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Abstract: The distribution of air pollutants in urban areas is significantly influenced by the presence
of various geometric structures, including buildings, bridges, and tunnels. In built-up environments,
meteorological conditions may influence the accumulation or dispersion of air pollutants in specific
zones. This study examines the impact of wind and atmospheric stability on the dispersion of
air pollutants around an apartment building situated in close proximity to a busy boulevard in
a residential district of Sofia, Bulgaria. A series of dispersion simulations were conducted using
the Graz Lagrangian Model (GRAL v.22.09) for a range of meteorological conditions, defined as
combinations of the direction and velocity of the approaching flow, and of stability conditions within
the study area of 1 × 1 km, with a horizontal resolution of 2 m. The resulting spatial distribution
revealed the presence of hotspots and strong gradients in the concentration field. A simulation with
meteorological data was also conducted, which was aligned with a campaign to monitor vehicular
traffic. The sensitivity tests indicate that GRAL is capable of reproducing high-resolution pollutant
fields, accounting for building effects at relatively low computational costs. This makes the model
potentially attractive for city-wide simulations as well as for air pollution exposure estimation.

Keywords: wind; atmospheric stability; urban area; transport; Lagrangian dispersion model

1. Introduction

The rapid development of computing power over the last two decades has made it
possible to solve problems at speeds that were previously unimaginable [1,2]. This is partic-
ularly true for computations related to various phenomena in the atmosphere, especially at
local scale and microscale [3,4]. In built-up environments, where the fields of the different
meteorological elements are characterised by strong spatial gradients, the distribution of
pollutants becomes challenging for modellers and less predictable in character [5–8]. Blocks
of flats in close proximity to busy roads act as a natural barrier against the infiltration of ex-
haust gases from vehicles into the spaces between the blocks. This inevitably leads to large
differences in pollutant concentrations around the buildings [5,8,9]. The meteorological
conditions on the microscale can influence the distribution of vehicle-emitted pollutants in
both favourable and extremely unfavourable directions, relevant to the concentration of
pollutants in the vicinity of people’s everyday lives.

A plethora of studies have been conducted globally on the modelling of pollutant con-
centrations in urban areas, with particular consideration to the effects of various elements
(street canyons, tunnels, intersections, etc.) e.g., [10–14]. The approaches employed exhibit a
range of degrees of complexity, including semi-empirical models [15,16], dispersion models
with specific parameterisations for the urban area [17], Lagrangian models [18,19], chemical
transport models (CTMs) coupled with microscale Lagrangian or Gaussian models [20,21],
and complex computational fluid dynamics (CFDs) models [3,14,22–25]. Semi-empirical
models, exemplified by the Operational Street Pollution Model (OSPM) [16], make prior
assumptions about flow and dispersion conditions within street canyons based on experi-
mental data. They require minimal computational resources but have difficulty reproducing

Atmosphere 2024, 15, 638. https://doi.org/10.3390/atmos15060638 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos15060638
https://doi.org/10.3390/atmos15060638
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-0853-6347
https://orcid.org/0000-0002-8466-4976
https://orcid.org/0000-0002-5681-4375
https://doi.org/10.3390/atmos15060638
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15060638?type=check_update&version=1


Atmosphere 2024, 15, 638 2 of 23

variations in concentration in a changing built environment [26]. Gaussian models, such as
the Atmospheric Dispersion Modelling System (ADMS) [17], may be employed to model
an entire city or a portion thereof. They are frequently used in regulatory applications.
However, they exhibit limited capabilities in representing the effects of obstacles to the
flow and dispersion in urban areas and are unable to provide high-resolution spatial distri-
butions of pollutants [27]. The integration of the CTM with a Lagrangian model, such as
the microscale hybrid modelling system HMS [20], appears to be a suitable approach for
conducting long-term city-wide, building-resolved air quality simulations. CFD models
permit the generation of high-resolution simulations of complex flow and dispersion (for
approximately a few metres), while accounting for various elements of the urban envi-
ronment. However, they are characterised by high computational requirements. Their
application is limited to long-term simulations, and certain restrictions must be considered,
such as the passive scalar treatment of pollutants and neutral stratification [14].

A common problem for microscale CFD urban models is the proper specification of
the initial and boundary conditions, as the traditional input from single-point observations
does not represent the variability of the meteorological elements even in a small part of the
city [28]. To deal with this issue, a combination of a mesoscale meteorological model with
a fine-scale obstacle-resolving CFD model was found to provide realistic flow fields with
resolution of a few metres [28–30]. A combined model system for obstacle-resolving disper-
sion simulations in urban areas might consist of single models with varying complexity. For
example, the modelling system Graz mesoscale model (GRAMM)/Graz Lagrangian model
(GRAL) [18,31,32] combines a mesoscale nonhydrostatic model, microscale flow model
and a Lagrangian particle model. Designed to be efficient for long-term dispersion calcula-
tions [33], the system makes use of a catalogue approach, with pre-defined meteorological
conditions for the large-scale forcing expressed in terms of wind and atmospheric stability.

In Europe, applications of models at the microscale (horizontal resolution of a few
metres in urban areas) were also driven under the policy context of the Ambient Air Quality
Directive [34], in order to identify hotspots with poor air quality and to provide support
for measures in urban planning and plans for air quality improvement. The application
of models of different complexity for estimating NO2 long-term concentrations with high
spatial resolution is discussed in a recent model inter-comparison study for a European
city [27]. The authors underline that the spatial distribution for the monthly concentration
is well reproduced by all methodologies (simple and complex models), but the main
differences are in the gradients looking at different time and spatial scales.

In Bulgaria, air pollution modelling in urban environments is typically conducted
within the context of applied research by scientific institutions or by consulting companies
engaged in the elaboration of programmes for air quality improvement at the municipality
level. Consequently, the models employed exhibit varying degrees of complexity. For
example, a CTM approach is used for the city of Sofia, where results from the Bulgarian
Chemical Weather Forecast System (BCWFS) over the national territory with a grid spacing
of 9 km are downscaled through nested modelling domains to the city level with a resolution
of 1 km [35,36]. Less complex numerical models (such as Gaussian or Lagrangian type) are
applied in the operational system for air quality management in the second largest city in
the country (Plovdiv) [37], in studies for assessment of the air pollution in Sofia [38], and in
the preparation of air quality plans for Sofia Municipality [39]. A key limiting factor in the
modelling results at a city scale is the lack of detailed information for the distribution of the
emissions from sources that are highly variable in space—from traffic and from biomass
burning for residential heating. These applications do not consider microscale processes
where the flow and dispersion of pollutants are affected by urban structures (buildings,
streets, etc.). The use of complex microscale models (CFD type) that allow spatial resolution
down to a few metres and account for the effects of the built environment on the flow
and dispersion of pollutants is still relatively uncommon in Bulgaria. First attempts in
this direction were carried out recently by the [40,41] for cases of idealised street canyons
and of a specific experimental campaign conducted in Germany [42]. These simulations
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allowed us to check the computational requirements and their suitability for more detailed
air pollution modelling for Sofia. As a further step and as a pilot study for Bulgaria, here
we focused on test cases for high-resolution obstacle-resolving dispersion simulations in a
small part of Sofia.

