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Abstract: To effectively mitigate anthropogenic air pollution, it is imperative to implement strategies
aimed at reducing emissions from traffic-related sources. Achieving this objective can be facilitated
by employing modeling techniques to elucidate the interplay between environmental impacts and
traffic activities. This paper highlights the importance of combining traffic emission models with
high-resolution turbulence and dispersion models in urban areas at street canyon level and presents
the development and implementation of an interface between the mesoscopic traffic and emission
model MATSim and PALM-4U, which is a set of urban climate application modules within the PALM
model system. The proposed coupling mechanism converts MATSim output emissions into input
emission flows for the PALM-4U chemistry module, which requires translating between the differing
data models of both modeling systems. In an idealized case study, focusing on Berlin, the model
successfully identified “hot spots” of pollutant concentrations near high-traffic roads and during
rush hours. Results show good agreement between modeled and measured NOx concentrations,
demonstrating the model’s capacity to accurately capture urban pollutant dispersion. Additionally,
the presented coupling enables detailed assessments of traffic emissions but also offers potential
for evaluating the effectiveness of traffic management policies and their impact on air quality in
urban areas.

Keywords: traffic simulation; emission modeling; air pollution; pollution hot spot; CFD

1. Introduction

In light of the burgeoning urbanization trend, with over half of the global population
presently dwelling in urban areas [1], the concern regarding air pollution has intensified
significantly. Prolonged exposure to air pollution can lead to adverse effects on diverse
physiological systems, encompassing the respiratory, cardiovascular, metabolic, and neuro-
logical functions [2]. Despite a decline in premature deaths in Europe, air pollution remains
a significant health concern [3,4].

One of the main sources of urban air pollution in cities is car traffic, as shown by
studies measuring individual exposure [5,6] or by applying statistical methods [7]. In ad-
dition, Ehrnsperger and Klemm [8] and von Schneidemesser et al. [9] find that pollutant
concentrations correspond to observed traffic patterns in urban environments, making
reduction in traffic-induced emissions a priority to mitigate pollutant concentrations and
improve the health situation of the urban population.

Developing mitigation strategies for the impact of traffic emissions requires under-
standing the relation between traffic and its environmental impact. Gürbüz et al. [10]
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investigate the interplay between fuel consumption and the environmental impact during
the COVID-19 lockdown in Turkey. However, predicting the efficiency of future policies
requires the application of traffic, emission, and dispersion models to simulate various
traffic scenarios and their environmental impacts. The first step in modeling this relation
is to compute emissions from traffic using an emission model. Forehead and Huynh [11],
Mądziel [12] and Ma et al. [13] provide a comprehensive overview of available traffic
emission models, which can be divided into two categories:

1. Aggregate—traffic emissions are based on aggregated parameters such as average
vehicle speed on links or overall vehicle distance traveled. Important models are, for
example, MOBILE6 (an emissions model for mobile sources) [14], MOVES (Motor
Vehicle Emission Simulator) [15], COPERT (Computer Program to Calculate Emissions
from Road Transport) [16] or ARTEMIS (Assessment and Reliability of Transport
Emission Models and Inventory Systems) [17];

2. Microscopic—emitted pollution is calculated at the vehicle level, considering at-
tributes such as vehicle speed, acceleration, engine type and others. Prominent
models are CMEM (Comprehensive Modal Emission Model) [18], VT-MICRO (Vehicle
Trajectory-based Microscopic Model) [19], EMIT (Environmental Model of Individual
Traffic) [20] and POLY (Microscale Emission Model Incorporating Acceleration and
Deceleration) [21].

Aggregate and microscopic emission models are best combined with corresponding
categories of traffic models as input for emission calculations. Aggregate models work
well with aggregate traffic models while microscopic emission models require input on the
vehicle level which requires the use of micro- or mesoscopic traffic models [11,13].

Once traffic emissions are properly modeled, a dispersion model can be used to in-
vestigate the dispersion of pollution in the urban environment. Johnson [22] provides
an introduction into dispersion models in general, while Vardoulakis et al. [23] and Fore-
head and Huynh [11] list traffic-related dispersion models. These include Line-Source
Models such as CALINE [24], RLINE (a dispersion model for near-road applications) [25]
and operational models such as OSPM (Operational Street Pollution Model) [26], ADMS
(Atmospheric Dispersion Modeling System) [27], or IMMIS (Integrated Model for the Man-
agement of Traffic-related Emissions) [28] which parameterize turbulence in street canyons
and even include atmospheric chemistry reactions.

More accurate results are to be expected from CFD (Computational Fluid Dynamics)
models of which, in addition to the reviews above, Tominaga and Stathopoulos [29] and
Khan et al. [30] provide an overview of models capable of simulating emission dispersion.
In contrast to parameterized models, CFD models are based on atmospheric turbulent
fluid dynamics, solving differential equations to determine atmospheric pressure and flow
within discrete raster cells of the simulated domain [31]. By simulating atmospheric turbu-
lence and solving a transport equation together with a model driven, chemical mechanism,
the pollutant concentrations and dispersion can be calculated [32]. For emission calcula-
tions, either RANS (Reynolds-Averaged Navier–Stokes) or LES (Large Eddy Simulation)
models are used, of which LES requires more computational resources but can provide
more accurate results regarding wind flow around obstacles like buildings [33].

Several studies have applied traffic induced emissions with dispersion models. Fore-
head and Huynh [11] include a list of applications where most of the studies use aggregate
emission and parameterized dispersion models (e.g., Batterman et al. [34]) or simulate small
domains using microscopic emission and dispersion models
(e.g., Ioannidis et al. [35], Grumert et al. [36]). Liang et al. [32] provide a more recent
overview of coupling CFD dispersion and traffic emission models. They find that “CFD
models are generally used for pollutant dispersion studies at the street or micro-district level” [32]
due to the requirements on computational resources. In contrast to the majority of studies,
Sanchez et al. [37] and San José et al. [38] present high-resolution emission dispersion
calculation in real urban environments. Both studies use high-resolution traffic models to
calculate traffic emissions and CFD-RANS models for dispersion simulation.
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Adding to the cited work, this paper describes the development of an interface be-
tween the mesoscopic traffic and emission model MATSim (Multi-Agent Transport Simula-
tion) [39] and the urban climate simulation model PALM-4U [40], which was developed
as part of the UC2 (Urban Climate Under Change) [41] project. MATSim simulates traffic
dynamics across large regions, accommodating millions of simulated people. Employing a
mesoscopic approach, MATSim captures individual vehicles without explicitly modeling
vehicle dynamics such as acceleration or following behavior, which enables the calcula-
tion of traffic induced emissions for large urban areas. PALM-4U, a CFD model which is
designed to be scaled onto HPC (High-Performance Computing) infrastructure, is able
to simulate chemical transformation, advection, and deposition of air pollutants for large
realistically shaped urban areas [40]. By operating in LES mode, it provides an accu-
rate representation of atmospheric turbulence, especially in urban canopies with complex
building geometries.

While many studies rely on either aggregate emission models with parameterized
dispersion or high-resolution simulations limited to smaller domains [32], our approach
integrates a large-scale, behavior-based traffic model with a high-resolution CFD model.
This coupling enables the simulation of traffic emissions on the scale of large urban districts
while maintaining the accuracy required to model turbulence and chemical processes in
street canyons. We demonstrate the value of this approach in an idealized case study located
in Berlin, focusing on the identification of pollution “hot spots”—areas where pollutant
concentrations are particularly high. Coupling both models provides a powerful tool for
improving urban air quality management and testing the effectiveness of traffic policies.

2. Materials and Methods

The coupling of the traffic simulation MATSim and the CFD model PALM-4U follows
the data flow presented in Figure 1. Starting with the standard output of a MATSim
simulation run, the corresponding traffic emissions are calculated using the methodology
described in Section 2.2. Based on the calculated traffic emissions, a chemistry driver
file is generated using the coupling methodology presented in this paper. The generated
chemistry driver along with other input files is used as input for a PALM-4U simulation run.

The proposed coupling mechanism is built on top of existing technology, which is
described in the following section.

MATSim 
Output

PALM Static 
Driver

Traffic 
Emissions

Coupling 
Pipeline

PALM-4U 
Simulation

PALM Chem. 
Driver

MATSim 
Simulation

PALM-4U 
Output

Figure 1. Data flow of the model integration: Traffic emissions calculated based on output of a
MATSim simulation are converted into a PALM chemistry driver. The resulting driver is part of the
input for a subsequent PALM-4U simulation.

2.1. Traffic Simulation

MATSim is an open-source traffic simulation which models travelers as individual
simulated people [39]. Each simulated person maintains a daily plan of activities which
it tries to accomplish throughout the day. To reach activities of their plan, simulated
people travel along a simulated road network, competing for limited resources with other
simulated people. Each simulated person tries to maximize its utility by adapting to the
limited traffic supply. The optimization of utility is done in the form of a co-evolutionary
algorithm where the same day is iterated multiple times. One iteration includes three steps:
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1. During the mobility simulation, simulated people execute their individual plans while
interacting with other simulated people. To support large-scale scenarios, vehicles
are simulated using a queue model, omitting calculation of computationally complex
vehicle dynamics or car following behavior. However, the queue model accounts for
congestion and spill back effects important for mesoscopic traffic patterns.

