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Abstract. We have performed a three-year series of routinel Introduction

lidar measurements at preselected times. The measurements

were performed between 1 December 1997, and 30 NovemFor the assessment of the climatic impact of aerosols (aerosol
ber 2000, at Kihlungsborn, Germany (8@7 N, 11°46 E). forcing) the knowledge of both the temporal and vertical
Using a Rayleigh/Mie/Raman lidar system, we measured thelistribution of the aerosol is essential. Unlike greenhouse
aerosol backscatter coefficients at three wavelengths and thgases, aerosols are short-lived and therefore their influence
extinction coefficient at one wavelength. The present datds restricted to regional scales. Their radiative properties
analysis focuses on after-sunset Raman measurements obre dependent on their size and their chemical composi-
tained on cloud-free days. Aerosol backscatter profiles ardion. Aerosol particles containing absorbing material (e.g.
available for altitudes above 100 m, while the majority of the soot) can lead to a warming of the atmosphere, while non-
extinction measurements has been restricted to heights abowabsorbing particles reflectincoming radiation back into space
the residual layer. The residual layer shows an annual cycl@nd thereby lead to a negative climate forcing (e.g. Seinfeld
with its maximum height in summer (2000 m) and minimum and Pandis, 1998). The tropospheric aerosol particles are to a
height in winter (850 m). The backscatter coefficients in thelarge extend concentrated in the well-mixed planetary bound-
residual layer were found to be about 10 times higher tharary layer (PBL), which develops through the day driven by
above. The mean aerosol optical depth above the residuaonvection to its maximum extent at around 14:00 local so-
layer and below 5km is.B(+1.0) x 1072 in summer, and lar time. After sunset, the remainder of the boundary layer,
1.5(+1.0) x 10~2 in winter, which almost is negligible com- the so-called residual layer, keeps stable until sunrise. With-
pared to values measured in during daytime in the planetarput the knowledge of the height of this layer and the optical
boundary layer. A cluster analysis of the backward trajecto-properties of the particles contained in this layer, assessment
ries yielded two major directions of air mass origin above theof aerosol forcing suffers from great uncertainties (e.g. Pen-
residual layer and 4 major directions inside. A marked dif- ner et al., 2001).

ference between the aerosol properties dependent on the air Lidar can provide vertically resolved measurements of ex-
mass origin could be found for air masses originating fromtinction and backscatter coefficients and thereby the height
the west and travelling at high wind speeds. Comparing theof the PBL or the night-time residual layer. If these data are
measured spectral dependence of the backscatter coefficientbtained at different wavelengths, the microphysical prop-
with data from the Global Aerosol Data Set, we found a gen-erties (size distribution, refractive index) can be estimated
eral agreement, but only a few conclusions with respect tqlinversion). However, the retrieval of these optical proper-
the aerosol type could be drawn due to the high variability ofties by conventional backscatter lidar suffers from the well
the measured backscatter coefficients. known problem that two quantities are calculated from only
one measured signal. Therefore, the so-called lidar ratio, i.e.
the ratio between aerosol extinction and backscatter coeffi-
cient, is needed as an input parameter (e.g. Klett, 1981, 1985;
Fernald, 1984). This lidar ratio is usually height- and aerosol
Correspondence tal. Schneider type-dependent and can only roughly be estimated for indi-
(schneider@mpch-mainz.mpg.de) vidual measurements. The error introduced by assuming a
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Fig. 1. Setup of the IAP RMR lidar. Only the detection channels used in this work are shown. Technical details are given in Table 1. PMT:
Photomultiplier tube

