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I. Mattis,D. Müller, J.Sark̈ozi, L. Schneidenbach,J.Schneider,
T. Trickl, E. Vorobieva,U. Wandinger, M. Wiegner

February28,2001

ISSN 0937–1060



Contents

1 Intr oduction 6

2 Methodology 9
2.1 Lidar methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Backscatterlidar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.2 Ramanlidar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.3 Scanninglidar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Aerosolcharacterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Samplingstrategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Systemdescriptions 13
3.1 Max-Planck-Institutfür Meteorologie,Hamburg . . . . . . . . . . . . . . . . . . . . 13
3.2 Leibniz-Instituteof AtmosphericPhysics,Kühlungsborn . . . . . . . . . . . . . . . 15
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Abstract

The GermanAerosolLidar Network hasattempted,for the first time worldwide, to establisha cli-
matologicaldataset for the aerosolvertical distribution over several stationsin a quantitative and
coordinatedapproach.Quantitativeresultshavebeenobtainedby employing advancedlidar methods
like Ramanor scanninglidar to retrieve profilesof theextinction coefficient directly. To provide for
a sufficiently homogeneousdatasetsubstantialeffort wasput into dataquality assurance.Intercom-
parisonswereperformedatbothsystemandretrieval algorithmlevels.A verysatisfactoryagreement
betweenthedifferentsystemswasachieved.A ratherlargedatasetof aerosolextinctionandbackscat-
ter profileswascollectedusingregularly scheduledmeasurementson predetermineddaysandtimes
to avoid a biasdueto ”preferred”weatherconditionsfor lidar observations. A largenumberof ad-
ditional measurementsweredevotedto studiesof specialweatherconditions.Theresultsof special
studiesrelatedto the aerosoldistribution associatedwith high pressuresystemsandcold front pas-
sagesarereportedaswell asspecialstudiesonthelongtermdevelopmentof thestratosphericaerosol
distribution,transportprocessesin anAlpine valley, andlongrangetransportof aerosol.Theretrieval
of aerosolmicrophysicalpropertiesusing lidar measurementsat several wavelengthsis described
mathematicallyandappliedto actualexamples,showing verypromisingresults.Severalmethodsfor
thestatisticalanalysisof theclimatologicaldatasetaredevelopedmakinguseof thesimultaneously
collecteddatasetof backtrajectories.Productsof theseanalysesincludetheseasonaldependenceof
boundarylayer heights,the meanextinction andbackscatterprofiles, the meanoptical depth,sep-
aratelyfor PBL andfree troposphere,the seasonaldependenceof aerosolextinction, the statistical
distributionof aerosolextinctionandof extinction-to-backscatterratiovalues,andthedependenceof
aerosolopticalpropertieson theairmasshistory.
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Chapter 1

Intr oduction

by J. Bösenberg

TheGermanAerosolLidar Network wasestablishedin 1998asa joint projectof six institutessup-
portedby theFederalMinistry of EducationandResearchin theframeof thefundingfocus“Atmo-
sphericAerosolResearch(AFS)”. Theparticipatinginstitutionsare(from North to South):� Leibniz-Institutfür Atmospḧarenphysik,Kühlungsborn(IAP )� Max-Planck-Institutfür Meteorologie,Hamburg (MPI )� Institut für MathematikderUniversiẗatPotsdam(IMP )� Institut für Tropospḧarenforschung,Leipzig (IfT )� MeteorologischesInstitutderLudwig-Maximilians-Universiẗat,München(MIM )� Fraunhofer-Institut für AtmospḧarischeUmweltforschung,Garmisch-Partenkirchen(IFU )

The observational network is establishedby the institutes in Kühlungsborn,Hamburg, Leipzig,
München,andGarmisch-Partenkirchen.The IMP is involved in the developmentof algorithmsto
retrieve aerosolmicrophysicalpropertiesfrom multispectrallidar measurements.Fig. 1.1shows the
geographicaldistributionof themeasurementstations.
Thecentralobjectiveof theGermanaerosollidar network is to establishacomprehensive,statistically
significant,andunbiasedclimatologicaldatabaseof theverticalaerosoldistribution over Germany.
This is considerednecessary, because� Aerosolsplayanimportantrole in theclimatesystem,andaffectmenslife in many ways.� The retrieval of the vertical distribution of aerosolis importantto assessthe role of transport

processesfor theobservedaerosolload.� Reliabledataon the vertical distribution of aerosolsaretoo sparseto be representative, even
over regionsthatareusuallywell coveredby environmentalobservations.� Germany is asuitableareato characterizethenaturalandman-madevariability of tropospheric
aerosol.� An investigationof correlationsbetweenaerosolandmeteorologicalparametersrequireslong-
termmeasurementsat selectedsites.
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� Lidar methodsareparticularlysuitedfor establishinga statisticallyrepresentative datasetof
theaerosolverticaldistribution.

In orderto reachthis objective thegoalsof thejoint projectwere:� to install a small numberof stationswheresuitablelidar systemsandgroupswith sufficient
experiencein theiroperationfor aerosolretrievalswereavailable� to establishacommonobservationscheme,� to assessdataquality,� to build acommondatasetof quantitativeaerosolparameterprofiles,� to developmethodsfor analysisof aerosolspatialandtemporaldistributions,� to form thecoreof a futurelargernetwork.

Greatemphasiswasput on the requirementto provide quantitative aerosolproperties,in this case
theaerosolextinction and/orbackscattercoefficientsasa functionof height. Specialcarewastaken
to retrieve thesequantitiesunambigously, from theselectionof instrumentsaswell asfrom retrieval
schemes.

Figure1.1: Thestationsof theGermanAerosolLidar Network.
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It wasclearfrom thebeginningthatfive stationswould not besufficient to provide full coverageof
the troposphereover Germany in a statisticallyrepresentative way. However, the selectionof sta-
tionsprovidedfor thepossibilityto characterizequitedifferentairmassesandaerosoltypes:moreor
lesspristinemaritime(Hamburg andKühlungsborn),rural (Kühlungsborn,Garmisch),urban(Mu-
nich, Leipzig, Hamburg), anthropogenicindustrial(Leipzig), andof coursemany differentmixtures
betweenthebasictypes.Coordinatedmeasurementsalsoprovidedfor thepossibility, at leastin prin-
ciple, to studythetranformationof airmasseswhile they weretranportedoverGermany.
This reportis organizedasfollows: a descriptionof thebasicmethodologyof theaerosolretrievals
and the samplingstrategy is followed by a brief descriptionof the instruments. A larger part is
devoted to the quality assurance,both at the algorithm and the instrumentlevel. The retrieval of
microphysicalparametersfrom lidar measurementsis discussedbothfrom amathematicalstandpoint
andfrom practicalapplications.In themainpartdifferentapproachesfor statisticaldataanalysisfor
the five stationsare presented.This also includesa specialchapteron the useof trajectoriesand
associatedclusteranalysis.In additionto theclimatologicalmeasurementsa fairly large numberof
additionalobservationshave beenperformed,in particularfor high pressureconditions,cold front
passages,relatedto long rangetransport,andconcerningthe vertical transportmechanismsin the
Alps. TheGermanlidar network alsoprovideda framefor thecontinuationof a long time seriesof
stratosphericaerosolmeasurementsat Garmisch-Partenkirchen,the resultsof thesestudiesarealso
included.
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Chapter 2

Methodology

2.1 Lidar methods

by J. Bösenberg

For theanalysisof measurementstakenat differenttimesanddifferentlocationsit is very important
thatthemeasurementsarequantitative. Lidar methodsaresufficiently maturenow to providereliable
andquantitativeaerosolmeasurements,but in orderto comeupwith well definedphysicalparameters
it is necessaryto useacombinationof severalmethods.
The basisof any lidar signal analysisis the lidar equationwhich describesthe receiver signal as
a function of atmosphericandsystemparameters.The standardform of the lidar equationfor the
caseof quasimonochromaticemission,instantaneouselasticscattering,negligible multiplescattering
processes,andneglible coherenceof thebackscatteredsignalis�����	��
��������������������� �!��
#"	$%� &'���	��
�(� )%���*�+
�(��,-"	$/.10243/57698 :<;>=?: (2.1)

where
�����*�+
�

is the received signalpower from distance



,
�

the wavenumberof the transmitted
light,



thedistanceof thescatteringvolumefrom thetransmitter/receiver,

�@�
thetransmittedpulse

energy,
�

thevelocity of light,
�

theactive areaof the receiving telescope,
&A�B�*��
�

the total system
efficiency,

)%�B�*��
�
the total backscattercoefficient at distance



, and C �B�*��
�

the total atmospheric
extinctioncoefficient.

2.1.1 Backscatterlidar

For thepurposeof inversionof eq.2.1 it is usefulto write it in differentialformDD 
FEHG �I�J��
�$K�L� DD 
MEHG )ONQP C �
(2.2)

In this equationthemeasuredquantityis P, thedistanceR is known, and
)

and C areunknowns. It
is obviousthatthereis no uniquesolutionto this equation.This problemof thestandardbackscatter
lidar retrieval is usually“solved” by assumingaconstantratio betweenbackscatterandextinction,R �S�TC) �

(2.3)

where
R �

is called“lidar ratio”. Therearenumerouspublicationson retrieval algorithmsbasedon
theseequations,the mostcommonlyusedonesaredescribedin (Fernald,1984;Klett, 1981;Klett,
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1985;U SasanoandNakane,1984).In principlethesepublicationsdescribethesamealgorithm,which
will be treatedin detail in section4.1.2. It is worth mentioningthat this algorithmdoesaccountfor
differentlidar ratiosfor molecularandaerosolscattering,andat leastin principle acceptsa height-
dependendlidar ratio. Thecleardisadvantagesof this retrieval are:it requiresacalibrationvalue,i.e.
anabsolutevalueof thebackscattercoefficientataselectedrange(calibrationrange);it is numerically
unstablefor integrationbeyondthecalibrationrange;it is sensitive to noisein thesignal;it requires
the input of the lidar ratio, which is a usuallynot well known aerosolproperty. Therearenumerous
publicationson thepropertiesof thesesolutions,in particularon thesensitivity to thechoiceof input
parametersanderror propagation.For an overview see,e.g.,(Bösenberg et al., 1997). It hasto be
emphasizedthat this inversionmethodis not quantitative becauseof the dependenceon the input
of unknown aerosolparameters.However, althoughthe original applicationfor which this method
hadbeendevelopedwastheretrieval of theextinction coefficient in turbid media,it canyield useful
resultsfor backscatterprofiles in cleanareasof the atmosphere.This is mainly true for the upper
troposphereandthestratosphere,andtherealsotheaerosolmicrophysicalparametersareoftenrather
well known, e.g. for sometypesof stratosphericaerosols.Sincethebackscatterlidar is rathereasy
to operateandthe signal is at leasta byproductof any lidar measurementthis methodis usedto a
largeextent. It should,however, bestatedexplicitly thatin contrastto thebackscattercoefficientsthe
extinction coefficientsobtainedthroughthis methodareaccurateonly to thatextent to that the lidar
ratiohasbeenguessed.For troposphericaerosolthis guessis usuallyratherpoor.
Sofar threemethodshavebeendemonstratedto overcomethelimitationsof thebackscatterlidar for
quantitative retrievalsof aerosolopticalparameters:high spectralresolutionlidar, Ramanlidar, and
scanninglidar.
Thehighspectralresolutionlidar usesextremelynarrow filtersto separatetheaerosolfrom themolec-
ular return (GrundandEloranta,1991). Becauseof the ratherdemandingtechnologyit is imple-
mentedat very few experimentalsitesonly. It is not consideredherebecauseit wasnot usedwithin
thenetwork.

2.1.2 Raman lidar

Theuseof Ramanscatteringfrom nitrogenor oxygenin additionto measuringtheelasticbackscatter
is awell establishedtool for determiningtheextinctionprofileseparatelyfrom thebackscatterprofile
(Ansmannet al., 1992b).While theRamanandHSRL techniquesareequivalentin performance,at
leastin principle, thepreferredmethodwithin thenetwork is thecombinationof Ramanandelastic
scatteringatoneUV wavelengtharound355nm. Threeof thefivestationshaveappliedthistechnique.
Thelidar equationin differentialform for thecaseof theRamanlidar readsVVXWFY[Z]\B^J_ W�`�acb VV	WdY[Z4egfMhQi-jdk (2.4)

Again ^ is the measuredquantity, R is known, the Ramanbackscattercoefficient egf is generally
known with sufficient accuracy asa function of height,andthe extinction coefficient j is the only
unknown in this equation.Henceit canbesolveduniquely, andtheknown j providesfor a unique
solutionfor e aswell. Thisalsopermitsthedeterminationof thelidar ratio, l'm , andmeasuredprofiles
demonstratethattheassumptionof a constantlidar ratio is generallynot justified.

2.1.3 Scanninglidar

The third possibility to retrieve the extinction profile independentlyis to performmeasurementsat
two or moredifferentzenithanglessimultaneouslyor at leastalternating(Gutkowicz-Krusin,1993).
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Whensufficient temporalaveragingis appliedit may be assumedundermany conditionsthat the
aerosolpropertiesarethesamefor bothdirections.Thenthesetof two lidar equationscanbesolved
directly to yield extinction andbackscatterprofiles. The correspondingdifferential lidar equation
reads nnXoMpHqsrct(u/vt(u�w/xzy|{~}'���-���(� { ���-���L����-���(�L�����-���L����� (2.5)

This methodhasits mainadvantageat longerwavelengthswhereRamanscatteringis too weak.The
disadvantageof courseis thathorizontalhomogeneityis required,whichmaybedifficult to provefor
specificapplications.ThesystemsatMunichandLeipzigarecapableof operatingin this mode.

2.2 Aerosolcharacterisation

Thecharacterisationof theaerosoltypewasintendedin a phenomenologicalway. Theplanwasto
usethe wavelengthdependenceof the backscattercoefficient, obtainedfrom measurementsat ap-
proximately1.06,0.53,and0.35 �A� , to characterisethe aerosoltype. In the courseof the project
this turnedout to bemoredifficult asexpectedbecausein morecomplex situationsthe inversionof
the1.06 �A� lidar measurementsis not reliable. On theotherhandit turnedout thatmany success-
ful measurementsof the extinction-to-backscatterratio could be performedandthat this value,the
so-calledlidar ratio, is quitecharacteristicfor thetypeof aerosol.Hencefor statisticalinvestigations
this quantityseemsto be preferableover the wavelengthdependeceof the backscattercoefficient.
Both quantitieshave actuallybeenused.Thebestcharacterisationof aerosolof courseis presented
by its microphysicalparameters,e.g. numberconcentration,massdensity, surfacedensity, modera-
dius, refractive index, etc. Becausethemethodsto derive thesequantitiesfrom lidar measurements
have not beenavailablein thebeginningbut ratherbeendevelopedwithin the frameof this project,
suchevaluationswerelimited to a few examplesonly. No sufficient datasetto performa solid sta-
tistical analysiscould be collected. This wasalsodueto the fact that most lidar systemswerenot
capableof providing thenecessaryinput profiles,at leastnot duringroutineoperation.However, the
resultsof the microphysicalretrieval studiesindicatethat in principle a microphysicalratherthana
phenomenologicalcharacterisationis possible.

2.3 Samplingstrategy

The Germanaerosollidar network wasmadeup by 5 stationsthat have not beenchosenfrom first
principles in view of optimum location with respectto arealcoverage,but ratherbecauseof the
existenceof suitablelidar systemsandgroupsthathave sufficient experiencein troposphericaerosol
research. While the densityof the network is certainly not sufficient to claim that the region of
Germany is well covered,thelocationsarerepresentativefor differentimportanttypesof aerosolsthat
arelikely to occuroverGermany. Hamburg andKühlungsbornarelocatedwell in thenorthwith clear
maritimeinfluence,Leipzig is locatedin EastGermanys industrialisedregion, Munich is an urban
areain thesouth,andGarmisch-Partenkirchenis analpinestationwith strongorographicallyinduced
flow patterns.Theaerosoltypesthatoccurover thesestationsmaybeconsideredquiterepresentative
for themostcommonaerosoltypesthatoccuroverGermany asawhole.
It is also importantto note that measurementsare performedundera broadrangeof atmospheric
conditions. Oneof the importantadvantagesof lidar over passive remotesensingmethodsis that
it canyield reliableresultseven in caseof thepresenceof complex cloudfields thatarevariablein
heightandhorizontalextension.In orderto avoid any biasin theresultsdueto selectionof specific
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conditionsfor themeasurements,theclimatologicaldatasethasbeencollectedon a regularschedule
on preselecteddates,regardlessof weatherconditions. If weatherconditionsdid not permit lidar
operationduringthescheduledperiod,e.g.dueto rainor fog, this factis notedin thedatarecord,thus
providing alsoa statisticsof occasionswhenaerosolsdo not play a majorrole for mostatmospheric
processes.
With respectto thefrequency of measurementsa compromisebetweenrequirementsfor goodcover-
ageandlimitationsof resourceshadto befound. Initially it wasdecidedto make2 measurementsper
week,MondayandThursday, around13UT, whentheboundarylayerusuallyis well developed,plus
onemeasurementeachMondayat or aftersunsetto permittheuseof Ramanlidar for bestextinction
measurements.Theexact time for thesunsetmeasurementwasnot consideredvery important,since
previous observationshadshown that no fastchangesin the boundarylayer structureoccurat this
time of theday. It is moreor lesstheperiodwhenconvective mixing hasdiedout andthe residual
layerhasformedwith relatively smalldynamicchanges.
In the courseof the project it becamevery clear that the Ramanmeasurementswould becomethe
backboneof the dataset. Henceit wasdecidedto addanothersunsetmeasurementsto the regular
schedule,namelyThursdayevening,andeventuallydropthemeasurementat Thursdaynoon.
Althoughthis schedulemaylook not very intenseit turnedout that theperformanceof theseregular
measurementswas a ratherheavy burdenfor the groups. It also turnedout that even this rather
modestschedulewassufficient to increasethestatisticaldatabasedramatically. In factthiscollection
of measurementsprovide for the first time a suitabledatabasefor statisticalstudiesof the vertical
distributionof aerosolona regionalscale.
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Chapter 3

Systemdescriptions

3.1 Max-Planck-Institut für Meteorologie,Hamburg

Theaerosollidar systemof theMPI für Meteorologieis basedonaXeFexcimerlaseremittingat351
nm. Thelaserbeamis expandedthreetimesandemittedvertically into theatmosphere.
Equippedwith two receiving telescopes,theheightrangecoveredwith aerosolbackscattermeasure-
mentsis from ca.300m to 10000m. Measurementsof theRamanbackscatteron atmosphericnitro-
genat382nmareusedto determineanaerosolextinctionprofile. Thesemeasurementsarelimited to
darknessbecausetoohighcountingratesfrom thesolarbackgroundsaturatethedetectorsatdaytime.
TheRamanmeasurementsallow theindependentdeterminationof aerosolextinctionandbackscatter
profilesin altitudesbetweenca.500m and5000m.
For bothdetectionwavelengths,photomultipliertubes(PMT) from ThornEMI areusedasdetectors.
TheRamanchannelis equippedwith a speciallyfor photoncountingpurposesdesignedPMT with a
smallcathodeto reducedarkcounts.Elasticbackscatteredsignalsaredetectedin analogmodewith
12bit analog-digital-converters(ADC) with a typical resolutionof 15m and10s. Thephotoncount-
ing systemusedfor theRamanchannelhasa heightresolutionof 30 m anda typical time resolution
of 30s. Themeasureddeadtimeof thereceiving detectorandthefollowing electronicsis in theorder
of 8-11ns,leadingto maximumusedcountingratesof ca.20 MHz.
Thewholesystemis built in astandard20 feetcontainerandcanbetransportedby truck. It hasbeen
usedfor routinemeasurementsat Hamburg within theGermanLidar Network andfor theLACE 98
field campaignat Lindenberg. Detailedinformationcanbefoundin table3.1.
During LACE 98 thesystemhasalsobeenusedfor daytimeaerosollidar measurementsin thesolar
blind regionat268nm. Thisispossiblebecausethesystemcaneasilybechangedto acombinedozone
DIAL/UV Ramanlidar. For this purpose,theemittedwavelengthof theexcimer laseris changedto
248 nm, which canbe donein a few hours. Additional wavelengthsat 268 nm, 292 nm and320
nm are generatedby stimulatedRamanscatteringin deuteriumat 40 bar. Ramanscatteringfrom
atmosphericnitrogencanbedetectedat 286nm (emittedwavelength268nm) and306nm (emitted
wavelength292 nm). Both measurementshave to be correctedfor ozonewhich canbe donewith
thesimultaneouslymeasuredozoneprofile. Thereforerangeandaccuracy of thesemeasurementsis
limited in comparisonto thenighttimemeasurementsat382nm. Thesemeasurementshaveonly been
performedduring theLACE campaign.For moredetailsabouttheMPI aerosollidar see(Matthias,
2000).
SinceJuly2000theMPI operatesanew aerosollidar basedonathreewavelengthsflashlamppumped
Nd:YAG laser. Regularmeasurementswith this systemstartedin November2000within the frame
of theEARLINET project.
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Station
Contractor MPI für Meteorologie
Location Hamburg
Coordinates 53.568N, 9.973E

Emitter
Lasertype XeFExcimer, LambdaPhysikEMG 201
Emittedwavelength 351nm
Typ. energy 50 mJ
Repetitionrate(typ.) 10 Hz
Beamexpansion ���
Beamdivergence ���������4��� �

Receiving Optics
Telescope1 Telescope2

Diameter 400mm 150mm
Focallength 1400mm 450mm
Fieldstop 1.25mmquartzfibre
Manufacturer MPI MPI
Scanningcapability no
Zenithangle 0
Beam/TelescopeConfiguration biaxial
Wavelengthseparation beamsplitter

Detectors
Elasticchannels

Wavelength 351nm
Detector PMT, EMI 9883QB
Preamplifier FEMTO HCA-S
Filter bandwidth 10 nm interferencefilter

Ramanchannels
Wavelength 382nm
Detector PMT, EMI 9893QB 350
Discrminator Phillips Scientific6904
Dataacquisitionmode 700MHz photoncounting,OptechFDC700M
Filter bandwidth 1.5nm

Data acquisition
Elastic Raman

Acquisitionsystem 12bit analog 700MHz photoncounting
Manufacturer PENTEK/MPI Optech
Rangeresolution(raw) 15m 30 m
Timeresolutionanal.(raw) 10s 30 s
Continuousacquisition yes yes

Surrounding
Transportablesystem yes
Size ca. �/���������/�������S�/��� � (Container)
Weight ca.8 tons

Table3.1: TheMPI aerosollidar system:detailedtechnicalinformationontheconfigurationusedfor
routinemeasurementswithin theGermanLidar Network.
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3.2 Leibniz-Institute of Atmospheric Physics,Kühlungsborn

The Leibniz-Instituteof AtmosphericPhysics(IAP) usesa Nd:YAG lasersystem(SpectraPhysics
GCR 290) emitting at the fundamental(1064nm) andthe first andsecondharmonic(532 and355
nm). Detectedsignalsincludethe threeemittedwavelengthplus thenitrogenRamanshiftedreturn
signalsat 607and387nm. Additionally, theverticaldepolarizedreturnsignalat 532nm is detected.
All signalsaredetectedwith 50 m vertical resolution. The receiver site consistsof two telescopes
(50 cm diametereach)of which thefirst is mountedcoaxiallyto laserbeamandis usedfor detection
of the355nm, 532nm, 1064nm, andthe607nm Ramansignal. Full geometricoverlapis reached
at 1000m, approximately. The secondis mountedoff-axis andis usedfor the 387 nm andthe de-
polarizedsignal. Here,full geometricoverlapis reachedonly at 2000m. The systemis locatedat
Kühlungsborn,Germany (54  07’ N, 11  46’ E), in a rural environmentnearthe shoreof the Baltic
Sea,andis in operationsinceJune1997(Alpersetal.,1999).In thedetectionbranchthewavelengths
areseperatedby dichroicbeamsplitters,filteredusinginterferencefilters (BarrAssociates,Inc.), and
detectedby photomultipliertubes.Thetechnicaldataof thesystemaresummarizedin thefollowing
table.

