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Abstract

The European integrated project on Aerosol Cloud Climate and Air Quality Interac-
tions (EUCAARI) focuses on understanding the interactions of climate and air pollu-
tion. As part of the EUCAARI intensive observational period, an aircraft field campaign
(EUCAARI-LONGREX) was conducted in May 2008. The campaign aimed at studying
the distribution and evolution of air mass properties on a continental scale. Airborne
aerosol and trace gas measurements were performed aboard the German DLR Fal-
con 20 and the British FAAM BAe-146 aircraft. This paper outlines the meteorological
situation over Europe during May 2008 and the temporal and spatial evolution of pre-
dominantly anthropogenic particulate pollution inside the boundary layer and the free
troposphere. Time series data of six selected ground stations are used to discuss con-
tinuous measurements besides the single flights. The observations encompass total
and accumulation mode particle number concentration (0.1-0.8 um) and black carbon
mass concentration as well as several meteorological parameters. Vertical profiles of
total aerosol number concentration up to 10 km are compared to vertical profiles probed
during previous studies.

During the first half of May 2008 an anticyclonic blocking event dominated the
weather over Central Europe. It led to increased pollutant concentrations within the
centre of the high pressure inside the boundary layer. Due to long-range transport the
accumulated pollution was partly advected towards Western and Northern Europe. The
measured aerosol number concentrations over Central Europe showed in the bound-
ary layer high values up to 14000cm™ for particles in diameter larger 10 nm and
2300 cm™° for accumulation mode particles during the high pressure period, whereas
the middle free troposphere showed rather low concentrations of particulates. Thus
a strong negative gradient of aerosol concentrations between the well mixed boundary
layer and the clean middle troposphere occurred.
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1 Introduction

The European integrated project on Aerosol Cloud Climate and Air Quality Interactions
(EUCAARI) project focuses on understanding the interactions of climate and air pollu-
tion (Kulmala et al., 2009). As part of the EUCAARI intensive observational period, an
aircraft field campaign (EUCAARI-LONGREX, where LONGREX stands for long range
experiment) was conducted in May 2008. This paper presents an overview of the me-
teorological conditions (Sect. 3) combined with a survey of the temporal evolution and
spatial distribution of anthropogenic particulate pollution over Europe during this air-
craft campaign (Sect. 5). Accompanying papers discuss specific aerosol aspects that
were observed under these meteorological conditions including the aerosol chemical
composition and evolution of the organic fraction (Morgan et al., 2010), black carbon
measurements (McMeeking et al., 2010) and atmospheric sub-3 nm particles at high
altitudes (Mirme et al., 2010). Aerosol microphysical properties will be discussed in
a forthcoming paper. This study provides the meteorological framework necessary to
discuss the aerosol observations during the EUCAARI-LONGREX campaign and puts
the measurements into a synoptic and climatological context

The EUCAARI-LONGREX campaign focuses on airborne in-situ and remote sens-
ing measurements on a rather large horizontal scale in the whole tropospheric column
using two aircraft in May 2008, DLR Falcon 20 and FAAM BAe-146. The aircraft cam-
paign aimed for the following objectives: mapping of tropospheric aerosol over Europe,
observation of gradients in aerosol properties from clean to polluted air masses and
the transitions between industrial dominated and agricultural dominated regions, air
mass evolution and transformation during long-range transport, and linking of airborne
to ground based measurements by intensive profiling over EUSAAR (European Super-
sites for Atmospheric Aerosol Research) super-sites.

The comparison of airborne and ground based measurements helps to asses the
representativeness of airborne measurements within the temporal evolution of aerosol
properties and the representativeness of ground based measurements within the spa-
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tial aerosol distribution. Six EUSAAR super-sites were selected for the present analy-
sis to provide continuous measurements of atmospheric properties over Europe in May
2008.

Atmospheric conditions govern the lifecycle of aerosol microphysical phenomena by
uptake of primary particles and aerosol precursors, providing favourable conditions for
new particle formation and transformation processes during transport, and removal of
particulate matter from the atmosphere (Raes et al., 2000). Several long term studies
investigated the impact of meteorological conditions and different air mass transport
paths on local aerosol properties at ground based measurement sites (e.g., Birmili
et al., 2001; Tunved et al., 2005).

The following aerosol properties were studied in the present analysis in order to com-
pare the pollution situation at the different stations with the airborne measurements:
aerosol accumulation mode number concentration in the dry particle diameter size
range between 0.1-0.8 um, black carbon (BC) mass concentration, and aerosol total
number concentration. The accumulation mode is the dominant mode in the region
of central European cities (Berner et al., 2004) and high accumulation mode particle
concentrations at rural locations indicate long-range transport of polluted continental
air masses (Tunved et al., 2005). Accumulation mode particles also play an important
role in governing the optical properties inside the continental boundary layer. Rob-
les Gonzalez et al. (2003) showed that large aerosol optical depth over continental
Central Europe results from a high particle load in the accumulation mode. One rea-
son is the hygroscopicity of continental and urban aerosol in the accumulation mode
size range (Kandler and Schutz, 2007) and the resulting effect on the visibility with
growing particles at higher relative humidity. Increased BC-mass concentrations at
rural background stations also indicate anthropogenic influences on the air masses by
combustion of fossil fuel or biomass burning (Van Dingenen et al., 2004). Accumulation
mode particle and BC-mass concentrations are examined for the six ground stations.
Aerosol total number concentrations, which are usually dominated by particles present
in the Atiken mode (below 0.1 um particle diameter), will be used for the comparison
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of an extensive set of vertical profiles over Southern Germany and local ground based
condensation nuclei (CN) time series.

2 Measurements and analysis methods

The research flights were performed with the FAAM BAe-146 and the DLR Falcon 20
aircraft. Both aircraft operated from Oberpfaffenhofen (48.08° N, 11.28° E), Germany.
Most flights were performed as coordinated research flights. The flights of the FAAM
BAe-146 were mainly conducted in the boundary layer and lower free troposphere,
whereas the flights of the DLR Falcon 20 focused on the free troposphere up to
the tropopause level. Table 1 gives an overview of all flights performed within the
EUCAARI-LONGREX campaign.