height-independent lidar ratio was thoroughly discussed byare averaged over at least thirty minutes to reduce the influ-
Sasano et al. (1985). Different lidar approaches have beeence of small scale variability. Here, we report the results
introduced to overcome these disadvantages. These method$the first three years of routine operation attfungsborn
include the high spectral resolution lidar (HSRL), the scan-(54° N, 12 E), focusing on the Raman measurements after
ning lidar, and the Raman lidar. The high resolution lidar sunset.
separates the molecular scattering from the aerosol scatter-
ing by the use of very narrow optical filters. Since this tech-
nology is rather demanding, it is implemented only at a few2 Measurements
sites worldwide (e.g. Grund and Eloranta, 1991). The scan-
ning lidar technique measures the backscatter signal undez.1  System description
different angles. Here the disadvantage lies in the necessary
assumption of horizontal homogeneity (Gutkowicz-Krusin, The Rayleigh/Mie/Raman (RMR) lidar at IAPilungsborn
1993). The Raman method that is used here uses a secongses a Nd:YAG laser system (Spectra Physics GCR 290)
independent molecular backscatter signal, as for example themitting at the fundamental (1064 nm) and the second and
Raman-shifted nitrogen backscatter signal. This techniquehird harmonic (532 and 355 nm). Detected signals include
allows the independent determination of the aerosol extincthe three emitted wavelength plus the nitrogen Raman shifted
tion coefficient (Ansmann et al., 1990, 1992). Furthermore,return signals at 607 and 387 nm. Additionally, the vertical
the backscatter coefficient is determined from the ratio of twodepolarized return signal at 532 nm is detected. All signals
return signal which leads to independence of the requiremenre detected with 50 m vertical resolution. The receiver site
of a full overlap between laser beam and telescope field-ofconsists of two telescopes (50 cm diameter each) of which
view. Due to the low intensity of the Raman scattering, this the first is mounted coaxially to the laser beam and is used for
technigque is usually restricted to night-time, when the back-detection of the 355 nm, 532nm, 1064 nm, and the 607 nm
ground from the sky is low enough. Raman signal. Full geometric overlap is reached at 1000 m,
Since 1 December 1997, the department “Optical Soundapproximately. The second is mounted off-axis and is used
ings” at the Leibniz Institute for Atmospheric Physics (IAP) for the 387 nm and the depolarized signal. Here, full geo-
at Kiihlungsborn, Germany, performs routine lidar measure-metric overlap is reached only at 2000 m, which is in gen-
ments within the German Lidar Network §Benberg et al., eral above the planetary boundary layer. For this reason, no
1998, 2001a) and its follow-up project, EARLINET (Euro- 387 nm data were included in the present work. In the mean-
pean Aerosol Lidar Research Network)dd&nberg et al., time, the 387 nm channel has also been included into the
2001b). Major goal of both projects is the establishment ofcoaxial telescope. The system is located @hkingsborn,
an unbiased climatological data set characterizing the vertiGermany (5407 N, 11°46 E), in a rural environment near
cal distribution of optical aerosol parameters at selected siteghe shore of the Baltic Sea, and is in operation since June
This goal requires random sampling which is not correlated1997 (Alpers et al., 1999). A schematic of the setup, show-
with particular weather situations. To achieve this the rou-ing only the components used for this work, is given in
tine measurements are performed at preselected times ind&ig. 1. In the detection branch the wavelengths are sepa-
pendent from atmospheric conditions. The measured profilesated by dichroic beam splitters, filtered using interference

Atmos. Chem. Phys., 2, 313-323, 2002 www.atmos-chem-phys.org/acp/2/313/



J. Schneider and R. Eixmann: Raman lidar measurements of tropospheric aerosols

Table 1. Technical data of the IAP RMR Lidar

315

Transmitter Receiver

Laser type seeded Nd:YAG Telescope type  parabolic

Wavelengths 355, 532, 1064nm  Focal lengths 120cm

Pulse energies 200, 400, 500mJ Active diameter 50cm

Repetition rates 30 pps Fibre diameter 1mm

Pulse lengths 10, 13, 18 nsec Num. Aperture  0.22

Field-of-view 0.83mrad
Detection channels
Channel No. 1 2 3 4
Interference filters
Central wavelength 354.61 532.09 607.44 1064.14
Full width at half max. 0.92 0.32 0.36 1.02
Transmission 44% 64% 69% 76%
Manufacturer BARR BARR BARR BARR
Photomultipliers
Manufacturer Hamamatsu Hamamatsu Hamamatsu Hamamatsu
Type 4220P (selected) 4632P (selected) 4632P (selected) R3236 (selected),
cooled
Data acquisition mode 100 MHz photon 100 MHz photon 100 MHz photon 100 MHz photon
counting counting counting counting

filters (Barr Associates, Inc.), and detected by photomulti- )‘0:_
plier tubes. Technical data of the system are summarized in ’\_R-

Table 1.
2.2 Determination of the aerosol optical parameters

Calculation of the extinction coefficient from the Raman sig-
nals follows the method described by Ansmann et al. (1990
1992). The aerosol extinction coefficierf’" at the emitted
wavelengthyg is given by:

—ZIn(P"(2))

k
1+ (Q—g)

where PM(z) is the detected signal corrected for range, N
number density, and molecular extinction;

aer,
U0 (2) =

1)

2
P)?;?" P/\R (2)z
Nr(2) exp( — g [aﬁf!(;) +a

(2) =

2)
rok (C)}f@)
with:
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emitted wavelength
Raman shifted wavelength

z: altitude,
Py, (2): received Raman backscatter signal from
the altitudez,
Ng(2): number density of Raman scatterers, here
N> molecules
, aR:)o', aQ"RO': molecular extinction atg andig, respec-

tively.
This method allows one to determine the extinction coeffi-
cient independently, with the only necessary assumption of
the wavelength dependence of the aerosol extinction coeffi-
cient

Olaer()\.) ~ )\._k. (3)

Since the ratio between emitted and Raman shifted wave-
lengths is close to unity, deviations of this assumption do
not contribute significantly to the error. Observations indi-
cate thatk varies between 0 and 2 (Ferrare et al., 1998).
For large particles, e.g. cirrus cloudsgequals zero (Ans-
mann et al., 1992). Usually, = 1 is assumed for all mea-
surements except for cirrus clouds, whére= 0 is cho-
sen. To obtain the nitrogen molecule number density and
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the Rayleigh scattering coefficiem%o' anda;“RO', air tem-  zero. At 1064 nm, however, this condition is rather hard to
perature, density, and relative humidity are available fromfind. Possible ways to calibrate the 1064 nm signal include
local radiosonde measurements, performed by the Germacomparison with column optical thickness measured by sun
Weather Service (DWD) on a regular basis. Radiosonde datphotometer or using a cirrus cloud with neutral scattering
are available at noon and midnight from two stations, one lo-properties as a reference point. Since our site does not op-
cated 120 km east (Greifswald), the other located 150 north-erate a sun photometer, we chose the following procedure:
west (Schleswig). Additionally, on certain occasions ra- For the day where cirrus clouds were present, we chose the
diosondes can be launched at IARIungsborn. For days same reference heighg as for 825, and 557, and adjusted
where no radiosonde data were available, the US Standardsii (zo) in a way that the neutral scattering properties of
Atmosphere was used. In order to calculate the derivative the cirrus clouds were reproduced. It turned out that, even
though the reference height varied between 4 and 8 km, the

di [ In (PRZ)}, “background” backscatter ratio
Z

the received Raman signal has to be averaged in time and altiéfg&(m) + ﬂlr%cg4(Z0)

tude. To reduce the influence of small scale variability, a min- ﬂ%‘g4(zo)

imum time interval of 30 min (approximately 54 000 laser ]

shots) was chosen by the participants of the lidar networksconverged towards a value of12+0.7). This backscatter
Typical height intervals are: 200m (4 channels) between jratio was used as the reference value for all measurements
and 5km, 500m between 5 and 10 km, and 1000 m abovét 1064 nm. Since the lidar system was designed for high
10 km. These values are subject to change dependent on tiflitude measurement, the Rayleigh signal at 1064 reaches up
actual shape of the lidar return signal, the averaged time in{0 more that 30 km, which implies that the Rayleigh return
terval and thereby the total count rate. Since the method i§ignal at 1064 nm in the height range between 6 and 8km, is
based on the absolute lidar return signal, it can only be apStrong enough to ensure that this method is reliable.

plied above the height at which the laser beam and the tele- In contrast to the extinction coefficient, the determination
scope field-of-view fu||y 0\/er|ap_ This reduces our data to of the backscatter coefficients is based on the ratio of the Ra-
altitudes above 1 km, thereby excluding most of the bound-man and the Rayleigh/Mie return signal. Thus, it can be ap-
ary/residual layer. Once the aerosol extinction coefficient isplied also at altitudes where the laser beam and the telescope
known, the aerosol backscatter coefficient can be determinetield-of-view do not fully overlap, i.e. below 1km. The ex-

from the following equation: tinction coefficient, needed for the extinction correction in
| | Eq. (4), is extrapolated from the measurement at 607 nm to
Bi(z) = =B (@) + [ B (z0) + Bip (20)] 355 and 1064 nm with the chosewalue. At altitudes below

