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[1] Since 2000, regular lidar observations of the vertical aerosol distribution over Europe
have been performed within the framework of EARLINET, the European Aerosol
Research Lidar Network. A statistical analysis concerning the vertical distribution of the
volume light extinction coefficients of particles derived from Raman lidar measurements
at 10 EARLINET stations is presented here. The profiles were measured on a fixed
schedule with up to two measurements per week; they typically covered the height range
from 500 m to 6000 m above ground level (agl). The analysis is made for the planetary
boundary layer (PBL) as well as for several fixed layers above ground. The results
show typical values of the aerosol extinction coefficient and the aerosol optical depth
(AOD) in different parts of Europe, with highest values in southeastern Europe and lowest
values in the northwestern part. Annual cycles and cumulative frequency distributions
are also presented. We found that higher aerosol optical depths in southern Europe
compared to the northern part are mainly attributed to larger amounts of aerosol in higher
altitudes. At 9 of the 10 sites the frequency distribution of the aerosol optical depth in the
planetary boundary layer follows a lognormal distribution at the 95% significance
level. INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols and particles (0345,

4801); 0345 Atmospheric Composition and Structure: Pollution—urban and regional (0305); 3309

Meteorology and Atmospheric Dynamics: Climatology (1620); 3360 Meteorology and Atmospheric

Dynamics: Remote sensing; KEYWORDS: aerosol, Raman lidar, statistical analysis

Citation: Matthias, V., et al. (2004), Vertical aerosol distribution over Europe: Statistical analysis of Raman lidar data from

10 European Aerosol Research Lidar Network (EARLINET) stations, J. Geophys. Res., 109, D18201, doi:10.1029/2004JD004638.

1. Introduction

[2] Aerosols are known to play a major role in the Earth’s
climate [Intergovernmental Panel on Climate Change
(IPCC), 2001]. Their influence on the radiation budget is
manifold. It covers the direct absorption and scattering of
solar and terrestrial radiation [Charlson et al., 1992], as well
as indirect effects on cloud microphysical properties, cloud
lifetime and precipitation rates [Twomey, 1977; Schwartz
and Slingo, 1996; Lohmann and Feichter, 1997]. Addition-

ally, chemical processes in the troposphere are significantly
influenced by heterogeneous reactions on the surface of
aerosol particles [Andreae and Crutzen, 1997].
[3] Despite their indubitable importance in atmospheric

physics, significant gaps in the scientific knowledge about
aerosols still exist. This is especially true for the vertical
distribution of aerosols in the atmosphere, which is of
essential relevance to understand aerosol effects on climate
[Kaufman et al., 1997]. Data on the vertical aerosol
distribution were taken during large field experiments like
TARFOX, LACE’98, ACE-1, and ACE-2 [Russell et al.,
1999; Ansmann et al., 2002; Bates et al., 1998; Raes et al.,
2000], but no attempt was made to derive longer time
series of the aerosol vertical distribution on a continental
scale until EARLINET (European Aerosol Research Lidar
Network) [Bösenberg et al., 2003] was established in
2000. Within the Asian lidar network [Murayama et al.,
2001] numerous vertical profiles of the aerosol distribution
were retrieved but the network was dedicated to special
events (the Asian dust outbreaks) and not to regular
observations. The German lidar network [Bösenberg et
al., 2001] was established in 1997; it was the first lidar
network dedicated to regular observations but it comprised
only 5 lidar stations in Germany, covering a scale of a few
hundred kilometers. This was not enough to investigate
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aerosol transport and modification in detail and to observe
significant differences between the aerosol distributions at
different sites. Some of the methods used in EARLINET,
e.g., on quality assurance or data sampling, were devel-
oped in this project.
[4] Within EARLINET, coordinated aerosol lidar mea-

