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H I G H L I G H T S  

• Highly-time resolved chemical characterization of PM2.5 was studied at an urban street canyon. 
• Organic aerosol was the major contributor of PM2.5 with dominant contribution of SOA over the direct traffic emissions. 
• Residential wood combustion from the surrounding rural areas contributed largely to organic aerosol during winter nights. 
• Pollution episodes are caused by the special meteorology and are related to secondary aerosol formation and accumulation.  
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A B S T R A C T   

In order to assess the factors controlling urban air pollution, we characterized fine particulate matter (PM2.5) at 
an urban street canyon in southwest Germany, in summer 2019 and winter 2020. The average mass concen-
tration of PM2.5 was higher in dry and hot summer (7.0 ± 3.5 μg m− 3) than in cold and humid winter (5.8 ± 2.8 
μg m− 3) with frequent wet scavenging. The non-refractory PM2.5 (NR-PM2.5) measured with an aerosol mass 
spectrometer (AMS) plus black carbon (BC) mostly consists of organic aerosol (OA) with 60% in summer and 
44% in winter. The contributions of sulfate to NR-PM2.5 plus BC was higher in summer (18%) than in winter 
(13%), while that of nitrate was lower in summer (6%) than in winter (22%). During the entire measurement 
periods in both seasons, relatively flat diurnal variations of sulfate were found, suggesting that it was associated 
with regional transport. However, occasionally rapid increase of sulfate can be caused by the transport of upwind 
industrial sources and enhanced vertical mixing processes. Nitrate showed a peak at morning rush hours related 
to traffic emissions, and then subsequently decreased by evaporation processes during daytime with higher 
temperature. Positive matrix factorization analysis revealed that the total OA was dominated by secondary 
organic aerosol (SOA) over the primary traffic emissions with ~82% in summer and ~48% in winter. A detailed 
analysis of two pollution episodes clearly demonstrated the impact of meteorological conditions on secondary 
aerosol formation and accumulation. A summertime heatwave episode showed high contributions of SOA to 
PM2.5 mass, which formed locally through daytime photochemical oxidation as well as nighttime chemistry of 
biogenic precursors. A wintertime transitional episode occurred with significant shift from relatively warm and 
humid to cold and dry conditions. The fast formation of sulfate, nitrate, ammonium and SOA were found under 
the warm and humid period after receiving a local industrial emission plume. The cold and dry period was 
influenced by various sources including long-range transport of Saharan dust and anthropogenic emissions in 
central Europe. This study highlights the variations of urban PM2.5 sources under certain meteorological con-
ditions such as summer heatwave and humid winter, which are expected high occurrence in future. Our results 
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provide the implication on actual needs of mitigation actions to these pollution episodes in less-polluted western 
Europe cities.   

1. Introduction 

Atmospheric fine aerosol particles (PM2.5, particles with aero-
dynamic diameter less than 2.5 μm) can adversely affect human health, 
and influence climate change by modifying atmospheric radiative fluxes 
and cloud formation processes (Burnett et al., 2014; IPCC, 2013; Sein-
feld and Pandis, 2016). In the atmosphere, PM2.5 shows large variations 
in the chemical composition, emission sources, and evolution processes 
(Bressi et al., 2021; Putaud et al., 2004; Querol et al., 2004). A good 
understanding of these processes is needed for accurately assessing their 
environmental impacts (Fuzzi et al., 2015; Hallquist et al., 2009). 

In urban areas, the chemical composition of PM2.5 is more complex 
with various source contributions including primary emission sources 
(e.g., traffic, wood combustion, and industry) and formation of sec-
ondary particles (Lanz et al., 2010; Pirjola et al., 2017; Querol et al., 
2004). Many studies in urban environments performed composition 
characterization and source apportionment of PM2.5 using hourly/dai-
ly/weekly filter samples and subsequent offline chemical analysis 
(Querol et al., 2004; Ruuskanen et al., 2001; Schleicher et al., 2012). 
However, measurements with time resolutions in seconds-minutes are 
more powerful for source identification and process understanding 
because they are able to capture diurnal variations of sources (e.g., 
traffic, cooking) and short-term pollution events as well as secondary 
formation processes. The aerosol mass spectrometer (AMS) is one of the 
most widely used online measurement techniques for the chemical 
composition of non-refractory submicron aerosol (NR-PM1) (Bressi 
et al., 2021; Canagaratna et al., 2007; Jimenez et al., 2003; Ng et al., 
2011), which nowadays allows on-line measurement of NR-PM2.5 as 
well (Elser et al., 2016a, 2016b; Xu et al., 2017). In low-polluted envi-
ronments, PM2.5 mass is usually dominated by PM1 (>70%), resulting in 
no significant difference between NR-PM1 and NR-PM2.5. In higher 
polluted environments, the chemical difference between NR-PM2.5 and 
NR-PM1 could become larger as reported in recent studies (Elser et al., 
2016b; Sun et al., 2020). Furthermore, the AMS-derived mass spectra of 
organics can be used for positive matrix factorization (PMF) analysis to 
determine the sources and properties of organic aerosol (OA) (Jimenez 
et al., 2009; Ulbrich et al., 2009; Zhang et al., 2011). Over the last 
decade, many field studies with AMS measurements were conducted 
with the PMF method to investigate the sources of OA in PM1 in Europe 
(Crippa et al., 2014; Lanz et al., 2010). Crippa et al. (2013a) provided an 
overview on the source apportionment of OA from 25 AMS data sets 
across Europe using PMF. They reported that the contributions of direct 
traffic emissions to total OA mass varied between 3% and 24% 
depending on the sampling site location, whereas those of biomass 
burning ranged between 5% and 27% strongly depending on the mea-
surement seasons. Significant advances in the source apportionment of 
aerosol particles are obtained with these methods during the last decade. 
However, the variability of source contributions to aerosol particles 
depending on the measurement locations and periods are still not well 
understood (Crippa et al., 2014; Fuzzi et al., 2015; Putaud et al., 2004). 

In addition to emission sources, the variability of aerosol particles is 
also strongly driven by the meteorological conditions (Megaritis et al., 
2014). Generally, wet deposition is one of the most efficient mechanisms 
for removal of aerosol particles from the atmosphere (Fuzzi et al., 2015; 
Megaritis et al., 2014; Norra and Stuben, 2004). The temperature and 
relative humidity play significant roles in the formation processes of 
aerosol species. For instance, high relative humidity may favor the 
aqueous phase formation of secondary aerosol (Herrmann et al., 2015; 
Huang et al., 2020; Paglione et al., 2020; Sun et al., 2013). Increasing 
temperature may lead to the evaporation of semi-volatile aerosol species 
(Sun et al., 2011). Higher temperatures are usually accompanied with 

intensive solar radiation, which favors photochemical production of 
secondary aerosols (Duan et al., 2020; Huang et al., 2020). Furthermore, 
high temperatures and strong solar radiation can also enhance the 
emissions of biogenic volatile organic compounds (VOCs) leading to 
enhanced photochemical formation of secondary organic aerosol (SOA) 
(Canonaco et al., 2015). 

