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Abstract

The objective of the studies presented in this paper is to present an analysis of spatial distribution and temporal
variation of particulate matter in Munich and Augsburg, Germany, and to identify and discuss the factors
determining the aerosol pollution in both areas. Surface-based in-situ and remote sensing measurements of
particle mass and particle size distribution have been performed in, around, and above the two cities. Two
measurement campaigns were conducted in Munich, one in late spring and one in winter 2003. Another
campaign has been on-going in Augsburg since 2004. Spatial and temporal variations are analyzed from
this data (PM10, PM2.5 and PM1). There are higher particle mass concentrations at the urban site than at
the surrounding rural sites, especially in winter. No significant difference in the major ionic composition
of the particles between the urban and the rural site was detected. This is considered to be related to the
spatial distribution of secondary inorganic aerosol that is more homogeneous than aerosol resulting from other
sources like traffic or urban releases in general. During the measurement campaigns mixing layer heights were
determined continuously by remote sensing (SODAR, ceilometer, RASS). Significant dependence of particle
size distribution and particle mass concentration on mixing layer height was found. This finding paves the
way to new applications of satellite remote sensing products.

Zusammenfassung

Die Zielstellung dieser Untersuchungen ist die Analyse der Luftqualität in München und Augsburg mit den
Schwerpunkten auf Aerosolen, den Einflussfaktoren für die Luftqualität sowie der Darstellung der räum-
lichen und zeitlichen Struktur der Aerosolbelastung. Mit bodennahen und Fernerkundungs-Messungen wur-
den die Partikel-Massen-Konzentration und -Größenverteilung innerhalb und in der Umgebung der beiden
Städte untersucht. Es wurden zwei Messkampagnen in München, eine im späten Frühjahr und eine im
Winter 2003, durchgeführt. Eine weitere Messkampagne läuft in Augsburg seit 2004. Die räumlichen und
zeitlichen Variationen wurden aus diesen Daten analysiert (PM10, PM2.5 und PM1). Vor allem im Win-
ter wurden höhere Partikel-Massen-Konzentrationen im städtischen als im umliegenden ländlichen Gebiet
beobachtet. Es wurden keine signifikanten Unterschiede in der Haupt-Ionen-Zusammensetzung der Partikel
von städtischem und ländlichem Gebiet festgestellt, die vor allem im Zusammenhang mit der räumlichen
Verteilung der sekundären anorganischen Aerosole steht, welche generell homogener verteilt sind als andere
Aerosole, die aus Quellen wie dem Verkehr oder städtischen Partikelfreisetzungen stammen. Die Mischungs-
schichthöhe wurde kontinuierlich mit Fernerkundungsverfahren (SODAR, Ceilometer, RASS) gemessen. Es
wurde eine deutliche Abhängigkeit der Partikel-Größen-Verteilung und der Partikel-Massen-Konzentration
von der Mischungsschichthöhe nachgewiesen. Dieses Ergebnis eröffnet neue Anwendungsmöglichkeiten für
die Satelliten-Fernerkundung.
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Climate Research – Atmospheric Environmental Research (IMK-IFU),

Karlsruhe Institute of Technology, Kreuzeckbahnstr. 19, 82467 Garmisch-

Partenkirchen, Germany; klaus.schaefer@kit.edu

1 Introduction

Clean air is essential for the quality of life of both man
and the ecosystem and the links between regional/urban
air quality and global climate change have been exem-
plified (CRUTZEN, 2004). Particulate air pollution has
been associated with acute and chronic health effects
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due to respiratory and cardiovascular disease exacerba-
tion (BRUNEKREEF and HOLGATE, 2002; BROOK et
al., 2004). However, particles in ambient air are a com-
plex mixture and might be quite diverse in terms of their
chemical composition and size. In particular, ultrafine
particles (with aerodynamic diameters less than 100 nm)
represent a class of particles with health effects apart
from those of PM10 (PMx: particulate matter with aero-
dynamic diameters smaller than x µm) because they can
penetrate into the lungs and the circulatory system re-
sulting thus in systemic toxicity (IBALD-MULLI et al.,
2002).

Therefore national and international directives request
evermore lower ambient near-surface pollutant concen-
trations. The European Union has put forward a 24-hour
PM10 mass concentration limit value of 50 µg m−3, al-
lowing for less than 35 exceedances a year since 2005.
The threshold for the annual mean of PM10 is 40 µg
m−3 since 2005. In 2008 a new air quality directive
(2008/50/EG) for PM2.5 has been agreed on by the EU
Parliament. The existing threshold values for PM10 will
stay the same for the next years and the new annual mean
value for PM2.5 will be 25 µg m−3 from 2010 onwards
(for Germany see: Neununddreißigste Verordnung zur
Durchführung des Bundes-Immissionsschutzgesetzes,
Verordnung über Luftqualitätsstandards und Emissions-
höchstmengen vom 2. August 2010 (BGBl. I S. 1065)).

