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A B S T R A C T

The development of integrated urban services requires the implementation of informative tools that provide a
balance between quality, time and costs for air quality assessment. Within this framework, three modeling
techniques with different levels of complexity were compared during a winter inversion episode against
PM10 concentrations measured in a built-up area in Prague (Czech Republic) characterized by heavy traffic.
Although the Gaussian model ATEM satisfied the common statistical-performance criteria, the predictions
poorly represented the spatial variability of concentrations in the study domain. The Lagrangian model GRAL
provided a better simulation of the effects of terrain and vortice formation inside street canyons, but tended
to overpredict the influence of these phenomena. Finally, the most sophisticated of the three models, the
Large-Eddy Simulation model PALM, demonstrated the best performance based on an exhaustive analysis of the
model outputs in the temporal and spatial dimensions. After model comparison, a sensitivity test of the selected
models to the driving meteorology and emissions inputs was carried out. While advanced models can simulate
complex urban environments, their suitability for use in urban planning is subject to further considerations,
such as computational cost, user expertise, and the usefulness of the output. Thanks to increasing computation
power and intensive work on the entire modeling chain, sophisticated models could become routine tools for
use in regulatory applications, contributing to future integrated urban service provision.
1. Introduction

Urban areas are shaped by a complex interplay of geographical,
morphological, climatic, ecological, and anthropogenic factors. The
unique features of each city pose challenges for developing decision-
support systems that effectively simulate urban environments. From
this perspective, street canyons are of special concern, given the in-
creased likelihood of the exposure of pedestrians, cyclists, drivers,
and residents to pollutant concentrations that might exceed current
air-quality standards [1]. Pollution dispersion in street canyons is sig-
nificantly constrained by the physical barriers formed by the building
walls and by the unique microclimatic conditions along the street,
which create ‘hotspots’ where recirculation flows trap air pollutants [2,
3]. Consequently, the mean exposure time, or the time a pollutant
remains in a respirable region, can be considerably longer in street
canyons than in open areas [4].

∗ Corresponding author.
E-mail address: william.patino@chmi.cz (W.R. Patiño).

Cities and local municipalities are usually not equipped to deal with
local- or microscale issues in such fine detail, and the legislation, sup-
plementary tools, data, or model-based information required to address
such issues are often missing or outdated. As a result, air-quality limits
in urban areas can be exceeded, especially during periods of strong
atmospheric inversion. Since the Great London Smog in 1952 [5],
particulate matter (PM) has been considered a major factor in the
context of the health hazards caused by urban pollution, especially in
Central and Eastern Europe, Northern Italy, and the Balkans [6]. PM is
associated with increased daily mortality due to cardiovascular diseases
such as stroke, ischemic heart disease, or myocardial infarction, as
well as respiratory conditions, including chronic obstructive pulmonary
disease, asthma, and bronchitis [7].

Air quality or meteorological forecast modeling of the stable condi-
tions during persistent wintertime thermal inversions is challenging [8–
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10], and few studies have addressed the simulation and accurate predic-
tion of dispersion during such situations. The performance of dispersion
models has been tested for urban settings and street canyons [11,12],
but scarcely any [3,13–15] have focused on winter conditions.

Owing to the uniqueness of the urban environment and the intercon-
nectedness of its components, assessing some parameters from a single
perspective may result in adverse impacts in different parts of the sys-
tem being overlooked; for instance, improvements in thermal comfort
may negatively affect air quality (more examples can be found in a
detailed sensitivity study for Prague; [16]). Therefore, efforts are un-
derway to develop universal tools for multi-level microscale analysis of
meteorological variables. One of these tools, the Large-Eddy Simulation
(LES) model PALM [17], explicitly resolves turbulence within the urban
boundary layer, and can thus accurately capture atmospheric processes
within densely built and complex urban areas [18]. Despite the advan-
tages of microscale models that apply the LES core, some drawbacks
(e.g., high computational costs, the need for high-resolution input data,
and user expertise) limit their practical application. Several other types
of models with varying degrees of complexity are conventionally used
for forecasting and decision-making. On the one hand, Gaussian plume
models are based on the assumption of normal distribution for the
horizontal and vertical crosswind dispersion of pollutants in the plume.
They portray the pollutants emitted continuously as a single plume that
expands in two dimensions over time. Gaussian models assume steady-
state conditions, in which both emissions and meteorology remain
constant over time. They account for terrain only in a very simplified
way, and have limited capacity for modeling low wind speeds, chemical
transformations, or the effects of complex building structures. Their
results, supported by empirical observations, have served as regulatory
tools in many countries for nearly five decades, and are often still
used [19]. For example, the ATEM (Ateliér Ekologických Modelů) and
SYMOS (Systém modelování stacionárních zdrojů) Gaussian models
have been used for regulatory purposes in the Czech Republic [20], and
the ATEM model, in combination with a regional chemical transport
model, is used for annual air quality assessment in Prague. On the other
hand, the more sophisticated Lagrangian models (e.g., GRAL; [21])
simulate the motion of the air masses, represented by marked particles,
that transport pollutants emitted at regular intervals from the source.
The transport of each particle is simulated based on the mean wind
and diffusion, related to the turbulent wind velocity fluctuations [22].
Although these models achieve better accuracy for complex terrain and
non-stationary emissions than the Gaussian models, they require a bet-
ter description of topography and wind fields. Consequently, utilizing
both Gaussian and Lagrangian models provides a promising solution
for achieving fast and effective modeling with reasonable results at the
expense of reduced complexity in describing the phenomenon. Such
models have been widely used and validated (see, e.g., [14,23–25]).

Multiple reviews on the techniques and models frequently used for
air-pollution and dispersion assessment have been published
(e.g., [26–32]). An extensive comparison of models, including Gaus-
sian, Lagrangian, and computational fluid dynamics (CFD) models,
is presented in [11,33]. However, for the practical application of
modeling studies, the scientific evaluation of modeling tools is only one
of many parameters to consider. Stakeholders (including governments,
city councils, and local municipalities) must often prioritize their own
criteria and information flow within urban modeling frameworks, and
collaborative efforts between the scientific community and decision-
makers are essential for refining model setups and configurations to
satisfy specific urban needs. Moreover, an effective communication
of modeling results via spatially explicit storytelling approaches can
enhance their usability in decision-making processes.