Variations of aerosol species are also closely linked to wind speeds 
and directions (Crippa et al., 2013a, 2013b; Voigtlander et al., 2006). In 
urban areas, the streets are flanked by buildings creating a canyon-like 
environment, which can modify the wind conditions (Baker et al., 
2004; Ketzel et al., 2002; Kumar et al., 2008). The winds with high 
speeds along the canyon direction can efficiently remove air pollutants 
by the dilution. The wind direction cross canyon plays a less important 
role in the dilution processes. Meanwhile, low wind speeds within 
canyon can result in poor dispersion conditions, and thus the accumu-
lation and mixing of primary pollutants and secondary pollutant for-
mation in downtown areas. Few filed measurement studies have shown 
the interplay between local emissions and long-range transport to sub-
micron aerosol components at urban street canyon in European cities 
(Barreira et al., 2021; Lin et al., 2020). However, modelling studies often 
underestimate the increase of aerosol mass concentrations (e.g., pollu-
tion episodes) at urban microenvironment such as urban canyon (Mues 
et al., 2013; Thunis, 2018). Therefore, highly-time resolved chemical 
characterization of aerosol particles is still required for studying the link 
of meteorology and aerosol sources and providing the constraints for the 
air quality models. 

Previous AMS studies have improved our understanding on urban 
aerosol chemistry and air pollution especially in western European 
megacities (Crippa et al., 2013b; Freutel et al., 2013). However, few of 
them were focusing on some of the large number of medium size and 
typically less polluted cities. Even though particle mass concentrations 
are generally lower in less polluted cities with lower anthropogenic 
emissions, still pollution episodes with high particle mass concentra-
tions occurred frequently. In this work, we present the results of on-line 
characterization of NR-PM2.5 using an AMS complemented by collocated 
measurements of meteorological conditions and trace gases at an urban 
canyon in the less-polluted city of Karlsruhe, southwest Germany, dur-
ing summer 2019 and winter 2020. The objectives of this study are (1) to 
characterize the compositions of PM2.5 aerosol particles and estimate 
their potential sources; (2) to investigate the impact of meteorological 
conditions on PM2.5 aerosol species; and (3) to elucidate the major 
factors for the air pollution episodes with highest PM2.5 mass loadings 
under certain meteorology. This study improves our understanding of 
air quality in a typical west European urban site but also provides im-
plications for policymakers to take mitigation actions at non-traffic 
emissions. 

2. Methods 

2.1. Measurement site 

Summer (June 28th to July 29th, 2019) and winter (February 21st to 
March 31st, 2020) field measurements were conducted in downtown 
Karlsruhe (49.01◦ N, 8.42◦ E) in southwest Germany (Fig. 1). The city 
Karlsruhe is located in the upper Rhine valley and can be regarded as a 
low-moderately polluted city with actually 304000 inhabitants. Gener-
ally, the predominant wind directions in Karlsruhe are southwest in 
summer and northeast in winter due to channeling in the Rhine valley. 
The measurements are performed in a container located in front of the 
Institute of Geography and Geoecology (IfGG) on the campus of the 
Karlsruhe Institute of Technology (KIT). It is next (~5 m) to the central 
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traffic junction Durlacher Tor, which can be considered as an urban 
street canyon site (Linke et al., 2016; Norra and Stuben, 2004). This site 
is located on the northeastern periphery of downtown Karlsruhe, 
approximately 8 km east of a 912 MW coal-fired power plant (Rhein-
hafen-Dampfkraftwer), 10 km southeast of the refinery (Miner-
alölraffinerie Oberrhein), and less than 1 km north to south of rural and 
forest regions. Therefore, the air quality at this site is influenced by local 
traffic and downtown emissions, but also depending on meteorological 
conditions, by anthropogenic and biogenic emissions in the vicinity of 
the city via regional transport. 

2.2. Instrumentation 

An overview of the instruments used for these two measurement 
campaigns is given in Table S1, and the experimental setup of the 
measurement container is shown in Fig. S1 in the supporting informa-
tion. All instruments were set up in a temperature-controlled measure-
ment container (~298 K). All sampling inlets were positioned ~1.5 m 
above the container roof (~3.5 m a.g.l). 

A high-resolution time-of-flight AMS (AMS, Aerodyne Research Inc.), 
which is equipped with a PM2.5 aerodynamic lens, was used to measure 
the chemical composition and size distribution of NR-PM2.5 (DeCarlo 
et al., 2006; Elser et al., 2016a). Briefly, ambient air was sampled by a 
PM2.5 inlet (flowrate 1 m3 h− 1) through a 3.45 m long stainless-steel 
tube, and then a subset of the flow was sampled by the AMS at a flow-
rate of ~84 cm3 min− 1. The aerosol particles were then focused into a 
narrow beam by a PM2.5 aerodynamic lens with an effective trans-
mission for particle sizes ranging from ~70 to ~2500 nm (vacuum dy-
namic diameter, dva) and heated by a vaporizer at 600 ◦C. The resulting 
vapors are ionized by electron impact (70 eV) and characterized by a 
time-of-flight mass spectrometer. The AMS can be operated alternat-
ingly in V mode for determining the particle mass concentration and size 
distribution, and in W mode for measuring the highest resolution mass 
spectra. We operated the AMS alternatingly for 1 min in V mode and 1 
min in W mode. In this study, essentially V mode data was reported, 
while W mode data was used for the peak fitting. At the beginning and 
the end of each field campaign, the ionization efficiency calibration of 

the AMS were performed using ~300 nm ammonium nitrate (NH4NO3) 
aerosol particles. The response factor was determined to be 9.54 × 10− 8 

and 1.14 × 10− 7 for nitrate in summer and winter campaigns, 
respectively. 