High particulate loads in urban areas are often
correlated with lower temperatures and cold seasons.
These loads cannot be attributed to local anthropogenic
emissions alone; regional emissions and advection of
aerosols are important as well. Besides meteorological
parameters such as wind speed, wind direction, temper-
ature and pressure, mixing layer height (MLH) is an im-
portant factor which influences exchange and transport
processes of ground level emissions; hence the know-
ledge of MLH can contribute to the understanding and
analysis of air pollution episodes. The relevance of the
influence of MLH upon measured air quality data was
analyzed together with emission source strengths dur-
ing earlier studies (SCHÄFER et al., 2002, 2005, 2008a;
EMEIS et al., 2007). The influences of MLH upon the
abundance of gaseous pollutants (e.g. CO and NOx

concentrations) as well as PM10 were studied already
for Hannover and Munich, Germany (SCHÄFER et al.,
2006). An open question is the influence of MLH upon
the different particle size fractions and will be studied
here for the city of Augsburg, Germany.

Due to the importance of continuous availability
of MLH and layering data for the lower atmosphere
ceilometers have been operated continuously (EMEIS

et al., 2009). This optical remote sensing technique
provides particle backscatter intensities of an emit-
ted laser beam in the near infrared spectral range.
Further remote sensing derived MLH information by
SODAR (Sound Detection and Ranging) and RASS
(Radio-acoustic Sounding System) was applied in these
studies (see for more detail EMEIS et al., 2004 and
WIEGNER et al., 2006).

The chemical composition of aerosols is widely stud-
ied (see e.g. SEINFELD and PANDIS, 1998 and PUTAUD

et al., 2004). There are still open questions about the
spatial variation of aerosol composition especially be-
tween urban and surrounding rural areas. This is mainly
due to the influences of large local sources in urban ar-
eas that are related to traffic and domestic heating and
which contribute to secondary aerosol formation. The
spatial variation of the major ionic composition of par-
ticles in the region of Munich, Germany is investigated
here.

The paper starts with an overview on the measurement
area, the methodological approach and instrumentation
used, as well as the meteorological conditions during the
measurement periods (Chapter 2). The seasonal and hor-
izontal near-surface variations of PM10, PM2.5 and PM1

mass concentrations as well as the major ionic particle
composition in the Munich area derived from ground-
based measurements are described. The MLH influence
on particle size fractions in Augsburg is given (Chap-
ter 3). Summary, conclusions and outlook complete the
paper (Chapter 4).

2 Sites and instrumentation

2.1 Measurement locations and campaigns

The cities of Munich and Augsburg are situated in
Southern Germany in flat regions surrounded by agricul-
tural areas. Munich has a little more than 1.3 million in-
habitants. Augsburg, with about 265,000 inhabitants, is
situated about 60 km west-northwest of Munich. There
are inter-regional important roads with intense traffic
volumes in both cities. Industry is mainly dominated by
light industrial plants, which are located all over in the
city areas. Large industrial zones and heavy industry do
not exist. There are two airports in the region, a huge
one located 30 km northeast of Munich and a small one
north of Augsburg. Prevailing wind direction for both
cities is from the Southwest. Under synoptically calm
weather conditions without strong pressure gradients a
diurnal wind system initiated by the Alps may evolve
with light winds from the Alps in the South towards the
cities at night and opposite winds at daytime.

Both cities were studied by using the different and
complementary monitoring capabilities together with
measurement campaign results. Figure 1 shows the
monitoring network of the LfU (Bavarian Environment
Agency) in Munich together with the three locations for
the special measurements (No 1 to No 3 in Fig. 1) dur-
ing the campaigns, which were chosen to distinguish be-
tween background air pollution, the air quality in the city
centre, and the city plume. The monitoring network of
the LfU (No 6–10) is located at different sites in Mu-
nich, mainly representing vulnerable sites. Stations No

7–10 are traffic related measurement sites; at No 8–10
PM10 is measured. Station No 6 is a sub-urban monitor-
ing station and was useful for inter-comparison during
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Figure 1: The experimental area in and around Munich. Triangles:

IMK-IFU stations, 1: Maisach, 2: Meteorological Institute of the

Ludwig-Maximilians-University Munich (MIM), 3: Frankendorf.

Dots: LfU stations, 6: L8.12 Johanneskirchen, 7: L8.7 Moosach,

8: L8.3 Lothstraße, 9: L8.1 Stachus, 10: L8.11 Luise-Kiesselbach-

Platz. Patches: housing area. Patches with edges: lakes. Lines: mo-

torways. Circles: air fields.

the measurement campaigns. Additionally, 12-hourly ra-
diosonde data are available from a station of the Ger-
man Weather Service a few kilometres north of Mu-
nich (Oberschleissheim). The measurement campaigns
in Munich were timed in two episodes representing win-
ter and late spring situations. The late spring campaign
started on May 10, 2003 and lasted until May 30, and
was characterised by unsettled weather with often strong
winds from the West and mostly cloudy sky with some
light rain. Two smaller high pressure periods (around
May 16 and May 23) occurred. The winter campaign
took place from November 27, 2003 until December 15,
and was dominated by two foehn episodes (November
30 – December 5 and December 9 – December 11) sep-
arated by the passage of the fronts of a low pressure sys-
tem from the Northwest with rain and stronger winds.