Consequently, this study aims to: (1) evaluate modeling predictions
against air quality measurements; (2) compare the information on
spatial variability generated by three different dispersion models; (3)
identify possible sources of error; (4) discuss strengths and weaknesses,
and explore the potential of model application for integrated urban
2

service provision [34]. c
2. Study area and methods

2.1. Study area

The study area, also called ‘domain’, is located in Prague, the capital
of the Czech Republic. With a population exceeding 1.35 million in the
city and more than 1.4 million in the metropolitan area, Prague could
be considered a European agglomeration. The city exhibits unique
conditions related to both its historical development and current expan-
sion. Transport infrastructure, planned and developed mostly between
the 1940s and 1970s, is overloaded by cars, especially during morning
and afternoon traffic peaks, placing an additional burden on air quality.
The analyzed domain covers an area of 1200 m × 1600 m (Fig. 1),
entered on Legerova and Sokolská streets, north–south oriented one-
ay boulevards, which currently create the main arterial road through

he city. The district was designed and built between the 1880s and
890s. Up to the 1970s, both streets represented typical boulevards
n compact mid-rise build-up. The relevance of transportation and
raffic increased with the building of the Nusle bridge, which brought
ransit directly to the city center and, consequently, to the northern
arts of Prague. Currently, the daily mean traffic intensity exceeds 35
housand cars in each direction. Both street canyons could be classified
s nearly symmetric, approximately 18 m wide, with an aspect ratio
ratio of canyon height to canyon width) between 1.0 and 1.3. The
djacent blocks of buildings favor poor air circulation, strengthening
he stagnation of air pollutants. Both streets are practically without
rban greenery; trees are located only inside closed courtyards.

.2. Meteorological conditions and measurements

Episodes with elevated PM concentrations occur with greater in-
ensity during inversion situations, which are typical in winter. This
tudy focuses on the inversion between 13 and 15 February 2023.
he period was marked by the presence of a stationary high-pressure
ystem across western and central Europe. Compared to other periods
n the 2022/2023 winter season, this episode exhibited an especially
trong temperature inversion (Fig. 2) due to warm advection in the
igher levels, which moved to lower altitudes. The inversion weather
as accompanied by predominantly low wind speeds (Figs. A.1–A.2)
nd broken-to-overcast cloudiness. Such conditions in February are not
avorable for air-pollution dispersion in central Europe [36]; therefore,
his situation resulted in high PM10 concentrations (Fig. 3).

Within the TURBAN project (https://project-turban.eu), a targeted
easurement campaign was carried out from 30 May 2022 to 28 March
023 to collect observations relevant for model validation. The mete-
rological observations were collected using a mobile meteorological
ast (MM), a microwave radiometer (MWR), and a Doppler LIDAR.
ollutant concentration in the area was measured using a network
f 20 low-cost air quality sensor (LCS) units, out of which 14 were
perational during the study period. The measurement campaign data
ere supplemented by data from permanent stations operated by the
zech Hydrometeorological Institute (CHMI): a meteorological station

ocated at roof level, roughly 30 m above ground, in Karlov (P1PKAR01,
MO ID 11519) and the traffic air quality monitoring station Legerova

ALEGA) (see Fig. 1 and Table 1 for observation and sensor locations).
ost of the LCSs were located in streets with the highest traffic-

ollution load: three were placed along Sokolská Street (S10, S11, and
12), two in Rumunská Street (S13 and S20) , and four along Legerova
treet (S2, S5, S14, and S15). Others were installed in ‘background
reas’, such as the PVK garden (S19) and a school courtyard (S7 and
9). The remaining two LCSs were located at considerable distances
rom the pollution hotspots and at greater heights: in Karlov (S3) and at
he Hotel Le Palais (S16). Some sensors were placed in pairs at different
eights on the facades of buildings. The data retrieved was corrected
ased on sensor co-measurements, using reference air quality data from
he monitoring station Libuš (ALIBA) at the beginning and the end of
he campaign. A detailed description of the equipment implemented,

ollected data, and correction methods applied is available in [35].

https://project-turban.eu
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Fig. 1. (a) Extent of the common modeling domain (red), PALM parent domain (blue), and GRAMM domain (yellow), and the location of air quality and meteorological stations
used in this study. (b) Close-up view with measurement locations for the study period (further details are available in [35]). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Fig. 2. Temperature profile measured by a microwave radiometer (MWR) located at the Karlov station (P1PKAR01).
Table 1
Receptor location and measuring height. Further specifications are found in [35].
Group Receptor Y UTM33N [m] X UTM33N [m] Position Height [m AGL]

Background
S19 5 546 805 459 125 – 2.6
S9 5 546 549 459 237 Low 6.9
S7 High 4.7

Roof S3 5 546 499 459 047 – 31.1
S16 5 546 549 459 529 – 22.5

Traffic

ALEGA 5 546 834 459 259 – 3
S12 5 546 541 459 183 – 5.9
S11 5 546 983 459 149 Low 5.5
S10 High 12.2
S20 5 546 971 459 214 Low 4.6
S13 High 14.8
S14 5 546 955 459 233 Low 9.2
S15 High 14.6
S2 5 546 551 459 265 Low 5.8
S5 High 13.2
3
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Fig. 3. PM10 concentration (hourly average) measured in the study domain. ALEGA: permanent traffic air quality monitoring station Legerova, boundary: boundary concentrations
used by the models, Sx: sensors (solid lines – sensors in street canyon, dotted lines – sensors at a distant location from the roads or background location). For better readability,
only the results from the lower sensor are displayed at locations where pairs of sensors were installed.
2.3. Description of the models

Each model differs in its principles, algorithms, and inputs needed.
Moreover, each model requires different levels of detail of meteoro-
logical and topographical data. The following subsections contain a
summary of the three models used.

2.3.1. ATEM
ATEM (v. 1.0.1.0) [37] is a Gaussian dispersion model developed

to calculate concentrations of passive pollutants from point, line, and
area sources. ATEM is an older-generation model; i.e., it relies on
stability classes, rather than on the Monin–Obukhov similarity theory,
for the determination of dispersion parameters. Atmospheric stability is
determined from the vertical temperature-gradient and follows the clas-
sification proposed for the Czech Republic by Bubník & Koldovský (BK;
[38,39]).

Topography is considered by incorporating the heights of reference
points and emission sources, obtained from a 1 m resolution digital
terrain model of Prague. Therefore, the model incorporates a three-
dimensional (3D) relationship between source and point. However, the
ATEM model is unable to perform orographic correction, i.e., it does
not divert flow around obstacles. The spread of pollution is parame-
terized entirely by Gaussian scattering on the source-point connection.
Moreover, the model allows only for the calculation of the whole
year time series. Owing to the resulting number of grid cells and the
computational demand, a square grid of computational points with
24 m spacing was implemented. Along the major roads in the domain,
a 20 m buffer zone was used, with spacing of 6 m.