Simultaneously, an optical particle counter (OPC, Fidas200, Palas) 
was used to measure particle sizes (0.18–18 μm) and mass concentra-
tions of PM2.5 and PM10 via the TSP inlet. Furthermore, daily quartz 
filter samples were collected by a low volume sampler (LVS, Comde- 
Derenda GmbH) and subsequently analyzed by a microbalance (Sarto-
rius AG, Germany) for the PM2.5 and PM10 mass concentrations. Good 
agreements of both PM2.5 and PM10 were observed for the OPC and 
gravimetric analysis of quartz filter samples (Fig. S2). In addition, par-
ticles were collected on polytetrafluoroethylene (PTFE) filters (2 μm 
pore size, 25 mm diameter, Pall Corp.) in intensive measurement periods 
for the subsequent offline desorption analysis of oxidized organic mol-
ecules by an Iodide chemical ionization mass spectrometer coupled with 
a Filter Inlet for Gas and AEROsol (FIGAERO-CIMS, Aerodyne Research 
Inc.) using iodide as reagent ions (Huang et al., 2019b; Thornton et al., 
2020). A brief description of sample collection and chemical analysis by 
FIGAERO-CIMS is given in the supplement (Text S1). Number concen-
trations of particles with different sizes were measured by two 
condensation particle counters (CPC3022 and CPC3776, TSI). Black 
carbon (BC) was measured with an aethalometer (AE51, AethLabs) for 
entire measurement periods and with a 5-wavelength aethalomter 
(MA200, AethLabs) for intensive observation periods. A good agreement 
was found for BC measured with these two aethalometers (Fig. S3). In 
winter, a proton transfer reaction time-of-flight mass spectrometer 
(PTR-MS 4000, IONICON) equipped with the CHARON (Chemical 
Analysis of Aerosol Online) particle inlet was deployed to measure 
alternatingly VOCs and semi-volatile aerosol particle components online 
(Muller et al., 2017). A brief description of the CHARON-PTR-MS 
operation is provided in the supplement (Text S2). In the result sec-
tion, we presented several major VOCs (benzene, toluene, xylenes, 
acetonitrile, furfural) and aerosol species (levoglucosan) measured by 
the PTR-MS to support our source analysis. Other trace gases were also 
measured via the FEP tube with gas monitors i.e., carbon dioxide (CO2, 
NGA2000, Rosemount Inc.) ozone (O3, O341M, Environment SA), 

Fig. 1. (a) Map of the measurement site in Karlsruhe, Germany and two local industrial emission sites, refinery and power plant (©Google Earth); (b) position of the 
measurement container in front of the Institute of Geography and Geoecology (IfGG) and ~530 m southeast of the KIT Physics building; (c) and (d) show the wind 
roses measured at container roof (3.5 m a.g.l) and KIT Physics building (60 m a.g.l) for the two measurement periods, respectively. 
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nitrogen dioxide (NO2, AS32M, Environment SA), and sulfur dioxide 
(SO2, AF22M, Environment SA). 

Various meteorological parameters were measured at 1.5 m above 
the container roof with a compact sensor (WS700, Lufft) and com-
plemented by meteorological data measured at the roof of the KIT 
Physics building located 530 m northwest of the measurement container 
at ~60 m a.g.l. An overview of meteorological parameters is shown in 
Fig. S4. In addition, the hourly boundary layer height (BLH) data were 
retrieved from the European Centre for Medium-Range Weather Fore-
casts ERA5 reanalysis (Hersbach et al., 2020) as described in Text S3 in 
supporting information. Analysis of air mass back trajectories over 72 h 
was computed by Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model (Stein et al., 2015) to investigate the sources and 
transport pathways of aerosol particles observed at the sampling site 
(Text S3). 

2.3. AMS data analysis 

We followed the analysis procedures of AMS data described by Shen 
et al. (2019). Briefly, the AMS data were analyzed by the data analysis 
software package SQUIRREL (version 1.60C) and PIKA (version 1.20C). 
To account for the effect of particle bouncing loss, 
chemical-composition-based collection efficiencies (CDCE) were applied 
to calculate the mass concentration of NR-PM2.5 species (Middlebrook 
et al., 2012). The elemental ratios of organics including 
oxygen-to-carbon and hydrogen-to-carbon ratios (O/C and H/C) were 
calculated from the V mode data based on the ‘Improved-Ambient (I-A)’ 
method (Canagaratna et al., 2015). Furthermore, high-resolution mass 
spectra of the organic matrix were analyzed with a positive matrix 
factorization (PMF) software with a PMF3. exe algorithm in robust mode 
to determine the sources of organics (Paatero and Tapper, 1994). In this 
study, only m/z 12–120 in V mode were included in the PMF analysis as 
ions at larger m/z tended to have a low signal-to-noise ratio (SNR). We 
followed the PMF procedures for the data-processing and 
factors-selecting steps according to Ulbrich et al. (2009) and Zhang et al. 
(2011). The PMF was run from one to eight factors with the rational 
parameter (fPeak) varying from − 1 to 1 with steps of 0.2. The key diag-
nostic information of the PMF results of summer and winter are pre-
sented in Figs. S5–S8 and summarized in Tables S2–S4. A 5-factor 
solution with fPeak = 0 was selected as the optimum result for both 
seasons (see more details in Section 3.2). 

In this study, we averaged the raw results of AMS measurements to 
10 min increments as 2 min did not show significantly more informa-
tion, and all auxiliary data presented were also averaged to the same 
time resolution unless specified otherwise. Some data were missed due 
to malfunction of the instruments. For example, the SO2 data were not 
available in summer due to the gas monitor failure. The data from the 
AMS were not available for the end of winter campaign from 23–31 
March 2020 due to filament burn-out. All data were presented in local 
time (LT) which equals Coordinated Universal Time (UTC) in summer 
(+1 h) and winter (+2 h). 

3. Results and discussion 

3.1. Overview of the measurements 

In this study, we compared the meteorological parameters at the 
container roof (3.5 m a.g.l) and on top of the KIT Physics building (60 m 
a.g.l). There were good agreements of temperature, relative humidity 
and precipitation measured at these two positions (Fig. S2). The weather 
was relatively warm and dry with an average temperature of (23.4 ±
5.8) ◦C and an average relative humidity (RH) of 57.8% ± 20.2% in 
summer. In winter, it was colder and more humid with an average 
temperature of (9.5 ± 4.0) ◦C and RH of 66.9% ± 15.9%. Frequent 
precipitation events occurred in winter, which were effective in 
removing the aerosol particles by wet scavenging. We found large 

discrepancies of wind speeds and directions (WS and WD) measured at 
these two positions. At the container roof, WS were lower with averages 
of 0.8 ± 0.4 m s− 1 in summer and 1.6 ± 0.8 m s− 1 in winter, and WD 
were relatively constant over the measurement periods (Fig. 1). In 
contrast, WS were significantly higher at the KIT Physics building, where 
WD were more variable. These results indicate the street canyon effect 
that the northeast winds in summer were diverted to northwest at the 
container position, and the predominant southwest winds in winter were 
channeled to the south. This was especially visible for the west winds 
with high WS, which were blocked by the nearby tall buildings (e.g. 
IfGG, Fig. 1). 

As shown in Fig. 2, the average concentration of O3 in summer (36.9 
± 19.6 ppb) was higher than in winter (29.2 ± 10.7 ppb). The average 
concentrations of NO2 were comparable for both seasons with 9.4 ± 6.3 
ppb and 8.8 ± 7.2 ppb in summer and winter, respectively. The average 
number concentration for particles (>7 nm) was also comparable for 
both seasons with (0.9 ± 0.4) × 104 cm− 3 in summer and (0.8 ± 0.3) ×
104 cm− 3 in winter (Fig. S9). As expected, NO2 and particle number 
concentrations showed frequent spikes due to the nearby traffic emis-
sions. The data of SO2 were only available for the winter campaign due 
to failure of SO2 monitor in summer, 2019. Generally, very low con-
centrations of SO2 (<1 ppb) were observed. However, we found that SO2 
showed occasionally spikes up to 5 ppb during afternoon to evening 
hours when the wind at KIT Physics building was from the local indus-
trial source regions in the west. Although there is the street canyon 
blocking the westerly winds, industrial plumes could be still transported 
downward to the sampling site with enhanced vertical mixing from af-
ternoon to evening. A similar effect has been found by measurements 
and transport model calculations for SO2 for a location 10 km north of 
Karlsruhe by Shen et al. (2019). 

