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erosol lidar intercomparison in the framework of
he EARLINET project. 1. Instruments
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osé António Rodrigues, Ulla Wandinger, and Xuan Wang

In the framework of the European Aerosol Research Lidar Network to Establish an Aerosol Climatology
�EARLINET�, 19 aerosol lidar systems from 11 European countries were compared. Aerosol extinction
or backscatter coefficient profiles were measured by at least two systems for each comparison. Aerosol
extinction coefficients were derived from Raman lidar measurements in the UV �351 or 355 nm�, and
aerosol backscatter profiles were calculated from pure elastic backscatter measurements at 351 or 355,
532, or 1064 nm. The results were compared for height ranges with high and low aerosol content.
Some systems were additionally compared with sunphotometers and starphotometers. Predefined max-
imum deviations were used for quality control of the results. Lidar systems with results outside those
limits could not meet the quality assurance criterion. The algorithms for deriving aerosol backscatter
profiles from elastic lidar measurements were tested separately, and the results are described in Part 2
of this series of papers �Appl. Opt. 43, 977–989 �2004��. In the end, all systems were quality assured,
although some had to be modified to improve their performance. Typical deviations between aerosol
backscatter profiles were 10% in the planetary boundary layer and 0.1 � 10�6 m�1 sr�1 in the free
troposphere. © 2004 Optical Society of America
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aplace, Laboratoire de la Météorologie Dynamique, 91128 Pal-
Received 19 March 2003; revised manuscript received 1 October

003; accepted 10 November 2003.
0003-6935�04�040961-16$15.00�0
© 2004 Optical Society of America
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 961



1

T
E
j
t
p
e
E
w
l
v
o

g
b
a
s
l
o
r
E
g
W

t
t

W

e

l

G

b

L

b

L

L

G

d

l

M
m

N

S

s

t

o

d

A
o
U
i
t
m

1
s
t
s
C
c
v
t
i
t
t
t
f
b
b
m
v
f
b
s
b
p
c
o

m
d
q
d
p
v
a
s
e
c
e
i
v
o
m
r
t
s
d
p
m
o
b

9

. Introduction

he European Aerosol Research Lidar Network to
stablish an Aerosol Climatology �EARLINET� is a

oint project that comprises 19 European lidar sys-
ems from 11 countries.1 The main goal of the
roject is to provide a quantitative, statistically rel-
vant data set of the vertical aerosol distribution over
urope. For this purpose regular measurements
ere taken on preselected days of the week, regard-

ess of weather conditions. Generally, only rain and
ery low clouds �cloud base below �800 m� prevented
ur taking lidar measurements.
Additional measurements with which to investi-

ate special aerosol events such as Saharan dust out-
reaks, forest fires, and photochemical smog episodes
re being performed. Long-range transport of aero-
ols from, e.g., North America to Europe and the
ifting of aerosol particles in the Alpine region are
ther special tasks of the project. Aerosol source
egions and the modification of aerosol as it traverses
urope are studied by use of the lidar profiles to-
ether with backtrajectories provided by the German
eather Service.
The groups of scientists who are participating in

his study �with the abbreviations for the names of
hose groups in parentheses� are the following:

• Department of Physics of the University of
ales, Aberystwyth, UK �ab�,
• National Technical University of Athens, Ath-

ns, Greece �at�,
• Universitat Politécnica de Catalunya, Barce-

ona, Spain �ba�,
• Institut für Meteorologie und Klimaforschung,
armisch-Partenkirchen, Germany �gp�,
• Max-Planck-Institut für Meteorologie, Ham-

urg, Germany �hh�,
• Ecole Polytechnique Fédérale de Lausanne,

ausanne, Switzerland �ju�,
• Institut für Atmosphärenphysik, Kühlungs-

orn, Germany �kb�,
• Dipartimento di Fisica, Universitá Degli Studi,

’Aqulia, Italy �la�,
• Istituto Nazionale per la Fisica della Materia,

ecce, Italy �lc�,
• Institut für Troposphärenforschung, Leipzig,
ermany �le�,
• Istituto Superior Técnico, Lisbon, Portugal �li�,
• Försvarets Forsknings Institut Linköping, Swe-

en �lk�,
• Institute of Physics, Academy of Sciences of Be-

arus, Minsk, Belarus �mi�,
• Meteorologisches Institut der Ludwig-
aximilians-Universität München, Munich, Ger-
any �mu�,
• Istituto Nazionale per la Fisica della Materia,
aples, Italy �na�,
• Observatoire Cantonal Neuchâtel, Neuchâtel,

witzerland �ne�,
• Laboratoire de la Météorologie Dynamique, In-

titute Pierre Simon Laplace, Palaiseau, France �pl�,
62 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
• Istituto di Metodologie per l’Analisi Ambien-
ale, Potenza, Italy �po�,

• Aristotle University of Thessaloniki, Thessal-
niki, Greece �th�,

• Institut für Mathematik der Universität Pots-
am, Potsdam Germany.

ll groups whose abbreviations appear in parentheses
perate aerosol lidar systems on a routine basis. The
niversity of Potsdam is involved in the algorithm

ntercomparison and in the development of new re-
rieval algorithms to get microphysical aerosol infor-
ation from multiwavelength lidar measurements.
The statistical evaluation of aerosol profiles from

9 sites taken over almost 3 years requires a high
tandard for the measuring instruments. To check
he performance and reliability of the individual lidar
ystems, intercomparison measurements were made.
omparing the results of two lidar systems located
lose together and therefore probing nearly the same
olume of air is regarded as the best way to determine
he precision of an aerosol lidar. In the past, lidar
ntercomparisons had been performed mainly by
race gas measurement in the field. Ozone differen-
ial absorption lidar systems were compared to elec-
rochemical balloonsondes in the troposphere,2 either
ree-flying or tethered sondes, and to helicopter-
ased in situ ozone monitors.3,4 In the stratosphere,
allonsondes, rocket sondes, and satellite measure-
ents were used for intercomparisons.5,6 Water-

apor lidars, especially true Raman lidars, had
requently been compared to free-flying radiosondes,
ecause the necessary calibration of the systems is
imilar.7,8 Water-vapor DIAL systems had also
een compared to tethered balloonsondes and other
assive remote sensors, with good results.9 In a few
ases intercomparisons of lidar systems, either ozone
r water-vapor lidars, were made.10,11