The ATEM meteorological input comprises an annual time series
of wind speed, wind direction, and temperature gradient, obtained
from measurements at Karlov station and MWR profiles. The tem-
perature gradient (−d𝑇 ∕d𝑧) reflects the temperature difference be-
tween 2 m and 100 m AGL. Based on the BK scheme, the resulting
classification of the study-period data revealed primarily convective
conditions (61%), with the remainder ranging from slightly stable to
neutral. The reason for this particular classification is that the range
4

of convective conditions in the BK scheme was established based on
a temperature gradient >0.8 ◦C/100 m; in contrast, the Pasquill–
Gifford (PG) stability class scheme determines convective conditions
for values >1.5 ◦C/100 m [40]. Consequently, the correspondent dis-
persion parameters and plume-rise coefficients differ substantially from
those generated by the other Gaussian models, as has been previously
documented [41].

2.3.2. GRAL
GRAL (v. 22.03) [21] is a Lagrangian particle model developed to

simulate the dispersion of chemically non-reactive pollutants in com-
plex terrain and built-up areas. The system is coupled with GRAMM, a
non-hydrostatic mesoscale model, which calculates quasi-steady-state
solutions for the flow field, based on meteorological situations cate-
gorized according to the PG stability classes. A prognostic microscale
module [42], based on Reynolds-averaged Navier–Stokes equations and
the widely used standard 𝑘 − 𝜖 turbulence model, is integrated into
GRAL to handle the effects of obstacles.

Dispersion simulations were computed in transient mode, where the
last position of released particles is stored as soon as the dispersion
time expires. In this way, the stored transient particles are released
and tracked together with newly emitted particles in the subsequent
weather situation. The concentrations are then calculated using the
box-counting method. The computational particles released from line
sources were initially equally distributed from the ground level up to a
height of 3 m, in order to consider traffic-induced turbulence [43].

The GRAMM model was implemented in a domain of 1500 m ×
1900 m (Fig. 1), with a horizontal resolution of 50 m and a ver-
tical resolution of 10 m (with vertical stretching), with a height of
1500 m. Terrain elevation (at 1 m resolution) was obtained from
a raster layer of Prague. The land-cover classification developed for
PALM using the WRF model [44], complemented with the Corine
Land Cover 2018 database, was employed to determine the land-use
characteristics (including surface roughness length, albedo, and soil
moisture) for calculating the surface energy balance. The internal-flow
field grid and concentration grid were computed using a horizontal and
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vertical resolution of 2 m (with vertical stretching) and a maximum
height of ca. 700 m.

The GRAL meteorological input requires a time series of wind speed,
wind direction, and a stability parameter. The temperature gradient
(calculated from the same levels used for the ATEM model) was used to
establish the PG classes, following the scheme proposed by the National
Oceanic and Atmospheric Administration NOAA [45]. Analysis of the
meteorological measurements revealed predominantly neutral (58%)
and stable (33%) conditions during the study period.

2.3.3. PALM
PALM (v. 23.04) [17] is a state-of-the-art model designed to cap-

ture the flow field, energy transfer, and chemistry within the urban
canopy with the highest spatial and temporal resolution possible. PALM
system incorporates the LES core to solve the non-hydrostatic, fil-
tered, Boussinesq-approximated, incompressible Navier–Stokes equa-
tions (with 1.5 order turbulence closure), along with various modules
for investigating the urban boundary layer, including a land-surface
model (LSM; [46]), building-surface model (BSM; [47]), radiative-
transfer and plant-canopy models (RTM and PCM; [48]), with on-
line nesting (NEST; [49]) and mesoscale nesting (MESO; [50]). Al-
though it also includes a chemical-transport model [51], this was not
implemented here.

The meteorological data required to run PALM include the detailed
structure of all wind components, potential temperature, air mois-
ture and pressure, and incoming short-wave and long-wave radiation.
Therefore, PALM is typically driven by a mesoscale Numerical Weather
Prediction model (NWP) run that provides all necessary initial and
boundary conditions (IBC). For this study, the ALADIN model [52] was
selected in the configuration used for operational weather-prediction in
the Czech Republic.

PALM was configured in two nested domains (see Fig. 1) to sim-
ulate all mixing-layer processes properly. The outer ‘parent’ domain
has an extent of 8000 m × 8000 m, with a horizontal and vertical
resolution of 10 m (with vertical stretching) and a height of 2750 m.
The nested ‘child’ domain corresponds with the modeling domain, with
a horizontal and vertical resolution of 2 m (without stretching) and a
height of 320 m. The modeling setup requires complete information
about land cover, including the surface materials of the ground and
walls (with their heat capacities and albedos) and the position and
type of trees in the domain. In this study, PALM was configured with
full 3D geometry, allowing the modeling of objects such as bridges and
multilevel crossroads. A detailed description of the domains and setting
of the model can be found in [10].

2.4. Emissions

Emissions from mobile sources (road traffic, railways, and river
shipping) and residential heating were included. In the study area,
traffic was responsible for 90.7% of PM10 emissions.

Emissions from transport sources were obtained using the trans-
ortation emission model of MEFA et al. [53], a regulatory model
esignated by the Ministry of Environment of the Czech Republic. The
odel considers factors such as meteorological conditions, type of road

urface, traffic-flow speed and composition, road gradient, number of
ehicles on the road, and the emission characteristics of the individual
ar types. The emission calculation is based on data from the traffic
ensus and regular surveys of the composition of the transportation
leet in Prague [54]. Census data (provided by the Prague Technical
dministration of Roads) was utilized for all streets for which it was
vailable, although for Legerova and Sokolská streets, hourly traffic-
ntensity data were used. For smaller streets not covered by regular
raffic surveys, the spatial and temporal distribution of traffic inten-
ity was based on analysis and evaluation of relevant urban-planning
tudies for the particular area and on information such as street type,
5

ocation, traffic regime, and pavement type. Dust resuspension was
computed for the main roads according to the methodology published
by the Ministry of the Environment [55], based on US Environmental
Protection Agency (EPA) methodology AP-42 [56], and was fitted
for the conditions of the Czech Republic. The time profiles used for
emissions from roads are shown in Fig. A.3.

For garages and parking lots, the results of the TH03030496 project
[57] were used, and for bus stations, publicly available data about
transportation were gathered from the Prague Public Transit Company.
For emissions from rail transport (diesel locomotives), emission fac-
tors from the EMEP/EEA Air Pollutant Emission Inventory Guidebook
2019 [58] were applied to train-ride data obtained from the Railway
Administration. Emissions from river shipping were obtained from the
Czech Hydrometeorological Institute (CHMI) national database and
were distributed spatially to account for the area of the river.