1 km, where the extinction cannot be measured, it is assumed

exp| — [Z a2®(¢)de to be constant.
Pforr(ZO)Pfgrr(Z) |: fzo AR

R

X X
PET(20) P2 [
exp| —

fz aer 2.3 Error discussion
%o (¢)d¢

20

|
|

The error of the extinction coefficient is mainly determined

with by the statistical error of the Raman return signal. This error
5 is assumed to be the square root of the absolute count rate

PLO(z) = Pio(2)z (5) and is calculated via the law of error propagation to the er-

0 ror in the extinction coefficient. As Ansmann et al. (1992)

exp( -2/ [GTOI(O}I@) pointed out, a rapid change in the aerosol extinction coeffi-

cient during the averaged period induces a significant error
and in the mean extinction coefficient. To avoid such errors, only
periods with approximately constant aerosol backscatter sig-

P :  received backscatter signal & from the !
o (2) gnal &g nals have been averaged. The error of the backscatter coeffi-

altitudez, . . v d ved by th ; i
ﬁf(‘)o'(z): molecular backscatter coefficient & at clentis mainly determined by the two factors:
) altitudez, . (1) The chosen reference height and the chosen aerosol
20- reference height. backscatter coefficient at this altitude (we chose zero
The reference heightg is usually chosen in a way that for 355 and 532 nm). The error of the calibration pro-
ﬁj‘(‘fr(z()) < ﬂ)T)OI(Zo). At 355nm and 532 nm, this condi- cedure for 1064 nm, as described above, is determined
tion can be met by seeking the local minimum of the ra- by the standard deviation of the mean backscatter ratio
tio ﬂffr(zo)/ﬂm‘”(zg) which is usually found in the upper (2.1 £ 0.7) and was included in the calculation via the
troposphere around 6 to 8km, and then setuﬂj‘gr(z()) to law of error propagation.
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2.4 Measurement schedule

Backscatter Coefficient (m'1sr'1) ] )
Regular measurements at a fixed time schedule are per-

Fig. 2. Backscatter coefficient at 355 nm, calculated from syntheticformed since 1 December 1997. For the usage of the Ra-
data using Eq. (4), withk values of 2, 1, and 0. The curve labelled Man technique, the schedule includes one measurement each
“k = 1" represents the input data. The difference in the boundaryMonday after sunset (after 1 January 2000, also Thursday af-
layer can be more than 100%. ter sunset) with a time window of up 4 hours after sunset. In
total, of 205 possible measurement days, on 102 days mea-
surements have been performed. This corresponds to a per-
(2) The calculation of the backscatter coefficient needs thecentage of 49.8%. On the other days, is was either raining or
extinction coefficient as an input (see Eq. 4). Since nothe possibility for rain was too high. On 49 days (23.9%), no
Raman signals are available for 355 and 1064 nm, theclouds were present below 5 km. These days are attributed as
extinction coefficient measured at 532 is extrapolated“clear” days and will be used for the further aerosol analy-
with the chosert value, which introduces an additional sis, in order to separate cloud top height and residual layer
uncertainty. To assess this uncertainty, backscatter prokeight, and to assure that only aerosol properties are dis-
files at 355 and 1064 nm were calculated using differentcussed.
k values for the necessary interpolation. Figure 2 gives
an example for a calculation of the backscatter coeffi-
cient from simulated data (with= 1) at 355nm, using 3 Results
k values of 0 and 2. Deviations from the initial profile
can be more than 100%. At 1064 nm, this effectis much3.1 Backscatter coefficients and residual layer heights
smaller.
Figure 3 shows the annual cycle of the aerosol backscatter
Generally, the resulting errors from both error sources ex-coefficient at 532 nm for all measurement days. Shown are
ceed the statistical uncertainty by far. As mentioned abovemonthly mean values, smoothed with a linear running mean
the extinction coefficient is assumed to be constant below th@ver 3 months. On the upper scale, the measurement days
lowest measured value (around 1 km), which causes an addare indicated. Figure 4 gives the annual cycle for the “clear”
tional error, especially if the boundary/residual layer heightdays (no clouds below 5km). The time period displayed in
is very low. Although adjustable neutral density filters are both Figs. 3 and 4 is 1 December 1997 until 30 November
placed in front of the photomultiplier tubes, it could not 2000. The figures reveal an annual variability of the resid-
always been avoided that the photomultiplier used in theual layer height between 800 and 3000 m, with a minimum
1064 nm channel is overloaded by the strong backscatter sign winter and a maximum in summer. The actual time when
nal from the boundary/residual layer. This signal-inducedthe maximum is reached varies from year to year: In 1999,
error causes break-down of the signal immediately above théhe maximum is reached later than during the other 2 years.
altitude where the overload occurs, while at higher altitudesFor the following analysis, the residual layer height was de-
it leads to excess signal. fined as that altitude where the aerosol backscatter coeffi-
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with a running mean over three r_nonth_s. Data gaps of two month§ce req from the backscatter coefficient at 532 nm. The data points