The ground sites selected to evaluate the temporal evolution of the pollution inside
the boundary layer are composed of the EUSAAR sites at Hyytiala (61.85° N, 24.28° E,
181 m a.s.l.), Vavihill (56.02°N, 13.15°E, 172m a.s.l.), Mace Head (53.32° N, 9.88° W,
5m a.s.l.), Cabauw (51.97°N, 4.93°E, 60m a.s.l.), Melpitz (51.53° N, 12.90°E, 87 m
a.s.l.), and HohenpeiBenberg (47.80°N, 11.01° E, 977 m a.s.l.) (Fig. 1). The accumula-
tion mode number concentrations in the size range between 0.1-0.8 um were retrieved
from aerosol size distributions measured by Differential (DMPS) or Scanning Mobil-
ity Particle Spectrometer (SMPS) (Wang and Flagan, 1990) at the ground stations and
Passive Cavity Aerosol Spectrometer Probes (PCASP) Model 100 (Liu et al., 1992) op-
erated aboard the aircraft. BC mass concentrations were determined at the ground sta-
tions using the Multi Angle Absorption Photometer (MAAP) (Petzold and Schoénlinner,
2004) and by a Single Particle Soot Photometer (SP2) (Stephens et al., 2003) operating
on the FAAM BAe-146. A detailed analysis of airborne BC measurements during the
EUCAARI-LONGREX campaign can be found in McMeeking et al. (2010). Condensa-
tion nuclei (CN) number concentrations of particles with a diameter larger 10 nm were
measured aboard the DLR Falcon 20 by a condensation particle size analyser (CPSA)
(Stein et al., 2001). All concentrations in the present analyses retrieved by airborne
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measurements are reported as concentrations at standard temperature (7=273.15K)
and pressure (p=1013.25 hPa).

The data used for the meteorological analysis were retrieved from the operational
archive of the ECMWF. The model has a spectral resolution of T799/L91. Hess and
Brezowsky Grosswetterlagen (GWL) (Hess and Brezowsky, 1952; Gerstengarbe and
Werner, 2005), describing large-scale circulation patterns over Europe and the North-
East Atlantic (James, 2007), are used to describe the general circulation over Europe.
GWL data are provided by the German Weather Service DWD (http://www.dwd.de/
GWL).

3 The meteorological situation over Europe in May 2008

The synoptic situation in May 2008 can be divided into two major periods with an
approximate duration of two weeks each. The first half of May (1-15 May; here-
after period a) was dominated by an anticyclone blocking event, whereas the second
half (16—31 May; hereafter period b) was dominated by westerly flow and passage of
frontal systems over Central Europe. The following description of the synoptic situation
focuses on the days during the EUCAARI-LONGREX campaign when measurement
flights were performed with the FAAM BAe-146 and the DLR Falcon 20. Figure 2 shows
the mean geopotential height at 850 hPa and the integrated precipitation per flight day,
calculated for a time span between 00:00-24:00 UTC of the respective day. The plots
are overlaid by the flight tracks of the FAAM BAe-146 and the DLR Falcon 20 aircraft.
The GWL occurring in May 2008 are listed in Table 2.

Between the measurement flights on 6 May until 11 May dry and stable conditions
could be observed over Central Europe caused by a high over Central Europe (Hoch
Mitteleuropa: HM). The centre of the anticyclone remained approximately stationary
over the North Sea and Denmark. Its maximum surface pressure values averaged at
1032 hPa on 6 May. Horizontal wind speeds at 850 hPa level in the core region of the
anticyclone were quite low with 0—7 m/s compared to its western, northern and eastern
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borders. Wind speeds increased up to 10-20 m/s due to the higher pressure gradient
along these borders, caused by surrounding cyclones. These surrounding cyclones
also led to an intensification and maintenance of the “Q” shaped anticyclone which can
be described as a blocking event.

Subsiding air masses in the core region of the anticyclone caused almost clear sky
conditions with only few clouds (mainly cu and strcu) occurring rarely on the top of the
continental and marine boundary layer. Thick cloud cover and precipitation occurred
over Southwest Europe and west of the British Isles associated with the frontal systems
of the surrounding cyclones. In addition precipitation occurred on the west side of the
Scandinavian Mountains induced by the eastward transport of moist marine air masses
from the Norwegian Sea.

The anticyclone left its stationary position on 11 May and moved until 14 May west-
wards into the Atlantic north east of the British Isles and turned from an Q-blocking into
a so-called split-flow block (Barriopedro et al., 2006). The general circulation pattern
was identified as an Icelandic high with a ridge over Central Europe (Hoch Nordmeer-
Island, antizyklonal: HNa). The ridge inducing the high pressure reached from the
British Isles towards Northern Germany and maintained stable synoptic conditions in
this region. Cyclones moving from the Atlantic towards continental Europe via the Bay
of Biscay south of the anticyclone led to a westward transport of air masses from Cen-
tral Europe to the Atlantic. The anticyclone started to decay on 14 May.

A trough over Central Europe (Trog Mitteleuropa: TM) evolved on 16 May and lasted
until 18 May. Frontal systems associated with the trough led to the first precipitation
over the Benelux states and Germany since the first measurement flights had been per-
formed. They changed the flow regime from westward to eastward air mass transport.
Arctic air masses were now advected via the North Sea towards Northern Germany.

The flow regime changed again its wind direction over Central Europe beginning with
18 May with the onset of an anticyclonic North-Easterly pattern (Nordostlage, antizyk-
lonal, NEa). Two cyclones formed consecutively over Northern Italy with a minimum
sea level pressure of 997 hPa on 20 May. These cyclones induced an easterly flow with
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horizontal wind speeds between 5-15m/s at 850 hPa level over Central Europe on the
northern border of these cyclones. The easterly flow merged with the northerly flow
associated with a further cyclone located over Scandinavia. The cyclones located over
Northern ltaly advected warm and moist air masses from the Mediterranean via the
Balkan Peninsula towards Central and Eastern Europe. In contrast, the cyclone located
over Scandinavia advected cold air masses along the Norwegian Sea and the North
Sea towards Central Europe. The front line of these two air masses extended from the
Alps, the Czech Republic, Southern Poland and Belarus to Russia, and caused thick
cloud cover and precipitation. This front of air masses remained from 18 May until
22 May. Only few cumulus and stratocumulus clouds occurred in the cold air masses
over land north of this front.