Station
Contractor Leibniz-Institutfür Atmospḧarenphysik
Location Kühlungsborn
Coordinates 54  07’N, 11  46’E

Emitter
Lasertype Nd:YAG, SpectraPhysicsGCR290
Emittedwavelength 1064,532,355nm
Typ. energy 500,400,200mJ
Repetitionrate(typ.) 30 Hz
Beamexpansion ¡ ¢A£
Beamdivergence ¤!¢�¥�¦-§S¨+©/ª

Receiving Optics
Telescope1 Telescope2

Diameter 500mm 500mm
Focallength 1200mm 1200mm
Field stop 1 mm quartzfibre
Manufacturer LFM (Laboratoryfor PrecisionMachining),Universityof Bremen
Scanningcapability no
Zenithangle 0
Beam/TelescopeConfiguration coaxial biaxial
Polarizationfilter optional optional
Wavelengthseparation beamsplitter
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Detectors
Elasticchannels

Wavelength 354.7nm
Detector PMT, Hamamatsu4220P(selected)
Preamplifier SMT MEA15-30SF-V5D
Filter bandwidth 0.92nm interferencefilter
Wavelength 532.1nm(Telescope1)
Detector PMT, Hamamatsu4632P(selected)
Preamplifier SMT MEA15-30SF-V5D
Filter bandwidth 0.35nm interferencefilter
Wavelength 532.1nm(Telescope2)
Detector PMT, Hamamatsu4632P(selected)
Preamplifier SMT MEA15-30SF-V5D
Filter bandwidth 0.36nm interferencefilter
Wavelength 1064.1nm
Detector PMT, HamamatsuR3236(selected),cooled
Preamplifier EG&G VT120
Filter bandwidth 1.0nm interferencefilter

Ramanchannels
Wavelength 386.7nm
Detector PMT, Hamamatsu4220P(selected)
Preamplifier SMT MEA15-30SF-V5D
Filter bandwidth 1.0nm interferencefilter
Wavelength 607.4nm
Detector PMT, Hamamatsu4632P(selected)
Preamplifier SMT MEA15-30SF-V5D
Filter bandwidth 0.36nm interferencefilter

Data acquisition
Acquisitionsystem 100MHz photoncounting
Manufacturer JoergerEnterprises,Inc.,ModelS3
Rangeresolution(raw) 50 m
Timeresolutionanal.(raw) 8 s,33 s,133s (typical)
Continuousacquisition yes

Surrounding
Transportablesystem no

Table3.2: TheIAP aerosollidar system:detailedtechnicalinformation
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3.3 Institut für Tropospḧarenforschung,Leipzig

ThetransportableIfT multiwavelengthlidar wasusedfor the intercomparisonmeasurementsduring
LACE 98. Thegeneralsetupof thesystemis shown in Fig. 3.1. Thesystemis describedin detail in
(Althausenet al., 2000). Two Nd:YAG andtwo dye lasersemit laserpulsessimultaneouslyat 355,
400,532,710,800,and1064nm with a repetitionrateof 30 Hz. All six laserbeamsareco-aligned
ontooneopticalaxiswith polarizinganddichroicmirrors. A lenstelescopeexpandsthe laserbeam
tenfold,beforeit is emittedinto theatmosphere.A scanningunit allows measurementsunderzenith
anglesfrom « 90¬ to  90¬ .
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Figure3.1: Schematicview of theIfT multiwavelengthlidar (from (Althausenet al., 2000)).

Thebackscattersignalsarecollectedwith a0.53-mCassegraintelescope,separatedaccordingto their
wavelength,anddetectedby photomultipliers. In eleven channelsthe elasticbackscattersignalsat
thesix emittedwavelengths,thecross-polarizedsignalat 710nm,andtheRamansignalsof nitrogen
at 387 and607 nm andof watervaporat 660 nm aredetected.Signalsareselectedwith dichroic
andpolarizingbeamsplittersandnarrow-bandinterferencefilters. Photomultipliertubes(PMT) are
usedasdetectorsatall wavelengths.Whereasfor theelasticbackscattersignals(exceptat355nm)the
analogPMT outputis digitized(12bit, 10MHz) andstored,theRamansignals,theelasticbackscatter
signalat 355 nm, andpart of the elasticbackscattersignalat 532 nm are detectedin the photon-
countingmode.PMTs,discriminators,andphotoncountersoperateat 300MHz. Ramansignalscan
be measuredat nighttimeonly. Table3.3 summarizesthe parametersdeterminedfrom the eleven
backscattersignalsof theIfT multiwavelengthlidar.

Table3.3: Datadeterminedwith theIfT multiwavelengthlidar.
Parameter Wavelength,nm Day Night Parameter Wavelength,nm Day Night

1064 x x Extinction 532 x
800 x x Coefficient 355 x

Backscatter 710 x x Depolarization
Coefficient 532 x x Ratio

710 x x

400 x x Water-Vapor
355 x x Mixing Ratio

x
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Station
System multi-wavelengthaerosolRamanlidar
Contractor Institutefor TroposphericResearch
Location Leipzig (51.35N, 12.43E); Lindenberg (52.22N; 14.12E)

Emitter
Lasertypes 2 Nd:YAG, SpectraPhysicsGCR5-30

2 Dye,LambdaPhysikLPD 3002
Emittedwavelengths 1064nm 532nm 355nm 800nm 710nm 400nm
Typ. energy 500mJ 250mJ 80mJ 3mJ 10mJ 1.5mJ
Repetitionrate 30 Hz
Beamexpansion 10-fold
Beamdivergence ��������������

Receiving Optics
Telescope Cassegrain
Diameter 0.53m
Effective focal length 2.973m
Field stop 1-17.5mm
Manufacturer Carl ZeissJenaGmbH
Scanningcapability yes
Zenithangle ������� to  !�����
Beam/telescopeconfig. coaxial
Wavelengthseparation beamsplitters,interferencefilters

Detectors
Elasticchannels,analog

Wavelengths 1064nm 800nm 710nm " 710nm # 532nm 400nm
Detectors(PMT) Hamama- Hamamatsu EMI EMI

tsuR632 R2228 9817QB 9214QB
Filter bandwidth 5.0nm 0.42nm 0.40nm 0.37nm 1.1nm 0.33nm

Elasticchannels,photoncounting
Wavelengths 532nm 355nm
Detectors(PMT) EMI 9893A/350 HamamatsuR5600P-03
Filter bandwidth 5.0nm 0.35nm

Ramanchannels
Wavelengths 660nm (watervapor) 607nm (nitrogen) 387nm (nitrogen)
Detectors(PMT) EMI 9893A/350 HamamatsuR5600P
Filter bandwidth 3.0nm 3.0nm 2.8nm

Data acquisition
analog photoncounting

Discriminator PhillipsScientific,
Octal300MHz, NIM model708

Acquisitionsystem 12 bit analog-digitalconverter 300MHz multichannelscaler
Manufacturer IntelligentInstrumentation MEDAV GmbH
Rangeresolution(raw) 15m 60m (typical)
Timeresolution(raw) 30s (typical) 30s (typical)
Continuousacquisition yes yes

Surrounding
Transportablesystem yes(2 standardcontainers,ca.12 tons)
Additional instruments sunphotometer, Vaisalaradiosonde

Table3.4: TheIfT multiwavelengthlidar.
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TheaerosolRamanlidar (ARL) is usedfor theregularmeasurementsof thelidar network project.The
Ramanlidar wasprimarily designedfor performinglong-termstudiesof optical aerosolproperties
in the boundarylayer, the free troposphereand, the stratosphere(Mattis et al., 2001). The non-
transportablesystemis installedin a laboratoryunderthe roof of the institute building, which is
locatednearthecenterof Leipzig. This lidar site is situatedin a highly industrializedregion, where
brown-coalminingandlargepowerplantsarestrongaerosolsources.

Figure3.2 illustratesthe generalsetupof the Ra-
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Figure3.2: Schematicview of thedual-wavelength
aerosolRamanlidar. P, L, M, F, and A indicate
a prism, a lens, mirrors, the field stop, which de-
terminesthe receiver field of view, andachromatic
lenses,respectively.

man lidar. A seededNd:YAG laseremits pulses
with an overall power of about 1.2J. An eight-
fold lensebeamexpanderreducesthedivergenceto
lessthan0.1mrad. The backscatteredlight is col-
lectedwith a 1-m Cassegrain telescope.Within a
9-channelreceivertheelasticallybackscatteredsig-
nalsandtheRamansignalsof nitrogenandof water
vaporare separatedby the useof dichroic beam-
splittersand interferencefilters. A polarizerdis-
criminatesthe parallel- and cross-polarizedcom-
ponentsof the 532-nm backscattersignal. Two
purerotationalRamansignalsareseparatedwith a
double-gratingmonochromator. Thesesignalsare
usedto determinetemperatureprofiles by means
of the purerotationalRamantechnique(Arshinov

et al., 1983,). Theopticalaerosolpropertiesandmeteorologicaldatalisted in Table3.5 canbede-
rivedfrom the9 measuredsignals.
In a co-operationwith the Institute for AtmosphericOpticsof the SiberianBranchof the Russian
Academyof Sciencesat Tomsk,Russia,thetransmissionpropertiesandthebackgroundsuppression
of thedouble-gratingmonochromatorweresteadilyimproved(Arshinov andBobrovnikov, 1999;Ar-
shinov et al., 2001,).

AerosolProperties MeteorologicalData

Parameter Wavelength,nm Day Night Parameter Day Night

1064 x xBackscatter
532 x x

Water-Vapor
xCoefficient

355 x x
Mixing Ratio

Extinction 532 (x) x
Coefficient 355 (x) x

Temperature x

Depolarization Relative
Ratio

532 x x
Humidity

x

Table3.5: Dataprovidedby theRamanlidar. Datain parenthesesaredeterminedin thelower tropo-
sphereonly.
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Station
System multi-wavelengthsaerosolRamanlidar
Contractor Institutefor TroposphericResearch
Location Leipzig
Coordinates 51.35N, 12.43E

Emitter
Lasertype Nd:YAG, SpectraPhysicsGCR-290-30
Seeder SpectraPhysicsCE GCR/PRD
Emittedwavelengths 1064nm 532nm 355nm
Typ. energy 450mJ 450mJ 450mJ
Repetitionrate 30 Hz
Beamexpansion ���
Beamdivergence ���������������

Receiving Optics
Telescope Cassegrain
Diameter 1m
Effective focal length 10m
Field stop 1-1.8mm
Manufacturer Carl ZeissJenaGmbH
Scanningcapability no
Zenithangle 0
Beam/TelescopeConfiguration coaxial
Wavelengthseparation beamsplitters,interferencefilters

Detectors
Elasticchannels

Wavelengths 355nm 532nm (parallel) 1064nm
532nm (cross)

Detectors(PMT) EMI 9893Q/350B EMI 9893Q/350A HamamatsuR3236
Filter bandwidth 5-nminterferencefilter

VibrationalRamanchannels
Wavelengths 387nm (nitrogen) 408nm (watervapor) 607nm (nitrogen)
Detectors(PMT) EMI 9893Q/350A
Filter bandwidth 3-nminterferencefilter

PurerotationalRamanchannels
Wavelengths 530.3+ 533.7nm 529.0+ 535.0nm
Detectors(PMT) EMI 9893Q/350B
Filter bandwidth 0.63-nmdouble-gratingmonochromator

Data acquisition
Discrminator Phillips Scientific,Octal300MHz, NIM model708
Acquisitionsystem 300MHz photoncounting(Purana)
Manufacturer MEDAV Digitale SignalverarbeitungGmbH
Rangeresolution(raw) 60m
Timeresolution(raw) 30s
Continuousacquisition yes

Surrounding
Transportablesystem no
Additional instruments sunphotometer(routinemeasurements)

Vaisalaradiosonde

Table3.6: TheIfT aerosolRamanlidar.
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3.4 Ludwig-Maximilians-Uni versit ät, MeteorologischesInstitut,
München

Thelidar system,whichhasbeenconstructedby SensorlabGmbHin 1993/94,passedthroughseveral
changessincethen.
At the beginning of AFS, the system(seeTable) agreedwith the original specifications(Wiegner
et al., 1995) with someminor modifications,e.g. the implementationof dithering in front of the
AD-convertersto improvethesignaldynamicrangein absenceof sufficientdetectorandpreamplifier
noise. The specialfeatureof theoriginal setupwasthedigital optical fiber connectionbetweenthe
dataacquisitionfront-end(AD-converters)andcontrolelectronics,which wasassembledasapartof
thescanningsystem,to thecontrollinganddatastoringcomputer. Thus,electromagneticinterference
from externalsourcesinto thesignalpathwereminimal.
The first major changewasthe movementof the lidar site from the laboratoryin theBarbarastraße
in Munich (altitude510m) to thelaboratoryon theroof of MeteorologicalInstitutein theTheresien-
straße(altitude539m) in January1998.Now it waspossibleto performscanningmeasurementsover
awide range.
Unfortunately, themicroprocessorunit of thedataacquisitionandsystemcontrolwasdamagedduring
LACE98in August98dueto overheatingcausedby excessambienttemperatures.Thisdefectwasnot
repairable,andanimmediatetemporarysolutionto finishthecampaignwasthebasisfor asubsequent
completerenovationof thedataacquisitionandthescanningelectronicsystem.
A TektronixTDS510aoscilloscopewasusedfor dataacquisition(8 bit, 50MS/s).Themanualcontrol
of thedataacquisitionandstoragewasreplacedin Janaury1999by automaticcomputercontrolvia
GPIB,andsimultaneouslythemanualscanningwasreplacedby computercontrolledscanningvia the
original opticalfiber link, which still workedwith somebypasses.Thecontrolsoftwarewaswritten
in QuickBasicandBorlandC; thePCwasrepalcedby a133MHz Pentium.
Themajordrawbackof this systemwasanincreasedsensitivity to externalelectromagneticradiation
dueto thelongelectriccablesfor theanalogsignalsandsomeunavoidablegroundloopspartlycaused
by thenecessarymodificationsof thesystem,partly inherentin theoriginal system.Our investiga-
tions in 1999thereforefocusedon a new conceptfor an improvedgroundingschemeof thesystem.
At thesametime we extensively testedseveral transientrecordersandvariousconceptsfor thecon-
trol andscanningelectronics.As a result,a 12 Bit transientrecorderPC-cardPCI.412by Spectrum
GmbH(http://www.spec.de/index e.htm) with a samplingrateof 40 MS/shasbeenin-
tegratedin January2000andthemodularscanningandcontrolelectronicsystemmadeby JetterAG
(PROCESSPLCNANO-B, http://www.jetter.de/gb/main/index2.htm)hasbeenas-
sembledshortly after. The controlling andanalysissoftwarehasbeenredevelopedin Visual Basic.
Thefinal systemspecsarealsosummarizedin theTable.
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Parameter Status01/1998 Status08/2000
Location: Munich,510m asl 539m asl
Coordinates: 48.14N, 11.58E 48.15N, 11.57E
Lasertype: Nd:YAG, ContinuumSureliteII
Emittedwavelengths: 355nm,532nm,1064nm
Typ. pulseenergy: 175mJ,50 mJ,175mJ
Repetitionrate: 10 Hz
beamdivergence: 0.6mradfwhm
Telescope: Cassegrain
focal length: 940mm
diameter: 301mm
field of view: 1 to 8 mradfull width
1. ChannelWavelength: 355nm
1. ChannelDetector: PMT, HamamatsuR5600
1. ChannelFilter bandwidth: 1.0nm interferencefilter
2. ChannelWavelength: 532nm
2. ChannelDetector: PMT, HamamatsuR5600
2. ChannelFilter bandwidth: 1.1nm interferencefilter
3. ChannelWavelength: 1064nm
3. ChannelDetector: PIN
3. ChannelFilter bandwidth: 2.7nm interferencefilter
Dataacquisitionsystem: Sensorlabcustommade SpectrumPCI.412
Numberof analogchannels: 4
Dataacquisitionmode: 8 bit analog 12bit analog
Samplingrate: 30 MS/s 40MS/s
Rangeresolution(raw): 5 m 3.75m
Scanningcapability: yes,automatic
azimuthrange: -175� to +175deg
elevationrange: -5� to +95�
Altitude range(typ.): 250m - 5000m
Timeresolution(raw): 0.1s
continuousacquisition: yes,up to RAM size,sin-

gle shot
yes,singleshot

PC: 486/ 66 MHz Pentium/ 250MHz
Programminglanguage: BorlandC VisualBasic,Fortran90

Table3.7: MIM Lidar Specifications
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3.5 Fraunhofer-Institut für Atmosphärische Umweltforschung,
Garmisch-Partenkir chen

Fourof theIFU lidar systemshavebeenoperatedwithin theaerosollidar network:

1. TheNDSClidar (532nm)for thestratosphericroutinemeasurementsandroutinemeasurements
in theuppertroposphere(seeTable3.8)

2. The mobile three-wavelengthlidar for troposphericroutinemeasurements(355 nm, 532 nm,
1064nm; seeTable3.9)

3. Thestationarytroposphericozonelidar (277nm,292nm,313nm) for specialtransportstudies

4. Themobileeyesafeaerosollidar (1560nm); systemupgradingandtestingonly

The stratosphericlidar was originally built by Impulsphysik(Hamburg) in 1973 andwas initially
basedon a ruby laserasthelight source.Thesystemwascompletelyrebuilt in 1990andthefollow-
ing yearsfor high-resolutionstudiesof contrails(Freudenthaleret al., 1994).High-precisionangular
scanningwasimplementedfor this purpose.A Nd:YAG laserreplacedthe ruby laser. The strato-
sphericmeasurementsarecarriedoutexclusively duringnighttimeto eliminatebackgroundradiation.
Thethree-wavelengthlidar wasbuilt by Impulsphysikin 1978andupgradedin thelate1980s.Since
this time a smallsingle-stageNd:YAG laseris usedin thetransmittersection.This systemhasbeen
appliedin numerousfield campaigns(e.g., (BissonnetteandHutt, 1994;KunzandTrickl, 1996;Car-
nuth andTrickl, 2000)). Within this projecttheplasticscover of the rearsectionof the lidar trailer
wasreplacedby a stablecover madeof aluminiumwhich canbeopenedby simpleshifting. In addi-
tion, thereceiveroptics,detectionelectronicshavebeenreplacedstepby stepby provencomponents
developedfor theIFU ozonelidar systems.
The ozonelidar (EiseleandTrickl, 1997)wasusedfor routinemeasurementswithin the VOTALP
projecttill February1998.After this,mostlydueto majordamages,thesoundingshadto bereduced
to about100peryear. Theresultsobtainedmayserve asanextensionof themeasurementswith the
aerosollidarsfor someepisodesof interest.
The eyesafelidar (CarnuthandTrickl, 1994)wasoptimizedin 1999. The Raman-shiftedNd:YAG
lasersourcewasfurtherimprovedto yield about270mJat1560nmwhichcorrespondsto aunprece-
dentedconversionefficiency in deuteriumof 33%.A residualmagneticinterferenceobservedduring
the1997Sylt field campaigncouldbeeliminated.However, theplannedsimultaneousmeasurements
with thethree-wavelengthlidar werecancelleddueto staff limitations.
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Station
Contractor Fraunhofer-Institut für

AtmospḧarischeUmweltforschung
Location Garmisch-Partenkirchen
Coordinates 47.476N, 11.063E, 730m a.s.l.

Emitter
Lasertype QuantaRayGCR-4,Nd:YAG
Emittedwavelength 1064nm
Additional wavelengths(by H/G) 355nm,532nm
Typ. energy 550mJ(532nm),280mJ(355nm)
Repetitionrate 10Hz
Beamexpansion no
Beamdivergence ���������� �¡�¢

Receiving Optics
Diameter 520mm
Focallength 4076mm
Divergence 2.5mrad
Manufacturer ImpulsphysikGmbH(andself)
Scanningcapability yes(highprecision,computercontrolled)
Zenithangle �O������£���¢�¤�¥¦�
Azimuthangle §�£���¢�¤�¥¨�����ª©!£���¢¦¤�¥¦�
Beam/TelescopeConfiguration biaxial
Wavelengthseparation beamsplitter

Detectors
Analog

Wavelengths 355nm,532nm (2 depolarizationchannels)
Detectors EMI 9128Aphotomultipliertubes
Preamplifier AnalogModules
Filter bandwidth 1 nm interferencefilters

Photoncounting
Wavelength 532nm
Detector EMI D341/350
Discriminator 2-channelFAST 200MHz
Filter bandwidth 1 nm . . .3 nm interferencefilter

Data acquisition
Analog Photoncounting

Acquisitionsystem TR4012bit/40MHz 200MHz
Manufacturer FAST ComTec FAST ComTec
Rangeresolution(raw) 15m 75 m typical
Continuousacquisition no no

Surrounding
Transportablesystem yes
Size «¬�����®¯«¬��£��®¯°¬�E�±� (container)
Weight about7 tons

Table3.8: TheNDSClidar at IFU
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Station
Contractor Fraunhofer-Institut für

AtmospḧarischeUmweltforschung
Location Garmisch-Partenkirchen
Coordinates 47.476N, 11.063E, 730m a.s.l.

Emitter
Lasertype QuantaRayDCR-11,Nd:YAG
Emittedwavelength 1064nm
Additionalwavelengths(by H/G) 355nm,532nm
Typ. energy (total) 400mJ
Repetitionrate 10 Hz
Beamexpansion no
Beamdivergence ²´³¶µ�·�¸�¹

Receiving Optics
Diameter 300mm
Focallength 2300mm
Fieldstop 3 mm iris diaphragm
Manufacturer ImpulsphysikGmbH
Scanningcapability yes
Zenithangle ºO»�»�»�¼�º±¹�½�¾¿»
Azimuthangle À�¼�º±¹�½�¾Á»�»�»�Â!¼�º�¹�½�¾¦»
Beam/TelescopeConfiguration biaxial
Wavelengthseparation beamsplitter

Detectors
355nm,532nm

Detector EMI 5816photomultipliertube
Preamplifier DSP1020differentialamplifier
Filter bandwidth 1 nm interferencefilters

1064nm
Detector photodiode
Preamplifier DSP1020differentialamplifier
Filter bandwidth 1 nm interferencefilter

Data acquisition
Acquisitionsystem DSP2012S12bit/10MHz analog
Manufacturer DSPTechnology, Inc.
Rangeresolution(raw) 15 m
Continuousacquisition no

Surrounding
Transportablesystem yes
Size about Ã¬»Eº±µ®Ä¯Ã¬»Eº±µ®Ä¯Åm»Eº±µ (trailer)
Weight about2.5tons

Table3.9: ThemobileIFU three-wavelengthlidar
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Chapter 4

Quality assurance

For thepurposeof usingdatafrom differentstationsin joint studies,andfor thereliability of thedata
baseasa whole it is importantthat thedataquality is checked independentlyfrom theefforts of the
individual groups. Dataquality dependson systemhardwareaswell asevaluationsoftware. Tests
have beenperformedfor bothareasseparatelyandfor overall performance.Thesewill bedescribed
in detail in thefollowing two sections.

4.1 Algorithm intercomparison

by C. Böckmannand U. Wandinger

Besidesthesystemintercomparison(seeSec.4.2), a basicexerciseto assurethequality of network
measurementsis thecomparisonof thealgorithmsusedto calculatetheopticalparametersfrom the
lidar signals.Especially, thedeterminationof theparticlebackscattercoefficient from asingleelastic
backscattersignalhasto beproven.Thegeneralproblemof themethodto determineaquantityfrom
a signal,which is influencedby two unknowns,may leadto differencesbetweensolutionsobtained
from different algorithms. Therefore,an intercomparisonof algorithmsappliedby different lidar
groupsfor retrieving theparticlebackscatter-coefficient profile wasorganizedaspartof theGerman
Lidar Network. Using their individual algorithmsall participatinggroupsprocessedfour setsof
syntheticlidar data. The goal andthe procedureof the simulationstudyis briefly describedin the
next section.After a shortdescriptionof theKlett-Fernald-Sasanomethod(Klett, 1981;Klett, 1985;
Fernald,1984;Sasanoet al., 1985),detailsof the individual algorithmsof eachgrouparepresented
in Sec.4.1.2.Finally theresultsof theintercomparisonstudyarediscussed.