Trace gases such as ozone and water vapor can be
easured with balloonborne sondes. Therefore in-

ependent measurements are available to test the
uality of the lidar measurements. For aerosol li-
ars the situation is much more complex. Intercom-
arisons made by different instruments measuring
ertically resolved aerosol backscatter or extinction
re difficult, to reconcile. Making airborne mea-
urements at 19 different lidar sites over Europe is an
xpensive and difficult undertaking. Additionally,
omparison with in situ instruments such as neph-
lometers suffer from numerous difficulties, includ-
ng differences in wavelengths, in probed air
olumes, in humidity of the probed aerosols, and in
bserved size distributions among the various instru-
ents. Therefore the intercomparisons generally

emain qualitative12,13 or depend on correct assump-
ions about the single-scattering albedo or the aero-
ol’s refractive index.14 Comparisons of optical
epth can be made with passive instruments such as
hotometers15–17 in this case, however, horizontal ho-
ogeneity of the aerosol distribution and an absence

f clouds are required. Additionally, vertical distri-
utions of aerosols cannot be measured with these
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The transportable system emits only 532 nm.
nstruments. Because of these difficulties, signifi-
ant intercomparisons of aerosol lidars had not been
ade previously. For the EARLINET, direct inter-

omparisons of a tested lidar system with a second
ystem were regarded as the best way to ensure the
uality of the aerosol lidar profiles. This conclusion
ed to the largest lidar intercomparison campaign so
ar, including 19 different aerosol lidar systems, as
e report here.
We separately tested the algorithms used by the

arious groups of lidar systems to distinguish be-
ween errors based on technical problems of the sys-
ems and those based on the algorithms. The
esults of the aerosol backscatter algorithm intercom-
arison are presented in Part 2 of this series of pa-
ers.18 Algorithms with which to derive aerosol
xtinction, backscatter, and lidar ratio from Raman
idar measurements also were tested. These results
ill be published as Part 3 of the aerosol lidar inter-

omparisons in the framework of the EARLINET.19

. Lidar Systems

ARLINET aerosol lidar measurements are usually
erformed at three standard wavelengths: one in
he UV �at either 355 or 351 nm�, one in the green
532 nm�, and one in the IR �1064 nm� spectral region.
hose wavelengths are common in systems that are
ased on the widely used flash-lamp-pumped pulsed
d:YAG lasers. The second UV wavelength, at 351
m, is emitted by the also widely used XeF excimer

aser. However, not all systems are operated at
hree wavelengths: Some use only 532 and 1064
m; others use 355 and 532 nm. The excimer-based
ystems are single-wavelength systems.
Most of the lidar groups installed additional Ra-
an channels in the UV to detect nitrogen Raman

ackscatter at either 382 nm �excimer laser� or 387
m �Nd:YAG laser�. UV wavelengths were prefera-
ly chosen as Raman channels because the Raman
ackscattering cross section is higher than in the
isible, and detectors with high sensitivity and low
ark current can be found in that wavelength region.
ew systems have a second Raman channel in the
reen to detect also nitrogen Raman backscatter from
32 nm at 607 nm. Table 1 gives a brief overview of
he various systems.

Only some of the systems are transportable.
his is an important restriction for intercomparison
xperiments. Additionally, only two of the trans-
ortable systems are equipped with Raman chan-
els, because detection of Raman backscatter
sually requires high-power lasers, which are much

arger and consume more power than those used for
ure backscatter measurements. These Raman li-
ar systems are installed in 20-ft ��608-m� contain-
rs; the other transportable systems have much
maller sizes.
All systems had already existed before the start of

he EARLINET in 2000. Therefore the network
omprises a large variety of lidar systems, which
ere all constructed by the respective operating in-

titutions. Some of these systems �e.g., those at the
Table 1. Properties of EARLINET Lidar Systems

Abbreviation for
Lidar Group

Elastic Channel �nm� Raman Channel
Transportation

System355 532 1064 387 607

ab Yes Yes
at Yes Yes Yes
ba a Yes Yes
hhb Yes Yes Yes Yes Yes
gp Yes Yes Yes Yes
ju Yes Yes Yes Yes
kb Yes Yes Yes Yes Yes
la Yesc Yesd

lc Yesc Yesd

le Yes Yes Yes Yes Yes Yese

li a Yes Yes
lk Yes Yes
mi Yesf Yes Yes
mu Yes Yes Yes Yes
na Yesc Yesd

ne Yes Yes Yes Yesg

pl Yes Yes
po Yes Yes Yes
th Yes Yes Yes

aUpgrade of this channel was completed during the EARLINET.
bUntil September 2000 the system was emitting only at 351 nm.
cEmitted wavelength, 351 nm.
dDetected wavelength, 382 nm.
eRoutine measurements are performed with a stationary system.
fEmitted wavelength, 353 nm.
g
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cole Polytechnique Fédérale de Lausanne, located
t Jungfraujoch at 3580 m above sea level �asl�, from
he Institut für Atmosphärenphysik, Kühlungsborn,
nd from Departimento di Fisica, Universitá Degli
tudi, L’Aqulia� were originally constructed to probe
he upper troposphere and the lower stratosphere.
or this reason some systems do not always cover the
lanetary boundary layer where most of the aerosol
an be found.

. Data Analysis

. Aerosol Backscatter

erosol backscatter measurements are based on the
etection of pure elastic backscatter from emitted
aser light. The algorithms used for the retrieval
f aerosol backscatter profiles follow the publica-
ions of Klett,20,21 Fernald et al.,22 and Fernald.23

o solve the lidar equation in the simplest case of no
w
t
W

aseous absorption it is useful to split backscatter
nd extinction into their molecular and aerosol
arts and to use only that part of the profile where
T
u
h
s
s
s
p
fi
b
b
m
t
t
S
m

B

T
b

he laser beam fully overlaps the field of view of the
eceiving telescope:

P��, z� � P0���C
	aer��, z� � 	mol��, z�

z2

� exp��2

0

z

��aer��, �� � �mol��, ���d�� ;

(1)

here P0��� and P��, z� are the emitted and received
owers, respectively, C combines the system con-
tants, 	��, �� denotes the backscatter coefficient, and
��, �� is the extinction coefficient at wavelength �
nd range z. � is used here as the integration vari-
ble over height.
Assuming that the molecular part of Eq. �1� can be

alculated by use of standard atmosphere conditions
64 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
r an atmospheric density profile from nearby
aunched radiosondes, �aer��, z� and 	aer��, z� remain
s two height-dependent unknowns while one signal
s measured. One usually solves this problem by
ssuming an �a priori unknown� relationship be-
ween aerosol backscatter and extinction. Saer ��, z�

�aer ��, z��	aer��, z� is usually called the lidar ratio;
t depends on wavelength and height. The determi-
ation of 	aer �z� from Eq. �1� for one wavelength
equires the additional assumption of an unknown
onstant that represents the height-independent sys-
em parameters. To determine this constant and
olve Eq. �1� for 	aer�z�, usually a so-called calibration
r reference value 	aer��, z0� is chosen that prescribes
he aerosol backscatter at a specific height z0.

