generating an extremely complex flow

field in RSL (Oke et al., 2017), that to date can only be solved using numerical models.

2.2 Aerosol particles and their dynamic processes

Aerosol particle is a solid, liquid or mixed-phase particle suspended in the air. Their

sizes range from only a few nanometres to several millimetres and they can be com-

posed of many different chemical components (Seinfeld and Pandis, 2006). In urban

areas, aerosol particles contain mainly organic and black carbon, sulphate, nitrate,

ammonium, dust and chloride (Huang et al., 2014b; Putaud et al., 2010; Yang et al.,

2011). Organic matter has typically the largest contribution to aerosol mass. Expo-

sure to aerosol particles is harmful to human health as they are linked to cardiovascular

and respiratory diseases (see Burnett et al., 2014, and references within). They also

influence climate directly by scattering and absorbing incoming solar radiation, and

indirectly by modifying the cloud formation and properties and further the radiative

balance (Boucher et al., 2013).

Aerosol particle populations can be described by different measures such as the total

concentration or size distribution of aerosol number, surface area, mass or volume.

The local concentration in a point (x, y, z) is constantly modified by their emissions,

aerosol dynamic processes and dispersion. In urban areas, aerosols are emitted as pri-

mary particles mainly via combustion processes such as traffic combustion, domestic

heating and cooking, and also via mechanical abrasion of pavement, brakes and tyres

(Amato et al., 2014; Paasonen et al., 2016). Aerosol particles can also be formed as sec-

ondary pollutants by gas-to-particle conversion processes (Seinfeld and Pandis, 2006):

new particles are formed via nucleation or existing particles are grown by condensa-

tion of vapours and dissolutional growth. Further, particles can coagulate or they can

be removed from the atmosphere by deposition on surfaces and wet deposition. For

instance, aerosol dry deposition on vegetation has been suggested as an air quality mit-

igation measure (Janhäll, 2015). Air pollutant dispersion is discussed in the following

section.

16



2.3 Urban air pollutant dispersion

Air pollutants are transported by the airflow. That being said, the dispersion of air

pollutants in UBL is highly complex both in time and space. Pollutant transport

in the horizontal is determined by the mean wind and in the vertical by turbulence

(Michioka et al., 2014; Nosek et al., 2016; Stull, 1988). Hence, atmospheric stability

controls vertical dispersion (Li et al., 2016). The rate at which air pollutants are

transported away from the street level depends on the air exchange vertically with the

above-roof air and horizontally with adjacent areas (Vardoulakis et al., 2003). This

so-called ’ventilation’ improves local air quality (Buccolieri et al., 2010). In general,

ventilation is decreased in urban areas and the residence times of air pollutants close

to the ground are increased when compared to less complex environments (Gronemeier

and Sühring, 2019; Ramponi et al., 2015). Ventilation of a street canyon is weakest in

skimming flow condition (Vardoulakis et al., 2003) when the flow within the canyon is

partly uncoupled from the flow above. In such case, longer residence times allow more

time for aerosol dynamic processes to occur (Kumar et al., 2011).

A street canyon vortex mainly redistributes pollutants and leads to increased concen-

trations on the leeward side of the street canyon (Baik and Kim, 2002; Nosek et al.,

2016; Vardoulakis et al., 2003), as commonly observed in urban areas (see, e.g. Pa-

per II). Channelling, instead, flushes air pollutants along the canyon decreasing the

concentrations (Moon et al., 2014). However, street trees, which are typically placed

between traffic lanes in the middle of the street, complicate the flow patterns: they

partly break the vortex or displace it and generate additional vortices to the chan-

nelling flow (Gromke and Blocken, 2015). In addition to urban roughness element, a

complex terrain can further complicate the dispersion (Oke et al., 2017; Wolf et al.,

2020).

In the time scales considered in this thesis (1-2 hours), air pollutants including aerosol

particles do not have any direct influence on the flow, unlike other scalars such as

temperature and pressure.

2.4 Large-eddy simulation

The large-eddy simulation (LES) resolves the Navier-Stokes (NS) equations of motion

(Eq. 1) for a turbulent flow by decomposing the flow u(x, t) into ’large’-scale û(x, t)
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and ’small’-scale motions u′′(x, t)

u(x, t) = û(x, t) + u′′(x, t). (3)

The large-scale motions are directly resolved by the NS equations, while the small are

parameterised as subgrid-scale (SGS) processes in an LES model. Typically, the flow is

decomposed using a spatial filtering so that the turbulence spectra are cut at wavelength

∆ and structures smaller than ∆, i.e., SGS terms (’small’ terms in Eq. 3), are filtered

out. In general, ∆ is linked directly to the model grid spacing. The SGS terms are

parameterised using information on the resolved-scale flow and their influence on the

flow is included as additional terms in the tendency equations (Pope, 2000; Sagaut,

2006).