The aim of this work is to investigate the effect of wind direction and atmospheric
stability on the distribution of pollutants around a block of flats located near a traffic
road in a residential district of Sofia, Bulgaria. The modelling approach is based on the
application of the GRAMM/GRAL model system for a built-up zone of 1 × 1 km and
resolutions of 30 m and 2 m, respectively. The focus is on the spatial distribution of pollutant
concentrations (nitrogen oxides (NOX)) for different meteorological conditions, expressed
as pre-defined combinations of wind and atmospheric stability. Results from the numerical
experiments (test cases) have been analysed, considering changes in the spatial pattern,
the gradients, and the magnitudes of the concentrations. In addition, a simulation was
conducted using real meteorological data from the National Institute of Meteorology and
Hydrology (NIMH) for a period of a few days. The resulting model outputs were then
compared to data from a nearby regulatory air quality station.

2. Data and Methods

In this section, we outline first some air quality issues for Sofia, which were moti-
vating regarding the selection of a modelling system and the numerical experiments on
the dispersion of pollutants in a small part of the city. Then, a brief description of the
model system, GRAMM/GRAL, is provided. Finally, details of the model input data and
numerical experiments are presented. Figure 1 describes the methodology followed in
this study.
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2.1. Sofia: Primary Air Quality Issues

Sofia, located in western Bulgaria, is the capital of the country with more than
1.2 million inhabitants. The city (with a total area of 1344 km2) is situated in a valley
oriented in an almost northwest-to-southeast direction (Figure 2a). The regulatory air
quality network consists of five monitoring stations, one of them in the vicinity of a small
part of the city, which was selected for the numerical simulations in this work (Figure 2b).
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The geographical position of Sofia and the orientation of the valley determine the
wind regime, with prevailing flow from western and eastern directions and a significant
percentage (48.8%) of calm winds (Figure 3). Especially in the winter season, the windless
conditions increase the tendency for the accumulation of various types of air pollutants,
emitted predominantly by anthropogenic activities [39].

Atmosphere 2024, 15, x FOR PEER REVIEW 4 of 25 
 

 

Sofia, located in western Bulgaria, is the capital of the country with more than 1.2 
million inhabitants. The city (with a total area of 1344 km2) is situated in a valley oriented 
in an almost northwest-to-southeast direction (Figure 2a). The regulatory air quality 
network consists of five monitoring stations, one of them in the vicinity of a small part of 
the city, which was selected for the numerical simulations in this work (Figure 2b). 

 

Figure 2. (a) Sofia Valley and surrounding mountains (adapted from OpenStreetMap). (b) A 
magnified image of Sofia City, indicating the locations of the pollution monitoring sites operated by 
the Executive Environmental Agency (ExEA). The blue square indicates the extent of the modelling 
domain. 

The geographical position of Sofia and the orientation of the valley determine the 
wind regime, with prevailing flow from western and eastern directions and a significant 
percentage (48.8%) of calm winds (Figure 3). Especially in the winter season, the windless 
conditions increase the tendency for the accumulation of various types of air pollutants, 
emitted predominantly by anthropogenic activities [39]. 

 
Figure 3. Wind rose for Sofia—Central Meteorological Station at NIMH for the climate period (1991–
2020). 
Figure 3. Wind rose for Sofia—Central Meteorological Station at NIMH for the climate period
(1991–2020).

Air quality (AQ) problems in the city have been analysed based on monitoring and
modelling data for purposes of municipality plans and measures for AQ improvement [39]
and recently related to the introduction of Low-Emission Zones (LEZs) in Sofia’s central
part [43,44]. The conclusions point out problems with the concentrations of particulate
matter (with diameters up to 2.5 µm (PM2.5) and 10 µm (PM10)) and nitrogen dioxide (NO2).

The mean annual NO2 concentrations at the five regulatory AQ stations are in the
range of 19.9–30.6 µg m−3 (2022) and 16.5–28.4 µg m−3 (2023). These values are below
the annual limit value (40 µg m−3) established by the European Ambient Air Quality
Directive (AAQD) [34]. However, they are up to three times higher than the guidance value
(10 µg m−3) of the World Health Organization (WHO) [45]. The NO2 hourly concentrations
at the two regulatory traffic stations in Sofia (marked as MS-1 and MS-5 in Figure 2b) have
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in 2023 maximum values of 147 µg m−3 and 116 µg m−3, thus below 200 µg m−3, the EU
norm [34] and WHO guidance value [45]. The daily mean NO2 concentrations at the two
stations have values above the WHO guidance of 25 µg m−3 in more than 30% of the days
in 2023 (respectively, 183 days and 118 days).

The mean annual PM10 concentrations are in the range of 23.7–31.4 µg m−3 (2022) and
19.4–27.5 µg m−3 (2023), also below the AAQD annual limit value (40 µg m−3), but up to two
times higher than the WHO guidance value (15 µg m−3). The main problem is that, with
high daily mean PM10 concentrations, especially in the winter period, the AAQD daily norm
of 50 µg m−3 is often exceeded. For example, the number of days with daily mean PM10
concentrations above 50 µg m−3 was between 7 and 29 (2023) and between 11 and 47 (2022).

Previous air quality modelling results for Sofia [38,39,43,44] showed that the stations
do not capture the high spatial variability of the pollutants. Although in these studies there
are attempts to provide more detailed spatial resolution, they do not treat the effects of
single buildings on the flow and concentration fields.

The main sources of pollutants in the city of Sofia are road transportation and resi-
dential heating. Road transportation was estimated to be responsible for 78.7% of NOX
emissions and 10.8% of PM10 emissions in 2018 [39].