From these assumptions the equation for 	aer�z�
an be solved. Following Fernald et al.22 and Fer-
ald,23 one gets for all heights where z0 � z �calibra-
ion in the far range�
here Smol  �mol��, z��	mol��, z�  8��3. Calibra-
ion at height z0 gives the system constants P0���C.

riting X�z�  P�z�z2 gives
hen Eq. �3� can be solved iteratively downward or
pward from z0. Molecular absorption is neglected
ere. Molecular scattering can be calculated with
ufficient accuracy by use of actual radiosonde mea-
urements or ground values of temperature and pres-
ure and standard atmosphere conditions.24–26 The
article lidar ratio and the particle backscatter coef-
cient 	aer�z0� at a suitable reference height z0 have to
e estimated in the determination of the particle
ackscatter coefficient profile after Eq. �3�. The nu-
erical application of Eq. �3� has been discussed in

he literature for more than 20 years. Contributions
o the solution of the problem have also been made by
asano et al.,27 Kovalev and Moosmüller,28 Matsu-
oto and Takeuchi,29 and Bösenberg et al.30

. Aerosol Extinction

o overcome the problem of aerosol profiles that are
ased on the assumption of an a priori unknown lidar
	aer� z� � �	mol� z� �

P� z� z2 exp��2�Saer � Smol�

0

z

	mol���d��
P0 C � 2Saer 


0

z

P����2 exp��2�Saer � Smol� 

0

�

	mol� z��dz�� d�

, (2)
	aer� z� � �	mol� z� �

X� z�exp��2�Saer � Smol�

0

z

	mol���d��
�X� z0��	aer� z0� � 	mol� z0�� � 2Saer 


0

�

X���exp��2�Saer � Smol�

z0

�

	mol� z��dz��d�

.

(3)
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atio, one measures aerosol extinction by detecting
he inelastic Raman backscatter from atmospheric
itrogen at �R, if �0 is the emitted wavelength. Solv-

ng a Raman lidar equation for the aerosol extinction
erm leads to31

�aer, z��0� �
1

1 � ��0��R�k

�
d
dz

ln� N� z�

PR� z� z2� � �mol��0, z�

� �mol��R, z�, (4)

here N�z� is the atmospheric density of the Raman
catterer and k is the Ångstrøm exponent that de-
cribes the wavelength dependence of aerosol extinc-
ion by �aer � ��k.

One can also use the information about the aerosol
xtinction to derive the aerosol backscatter without
ssuming a lidar ratio. One usually calculates the
ackscatter profile by forming the ratio of the elastic
nd the Raman backscattered signals in height z and
alibration height z0. As for the pure elastic back-
catter, one eliminates the system constants by
hoosing a calibration value 	aer�z0� for the aerosol
ackscatter in height z0. When accurate calibration
f the backscatter profile at a height with negligible
erosol backscatter is possible, the lidar ratio can also
e calculated.

. Methods of Quality Assurance

. Organization

s early as in 1998, intercomparisons on an instru-
ent level were performed with four of the German

idars in the framework of the German Aerosol Lidar
etwork.32 These lidars were regarded as quality
ssured from the beginning of the EARLINET. Two
f these lidars performed most of the intercomparison
xperiments by travelling to different sites in Europe;
hese were the systems from the Max Planck Insti-
ute for Meteorology in Hamburg �MPI� and from the
eterological Institute of the Ludwig Maximilians
niversity of Munich �MIM�. Both systems emit

hree laser wavelengths, in the UV �355 nm�, the
reen �532 nm�, and the IR �1064 nm�. The MPI
ystem is additionally equipped with a Raman chan-
el at 387 nm. Many of the systems within the
ARLINET project are not transportable; therefore it
as not possible to perform one big intercomparison

xperiment with all systems at one site. The largest
xperiment, with five systems performed in Septem-
er 2000 in Palaiseau, France, was the starting point
or several pairwise intercomparisons at different
ites. Most of the experiments were done in Septem-
er and October 2000 with the Munich system trav-
ling to Italy and Greece. Other experiments
ollowed in the spring and summer of 2001.

Each system that was successfully compared with
quality-controlled system was regarded as quality

ontrolled itself and could therefore be compared with
nother system. This kind of quality control was
sed for the intercomparisons in Barcelona, Neuchâ-
el, and on the Jungfraujoch. An exception to this
ule was allowed for the group in Minsk �Belarus�.
raveling with a lidar system to that site was re-
arded as impossible. Therefore internal intercom-
arisons with two of their systems at 532 nm were
ade in Minsk.
Three systems had to repeat the intercomparison

xperiment because the first measurements were not
sable for technical reasons and the problems could
ot be solved within a few days during the measure-
ent campaign. The new measurements were per-

ormed in the summer of 2001 and in the summer and
all of 2002. Figure 1 illustrates the intercompari-
on procedure and shows which systems were mea-
ured simultaneously. The group from Palaiseau
sed a mobile microlidar to perform its new intercom-
arisons. First its system was compared with the
tationary system in Neuchâtel before it was used for
he intercomparisons with the stationary system in
alaiseau. The dates of the individual experiments
re displayed in Table 2.

. Quality Criteria

he quality criteria were fixed in advance. Experi-
entally derived deviations among the lidar systems

rom Hamburg, Munich, and Leipzig during the in-
ercomparison in 199832 were taken together with
esults from a separately performed algorithm inter-
omparison18 to define upper limits for mean and
tandard deviations at several wavelengths. All

ig. 1. Diagram of intercomparison experiments performed for
ARLINET quality assurance. The systems from Linköping �lk�,
isbon �li�, and Palaiseau �pl� had to repeat the intercomparisons:

mob.�, mobile microlidar; �stat.�, stationary system.
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 965
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roups agreed on reaching these values during the
ntercomparisons.

The mean value m� of an observed quantity m is
efined as

m �
� i1

n
m

n
(5)

f n values are given in a certain height range. If the
ifference between two profiles at a given height is
m  m1 � m2, the mean deviation between the
rofiles is

�m �
� i1

n
�m

n
(6)

f, again, n values are compared. Then the relative
ean deviation �in percent� is

�mrel � 100 �
�m

m
. (7)

inally, the standard deviation is calculated as

�m � �� i1

n
��m�2

n � 1
�1�2

(8)

nd the corresponding relative value �in percent� is

�mrel � 100 �
�m

m
. (9)

he aim of each intercomparison experiment was to
erive several aerosol extinction and backscatter pro-
les from all participating lidar systems under dif-

erent atmospheric conditions with different aerosol
oads. The lidar systems were located very close to-
ether, with a horizontal distance of less than 500 m.
ach compared profile was typically averaged over