Emissions from residential heating were determined using calcula-
tions based on data provided by the CHMI and the Czech Statistical
Office. First, the national emission totals were distributed over a 0.01◦

× 0.01◦ grid according to the surfaces of the locally heated buildings,
separately for each of the primary fuel types. Second, total residential
heating emissions within this grid were distributed to houses according
to the number of floors. Finally, in the case of the ATEM and GRAL
models, emissions were assigned to the corresponding building centroid
with an effective height calculated as the number of floors times 3 m
plus 12 m (a rough estimate to account for the roof/chimney and plume
rise). In the case of the PALM model, residential heating emissions
were placed at the rooftop with no plume-rise taken into account.
For time disaggregation, profiles of daily supplies of natural gas were
used (category ‘DOM4’ using gas for heating only; [59]) and were
complemented using daily SNAP 2 profiles [60]. The emission sources
were processed into hourly emission flows in the PALM input data
standard using the FUME emissions model, recently extended for this
purpose [61].

Spatial transformation of the line- and point-emission sources to the
corresponding areas for PALM input was done using surrogates (i.e., the
area of roads and parking places as a surrogate for traffic emissions, and
that of building roofs as a surrogate for local heating source emissions).
This both ensures the reasonable spatial distribution of emissions in the
street canyon and reduces the gradients of the emission field, making
the model less prone to numerical inaccuracy [62].

2.5. Initial and boundary conditions for air pollutants

The initial and boundary conditions for air pollutants (PM10) were
calculated as the median values of measurements from background air
quality stations in the surroundings of the PALM parent domain (Fig. 1).
Since neither ATEM nor GRAL allows for direct inclusion of these data
in calculations, the ‘boundary’ concentrations were added to the time-
series calculated for each measurement location, and to the gridded
outputs during results post-processing. However, GRAL does not enable
easy mass export of gridded results for each hour, so the ‘boundary’
concentrations could not be taken into account for the calculation of
percentile maps.

The observations were complemented by the CAMS model-based
vertical profiles [63] scaled to the observed near-surface value for
PALM input. Hence, the boundary PM10 concentrations included sec-
ondary aerosols as well. Nonetheless, given the difference in the
timescale of secondary aerosol formation (in the range of hours or
days) and the typical period in which the air masses pass through the
PALM domain (in minutes or tens of minutes), generation of secondary
aerosols inside the modeling domain was not considered.

2.6. Descriptive statistics used for model evaluation

The terms 𝜎𝑜 =
√

∑𝑛
𝑖=1(𝐶

𝑜
𝑖 − 𝐶𝑜)2, 𝜎𝑚 =

√

∑𝑛
𝑖=1(𝐶

𝑚
𝑖 − 𝐶𝑚)2 are the

standard deviations of observed and modeled concentrations,
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Fig. 4. Time series of PM10 concentrations computed using ATEM, GRAL, and PALM compared against the ALEGA monitoring-station measurement.
respectively. In addition to using standard measures such as the root-
mean-squared error (RMSE) and sample correlation coefficient (r),
supporting statistics such as the fraction of modeled values within a
factor of 2 of the observed values (FAC2), fractional bias (FB), and the
normalized mean square error (NMSE) were also calculated to evaluate
model performance. The centered (de-biased) root-mean-square error
(CRMSE), which is plotted in the Taylor diagram, was also considered.
The FB and NMSE correspond to those used by Chang and Hanna [64].

FAC2 = Proportion of pairs (𝐶𝑜, 𝐶𝑚) such that 1
2
≤ 𝐶𝑚∕𝐶𝑜 ≤ 2 (1)

𝑟 =
1
𝑛
∑𝑛

𝑖=1(𝐶
𝑜
𝑖 − 𝐶𝑜)(𝐶𝑚

𝑖 − 𝐶𝑚)

𝜎𝑜𝜎𝑚
(2)

FB = 𝐶𝑜 − 𝐶𝑚

0.5(𝐶𝑜 + 𝐶𝑚)
(3)

NMSE =
(𝐶𝑜 − 𝐶𝑚)2

𝐶𝑜 𝐶𝑚
(4)

RMSE =

[

1
𝑛

𝑛
∑

𝑖=1
(𝐶𝑜

𝑖 − 𝐶𝑚
𝑖 )

2

]1∕2

(5)

CRMSE =

[

1
𝑛

𝑛
∑

𝑖=1

[

(𝐶𝑜
𝑖 − 𝐶𝑜) − (𝐶𝑚

𝑖 − 𝐶𝑚)
]2
]1∕2

(6)

3. Results

3.1. Model evaluation

Model simulation results were compared against measurements
taken at the ALEGA monitoring-station and at the locations of the LCS.
For ATEM, the corresponding reference points were given the exact
coordinates and height above ground of the measurement point. For
GRAL and PALM, the modeled concentrations were retrieved from the
grid cell in which the measurement was located, or from the nearest
valid (i.e., non-building) grid cell. An exceptionally high value was
recorded at the ALEGA monitoring-station on 13 February (Monday)
at 10:00 UTC (at the beginning of the 1 h interval). Although this
peak coincides with the peak in traffic emissions (Fig. A.3), it was not
recorded at any other measurement location (Fig. 3). Since the varia-
tion in emissions over time for Legerova street differs substantially from
those for the other roads, and since there were no other measurements
6

on the west side of Legerova street, we could not state with certainty
that this issue was caused by some strong temporary emission source
not included in the models.

First, simulated concentrations were compared against the ALEGA
monitoring-station time series. The ATEM model predictions mostly fol-
lowed the boundary concentration curve and therefore underestimated
the measured PM10 concentrations, especially for the daytime (Fig. 4).
The only exception occurred on February 13, although the concentra-
tion was still underestimated by roughly half in the preceding hours. On
the other hand, GRAL systematically overpredicted the measurements.
For rush hours, in particular, the modeled concentrations were almost
2–3 times larger than the observed values, sometimes reaching unreal-
istic values. The predictions using PALM followed the daily trends in
the measurements, with slightly underestimated concentrations during
the morning of 14 February and an overestimation during the evening
of the same day.

For the subsequent analysis, the stations were grouped by loca-
tion type into traffic (stations located directly in the street canyon),
background (stations further away from roads or in a closed court-
yard) and roofs (stations located on the roofs of the buildings). As
a reference, the statistics were also calculated for the boundary con-
centrations. An overview of model performance is provided by the
Taylor Diagram (Fig. 5), which combines the correlation, standard
deviation, and CRMSE: the correlation with observations was 0.4–
0.6, CRMSE was ca. 10 μg m−3, and the predictions exhibited lower
standard deviations than the observations (i.e., less variability). There
are, however, two remarkable exceptions: First, the correlation between
the PALM predictions and traffic station observations was much worse
than the other correlations, at ca. 0.2; the PALM predictions exhibited
greater variability at traffic locations than the measured values; and
the CRMSE was almost 18 μg m−3. Second, the GRAL model exhibited
similarly poor correlations between predictions and measurements at
traffic stations as the PALM model, and the standard deviation of its
predictions was more than three times larger than that of the obser-
vations; consequently, the CRMSE reached almost 40 μg m−3. For the
background stations, the standard deviation of the GRAL predictions
was 1.5 times larger than that for observations, with a correlation of
ca. 0.2 and CRMSE of ca. 15 μg m−3.