surements have been performed at 22 lidar stations in
12 European countries. Most of the profiles are aerosol
backscatter coefficient profiles at typically three laser wave-
lengths in the UV (355 or 351 nm), the visible (532 nm),
and the infrared (1064 nm). However, the retrieval of
aerosol backscatter coefficients from pure elastic lidar
returns suffers from considerable uncertainties due to the
unknown extinction-to-backscatter ratio (lidar ratio), which
has to be prescribed for the data evaluation. Therefore, in
EARLINET, UV Raman lidar measurements of the aerosol
extinction coefficient [Ansmann et al., 1992] are the pre-
ferred method to derive aerosol optical properties in a
quantitative way. This method allows also the determination
of aerosol extinction coefficients below clouds, because a
calibration of the lidar profiles in an aerosol free region is
not necessary. Additionally, an aerosol backscatter profile
can be determined down to very low altitudes above ground
using the quotient of elastic and Raman backscatter of one
emission wavelength. So Raman lidar measurements pro-
vide also lidar ratio profiles and give the possibility to
classify the aerosol type. At 10 EARLINET stations regular
Raman lidar measurements at 355/351 nm were conducted
between May 2000 and December 2002. Because of the low
atmospheric Raman backscatter, the measurements were
taken around sunset at low solar background conditions.
Nevertheless, they are still representative for the fully
developed boundary layer in the afternoon.
[5] Besides the mentioned homogeneous sampling, the

statistical analysis of aerosol lidar data from 10 different
stations requires an extensive quality assurance procedure
including direct comparisons of the participating lidar
systems. This is of special importance because the lidar
systems used in EARLINET differ in several technical
aspects like telescope size, detectors and amplifiers and
the optical arrangement. In EARLINET, lidar systems were
quality assured by performing direct intercomparisons of at
least two systems at a time at one place [Matthias et al.,
2004]. Aerosol backscatter [Böckmann et al., 2004] and
aerosol extinction algorithms [Pappalardo et al., 2004]
were compared separately using synthetic lidar data. The
results showed that typical error margins are in the order of
10–15%, depending on height and signal statistics. Sys-
tematic errors were mainly observed in the lowest altitudes
where an incomplete overlap between the emitted laser
beam and the telescope field of view can lead to an
underestimation of aerosol backscatter and extinction coef-
ficients. The aerosol extinction profiles stored in the data-
base start at about 500 m above ground or higher.
[6] This paper describes the statistical analysis of aerosol

extinction coefficient profiles from 10 EARLINET stations
which provided data from at least 19 months between May
2000 and December 2002. These data allow also quantita-
tive statements about the vertical aerosol distribution over
Europe.
[7] An overview of the used data is presented in section 2

and the evaluation methods are described in section 3.

Section 4 describes the main results and interpretations. A
summary is given in section 5.

2. Database

[8] The statistical analysis of the vertical profiles of the
aerosol extinction coefficient derived in EARLINET is
restricted to the regular measurements. These measurements
have been taken at each lidar station two times a week on
preselected days (Mondays and Thursdays) and time win-
dows (one hour before and up to three hours after sunset).
Additional measurements performed on other days, e.g., for
the observation of diurnal cycles or special events are not
included in the statistical analysis to avoid a bias for those
‘‘special’’ situations and for fair weather periods. Only one
profile, typically a 30 min. average, is considered in each of
the predefined measurement windows.
[9] Low and midrange clouds are excluded in all lidar

profiles stored in the EARLINET database. Cirrus layers
included in the aerosol profiles can easily be identified by
the strong backscatter and the more inhomogeneous struc-
ture compared to aerosol layers. Cirrus clouds are not
considered for this study and a possible enhancement of
the aerosol extinction coefficient at higher altitudes due to
the presence of such clouds can be excluded.
[10] All data were taken between 1 May 2000 and 31

December 2002. Because of technical reasons and meteoro-
logical conditions at the individual sites the data sets can be
quite different in number of profiles, vertical extent and
seasonal coverage. Raman channels for example were
included in some systems in the second half of 2000 and
therefore measurements cover only the period from Octo-
ber/November 2000 to November/December 2002. The
geographical location of the stations in Europe is shown
in Figure 1. The number of measurements performed at
each station are presented in Table 1. Numbers are also
given for the summer (April until September) and winter
(October until March) periods to show the seasonal varia-
tion of the number of considered profiles. Eight stations
cover at least a period of 2 years. In Thessaloniki measure-
ments started only in February 2001. Aerosol extinction

Figure 1. Geographical location of the 10 EARLINET
stations considered in this study.
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coefficients from L’Aquila were available since May 2001,
before that date the full overlap of the system was above
3000 m. Usually most of the profiles were taken in the
summer period, which is partly because three summers
and only two winters fall in the measurement period of
7 stations. However, especially in northern Europe weather
conditions also play a major role in the seasonal distribution
of the measurements.