LES has been shown to perform better than RANS in various studies over urban areas

(Garćıa-Sánchez et al., 2018; Salim et al., 2011a). On the whole, LES is an especially

suitable method for simulating highly turbulent flows in urban areas. Yet, to conduct

physically sound LES in ABL, the following aspects need to be considered. Firstly,

the domain must be large enough to capture all relevant scales of turbulence and

interactions and to minimize the influence of model boundary conditions applied (e.g.,

Auvinen et al., 2020). Secondly, the grid size, i.e., filter width, must be fine enough

to resolve most of the energy of the turbulence, which in complex urban areas means

a grid size of 1 m or finer (Xie and Castro, 2006), and the result should not be grid-

spacing dependent in a statistical sense. Lastly, simulations need to be long enough to

develop a quasi-stationary turbulent flow and stable statistics (Pope, 2000).
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3 Methods and material

3.1 The PALM model system

The PALM model system (or simply PALM, Maronga et al., 2015, 2020) resolves the

non-hydrostatic, filtered, incompressible NS equations of wind (u, v and w; Eq. 1) and

scalar variables (SGS-TKE, potential temperature, specific humidity and other scalars,

such as aerosol concentration; Eq. 2) in Boussinesq-approximated or anelastic form.

PALM is especially suitable for UBL flows due to its features, such as a Cartesian

topography scheme for including the aerodynamic impact of solid buildings and land

surface. Furthermore, PALM contains several optional modules that have been applied

in this thesis. Firstly, the plant canopy module (PCM) considers the aerodynamic im-

pact of vegetation. PCM assumes that vegetation is a sink for momentum due to form

(pressure) and viscous drag forces, and parameterises the sink based on the leaf-area

density (LAD). Secondly, the Lagrangian stochastic particle model (LPM) is applied

to investigate the ventilation of traffic-related air pollutants in Paper III, in which

Lagrangian particles are modelled as massless, inert particles, that are comparable to

non-reactive gaseous air pollutants. Lastly, recent model developments have focused

on PALM-4U (short for PALM for urban applications) components, containing, for

instance, the aerosol module SALSA, an online chemistry module (Papers I, II and

IV) and self-nesting and offline nesting features (Maronga et al., 2020). Self-nesting

(Papers II and IV) allows for grid refinement, whereas offline nesting (Paper II)

enables coupling the model with a larger-scale numerical weather prediction (NWP)

model to acquire realistic dynamic boundary conditions for the flow.

PALM scales excellently on massively parallel computer architectures (up to 50,000

cores, Maronga et al., 2015), and with the nesting features it is therefore adapted for

simulation domains up to city-scale with a fine-enough resolution for building-resolving

LES (Xie and Castro, 2006).

3.2 Sectional aerosol module SALSA

In SALSA2.0 (hereafter simply SALSA) represents a continuous aerosol size distribu-

tion by discretizing it into a number of size bins i, each of which can be composed
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of different chemical compounds (Kokkola et al., 2008, 2018; Tonttila et al., 2017;

Paper I). The number ni and mass concentration mc,i of the chemical component c

are the model prognostic variables. SALSA has originally been optimized for appli-

cations using a very large number of grid points. Therefore, the number of size bins

is kept to a minimum (by default 10) and the chemical composition is limited to the

following compounds: sulphuric acid (H2SO4), organic (OC) and black carbon (BC),

nitric acid (HNO3), ammonium (NH3), sea salt, dust and water (H2O). The original

SALSA module (Kokkola et al., 2008) includes the aerosol dynamic processes of nu-

cleation, coagulation, sedimentation, and condensation and dissolutional growth by

gaseous H2SO4, HNO3, NH3 and semi- and non-volatile organics. The gaseous com-

pounds can be imported to SALSA from the chemistry module or they can be treated

as chemically non-reactive vapours only within SALSA. Furthermore, aerosol dry de-

position on both horizontal and vertical surfaces and resolved-scale vegetation has been

included in the PALM implementation of SALSA (Paper I) using the parameterisation

by either Zhang et al. (2001) or Petroff and Zhang (2010). For detailed descriptions of

all aerosol source-sink terms, see Paper I and Tonttila et al. (2017).

SALSA has been selected for incorporating aerosols and their dynamic processes into

PALM since the major criterion in its development has been to limit computational

load without the cost of accuracy. Limiting the number of prognostic variables is

crucial since the major computational load of SALSA stems from a high number of

prognostic variables that are transported with the flow, assuming the default higher-

order advection scheme is applied in PALM (i.e., the fifth-order upwind scheme by

Wicker and Skamarock (2002)).

3.3 Detailed urban topography information

To conduct building-resolving high-resolution LES over a real or realistic urban area, in-

formation on the urban topography is needed with a resolution of 1 m or finer (Fig. 2).

For real neighbourhoods, airborne laser scanning (ALS) datasets are applied (Pa-

pers II-IV), including land-surface elevation, height of buildings and vegetation, and

land-use (Fig. 3). Luckily, for instance, the most recent ALS datasets for the City

of Helsinki are freely available and they have been further post-processed to be di-

rectly applicable for PALM (Auvinen, 2019; Strömberg, 2019). In comparison, realistic

topographies can be constructed manually making use of the existing ALS data, for
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example for generating the three-dimensional shapes of trees (Paper III). Moreover,

in my thesis, we utilize the location of traffic lanes for generating air pollutant emission

maps (see Section 3.4.3).