In Figure 2 the measurement sites of Augsburg are
shown. The four sites completing the LfU network are
located on a South to North line along the prevailing
wind direction and were installed step by step since
2004. The measurement site for the determination of the
particle size distribution and the MLH with a remote
sensing device is placed on the campus of the Fach-
hochschule (University of Applied Sciences Augsburg),
approximately 1 km southeast of the city centre. Within
a radius of 100 m it is surrounded by campus buildings, a
tram depot and a small company. The nearest main road
is located 100 m northeast of the site. Within a radius
of approximately 200 m the monitoring site is almost
completely surrounded by residential areas, apart from a
small park located in north-western direction so that it is
representative for the exposure of the general population
living in the city area of Augsburg (CYRYS et al., 2008).

Figure 2: Measurement stations at Augsburg, together with the

rivers Lech and Wertach. Research stations: 1: Waste Utilization

Plant Augsburg (AVA), 2: bifa Environmental Institute, 3: University

of Applied Sciences Augsburg, 4: Bavarian Environment Agency

(LfU). LfU stations: 5: L7.1 Koenigsplatz, 6: L7.6 Bourgesplatz, 7:

L7.8 LfU, 8: L14.1 Karlstraße. Meteorological stations: 9: Univer-

sity of Augsburg, 10: German Weather Service.

2.2 Ground-based in-situ measurements

In Munich and surroundings PM1, PM2.5, and PM10

were collected with a gravimetric low volume sampler
SEQ47/50 Leckel at three sites (see No. 1 to 3 in Fig-
ure 1) during the campaigns. In addition, PM2.5 sam-
ples were collected on 1 µm pore size Teflon filters at
the sites Maisach and Meteorological Institute Munich
(MIM) for 24 hours. The cyclone used for the aerosol
sampling had a cut-off diameter of 2.5 µm at 10 l min−1

flow rate. The total sampled air volume was around 14
m3 for all samples. Stacked filter units were also used
for collection of coarse (2.5–10 µm) and fine (<2.5 µm)
aerosol particles at the sites Maisach and MIM. The
coarse particles were collected on an 8.0 µm pore size
Nuclepore filter, while the fine fraction was obtained ei-
ther on a 0.4 µm pore size Nuclepore filter or a 1 µm
pore size Teflon filter. The stacked filter units were op-
erated at a 16.7 l min−1 flow rate, resulting in daily sam-
ple volumes around 22 m3. The daily average concentra-
tions of chloride, sulphate, nitrate, and ammonium ions
were measured using ion chromatography, after leach-
ing the Teflon filter samples in water. The Nuclepore fil-
ters were analyzed in a scanning electron microscope
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(SEM). The equivalent geometric diameter that can be
determined by this method is larger than 200 nm due to
instrument limitations. Number size distribution of the
particles was determined by measuring the projected ge-
ometric diameters of 1000 individual particles in each
sample (see for more details TÖRÖK et al., 1992 and
ALFÖLDY et al., 2007). Trace gases were measured as
well but the results are reported elsewhere (SCHÄFER et
al., 2006).

In Augsburg the concentrations of PM10 were contin-
uously measured with a beta attenuation particle moni-
tor (Thermo FH62 I-R) together with gas concentration
measurements (CO, NO, NOx, O3, not reported here)
at the northern edge of the town (see Figure 2) since
2006. Four stations of the LfU monitoring network are
operated in the urban area of Augsburg using the same
PM10 mass concentration measurement device. Inter-
comparisons between the instruments were performed
periodically. The particle size distribution was measured
continuously downtown by means of a twin differential
mobility particle sizer (TDMPS) system in combination
with an aerodynamic particle sizer (APS, model 3321,
TSI Inc., USA) since 2004. The general set-up of the
TDMPS in combination with the APS and the applied
quality assurance has been described in detail by PITZ

et al. (2008a). The TDMPS consists of two subsystems
covering different size ranges. Particles in the size range
from 3 to 23 nm were measured with an ultrafine differ-
ential mobility analyzer (UDMA) in conjunction with
a condensation particle counter (CPC, model 3025, TSI
Inc., USA) and particles ranging from 18 to 900 nm were
detected with a differential mobility analyzer (DMA) in
conjunction with a CPC (model 3010, TSI Inc., USA).
Particles in the size range 0.5 to 10 µm were measured
using the APS.

2.3 Ground-based remote sensing and

radiosonde measurements of vertical

profiles

In Munich and surroundings three remote sensing in-
struments were operated to determine information on
the MLH during the campaigns. The Vaisala ceilome-
ter LD40 (MÜNKEL, 2007) was installed at Frankendorf
(see Figure 1) to measure the optical backscatter inten-
sity at 0.855 µm (near infrared). Additionally, a RASS
(Metek) near Frankendorf and a SODAR (Metek) a few
kilometres south of Maisach (Figure 1) in Fürstenfeld-
bruck were used to complement the aerosol profiles
from the ceilometer with wind and temperature profiles
from acoustic remote sensing. An inter-comparison of
the MLH determinations of the latter two instruments
with the ceilometer has been published in EMEIS et al.
(2004) where more details on these instruments can be
found. The determination of the MLH from the remote
sensing data is described in EMEIS and TÜRK (2004),
EMEIS and SCHÄFER (2006), EMEIS et al. (2008) and
WIEGNER et al. (2006).