4.1.1 Data simulation and evaluation procedure

Syntheticlidar signalswereusedfor thealgorithmintercomparison.In this way, thenumericalcor-
rectnessandaccuracy of thealgorithmsaswell astheexperienceof thegroupsandthe limits of the
methoditself could be testedfor exampleswith differentdegreeof difficulty. The syntheticlidar
signalswerecalculatedwith the IfT lidar simulationmodel.1 This softwarepermitsoneto simulate
andto evaluateelasticallyandinelasticallybackscatteredlidar signalsof arbitrarywavelengthsin de-
pendenceon a varietyof systemparametersfor a variablemodelatmospherewith arbitraryaerosol

1Thesimulationswereperformedby a personwho wasnot involvedin theevaluationof thesedatafor the intercom-
parisonstudyandtheinputdatawerenot known to otherpersons.
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andcloudÆ layers.Sky background,backgroundnoise,andsignalnoiseareconsideredaswell. Atmo-
sphericinputparametersareprofilesof temperatureandpressureto calculateRayleighscatteringand
profilesof extinctioncoefficientsandlidar ratiosfor thesimulationof aerosolandcloudlayers.
For thealgorithmintercomparisonfour differentdatasetsof elasticbackscattersignalsatwavelengths
of 355,532,and1064nm weresimulated.A US standardatmosphere(UnitedStatesCommitteeon
Extensionto the StandardAtmosphere,1976) with a groundpressureof 1013 hPa and a ground
temperatureof 0 Ç C, a tropopauseheightof 12.0km, andisothermalconditionsabovewereassumed.
Thesignalprofilesweresimulatedwithoutsignalnoisein cases1 and2 andwith signalnoisein cases
3 and4. An incompleteoverlapof laserbeamandreceiverfield of view below 250m wasintroduced.
Typical systemparameters(laserpower, telescopediameter, etc.) were usedfor the calculations.
However, they arenotof importancefor thealgorithmintercomparison.
Theinputprofilesof extinctionandlidar ratiofor thefour simulationcasesareshown in Fig.4.1.They
representdifferentatmosphericconditionswith increasingdegreeof difficulty in dataevaluation:
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Figure4.1: Input profilesof extinctionandlidar ratioat 355,532,and1064nm for thefour simulationcases.

Case1: The first caseconsidersan atmosphericdust layer from groundto 2.5 km height. The
extinction coefficient decreaseswith wavelengthand with height. The lidar ratio also
dependsonwavelengthbut is height-independent.

Case2: In thesecondcase,a dustlayerof 1 km heightanda secondaerosollayerat 3 km height
wereassumed.Thelidar ratiosaredifferentin thetwo layersanddependon wavelength.
Between8 and9 km height,acirruscloudwith wavelength-independentscatteringprop-
ertieswasintroduced.
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CaseÈ 3: Case3 is similar to case2 with thedifferencethat the lidar ratio changeswith heightin
bothaerosollayersandalsoin thecirruscloud.

Case4: In case4, a water cloud at the top of the atmosphericdust layer was simulatedwith
wavelength-independentbut height-dependentscatteringproperties. Extinction coeffi-
cientandlidar ratio in thedustlayervarywith wavelengthandwith height.

The procedureof the algorithmintercomparisonwasasfollows. First, the simulatedsignalswere
distributedto all groupswithout any informationon the input parameters,exceptthe usedstandard
atmosphere.Thegroupscalculatedparticlebackscatter-coefficientprofileswith their individualalgo-
rithms andsentthe solutionto IMP (the IMP groupis not involved in experimentallidar work and
actedasthereferee).Thisfirst stagewasthemostdifficult andmostrealisticone,becauselidar-ratio
profilesandreferencevalueswereunknown. Therefore,not only thecorrectnessandaccuracy of the
algorithmswasproven but alsothe experiencein estimatingthe lidar ratio andchoosingthe refer-
encevalue. In thesecondstage,the input lidar-ratio profilesweredistributedandthegroupshadto
evaluatethesignalsagain. In the third andfinal stage,both lidar-ratio profilesandreferencevalues
weregivento theparticipants.Thus,thefinal stageprovesdefinitively thenumericalcorrectness,i.e.,
theaccuracy andstability of thealgorithmsdependingon thenoiselevel andothercircumstancesas
explainedbelow. Theresultsof eachgroupfrom eachstepwerecomparedwith theinputdatain order
to determinethesystematicerrors.They arediscussedat theendof thenext Section.

4.1.2 Klett-F ernald-Sasanomethodand intercomparisonresults

Assuminga monochromaticlaserpulse ÉËÊ�ÌÎÍÐÏ at wavelength Í , the lidar signal ÉÑÌ'ÍÓÒ�Ô�Ï received
during the integratingtime Õ×Ö from thescatteringof the laserlight in theatmosphericlayer located
at altitude Ô is givenby

ÉØÌÎÍÙÒ�Ô�ÏÛÚÝÜÑÌ'ÍÞÏ�ÉßÊ�Ì'ÍÞÏvà�Ì'ÍÓÒªÔ�Ï
á
Ô¬â exp ã¦äæå

çéè
Êëê ÌÎÍÙÒªìÞÏ�í�ìÙî¦Ò (4.1)

with thebackscattercoefficient

à�ÌÎÍÙÒ�Ô�ÏÛÚÝàËïñðvò�ÌÎÍÙÒ�Ô�ÏÙóéàÓôñõ'ö�ÌÎÍÙÒ�Ô�Ï (4.2)

andtheextinctioncoefficient

ê ÌÎÍÙÒ�Ô�ÏÁÚ êß÷ùøIú ÌÎÍÙÒ�Ô�ÏÙó ê ôûõ	ö Ì'ÍÓÒ�Ô�Ï¨Ú ê¶÷ùøIúð�ü2ý ÌÎÍÙÒ�Ô�ÏÙó ê ï¿ð�òý	þ2ð ÌÎÍÙÒ�Ô�ÏÙó ê ôûõ	öð�ü2ý Ì'ÍÓÒ�Ô�ÏÙó ê ôñõ'öý'þ2ð ÌÎÍÙÒ�Ô�ÏÁÿ (4.3)

Thesignaldependson thebackscattercoefficientsof moleculesandaerosolparticlesà ïñðvò and à ôûõ	ö ,
respectively, andon attenuationdueto molecularscatteringê ïñðvòý'þ2ð andabsorptionê ÷ùøIúð�ü2ý andparticle
scatteringê ôûõ'öý'þ2ð andabsorptionê ôñõ'öð�ü2ý . Ü is thesystemconstant.
Thedeterminationof theaerosolbackscattercoefficient à ôûõ	ö Ì'ÍÓÒªÔ�Ï from theelasticbackscattersignal
of Eq.(4.1) requiresthesolutionof a Bernoulli differentialequation.As theresultoneobtains

� ôñõ'ö�������� 	 ���
��� â exp

�� è���
è ��� ôñõ'ö ������� � ïñðvò�� � ï¿ð�ò ����������� �! è �#" è%$�&�')(�* ! è �#",+ &.-�/10 ! è �#"�2  è��� è3� ôûõ	ö ���4� 	 ���4��� â exp

�5 è���687 � ôûõ	ö ��9:�;� � ï¿ð�ò=< � ï¿ð�ò ��9>�?��9��@���� � ï¿ð�ò ������A (4.4)
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with theB lidar ratiosof molecularandparticlescatteringCEDGF#HJILK DGF#HM DGF#H ION
PQ and
CERGS�T�U�V;WYX>Z[IOK R\S�T U�V;WYX>ZM R\S]T U�V�WYX:Z W (4.5)

respectively. Molecularabsorptionis neglectedhere.Molecularscatteringcanbecalculatedfrom

K D^F%H_]` F U�X\WYV�aYbcWedfZEIgN
P;h U]ikjF#l�T[m3n Z#jQ V4oqp jr sut Q
v
s mxw v p r dzy{ y { U�X>Zd|U�X>Z (4.6)

with therefractiveindex of theair
i F#l�T , thedepolarizationfactor

v
(
v

is 0.0301,0.0284and0.0273for
350,550and1000nm, respectively), andthemolecularnumberdensity

p _ I~}^���
� w���n��^�]� cm� h for
standardatmosphericconditionsat groundlevel ({ y =1013.25hPa,

d�y
=15� C, 0.03� COj ). Profiles

of temperature
d|U�X>Z

and pressure{ U�X>Z are taken from actualradiosondemeasurementsor from a
standardatmospherewith actualgroundvaluesof temperatureandpressure(Edlen,1953;Elterman,
1968;Bodhaineet al., 1999).
Two unknown quantities,the particle lidar ratio andthe particlebackscattercoefficient

M R\S]T U]X�y=Z
at

a suitablereferenceheight
X�y

, have to be estimatedin thedeterminationof theparticlebackscatter-
coefficient profile after Eq. (4.4). The numericalapplicationof Eq. (4.4) hasbeendiscussedin the
literaturefor morethan20 years. Contributionsto the problemgiven by Klett (Klett, 1981; Klett,
1985), Fernald(Fernald,1984), and Sasanoet al. (Sasanoet al., 1985) are usually consideredin
the algorithms. Thus,the numericalschemesdiffer from eachotheronly in minor details. Before
Eq. (4.4) canbe appliedto measuredlidar signals,the signalsareaveragedover the time interval
of interest,correctedfor background,and, if necessary, spatially averaged(smoothed). For the
syntheticdatausedhere,this procedurewasnot necessary. In thefollowing, detailsof theindividual
algorithmswith respectto theestimateof theinputparametersarebriefly given.

Algorithmof IAP (A1)
The referencevalueis set to a heightwith obviously low aerosolload. The backscatter-coefficient
profile is calculatedstepwisein forward and backward direction from that point. If possible,the
referencevalue is set into a height region above aerosollayersof interest,so that the numerically
stablebackward integration can be applied. A height-dependentor a constantlidar ratio can be
chosen.

Algorithmof IfT (A2)
The samemethodas at IAP is chosen. Usually, the lidar ratio is set to 50� 25 and 10� 5 sr in
aerosollayersandcirrusclouds(if present),respectively. Appropriatesettingof thereferencevalue
is testedby inspectionof thebackscatterprofile in thestratosphere,wherevaluesaround0 shouldbe
measuredin theabsenceof volcanicaerosols.

Algorithmof MPI (A3)
The lidar ratio is usually set to a constantvalue of 50 sr, but if more information on the lidar
ratio is available, it can be set to stepwiseconstantvalueswith stepsizesdown to 15 m (which
is the resolutionof the raw data) and as many stepsas desired. The calibration value can be
definedin an altitude window of typically a few hundredmeters. The calibrationis then applied
to an averageof all data points in that window. The calibration height is usually chosenin
high altitudes(5–10 km) with very low aerosolbackscatter. Downward and upward integration
arethencalculatedfrom thatheightdown to thelowestandupto highestdesiredaltitude,respectively.
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Algorithmof MIM (A4)
A lidar ratio, which is variablein height,canbe chosen.To find anappropriatereferenceheight,a
Rayleighsignal is calculatedfrom temperatureandpressurevaluesof a suitableradiosondeascent
andcomparedto therange-correctedlidar signal.If theslopeof both,thecalculatedandthemeasured
signal, agreeover a sufficient rangein the upperfree troposphere,it is assumedthat no aerosols
arepresentin this range,and the referencevalue is set to 0 there. For the algorithmcomparison,
temperatureandpressurevaluesfrom theUS standardatmospherehavebeenusedasproposed.

Algorithmof IFU (A5)
Theevaluationof experimentaldatais basedon sequentialmeasurementsfor two wavelengthpairs,
532/1064nm and 355/1064nm, and elevation anglesof (typically) 15, 45 and 90 degrees. The
Bernoulli integralequationis solvedundertheassumptionof aconstantlidar ratio. For routinework,
ana-priori lidar ratio of 33 sr is chosenbasedon earlierexperienceat this site. Both the lidar ratio
andthereferencevaluearemodifiedif theresultslook unrealistic.Thereferencevalueis refinedby
applyingcriteria suchasthe congruenceof the profilesof the extinction or backscattercoefficients
at different wavelengthsin individual layers, for which constantoptical propertiesof the aerosol
maybeassumedanda reasonablemagnitudeof theAngstr̈omcoefficientsdescribingthewavelength
dependenceof aerosolscattering.TheIFU algorithmwasmodifiedaftertheintercomparisontohandle
a height-dependentlidar ratio. In this new approach,in particular, the lidar ratio insidecloudsis
treatedseparatelyandmostlychosenaround10 sr. Stage3 of theintercomparisonwasrepeatedwith
thenew algorithmandthenew resultsarepresented.

Tables4.1 to 4.4 andFigs.4.2 to 4.4 summarizethe resultsof the algorithmintercomparison.For
case1, which wassimulatedwithout statisticalnoise,without clouds,andwith a height-independent
lidar ratio, the resultsareshown in detail in thesix partsof Fig. 4.2 andin Tab. 4.1. In general,the
errorsstayedwell below 15%in thefirst stage.With increasingknowledgeon the input parameters
(stages2 and3), theerrorsdecreasedto a few percentin all cases,which indicatesthatall algorithms
work well andcanin generalreproducethesimulatedprofilesif all inputparametersareknown.
The resultsfor case2, which is a more realistic one with a height-dependentlidar ratio but still
withoutstatisticalnoiseandwithoutclouds,areshown in Fig. 4.3(a)-(d),Fig. 4.4(c),(d),andTab. 4.2
for 532 nm in dependenceon the stageand in Fig. 4.4(a)-(f) and Tab. 4.3 in dependenceon the
wavelength. The errorsare somewhat larger in this case,which is mainly causedby the height-
dependentlidar ratio. Evenwith known inputparameters,thesimulatedprofilescannotbereproduced
if thealgorithmworkswith a constantvaluefor thelidar ratio,or if thealtitudegrid of thesimulated
datais notmatchedexactly (e.g.A3).

group Stage1 Stage2 Stage3
532nm meanerror 532nm meanerror 355nm 532nm 1064nm meanerror

A1 6 6 3 3 0.5 0.8 0.2 0.5
A2 3 3 1 1 1.5 1.5 1.8 1.6
A3 13 13 10 10 3 8 8 6.3
A4 2 2 1 1 0.5 0.8 0.2 0.5
A5 deliv. deliv. 5.5 9 1 5.2

meanerror 6 6 3.8 3.8 2.2 4.0 2.2 2.8

Table4.1: Meanerrorsfor simulationcase1 in dependenceon the stageandfor the third stagein
dependenceon thewavelength.
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(a) (b)

(c) (d)

(e) (f)

Figure4.2: Retrievedparticlebackscattercoefficientsat532nmin comparisonto thesimulationinput
profileandrespectiverelativeerrorsfor stages1 to 3 of simulationcase1.
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group Stage1 Stage2
532nm 532nm

1000m 3000m 9000m meanerror 1000m 3000m 9000m meanerror

A1 19 17 7.5 14.5 2 4 5 3.7
A2 1 1 1 1 1 1 1.5 1.2
A3 17 22.5 22.5 20.7 3 11 19 11
A4 1 1 1.5 1.2
A5 delivery

meanerror 12.3 13.5 10.3 12.1 1.8 4.2 6.8 4.3

Table4.2: Meanerrorsfor simulationcase2 in dependenceon thestageandon theheight.

group Stage3
355nm 532nm

1000m 3000m 9000m meanerror 1000m 3000m 9000m meanerror

A1 0.6 2.8 1.2 1.5 0.5 2 1.2 1.2
A2 0.8 1.7 4 2.2 4 8.5 14 8.8
A3 0.7 6 13 6.8 2.5 9 13 8.2
A4 0.7 0.8 1.1 0.9 0.5 0.8 1.2 0.8
A5 3 4 5 4 5.5 5 7.5 6

meanerror 1.2 3.1 4.9 3.1 2.6 5.1 7.4 5.0

group Stage3
1064nm total

1000m 3000m 9000m meanerror meanerror

A1 0.2 0.4 0.2 0.3 1.0
A2 0.4 0.5 0.8 0.6 3.9
A3 4 8.5 13.5 8.7 7.9
A4 0.1 0.1 0.2 0.2 0.6
A5 2 2 3 2.3 4.1

meanerror 1.3 2.3 3.5 2.4 3.5

Table4.3: Meanerrorsfor simulationcase2 in dependenceonwavelengthandheight.

group Stage3
355nm 532nm

1000m 3000m 9000m meanerror 1000m 3000m 9000m meanerror

A1 0.5 8 16 8.2 3 12 17 10.7
A2 1.3 8 28 12.4 7 20 37 21.3
A3 2 10 22 11.3 10 20 40 23.3
A4 1.4 6 17 8.1 4 12 20 12
A5 3 10 28 13.7 8 18 35 20.3

meanerror 1.6 8.4 22.2 10.7 6.4 16.4 29.8 17.5

group Stage3
1064nm total

1000m 3000m 9000m meanerror meanerror

A1 18 22 30 23.3 14.1
A2 4 6 8 6 13.3
A3 25 30 40 31.7 22.1
A4 2 2 2 2 7.4
A5 7 10 14 10.3 14.8

meanerror 11.2 14.0 18.8 14.7 14.3

Table4.4: Meanerrorsfor simulationcase3 in dependenceonwavelengthandheight.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.3: Retrieved particle backscattercoefficients at 532 nm in comparisonto the simulation
input profile andrespective relative errorsfor stages1 and2 of simulationcase2 andretrievedpar-
ticle backscattercoefficientsat 532 nm in comparisonto the simulationinput profile for stage3 of
simulationcases3 and4.
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(a) (b)

(c) (d)

(e) (f)

Figure4.4: Retrievedparticlebackscattercoefficientsat all threewavelengthsin comparisonto the
simulationinputprofilesandrespective relativeerrorsfor stages3 of simulationcase2.
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Case3� waseven moredifficult, becausethe lidar ratio variednot only from layer to layer but also
within eachlayer. In addition,a smallstatisticalnoisewasaddedto thesignals.Theresultsfor this
caseareshown in Fig. 4.3(e)andin Tab. 4.4.Themeanerrorsgrow well above20%in thefirst stage
(notshown here)andremainof theorderof 15%in thethird stage.
Case4 with a watercloud at the top of the atmosphericdust layer is in principle not solveableas
shown in Fig. 4.3(f). Even if a referencevaluein the free troposphereis given, it doesnot help in
theevaluation,becausethesignalis fully attenuatedabove thecloud.Theresultshaveerrorsof more
than50%.
The algorithmintercomparisonshowed that in generalthe dataevaluationschemesof the different
groupswork well. Even errorsthat aremarginal comparedto the errorscausedby incorrectinput
parametershavebeendetected.E.g.,theMPI-algorithmhasbeenimprovedwith respectto theresults
shown hereby incorporatinga betteratmosphericdensitymodel. Dif ferencesin the solutionscan
mainly be attributedto differencesin the estimateof the input parameters.If the input parameters
areknown, remainingerrorsareof theorderof a few percent.Theunknown height-dependentlidar
ratio hadthe largestinfluenceon the solutions,which againdemonstratestheneedfor independent
measurementsof the particle extinction coefficient, e.g., with the Ramanmethod. The unknown
referencevaluewasof minor importancefor the examplespresentedhere,becauseheight regions
with dominatingRayleighscatteringwere presentin all cases. It shouldbe mentioned,however,
that this is not necessarilythe caseunderatmosphericconditions. Especiallyat 1064nm, particle
scatteringoftendominatesthesignalsin theentiremeasurementrange,which maycauseadditional
errorsthatwerenotdiscussedhere.
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4.2 Systemintercomparison

by V. Matthias and V. Freudenthaler

4.2.1 Inter comparisonbetweenlidar systems

The intercomparisonat systemlevel wascomplicatedby the fact that not all systemswere trans-
portable,andthat no specialfundsweremadeavailable for dedicatedintercomparisoncampaigns.
Fiveof thesystemsinvolvedin network measurements,namelytheMIM aerosollidar, theIfT multi-
wavelengthlidar, theIFU aerosollidar, theMPI UV lidar andtheMPI watervapourDIAL aremobile.
The systemsin Kühlungsbornandthe IfT RamanLidar arefixed. The coreof the intercomparison
exercisewasperformedduringtheLindenberg AerosolCharcterizationExperimentLACE98 in July
andAugust1998,wheretheIfT, MIM, andbothMPI systemswereparticipatingin ajoint experiment.
Furtherintercomparisonsweremadein KühlungsbornagainstMIM, in Leipzigwith thetwo systems
operatedby IfT, and,aftertheendof theproject,IFU againstMIM in Garmisch.Soeachsystemhas
beencomparedto at leastoneothersystem,which itself hasbeencomparedto at leastonedifferent
system.
Threeepisodesat the endof LACE 98 (August9��� to 11��� ) have beenchosenas intercomparison
times (seetable 4.5). Two of them are during nighttime, when additionalRamanmeasurements
havebeenperformed,oneis at daytime.During thethreeselectedepisodes,differentmeteorological
conditionswith high and low aerosolload in differentheightregimeswerepresent.On the 9��� of

Main lidar intercomparisonepisodes

Date[UT] IfT MIM MPI IAP
5.8.98

23:08- 23:47
355ext. 268ext.

355bsc. 355bsc. 320bsc.
9.8.98 532bsc. 532bsc.

22:30- 23:00 800bsc. 728bsc.
268ext.

11.8.98 355bsc. 355bsc. 320bsc.
12:07- 12:12 532bsc. 532bsc.

355ext. 355ext. 351ext.
11.8.98 355bsc. 355bsc. 351bsc.

21:15- 21:45 532bsc. 532bsc.
1064bsc.��� 1064bsc.���

16.8.98 355bsc. 355bsc.
18:41- 19:01 532bsc. 532bsc.

16.8.98 355bsc. 355bsc.
20:51- 21:22 532bsc. 532bsc.

1064bsc. 1064bsc.

Table4.5: Main intercomparisonepisodesusedfor thequalityassuranceof thelidar datatakenwithin
theGermanaerosollidar network. ��� : 20:20- 22:20UT.
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August,a pronouncedaerosollayer originatingfrom Canadianforestfires (Wandingeret al., 2000)
wasobservedin altitudelevelsbetween3500m and5500m. At low altitudestheaerosolextinction
was low. On the 11��� of August, two aerosollayerswith differentaerosoltypesandhigh aerosol
backscatterup to 3000m couldbe seen.In theevening,theselayerswerelying directly oneabove
theother, forminganinhomogeneousaerosollayerup to 2200m.
Intercomparisonsbetweenthe lidar derived aerosolbackscatterprofileswere performedat several
wavelengthsbetween351 nm and1064nm. For the night time measurements,aerosolextinction
profilesin theultraviolet spectralregion have alsobeencompared.UV extinction measurementsat
268nm(MPI) and355nm(IfT) havebeencomparedat nighttimeonAugust5��� .
The intercomparisonsbetweenthe MI Munich andthe IAP Kühlungsborntook placedirectly after
the LACE experimenton August16��� 1998. The IFU lidar wasnot availablefor intercomparisons
duringtheproject.

Thecomparedquantitiesandthetimeswhenthemeasurementshavebeentakenarelistedin table4.5.
All profilesweresimilarly averagedin time andspace,but anyhow thesignalstatisticscanbequite
differentbetweenthesystemsdueto differentemittedlaserpower anddifferentsizesof the receiv-
ing telescopes.Only provenalgorithms(seechapter4.1) have beentakenfor theevaluationandthe
groupsagreedoncommonboundaryvaluesandlidar ratiosbeforeprocessingtheaerosolbackscatter
data.
Figure4.5 - 4.9 show severalexamplesof the intercomparisonsat differentwavelengthsandtimes.
Theprofilesgenerallyshow verygoodagreementfor thesameor nearlythesamewavelength.Some
differencesoccur for the IfT systemin the nearrange,sincethe appliedoverlapcorrectionyields
someadditionalerror. On theotherhand,with theappliedcorrectionschememeasurementscanbe
takenalsoin thenearrangealthougha largereceiving telescopewith anarrow field of view is used.
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Figure4.5: Intercomparisonof aerosolbackscatterin the UV at 355 nm (IfT andMIM at 355 nm,
MPI at351nm) andin thegreen(IfT andMIM at 532nm)duringLACE98.
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Figure4.6: Intercomparisonof aerosolbackscatterprofilesat800nm(IfT) and728nm(MPI) during
LACE98.