A ridge located over ltaly and Germany caused quite fair weather over the Eastern
part of the Alps in the morning of 24 May. Light convection formed some cumulus
clouds during the day.

4 The synoptic situation within a climatological context

Synoptic weather types over Central Europe have been classified into GWL since 1881
(Hess and Brezowsky, 1952), giving the possibility to place the synoptic situation en-
countered during EUCAARI-LONGREX into a climatological context. The overall num-
ber of large-scale circulation patterns (29 GWLs) is too large to reasonably study the
statistics of frequency and duration per month or season of each single pattern, even
though the data have been collected since more than one century (Gerstengarbe and
Werner, 2005). Thus the patterns will be grouped into two categories for the present
study and the statistics will be calculated for the months April, May and June between
1977-2007. The first group comprises the patterns representing high pressure over
Europe and the second group all patterns leading to an anticyclonic flow pattern over
Europe.
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The first group contains amongst others the patterns HFa, HM and NEa which oc-
curred during EUCAARI-LONGREX (see Table 2). The patterns HFa and HM were
part of the blocking event and led to 9 consecutive days of high pressure over Europe.
NEa formed during period (b) and lasted for 5 days. The median duration of consecu-
tive patterns representing high pressure for the months April, May and June between
1977-2007 is 5.5 days, the 75th percentile 9 days. The sum of the duration of the
two patterns HFa and HM in May 2008 equals 9 days. In average similar consecutive
patterns with an overall duration of 9 days or more occur approximately once between
April and June per year.

The second group contains the patterns mentioned above including HNa, the third
pattern which was part of the life cycle of the blocking event. It lasted for 3 days.
Hence the blocking event covered 12 consecutive days of anticyclonic flow pattern
over Europe. This is twice as long as the median duration of 6 days for the period
between April and June between 1977-2007 but less than the 75th percentile of 13
days. Consecutive patterns inducing an anticyclonic flow over Europe and lasting 12
days or longer occur approximately twice between April and June per year.

5 Temporal and spatial evolution of the pollution situation over Europe

We describe the temporal evolution of pollution over Europe at selected EUSAAR
ground sites in combination with the synoptic situations described in Sect. 3. Six
sites were selected to cover both rural regions representative of background condi-
tions and sites situated in highly polluted regions in Central Europe (Fig. 1). In addition
the ground based measurements were combined with airborne aerosol measurements
inside the boundary layer in the vicinity of the ground sites.

Figure 3 shows the horizontal distribution of column-integrated BC mass concen-
trations from European anthropogenic emissions obtained from a simulation with the
Lagrangian particle dispersion model FLEXPART (Stohl et al., 2005). The panels show
48 h intervals beginning with the high pressure over Central Europe on 6 May until the
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displacement of the anticyclone into the North-East Atlantic which occurred between
11 and 14 May. On 10 May the anthropogenic emissions were concentrated inside
the boundaries of the anticyclone with its core situated over Denmark. Within this core
region Central European pollution re-circulated via the North Sea and Southern Scan-
dinavia back to Northern Germany. The polluted region reached a northward extension
to approximately 65° N and shows a clear zonal gradient between 15° W—20° E with in-
creasing concentrations from East to West due to the westward transport of continen-
tal air masses. With the displacement of the anticyclone the re-circulation of pollutants
ceased and the polluted continental air masses were advected towards the British Isles
and into the North-East Atlantic. After the anticyclone decayed, a trough over Western
Europe formed on 16 May. Maximum concentrations of European anthropogenic BC
occurred over Eastern Europe at this time indicating an eastward transport of pollu-
tants. The northern border between clean Nordic and polluted Central European air
masses appeared at approximately 55° N on this day.

5.1 Meteorology and pollution measured at ground sites in May 2008

Time series plots for ground stations are shown in Figs. 4-9. Each graph consists
of four panels. The uppermost time series displays the number concentration of the
accumulation mode particles. In addition airborne measurements of FAAM BAe-146
and DLR Falcon 20 are plotted in the graph, in cases where the aircraft were close to
the EUSAAR sites. Only horizontal flight legs inside the boundary layer with a maxi-
mum distance of 150 km to the respective ground station were selected. Time series
of BC measurements are shown in the second panel from the top. The original time
resolution data are overlaid by a running average (3 h) to distinguish tendencies within
highly variable time series like that observed during period (a) at Cabauw (Fig. 9). The
third and fourth panels display the meteorological parameters temperature and wind
direction and sea level pressure and precipitation, respectively.

Average values (median, 10th and 90th percentiles) of accumulation mode number
concentrations and BC mass concentrations are presented in Table 3. The averaging
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time was split up into two periods, between 1 and 15 May (period a) and between 16
and 31 May (period b). The two periods depict the time during and after the anticyclonic
blocking event.

5.1.1 Ground stations outside the high pressure core region

Hyytiala and Mace Head

Regarding the time series data in Fig. 4 and the statistical values given in Table 3
the ground stations at Hyytiala and Mace Head show no obvious coherence with the
two distinctive synoptic situations during periods (a) and (b). The prevailing synoptic
conditions at each station governed individual pollution events rather than the long term
pollution trends during the blocking event.

The northernmost ground station at Hyytiala shows highest accumulation mode
particle number concentrations for wind directions between east, south and
west. Peak values of individual events reached approximately 2000 accumulation
mode particles cm™ and BC mass concentrations of 1.30 Hg m~2 in the first days of
May before the initiation of the anticyclone blocking. Clean air conditions with respect
to the accumulation mode load (~200 particles cm's) occur for air masses arriving from
the north with increasing concentrations if the wind direction turns towards northeast
or northwest.