Aiming at reducing emissions from road transportation, the European Union (EU) has
introduced since the 1990s a series of regulations known as Euro standards (Euro 1 to Euro
6). The standards limit exhaust emissions from new petrol and diesel vehicles, referring to
nitrogen oxides, particulate matter, carbon monoxide, hydrocarbons, and other pollutants.
The pre-Euro standard cars are the most polluting, while each new standard imposes stricter
limits, especially for diesel vehicles. Pre-Euro 5 diesel vehicles (produced before 2009) emit
significantly more PM and NOX emissions than those certified to newer standards.

The motorization rate for Sofia is one of the highest in Europe (663 cars per 1000 inhabitants
in 2020), but the vehicles are old, with a mean age of 19 years (data provided by Sofia
Municipality). In 2020, the vehicle fleet predominantly consisted of cars, representing
approximately 80% of the total. Furthermore, over 70% of the cars were equipped with
engines that did not meet the Euro 5 standard (Figure 4). Recent estimates related to the
introduction of Low-Emission Zones (LEZs) in the city [43] show that about 78% of the
cars using petrol have a standard below Euro 5, while more than 55% of the diesel cars
have a standard below Euro 3 and Euro 4. The most polluting vehicles in Sofia use diesel
fuel, contributing 74% of the total NOX emissions and 86% of the total PM emissions from
passenger cars in Sofia [44].
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This brief overview highlights that for fine-scale modelling of the dispersion of pollutants
in Sofia, the system should be capable of treating built-up elements and low wind conditions.
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2.2. GRAMM/GRAL Model System

This study employed the GRAMM/GRAL system (version 22.09), developed at the
Technical University of Graz, Austria [18,31,32]. The system was initially created to address
the issues caused by frequent stagnation episodes of atmospheric pollutants in the mountain
valleys of Austria. Similar situations have also been observed in Bulgaria, particularly in
some lowland regions, making this model pertinent for the city of Sofia.

GRAMM is a mesoscale prognostic non-hydrostatic model that calculates hourly
steady-state wind fields over complex terrain [46]. It solves the conservation equations for
mass, enthalpy, momentum, and humidity and considers the effects of the topography and
the land use in the studied domain. The meteorological input consists of wind speed, wind
direction, and atmospheric stability class. The flow field calculated by GRAMM is used as
input to the second module of the system, GRAL.

GRAL is a microscale model that includes a CFD module for explicitly accounting
for the effects of urban structures (e.g., buildings, tunnels, etc.) on the air flow and a
Lagrangian particle dispersion module (LPDM) for the simulation of the transport and dif-
fusion of pollutants [18]. The CFD module in GRAL solves the Navier–Stokes equations for
incompressible flow, incorporating k-ε turbulence models to simulate the microscale turbu-
lence characteristics. The high-resolution air flow provided by the CFD, and the emissions
data are then used by LPDM to produce the concentration distribution. The dispersion
model assumes that particles are transported by the mean wind field and dispersed by
turbulence. It calculates the concentration of pollutants by solving the advection–diffusion
equation, which includes terms for advection, turbulent diffusion, and gravitational settling.
Chemical reactions are not treated.

A key feature of the GRAMM/GRAL system is the classification of weather situa-
tions based on wind speed, direction, and atmospheric stability. Atmospheric stability is
categorised using the Pasquill-Gifford (PG) 7-level scheme, which classifies the stability
from very unstable to very stable conditions [47,48]. By default, wind direction is divided
into 36 sectors of 10 degrees each and wind speed into five classes, creating a matrix of
1260 distinct meteorological situations.

The primary reason for this categorization is to facilitate the ‘match to observation’
approach employed by the GRAMM/GRAL system. By pre-computing wind fields for
these discrete intervals, the system can significantly reduce computational demands during
operational forecasting or regulatory assessments. When real-time meteorological data are
available, the GRAL model matches the observed conditions to the pre-calculated wind
fields, thereby eliminating the need for repetitive calculations of the three-dimensional wind
field. This approach streamlines the process, focusing computational resources on pollutant
dispersion calculations. The efficiency and practicality of this method make it particularly
advantageous for regulatory applications and air pollution forecasting, ensuring timely
and accurate assessments [33].

In summary, the GRAMM/GRAL system leverages the strengths of both mesoscale
and microscale modelling to provide a comprehensive framework for air pollutant disper-
sion simulations. By integrating detailed topographical influences and urban infrastructure
interactions, the system offers robust capabilities for addressing complex dispersion scenar-
ios in various environmental settings. GRAL is extensively used for regulatory purposes
and research in Austria [33,49], but also in other European countries [50,51]

2.3. Modelling Set-Up
2.3.1. Modelling Domain

The study area is located within the residential district of Mladost-1 in Sofia, Bulgaria.
It encompasses an eight-story block of flats, a nearby kindergarten, and a busy roadway in
close proximity (Figure 5). The roadway (Alexander Malinov Boulevard) is two-directional,
with three traffic lanes in each direction. The boulevard serves as a principal thorough-
fare for the residential district of Mladost (with a population of approximately 116,000),
facilitating connectivity between this area and the city centre. Additionally, it represents
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a significant artery linking the Sofia Ring Road to the airport and major eastward routes
within the city. The boulevard is also utilised by public transport buses.
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Figure 5. (a) GRAMM/GRAL domains and elements in consideration: Alexander Malinov Boulevard
(red line), the block of flats (cyan), and the kindergarten (magenta); the yellow box marks the
location of standard meteorological measurements at NIMH; (b) zoom on the GRAL domain with the
mentioned elements. The yellow dashed line marks the location for vertical cross-section in analysing
concentration distribution.

The modelling domains have horizontal dimensions of approximately 1400 m (for
GRAMM) and 1000 m (for GRAL). The vertical extent is up to 1402 m a.g.l. for GRAMM
and up to 170 m a.g.l. for GRAL. The dimensions of the block of flats are (L × W × H)
163 × 11 × 25 m, and the length of the boulevard in the GRAL domain is 880 m, with a
width of 20 m. The blockhouse makes an angle of 18 degrees with the boulevard.

Both GRAMM and GRAL adopt a calculation mesh that is regular in the horizontal
direction (respectively 30 and 2 m) and stretching in the vertical direction, with intervals
near the ground of about 10 m for GRAMM and 2 m for GRAL. The specifics of the domains
describing the type of calculation mesh, resolution, and number of cells are summarised in
Table 1.

Table 1. GRAMM and GRAL calculation mesh configuration.