2. The executed plan of each simulated person is evaluated through a utility score. In gen-
eral, performing activities increases the score, spending time in traffic or monetary
costs, e.g., public transit fares or cost of car ownership decrease the score.

3. A fraction of all simulated people adapts their behavior by inventing new plans. This
includes choosing alternative routes, switching between modes or adapting departure
times. The remaining share of simulated people picks a plan from the set of plans that
it has already memorized.

After a certain number of iterations, the simulation reaches an equilibrium where
individual simulated people cannot improve their situation any further.

2.2. Emission Model

The MATSim framework provides an extension for emission modeling, initially de-
veloped by Hülsmann et al. [42] and later improved by Kickhöfer et al. [43]. Based on
the simulated traffic dynamics, emissions are calculated using emission factors from the
HBEFA (Handbook Emission Factors for Road Transport) version 4.1 database [44], which
accounts for traffic situations such as road type, current traffic flow and vehicle speed,
as well as vehicle properties such as vehicle type and engine type being the most important.
Emissions in MATSim are calculated on a per-link and per-vehicle basis. This corresponds
to the level of detail at which traffic is simulated. Once a vehicle has traversed a link
in the network, corresponding emission factors are selected from the HBEFA database.
The emission factors for different pollutants are multiplied with the traveled distance of
the vehicle on the link and stored in the form of an emission event. As shown in Figure 2,
emission events are stored in the general event log of a MATSim run, from which the
simulated reality can be re-created after a simulation run has finished.

time: 1,   NOx: 2 g, linkId: 1, vehId: 1 

12,       3 g,        2,       1 

18,      8 g,        3,       1 

Event Log

Figure 2. Example of emission calculation in the MATSim emission extension. A vehicle traverses
three links on the simulation’s street network, resulting in three emission events in the general event
log. For simplicity, only NOx (Nitrogen Oxides) emissions are depicted. The emission extension is
capable of calculating all the pollutants HBEFA provides emission factors for.

To validate their methodology, Hülsmann et al. [42] conducted an experiment involv-
ing recorded vehicle trajectories, from which emissions were calculated using the detailed
PHEM (Passenger car and Heavy-duty Emission Model) emission model with a temporal
resolution of one second. The study finds significant variations in individual vehicular
emissions calculated with PHEM on the same link, even under similar traffic conditions.
The averaged emissions calculated from the real-world vehicle trajectories were then com-
pared to emissions calculated, using simulated traffic in MATSim and HBEFA emission
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factors, with the result that the presented emission tool is able to “approximate emission levels
that look similar to PHEM data and show similar tendencies over time of day” [42].

Conceptually, vehicular emissions based on HBEFA emission factors reflect the average
emission that a typical vehicle with the same properties in the same traffic situation on
the same type of link would have produced. This is comparable to using detailed vehicle
trajectories with a high-resolution, high-fidelity model such as PHEM and averaging the
emissions afterward. The presented approach for calculating traffic emissions, retains the
microscopic resolution of both the individual vehicles and the vehicle properties relevant
for emission calculations while employing an average value for the emission outputs.
In consequence, when combined with a microscopic dispersion model, hot spots with
exceeding levels of pollutant concentrations are the result of structurally unfavorable traffic
conditions in combination with unfavorable meteorological conditions. An investigation of
vehicular emissions with a temporal and spatial resolution finer than the size of a link is
not feasible with the presented coupling approach. However, a spatial resolution on the
link level is sufficient for investigating traffic emissions and their effects on a regional scale.

MATSim’s emission module is currently also capable of estimating pollutant con-
centrations on a grid of receiver points [45] using a Gaussian Blur. However, the current
method ignores important aspects of dispersion modeling such as wind, obstacles, chemical
reactions or the height of the boundary layer.

2.3. Dispersion and Air Chemistry Model

The urban climate simulation tool PALM-4U is a CFD model that incorporates a LES
turbulence model. It allows for the simulation of atmospheric boundary layer flows, with a
particular focus on urban environments [40]. Designed to scale on massively parallel
computing hardware, this model is capable of simulating large domains with fine grid
resolutions [46]. In PALM-4U, the urban canopy is modeled using a static driver file [40],
which contains information such as topography, surface and street types, and building
heights. In addition to resolving atmospheric turbulence, the PALM model system includes
an atmospheric chemistry module [30] that simulates the transport, chemical reactions,
and deposition of pollutants. The combination of the turbulence model with the simulation
of photochemical reactions allows for detailed predictions of pollutant concentrations in
urban environments, as demonstrated by Khan et al. [30], making it possible to investigate
pollution hot spots with high precision.

Traffic emissions can be input into the chemistry module with varying LOD (Level of
Detail). In the fully parameterized LOD 0 mode, emissions are estimated based on street
types defined in the static driver file. The default LOD 1 mode provides parameterized
emissions derived from annually averaged traffic volumes, with the option to incorporate
temporal and spatial variations through the chemistry driver file. Finally, in LOD 2 mode,
the chemistry module requires fully pre-processed emissions supplied by the chemistry
driver file. The coupling method presented here utilizes LOD 2 mode to integrate traffic
emissions generated by MATSim into a given PALM-4U simulation setup.

3. Implementation of Coupling Method

The coupling of traffic emissions generated using MATSim, to the urban climate model
PALM-4U is achieved seamlessly through the utilization of PALM-4U’s chemistry module.
As presented in Figure 3, the coupling of both models is carried out by converting MATSim
output data into the PALM-4U chemistry driver file format [40]. The chemistry driver
file format is part of the PIDS (PALM Input Data Standard) and is the preferred way of
supplying emission information needed for the PALM-4U climate simulation. As MATSim
and PALM-4U are programmed in different programming languages, implementing the
coupling mechanism by exchanging data via input files allows running both models
independently in different computing environments.

When converting MATSim output data into the chemistry driver file format, the prob-
lem of different spatial representations and differing temporal resolutions must be resolved.
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Spatial information in MATSim is modeled as vector data in Euclidean space, while the
PALM model system divides the simulation domain into a regular raster where each grid
cell covers a discrete volume. Results of a MATSim simulation are stored using a time step
size of one second, while the PALM-4U chemistry module expects accumulated emission
flows over uniform time periods. Additionally, traffic in MATSim is simulated on a network
with simplified link geometries, to save computational resources, which interferes with
high-resolution emission modeling. Hence, converting traffic emissions into chemistry
driver input is conducted in four steps, which are also highlighted in Figure 3:

1. Mapping of detailed and simplified link geometries;
2. Temporal aggregation of traffic emissions;
3. Rasterizing of vector-based traffic emissions;
4. Writing of the driver file.

PALM Static 
Driver

Detailed 
Geometries

Temporal 
Aggregation Rasterization Write Driver

PALM Chem. 
Driver

MATSim 
Output

Traffic 
Emissions

Figure 3. Data flow of the coupling pipeline. With traffic emissions generated from MATSim output
data, a chemistry driver for a PALM-4U simulation is generated. The four main stages of the pipeline
are executed in consecutive order: (1) mapping of detailed link geometries, (2) temporal aggregation
of traffic emissions, (3) rasterization of traffic emissions, and (4) writing of the driver file.

3.1. Mapping of Detailed and Simplified Link Geometries

Traffic in MATSim is modeled on a directed graph that consists of nodes (vertices)
and links (edges). The links in the network represent streets and carry essential infor-
mation for the mobility simulation, such as capacity, freespeed, and the number of lanes.
Nodes, on the other hand, represent intersections where vehicles can switch from one
link to another. Additionally, nodes contain geographical information about the network.
MATSim networks are typically generated using OSM (OpenStreetMap) data, which are
filtered for street-related information and then converted into the MATSim network format.
During the conversion process, the original street network geometries are simplified, keep-
ing only nodes with intersections in the MATSim network (see Figure 4), thus reducing
computational load and memory footprint during a MATSim run. To ensure correct travel
times, the original length of the simplified street segment is stored as a separate length
parameter on the link.

However, this abstraction is not suitable when it comes to modeling detailed traffic
emissions. Simplified links might cut through occupied areas, as can be seen in Figure 4,
leading to traffic emissions being emitted from within buildings. To provide accurate
emission flows to the chemistry model, the emissions calculated based on simplified link
geometries must be mapped onto more detailed street geometries. Since the OSM data set
originally used to generate the traffic network contains the required information, a mapping
between the traffic network and the original geometries is established. During network
generation from OSM data, the original street geometry is stored in the form of a link
attribute containing a list of (ID, x, y)-triplets, which corresponds to the data model of
a MATSim network node. With this information, a MATSim network with detailed link
geometries can be re-created to calculate traffic emissions while maintaining the advantages
of simplified link geometries during the traffic simulation.
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Figure 4. Example of a simplified street geometry in a MATSim network (blue) and its corresponding
original geometry from OSM (orange).

