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ABSTRACT

In the framework of regular EARLINET observations
aerosol layers can be observed in the upper tropo-
sphere - lower stratosphere (UTLS) region above Eu-
rope since summer 2008. FLEXPART transport simula-
tions show that the origin of those layers are eruptions
of different volcanoes on the Aleutian Islands, Kam-
chatka, Alaska, and on the Kuril Islands. The aerosol
layers extended up to a maximum height of 30km
whereas the strongest aerosol layers could be found in
the tropopause region. Optical depth at 532 nm was in
the range between 0.004 and 0.016. Multi-wavelength
Raman lidar observations over Leipzig show a strong
wavelength dependence of the backscatter coefficients
and extinction coefficients. Lidar ratios at 355nm are
significantly larger than those at 532nm. The effective
radius was estimated to be 0.1um.

1. INTRODUCTION

Regular multi-wavelength Raman lidar observations of
the vertical aerosol distribution have been performed
at the Leibniz Institute for Tropospheric Research (IfT),
Leipzig, Germany since 1996. Our measurements in
the past 12 years did not show any major event of vol-
canic aerosol pollution in the UTLS region (1). The sit-
uation changed due to a series of strong eruptions of
volcanoes on the Aleutian Islands, Kamchatka, Alaska,
and on the Kuril Islands since summer 2008. Table 1
lists the corresponding volcanoes, their location, and
the estimated maximum height of the emitted gas or ash
plumes. All volcanoes are located between 40 °N and
70°N. The eruption dates can be seen from Fig. 1.

It has been observed after previous major volcanic
eruptions (e.g., El Chichon and Pinatubo) that the trans-
port of volcanic aerosols from the stratospheric reser-
voir into the upper troposphere occurs quite slowly.
Such aerosols can act as cloud condensation nuclei
and may influence cloud properties in the upper tropo-
sphere over years.

After the eruption of Pinatubo it was for the first
time possible to measure optical properties of volcanic
aerosol in the stratosphere with the Raman method (2).
The Raman method allows for an independent determi-
nation of extinction and backscatter coefficients (3). The
particle extinction-to-backscatter (lidar) ratio contains
information on particle size and particle light-absorption

Table 1. Major volcanic eruptions in the north-
ern hemisphere since July 2008. The informa-
tion have been obtained from www.avo.alaska.edu
and from www.volcanodiscovery.com

volcano location plume height

Okmok Aleutians 15km
Kasatochi | Aleutians 15.2km
Shiveluch | Kamchatka 8.8km
Cleveland | Aleutians 6 km
Redoubt Alaska 20 km
Sarychev Kuriles 12km

and thus allows for a rough estimation of microphysical
parameters of stratospheric aerosols (4).

The volcanic layers of 2008 and 2009 can be studied
in much more detail by the continental-scale network of
multi-wavelength Raman lidars of the European Aerosol
Research Lldar NETwork EARLINET (6). The wave-
length dependence of the backscatter and extinction co-
efficients and of the lidar ratios allow for a more detailed
differentiation of aerosol types and for the direct retrieval
of microphysical aerosol parameters like effective radius
and single-scattering albedo (7; 8). There was a ma-
jor effort during the past years to extract characteristic
optical properties for different aerosol types from multi-
wavelength Raman lidar measurements (8). This kind
of aerosol model is used, e.g., for the analysis of data
from simple backscatter lidars like the CALIPSO lidar
CALIOP. Unfortunately those aerosol models as well
as the CALIPSO retrieval algorithm do not yet contain
stratospheric aerosols. Studies on the 2008/2009 vol-
canic layers can fill this gap.

2. INSTRUMENTATION

From measurements with the IfT multi-wavelength Ra-
man lidar we obtain vertical profiles of backscatter co-
efficients at 355, 532, and 1064 nm, extinction profiles
at 355 and 532nm as well as depolarization ratio pro-
files at 532 nm. The lidar system and data analysis are
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Figure 1. Time series of aerosol layers in the
ULTS region in terms of backscatter coefficient at
1064 nm. The individual profiles have been ob-
tained with the Klett method (5). Black lines indi-
cate the tropopause heights of the individual ob-
servations. The date is give in the format YYM-
MDD.

described by (9; 10) and (11).

For aerosol observations in the free-troposphere the rel-
ative errors of the particle backscatter and extinction co-
efficients and the lidar ratio are of the order of 5%-20%,
15%-40%, and 20%—60%, respectively. In some cases
the Raman signals in the stratosphere are too noisy and
do not allow for an calculation of backscatter and extinc-
tion coefficients with the Raman method.

For the documentation of the temporal development
of the stratospheric plume we applied the Fernald
method (5) to the 1064-nm signals. The signals have
been smoothed with window lengths between 1260 and
2400 m. The calibration was performed in such a way
that the mean backscatter values are zero above the
stratospheric layer. The uncertainty of the derived pro-
files due to a wrong assumption of the lidar ratio is negli-
gible because of the very low optical depth of the strato-
spheric layers.

The origin of the aerosol layers in the UTLS region was
determined with FLEXPART simulations. FLEXPART is
a Lagrangian particle dispersion model (12). It treats
long-range transport, dry and wet deposition, turbulent
diffusion, and convection. The transport simulations are
driven by meteorological analysis data from the Global
Forecast Model (GFS) which have a horizontal resolu-
tion of 1°x1°. We used archived GFS data with a tem-
poral resolution of 6 hours (13). We performed simula-
tions backward in time (starting at location and time of
the lidar observation) as well as simulations forward in
time (starting at time and location of the volcanic erup-
tions). Fig. 2 illustrates an example for a forward simu-
lation of the Redoubt eruption on March 23, 2009.

