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ABSTRACT. As urban areas grow, understanding the impact of built environments on aerosol distribution is crucial for 
accurate monitoring and forecasting of urban air quality and for the development of mitigation strategies. This study 
uses Large Eddy Simulation approach combined with Local Climate Zones (LCZ) classification to simulate the transport of 
Lagrangian aerosol particles in different urban configurations. The study simulates several urban configurations based on LCZ 
classification, specifically LCZ 4 (open high-rise), LCZ 5 (open mid-rise), and LCZ 6 (open low-rise), varying in building height 
and density. Both regular and randomized urban development configurations were examined to understand the impact 
of building geometry on particle dispersion. The study reveals that building orientation significantly influences particle 
distribution, with structures parallel to the wind adding horizontal dispersion and those perpendicular promoting vertical 
mixing. In randomized configurations, variations in particle concentrations highlight the role of architectural heterogeneity 
in turbulence development and aerosol dispersion. The findings suggest that aggregated block- or district-scale building 
geometry properties strongly influence aerosol transport. For randomized urban configurations, without idealized regular 
structures, the difference in the large-scale morphometric characteristics of specified LCZ types has a significantly greater 
impact on the particle dispersion process than the local geometric differences between configurations of the same LCZ type. 
Future research taking into account diverse meteorological conditions and more LCZ types is recommended to enhance the 
accuracy and applicability of this approach.
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INTRODUCTION

	 With the rise of urbanization, the problem of aerosol 
air pollution in cities has become more challenging, which 
has required the use of advanced modeling techniques 
to assess the dispersion of particulate matter in the urban 
environment. Understanding and being able to forecast 
this process is crucial for estimating health risks and 
developing mitigation strategies, as urban air pollution is 
associated with serious health consequences, including 
respiratory and cardiovascular diseases (Pope and Dockery 
2006; Kampa and Castanas 2008; Kasimov et al. 2024). The 
impact of PM2.5 concentrations on mortality has a global 
effect and is especially evident in low- and middle-income 
countries (Cohen et al. 2017), where urbanization is usually 
very active.
	 The complexity of urban landscapes, characterized by a 
variety of architectural forms and types of land use, requires 
models with high spatial resolution to ensure effective 
analysis and forecasting (Baklanov et al. 2007). At the same 
time, processes of a wide range of scales are important 
for the physics of atmospheric processes in urban areas, 
from an individual building to a meteorological mesoscale, 
necessitating the use of models with different depths of 
process description and resolution depending on the 
task (Blocken 2015). Currently, there is a trend towards 
multi-scale modeling of meteorological processes and air 
pollution, as this approach allows for a more comprehensive 
analysis of processes and more efficient decision-making; 
however, it requires more complex verification of models 
and the development of new recommendations and 
standards for modeling (Kadaverugu et al. 2019; Baklanov 
and Zhang 2020). 
	 Historically, aerosol dispersion modeling has relied on 
a Gaussian or plume approach (Berlyand 1991), which is 
computationally simple but does not allow for detailed 
consideration of the features of urban development and 
the underlying surface (Britter and Hanna 2003; Holmes 
and Morawska 2006). The development of computing 
technologies and computational fluid dynamics (CFD) 
models, primarily RANS (Reynolds-Averaged Navier-Stokes) 
and LES (Large Eddy Simulation) approaches, has allowed 
us to move to a qualitatively new level for simulation of 
atmospheric processes in cities. Such models reproduce 
the complex structure of an airflow and turbulent eddies 
inside urban areas (Blocken et al. 2012). The influence of 
urban development on microclimate and thermal comfort 
has been actively studied for a long time using CFD 
(Chatzidimitriou and Axarli 2017; Lee and Mayer 2018), 
but air quality is not ignored either. It has been shown 
that taking into account the geometry of buildings and 
streets has a pronounced effect on particle dispersion and 
allows us to obtain results that differ significantly from 
simulations using plume models (Oke et al. 2017). At the 
same time, building geometry exerts complex nonlinear 
effects on particle concentrations (Starchenko et al. 2023) 
and provides notable impact on other components of 
the urban environment, including the air quality, e.g., via 
greening of roofs (Wu and Liu 2023; Venter et al. 2024). 
	 One of the methods to tackle the issues listed above 
is the use of LES models, since with sufficient computing 
resources they can provide a more accurate representation 
of air flows and turbulence in urban areas than the more 
popular RANS models (Zheng and Yang 2021). This 
approach is already used for real urban development on 
the scale of an entire city and allows us to draw conclusions 
about the influence of street orientation on the dispersion 
of pollutants (Zhang et al. 2021). In addition, LES models are 