3.2. Temporal Aggregation of Traffic Emissions

In the context of coupling MATSim and PALM-4U, it is important to be aware of
differing time resolutions in the various steps of the modeling pipeline:

• MATSim functions at a high temporal resolution, processing data every second. This
is evident as emissions in the MATSim event file are recorded with precise timestamps
indicating the moment a vehicle exits a link.

• The time periods in the chemistry driver used in the idealized case study (see Section 4)
are set to one hour intervals. Though, due to recent advancements, the driver format
now supports arbitrary time periods, at the time the idealized case study was con-
ducted, only one hour periods were available. During each one-hour period, emission
input into the PALM-4U simulation is constant.

• The internal transport equations in PALM-4U, as well as the calculations for pollutant
concentrations and dispersion, are executed on the scale of seconds.

• The temporal frequency of the model’s output was set to hourly intervals for the
purpose of our idealized case study.

As the temporal resolution of MATSim is one second, the produced traffic emissions
must be aggregated into the time periods of the chemistry driver. Figure 5 illustrates this
process with two time periods, each having a duration of one hour. All emission events
with time stamps between 0 and 3600 are sorted into the time period between midnight
and 1am. All other events with time stamps between 3601 and 7200 are sorted into the time
period between 1 am and 2 am. Within each time period, emission events are accumulated
by link. For example, in the time period between midnight and 1 am, link 2 is traversed
by two vehicles each issuing 3 g of NOx accumulating to 6 g of NOx for link 2 during that
time period. As the PALM model system uses a variable time step size in the magnitude
of seconds, which is determined at runtime, the aggregated emissions from the chemistry
driver are disaggregated during a PALM-4U simulation run. For each simulated time step
within the same time period, the chemistry module releases a constant amount of emissions
into the PALM-4U simulation domain. In the example of one hour periods, the flow of
emissions released into the simulation domain changes once every hour.

As described in Section 3.1, traffic emissions must be mapped onto detailed street
geometries to achieve an accurate dispersion simulation, which is also performed during
the aggregation step of the conversion. According to Section 3.1, a network with detailed
street geometries is generated from the additional OSM nodes stored as link attributes.
During the creation of the detailed network, a mapping is introduced which associates a
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simplified link with all the shorter links which were re-created from the detailed geometry
information of that link. With the mapping between simplified and detailed links in place,
aggregated traffic emissions for a simplified link can be distributed onto the detailed link
geometries. The distribution of traffic emissions onto mapped links considers the length
of each short link compared to the length of the simplified link. Although the detailed
link geometries shown in Figure 4 appear longer than the simplified links used in the
traffic simulation, the traveled distance used for the emission calculations is identical
to the accumulated Euclidean distance of the detailed link geometries. This is because
the original length of the simplified link is preserved as a separate property, and is used
for the traffic model. Distributing the emissions evenly over the entire length of a link,
overlooks potential variations in emissions at different points along the link. For instance,
it is expected that vehicles emit more emissions toward the start and end of a link, where
acceleration typically occurs. Nevertheless, this level of granularity matches the resolution
at which traffic is simulated in MATSim, as discussed in Section 2.2.

NOx: 2 g

NOx: 6 g NOx: 8 g

time:    1, NOx: 2 g, linkId: 1, vehId: 1 

12       3 g,         2,        1 

18,      8 g,         3,        1

Event Log

3620,      2 g,         4,        3 

3625,      3 g,         2,        3 

3631,      8 g,         3,        3 

19,      3 g,         2,        2 

3640,      8 g,         3,        4 

NOx: 2 g

NOx: 3 g NOx: 16 g

0:00 – 1:00

1:00 – 2:00

Figure 5. Aggregation step of emission events. Emission events from the event log are aggregated by
time period. Within each time period, emissions of the same pollutant are aggregated by link. Links
in red shades indicate that emissions were produced on those links during the respective time period.
Darker shades indicate a higher amount of emissions. Blue links indicate that no emissions were
produced on that link during the respective time period.

Although the detailed link geometries in Figure 4 appear to be longer than the simpli-
fied link used in the traffic simulation, the traveled distance used in the emission calculation
is the same as the accumulated Euclidean distance of the detailed link geometries, as the
original length of the link is preserved as separate property on the simplified link. Dis-
tributing the emissions over the entire length of a link evenly, misses potential differences
in the amount of emissions emitted at different locations of a link. For example, it is to be
expected that vehicles emit more emissions towards the start and the end of a link, where
acceleration usually takes place. However, this corresponds to the level of detail at which
traffic is simulated in MATSim and is discussed in Section 2.2.

Based on the HBEFA emission factors, MATSim generates separate values for par-
ticulate matter caused by the combustion process and particulate matter caused by other
factors like breaks and tire abrasion. This is useful for studying certain policy cases, for ex-
ample, the electrification of the car fleet, where particulate matter caused by the combustion
process would be eliminated, but the remaining particulate matter would still be present.
The PALM-4U chemistry driver file is expected to contain the sum of emissions regardless
of their source, separated by species. This requirement makes the aggregation of partic-
ulate matter stemming from the combustion process and other sources necessary and is
performed during the aggregation phase of the pipeline.
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3.3. Rasterizing of Vector-Based Traffic Emissions

The PALM model system is a grid-based model. Therefore, the link-based emissions
from MATSim have to be converted into gridded emission data for the PALM-4U simulation.
The traffic emissions, which were temporally aggregated in the previous step, must be
distributed onto the raster chosen for the PALM-4U simulation. One raster with emission
flows is required for each time period of the chemistry driver file. The process of distributing
link-based emissions onto a raster is comparable to drawing lines on a screen, where vectors
are translated onto a pixel grid. As it is fast and easy to implement, Bresenham’s line-
drawing algorithm [47] is used as a basis to convert link based into raster-based emissions.

The implemented algorithm assumes that emissions for a certain link were emitted
evenly across all cells covering that link. To determine the amount of emission per cell,
the number of cells covering a link are counted in a first pass of the raster algorithm. In the
second pass, the accumulated emissions for the current link are distributed evenly across all
covering cells. This process is performed based on the detailed link geometries described
in Section 3.1. Individual links vary in length from a few meters up to more than a hundred
meters, depending on the geometry of the street they represent, as well as the distance
between intersections. In comparison, a resolution between one and ten meters is typically
used to conduct PALM-4U LES mode simulations in urban setups. In the case of a raster
cell covering more than one link, the emissions from all links are accumulated. Figure 6
shows how the emissions from the previous example are distributed onto the raster. For the
links in red, emissions were calculated for the corresponding time period. The resulting
emissions are distributed onto the raster, where darker shades represent higher emission
flows. Furthermore, it is visible that the raster cell with the highest emission flow covers
multiple links. The described step is repeated for each time period and for each pollutant.

0:00 – 1:00 1:00 – 2:00

Figure 6. Rasterization step of aggregated emissions: A separate raster is produced for each time
period of the simulation. Within each time period, the accumulated emissions of each link are
distributed onto raster cells by the means of Bresenahm’s line drawing algorithm. Red shades
indicate the amount of emissions produced on a link within the respective time period, with darker
colors indicating higher values. Yellow shades indicate the amount of emissions distributed on each
raster cell. Darker shades indicate higher values.

The MATSim emission model calculates values for NOx and NO2 (Nitrogen Dioxide)
based on the corresponding emission factors in the HBEFA database. An accurate chem-
istry simulation, however, requires distinct values for NO2 and NO (Nitrogen Monoxide).
The missing NO values are calculated by subtracting NO2 from NOx after the raster step of
the conversion. For each time period, the raster values of NO2 are subtracted from the NOx
raster values.

3.4. Chemistry Driver File

The transformed emission data are written into a chemistry driver file, which con-
tains the emission information necessary to run a PALM-4U simulation. The driver file
format [40] is part of the PIDS (PIDS_Chem) and contains rasterized emission information
divided into uniform time periods. The file structure is based on the NetCDF standard,
which was designed to accommodate multidimensional raster data. The information about
time periods, species and the x, y coordinates are stored in separate indices in the file, which
allows for random access by those dimensions. Based on the transformations described in
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the previous sections, the chemistry driver file is populated with traffic emissions for each
raster cell and each time period separated by species.

Figure 7a shows the content of a chemistry driver file for the PALM-4U model setup
used in Section 4. The image shows NO2 emission flows into the PALM-4U model setup
for the time period between 8 am and 9 am for a 6.7 km times 6.7 km model domain with a
10 m grid resolution. NOx has already been split up into NO and NO2 by subtracting NO2
from NOx as described in Section 3.3. The overall pattern of emission flows corresponds
to the hierarchy of the street network. Major roads, as well as the inner-city freeway,
produce high traffic emission flows, while minor streets appear less pronounced. The driver
file in Figure 7a additionally contains emission values for particulate matter, NO, and
CO (Carbon Monoxide).

The PALM model system requires simulations to run in UTC time format. Since
attributes such as sun radiation play an important role, it is crucial to know what time
and date it is. MATSim, on the other hand, is date-agnostic and only counts seconds from
the beginning of the simulation. Usually, a MATSim simulation begins at midnight local
time, so that a conversion of MATSim time stamps into UTC time is necessary. This step is
performed during the writing phase of the processing pipeline.