3. OBSERVATIONS

IfT is an EARLINET station since 2000. That means
that we have a scheduled measurement plan with three
observation times per week, Mondays around noon
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Figure 2. Example for source identification of the
aerosol layers. The background shows the result
of FLEXPART forward simulation. The color cod-
ing indicates the probability that air parcels from
the Redoubt eruption on March 23, 2009 arrived
over Leipzig. The column within the black frame
shows the lidar observation of April 1, 2009 (see
Fig 1).

and after sunset, and Thursdays after sunset. There
are about 10 additionally scheduled measurements per
month in the framework of the EARLINET correlative
measurements for CALIPSO (6). About half of the
scheduled measurements could not be performed be-
cause of rain, snow, or fog.

3.1. Time series

Fig. 1 and Fig. 3 show the temporal development of the
aerosol load in the UTLS region from July 2008 to July
2009 in terms of backscatter coefficients at 1064 nm. A
first aerosol layer in the tropopause region could be ob-
served on July 28, 2008. Transport simulations indicate
that these layers probably originated from the Okmok
eruption. A very strong aerosol layer in the upper tro-
posphere was detected on August 21, 2008. This layer
came probably from the Kasatochi eruption.

The largest vertical extend of about 30 km could be ob-
served on December 8, 2008. In November and De-
cember 2008 the upper troposphere was almost clean,
but the aerosol content above the tropopause remained
almost constant.

Another strong increase of the aerosol load in the
tropopause region occurred in spring. Fig. 2 illustrates
how the measurement of April 1, 2009 can be attributed
to the Redoubt eruption of March 23.

After the eruption of the Sarychev volcano in mid June
2009 we observed several very thin, separated aerosol
layers in the stratosphere. Fig. 4 illustrates this behav-
ior. It shows the measurement of July 15, 2009 in com-
parison to the observation of April 13, 2009. In April
we detected a broad layer around 9km height, but in
July there were very thin layers in 12, 15, and 17.5km.
Similar thin layers have been observed also by other
EARLINET stations and with CALIPSO. The thin layers
dispersed and layer depth increased up to 4km by the
end of July 2009 (see http://polly.tropos.de/martha).
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Figure 3. Selected profiles from the time series in
Fig 1. The profiles have been obtained with a ver-
tical resolution of approximately 1200 m. Horizon-
tal lines indicate the tropopause heights of the in-
dividual observations. The format of the date axis
is DD.MM.YY.

After the eruptions of EIChichon and Pinatubo the vol-
canic plumes arrived over central Europe within the
stratosphere. In contrast, during the 2008/2009 event
the arriving volcanic plumes seems to 'ignore’ the
tropopause. They appear below, above, or around the
tropopause height. This behaviour may be due to the
fact that the 2008/2009 eruptions occured in midlati-
tudes but not in the tropics.

3.2. Multi-wavelength Raman lidar measure-
ments

Fig. 5 and Table 2 provides example data sets of multi-
wavelength Raman lidar data of volcanic aerosols in the
UTLS region. In both cases the linear volume depolar-
ization ratios indicate that the layers consisted of spher-
ical particles. The volcanic layer on August 21, 2008
had an optical depth at 532 nm and 355 nm of 0.016 and
0.046, respectively. On January 12, 2009 the values of
the optical depths were smaller by a factor of four. On
August 21 the aerosol particles were concentrated in
the upper troposphere, between 7.5 and 9.7 km height.
In contrast, the volcanic plume extended from 7.5 km up
to 27.5km height on January 12 (see Fig. 3).

In both cases the lidar ratios are very uncertain with
values of about 34sr and 45-65sr at 532nm and
355 nm, respectively. The extinction coefficients show
a strong wavelength dependence with Angstrom expo-
nents with values of larger than 2. In both cases the
backscatter-related Angstrém exponent for the 355-nm-
532-nm wavelength range is larger than for the 532-nm-
t0-1064-nm range. Effective radii are about 0.1um.

4. SUMMARY AND OUTLOOK

We performed multi-wavelength Raman lidar observa-
tions of aerosol layers in the UTLS region over Leipzig.
The measurements and their analysis will be continued.
We demonstrate that it is possible to derive backscat-
ter and extinction coefficients at multiple wavelengths
as well as microphysical aerosol properties from those

Heighta.g., km

19:05 19:29 19:53 20:18 20:42 21:06
Time, UTC

Height a.g., km

21:55 22:54 23:53 00:53 01:52 02:51
Time, UTC

Figure 4. Range-corrected signal at 1064 nm. The
observations were performed over Leipzig on April
13, 2009 (top) and July 15, 2009 (bottom).

measurements. This kind of analysis will be applied to
more cases of the UTLS measurement series.

The data of all EARLINET stations and of CALIPSO
overpasses will be used to study the spatial and tem-
poral variability of the stratospheric layers.

Multi-wavelength observations of the EARLINET Ra-
man lidars can provide input data for an extended
aerosol model that contains also stratospheric aerosols.
This new model can improve CALIPSO’s aerosol type
detection algorithm and retrieval algorithm.
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