3. Statistical Methods

[11] The statistical evaluation follows the methods de-
scribed byMatthias and Bösenberg [2002]. It is done for the
planetary boundary layer (PBL) where most of the aerosol
particles can be found and for a fixed layer of 2 km above
ground. Seven out of 10 stations deliver profiles from
�500 m agl upward. The other three stations can deliver
only a limited number or even no extinction values in the
lowest 1000 m above ground (Table 1). The aerosol optical
depth (AOD) in the PBL and the 2 km layer is derived by
extrapolating the lowest data point down to ground assum-
ing constant values of the aerosol extinction coefficient in
this lowest layer. Then, the values are integrated over the
whole layer. In most cases, this assumption can be made
without large errors because the boundary layer is usually
still well mixed at sunset when the measurements are taken.
However, in some winter cases the lowest measurement
height is above the boundary layer and representative
extinction coefficients can not be determined for the lowest
layer. Fortunately, those cases are rare and, thus they are
excluded from our statistical analysis. The 2–5 km region is
not always covered by the measurements. The main reason
for this are low and midrange clouds that limit the evalu-
ation range of the lidar data and the low signal statistics in
upper altitudes for most of the systems. Above 5 km, the
number of measurements that can be used for the statistics is
too low at most of the stations. The presence of aerosol
layers in those altitudes is not very frequent, but long-range
transport of, e.g., Saharan dust, biomass burning aerosol or
boundary layer aerosol from North America are occasion-
ally observed above 5 km. A statistics of these cases is not
within the scope of this paper.
[12] The error in the optical depth values is mainly

determined by the statistical error of the aerosol extinction
coefficient profile. It is typically on the order of 10–15%
and depends on temporal and spatial averaging. In cases
when the PBL is not well mixed or is not covered by the
lidar measurement, additional errors in the optical depth
determination are introduced by the extrapolation of the

lowest extinction coefficient down to ground. Obviously,
these errors vary from case to case and can be up to 100%
(if the PBL is not covered at all). Typical errors are
estimated to be �10% or 0.03 in the optical depth, which-
ever is larger, giving an overall error of the AOD values of
�20% or 0.05 in the optical depth [Matthias et al., 2004].
[13] The PBL height itself is also subject of the statistical

analysis. In this paper we use PBL height for that height
below which most of the aerosol is confined, even if this
layer is not in every case a well mixed layer. Additional
layers in higher altitudes, mostly containing aerosol from
long-range transport, are treated separately. Although the
extinction measurements were performed after sunset, they
still represent the afternoon conditions with a fully devel-
oped boundary layer very well. This was regularly verified
by comparisons with pure backscatter measurements taken
2–3 hours after noon.
[14] The determination of the boundary layer height out

of the lidar data is done by looking at the first significant
negative gradient in the range-corrected lidar signal, starting
from ground. An example is given in Figure 2 for a
measurement taken on 12 September 2002, 1848–
1913 UT, at Hamburg. The range-corrected signal at
355 nm (PR2, P being the lidar signal and R the range) is
given together with the gradient of the signal ( d

dR
PR2). The

signal is averaged 240 m in altitude, which is a typical

Table 1. Number of Measurements, Covered Time Periods, and Number of Considered Measurements in Three Altitude Intervals for

10 EARLINET Raman Lidar Stations

Station Abbreviation Covered Time All Summer Winter 0–1 km 1–2 km 2–5 km

Aberystwyth ab May 2000 to Nov. 2002 55 34 21 53 55 27
Athens at Nov. 2000 to Nov. 2002 81 45 36 79 61 9
Hamburg hh May 2000 to Nov. 2002 109 71 38 103 84 48
Kühlungsborn kb May 2000 to Nov. 2002 62 39 23 0 45 50
L’Aquila la May 2001 to Nov. 2002 75 41 34 75 75 7
Lecce lc May 2000 to Aug. 2002 166 94 72 162 137 24
Leipzig le May 2000 to Dec. 2002 83 55 28 8 77 81
Naples na Oct. 2000 to Dec. 2002 145 64 81 141 143 69
Potenza po May 2000 to Dec. 2002 88 60 28 26 85 75
Thessaloniki th Feb. 2001 to Nov. 2002 58 31 27 50 55 30

