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Abstract: It is important to understand the sources causing exposure to nitrogen dioxide.
Previous studies on nitrogen dioxide (NO2) source attribution have largely focused on local
urban scales. This study aims to assess the source contributions to NO2 levels at regional
and urban background locations in Germany. For this purpose, we used the chemistry-
transport model LOTOS-EUROS. Road transport was identified as the largest contributor,
particularly in urban background settings (up to 59% in major cities), with larger shares
from light-duty vehicles than from heavy-duty vehicles. Modelled contributions from
traffic on highways exceed those from urban roads in the urban background. This study
also highlights contributions from shipping, agriculture, energy, and industry, which vary
significantly from region to region. Transboundary contributions also play a role, partic-
ularly near the border. The model performance has been validated by comparison with
ground-based observations from the federal state networks and the Federal Environmental
Agency. The comparison to the observations showed an underestimation of NO2 concen-
trations in cities, hinting at shortcomings in the spatial allocation of the emissions. The
observed difference between the NO2 levels in Berlin and those in the rural background
showed a large sensitivity to ambient temperature, which was not reproduced by the
model. These results indicate that the way the traffic emissions are described, including the
temperature influence, needs to be updated.

Keywords: nitrogen oxides; labelling; road transport; shipping; temperature dependency

1. Introduction
Nitrogen dioxide (NO2) is a reactive gas and a priority air pollutant. Exposure to NO2

has been associated with a wide range of adverse health effects [1–3]. Short term effects
may aggravate respiratory diseases, particularly asthma, leading to coughing, wheezing, or
difficulty breathing and subsequent hospital admissions and visits to emergency rooms [4,5].
Long term exposure may lead to cardiovascular and respiratory diseases and increased
mortality, as evidenced by numerous epidemiological studies [4,6–10]. A global study
shows a share of 16 percent of the new paediatric asthma cases in 2019 could be attributed
to NO2 exposure, mostly within urban agglomerations [11,12], which is in accordance with
a study over the last 50 years [11,12]. The European Environmental Agency (EEA) estimates
about 9200 premature deaths per year in Germany from exposure to NO2 [13]. Due to the
implementation of air pollution control measures over the last three decades, the EU-limit
values are currently kept in most German cities [14]. In only a few German cities annual
mean concentrations above the current limit value of 40 µg/m3 [15] were detected in recent
years (2020–2023) [16]. But attaining the EU limit values does not guarantee sufficient health
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protection for the population. According to the latest findings published by the World
Health Organization (WHO) [17], limit values of 10 µg/m3 (annual mean), respectively,
25 µg/m3 (24 h) ensure health protection. This annual limit value is currently exceeded at
74% of all monitoring sites in Germany and at all urban sites. The limit values proposed
in the renewal process of the EU air quality directive (annual mean of 20 µg/m3) [18] are
more in line with the WHO guidelines and are currently still widely exceeded in Germany.
Hence, a detailed understanding of the sources that cause population exposure to NO2 is
required to inform policy makers where to target potential measures.

In addition to the direct effect on human health, NO2 and its main precursor NO
(collectively termed as NOX) lead to further adverse effects. NOX plays a key role in the
build-up of ozone. Elevated levels of ground-level ozone have negative effects on human
health [19–21], and the deposition of ozone negatively impacts terrestrial ecosystems
and biodiversity [22,23]. NOX further acts as a precursor for the formation of secondary
particulate matter (PM). In the atmosphere, NO2 is oxidised to nitric acid, which combines
with ammonia to form particulate ammonium nitrate. Ammonium nitrate contributes about
20–30% to PM10 concentration in northwestern Europe [7,24] and may thus contribute to the
adverse health impacts of PM [25]. When removed from the atmosphere through dry or wet
deposition, NOX and its reaction products contribute to acidification and eutrophication
of soils and surface waters [26]. In Germany, critical loads for nitrogen deposition are
widely exceeded, threatening natural habitats and biodiversity [27]. Nitrogen oxides
were responsible for about one third of the total N deposition in the period between 2010
and 2019. Hence, to attain the future limit values for PM and ozone as well as to reach
the desired state of ecosystem protection, a substantial reduction of NOX emissions is
also required.

For Germany, studies on the contributions of the main source sectors and regions
are available for ozone [28] and PM [29,30]. While information on traffic NOX emissions
at city level and their local impact on street level is widely available [31–33], data on
the contribution of different sources in the regional and urban background are scarce.
However, the attribution of relevant sources to the regional background concentration
is a crucial step to explain local NO2 levels. There are two main methods to perform
source attribution using a chemistry transport model: (1) source apportionment approaches
based on a labelling (or tagging) approach [28,34], and (2) brute force algorithms that are
based on sensitivity simulations perturbing the emission input data [35,36]. Due to the
non-linear photochemical equilibrium for nitrogen oxides and ozone, Thürkow et al. [37]
recommended applying the labelling approach to estimate sector contributions for nitrogen
oxides, especially when small-sized emission source sectors are under investigation.