NO2	Emissions	[g/m2]
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0,00029	–	0,00057
0,00057	–	0,00093
0,00093	–	0,00156
0,00156	–	0,00301
0,00301	–	0,00574
0,00574	–			0,0098
		0,0098	–	0,01525
0,01525	–	0,02465
0,02465	–	0,23485

(a)

NO2	[μg/m3]
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Figure 7. (a) Rastered emission flows in g/m2 for the period between 8 am and 9 am. Emission flows
in (a) are the output of the MATSim emission model and the raster pipeline; NOx has already been
split into NO and NO2. (b) shows the corresponding NO2 concentrations simulated with PALM-4U
for the same time period. The area of the rectangle in (b) corresponds to Figure 8; letters A and B
highlight the effects of the wind direction explained in Section 4.3.3.
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NO2	[μg/m3]

Figure 8. NO2 concentrations on a continuous scale. The area depicted corresponds to the rectangle
in Figure 7b. Effects of the building layout and the street layout are highlighted by letters A–D.

4. Application of Coupling Method

The capabilities of the developed coupling mechanism are demonstrated by conduct-
ing an idealized case study in Berlin, the capital of Germany. The primary aim of this study
is threefold:

1. Demonstrate the functionality of the coupling mechanism by feeding traffic emission
data into PALM-4U.

2. Evaluate the plausibility of the model outputs under idealized conditions, chosen to
highlight potential high pollutant concentrations. Specifically, we test the system in
low and steady wind conditions, where dispersion is minimal, expecting this setup to
amplify pollutant concentration effects.

3. Investigate the ability of the coupling mechanism to detect air pollution hot spots in
the urban area caused by traffic emissions. These findings provide the foundation for
future studies involving more complex, real-world setups and validation.

To ensure the evaluation is focused on the coupling mechanism itself, we deliberately
simplify real-world conditions by simulating traffic of a typical workday and by applying
a constant wind speed of 1 m/s. This low wind speed was selected to limit atmospheric
dispersion, creating a scenario where the influence of traffic emissions on air quality is most
pronounced. Furthermore, the study is conducted for a summer day, a period when traffic
emissions are expected to dominate due to the absence of residential heating.

Our focus in this study is on NOx concentrations, given their significance for urban
air quality and health impacts. While other pollutants such as CO, VOC (volatile organic
compounds), and UHCs (Unburned Hydrocarbons) also have negative health effects, we
prioritize NOx because, together with particulate matter, it is one of the main contributors
to air pollution-related health issues [4]. Additionally, NOx is a reactive chemical species,
and PALM-4U’s ability to simulate chemical reactions allows us to evaluate the model’s
handling of the transport and transformation of such pollutants. Although CO2 (Carbon
Dioxide) is also emitted by traffic, it is a global greenhouse gas and not the focus of this
study as we are concerned with the local dispersion and chemical behavior of pollutants
that directly affect urban air quality.
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The results of the idealized case study are evaluated with a focus on four points:

1. Comparison with measurement data;
2. Correlation with traffic volumes;
3. Investigation of additional factors such as wind direction, building and street layout,

time of day, and potential artifacts;
4. Detection of emission hot spots.

The idealized case study is executed on a cluster of ten Intel Xeon Platinum 9242 pro-
cessors, each offering 48 CPU cores. The wall-clock time for the presented PALM-4U setup
is 52 h. The MATSim setup is run on the same computing platform, using only a single
machine. The wall clock time for executing the traffic simulation is 12 h.

4.1. MATSim Setup Used for the Application

The Open Berlin Scenario [48,49] setup serves as the basis for calculating traffic emis-
sions. It encompasses the city of Berlin (blue border in Figure 9), as well as a part of the
surrounding state of Brandenburg. The traffic simulation setup includes 494,107 simulated
people, which corresponds to a 10% sample of the population of Berlin and Brandenburg.
To compensate for the sampled demand, Ziemke et al. [48] reduce the flow and storage
capacities of the road network accordingly to achieve comparable traffic dynamics as if the
entire population were represented in the simulation setup. Therefore, a single vehicle trav-
eling on the simulated network represents ten vehicles in reality and emissions produced
by a simulated vehicle must be multiplied by a factor of 10 to compensate for the sampling
of the traffic demand. A detailed road network, generated from OSM data, including all
road types from motorway to the residential level, is available within the city boundaries
of Berlin, as shown in Figure 9. For the surrounding federal state of Brandenburg, a street
network, including major and secondary roads, is used. The traffic simulation setup also
includes a timetable-based public transportation system generated from a GTFS (General
Transit Feed Specification) dataset available for Berlin and Brandenburg. The simulated
people included in the traffic simulation setup can adjust their behavior by either switch-
ing modes of transport, selecting different routes within the same mode or adjusting the
departure times of their trips.

As preparation for the presented study, a new network is generated from OSM data
to provide detailed road geometries necessary for creating the chemistry driver file as
described in Section 3.4. Additionally, the newly created network contains HBEFA road-
type information based on the street types contained in OSM. Since the traffic simulation
is conducted on a new road network which includes data to reconstruct detailed road
geometries (see Section 3.1), all route information referencing the old network must be
cleared from existing plans held by simulated people. To let the traffic simulation adapt
to the new network, 100 iterations are performed until a new equilibrium as described
in Section 2.1 is reached. To accelerate the process, simulated people are only allowed
to adapt their behavior by adjusting routes, instead of also selecting different modes of
transportation or adjusting departure times of their trips. Based on the newly created
traffic simulation setup, traffic emissions are calculated, using the average vehicle fleet
composition in Germany in 2020, as this data set closest to the date simulated with the
PALM-4U setup. Road categories which are considered in the emission calculation are
derived from free flow speeds found in the original OSM data. Subsequently, using the
conversion method presented in Section 3, the chemistry driver file is created for the
domain covered by the PALM-4U setup (Figure 9 red area). The temporal resolution of the
emission flows in the chemistry driver are set to one hour, as this was the only available
temporal resolution option at the time the study was conducted. Figure 7a shows the result
of the NO2 emission calculations and the subsequent conversion for the period between
8 and 9 am.
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City	of	Berlin
PALM	Domain

Monitoring	Stations
115	Curbside
010	Urban	background
430	Weather

Boundaries

Figure 9. The city boundaries of Berlin (blue), as well as the PALM-4U-Domain boundaries (red).
Within the city boundaries, a detailed road network (gray) is included. For the remaining MATSim
domain, only major roads are included. The MATSim traffic simulation setup stretches beyond the
depicted area.

4.2. PALM-4U Setup Used for the Application

For the dispersion calculation, the PALM Berlin model created by [30,50] is used and
supplemented. The covered model area is shown in red in Figure 9. It includes a square area
with a side length of 6.71 km and extends 3.6 km vertically. The grid has a resolution of 10 m
in the horizontal and vertical direction. Above the height of 2.7 km, the resolution gradually
becomes coarser in vertical direction. The model also includes road types, building heights,
water bodies, soil conditions, and vegetation. The simulation is configured for 17 July
2017, chosen as a “typical Berlin” summer day with temperatures between 16 and 25 ◦C,
scattered clouds, and predominantly westerly winds. For traffic emissions, the original
setup uses the parameterized LOD 0 emission mode, where traffic emissions are based on
road types and a simplified diurnal profile. Cyclic boundary conditions are used at the
lateral boundaries of the model domain, asserting a continuous in and outflow of pollutants.
According to Khan et al. [30], this is a reasonable approach as the simulation domain is
situated within a large urban area.

This setup is adjusted to run in LOD 2 mode, in which input emissions for the PALM-
4U simulation are provided by a chemistry driver file. Instead of using parameterized
traffic emissions, the adjusted PALM-4U model setup uses emissions generated with the
MATSim traffic model, which were transformed into the PALM-4U chemistry driver format
using the methodology described in Section 3. Four species, NO, NO2, particulate matter,
and O3 (Ozone), are simulated, using the photo stationary state mechanism for the gas-
phase chemistry. Additionally, dynamic wind speeds and wind directions are deliberately
simplified to a steady wind flow of 1 m/s from a western direction. This simplification
replaces the realistic variations in wind conditions throughout the day with constant values,
providing a controlled environment to explore the specific effects of traffic emissions on
dispersion patterns. To provide sufficient spin-up time, two consecutive days are simulated
using the same 24 h traffic emissions. The following analysis is conducted using only data
from the second day, which corresponds to the 17 July 2017, as in the original model set up.
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4.3. Simulation Results

For the conducted PALM-4U simulation, averaged masked output files are produced.
The averaging interval is set to one hour, matching the temporal resolution of the input
traffic emissions. The mask follows the terrain structure, allowing the analysis of the bottom
layer above ground, which extends up to a height of 10 m. We focus on the bottom layer
of the masked output because this is the layer into which road traffic emits emissions.
Figure 7b shows averaged NO2 output concentrations of the conducted PALM-4U run for
the time between 8 and 9 am for the covered model area.