Figure 2. Range-corrected lidar signal PR2 and its
gradient d

dR
PR2 at 355 nm. The measurement was taken on

12 September 2002, 1848–1913 UT, at Hamburg. Vertical
averaging is 240 m, and the data resolution is 30 m. The
PBL height was determined to 1165 m asl.
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averaging length for Raman lidar measurements. The used
data resolution is 30 m. The steep gradient in the range
corrected lidar signal results from the high decrease in
aerosol backscatter caused by lower particle concentration
and humidity above the PBL. In this case a PBL height of
1165 m asl was determined. The method is very simple and
it has been used in one or the other form since many years
[Russell et al., 1974; Flamant et al., 1997; Menut et al.,
1999]. It was validated against other methods to derive the
PBL height [Coulter, 1979; Kaimal et al., 1982] showing
good agreement under well mixed conditions. It can also be
used down to altitudes where no extinction determination is
possible, if a correction of the incomplete overlap is applied
to the measured signal [Wandinger and Ansmann, 2002].
[15] In the case of Raman lidars the aerosol backscatter

coefficient can also be used to determine the PBL height.
The backscatter coefficient profile is calculated from a
signal ratio profile [Ansmann et al., 1992] so that overlap
effects widely cancel out. Therefore, even in situations with
rather low PBL height, well below the minimum measure-
ment height, the top height of the PBL is identified based on
the backscatter profile.
[16] Nevertheless, the method can fail at locations where

special circulation patterns like sea breeze effects or oro-
graphic effects play a major role or in the evening when a
stabilization due to radiative cooling can be observed in the
lowest few hundred meters. Therefore, if the PBL height
could not be clearly identified with the gradient method, the
time series of the lidar signals, also from afternoon measure-
ments, could be used to get additional information about the
existence of mixing processes.
[17] However, the necessary automated detection of the

PBL height by an algorithm is not easy to implement and
can be associated with considerable errors, e.g., if the signal
intensity is low and large statistical fluctuations cause sharp
gradients in the profile. The algorithm used requires the
definition of threshold values and the results also depend on
data averaging and spatial resolution of the range-corrected
signals. Therefore in addition to the PBL also the layer up to
2 km above the lidar site is statistically evaluated in the
same way. A comparison between these approaches gives
higher confidence in the results for one of the layers.
Additionally it simplifies the comparison of lidar data with
results from global climate models, which typically do not
resolve the planetary boundary layer.
[18] The aerosol optical depth is calculated for fixed

layers of 0–1 km, 1–2 km, 2–5 km above ground level
and the vertical distribution of the aerosol exinction is

derived from this. Higher layers are not considered here
because they are often not covered by the Raman lidar
measurements and the statistics would be based on only few
measurements. Additionally, elastic lidar measurements
show that the contribution of aerosol particles in those very
high layers to the total AOD is rather small.
[19] For the lowest layer of the vertical distribution (0–

1 km), the optical depth values are calculated by assuming
the aerosol extinction coefficient closest to ground to
represent the extinction in the missing heights. If no extinc-
tion value was measured in the lowest layer, the profile is
not considered for that range. For the other layers, only
profiles which cover the whole height range are taken; see
Table 1 for the fraction of all measurements in the individual
intervals. So the values in the different ranges represent the
mean of the available profiles in that height range.

4. Results

[20] Aerosol extinction coefficient measurements from
the 10 aforementioned EARLINET stations are the basis
for investigations about the PBL height and the aerosol
optical depth in the PBL, the 2 km layer and three fixed
height layers. Statistical parameters like mean, median,
standard deviation and skewness are derived for the PBL
and the 2 km layer. Distribution functions and mean annual
cycles are also shown. A 10 weeks (70 days) running
average is applied to the data to better recognize the main
features. This averaging length ensures that no gaps remain
in the averaged data set.

4.1. PBL Height

[21] The PBL height shows in most cases a clear annual
cycle with higher values in summer than in winter. For
example, for Hamburg it has been shown from previous
measurements that on average this cycle follows quite well a
sine function with maximum values in the beginning of July
and lowest values around beginning of January [Matthias
and Bösenberg, 2002]. The variability of the PBL height is
high, usually with a relative standard deviation on the order
of 0.4 (Table 2). However, there are also stations where the
annual cycle of the PBL height shows only a weak depen-
dence on season, like Athens, or even lower values in
summer than in winter, like Lecce (Figures 3a–3j). The
reasons for the surprising feature in Lecce is not yet clear. A
possible reason which is under investigation for the low
summer values are sea breeze effects leading to an additional
layer representing the mixing height over the sea. Very low
PBL heights in winter might not be detected and instead
weak gradients in the aerosol distribution in upper layers are
interpreted as the PBL height. The results from Kühlungs-
born are clearly influenced by the difficulty associated with
covering the lowest 1500 m of the troposphere, which leads
to an overestimation of the mean PBL height and a rather
low variability. Leipzig is the only station which is not close
to the coast or in the mountains. It shows highest PBL
heights which are clearly influenced by the more pronounced
convection over the continent. High mean PBL heights and
low variability can also be found for Potenza and L’Aquila,
both mountain stations at 820 m and 683 m above sea level
(asl), respectively. All measurements showed that the top of
the PBL is rarely above 3000 m asl, therefore mountain