Analyzing the statistics presented in Table 2 provides greater in-
sight. Model performance was assessed against the acceptance criteria
summarized by Hanna and Chang [65] for urban applications: FAC2
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Fig. 5. Taylor diagrams based on PM10 hourly mean concentrations split by model for background (a), roof (b) and traffic stations (c).
Table 2
Performance metrics based on PM10 hourly mean concentrations. Values in bold are within the range recommended by Hanna and Chang [65]. The best statistics obtained for

each group are highlighted in green.
Groupa Model n Mean Mean FAC2 r FB NMSE RMSE

obs mod [–] [–] [–] [μgm−3] [μgm−3]
[μgm−3] [μgm−3]

ATEM

216 38.31

29.19 0.95 0.50 0.27 0.15 12.78
Back- GRAL 30.82 0.87 0.21 0.22 0.25 17.10
ground PALM 25.57 0.86 0.60 0.40 0.23 14.98

Boundary 24.51 0.85 0.61 0.44 0.27 15.83

Roof

ATEM

144 30.72

27.85 0.99 0.56 0.10 0.09 8.56
GRAL 27.37 0.98 0.51 0.12 0.12 9.93
PALM 26.12 0.94 0.51 0.16 0.12 9.64
Boundary 24.51 0.97 0.53 0.22 0.14 10.22

Traffic

ATEM

720 44.64

30.83 0.89 0.56 0.37 0.22 17.23
GRAL 62.20 0.76 0.23 -0.33 0.67 43.38
PALM 41.78 0.88 0.24 0.07 0.18 18.28
Boundary 24.51 0.63 0.60 0.58 0.46 22.38

a The stations were grouped as follows: S19 and S9+S7 (background), S3 and S16 (roof), and ALEGA, S12, S11+S10, S20+S13, S14+S15, and S2+S5 (traffic). Sensor pairs are
denoted by a plus sign, the lower one is indicated first (see Table 1).
> 0.3, r > 0.5, |FB| < 0.67, and NMSE < 6. As can be seen, the models
fulfilled the suggested criteria for all metrics, with the exceptions
already highlighted as outliers in the Taylor Diagram. All the models
were negatively biased (producing underestimations) and demonstrated
some improvement over the reference boundary, except for GRAL at
the traffic locations. A closer look at the individual GRAL results
for each receptor revealed an exceptional tendency to overpredict at
ALEGA monitoring-station, S11 and S20, which are positioned 3–5 m
above ground. This could indicate a deficiency in the representation
of line sources. PALM delivered the best results for this type of sce-
nario, in terms of FB and NMSE, but completely failed in terms of
correlation. Unlike the ATEM and GRAL models, PALM is not driven
by observed meteorology data, but by the outputs from the ALADIN
model. Therefore, it is not surprising that it may not correctly reproduce
the time variability in the measured data. For that reason, capability
of the models to reproduce the observed percentiles is explored in
Fig. 6 using a Q-Q plot, in which the observed and modeled values
are sorted independently for each station and plotted against each
other. This reveals that the PALM model outperformed the other two
models in reproducing the observed percentiles (slightly overestimating
the higher percentiles), while ATEM followed the reference boundary,
underestimating the higher percentiles by a factor of 0.5–0.6, and GRAL
achieved the opposite, largely overestimating the higher percentiles.

3.2. Spatial variability of concentrations

As shown in Section 3.1, model selection based entirely on summary
statistics may be misleading. In this particular situation, one could
7

conclude that the simplest of models, ATEM, is the most suitable for
urban applications, as it satisfied all of the acceptance criteria. How-
ever, as revealed by the Q-Q plot, the PALM model provided the best
results based on the observed percentiles. In this chapter, it is examined
what kind of information each model provides regarding the spatial
variability in PM10 concentrations. As illustrated in the maps of period-
averaged concentrations 3 m above ground (Fig. 7), ATEM predicted
low concentrations throughout the domain, while GRAL and PALM
predicted mostly higher concentrations. In terms of spatial variability,
ATEM captured some of the hotspots in the domain, but generally un-
derrepresented the differences between the hotspots and ‘cleaner areas’.
GRAL and PALM both exhibited high spatial variability, predicting the
highest concentrations for those streets with the highest traffic loads.
Note that GRAL cannot provide hourly maps in a way that would allow
bulk processing for statistical analysis of selected percentiles including
boundary conditions. These conjectures are further supported by the
fact that the modeled concentrations varied depending on the chosen
urban areas, when comparing Legerova and Sokolská streets, all main
roads covered by traffic census, minor roads and streets not covered by
traffic census, and selected courtyards (Fig. 8). ATEM predicted highly
similar pollutant levels in all types of urban areas, whereas the GRAL
and PALM predictions exhibited the expected trend in terms of both
the median values and scatter. Comparing their median predictions,
those of GRAL were higher than those of PALM by about 60 μg m−3

for Legerova and Sokolská streets, 41 μg m−3 for all main roads, 12 μg
m−3 for non-counted roads, and 5 μg m−3 for courtyards.

In order to fully comprehend the behavior of the model algorithms
for built-up areas, it is crucial to evaluate the vertical distribution of
concentrations. The vertical concentration profiles in three separate

cross-sections throughout the domain are presented (Fig. 9). The first
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Fig. 6. Q-Q plot based on PM10 hourly mean concentrations split by model for ALEGA monitoring-station (a) and for all the stations (b).
Fig. 7. Mean concentrations (upper row) and 90th percentile of the hourly concentrations (lower row) of total PM10 (including boundary concentrations) at 3 m AGL for the
period 13–15 February for ATEM (a, d), GRAL (b) and PALM (c, e).
and second vertical profiles (north) represent the effects of buildings in
the stagnation of pollutants and the dispersion of traffic emissions on
the layers above roofs. The third (south) demonstrates the estimated
impact of emissions from the Nusle bridge on the valley below.

Regarding the first two profiles, the most evident differences arise
from the lack of a microscale-resolution module in ATEM and the
underlying assumption that pollutant concentrations are constant above
8

the plume axis. Consequently, traffic emissions were predicted to
spread according to the prevalent wind direction across the streets, with
uniform (and generally higher) concentrations in the upper levels.