Figure 2: The elevation of the ground surface and buildings for the modelling domains

in Paper II: root (black), parent (red) and child (white box). Z stands for the height

above sea level.

However, currently available ALS datasets for cities typically provide only the vegeta-

tion height and shape, but not the LAD profile. A full three-dimensional LAD profile

can only be drawn from terrestrial laser scanning (e.g., Hosoi and Omasa, 2006), which

is rarely available. Therefore in this thesis, a constant LAD value is applied for all tree

crowns (Papers I, II and IV) or then an observed one-dimensional LAD profile for a

single urban deciduous tree is utilised (Paper III).
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Figure 3: The dataflow for PALM simulations in this thesis. Black solid line: infor-

mation is applied in all papers. Grey lines: information is not applied in Paper III.

Dashed line: information is applied only in Papers II and IV. Dotted line: informa-

tion is applied only in Papers I and II. Dash-dotted line: information is applied only

in Paper II. Abbreviations: ALS = airborne laser scanning, LAD = leaf-area density,

NWP = numerical weather prediction, EEA = European Environmental Agency and

VTT = VTT Technical Research Centre of Finland Ltd.

3.4 Model boundary conditions

3.4.1 Meteorology

The meteorological boundary conditions applied in a simulation determine how the

simulated flow interacts with its surroundings and surfaces. Regarding the lateral

boundaries, especially the largest eddies on the order of the domain dimensions are

sensitive to the boundary conditions (Pope, 2000). The periodic (i.e., cyclic) boundary
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conditions (Paper I), in which the flow exiting the model domain at one boundary

re-enters it from the facing boundary, are the most commonly applied in atmospheric

applications of CFD. Alternatively, temporally-constant inlet profiles of the flow vari-

ables and temperature can be introduced, to which turbulence can be generated using

turbulence recycling (Papers III and IV). At the bottom and top, Dirichlet (no-slip)

or Neumann (free-slip) condition is used. In this thesis, the Monin-Obukhov similarity

theory is applied as the wall model between the surface and the first grid point normal

to the respective surface orientation.

Furthermore, atmospheric stability controls the size of the eddies. The temperature

profile at the model boundaries defines the stability and it is further controlled by the

surface energy balance. Papers I and IV investigate neutrally stratified flow, while

Papers II and III examine also a stable stratification.

As an alternative for temporally-constant boundaries, offline nesting provides dynamic

boundary conditions for the flow (Paper II, Fig. 3). Offline nesting has been developed

to apply information from a larger-scale NWP model, but it can also be run with

observational data if the dynamic input data are manually constructed, as in Paper II.

As turbulence is not resolved in larger-scale models, it can be generated at the lateral

boundaries using a synthetic turbulence generator (Maronga et al., 2020).

If self-nesting is applied, each nested child domain inherits its lateral and top boundary

conditions for the flow and scalars from its root domain. Nesting can be one-way

coupled (Papers II and IV) so that the flow in the parent domain is not affected by

the child solution, or two-way coupled (Paper III) so that the flow within the parent

domain is influenced by its child domains through anterpolation (Maronga et al., 2020).

3.4.2 Background concentrations

For quantitative air quality simulations (Papers I, II and IV), air pollutant back-

ground concentrations must be provided as boundary conditions (Fig. 3). For aerosol

particles, also the aerosol size distribution and chemical composition must be included.

In this thesis, background concentrations are drawn from measurements (Papers II

and IV) or model data (Papers I and II), namely the trajectory model for Aerosol

Dynamics, gas and particle CHEMistry and radiative transfer (ADCHEM Roldin et al.,

2011, 2019). The vertical profiles of background concentrations are then introduced
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as fixed boundary conditions in the simulations. Paper III investigates ventilation

qualitatively applying LPM and thus does not include any background concentrations.

3.4.3 Emissions

This thesis focuses on traffic-related air pollutant emissions, which occur close to the

ground in street canyons (Fig. 3). Traffic emissions are introduced as maps includ-

ing the surface emission per unit area and time. Paper III applies LPM for non-

quantitative simulations. The emission rates are scaled by traffic volumes, but they do

not have any physically relevant scales. Papers I, II and IV, instead, deal with quan-

titative simulations. Thus, emission maps are provided per air pollutant, and also the

size distribution and chemical composition of aerosol particles per emission type (i.e.,

traffic combustion or road dust) are included. In Paper I, the unit emission factor spe-

cific for the local fleet composition is estimated from the measurements. In Papers II

and IV, the maps are constructed from (mostly) freely available datasets, including the

street maps, traffic rates, unit emission factors, fleet composition, mileage per vehicle

technology and information on the fuel sulphur content. Nucleation of exhaust gases is

assumed to occur extremely fast (Rönkkö et al., 2007), and the nucleation-mode aerosol

particles are included in the emissions. For details, see the relevant publications.