Table 2. Statistical Parameters of the Planetary Boundary Layer

(PBL) Height for 10 EARLINET Stations

Station
PBL Height,

m agl SD, m Relative SD Skewness

Aberystwyth 1204 481 0.40 0.62
Hamburg 1242 506 0.41 0.62
Kühlungsborn 1984 566 0.29 0.36
Leipzig 1937 796 0.41 �0.07
L’Aquila 1742 509 0.29 0.18
Lecce 1261 599 0.48 1.29
Naples 1442 626 0.43 0.70
Potenza 1542 304 0.20 0.69
Athens 1172 319 0.27 1.16
Thessaloniki 1363 416 0.31 0.74

D18201 MATTHIAS ET AL.: VERTICAL AEROSOL DISTRIBUTION

4 of 12

D18201

 21562202d, 2004, D
18, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2004JD
004638 by M

PI 348 M
eteorology, W

iley O
nline L

ibrary on [08/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



stations have a cutoff for high PBL heights compared to low-
level stations. Low mean values and also low variability are
found for Athens, which can be explained by the strong
influence of local circulation patterns due to the surrounding
mountains.

4.2. Aerosol Optical Depth

[22] For all 10 stations considered the aerosol optical
depth at 355/351 nm is calculated in the planetary boundary
layer, the 2 km layer and in fixed layers of 0–1 km, 1–2 km
and 2–5 km above ground level. AOD values in the PBL

range from 0.16 (Aberystwyth) to 0.45 (Thessaloniki) with
high variability throughout the whole year (see Table 3 and
Figures 4a–4j). The relative standard deviation is typically
between 0.5 for southern European sites and 0.8 for
northern European ones. Again, Kühlungsborn is an excep-
tion with lowest values and highest variability which can
also be explained by missing values for PBL heights below
1500 m. Thessaloniki shows exceptionally high values and
highest fluctuations in southern Europe. Additionally it is
the only station where an AOD >1 was occasionally
observed. In summer 2001, biomass burning aerosols orig-

Figure 3. Annual cycle of the planetary boundary layer height for 10 EARLINET stations. For the
mountain stations, L’Aquila and Potenza, the PBL height scale has been adjusted to ground level.
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inating from the Black Sea region were observed over
Thessaloniki [Balis et al., 2003]. These events contributed
considerably to high AOD values at that time.
[23] Generally, higher values of the aerosol optical depth

can be found in summer compared to winter, which is at
least partly due to higher PBL heights in summer. Hamburg,
Kühlungsborn and Leipzig show an interesting annual cycle
of the AOD with two maxima, one in spring and one in late
summer/early fall. It can only be speculated whether, e.g.,
typical flow patterns in Germany, agricultural activities or
humidity effects are responsible for this feature.
[24] All distribution functions show positive skewness

(see Table 3). Again higher values are found for the
northern stations (0.9–1.9) and lower values for the south-
ern European ones (0.5–1.0). Kühlungsborn differs for
known reasons from the general pattern with exceptionally
high values for both standard deviation and skewness. Also
the frequency distribution from Thessaloniki shows a re-
markably high skewness, which is caused by the occasion-
ally observed very high AOD values.
[25] The high skewness at all stations already indicates

that the frequency distribution is not Gaussian. In fact, it has
been shown that the lognormal distribution represents the
cumulative frequency distribution of the AOD much better
than a Gaussian distribution does (Figures 5a–5j). Two tests
are applied to check the quality of the fitted distribution
function, the c2 test and the Kolmogorov-Smirnov test. The
c2 test looks for quadratic deviations of the measurements

from the fitted distribution in predefined classes (here
optical depth intervals) while the Kolmogorov-Smirnov test
looks for maximum deviations in the same classes. For both
tests, threshold values for a significance level of 95% are
given in tables [Johnson and Leone, 1964]. Following these
tests, the Kolmogorov-Smirnov test is passed by all stations.
For the c2 test the result depends on the number of classes
(optical depth intervals) defined for the test calculations.
Since it is recommended to have at least five elements in
each class, in the beginning nine classes were defined and
7 of the 10 groups passed the test. After reducing the
number of classes to seven, two additional groups passed
the test. Only the frequency distribution of Lecce cannot be