We aim to quantify the source attribution of NO2 in both regional background and
urban background conditions in Germany using the LOTOS-EUROS model and to assess
how far the model is able to reproduce the concentration differences between urban and
rural locations. In this study, we have modelled the NO2 concentration in the urban and
regional background for Germany and evaluated the model performance in comparison
to measurements. A time-resolved source attribution using the labelling approach was
applied to identify the main source sectors of NO2. We demonstrate the source attribution
for all 16 federal state capitals. We evaluate how far the model is able to reproduce the
different concentration levels in urban background and rural background conditions for
the state capitals. For Berlin, we provide additional analyses regarding the dependency
of the increments to ambient temperature. In Section 2 we provided an overview of the
modelling system and the source attribution setup. The results are presented and discussed
in Section 3. Concluding remarks are given in Section 4.
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2. Materials and Methods
2.1. Chemistry Transport Modelling with LOTOS-EUROS

LOTOS-EUROS is a regional-scale Eulerian chemistry transport model developed by
the Netherlands Organization for Applied Scientific Research (TNO) and partners including
the Freie Universität Berlin (FUB). The model is widely used in the scientific community
and provides air quality analysis and operational forecasts for Europe as part of the regional
ensemble of the Copernicus Atmosphere Monitoring Service (CAMS) [38]. In addition,
information on the source attribution for particulate matter is provided operationally for
major European cities [39]. LOTOS-EUROS handles the full atmospheric nitrogen cycle
and has been widely used for NO2 applications in the past [37]. The model’s performance
for NO2 was assessed in several model-intercomparison studies for Europe [40] and Ger-
many [41]. For a complete description of all processes included in the model, such as
advection, hydrolysis of N2O5, cloud chemistry, gas-phase chemistry, aerosol chemistry, or
dry and wet deposition, we refer to Manders et al. [42] and references therein.

The model simulations were performed for 2019 with LOTOS-EUROS version 2.2.
The model domain covers the target region of Germany and parts of the neighbouring
countries with a horizontal resolution of 0.125 and 0.0625 degrees in longitude and latitude
(~7 × 7 km2), respectively. The model domain was nested in a model simulation for Europe
with a four times lower horizontal grid resolution. This allows for the capture of long-range
transport of air pollutants to Germany. Sixteen model layers were used that follow the
vertical resolution of the meteorological input data from the German Weather Service
(Deutscher Wetterdienst, DWD, [43]). Forecasts of ICON-EU (DWD) with approximately
7 × 7 km2 grid resolution are used as the input for the European simulation. COSMO-D2
(DWD) forecasts with a higher grid resolution of about 2 km were used for the nested
model simulation (see Figure 1). At the boundary of the outer European domain and the
model top, we used the global reanalysis data EAC4 (ECMWF Atmospheric Composition
Reanalysis 4) of CAMS [44].
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green circles, respectively. The blue dashed (for rural background) and solid yellow (for urban
background) circles show the area covering the measurement sites that were selected for each of the
16 federal state capitals.

We used the European wide regional emission inventory from CAMS for 2018 (CAMS-
REG, [45]). The CAMS-REG (version 5.1; submission 2020 and base year 2018) inventory
provides a consistent spatial distribution of 0.1 × 0.1 degrees. The German emissions were
replaced in the CAMS-REG inventory by the official reporting of the German Environment
Agency (Umweltbundesamt, UBA, available upon request) for 2019. The GRETA system
(Gridding Emission Tool for ArcGIS, [46]) was used for the spatial distribution of the
emissions. Emissions from forest fires were taken from the CAMS global fire assimilation
system [47]. Static time profiles from the CAMS-REG inventory were used to distribute the
annual emission totals in time. This allows for the reflection of the temporal evolution of
sector-specific emissions. Only for the residential sector were modelled emissions based
on meteorological conditions, using the heating degree day approach [48]. The direct NO2

emission fraction for road transport was set to 20%. Hence, 80% was emitted in the form of
NO. For all other source sectors, the direct NO2 emission fraction was set to 3%.