Parameter GRAMM GRAL

Terrain elevation range, m 565–611 Inherited from GRAMM
Domain size (x, y), m 1440
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The definition of the simulation grid is critical in CFD modelling, as this directly
influences the accuracy and computational efficiency of the simulations. GRAL uses a
structured Cartesian grid system for the finite difference method solver of the governing
equations. Other CFD codes, such as OpenFOAM, employ unstructured (irregular) grid
system, which can be adapted to complex geometries for a more detailed representation
of urban elements [52]. A computational mesh that supports various types of cells in
OpenFoam (tetrahedral, hexahedral, etc.) is also linked to another solver of the governing
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equations, the finite volume method. The flexibility that such a type of discretisation offers
is higher and requires more sophisticated meshing techniques and greater computational
resources. GRAL, instead, is computationally efficient and advantageous for long-term
simulations in cases of limited computational resources. The structured grid system in
GRAL allows for efficient numerical calculations and is well-suited for the ‘match-to-
observation’ approach of the system GRAMM/GRAL.

The boulevard is represented as a line source with an emission rate of 100 Lagrangian
particles per second. This particle quantity is derived from the recommendations in
the GRAL manual [53]. It can be observed that, as the number of Lagrangian particles
increases, the concentration fields become more smooth (statistical errors are reduced with
an increasing number of particles). Typical values are between 25 (for areas smaller than
250 × 250 m2) and 1000 (for areas larger than 20 × 20 km2 and numerous sources). In the
case of high-stack sources or a limited number of weather situations, it is recommended to
use a significantly higher number of particles. In the majority of cases, where there are few
sources and areas smaller than 1 km2, 100 particles per second is a suitable choice.

2.3.2. Calculation of Traffic Emissions

In this study, the dispersion of NOX as a pollutant that is emitted in greater quantities
from diesel vehicles was modelled and discussed.

Prior to estimating the emissions for this study, the traffic flow was evaluated based on
the results of vehicle counting conducted over a number of days. The analysis of vehicles
was organised in the framework of a project about mobility and transport in the city [54].
The counting was carried out at 15-min intervals between 2 May and 8 May 2023. Three
categories of vehicles were considered during the counting campaign: cars, commercial
vehicles (trucks), and buses. During the aforementioned period, three consecutive days
were days off—two were over the weekend, while the third was a public holiday. The mean
traffic flow, for both working days and holidays, is presented in Figure 6.
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As illustrated in Figure 6, the workday traffic does not exhibit distinct peak hours.
Instead, the period spanning from 10:00 to 18:45 local time represents a plateau with a
mean traffic flow of 1030 vehicles per 15 min (4120 vehicles per hour). For comparison, the
mean flow for the entire 24-h period is 600 vehicles per 15 min (2400 vehicles per hour).
The total vehicle count per working day is 57,593, of which 541 are public transport buses.

The mean number of vehicles in a working day and their distribution by type are
summarised in Table 2. The data presented there show both the mean total number of
vehicles for the day and for the hours between 10:00 and 18:45 local time.
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Table 2. Mean traffic distribution by vehicle type for the working days on Alexander Malinov Blvd.
LCV stands for light commercial vehicles, MCV for medium commercial vehicles, and HCV for heavy
commercial vehicles.

Vehicle Type Total Traffic
for 24 h

Mean Hourly
Traffic for 24 h

Total Traffic for
Peak Hours

Mean Hourly
Peak Traffic

Cars (petrol) 21,376 890 13,773 1574
Cars (diesel) 29,070 1211 18,726 2140

Buses 541 22 313 35
LCV, MCV, and HCV 6606 275 4260 486

Total 57,593 2398 37,072 4235

Some assumptions have been made regarding the vehicle distribution shown in Table 2.
Firstly, it is assumed that there are no electrical, hybrid, or liquefied petroleum gas (LPG)
vehicles passing through the point of counting. Secondly, the share of diesel and petrol cars
was estimated based on the national statistical data for the transport fleet by 1 January 2024.
The data, provided by the Ministry of Interior, are available in the open data portal [55].
The numbers for vehicles by fuel type were used to estimate the ratio of cars using petrol
and diesel. As an approximation, this ratio was then applied to split the counted cars by
fuel type. Lastly, it was assumed that all commercial vehicles and buses consume diesel
fuel. Therefore, in determining the emissions, the commercial vehicles and the buses were
combined into one category: ‘trucks and buses’. The mean fuel consumption and mean
emission rates of this category were calculated based on the ratio between the numbers of
these two vehicle types.

Based on the data presented so far, the emission rates (kg h−1 km−1) of carbon monox-
ide (CO), non-methane volatile organic compounds (NMVOC), particulate matter (PM),
black carbon (BC), and NOX were calculated using the formulation and emission factors
from the Tier 1 method from the EMEP/EEA (European Monitoring and Evaluation Pro-
gramme/European Environment Agency) air pollutant emission inventory guidebook [56].
More information about the calculated total emissions (kg h−1 km−1) for dispersion simu-
lations with GRAL is presented in Table 3.

Table 3. Mean traffic flow of vehicles (vehicles per hour) by category type passing through the road
section of interest for the period 10:00–18:45, and emission rates of CO, NMVOC, NOX, PM, and BC
(kg h−1 km−1) as used by GRAL.

Vehicles Emission Rate (kg h−1 km−1)

Type Count per Hour
(Peak Mean) CO NMVOC NOX PM BC

Cars (petrol) 1574 7.2514 0.8604 0.7474 0.0026 0.0003
Cars (diesel) 2140 0.3322 0.0698 1.2930 0.1097 0.0626

Buses 35 0.0224 0.0049 0.0549 0.0043 0.0023
Trucks 486 0.3052 0.0660 0.0581 0.7474 0.0310

Total 4235 7.9112 1.0011 2.1535 0.8640 0.0962

2.3.3. Numerical Experiments and Meteorological Set-Up

Two types of numerical experiments with GRAMM/GRAL were considered: ‘test
cases’ and ‘real cases.’ ‘Test cases’ refer to hypothetical meteorological conditions when
combinations of wind and atmospheric stability are pre-defined. Here, we focused only
on the combinations for which the highest concentrations of pollutants around the block
of flats might be expected. The emissions for the ‘test cases’ were chosen to correspond to
the highest traffic intensity (the interval between 10:00 and 18:45) in order to capture the
greatest impact of the emissions in the studied domain. The second type of simulation (‘real
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case’) refers to a real meteorological situation during the period between 2 May and 8 May
2023. The emission input in this case corresponds to the counted vehicles on the boulevard.