used to verify simpler models or parameterizations used 
for operational forecasting of air quality and atmospheric 
composition (Grylls et al. 2019). Of particular interest are 
studies using LES models with Lagrangian tracking of 
pollutants as individual particles (Glazunov 2018), which 
accounts for the interaction of solid particles with the 
urban atmosphere and buildings in a more explicit way 
compared to Eulerian models; e.g., this approach was 
used to assess the impact of building development and 
atmospheric stratification on particle dispersion in Helsinki 
(Kurppa et al. 2018).
	 An important achievement in the field of urban 
meteorology is the creation of the concept of local 
climate zones (LCZ) and its use in hydrodynamic models 
of various scales. LCZ classifies urban areas based on 
building and street parameters, vegetation cover, and 
surface properties - these variables strongly affect the local 
microclimate and the structure of air flows (Stewart and 
Oke 2012). Studies using the LCZ classification are primarily 
focused on quantifying urban morphology impact on air 
or surface temperature (Varentsov and Samsonov 2020; 
Aslam and Rana 2022), however, there are more and more 
works on the topic of air quality, which demonstrate that 
the characteristics of urban development strongly affect 
the concentrations and surface deposition of pollutants 
(Kosheleva et al. 2018), and many classifications of the 
underlying surface are not relevant to urban morphology, 
which is presented in the LCZ (Jiang et al. 2023). It has been 
repeatedly shown that there is a relationship between the 
LCZ types and the concentration patterns of solid particles 
(Shi et al. 2019; Lin et al. 2024; Nourani et al. 2024), however, 
conclusions about the specific nature of this relationship 
vary depending on the city and research methods. 
	 The aim of this study is to apply a novel approach 
combining Large Eddy Simulation with Local Climate Zones 
classification to analyze the impact of urban development 
geometry on air pollution at various scales, from district 
level to individual buildings. This approach not only 
deepens our understanding of atmospheric environment 
dynamics in urban settings but also paves the way towards 
projecting more resilient urban infrastructures and 
healthier living environments.

MATERIALS AND METHODS

Large Eddy Simulation

	 As the main tool, we used the model developed 
at the RCC MSU (Lomonosov Moscow State University 
Research Computing Center) and the INM RAS (G.I. 
Marchuk Institute of Numerical Mathematics of the Russian 
Academy of Sciences) based on a unified hydrodynamic 
code combining LES (Large Eddy Simulation), DNS (Direct 
Numerical Simulation) and RANS (Reynolds Averaged 
Navier-Stokes) approaches for modeling geophysical 
turbulent flows with high spatial resolution (Mortikov 
et al. 2019; Kadantsev et al. 2021; Tkachenko et al. 2022; 
Debolskiy et al. 2023, Suiazova et al. 2024). In this work, the 
LES configuration of the model was used, which allows 
for a detailed reproduction of turbulent airflows in the 
presence of complex urban geometry.
	 This model calculates the dynamics of a thermally 
stratified fluid defined using filtered Navier-Stokes 
equations in the Boussinesq approximation. To 
parameterize the subgrid stress tensor, the Smagorinsky 
eddy viscosity model is used, in which the Smagorinsky 
constant and the subgrid Prandtl number (which depend 
on time and spatial coordinates) are determined using a 
dynamical procedure (Germano et al. 1991). The numerical 
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model utilizes conservative finite-difference schemes 
of second-order accuracy for spatial approximation on 
rectangular meshes. A fractional step method is used to 
integrate the equations of motion and continuity over 
time and to ensure the incompressibility condition, and 
an explicit third-order Adams-Bashforth scheme is used to 
approximate the momentum and heat equations.
	 An important feature of this model is explicit 
representation of the buildings (Tarasova et al. 2024). 
The surface of buildings can be given its roughness 
and temperature, which allows us to make simulations 
including complex scenarios when different buildings 
have different properties.