At the Mace Head station, accumulation mode particle concentrations were 100 par-
ticles cm™ five days before measurement flights were conducted south west of Ire-
land to measure polluted air masses from Central Europe and Great Britain. BC-mass
minimum concentrations at this time were 0.05 ug m~3. These observed minima were
associated with wind directions from north and northeast. On 12 May the concentra-
tions increased up to 2500 particles cm~ and BC-mass of 1.5 Mg m~ while the wind
direction changed to E and continental European air masses were advected over Mace
Head. The transport of European emissions towards Ireland was caused by the dis-
placement of the anticyclone from the North Sea into the North East Atlantic and the
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pathway of cyclones over Southern Europe.
5.1.2 Remote ground stations within the high pressure core region

Vavihill and HohenpeiBenberg

The median accumulation mode number concentrations at the second Scandinavian
station at Vavihill were 760 particles cm~ and 530 particles cm™3 during period (a) and
period (b), respectively. The prevailing wind direction averaged over period (a) was
northwest. Minimum number concentrations occurred when the wind direction turned
to north. A cold front occurred on 12 May and was accompanied by a shift of wind
direction to east and followed by a decrease of accumulation mode number concen-
trations to 120 particles cm™2 after a short prefrontal increase to 2500 particles cm™3.
The cold front was induced by a cyclone with its centre situated at Northern Scandi-
navia. It mainly increased the cloud cover but induced hardly any precipitation over
Vavihill. A following maximum in accumulation mode particle number concentrations
(~1500 particles cm_s) occurred during air mass transport from west and southwest,
covering the source regions of Copenhagen (Denmark), Helsingborg, and Malmo (both
Sweden).

On the top of the HohenpeiBRenberg (977 m a.s.l.) accumulation mode number con-
centrations during period (a) exceeded the concentrations during period (b) by a factor
of approximately 1.5. A similar factor could be observed at Vavihill (see Table 3). Me-
dian accumulation mode number concentrations reached during anticyclonic conditions
1000 particles cm™3, median BC-mass concentrations 0.39 Mg m~3, and winds were
easterly at Hohenpeil3enberg. Frontal passages occurring between 15 and 19 May
and inducing precipitation and change in wind direction towards west led to a decrease
of the median accumulation mode number concentration (680 particles cm'3). Median
BC-mass concentrations remained almost at the same level.
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5.1.3 Ground stations within the high pressure core region

Melpitz and Cabauw

The accumulation mode number concentrations at Melpitz varies between 690 and
2300 particles cm™3. Median values were 1400 particles cm ™2 for period (a) and 1300
particles cm™ for period (b). Prevailing wind direction during the anticyclonic conditions
was northeast and air masses were transported towards Melpitz via the Baltic Sea and
the Baltic States. As described in Sect. 3 the westerly flow over Melpitz starting on
15 May lasted only 4 days and turned back to a northeasterly flow similar to period
(a). Within this 4 day period frontal systems associated with two cyclones passed
consecutively over Melpitz and a short decrease of the pollutants could be observed.
The time series of BC-mass concentration varies between 0.12 and 0.89 g m~2. Both
accumulation mode number concentration and BC-mass concentration time series fol-
low a clear diurnal cycle with maximum concentrations in the morning and minimum
concentrations in the afternoon. Maximum peaks could be observed at 3500 parti-
clescm™ and 1.50 Hg m~. These maximum peaks are connected with wind directions
W or E and can be associated with local sources like e.g. the open-cast mining area
Lausitz east of Melpitz or with long-range transport events from Central and Eastern
Europe (Spindler et al., 2010).

The diurnal variation described for the Melpitz station was also observed at the
Cabauw station. During period (a), daily averages of BC-mass concentrations in-
creased from 0.50 to 1.40 pg m~2. Maximum peaks of the running average occur again
in the morning and minima at early afternoon times. Absolute minimum and maxi-
mum BC-mass concentration of the highly variable time series were between approx-
imately 0.00-2.50 ug m~2. The anticyclone induced an easterly wind direction over
Cabauw. Decreasing concentrations of accumulation mode particles from 3500 to
500 particlescm™ and BC-mass from 1.30 to 0.20 Mg m~2 were associated with the
passage of two frontal systems occurring between 15 and 17 May and the change of
the wind direction from east to northeast and north. Air mass trajectories calculated
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with LAGRANTO (Wernli and Davies, 1997; Stohl et al., 2001) using the ECMWF wind
field showed that the change of the wind direction resulted in a change from polluted
air masses arriving from North Germany to clean air masses advected over the North
Sea towards Cabauw. The concentrations increased again for wind directions turning
back to E between 21 May and 23 May.

5.1.4 Comparison of accumulation mode time series with BC time series

The time series of pollutants show week correlation between the different ground sta-
tions. However, at each single ground station the time series of accumulation mode
number and BC-mass concentrations show similar trends. This similar pattern in the
temporal evolution indicates that air masses containing a high load of accumulation
mode particles mainly originate from regions rich in sources of anthropogenic emis-
sions from combustion processes (Hitzenberger and Tohno, 2001; Putaud et al., 2004).
Figure 10 supports this observation. It shows the relative variation of BC-mass concen-
trations (M) in the last 6 h (M,—M;_g) /M, _g versus the relative variation of accumulation
mode number concentrations (N) in the last 6h (N;—N,_g)/N,_g¢ Where i is the time in
hours. The correlation coefficient r obtained by linear regression varies between 0.53
(Melpitz) and 0.86 (HohenpeiBenberg). The correlation at all ground stations can be
denoted as statistically significant on a 99% confidence level. This means that in most
cases the relative variation of one pollutant is accompanied by the relative variation
of the other one. During several pollution events the Central European ground sta-
tions showed a stronger increase of the BC-mass concentrations than the accumula-
tion mode number concentrations. Different sources, source strengths and transport
processes can contribute to different fractions of BC particles in different aerosol size
ranges (e.g., Berner et al., 1996; Hitzenberger and Tohno, 2001; Rose et al., 2006).
Thus the relative variations of the accumulation mode particle concentrations and the
BC-mass concentrations can differ in magnitude, although both were affected by similar
anthropogenic sources.