Meteorological Set-Up for the ‘Test Cases’

The selected meteorological conditions are guided by the geometry and the orientation
of the building of interest (southwest-northeast direction), as shown in Figure 4. Thus,
four different wind directions of the approaching flow were selected: along the length
of (parallel to) the building (southwest and northeast winds), and perpendicular to the
building (northwest and southeast winds). The last cases are of particular interest, as
development of recirculation flows on the leeward side of buildings, trapping of pollutants,
and elevated concentrations might be expected [57–59].

For each of the aforementioned wind directions, as a sensitivity test, simulations
were conducted under different wind intensities at wind speeds of 3 and 7 m s−1. Calm
conditions were considered in a separate case. The stability classes applied were 1, 4, and 7,
which correspond to strong unstable, neutral, and strong stable temperature stratification,
respectively. A summary of the test case set-up is provided in Table 4.

Table 4. Summary of the test case set-up.

Test Case Wind Direction Wind Speed PG Stability Class

Case 1 --- 0 m s−1 1, 4, and 7
Case 2 NW (315◦) 3 m s−1, 7 m s−1 1, 4, and 7
Case 3 SE (135◦) 3 m s−1, 7 m s−1 1, 4, and 7
Case 4 NE (45◦) 3 m s−1, 7 m s−1 1, 4, and 7
Case 5 SW (225◦) 3 m s−1, 7 m s−1 1, 4, and 7

Meteorological Set-Up for the ‘Real Case’

Regarding the real meteorological observations, we looked at the data from the NIMH
synoptic station (marked in Figure 5a). From 2 May to 8 May 2023, the observed wind speed
was below 4 m s−1, with a predominant wind direction from the southeast (Figure 7a). This
makes the real case similar to that of ‘Case 3’ for the majority of time intervals. To estimate
the stability class, we used an analysis of observed wind, temperature, cloud cover, solar
radiation, and radio sounding data at this site. The estimated stability class distribution
(Figure 7b) indicates the prevalence of neutral and, to a lesser extent, stable conditions.
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3. Results

The modelling results are presented and discussed in terms of the horizontal and
vertical distribution of hourly mean NOX concentrations and maximum concentrations
simulated in the domain of interest. The spatial distribution is discussed more in depth
for the most interesting test cases with calm conditions and a flow perpendicular to the
boulevard (‘Case 1’ and ‘Case 2’), as well as for the real case. For the latter case, comparisons
to observations at the nearby air quality station are discussed.

3.1. Pollution Distribution Sensitivity to ‘Test Cases’ Meteorological Setup
3.1.1. ‘Case 1’ Results

Figure 8 displays the simulated horizontal fields of hourly mean nitrogen oxide
concentrations at a height of 2 m, along with the corresponding vertical fields at the
selected cross-sections, under calm conditions for stability classes: 1 (strongly unstable),
4 (neutral), and 7 (strongly stable).
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building (blue), kindergarten (magenta).

The dispersion in the vertical directions is more enhanced in the modelling results for
strong instability (Figure 8a). With regard to air pollution from sources located close to the
ground (as traffic emissions), the conditions of strong instability are considered favourable,
as the pollutants are more easily dispersed far from the source and distributed in the greater
volume of a well-developed surface layer.

In contrast, under conditions of neutral and stable temperature stratification, pollutants
are retained close to the ground surface, resulting in their accumulation and increased
concentrations (Figure 8b,c). The areas enclosed by white isolines (NOX ≥ 200 µg m−3)
indicate a possible exceedance of the hourly limit value for NO2 concentrations (200 µg m−3

AAQD [34]). As to be expected, the maximum concentrations are near the road (about
700 µg m−3). Pedestrians walking along the boulevard might be negatively impacted by
high surface-level concentrations. In the model domain, the horizontal gradients are very
steep due to the presence of buildings.

The apartment block appears to act as an effective barrier against NOX penetration
into the area where the kindergarten is located, at least for the steady-state time interval
of one hour. The spatial pollutant distribution for stability classes 4 and 7 shows smaller
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differences. This indicates that the modelled mixing in the surface layer has similar values
under neutral and stable conditions at this scale. As previously stated in Section 2.3.3,
conditions for either strongly unstable (daytime) or strongly stable (night-time) stratification
may be present for wind speeds less than 2–3 m s−1. This is treated as a separate case in
the following section.

3.1.2. ‘Case 2’ Results

In this case, the approaching flow is from the northwest (315◦), and the road (Alexander
Malinov Boulevard) is on the downwind side of the apartment block (Figure 9).
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The pollutant vertical distribution is linked to the modifications made to the airflow 
by the building. 

The airflow around the building is influenced in such way that a recirculation zone 
on the leeward side is developed, and the wind shifts in an almost opposite direction 
compared to the approach flow direction (Figure 10). As can be seen in Figure 9 ((a), (b), 
(c)–(i) and (ii)), where Alexander Malinov Boulevard is close to the building, the pollutant 
enters this zone and accumulates. As a result, the concentration there increases 
significantly. 

Again, as in the case of calm weather (‘Case 1’), for unstable conditions, the resulting 
(modified) air flow provides a better dispersion of NOX in the vertical direction, which 
reduces the otherwise high concentrations at the building wall observed in the case of a 

Figure 9. Fields of NOX 1-h averaged concentration (µg m−3) for ‘Case 2’ test case: NW wind with
speeds of 3 m s−1 and 7 m s−1 and SC = 1 (a), SC = 4 (b), and SC = 7 (c); horizontal distribution at 2 m:
(i,ii); vertical cross-section along the dashed line: (iii,iv); apartment building (blue), kindergarten
(magenta); dotted line: axis of the road. The ‘X’ sign marks the spot with the highest concentration. If
the sign is missing on the map, the highest concentration is outside of the shown area but within the
model domain.
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The pollutant vertical distribution is linked to the modifications made to the airflow
by the building.

The airflow around the building is influenced in such way that a recirculation zone on the
leeward side is developed, and the wind shifts in an almost opposite direction compared to the
approach flow direction (Figure 10). As can be seen in Figure 9 ((a), (b), (c)–(i) and (ii)), where
Alexander Malinov Boulevard is close to the building, the pollutant enters this zone and
accumulates. As a result, the concentration there increases significantly.
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Figure 10. Modelled by GRAL vertical profiles of wind speed (m s−1) (a) and wind direction
(b) (degrees) in the middle point lying on the vertical section between the apartment block and
Alexander Malinov Boulevard, for ‘Case 2’ (northwestern wind). The wind gradually shifts to reach a
direction at a height of approximately 3 metres that is opposite to that of the approaching flow.