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 2 · 10−6 4 · 10−6 6 · 10−6 8 · 10−6

al
tit

ud
e 

[m
 a

sl
]

aerosol particle backscatter [1/(m·sr)]

Lidar Intercomparison 98/08/11 : 12:07 − 12:11 UT

MIM 355 nm
MPI 351 nm

MIM 532 nm
IfT 532 nm

0

500

1000

1500

2000

2500

3000

3500

4000

0 2 · 10−6 4 · 10−6 6 · 10−6 8 · 10−6 1 · 10−5

al
tit

ud
e 

[m
 a

sl
]

aerosol particle backscatter [1/(m·sr)]

Lidar Intercomparison 98/08/11 : 21:15 − 21:45 UT

MIM 355 nm
MPI 351 nm
IFT 355 nm

Figure4.7: Left side: intercomparisonof aerosolbackscatterprofilesin theUV (MIM 355nm and
MPI 351 nm) andin the green(IfT andMIM at 532 nm) on August11th 1998,12:07-12:12UT.
Right side: intercomparisonof aerosolbackscatterprofiles in the UV (MIM 355 nm andMPI 351
nm)on August11th1998,21:15- 21:45UT.
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The measuredaerosolbackscatterprofileswerecomparedin differentheight rangesand the abso-
lut andrelative deviationsandtheir standarddeviation have beencalculatedfor all intercomparison
episodesandcomparedwavelengths(seetable4.6). For high aerosolload,which is usuallyfoundin
theplanetaryboundarylayer, thedeviationsbetweenthesystemsaretypically not larger than20 %.
In regionswith low aerosolload,which is usuallycalledthefreetroposphere,typical deviationsare
in theorderof ���>�.�^�G���]�g�� .¡�¢Y��£ at355nmandof ¤¥���.�^�^¦)�§�O�) �¡�¢Y��£ at 532nm.
Higherdeviationsoccurin theUV betweenMPI andIfT on August9̈�© . They canat leastpartly be
explainedby thedifferentusedwavelengths.For thecalculationof thebackscatterprofiles,different
lidar ratioshadto be usedto get reliableresultsin the aerosolfree part of the atmospherebetween
1500m and3000m. The lower lidar ratio of theMPI evaluationleadsto higherbackscattervalues
in theupperpartof theatmosphere,which canusuallybeexpectedat lowerwavelengths.For higher
accuracy of theresults,thewavelengthsdependenceof thelidar ratio hasto beknown.
Thecomparisonsat 1064nm turnedout to bedifficult. Becauseof the long wavelength,almostthe
wholebackscatteredsignalcomesfrom aerosolparticles,Rayleighscatteringis alreadyverysmallat
this wavelength.Therefore,from aerosolfreepartsof theatmosphere,whereusuallythenecessary
systemcalibrationis done,only very low signalscanbe detected.This leadsto high errorsin the
calibrationandsinceon theotherhandthecalculatedbackscatterprofiledependsstronglyon thecal-
ibration,accurateaerosolbackscatterprofilesat 1064nm arequitehardto achieve. Only in presence
of cirruscloudsaccuratecalibrationcanbedonein thecirrusassumingnowavelengthdependenceof
theaerosolbackscatterandusingthevaluesfrom 355nm and532nm.
Additionally the useddetectorsfrequentlyshow nonlinearitiesor instabilitieswhich makes it also
ratherdifficult to derive “hard numbers“for the aerosolbackscattercoefficient at 1064nm. How-
everat thiswavelengthalsoverysmallaerosollayerscanbedetectedwhicharesometimesnegligible
againsttheRayleighbackgroundsignalat355nmand532nm. Sothemainpurposeof measurements
at thatwavelengthis to getthestructureof theaerosoldistribution in thewholetroposphere.
For thesereasons,the intercomparisonsat 1064nm wererestrictedto only onecaseduring LACE
andonecasefor theMIM/IAP intercomparison(figures4.8and4.9). On August11̈�© 1998,20:20-
22:20UT goodagreementcouldbeachievedbetweentheMIM andthe IfT lidars in a heightrange
from 1200m - 4300m. Below thataltitudetheIfT-profileshowsobviousdeviationsfrom thecorrect
aerosoldistribution. Theseerrorscanbe assignedto the overlapcorrectionwhich is appliedbelow
1200m andwhich yields to too high valuesin lower altitudesin this case.The profilesat 532 nm
and355nm(figures4.8and4.7) indicatethattheprofilederivedwith theMunich lidar is muchmore
reliable.
Themeasurementsat 1064nm from August16̈�© 1998show goodagreementbetweentheMIM and
the IAP only in a relativly small height rangebetween1100 and 1700 m. The measuredsignals
showed deviationsabove that altitudewhich aremost likely dueto detectornonlinearities.Further
investigationson reliabledetectorsfor 1064nm arenecessarybut werenotsubjectof this project.

Gradientsin theaerosoldistributioncanbeseenin thelidar datawith veryhighaccuracy in height,
althoughthesystemswerelocatedat a distanceof severalhundredmetersanddifferentelevationan-
gleshave beenusedfor themeasurements.Deviationsarein theorderof theheightresolutionof the
dataacquisitions.
A problemin heightdeterminationoccuredduringtheIAP/MIM intercomparisons(seefigures4.9 ).
Theplotsrevealanaltitudedifferencebetweenthedataof IAP andMIM of about60m. Thedatahave
beencorrectedfor the altitudedifferencebetweenthe lasersystems(10 m) during the comparison.
Theerror is mostlikely dueto theIAP system.Thedifferencecorrespondsto thealtituderesolution
of the IAP system(50 m), suggestingthat in thedataaquisitionof the IAP system,anoffsetof one
altitudechannelmayoccur. Up to now, theerror in theaquisitionsystemcouldnot befoundandfor
this reason,no datacorrectionhasbeenperformed.In theKlett algorithm,a biasof 50 m leadsto a
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Figure4.10: Particlebackscattercoefficient at 532nm determinedwith theIfT Ramanlidar andthe
IfT multiwavelengthlidar at Leipzig on 17 March 1997,2047-2147UTC. The error barsindicate
statisticalandsystematicuncertainties.

deviationin theKlett backscatterprofilesof 3-4% attheloweraltituderangeof theIAP system(1000
m), decreasingwith altitude.Ramanbackscattercalculationsarenotaffected,sincethis techniquere-
lieson signalratios,andrangecancels.
The IfT in Leipzig hastwo differentaerosollidar systems.Themobilemultiwavelengthlidar per-

formedthemeasurementsduringLACEwhichhavebeentakenfor theintercomparisonswith theMPI
andtheMIM. Sincetheroutinemeasurementshavebeentakenwith thestationaryaerosolRamanli-
dar, a separateintercomparisonof thesesystemshasbeendone.Figure4.10shows a comparisonof
particlebackscattercoefficientsat532nmdeterminedwith thetwo IfT lidar systemsatLeipzigon17
March1997.Analogsignalsmeasuredwith 60 m resolutionwereusedfrom themultiwavelengthli-
dar. TheKlett methodwasappliedundertheassumptionof a lidar ratioof 50sr. Thephoton-counting
signalsof theRamanlidar measuredwith 15 m resolutionweresmoothedwith a gliding averageof
60m andevaluatedwith theRamanmethod.
Dif ferencesmaybecausedby differentdetectionschemesandresolution(analogandphotoncount-
ing), reference-valueestimate(for bothsolutions)andlidar-ratioestimate(for Klett solution),overlap-
correctioneffect (for Klett solution),atmosphericinhomogeneities.Anyhow theoverall differences
remainsmallandtheagreementcanberegardedasexcellent.
The determinationof extinction profiles following Ansmannsformula (Ansmannet al., 1992b)
doesn’t requireadditionalassumptionsexceptfor thewavelengthdependenceof theaerosolextinc-
tion. This valueis usuallychosento be ª¬«® . Theagreementbetweenthenighttimeaerosolextinc-
tion profilesat 351nm (MPI) and355nm (IfT) (fig. 4.11)canberegardedasexcellent. Themean
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Lidar intercomparisons:resultsin regionswith high aerosol

Date[UT] Quantity heightrange IfT/MIM MIM/MPI MPI/IfT

355nm bsc.̄]° 600-1300 – – ±�²=³)´ µ;¶¸·=²)´ µ
9.8.98 532nm bsc. 600-1300 ±º¹�´»¹¼¶¸½¾¹�´À¿ – –

22:30- 23:00 800nm bsc.Á ° 600-1300 – – ¿e½)´Â¹¼¶Ã¿�Ä�´Å¿
355nm bsc.̄]° 3300-4200 – – ±�²¾¹�´»¹�¶¸·�½.´ ³

9.8.98 532nm bsc. 3300-4200 Æ
´Å¿z¶ÇÆ=Æ
´Â¹ – –
22:30- 23:00 800nm bsc.Á ° 3300-4200 – – ¿�µ�´ ²�¶¸²�½)´ ³

11.8.98 355nm bsc.̄]° 500- 3200 – ±E¿�Ä)´À¿�¶k¿e³)´»¹ –
12:07- 12:12 532nm bsc. 500- 3200 È�´ Ä5¶Ã¿e½)´ Ä – –

355nm bsc.É�° 600-2000 ¿=¿�´ ²�¶Ã¿�È�´ · ¿�´ ·;¶Ê¹�´Â· ±E¿e½.´ ³;¶k¿eÄ)´Â½
11.8.98 532nm bsc. 600-2000 ½)´ ³5¶Ã¿Ë¹.´ ½ – –

21:15- 21:45 1064nm bsc.ÌÍ° 1200-2200 ·)´ Ä�¶¸³)´ ² – –
355nm ext. É�° 600-2000 – – Æ
´Â¹¼¶Ã¿=¿=´ ³

Lidar intercomparisons:resultsin regionswith low aerosol

Date[UT] Quantity heightrange IfT/MIM MIM/MPI MPI/IfT

355nm bsc.̄]° 1500-3000 – – ±E¿=´ ²;¶Ã¿=´ ÆEÎq¿eµ.Ï�Ð
9.8.98 532nm bsc. 1500-3000 ±�µ�´ ½�·�¶Ñµ�´ È�¹�Î=¿�µ.Ï:Ð – –

22:30- 23:00 800nm bsc.Á ° 1500-3000 – – ±�µ�´ Æ¾µ;¶¸µ)´ Æ�ÄÒÎ�¿�µ.Ï:Ð
11.8.98 355nm bsc.É�° 2400- 3800 ±�µ)´ Ä;¶Ê½)´ ½ºÎ=¿eµ.Ï:Ð ±�µ)´ Æ�¶Ñ½.´ µÓÎq¿eµ.Ï�Ð ¿=´Â·�¶¸²)´Â½5Î�¿�µ)Ï�Ð

21:15- 21:45 532nm bsc. 2400- 3800 ±�µ)´ Ä;¶Ô¿�´ ½ºÎ=¿eµ.Ï:Ð – –
1064nm bsc.ÌÍ° 2400- 4300 µ�´ ³�¶Ã¿=´ µÓÎq¿�µ)Ï�Ð – –
355nm ext. É�° 2400-3800 – – ¿=´»¹;¶Ñ½.´Â·5Î�¿�µ)Ï�Õ

Table4.6: Meandeviations(in Ö]×�Ø\Ù�Ú�ÛYÜ�Ý for backscattervaluesand ×ÞÜ�Ý for extinction valuesin
regionswith low aerosol,in % in regionswith high aerosol)for differentmeasuredquantitiesduring
theLACEexperiment.Ý�ß MPI 320nm, à#ß MPI 728nm, á#ß MPI 351nm, â%ß 20:20- 22:20UT.

Lidar intercomparisons:MIM/IAP

Date[UT] Quantity heightrange highaerosol heightrange low aerosol

16.8.98 355nm bsc. 850-1800 ¿�¿=´ È;¶Ã¿�È�´ ½ 2200- 3600 ½)´ ³5¶¸²)´»¹5Î=¿eµ.Ï�Ð
18:41- 19:01 532nm bsc. 850-1800 ·)´ µ5¶Ã¿Ë¹.´Â¹ 2200- 3600 µ�´ µ=Æ�¶¸µ)´ ÆEÎ=¿eµ.Ï:Ð

355nm bsc. 850-1800 ¿�´ Ä5¶Ã¿�µ�´ Ä 2200- 3600 ½)´ È5¶¸²)´ ÄÒÎ=¿eµ.Ï�Ð
16.8.98 532nm bsc. 850-1800 ¿eÄ)´ È;¶Ñ½=½)´ È 2200- 3600 ¿�´ È5¶Ã¿=´ ³ÒÎ=¿eµ.Ï�Ð

20:51- 21:22 1064nm bsc. 1100-1700 ½)´ Ä5¶Ã¿�Ä�´ ½ – –

Table4.7: Meandeviations(in Ö§×OØ�Ù�Ú�Û Ü�Ý for backscattervaluesin regionswith low aerosol,in % in
regionswith highaerosol)betweentheIAP andtheMIM lidar for threedifferentwavelengths.

deviation is lowerthan5 % in themainaerosollayerupto 2200m, with astandarddeviationof 12%.
Above thatheightthemeandifferenceis ã�ä�å�Ø>ã.æ Ü^çºè3é äÀê�Ø:ã.æ Ü^ç × Ü�Ý which is well in theorderof the
statisticalerror(seetable4.6). With theMunich lidar system,measurementsunderseveralelevation
anglesbetween0ë and70ë havebeenperformed.Out of thesemeasurements,threeextinction values
for differentheightregimescouldbeevaluatedat 355nm. Thesevalueshave obviously somedevia-
tions to theRamanprofiles,but not higherthanca. 25 %. This is a goodresult,having in mind that
theMunichsystemmeasuredfor someminutesaround21:50UT andtheRamanprofilesareaveraged
over80 minutesbetween21:00and22:20UT. Thelow groundvaluefrom ahorizontalmeasurement
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fits goodwith thebackscatterprofiles,which show a remarkabledecreaseof theaerosolbackscatter
below 600m.
TheMPI lidar hasalsothecapabilityof measuringdaytimeaerosolextinctionprofilesat268nm. The
measurementsrequirean ozonecorrectionwhich is donevia simultaneousozoneDIAL measure-
mentswith thesamelidar system.Numerousprofileshave beentakenduringtheLACE experiment,
oneintercomparisonwith the 355 nm extinction measurementof the IfT systemis shown in figure
4.12. Althoughtheheightrangefor the intercomparisonis quitesmall,onecanseethegoodagree-
mentbetweenthemeasurements.Thewavelengthdependenceof theaerosolextinctiondoesnothave
a major influenceon Ramanretrievals at wavelengthsbelow 350 nm. This fact is also shown by
intercomparisonof optical depthmeasurementswith sunphotometerand lidar in the next section.
Anyhow, a quantificationof thedeviationsbetweenthemeasurementstakenat differentwavelengths
is not really usefulsincethe deviationsbetweenthe profilesarestrongly influencedby the aerosol
typeandits wavelengthdependence.

4.2.2 Comparisonbetweenlidar and photometer

In Lindenberg, theaerosolbackscatterandextinctionprofilescouldalsobecomparedto otherinstru-
mentsassun-andstarphotometers.Theseintercomparisonswerenotnecessarilydonesimultaneously
with the comparisonsbetweenthe lidar systemsthemselves. Additionally, the measurementshave
beencomparedto in situ airbornemeasurementsaboardtheFalconandPartenavia researchaircrafts
(Wandingeretal., 2000).

The aerosoloptical depthcanbe derived from lidar profilesof the aerosolextinction by linearly
extrapolatingthe lowestvaluein the aerosolprofile down to groundandthenintegratingthewhole
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Figure4.13: Intercomparisonof aerosolopticaldepthat 351nm (MPI) andstarphotometermeasure-
mentsfrom theMeteorologischesObservatoriumLindenberg (MOL) duringLACE98. Thephotome-
terdatahasbeenextrapolatedin theUV usingafit with í|îgïñð�ò .
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Figure4.15: Particleoptical-depthprofilesat 532nm (left) andspectralparticleopticaldepth(right)
determinedwith the IfT lidar by applyingthe Ramanandthescanmethodsandwith theMOL star
photometeratLindenberg on11/12August1998,2330–0030UTC. Errorbarsindicatestatisticaland
systematicuncertaintiesof the lidar measurements.For the starphotometer, meanvaluesand the
rangeof measuredvaluesaregiven.
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profile. At nighttimethis valuecanbecomparedto starphotometermeasurementswhich have been
performedduring LACE 98 by the MeteorologischesObservatoriumLindenberg (MOL). Although
thelowestmeasuredwavelengthof thestarphotometeris around390nm,onecanclearlyseethegood
agreementbetweenthemeasurementsin fig. 4.13.
Theagreementis not thatclearlooking at the268nm extinction profiles.They have beencompared
to sunphotometermeasurementsat selectedcloudfreeafternoons,whentheaerosolin theboundary
layerwasgenerallywell mixed.Thelidar valuesarein mostcaseslower thanthesunphotometerval-
ueswhich have beenextrapolatedin theUV. This is on theotherhandnot really surprising,it shows
that the spectralbehaviour of the extinction is changingin the spectralregion below 400 nm, asit
is predictedby aerosolmodels(Völgeret al., 1996;Hesset al., 1998;Matthias,2000),seealsofig.
4.15.
Thewholesetof lidar measurementstakenduringLACE in Lindenberg allows alsocomparisonsof
thespectralbehaviour of theaerosolopticaldepthfrom thelidar measurementswith starphotometer
results. In the first case(fig. 4.15) theaerosoloptical depthdeterminedwith the IfT lidar from the
scanmethodandfrom the Ramanmethodandwith starphotometeris shown. The measurements
were taken on August11ù�ú /12ù�ú 1998between23:30and0:30 UT. The scanmethodis described,
e.g.,in (Gutkowicz-Krusin,1993)and(Althausenet al., 2000).
In thecaseof theRamanmethod,theintegratedextinctioncoefficientprofile is usedfor heightsabove
800m. Below, whereextinction coefficientscannotbedeterminedbecauseof theoverlapeffect, the
backscattercoefficient profile from theRamanmethodmultiplied by anestimatedlidar ratio of 50 sr
wasused.Onecanseethe fairly goodagreementbetweenthescanmethodandtheRamanmethod
(left sideof figure4.15)aswell assimilar spectraldependenceof theopticaldepthmeasurementsof
thetwo systems.Thelidar derivedopticaldepthremainsslightly higherthanthestarphotometervalue
but thedifferencestaysin thegivenuncertaintylimits.

4.2.3 Comparisonbetweenlidar and in situ measurements

Measuredaerosolopticaldepthat threewavelengthsandaerosolbackscattercoefficientsatsix wave-
lengthshavebeencomparedto calculatedvaluesbasedon in situaircraftmeasurementstakenatLin-
denberg on 9 August1998,2200-2400UTC.. Figure4.16shows spectralbackscatterandextinction
coefficientsmeasuredwith four differentlidar systems(IfT multiwavelengthlidar, MPI watervapour
DIAL, MPI UV lidar andDLR HSRL) in abiomass-burningaerosollayerthatoriginatedfrom forest
firesin northwesternCanada(Wandingeret al., 2000;Forsteret al., 2000)(seealsoSec.8.5).
In situ measurementsof particlesizedistributionsandof particleabsorptioncoefficientswereper-
formedaboardtheresearchaircraftFalcon. TheFalconflew about5 km to theeastof the lidar site.
The airborneinstrumentationis describedin (Fiebig et al., 2000). The absorptionmeasurements
indicatedasootcontentof about35%.For thecalculationof spectralbackscatterandextinctioncoef-
ficients,theparticlesizedistribution measuredbetween3500and4000m wastakenandanexternal
mixtureof 65%ammonium-sulfate-likeand35%soot-likeparticleswasassumed.Detailsof themea-
surementsarediscussedin (Wandingeret al., 2000)and(Fiebigetal., 2000).
The datashown in this figure are usedfor the inversionof microphysicalparticle properties(see
Sec.5).
Humidity correctedairbornein situ measurementstakenaboardthePartenavia have alsobeencom-
paredto lidar backscattermeasurementsat 532nm, takenwith the IfT lidar. Figure4.17shows the
backscatterprofilemeasuredin apollution layeratLindenberg on11August1998around1230UTC
in comparisonto profilesobtainedfrom airbornein situmeasurementsof theparticlesizedistribution
aboardtheresearchaircraftPartenavia. Theaircraftdescendedin thevicinity of thelidar beamfrom
3.7to 0.2km heightbetween1220and1240UTC. A descriptionof thePartenavia instrumentationis
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Figure4.16: Spectralbackscattercoefficients(left) andspectralextinction coefficients(right) mea-
suredwith lidar andcalculatedfrom airbornein situ measurementsof particlesizedistributionsand
absorptioncoefficientsin a biomass-burning aerosollayer at Lindenberg on 9 August1998,2200–
2400UTC. Lidar measurementsweretakenwith theIfT multiwavelengthlidar (355,400,532,710,
800, 1064nm), the MPI UV lidar (320 nm), the MPI water-vaporDIAL (729 nm), and the DLR
airbornehigh-spectral-resolutionlidar (532nm). Meanvaluesfor theheightregions3600–4100and
3430–4270m areshown. Theerrorbarsindicatestatisticalandsystematicuncertainties.
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Figure4.17:Relativehumidity measuredwith radiosondeslaunchedat Lindenberg at 1050and1310
UTC on 11 August1998(left) andbackscattercoefficientsat 532nm(right) determinedwith theIfT
lidar after the Klett methodwith a heightresolutionof 180 m andcalculatedfrom airbornein situ
measurementsof theparticlesizedistributionwith aheightresolutionof û 40 m.
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givenin (Wendisch,M. et al., 2000).
Thehumidity growth of theparticles,which weremeasuredin thedry state,wasestimatedby using
relative humiditiesmeasuredwith two radiosondes(launchedat 1050and1310UTC) andby apply-
ing humidity growth factorsfor ammoniumsulfate(TangandMunkelwitz, 1993).
Detailsof themeasurementarediscussedin (Wandingeret al., 2000).Theagreementbetweenthese
totally differentmeasurementmethodsis remarkableandshowsagainthehighquality lidar measure-
mentsperformedwithin this project.
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Chapter 5

Retrieval of microphysical aerosol
parameters

by C. Böckmannand D. Müller

Severalinstrumentsof thelidar network deliver informationonparticleextinctionandbackscatterco-
efficientsat multiplewavelengths.This informationcanbeusedto invertphysicalparticleproperties
suchasparticlesize,number, surface-area,andvolumeconcentration,aswell ascomplex refractive
index. However, the inversionproblemin a mathematicalsenseis non-linearandill-posedandits
solution requiresthe applicationof appropriatemathematicalmethods. Therefore,onepart of the
projectwasto developandinvestigateinversionalgorithmsfor opticaldatasets,which areobtained
with differentlidar systemsof thenetwork.
In this chapter, we first describethe inversionproblemfrom the mathematicalpoint of view inves-
tigatedat the Instituteof Mathematicsof theUniversityof Potsdam(IMP). After that,we introduce
two inversionmethodsthatweredevelopedat theIMP andat theInstitutefor TroposphericResearch
(IfT). In contrastto the IfT algorithm,which wasespeciallydevelopedfor the inversionof the six
backscatterandtwo extinction coefficientsmeasuredwith theIfT multiwavelengthlidar, theIMP al-
gorithmpermitsoneto processvariabledatasetswith differentnumbersandcombinationsof optical
data.
Theperformanceof the algorithmswasextensively studiedandthe resultsof thesestudieshave al-
readybeenpublished(BöckmannandSark̈ozi, 1999;Böckmann,2001;Müller et al., 1999b;Müller
et al., 1999a;Müller et al., 2000). We, therefore,concentrateour discussionin this chapteron one
measurementexample. During the Lindenberg AerosolCharacterizationExperimentLACE 98 in-
tercomparisonmeasurementswith the transportablesystemsof MPI, IfT, andMIM wereperformed
(seeSection4.2). The combinedinformationof theseinstrumentsconsistsof up to 11 vertically-
resolved optical data(eight backscatterandthreeextinction coefficients). Thesedatawereusedto
invert physicalparticlepropertieswith the two inversionschemes.Furthermore,LACE 98 offered
theuniqueopportunityto validatetheinversionresultsthroughthecomparisonwith airbornein situ
measurements.In Sec.5.3.1we presentour findingsfor a biomass-burningaerosollayer in the free
troposphere,whichwasobservedon 9 and10 August1998.
Finally, we discussthepossibility to usea minimumdatasetof threebackscatterandtwo extinction
coefficients in the inversion. The setof backscattercoefficientsat 355, 532, and1064nm andof
extinction coefficientsat 355and532nm is thestandardoutputof anadvancedaerosolRamanlidar
basedon a singleNd:YAG laser. Thestationarysystemsat KühlungsbornandLeipzig make useof
this configurationandmorelidarsof this kind arepartof EARLINET.
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5.1 Mathematical description