We found good correlations of NR-PM2.5 by the AMS and PM2.5 by 
the OPC with slopes of 0.82 and 0.86 in summer and winter, respectively 
(Fig. S2). The difference from unity could be explained because the AMS 
cannot measure refractory components such as dust and BC. The average 
mass concentration of PM2.5 in summer was 7.0 ± 3.5 μg m− 3 was higher 
than in winter (5.6 ± 4.9 μg m− 3). Similarly, the average NR-PM2.5 mass 
(5.8 ± 2.8 μg m− 3) were higher in summer than in winter (3.9 ± 3.6 μg 
m− 3). Lower BC concentration was also observed in winter (0.46 ± 0.46 
μg m− 3) compared to in summer (0.69 ± 0.42 μg m− 3). In this winter, 
frequent stormy periods with substantial rain caused corresponding 
dilution, wet deposition, and hence lower average mass concentrations. 
Nonetheless, for two episodes (E1 and E2) with special weather condi-
tions, we observed significantly enhanced PM2.5 mass concentrations, 
which were higher than the World Health Organization annual limit 
value (10 μg m− 3). Episode 1 (E1, 22–27 July 2019) had five consecutive 
days with daily maximum temperature over 30 ◦C and is thus classified 
as a heatwave episode. Episode 2 (E2, 13–31 March 2020) is classified as 
a transitional episode with the meteorology switching from relatively 
warm and humid conditions (13–20 March 2020) to cold and dry con-
ditions (22–31 March 2020) in winter. We focus especially on the 
driving factors for these air pollution episodes, which will be discussed 
in-depth in Section 3.4. 

In both seasons, organics represented the major fraction of PM2.5 
particle mass, accounting on average for 60% and 44% of NR-PM2.5 plus 
BC mass in summer and winter respectively. The average contributions 
of sulfate and ammonium to the total NR-PM2.5 plus BC mass were 
comparable in summer (18% and 6%) and winter (13% and 9%), while 
the contribution of nitrate significantly increased from 6% in summer to 
22% in winter. This is expected because nitrate is a semi-volatile 
component, which partitions into the particle phase at lower tempera-
tures in winter. The seasonal composition profile of NR-PM2.5 plus BC 
observed in this study is comparable to those of NR-PM1 plus BC in other 
European cities e. g., Paris and Barcelona (Crippa et al., 2013a; Min-
guillon et al., 2016). In this study, PM2.5 was mainly contributed by PM1 
as indicated by the OPC, therefore the difference between NR-PM2.5 and 
NR-PM1 was negligible. 
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3.2. Diurnal variations of aerosol particle composition 

The diurnal behavior of PM2.5, NR-PM2.5 species, and BC during the 
two seasons is shown in Fig. 3. The diurnal variations of meteorological 
parameters, trace gases, and particle number concentrations are pre-
sented in Figs. S10–S11. Given that our measurement site is very close to 
the roads, we compared the diurnal patterns on weekdays and weekends 
to investigate the impact of traffic on aerosol particles and trace gases. 
Since in Karlsruhe the traffic activities do usually not decrease signifi-
cantly on Saturday, we defined weekdays as being from Monday to 
Saturday and weekends only include Sunday. 

The diurnal variations in meteorological conditions did not change 
significantly between weekdays and Sundays in both seasons, except 
that higher relative humidity was occasionally observed during Sundays 
in summer. Total PM2.5, BC, NO2, and particle number concentration 
showed two peaks occurring in the morning (7:00–9:00) and evening 
hours (21:00–23:00) at weekdays in both seasons. The period of 
7:00–9:00 typically corresponds to the morning rush hours in Karlsruhe. 
Therefore, these morning peaks indicate the important contribution of 
primary traffic emissions. As expected, these pollutants showed less 
pronounced peaks at 7:00–9:00 on Sundays with lower traffic. However, 
we can observe enhanced BC, NO2 and particle number concentrations 
on Sunday evenings (21:00–23:00). These increased evening values 
observed for every day are not only related to primary emissions but also 
to a reducing planetary boundary layer (PBL) height. According to the 
ERA5 reanalysis data, we found lower PBL heights during evenings in 
both seasons (Fig. S12). Furthermore, lower WS were observed during 
evenings, which could lead to the accumulation of air pollutants 
(Figs. S10–S11). 

The diurnal behavior of NR-PM2.5 compounds varied significantly for 
both seasons. In summer, slightly higher mass concentrations of organics 
were observed during nighttime, which was likely associated with low 
PBL heights and nighttime chemistry (Huang et al., 2019a; Shen et al., 
2019). However, organics showed a clear peak at evening hours 

(20:00–21:00) in winter. This peak was related to the biomass burning 
emissions in addition to the PBL height evolution, which will be vali-
dated in the following section. There were no significant differences in 
diurnal variations of organics between weekdays and Sundays for both 
seasons. Sulfate and ammonium showed relatively flat diurnal cycles at 
weekdays in both seasons, similar to previous observations at European 
urban sites (Crippa et al., 2013a, 2013b; Huang et al., 2019b; Lanz et al., 
2010). This is explained by the fact that ammonium sulfate is typically 
formed on a regional scale. In our study, we also observed several cases 
with rapid increase sulfate and ammonium from afternoon to evening in 
summer (e.g., 1st and 16th July) as shown in Fig. S13. These cases al-
ways occurred along with the shift of westerly winds with high speeds to 
northerly winds with low speeds. The westerly winds may bring the 
industrial emissions from local coal-fired power plant in the west of 
sampling site (Fig. 1). Subsequently enhanced vertical mixing processes 
during nighttime lead to the accumulation of ammonium sulfate within 
the street canyon. Nitrate exhibited an even stronger increase over the 
nights from Saturday to Sunday in summer. Note that higher RH 
(>80%), lower temperatures (<20 ◦C) and lower WS were observed 
during the nights from Saturday to Sunday in summer (Fig. S10). Under 
such meteorological conditions during nighttime, nitrate can be formed 
effectively via gas to particle conversions and subsequently accumula-
tion in the street canyon. Besides, nitrate showed a fast decrease during 
summer daytime due to the evaporation processes at higher 
temperatures. 

3.3. Source apportionment of organic aerosol 

In this study, positive matrix factorization (PMF) was employed for 
source apportionment based on organic aerosols measured by AMS. The 
mass spectra, time series, diurnal behavior, and relative contributions of 
all OA factors identified for summer and winter are shown in Figs. 4 and 
5, respectively. 