Table 2. Dates and Places of the E

Lidar
Group Compared with Date

ab hh 5�2001 Abe
at mu 9�2000 Athe
ba hh 9�2000 Pala
gp mu 7�2001 Mun
ju ne 5�2001 Jun
kb mu 8�1998 Küh
la mu 10�2000 L’Aq
lc mu 10�2000 Lecc
le mu, hh 8�1998 Lind
li hh 9�2000 Pala
lk hh 10�2000 Ham
mi internal 4–6�2000 Min
na mu 10�2000 Nap
ne hh 9�2000 Pala
ne ne 4–5�2001 Neu
pl hh 9�2000 Pala
po mu 10�2000 Pote
th mu 9�2000 The
66 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
5–30 min in time and 50–300 m in space. The
mount of aerosol in the atmosphere for at least two
easurements had to be moderate or high, which
eant using the following values: 	max � 3 � 10�6

�1 sr�1 at 355 nm and �max � 2 � 10�4 m�1 at 355
m, to ensure values well above the detection limit.
e scaled these values down to longer wavelengths,

ssuming an �, 	 � ��1 dependence. The require-
ents on �max and 	max included that all systems
ere able to perform measurements within the plan-
tary boundary layer where the highest aerosol load
an be found. Both nighttime and daytime mea-
urements were compared, especially when signifi-
ant differences in daytime and nighttime operation
ould be expected.

. Compared Quantities

ompared quantities were �if measured�

• Aerosol backscatter at 355, 532, and 1064 nm,
• Aerosol extinction at 355 nm, and
• Aerosol optical depth �comparison with aerosol

ptical depth from sunphotometer or starphotom-
ter�.

To compare aerosol backscatter profiles calculated
ith an inversion algorithm �Section 3� we used equal

idar ratio profiles Saer�z� and aerosol backscatter cal-
bration values 	aer �z0�. For extinction profiles de-
ived from the Raman method, equal Ångstrøm
oefficients k were taken and all corrections to the
easured signals �e.g., dead-time correction, overlap

orrection� were applied by the individual lidar sys-
ems before the intercomparison. For the determi-
ation of optical depth from aerosol extinction
rofiles, well-mixed conditions with constant aerosol
xtinction in the layer between ground and the lower
nd of the profile were assumed. Then the profile
as integrated over the whole height range. To

NET Intercomparison Experiments

e Comment

yth Includes extinction

joch With Neuchâtel microlidar
sborn Within the German Lidar Network

rg Within the German Lidar Network
New intercomparisons in Barcelona in 6�2002
New intercomparisons in Hamburg in 8�2001
Using two systems from Minsk

With Neuchâtel microlidar
l Neuchâtel stationary with microlidar

New intercomparisons in Neuchâtel in 6�2002
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ompare nighttime measured Raman extinction pro-
les with daytime sunphotometer measurements we
llowed time differences of as much as 3 h, assuming
stable meteorological situation with no horizontal

dvection of a different air mass during this time.
e could verify this stability by looking at the tem-

oral development of the lidar signals.

. Maximum Deviations

n intercomparison was regarded as successful if the
eviation between the system and the quality con-
rolled system was in a given interval below one of the
alues given in Table 3. Profiles were split into re-
ions with high aerosol load and low aerosol load to
ermit the requirements for each interval to be fitted
eparately. The region with the high aerosol load
ill usually be the planetary boundary layer �PBL�,
nd we shall use this name here without further
istinction between, e.g., the mixing layer and the
esidual layer. The region above the PBL, with the
ow aerosol load, is called the free troposphere. In
he PBL it is useful to give relative mean deviations
nd standard deviations acording to Eq. �7� and �9�.
o pass the quality-assurance criterion in the PBL

he calculated deviations had to stay below one of the
iven limits, either the relative or the absolute devi-
tion. In regions such as the free troposphere with
ow aerosol content, mean and standard deviations
re given in absolute numbers only. For low aerosol
ackscatter, relative numbers can easily reach a few
undred percent, although the absolute deviations
ill remain small and therefore are not used here.

. Experiments and Results

lthough each intercomparison experiment was
cheduled for 3–5 days, measurements under differ-
nt meteorological conditions could not be taken in
very case. Sometimes also the minimum aerosol
ackscatter and extinction values could not be
eached because of the advection of clean air over
everal days or special conditions at mountain sites
uch as the Jungfraujoch, which is 3580 m asl. In
hree cases, technical problems had to be solved also
efore further measurements could be taken.
herefore the intercomparisons in 15 of 19 cases were
estricted to three episodes, at least one of which has
high aerosol load.

Table 3. Maximum Allowed Relative and A

Quantity Mean Deviation

Aerosol Extinction �355 nm� �20%�0.5 � 10�4 m�1

Aerosol backscatter
355 nm �20%�0.5 � 10�6 m�1

532 nm �20%�0.5 � 10�6 m�1

1064 nm �30%�0.5 � 10�6 m�1

Aerosol optical depth �355 nm� �30%�0.1
. Intercomparison of Lidar Systems

n total, 146 aerosol backscatter profiles were com-
ared. Mean and standard deviations were calcu-
ated and tested with respect to the quality criteria.
ot all profiles are displayed here, but some typical

esults are discussed in detail. They show the good
erformance of most of the systems; but problems and
imitations are also discussed.

All profiles were calculated only in a height region
here full overlap between the emitted laser beam
nd the receiving telescope’s field of view was ex-
ected. An overlap function to correct the aerosol
ackscatter values in the region of incomplete overlap
as not applied in any of the cases. Nevertheless,

ome minor near-range deviations between the com-
ared profiles could still be due to incomplete overlap.
he compared profiles were taken within exactly the
ame time window. Appropriate vertical averaging
as chosen by each lidar system individually. The

ignal statistics can be quite different among the sys-
ems, depending on laser power, detector efficiency,
nd optical arrangement. So, whenever possible,
ufficient temporal averaging was applied to prevent
arge deviations owing to statistical signal errors.

te Deviations for the Compared Quantities

Standard Deviation
Minimum Height

Interval �m�

�25%�1.0 � 10�4 m�1 1000

�25%�0.5 � 10�6 m�1 sr�1 2000
�25%�0.5 � 10�6 m�1 sr�1 2000
�30%�0.5 � 10�6 m�1 sr�1 2000
�30%�0.1 2000

ig. 2. Intercomparison of aerosol backscatter profiles at 351 and
55 nm of the lidar systems from Leipzig �le�, Munich �mu�, and
amburg �hh�. Measurements were taken on 11 August 1998 at
1:15–21:45 UT during the LACE 98 experiment.
bsolu

sr�1

sr�1

sr�1
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 967



1
M
t
�
c
M
b
t
f
w
a
t
1
c
s

a
T
g
p
A

T
a
h
a
d
e
h
v
T
s
s
t
b
v
t
r
t
e
f
s
w

s an

i

i

9

. Aerosol Backscatter
ost of the compared profiles were aerosol backscat-

er profiles in the UV �351 or 355 nm� and the green
532 nm�. Two MPI systems were part of the inter-
omparison experiments shown here. In 1998 the
PI system was excimer based, emitting at 351 nm,

ecause in the year 2000 the MPI also operated a
hree-wavelength Nd:YAG-based system that per-
ormed the intercomparisons in 2000 and 2001. It
as compared with the excimer system during sep-
rate measurements in Hamburg. The MIM sys-
em remained unchanged in its optical design from
998 to 2001. The dynamic range of the system
ould be extended by use of a new data acquisition
ystem.