Again, as in the case of calm weather (‘Case 1’), for unstable conditions, the resulting
(modified) air flow provides a better dispersion of NOX in the vertical direction, which
reduces the otherwise high concentrations at the building wall observed in the case of a
neutral and stable stratified surface layer. However, as can be seen, this is at the expense of
slightly increased pollutant concentrations on the windward side of the building.

3.1.3. Stability Class Modifications by GRAMM

It is important to note that not all combinations of stability class and wind speed are
feasible in real-world scenarios. For instance, in calm conditions, any stability class can be
realized. As wind speed increases, there comes a point where dynamically generated tur-
bulence begins to outweigh thermally generated turbulence. At the wind speed of 7 m s−1

used in this study, mixing in both horizontal and vertical directions is well pronounced,
resulting in temperature homogenization throughout the roughness sublayer in the urban
canopy. These conditions permit only neutral temperature stratification (stability class 4).
The meteorological input to GRAMM refers to stability class, wind speed, and direction
that should be representative of the modelled domain. GRAMM calculates, along with
the flow field, several other parameters related to turbulence and dispersion simulations
(friction velocity scale, planetary boundary layer height, and Monin–Obukhov length).
These parameters are the basis for a GRAMM estimated stability class that may differ from
the original user input.
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A test was conducted to ascertain the impact of the GRAMM stability class on the
user input model. This was performed for Case 2, with all possible combinations of wind
speeds and stability classes defined for this case.

The simulated stability class has varying values, as shown in Figure 11. Each row
in the figure refers to results by input wind speed (calm, 3 m s−1 and 7 m s−1) and each
column refers to results by input stability classes (SC = 1, 4, and 7). Examination of the first
row, which corresponds to calm conditions, shows that GRAMM does not modify the input
conditions in the domain. For wind speeds of 3 m s−1 and 7 m s−1 (the second and third
rows in Figure 11), the input stability class in the domain was modified by GRAMM. For
input SC = 1 (strongly unstable), the approaching flow with a speed of 3 m s−1 was slightly
modified by GRAMM, while for the case with wind speed of 7 m s−1 the modification
was more pronounced, resulting in SC = 3–4 in some limited zones. For SC = 4 (neutral),
no modifications took place, while for SC = 7, they are considerable. It should be noted
here that the outermost frame of the GRAMM domain in all of the instances in Figure 11
represents the stability class boundary conditions, which remain constant throughout the
calculation of the fields. The frame also shows what the initial stability class was in the
entire domain.
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Figure 11. Sensitivity of GRAMM to wind speed—stability class consistency. The buildings of interest
are in dark blue.

3.1.4. Other Cases: ‘Case 3’, ‘Case 4’, and ‘Case 5’

In ‘Case 3’, regarding SC = 1 (strong instability), a relatively small part of the pollutant
enters the recirculation zone on the lee side of the block, as the main part of the NOX
is entrained by convection and transported to a greater height. In the case of neutral or
stable stratification (SC = 4, 7), higher concentrations are observed both on the windward
side—near the wall that is directly affected by the pollutant plume—and on the leeward
side. At a wind speed of 3 m s−1, the maximum modelled concentration for SC = 1 is
181.2 µg m−3, for SC = 4, it is 216.8 µg m−3, and for SC = 7, it is 106.3 µg m−3. For wind
speeds of 7 m s−1, the corresponding concentrations are 81.3, 91.3, and 61.6 µg m−3.
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In ‘Case 4’ and ‘Case 5’ (wind directions parallel to the building), the distribution
of pollutant concentrations is primarily influenced by the geometrical position of the
boulevard and the block (they are not ideally parallel). This leads to an asymmetry in
the pollutant distribution when looking at the residential area, located northwest of the
building. When the wind flow is from the northeast, NOX penetrates the inner residential
area to a greater extent than when the wind blows from the southwest. In the latter case,
the building functions as a deviating obstacle and leads to pollutant transport along the
boulevard towards the northeast. In both cases, however, the plume has a direct impact on
the wall of the building facing the boulevard.

The modelled maximum concentrations for all the cases mentioned so far are sum-
marised in Table 5.

Table 5. Modelled maximum concentrations of NOX (µg m−3) within the GRAL domain for all cases.

Stability
Class

Wind
Direction

NW (315◦)
(‘Case 2’)

SE (135◦)
(‘Case 3’)

SW (225◦)
(‘Case 5’)

NE (45◦)
(‘Case 4’) Calm

Conditions
(‘Case 1’)Wind

Speed 3 m s−1 7 m s−1 3 m s−1 7 m s−1 3 m s−1 7 m s−1 3 m s−1 7 m s−1

Strongly
unstable
(SC = 1)

223.9 101.6 181.2 81.3 244.0 90.4 168.8 75.4 418.6

Neutral
(SC = 4) 340.7 139.4 216.8 91.3 217.6 256.8 206.3 186.3 710.0

Strongly
stable

(SC = 7)
107.6 73.3 106.3 61.6 216.2 177.8 241.4 309.1 701.1

The highest values for the maximum NOX concentrations were modelled for the calm
case, as expected. As the wind speed increases, the maximum concentrations generally
decrease, but this behaviour is influenced by the direction of the approaching flow. For
flow perpendicular to the building, the wind speed of 7 m s−1 resulted in a maximum
NOX concentration lower by a factor of about 2 compared to the wind speed of 3 m s−1.
For flow parallel to the building, the effect of increased wind speed was more influenced
by the stability class. For certain combinations of wind direction and neutral or stable
atmosphere, the highest values of maximum NOX concentrations were modelled for the
higher wind speed.

Note should be taken here that the values of the maximum concentrations presented
in Table 4 should not imply any proportionality with the corresponding fields they were
extracted from. In all cases where obstacles are involved, the locations of maximum
concentration points are subject to the complex wind field configurations due to the complex
geometry of the urban environment.

3.2. Pollution Distribution in Real Meteorological Conditions

This section presents the results as mean, maximum, and daily maximum NOX concen-
tration fields for the entire period between 2 May and 8 May 2023. The meteorological data
provided by the synoptic station at NIMH are updated every three hours. We consider this
time interval further because, in many cities in Bulgaria, the meteorological information
is only provided by this type of station. The traffic data were calculated in accordance
with the aforementioned settings. The distinction between this case and the previous cases
lies in the fact that, in this case, time variations of both meteorological data and traffic
emissions are considered. The NOX concentration fields are shown as mean, daily maxi-
mum, and concentrations of maximum value at each grid node during the entire period
(Figure 12). The NOX concentrations were measured at the MS-1 site, which falls within
the GRAL domain.
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Figure 12. Modelled NOX spatial distribution for the period between 2 May and 8 May 2023, utilising
data from meteorological observations: (a) Mean concentrations; (b) Daily maximum concentrations;
(c) Concentrations of maximum value at each grid node during the entire period. The MS-1 station is
identified by a cyan triangle, while the NIMH observation site is marked by a cyan star.