Hydrocarbon-like OA (HOA) contributed in both summer and 

Fig. 2. Time series of (a) temperature (T) and relative humidity (RH); (b) trace gases (O3, NO2, SO2), the SO2 data were not available in summer due to instrument 
failure; (c–d) PM10 and PM2.5 mass concentrations obtained from daily filters, Fidas-OPC and NR-PM2.5 from AMS; and (e) organics (Org), sulfate (SO4), nitrate 
(NO3), ammonium (NH4) and chloride (Chl) and black carbon (BC) in summer 2019 (left) and winter 2020 (right). Pie charts show the relative contribution of aerosol 
components to total NR-PM2.5 + BC mass. The two episodes marked by dashed lines are discussed in more detail in the main text. 
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Fig. 3. Diurnal variations of PM2.5, NR-PM2.5 species including organics (Org), sulfate (SO4), nitrate (NO3) and ammonium (NH4) and BC over the entire mea-
surement periods in (a) summer 2019 and (b) winter 2020. The circles represent the hourly data averaged over weekdays (Monday-Saturday, red) and Sundays 
(blue). For both summer and winter, the NR-PM2.5 data are available for five Sundays (~720 data points). The error bars show ± one standard deviation. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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winter. HOA mass spectra were characterized with low O:C ratios (0.17 
in summer and 0.12 in winter) and high H:C ratios (1.90 in summer and 
1.96 in winter). The mass spectra of HOA were dominated by alkyl 
fragments (CnH2n±1), which was similar to those reported for other 
urban sites (Crippa et al., 2014; Lanz et al., 2010; Mohr et al., 2009, 
2012; Sun et al., 2011). In both seasons, HOA showed good correlations 
with C4H9

+ (R = 0.90 in summer, 0.97 in winter), a tracer ion of primary 
traffic emissions (Canagaratna et al., 2010; Mohr et al., 2009). BC 
showed similar temporal variations as HOA, but there were no strong 
correlations (R = 0.41–0.43) in both seasons. We investigated the 
relative influence of traffic related and non-traffic related sources on BC 
measured by the aethalometer using the method described by (San-
dradewi et al., 2008), which is discussed in the supplement (Text S5). 
The BC we observed was dominated by traffic sources in summer, while 
it was also significantly influenced by biomass burning in winter. In fact, 
there were many BC spikes with and without concurrent increase of 
HOA in summer morning rush hours, which lead to a weak correlation of 
BC and HOA. This may be explained by different HOA/BC emission 
ratios of different vehicles and fuel types of the cars passing the traffic 
junction. Generally, gasoline vehicles have higher emission ratios of 
HOA/BC (0.9–1.7) than diesel vehicles (0.03–0.61) (DeWitt et al., 
2015). In our study, the median ratio of HOA/BC was 0.48 in summer, 
suggesting the traffic was dominated by diesel engine emissions. 
Furthermore, HOA showed good correlations (Fig. S14, R = 0.6–0.7) 
with benzene, toluene and xylenes measured by the PTR-MS during 

winter, indicating that HOA was mainly traffic related. The contribu-
tions of HOA to total OA were on average 6% ± 5% in summer and 11% 
± 9% in winter. The HOA contributions were compared well with that in 
total OA in NR-PM1 (11 ± 6%) measured at 17 urban sites throughout 
Europe (Crippa et al., 2014), but lower than the fractions (19–26%) 
reported in Asian roadside environment (Lee et al., 2015; Yao et al., 
2021). Note that our AMS system cannot measure ultrafine particles 
(<70 nm) effectively due to focusing limits of the aerodynamic lens. 
Therefore, the HOA contribution in this study can be considered as a 
lower estimate in PM2.5 for European urban areas. In general, ultrafine 
particles are related to traffic emissions in urban environments (Hofman 
et al., 2016; Shi et al., 1999). We calculated the wintertime diurnal 
pattern of ultrafine particles with sizes from 2.5 nm to 7 nm based on the 
difference of two CPCs. These ultrafine particles showed similar diurnal 
patterns as HOA indicating that they were from common traffic emis-
sions (Fig. S11). 

In this study, COA was observed in both seasons and its mass spectra 
were characterized with relatively high fractions of hydrocarbon ions 
(CnH2n±1) and slightly oxygenated ions such as C4H7

+ (m/z55), C4H9
+ (m/ 

z57), C3H3O+ (m/z55) and C3H5O+ (m/z57). The O/C ratios of COA 
were 0.23 in summer and 0.25 in winter, which are comparable to the 
values of COA previously reported for other urban areas (Mohr et al., 
2012; Sun et al., 2011). Compared to HOA, the mass spectrum of COA 
showed a higher ratio (>2) between the fraction of m/z55 to m/z57 in 
total organic signals in both summer and winter, which is consistent 

Fig. 4. Mass spectra (A) and time series (B) of five PMF-resolved organic aerosol (OA) factors at Durlacher Tor, Karlsruhe for summer 2019. The time series of 
additional tracers including fragment ions (C4H9

+ and C6H10O+), nitrate (NO3), sulfate (SO4) and Ox (= O3 + NO2) are given for comparison. HOA = hydrocarbon-like 
OA; COA = cooking-related OA; SV-OOA = semi-volatile oxygenated OA and LV-OOA = low-volatile oxygenated OA (LV-OOA1 and LV-OOA2). (C) and (D) show the 
diurnal patterns and relative contributions of OA factors, respectively. 

J. Song et al.                                                                                                                                                                                                                                     



Atmospheric Environment 282 (2022) 119147

8

with previous studies (Crippa et al., 2013a; Mohr et al., 2012). In both 
seasons, COA correlated well with an ion C6H10O+ (R = 0.94 in summer 
and 0.77 in winter), a tracer for cooking activities reported by many 
studies in urban atmospheres (Crippa et al., 2014; Mohr et al., 2012). 
The diurnal variation of COA was only characterized with one pro-
nounced peak in the evening hours (20:00–22:00) corresponding to 
dinnertime. The contribution of COA to total OA mass was on average 
12% ± 7% in summer and 16% ± 11% in winter, consistent with 
average values of ~15% OA in PM1 reported in previous studies at Eu-
ropean urban sites (Crippa et al., 2013a; Mohr et al., 2012). 