. Leipzing–Munich–Hamburg Data
he measurements by the three German lidar
roups from Leipzig, Munich, and Hamburg were
erformed in August 1998 during the Lindenberg
erosol Characterization Experiment �LACE 98�.17

Table 4. Leipzig and Munic

Date �UT�
Wavelength

�nm�
Heig

09�08�1998 �22:30–23:00� 532 60
150

11�08�1998 �12:07–12:12� 532 50
11�08�1998 �21:15–21:45� 355 60

240
11�08�1998 �21:15–21:45� 532 60

240
11�08�1998 �21:15–21:45� 1064 60

240

aAllowed absolute mean deviations and standard deviations are
tandard� deviations in the PBL are 20% �25%� at 355 and 532 nm

Table 5. Munich and Hambu

UT on 11�08�1998

Wavelength �nm�
H

Munich Hamburg

12:07–12:12 355 351
21:15–21:45 355 351

2

aAllowed absolute mean deviations and standard deviations are 0
n the PBL are 20% �25%�.

Table 6. Leipzig and Hambu

Date �UT�

Wavelength �nm�

Leipzig Hamburg

09�08�1998 �22:30–23:00� 355 320

11�08�1998 �21:15–21:45� 355 351

aAllowed absolute mean deviations and standard deviations are 0
n the PBL are 20% �25%�.
68 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
he results of measurements from 11 August 1998
t 21:15–21:45 UT can be seen in Fig. 2. Two
eight ranges, 600–2000 m with a high aerosol load
nd 2400–3800 m with a low aerosol load, were
istinguished for calculation of the mean differ-
nces and their standard deviations. In both
eight ranges the agreement was good and the de-
iations stayed well below the allowed values �see
ables 4–6�. The backscatter profile from the In-
titute for Tropospheric Research �IFT�, Leipzig,
hows some small deviations in the lowest alti-
udes, which are probably due to incomplete overlap
etween the laser beam and the telescope’s field of
iew. This is the typical near-range effect of sys-
ems that are equipped with large receiving mir-
ors. The IFT system covers the lowest range by
ilting the laser beam and the telescope to lower
levation angles.33 This measurement was made
or an elevation angle of 50°; the MPI and the MIM
ystems were vertically pointing. The MPI system
as excimer-laser based, emitting laser light at 351

kscatter Intercomparisonsa

nge Mean Deviation
��10�6 m�1 sr�1�

Standard Deviation
��10�6 m�1 sr�1�

00 0.04�7.7% 0.30�27.1%
00 �0.03 0.09
00 0.07�8.6% 0.16�12.6%
00 0.38�11.3% 0.70�18.5%
00 �0.06 0.22
00 0.23�2.9% 0.56�17.2%
00 0.15 0.32
00 0.07�5.6% 0.10�9.3%
00 �0.09 0.10

10�6 m�1 sr�1 at all wavelengths. Allowed relative mean �and
d 30% �30%� at 1064 nm.

ckscatter Intercomparisonsa

Range
�

Mean Deviation
��10�6 m�1 sr�1�

Standard Deviation
��10�6 m�1 sr�1�

3200 0.43�16.1% 0.59�19.7%
2000 0.01�1.5% 0.26�7.5%
3800 �0.04 0.2

10�6 m�1 sr�1. Allowed relative mean �and standard� deviations

ckscatter Intercomparisonsa

ght Range
�m�

Mean Deviation
��10�6 m�1 sr�1�

Standard Deviation
��10�6 m�1 sr�1�

00–1300 0.38�39.0% 0.48�53.0%
00–3000 0.13 0.14
00–2000 0.38�12.9% 0.62�16.2%
00–3800 0.15 0.32

10�6 m�1 sr�1. Allowed relative mean �and standard� deviations
h Bac

ht Ra
�m�

0–13
0–30
0–32
0–20
0–38
0–20
0–38
0–20
0–43

0.5 �
rg Ba

eight
�m

500–
600–
400–

.5 �
rg Ba

Hei

6
16
6

24

.5 �
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m, whereas the IFT and MIM systems used three-
avelength Nd:YAG lasers.
In Tables 4–6 the mean deviations and standard

eviations are given, together with the values for
avelengths and height ranges, from 11 August 1998
t 12:07–12:12 UT and from 9 August 1998 at 22:30–
3:00 UT. In the latter case the allowed relative
eviations were exceeded in the PBL, but on that day

Table 7. Munich and Thessalo

Date �UT�
Height Range

�m�

22�09�2000 �18:10–18:15� 1200–4000
4300–7000

23�09�2000 �9:40–9:45� 2000–3200
3400–6500

23�09�2000 �10:05–10:25� 2000–3300
3400–7000

23�09�2000 �11:20–11:50� 2000–3000
3300–7000

aAllowed absolute mean deviations and standard deviations are 0
n the PBL are 20% �25%�. Wavelength, 532 nm.

ig. 3. Intercomparison of aerosol backscatter profiles at 532 nm
etween Munich �mu� and Thessaloniki �th� taken on �a� 22 Sep-
ember 2000 at 18:10–18:15 UT and �b� 23 September 2000 at
:40–9:45 UT.
he aerosol load was low, and all deviations stayed
ithin the allowed absolute limits.

. Munich–Thessaloniki Data
he Munich–Thessaloniki intercomparisons had to
e restricted to 532 nm, because instabilities in the
ystem from Thessaloniki made reliable measure-
ents at 355 nm impossible. Thermal drifts of the

lignment were also detected at 532 nm. These
rifts led to changing overlap functions, and three of
he four intercomparisons were made at altitudes
bove 2000 m asl. However, on September 22 the
owest compared altitude was 1200 m.