have been_fllled by taking the nelghborlng_value (e.g. the value fc’rrepresent monthly mean values averaged over the 3 years. The bars
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elow the detection limit. measurement in this month. Also shown is a least-squares fit of

the functiony = yg + sin ((Zp/b)x + c), with the constraint that
b =12 months.
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. (271 )
y =yo+asin 7x—|—c ,
with the constraint that the oscillation peribds 12 months,
is also shown, indicating that the average maximum height of
the residual layer (around mid of July) is about 2000 m, while
the average minimum height (mid of January) is 850 m. As
mentioned before, the residual layer during nighttime is the
remainder of the PBL during daytime. It is therefore inter-
esting to compare our data with daytime lidar measurements.
Available data from other stations in the German Lidar Net-
work, where daytime measurements of the boundary layer
heights have been performed, are from Hamburg and Munich
e T PR I v ST T P (Bosenberg et al., 2001a, Matthias andsBnberg, 2001).
-0.002 0 0.002 0.004 0.006 0.008 These data show similar features: At Hamburg, about 200 km
away from Kuhlungsborn, the mean PBL height for the years
1998-2000 ranges between 900 m above ground in winter

Fig. 5. lllustration of the definition of the residual layer height used and 2000 min summe_r. At Munich, at (540 m asl), the_aver-
in this work: The upper end of the layer is defined as that altitude age boundary layer height f‘?f th? years 1998'200_0 varies be-
where the mean backscatter coefficient decreases to half of the medWeen 450 m above ground in winter and 1700 m in summer.
value between the lowest measurement level andio determine ~ The excellent agreement between the average PBL height at
the residual layer height, the data measured at 532 nm have bedrlamburg and the residual layer height aditfungsborn in-
used. dicates that sampling of the residual layer after sunset is rep-
resentative also for the planetary boundary layer, at least for
marine environments. Note that the afternoon measurements
at Munich show lower PBL heights. Apparently differences
cient (532 nm) decreased to 50% of the mean value belowin the orography and geographical situation contribute more
as shown in Fig. 5. Figure 6 shows the annual cycle of theto the variation of the boundary layer height that the dif-
residual layer height for the “clear” days (corresponding toference between afternoon and after-sunset sampling. The
Fig. 4), as three-year monthly averages. A least-squares fiphysical properties of the aerosol particles, however, may be

Altitude (km)

Layer Height |

o
T

Backscatter Coefficient (km™'sr")
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Fig. 9. Vertical profiles of the extinction coefficient at 532 nm, sep-
Fig. 7. Vertical profiles of the backscatter coefficient at 532 nm, sep-arately averaged for summer (April through September) and winter
arately averaged for summer (April through September) and winter(October through March).
(October through March).

- highest values of the backscatter coefficients are reached dur-
backscatter coefficients . R .
: : : : ing the winter months at the lowest 500 meters. This may

le5 T inresidual layer, summer be explained by the low convection during winter nights,
—{O— above residual layer, summer i B L.
—— inresidual layer, winter where inversion conditions occur frequently and prevent the

—<— above residual layer, winter

exchange with the free troposphere to a larger extend than in
summer. The mean values, in and above the residual layer,
e with their standard deviations are summarized in Table 2 and
plotted vs. wavelength in Fig. 8. Inside the residual layer,
higher values in summer than in winter are observed at 532
and 1064 nm. However, as the indicated standard devia-
tion values show, these differences are not significant. Inside
the standard deviations, there is no marked difference in the
‘ ‘ ‘ ‘ mean wavelengths dependency between summer and winter,
200 400 600 800 1000 1200 but it appears that the decrease of the backscatter coefficients
Wavelength (nm) with wavelength between 355 and 532 nm above the resid-
ual layer is much steeper that inside. Since different aerosol
Fig. 8. Spectral de_pendence of mean backscatter coefficients inSidE/pes from different origins may contribute to this observa-
?hnrgl?bﬁvseetrlgr::absﬁual I(?ye_r,tave(rsgleg setp;]arateLyJAor Slﬁmmer (Arrfion, the question of wavelength dependency and aerosol type
9 P ) and winter (October through March). will be discussed in detail in Sect. 3.3, where the results of a
backtrajectory analysis are presented.