Figure 3. (continued)

Table 3. Statistical Parameters of the Aerosol Optical Depth

(AOD) in the PBL and the 2 km Layer for 10 EARLINET Stations

Station

Mean AOD SD Relative SD Skewness

PBL 2 km PBL 2 km PBL 2 km PBL 2 km

Aberystwyth 0.16 0.23 0.13 0.16 0.81 0.70 1.86 1.29
Hamburg 0.26 0.29 0.22 0.20 0.83 0.69 1.90 1.90
Kühlungsborn 0.14 0.14 0.19 0.17 1.38 1.21 2.82 1.89
Leipzig 0.30 0.28 0.23 0.19 0.89 0.68 0.94 0.97
L’Aquila 0.32 0.35 0.14 0.15 0.44 0.44 0.49 0.74
Lecce 0.25 0.32 0.13 0.14 0.54 0.44 0.92 0.65
Naples 0.24 0.27 0.15 0.15 0.62 0.56 1.02 0.77
Potenza 0.22 0.27 0.10 0.11 0.44 0.41 0.48 0.27
Athens 0.30 0.43 0.13 0.18 0.44 0.42 0.94 0.67
Thessaloniki 0.45 0.58 0.39 0.43 0.87 0.73 2.68 2.15
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represented by a lognormal distribution on the 95% signif-
icance level. This is possibly related to the special circula-
tion patterns at this place. Lognormal distributions for the
aerosol optical depth have also been found at other places,
using AERONET Sun photometer data [O’Neill et al.,
2000]. In Table 4 the median values and the 69% (1s)
intervals of the distribution functions are given. Calculated
medians fit the measurements quite well, the 1s intervals
are usually very broad and cover values from approximately
0.08 to 0.45. In Thessaloniki and Leipzig, higher values of
0.5 and more can be found in the 1s interval.

[26] The analysis of the 2 km layer and the comparison to
the PBL can be seen in Table 3 and Figures 4a–4j. At 8 of
the 10 stations the optical depth in the 2 km layer is slightly
enhanced compared to the PBL because small amounts of
free tropospheric aerosol are included if the PBL top is
below 2 km. Because lower PBL heights are found in
winter, the AOD is typically more enhanced in winter than
in summer (e.g., Hamburg, L’Aquila, Naples, Figures 4b,
4e, and 4g). No difference at all can be seen at Kühlungs-
born which is consistent with the overestimated PBL
heights. At Leipzig, summer values are slightly decreased

Figure 4. Annual cycle of the aerosol optical depth at 355/351 nm in the planetary boundary layer and
in the layer 2 km above ground for 10 EARLINET stations.
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which is due to the high PBL heights that are found in
summer. The largest enhancement of the AOD values is
found at Athens and Thessaloniki. Here, a large part of the
aerosol is not confined in the layer that is believed to be the
PBL. Partly, this will be due to the low PBL heights
estimated from the elastic lidar signals. Possibly the typical
aerosol layering at those sites does not allow a reliable
detection of the correct PBL height. Another important
effect is the presence of Saharan dust in comparably low
altitudes. Saharan dust is frequently found over Greece and
due to the relatively short transport path, it can also be
detected at comparatively low altitudes below 2 km
[Papayannis et al., 2001; Kalabokas et al., 2002]. However,
Italy is also considerably influenced by Saharan dust events
[De Tomasi et al., 2003] but none of the stations shows
these large differences between the AOD in the PBL and in
the 2 km layer. These results show the difficulty of
comparing the AOD values in the PBL among the different
stations and support the additional investigation of the 2 km
layer. The determination of the PBL height at the different
stations can be treated in different ways by the data
producers and is in some cases subject to an individual
judgment. Better comparibility of the AOD values among
the stations is given by the fixed layers.
[27] The relative standard deviation is lower for the 2 km

layer than for the PBL. This follows from the enhancement
of the low values in winter and a possible decrease of some
summer values where high PBL tops were detected. The

skewness does not show a common picture. It is reduced in
the 2 km layer at most of the stations but the distributions
still follow the lognormal approach (see Figures 5a–5j).
Here the Kolmogorov-Smirnov test was again passed by all
stations while the c2 test for nine classes was only passed
by 7 of the 10 stations. After a further reduction of the
classes to six also these three stations passed the test on the
95% significance level.
[28] The differences in the 1s intervals for the AOD in the