2.2. Source Attribution of NO2

LOTOS-EUROS includes a module for source attribution and for tracing the contri-
butions of pre-defined source sectors and source regions to all reactive nitrogen compo-
nents [37]. Thürkow et al. [37] demonstrated the added value of the labelling technique
for small-sized emission sources, which also reflects the situation when a large number
of sectors are discriminated. In this study, 15 sectors were labelled for domestic German
emissions and non-domestic European emissions, totalling 30 labels. First, the main (GNFR)
sectors were combined into 7 categories: road transport, non-road transport, energy, indus-
try, agriculture, residential combustion, and all other sources. The emissions from road
traffic were subdivided into heavy- and light-duty vehicles (HDV and LDV), and their
origin (urban, rural, and highway traffic). Non-road transport was further subdivided in
emissions from air traffic, rail traffic, and shipping. All other non-road emissions were
combined into non-road-others. Emissions from outside the EU were tracked with a single
label, thus without sector information. Natural emissions, boundary conditions and initial
conditions were also given labels. This breakdown results in a total of 35 source categories.

2.3. Evaluation Using Monitoring Data

For model validation we used hourly resolved NO2 and NO time series for 245 German
air quality monitoring sites. The measurements were provided by the German Environment
Agency (Umweltbundesamt, UBA). We selected measurement sites in the urban (110),
suburban (67), and rural (68) backgrounds, as the model simulation does not capture
concentrations at the local level. The modelled data have been selected using a nearest-
neighbour interpolation. Furthermore, we excluded all sites higher than 900 m above sea
level, as these stations are often located in the free troposphere, and the evaluation results
will be biased towards the ability to correctly assess whether the station is in the boundary
layer or not. A source attribution has been performed for the 16 federal state capitals in
Germany (see Figure 1). Please note that Rostock was chosen as the representative city for
Mecklenburg–Western Pomerania, as the state capital Schwerin is lacking an observation
site. In Table 1, we provide information for all capitals. This includes the number of
inhabitants, the city area, and the coordinates of the administrative centre. To evaluate how
far the model is able to reproduce the different concentration levels in urban background
and rural background conditions, the measurement sites in the urban background were
selected by distance from the administrative centre, pre-defined to cover the main area of
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each capital (see yellow cycles in Figure 1). All rural background sites were selected by a
15-times larger distance, with a limit of 90 km (see blue cycles in Figure 1). This criterion
allowed for the selection of at least two rural background sites for each city. Note, that the
selection of measurement sites for the rural background in some cases contains sites from
more than one federal state. For each capital, we calculated the averaged concentration
time series from the selected measurement sites for the urban and rural background and the
concentration difference between the averaged urban and rural background concentration,
which are referred to below as city increment.

Table 1. Information of the 16 federal state capitals with their population, area, city centre, and
radius for selection of sites by UBA code. Note that Rostock was chosen as the representative city for
Mecklenburg–Western Pomerania, as the state capital Schwerin is missing an observation site.

State Capital Selected Sites

Name
(State)

Inhabitants (2022)
(State Population) Area [km2]

Centre of Area
[lat/lon]

Urban
Background
(Radius for

Selection [km])

Rural
Background

Stuttgart
(Baden-Württemberg)

0.63 Mio
(11.1 Mio) 207 48.775092

9.172033
DEBW013
(R = 8.1)

DEBW004,
DEBW087

Munich
(Bavaria)

1.51 Mio
(13.1 Mio) 310 48.139722

11.574444
DEBY039
(R = 9.9)

DEBY013,
DEBY049
DEBY109,
DEBY196

Berlin
(Berlin)

3.75 Mio
(3.7 Mio) 891 52.502889

13.404194

DEBE010,
DEBE018,
DEBE034,
DEBE066,
DEBE068
(R = 16.8)

DEBB053,
DEBB065,
DEBB066,
DEBE027,
DEBE032,
DEBE056,
DEBE062

Potsdam
(Brandenburg)

0.18 Mio
(2.5 Mio) 188 52.39886

13.06566
DEBB021
(R = 7.7)

DEBB053,
DEBB065,
DEBE027,
DEBE032,
DEBE056,
DEBE062

Bremen
(Free Hanseatic Bremen)

0.56 Mio
(0.6 Mio) 318 53.07516

8.80777

DEHB001,
DEHB002,
DEHB012
(R = 10.1)

DENI031,
DENI059,
DENI063

Hamburg
(Hamburg)

1.89 Mio
(1.9 Mio) 755 53.550556

9.993333

DEHH008,
DEHH033,
DEHH059,
DEHH079,
DEHH081
(R = 15.5)

DENI063,
DESH008

Wiesbaden
(Hesse)

0.28 Mio
(6.3 Mio) 203 50.0782

8.2398

DEHE022,
DERP007
(R = 8.0)

DEBY004,
DEHE026,
DEHE028,
DEHE042,
DEHE043,
DEHE052,
DERP014,
DERP016,
DERP028

Rostock
(Mecklenburg Western

Pomerania)

0.20 Mio.
(1.6 Mio)

181
(130)

54.0924
12.0991

DEMV021
(R = 9)

DEMV004,
DEMV024,
DEUB028
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Table 1. Cont.