,_.
I
&

Aerosol backscatter coefficient (m™sr™)
o
?

significantly altered due to temperature and relative humidityz > Extinction coefficients, aerosol optical depths, and lidar
differences between daytime and nighttime. ratios

Figure 7 gives the vertical profiles of the backscatter co-
efficient at 532 nm, where summer (April through Septem-Figure 9 shows the vertical profiles of the extinction coeffi-
ber) and winter (October through March) were averaged sepeient at 532 nm, averaged separately for summer and win-
arately. The maximum of the backscatter coefficient duringter, with bars denoting the standard deviation. The mea-
summer appears at higher altitudes than in winter, and theurements do not cover the whole residual layer, since the

www.atmos-chem-phys.org/acp/2/313/ Atmos. Chem. Phys., 2, 313-323, 2002
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Table 2. Mean values of backscatter and extinction coefficients, optical depths and lidar ratios in and above the residual layer

Bassum (M) Boggum (M) Biogaum(M™srd)  @sgpu,(m™)  AODsgoum LR532,(ST)
In residual layer
Summer (B.213)x108  (1.2+05)x10°®  (4.9£1.0)x10°7 - - -
Winter (2.0£1.4)x10°%  (1L.74£0.9)x10°8  (6.741.4)x1077 - - -
Above residual layer
Summer (5.225)x10~7  (1.8+0.6)x107  (7.3£1.2)x10°8 (0.5+2.8)x1078  (0.3:1.0)x10~2 5+28
Winter (B.H16)x1077  (7.2£2.7)x10°8  (6.5+2.0)x10°8 (4.942.4)x10°6  (1.5£1.0)x1072  68+42

lower measurement he|g_ht of the !"?'af sy;tem is 1000 m. Thel'able 3. Results of the trajectory cluster analysis. Clusters contain-
scattering of the extinction coefficients is very large, with ing only one trajectory were not included in the data analyis
the mean values scattering around zero above an altitude of

2.5km. Differences between summer and winter are not rec- Level
ognizable within the error limits. Mean values of the ex-

Cluster # of Trajectories in cluster  Percentage

tinction coefficients as well as of the aerosol optical depth 975hPa 1 25 6.8
(AOD) are given in Table 2. These values describe the re- 2 9 20.0
gion between the upper edge of the residual layer and the 3 5 11.1
5-km altitude level. The AOD values ©0.3 + 1.0) x 102 4 6 13.3

for summer and1.5+ 1.0) x 10~2 for winter are compara-

ble to the value of 2 x 102, which is obtained from the 700hPa 1 32 69.6
Global Aerosol Data Set (GADS, Koepke et al., 1997, Hess 2 12 26.1
et al., 1998), and imply that the contribution of the middle 3 1 2.2
free troposphere (well below the tropopause but above the 4 1 2.2

boundary/residual layer) on cloudless days can almost be ne=
glected when discussing total AOD. AOD values over Cen-

tral Europe at 555nm, obtained from satellite data, range ;.o by the German Weather Service (DWD) were analysed

between 0'1 and 0.6 (Robles Gonzales et al., 2000). AODDy means of cluster analysis. The analysis was performed
valugs obtained for the planetary boungiary layer at the At- or trajectory arrival heights aboveilklungsborn of 975 hPa
Irinctr:ci:tcgashofr:r N U{ Sl a;040500 nr[1)1 ar:} n:hthle fam\z/a (r)irdt?rnotcorresponding to 300 m, certainly in the PBL (daytime) or
agnitu e_( artieyeta., )'. ue 10 the large vanationsy, o resigual layer (nightime)) and 700 hPa (corresponding to
especially in the extinction coefficient, the standard deV|a-3000m always above the PBL/residual layer). Out of the 49
:Ir?;nojf_ ég;n;??r?:g]aé;st'zlaz(?g ;h;?BeLr g%bl?o%/) 'fso:no.ﬁ“clear” measurement days, 45 trajectories were available for
o val Ummer ¢ 0 IOTWIN4 o 975-hPa level and 46 for the 700-hPa level. The last three
tgr, respe_ctlvely. In summer, an upperll|m|t Of. .33 s can bedays prior to the arrival of the air mass abovéhfungsborn
given, which would be in agreement with maritime aerosplwere considered. Following the scheme described in Romes-