Figure 3 shows comparisons of two sets of measure-
ents, from 22 September at 18:10–18:15 and from

3 September 23 at 9:40–9:45. Generally, the devi-
tions are small and stay well below the given limits.
ifferences of �30 m in the observed height of the
erosol layer can be seen in parts of the profiles. The
robing of different air parcels by the two systems
uring rapidly changing conditions of aerosol back-
catter explains the differences. Only short epi-
odes of cloud-free profiles were possible on those two
ays. The deviations for four cases are given in Ta-
le 7.

ackscatter Intercomparisonsa

Mean Deviation
�10�6 m�1 sr�1�

Standard Deviation
�10�6 m�1 sr�1�

0.05�2.2% 0.21�9.5%
0.02 0.04

0.01�0.3% 0.36�19.2%
0.02 0.04

0.18�10.6% 0.24�13.8%
0.00 0.03

0.14�8.9% 0.16�10.5%
0.03 0.04

10�6 m�1 sr�1. Allowed relative mean �and standard� deviations

ig. 4. Intercomparison of aerosol backscatter profiles at 355 and
32 nm between Munich �mu� and Potenza �po� taken on 10 Octo-
er 2000 at 16:20–17:02 UT.
niki B
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. Munich–Potenza Data
he intercomparisons of Munich and Potenza taken

n October 2000 also suffered from bad weather con-
itions; therefore only on 10 October could a longer
verage of 40 min be taken �Fig. 4�. The following
ay, only shorter periods in cloud gaps were used for
he intercomparisons. Potenza is 820 m asl; the low-
st point with full overlap was �1000 m above ground
evel, so the measurements at altitudes above �1800

asl were compared.
At both wavelengths, only minor deviations be-

ween the systems were detected �Table 8�. The low-
st measurement heights were affected mostly by
ome smaller differences, which could have been due
o overlap effects or to detector nonlinearities. How-
ver, the differences remained small and did not af-
ect the good performance that both systems showed
uring this intercomparison.

. Hamburg–Neuchâtel Data
he three-wavelength aerosol Raman lidar of MPI was
ompared with the microlidar of the Observatoire Can-
onal Neuchatel in September 2000 at Palaiseau.
he microlidar emitted at a very high repetition rate

11 kHz� and a very low pulse energy ��1 �J� at 532
m. Because of this low pulse energy the microlidar

s limited in range in the daytime. Two of the inter-
omparison episodes were taken at night when profiles
ould be measured at heights of more than 9000 m.
uring the daytime the microlidar data can be used
ith good accuracy up to 4000–5000 m. With the low
utput energy of the laser used for the microlidar in
ind, this is a fairly good result. All absolute devia-

ions were within the allowed limits; only on 11 Sep-
ember did the relative error of the aerosol backscatter
xceed the limits because of the prevailing low back-
catter. Figure 5 shows the daytime profile from 13
eptember 2000 and a nighttime profile from 11 Sep-
ember 2000. In Table 9 the mean and standard de-
iations can be found, together with data on a third
ase from 14 September 2000.
70 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
. Aerosol Extinction

. Hamburg–Leipzig Data
xtinction profiles for Hamburg and Leipzig derived

rom the Raman method were compared. One pro-
Table 8. Munich and Potenza Backscatter Intercomparisonsa

Date �UT�
Wavelength

�nm�
Height Range

�m�
Mean Deviation

��10�6 m�1 sr�1�
Standard Deviation
��10�6 m�1 sr�1�

10�10�2000 �16:20–17:02� 355 1800–2500 �0.21��14.1% 0.28�19.0%
3000–7000 �0.02 0.07

10�10�2000 �16:20–17:02� 532 1800–2500 �0.03�3.2% �0.07�8.3%
3000–7000 0.01 0.03

11�10�2000 �10:21–10:28� 355 1800–3500 �0.06�3.8% 0.20�12.7%
4000–5500 0.03 0.22

11�10�2000 �10:21–10:28� 532 1800–3500 �0.02��2.7% 0.07�8.1%
4000–9000 �0.01 0.08

11�10�2000 �11:58–12:02� 355 1700–3500 �0.03��1.8% 0.14�8.0%
4000–5000 0.03 0.30

11�10�2000 �11:58–12:02� 532 1700–3500 �0.04��4.1% 0.11�12.5%
4000–7500 �0.01 0.14

aAllowed absolute mean deviations and standard deviations are 0.5 � 10�6 m�1 sr�1 at both wavelengths. Allowed relative mean �and
ig. 5. Intercomparison of aerosol backscatter profiles at 532 nm
etween Hamburg �hh� and Neuchâtel �ne� taken on �a� 11 Sep-
ember 2000 at 19:40–20:00 UT and �b� 13 September at 14:51–
5:08 UT.
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le had already been taken in 1998 during the LACE
8 experiment. It is shown in Fig. 6 and was taken
n the same time interval as some of the backscatter

easurements described in Section 1. The agree-
ent can be regarded as excellent: The mean devia-

ion is only 4.7%, with a standard deviation of 11.7%
Table 10�.

. Hamburg–Aberystwyth Data
he two systems from Hamburg and Aberystwyth
perate the nitrogen Raman channel at 387 nm, so
erosol extinction profiles could be determined and
ompared. Measurements were taken mostly to
ighttime because the Raman channels can be oper-
ted only with very low background light. Both sys-
ems had to deal with problems with data from their
arge far-range telescope at 355 nm: the MPI sys-

Table 9. Hamburg and Neuch

Date �UT�
Height Range

�m�

11�09�2000 �19:40–20:00� 400–1300
2000–9800

13�09�2000 �14:51–15:08� 300–2400
2500–4700

14�09�2000 �20:30–21:00� 300–1300
1500–9000

aAllowed absolute mean deviations and standard deviations are 0
n the PBL are 20% �25%�. Wavelength, 532.

Table 10. Hamburg and Leipzig Ext

UT on 11�08�1998

Wavelength �nm�
H

Leipzig Hamburg

�21:15–21:45� 355 351

aAllowed absolute mean �and standard� deviations are 0.5 �1.0�
BL are 20% �25%�.

ig. 6. Intercomparison of aerosol extinction profiles at 355 nm
etween Hamburg �hh� and Leipzig �le� taken on 11 August 1998
t 21:15–21:45 UT.
em with electronic interference, and the University
f Aberystwyth with the adjustment of the telescope.
he latter could be corrected after the experiment,
hich improved the data quality of this EARLINET

tation.
The electronics problem in the MPI system could

lso be solved after the experiment. So most of the
rofiles shown here were measured with a small
ear-range telescope and were limited in range.
igh standard deviations in the upper heights are
ue to the low signal level achieved with the small
elescope. Good agreement could be found for the
verage values of the extinction profiles in the PBL;
he mean deviations were 2.1% and 0.2%, respec-
ively, on 6 May and 7 May 2001, for Hamburg and
berystwyth, The standard deviation shows high rel-
tive deviations of as much as 35%, but they stayed
ithin the predefined maximum absolute deviation of
.0 � 10�4 m�1 �Fig. 7 and Table 11�.