State Capital Selected Sites

Name
(State)

Inhabitants (2022)
(State Population) Area [km2]

Centre of Area
[lat/lon]

Urban
Background
(Radius for

Selection [km])

Rural
Background

Hanover
(Lower Saxony)

0.54 Mio
(8.1 Mio) 204 52.3759

9.7320
DENI054
(R = 8.1)

DENI077,
DEUB005

Düsseldorf
(North

Rhine–Westphalia)

0.62 Mio
(17.9 Mio) 217 51.2277

6.7735

DENW071,
DENW381
(R = 8.3)

DENW064,
DENW066,
DENW081

Mainz
(Rhineland–Palatinate)

0.21 Mio
(4.1 Mio) 97 49.9929

8.2473

DERP007,
DERP009
(R = 8.6)

DEBY004,
DEHE028,
DEHE042,
DEHE043,
DEHE052,
DERP014,
DERP028

Saarbrucken
(Saarland)

0.18 Mio
(0.9 Mio) 167 49.2402

6.9969

DESL010,
DESL011,
DESL012
(R = 7.3)

DERP013,
DERP014,
DERP017,
DESL019

Dresden
(Saxony)

0.56 Mio
(4.1 Mio) 328 51.0504

13.7373
DESN092
(R = 10.2)

DESN051,
DESN052,
DESN074,
DESN076,
DESN079

Magdeburg
(Saxony–Anhalt)

0.23 Mio
(2.2 Mio) 201 52.1205

11.6276
DEST077
(R = 8.0)

DEBB065,
DEST089,
DEST098,
DEST104

Kiel
(Schleswig Holstein)

0.24 Mio
(2.9 Mio) 118 54.3224

10.1331
DESH057
(R = 6.1)

DESH008,
DESH056

Erfurt
(Thuringia)

0.21 Mio
(2.1 Mio) 269 50.9848

11.0299
DETH020
(R = 9.3)

DEST098,
DETH026,
DETH027,
DETH042,
DETH061

To address how far shortcomings in the representation of urban emissions drive the
differences between modelled and observed city increments, we focused on the most
isolated city with low emission density around it as the case study, i.e., Berlin. For this
purpose, we also investigated the sensitivity of the city increment to ambient temperature.
We defined 5-degree temperature classes and calculated the average of the concentration
and each modelled source contribution within these temperature bins.

3. Results and Discussion
3.1. Spatial and Temporal Distribution

As expected, we modelled the highest NO2 concentrations close to the main emis-
sion sources in Germany, e.g., urban agglomerations, traffic routes, shipping lanes, and
industrial areas (see Figure 2a). For western and southern Germany, higher NO2 concentra-
tions were modelled than in eastern Germany, except for the state capital of Berlin. The
concentrations in the former German Democratic Republic (GDR), namely Brandenburg,
Mecklenburg-Western Pomerania, Saxony, Saxony-Anhalt, and Thuringia, are significantly
lower than in the other federal states. This difference in the gradient can mainly be ex-
plained by a larger population density in western and southern Germany, resulting in larger



Atmosphere 2025, 16, 312 7 of 21

NOX emissions from source sectors like traffic and residential combustion. The Rhine-
Ruhr agglomeration and the urbanised areas along the River Main, Stuttgart, and Munich
show the highest modelled background concentrations with annual average values above
20 µg/m3. The relatively large regional background NO2 concentration in the northwest
of the country is also influenced by emissions from intensive agricultural activities in the
region itself and bordering countries. Finally, the annual mean NO2 distribution shows
the patterns of the main transport lines that can be attributed to shipping (inland and sea),
railways, and traffic, especially motorways. Figure 2b shows the normalised mean bias (%)
between the modelled and observed annual mean concentration of NO2. The largest bias
appears at the rural background site DENW065 (a mountain station, 641m AMSL) with an over-
estimation of 174% of the observed NO2 concentrations, shown in dark red in the south-east of
North-Rhine Westphalia, while for most sites an underestimation of observed concentrations,
with a negative bias of up to 63% in the urban background (DESN017), is found.