Biomass burning-related OA (BBOA) was only determined in winter, 
which is in line with the fact that wood combustion is typically used for 
residential heating during wintertime in Europe (Crippa et al., 2013a, 
2014; Lanz et al., 2010). In this study, the mass spectrum of BBOA 
showed a higher fraction of C2H4O2

+ (1.41% at m/z60) compared to that 
in non-BBOA (0.3%) (Crippa et al., 2014; Cubison et al., 2011; DeCarlo 
et al., 2008). As reported by previous studies (Cubison et al., 2011; Lanz 
et al., 2010; Mohr et al., 2012), C2H4O2

+ mainly derived from the frag-
mentation of anhydrous sugars such as levoglucosan. In this study, we 
observed good correlations of C2H4O2

+ with the levoglucosan-related 
fragmentation ions of C6H9O4

+ and C4H5O2
+ in the particle phase 

measured by the CHARON-PTR-MS (Fig. S14) (Muller et al., 2017). This 
validates that C2H4O2

+ can be regarded as a good tracer ion of biomass 
burning. BBOA showed a strong correlation with that of C2H4O2

+ (R =

0.92). Furthermore, BBOA had a good correlation (R = 0.78) with 
furfural measured by PTR-MS, a tracer for wood combustion (Bruns 
et al., 2017; Coggon et al., 2016). However, there was a weak correlation 
between BBOA and acetonitrile measured by the PTR-MS, another gas 
tracer of biomass burning. Recent laboratory and field studies that res-
idential wood combustion emit less acetonitrile compared to open 
burning activities (e.g., forest fires) and thus acetonitrile is not a suitable 
biomass burning tracer in urban areas (Bruns et al., 2017; Coggon et al., 
2016; Languille et al., 2020). Based on the results above, we conclude 
that the BBOA was mainly related to residential wood combustion rather 
than open biomass burning activities. The diurnal pattern of BBOA 
showed significant enhancements overnight and showed the maximum 
at ~20:00–21:00, which was associated with strong emissions from 
residential heating activities and a shrinking PBL height. It is important 
to note, that wood combustion is actually less used in the downtown of 
Karlsruhe, but more widely in the surrounding residential/rural areas. 
The O/C ratio of BBOA (0.69) in this study was higher than those re-
ported for fresh biomass burning emissions (0.15–0.5) (Ortega et al., 
2013), but close to that of aged or transported BBOA (0.5–0.87) 
(Gilardoni et al., 2016; Rodelas et al., 2019). Recent field measurements 
and chamber studies (Gilardoni et al., 2016; Kodros et al., 2020; Rodelas 
et al., 2019) suggested primary BBOA can undergo rapid dark aging 
within a few hours especially for high relative humidity. In this study, 
we observed higher relative humidities (> 60%) during nighttime in 

Fig. 5. Mass spectra (A) and time series (B) of five PMF-derived organic aerosol (OA) factors at Durlacher Tor, Karlsruhe for winter 2020. The time series of 
additional tracers including fragment ions (C4H9

+, C6H10O+ and C2H4O2
+), nitrate (NO3), sulfate (SO4) are given for comparison. HOA = hydrocarbon-like OA; COA =

cooking-related OA; BBOA = biomass burning-related OA; SV-OOA = semi-volatile oxygenated OA; LV-OOA = low-volatile oxygenated OA. (C) and (D) show the 
diurnal patterns and relative contributions of OA factors, respectively. 
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winter, which could promote aqueous-phase processing of BBOA within 
the street canyon. The contribution of BBOA to total OA is on average 
25% ± 12%, making biomass burning emissions the second largest 
contributor to organic aerosol particle mass in winter. This is at the 
upper end of the range of BBOA contributions to total OA (5–27%) in 
PM1 as reported by Crippa et al. (2014) for 17 different locations in 
Europe but comparable to values of (3–39%) observed for traffic envi-
ronments in the Helsinki metropolitan area in winter (Pirjola et al., 
2017). 

Two types of oxidized organic aerosols (OOAs) of different volatility 
(SV-OOA and LV-OOA) were identified from the PMF analysis of AMS 
OA mass spectra for both seasons. They can be regarded as representa-
tive of secondary organic aerosol (SOA) (Crippa et al., 2014; Jimenez 
et al., 2009). Generally, the OOA with lower O/C is regarded as SV-OOA, 
which is less oxidized and fresh, while the OOA with higher O/C is 
regarded as LV-OOA, which is more oxidized, aged, and less volatile. 
Besides, many previous studies suggested that the nature of OOA can be 
also validated by the good correlations of SV-OOA with nitrate and 
LV-OOA with sulfate. 

In summer, the mass spectra of SV-OOA were characterized by a 
higher contribution of C2H3O+ (m/z43) than CO2

+ (m/z44). The SV-OOA 
mass spectra showed a O/C ratio of 0.35, which was within the range of 
SV-OOA (0.35 ± 0.14) (Ng et al., 2010). Unexpectedly, SV-OOA was 
poorly correlated with nitrate (R = 0.24) over the whole summer mea-
surement period. This suggests different sources and/or formation pro-
cesses of SV-OOA and nitrate. Nitrate can be formed rapidly from 
traffic-related NO2 emissions at morning rush hours, which de-
teriorates the correlation of SV-OOA and nitrate. If considering the data 
during nighttime (00:00–06:00) with less traffics, the correlation be-
tween SV-OOA and nitrate was improved to R = 0.45. Furthermore, a 
strong correlation of SV-OOA and nitrate was observed during the 
heatwave episode (R = 0.90), reflecting the volatile nature of these 
compounds. In summer, the average contribution of SV-OOA to total OA 
was 19% ± 10%. This is lower than the average fraction 34% ± 11% of 
SV-OOA to OA in NR-PM1 determined by Crippa et al. (2014) for 17 
different locations in Europe for spring and autumn. 

In summer, LV-OOA could be separated into two factors LV-OOA1 
and LV-OOA2. The two LV-OOA factors showed similar mass spectral 
patterns, yet their temporal variations differ greatly. LV-OOA1 and LV- 
OOA2 showed O/C ratios of 0.70 and 0.72 respectively, which were 
close to those of LV-OOA (0.6–1.0) in previous studies (Crippa et al., 
2013b; Jimenez et al., 2009). LV-OOA1 showed better correlation with 
sulfate (R = 0.53) compared to other factors (<0.2), suggesting that 
LV-OOA1 was related to regional transport. In contrast, LV-OOA2 
showed no correlations with sulfate but better correlation with Ox (Ox 
= NO2 + O3, R = 0.57), suggesting that LV-OOA was attributed by 
photochemical oxidation processes. In terms of diurnal variations, 
LV-OOA1 showed a relatively flat trend, while LV-OOA2 showed sig-
nificant enhancements during daytime as O3 and radiation increased. In 
addition, significant increase of LV-OOA2 was found during days with 
local air masses, while LV-OOA1 showed a decrease correspondingly 
(Fig. S15). Based on these results, LV-OOA1 was associated with 
regional transport and LV-OOA2 was attributed by local photochemical 
oxidation processes in summer. The contributions of LV-OOA1 and 
LV-OOA2 to total OA were 26% ± 17% and 38% ± 17%, suggesting that 
the importance of SOA over POA. The total fraction of LV-OOA 
(LV-OOA1 + LV-OOA2) to OA is higher than that of (50% ± 16%) 
determined by Crippa et al. (2014) for 17 different locations in Europe 
for spring and autumn. 