At the location of Augsburg two ceilometers (Waste
Utilization Plant Augsburg (AVA) and University of Ap-
plied Sciences), a SODAR (LfU) and a RASS (AVA)
have been operated since 2006. There are a two-lens
ceilometer LD40 from Vaisala, a single lens ceilome-
ter CL31 (laser wavelengths 0.905 µm) from Vaisala as
well as a SODAR and a RASS both from Metek. The
inter-comparisons of the MLH retrievals from these both
instruments are described in EMEIS et al. (2008) and
EMEIS et al. (2009).

Because no local measurements for the determination
of MLH were available for Augsburg before 2006, we
used data of the radiosonde virtual potential tempera-
ture profiles at 13:00 local time from the location Ober-
schleissheim near Munich. The MLH was calculated by
the method described by SEIBERT et al. (2000), who as-
sume an adiabatic ascent of an air mass starting from the
ground. The MLH is defined as the height at which the
air mass reaches the same virtual potential temperature
as the ground.

3 Results and discussion

3.1 Results derived from ground-based

measurements of the Munich campaign

3.1.1 Temporal variation of PM10, PM2.5 and PM1

mass concentrations

Figure 3a, b shows time series of the original data and
in Figure 3c, d of the computed incremental mass con-
centrations (PM2.5 – PM1) and (PM10 – PM2.5) together
with PM1. Mean values of PM10, PM2.5 and PM1 mass
concentrations are shown in Table 1 where data in which
the order PM1 < PM2.5 < PM10 was violated have been
eliminated from the data set. The most abundant parti-
cles are those smaller than 1 µm, the mass of which is
about two thirds of the total PM10 particle mass. The
mass of the particles with diameter less than 1 µm is
about 60 %, with diameter between 1 and 2.5 µm is
about 17 % and with diameter between 2.5 and 10 µm is
about 23 % of the mass of PM10. The highest concentra-
tions appear in winter during the two foehn episodes; the
lowest concentrations always occur after the passages
of cold fronts (May 13, May 19, May 24, December 6,
and December 14). The peak concentrations on May 11,
16/17, and 24 as well as on December 3 and 9 are due to
easterly winds which caused the Munich plume to affect
the site at Maisach. The presence of the plume is in-
dicated by high CO and NO concentrations at Maisach
(data are not shown here). The concentrations at Frank-
endorf are also enhanced on these days indicating ei-
ther generally favourable conditions for the formation of
particles or large-scale long-range transport of particles
(LENSCHOW et al., 2001).
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a) b)

c) d)

Figure 3: Particle mass concentration measurements in Maisach, centre of Munich, and Frankenberg. a) PM1, PM2.5, and PM10 in May

2003, b) PM1, PM2.5, and PM10 in November/December 2003, c) PM1, (PM2.5 – PM1), and (PM10 – PM2.5) in May 2003, d) PM1, (PM2.5

– PM1), and (PM10 – PM2.5) in November/December 2003.

Seasonal variation of particle mass concentrations

Peak daily concentrations in all particle classes are
higher in winter than in late spring (e.g. 30 to 21 µg m−3

for PM1, 53 to 37 µg m−3 for PM10), but minimum daily
concentrations are lower in winter (e.g. 2 µg m−3 for
PM1) compared to late spring (no values less than 9 µg
m−3 for PM1, see Figure 3). Thus, the day-to-day varia-
tion in winter is much larger than in late spring. Taking
the two rural (Maisach and Frankendorf) and the urban
(Munich) sites into account, the mean PM10 concentra-
tions do not change from late spring to winter (Table 1).
The mean concentrations of PM1 at all three sites are
higher in May 2003 than in November/December 2003,
the difference being larger at the two rural sites than at
the urban site. The mean concentrations of particles with
intermediate size (PM2.5 – PM1) show the opposite be-
haviour: they are always higher in the winter period than
in the late spring period. This circumstance could also
be observed for larger particles (PM10 – PM2.5) except
for the Frankendorf site. Taking all sites into account,
PM1 and PM10 concentrations are larger in late spring
in comparison to winter except for the urban site. At
the Munich site larger PM10 concentrations could be ob-
served in winter in comparison to late spring. The ratio

between PM1 and larger (PM10 – PM1) particle concen-
trations is 2.0 in late spring and 1.1 in winter. The dif-
ference between these ratios for winter and late spring
is larger at the two rural sites. These differences in the
PM1 to (PM10 - PM1) ratio support further the conclu-
sion that local particle production was more prevalent
during the foehn episodes in winter than during the late
spring episode.