Figure 3 (top) illustrates the modelled NO2 concentrations time series for the urban
background of Berlin. The source apportionment information provided in the figure will be
discussed below. The modelled time series shows a commonly observed pattern of larger
concentrations during winter (DJF) and lower concentrations during summer (JJA) due to
the combination of lower boundary layer heights and slightly increased emission strengths
during winter as compared to summer. The impact of the synoptic weather situations
can be observed on top of this seasonal pattern with periods of higher and lower than
average values alternating each other, typically every 4 to 5 days. Largest daily mean values
(slightly above 40 µg/m3) were modelled for two periods of stagnating weather conditions
during February, which keeps the primary pollutants close to the surface. The observed
concentrations show very similar behaviour, albeit with concentration levels larger than
modelled in the urban background. In the next section, we discuss the model results in
comparison to the available measurement data in Germany in detail.
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3.2. Comparison Against Observations

The operational model evaluation for NO and NO2 has been performed by calculating
statistical metrices (mean bias: MB, root mean squared error: RMSE, index of agreement:
IOA and temporal correlation: R) for hourly and daily timeseries, which are summarised
in Table 2. The modelled distribution shows very similar patterns with respect to the
observations in the regional background (Figure 2). The evaluation shows larger model-
measurement agreement in the rural background compared to urban background sites.
This is illustrated by larger deviations from the 1:1 line in the scatter diagrams for urban and
suburban locations (Figure 4). The modelled hourly concentrations in the rural background
show a positive bias of about 1.2 µg/m3 for NO2, while a systematic underestimation of
about 4.4 µg/m3 is observed for the urban background stations. No clear bias from the
hourly data is evident for NO in the rural area, while in urban regions, the bias is about
−2.8 µg/m3 on average. The larger scatter in NO (see Figure 4) is explained by the fact
that NO build-up takes place under rather stable conditions after all available ozone has
been titrated away. Therefore, modelled NO is also sensitive to the degree in which the
emission inventory is representative of local conditions. Hence, such a phenomenon is more
difficult to model, and the agreement depends on more factors. This illustrates the ability to
correctly model large-scale patterns and the challenge to account for the variability between
urban centres. The region of underpredictions in the scatterplot for NO2 corresponds to the
stations in cities in the south and east of the country (see Figure 2b). The observed pattern
for urban background sites was found for all models in a recent model intercomparison
exercise [41].

On average, the model performance is better on a daily basis (R = 0.72) for NO2 than
on an hourly basis (R = 0.58), as the daily timeseries are more sensitive to the synoptic
variability, which is easier to reproduce than variabilities induced by meteorological and
emission dynamics on an hourly time scale. The model reproduces the average diurnal
(Figure 5) and weekly cycles of NO and NO2 fairly well. The observed double peak structure
for NO2 and the more pronounced morning peak for NO in the diurnal concentration cycle
in urban areas are well captured by the model. The NO and NO2 concentration peaks
during the morning can be explained by the shallow boundary layer and high NO emissions
during rush hour (Figure 5). The afternoon rush hour starts with higher ozone levels and
a well-mixed and deep boundary layer for most time of the year and explains the lower
peak in NO at around 18:00 UTC. This observed peak in NO around 18:00 UTC is not well
captured by the model and may be influenced by an overestimation of ozone levels in
the afternoon here, see Thürkow et al. [41]). Moreover, the underestimation of both NO
and NO2 in the urban areas hint at an underestimation of urban NOX emissions, as also
highlighted by, e.g., Kuik et al. [49]. As an example, Figure 3 provides the comparison
for modelled NO2 concentration time series for Berlin and its surroundings. These time
series clearly show the good representation of the regional background variability and the
clear underestimation of the contrast between urban and rural stations. A recent study on
air quality forecasting for Hamburg and other cities also identified an underestimation of
innercity NOx emissions [50]. In a follow up, the team simply scaled the urban emissions
by the correction factor derived by Kuik et al. [49] to overcome this issue [51]. This
underestimation will be discussed below in more detail. Note that for rural background
stations far away from source regions, a daytime NO maximum due to photolysis of NO2

is observed and modelled around noon. As we made use of static time profiles using a
single diurnal cycle for all days of the week in this modelling exercise, a positive model
bias is observed at the weekend. The differences in diurnal cycles between the different
weekdays can be introduced in a future study using a dynamic and activity dependent
time profiles. In fact, solving the one-hour mismatch in the timing of the peaks in the
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diurnal cycle has to be sought in the same direction, as the timing depends on the interplay
between the emission dynamics and the (onset of) vertical mixing in the morning as well as
nighttime ozone levels for NO. For traffic, for example, it would be required to differentiate
the temporal variability of emissions from vans, trucks, and commuting light-duty traffic
on the different parts of the road network, which is currently not available to us.
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Table 2. Overview of the statistical performance indicators of the modelled NO2 and NO timeseries
compared to observations. The indicators are mean bias (MB; µg/m3), Root Mean Squared Error
(RMSE; µg/m3), Index of Agreement (IOA, see [52]) and the temporal correlation coefficient (R). The
values represent the means over all available stations.