On the contrary, GRAL and PALM reflected the influence of ob-
stacles on ventilation along the street canyon. Compared to PALM,
GRAL predicted greater accumulation of pollution at street ground
level, possibly owing to geometrical misrepresentation of road sources.
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Fig. 8. Variability in the predicted average PM10 concentrations in the selected areas (see Fig. A.4) for the period 13–15 February for ATEM (blue), GRAL (yellow) and PALM
(dark green) at 3 m AGL. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Moreover, the predicted GRAL concentrations were unrealistically ele-
vated at the facade of buildings. This model behavior, which reflects
underdevelopment of the reflection and well-mixed criterion, as well
as the stepped resolution of the terrain, has been documented by Oettl
et al. [66] as a drawback to GRAL. Additionally, compared to PALM,
GRAL predicted a higher influence of upper-level entrainment of PM10
into building courtyards. In the case of PALM, pollution stagnation was
exhibited in the leeward ground-level corner of Legerova and Sokolská
streets, in accordance with the findings of Gidhagen et al. [67], Liu
et al. [2], and Park et al. [68] for symmetric street canyons with
unity aspect ratio. Based on the cross-sectional results for the Nusle
bridge, GRAL estimated the lowest concentrations among the three
models, but the patterns of the predictions were similar to those of
PALM. Conversely, ATEM predicted an entirely different distribution
of concentrations, with a notable increase in concentrations to the east
of the bridge, attributed to the overestimated impact of minor roads
located in that area of the valley.

4. Discussion

4.1. Limitations and potential sources of error

Many types of error can influence the results of dispersion modeling,
the two that appear to be the most important for the present study were
identified.

4.1.1. Meteorology and IBC
Microscale models have proven to be sensitive to various factors,

including whether dynamic or static input data are used. Microscale
simulations are particularly affected by the correct choice of meteoro-
logical boundary conditions [69] especially in air-quality modeling for
stable weather conditions [10]. To investigate this issue, an additional
alternative set of simulations using all three models (ATEM, GRAL and
9

PALM) was provided, using meteorology based on the ICON-D2 [70]
model (as a supplementary NWP model). ICON-D2 was chosen as the
best model overall from three available mesoscale forecast models
(ICON, ALADIN, and WRF) in the evaluation of multiple episodes over
the year during the evaluation campaign. However, ICON did not
reproduce the wind pattern for the study episode: First, the predicted
wind speeds were much lower than those measured above the rooftop
at the Karlov station, especially for the first half of the period; and
second, for the afternoon of February 13, it did not predict the wind
direction well, in fact, it was rotated by ca. 90◦ (Fig. A.2).

The resulting time-series plots are provided in Fig. 10. While there
was almost no change in the predictive behavior of ATEM, that of
GRAL and PALM was significantly altered, especially in the first half
of the modeled episode in February 2023, for which ICON predicted
much lower wind speeds than ALADIN and the values measured at
Karlov station. While the GRAL predictions obtained using ICON-D2
were considerably higher, the change in PALM outputs was not as large,
except for the pronounced peak for the evening hours on February
13. Resler et al. [10] studied this behavior in detail, concluding that
it was a consequence of incorrect predictions of stability by the NWP
model.

4.1.2. Resuspension
The levels of dust resuspended from road surfaces exhibit typical

seasonal variation, peaking in late winter due to the influence of
wintertime maintenance activities of road salting and sanding [71].
Therefore, dust resuspension is probably the most significant source
of non-exhaust emissions in this period [72,73], contributing up to
76.7% of the coarse fraction of PM10 [74]. For instance, the calculated
share of resuspended particles in the total amount of PM10 for roads in
the modeling domain ranged from 40%–98%, with most of the roads

exhibiting a 60%–90% share of resuspended particles (Fig. A.5).
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Fig. 9. Vertical cross sections (close-up) of mean concentrations of total PM10 (including boundary concentrations) for the period 13–15 February based on ATEM (a), GRAL (b)
and PALM (c).
Fig. 10. Time series of PM10 concentrations computed by ATEM, GRAL, and PALM with meteorology based on ICON-D2 compared against ALEGA monitoring-station measurements.
Resuspension, which accounts for particles deposited on the road
surface that can be dispersed and then redeposited, is influenced by
several factors, including traffic volume, the proportion of trucks, ve-
hicle weights and dimensions, driving speed, driving smoothness, the
nature of the road surface, the amount of dust particles on the road
surface, the road surface material, the state of road surface wear, road
cleaning and winter gritting activity, the frequency and intensity of
precipitation, wind speed, humidity, and season [55]. Resuspension
is calculated using a statistical approach to relate emission rates to
the influencing parameters, considering the average fleet composition,
vehicle dimensions and weights, and the amount of dust on the road,
derived from the average daily vehicle intensity. The amount of dust
on the road is considered to decrease as traffic intensity increases.
When modeled for short time-steps (such as by hour), these factors may
exhibit random bias; therefore, the actual emissions in a particular hour
may be several factors greater or less than the average. Similarly, it is
not possible to capture data about the random transit of, for example,
higher speed vehicles, emergency vehicles, road cleaning (which sub-
stantially reduces the amount of dust on the road) or, conversely, the
random contamination of the road with more dust. The modeling of
resuspension is thus subject to some errors, which are averaged over
longer time-intervals. As a consequence, using hourly assessments can
lead to significant errors in the modeled resuspension.
10
To assess the impact of this uncertainty on a particular model, an ex-
periment was performed excluding resuspended particulate matter from
the main roads inside the modeling domain (Fig. A.6). The consequent
reduction in the predicted concentrations indicates the limit of the
uncertainty due to this factor. The adjustment substantially reduced the
predicted concentrations at the ALEGA monitoring-station, especially
for GRAL. The unrealistic peak observed on February 13 before noon
was reduced to a value closer to the observations, improving the
modeled trends for the entire episode. The PALM predictions decreased,
producing worse results for February 13, but increasing the agreement
with observations after noon on February 14, the period of the temper-
ature inversion. In contrast, the ATEM predicted concentrations were
closer to the boundary conditions, barely differentiating the impact of
emissions. Considering the combined measurements from the ALEGA
monitoring-station and LCS (Fig. A.7), the substantial reduction of the
transit-related emissions led to the decreased variability of the resulting
concentrations, primarily for those that substantially overestimated the
observed values. This analysis confirms that potential inaccuracy in
resuspended dust estimations can significantly influence the model
results, especially for the more sophisticated models.

The sensitivity of the GRAL model to uncertainty in the emissions
input data, particularly from non-exhaust emissions, has been reported
already [71]. For instance, local formation of secondary aerosols may
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increase the uncertainty in predictions, given that it could contribute
up to 15% of the emissions during winter. Moreover, a CFD–chemistry
coupled model may achieve better agreement with measurement data
than conventional simulations that assume particulate-matter emissions
to be a passive scalar [75].