Major ionic composition of particles

The day-to-day relative content of major ionic com-
pounds of the PM10 mass is depicted in Figure 4. Mean
values for the two episodes are given in Table 2. Chlo-
ride (most probably from coal burning and road deic-
ing) has been analysed only for the winter episode. The
largest fraction termed ‘other material’ is supposed to
contain mainly elemental (mostly black carbon) and or-
ganic particulate matter and mineral dust (PUTAUD et
al., 2004). The main result is that the relative fraction
of ammonium and nitrate in the particle mass is higher
in winter than in late spring whereas the sulphate frac-
tion is nearly constant. Thus, in the cold winter episode
nitrate is more abundant than sulphate; in the warmer
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Table 1: Mean particle mass concentrations.

May 2003 Nov./Dec. 2003 both periods

1 PM1 [µg m
-
³] 13.2 10.6 11.9

2 PM2.5-PM1 [µg m
-
³] 3.7 4.2 3.9

3 PM2.5 [µg m
-
³] 16.7 14.8 15.8

4 PM10-PM2.5 [µg m
-
³] 4.0 4.5 4.2

5 PM10 [µg m
-
³] 20.7 19.3 20.0

6 PM1/PM10 0.64 0.55 0.60

7 PM2.5/PM10 0.81 0.77 0.79

8 (PM10-PM1)/PM10 0.37 0.45 0.41

9 PM1 [µg m
-
³] 15.0 14.1 14.5

10 PM2.5-PM1 [µg m
-
³] 3.5 4.8 3.7

11 PM2.5 [µg m
-
³] 17.5 18.9 18.2

12 PM10-PM2.5 [µg m
-
³] 5.7 9.5 7.6

13 PM10 [µg m
-
³] 23.2 28.4 25.8

14 PM1/PM10 0.65 0.50 0.56

15 PM2.5/PM10 0.75 0.63 0.71

16 (PM10-PM1)/PM10 0.35 0.50 0.44

17 PM1 [µg m
-
³] 14.8 9.6 12.2

18 PM2.5-PM1 [µg m
-
³] 1.8 5.5 3.7

19 PM2.5 [µg m
-
³] 16.6 15.1 15.9

20 PM10-PM2.5 [µg m
-
³] 4.1 1.7 2.9

21 PM10 [µg m
-
³] 20.7 16.9 18.8

22 PM1/PM10 0.71 0.57 0.65

23 PM2.5/PM10 0.80 0.89 0.85

24 (PM10-PM1)/PM10 0.28 0.43 0.35

25 PM1 [µg m
-
³] 14.3 11.4 12.9

26 PM2.5-PM1 [µg m
-
³] 2.6 4.9 3.7

27 PM2.5 [µg m
-
³] 16.9 16.3 16.6

28 PM10-PM2.5 [µg m
-
³] 4.6 5.2 4.9

29 PM10 [µg m
-
³] 21.5 21.5 21.5

30 PM10-PM1 [µg m
-
³] 7.2 9.7 8.6

31 PM1/PM10 0.67 0.53 0.60

32 PM2.5/PM10 0.79 0.76 0.77

33 (PM10-PM1)/PM10 0.33 0.47 0.40

Maisach

Munich

Frankendorf

all data

Table 2: Chemical composition of particulate matter in % of PM10 mass (PM10 mass in the last line is taken from Table 1). Numbers in

brackets specify molecular weight. For nitrate and sulphate also the ratio of nitrate or sulphate with respect to ammonium in ammonium

nitrate or ammonium sulphate (second number in italics) is given. The numbers in italics (columns 3, 5, 7, and 9) give the nitrate and

sulphate fraction divided by the second number in column 1.

 Maisach Munich (MIM) 

 May 2003 December 2003 May 2003 December 2003 

ammonium (18) 2.57  6.84  3.07  4.71  

nitrate (62, 3.44) 4.95 1.44 13.62 3.96 4.23 1.23 11.07 3.22 

sulphate (96, 2.67) 7.16 2.68 8.98 3.36 8.58 3.21 8.54 3.20 

chloride  ---  1.24  ---  0.84  

other material 85.32  69.32  84.12  74.85  

PM10 mass [µg m
-
³] 20.7 19.3 23.2 28.4 

 

late spring episode the opposite is true, because then the
rate of SO2 conversion into sulphate is higher. A part
of this result can be influenced by the negative artefact
due to nitrate volatilisation by the filters. VECCHI et al.
(2009) reported 51 % on Teflon filters in summer, and no
or negligible losses in winter. But for the site Maisach

the difference is much higher than this value so the sea-
sonal pattern of the data is visible. The concentration
differences of nitrate and sulphate between the rural and
the urban sites are small compared to the seasonal dif-
ferences. In May at Maisach the amount of ammonium
suffices to bind 62 % of the nitrate and sulphate; in the
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a) b)

c) d)

Figure 4: Relative content of major ionic compounds to PM10 concentration, daily mean each. a) ammonium, nitrate, and sulphate in

Maisach in May 2003, b) ammonium, nitrate, and sulphate in Maisach in November/December 2003, c) chloride, ammonium, nitrate, and

sulphate in the centre of Munich in May 2003, d) chloride, ammonium, nitrate, and sulphate in the centre of Munich in November/December

2003.