Regardless of the manner in which the concentration fields are analysed, whether as
an average over the entire period, the daily maximum, or the absolute maximum, it can be
observed that there is an area along the road where the concentration levels are significantly
higher. During the period of interest, the approaching flow was predominantly from the
east by southeast (Figure 7a), which is a direction almost perpendicular to the main building.
Figure 11 indicates that the block of apartments acts as a barrier against the penetration of
pollutants into the inner residential area. The configuration of the two adjacent residential
buildings at right angles to the block serves to further restrict the transport of NOX in
the vicinity of the kindergarten. The spatial distribution is characterised by very steep
gradients (Figure 12a,b), while the absolute maximum concentrations (Figure 12c) follow a
rather homogeneous distribution.

The modelled NOX concentrations and wind speed were compared to the observed
values at the MS-1 measuring site. The comparison between the modelled and measured
NOX concentrations was made using the recommended statistical performance measures
for such cases: the normalised mean square error (NMSE), the fractional bias (FB), the corre-
lation coefficient (R), the fraction of predictions within a factor of two observations (FAC2),
and the fraction of predictions within a factor of five observations (FAC5) (Appendix A,
Equations (A1)–(A4)). The results from the comparison are summarised in Table 6.

Table 6. Values of the statistical performance measures (SPMs) used to compare modelled NOX

concentrations against the observed NOX concentrations at the ExEA MS-1 station in the time interval
2–8 May 2023.

FB NMSE R FAC2 (%) FAC5 (%)

−0.003 3.652 0.069 21.4 57.1

The mean modelled and mean measured concentrations at station MS-1 for the period
under consideration were 16.95 µg m−3 and 16.89 µg m−3, respectively. These values
are almost identical and are well reflected in the FB value. However, the other statistical
parameters show a large scatter, indicating that there are significant differences between
the modelled and measured concentrations in general. There could be several reasons for
these results. Firstly, the present study considers only one line source, Alexander Malinov
Boulevard, but there are other pollution sources in the vicinity of the monitoring site, one
of which contributes significantly, especially when the wind direction is from north and
northeast—Tsarigradsko Shose Boulevard. Secondly, no background concentrations of
NOX were used as input. Thirdly, there is a difference between the modelled and measured
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wind at the observation point. The measured wind speed values are significantly higher
than the modelled values (Figure 13). Upon examination of Figure 13b, it becomes evident
that there are discernible patterns in the relationship between the modelled wind speed and
modelled NOX concentrations. The presence of high peaks in the modelled concentrations
at the observation point is observed at times of very light winds or when there is no wind.
Conversely, during the initial period (between 2:00 on the 5 May and 14:00 on the 6 May),
modelled concentration values were observed to be almost zero, which can be attributed to
the prevalence of a south-easterly component in the wind direction, effectively transporting
the pollutants emitted by the source away from the monitoring site MS-1.
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Figure 13. Observed values of NOX concentrations and wind speed at the ExEA station (a) and
modelled values of NOX concentrations and wind speed at the ExEA station for the period 2 May
2023–8 May 2023 (b).

4. Discussion

The air quality in the city of Sofia is monitored at five regulatory stations, which
limits the scope of the data available for attaining a comprehensive city-wide spatial
resolution of air pollutant concentrations. Modelling applications involving dispersion
codes [38,39,60,61] or machine learning methods [62] clearly highlight the non-homogeneity
in the spatial distribution of NO2 and PM10 concentrations in Sofia and hot spots not
captured by the AQ regulatory network.

The modelling of air pollutant concentrations in Sofia does not currently account
for the effects of buildings. To estimate the dispersion of pollutants in Sofia with high
resolution, it is necessary to apply models that can handle building-resolved flows. This is
an emerging issue for authorities engaged with air quality plans and programmes, as it
requires the estimation of exposure estimates.

The dispersion of pollutants is significantly influenced by urban morphology. As a
preliminary step in the application of high-resolution model simulations in Sofia, we have
employed the system GRAMM/GRAL for a limited area of the city with a horizontal resolu-
tion of 30 m for GRAMM and 2 m for GRAL. The system was selected due to its capacity for
long-term simulations at a relatively low computational cost. The simulations are focused
on a small residential area where the main source of emissions is a heavy traffic boulevard.
A sensitivity analysis was carried out to assess the effect of meteorological conditions
expressed as wind speed, wind direction, and stability class on the spatial distribution of
NOX. The sensitivity test was performed using predefined and real meteorological data.
The simulations were carried out considering only the traffic on the boulevard as a source
of air pollution. No background concentrations were applied. The emissions from road
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traffic were estimated with assumptions for vehicle type and fuel count for a period of
a week.

The spatial distribution of the GRAMM/GRAL simulated concentrations with pre-
defined meteorological input (test cases) indicates the presence of hot-spot areas, whose
locations vary with respect to wind direction, wind speed, and stability class. In the case of
flows perpendicular to the main building (from the northwest), the higher concentrations
on the leeward side are associated with an air flow recirculation zone that extends up to
a height of about 20 m. In such conditions, the pollutants emitted by the vehicles on the
boulevard remain entrapped and have elevated values not only near the ground. The
main residential area and the kindergarten, situated on the windward side, remain almost
without negative impacts from the traffic on the boulevard. This situation changed for calm
conditions when the highest concentrations in the domain of interest were simulated. For
neutral and stable conditions, the pollution from the boulevard could penetrate into the
residential area, especially in the zones to the edges of the main building. The wind speed
is decisive for the decrease in the concentrations, but this would also depend on the wind
direction. For flows perpendicular to the building, the increase in the wind speed from 3 to
7 m s−1 leads to a decrease in the value of the maximum concentration in the domain by a
factor of two. In certain configurations of the layout of the road in relation to a residential
building, even higher wind speeds (7 m s−1) have been found to be insufficient to ventilate
the area.