. Intercomparison of Lidar and Photometer

uring nighttime, Raman lidar can deliver aerosol
xtinction profiles with high accuracy. If the mea-
urements cover a significant part of the planetary
oundary layer, the aerosol optical depth �AOD� can
e derived by integration of the extinction over the
hole height range from ground to the top of the
rofile. Assuming that the planetary boundary
ayer is still well mixed at 1 or 2 h after sunset, the
xtinction profile can be extrapolated to ground with-
ut large errors if constant extinction values are
sed.
These measurements can best be compared with

tarphotometer measurements that can be per-
ormed simultaneously, but this instrument is not
requently operated on a routine basis. In contrast,
utomatically operating sunphotometers are quite of-

ackscatter Intercomparisonsa

Mean Deviation
��10�6 m�1 sr�1�

Standard Deviation
��10�6 m�1 sr�1�

0.34�33.3% 0.37�36.9%
0.02 0.05

0.02�1.5% 0.36�21.9%
0.03 0.29

�0.37��17.9% 0.40�19.3%
0.03 0.05

10�6 m�1 sr�1. Allowed relative mean �and standard� deviations

n Intercomparisons on 11�08�1998a

t Range
m�

Mean Deviation
��10�4 m�1�

Standard Deviation
��10�4 m�1�

–2000 0.05�4.7% 0.34�11.7%
–3800 0.17 0.25

�4 m�1. Allowed relative mean �and standard� deviations in the
âtel B

.5 �
inctio

eigh
�

600
2400

� 10
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 971
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en available,34 and lidar systems can be compared
ith those instruments. The comparisons have to
e treated carefully, because a time delay of approx-
mately 2–3 h between the last measurement of the
unphotometer in daytime and the first Raman lidar
easurement at nighttime cannot be avoided. Ad-

itionally, cirrus clouds can prevent accurate sunpho-
ometer measurements. However, from continuous
idar measurements, the development of the aerosol
istribution and the presence of cirrus clouds can be
bserved, which permit intercomparisons without
arge systematic errors in some situations.

The aerosol optical depth from the MPI Raman

Table 11. Hamburg and Abery

Date �UT�
Height Range

�m�

06�05�2001 �20:30–20:45� 500–1800
2400–5000

07�05�2001 �20:44–21:44� 1100–1800
2400–4000

aAllowed absolute mean �and standard� deviations are 0.5 �1.0�
BL are 20% �25%�. Wavelength, 355 nm.

ig. 7. Intercomparison of aerosol extinction profiles at 355 nm
etween Hamburg �hh� and Aberystwyth �ab� taken on �a� 6 May
001 at 20:30–20:45 UT and �b� 7 May 2001 at 20:44–21:44 UT.
72 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
idar and the IFT transportable Raman lidar were
ompared to photometer data. Figure 8 shows the
ntercomparison of the lidar optical depth with star-
hotometer measurements performed in Lindenberg
uring LACE 98 for two episodes during the night of
1–12 August 1998. The 532-nm optical depth from
FT fits the starphotometer almost perfectly; also, the
xtrapolation of the photometer data to shorter wave-
engths near 355 nm assuming a spectrally constant
ngstrøm exponent gives agreement between the two

nstruments within the error bars of the lidar mea-
urements of 0.05–0.08. The lidar profiles were
xtrapolated down to ground, assuming a height-
onstant aerosol extinction in the lowest 500 m. The
rror that resulted from this assumption is estimated
o be 0.025 in the optical depth, corresponding to 25%
f the optical depth of this layer.
During the intercomparison experiment in Pal-

iseau, the MPI Raman lidar could also be compared
o the automatic sunphotometer from the Laboratoire
étéorologie Dynamique, Palaiseau, on two days.

n Figure 9 the optical depth measurements from the
unphotometer are plotted at four measured wave-
engths from 440 to 1020 nm. Assuming again that
he AOD follows an Ångstrøm law �AOD � ��k�, the
easurements were extrapolated to lower wave-

engths, although this was done because of additional
rrors that are due to insufficient knowledge about
he wavelength dependence of the aerosol optical
epth at wavelengths below 400 nm. The given er-

h Extinction Intercomparisonsa

Mean Deviation
��10�4 m�1�

Standard Deviation
��10�4 m�1�

0.05�2.1% 0.79�35.5%
0.13 0.36

�0.04��0.2% 0.32�20.8%
�0.06 0.21

�4 m�1. Allowed relative mean �and standard� deviations in the

ig. 8. Intercomparison of aerosol optical depth measurements
ith the MPI Raman lidar �hh�, the IFT Raman lidar �le�, and the

tarphotometer from Meteorologisches Observatorium Lindenberg
n 11–12 August 1998. Photometer error bars are of the order of
.01–0.02 for all wavelengths.
stwyt
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or of the lidar data contains the statistical measure-
ent error and the error in the optical depth of the

owest part of the atmosphere, where the lidar cannot
eliver extinction values. A typical overall error in
he lidar data is �0.05. The accuracy of the sunpho-
ometer’s optical depth data is usually of the order of
.01–0.02.34

Keeping in mind the potential error sources men-
ioned above, the measurements of 11 and 14 Sep-
ember 2000 show agreement within the error bars.
or the sunphotometer, late-afternoon periods with

airly constant optical depth were averaged. The li-
ar data were taken after sunset, and 45–70-min
verages were used in deriving the aerosol extinction
rofile, which led to small statistical errors of the
xtinction. The largest error came from the un-
nown extinction values in the lowest part of the
oundary layer. The presence of cirrus in the pho-
ometer data, which would lead to too-high optical
epth values, can never be completely excluded.
owever, the lidar data did not show cirrus clouds

hroughout the measurement period of the sunpho-
ometer on both days.

. Overview of the Results

he whole set of intercomparison experiments turned
ut to be a good and hard test for all systems. In
everal cases the systems could be improved after the
easurements. Many of the existing problems cer-

ainly would not have been detected without the in-
ercomparison measurements. Besides, a high
uality of the measurements could be stated in al-
ost all cases and the predefined goals could be

eached. Figures 10 and 11 give the absolute and
elative mean deviations and standard deviations in
he PBL for all aerosol backscatter intercomparisons
sed for the EARLINET quality assurance. Almost
ll relative values are well within the 20% limits,
ost of them even within �10%. Only two cases

ave significantly higher deviations in the PBL.

ig. 9. Intercomparison of aerosol optical depth measurements
ith the MPI Raman lidar and the sunphotometer from the Labo-

atoire Météorologie Dynamique, Palaiseau. Photometer error
ars are estimated to 0.02, excluding extrapolation errors.
owever, those cases are connected with low aerosol
oad, and the absolute deviations stay well below the
llowed value of 0.5 � 10�6 m�1 sr�1.
In some cases the standard deviations exceed the

5% margin. Again, these cases generally are con-
ected with low aerosol loads, and the absolute devi-
tions still are acceptable. Sometimes an
verestimation of the errors occurs if small differ-
nces in height are being detected. The point-to-
oint calculation of the differences that was used can

ig. 10. Absolute values of the mean deviations and standard
eviations of all aerosol backscatter intercomparisons in the PBL.

ig. 11. Relative values of the mean deviations and standard
eviations of all aerosol backscatter intercomparisons in the PBL.
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ead to quite large differences if strong gradients oc-
ur in the aerosol profile.