city centre of Munich it binds 69 %. In December at
Maisach the ammonium could bind 93 % and in the city
centre 73 % of the nitrate and sulphate. The correlation
of ammonium with nitrate and sulphate is much larger in
Maisach with respect to Munich during the winter foehn
events (December 3, 4, 9 and 10) where it seems that
in Maisach is an excess of nitrate and sulphate with re-
spect to bound ammonium. On the other days, the am-
monium concentrations were not lower in Munich than
in Maisach. One reason for this difference could be the
emission of ammonia from animal production in and
around Maisach. During the very stable meteorological
conditions on these days the MLH was between 200 and
500 m (WIEGNER et al., 2006) so that the emitted com-
pounds cannot be so effectively diluted in ambient air
as during the well mixed conditions and higher mixing
layer heights in late spring or during front passages.

Spatial distribution of PM10, PM2.5 and PM1 mass
concentrations

With very few exceptions the daily PM1 and PM10 con-
centrations in Munich are higher than at the two rural
sites. The most remarkable exception is on May 28 and

29 for PM1. May 28 and 29 were the first two days of
the extraordinary hot summer 2003 in Central Europe.
Also the mean urban PM1, PM10, and (PM10 – PM2.5)
concentrations are higher than the respective mean ru-
ral concentrations (see Table 1). For the intermediate
PM classes (PM2.5 and (PM2.5 – PM1)) the difference
between rural and urban concentrations is small. The
ratio between PM1 and the sum of the larger particles
((PM2.5 – PM1) and (PM10 – PM2.5)) is about 1.2 at
the two rural sites and equal to unity at the urban site
in winter but it is much larger (about 2.0) at all sites in
late spring. This means that especially in the late spring
period the total particle mass concentration (PM10) at
all sites is dominated by the mass concentration of the
smaller particles. This is supported by the number size
distribution of particles in the PM2.5 fraction shown for
late spring in Figure 5, where the maximum particle
number is for particles between 0.5 and 1 µm diame-
ter (unfortunately, one day of measurements in Maisach
only and no measurements in Frankendorf).

The ratio PM2.5 to PM10 is also given in Table 1 to
facilitate the comparison with other studies (e.g. VAN

DINGENEN et al., 2004). In accordance with these stud-
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Figure 5: Particle number size distribution for May 2003 of PM2.5

based on projected geometric diameters of 1000 individual particles

on each filter sample measured by scanning electron microscope

(SEM). Solid line: rural site at Maisach for May 15, 2003, daily

mean, broken lines: urban site in the centre of Munich (roof-top)

for May 16, 19, 22, and 23, 2003, daily means each. The equivalent

geometric diameter is limited down to 0.2 µm due to instrument

limitations.

ies this ratio is lower at the urban site especially in win-
ter indicating a larger contribution of re-suspended road
dust to the particle distribution. The mean of this ratio
from both episodes together is 0.76 for the urban site
and 0.79 for the rural sites. This is nearly equal to the
ratio of 0.75 to 0.76 found as a long-term average for
Swiss rural and urban sites (GEHRIG and BUCHMANN,
2003).

3.2 Influence of mixing layer height on

particle size fractions

The study results of the MLH influence upon the PM10,
PM2.5 and PM1 concentrations during both campaigns
in Munich are published in SCHÄFER et al. (2006). The
best correlation between PM10 concentrations and MLH
performing a linear regression is seen at the urban sta-
tions (square of correlation coefficient R2

= 0.41), less
good correlations are observed at the background station
(R2 = 0.26), and negligible correlations appear at the
two rural stations (R2

= 0.10). The correlation between
PM2.5 and MLH at the rural and urban background sta-
tions in and around Munich is about the same as the one
for PM10 (R2

= 0.16).
The correlation between the hourly data of ultrafine

particles (UFP, diameter <100 nm), accumulation mode
particles (AMP, diameter 0.1–1 µm) and coarse parti-
cles (CP, diameter 1–10 µm) from TDMPS and APS
measurements (13:00 local time) and MLH determined
from radiosonde measurements at Oberschleissheim at
that time were studied during winter and summer peri-
ods in Augsburg in 2005 and 2006. The Spearman cor-
relation coefficients between selected size fractions of
particles (number and mass concentration) and MLH are
summarized in Table 3 (significant at 0.01 level). The