Lagrangian particle model

	 To model particulate matter transport in the urban 
atmosphere, a Lagrangian particle transport module was 
introduced to the LES model. The main advantage of the 
Lagrangian approach is its ability to track the trajectories 
of individual particles in detail, which allows explicitly 
describing their interaction with the diverse elements of the 
urban environment. In complex urban environments where 
buildings, streets, and green spaces create heterogeneous 
airflow patterns, the Lagrangian method can account 
for the effects of turbulence, particle sedimentation on 
buildings surfaces, and changing atmospheric conditions 
near surfaces, resulting in more accurate predictions of 
local concentrations compared to the Eulerian framework.
	 In this paper, the Lagrangian approach is used for 
numerical modeling of aerosol transport. Each particle is 
tracked through its entire trajectory, as well as the particle’s 
velocity and other state variables. This approach is used 
to track a limited number of particles but allows us to 
explicitly consider the forces acting on the particle. Using 
the Lagrangian approach, the change in position of each 
individual particle is described by the Eq. (1) (Thomson and 
Wilson 2012):

	 where xp  – particle position, up  – its velocity, t – time. 
The developed model allows to consider inertial (‘’heavy’’) 
particles, whose velocity may not coincide with the 
velocity of the ambient air at particle position. Therefore, 
changes of both particle’s position and its velocity have 
to be calculated – Eq. (1) is supplemented with Eq. (2) for 
velocity based on Newton’s second law:

	 where g=(0,0,-g) – gravitational acceleration (g>0) 
in Cartesian coordinates, ρ

p
  – particle density, ρ  – air 

(medium) density, u=(u
1
,u

2
,u

3
) – ambient flow (medium) 

velocity, F
D
 – drag coefficient.

	 To account for the interaction with buildings, 
parameterization of collisions with hard (impermeable) 
surfaces has been implemented, in which both reflection 
of a particle from the surface of a building and deposition 
on it are possible. It is implemented by representing 
buildings as impenetrable surfaces of the computational 
grid.
	 The Lagrangian transport module also takes into 
account the effect on particle motion of the turbulent 
eddies which are subgrid for LES model. The total flow 
velocity   from Eq. (2) is represented as the sum of the 
averaged and subgrid components (Eq. 3):

	 where u – velocity explicitly resolved at the numerical 
grid of LES model, u, – subgrid velocity fluctuation which 
is evaluated using the Lagrangian stochastic model (LSM). 
The 1st order LSM is used in this work, for which the change 
of fluctuation component along the trajectory of a fluid 
parcel (coinciding with the particle path for light particles) 
can be calculated as Eq. (4) (Reynolds and Cohen 2002):

	 where i=1,2,3 is the Cartesian coordinate index, 
 – subgrid velocity variance,  C0=6.0 – 

Kolmogorov’s constant, ε – the rate of dissipation of 
turbulent kinetic energy, diagnosed by LES model, ξ

i
  – 

independent delta-correlated (in time) Gaussian random 

variables with standard deviation .

	 The developed Lagrangian transport module was 
previously verified on analytical solutions for light and 
heavy particles (Varentsov et al. 2020; Varentsov et al. 2023).