4.2. Potential for practical applications

So far, the models have been compared based on the quality of their
predictions expressed in terms of correspondence to real conditions.
However, additional factors should be considered when judging suit-
ability for practical applications. End-users might be bound by other
factors, typically including time and cost constraints, depending on
the application. For instance, while an operational forecast might be
required by a certain deadline, scenario simulations do not necessarily
have tight delivery schedules, but might be constrained by the available
budget. Ultimately, the choice of model is not always dictated solely by
model performance, but must reflect a compromise between quality,
time, and costs. Each of these aspects should be considered as a multi-
faceted component. When considering time, for instance, it is necessary
to consider both the amount of time needed to run the simulations,
as well as that required for data-related tasks such as preprocessing,
postprocessing, visualization, and interpretation. Cost factors include
both the direct costs of computational resources and their operation,
and other expenses, such as related to manpower or training.

Choosing the appropriate model thus requires some form of cost–
benefit analysis. A SWOT analysis of the three models examined here
is presented as an example (Table 3). Notably, this analysis is valid only
for the selected models (e.g., some limitations, such as non-suitability
for use on high-performance computing (HPC) clusters, or the use of
closed-source code, may not be relevant for other Gaussian models).
Furthermore, SWOT analyses are subjective, and their results depend
substantially on the selected parameters. For instance, considering ad-
herence to open-science standards (as defined, e.g., by UNESCO [76]),
while a scientist would likely consider an open-source model to be
preferable, a municipality representative not versed in the principles of
open-science might not include this parameter in their SWOT analysis.

Computational cost is primarily a measure of the complexity of a
simulation in terms of the time and resources required. The computa-
tional costs of the model simulations performed here were examined
(Table 4). These models differed in computational feasibility by an
order of magnitude. While the GRAL model can run on a PC (or even on
a powerful 8-core laptop with sufficient memory), ATEM can run on a
powerful 8–24-core PC. Here, a 172-core computational node was used
to speed up the computation. In contrast, PALM simulations require
special HPC multi-node clusters with tens to hundreds of cores and
fast inter-node communication. Running an HPC cluster is relatively
costly; the most powerful HPCs are usually available only upon request
through specialized computational centers, and their use is typically
tied to international grants or projects.

These factors impose certain limitations on the appropriateness of
each model type for certain applications. PALM, at 1 m resolution,
would not be suitable for operational forecasts, owing to the high
computation/simulation time ratio required. Longer-term simulations
(such as full-year evaluations of air-quality that are periodically per-
formed by meteorological service organizations) are also not feasible
using current computing technologies. In fact, simulations can be per-
formed for only a few carefully pre-selected episodes during a year.
Typically, these would be situations with unfavorable air quality, such
as inversions. Nonetheless, out of the three models compared here, only
PALM can perform coupled simulations of meteorology and chemical
transport, such as those necessary to evaluate the joint impacts of urban
development on biophysical indicators and air quality.

Given its computational requirements, GRAL may provide a good
cost–quality balance for detailed assessment of air quality in urban
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areas. Since GRAL is intended for use primarily by those without r
particular expertise in CFD modeling, the number of user-provided
parameters (such as relaxation factors and logistical aspects related to
time-steps) is limited to ensure that the results are numerically stable
and represent steady-state conditions. To accommodate this require-
ment, micro- and mesoscale wind-field models have been simplified in
a few respects to guarantee fast and robust simulations for regulatory
purposes [77]. Although such simplifying assumptions (such as the
binning of meteorological values when calculating wind-fields), have
shown to achieve reasonable agreement between observations and
predictions in several experiments, even at the city-scale [13,71,78,
79], they hinder the possibility to simulate detailed spatio-temporal
variation in pollutant concentrations [80]. Moreover, shortcomings
have been identified concerning the extent of recirculation zones for
idealized wind-tunnel building geometries [77].

Legislation on dispersion models and their requirements presents
another important perspective. Models used to assess whether or not
air-quality exceeds the thresholds must both generate the correspond-
ing statistics (typically, the annual mean or 𝑛-th highest hourly or daily
values) and must fulfill data-quality objectives, such as those set by the
EU Ambient Air Quality Directive [81]. As it was indicated, even the
calculation of annual statistics is complex and can be challenging using
the models examined here. ATEM and GRAL face a similar problem,
in that they cannot generate annual statistics (especially percentiles)
that properly account for boundary conditions (i.e., the contribution
of sources outside of the modeling domain). While PALM can achieve
this, the computational demands make it feasible to calculate only a
limited number of days, from which annual statistics would have to
be reconstructed. Standard approaches used in microscale modeling
involve the calculation of a set of scenarios for different wind directions
and their combination or correction using information on wind speed
or measured concentrations (e.g., [33]). However, this approach is not
applicable to LES models, as they do not calculate concentrations under
steady-state conditions, but rather solve turbulent processes that evolve
over time. Therefore, it is necessary to develop and test new methods
to estimate annual statistics from a limited number of simulations.

5. Conclusions

The spatio-temporal analysis of the results led to the conclusion that
model selection for air quality assessment could be heavily biased by
statistical performance metrics, in which the Gaussian model ATEM
apparently outperformed the more advanced models. However, based
on a detailed examination of the horizontal and vertical patterns of
modeled concentrations, ATEM provided limited information on hor-
izontal variability and virtually no information on vertical variability
in complex urban environments. Although Gaussian models are com-
monly used because of their simplicity and conservative results, it was
demonstrated that the application at the scale considered in this work
could lead to an optimistic idea showing rather low concentrations with
respect to reality. In contrast, the development of algorithms incorpo-
rating wind-flow fields into the Lagrangian model GRAL and the LES
model PALM enabled to reflect and reproduce wind-flow patterns and
concentration distributions. Nonetheless, GRAL strongly overestimated
concentrations at the street-canyon measurement locations. PALM per-
formed more accurately overall, complying with the statistical quality
metrics and generating the most realistic distribution of concentrations.

All three models were sensitive to inaccuracy in their inputs. A
sensitivity test using different meteorology data revealed a higher
impact on the results for the GRAL and PALM models. For PALM, the
substantial underestimation of wind flow by the driving NWP model
for a few hours led to a short-term but strong overprediction [10]. The
ATEM model was substantially less sensitive to the driving meteorology
data. The emissions-reduction test, in which resuspension of PM10 on
he main roads was excluded, led to a decrease of the variability of the
odeled concentrations, primarily for GRAL and PALM. This exclusion

educed the concentrations in street-canyon by up to tens of μg m−3,
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Table 3
SWOT analysis of the three models included in the study: ATEM, GRAL, PALM.