(a) NO2 MB RMSE IOA R

H
ou

rl
y all −2.28 10.64 0.72 0.58

urban −4.41 12.70 0.71 0.57
suburban −2.35 10.93 0.73 0.58

rural 1.19 7.07 0.72 0.59

D
ai

ly

all −2.29 7.11 0.77 0.72
urban −4.43 8.71 0.75 0.71

suburban −2.37 6.92 0.80 0.73
rural 1.18 4.75 0.79 0.72

(b) NO

H
ou

rl
y all −1.57 13.55 0.46 0.33

urban −2.78 18.56 0.49 0.33
suburban −1.26 14.43 0.47 0.31

rural 0.01 4.76 0.39 0.35

D
ai

ly

all −1.49 8.05 0.57 0.50
urban −2.62 11.16 0.62 0.52

suburban −1.18 8.42 0.61 0.52
rural 0.01 2.65 0.46 0.45

3.3. Source Attribution

Figure 6 shows maps with the modelled contributions of the source sector categories
defined and explained in the methodology section. The source attribution for the 16 federal
state capitals is detailed in Figure 7. The figure shows the absolute and relative contributions
to the urban and rural background on an annual average. Figure 3 shows daily averages
for the city of Berlin.
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The emissions from road transport contribute most to the annual average concentration
of NO2 in the German background. The exceptions are the contributions from abroad near
the borders and the contribution of international shipping near the coast. The contribution
of road transport in the urban background is on average larger than in the rural background
(UB: 41%; RB: 33%) and is in line with the recent literature [53,54]. The largest contributions
of road transport were observed for the larger cities in the west and south of Germany,
namely Stuttgart (~59%, 14.2 µg/m3), Munich (~55%, 13.2 µg/m3), and Frankfurt/Main
(~50%). Note, emissions from light-duty vehicles contribute about 4/5 to road-transport
and about 1/5 is attributed to emissions from heavy-duty vehicles. Counterintuitively, we
model a larger contribution from highway traffic (~29%) in the urban background than
from traffic on the urban roads (~11%). This is partly related to the spatial distribution of
cold-start emissions and is further discussed in Section 3.4.
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colour-coded in grey.

The annual average contribution of inland shipping emissions is about 3% and was
mainly observed along the larger rivers (e.g., the Rhine). At the German coasts (North
and Baltic Sea), emissions from international shipping (labelled as non-EU) show large
contributions, with largest contributions in the federal state capitals Hamburg (~31%,
8.6 µg/m3), Rostock (~39%, 4.5 µg/m3), and Kiel (~22%, 2.3 µg/m3). These results are
in line with those of Tokaya et al. [55] ranging from 6.5% to 62% for major European
harbour cities on the North Sea coast. For the city of Hamburg, their results were about
41% (11.5 µg/m3) because they used a finer-resolved model and selected certain grid
points representing the city centre and the harbour, while our selection was limited to the
observation site. Aviation and rail traffic explain the rest of the non-road emissions and
contribute about 2% to the annual average NO2 concentration in Germany. About 3% to 11%
was attributed to emissions from residential combustion. The contributions from residential
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combustion are more evenly distributed with a gradient from the densely populated south
(Rhine-Ruhr conurbation, Stuttgart, and Frankfurt/Main) to the sparsely populated north-
east of Germany. Emissions from power plants in the lignite region of Lusatia near the
Polish border and in the Rhine-Ruhr metropolitan region show an increased contribution
of energy production to the NO2 concentration of up to 14% compared to only 3% in the
regional background. We observed the typical characteristics with increased contributions
in winter of residential combustion in the urban background (winter: ~9%; summer: ~3%)
and energy production (winter: ~7%; summer: ~6%), which can be explained by the
heating season during the cold period [48]. The emissions from industry show large
regional differences in Germany, with peak values in the interior (~11%) and western parts
(~13%) of the country. The lowest contribution of industry was observed for the north-east
of Germany. Agriculture shows largest contribution in the northern parts of Germany
(Schleswig Holstein: ~9% and Lower Saxony: ~14%) and largely varies in time with the
maximum contribution during the spring period (MAM, up to ~13%).