Urban configurations

	 Since a limited number of numerical experiments 
cannot cover the entirety of urban geometry variability, to 
select urban geometry configurations for LES experiments, 
it was necessary to choose building development types 
that are both idealized enough to be described by a small 
set of properties and easily reproduced in other studies 
and relevant to the real urban settings so that they could 
describe urban areas in different cities of Russia and the 
world. The classification of Local Climate Zones (LCZ), 
proposed in (Stewart and Oke 2012), is increasingly used 
as such a universal tool for identifying characteristic 
types of homogeneous (in terms of mean morphological 
characteristics) urban development within a city.
	 We restrict our study to 3 types of LCZ – the selected 
configurations are LCZ 4, LCZ 5, and LCZ 6. The parameters 
defining each type are shown in Table 1. These types of 
LCZ are widespread both in Russia and in the world, as 
evidenced by the global LCZ map (Demuzere et al. 2022). 
Configurations LCZ 1, LCZ 2, LCZ 3, and LCZ 7 require 
calculations with more detailed resolution and higher 
computational cost due to the very high density of 
buildings, and LCZ 8, LCZ 9, and LCZ 10 are not so common 
in residential areas of Russian cities – so these types are 
planned to be considered not now, but in further studies.
	 LCZ 4 is an open high-rise building zone. In Russian 
cities, a common example of such development is Soviet-
era housing, which typically consists of tower blocks with 
8 to 12 floors in park-like surroundings. LCZ 5 is an open 
medium–rise building zone. The typical example is the 
neighborhoods of Soviet five–storey apartment buildings 
(e.g., so-called “khrushevka”), typical of almost any Russian 
city. LCZ 6 is an open low–rise building zone, and it can 
include areas with both individual private houses and low-
rise apartment buildings. Common examples in Russia are 
suburbs with private houses and city districts built up with 
two-storey communal housing.
	 To generate building geometry so that the whole 
domain corresponds to one of the selected LCZs, 
two methods were used: manual specification of the 
geometry with a regular pattern and automatic generation 
of the geometry with a randomized pattern using 
specially developed generator software. Hereafter, the 

(1)

(3)

(2)

(4)
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configurations of these two types are called “regular” and 
“randomized”, respectively.
	 As a result of the manual generation of regular 
geometry, 9 configurations were prepared (Fig. 1), with 3 
variants for each of the selected LCZ. The only differences 
between the LCZs in these configurations were building 
height and aspect ratio, while the shape and orientation of 
the buildings differed between LCZ variants. The first two 
options (LCZ 4 (a-b), LCZ 5 (a-b), LCZ 6 (a-b)) are regular 
patterns with long buildings forming urban canyons 
stretching from South to North or from West to East, such 
scenarios mimic areas of Soviet residential districts, newly 
built according to the cities’ master plans (Engel 2022). The 
third option (LCZ 4 (c), LCZ 5 (c), LCZ 6 (c)) is the regular 
pattern of square buildings, typical for some urban areas 
of the 21st century in Russia and for many cities around the 
world, especially in developing countries.
	 Urban development rarely has a perfectly periodic 
structure, so the regular geometry of identical buildings 
and streets presented above is an idealized option. A 
pseudorandom pattern of buildings of similar scale 
can be found in almost any city. To consider more 
realistic scenarios, we have created randomized building 
geometries in which the structure of streets, blocks, and 
buildings is present, but their location and parameters are 
random within acceptable values for a particular LCZ. 
	 The approach of generating building geometry based 
on specified characteristics is used both in atmospheric 
flow simulations in general (Sutzl et al. 2020) and specifically 

for LCZ classification (Zhou et al. 2023). However, the 
available generation methods are usually limited in 
setting or selecting parameters. Therefore, to generate a 
randomized building geometry, we developed a generator 
tool that takes as input the area size and the morphological 
characteristics of the selected LCZ, including parameters 
from Table 1 and manually selected restrictions on building 
sizes. Next, the fractal geometry of urban development is 
generated in several stages.
	 At the first stage, the minimum and maximum sizes of 
streets and blocks and their number are calculated based 
on the LCZ parameters. The area is randomly divided 
into a corresponding number of streets (along the X and 
Y axes) and rectangular blocks; all random values have a 
uniform distribution within the minimum and maximum 
sizes mentioned above. A block refers to an area with a 
width of 1 to 3 buildings and a length of at least 1 building. 
At the second stage, rectangular building objects are 
generated in each of the obtained blocks, taking into 
account the LCZ parameters and the selected building size 
restrictions. The third stage of the generation is to check 
the correspondence of the generated geometry and the 
selected LCZ. The morphological characteristics (height 
and area of buildings, aspect ratio) are checked separately 
for each block. If any of the parameters deviate by more than 
5% from the required value, the buildings in this block are 
generated again. If in a certain quarter it is not possible to 
achieve the required values in several generation attempts, 
or all blocks are approved, but a deviation of more than 5% 
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Table 1. LCZ parameters used to generate the building geometries for numerical experiments