The mathematicalmodel, which relatesthe optical and the physicalparticle parameters,consists
of a Fredholmsystemof two integral equationsof the first kind for the backscatterandextinction
coefficients ü�ý\þ]ÿ and �ºýGþ�ÿ :

ü ý\þ]ÿ �������	��
� ÿ��ÿ������ ���������������������������	� �	�!
"� ÿ��ÿ#�%$ ��&�' � �����(���)�*�+���������	� �	��� (5.1)

� ý\þ�ÿ �������	��
 � ÿ �ÿ � � þ-,�. �-���(�������(�������������	� �	�!
 � ÿ �ÿ � $ � & ' þ#,�. �-���(�����*�����������	� �	��� (5.2)

where
�

denotestheparticleradius,
�

is thecomplex refractiveindex,
�

is theshapeof theparticles,
�0/

and
�21

representsuitablelowerandupperlimits, respectively, of realisticradii,
�

is thewavelength,
�

is theheight,
�

is theparticlesizedistributionwearelookingfor, ��� is thebackscatterand � þ-,�. is the
extinction kernel.Thekernelfunctionsreflectshape,size,andmaterialcompositionof theparticles.
In the framework of this chapter, homogeneoussphericalparticles,i.e., Mie scatteringtheory(Mie,
1908),areusedundertheassumptionthatsmallparticlesin afirst approximationbehavelikespherical
scatterers(BohrenandHuffman,1983). First examinationsof theinfluenceof inhomogeneousnon-
sphericalparticleson the inversionprocessareshown by (BöckmannandWauer, 2000;Böckmann
andWauer, 2001)and(Sark̈ozi, 2000). The following formulashold for extinction andbackscatter
efficienciesof homogeneousspheres(BohrenandHuffman,1983):' � 
 34 & � &65879 :<; 1 �#=2�?> 3 �@��A 3 � : �#B : ADC : � 5 &0��' þ#,�. 
 =4 & � &79 :<; 1 ��=2�?> 3 �FEHG	�-B : >IC : �J�

(5.3)

where
4

is thewave numberdefinedby
4 
K= $+L � and

B :
and

C :
arethecoefficientswhich onecan

getfrom theboundaryconditionsfor thetangentialcomponentsof thewaves(BohrenandHuffman,
1983).Now Eqs.(5.1)and(5.2)areformulatedinto amorespecificandmoresolid form:M ýGþ�ÿ �������	�N
 � ÿO�ÿ � �QP�0R þ#,�. �����������*��ST�-�����	�U�V�W
 � ÿO�ÿ � XY � ' �0R þ#,�. �-���(�����*��ST�-�����	� �	��� (5.4)

wherethe
ST�-�����Z�

termis thevolumeconcentrationdistributionwearefinally looking for.
M ý\þ�ÿ stands

for ü�ýGþ�ÿ and/or �ºýGþ�ÿ , respectively, dependingon the measurementdata. The determinationof the
particlevolumedistribution

S
from asmallnumberof backscatterandextinctionmeasurementsis an

inverseill-posedproblemandbecausetherefractiveindex
�

in thekernels� P�<R þ#,�. is anunknown, too,
the problemis a highly nonlinearone,i.e., solutionsarenon-uniqueandhighly oscillatingwithout
theintroductionof appropriatemathematicaltoolssuchasdiscretizationandregularization.

5.1.1 Ill-posed problemand regularization

TheEqs.(5.1),(5.2),and(5.4)areill-posedonall threecounts(existence,uniqueness,andstability).
Stability meansasolutionthatchangesonly slightly with a slight changein theinput data(Groetsch,
1993). We consideran operatorof the form [H\ 
^]

where [`_�a 1�b a & is a compact,linear
(but not necessarilyself-adjoint)operatorfrom a Hilbert spacea 1 into a Hilbert spacea & . For a
boundedlinearoperator[ a solution \dcDa 1 of theequation[H\ 
e]

exists if andonly if
]

belongs
to f � [ � , the rangeof [ . As [ is linear, f � [ � is a subspaceof a & , which in generallydoesnot
exhausta & . We mayenlargetheclassof functions

]
for which a typeof generalizedsolutionexists
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to adensesubspaceof functionin g�h . Thisenlargementis accomplishedby introducingtheideaof a
least-squaressolution.A function iQj�glk is calleda least-squaressolutionifmnm o iqp^r mnmts

inf u mvm oxw pyr mvm{zWw j�glk�| (5.5)

holds. Thesetof all least-squaressolutionsis closedandconvex. Therefore,thereis a uniqueleast-
squaressolutionwith smallestnormwhich we call generalizedsolution. Themapping

o~}
thatasso-

ciatesagiven r�j���� o8}O��s�� � o~���D� � o~�F� with theuniqueleast-squaressolution,
o~} r , is calledthe

Moore-Penrosegeneralizedinverseof
o

. In our scheme
o8}

is thenthemechanismwhich providesa
uniquesolutionfor any r�j���� o8}O� . In this sense,

o8}
settlesthe issuesof existenceanduniqueness

for generalizedsolutions. The generalizedpseudoinverseoperator
o8}�z ��� o8}O��� g�k is a closed

denselydefinedlinear operatorwhich is boundedif andonly if
� � o~� is closed.Becauseboth lidar

integral operatorsarecompact,eachof themcanhave closedrangeif andonly if
� � o~� is a finite

dimensionalsubspaceof g�h . But therange
� � o{� of thelidar operatorsis infinite dimensional.There-

fore,
� � o{� is not closedandthus

o8}
is unbounded,i.e.,

o8}
is discontinuous.Very small changesin

theright handside r6��� � canbeaccountedfor by largechangesin thesolution iU�-� � . Thattheinstabil-
ity is fundamental,andnot just a consequenceof somespecialform of thekernels,follows from the
Riemann-Lebesguelemma.
If wewish to obtainawell-posedproblem,weneedaso-calledregularization.In general,regulariza-
tionsarefamiliesof operatorso��z g�h � g�k with �v�n��@��� o�� r s o } r for all r�j���� o } ��� (5.6)

i.e., theconvergenceis pointwiseon ��� o8}O� (Louis, 1989).Theparameter� is theso-calledregular-
izationparameter. In thecaseof noisydatar�� with

mvm r�pdr�� mvmV�� 
wedetermineasolutioni �� s o�� r �¢¡ (5.7)

However, thetotal errorconsistsof two parts, i.e., two summands,i �� pyi s o�� �-r � p£r �¤� � o¥� p o } � r ¡ (5.8)

The first part is the dataerror and the secondpart the approximationerror or regularizationerror.
Generally, if � � ¦

, theapproximationerror tendsto zero(with respectto the g�kJp norm),whereas
thedataerror tendsto infinity. Therefore,thetotal errorcannever bezeroandwe arein a dilemma.
Wehave to look for an”optimal” regularizationparameter� whichminimizesthetotal error.

5.1.2 Degreeof ill-posedness

The operators
o8§Fo¨z glk � glk and

oxo8§�z g�h � g�h arecompactself-adjointlinear operators
where

o §
is theadjointoperatorof

o
. Thenonzeroeigenvaluesof

o § o
or of

oxo §
(they havethesame

eigenvalues)canbeenumeratedas �6kª© �«h¬© ¡n¡¡ . If we designateby ®	k � ®�h � ¡¡n¡ , anassociated
sequenceof orthonormaleigenfunctionsof

o § o
, then u0®Vk � ®�h � ¡¡¡ | is completein therange

� � o § o{�Ns¯ � o~�F� (orthogonalcomplimentof the null spaceof
o

). Let °«± s ² �V± then
o ®³± s °«± w ± ando8§)w ± s °´±J®@± . Moreover,

oxo8§�w ± s °«± o ®@± s ° h± w ± s ��± w ± andit is easyto seethat theorthonormal

eigenfunctionsu w ±0| of
oHo~§

form a completeorthogonalset for
� � oxo § �µs ¯ � o8§��F� . The systemu�®@± ��w ±�¶)°«±0| is calledthe singularsystemof

o
andthe numbers°«± arecalledsingularvaluesof

o
.
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Figure5.1: Volumebackscatterandextinction kernelfunction ·Q¸¹0º¼»#½�¾ for differentrefractive indices:
(a), (b) without absorption( ¿QÀ�ÁÃÂZÄÆÅHÇtÈÉÄÊÈ2Ë ) and(c), (d) with strongabsorption( ¿ÍÌÎÁeÂZÄÊÅHÇIÈÉÄÊÅ2Ë ).
Every square-integrablekernel of a linear integral operatorhasa singularvalueexpansion(SVE)
which is ameanconvergentexpansionof theform

·DÏ�Ð�Ñ�ÒTÓÔÁ ÕÖ À#×TÀµØ6ÙvÚ�Ù Ï-ÐÛÓ Ü Ù Ï#ÒTÓ(Ñ Ð�Ý�ÞJß¢Á¤àáÐ³â0Ñ�Ð2Àäã#ÑNÒQÝ�Þ@åWÁªàæÒ«â<Ñ(Ò6Àäã�Ñ (5.9)

where ç Ú«Ù Ñ)Ü Ù#è arethe left andright singularfunctionsof thekernel(Hansen,1998). Thebehaviour
of thesingularvaluesandfunctionsis stronglyconnectedwith thepropertiesof thekernel.Roughly
speeking,thesmootherthekernelthefasterthesingularvaluesØ6Ù decayto zero,wheresmoothnessis
measuredby thenumberof continuouspartialderivativesof thekernel(Chang,1952;deHoog,1980).
It holdsundersomeassumptionsØTÙ ÁêéëÏ-Ë�ì�í0ì�î º Ì Ó(Ñ�Ëðï ñÑ whereòµó�Â is thenumberof continuous
partialderivativeswith respectto thesecondvariable(thewavelength).This numberò of thegiven
lidar kernels,if oneexists, is hardly to derive. We decideto dealwith a numericalapproximation.
Thesmallerthe Ø6Ù themoreoscillationsin thesingularfunctionsÚ«Ù and Ü Ù (seebelow).
The inversionof the Mie backscatterkernel is potentially interestingbecausethe kernel itself pos-
sessesa high degreeof oscillationif theabsorptionis weak,i.e., theimaginarypartof therefractive
index is small(seeFig. 5.1(a)),whichsuggeststhattheclassicinstabilitydueto thesmoothingoutof
fastoscillatorycomponentsin thesolutionspacemaynot occur. However, in practicetheoscillation
of thekernelis sofine that theparticledistribution would needto becomputedon anextremly fine
quadraturegrid. This factitself producesattendantproblemswith noisein thedata.Ontheotherside,
if theabsorptionis strong,i.e., theimaginarypartof therefractive index is large(seeFig. 5.1(c)),the
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Figure5.2: Approximationto the singularvaluesandto the degreeof ill-posednessof the volume
backscatterand extinction lidar operatorsôQõö0÷¼ø#ù�ú , (a), (b) without absorption( ûQüþý ÿ�� ����� � ��� )
and (c), (d) with strongabsorption( û
	�ý ÿ�� ����� � �� ). The ����������� ý ÿ � �0ÿ � ��� � ��� � ��� � are the
conditionnumbersof the resultingcoefficient matricesafterGalerkindiscretization(Hansen,1988)
in dependenceon thediscretizationdimension� .

kernel is smooth. In contrastto the backscatterkernel the Mie extinction kernel is very smoothin
bothabsorptioncases(seeFig. 5.1(b),(d)).
The SVE is a powerful analysistool, but unfortunatelyit is only known analytically in a limited
numberof cases. Hence,approximationsto the SVE can always be computednumericallywhen
Eqs.(5.1) and(5.2)or (5.4), respectively, arediscretizedby meansof theGalerkinmethodfollowed
bycomputationof thesingular-valuedecomposition(SVD)of thematrixobtainedin thisway. Choose
orthonormalbasis� ü������������ � and !�ü�����������!"� in thespaces#$	%�'&�(�� and #$	%�'&*)%� , respectively, anddefinea

matrix +"ý-,/.�021 3�4 asfollows .�053 ý �'!607�98:�;3�� � �=<�ýeÿ������������>� (5.10)

where �@?2��?A� denotesthe scalarproductin the space#$	%�'&*)%� . Thenthe SVD of + immediatelygives
approximationsto theSVE of thekernel.Let +CBED �1 � bea squarematrix. ThentheSVD of + is a
decompositionof theform

+�ý�F:G
H�I*ý �J 0LKTü>M 0�NO0QP�I0 � (5.11)
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whereR SUTWV'XZY�[�\�\�\�[�X^]�_�[Z`aT�V'bcY�[�\�\�\�[�b/]c_edgf ]�h arematriceswith orthonormalcolumnsandwherethe
diagonalmatrix ijT diagV'klYm[�\�\�\�[�kO]c_ hasnonnegativ diagonalelementsappearingin non-increasing
ordersuchthat klYonpk^qrna\�\�\snpkO]�nUt . ThenumberskOuwvxt arethesingularvaluesof y , while the
vectorsX^u and b/u aretheleft andright singularvectorsof y , respectively. In connectionwith discrete
ill-posedproblems,two characteristicfeaturesof the SVD arevery often found. First, the singular
valuesdecaygraduallyto zerowith noparticulargapin thespectra.An increaseof thedimensionsofy will increasethenumberof smallsingularvaluesasin our lidar application(seeFig. 5.2).Second,
the left andright singularvectorstendto have moresign changesin their elementsas the index z
increases,i.e., kOu decreases.Both featuresareconsequencesof thefact that theSVD of y is closely
relatedto theSVEof theunderlyingkernel(Allen et al., 1985;Hansen,1998;Wing, 1985).
Thesingularvalues{^| of } arethenapproximatedby thealgebraicsingularvaluesk~| of y . In detail,
the � singularvaluesk6� ]��u of y areapproximationsto the � singularvaluesof thekernel. Moreover,
if we introducethefunctions

X�|%V7�s_�T ]� uL��Y X^u5|m��V���_�[Z��T���[�\�\�\�[��>[ (5.12)

b/|�V���_$T ]� uL��Y b%u5|*�>V���_�[Z��TW��[�\�\�\�[��6[ (5.13)

where X u�| and b/u5| aretheelementsof S and ` , thenthesefunctionsareapproximationsto � left and
right singularfunctionsof thekernel.Wecomputethedoubleintegralsin (5.10)by Simpsonsnumeri-
calquadraturscheme,sothatwecanexpectthatthequadraturerrorsdonotexceedtheapproximation
errorscausedby thebasisfunctions.Dueto (Hansen,1988)and(Hansen,1992)thesingularvaluesk6� ]��u (where � is the numberof basisfunctions)are increasinglybetterapproximationsto the true
singularvalues{lu , in otherwordsit holds]� uL��Y V�{lu ��k � ]��u _ qo����q] (5.14)

and k � ]��u � k � ]���Y��u � {lu7[mt � {lu ��k � ]��u ��� ��� } �2� q � �2� y ��� q� T�� � ]�[wz6TW��[�\�\�\�[��>\ (5.15)

Thetruesingularvalues{lu of } areboundedby thecomputedsingularvaluesk � ]��u asfollows: k � ]��u �{lu � V�V'k � ]��u _ qw� � q] _ Y� ¡q . If
� ]£¢ t for �g¢ ¤ , thentheapproximatesingularvaluesk � ]��u converge

uniformly in � to thetruesingularvalues{�u (seeFig. 5.2(a)-(d)).
Moreover, for thesingularfunctionshold

max¥ �2� X^u^� X^u �2� q�[ ��� b/u^� b�u �2� q*¦ � V § � ]{lu �¨{lu©��Y _ Y� ¡q \ (5.16)

Thatmeans,thecorrespondingapproximatesingularfunctionsconverge in themeanto thetruesin-
gular functions.Noticethesquareroot in (5.16),which meansthat thesingularvalueestimatesk6� ]��u
areusuallymuchmoreaccuratethantheapproximatesingularfunctions.
Theintervalls ª*« and ª¬ areeachdividedinto � subintervalls ¥/ª � uL�« ¦ and ¥/ª � uL�¬ ¦ of thesamelengths®�«
and ®O¬ , respectively, andthebasisfunctionsarethengivenby

� u@V���_$T ¯ ®�° Y� ¡q« �±��d²ª � u©�«t � else
[w�6u=V7�s_³T ¯ ®�° Y� ¡q¬ �´�µd²ª � u©�¬ [wz6T���[�\�\�\�[��>\t � else

(5.17)
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Let the¶ lower andupperlimits of particleradiusandlaserwavelength·�¸º¹¼»�½¾»�»�¿oÀ m, ·Á:¹ÃÂºÀ m,Ä ¸£¹ÆÅ�»�» nm, and
Ä ÁÇ¹È¿�¿�»�» nm, which arereal-life domainsin the lidar field, thenthe formulas

givesecond-orderapproximationsto thesingularvaluesÀ�É (seeFig. 5.2).
All singularvaluesof Ê , which arisein sucha discreteill-posedproblemfrom thesamplingof a

(a) (b)

Figure5.3: Qualitative approximationto six right singularfunctions Ë%É for Ìe¹Í¿�Î�Â;Î�¿�»�Î�¿/Â;ÎmÏ�»�Î�Ï�Â of
thevolumebackscatterlidar operator, (a) ÐµÁe¹C¿�½AÂoÑÒ»�½¾»�Ì and(b) Ð
ÓÔ¹Õ¿�½ÖÂÔÑÒ»;½AÂÌ . We seethatthe
highertheindex, themorehigh-frequency componentsarepresentin Ë%É .

(a) (b)

Figure 5.4: Degreeof ill-posednessof the volume lidar operatorsin dependenceon the real and
imaginarypart of the refractive index. We seeon the onehandno remarkableinfluenceof the real
part (a) and on the other handthe important influenceof the imaginarypart, i.e., the absorption
influence(b).

Fredholmintegral equationof thefirst kind, decayon theaverageto zero. Thereis no practicalgap
in thesingularvaluespectrum,typically, thesingularvaluesfollow aharmonicprogression×OÉ�ØÙÌÛÚ�Ü
or a geometricprogression×OÉÇØÞÝ Ú�Ü É , where ß is a positive real constant. The decayrateof the
singularvalues ÀlÉ is so fundamentalfor the behaviour of ill-posedproblemsthat it makessenseto
usethis decayrateto characterizethedegreeof ill-posednessof theproblem. Hofmann(Hofmann,
1999;Hofmann,1994)givesthe following definition: if thereexists a positive real number ß such
thatthesingularvaluessatisfy À�ÉZ¹xàâá�ÌÛÚ�Ü~ã , then ß is calledthedegreeof ill-posedness.Theproblem
is characterizedasmildly or moderatelyill-posedif ß¨ä�¿ or ßæåÙ¿ , respectively. On theotherhand,
if ÀlÉ�¹´àçá�ÝÚ�Ü É ã , i.e., the singularvaluesdecayvery rapidly, then the problemis termedseverely
ill-posed.
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Figure 5.5: Regularizedinversionresultsof noiselessdata, i.e. the determinationof the particle
distributionsof differenttypesfrom six simulatedbackscatterüþý�ÿ�� ������� andtwo simulatedextinction	 ý�ÿ�� ����
�� coefficients:(a)modifiedGammadistributionwith ���������������� m, (b) bimodallogarithmic-
normaldistribution with �������� �"!#� m, (d) monomodallogarithmic-normaldistribution with $���%�
���'&)(*� m and(c) additionaldeterminationof theunknown refractive index + (strongabsorptioncase)
in the kernel functions ,.-/10 ÿ�243 � 65 � 57+ �

for the distribution (d), (f) monomodallogarithmic-normal
distribution with $���8�9� �;:<!=� m and(e) additionaldeterminationof theunknown refractive index +
(weakabsorptioncase);for moredetailssee(Böckmann,2001).

56



For our lidar operatorsof Eq. (5.4) we determinedthe condition numbersand, by a numerically
weightednonlinearleast-squaresmethodfit, an approximationto the degreeof ill-posedness(see
Fig. 5.2(a)-(d)). In general,oneobservesthat the lidar operatorsaremoderatelyill-posed,since >
is between2.25and9.10. In detail, onecanseethat the degreeof the extinction operatoris higher
than the degreeof the backscatteroperator(seeFig. 5.2). Moreover, if the absorptionof the par-
ticles is strong,thenthe degreegrows rapidly (seeFig. 5.2(c),(d)). Realizingthe logarithmicscale
in Fig. 5.2(d), one can seethat the singularvaluesare almost locatedon a straight line. There-
fore, this extinction operatorwith strongabsorptionis nearly severely ill-posed. As one expects,
the conditionnumbersgrow with ? and they show the samebehaviour as the degree. The matri-
cesarealwayshighly ill-conditioned,andits numericalnull spaceis spannedby vectorswith many
sign changes.Fig. 5.3(a),(b)shows qualitatively six approximationsof the right singularfunctions@6ACBEDGFIH�BKJ B$H<L�B1H6J�BKM)L�BKM)J , andthetypicalbehaviour thatthehighertheindex D thehigherthespectral
componentsin @6A . Dueto thehigherdegreeof ill-posedness,it seemsthatthebehaviour of theoscil-
lationsis moreunstructuredin thestrongabsorptioncase(seeFig. 5.3(b)).
With respectto the evaluationof lidar measurementsit is necessaryto know, how the degreeof
ill-posednessdependson the real and imaginarypart of the refractive index of the particles. This
dependenceis shown in Fig. 5.4.Ontheonehand,thereis no influenceof therealpartin thereal-life
domainbetween1.3and1.7. On theotherhand,theimaginarypart in thedomainbetween0 and0.5
hasavery importantinfluenceon thedegree.Thedegreegrowsrapidlybetween0 and0.25,which is
a very realisticdomainin our atmosphere.Thegrowth ratecanbecomparedwith a root function in
theunderlyingdomain.

5.2 Inversionmethods

5.2.1 IMP algorithm

Basedonthetheoreticalknowledge,aspecialhybridregularizationtechniquein thesenseof Eqs.(5.6)
and(5.8) wasdeveloped,which is describedin detail in (Böckmann,2001;BöckmannandSark̈ozi,
1999). The hybrid regularizationtechniquedevelopedat IMP is designedto work with different
kind andnumberof optical data,i.e., experimentaldataobtainedwith differentsystemsat various
wavelengthscanbe evaluated.The algorithmdoesneitherrequireany a priori informationon the
analyticalshapeof theinvestigateddistribution functionnor aninitial guessof it. Evenbimodaland
multimodaldistributionscanberetrievedwithoutany knowledgeof thenumberof modesin advance
(seeFig. 5.5(b)).Thefirst regularizationstepin thismethodis performedvia discretization,in which
the investigateddistribution function is approximatedwith variableB-splinefunctions. Theprojec-
tion dimension(numberof basisfunctions)andtheorderof theusedB splinesserveasregularization
parameters.In the secondstep,regularizationis controlledby the level of truncatedsingular-value
decompositionperformedduringthesolutionprocessof theresultinglinearequationsystem.In order
to reducethe computertime, a collocationprojectionis used.The highly nonlinearproblemof the
complex refractive index asasecondunknown is handledby introducingagrid of awavelength-and
size-independentmeancomplex refractiveindex andby enclosingtheareaof possiblereal/imaginary-
partcombinationsthroughinversionandback-calculationof opticaldata.Inversionresultsaregiven
in termsof volumedistributions,effectiveparticleradius,volume,surface-area,andnumberconcen-
trations.
Figure5.5 shows a few simulationresults. The hybrid regularizationtechniquethat amalgamates
threeregularizationparametersworks excellent for differentdistributionswith differentmodesand
with differenteffectiveradii (seeFig. 5.5(a),(b),(d),(f)).In addition,theunknown refractiveindex can
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becaptured(seeFig. 5.5(c),(e)). In contrastto thedescribedfact that thedegreeof ill-posednessis
higherwith respectto theinverseproblemwith knownrefractiveindex if theabsorptionis strong,here
we observe theopposite.If N8OQPSRCTVUXW�Y[Z1\ , (seeFig. 5.5(c))thesolutiondomaincaneasilybedefined
andis small. This is plausible. If a slightly incorrectrefractive index is used,the inverseproblem
respondswith a large outputerror that is dueto the high ill-posednessdegree. In the caseof weak
absorptionthesolutionis not sowell determined(seeFig. 5.5(e)).We observeamoreelongatedand
oftendisconnectedsolutiondomainof possiblerefractive indices,a factthatwasobservedfor theIfT
algorithm,too.

