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Abstract

Airborne high spectral resolution lidar observations over Europe during the EUCAARI
field experiment in May 2008 are analysed with respect to spatial distribution and opti-
cal properties of continental pollution aerosol. Continental aerosol is characterized by
its depolarisation and lidar ratio. Mean values of 6% % 1% for the particle linear depo-
larisation ratio, and 56 sr + 6 sr for the lidar ratio were found for pollution aerosol. Both,
lidar ratio and depolarisation ratio at 532 nm show virtually no variations for all analysed
days during the measurement campaign.

1 Introduction

Aerosol particles are a main component of the atmosphere and affect the Earth’s cli-
mate system in two different ways. They scatter and absorb the solar and terrestrial
radiation, and they act as cloud condensation nuclei and for this reason influence cloud
properties. According to the findings of the IPCC (Foster et al., 2007) the current level
of scientific understanding of the impact of aerosols on the global climate system is
considered as medium to low. The effect of aerosols depends on the spatial and verti-
cal distribution of aerosols, on their chemical and microphysical properties, as well as
on the reflectance of the underlying surface and the presence of clouds. As aerosols
show a large spatial and temporal variability their impact on regional scale can be quite
different (IPCC, 2007). To improve our knowledge on the impact of aerosols on the
Earth’s climate system, long-term observations and coordinated observations during
intensive field campaigns (such as closure studies, Quinn et al., 1996) are crucial. Fur-
thermore, the presence of aerosols in the lower atmosphere plays a significant role in
air quality and health considerations.

The EUCAARI (European integrated project on Aerosol Cloud Climate and Air
Quality Interactions) project is part of the 6th framework program of the European
Commission and aims to investigate the role of aerosols on climate and air quality
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(Kulmala et al., 2009). Embedded in the EUCAARI intensive observational period,
the aircraft field experiment EUCAARI-LONGREX (Long Range Experiment) was con-
ducted in May/June 2008 to investigate physical and chemical properties of atmo-
spheric aerosols within the free troposphere and the boundary layer on European
scale. Essential activities of this experiment included a comprehensive characteriza-
tion of main aerosol types over Europe and their exchange between boundary layer
and free troposphere. Spatial and temporal gradients of aerosol loading were investi-
gated to evaluate aerosol sources and sinks. Moreover, the experiment included a clo-
sure study of aerosol optical thickness observed from ground, sky and space. During
EUCAARI-LONGREX two research aircraft were based at the airport of Oberpfaffen-
hofen, Germany. The Falcon 20 jet, operated by the German Aerospace Centre (DLR),
equipped with a nadir viewing HSRL (High Spectral Resolution Lidar) and a compre-
hensive in-situ instrumentation generally focused on the upper troposphere and occa-
sionally guided the low flying British BAe-146 (FAAM, Facility for Airborne Atmospheric
Measurements) into specific aerosol layers. Above ground observation sites and other
regions of particular interest the Falcon flew stacked vertical profiles in order to sample
the atmospheric column from high altitude down to the boundary layer.

Airborne lidar instruments are particularly suitable to observe both, the horizontal
and the vertical distribution of aerosol structures on a regional scale. The advantage
of HSRL over normal backscatter lidar is the ability to directly measure the extinction-
to-backscatter ratio (lidar ratio) of aerosols (Shipley et al., 1983; Shimizu et al., 19883).
The value of this quantity depends on the physical properties of aerosols, namely the
size distribution, the complex index of refraction and the morphology (Evans, 1988).
It does not depend on its concentration. Previous studies show that the lidar ratio is
a suitable measure to classify different types of aerosol (Mdller et al., 2007; Mattis
et al., 2004). Currant spaceborne lidars such as the Cloud Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) instrument (Winker et al., 2007) measure
the attenuated backscatter signal on a global scale. The retrieval of vertical aerosol ex-
tinction profiles relies on a-priori assumptions on the lidar ratio. Therefore, the accuracy
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of the retrieved extinction profile is determined by the assumed lidar ratio. The results
of airborne HSRL measurements can be helpful to improve the informative value of
spaceborne measurements. This paper focuses on the analysis of the airborne HSRL
measurements of the aerosol lidar ratio and the particle linear depolarisation ratio taken
during the first half of EUCAARI-LONGREX (6 May to 14 May). Both quantities only de-
pend on the particle properties of the aerosol type and can be used to classify different
types of aerosol.