Spearman correlation coefficient was used because (I)
no linearity between both variables must be expected,
(II) no assumptions about the probability distribution of
both variables are necessary and (III) the Spearman cor-
relation coefficient is robust against outliers. In winter a
mean MLH of about 500 m and in summer a mean MLH
of about 1400 m could be observed. In winter the high-
est significant negative Spearman correlation coefficient
r = –0.40 was observed for the number concentration of
AMP followed by the mass concentration of UFP (r =
–0.35). In summer clearly lower correlation coefficients
are determined except for CP with diameters between
2.5 and 10 µm. For CP (2.5–10 µm) a significant posi-
tive Spearman correlation coefficient r = 0.30 in summer
is calucated. As could be shown in an analysis by BIR-
MILI et al. (2010), we assume increased CP to originate
in particular from local re-suspended crustal and road
dust due to the higher wind speed at summer daytime dry
conditions. Moreover, in consequence of convection and
advection and a well-mixed boundary layer at summer
daytime, CP could be transported over long distances.
The measured ambient particle size distribution depends
on the primary particle sources (e.g. biogenic emissions,
erosion, biomass burning, traffic emissions, and volca-
noes as well) and undergo different transformation pro-
cesses during atmospheric transport (e.g. coagulation,
condensation, evaporation, drying, mixing, dilution, nu-
cleation, and secondary particle formation) (PITZ et al.,
2008b). Because of the various influences on the ambi-
ent particles and the availability of the MLH only once
per day, we did not expect moderate (r = 0.4–0.7) or
even strong correlation coefficients (r = 0.7–1). Never-
theless, we observed weak (r = 0–0.4) but significant
(at 0.01 level) correlation coefficients between MLH and
different ambient particle size fractions. Hence, we as-
sume that the MLH is an important single meteorolog-
ical parameter influencing directly ambient air quality
measurements. Thus, continuous measurements of the
MLH should be implemented in future studies e.g. by
remote sensing methods to analyze in more detail the
diurnal influences of the MLH on the air quality.

4 Summary, conclusions and outlook

4.1 Summary

The objective of these studies was to analyze the spatial
distribution and temporal variation and chemical com-
position of particulate matter especially with regard to
particulate size distribution and mass concentration in
urban, sub-urban and surrounding rural areas, and to
identify and discuss the factors determining air quality.
The main findings are summarised in the following:

– At all measurement sites in Munich PM1 concentra-
tions are higher in late spring than in winter. At the
two surrounding rural sites PM1 mass dominates the
total particle mass (PM10). This can be caused by
more favourable conditions for the formation of sec-
ondary particles and/or large-scale transport of parti-
cles.
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Table 3: Spearman correlation coefficients of the mixing layer height from radiosonde measurements and particle number concentration

as well as mass concentration for selected size fractions (hourly measured data from TDMPS and APS) at 13:00 local time separately for

winter (October–March) and summer (April–September) during the time period 2005–2006. N is the number of hours.

 
Ultrafine 

particles 

Accumulation 

mode 
Coarse particles Total 

 < 100 nm 0.1 - 1 µm 1 - 2.5 µm 2.5 - 10 µm < 1 µm < 2.5 µm < 10 µm 

number concentration 

winter 
-0.25* -0.40* -0.09 -0.05 -0.28* -0.27* -0.27* 

N = 325 N = 325 N = 307 N = 307 N = 325 N = 307 N = 307 

summer 
-0.16* -0.05 -0.10 0.12 -0.14 -0.14 -0.14 

N = 293 N = 293 N = 293 N = 293 N = 293 N = 293 N = 293 

mass concentration 

winter 
-0.35* -0.34* -0.04 -0.03 -0.34* -0.30* -0.28* 

N = 325 N = 325 N = 307 N = 307 N = 325 N = 307 N = 307 

summer 
-0.17* -0.07 0.03 0.30* -0.08 -0.06 0.03 

N = 293 N = 293 N = 293 N = 293 N = 293 N = 293 N = 293 
*significant at 0.01 level 

– The concentration of CP is higher in winter than in
late spring. In Munich this could be due to residen-
tial heating with wood and re-suspension of particles,
collected in melting snow, by road traffic mainly.
This is in contrast to the general finding of the Swiss
study by Gehrig and BUCHMANN (2003), where CP
(probably pollen) were abundant in spring and sum-
mer. They observed no seasonal variation only for
Bern, which they attributed to local produced ex-
hausts and road dust.

– There are higher particle concentrations at the urban
site than at the surrounding rural sites, especially in
winter (see also HOEK et al., 2002 and QUEROL et
al., 2004). Predominantly, large particles due to the
reasons as mentioned for Munich before are added to
the air mass during its passage over the urban area in
winter.

– The relative fraction of ammonium and nitrate is
larger in winter than in late spring, also because the
conditions for formation and stability of ammonium
nitrate are more favourable then (higher ambient air
relative humidity and lower temperature). The same
seasonal behaviour of ammonium and nitrate was
found by CONTINI et al. (2010) for a site in Italy.

– The relative fraction of sulphate does not vary much
between late spring and winter, although probably
more sulphur is emitted in winter, but the formation
of ammonium sulphate is reduced in cold conditions.

– The mixing layer top is much lower (often below
500 m) in winter than in the summer (often 1500 to
2300 m) and MLH is contributing more to higher
number and mass concentrations of PM in winter
than in summer, due to the fact that particles are
trapped within a thinner layer of the lower atmo-
sphere during the winter season. The variation of
MLH can change the influence of emissions and thus
the composition of PM as was shown for the ammo-
nia emissions from agriculture during low MLH in

winter and the corresponding high ammonium con-
tent of PM.

– A significant negative correlation (at 0.01 level) be-
tween particle number concentration in particular in
winter for particles <1 µm in diameter and MLH
could be observed. The highest correlation coeffi-
cients were found in winter for the number concen-
tration of ACP and the mass concentration of UFP
with MLH by r = –0.40 and r = –0.35, respectively.