In winter, SV-OOA and LV-OOA showed higher O/C ratios of 0.55 
and 1.00, respectively. Similar to the results in summer, the mass 
spectrum of SV-OOA showed a predominant fraction of C2H3O+, while 
CO2

+ was the prominent peak in that of LV-OOA. The diurnal profile of 
SV-OOA was anti-correlated to that of temperature as summertime SV- 
OOA. We found that LV-OOA correlated well with both nitrate and 
sulfate (Pearson’s R: 0.83 and 0.77) but not with Ox, indicating that LV- 

OOA was associated with regional transport as summertime LV-OOA1. 
Moreover, we observed higher mass concentrations of LV-OOA during 
daytime with higher WS, indicating that LV-OOA was associated with 
regional transport in winter again. Overall, the contributions of SV-OOA 
and LV-OOA to total OA in winter were 14% ± 10% and 34% ± 20% 
respectively. 

3.4. Factors controlling pollution episodes 

3.4.1. Summer heatwave (episode 1) 
As mentioned above, a 5-day heatwave episode with significant en-

hancements of PM2.5 mass loadings was observed from July 22nd to 26th 

in summer 2019. As shown in Fig. 6, organic components were the 
largest contributor, accounting for 80% ± 6% of NR-PM2.5 mass, fol-
lowed by sulfate (13% ± 5%) and nitrate (4% ± 2%) during this 
episode. Furthermore, we found that organics are mainly comprised by 
SOA including SV-OOA, LV-OOA1, and especially LV-OOA2. In this 
episode, the average temperature and relative humidity were 28.9 ±
5.5 ◦C and 45.2% ± 16.2% respectively. High temperatures can favor 
emissions of biogenic VOCs, leading to the subsequent production of 
SOA. The wind conditions measured at the KIT Physics building show 
the influence of air masses originating from forested areas in northeast 
and east of the measurement site, which was consistent with the results 
of back-trajectory analysis (Fig. S15). Therefore, the formation of SOA 
was possibly attributed to local biogenic emissions during this heatwave 
episode. 

One of the most important features is that high contributions of SV- 
OOA were observed during nighttime of this heatwave episode. Similar 
diurnal behavior of SV-OOA was also observed in previous summertime 
measurements at a rural site north of Karlsruhe, showing a strong in-
fluence of nighttime chemistry of biogenic VOCs for organic nitrate 
formation (Huang et al., 2019a; Shen et al., 2019). In this study, we also 
calculated the functionality of organic nitrate (pOrgNO3) based on the 

Fig. 6. Time series of (a) temperature and relative humidity; (b–c) wind speed 
and wind direction above the container roof (3.5 m a.g.l) and the KIT Physics 
building (60 m a.g.l); (d–e) mass concentrations of NR-PM2.5 aerosol species 
and BC and organic aerosol factors during the heatwave episode from 22nd to 
26th July in 2019. The grey areas represent the nighttime. 
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intensity ratio of ions NO2
+ and NO + by the AMS as described in sup-

plement (Huang et al., 2019a; Kiendler-Scharr et al., 2016). There was a 
strong correlation observed between pOrgNO3 vs SV-OOA (Fig. S16, R 
= 0.96). Furthermore, the mass concentrations of pOrgNO3 showed 
good correlations (R = 0.56–0.83) with the indicator of nitrate radical 
production ([NO3] = [NO2]*[O3]) during the nights in the heatwave 
episode (Huang et al., 2019a). These results indicate the importance of 
nighttime chemistry on pOrgNO3 from BVOC oxidation and thus 
SV-OOA formation even for urban areas. 

In contrast to the diurnal pattern of SV-OOA, we found a continuous 
increase of LV-OOA2 contributions during the heatwave episode while 
LV-OOA1 was decreasing (Fig. 6). As discussed before, LV-OOA1 was 
associated with the regional transport, while LV-OOA2 was mainly from 
the local photochemical formation. Therefore, continuous increasing of 
LV-OOA2 mass indicates the important role of local photochemical 
oxidation during the heatwave episode. The mass concentrations of LV- 
OOA2 showed an exponential relationship with air temperature, which 
was associated with biogenic VOC oxidation. Generally, the emissions of 
biogenic VOCs especially for monoterpenes exponentially depend on the 
air temperature (Guenther et al., 1993). Even though there were no 
measurements of VOCs in summer, we investigated the molecular 
composition of oxygenated OA from the filter samples analyzed by CIMS 
directly (Fig. S17). In summer, we observed the highest contribution of 
the molecule C8H12O5 (2-hydroxyterpenylic acid), which was widely 

regarded as a marker compound of α-pinene SOA (Claeys et al., 2009). 
Therefore, we speculate that SOA (especially LV-OOA2) is mainly of 
biogenic origin even near the traffics. Furthermore, the ratios of 
LV-OOA/SV-OOA also correlated well with temperature during the 
heatwave episode, which could be fitted with an exponential function as 
shown in Fig. 7. In addition to the biogenic emissions, increasing air 
temperatures could also enhance the atmospheric oxidation capacity 
(Tsigaridis and Kanakidou, 2007), possibly leading to a more efficient 
transformation of SV-OOA to LV-OOA. Strong positive correlations of air 
temperature with Ox and O/C ratios of bulk OA were observed (Fig. 7), 
confirming the enhanced atmospheric oxidation capacity during the 
heatwave episode. Please note that SV-OOA evaporation at higher 
temperatures also leads to higher LV-OOA/SV-OOA ratios. Overall, low 
WS, air mass origins from forested areas with increasing biogenic 
emissions, and high temperatures with enhanced oxidation potential 
support formation and accumulation of biogenic SOA. Therefore, 
biogenic SOA can play an important role in aerosol pollution even near 
the traffic during summertime. 

3.4.2. Winter transitional period (episode2) 
In winter, we observed an episode with significantly increasing PM2.5 

mass from March 13th to and 21st and again from March 22nd to 30th, 
2020 (Fig. 8). Based on the meteorological conditions, we further 
divided this episode into two stages as Stage 1 (March 13th to 21st) and 

Fig. 7. Time series of (a–b) O:C ratios of total organics, Ox (= NO2 + O3) concentration, LV-OOA/SV-OOA ratios and temperature. The grey areas represent the 
nighttime. (c–d) Relationships between T and O:C ratios of total organics, and LV-OOA/SV-OOA ratios colored by the Ox concentrations during the heatwave episode 
from 22nd to 26th July in 2019. 
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Stage 2 (March 22nd to 30th). Stage 1 represents a relatively warm and 
humid period with an average temperature of 12 ± 4 ◦C and RH of 61% 
± 14%. After a heavy rain event on March 21st, it transited to Stage 2 
with colder and dryer conditions (T: 5 ± 3 ◦C and RH: 43% ± 14%). 
During Stage 1, low WS were measured at container roof and KIT Physics 
building, thus these stagnant conditions allowed an air pollutant accu-
mulation. In contrast, high WS and constant northeasterly wind di-
rections during Stage 2 (except for March 28th) could dilute the air 
pollutants from urban emissions. Consistently, the back-trajectory 
analysis showed that the air masses changed from local/regional with 
short transport distance during Stage 1 to long-range transport during 
Stage 2 (Fig. S15). 