3.5 Simulations

Two types of studies are conducted in this thesis: model evaluation and application in

urban planning. Evaluation of the implementation of SALSA into PALM is done in

two cities: Cambridge, United Kingdom (UK), and Helsinki, Finland. Both application

studies were initiated by and carried out in close co-operation with urban planners of

the City of Helsinki. All simulations are 1–2 hours long.

3.5.1 Evaluation

In Cambridge (Paper I), the evaluation is done against measurements on the vertical

distribution of aerosol number concentration (Ntot) and size distribution (PSD) in a

simple street canyon (Pembroke street) with one-way traffic and without street trees

in central Cambridge (Kumar et al., 2009). In total three simulations are conducted
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on 20-21 March 2007 during the morning (08:30-09:30), evening (21:00-22:00) and at

night (03:00-04:00). Furthermore, the sensitivity of both aerosol number and mass con-

centrations to different aerosol dynamic processes is assessed. Following the prevailing

weather conditions, the wind is perpendicular to the street canyon in all simulations,

enabling the formation of a canyon vortex.

In Helsinki (see Fig. 2, Paper II), the model is evaluated against the horizontal dis-

tribution of Ntot, PSD and black carbon (BC), vertical variability of the alveolar lung-

deposited surface area (LDSA) of aerosol particles and aerosol chemical composition

around an air quality monitoring site on Mäkelänkatu (hereafter ’supersite’). The

supersite is located in an urban neighbourhood 3 km north-northeast from the city

centre and it is characterised as an urban street-canyon curbside station with traffic

rates around 28,000 on a workday. The side streets of Mäkelänkatu have distinctly

less traffic. The simulations focus on the influence of both meteorological boundary

conditions and background PSD on the modelled horizontal and vertical distribution

of aerosol particles. Two types of simulations are conducted: drawing the boundary

conditions only from modelling (MMETMPSD) or observational data (OMETOPSD) from

the nearest measurement sites. This is 17 km west from the supersite for the meteoro-

logical observations and 0.8 km northeast for the aerosol background concentrations.

Furthermore, the sensitivity to the background PSD and incoming wind direction are

separately analysed.

3.5.2 Application

Paper III investigates the role of orientation and shape of perimeter blocks on the

air pollutant dispersion and ventilation using LPM along a planned city boulevard in

Helsinki, Finland (see Fig. 7a). This densely built boulevard of 54 m in width and

3.3 km in length was originally planned to replace one of the current inbound motor-

ways. Hence, high traffic rates are expected. In total four different city-block-design

versions are examined (see Fig. 7a) under two meteorological conditions: general con-

ditions for Helsinki with a southwesterly wind and neutral stratification, and wintry

conditions with an easterly wind and stable stratification. Ventilation is assessed by

means of street-level concentration, vertical turbulent flux and dilution rate of La-

grangian particles. All design versions have two rows of trees in the middle of the

boulevard.
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Paper IV, instead, focuses on different street-tree layouts along a city-boulevard-

type street canyon and the net impact of vegetation on the street level concentrations

and ventilation. Dry deposition of aerosol particles on vegetation and other surfaces is

considered using SALSA. Five alternative layouts with the number of tree rows varying

from two to four and the boulevard width from 50 to 58 m. Furthermore, the influence

of varying tree species and height, as well as hedgerows below trees, is investigated. The

study simulates a spring-time morning rush hour with high traffic rates and potentially

strong road dust resuspension. Both parallel and perpendicular wind direction relative

to the boulevard are studied.
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4 Overview of main results

4.1 Evaluation of SALSA within the PALM model system

In Cambridge (Paper I), the modelled vertical distribution of the total aerosol number

concentration (Ntot) and size distribution (PSD) in a street canyon are shown to agree

well with the observations (Fig. 4a). The simulated values are within the factor of

two of observations (FAC2, i.e., 0.5–2.0 times the observation) and the fractional bias

FB < 0.67 (Hanna and Chang, 2012). Only close to the ground the model overestimates

Ntot, which likely stems from omitting the vehicle induced turbulent (VIT) in the

simulations. The modelled PSD follows closely the PSD of the emission, stressing the

importance of high-quality input data.
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Figure 4: The modelled (black solid lines and grey-shaded areas) and observed (red

circles) vertical profiles of a) total aerosol number concentration (Ntot, adapted from

Paper I) and b) lung-deposited surface area (LDSA) of aerosol particles (adapted from

Paper II). Ntot is shown for all simulation periods in Paper I, while LDSA is only

for the evening simulation applying modelled data as boundary conditions (MmetMPSD)

in Paper II. In both figures, the shaded area illustrates the spatial variability in the

modelled profiles, and in b), orange circles stationary observations, and dashed (light-

blue) and dash-dotted (light green) lines observations at the background monitoring

sites. The height z is given above ground level.
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Paper II displays a more elaborate model evaluation under three contrasting obser-

vation periods. The simulations show mainly good performance based visual analysis