19143

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 19129-19174, 2010

The synoptic and
pollution situation
during
EUCAARI-LONGREX

T. Hamburger et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/19129/2010/acpd-10-19129-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/19129/2010/acpd-10-19129-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

5.2 Temporal evolution of the CN number concentration over South Germany

To summarize the vertical distribution and temporal evolution of the pollution situation,
the vertical profiles over Southern Germany are examined. During take off from and
landing to Oberpfaffenhofen a set of vertical profiles were obtained covering the whole
time span of the EUCAARI-LONGREX campaign. Vertical CN profiles are compared
to the CN concentrations measured at HohenpeiBenberg located about 35 km south
west of Oberpfaffenhofen.

Figure 11 shows the CN number concentration measured during the vertical profiling
with the DLR Falcon 20 and the time series of the CN number concentration measured
at Hohenpeif3enberg in May 2008. In addition the mixing layer height at each day
at 12:00UTC is shown. The mixing layer height was retrieved from radio soundings
launched at OberschleiBheim/Munich (489 ma.s.l.) using the simple parcel method
(Holzworth, 1964; Seibert et al., 2000). This gives the possibility to study a continu-
ous evolution of the mixing layer height in the region of Munich (28 km northeast of
Oberpfaffenhofen, 65 km northeast of HohenpeiBenberg).

In the first half of May during the stable anticyclonic conditions median CN
number concentrations in the free troposphere above 3kma.s.l. were about 840—
1200 particles cm™3 (see Table 4). Median values inside the boundary layer reached
8200 particles cm™>. The boundary layer was well mixed vertically and increased
in depth to 3.1km above ground until 14 May. The time series at Hohenpeif3en-
berg also showed maximum number concentrations within in the first half in May.
The CN number concentrations measured at the ground station occasionally reached
10000 particles cm™3, but median concentrations were at 3600 particles cm™>. The ver-
tical profile for period (a) shows that median number concentrations were highest in
a layer between 1300-1600 m (12 000 particles cm™3; Fig. 11). With the change of
the meteorological conditions, the change of wind directions and the occurrence of
precipitation beginning on 15 May, number concentrations decreased and reached
2300 and 2700 particlescm‘3 for airborne measurements blow 3kma.s.l. and at
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Hohenpei3enberg, respectively. The vertical structure changed with changing syn-
optic conditions, too. The well mixed boundary layer shows a heterogeneous layering
in the second half of May. The maximum mixing layer height during period (b) occurs
on 21 May at 1.8 km above ground. Layers of enhanced CN number concentrations
could be observed in the upper troposphere above 6 kma.s.. We suggest that this
enhancement in the upper troposphere primarily occurs due to long-range transport of
air masses which was inhibited during period (a) by the anticyclonic blocking.

A comparison with previous airborne measurements performed from Oberpfaffen-
hofen (SCAVEX April/May 2001 and SCAVEX April 2002) reveals the highly polluted
boundary layer observed during EUCAARI-LONGREX over Southern Germany (see
Table 4 and Fig. 12). The number concentrations between 0-3 km a.s.l. during period
(b) of 2300 particles cm™3 lay in between the values of the two SCAVEX campaigns
(3300 and 2100 particles cm'3, respectively). In contrast, the number concentrations
during the high pressure conditions of period (a) exceed these values with a median
number concentration of 8200 particles cm™>.

5.3 Comparison between airborne and ground based measurements

One objective of the EUCAARI-LONGREX campaign was to link the measurements
at the ground stations within the EUCAARI intensive observing period to the airborne
measurements in order to assess the spatial and, in particular, vertical representative-
ness of the ground measurements. We focus here on the comparison of accumulation
mode number concentrations because of its small variability within the aerosol lifetime
inside a given air mass (Williams et al., 2002). Thus, in the absence of sources, the
spatial variation inside the given air mass should also remain small.

Figure 13 shows the accumulation mode number concentration of airborne mea-
surements versus ground based measurements to illustrate the correlation between
airborne and ground based measurements. The data used for the flight sequences
were measured inside the boundary layer with a maximum distance of 150 km to the
respective ground station. Each sequence covers one flight leg, i.e. a sequence during
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the flight when the aircraft was heading towards one direction on a constant level.
The flight legs cover a large spatial area (~50 km per flight leg) but a short time span
(~5min per flight leg). The data of the ground based measurements were averaged
using a time span of £3h around the time, when the flight legs close to the stations
were performed.

The correlation coefficient was 0.76 for FAAM BAe-146 measurements and 0.82 for
DLR Falcon 20 measurements. The lower value of the correlation coefficient for FAAM
BAe-146 measurements results from more frequent observations in more heteroge-
neous air masses as can be concluded from the higher standard deviations shown in
Fig. 13. The correlation of ground based and airborne measurements within the stan-
dard deviation of the selected sequences can be denoted as statistically significant on
a 99% confidence level. Hence the assumption can be made that the selected flight
sequences were performed within the same air mass as the one that was probed by
the ground stations with respect to temporal relatively stable aerosol properties.

6 Discussion

The overview on the meteorological and the pollution situation during the EUCAARI-
LONGREX campaign presented in the previous sections helps to gain insight into the
effects of synoptic events on the distribution of anthropogenic emissions over Europe.
During the stable anticyclonic blocking event in May 2008 pollutants accumulated within
the core region of the anticyclone due to the absence of thick cloud cover and precip-
itation and the inhibition of mixing of particles from the boundary layer into the free
troposphere. The anticyclone’s core was centred mainly over the Benelux states, the
northern part of Germany and Denmark. The anticyclonic blocking event and its sta-
tionary position was a special though not exceptional synoptic situation (Sect. 4). Sev-
eral climatologies of blocking events have shown that the European Atlantic region, at
the end of the Atlantic storm track, is the region with the highest frequency of blocking
events followed by the eastern Pacific region (e.g., Barriopedro et al., 2006; Tyrlis and
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Hoskins, 2008). The annual cycle shows maximum frequencies in the cold season.
A primary blocking episode genesis area for the eastern Atlantic region was found at
0° longitude (Barriopedro et al., 2006), compared to approximately 5° E for the blocking
in May 2008. The described blocking was located between 50° N-60° N, the latitude
where most blocking events occur. The mean duration of blocking events over Europe
was found to be between 7.6—8 days (Tyrlis and Hoskins, 2008). Thus, the blocking
event in May 2008 which lasted 12 days, was exceptionally persistent.