PBL and in the 2 km layer are not very large. Although
median values are in 8 of the 10 cases shifted to larger
values, only three stations (Aberystwyth, Athens and The-
ssaloniki) show a significantly larger 1s interval (more than
0.02 enhanced, Table 4). The large spread of the values
demonstrates the large variability of possible aerosol optical
depth values, even in the planetary boundary layer where
some aerosol is always present. The typical duration of a few
weeks for field experiments is not enough to get a repre-
sentative sample of the aerosol distribution over Europe.
Only long-term measurements on a regular basis can give
information about the real variability and about trends.
[29] Additional to the column values, the vertical distri-

bution of the aerosol extinction coefficient is investigated
for the three layers 0–1 km, 1–2 km, and 2–5 km
(Figure 6). The mean values shown here represent different
numbers of profiles. Three stations provided few or even no
measurements in the 0–1 km range; in the range 1–2 km
the coverage is very good for all stations; and the layer 2–

Figure 4. (continued)
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5 km is in some cases only represented by a few profiles
(Table 1). The corresponding means from Athens in the 2–
5 km layer and from Kühlungsborn in the 0–1 km layer are
omitted in Figure 6. The mean optical depth values can be
calculated by multiplying the mean extinction coefficient
with the thickness of the layers.
[30] Figure 6 gives interesting results about the vertical

aerosol distribution in northern Europe (represented by
Aberystwyth, Hamburg, and Leipzig) compared to southern
Europe, especially Italy. Mean extinction coefficients in the
0–1 km and 1–2 km layer are comparable, although there

are some differences between the stations in one region of
the continent. On average, the Italian stations show larger
aerosol extinction coefficients for the 2–5 km layer than the
northern stations. The high values in the upper layer
represent frequent transport of aerosol at higher altitudes,
e.g., from Saharan dust outbreaks or other continental
sources and from more efficient convective mixing.
[31] The northern stations show more or less the same

vertical distribution of the aerosol extinction coefficient;
between 80 and 90% of the total AOD is confined in the
lowest 2 km. In Italy about 60–75% of the AOD can be

Figure 5. Cumulative frequency distribution of the aerosol optical depth in the PBL and the 2 km layer
for 10 EARLINET stations.
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found in the lowest 2 km. The two Greek stations show
highest values in the lower two layers compared to all other
stations. AOD is larger than 0.4 in the lowest 2 km and also
the 2–5 km layer shows a large amount of aerosol over
Thessaloniki. Here, about 75% of the total AOD can be
found below 2 km.
[32] In all layers, a high variability among the profiles can

be found. The standard deviation of the individual values is
on the order of 50–80% and can reach more than 100% in
the 2–5 km layer. The standard deviation of the mean is
typically between 5 and 10%. The used data set is large
enough so that the differences between the mean aerosol

extinction coefficients in the different layers at northern and
southern European stations are significant. However, sam-
pling errors caused by different technical setups, measure-
ment strategies, averaging procedures and local weather
conditions can also be of some importance. They are not
included in the given error margins.

5. Summary

[33] A first statistical analysis of vertical profiles of the
aerosol extinction coefficient derived from regular lidar
measurements on a continental scale was carried out.

Figure 5. (continued)

Table 4. Statistical Parameters of the Cumulative Frequency Distribution of the Aerosol Optical Depth in the PBL

for 10 EARLINET Stations

Station

Median of AOD
(Measured)

Median
of AOD (Fitted)

SD
(Log Scale) 1 s Interval

PBL 2 km PBL 2 km PBL 2 km PBL 2 km

Aberystwyth 0.135 0.175 0.125 0.185 0.77 0.67 0.06–0.27 0.09–0.36
Hamburg 0.20 0.235 0.19 0.24 0.79 0.62 0.09–0.42 0.13–0.45
Kühlungsborn 0.125 0.115 0.11 0.115 1.00 1.03 0.04–0.31 0.04–0.33
Leipzig 0.235 0.22 0.22 0.21 0.94 0.84 0.09–0.57 0.09–0.49
L’Aquila 0.31 0.34 0.29 0.32 0.49 0.46 0.18–0.47 0.20–0.50
Lecce 0.235 0.30 0.21 0.28 0.67 0.52 0.11–0.41 0.17–0.48
Naples 0.215 0.245 0.185 0.22 0.79 0.65 0.08–0.41 0.12–0.42
Potenza 0.215 0.265 0.19 0.245 0.57 0.47 0.11–0.33 0.15–0.39
Athens 0.27 0.41 0.28 0.39 0.43 0.43 0.18–0.42 0.25–0.60
Thessaloniki 0.355 0.42 0.36 0.47 0.65 0.60 0.19–0.68 0.26–0.86