(Ackermann, 1998). The mean value for winter of 68 sr is . .
. burg (1990), the analysis was started with the same number
a very reasonable value for continental aerosol (Ackermann . . : .
oOf clusters as trajectories, and continued by decreasing the

1998) and also for the “free tropospheric” aerosol component

; humber of clusters by grouping the two most similar trajec-
in the Globa[ A‘?YOSO' Data Set (Hess etal., 1998). |_lowwer‘tories (those with the lowest square distance) into one clus-
the large variability of our data does not allow to draw further

conclusions ter. This procedure was repe_ate_d up to that point where the
' sum of the square distances inside the clusters markedly in-
creased. The resulting number of clusters is given in Table 3.
3.3 Trajectory analysis At the 700 hPa level, the two dominating clusters contain
more then 95% of all measurement days, the other two clus-
The lidar station Kihlungsborn is located at the southern ters contain only one trajectory each and were not used in
shore of the Baltic Sea, west (30km) of the city of Ros- the following analysis. At 975 hPa, four clusters were found
tock, and east (150 km) of the city of Hamburg. Thus, we which contained at least five trajectories. Figure 10 shows
would expect the aerosol properties to be dependent on ththe dominating trajectory directions for both altitudes. At
wind direction. To obtain information about the origin of the 700 hPa, the dominating wind direction is west. This cluster
air masses, the three-dimensional backward trajectories prazontains 69.6% of all trajectories, while the second cluster,
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EAN [ 975 hPa, Cluster 3 Fig. 11. Mean aerosol backscatter coefficients at 532 nm measured
Pl ". S5 hPa, C"”S'e“‘ in the individual clusters given in Fig. 10. The right axis, referring
oy S R S

to the values measured above the residual layer, is expanded by a
factor of 10 compared to the left axis. Cluster 4 (975 hPa) shows a
markedly higher aerosol backscattering than the other 3 clusters at

975 hPa. At 700 hPa, no significant difference can be found.
Fig. 10. Map of central Europe, showing the results of the cluster

analysis of the backward trajectories arriving abovehkingsborn

(54° N, 12 E) at 19:00 UT on the measurement days. Two arrival )
heights are shown. Gray lines: 700 hPa, black lines: 975 hPa. lengths are shifted by 10 nm, centred around the real value.

At 975 as well as 700 hPa, the clusters do not show a signif-

icant difference in the spectral dependence, but both show
coming from the south-west, contains 26.2%. At 975hPa@ high variability, especially at 355nm. The mean value
the western trajectories group into two clusters, characterat 355nm of cluster 4 at 975hPa is lower than the other
ized by high and low travelling speed. Additionally, one east-three, which might fit to the assumption that the higher total
originating cluster and one “anti-cyclonic” cluster is present. aerosol backscattering of cluster 4 is due the higher content
In order to find out if a difference in the aerosol properties de-0f aerosol particles generated by high wind speed (sea salt
pendent on the origin of the air masses exists, the backscatt@nd dust) which consist of larger particles which have more
coefficients measured on the days contained in the individheutral spectral properties. The steep gradient between 355
ual clusters were averaged for both arrival heights. Figure 122nd 532nm measured above the residual layer may suggest
shows the averaged values of the backscatter coefficient &n underestimation of the values at 532 nm, but the variabil-
532 nm along with their standard deviations: Clusters 1, 2,ity and measurement uncertainty at 355nm are so high that
and 3 inside the boundary/residual layer display almost théhe standard deviation is more than 100% of the mean value.
same aerosol backscattering, although their origin is comAlso shown in Fig. 12 are calculated backscatter coefficients
pletely different. In contrast, cluster 4 (the one with high for different aerosol types taken from the software package
wind speed from the west) shows a markedly higher aerosoPPAC (Optical Properties of Aerosols and Clouds), which
backscattering. This may be due to the higher production efis based on the Global Aerosol Data Set (GADS). Both are
ficiency of dust and sea salt aerosol at higher wind speeddreely available on the World Wide Web (Koepke et al., 1997,
For the two clusters analysed at 700 hPa, the total aerosdfiess et al., 1998). In this data set, the large variability of
backscattering does not show a difference between the twoatural aerosols is reduced by the use of a dataset of typical
clusters within the standard deviation. The right scale inaerosol components. The size of the individual particles in
Fig. 11 is expanded by factor of 10 compared to the left, il- the OPAC software package is controlled by the relative hu-
lustrating that the aerosol backscattering (at 532 nm) is by dnidity. We selected from this dataset those aerosol types and