The transport of continental air masses caused by the anticyclonic conditions led
to pollution events in regions usually dominated by clean atmospheric conditions, i.e.
at the ground sites at Hyytiala and Mace Head. Hyytiala usually observes clean air
conditions with respect to aged anthropogenic pollution especially for wind directions
from N and NW leading to conditions favourable for new particle formation (Tunved
et al., 2003; Sogacheva et al., 2005). However two distinct pollution events could be
observed during period (a). The first event during the onset of the anticyclone showed
the maximum concentrations of accumulation mode number and BC-mass in May 2008
at the station. The wind direction occurring during this event (ESE) and FLEXPART
analysis show that the air masses originated from Eastern Europe. The measured BC-
mass concentrations for this case exceeded values observed for long-range transport
cases from Eastern Europe during preceding studies (Niemi et al., 2009). The second
pollution event lasted from 8 May until 12 May. It can be associated with the transport
of Central European pollution within the anticyclone. However, the concentrations of
the pollutants within the Central European air masses are smaller by a factor of 2-3
than the concentrations within the Eastern European air masses. This might be an
effect of the frequently occurring precipitation at the Norwegian mountain range or of
mixing with clean Arctic air masses during transport.

A detailed analysis of aerosol microphysical and chemical properties during the EU-
CAARI intensive observing period at Mace Head was accomplished by Dall’Osto et al.
(2009). In general the site provides favourable conditions for the study of natural air
pollution like sea-salt or biogenic organic aerosol resulting from phytoplankton blooms
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(O’Connor et al., 2008). Roughly 20% of the air masses arriving at Mace Head per
year, originate from continental Europe. They are most frequently observed in May
(Huang et al., 2001; Junker et al., 2006). Due to the eastward transport of continen-
tal air masses induced by the blocking anticyclone in May 2008 continental European
emissions could be measured at the Mace Head station. As discussed in Sect. 5.1
two pollution events were observed in May 2008 before the beginning of the intense
observing period at the ground stations on 15 May. These two events were followed by
a continuous occurrence of continental pollution until the end of May (Dall'Osto et al.,
2009). Minimum values of accumulation mode number and BC-mass concentrations
at the beginning of May were comparable to typical clean marine conditions in spring
and summer (Cooke et al., 1997; Yoon et al., 2007).

A more continuously increased level of accumulation mode number concentrations
related to the blocking event was observed at the continental background stations at
Vavihill and Hohenpeif3enberg. Both stations did not show the diurnal cycle of accumu-
lation mode number and BC-mass concentrations which could be observed at Melpitz
and Cabauw. The latter two stations showed minimum concentrations in the afternoon
and maximum concentrations in the morning. Diurnal cycles of particulate matter in
urban areas have been analysed in several previous studies (e.g., Kukkonen et al.,
2005; Schafer et al., 2006; Pernigotti et al., 2007; Pitz et al., 2008). Minimum concen-
trations of particulate matter frequently occur in the afternoon hours in polluted and
urban background regions. Vertical mixing during unstable stratification of the bound-
ary layer due to surface heating during daytime leads to mixing of surface pollution into
upper regions inside the increasing boundary layer. In contrast nocturnal temperature
inversion close to the surface increases the vertical stability and consequently inhibits
extensive vertical mixing of pollutants. Increasing traffic intensity in the morning is an
additional dominating factor for increasing concentrations of pollutants.

The ground station at Melpitz is located in a region affected by several anthropogenic
pollution sources (Hamed et al., 2010). Wind directions at Melpitz were most frequently
NE for period (a) as well as for period (b). Thus air masses were transported towards
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Melpitz via the Baltic Sea and the Baltic states. For similar transport conditions Engler
et al. (2007) observed similar accumulation mode number concentrations of 1100—
1400 particles cm™3. The accumulation mode number concentrations measured dur-
ing period (a) (1400 cm'3) and period (b) (1300 cm'3) also coincide with values for
aged continental aerosol of 1200 particles cm™3 given by Birmili et al. (2001). Highest
aerosol mass loadings usually occur during temperature inversion periods in wintertime
(Muller, 1999). Spindler et al. (2010) reported elevated aerosol mass loadings during
spring and summer, although not as high as during wintertime, for hot and dry mete-
orological periods. The four year study at Melpitz showed that elevated aerosol mass
concentrations occurred in May 2008, but were below elevated mass concentrations
observed in summer 2006 and spring 2007.

Highest median concentrations of anthropogenic pollutants at all six ground stations
were observed at Cabauw during period (a) (BC mass 0.70 ug m~2, see Table 3). This
is in agreement with the previously discussed transport of pollution from Germany to-
wards the West and the Benelux states during the anticyclonic blocking event.

The median CN concentrations over South Germany of the ground based
(3600 cm'3) and airborne measurements below 3km (8200 cm'3) show quite large
discrepancies regarding the absolute concentrations during period (a). The DLR Fal-
con 20 mainly flew above or east of Munich during take off from and landing to Oberp-
faffenhofen, i.e. downwind of Munich during period (a). Thus rather fresh emissions
from Munich were observed aboard the aircraft whilst the ground station at Hohen-
peiBenberg, 55km southeast of the Munich, mainly measured the enhanced back-
ground aerosol concentrations during period (a). This local variation of CN number
concentrations also emphasises the use of the less variable accumulation mode size
range (Williams et al., 2002) for the comparison of absolute number concentrations
between airborne and ground based measurements in Sect. 5.3.