LCZ Buildings height Building areal fraction Aspect ratio (the ratio of building height to street width)

LCZ 4 > 25 m 20-40 % 0.75-1.25

LCZ 5 10-25 m 20-40 % 0.3-0.75

LCZ 6 3-10 m 20-40 % 0.3-0.75

Fig. 1. Elevation maps for manually created regular building configurations corresponding 
to Local Climate Zones LCZ 4, LCZ 5, and LCZ 6
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is obtained for the entire region, then the entire region is 
being regenerated, that is, streets and blocks.
	 In this way, 12 building configurations were generated, 
4 for each LCZ (Fig. 2). The main differences between 
randomized and regular configurations are the variation 
in building sizes and heights, the different shape and 
orientation of buildings within even one block, the lack 
of a regular structure, and the different number and 
width of streets. The building sizes for LCZ 4 and LCZ 5 are 
quite similar for both generation methods. However, the 
randomized LCZ 6 configurations have significantly more 
buildings, and their size is smaller than in the regular LCZ 
6 configurations, which is caused by the limitations of the 
generation method.
	 Although such a random building pattern may not 
have exact real-world analogues, it can be called more 
realistic, since perfectly regular geometry is extremely 
rare in cities (even cities built according to master plans 
usually have a heterogeneous structure), and randomized 
buildings of the same scale can be found in almost any city.

Numerical experiments setup

	 For each building configuration (for 9 regular and 12 
randomized ones), a numerical experiment was conducted 
to compute aerosol transport. The experiments simulated 

the spread of atmospheric pollutants emitted from the 
street in the form of vehicle emissions and fine road 
dust. The spread of such pollutants within urban areas 
was assessed under common meteorological conditions: 
low wind and neutral atmospheric stratification, which 
together provide ventilation of the city and vertical mixing, 
but with low intensity.
	 The characteristic meteorological conditions of the 
experiments included the wind speed and direction at 
the upper boundary, as well as the vertical temperature 
gradient. The wind boundary conditions were set to 4 m/s 
at an altitude of 120 m and above, and the wind direction 
was westerly (along X-axis). For temperature, the boundary 
conditions were set to +15 °C at an altitude of 120 m and +16 
°C on the surface of the earth and buildings, which ensured 
neutral temperature stratification of the atmosphere 
when vertical air mixing, unlike stable stratification, is 
significant but not as active as with unstable stratification. 
The lateral boundaries were set with periodic conditions 
for atmospheric parameters, allowing the airflow to be 
adapted to the geometry of urban development as if a 
similar pattern of buildings surrounded the entire domain 
area. The graphical representation of the experiment setup 
is shown in Fig. 3.
	 Spherical solid particles with a diameter of 1 µm 
and a material density of 1000 kg/m3 were defined as 

Fig. 2. Elevation maps for randomized building configurations corresponding 
to Local Climate Zones LCZ 4, LCZ 5, and LCZ 6
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aerosols, which correspond to the widely used aerosol 
category PM2.5 (Zwozdziak et al. 2017). The particles we 
are considering are relatively light and weakly affected by 
inertia and gravitational subsidence. Heavier and larger 
particles (PM10 and larger) are planned to be considered 
in future studies. The source of particles in all experiments 
was a volumetric source having a width of 8 meters (along 
X) and a height of 4 meters (from 0 to 4 m along Z) and 
elongated through the entire Y axis, that is, simulating 
emissions from a long street perpendicular to the wind 
direction. In configurations with regular geometry, the 
source was located at coordinates from X=21.0 to X=29.0 
meters from the western border of the domain; that is, it 
was located in the first left canyon. In configurations with 
randomly generated geometry, the source occupied the 
south-north strip at coordinates from X=4.0 to X=12.0 
meters, i.e., it was also located in the first left canyon. 
Particles escaped domain on the western, eastern, and 
upper borders of the computational domain, periodic 
conditions were set on the southern and northern borders 
(particles appear at the southern margin while crossing 
the northern, and vice versa), and deposited on the earth’s 
surface.
	 The dimensions of the computational domain 
were 400 (X) m by 200 (Y) m by 161.29 (Z) m for regular 
configurations and 400 (X) m by 400 (Y) m by 161.29 (Z) m 
for randomized ones. The horizontal grid spacing along the 
X and Y axes was 2 m, the vertical resolution was 2 m inside 
bottom 80-meter layer, and above it the cell size increased 
by 4% with each grid step up to 5.12 m. In total, the vertical 
domain extent was divided into 64 cells. The experiments 
were carried out for a period of 12 hours, sufficient for the 
flow to achieve a quasi-stationary equilibrium state and 
gather statistics (mean and fluxes) in the last 4 hours of the 
simulation. The time step of the LES model was fixed in all 
cases and equal to 0.04 seconds.