We should note that the local government issued a strict lockdown 
beginning on March 17th, 2020 because of the COVID-19 pandemic. 
These lockdown measures may lead to reduced local anthropogenic 
emissions such as traffic and restaurant emissions. There was a dramatic 
decrease of NO2 mixing ratios on March 21st leading to lower values 
during Stage 2 compared to Stage 1 but not after starting of the lock-
down date on March 17th. Similarly, traffic-related VOCs (e.g., benzene, 
toluene and xylenes) were reduced significantly on March 21st rather 
than March 17th (Fig. S14). There is no decrease in BC values nor particle 
number concentrations observed on March 17th as well. These results 
suggest that COVID-19 lockdown measures were much less effective for 
air quality than the change in wind conditions on March 21st. In addi-
tion, there was no significant decrease observed for O3 on March 17th. 
Furthermore, high concentrations of O3 were observed as NO2 decreased 
during Stage 2, which could be explained by reduced O3 titration (Sicard 
et al., 2020). 

Furthermore, we observed high contributions of OA to NR-PM2.5 
during Stage 1, which is mainly associated with a high fraction of BBOA 
during nighttime. Consistently, the molecular composition of OA from 
the filter samples analyzed by CIMS also showed the largest contribution 
by C6H10O5 (levoglucosan, Fig. S17). This indicates that biomass 
burning plays an important role in contributing to high aerosol mass 

loadings in winter. The contribution of BBOA to total OA gradually 
decreased as the nighttime temperature increases over the Stage 1 
(Fig. 8). This could be explained to some extent by the fact that resi-
dential heating activities are reduced during relatively warmer night-
time. With reduced BBOA contributions, SOA (SV-OOA + LV-OOA) 
became the dominant contributors to total OA during Stage 1. Especially 
at end of Stage 1 (March 20th), we observed the largest contribution of 
SOA. Furthermore, a strong and fast increase of sulfate, nitrate and 
ammonium was observed especially during the evening of March 20th, 
leading to the highest concentration of PM2.5 during Stage 1. In fact, 
before the build-up of secondary inorganic aerosol components, there 
was a local industrial plume arriving at our sampling site. This point is 
confirmed by bivariate plots that show high concentrations of SO2 for 
winds coming from the west to northwest, where the local refinery and 
power plant are located (Fig. S18). After receiving this plume of in-
dustrial emission, the meteorological conditions became very stagnant 
with WS dropping down to 0–1 m s− 1, which promotes the secondary 
formation of aerosol particles and accumulation. Therefore, highest 
mass concentrations of PM2.5 were mainly caused by secondary aerosol 
formation from industrial emissions within the street canyon during 
Stage 1. 

The high mass concentrations of PM2.5 observed during the Stage 2 
were mainly build-up between March 27–28th. Since the AMS data is not 
available for Stage 2, we used the results from other colocated in-
struments to illustrate the reason. During March 27–28th, we found a 
significant difference between PM2.5 and PM10 mass concentrations 
measured by the OPC, indicating a higher fraction of coarse particles 
(PM2.5-10). This day can actually be identified as a Saharan dust event, 
which is not unusual for late winter and early spring (February–April) in 
western Europe (Rieger et al., 2017; Zhang et al., 2021). The 
back-trajectory analysis by HYSPLIT shows that the air masses at 3000 m 
a.g.l on March 28th were coming from the Sahara Desert (Fig. S19). This 
Saharan dust event was also confirmed by transport model calculations 
with ICON-ART (ICOsahedral Nonhydrostatic-Aerosol and Reactive 
Trace gases) (Rieger et al., 2015). Please note, that the air masses at 100 
m a.g.l and 1000 m a.g.l originated from the upper troposphere over 
central European countries e.g., Slovakia and Czechia on March 28th. 
During the Saharan dust period, we also observed a sharp increase of 
anthropogenic pollutants including BC, NO2, benzene and toluene dur-
ing the evening of March 27th, which is related to accumulation as the 
WS and PBL height decreased (Fig. S12). Besides, there was no signifi-
cant change of number concentrations of ultrafine particles (Fig. S9). 
Therefore, we can exclude the possibility of enhanced local traffic 
emissions or secondary formation processes for the relatively sharp in-
crease. Based on results above, we conclude that high PM2.5 mass con-
centrations during Stage 2 were mainly related to long-range transport 
of Saharan dust and from anthropogenic sources in central Europe 
including subsequent accumulation in the street canyons. 

4. Conclusions 

The chemical composition and sources of NR-PM2.5 were investi-
gated by a HR-ToF-AMS during summertime (July 2019) and wintertime 
(February–March 2020) at an urban site of southwest Germany. The 
average mass concentration of NR-PM2.5 was higher in summer than in 
winter, which can be explained by wet scavenging due to frequent 
rainfall events during winter. The contributions of sulfate and ammo-
nium to the total NR-PM2.5 were comparable in both seasons, while that 
of nitrate showed a significant increase from summer to winter. Rela-
tively flat diurnal variations of sulfate and ammonium were observed for 
both seasons. However, nitrate showed significant enhancements during 
nighttime with lower temperatures and higher relative humidity, and 
subsequently peaked at morning rush hours. PMF analysis was used to 
investigate the sources of organic aerosol and revealed that SOA (SV- 
OOA + LV-OOA) was the major contributor in both seasons. Further-
more, BBOA which was related to the residential wood combustion 

Fig. 8. Time series of (a–b) meteorological parameters; (c) trace gases; (d) 
PM10, PM2.5 by the Fidas-OPC; (e) NR-PM2.5 aerosol species; and (f) fraction of 
organic aerosol factors from a PMF analysis of AMS data during the transitional 
episode in winter 2020. The episode is further divided into two stages by a 
heavy rain day on March 21st as indicated by the grey area. 
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contributed the second-largest fraction of the OA but only in winter. 
An in-depth analysis on two pollution episodes demonstrated the 

importance of meteorology on the variations of PM2.5 composition and 
sources. In a summer heatwave episode, high PM2.5 concentrations were 
mainly caused by the build-up of SOA (SV-OOA + LV-OOA) from 
biogenic VOC oxidation. The LV-OOA/SV-OOA ratios increased expo-
nentially as a function of temperature and/or Ox, indicating the 
enhanced transformation of SV-OOA to LV-OOA with increased oxida-
tion potential. A wintertime transitional episode with switching from 
relatively warm and humid to cold and dry conditions showed different 
causes for enhanced aerosol mass loadings. During the warm and humid 
winter period, the highest PM2.5 concentrations were caused by the fast 
formation of sulfate, nitrate, ammonium and SOA after being impacted 
by a local plume of industrial emissions. In contrast, the cold and dry 
period was influenced by a Saharan dust event and anthropogenic 
emissions in central Europe reaching Karlsruhe via long-range transport. 
Overall, our results demonstrate the reason of aerosol pollution episode 
under certain meteorology, and will be of significance to understand the 
formation and evolution of PM2.5 in urban environments and thus for the 
establishment of new strategies to improve the urban air quality. 
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