4.2 Conclusions and outlook

The presented spatial variations of PM mass concentra-
tions and particle size distribution show relevant differ-
ences between urban and surrounding rural areas as well
as their interchangeable influences. This is an impor-
tant example of the interaction between urban and sur-
rounding areas which is a relevant process influencing
air quality.

The similarity of major ionic composition between the
urban and the rural site is mainly related to the spatial
distribution of secondary inorganic aerosol that is more
homogeneous with respect to other particle sources like
traffic or urban releases.

The fine fraction PM1 seems to have the highest and
most useful rank correlation with MLH. This is a first
result as the correlations are calculated with radiosonde
measurements, i.e. MLH data which are available twice
per day only. Continuous MLH measurements by remote
sensing methods (ceilometers, SODAR, RASS) are cur-
rently performed and will be applied in the future to pro-
vide a spatially more continuous estimate of the MLH
variation during the day. Further influences which are
not discussed here like diurnal and seasonal variations
of emissions, advection, convective mixing, secondary
aerosol formation (SEINFELD and PANIDIS, 1998), dif-
ferences in humidity growth of PM (DAY and MALM,
2001) at the bottom and at the top of the mixing layer,
rain-out of PM, complex layering of the atmosphere e. g.
by residual layers as can be detected by LIDAR (Light
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Detection and Ranging) (WIEGNER et al., 2006) and nu-
cleation events in the boundary layer as frequently ob-
served (DUBOVIK et al., 2002) must be studied. This re-
quires more statistical analyses during different weather
situations, emission characteristics and air pollution lev-
els, i.e. more realistic conditions will be investigated.

The finding that mostly particles of the size fraction
0.2–1.0 µm are influenced by the MLH supports the
use of optical satellite data (mainly in the green spec-
tra range) for further studies of particle pollution. Most
satellites provide at first path-integrated information
about atmospheric parameters for air columns. With the
continuous availability of MLH and making the assump-
tion that the pollutants of interest are predominantly
found within the mixing layer, the satellite-derived in-
formation can be converted to pollutant concentrations
in the mixing layer. This method requires mass extinc-
tion efficiencies which determine the relation between
PM mass concentration, aerosol optical depth (AOD)
and MLH as described by SCHÄFER et al. (2008b). For
the use of Landsat and SPOT images to get spatially high
resolute PM information as described by SIFAKIS et al.
(1998), SARIGIANNIS et al. (2002, 2004), SCHÄFER et
al. (2002), SOULAKELLIS et al. (2004), LIU et al. (2002)
multiple-layering of the lower atmosphere and thus ver-
tical inhomongeneity within the boundary layer as stud-
ied by EMEIS et al. (2007) is not so relevant since these
observations are acquired not during night time but dur-
ing sunny days and well-mixed conditions i.e. during
noon and afternoon hours. So this method was applied
on the basis of the results described before in the regions
of Munich and Augsburg (SCHÄFER et al., 2009).

When larger particles influence AOD then MLH alone
may not be a relevant factor to be accounted for in the in-
terpretation of satellite results. Finally, all the processes
as described before must be considered, if the findings
described here will be used in other urban areas.
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EMEIS S., K. SCHÄFER, C. MÜNKEL, 2008: Surface-based
remote sensing of the mixing-layer height – A review. –
Meteorol. Z. 17, 621–630.

—, —, —, 2009: Observation of the structure of the urban
boundary layer with different ceilometers and validation by
RASS data. – Meteorol. Z. 18, 149–154.

GEHRIG R., B. BUCHMANN, 2003: Characterising seasonal
variations and spatial distribution of ambient PM10 and
PM2.5 concentrations based on long-term Swiss monitor-
ing data. – Atmos. Environ. 37, 2571–2580.



Meteorol. Z., 20, 2011 Klaus Schäfer et al.: A measurement based analysis of the spatial distribution 57

HOEK G., K. MELIEFSTE, J. CYRYS, M. LEWNÉ, T. BEL-
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W. MÜLLER, B. HEITS, D. HAASE, W.-D. DRUNK-
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RIGIANNIS, K. SCHÄFER, 2004: Estimation and mapping
of aerosol optical thickness over the city of Brescia – Italy
using diachronic and multiangle SPOT 1, SPOT 2 and
SPOT 4 imagery. – Geocarto Int. 19, 57–66.
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aerosol phenomenology - 1: physical characteristics of par-
ticulate matter at kerbside, urban, rural and background
sites in Europe. – Atmos. Environ. 38, 2561–2577.

VECCHI R., G. VALLI, P. FERMO, A. D’ALESSANDRO, A.
PIAZZALUNGA, V. BERNARDONI, 2009: Organic and in-
organic sampling artefacts assessment. – Atmos. Environ.
43, 1713–1720.

WIEGNER M., S. EMEIS, V. FREUDENTHALER, B. HEESE,
W. JUNKERMANN, C. MÜNKEL, K. SCHÄFER, M.
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