(Fig. 4b and 5) and evaluation metrics including FB (< 0.67), normalised mean-square

error (NMSE < 6) and FAC2 (> 0.3) (Hanna and Chang, 2012). Normalised mean bias

factor (NMBF) and normalised mean absolute error factor (NMAEF, Yu et al., 2006)

are more strict performance measures and the criteria (< 0.25 and < 0.35, respectively)

are not always fulfilled. In general, the model performs better when applying modelled

meteorology and background aerosol particle concentrations as boundary conditions

(MMETMPSD, Fig. 5f-j) instead of observed values (OMETOPSD, Fig. 5k-o). The most

notable differences between MMETMPSD and OMETOPSD are observed during the first

hour of the summer morning simulation (Fig. 5f and k), whereas their results are close

to each other during the second hour of the summer morning (Fig. 5g and l) and during

the summer evening (Fig. 5h and m). The meteorological observation data applied as

boundary conditions in OMETOPSD are from a semi-urban to rural area 17 km away

from the supersite. Moreover, no observations on wind speed and direction above 217 m

are available in summer. These factors lead to possible errors in defining the bound-

ary conditions and partly explain the weaker performance of OMETOPSD compared to

MMETMPSD.

4.2 Relative importance of aerosol dynamic processes and dis-

persion

The importance of coagulation, condensation and dissolutional growth, and dry deposi-

tion on urban aerosol particle concentrations in the time scale of one hour are separately

investigated in Paper I. Dry deposition is the most important aerosol process regard-

ing the aerosol number. It decreases the street-level Ntot in Cambridge (Paper I) by

over 20%, while coagulation only less than 1%. Condensation and dissolutional growth,

instead, increase the total mass by up to over 10% (Paper I, Fig. 6b). The aerosol

dynamic processes have the strongest influence on the smallest particles, as also shown

in Paper IV (Fig. 6a). The influence varies strongly in space and is the strongest

where the flow is weakest, i.e., in a park with trees and in the wakes of buildings.

Yet, dispersion is shown to govern the street-level aerosol concentrations. For instance,

adding street trees to a street canyon is shown to increase the aerosol number and

mass (PM2.5 and PM10) concentrations on pavements (i.e., sidewalks) on both sides
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Figure 5: Observed (a-e) and modelled (f-o) total aerosol number concentration (Ntot)

along the observation route on Mäkelänkatu (street from top-left to bottom-right)

and side streets (loop) for the summer morning (a,f,k for the first and b,g,l for the

second hour), summer evening (c,h,m) and winter morning (d,i,n for the first and e,j,o

for the second hour). The second row shows MMETMPSD and the third OMETOPSD.

Measurements are from z = 2.4 m and modelled values from z = 2.5 m. The supersite

is marked with a black circle. Adapted from Paper II.

of the boulevard by on average 1–53%, 1–72% and 4–123% (Paper I). This shows

that weakened dispersion and ventilation of the street canyon due to the aerodynamic

impact of trees is more important than the sink term, i.e., dry deposition on vegetation

(Fig. 6a).
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Figure 6: a) Relative difference in the mean aerosol particle number concentration

∆〈N〉 (%) at z = 1.9 m compared to the scenario without trees (black) as a function

of crown volume fraction (CVF) on the boulevard in Paper IV. ∆〈N〉 is given for

three diameter (D) ranges: < 100 nm, 100 nm − 1 µm and > 1 µm. The scenarios

are shown by colours: four rows of trees (light blue), three rows (blue), three rows and

hedges (green), three rows of varying height (orange) and two rows (red). b) Influence of

aerosol dynamic processes on the total aerosol mass concentration ∆PMtot (%) between

z = 0 − 30 m in Paper I: coagulation (coag), condensation and dissolutional growth

(cond), deposition (depo) and all processes together (all). Both figures are adapted

from the original publications.

4.3 Sensitivity to boundary conditions

The prevailing atmospheric stability (Paper III) and wind speed (Paper II) are

demonstrated to control the average air pollutant concentrations at street level. Clearly

higher values are formed under stable stratification in Paper III and the role of sta-

bility is supported by the simulations in Paper II, as follows. On a summer evening,

a stronger temperature inversion compensates for concurrent stronger wind speeds

(z < 300 m) in MMETMPSD compared to OMETOPSD and the concentration levels are

rather similar in both simulations despite very different boundary conditions (Fig. 5h

and m). Also on a winter morning, higher stability in OMETOPSD subdues turbulent

transport and leads to higher Ntot compared to MMETMPSD (Fig. 5i-j and n-o). Con-

trastingly, underestimation of the upper-level (z > 200 m) wind speeds in OMETOPSD

by up to 2 m s−1 is enough to compensate for a stronger temperature inversion and thus

a stronger stability in MMETMPSD, leading to higher street-level Ntot in OMETOPSD on
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a summer morning particularly during the first hour (Fig. 5f and k). The controlling

impact of wind speed on the absolute concentration is also observed in Paper I, show-

ing up to 70% higher Ntot inside street canyons during a calmer night-time compared

to a windy evening (Fig. 4a) despite lower emission rates at night.