RESULTS AND DISCUSSION

Regular configurations

	 Based on the results of numerical experiments, 
the distribution of particle concentrations and the 
characteristics of their propagation were analyzed. For 
regular building configurations, Fig. 4 shows the average 
concentrations at the ground level (0-4 m above surface), 
demonstrating the removal of particles from the source 

through the streets. In the plots of time-averaged near-
surface concentrations, plumes of higher concentrations 
can be clearly traced along the streets through which the 
particles are carried horizontally. The maximum average 
concentrations are observed in LCZ 4 (a-c), which can 
be explained by the highest height of buildings among 
the selected LCZs and, as a result, the greatest resistance 
to airflow, which negatively affects the street ventilation. 
At the same time, there is no significant difference in 
average concentrations and standard deviation (SD) of 
concentrations between LCZ 5 (a-c) and LCZ 6 (a-c), despite 
the twofold difference in the height of buildings.
	 Significant differences are noticeable among the 
various building configurations that belong to the same 
LCZ (between (a), (b) and (c) configurations of each 
same LCZ). For each of the LCZs, it can be seen that the 
lowest concentrations were obtained in configuration 
(a), elongated buildings perpendicular to the wind, 
which is associated with the formation of vertical vortices 
(Glazunov 2018) inside the canyons and the active removal 
of particles into the layer above the buildings. At the same 
time, configurations (b) show average concentrations that 
are 10-15% higher, which is associated with a lower vertical 
mixing effect and a more active removal of particles 
along the streets at the same height near the surface. The 
highest average concentrations and SD are observed in 
configurations (c) – these are the variants with the highest 
building density, which affects the weakening of vertical 
mixing and a decrease in wind speed inside the urban 
canopy.

Randomized configurations

	 For randomly generated configurations, the average 
concentrations at the ground level (0-4 m in height) 
are shown in Fig. 5. Due to the random nature of the 
building patterns, there are much more significant 
differences between LCZs and, as before, noticeable 
differences between realizations of a single LCZ. The 
most noticeable difference from the experiments with 
regular configurations (Fig. 4) is that the highest average 
concentrations were obtained for LCZ 6 with the lowest 
building height, while the values for LCZ 4 and LCZ 5 are 
similar. Such a drastic difference can be explained by the 
fact that in the case of randomized geometry, the airflow 
becomes more turbulent, and the role of vertical mixing 

Fig. 3. Schematic of the experiment setup
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and removal of particles into the air layer above buildings 
increases. At the same time, in the case of LCZ 6, the urban 
environment is lower and denser than in LCZ 4 and LCZ 5. 
This, in turn, reduces the exchange between the air layers 
inside it and above the buildings.
	 If we compare different configurations within the same 
LCZ, then there is a very strong influence of geometry near 
the source – concentrations at different points at the same 
distance from the source may differ by an order of magnitude, 
but at large enough distances, this is smoothed out due to the 
random nature of the urban development.
	 From the above results, it can be concluded that 
buildings parallel to the wind (regular configurations (b), Fig. 
4) contribute to the horizontal removal of particles without 
active vertical mixing, while perpendicular buildings (regular 
configurations (a), Fig. 4) contribute to the vertical removal 
of air into the layer above buildings. However, these effects 
have been tested under conditions of neutral stratification. In 
cities with frequent stable stratification, i.e., at high latitudes 
and in winter (Varentsov et al. 2023), the removal of aerosols 
requires the presence of well-ventilated streets and courtyards. 
With frequent daytime unstable stratification, particle removal 
will also be accelerated by wind-obstructing structures that 
activate vertical mixing. However, from the point of view of 
aerosol removal, randomized building configurations have 
been proven to be the best, in which streets parallel to the 
wind and buildings perpendicular to the wind are combined, 
but low building density remains – in total, all this leads to 
increased turbulence and active horizontal and vertical mixing.