The simulation of a real case (over a period of a few days) with prevailing winds from
southeastern directions highlights rather favourable conditions for the main residential
area, as the highest concentrations in the domain are simulated along the boulevard.
The comparison to data from a regulatory air quality station of traffic type indicates
an underestimation of the wind speed and a factor of two for the NOX concentrations
of approximately 21%. Further analysis and more data are needed to understand the
behaviour of the simulated concentrations, which show distinct peaks at intervals with no
wind or very low wind speeds.

Key limiting factors in the application for the real case are the compilation of emissions
from the transport with high resolution, in this case, for a segment of a boulevard during
a specific period, and the meteorological input. We used data from the nearby synoptic
station, but as it is also located in a built-up environment and is only one, its represen-
tativeness for the conditions of the approaching flow should be additionally evaluated.
Moreover, removal processes in the model were not considered.

It is important to note that the GRAMM/GRAL modelling system also has its own limi-
tations. Firstly, the simulation of meteorological conditions that change rapidly (e.g., sudden
changes in wind direction as in the passage of a frontal system) is limited by the steady-state
approximation. Nevertheless, for research purposes, it is possible to utilise GRAL with
the transient mode enabled. In this instance, the recommended minimum dispersion time
can be reduced to 300 s. Secondly, GRAL is not capable of handling chemical reactions.
Pollutants are treated as chemically inert, and the formation of secondary particles is not
considered. In order to estimate the concentration of the monitored pollutant NO2, the
calculated NOX concentration is typically modified according to empirical relationships
derived from observations at different sites and over several years [63].

Despite the above-mentioned drawbacks, the GRAMM/GRAL system is suitable for
modelling to take into account the influence of urban morphology on pollutant dispersion
at a relatively low computational cost. This makes the system attractive for high-resolution
modelling of the spatial distribution of pollutants in Sofia, which is currently needed
for tasks related to the introduction of Low-Emission Zones (LEZs) and their impact on
the redistribution of pollutant emissions in the city centre or for operational air quality
forecasts. These tasks require, however the provision of high-quality input data: emissions,
building layout, city-scale (background) concentrations, and meteorological information
at more locations. The next steps in this research will be efforts to link the system to a
meteorological model operating for Sofia and the compilation of necessary input data.



Atmosphere 2024, 15, 638 19 of 23

5. Conclusions

The GRAMM/GRAL modelling system was employed to analyse the spatial distribu-
tion of pollutants in a residential area of Sofia with high resolution (2 m) and to consider
the effects of buildings on the flow and dispersion of pollutants. As this is the first study
for Sofia with air pollution obstacle-resolving simulations, a series of numerical experi-
ments were conducted to highlight the impact of meteorological parameters (wind and
atmospheric stability) on the spatial distribution of NOx concentrations. A single type of
emission source was selected for analysis: road traffic on Alexander Malinov Boulevard
in the vicinity of the Mladost 1 residential area. The focus was on the potential increase
in concentrations near a block of flats situated in close proximity and nearly parallel to
the boulevard.

The numerical experiments were designed to reflect typical city wind conditions,
which are characterised by calm weather and winds that originate from directions aligned
with the orientation of the Sofia Valley (nearly northwest-to-southeast). These prevailing
wind directions correspond to flow perpendicular to the boulevard and the main building
in question, with the leeward side potentially leading to the formation of a recirculation
zone and the accumulation of pollutants. This phenomenon has been observed in numerous
experimental and modelling studies, including those by Murakami and Li [57,64]. The
results of the simulation for ‘Case 2’ indicate that the wind direction at the block’s leeward
side at a height of approximately 3 metres (z/H = 0.12) is opposite to the flow at roof height.
Furthermore, a recirculation area with low winds is observed there, reaching a height of
approximately 20 metres (z/H = 0.8).

Additionally, a real-case simulation was conducted, utilising GRAMM/GRAL with
input data from the synoptic station situated at approximately 170 metres from the boule-
vard. This was for a period of a few days, during which the prevailing wind direction was
from the southeast. This resulted in a nearly perpendicular flow to the building, with the
boulevard on the windward side. In this case, the building acted as a barrier for the spread
of traffic-emitted concentrations towards the residential area and the nearby kindergarten.
Unfortunately, observational data in the domain of interest were available only at one
point: the regulatory air quality station located approximately 70 m to the east of the
boulevard. The comparison between modelled and observed hourly wind speeds and NOX
concentrations was analysed using some common statistical metrics.

Notwithstanding the existence of certain significant limitations pertaining to the
numerical experiments, including the use of rough estimates for traffic emissions, mete-
orological input data at three time intervals for the simulated real case, and the failure
to consider the removal process in the model, the results demonstrated that the concen-
tration field is highly variable. It is possible that different zones with an accumulation
of pollutants may emerge, depending on the meteorological conditions. The modelling
system GRAMM/GRAL was able to reproduce the expected pattern in the spatial distri-
bution of concentrations and to highlight that the kindergarten might also be impacted
by elevated concentrations, despite its distance from the considered road emissions. This
initial application of GRAMM/GRAL for the simulation of air pollution in Sofia indicated
that the system is appropriate in terms of computer resources for long-term calculations
aimed at emission scenario analysis for air quality improvements or assessment of popula-
tion exposure. Nevertheless, in order to gain confidence in the modelling results, further
applications and validation with observations would be necessary.
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Appendix A

Statistical performance measures used for the comparison of modelled concentrations
against observed concentrations:

NMSE =

(
co − cp

)2

cocp
(A1)

FB =
co − cp

0.5
(
co + cp

) (A2)

R =
(co − co)

(
cp − cp

)
σcoσcp

(A3)

FACX :
1
X

≤ co

cp
≤ X (A4)

Here, co are the measured concentrations, and cp are the concentrations predicted by
the model. The mean values of co and cp are indicated by co and cp, respectively, while
the standard deviations of co and cp are represented by σco and σcp. FB (A2) is a measure
of mean bias and indicates only systematic errors that result in an underestimation or
overestimation of the simulated values in comparison to the measured ones. It is based on
a linear scale, and the systematic bias refers to the arithmetical difference between co and
cp. The NMSE (A1) is a measure of scatter that reflects both systematic and random errors.
The correlation coefficient R (A3) reflects only the linear relationship between the measured
and predicted values but, despite being a necessary condition for a perfect model, it is
not a sufficient condition since it is sensitive to extreme data pairs. The FAC2 and FAC5
measures (presented in a more general form as FAC X in (A4)) are the most straightforward,
as they consider only pairs with a ratio between 0.5 and 2.0 (0.2 and 5.0 for FAC5). This
condition ensures that FAC2 and FAC5 are not overly influenced by high and low outliers.
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