4.3.1. Comparison with Measurement Data

To assess the plausibility of the simulated air pollution concentrations, a comparison is
conducted between simulated and observed NOx concentrations. The simulation domain
of the PALM-4U setup encompasses two monitoring stations: one curbside and one urban-
background station [51]. The comparison focuses on the urban-background monitoring
station 010, located in the northern part of the PALM-4U simulation domain. Curbside
station 115 is influenced significantly by frequent diesel bus traffic due to its proximity to a
major city bus hub and is excluded from this comparison [52].

Figure 10 presents a comparison of simulated NOx concentrations with monitoring
data at the urban-background station 010, along the emission inflow caused by the closest
link. In the plot, hourly average concentration values from the simulation, at the monitoring
station, are depicted in red, hourly concentration values from the monitoring station on
different days are shown in varying shades of blue, and the flow of traffic emissions into
the PALM simulation caused by the closest link is shown in yellow.

The simulation setup represents an artificial summer day, incorporating traffic volumes
typical for a workday and constant low wind conditions of 1 m/s from the western
direction. To ensure a suitable basis for comparison, we select measured data from June,
July, and August, specifically choosing the five days with the lowest average wind speeds.
Average wind speeds measured at weather monitoring station 430 Tegel [53] during these
selected days range from 1.3 m/s to 1.7 m/s, with lower speeds (between 0 m/s and 2 m/s)
in the morning hours (midnight to 8 am) and higher speeds (between 1 m/s and 3 m/s)
from 8 am to 6 pm. Wind speeds during the remaining evening hours are similar to those in
the morning. Although monitored concentrations also include emissions from sources such
as residential heating, manufacturing, and energy supply, we assume that the measurement
data are predominantly influenced by road traffic. Residential heating does not play a
significant role during summer, and emissions from road traffic are in closer proximity
compared to sources like manufacturing or energy supply [4].

Examining Figure 10, simulated NOx concentration levels hover around 50 µg/m3

from midnight to 4 am, followed by an increase between 4 am and 9 am, peaking at 103 µg/m3

at 6 am. From 9 am to 8 pm, NOx concentrations decrease from 47 µg/m3 to 23 µg/m3 before
rising again during the subsequent simulated hours. Analysis of the monitoring data reveals a
varied picture during the early night hours (1 am to 4 am), with three days exhibiting relatively
low concentration values (13 µg/m3 to 40 µg/m3) and two days showing notably higher
values (up to 105 µg/m3). On all selected days, a concentration peak is observed in the
morning hours between 8 am and 9 am, except for one day with a peak at 7 am. Between
9 am and 8 pm, NOx concentrations decline on all selected days before increasing again
during the later hours.
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Figure 10. Comparison of simulated and monitored NOx concentrations at urban background
monitoring station 010. Simulated hourly averages of NOx concentration values are depicted in red.
Hourly averages of monitored NOx concentration values at urban background station 010 for days
with low wind speeds in blue tones. The emission inflow from the closest link is depicted in yellow.
One clearly sees that the PALM output (red) is not just a rescaled version of its input (yellow) but that
there are quite strong non-linear processes at work.

Comparing simulated, and measured concentration levels reveals a similar daily pat-
tern. Early night and morning hours exhibit relatively low concentration values, followed
by a morning peak. Concentrations during the remaining daylight hours remain relatively
low before rising during late-night hours. The NOx concentrations present in the early
morning hours even though almost no input emission flows are present are caused by
pollution being emitted during the warm-up phase of the simulation. Simulated NOx
concentrations align within the range of measured values for respective hours of the day,
except for the period between noon and 4 pm. During these hours, wind speeds at weather
monitoring station 430 were higher than 1 m/s on all selected days, which might have led to
a higher rate of dispersion compared to the simulation. Notably, the peak in concentration
values for the simulated data occurs earlier than for the measured data. This observation
suggests a reduced presence of turbulence in the model during the early morning hours
when the boundary layer remains stable, contrasting with real-world conditions. In the
model, turbulence is primarily generated by wind and radiation, while in reality, addi-
tional factors such as turbulence induced by moving vehicles may contribute to a greater
dispersion of pollutants, surpassing what can be observed in the current model setup.

The emission inflow curve in Figure 10 reveals a distinct pattern compared to the
concentration data. The inflow of traffic emissions into the PALM simulation increases
sharply in the early morning hours, reaching a peak of 2.44 mg/m2 at 8 am, and remains
relatively high throughout the day, before gradually decreasing towards 0 in the evening.
Despite this sustained high inflow, the simulated NOx concentrations exhibit a morning
peak, followed by relatively low values for the remainder of the day.

This comparison demonstrates that the simulated NOx concentrations, while being
distinct from the pattern of traffic emission inflow, closely follow the observed monitoring
data throughout the day. The PALM simulation effectively transforms the inflow of traffic
emissions into concentration levels that align with the measured data, particularly capturing
the morning peak and subsequent decrease. This indicates that the PALM-4U model
accurately disperses traffic emissions over the course of the day, resulting in realistic NOx
concentration patterns that match real-world observations.
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4.3.2. Traffic Volumes

Investigating Figure 7b shows that the overall pattern of NOx concentrations represents
the pattern of input emissions from the chemistry driver file in Figure 7a. Street segments
with high traffic volumes and high emission flows produce higher pollutant concentrations
within their vicinity. Major roads like the inner-city motorway on the left and arterial roads
are clearly recognizable. The areas with the highest pollutant concentrations are located
close to the inner-city motorway near the western edge of the model domain. Pollutant
concentrations range between 150 µg/m3 and 200 µg/m3 in obstructed areas and 80 µg/m3

to 100 µg/m3 in unobstructed ares. For residential roads, concentration values between
50 µg/m3 and 80 µg/m3 can be observed, depending on their situation relative to the wind
direction. Areas far away from road traffic show concentration values up to 50 µg/m3.

Though the overall pattern of pollutant concentrations in Figure 7b is dominated by
traffic volumes, investigating concentration levels in more detail reveals other factors which
have a high influence on concentration levels:

• Wind direction;
• Building and street layout;
• Time of day;
• Raster and simulation artifacts.

4.3.3. Wind Direction

Wind direction has a major influence on concentration levels observed in the PALM-4U
output data. In the area surrounding point A in Figure 7b, high pollutant concentrations
between 75 µg/m3 and 200 µg/m3 are noticeable along the inner-city motorway, running
in a north–south direction. Since the motorway is not obstructed by buildings in that
area, the traffic emissions are transported with the wind direction and gradually dissipate.
A similar effect can be observed for the area around B, which contains several arterial roads
leading through Berlin’s largest park. Emitted pollutants dissipate evenly on both sides
of the street, which is parallel to the general wind direction, and dissipate with the wind
for the street perpendicular to this direction. Notably, obstructed roads exhibit distinct
dispersion patterns, as detailed in Section 4.3.4.

4.3.4. Building and Street Layout

The layout of buildings surrounding street corridors influences the simulated pollutant
concentration levels. The areas around A, B, and C in Figure 8 represent distinct layout
situations and their influence on pollutant concentration levels. The color ramp in Figure 8
is capped at 200 µg/m3, effectively excluding 0.04% of outliers (see Section 4.3.6) in the
8 am time period and reveals concentration patterns on a smaller scale.

The effects of the building layout interact with the general wind direction as can be
seen when investigating concentrations close to the city motorway near A and B in Figure 8.
Both motorway sections have comparable traffic volumes but show different concentration
levels. The motorway section around B has almost no buildings in the vicinity, which lets
air flow over the motorway without obstructions. Traffic emissions are taken up from the
street level and transported with the wind direction while being diluted in the process.
Concentration levels near unobstructed motorway sections near B reach 75 µg/m3 to
100 µg/m3. In contrast, near A, both sides of the motorway are obstructed by relatively
high buildings forming a street canyon. Within that street canyon pollutant concentrations
are generally higher compared to the area around B with concentration levels ranging
between 80 µg/m3 and 150 µg/m3. As the motorway section is situated in a street canyon
topology, traffic emissions cannot be transported freely with the wind direction but are
retained within the street canyon. Within the street canyon, the highest concentration
levels up to 150 µg/m3 can be observed near buildings located on the upwind side of
the motorway. This effect is caused by eddies forming behind obstacles that obstruct the
wind flow. While the air flow at the roof level follows the general wind direction, the eddy
caused by the obstructing building reverses the wind direction at street level. The traffic
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emissions emitted by vehicles traveling on the motorway are therefore transported against
the general wind direction towards the buildings on the western side of the motorway
leading to high pollutant concentrations there.

Another effect of building layout can be observed in area C in Figure 8 where we have
comparable pollutant concentrations to the downwind side of the motorway in area A. Due
to the building layout along the street, a narrow street canyon is formed from which traffic
emissions cannot dissipate, leading to high concentration levels with values ranging from
80 µg/m3 to 120 µg/m3 even though traffic volumes on the arterial road are only roughly
half of what can be observed on the city motorway.