2 Methods
2.1 DLR Falcon HSRL

During the EUCAARI-LONGREX field campaign a HSRL system was operated on
board the DLR Falcon research aircraft. This system originally has been developed as
an airborne demonstrator for a possible future spaceborne multi-wavelength differen-
tial absorption lidar (DIAL) for water vapour measurements at 935 nm (WALES — Wirth
et al., 2009). In addition to the H,O-channels the system provides backscatter and de-
polarisation channels at 1064 nm and 532 nm for aerosol characterization. At 532 nm
a molecular channel is implemented for the HSRL measurements. The HSRL receiver
channel was already successfully deployed during former field campaigns. A detailed
technical description of the HSRL system and a presentation of its measurements can
be found in Esselborn et al. (2008) and Esselborn et al. (2009). Typically, the system
allows signal integration times as short as a few seconds with an acceptable statistical
error of less than 5 % in the backscatter data. The vertical resolution of the profiles is
15m for all backscatter and depolarisation data. For the extinction and lidar ratio pro-
files the vertical resolution is 360 m—700 m which is due to the necessary numerical
differentiation of the extinction retrieval. Relative systematic errors of the backscat-
ter measurements are typically 4 % to 8 %, statistical errors are typically <1% and
therefore negligible. For the extinction measurements the relative systematic errors are
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usually less than 5%, so that statistical errors of typically 5% to 20 % are dominant.
Relative systematic errors of the depolarisation measurements are primarily due to
mechanical accuracy of the calibration measurement and result in a relative error of
the particle linear depolarisation ratio of the order of 10% to 16 % (Esselborn et al.,
2008). Because of eye safety regulations in the considerably frequented airspace over
Europe, HSRL measurements at 532 nm were restricted to places which were cleared
by air traffic control.

2.2 Meteorological conditions during EUCAARI

The synoptic situation of the first half of the EUCAARI-LONGREX field campaign, from
6—14 May 2008, was dominated by a persistent high-pressure blocking system, remain-
ing almost stationary over Southern Sweden and Denmark (Fig. 1). Due to the stability
of the system during the main part of the campaign, a constant east-west transport of
air-mass could be observed in Central Europe. The absence of precipitation during this
period favoured the accumulation of pollution aerosol in the continental boundary layer.
Figure 1 shows the typical meteorological situation during the first half of the campaign
exemplarily for the geopotential and wind at 850 hPa on 10 May 2008.

From 11 May to 14 May the high-pressure system moved westward, north-east of
the British Islands and started to decay on 14 May. The second half of the field cam-
paign was characterized by an undefined advection mostly from northerly directions.
A detailed description of the meteorological situation during the EUCAARI-LONGREX
campaign can be found in Hamburger et al. (2011).

Figure 2 shows a backward trajectory analysis for the five Falcon flight missions dur-
ing the first half of the field campaign. The backward trajectories show a circulated flow
pattern and advection from eastern directions. The trajectories were calculated with
the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler
and Rolph, 2012) and the NCEP Global Data Assimilation System (GDAS) data, and
start at the times and places the HSRL measurements were analysed. The duration is
five days backward for all trajectories.
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2.3 Flight missions during EUCAARI

A total of 48 flight hours were performed during 14 flight missions (Hamburger et al.,
2011). Due to the persistent high pressure system transporting air masses in west-
erly directions, the flights were restricted to areas north of the Alps. Figure 3 shows
a compilation of all Falcon flight missions performed during EUCAARI-LONGREX.

During EUCAARI-LONGREX the German Falcon operated out of Oberpfaffenhofen
airport (48.08 N, 11.29 W). The flight patterns of the Falcon were designed for lidar ob-
servation at high altitude and subsequent in situ profiling over the instrumented ground
stations and other specific regions identified by lidar.

3 Results and discussion

Due to the meteorological conditions, only measurements during the first half of the
campaign are used for the characterization of pollution aerosols. This restriction is
necessary to make sure that pollution aerosol was the dominant, if not the only aerosol
type within the observed aerosol layers, and to ensure high aerosol load within these
aerosol layers to achieve high accurate measurements with resulting small uncertain-
ties. We present a case study on 14 May 2008 to exemplarily show an analysis of the
used measurement data. This day was chosen, as extensive data analyses in terms of
a closure study are available for that day, i.e. lidar measurements, vertical profiling of
in-situ measurements, and satellite (PARASOL) overpass (Kulmala et al., 2011).