The wind direction is illustrated to govern dispersion inside a street canyon and ventila-

tion upwards: winds parallel to the street canyon lead to efficient horizontal advection

of pollutants sweeping them away along the canyon length (Paper III), whereas per-

pendicular or oblique winds cause pollutant accumulation to the leeward side of the

canyon due to the formation of a street canyon vortex (Papers I-IV). This is also

reflected in the model evaluation regarding the aerosol chemical composition at the su-

persite (Paper II), which is highly sensitive on the prevailing wind direction. However,

the influence on the chemical composition is not always systematic: e.g., accumulation

of pollutants at the supersite does not always lead to overestimation of one chemical

compound. Horizontal distribution, i.e., accumulation at one location and efficient

ventilation at another, is also strongly controlled by the wind direction (Paper II).

Interestingly, more efficient vertical turbulent transport is observed with southwesterly

winds in Paper III (see Fig. 8a) despite the atmospheric stability. With easterly

winds, the flow enters the city boulevard from a forest. Hence, this indicates more

efficient mechanical turbulence production as the inflow travels over a longer stretch of

an urban area.

Paper II also investigated the impact of background PSD on the aerosol concentra-

tions, which is shown minor. However, the PSD from ADCHEM compared rather well

against the observed background PSD during these modelling periods.

4.4 Model application in real urban-planning scenarios

4.4.1 Building blocks

Air pollutant ventilation and concentrations in four alternative city-block-design ver-

sions along a boulevard (Fig. 7a) with high traffic-related emissions are investigated in

Paper III. In general, the horizontal distribution patterns of air pollutants are dissim-

ilar for all different design versions (Fig. 7b). Non-uniform building height and shorter

street canyons along the boulevard in design version VperHV (bottom right in Fig. 7a)
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Figure 7: City-block-design versions in Paper III (left) and the 40-minute mean

concentration of Lagrangian particles (pc) at z = 4 m (right). Vpar: the longest side

of the building blocks are parallel to the boulevard. VparJJ: Same as Vpar, but with a

lower base height and additional tower-type ’Jin-Jang’ structures. Vper: the shortest

side of the building blocks are parallel to the boulevard. VperHV: Same as Vper, but the

building height varies.

are observed to result in 7–9% lower street-level concentrations compared to the other

versions. This is attributable to enhanced vertical turbulent transport of air pollu-

tants with shorter street canyons (Fig. 8a) as well as slightly more efficient horizontal

transport (i.e., dilution rate) in VperHV in comparison to Vper with uniform building

height. Furthermore, in an asymmetric street canyon with higher buildings upstream

than downstream (i.e., step-up street canyon) in VperHV, ventilation is more efficient

and fewer pollutants are accumulated at street level compared to VperHV (bottom left

in Fig. 7a) with symmetric street canyons of uniform height. Yet, accumulation is

stronger in step-down than symmetric street canyons. This impact of the geometry

of adjacent buildings on the ventilation has also been shown in a wind tunnel (Nosek

et al., 2016) and using LES (Nosek et al., 2018).
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Surprisingly, smaller-scale tower-type variability in building shape in VparJJ (top right

in Fig. 7a) is only shown to increase the turbulent transport with wind parallel to

the street canyon, whereas horizontal transport is equal or even weaker than in Vpar

with uniform building height (top left in Fig. 7a), leading to no improvement in the

street-level concentrations. The most and least efficient vertical turbulent transport

are always observed in VperHV and Vpar, respectively (Fig. 8a). Concentrations remain

low within the courtyards (Fig. 7b). However, courtyards do not have any openings.

Still, this proves that the vertical pollutant transport to the courtyards is weak, as

shown in Gronemeier and Sühring (2019).

4.4.2 Street trees

Contrary to solid buildings in Paper III, the influence of porous vegetation is inves-

tigated in Paper IV with five alternative street-tree scenarios (see Fig. 8b). In the

simulations including vegetation, the lowest street-level aerosol mass concentrations

are observed in the scenario including three rows of trees of variable height along the

boulevard. Instead, the lowest aerosol number concentrations are formed with four

rows of trees of uniform height. Crown volume fraction, i.e., the volume of the total

vegetation volume divided by the volume of the street canyon, shows a positive cor-

relation with the street-level PM2.5 and PM10 (Fig. 6a), i.e., more vegetation inside a

street canyon leads to higher PM2.5 or PM10. Contrastingly, the correlation with Ntot is

slightly negative, which stems from dry deposition having the strongest impact on the

smallest aerosol particles (Fig. 6a, Paper I), representing also the majority of the total

aerosol number. This explains the lower Ntot in the scenario with four tree-rows, which

has the highest CVF, compared to the scenario with three rows of trees of variable

height.