Obviously, modelled transboundary contributions are largest at the German domestic
borders (~30%). Largest values for European contributions were observed in south-east
Germany of about 60%, close to the borders of Austria and the Czech Republic. The federal
state capital with the largest transboundary contribution (label EU) to the urban back-
ground is Saarbrucken with about 30% (~4 µg/m3). A lower contribution was observed
along the north-eastern German borders (~10%). The contribution from other European
countries is about 5% in summer and can make up to 14% in winter in the urban back-
ground of the federal state capitals. All other source contributions show maximal annual
average contributions of 6.1% in the rural background (natural), while the remaining sectors
contribute below 3.2%.

Figure 8 shows the modelled and observed difference or city increment between the
urban background and rural background NO2 concentration for the 16 federal state capitals.
The difference is calculated for each source sector category. Note that negative values may
occur for some source categories, indicating a larger contribution in the rural background.
The largest average differences were modelled for some of the larger federal state capitals,
such as Munich (16.9 µg/m3), Wiesbaden (16.5 µg/m3), Hamburg (14.7 µg/m3), and Mainz
(14.8 µg/m3). The lowest differences are modelled for Potsdam (0.2 µg/m3), Magdeburg
(0.5 µg/m3), Kiel (0.8 µg/m3), and Saarbrücken (1.2 µg/m3). Apart from Stuttgart and
Düsseldorf, the annual mean city increment of NO2 derived from observations is under-
estimated by the model by about 52% (~5.3 µg/m3). Only for Stuttgart is the modelled
difference much larger than observed. The locations of the rural background sites used for
the calculation for Stuttgart are quite close to the city border. This shows that the horizontal
grid resolution and the specific location of a station may not allow for correctly depicting
such small-scale differences and must always be considered carefully.

The city increments for traffic are always positive with the largest contributions (~66%,
Stuttgart) to the total increment. Highway contributions (~22%, all) explain about a third of
this traffic-induced increment. Emissions from international shipping show large positive
contributions in Hamburg (~53%), Rostock (~56%), and Kiel (~34%), while inland shipping
emissions mainly contribute to the city increment in Wiesbaden (~12%), Düsseldorf (~11%,
~1.8 µg/m3), and Mainz (~12%). For some sectors, the modelled rural concentrations are
larger than those in the cities. This is, for example, the case for Saarbrücken and Wiesbaden,
whereas this is not the case for Bremen and Hamburg (see Figure 7 c,d). Also, for energy and
industry both positive and negative increments are found. For example, for Duesseldorf
the attributed concentration in the urban background is larger than in the surrounding
areas, explaining about a third of the city’s increment (29%). The sign of the differences
between the urban and regional background stations depends on the configurations of the
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measurement network and the location of the sources. This is clearly illustrated by the
often-negative transboundary increments, as the location of the rural background stations
tend to be closer to the border than the federal state capitals. Ideally, the model should
be able to represent the observed differences and correctly explain the respective source
contributions, as the model includes the source information and the process descriptions
to model the NO2 behaviour in the different regions. This is, however, not the case, with
often a significant underestimation of the observed difference between urban and rural
background concentration levels. To address how far shortcomings in the representation of
urban emissions drive the underestimation of the city increments, it is advisable to take the
most isolated city with a low emission density around it as the case study, i.e., Berlin.
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3.4. Case Study Berlin

The observed concentration of NO2 shows a strong variation, changing with the daily
mean temperature in Berlin (Figure 9). The mean concentration on days with freezing
conditions is almost a factor of 2 larger than on days with mean temperatures around 15 ◦C.
The concentrations show a declining trend with increasing temperature, until concentra-
tions start to rise again in hot summer conditions. The modelled mean urban background
levels show an underestimation of cold days (~12% for 0–5 ◦C) and of warm days (~42%
for 30–35 ◦C). In the rural background, a similar temperature dependency is found as in
the urban areas, with an overestimation of observed concentrations for cold days (~8%)
and an underestimation for warm days (~26%). The city increment for Berlin derived
from observations shows a minimum on days with temperatures of around 25 degrees and
tends to be larger for colder and warmer conditions. Although the model captures the
overall temperature dependency for NO2 with temperature, the modelled city increment, in
contrast, is almost constant and only increases for freezing conditions. Hence, the relation
between the urban NO2 concentrations and temperature is stronger in the city than in its
surroundings, which is not reflected by the model results.
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Figure 9. Observed (grey) and modelled (magenta) daily average NO2-sensitivity to temperature in
the urban (a) and the rural (b) backgrounds for Berlin. The NO2-sensitivity to temperature of the
city increment is shown in the bottom panel (c). The source sector contributions are colour-coded, as
defined in the legend. The temperature interval is 5 ◦C. At least 10 days were used to calculate the
mean to each temperature interval. The data density (number of observations) on the right vertical
axis is shown as a solid line (grey line).
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We attribute the general increase with decreasing temperature found in the greater
Berlin area to the influence of the synoptic situations with less ventilation due to lower wind
speeds and lower mixing layer heights during winter conditions [24,56–58], in combination
with enhanced emissions during cold conditions. Figure 9 also shows that the contribution
of residential combustion is by a factor of 6 larger on days with freezing conditions than
during summer conditions as a result of the heating degree days approach used in LOTOS-
EUROS to replace static time profiles and to model the temporal emission variability of this
source sector [48]. For residential combustion, we also observed the largest NO2-sensitivity
to temperature in the urban background with a contribution ranging from about 3% (warm
conditions, in JJA) to about 18% (cold conditions, in DJF). Road transport shows a lower
contribution for cold days (~39% for 0–5 ◦C) than for warm days (~65% for 30–35 ◦C). Its
absolute contribution to the city increment remains rather constant with temperature.