-30 -20 -10 0 10 20 30
Longitude (°E)

factor of 10 lower above than inside the PBL. components which are likely to be observed at our station, for
example “continental”, “maritime”, “free tropospheric”, at
3.4 Comparison with the Global Aerosol Data Set their minimum and maximum relative humidities, and com-

pared their calculated backscatter coefficients with our mea-
Different aerosol types can be distinguished by the specsurements. These backscatter coefficients were also normal-
tral dependence of the backscatter coefficients. In order tdzed to the measured value at 532 nm. In general, the GADS
analyse the wavelength dependence, the averaged data frodata agree very well with our data, but mostly the high vari-
the individual clusters have been normalized to the value ability of the measurements does not allow to distinguish be-
532 nm. The result is given in Fig. 12. For clarity, the wave- tween the different aerosol components. The mean values of
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trajectories in each cluster.

4 Summary and conclusions

We have presented three complete annual cycles of vertical
aerosol profiles between 0 and 5km, and thereby also the
annual cycle of the nighttime residual layer height. Mean
values for the aerosol backscatter coefficients in and above
the residual layer are given for 355, 532, and 1064 nm. The
backscatter coefficients above the residual layer are signif-
icantly lower (by about a factor of 10) than the values in-
side. Since our data represent night-time data (taken between
sunset and midnight), they represent only the residual layer
height, but not the maximum of the planetary boundary layer
height, which is reached during daytime around 14:00 lo-
cal solar time. The annual cycle, however, is reproduced
very well by these after-sunset measurements. Furthermore,
comparison with daytime PBL data at Hamburg (200 km dis-
tance) show excellent agreement between the nighttime and
daytime boundary /residual layer height. The extinction co-
efficient could only be determined above the residual layer
at 532nm. The inferred optical depth agrees with the value
expected from the Global Aerosol Data Set. A trajectory
cluster analysis performed on three-day backward trajecto-
ries did reveal a difference in the aerosol backscatter in the
residual layer with respect to the wind speed. The air masses
arriving with high wind speed from the west contained a
markedly higher aerosol backscattering than the other air
masses, whose aerosol backscattering was independent from
their origin. The comparison with the Global Aerosol Data
Set (GADS) showed that our measured aerosol backscatter

Fig. 12. Mean backscatter coefficients measured in the individ- coefficients do agree with most of the expected aerosol types.
ual clusters given in Flg. 11, no_rmallzed to the value measured atrhe variability inside the clusters, especially at 355 nm, al-
532nm. Upper panel: in the residual layer, lower panel: above thqg,yg only a few conclusions: For example, the “maritime

residual layer. The error bars indicate the standard deviation inSid%lean"
the clusters. For clarity, an offset of 10 nm was added to the wave-
lengths, centered around the real value. Also shown are selecte

aerosol types from the Global Aerosol Data Set (GADS).

aerosol type at 100% relative humidity can be ex-
%Iuded for the air masses originating from the east, which
Is a plausible finding. In contrast, the air masses of west-
erly origin travelling at high wind speed agree very well with
the aerosol type “maritime clean”. Future measurements and
analyses will have to include the extinction coefficient at

cluster 4 (inside the residual layer) fit exactly to the aerosolo,¢t at a second wavelength, in as well as above the residual

type “maritime clean” in the dry state, while clusters 1, 2
and 3 are in better agreement with the continental aerosolgiyer and its diurnal evolution
type. For example, the “maritime clean” type at 100% rela-

' layer, and also the daytime data to record the full boundary

If these measurements can
not be realized by the use of the inelastic Raman scattering,

tive humidity can not be brought in agreement with the val- better input data for the lidar ratio are required.
ues from cluster 2, which represents the eastern trajectories.
This finding appears plausible. At 700 hPa, no conclusions

can be drawn due to the high variability at 355 nm. Sum-
marizing, we observe a slight difference between the cluster
in the residual layer, but the variability inside the individ-
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