5.2.2 IfT algorithm

TheIfT scheme,which is describedin detail in Müller et al. (Müller et al., 1999b),usesa Tikhonov
regularizationwith constraintsto invert theeightopticaldatameasuredwith theIfT multiwavelength
lidar. Thestrengthof regularization,which determinesthedegreeof smoothnessof thesolution,is
foundfrom generalizedcross-validation(Golubet al., 1979).Theinvestigatedvolumeconcentration
distribution is approximatedwith a discretesetof eight basisfunctions,which have the shapeof B
splinesof the secondorder, i.e., linear polynomials. Fifty inversionwindows of variablewidth are
definedthroughvariationof the lower andupperlimits of thebasis-functionrangefrom 0.01to 0.2
andfrom 1 to 10 ]^N , respectively. The basisfunctionsaredistributedlogarithmicallyequidistant
within thewindows. Theinversionis performedfor everywindow andfor refractive indicesthatvary
from 1.33to 1.8 in realandfrom 0 to 0.7 in imaginarypart.
Fromtheinversionsolutionsonly thoseareselected,for which theback-calculatedopticaldataagree
with the original datawithin the limits of the measurementerror. Mean and integral particle pa-
rameters,i.e.,effective radius,volume,surface-area,andnumberconcentrations,arecalculatedfrom
the selectedsolutions,and their meanvaluesandstandarddeviationsare presentedas final inver-
sion results. Furthermore,the single-scatteringalbedois calculatedfrom the volumeconcentration
distributionandthecomplex refractive index asin theIMP algorithm,too.
From extendedsimulationstudies,it wasshown that an appropriatereconstructionof the volume
distributiontogetherwith ameancomplex refractiveindex is foundfrom theeightopticaldataderived
with the IfT multiwavelengthlidar (Müller et al., 1999a). It wasdemonstratedthat informationon
particleextinctionis necessaryattwowavelengthsatleastandthattheopticaldatamustbedetermined
with errorsof _ 10%–20%.

5.3 Inversion results

5.3.1 Biomass-burning aerosolmeasuredduring LACE 98

In thefollowing,wepresentanexampleof theinversionof experimentaldatawith bothalgorithmsand
thecomparisonof theresultswith airbornein situmeasurementsonboardtheresearchaircraftFalcon.
ThemeasurementsweretakenduringLACE98,whenadistinctaerosollayer, whichoriginatedfrom
forestfires in northwesternCanada,waspresentin thefreetroposphere(seealsoSec.4.2 , Sec.8.5,
and(Wandingeret al., 2000)). The optical datashown in Fig. 4.16 wereusedas input in the two
inversionalgorithmsdescribedabove.
For the IfT algorithmthesix backscatterandtwo extinction coefficientsof the IfT multiwavelength
lidar were usedonly. With the IMP algorithm all 11 datawere processedand several testswere
performedto checkthe influenceof certainwavelengthson the inversionresults.Table5.3.1shows
theinversionresultsof bothalgorithmsin comparisonto theFalconin situmeasurements.In general,
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Parameter` Lidar, inversion Falcon,in situ

IfT algorithm IMP algorithm particleswith particleswithacbed�f'g nm ahbig)j nma$k�l , m m 0.27n 0.04 0.24n 0.01 0.24n 0.06 0.25n 0.07oqp , m mr cms�r 13n 2 11n 1 9n 5 8n 5tup , m mv cms�r 139n 7 134n 2 110n 50 95n 55wxp , cms�r 291n 70 361n 57 640n 174 271n 74y8z{k�|C} 1.64n 0.09 1.61n 0.04 (1.56)y8~Q�S|C� 0.05n 0.02 0.088n 0.011 (0.07)
SSA(532nm) 0.83n 0.06 0.73n 0.03 0.78n 0.02 0.79n 0.02����� –effective radius, �4� –totalvolumeconcentration,�$� –totalsurface-areaconcentration,�u� –totalnumberconcentration,���[����� –realpartof refractive index, ��� ����� –imaginarypartof refractive index, SSA–single-scatteringalbedo.

Table5.1: Physicalparticleparametersfrom inversionof lidardatameasuredin theheightregionfrom
3600–4100m a.s.l.on 9 August1998,2200–2400UTC, andfrom in situ measurementsof particle
sizedistributionsaboardtheFalconfrom 3500–4000m a.s.l.

thedataagreewell within theirerrorlimits. An effectiveradiusof 0.25n 0.03m m wasfound.Surface-
areaandvolumeconcentrationsderivedfrom theinversionareabout30%higherthanthosemeasured
in situ in the lower layer. The spectralbackscattercoefficientscalculatedfrom the measuredsize
distributionsdiffer in the sameway from thosemeasuredwith lidar. This finding indicatesthat the
deviation is causedby thespatialinhomogeneityof theaerosollayer ratherthanby uncertaintiesin
eitherthemeasurementor theinversion.Theairbornemeasurementsweretakenona80-kmflight leg
about5 km to theeastof the lidar sitearound2300UTC. Thelidar profileswereaveragedover two
hoursfrom 2200–2400UTC.
In general,numberconcentrationsare difficult to determinefrom the inversion of optical data
(Böckmann,2001;Mülleretal.,1999a),becauseusuallythemajorityof particlesis toosmallto beop-
tically activeandthusdoesnotcontributeto theopticalcoefficientsmeasuredwith lidar. Theinversion
algorithmsindicatethis uncertaintyby the largeerror limits, which areobtainedfrom thescattering
of the investigatedparameterswithin their solutionspace.If oneseparatesthe in situ measurements
into thedifferentmodesof the sizedistribution (Aitkenmodewith particleradii a�� 0.05 m m, accu-
mulationmodewith 0.05�*a � 0.5 m m, andcoarsemodewith a�� 0.5 m m) andcomparestherespective
numberconcentrationswith the inversionresults,it becomesevident that the inversionof the mul-
tiwavelengthlidar datagivesmainly informationon particlesin theaccumulationandcoarsemodes
(seeTable5.3.1).However, becausetheAitkenmodedoesnotsignificantlycontributeto totalparticle
surfaceareaandvolume,theseconcentrations,andthusalsothe effective radius,arereconstructed
verywell with theinversion.
As mentionedabove,avariable,but wavelength-andsize-independentmeancomplex refractiveindex
is usedin both inversionschemes.As hasbeenshown previously (Böckmann,2001;Müller et al.,
1999a),solutionsareobtainedfor certaincombinationsof real andimaginarypartsof the complex
refractiveindex only. If therealandimaginarypartsareorderedin amatrix-likescheme,thesolutions
for therefractive index arearrangedalongadiagonalin thismatrix if theabsorptionist weak(smaller
thanapproximatelyy8~Q�S|C���Xj�f�j��)� in theIMP algorithm,seeFig. 5.5(e)andRef.(Böckmann,2001)).
Thatis, smallerrealpartsareconnectedwith smallerimaginarypartsandlargerrealpartswith larger
imaginaryparts.This factshouldbetakeninto accountin theinterpretationof theerror limits given
for therefractive index.
Therefractive index for theairbornein situ measurementswascalculatedfrom a volume-weighted,
internalmixture of absorbing,soot-like andnon-absorbing,ammonium-sulfate-like materialunder
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considerationof the absorptioncoefficient measuredwith the particle soot absorptionphotometer
(PSAP).One shouldhave in mind that closureof the backscattercoefficients calculatedfrom the
sizedistribution with the lidar backscattercoefficientswasobtainedfor an externalmixture of the
two aerosolcomponentsonly, i.e.,by introducingaseparaterefractive index for ammoniumsulfateof���'��� �¢¡���¡)£

andfor sootof
���"¤��S�¢¡ ��¥¦�q£

(Fiebigetal.,2000).Calculationsfor aninternalmixturecould
notreproducethelidar measurements.For thatreason,thevaluesof therefractiveindex in Table5.3.1
aregivenin parentheses.Theinversionresultsgavesimilarvalues,whicharethusassumedto indicate
a meancomplex refractive index, thatwell characterizesthescatteringandabsorptionpropertiesof
theentireparticleensemble.
Thelatter fact is confirmedby thecomparisonof thesingle-scatteringalbedo,which is derivedfrom
the particlesizedistribution (either invertedor measured)andthe complex refractive index (either
invertedor derivedfrom appropriatemixing of sootandammoniumsulfate)with Mie-scatteringcal-
culations. In the caseof the airbornemeasurements,an externalmixture of ammoniumsulfateand
sootwasassumed.Again, a goodagreementbetweeninversionresultsand in situ measurementsis
found, thoughthe IfT resultsareslightly larger andthe IMP resultsareslightly smallerthanthe in
situ values.Valuesof theorderof 0.8 indicatea ratherhigh influenceof absorptionon theradiative
propertiesof theparticles.
The sensitivity studieswith the IMP algorithmconcerningthe differentnumberof datausedin the
inversionshowedthat,e.g.,theuseof six backscatterandtwo extinctioncoefficientsdeterminedwith
the IfT multiwavelengthlidar insteadof all 11 available optical data(eight backscatterand three
extinction coefficients)doesnot changethe resultsfor particlesizeandconcentrationsignificantly.
However, a remarkablesensitivity of thecomplex refractive index wasnoted. Especially, the intro-
ductionof the extinction valuesat the shortestwavelength(292 nm) lead to a very large solution
space,which includedunrealisticallyhigh realandimaginarypartsof therefractive index. Onepos-
sible reasonfor that is the largeuncertaintyof thevaluesin theUV becauseof thenecessaryozone
correction.Ontheotherhand,thereseemsto occurasystematicdifferencein thesolutionsfor there-
fractiveindex from thetwo inversionalgorithms.Largerimaginarypartsarefoundin mostcaseswith
the IMP algorithmin comparisonto the IfT algorithmindependentlyof the numberof optical data
used.As a consequence,thesingle-scatteringalbedodeterminedwith the IMP algorithmis smaller
thanthevaluesderivedfrom theIfT algorithm.

5.3.2 Minimum data set

Both inversionalgorithmsweretestedwith respectto a minimum dataset,which maybe delivered
from aerosolRamanlidarsbasedon asingleNd:YAG laser. Backscattercoefficientsat355,532,and
1064nm andextinction coefficientsat 355and532nm areavailablein this case(3+2). Table5.3.2
shows the resultsthat wereobtainedfrom the sameoptical datasetasthosein Tab. 5.3.1. The IfT
algorithmwasmodifiedfor thisstudy. A finer resolutionof therefractive-index grid with 320instead
of 140 complex valueswas used. A re-calculationon this finer grid was performedalso for the
caseof six backscatterandtwo extinction coefficients(6+2), which leadto slightly differentvalues
in Tab. 5.3.2comparedto Tab. 5.3.1. Excellentagreementof the resultsfrom the reduceddataset
(3+2) with thosefrom 6+2 dataandthusalsowith theairbornein situ measurementswasobtained,
which indicatesthat the3+2 informationis sufficient for a successfulinversionin this case.Further
investigationsarenecessaryconcerningthedeterminationof theimaginarypartof therefractiveindex
which is verysensitive.
In general,it wasfoundthatinversionerrorsincreasewith thereductionof measurementdataandthat
a higheraccuracy of thereduceddatasetis requiredfor a successfulinversion.Simulationswith the
IMP algorithmshowed that for noiselessdatathe meanandintegral parametersof the particlesize
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Parameter§ Ift algorithm IMP algorithm

3+2 6+2 3+2 6+2¨$©�ª , « m 0.27¬ 0.04 0.27¬ 0.04 0.26 ¬ 0.03 0.24¬ 0.01q® , « m̄ cm°�¯ 13¬ 2 13¬ 3 12¬ 2 11¬ 1±u® , « m² cm°�¯ 145¬ 8 142¬ 7 141¬ 5 134¬ 2³8´{©�µC¶ 1.63¬ 0.09 1.62¬ 0.09 1.62¬ 0.06 1.61¬ 0.04

Table5.2: Comparisonof inversionresultsfrom 3 backscatterand2 extinctioncoefficients(3+2)with
the resultsfrom 6 backscatterand2 extinction coefficients(6+2). Thesamesetof parametersasin
Tab. 5.3.1wasused.In theIfT algorithmafinergrid of thecomplex refractive index with 320instead
of 140valueswasused.

distribution, except the numberconcentration,canbe limited to 3% error in the 6+2 case.For the
reduceddatasetthis errorincreasesto 7%. Errorsin theinput dataof theorderof 10%leadto errors
in thephysicalparticleparametersof 7% for the6+2caseandof 15%in the3+2case.
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Chapter 6

Statistical analysisof the atmospheric
trajectories for the lidar network

by I. Mattis

Thelidar network wasestablishedto deriveageneralcharacterizationof theverticalaerosoldistribu-
tion andits dependenceon season,weatherregime,diurnalcycle,andlocal effectsandto investigate
thetemporalandspatialdevelopmentof theaerosolproperties.In this sectionamethodis described,
whichpermitsoneto classifyprofilesof opticalaerosolpropertiesderivedby theroutineobservations
in dependenceon the large-scaleweatherregime(Mattis et al., 2001). Theatmospherictrajectories
arecalculatedby theGermanWeatherServicefor all lidar-network stationsfor two arrival timeseach
day, which correspondapproximatelyto the timesof the routine lidar observationsat noonandat
sunset.
Becausethe quantityof availabletrajectorydatasets(two per day) is muchlarger thanthe number
of measuredaerosolprofiles(usuallynot morethanfour perweek)we suggestto applyany method
of statisticalanalysisprimarily to thetrajectoriesandnot directly to thelidar profiles.Theanalytical
trajectoriesprovide informationabouttheorigin of theobservedaerosolsandaboutthesynopticpat-
ternscorrespondingto themeasurements.They weredividedinto distinctclustersby meansof cluster
analysis.Theneachlidar profilewasassignedto theclusterof its correspondingtrajectory. Becausea
trajectoryclusterrepresentsonelarge-scaleatmospherictransportpattern,eachof theprofileswithin
thecorrespondingclassof opticalaerosolpropertieswasobtainedfrom alidar observationundersim-
ilar large-scalesynopticconditions.Investigationsof thepropertiesof theseaerosolclasseswill show
thedependenceof opticalaerosolpropertieson thecorrespondingweatherregime.

6.1 Trajectories for the lidar network project

The atmospheric4-day backward trajectoriesusedin this study were calculatedby the German
WeatherServicefrom thewind fieldsof its Europeannumericalweatherpredictionmodel(Kottmeier
andFay, 1998). They areavailablesinceDecember1997. The trajectoriesarecalculatedon a 3-
dimensionalgrid. This calculationmethodleadsto lower uncertaintiesin comparisonto thoseof
othermethods,e.g. isentropiccalculation.Theaccuracy of thecalculatedtrajectoriesdependson the
synopticconditions.Thehigherthewind speedthelower theuncertaintyof thetrajectories.Usually
thedeviation betweenthecalculatedandtheactualtrackof anair parcelis about10%to 20%of the
trajectorylengthfor the trajectoriesusedin this study(Stohl,1998). In Table6.1 the characteristic
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propertiesof thetrajectoriesaresummarized.

trajectorymodel
Europeannumericalweatherpredictionmodeldatabase
of theGermanWeatherService

spatialresolution ·�¸"¹»º
time resolution 6 hr

availabletrajectorydataset
trajectorylength 4 days
2 arrival times 13UTC, 19UTC eachday
6 arrival pressurelevels 975,850,700,500,300,200hPa
5 lidar sites Hamburg

Kühlungsborn
Leipzig
Munich
Garmisch-Partenkirchen

Table6.1: Characteristicalpropertiesof thebacktrajectoriesusedin this study.

6.2 Statistical analysisof the atmospheric trajectories for the li-
dar network

Clusteranalysisprovidesalgorithmsto separatea largenumberof datasets(in our casesetsof tra-
jectories)into groups,the so-calledclusters.The separationof thedatasetshasto bedonein such
a way that similar trajectoriesaremergedwithin oneclusteranddissimilaronesbelongto different
clusters.In this studya clusteringalgorithmfor atmospherictrajectoriesrecommendedby (Dorling
et al., 1992)wasused.Modificationsconcerningthestartingconditionsprovide additionalinforma-
tion on the uncertaintyof the derived results.As an advantageof theusedclusteringalgorithmthe
optimumnumberof clustersfollows from thealgorithmitself andhasnot to beassumed.
Thefollowing stepsshortlydescribetheclusteringalgorithm:

1. A setof seedtrajectoriesis generated.Modifying Dorlings algorithmsyntheticalratherthan
real trajectorieswereused. As an exampleFigure6.1 shows 30 seedtrajectoriesarriving at
Leipzig.

2. Eachtrajectoryis assignedto that seed,which is closestin termsof theusedmeasureof dis-
tance.In this study, we simply usedthe2-dimensionalEuclidiandistanceconcerningonly the
longitudeand latitudedataof the trajectories. Then the averagetrajectoryof eachgroup is
calculatedfrom all groupmembers.Thesemeantrajectoriesaretheso-calledcentroids.

3. It is checked,whethereachreal trajectoryis in theright clusterin termsof its distanceto the
clusterscentroid.After reassigningthetrajectories,thecentroidshave to berecalculated.

Thisstephasto bereiterateduntil all trajectoriesarecorrectlyassigned.

4. TheRootMeanSquareDeviation ( ¼¾½X¿ÁÀ ) of eachtrajectoryfrom its centroidis calculated.
Thesumof these¼¾½Â¿ÃÀÅÄ givesthetotal ¼¾½Â¿ÃÀ .
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Figure6.1: Thirty syntheticseedtrajectoriesarriving at Leipzig.

5. Thosetwo clustersaremerged,for which thecentroidsareclosest.Thecentroidof themerged
clusteris calculatedandthesteps3 and4 have to berepeated.

6. Step5 is repeatedconsecutevely until thenumberof clustersÆ is 1. Thederivedtotal Ç¾ÈÂÉÃÊÅË
areplottedversusÆ . Thereductionof clusternumbersleadsin generalto a weakincreasein
Ç¾ÈÂÉÃÊ�Ì�Æ.Í . A steepincreasein Ç¾ÈÂÉÃÊ�Ì�ÆÎÍ is observedwhensignificantlydifferenttrajec-
tories formerly locatedin distinct clustersaremerged into onecluster. So the the optimum
numberof clustersis the Æ beforethesteepincreasein Ç¾ÈXÉÁÊÎÌ�ÆÎÍ .

7. In this study, Dorlingsalgorithmwasextendedtowarda repetitionof steps2 to 6 with slightly
variedseedtrajectories.For thatpurpose,theclusteringwasfirst calculatedfor all seeds,then
every sixth seedtrajectorywas left out, startingwith the first one. In the next iterationstep
everysixth seed,startingwith thesecondonewasleft out,etc.

Figure6.2showsasanexampletheresultingcurvesof thetotal Ç¾ÈÂÉÃÊÅË versusÆ for all trajectories
arriving at Leipzig at 850hPa in 1998,1999,and2000correspondingto the seven different initial
conditions.All sevencurvesconvergewhenthenumberof clustersis reducedfrom six to five. That
means,if the numberof clustersis smalleror equalto six, the different initial conditionslead to
the sameresult. But if Æ is larger thansix, no stableclusterscanbe found andany peaksin the
percentagechangeof Ç¾ÈÂÉÃÊ for more thansix clustersshouldbe neglectedin the searchfor the
optimumnumberof clusters. Thusonly the steepincreasein the total RMSD when Æ is reduced
from five to four is significant,andtheoptimumnumberof clustersfor this examplewasfoundto be
five.

6.3 Results

Theclusteranalysisdescribedabovewasusedin combinationwith lidar profilesonly for trajectories,
which endat 850hPa (seeSection6.1). Thesetrajectoriesarebelievedto bemostrepresentative for
themainair transportin theupperpartof theatmosphericboundarylayer. Thetrajectoriesarriving at
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Figure6.2: Changeof the total RMSD for all trajectoriesarriving at Leipzig at 850hPa in 1998,
1999,and2000.Eachthin curve representstheresultof theclusteringalgorithmfor oneof theinitial
conditions.

975hPa aremoreinfluencedby theearthsurfaceandthereforetheir uncertaintyis larger. Neverthe-
less,theclusteranalysiswasalsoappliedto trajectoriesarriving at Leipzig at 975hPasimply to give
anexampleandanideaabouttheconditionsin thelowerboundarylayer.
Figure6.3 shows the total Ð¾ÑÂÒÃÓ versusthe numberof clustersfor all lidar sites. The optimum
numberof clusterswasfound to be five for almostall of the cases.The curvesof different initial
conditionsmerge at higher Ô.Õ for the southerlystationsMunich andGarmisch-Partenkirchenand
for the975-hPa trajectories.For Kühlungsbornno singlesolutioncouldbefound. Thecurvesof the
seveninitial conditionsdo not mergeinto onebut into two final curves. For thetrajectoriesarriving
at Kühlungsbornthis means,the clusteringalgorithmfinds two stableclusteringstates,which are
marked with I andII in the plot. The optimum Ô for stateI seemsto be six. The Total Ð¾ÑÂÒÃÓÅÕ
plottedin Figure6.4show thesamepattern.The Ð¾ÑÂÒÃÓ of 5 clustersaswell asthetotal Ð¾ÑXÒÁÓ of
all trajectoriesis larger for thenortherlystationsLeipzig, Hamburg, andKühlungsbornthanfor the
southerlystations.Also the Ð¾ÑÂÒÃÓ is larger for the850thanfor the975-hPa trajectoriesendingat
Leipzig. For theKühlungsborntrajectoriesthetotal Ð¾ÑÂÒÃÓ of 5 clustersis lower for theclustering
stateII than for stateI. This fact may indicatethat stateII is the ‘correct’ solution. Nevertheless,
further investigationshave to be carriedout to find a more stablesolution for the Kühlungsborn
trajectories.
Figure6.5 illustrates,how the trajectoriesof 1998,1999,and2000areassignedto the five clusters
identifiedby theclusteringalgorithmfor all six cases.For KühlungsbornsolutionII is shown. The
patternarevery similar for thefive locationsandalsofor thetwo different pressurelevels. Thefive
clustersrepresentweatherregimeswith differentwind directionsandspeeds.Clustera) containsall
trajectoriescomingto Germany from easterlydirectionswith low speeds.Air parcelswhich were
transportedto centralEuropefrom northwestwith higherwind speedsaremergedwithin clusterb).
Clusterc) combinestrajectoriesfrom theMediterranianSeaandveryslow onesfrom westernEurope.
Thosetrajectories,which have their origin over theAtlantic oceanarecombinedin clustersd) ande)
with thelatteronecharacterizedby veryhighwind speeds.
Figure6.6shows thatmostof thetrajectoriesareassociatedwith clusterc). For thesouthernstations
MunichandGarmisch-Partenkirchenthisstatementheldfor thesummermonths(April to September)
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Figure 6.3: Changein the total ×¾ØXÙÁÚ for all trajectoriesarriving at 850hPa at all 5 lidar sites
andat 975hPa at Leipzig in 1998,1999,and2000. Every curve representsa resultof theclustering
algorithmfor oneof theinitial conditions.For Kühlungsbornno significantsolutioncouldbefound.
Theresultingtwo stableclusteringstatesaremarkedwith I andII.

aswell asfor thewinterperiod(Octoberto March). In all casesthequantityof trajectoriesinsidethis
clusteris clearly higher in summerthanin winter except for the 975-hPa level. The occurenceof
thetrajectoriesin theclustersc andd, which areassociatedwith moderatewesterlywinds,is nearly
the samefor the two northernstations. It is not surprisingthat the membersof clustere), which
correspondsto weatherregimeswith very fastwesterlywinds,arealmostonly winter trajectoriesfor
all lidar sitesaswell asfor thetwo pressurelevels.