ATEM GRAL PALM

Strengths Low computational costs
(can be run on a PC)
Relatively low time and labor costs of
emissions-data preparation
Highly effective for evaluation of selected
points in the area of the emission sources
Currently used for regulatory purposes in
the Czech Republic
User-friendly graphical interface

Medium computational costs
(can be run on a PC)
Open source
Includes a user-friendly graphical interface

Captures the full complexity of the urban
environment: meteorology and chemistry
Open source
Active developer community
Expanding user community
Explicit representation of turbulence in LES
mode
Extensively validated for different
conditions
Scales well on HPC

Weaknesses Only suitable for air quality modeling
No chemistry
In standard application, includes only
average meteorological conditions, in the
form of a wind-rose
Underestimates average concentrations and
their spatial variability
Closed-source commercial software that is
maintained and operated by a private
company
Not suitable for HPC

Only suitable for air quality modeling
Chemistry included only as a
post-processing scheme for NOX to NO2
conversion
Relatively small community
Uses the .NET architecture, which is not
widespread in the scientific community and
is not suitable for complex atmospheric
models

High computational costs (requires HPC
cluster)
Very-high-resolution input data required
Sensitivity to inputs
Still under development
Requires qualified modeling experts for
model setup, running, input collection, and
output interpretation
Lack of full-scale user-friendly interface

Opportunities Can easily produce yearly statistics even for
non-significant days (from an air-quality
point of view)
Can be easily improved upon user request
depending on the funding availability

In combination with AI that is trained on
pre-processed data, such as PALM
predictions, it could provide a useful rapid
prediction tool

Extensible architecture
Options for automation
Could be used as a component in an urban
‘digital twin’ solution
Can be used in many urban applications
The availability of computational resources
is increasing very rapidly and the relative
price is declining

Threats Lack of support/development
Diminishing interest in models with limited
capabilities

Lack of support/development
Lack of understanding and confidence from
end-users

Lack of fine-resolution input data
Uncertainty in simulation results
Lack of understanding and confidence from
end-users (not widely used yet in
city-planning practice)
Table 4
Computational cost and time demands for each model.

ATEMa GRAL PALM-ALADb

Domain (resolution): number
of cells

Concentration
(24 m):
50 × 66

Mesoscale (50 m):
30 × 38 × 50
Microscale (2 m):
600 × 800 × 40

Parent (10 m):
800 × 800 × 160
Child (2 m):
600 × 800 × 160

Cores used 172 8 Parent: 320
Child: 800

Core-hours 150–200 96 7370 × 128

Real-time for 72 h simulation 2 h 0.5 d (12 h) 34.1 d (818.8 h)

Computation/simulation
time ratio

0.03 0.2 10.5

a Estimate based on the full-year simulation requiring 17,500 core-hours.
b Includes 6 h spin-up time (78 h simulation in total).
most notably for the substantially overestimated predictions. More-
over, it was noted that secondary aerosol formation could potentially
affect the estimated mass-concentration and size-distribution of the
particulate matter.

Nevertheless, in a real-world application, factors other than model
performance need to be considered, from a scientific or even legisla-
tive perspective. These include both the available time and financial
resources, the availability of high-resolution input data for complex
models such as PALM, or the type of application for which the model
should be used. For example, the Gaussian model ATEM and the
Lagrangian model GRAL can be used to evaluate annual air-quality
statistics even in the presence of limitations, whereas in the case of
the LES model PALM, further research is required in this respect.
12
Conversely, the more sophisticated models must be used when the ap-
plication is limited to the detailed evaluation of concentration patterns
in street canyons. Moreover, LES models may be the only appropriate
choice for the combined evaluation of air quality and other microme-
teorological parameters, such as thermal comfort. The future of urban
air-quality assessment seems to involve the use of model chains or
model ensembles. Together with data-fusion methods, these models can
serve as building blocks for the microscale component of integrated
urban services. Forthcoming work will be conducted to extend these
simulations to address different types of meteorological conditions
throughout the year.
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Code and data availability

Observations used in this study are available in the repository
https://doi.org/10.5281/zenodo.10655033 under the Creative Com-
mons Attribution 4.0 International license. PALM source code and input
data used in the simulations are available in the repository https://
doi.org/10.5281/zenodo.10998235 under licenses Creative Commons
Attribution 4.0 International (data) and GNU General Public License
v.3 (source code). The ATEM model is commercially available from
https://atem.cz/atem.php. The GRAL model is open-source and is avail-
able from https://github.com/GralDispersionModel/. The input data
for replication of the ATEM and GRAL simulation can be obtained upon
request from the authors.
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Appendix A. Supplementary materials

See Figs. A.1–A.7.
Fig. A.1. Wind-rose of the measured wind vectors at Karlov meteorological station for 13—15 February 2023. The calm-wind limit was set to 0.3 m s−1.

https://doi.org/10.5281/zenodo.10655033
https://doi.org/10.5281/zenodo.10998235
https://doi.org/10.5281/zenodo.10998235
https://doi.org/10.5281/zenodo.10998235
https://atem.cz/atem.php
https://github.com/GralDispersionModel/
https://doi.org/10.2909/71c95a07-e296-44fc-b22b-415f42acfdf0
https://doi.org/10.2909/71c95a07-e296-44fc-b22b-415f42acfdf0
https://doi.org/10.2909/71c95a07-e296-44fc-b22b-415f42acfdf0


Building and Environment 264 (2024) 111892

14

W.R. Patiño et al.

Fig. A.2. Time series of wind speed and direction (arrows) obtained by (a) Karlov meteorological station (30 m AGL), (b) mobile meteorological mast (7.5 m AGL), (c) ALADIN,
and (d) ICON.

Fig. A.3. Emissions time-profiles for different types of roads. The values displayed correspond to multiplicative factors by which the mean hourly emission needs to be multiplied.
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Fig. A.4. Selected areas with a different air quality assumption used for Fig. 8. (a) Sokolská/Legerova, (b) counted roads, (c) non-counted roads, and (d) courtyards.
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Fig. A.5. Share of resuspended particles in total PM10 emissions for the main roads covered by the traffic census. Inset: Frequency distribution of the resuspension ratios for the
road segments within the modeling domain.
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Fig. A.6. Time series of PM10 concentrations computed by ATEM, GRAL, and PALM with resuspension, and excluding resuspension from the main roads (PRIM) compared against
ALEGA monitoring-station measurement.

Fig. A.7. Scatter plots of observed concentrations (μg m−3) at ALEGA monitoring-station and LCS against modeled concentrations with resuspension (left) and excluding resuspension
from the main roads (right).
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