In addition to the building layout, pollutant concentrations are influenced by the
street layout relative to the overall wind direction. The area around D in Figure 8 shows
NO2 concentrations for the intersection of Kantstrasse/Leibnitzstrasse, of which both
streets have comparable traffic volumes. Still, the street perpendicular to the overall
wind direction shows higher pollutant concentrations of up to 120 µg/m3 due to the street
canyon effect (described above), which captures traffic-induced pollutants within said street
canyon. For the street parallel to the overall wind direction, emissions are transported
along the street corridor and eventually dissipate, leading to much lower concentration
levels between 55 µg/m3 and 70 µg/m3.

Additionally, elevated pollutant concentrations are observed in shaded areas, con-
trasting with lower concentrations in sun-exposed regions. This distinction arises from
the temperature variation between shaded and sunlit areas, where the latter experience
higher temperatures due to direct sun radiation. The temperature discrepancy influences
the vertical motion of air, with colder areas exhibiting reduced upward transport compared
to warmer regions. This diminished vertical transport results in higher pollutant concentra-
tions in colder, shaded areas. Additionally, for NO2, an additional factor comes into play
where, in the absence of sunlight, the photochemical reaction required for breaking down
NO2 into NO and O3 does not take place. Consequently, NO2 persists in the atmosphere,
contributing to higher NO2 concentrations in shaded areas. Both effects are also described
in the analysis of the original PALM-4U setup provided by Khan et al. [30].

4.3.5. Time of Day

Figure 10 shows simulated NOx concentration levels in comparison to the measure-
ments of urban background monitoring station 010. Examining the output concentration
levels of the PALM-4U setup depicted in red reveals a high fluctuation during different
hours of the day with a peak for NOx concentrations between 6 and 8 am (see Section 4.3.1).
During that time period of the day, the morning traffic rush hour has already started,
while the atmospheric boundary layer is still relatively shallow and upward transport by
convection has not yet fully started. The remainder of the day shows much lower NOx
concentrations on the ground levels as upward transport and photochemical reactions
reduce concentration levels in the bottom layer of the atmospheric model. This process is
also described in the model analysis presented by Khan et al. [30].

The temporal variation in pollutant concentration appears significantly more pro-
nounced than the spatial variation within a given time period. The comparison between
simulated and observed NOx concentrations highlights that, despite the distinct pattern of
traffic emission inflow, the PALM simulation effectively disperses and dilutes the emissions,
resulting in concentration levels that closely align with the monitoring data. For example,
the simulated concentration levels from Figure 10 reveal a notable fluctuation in NOx con-
centrations, with a factor of 4.5 difference ranging from 23.1 µg/m3 at 8 pm to 103.3 µg/m3

at 6 am. In comparison, the simulated NOx concentrations for all grid points between 7 and
8 am show a much narrower range, varying only between 81.4 µg/m3 and 95.0 µg/m3

for the 50% values closest to the median value over the model domain (excluding outliers
exceeding 200 µg/m3). This observation suggests that the primary influence on concen-
tration levels is the time of day, attributed to the upward transport of pollutants and the
occurrence of photochemical reactions.
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4.3.6. Artifacts

The distribution of concentration levels shows a very long tail of higher than average
concentration levels for the individual time periods. The majority of simulated concentra-
tion values lie within a small range below 100 µg/m3, as described in Section 4.3.5, while
maximum concentration levels reach up to 2000 µg/m3. Investigating raster cells with
concentration levels higher than 200 µg/m3 (representing 0.016% of all values) reveals
different patterns of outliers, sorted from most to least severe:

1. Raster Artifacts: The highest concentration levels can be observed due to artifacts as
a result of the rasterization process. The leftmost map in Figure 11 gives an example
of such a case: The underlying street has a relatively high traffic volume, while the ras-
terization algorithm to generate the static driver of the PALM-4U model decided that
tiles covered by the street are in the simulation covered by buildings. The emissions
produced with MATSim are then distributed onto the remaining raster tiles covering
that link. This leads to very high concentrations in the first place because emissions
that were emitted over the entire length of the link are mapped onto a smaller number
of raster cells than what the length of the link would suggest. Additionally, in this
particular case the wind direction blows emissions into an artificial dead end at the
end of the street corridor, leading exceedingly high simulated concentrations of up to
2000 µg/m3.

2. Resolution and Grid Layout: Due to the relatively coarse resolution of 10m, streets
lying in narrow street canyons are sometimes represented by only a single pixel
row. The map in the center of Figure 11 demonstrates this issue, where a street with
moderate traffic volumes causes exceedingly high pollutant concentrations of up
to 600 µg/m3. The angle at which the street canyon is situated compared to the
grid structure forms multiple caverns where turbulence does not formcorrectly and
pollutants are not transported away from the ground level.

3. Stacked Streets: The rightmost map in Figure 11 shows another special case where
exceedingly high pollutant concentrations can be observed. In the case depicted,
the model has two stacked street levels. The lower one is a six-lane motorway, while
the upper one is a four-lane arterial road. As the implemented mechanism does not
resolve emission flows in vertical direction but assumes all emissions to emerge from
ground level, the emissions of both streets are emitted into the same raster tile, leading
to high pollutant concentrations between 200 µg/m3 and 400 µg/m3.

4. Numerical effects: The applied raster method distributes emissions from one link
onto a single line of raster cells, leading to high emission flows in those cells. In con-
trast, adjacent raster cells, which might also be covered by a street show no emission
flows. The large difference of emission flows in adjacent raster cells leads to numerical
effects in the CFD model causing less pronounced dispersion of traffic emissions.

Mitigating the listed types of artifacts could be accomplished with different strategies.
The most straightforward improvement would be to increase the resolution of the simulated
setup, which would solve item (2) at the cost of higher computational demands. For the
mitigation of numerical effects, item (4), the raster algorithm must be switched to an
algorithm which accounts for the width of the simulated street, distributing the rastered
emissions on a line which is wider than a single pixel. This improvement would also require
a higher resolution of the model grid to achieve a substantial improvement. Avoiding
concentration outliers due to raster artifacts, item (1), could be accomplished by applying a
pre-processing before the PALM-4U simulation starts, where raster cells that are labeled as
buildings but for which the chemistry driver provides traffic emissions could be relabeled as
streets in the static driver file. Modeling stacked streets, item (3), correctly is not trivial and
would require changes in both models. The traffic model would have to have information
on the vertical layout of streets, while the chemistry driver would have to provide the
ability to place traffic emission sources in vertical direction. Modeling stacked structures
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like bridges correctly would also require a higher resolution of the simulation setup at the
expense of increased computational costs.

NO2	[μg/m3]
			10	–				211
		211	–			411
		411	–			612
		612	–			812
		812	–	1013
1013	–	1214
1214	–	1414
1414	–	1615
1615	–	1815
1815	–	2016

Figure 11. NO2 concentrations for the time period between 8 am and 9 am, showing areas with
exceptionally high pollutant concentrations due to artifacts in the simulation setup. The coloring uses
equal intervals to highlight outliers on the long tale of the concentration value distribution.

4.3.7. Detecting Pollutant Concentration Emission Hot Spots

The simulation results of the coupled traffic emission and dispersion models allow the
detection of traffic induced pollution hot spots. These are the areas which are significantly
impacted by traffic emissions. Pollution hot spots can be defined in multiple ways, the most
common one being ambient threshold concentration values which must not be exceeded
within a certain time period.

EU regulations define a annual mean limit value of 40 µg/m3 for NO2, as well as an
hourly limit value of 200 µg/m3, which must not be exceeded by more than 18 h per year [4].
The monitoring of these threshold values is conducted with curbside monitoring stations.
For the simulated domain, two air quality monitoring stations are situated in the simulation
domain as shown in Figure 12a. Compared to the point-based monitoring, the introduced
mechanism allows for a comprehensive investigation of threshold violations within the
simulated domain. Figure 12a shows threshold violations for an arbitrary threshold of
80 µg/m3, which was selected to receive a spatially differentiated image for the time period
between 8 and 9 am. The image shows that large parts of the motorway, as well as most of
the major roads, cause concentrations above the chosen threshold value, especially when
situated within a street canyon perpendicular to the wind direction. Figure 12a also shows
that both monitoring stations are not affected by the threshold violations, indicating that
their position does not correspond to where the highest pollutant concentrations are to be
expected, at least for the simulated west wind weather conditions.
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Figure 12. Two methods to identify emission hot spots: (a) uses a threshold approach showing NO2

concentrations below and above 80 µg/m3 and two curbside monitoring stations. (b) shows exposure
to traffic emissions at activity locations.