The ×¾ØÂÙÃÛ of theclustermembersin generalis higherfor thewintertrajectoriesthanfor thesummer
trajectories.Theabsolutevaluesof the ×¾ØXÙÁÛ decreasefrom northto southandfrom 850to 975hPa.
This fact is in agreementwith thefinding of Figure6.3 that the Ü , for which thecurvesof different
initial conditionsmerge, shows the samebehaviour with latitudeandpressurelevel. However, this
resultshouldnotbeextrapolatedto otherEuropeanstations,becausethepropertiesof the ×¾ØÂÙÃÛ of
a trajectorysetshouldlessbeaffectedby thelatitudebut moreby orography. Thestationsin northern
Germany arelocatedat thecoast,thesouthernonesat therim of theAlps,andLeipzig lies in between
(in a geographicalsenseaswell asin theresultsof theclusteranalysis).

As outlinedat the beginningof this section,the resultsof thepreviously describedclusteringalgo-
rithm shouldbeusedto classifyopticalaerosolpropertiesin dependenceon the large-scaleweather
regime. Eachlidar observation hasto be assignedto the clusterof its correspondingtrajectoryto
derivegroupsof opticalaerosolpropertiesobtainedfrom lidar observationsundersimilar large-scale
synopticconditions.In section7.3, theresultsof this procedurewill bepresentedfor theexampleof
theroutineobservationsat Leipzig.
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Figure6.4: Total Ý¾ÞXßÁà for all trajectoriesarriving at 850hPa at Leipzig (LE850),Hamburg (HH),
Munich(MU), Kühlungsborn(KB), Garmisch-Partenkirchen(GP),andat975hPaatLeipzig(LE975)
in 1998,1999,and2000. The left columnsstandfor the total Ý¾ÞÂßÃà of all trajectoriesgrouped
within 5 clustersandthe right onesshow the total Ý¾ÞÂßÃà of all trajectories.The two resultsfor
Kühlungsbornaremarkedwith I andII.

6.4 Conclusions

In theprecedingsectiona methodwassuggested,which allows to classifyprofilesof opticalaerosol
propertiesderivedby theroutineobservationsin dependenceon thelarge-scaleweatherregime.This
methodcanbeappliednotonly theLeipzigdatasetbut alsoto thetrajectoriesandaerosoldataof the
othermembersof this Germanlidar-network projectaswell asto thedataof theparticipiantsof the
EARLINET projectwhich is fundedby theECandstartedin February2000.
The describedclusteringalgorithm was modified to get an estimationon its uncertainties. This
examinationwill be continuedto find possibilitis to derive significantsolutionsin caseslike the
Kühlungsborntrajectories,too.
Changingtheusedmeasureof distancein theclusteringalgorithmwill allowsto examineotherques-
tionsthanonly thedependenceon large-scaleweatherregime. Increasingtheweightof thedistance
betweentwo trajectorieswith decreasingdistanceto theirarrival sitewill causethealgorithmto com-
binethosetrajectoriesinto onecluster, which have crossedthesameaerosolsourcesnearthearrival
siteevenif they originatedfrom differentregions. This tendency maybeamplifiedby insertingany
informationaboutthesurfacebelow thetrajectories(for instanceemissionmaps)into themeasureof
distance.
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Figure 6.5: All trajectoriesof 1998, 1999, and 2000 in the five clustersidentified by the cluster-
ing algorithmfor the lidar sitesandpressurelevels listed in the upperleft cornerof eachrow. For
KühlungsbornsolutionII is shown. Thecharactersin thelowestrow identify theclusters.

68



0

25

50

 

 

 Leipzig, 975 hPa
 

0

15

 

 

 

 
0

25

50

 
 

 Leipzig, 850 hPa

 

0

15

 

 

 

 

0

25

50

 

 

 Hamburg, 850 hPa

 

0

15

 

 

 
 

0

25

50

 

 

 Kühlungsborn b, 850 hPa

 

0

15

 

 

 

 

0

25

50

 

 

 Munich, 850 hPa

N
U

M
B

E
R

 O
F

 C
LU

S
T

E
R

 M
E

M
B

E
R

S
, 

%

0

15

 

 R
M

S
D

 O
F

 T
H

E
 C

LU
S

T
E

R
 M

E
M

B
E

R
S

 

 

a b c d e
0

25

50

 

 

 Garmisch-Partenkirchen, 850 hPa

 

a b c d e
0

15

 

 

 

CLUSTER

Figure6.6: Left: Numberof membersof the five clustersfor the different lidar sitesandpressure
levels. Right: á¾âÂãÃä of every clustercalculatedseparately. The left columnsareassociatedwith
the summertrajectoriesonly (April to September).The right onesbelongto the winter trajectories
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Chapter 7

Climatology of the vertical aerosol
distrib ution

7.1 Kühlungsborn

by J. Schneider

At IAP Kühlungsborn,the measurementtime of the GermanLidar Network beganon 1997-12-01
and endedon 2000-03-16,sincea major reconstructionof the institute madelidar measurements
impossibleuntil the startof the follow-up project,EARLINET, on 2000-05-01.During the above
time frame,the climatologicalmeasurementshave beenperformedeachMondayat noonandafter
sunset,andeachThursdayat noon. From Januaryå1æ�ç , 2000,it wasdecidedin the network to shift
theThursdaymeasurementsto aftersunset.A statisticaloverview of all climatologicalmeasurements
canbefoundin table7.3.
In this analysis,only theafter-sunsetRamanmeasurementsobtainedin this time frameareincluded,
sincetheRamanmeasurementsallow thecalculationof thebackscattercoefficientsdown to thelow-
est lidar returnsignal. For the climatologicalanalysis,we selectedthe cloud-freedaysout of the
fixedmeasurementschedulementionedabove. We investigatedplanetaryboundarylayerheightsand

Measurements1997/12/01– 2000/03/31

months possible performed perf./poss. class class class1/
measurem. measurem. measurem.[%] 1 2 perf. meas.[%]

12/97- 3/98 53 33 62.3 21 12 63.6
4/98- 9/98 78 48 61.5 21 27 43.8
10/98- 3/99 79 35 44.3 14 21 40.0
4/99- 9/99 79 55 69.6 21 34 38.2
10/99- 3/00 78 48 61.5 29 19 60.4

all 367 219 59.7 106 113 48.4

class1 : measurementwithout low cloudspossible
class2 : measurementwith cloudsbelow 2000m

Table7.1: Overview of all climatologicalmeasurementsperformedat IAP Kühlungsbornduringthe
time frameof theGermanLidar Network.
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monthlyè meanbackscatterandextinction coefficients,thelatterrestrictedonly to altitudesabove the
boundarylayer.

7.1.1 Measurements

7.1.1.1 Determination of the aerosoloptical parameters

Calculationof the extinction coefficient éEê�ë�ì<í�îðï4ñuò from the Ramansignalsfollows the methodde-
scribedin (Ansmannet al., 1990;Ansmannet al., 1992a).This methodallows to determinetheex-
tinctioncoefficient independently, with theonly necessaryassumptionof thewavelengthdependence
of the aerosolextinction coefficient é êóë�ì í�îôòöõ îø÷�ù . Sincethe ratio betweenemittedandRaman
shiftedwavelengthsis closeto unity, deviationsof this assumptiondo not contribute to significant
errors.Observationsindicatethatk variesbetween0 and2 (Ferrareet al., 1998). For cirrusclouds,
k equalszero(Ansmannet al., 1992a). Generally, úüûþý is assumedfor all measurementsexcept
for cirrus clouds,where úÿû�� is chosen.To obtainthe nitrogenmoleculenumberdensityandthe
Rayleighscatteringcoefficient é�������í�îðï4ñuò , air temperature,density, andrelativehumidityareavailable
from local radiosondemeasurements,performedby theGermanWeatherService(DWD) on a regu-
lar basis.Radiosondedataareavailableat noonandmidnightfrom two stations,onelocated120km
east(Greifswald), the otherlocated150north-west(Schleswig).Additionally, on certainoccasions
radiosondescanbe launchedat IAP Kühlungsborn.For dayswhereno radiosondedatawereavail-
able,theUS StandardAtmospherewasused.In orderto calculatethederivative �
	��¦ñ�í���^í������Kò7ò , the
receivedRamansignalhasto beaveragedin timeandaltitude.To reducetheinfluenceof smallscale
variability, a minimumtime interval of 30 minutes(approximately54000lasershots)waschosenin
the GermanLidar Network. Typical heightintervalsare: 200m (4 channels)between1 and5 km,
500m between5 and10km, and1000m above10km. Thesevaluesaresubjectto changedependent
on theactualshapeof the lidar returnsignal,theaveragedtime interval andtherebythe total count
rate. Sincethis techniqueis basedon the absolutelidar returnsignal, it canonly be appliedabove
the heightat which the laserbeamandthe telescopefield-of-view fully overlap. This reducesour
datato altitudesabove1 km, therebyexcludingmostof theboundarylayer. Examplesfor extinction
measurementsareshown in Figure7.1.
Oncethe aerosolextinction coefficient is known, the aerosolbackscattercoefficient � ê���ì<í�îðï4ñuò can
be determinedfrom the ratio of the Rayleigh	 Mie returnsignalandthe Ramanreturnsignal,cor-
rectedfor aerosolextinction and normalizedat the referencealtitude ñ�� (Ansmannet al., 1992a).
The referenceheight ñ�� is usuallychosenin a way that �Sê���ì6í�ñ��Kò�� � ����� í�ñ���ò . Theseconditionsare
found frequentlyin the uppertropospherearound6 to 8 km. Then � ê���ì<í�ñ���ò is assumedto be zero
for all wavelengths.As above, themolecularscatteringcoefficient � ����� í�îðï4ñuò is calculatedfrom the
radiosondedata. The aerosolextinction coefficient at 355 and 1064 nm is extrapolatedfrom the
measurementat 607 nm with the chosenk value. Below the lowestmeasuredvalue,the extinction
coefficient is assumedto beconstant.Sincethis methodis basedon theratio of two signals,it canbe
appliedalsoat altitudeswherethelaserbeamandthetelescopefield-of-view do not fully overlap,i.
e. below 1 km. Examplesof aerosolbackscattermeasurementsaregivenin Figure7.1.

7.1.1.2 Err or discussion

Theerrorof theextinctioncoefficient is mainlydeterminedby thestatisticalerrorof theRamanreturn
signal.Thiserror is assumedto bethesquareroot of theabsolutecountrateandis calculatedvia the
law of errorpropagationto theerrorin theextinctioncoefficient. As (Ansmannet al., 1992a)pointed
out, a rapidchangein theaerosolextinction coefficient during theaveragedperiodinducesa signif-
icanterror in themeanextinction coefficient. To avoid sucherrors,only periodswith approximately
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Figure7.1: Examplesfor vertical profilesof extinction andbackscattercoefficients. Upperpanel:
98-08-16,19:57-21:27UT, lower panel:99-10-11,19:57-20:30.Theextinction coefficient hasbeen
determinedat 532nm,while thebackscattercoefficientcanbecalculatedfor 355,532,and1064nm.
On 98-10-11,thelidar ratio couldonly bedeterminedbelow 2 km, dueto thefact thattheextinction
coefficient is closeto zeroabove.

constantaerosolbackscattersignalshave beenaveraged.The error of the backscattercoefficient is
mainly determinedby the chosenreferenceheightandthe chosenaerosolbackscattercoefficient at
thisaltitude(wechosezeroatall measurements).Thecalculationof thebackscattercoefficientneeds
the extinction coefficient asan input. Sinceno Ramansignalsareavailablefor 355 and1064nm,
theextinction coefficient measuredat 532 is extrapolatedwith thechosenk value,which introduces
anadditionaluncertainty. As mentionedabove, theextinction coefficient is assumedto be constant
below the lowestmeasuredvalue(around1 km), which causesanadditionalerror, especiallyif the
boundarylayerheightis very low. Althoughadjustableneutraldensityfiltersareplacedin front of the
photomultipliertubes,it couldnot alwaysbeenavoidedthatthephotomultiplierusedin the1064nm
channelis overloadedby thestrongbackscattersignalfrom theboundarylayer. This resultsin a too
low signalin theboundarylayerandalsoin thealtituderangeabove, andthecalculatedbackscatter
coefficient canthenturn out to be too low. This problemhasfirst beenobservedduring the instru-
ment intercomparison(seechapter4.2 for moredetails). Also the low Rayleighscatteringat 1064
nm, makingit difficult to find a referenceheightwith negligible aerosolcontent,cancausenegative
valuesat altituderegionswith avery low aerosolcontent.In thesecasesthebackscattercoefficient is
regardedto bebelow thedetectionlimit.
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7.1.2� Results

Measurement�Overview

Months�between�97-12-01�and�00-03-31

��������Dez�� ��������Apr�� ��������Aug�� ��������Dez�� ��������Apr�� ��������Aug�� ��������Dez��

all�days

clear�days

Figure7.2: Overview of theclimatologicalRamanmeasurementsperformedbetween97-12-01and
00-03-31at IAP Kühlungsborn.Ramanmeasurementswere taken after sunseteachMondayand,
from 00-01-01on,alsoeachThursday. “all days”denotesall performedmeasurements,“clear days”
denotesall measurementswithout cloudsbelow 5 km.

Figure7.2showstheannualdistributionof Ramanlidar measurementsonthepreselecteddaysat IAP
for thetimeperiodbetweenDecember���! , 1997andMarch "#�$�! , 2000.In total,of 137possiblemea-
surementdays(public holidaysexcluded),on 60 daysRamanmeasurementshave beenperformed.
This correspondsto a percentageof 43.8%.On theotherdays,it waseitherrainingor thepossibility
for rain wastoo high. On 34 days(24.8%),no cloudswerepresentbelow 5 km. Thesedaysare
attributedas“clear” daysandwill beusedfor thefurtheraerosolanalysis,in orderto separatecloud
topheightandboundarylayerheight,andto assurethatonly aerosolpropertiesarediscussed.

7.1.2.1 Backscattercoefficients

Figure 7.3 shows the annualcycle of the aerosolbackscattercoefficient at 532 nm for the “clear
days”(no cloudsbelow 5 km). Theshown time periodis 01.12.1997- 31.03.2000.A runningmean
over 3 monthswasapplied.Thefigure revealsanannualvariability of theplanetaryboundarylayer
(PBL) heightbetween800and2000m, with a minimumin winter anda maximumin summer. The
maximumPBL height in 1998 is reachedduring monthsMarch throughJune,while in 1999, the
maximumis betweenJuneandOctober. However, no “clear” measurementshave beenpossiblein
July andAugust1999. White areasindicatethat thebackscattercoefficient wasbelow thedetection
limit of �$%
&
')(*&,+)-$./&,+ , which maybecausedby overloadof thephotomultiplieror by a incorrectly
chosenreferencepoint. For thefollowing analysis,thePBL heightwasdefinedasthataltitudewhere
theaerosolbackscattercoefficient (532nm) decreasedto 50%of themeanvaluebelow, asshown in
Figure7.4.
Figure7.5 shows theannualcycle of thePBL heightfor the “clear days”,Thedatapointsrepresent
monthlymeansbetween97-12-01and00-03-31.A curvefit to thedatapointsis alsoshown, indicat-
ing themaximumof thePBL heightto bearoundthebeginningof August(aroundthe � � ) while the
minimumis in themid of February( �10  32 ), correspondingto ameanphaseshift of about50dayswith
respectto thesummer/wintersolstices.Thecalculatedperiodb of theoscillationis �$%547698:�;4<0 months,
which meansthat the annualcycle canbe reproduced,but that the statisticup to now is still rather
sparse.Here, it hasto be remindedthat thesedatacannot be assumedto be representative for the
maximumPBL heightduringthedaysincethesemeasurementsweretakenaftersunset.In general,
thePBL heightreachesits maximumaround14:00local solartime anddecreaseslater throughthe
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Figure7.3: Annual cycle of aerosolbackscattercoefficient at 532 nm, cloudlessdaysonly. Shown
aremonthlymeanvalues.Whiteareasindicatevaluesbelow thedetectionlimit.

Figure7.4: Examplefor thedefinitionof thePBL heightasdefinedin thiswork: Thealtitudez where
themeanbackscattercoefficientdecreasesto half onthemeanvaluebetweenthelowestmeasurement
level andz. To determinethePBL height,thedatameasuredat532nmhavebeenused.

day, but therearealsooccasionsonwhichthePBL continuesgrowing throughouttheday, asis shown
in Figure7.6,whereadiurnalcycleof backscattercoefficientsis shown.
During daytime,whenno Ramansignalsareavailable,we cannot calculatethe backscattercoeffi-
cientsbelow the altitudeof full overlapbetweenlaserbeamandfield-of-view of the glassfibre ( =
1000m). That means,we candeterminethe heightof the boundarylayer, but not the true values
for thebackscattercoefficients.For figure7.6 thebackscattercoefficient wasassumedto beconstant
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below thelowestmeasuredvalue.
Thebackscattercoefficientsin andabovethePBL donotshow asignifcantannualcycle. Meanvalues
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Table7.2: MeanValuesof BackscatterandExtinctionCoefficientsandLidar Ratio in andabove the
PBL for the2-yearperiod97-12-01and99-11-30.

werecalculatedusingonly theperiodfrom 97-12-01to 99-11-30,in orderto havetwo completeyears.
The valuesaresummarizedin table7.1.2.1andplottedvs. wavelengthin Figure7.7. The vertical
axisfor thevaluesabove thePBL is stretchedby a factorof 10 comparedto theaxisfor thevaluesin
thePBL, indicatingthat, insidetheerror limits for bothdatasets,thebackscattercoefficientsin the
PBL areat higherby approximatelya factorof 10 thanabove. Comparingour datawith thosegiven
by (Müller et al., 1998),who reportaerosolbackscattercoefficientmeasuredat Leipzig,Germany, in
andabove thePBL, thevaluesobtainedinsidethePBL agreequitewell, while our valuesabove the
PBL arelowerby ataboutafactorof two thanthosereportedby (Müller etal.,1998).However, since
(Müller et al., 1998)areshowing only onesinglemeasurement,andour dataaremeanvaluesover
two years,this discrepancy is not severe.

7.1.2.2 Extinction coefficients

Figure7.8showsthemeanextinctioncoefficientmeasuredbetweenthePBL and5 km alongwith the
opticaldepthin thisaltituderegion. Again,only thetimeperiodbetween97-12-01and99-11-30was
considered.Thenegativevaluesaremostlikely dueto a wrongestimationof theRayleighscattering
coefficients,whichcanbeexplainedby thefactthattheradiosondesfrom which thetemperatureand
pressuredatahave beenusedhave beenlaunchedabout100km off our measurementsite,or, if no
radiosondedatawereavailable,theUS StandardAtmospherehasbeenused.For themeanvalueof
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Figure7.8: Meanextinction coefficient andoptical depthat 532 nm betweenboundarylayer and5
km. Only thetimeperiodbetween97-12-01and99-11-30wasconsidered.

theextinctioncoefficientseetable7.1.2.1.Themeanaerosolopticaldepth(AOD) obtainedabovethe
PBL, asshown in the lower panelof Figure7.8, yieldsa meanvalueof ���;�<�����5�7�;�/�����$�
 
¡ . This
value,which is comparableto the valueof 0.012,which is obtainedfrom the Global AerosolData
Set (GADS) (Hesset al., 1998), implies that the contribution of the middle free troposphere(well
below thetropopausebut above theboundarylayer)on cloudlessdayscanalmostbeneglectedwhen
discussingtotalAOD. AOD valuesoverCentralEuropeat555nm,obtainedfrom satellitedata,range
between0.1 and0.6 (Gonzaleset al., 2000). AOD valuesobtainedfor theplanetaryboundarylayer
at theAtlancticcoastof theU.S.at450nmarein thesameorderof magnitude(Hartley et al., 2000).
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7.1.2.3¢ Implication for lidar ratios

Dueto thelargevariationsespeciallyin theextinctioncoefficient, thestandarddeviation of themean
lidar ratio above the PBL (table7.1.2.1)is morethan100%of the meanvalueitself. Although the
meanvalueof 44 sr is a very reasonablevalue for continentalandmaritimeaerosol(Ackermann,
1998),andalsofor the“free tropospheric”aerosolcomponentin theGlobalAerosolDateSet(Hess
et al., 1998),the variability of our datais too high to draw any conclusions.The valuesinsidethe
PBL (seeFigure7.1)aremuchbetter, but sincethePBL heighthasbeenfrequentlybelow our lower
measurementaltitude,extinctioncouldnotbedeterminedinsidethePBL exceptfor a few cases.This
problemhasbeensolvedin themeantimeby installinganadditionaltelescopewith shortfocal length
to detectalsotheRamansignalfrom insidetheboundarylayer.

7.1.2.4 Trajectory analysis
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Figure7.9: Map of centralEurope,showing the resultsof the clusteranalysisof the backward tra-
jectoriesarriving above Kühlungsborn(54N, 12 E) at 19:00UT on themeasurementdays.2 arrival
heightsareshown. Graylines:975hPa(insidePBL),blacklines:700hPa(abovePBL).Thenumbers
give thepercentageof trajectoriescontainedin theindividualclusters.

The lidar stationKühlungsbornis locatedat the southernshoreof the Baltic Sea,west (30 km) of
the city of Rostock,andeast(150 km) of the city of Hamburg. Thus,we would expectthe aerosol
propertiesto be dependenton the wind direction. To obtaininformationaboutthe origin of the air
masses,the 3-dimensionalbackward trajectoriesprovided by the GermanWeatherService(DWD)
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wereanalysedby meansof clusteranalysis. The clusteralgorithmusedhereis similar to that de-
scribedin chapter6 andwill bediscussedin detailin (Eixmann,2001).In contrastto theanalysishas
beenperformedfor the“clear” dayswithin the2-yearperiodbetween97-12-01and99-11-30.For 26
out of 28 “clear” measurementdaysduring this time frame,trajectorieswereavailable. Two trajec-
tory arrival heightsabove Kühlungsbornof 975hPa (correspondingto 300m, certainlyin thePBL)
and700 hPa (correspondingto 3000m, alwaysabove the PBL), andthe last four daysprior to the
arrival of theair massabove Kühlungsbornwereconsidered.At bothaltitudelevels,it waspossible
to representall trajectorieswith 2 clusters.Figure7.9showsthetwo dominatingtrajectorydirections
for bothaltitudes.At bothlevelscluster1, containingthetrajectoriescomingfrom thenorth-west,is
dominatingwith 77%and81%,respectively, of all trajectoriescontainedin this cluster. At 975hPa,
the northerndirectionpredominates,while at 700 hPa, more trajectoriesarrive from further west.
Cluster2 containsthe easterncomponents,at 700 hPa originatingfrom south-east,andat 975 hPa
comingfrom north-east.Thelengthof theclustersdisplayedare4 days,indicatingthattheair masses
weretravelling at higherwind speedswhencomingfrom thewest,especiallyat 700hPa. In orderto
find out if a differencein theaerosolpropertiesdependenton theorigin of theair massesexists, the
backscattercoefficientsmeasuredon thedayscontainedin the2 clustersfor botharrival heightswere
averaged.Figure7.10shows theresultfor 532nm: no differencecanbefoundin theabsolutevalues
of thebackscattercoefficient,which impliesthatthetotal aerosolloadis almostthesame,regardless
of theorigin of theair masses.
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Figure 7.10: Mean aerosolbackscattercoefficients at 532 nm measuredin the individual clusters
given in Figure7.9. No significantdifferencesin theaerosolloadcanbe foundbetweenair masses
originatingfrom theeastandthewest.
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Figure7.11:Backscattercoefficientmeasuredin theindividualclustersgivenin Figure7.9normalized
at 532 nm, along with selectedaerosoltypesand componentsfrom the Global Aerosol Data Set
(GADS).For detailsseetext.