D18201 MATTHIAS ET AL.: VERTICAL AEROSOL DISTRIBUTION

10 of 12

D18201

 21562202d, 2004, D
18, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2004JD
004638 by M

PI 348 M
eteorology, W

iley O
nline L

ibrary on [08/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Lowest values of the aerosol optical depth are found in the
northwestern part of Europe (Aberystwyth), highest values
in the southeastern part (Athens, Thessaloniki). It could be
shown that the increase in aerosol optical depth at the Italian
stations is attributed to a higher amount of aerosol in upper
layers. Mean AOD values in the lowest 2 km are not
significantly larger in Italy than in Germany. However,
in Greece the amount of aerosol in the lowest 2 km is
significantly larger than at all other stations considered.
Higher values at upper altitudes in southern Europe are
most likely due to medium- and long-range transport from
the Sahara and from other continental sources. Regular
EARLINET observations [Papayannis et al., 2002] clearly
show a large influence of Saharan dust events on the aerosol
distribution in southern Europe.
[34] The aerosol optical depth in the PBL shows an

annual cycle with higher values in summer than in winter
for most of the stations. Highest values can usually be found
in late summer (August/September). The German stations
Hamburg, Leipzig and Kühlungsborn show an additional
maximum in spring (April). The aerosol optical depth is
subject to large fluctuations throughout the whole year. The
individual data sets of the investigated EARLINET stations
show typical relative standard deviations of 0.4–0.8. High
positive skewness of the distributions between typically 0.5
and 1.9 point to a non-Gaussian distribution of the aerosol
optical depth values. Statistical tests on the 95% signifi-
cance level (c2 test and Kolmogorov-Smirnov test) show
that 9 of the 10 frequency distributions of the AOD in the
PBL can be represented by a lognormal distribution. For the
2 km layer, all distribution functions passed the test, if
the number of size classes under investigation was appro-
priately chosen. Consequently, median values represent the
statistics much better than mean values do.
[35] The extrapolation of the lowest extinction coefficient

to ground to derive aerosol optical depth can be the reason
for significant errors in the AOD at some of the stations.
The Raman lidar technique allows the determination of the

aerosol backscatter coefficient in regions of incomplete
overlap. This could be used for an estimate of the aerosol
extinction coefficient in low altitudes, but the lidar ratio
remains unknown and still has to be estimated in these
altitudes.
[36] Regular aerosol lidar measurements give the oppor-

tunity to provide a statistics on the PBL height, which can be
determined from the range-corrected lidar signal. However,
complex aerosol layering or the absence of marked mixing
processes can lead to errors in the PBL height determination.
In these cases, additional data on e.g., temperature and
humidity profiles, which can also be derived by some of
the Raman lidar systems, can help to identify the top of the
PBL more accurately. Also data from other sensors like radar
or sodar or from radio soundings can give valuable infor-
mation to improve the accuracy of the PBL height statistics.
[37] This statistical analysis yields the first results using a

part of the still increasing EARLINET database. The
database will be used for further studies about the vertical
aerosol distribution over Europe. This includes the statisti-
cal analysis of aerosol backscatter coefficients and lidar
ratios as well as the identification of main transport patterns
by the use of additional back trajectory data.

[38] Acknowledgment. The financial support of this work by the
European Commission under grant EVR1-CT-1999-40003 is gratefully
acknowledged.
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Vetoio Localitá Coppito, I-67010 L’Aqulia, Italy. (marco.iarlori@aquila.
infn.it)
L. Komguem, Physics Department, University of Wales, Aberystwyth,

Ceredigion, SY23 3BZ, UK. (llk@aber.ac.uk)
V. Matthias, GKSS Research Center, Institute for Coastal Research, Max-

Planck-Strasse 1, 21502 Geesthacht, Germany. (matthias@gkss.de)
I. Mattis, Leibniz-Institut für Troposphärenforschung, Permoserstrasse
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