In general, trees reduce the circulation of the canyon vortex and TKE within the street

canyon under a perpendicular wind. Instead under a parallel wind, trees enhance TKE

and vertical turbulent transport (Fig. 8b) at crown level and above. Mean kinetic

energy (MKE) is reduced under both wind directions, as trees transform energy from

the mean flow, i.e, channelling and canyon vortex, to turbulence. Tree-height variation

generates the strongest vertical turbulent transport with parallel wind (Fig. 8b) and

largest volumetric flow rates with perpendicular wind, which enables the lowest mass

concentrations. Furthermore, variances of both mass and number concentrations are
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Figure 8: Vertical turbulent flux of a) Lagrangian particles and b) aerosol particles

with the geometric mean diameter D = 303 nm over the city boulevard in Papers

III and IV, respectively. Values are calculated at a) z = 20 m and b) z = 24 m

under neutral stratification. Note that the y-axis scales are different and Paper III

simulates massless, inert particles. Triangles show the means, solid lines medians, the

lower and upper limit of the boxes 25th and 75th percentiles and whiskers the 10th and

90th percentiles. See Fig. 7a for the city-block-design versions in Paper III. HV stands

for ’height varies’.

the lowest when the tree height varies, indicating the lowest peak concentration values.

Hedges below trees (scenario including three rows of trees and hedges below the outer-

most tree rows) lead to higher mass and number concentrations than in the scenarios

with three rows of trees of variable height and with four rows of trees (highest CVF).
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5 Discussion and conclusions

This thesis features the first neighbourhood-scale urban LES studies incorporating a

detailed description for aerosol particles and their dynamic processes, studying the net

effect of street trees on aerosol concentrations, and assessing the ventilation and disper-

sion of air pollutants with sophisticated measures. A novel high-resolution building-

resolving model was developed to enable investigating the role of 1) aerosol dynamic

processes, 2) meteorological conditions and 3) urban planning solutions on the aerosol

concentrations, dispersion and ventilation in a complex urban neighbourhood. The

model has successfully been evaluated under divergent meteorological conditions in two

different locations with varying air pollutant emission rates and background concen-

trations. Furthermore, sensitivity to aerosol processes and model boundary conditions,

including both meteorology and background aerosol size distribution, has been investi-

gated. Lastly, the model has been applied in two real-world urban planning scenarios

in Helsinki.

Both evaluation studies (Papers I and II) demonstrate a good model performance

regarding both horizontal and vertical distribution of aerosol particle concentrations,

size distributions and chemical composition (Hanna and Chang, 2012). For the periods

studied in Paper II, applying larger-scale modelling data as boundary conditions is

shown to lead to a better overall model performance compared to observation-based

boundary conditions. This can be attributed to missing the upper-level wind observa-

tions in summer and the observations presumably lacking representativess. Still, it is

essential to evaluate the suitability of the boundary condition data before implemen-

tation (Santiago et al., 2020; Tong et al., 2017).

The absolute air pollutant concentrations at street-level are strongly governed by the

upper-level wind speeds and atmospheric stability (Papers II and III). More explicitly

in street canyons, parallel winds lead to sweeping of pollutants by horizontal advec-

tion (Moon et al., 2014) and perpendicular/oblique winds result in accumulation to

the leeward (upwind) side, which the strength of the accumulation depending on the

geometry of the adjacent buildings (Nosek et al., 2016, 2018). Higher street-level con-

centrations are observed under stable stratification (Paper III) due to weaker mean

and turbulent pollutant transport (Li et al., 2016). The vertical dispersion in a street

canyon is also especially sensitive to the wind direction, as it controls the formation

and direction of the canyon vortex and thus the pollutant accumulation. Consequently,
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comparing model data to a point measurement in a street canyon is extremely sensitive

to the wind direction. Street trees in the middle of the canyon reduce the circulation

of the canyon vortex and the transport by the mean flow (Paper IV).

In general, pollutant dispersion and emissions are shown to govern the concentration

fields in the time scale of one hour (Papers I and IV). For instance, the aerodynamic

impact of trees and deceleration of wind overrules dry deposition in Paper IV, leading

to 15–21% and 69–88% higher street-level Ntot and PM10 concentrations than without

street trees. This falls within the wide range of previous findings (Abhijith et al., 2017,

and references within). However, it should be kept in mind that none of the previous

studies applies LES, making them not fully comparable given the outperformance of

LES in urban areas.

Yet, dry deposition on vegetation and solid surfaces decreases the total street-level

aerosol number concentrations by over 20%, also shown by Huang et al. (2014a) in

a RANS study. Condensation and dissolutional growth increase especially the size of

the smallest particles, as also shown by Wang and Zhang (2012), and the total aerosol

mass by up to 10%. Instead, coagulation has only a minor impact, which corresponds

to previous time scale analysis (Kumar et al., 2009; Nikolova et al., 2016; Zhang et al.,

2004) and RANS studies (Albriet et al., 2010; Huang et al., 2014a; Wang and Zhang,

2012). Street trees and hedges in the middle of a city boulevard provide surface area

for aerosol particles deposit on and the highest CVF results in the lowest street-level

number concentration (Scenario 1 with four rows of trees). The influence of aerosol

dynamic processes on the local concentrations is the strongest where the flow is the

weakest, as urban topography increases the residence time of air pollutants near the

ground, and hence it is governed by the prevailing meteorological conditions.