3.1 Case study of pollution aerosol on 14 May 2008

The flight mission on 14 May 2008 was dedicated to coordinated observations of a pol-

lution aerosol plume west of Ireland. To ensure maximum flight endurance west of the

coast of Ireland the Falcon aircraft was transferred to Shannon/Ireland the day before

and performed a local flight on 14 May 2008. (The Falcon flight track is shown in Fig. 3

in the yellow line.) The location west of the Irish coast was chosen due to a forecasted
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pollution transport event. Backward trajectories (Fig. 2 red line) show, that the observed
air masses were transported from western directions, and crossed Northern Germany,
the Netherlands, Southern England and Southern Ireland on their way. The mean flight
altitude during this flight leg was 10 km. The colour coding in Fig. 4 indicates the aerosol
optical depth (AOD) between flight altitude and ground along the flight track. The AOD
ranged between ~ 0.1 near the Ireland Coast and ~0.5. The AOD was significantly
higher in the south-eastern part of the flight leg.

The lidar backscatter ratio (Fig. 5) indicated the aerosol layers along the flight path,
in the marine boundary layer and in the free troposphere up to about 4.5 km altitude.
The aerosol structure was inhomogeneous with several elevated layers.

In order to allow the analysis of air masses of pure continental origin having not
being influenced by marine boundary layer and/or advection the HSRL data was filtered
according to the following criteria:

1. The residence time of the aerosol over the European Continent without Scandi-
navia is larger than 36 h.

2. During these 36 h the trajectories stayed below 2.5km (750 hPa).

3. During the last 12h before measurements the trajectories have been above
0.8 km (930 hPa) over the ocean.

Furthermore, we choose measurement periods with sufficient aerosol load and ver-
tical homogeneity of the layering to avoid uncertainties due to inhomogeneity in the
averaged data. Accordingly, a part in the middle of the flight region was chosen for
a detailed study, which is indicated in Fig. 5 by the red rectangle. The mean profiles of
the particle backscatter coefficient, the particle extinction coefficient, the particle lidar
ratio and the particle linear depolarisation ratio are shown in Fig. 6.

From these profiles, a two layer structure of the selected time period is observable.
The lower layer reaches up to about 1.4km and shows a mean lidar ratio of 60 sr
and a mean particle linear depolarisation ratio of about 5%, the upper layer (from
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about 1.7km to 2.5km) shows a mean lidar ratio of about 67 sr and a mean value
of the particle linear depolarisation ratio of about 6 %. The mean particle extinction
coefficient in the lower layer is about 0.2 km_1, whereas the maximum value of the
particle extinction coefficient in the upper layer is only 0.1 km™". The latter results are
in very good agreement with the vertical profiles of the extinction coefficient derived
from the in situ particle size distribution measurements on board the Falcon aircraft

(Kulmala et al., 2011).
3.2 General findings of all pollution cases

In the previous subsection we presented an analysis of the case study on 14 May
2008 as an example. Now we consider all analysed lidar measurements of pollution
cases during the first half of the EUCAARI-LONGREX campaign. To get an overview
of the temporal and spatial distribution of the pollution aerosols Fig. 7 shows verti-
cal profiles of the backscatter coefficient, the extinction coefficient, the lidar ratio and
the particle linear depolarisation ratio (all at 532nm) for the remaining four HSRL
measurements. The profiles correspond to measurements at the south-eastern coast
of England on 6 May (11:02UTC), near Melpitz, Germany, on 6 May (16:08 UTC),
near Cabauw, Netherlands, on 8 May (14:45UTC), and near Cottbus, Germany, on
13 May (11:24 UTC). The backscatter coefficient for these measurements ranged be-
tween about 0.001km™"sr™" to about 0.002km™" sr™" within the pollution layers. The
corresponding extinction coefficient in the pollution layer was about 0.1 km~'. The li-
dar ratio of pollution aerosol ranged between 33 sr and 77 sr, and the particle linear
depolarisation ratio showed values between 3% and 11 %.

As the lidar ratio and the particle linear depolarisation ratio are intensive aerosol
properties, i.e. they are only dependent on the aerosol type and not on the aerosol
concentration; we will have a closer look on these two aerosol properties. Lidar ratio
and particle linear depolarisation ratio information for the different considered days,
as well as information on the considered height level and measurement location are
summarised in Table 1. Regarding all measurements included into this study, the mean
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lidar ratio is 56 sr + 6sr. The mean particle linear depolarisation ratio is 6% + 1%. The
+-values indicate the standard deviation including all selected measurements. Figure 8
shows the lidar ratio plotted against the particle linear depolarisation ratio for selected
flight tracks according to the trajectory criteria described above. The grey dots show the
results of all measurement points considered as pollution aerosols. The mean values of
lidar ratio and particle linear depolarisation ratio within the pollution layers of the vertical
profiles (Figs. 6 and 7) are colour-coded corresponding to the trajectories shown in
Fig. 2. Although the measurements were performed at different places over Europe
and at different times during the first half of the campaign, the lidar ratio and particle
linear depolarisation ratio of the different measurements show no variation for pollution
aerosol particles within the measurement accuracy (Fig. 8 and Table 1).