The CN number concentrations serve to illustrate the vertical aerosol distribution
(see Fig. 12). Whilst an almost continuous negative vertical gradient from the surface
to the top of the boundary layer can be observed for period (b) and the two SCAVEX
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cases, the high number concentrations partly originating from the emissions of Munich
occur throughout the whole vertical column of the boundary layer during period (a).
Therefore a much more pronounced negative vertical gradient appears immediately
above the polluted boundary layer at the intersection into the clean free troposphere.
This is evident already from the averaged vertical profile in Fig. 12, which tends to
smooth out the vertical gradients on a case by case basis because of varying boundary
layer height. The gradient can be illustrated by the differences of the median values
between 0—-3 km and 3-6 km in Table 4. Whilst the number concentrations decreased
with height by a factor 10 during period (a), the number concentrations during period
(b) and the two SCAVEX cases decreased by a factor 2—4. This reflects the stable
layering of the troposphere during period (a) and suggests a trapping of anthropogenic
pollution particles during high pressure conditions inside the boundary layer.

One can conclude that the anticyclonic blocking event led to an accumulation of
anthropogenic pollution inside the boundary layer due to slower transport of locally
produced pollutants as observed by, e.g., Vignati et al. (1999). Only regions inside
the core of the anticyclone were affected by a continuous high load of anthropogenic
pollutions. However one has to consider that the region which was directly affected
by the anticyclone has a size of roughly 1000 km in diameter. Inside this large area
anthropogenic emissions of a multiplicity of sources could mix within the boundary
layer. Long-range transport of the pollution from Central Europe led to pollution events
outside the core region of the anticyclone.

7 Conclusions

A basic examination of the synoptic and pollution situation over Europe during the
EUCAARI-LONGREX campaign was accomplished using model data and ground
based and airborne measurements. This analysis gives an overview of the conditions
during the campaign. Detailed analyses of the results of the EUCAARI-LONGREX
campaign are given in accompanying papers (Mirme et al., 2010; Morgan et al., 2010;
McMeeking et al., 2010).
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In the first half of May 2008 a stable anticyclone blocking evolved over Central Europe
with its core located over the North Sea and Denmark. The subsiding air masses led
to mostly clear sky conditions over the influenced regions. The anticyclonic transport
of air masses followed a path from Scandinavia via the Baltic Sea to Poland and Ger-
many, from Germany over the Benelux States and the English Channel towards Great
Britain and from Great Britain via the Norwegian Sea back to Scandinavia. Within the
core region of the anticyclone Central European pollutions were partly re-circulated via
the North Sea and Southern Scandinavia to Northern Germany. Air masses arriving
at Hyytiala from northwest within in the anticyclonic transport showed lower concen-
trations of accumulation mode particles and BC-mass compared to Central European
regions but could be identified as distinct pollution events in the typically clean envi-
ronment (accumulation mode number: 330 cm™>, BC-mass: 0.17 pg m‘3). Increasing
concentration of pollutants could be observed following the transport pathway towards
the south at the ground stations at Vavihill (accumulation mode number: 760 cm‘s) and
Melpitz (accumulation mode number: 1400 cm™3, BC-mass: 0.44 Hg m'3). Maximum
pollution was found at Cabauw after the westward transport of air masses from Ger-
many and the uptake of anthropogenic emissions. Median BC-mass concentrations
during the anticyclonic conditions were 0.70 ug m~ at Cabauw. Due to the synoptic
conditions the highly polluted air masses were advected via South England to Ireland
and into the Atlantic southwest of Ireland and could be observed at the Mace Head
ground station.

The combination of ground based and airborne measurements shown in Sect. 5.3
allow for the interpretation of the measurement flights inside the spatial and temporal
framework given by the ground stations. The ground based data can now also be
extended into the vertical column using the vertical profile measurements of FAAM
BAe-146 and DLR Falcon 20.

The vertical structure of the CN number concentration showed a very stable layering
under the high pressure conditions. The vertical column inside the boundary layer was
well mixed but hardly any particulate pollution could escape into the free troposphere.
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After the anticyclone dissolved the vertical structure appeared much more heteroge-
neous. Removal of particles by precipitation and mixing of pollutants into the free
troposphere associated with unstable thermal stratification and resulting convection
led to a less distinct layering of the atmosphere. Increased number concentrations
throughout the upper troposphere above 6 km indicated occasional new particle forma-
tion during the second half of May 2008, which was inhibited by subsiding air masses
before, and long range transport arriving over Europe, which was blocked before by the
anticyclone.

The meteorological evolution over Europe during the EUCAARI-LONGREX cam-
paign allows studying European pollution at two different distinct synoptic situations.
Especially the blocking anticyclone in the first half of May 2008 led to stable meteoro-
logical conditions over Central Europe. This blocking anticyclone was not exceptional
and a type of event occurring typically 1-2 times in the season between April and
June per year. Such events lead to accumulation of particulate pollutants inside the
boundary layer as this study has shown for the May 2008 blocking event. The air-
borne measurements performed during the EUCAARI-LONGREX campaign allowed
to investigate the evolution of pollution on a continental scale at well defined meteo-
rological conditions. Further analysis of the airborne measurements covering aerosol
microphysical properties like aerosol mixing state and properties of aerosol size dis-
tributions as well as a detailed transport analysis of the probed air masses will be
examined in a forthcoming paper.
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the subsequent analysis. More information about EUCAARI-LONGREX can be found on
http://www.pa.op.dIr.de/aerosol/eucaari2008/.
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Table 1: Flight summary of DLR Falcon 20 and FAAM BAe-146 during the EUCAARI-
LONGREX campaign containing take off time (T/O) and landing time (L) of the flights
at local time (LT) and the median mean sea level pressure (MSLP) along each flight
track. The MSLP was retrieved from the ECMWF operational archive.
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Table 2: Grosswetterlagen (GWL) in May 2008 given by the DWD.