The absolute deviations of all compared profiles in
egions with low aerosol are displayed in Fig. 12.
ere, in almost all cases mean deviations stay below
.2 � 10�6 m�1 sr�1, and this value holds for the
tandard deviation, too. Where higher standard de-
iations have been detected, higher averaging, espe-
ially in height, would lead to smaller fluctuations.
ecause often little variability is seen in the upper

ropospheric aerosol profiles, larger vertical averag-
ng would be an appropriate procedure with which to
ncrease the data quality in higher altitudes.

Aerosol extinction profiles could be compared in
nly two cases. For the EARLINET, the MPI lidar
as the only transportable Raman lidar system that

ould be used for intercomparison. However, the ef-
ort to move the MPI system was much higher than
or the system from Munich; therefore the MIM sys-
em, although it was not equipped with Raman chan-
els, was chosen to travel to Italy and Greece. In
taly, all systems perform Raman measurements but
one of them is transportable. The extinction pro-
les from MPI and IFT taken in 1998 showed a mean
eviation of only 5% and 12% standard deviation.
he extinction profiles measured by MPI and the
niversity of Aberystwyth in May 2001 showed a

arger standard deviation of as much as 35% in one
ase, but the allowed absolute limits were not ex-
eeded. Good agreement was found for the mean
alues of the profiles that stayed much below 5% in
he PBL. Additionally, the MPI Raman lidar and
he IFT transportable Raman lidar were compared to
tarphotometer measurements in Lindenberg; the
PI system was compared to sunphotometer mea-

urements in Palaiseau as well. Despite the diffi-

ig. 12. Absolute values of the mean deviations and standard
eviations of all aerosol backscatter intercomparisons in the FT.
74 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
ulties connected with these comparisons, the
greement was good and stayed within the error bars
f 0.05–0.08. This result demonstrates the high
uality of the lidar data which also holds when widely
ifferent instruments are used.

. Summary

o achieve the goals of EARLINET it is essential to
rovide aerosol backscatter and extinction profiles on
quantitative basis. To derive those quantities, 19
uropean lidar groups operate aerosol lidar systems

hat are quite different in detail. To achieve a ho-
ogeneous data set, and to make sure that all sys-

ems and the algorithms used for the evaluation work
ell, a large number of intercomparison experiments
ere performed that tested at least two systems at a

ime at one place. Algorithms were tested sepa-
ately by use of synthetic lidar data as input and
ecalculation of the assumed aerosol distribution.
he results have been discussed in detail by Böck-
ann et al.18

The instrument intercomparison included all lidar
esting groups with 19 lidar systems. Eighteen of
hese lidar groups compared their systems with
uality-assured lidar systems. One �the Minsk sys-
em� made internal intercomparisons of two of its
idar systems operating at the same place and the
ame wavelength. In 16 cases the predefined qual-
ty criteria could be met from the beginning. The
erosol backscatter measurements showed devia-
ions of less than 10% in most cases. The standard
eviations were typically below 25%. Higher devia-
ions were always connected with low aerosol loads
nd did not exceed the maximum allowed absolute
eviation in those cases. System precision, includ-
ng algorithms, could be estimated to be better than
0% in many cases and to even better than 10% in the
BL. Above that layer, absolute deviations were
ypically of the order of 0.1 � 10�6 m�1 sr�1 or better,
hich are less than 10% of low aerosol values in the
BL. Keeping in mind that errors in the determi-
ation of the aerosol backscatter profile by use of pure
lastic backscatter at 355 nm can be as large as 50%
f no information about the lidar ratio can be provided
rom Raman measurements, these errors are quite
mall. Calculation errors that were due to the use of
ifferent averaging procedures and algorithm imple-
entations also contributed to the total error. They
ere of the order of 2–4%; see Part 2 of this series.18

Intercomparisons of Raman extinction measure-
ents could be made only in two cases. Aerosol ex-

inction profiles in the UV derived from those systems
uring the LACE 98 campaign showed excellent
greement, with mean deviations of 5% and a stan-
ard deviation of 12% for 0.5-h measurement. The
omparisons of the MPI and the University of Aberys-
wyth data showed good agreement of the extinction
rofiles, but the standard deviation of the measured
xtinction was rather large. However, large stan-
ard deviations are not unusual for Raman measure-
ents because of the weak backscattered signal.
ean deviations were below 5% in both cases ana-



l
t

M
m
a
t
I
a
d
t
d
h
s
w
s
b

a
p
t
i
e
t
a
b
c
a
m
t

i
w
p
a
t
l

p
i
F
o
9
d

M
s
t
w
U
w
u
s

w
a
t
d

R

1

1

1

1

yzed, a result that permits accurate determination of
he aerosol optical depth, as well.

The AOD from aerosol extinction profiles of the
PI lidar was compared to sunphotometer measure-
ents during the intercomparison campaign in Pal-

iseau. The IFT and MPI lidars were also compared
o starphotometer measurements during LACE 98.
n all cases the agreement was good �within 0.05
erosol optical depth�, especially if one considers the
ifficulties of such intercomparisons, beginning with
he different optical path, the unknown wavelength
ependence in the UV, and the time difference of 2–3
in the sunphotometer measurements. This result

hows that optical depth measurements can be made
ith lidar systems. From lidars, even vertically re-

olved profiles can be derived, and measurements can
e taken also in presence of high-level clouds.
Although good intercomparison results could be

chieved, some of the systems tested had to be im-
roved. The detected errors were due mainly to de-
ector saturation, overlap problems, or thermal
nstabilities. The problems were solved in most cas-
s; however, sometimes the lidar groups had to de-
ermine the validity ranges of their data carefully
nd apply further improvements �e.g., to thermal sta-
ilization� to their systems. In this sense the inter-
omparisons showed that good agreement can be
chieved but also that great care has to be taken to
aintain this quality during the routine operation of

he lidar systems.
In three cases the system intercomparisons failed

n the first attempt. Major system reconstructions
ere recommended in these cases, which were com-
leted in 2001 �Linkoping� and 2002 �Lisbon and Pal-
iseau�. New intercomparison experiments showed
hat the new systems perform much better and de-
iver reliable results for the EARLINET data base.
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Amiridis, A. Boselli, A. Delaval, F. De Tomasi, M. Frioud, A.
Hågård, M. Iarlori, L. Komguem, S. Kreipl, G. Larchevêque, V.
Matthias, A. Papayannis, G. Pappalardo, F. Rocadenbosch, J.
Schneider, V. Shcherbakov, and M. Wiegner, “Aerosol lidar
intercomparison in the frame of the EARLINET project. 2.
Aerosol backscatter algorithms,” Appl. Opt. 43, 977–989
�2004�.

9. G. Pappalardo, A. Amodeo, M. Pandolfi, U. Wandinger, A.
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