Figure 9 shows the histograms of the observed lidar ratio and the particle linear
depolarisation ratio, respectively. Regarding all considered measurements during the
first half of the EUCAARI-LONGREX campaign, a lidar ratio between 50 sr and 65 sr is
observed at about 75 % of the measurement points. The median is 56 sr. Lidar ratios
around and below 40 sr, found for about 5% of all measurement points, may indicate
rural particles (Evans, 1988; Anderson et al., 2000) or aerosol mixtures.

For the particle linear depolarisation ratio about 40 % of all measurement points show
values between 5% and 6 %, and about 75 % of all measurement points show values
between 4 % and 7 %. The median is 6 %.

But not only the lidar ratio and the particle linear depolarisation ratio are only depen-
dent on the aerosol type. Also the colour ratio, i.e. the ratio of the particle backscatter
coefficients at 532 nm and at 1064 nm, is independent of the aerosol concentration. It
provides information about the particle size. Colour ratios around one indicate large
particles, while colour ratios around two and higher are an indication for small particles
compared to the lidar wavelength. For the layers of pollution aerosol observed during
the first half of the EUCAARI-LONGREX campaign, a mean colour ratio of 2.4 was
found, indicating small, submicron particles. More than 85 % of all data points show
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a colour ratio between 2.0 and 2.8, and less than 3.7 % show colour ratios lower than
2.0 (see Fig. 10), an indication that no large particles were present.

3.3 Discussion

The characterization of polluted air masses is an active research topic concerning air
quality and climate effect. Therefore a number of papers report about measurements
within polluted air masses. Lidar ratios of pollution aerosols over Central Europe were
reported by Wandinger et al. (2002). They found values of 50 sr—65 sr at 532 nm from
Raman lidar measurements. Ansmann et al. (2000) found lidar ratios of 60 sr—90 sr in
polluted aerosol layers over India, measured with a Raman lidar system during the field
campaign INDOEX. Miller et al. (2001) reported about mean lidar ratios of about 60 sr
for the same measurement experiment. During the ACE-2 field campaign Raman lidar
measurements in polluted aerosol layers over Portugal showed lidar ratios of 50 sr—
70 sr (Ansmann et al., 2001). Xie et al. (2008) found values of 61 sr+ 14sr in moder-
ately polluted aerosol layers over Beijing, China. Using a 180° backscatter nephelome-
ter lidar ratios of 64 sr+4sr for pollution aerosol over lllinois (Anderson et al., 2000),
and 60 sr—70 sr for continental aerosols were observed (Doherty et al., 1999). Inver-
sions from AERONET (Holben et al., 1998) sun-photometer measurements resulted in
values of 71sr+ 10sr for industrial pollution over Europe, and over Middle and North
America (Cattrall et al., 2005). Measurements over South-East Asia resulted in values
of 58sr+ 10sr for industrial pollution aerosols (Cattrall et al., 2005). While a number of
papers deal with the lidar ratio of industrial pollution or urban haze, measurements of
the particle linear depolarisation ratio of this aerosol type are rare. Miller et al. (2007)
reported about particle linear depolarisation ratios for urban haze of about or lower 5 %
over Central and South-West Europe, and over North America. Burton et al. (2012)
found values between 2—11 %. In polluted air masses over Beijing, China, mean values
of the particle linear depolarisation ratio of 7 % were found (Xie et al., 2008). Our val-
ues of 56sr+ 6sr and 6% + 1% for pollution aerosols agree well with former findings.
Considering the uncertainties of the different measurements, neither in the lidar ratio
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nor in the particle linear depolarization ratio a dependence on measurement location
and measurement time is obvious.