As health effects due to pollution do not correspond to threshold values, another pos-
sible way of mitigating health effects is to limit a population’s exposure to such pollutants.
The Open Berlin Scenario setup, used for our idealized case study, incorporates calibrated
activity locations and times, as described by Ziemke et al. [48]. With access to activity
locations and times in MATSim, it is straightforward to calculate an exposure index for
raster tiles of a simulated PALM-4U domain. Activities which are situated within raster
tiles marked as buildings are mapped onto the closest outside raster tile. The observed
concentration value cp is then multiplied with the time ta spent within this raster tile at the
given concentration, as shown in Equation (1):

E = ta × cp (1)

Applying this method to the simulation domain yields Figure 12b, which indicates that
exposure hot spots are not necessarily situated where the highest pollutant concentrations
can be observed. The northwest part of the inner-city motorway, where high pollutant
concentrations can be observed, does not pose a large problem when evaluating traffic
emissions by exposure impact as this stretch of the motorway is situated in an area with low
activity density. In comparison, other areas with lower absolute pollutant concentrations
cause much higher exposure to traffic emissions due to higher density of activities. The pro-
posed exposure analysis only considers time spent at activities and does not account for
exposure to pollution during trips.

5. Discussion

This section provides a detailed comparison of our findings with previous studies
and discusses the impact of different modeling approaches, particularly the use of LES vs.
RANS and the importance of accurately simulating traffic emissions.
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5.1. Comparison with Other Studies

Our study shares similarities with the works of San José et al. [38] and Sanchez et al. [37],
both of which model traffic emissions using CFD models. However, key methodological
differences set our approach apart.

San José et al. [38] use SUMO (Simulation of Urban MObility) [54] as their traffic model,
the EMEP/EEA Air Pollution Emission Inventory Guidebook [55] to generate emissions
from traffic, and MICROSYS (a CFD model for urban air quality) [56] as meteorological
model. SUMO, similar to MATSim, follows individual vehicles, but different from MATSim,
computes values for acceleration and braking. However, the EMEP/EEA approach uses
HBEFA, i.e., the same data that we use, as their sub-model for traffic, and in consequence,
the end result is quite similar to ours in the sense that acceleration and braking are ignored
and instead average emissions values are looked up based on traffic and road conditions.
MICROSYS is a CFD-RANS model and thus steady state, in contrast to the PALM model
system which we operate in LES mode. Traffic demand in San José et al. [38] is generated
from counting stations, which is possible because the study considers a relatively small
area. Thus, our study is quite similar to theirs, with the following important differences:

• In our work, the traffic demand is driven by a regional behavioral model. This
allows, in future studies, to investigate behavioral responses to possible traffic demand
management measures, which might be considered in order to improve air quality.

• The area covered by the domain used for the PALM-4U simulation is much larger than
what was used in the study conducted by San José et al. [38]. Covering larger parts of
the city is important to derive traffic management policies and their evaluation.

• In our work, a fully dynamic meteorological model is used, which we consider a more
appropriate approach to the complex topologies of urban situations.

The second study, conducted by Sanchez et al. [37], uses VISSIM as their traffic model
and TNO ENVIVER based on VERSIT+ micro [57] to generate emissions from traffic. Their
meteorological model appears to be a unique RANS model. VISSIM, similar to SUMO,
follows individual vehicles with acceleration and braking. The VERSIT+ micro approach,
while bearing similarities to HBEFA in its use of lookup tables based on traffic and road
conditions, is a distinct development by the Netherlands Organization for Applied Scien-
tific Research independent of HBEFA. The publication does not specify the generation of
the traffic demand and focuses on the investigation of one complex intersection. In conse-
quence, the study presented by Sanchez et al. operates on a smaller (more detailed) scale.
Other differences to our approach are similar to those given for San José et al. [38] in the
paragraphs above.

Finally, Samad et al. (2024) demonstrate the sensitivity of PALM-4U to traffic man-
agement policies in Stuttgart, Germany. While they use PALM-4U, they do not generate
emissions from a full traffic model; instead, they use a similar approach to the LOD 1 mode
for emissions estimation described in Section 2.3. This limits the granularity and realism of
their emissions data compared to our more detailed emissions modeling based on MATSim.

5.2. Pollutant Concentrations near Traffic Volumes

Our results show that traffic emissions are highest near roads with heavy traffic
volumes, as indicated in Figure 7b and discussed in Section 4.3.2. This is consistent with
findings from Samad et al. [58], who also observe elevated pollutant concentrations near
busy roads. Similarly, Sanchez et al. [37] report that the highest NOx concentrations occur
near roads with high traffic volumes during peak hours. San José et al. [38], despite focusing
on a smaller area, also find pollutant peaks in close proximity to traffic.
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5.3. Temporal Variations in Pollutant Concentrations

Our model accurately captures the morning peak in NOx concentrations, as shown in
Figure 10 and discussed in Section 4.3.1. This aligns with San José et al. [38], whose RANS-
based CFD model also reflects daily traffic peaks. However, Sanchez et al. [37] note that their
model overestimates NOx concentrations compared to measurements, attributing this to the
neglect of thermal effects. In contrast, Samad et al. [58] find that their PALM-4U simulation
underestimates NOx concentrations compared to measurement stations, speculating that
the emission input data might be responsible for this discrepancy. Interestingly, Samad et al.
assume that all diesel vehicles adhere to the Euro 4 standard, a worst-case scenario, which
should lead to an overestimation in concentration values rather than an underestimation.

5.4. Wind Direction and Urban Geometry

The results indicate that emission dispersion works well regarding wind direction
and building and street layout, as described in Sections 4.3.3 and 4.3.4. Our findings are
consistent with those of the other three studies. The most interesting comparison is with
San José et al. [38]. Similar to our findings, their model results show that traffic emissions
are transported along street canyons that are parallel to the overall wind direction. In the
case of unobstructed areas, their model results show that emissions are freely dispersed
into the direction of the wind, which is similar to our findings.

For street canyons that are perpendicular to the wind direction, the situation differs.
As described in Section 4.3.4, our model results show maximum concentrations on the
upwind side of buildings, caused by eddies forming within the street canyon. In contrast,
the results from San José et al. [38] indicate that maximum concentrations in similar street
canyons occur on the downwind side. This difference may be attributed to the differ-
ent CFD models used: the RANS model employed by San José et al. [38] parameterizes
turbulence, while the LES model used in our study resolves a significant portion of the
turbulent structures.

The location of maximum concentrations on the upwind side of street canyons is
consistent with what we would expect, as described by Maronga et al. [46], Chew et al. [59],
Zheng and Yang [60], who also highlight that LES models are more capable of cap-
turing these phenomena. However, using an LES model instead of a RANS model
comes at a significantly higher computational cost—up to 50 times greater, as stated
by Zheng and Yang [60].

5.5. Spatial Resolution and Model Area

Spatial resolution significantly impacts the accuracy of pollutant dispersion modeling in
urban environments. In this study, we use a 10-meter grid, whereas Sanchez et al. [37] and
San José et al. [38] employ finer grid resolutions of around 5 m. The finer grids used in those
studies offer more detailed insights, especially for localized areas, and help avoid issues
like rasterization artifacts and closed streets—issues we observed with our coarser grid.

While our 10 m resolution introduces limitations in capturing small-scale variations,
particularly in dense urban canyons, the larger model domain allows us to investigate
emission hot spots across a broader urban area. As demonstrated in Section 4.3.7, this
approach enables us to analyze both violations of emission thresholds and exposure to
traffic emissions on a citywide scale. With the smaller domains used by San José et al. [38]
and Sanchez et al. [37], comparable investigations are limited to localized areas.

6. Conclusions and Outlook

This study presents the successful coupling of MATSim with PALM-4U to simulate
traffic emissions and dispersion across large urban areas. Key advantages of coupling both
models include:

1. Large model domain: The strength of the presented coupling lies in its ability to
model large-scale urban environments. MATSim is specifically designed to simulate
traffic patterns over extensive urban areas, and PALM-4U is well suited for large HPC
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systems. Together, they enable the accurate simulation of air pollution concentra-
tions across large city districts, providing insights that are critical for citywide air
quality management.

2. High-accuracy dispersion: While other studies have used finer grid resolutions
(e.g., 5 m), our results demonstrate that a 10-meter grid is sufficient to identify emission
and exposure hot spots. Though this coarser resolution introduces challenges like
raster artifacts, it effectively captures concentration patterns caused by road traffic.
Using a LES model provides advantages compared to RANS models, as turbulence
forming in street canyons, wider than the grid resolution, is simulated accurately.
Additionally, PALM-4U’s ability to simulate chemical reactions and boundary layer
effects yields good agreement between simulated and measured NOx concentrations.
When even higher precision is required, the coupling methodology can easily support
the use of finer grid resolutions in future studies.

3. Behavioral traffic model: A unique advantage of our approach lies in the behavior-
based traffic model of MATSim, which operates at the mesoscale and is sensitive to
changes in traffic management policies. Due to its agent-based nature, individual
behavioral responses to policy interventions can be simulated. Future research can
leverage this capability to test various traffic management strategies and their impact
on air pollution.

Finally, as both MATSim and PALM-4U are open source, this framework is readily
accessible for adaptation and further development by the broader scientific community,
promoting reproducibility and collaborative improvement.

Building on the results of this study, several areas of future work are planned to
further improve the accuracy and applicability of the coupled MATSim and PALM-4U
model system:

• Real-world case study: A next step is to conduct a real-world case study under
realistic meteorological conditions. This simulation will allow for direct comparison
with measured data from air quality monitoring campaigns, providing validation and
fine-tuning of the model’s performance in real urban environments.