Configurations intercomparison

	 To assess the LCZ classification relevance to pollution 
dispersion in urban environments, we determined how 
large the differences in concentration and particle transport 
patterns are between variations in geometry within a single 
LCZ type.

	 Fig. 6 shows vertical profiles of particle concentrations 
averaged over the eastern half of the region (coordinates 
[200:400 m, 0:400 m] on the X and Y axis respectively), that is, 
over the part of the building as far away from the sources as 
possible, where the concentration field is already significantly 
mixed by buildings and less dependent on the position of 
buildings compared to the latter located directly next to the 
source. The general shape of the profiles is similar for most 
configurations. The maximum concentrations are observed 
at a height close to the average building height, since inside 
the urban canopy, vertical mixing lifts particles up, but above 
the roofs, it is not so active, and particles are carried away by 
horizontal flows. At the same time, particles sediment on the 
ground, so surface concentrations are not high at a distance 
from the source. For some configurations, high concentrations 
are observed not only at the roof level but also up to the 
upper boundary of the domain. This effect can be caused 
by the severe turbulence that occurs over tall and highly 
heterogeneous urban development.
	 For regular geometries (Fig. 6a, 6c, 6e), the profiles and the 
spread between them are very similar – the standard deviation 
of concentration ranges from 0.23 to 0.27 (in dimensionless 
units relative to the maximum concentration among the 
profiles), and the shape of the profiles for the same buildings’ 
configurations but for different LCZs is the same (with profiles 
normalized by building heights), e.g., for (c) configurations 
of all LCZs. For each of the LCZs, there is a large variation in 
concentrations between different versions of its geometry, 
which suggests that the LCZ cannot be approximated by any 
single geometry configuration – it is necessary to consider 
various options and take into account the influence of the 
shape and orientation of buildings.
	 For randomized geometries, similar conclusions were 
obtained for LCZ 4 and LCZ 5 (Fig. 6b, 6d) – the profiles for 
different configurations of the same LCZ differ significantly 
from each other. However, for LCZ 6 (Fig. 6f ), extremely low 
variability was obtained between the geometry variants – due 

Fig. 4. Simulated surface (altitude 0-4 m) particle concentrations for regular building configurations corresponding to 
Local Climate Zones LCZ 4, LCZ 5, LCZ 6
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Fig. 5. Simulated surface (altitude 0-4 m) particle concentrations for randomized building configurations corresponding 
to Local Climate Zones LCZ 4, LCZ 5, LCZ 6

(a) (b)
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to the low height and small size of the buildings, unlike LCZ 
6 regular configurations with longer and wider buildings, the 
geometry of buildings is more homogeneous and does not 
generate large disturbances in the wind flow.
	 Fig. 7 shows concentration profiles similar to Fig. 6, 
but averaged over all configurations of the same LCZ. In 
the case of regular geometries (Fig. 7a), the difference 
between different LCZ types is minimal at the surface 
and only significantly manifests itself at the roof level and 
in the layer above the buildings. The maximum standard 
deviation (0.2) turned out to be less than when comparing 
different geometry configurations within a single LCZ. 
Thus, for regular building configurations, the shape and 
orientation of buildings had a greater impact on the spread 
of aerosols than the different LCZ parameters: the height of 
the building and the aspect ratio of urban canyons.