The representation of the traffic emissions may explain a part of the mismatch for
the city increment and the underestimation of urban NO2 levels in general. Firstly, in
many emissions inventories, the impact of cold starts are included in the calculation of the
effective emission factors for the car type per road type. The national emissions are then
calculated based on the kilometres driven per road type and car type. Next, the emission
totals for traffic are distributed across the road network (by different teams) based on
kilometres driven. This procedure causes the contribution of the cold starts to the emission
totals to be spread across the whole network. In reality, the cold starts largely take place in
residential areas (in the morning) and in working areas (in the afternoon), and thus in urban
areas; hence, the traffic emissions in the cities may be underestimated in general. This
effect is becoming more important as the relative share of the cold start to the emissions
of a single trip is increasing for modern cars [59,60]. Secondly, recent studies also show
that traffic emissions during hot engine conditions also depend on temperature [53,61].
Wærsted et al. [59] show a two times larger emission factor for diesel engine cars during
cold conditions (0 to 5 ◦C) than at around 20 degrees in Norway. These findings need to be
confirmed for German conditions, but hint at a requirement to also detail the variability of
hot engine traffic emissions in future modelling applications.

Other sources may also show meteorological dependencies that are not accommodated
by the currently used time profiles. Similar to traffic, it may be necessary to further detail
the NOX-temperature sensitivity for other motorised sources, e.g., mobile machinery, diesel
trains. The mismatch of the city increment for warm days may be partly attributed to an
increase in human activity, i.e., energy use and emissions from air conditioning, traffic, and
tourist activities. These effects make the urban area more energy inefficient [62] but are
not accounted for yet. In addition, the representation of the urban photochemical regime
during such hot conditions, including NOX cycling and NOX lifetime, as well as the role of
reservoir species like PAN, deserves further attention.

4. Conclusions
In this study, we have successfully applied the LOTOS-EUROS model to address the

source attribution of nitrogen dioxide for regional and urban background conditions in
Germany. The study is a follow-up of the evaluation of the labelling methodology for
NO2 described by Thürkow et al. [37] by detailing a much larger set of source sectors and
focusing on the source apportionment results and the evaluation for federal state capitals,
including Berlin. The model evaluation showed a systematic underestimation of NO2 levels
in urban areas, similar to previous studies, while for regional background areas, a slight
overestimation was observed. In the corresponding source apportionment, road transport
was identified as the largest contributor, particularly in urban background settings (on
average 41%, up to 59% in major cities), with larger shares from light-duty vehicles than
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from heavy-duty vehicles. Modelled contributions from traffic on highways exceeded those
from urban roads, but they may be too large, as they include an impact from cold starts
emissions. This study also highlights contributions from shipping, agriculture, energy, and
industry, which vary significantly from region to region. Transboundary contributions
also play a role, particularly near the German border. The underestimation of NO2 in
urban areas motivated a more detailed analysis of Berlin. The observed city increment for
Berlin shows a large sensitivity to ambient temperature, which is not reproduced by the
model. The current spatial allocation of the traffic emissions based on kilometres driven
may spread the temperature dependent contribution of cold-start emissions across the
whole network, although these may largely occur in cities. These results indicate that the
way the traffic emissions are described, and especially the temperature influence, needs to
be updated. We recommend separately estimating and spatially distributing the emissions
from cold starts in the German inventory. In addition, we recommend detailing the time
profiles for different parts of the fleet, and exploring the impact of temperature on hot traffic
emissions further. We speculate that the current assessments of air quality improvement,
which overlook these temperature-related impacts on emissions, may be overly optimistic
about meeting the new EU air quality standards in urban areas.
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