• Traffic management policy evaluation: A study investigating traffic management
policies is currently in progress. This will enable us to simulate various traffic inter-
ventions aimed at mitigating pollution hot spots. The traffic model in MATSim can
simulate the behavioral responses to these policies, producing new traffic patterns and
emissions data. These emissions will then be used as inputs for PALM-4U, and the
resulting pollution dispersion patterns will be analyzed to assess the effectiveness of
different policy measures.

• Improving the coupling methodology: There are opportunities to further enhance the
coupling between MATSim and PALM-4U. MATSim can compute x, y coordinates with
a one-second resolution for all vehicles, offering the potential to calculate emissions
based on these detailed trajectories. Feeding this high-resolution traffic emission data
into PALM-4U would provide even more accurate simulations of urban air pollution.
Work on this improvement is currently underway.
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12. Mądziel, M. Vehicle Emission Models and Traffic Simulators: A Review. Energies 2023, 16, 3941. [CrossRef]
13. Ma, X.; Lei, W.; Andréasson, I.; Chen, H. An Evaluation of Microscopic Emission Models for Traffic Pollution Simulation Using

On-board Measurement. Environ. Model. Assess. 2012, 17, 375–387. [CrossRef]
14. U.S. Environmental Protection Agency. User’s Guide to MOBILE6.0: Mobile Source Emission Factor Model; U.S. Environmental

Protection Agency: Washington, DC, USA, 2002.
15. U.S. Environmental Protection Agency. Overview of EPA’s MOtor Vehicle Emission Simulator (MOVES3); U.S. Environmental

Protection Agency: Washington, DC, USA, 2021.
16. Ntziachristos, L. COPERT III Computer Programme to Calculate Emissions from Road Transport: Methodology and Emission Factors

(Version 2.1); European Environment Agency: Copenhagen, Denmark, 2000.
17. André, M.; Keller, M.; Sjödin, Å.; Gadrat, M.; Mc Crae, I. The Artemis European tools for estimating the pollutant emissions from

road transport and their application in Sweden and France. In Proceedings of the 17th International Conference Transport and
Air Pollution, Graz, Austria, 16–17 June 2008.

18. Scora, G.; Barth, M. Comprehensive Modal Emissions Model (Cmem), Version 3.01; User Guide; Centre for Environmental Research
and Technology, University of California: Riverside, CA, USA, 2006; Volume 1070, p. 1580.

19. Rakha, H.; Ahn, K.; Trani, A. Development of VT-Micro model for estimating hot stabilized light duty vehicle and truck emissions.
Transp. Res. Part D Trans. Environ. 2004, 9, 49–74. [CrossRef]

https://gitlab.palm-model.org/matsim/matsim_traffic_emmisions/-/tree/mosaik-2-01
https://gitlab.palm-model.org/matsim/matsim_traffic_emmisions/-/tree/mosaik-2-01
https://github.com/matsim-scenarios/matsim-berlin/releases/tag/mosaik-2-01
https://github.com/matsim-scenarios/matsim-berlin/releases/tag/mosaik-2-01
10.5281/zenodo.4153388
10.5281/zenodo.4153388
https://doi.org/10.14279/depositonce-18737
www.nhr-verein.de/unsere-partner
http://doi.org/10.1016/j.aeaoa.2019.100032
http://dx.doi.org/10.1016/j.atmosenv.2011.03.064
http://dx.doi.org/10.1007/s11869-021-01048-0
http://dx.doi.org/10.1289/ehp.0901232
http://dx.doi.org/10.1016/j.aeaoa.2022.100151
http://dx.doi.org/10.1016/j.aeaoa.2021.100122
http://dx.doi.org/10.1080/15567036.2021.1889077
http://dx.doi.org/10.1016/j.envpol.2018.06.019
http://dx.doi.org/10.3390/en16093941
http://dx.doi.org/10.1007/s10666-011-9296-9
http://dx.doi.org/10.1016/S1361-9209(03)00054-3


Atmosphere 2024, 15, 1183 25 of 26

20. Cappiello, A.; Chabini, I.; Nam, E.K.; Lue, A.; Abou Zeid, M. A statistical model of vehicle emissions and fuel consumption.
In Proceedings of the IEEE 5th International Conference on Intelligent Transportation Systems, Singapore, 3–6 September 2002;
pp. 801–809. [CrossRef]

21. Qi, Y.G.; Teng, H.H.; Yu, L. Microscale emission models incorporating acceleration and deceleration. J. Transp. Eng. 2004,
130, 348–359. [CrossRef]

22. Johnson, J.B. An Introduction to Atmospheric Pollutant Dispersion Modelling. Environ. Sci. Proc. 2022, 19, 18. [CrossRef]
23. Vardoulakis, S.; Fisher, B.E.A.; Pericleous, K.; Gonzalez-Flesca, N. Modelling air quality in street canyons: A review. Atmos. Environ.

2003, 37, 155–182. [CrossRef]
24. Benson, P.E. A review of the development and application of the CALINE3 and 4 models. Atmos. Environ. Part B Urban Atmos.

1992, 26, 379–390. [CrossRef]
25. Snyder, M.G.; Venkatram, A.; Heist, D.K.; Perry, S.G.; Petersen, W.B.; Isakov, V. RLINE: A line source dispersion model for

near-surface releases. Atmos. Environ. 2013, 77, 748–756. [CrossRef]
26. Berkowicz, R.; Hertel, O.; Larsen, S.E.; Soerensen, N.N.; Nielsen, M. Modelling Traffic Pollution in Streets; Technical Report;

National Environmental Research Institute: Copenhagen, Denmark, 1997.
27. Carruthers, D.J.; Holroyd, R.J.; Hunt, J.C.R.; Weng, W.S.; Robins, A.G.; Apsley, D.D.; Thompson, D.J.; Smith, F.B. UK-ADMS:

A new approach to modelling dispersion in the earth’s atmospheric boundary layer. J. Wind Eng. Ind. Aerodyn. 1994, 52, 139–153.
[CrossRef]

28. Diegmann, V. handbuch_immisluft_5_2.pdf; IVU Umwelt GmbH: Breisgau, Germany, 2011.
29. Tominaga, Y.; Stathopoulos, T. Ten questions concerning modeling of near-field pollutant dispersion in the built environment.

Build. Environ. 2016, 105, 390–402. [CrossRef]
30. Khan, B.; Banzhaf, S.; Chan, E.C.; Forkel, R.; Kanani-Sühring, F.; Ketelsen, K.; Kurppa, M.; Maronga, B.; Mauder, M.; Raasch,

S.; et al. Development of an atmospheric chemistry model coupled to the PALM model system 6.0: Implementation and first
applications. Geosci. Model Dev. 2021, 14, 1171–1193. [CrossRef]

31. Wendt, J. Computational Fluid Dynamics: An Introduction; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2008.
32. Liang, M.; Chao, Y.; Tu, Y.; Xu, T. Vehicle Pollutant Dispersion in the Urban Atmospheric Environment: A Review of Mechanism,

Modeling, and Application. Atmosphere 2023, 14, 279. [CrossRef]
33. Blocken, B. LES over RANS in building simulation for outdoor and indoor applications: A foregone conclusion? Build. Simul.

2018, 11, 821–870. [CrossRef]
34. Batterman, S.; Ganguly, R.; Harbin, P. High resolution spatial and temporal mapping of traffic-related air pollutants. Int. J.

Environ. Res. Public Health 2015, 12, 3646–3666. [CrossRef] [PubMed]
35. Ioannidis, G.; Li, C.; Tremper, P.; Riedel, T.; Ntziachristos, L. Application of CFD Modelling for Pollutant Dispersion at an Urban

Traffic Hotspot. Atmosphere 2024, 15, 113. [CrossRef]
36. Grumert, E.; Ma, X.; Tapani, A. Analysis of a cooperative variable speed limit system using microscopic traffic simulation.

Transp. Res. Part C Emerg. Technol. 2015, 52, 173–186. [CrossRef]
37. Sanchez, B.; Santiago, J.L.; Martilli, A.; Martin, F.; Borge, R.; Quaassdorff, C.; de la Paz, D. Modelling NOX concentrations through

CFD-RANS in an urban hot-spot using high resolution traffic emissions and meteorology from a mesoscale model. Atmos. Environ.
2017, 163, 155–165. [CrossRef]

38. San José, R.; Pérez, J.L.; Gonzalez-Barras, R.M. Assessment of mesoscale and microscale simulations of a NO2 episode supported
by traffic modelling at microscopic level. Sci. Total Environ. 2021, 752, 141992. [CrossRef]

39. Horni, A.; Nagel, K.; Axhausen, K.W. The Multi-Agent Transport Simulation Matsim; Ubiquity Press: London, UK, 2016. [CrossRef]
40. Maronga, B.; Banzhaf, S.; Burmeister, C.; Esch, T.; Forkel, R.; Fröhlich, D.; Fuka, V.; Gehrke, K.F.; Geletič, J.; Giersch, S.; et al.
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