	 For the randomized configurations (Fig. 7b), on the 
contrary, significant differences were found between the 
profiles for different LCZs. The maximum standard deviation 
values observed at heights of 15-20 m were approximately 
1.5 times higher than the maximum standard deviation 
values for various configurations within the same LCZ. The 
average concentrations also vary significantly at the surface 
level – for LCZ 6, they were almost 2.5 times higher than 
for LCZ 4. The results for the randomized configurations 
demonstrate that in the absence of an ideal periodic 
structure of the city and the presence of heterogeneity 
in the size, shape, and height of buildings, the spread of 
aerosols in the urban environment is determined by the 
general morphometric parameters of the area much more 
strongly than the specific location of buildings and their 
orientation.

(c)

(e)

(d)

(f )

Fig. 6. Vertical particle concentration profiles, averaged over the eastern half of the region, for regular (a, c, e) and 
randomized (b, d, f) building configurations corresponding to Local Climate Zones LCZ 4 (a-b), LCZ 5 (c-d), LCZ 6 (e-f)
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(a) (b)

Fig. 7. Vertical particle concentration profiles in the eastern half of the region averaged over 
the implementations of each LCZ, for regular (a) and randomized (b) building configurations

CONCLUSIONS

	 In this paper, the analysis and comparison of aerosol 
particle dispersion within the city were carried out 
depending on the following parameters. Firstly, depending 
on the type of urban development based on the LCZ 
classification. Secondly, depending on the specifics of 
the geometry implementation for the selected LCZ type. 
Thirdly, depending on the randomization and periodicity 
of the geometry configuration. The results of numerical 
calculations using a large-eddy simulation model with 
a Lagrangian particle transport model allowed us to 
draw conclusions for a finely dispersed urban aerosol 
distribution under typical meteorological conditions: 
neutral stratification and low wind.
	 When generating regular geometry with identical 
buildings, the influence of the features of a particular 
configuration (primarily, the shape and orientation of 
buildings) turned out to be comparable, and in some 
cases more significant, than the influence of large-
scale morphometric parameters of buildings, which are 
determined by LCZ types and characterize qualitatively 
different types of urban development. However, such LCZ 
implementations are highly idealized and have very few 
analogues in real cities, which motivates the creation of 
configurations with a limited range of building parameters 
and a random contribution to their location relative to 
each other.
	 Using the developed LCZ generator, building 
configurations were created taking into account the 
random contribution to the parameters and location 
of each building but corresponding to the large-scale 
morphometric characteristics of the selected LCZ types. 
Such configurations are more realistic, as they reflect 
the quasi-random nature of real urban development at 
the level of individual buildings but retain the typical 

scale of blocks and streets for most cities. Experiments 
with these configurations showed a significant variation 
in concentrations between specific implementations 
of a single LCZ for high-rise and medium-rise buildings 
(LCZ 4, LCZ 5) and a slight variation for low-rise buildings 
(LCZ 6), while for all LCZs the scale of variation between 
implementations was smaller than in the case of regular 
configurations. The differences between LCZs in this 
case turned out to be one and a half times greater than 
the maximum scale of differences between individual 
implementations of a single LCZ.
	 Thus, in urban areas, which are highly distinct from the 
single, regular, periodic structures, it is possible to describe 
the features of aerosol distribution by considering the 
aggregated type of urban development – for example, 
the LCZ type. This result opens up new prospects for the 
development of global and regional models of atmospheric 
dynamics and pollution dispersion by more accurately 
accounting for the urban underlying surface and its effect 
on the spread of aerosols.
	 Based on the results of this work, the following 
recommendations can be proposed for developers and 
urban planners. With low and medium building densities, 
one of the ways to increase air mixing and remove polluting 
aerosols from the surface level may be to increase the 
height spread of buildings and make their location and 
orientation more random, avoiding the construction of 
identical regular structures. 
	 Further research on this topic is required to analyze the 
differences more accurately between all existing types of 
LCZ and to take into account a larger number of factors: 
atmospheric stratification, wind speed, aerosol size and 
composition, interaction of different LCZ types on the city 
scale, etc. Also, in further research, it is worth considering in 
more detail the influence of model parameters, especially 
spatial resolution.
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