The meteorological conditions and the flight strategy during EUCAARI-LONGREX
were best suited to study pollution aerosols with respect to location and age of the
aerosols. Airborne HSRL measurements are an excellent tool to characterize aerosols,
as they provide high-resolved temporal and vertical information on the aerosol distribu-
tion and optical properties with high accuracy. During all measurements included into
this study, pollution aerosols over and from different locations across Europe and of dif-
ferent age could be observed. Even with the high accuracy of our lidar measurements,
no differentiation of pollution aerosols from different origin and age was possible. Also
no significant differences of the observed optical properties to former findings could
be found. This is in particular valuable to define the aerosol type “pollution aerosol”,
and to determine the right input parameter for aerosol retrievals, e.g. of satellite instru-
ments such as CALIOP. Furthermore, the characterization of the aerosol type “pollution
aerosol” is valuable to distinguish pollution aerosol from other aerosol types and to de-
termine mixtures with other types of aerosols, as it is most probably the case for the
measurements on 6 May — 11:02 UTC north-east of the English coast and on 14 May
south-west of the Irish coast. On both days the values of the lidar ratio decrease with
decreasing height (below about 1 km). This is an indication for the mixture with marine
aerosols, which have similar values for the particle linear depolarisation ratio, but lower
values (of about 18 sr — GroR et al., 2011) for the lidar ratio.

4 Conclusions

During the EUCAARI-LONGREX field campaign airborne HSRL observations were
performed over Europe to characterize the optical properties and the spatial distribution
of pollution aerosol.

A total of 14 Falcon flight missions including 48 flight hours were performed. The
meteorological conditions were determined by a persistent high pressure system over
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the North Sea during the first half of the observing period and a northerly advection
during the second half. Especially during the first half high AOD values have been
observed due to the build-up of a pollution layer in the absence of precipitation.

The main goal of this study was to determine lidar derived optical properties for Euro-
pean pollution aerosols. From all flight missions 5 flight legs were selected during which
mainly continental pollution aerosol has been observed. The selection was made on
the basis of backward trajectory analysis. The mean lidar ratio of the pollution aerosol
is 56 sr+ 6sr. The mean depolarisation ratio is 6 % + 1 %. The characteristic quantities
determined by HSRL such as the lidar ratio and the depolarisation ratio of the aerosol
show virtually no dependency on the location of the measurement or on the age of
the aerosol plumes. This is in particular valuable to define an aerosol type “pollution
aerosol” and to distinguish it from other aerosol types. The possibility to classify dif-
ferent aerosol types by means of lidar derived optical properties is subject of further
research work (Grof3 et al., 2012).
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Table 1. Lidar ratio (LR) and particle linear depolarisation ratio (PDR) at 532 nm, and their

statistical information determined from analysed Falcon flights.

Date Lat Lon Time Altitude Range LR mean+std Range PDR meanzstd Range
(UTC) (km) (s (sn) (%) (%)
6May 528 1.6 11:02 0.5-1.3 52+6 33-69 6+1 3-8
6May 514 11.4 16:08 1.3-2.3 53+5 40-68 61 4-7
8May 514 5.7 14:45 01.-1.3 59+5 44-72 81 6-11
13May 51.5 13.7 11:24 1.0-2.0 52+3 42-55 7+1 7-10
14May 515 -129 11:30 0.5-1.4 60+5 50-70 5+1 5-9
Over all 56+ 6 33-72 61 3-11
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Fig. 2. 5-day backward trajectories for the locations of flight missions during the first half of

the EUCAARI-LONGREX field campaign. The trajectories start in height levels identified by the
lidar measurements and considered as pollution aerosols (see Table 1).
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Fig. 3. Falcon flight tracks during EUCAARI-LONGREX.
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Fig. 4. AOD at 532nm along the Falcon flight track south-west of Ireland on 14 May 2008.
“nodata” marks areas in which the calculation of AOD was prevented by clouds, or by biased

measurements caused by spiralling.
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Fig. 7. Vertical profiles of backscatter coefficient (BSC), extinction coefficient (EXC), lidar ratio
and particle linear depolarisation ratio (PDR) at 532 nm for selected measurement periods
during the first half of the EUCAARI-LONGREX campaign. The red error bars indicate the
systematic errors; the green error bars indicate the statistic errors.
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Fig. 8. Scatterplot of lidar ratio vs. particle linear depolarisation ratio (both at 532 nm) for mea-
surements within pollution aerosol layers during the first half of the EUCAARI-LONGREX cam-
paign. The grey dots show all lidar measurement points within pollution layers, the colour-coded
squares show the mean values within the pollution layers of the vertical profiles presented in

Figs. 6 and 7.
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Fig. 9. Frequency distribution of the lidar ratio (left panel) and the particle linear depolarisa-
tion ratio (right panel) at 532 nm for all considered measurements during the first half of the

EUCAARI-LONGREX campaign.
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