Our findings in Paper III indicate that the vertical turbulent transport is strongly

determined by the urban morphology. Consequently, variation in the building (Paper

III; Lo and Ngan, 2015; Nosek et al., 2016) and tree height (Paper IV) along a city

boulevard leads to the most efficient vertical turbulent transport or TKE, respectively,

and to the lowest street-level concentrations. Surprisingly, smaller-scale irregularities

in the building shape (Paper III) are not shown especially preferential for street-level

concentrations despite slightly stronger vertical turbulent transport. Irregularities can

destroy the canyon vortex (Yang et al., 2016), reducing advective pollutant transport

and hence dispersion in horizontal. Moreover, contrary to what has been suggested in

the previous studies (e.g., Janhäll, 2015), the studied hedgerows below trees are not
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found equally effective for mitigating street-level aerosol particle concentrations.

The quality of the quantitative simulations (Papers I, II and IV) depends strongly

on that of the input data. For example, the concentration levels in the street canyons

are dictated by the surface traffic emission and in the surroundings by the background

concentrations. The dispersion and ventilation are governed by topography, but the

actual LAD and shape of vegetation is rarely known and must be estimated (Auvinen

et al., 2020). Fortunately, high-resolution topography and land use information were

available for all study sites. The most important limitation in the comparative studies

(Papers III and IV) arises from the number of planning scenarios and meteorological

conditions studied, which is bounded by computational resources. In this thesis, the

simulations are conducted for entire neighbourhoods instead of simple street canyons to

include the impact of surrounding urban neighbourhood on the flow and emissions, and

to set the boundary conditions as well as possible. This requires more computational

resources even if self-nesting is applied.

The simulations presented here are extremely detailed, but the modelling methodology

has still some weaknesses. Firstly, aerosols and their size distribution have a rather

rough representation in SALSA, since the number of size bins and chemical compo-

nents is limited by the computational demands and spherical particles are assumed.

These limitations are further discussed in Kokkola et al. (2008). Also, the coupling

between SALSA and the chemistry module within PALM is still preliminary. Future

development should focus on including the emissions of biogenic volatile organic com-

pounds and improving the treatment of organic vapours, which are important for the

formation of secondary organic aerosol (Hallquist et al., 2009; Jimenez et al., 2009).

Further, nucleation was not included in any of the studies. Secondly, VIT has been

omitted, while it can enhance vertical turbulent transport and mixing at ground espe-

cially under weak wind conditions (Qin and Kot, 1993; Solazzo et al., 2007). Lastly, the

anthropogenic heat and heating of surfaces by incoming solar radiation and subsequent

production thermal turbulence have not been considered. This requires a great deal

of detailed information on the topography properties as well as more computational

resources (e.g., Resler et al., 2017).

This thesis represents a novel, high-resolution LES-based aerosol model that is freely

available for research purposes and applications. For instance, the model can be applied

to produce high-resolution data for exposure studies and for designing a representative

monitoring network. The results of this thesis have several implications. With careful
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urban planning, taking into account both buildings and street vegetation, significant

reductions in street-level aerosol concentration levels can be obtained (Papers III and

IV). Furthermore, Paper IV shows that the choice of the studied aerosol measure is

crucial when the effect of urban planning is quantified. For instance, Ntot, representing

mainly the smallest aerosol particles that are the most detrimental for human health,

is more sensitive to dry deposition than PM2.5 or PM10.
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6 Review of papers and the author’s contribution

Paper I describes the implementation of the sectional aerosol module SALSA2.0 into

the PALM modelling system 6.0 and provides a model evaluation against measurements

on the vertical profile of aerosol number concentration and size distribution in a simple

street canyon in Cambridge, UK. Additionally, the relative importance of different

aerosol processes is assessed. The author developed the model code, prepared the

morphological data, designed the simulations together with the co-authors, carried out

the simulation, and wrote the manuscript with contributions from all co-authors.

Paper II presents a more extensive model evaluation of SALSA2.0 within PALM by

comparing the modelled values against measurements on both horizontal and vertical

distribution, and chemical composition of aerosol particles in an urban neighbourhood

in Helsinki, Finland. Furthermore, the model sensitivity to the boundary conditions of

meteorological variables and background aerosol size distribution is investigated. The

author designed, prepared and carried out the simulations, participated in the mea-

surement campaign and wrote the manuscript with contributions from all co-authors.

Paper III investigates how the structural layout of perimeter blocks around a city

boulevard influences the air pollutant ventilation out of the street canyon and court-

yards in a real urban-planning scenario. The author constructed the model setup,

planned and carried out the simulations together with the co-authors, analysed the

data and was responsible for writing the manuscript.

Paper IV examines the relative importance of dry deposition and the aerodynamic

impact of street trees on the aerosol particle concentrations and number size distribu-

tions, and ventilation in a street canyon. The specific aim is to find a suitable street-tree

layout that would minimise the street-level aerosol particle concentrations. The au-

thor took actively part in designing the study, prepared a part of the input data and

data analysis, supervised the execution of the simulations and wrote the manuscript

together with the co-authors.
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