GWL Original definition (German) Translated definition (English) Date in 2008
B Tief Britische Inseln Low over the British Isles 28 Apr—2 May
HFa  Hoch Fennoskandien, antizyklonal Scandinavian High, Ridge C. Europe 3 May-6 May
HM Hoch Mitteleuropa High over Central Europe 7 May—11 May
HNa Hoch Nordmeer-Island, antizyklonal Icelandic High, Ridge C. Europe 12 May—14 May
TrTW  Trog Mitteleuropa Trough over Central Europe 16 May—18 May
NEa Nordostlage, antizyklonal Anticyclonic North-Easterly 19 May—24 May
NEz Nordostlage, zyklonal Cyclonic North-Easterly 25 May—27 May
SEz  Sldostlage, zyklonal Cyclonic South-Easterly 28 May-31 May
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Table 3: Median, 10th and 90th percentile values of the accumulation mode number
concentration, BC mass concentration and sea level pressure at the selected ground
stations. The averaging time was split up into two periods. Period (a) lasts from 1 May
2008 until 15 May 2008, period (b) from 16 May 2008 until 31 May 2008.

No.1-0.8,m (cM™°) BC (ugm™°) SLP (hPa)
Ground site Median P10 P90 Median P10 P90 Median P10 P90 Period
Hyytiala 330 120 1300 0.17 0.03 0.74 1019 1014 1024 a
360 190 610 0.15 0.06 0.26 1019 1007 1026 b
Mace Head 550 82 1900 0.23 0.03 0.96 1017 1007 1022 a
830 520 1500 0.33 0.18 0.55 1013 1007 1018 b
Vavihill 760 280 1200 1022 1016 1029 a
530 300 820 1019 1005 1023 b
HohenpeiBBenberg 1000 380 1400 0.39 0.20 0.59 1017 1013 1024 a
680 270 1300 0.40 0.14 0.72 1011 1007 1014 b
Melpitz 1400 690 2300 0.44 0.12 0.89 1021 1015 1027 a
1300 760 1900 0.56 0.19 1.00 1014 1007 1017 b
Cabauw 0.70 0.06 1.50 1019 1014 1026 a
1700 490 3100 0.54 0.18 1.20 1012 1007 1018 b
19160

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 19129-19174, 2010

The synoptic and
pollution situation
during
EUCAARI-LONGREX

T. Hamburger et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/19129/2010/acpd-10-19129-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/19129/2010/acpd-10-19129-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 4: CN number concentration median, 10th and 90th percentile values calcu-
lated from altitude bins with a thickness of 3km each. Concentrations are given at
standard temperature and pressure (STP). The vertical profiles were measured during
ascend and descend from and to Oberpfaffenhofen by the DLR Falcon 20 during sev-
eral measurement campaigns. The measurements during the EUCAARI campaign in
2008 were split up into two periods, period a from 1 May 2008 until 15 May 2008 and
period b from 16 May 2008 until 31 May 2008. The SCAVEX campaigns took place in
April/May 2001 and April 2002. Number concentrations are given in particles cm™°.

Altitude  Campaign Median P10 P90

9-12km EUCAARI 1200 730 3500
EUCAARlIa 1100 690 1700
EUCAARIb 1600 760 4600
SCAVEX 01 680 450 1300
SCAVEX 02 310 170 470

6-9km  EUCAARI 1200 620 2700
EUCAARlIa 1200 560 2000
EUCAARIb 1400 720 3400
SCAVEX 01 970 520 2100
SCAVEX 02 350 160 840

3-6km  EUCAARI 820 400 2000
EUCAARI a 840 370 2200
EUCAARI b 800 470 1800
SCAVEX 01 880 490 2100
SCAVEX 02 910 97 1600

0-3km  EUCAARI 5500 970 13000
EUCAARIa 8200 1000 14000
EUCAARIb 2300 930 8300
SCAVEX 01 3300 1200 13000
SCAVEX 02 2100 650 5700

HPB EUCAARI 3300 1600 6000
EUCAARlIa 3600 2500 6300
EUCAARIb 2700 1400 5700
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Fig. 2: FAAM BAe-146 (blue line) and DLR Falcon 20 (red line) flight tracks. Meteo-
rological situation on the flight days showing mean geopotential height (m) at 850 hPa
(solid gray line) and sum of daily precipitation (mm/d) (white to black shading). Mean
and sum values are calculated for 00:00-24:00 UTC on the respective day.
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Fig. 3: BC column mass concentrations retrieved from FLEXPART analysis between
6 May 2008 and 16 May 2008.
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Fig. 4: Time series of accumulation mode number concentrations (AM) in the size
range 0.1-0.8 um (particles cm’s) (1st panel, black squares), black carbon (BC) mass
concentrations (ug m'3) (2nd subplot, black squares), temperature (°C) (3rd subplot,
grey line), wind direction (°) (3rd subplot, black squares), mean sea level pressure
(hPa) (4th subplot, black line), and precipitation (mm/3 h) (4th subplot, grey columns)
for Hyytiala. The AM number concentrations are overlaid by airborne measurements
in the vicinity of the respective station inside the boundary layer. Blue circles denote
measurements performed by the FAAM BAe-146, red circles measurements performed
by the DLR Falcon 20. The BC mass concentrations are overlaid by an running average
(red line).
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Fig. 5: Same as Fig. 4 for Mace Head.
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Fig. 6: Same as Fig. 4 for Vavihill.
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Fig. 7: Same as Fig. 4 for Hohenpei3enberg.
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Fig. 8: Same as Fig. 4 for Melpitz.
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Fig. 9: Same as Fig. 4 for Cabauw.
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Fig. 11: Vertical profiles of CN number concentrations in the vicinity of Hohenpeif3en-
berg. The colour scale indicates the CN number concentration between 0 (blue

and 15000 (red) particles cm™3.  Concentrations exceeding 15000 particlescm™

are marked in magenta. Airborne measurements are given at standard tempera-
ture and pressure (STP). The mixing layer height retrieved from soundings at Ober-
schleiBheim/Munich at 12:00 UTC is shown as the black line with height shown on the
left hand side vertical axis. The time series on the bottom of the graph depicts the CN
number concentration measured at the ground station at Hohenpei3enberg.
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Fig. 12: Comparison of the vertical distribution of total particle number concentrations
during the EUCAARI-LONGREX campaign (May 2008) and the two SCAVEX cam-
paigns (April/May 2001 and April 2002). Thick black lines indicate the median values
of bins with a vertical depth of 250 m, gray shade values between 25th and 75th per-
centiles. Concentrations are given at standard temperature and pressure (STP).
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