7.1.2.5 Comparison with the Global AerosolData Set

In orderto analysethewavelengthdependence,thedatafrom the individual clustershave beennor-
malizedto thevalueat532nm. Theresultis givenin Figure7.11.Theerrorbarsindicatethestandard
deviation,which is zeroat532nmdueto thenormalization.Also shown in Figure7.11arecalculated
backscattercoefficientsfor differentaerosoltypestaken from the softwarepackageOPAC (Optical
Propertiesof AerosolsandClouds),which basedon theGlobalAerosolDataSet(GADS).Both are
freely availableon theWorld Wide Web(Hesset al., 1998). In this dataset,the largevariability of
naturalaerosolsis reducedby the useof a datasetof typical aerosolcomponents.The sizeof the
individualparticlesin theOPAC softwarepackageis controlledby therelativehumidity. Weselected
from this datasetthoseaerosoltypesandcomponentswhich arelikely to beobservedat our station,
for example“continental”,“maritime”, “free tropospheric”,at their minimumandmaximumrelative
humidities,and comparedtheir calculatedbackscattercoefficients with our measurements.These
backscattercoefficientswerealsonormalizedto themeasuredvalueat532nm. Thevaluesmeasured
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insidethePBL in theair massesoriginatingfrom thewest(cluster1) matchonly with the smallest
aerosolcomponents,“soot” and“watersoluble”at thelowestrelativehumidity (0%). Themoderadii
of the particlesizedistributionsof thesecomponentsare11.8 nm and21.2 nm, respectively. The
valuesof cluster2 donotevenfit to thesetwo aerosolcomponents.Between355and532,all selected
aerosolcomponentsarein agreementwith our data.Theaerosolcomponents“continental”,divided
into thesubgroups“clean”, ”average”and”polluted”, representedby thestraightlines,would fit to
both clustersif the measuredvalueat 1064nm would be somewhat higher. This finding may sug-
gestthat themeasuredbackscattercoefficient at 1064nm is too low, which, asdiscussedabove,can
becausedby overloadof thephotomultipliertube. Thedifferencebetweentheaerosolcontainedin
cluster1 andcluster2, however, is verysmallandcannot regardedto besignificant.The“maritime”
aerosol,representedby thedash-dottedlines,shows a weakwavelengthdependencethatfits slightly
betterto the355and532nm dataof cluster2, but thenthe1064nm valuewould have to beunder-
estimatedby at leasta factorof 4, which we considerto be ratherunlikely. For thevaluesobtained
above thePBL thestandarddeviation at 355nm is very largein cluster1, sothatall aerosoltypesfit
to the data. Also herethe 1064nm coefficient is very low, althoughmoreaerosoltypesfit through
therangeof thegivenstandarddeviation. A significantdifferencebetweenthe2 clusterscannot be
found.The“free tropospheric”aerosolcomponentsfrom theGADS(dashedlines)wouldfit thedata
only with ahigherexperimentalvalueat 1064nm.

7.1.3 Summary and conclusions

We have presentedtwo completeannualcyclesof verticalaerosolprofilesbetween0 and5 km, and
therebyalso the annualcycle of the planetaryboundarylayer height. Meanvaluesfor the aerosol
backscattercoefficientsin andabove thePBL aregivenfor 355,532,and1064nm. Valuesat 1064
have to betakenwith care,asthey cansuffer from photomultiplieroverload.Thebackscattercoeffi-
cientsabove thePBL aresignificantlylower (by abouta factorof 10) thanthevaluesinsidethePBL.
Sincethe planetaryboundarylayer hasalsoa diurnal cycle, andour datarepresentnight-timedata
(takenbetweensunsetandmidnight) they will not representthemaximumboundarylayerheightat
ourlidar site.Theannualcycle,however, is reproducedverywell by theseafter-sunsetmeasurements.
Theextinction coefficient couldonly bedeterminedabove thePBL for 532nm. Theinferredoptical
depthagreeswith thevalueexpectedfrom theGlobalAerosolDataSet.A trajectoryclusteranalysis
performedon 4-daybackward trajectoriesdid not reveala significantdifferencein theaerosolload
with respectto thedominatingwind directions(north-westandeast).Thecomparisonwith theGlobal
AerosolDataSet(GADS)showedthatour measuredaerosolbackscattercoefficientat 1064nmdoes
notagreewith mostof theexpectedaerosoltypes.Ourmeasuredvalueis muchlower thancalculated
for theassumedsizedistributionsin theGADS.Thismayhavetwo reasons:firstly, ourmeasurement
at 1064maybesystematicallytoo low, or secondly, theGADS overestimatesthebackscattercoeffi-
cientsin thenearinfrared. Thelattermaybedueto theuseof lognormalsizedistributions,thereby
overestimatingtheamountof largerparticleswhich increasesthebackscattervaluesin the infrared.
A systematicerror in our measurementsmayoccurby overloadof thephotomultiplier, asdiscussed
above. Above thePBL, wherevaluesarecloseto thedetectionlimit, this may inducea largeerror,
but from Figure11 it reveals,that the greatestdiscrepancy wasfound for dataobtainedinside the
PBL. Futuremeasurementsandanalyseswill have to includethe extinction coefficient at at leasta
secondwavelength,in aswell asabove thePBL, andalsothedaytimedatato fully recordthePBL
development.For this purpose,betterinput datafor thelidar ratioarerequired.

81



7.2 Hamburg

by V. Matthias

7.2.1 Boundary layer aerosol

Regularaerosollidar measurementsstartedin Hamburg on December¥]¦�§ 1997.Threetimesa week,
measurementshavebeenperformed,two of themwereafternoonmeasurementsof elasticbackscatter
at 351 nm, oncea weekaroundsunsetalsoaerosolextinction profileshave beendeterminedusing
theRamantechnique.
In table7.3 themeasurementstatisticscanbeseen.For this statistics,only measurementsfrom days
for routinemeasurementswith lowestcloudsin about800m weretaken. Thesemeasurementswere
divided into two classes.Class1 meansthat an aerosolbackscattermeasurementwithout clouds
or only with cloudsin altitudesabove 2 km could be taken. Sometimes,even very small gapsin
betweencloudsaresufficient for a backscatterprofile. So all caseswithout cloudsandthosewith
at leastsmall cloudgapsarenamed“cloudfree”. In class2, cloudcoveragewaspresentduring the
whole measurementperiodwith cloudswereat altitudesbelow 2000m. During the almostthree
yearsfrom December¥ ¦�§ 1997to October̈©¥ ¦�§ 2000,276routinemeasurementscouldbemadewhich
is ca. 63 % of all possiblemeasurements.On theotherdays,no measurementswerepossibledueto
rain or low clouds,dueto technicalproblemsor becausethelidar systemwaslocatedin Lindenberg
for theintercomparisons.Theintercomparisontime hasnot beenincludedin thenumberof possible
measurementsbetweenApril andSeptember1998.In July andOctober1999,theusedexcimerlaser
was broken for aboutthreeweekseachtime, which is one of the reasonsfor the relatively small
numberof measurementsduringwinter 1999/2000.In theothercasesmainly badweatherprevented
lidar measurements.
Fromall performedmeasurements,in only 16 % of thecasescompletecloudcoveragebelow 2000

Measurements1997/12/01– 2000/10/31

months possible performed perf./poss. class class class1/
measurem. measurem. measurem.[%] 1 2 perf. meas.[%]

12/97- 3/98 53 31 58.5 20 11 64.5
4/98- 9/98 55 43 78.2 35 8 81.4
10/98- 3/99 79 48 60.8 35 13 72.9
4/99- 9/99 79 58 73.4 54 4 93.1
10/99- 3/00 78 42 53.8 38 4 90.5
4/00- 9/00 78 48 61.5 45 3 93.8

10/00 14 6 42.9 6 0 100.0

all 436 276 63.3 233 43 84.4

Table7.3: Measurementstatisticsfor theMPI Hamburg onthebasisof calculatedbackscatterprofiles
onroutinemeasurementdays(Mondayafternoonandevening,Thursdayafternoon).Class1 summa-
rizesall caseswheremeasurementwithout low cloudswerepossible,class2 all measurementswith
completecloudcoveragebelow 2000m.
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Figure7.12: Examplesof aerosolextinction profilesmeasuredin Hamburg in 1998and1999. The
heightz is scaledto theboundarylayerheight «�¬ .

m was present. Thesemeasurementshave to be handledcarefully, sincea correctcalibrationof
the backscatterprofile is very difficult, if a region of the atmospherewith very low aerosolcontent
cannotbe reached.This is on theotherhandnot true for theaerosolextinction measurementswith
the Ramanmethod,which arenot dependenton calibrationandcanalsobe taken during complete
cloudcoverage.
In almostall cases,the aerosolbackscatteror extinction could be measuredwithin the planetary
boundarylayer. Within this layer, highestaerosolconcentrationscanbe found sincethis layer has
per definition contactto thegroundandalmostall aerosolsourcesareat groundlevel. In only two
cases,the top of the boundarylayerwasbelow the lowestmeasurementheight,which is ca.600m
for extinction profilesand400 m for backscatterprofiles. Thesecaseshave not beenusedfor the
statistics.
Separatestatisticshave beenmadefor aerosolbackscatterand aerosolextinction measurements.
During the first two years,extinction profiles have beentaken oncea week on Monday evening.
Startingin January2000,measurementshave beenmadealsoon Thursdayeveningto get a better
statistics.92 extinction profilesareforming thebasisfor thestatistics.Sincethesemeasurementsdo
not needto be calibratedin an aerosolfree region, thestatisticsincludesmeasurementsout of both
definedclasses,alsothosewith low clouds.
For the92extinctionprofiles,theaverageaerosolextinctionin theboundarylayerhasbeencalculated
by integrating the aerosolextinction up to the top of the boundarylayer (which gives the aerosol
opticaldepth)andthendividing theopticaldepthby theboundarylayerheight.Thelowestextinction
valuewasassumedto be representative down to the ground. This is the bestpossibleassumption,
sincethe boundarylayer is still fully developedat sunset. Only turbulencehasdecreasedandno
furthermixing canbeobserved.
Out of the backscattermeasurementsperformedon routine observation days, only the afternoon
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measurementhasbeentaken for the statistics. If on somedays,only eveningmeasurementswere
possibledueto badweatherin theafternoon,thesemeasurementshave additionallybeentaken. On
theotherhand,all measurementsunderlow cloudconditionshavebeensortedoutduethehigherrors
thatareconnectedwith thecalibrationunderthoseconditions.In summary, 164measurementdays
couldbeusedfor thestatistics,which is 54% of all possibledayswithin thealmostthreeyears.This
is thesamevalueasthequotientof all class1 measurementsto all possiblemeasurements.
Averageaerosolbackscattervalueshave beendeterminedin a similar mannertaking the integrated
aerosolbackscatterup to the top of thePBL andthendividing by thePBL-height.Looking at these
measurements,onehasto have in mind, thatthecalculatedaerosolbackscatterprofiledependsonthe
chosenlidar ratio,which is not known without additionalextinction measurement.Most of theused
afternoonbackscatterprofileshavethereforebeencalculatedwith a lidar ratioof 50sr, aquitetypical
valuein northernGermany (seesection7.2.3).

Fig. 7.12givesexamplesof aerosolextinctionprofilesderivedwith theRamanmethod.Theprofiles
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Figure7.13: Annual cycle of the averageaerosolextinction andthe optical depthin the boundary
layerin Hamburg takingdatafrom 1997/12/01to 2000/10/31.

arescaledin heightto the top of theboundarylayer ¯�° which canbeclearly seenin the lidar signal
andin theaerosolprofiles.In mostcases,theaerosolextinction in theboundarylayeris muchhigher
thanabove it. However in 14 caseswithin the threeyearsof measurements,a secondaerosollayer
above theboundarylayercouldbeseen,e.g.,on September7th,1998,in Fig. 7.12.
Theannualcycleof themeanaerosolextinction in theboundarylayerin Hamburg on thebasisof 92
measurementsfrom December±]²�³ 1997to October ´©±]²µ³ 2000canbe seenin fig. 7.13. A six-week
gliding averagewas also plotted, showing only small variationsin the gliding averagebetween
Octoberand Junewith a not very pronounced“spring maximum” in April. In the late summer,
betweenJuly andSeptember, the avearge aerosolextinction in the PBL is remarkablyhigher than
during therestof theyear, with a maximumin Septemberwith valuesroughly twice theaverageof
the othermonths. However thesehigh valuesrefer mostly to very high valuesin September1999,
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Figure7.14:Annualcycleof theaverageaerosolbackscatterandtheintegratedaerosolbackscatterin
theboundarylayerin Hamburg takingdatafrom 1997/12/01to 2000/10/31.

which wasexceptionallyhot anddry in Hamburg. Sosinceonly threeyearsof measurementscould
betakenfor this figure,this featureis still of highuncertainty. Furthermeasurementswill betakenat
leastup to theendof 2002within theproject“A Europeanaerosolresearchlidar network to establish
anaerosolclimatology- EARLINET”. Thatwill giveamuchbetterdatabasis.
In fig. 7.13oneadditionallyrecognizesslightly lower valuesin winter thanin summeranda wide
spreadof measuredvaluesduringthewholeyear. Very low extinction valuescanappearin summer
monthsaswell asin wintermonths.On theotherhand,veryhighvaluesaremostlylimited to April -
September.

The annualcycle of the optical depth(fig. 7.13, right side) is morepronouncedthanthat of the
averageextinction. This is duetheinclusionof theboundarylayerheightwhich is in wintergenerally
muchlower thanin summer. Theotherfeaturesremainthesame.
Looking at the annualcycle of the aerosolbackscatter, the picture is very similar. The average
aerosolbackscatterin the boundarylayer shows only small seasonalvariationswith a maximumin
latesummeranda lesspronouncedmaximumin earlyspring. Again remarkableis thewide spread
of valueswith maximumvaluesoccuringin summer. The integratedaerosolbackscatter, which is
definedanalogto theopticaldepth,showsaclearerannualcyclesincePBL heightsaremuchsmaller
in winter thanin summer.
Fig. 7.15 displaysthe PBL-heightdeterminedfrom the afternoonbackscattermeasurements.The
gliding averageshows a maximumof ca. 2000m in mid summeranda minimum of ca. 900m in
mid winter. Thesinusfit shows almostno phaseshift, highestPBL canbeexpectedaroundJuly ·]¸�¹ ,
lowestaroundJanuary·]¸�¹ . TherealPBL-heightcanof coursebevery differentfrom thosestatistical
values.Thestandarddeviationof theaveragevalueof 1510m is 599m (40%).
Theseaerosolextinction and backscattervalueshave beenanalyzedstatistically. The cumulative
frequency distribution (fig. 7.16)shows thatthedistribution is notGaussian.It haspositiveskewness
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with highvaluesbeingmorefrequentthanlow ones,asis typical for many meteorologicalquantities
with only positive values.Thecharacteristicquantitiesof thedistribution aredisplayedin table7.4

aerosolextinction
category » ¼ ½ median

[ ¾�¿oÀ�Á�ÂÃÀ9Ä ] [ ¾�¿oÀPÁ�ÂÃÀ�Ä ] [ ¾�¿oÀ�ÁGÂÃÀ�Ä ]
97/12/01- 00/10/31 1.87 1.21 1.59 1.65

1998 2.05 1.50 1.87 1.95
1999 2.09 1.18 0.91 1.85

2000(1-10) 1.60 1.00 1.34 1.50

summer 2.21 1.35 1.49 1.85
winter 1.47 0.86 0.78 1.25

optical depth
category » ¼ ½ median

97/12/01- 00/10/31 0.28 0.23 1.57 0.205

1998 0.26 0.21 1.30 0.195
1999 0.30 0.25 1.58 0.205

2000(1-10) 0.23 0.18 1.78 0.185

summer 0.34 0.25 1.18 0.27
winter 0.16 0.10 0.83 0.155

Table 7.4: Characteristicquantitiesof the frequency distribution of the aerosolextinction (inÅPÆÈÇ�É�ÊËÇ ¾ ) and the optical depthin the boundarylayer in Hamburg. It hasbeendistinguishedbe-
tweentheyearsandbetweensummerandwinter. Ì : average,Í : standarddeviation, Î : skewness.
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aerosolbackscatter
category Ï Ð Ñ median

[ Ò�ÓoÔ�ÕoÖe×ÙØÛÚ�ÜÞÝßÔ9à ] [ Ò�ÓoÔPÕoÖK×ÙØÛÚ�ÜßÝÞÔ�à ] [ Ò�ÓoÔPÕoÖK×ÙØÛÚ�ÜÞÝßÔ9à ]
97/12/01- 00/10/31 3.37 2.15 2.20 2.90

1998 3.64 1.63 0.47 3.20
1999 3.64 2.79 2.14 2.60

2000(1-10) 2.79 1.39 0.85 2.70

summer 3.62 2.47 2.19 3.10
winter 3.04 1.56 0.81 2.80

integrated backscatter
category Ï Ð Ñ median

[ Ò�Ó ÔPá Ú�Ü Ô9à ] [ Ò�Ó Ô�á Ú�Ü Ô9à ] [ Ò�Ó Ô�á Ú�Ü Ô�à ]
97/12/01- 00/10/31 5.00 3.79 1.80 3.90

1998 4.88 2.95 0.82 4.30
1999 6.04 4.99 1.31 3.90

2000(1-10) 3.79 1.91 0.92 3.30

summer 6.18 4.34 1.38 5.00
winter 3.41 2.03 1.35 3.10

Table 7.5: Characteristicquantitiesof the frequency distribution of the aerosolbackscatter(inâPã�äÈå�æ�çéè©ê>ë�ìJä Ò ) and the integratedbackscatter(in
âPãÈäÈí�æÛêoë�ìJä Ò ) in the boundarylayer in Hamburg.

It hasbeendistinguishedbetweentheyearsandbetweensummerandwinter. î : average,ï : standard
deviation, ð : skewness.

(for extinction) and table7.5 (for backscatter).Onerecognizesvery similar averagesin the years
1998and1999and lower valuesin 2000. This holdsalso for the optical depthandthe integrated
backscatter.
Thestandarddeviation of theindividualmeasurementsis quitehigh. This representsthefluctuations
in aerosolextinctionandbackscatterwhichcanoccurin quiteshorttime intervalsof a few hours.As
thecumulative frequency distributions(fig. 7.16and7.17)show, thedistribution is not Gaussianand
theskewnessis alwayspositivewith valuesup to 2.20.Therefore,themedianrepresentsmuchmore
thevaluesonecanexpectthanthemeandoes.It is between10 and20 % lower thanthemean.
Part of thevariability canalreadybeexplainedby distinguishingbetweentwo seasonsonly, October
to March and April to September. The lower valuesof the aerosolextinction and backscatterin
winter can be seenin the meanand the median. Sincevery high aerosolextinction is measured
mainly in summer, the skewnessand the standarddeviation of both semi-annualdistributions are
reducedcomparedto theoverall distribution. This is especiallysignificantfor the integratedvalues
andin winter, thestandarddeviation of thesummerbackscattervaluesis even little higherthanthe
overallstandarddeviation.

7.2.2 Analysis of sourceregions

Of coursethe separationinto two seasonsonly is rathercoarse,but asthe individual valuesin the
annualcycle alreadyshowed, the aerosolload can changetotally from day to day. This depends
mainly on theorigin of theair mass.Therefore,ananalysisof theorigin of theprobedair masshas
beenmadeusingback-trajectoriescalculatedby theGermanWeatherServicefor all partnerswithin
the GermanLidar Network. This analysishasbeenrestrictedto aerosolextinction measurements.
Thesevaluesaremuch more reliable than the backscattervaluesbecauseno calibrationhasto be
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Figure7.16:Cumulativefrequency distributionof themeanaerosolextinction(left side)andtheopti-
caldepth(right side)in theboundarylayerin Hamburg includingdatafrom1997/12/01to 2000/10/31.
For extinction themedainis ò�óeô�õ÷ö©òPø�ù�ú�ûüù*ý with a 69%-interval width of þ
ó ÿÙö
òPøÈù�úPò � û . Theopti-
cal depthhasa medainof 0.205with a 69%-interval width of 0.34. In both picturesalsoGaussian
distributionusingthe � - and � -valuesfrom table7.4areplotted.

madeandthelidar ratio hasnot to beguessed.Fromtheback-trajectories,only data36 hoursbefore
thearrival of theair massat 13 UT on themeasurementdayhasbeentaken.
Sevenclasseshave beendefined,representingthe origin of theair mass,namelynorthwest(NW),

west(W), southwest(SW), southeast(SE),east(E), northeast(NE) and“local”. The class“local”
representsvery shorttrajectorieswith anair parcelstayingfor a long time closeto Hamburg. Each
of thesevenclassescontainsonly between7 (SE)and21 (NW) measurements.Thereforea further
separationinto summerandwinter (which would certainlybeuseful)hasnot beenmadein orderto
maintainstatisticalsignificance.The resultcanbe seenin Fig. 7.18. Class“local” hasthe highest
value,which is dueto thefactthatthesemeasurementswereconnectedwith low wind speedandhigh
pressuresituations.Thesecircumstancesarefavorablefor a high aerosolaccumulation.Air masses
from northerlydirectionsrepresentloweraerosolextinction(they comeovertheAtlantic Ocean)than
thosefrom southerlydirections(they comeovertheEuropeancontinent).Thevariability of thevalues
within onesectoris reducedcomparedto theoverall value,but in remainshigh with valuesbetween
28 % (E) and64 % (local). Meanvaluesfrom northerlydirectionsaresignificantlylower thanthose
from southerlydirectionsor with shorttrajectories.

7.2.3 Lidar ratio

In 78casesanaerosolbackscatterprofilebasedontheextinctionevaluationhasbeencalculated.Only
measurements,wherea reliablecalibrationof thebackscatterprofile couldbemadehave beentaken
for thelidar ratio statistics.
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Figure7.17: Cumulative frequency distribution of the meanaerosolbackscatter(left side)andthe
integratedbackscatter(right side)in theboundarylayerin Hamburg includingdatafrom 1997/12/01
to 2000/10/31. For backscatterthe medainis �����
	����������������	������ with a 69%-interval width of� � �!	"�� ��� �#���%$&	('�)*� . Theintegratedbackscatterhasa medainof ����!	+�� ��, �#�-�.� with a 69%-interval
width of /"�102	���+��,��#�3��� . In bothpicturesalsoGaussiandistribution usingthe 4 - and 5 -valuesfrom
table7.5areplotted.
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Figure7.18: Meanaerosolextinction dependingon theorigin of theair mass.Innererrorbarsrepre-
sentthestandarddeviationof theaverage,outererrorbarsof theindividualvalue.
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Dependence of lidar ratio on season
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Figure7.19: Probabilityhistogramof thelidar ratio in stepsof 10 sr, distinguishedbetweensummer
(245values)andwinter (94values).

All independentlidar ratio values(339) in the boundarylayer have beenstatisticallyevaluatedin a
mannersimilar to the aerosolextinction. The histogram(Fig. 7.19) shows a higherprobability for
lower valuesin winter thanin summer. The meanvaluesare63 sr for all values,69 sr in summer
and48 sr in winter. Again, thesevaluesarehigh comparedto themostprobablevalues,in winter the
medianis 41 sr, in summerit is 64 sr. 69 % of the valuesarein summerbetween45 and91 sr, in
winterbetween21 and81 sr.
Looking for a dependenceof themeasuredlidar ratio on theorigin of theair mass,no clearhintsas
for the aerosolextinction could be found. Lowestlidar ratioswereobserved in air massescoming
from thenorthwestover theAtlantic Ocean.Model results(Ackermann,1998)show valuesbetween
20and30 sr for maritimeaerosolsandbetween60 and70sr for urbanaerosols.

lidar ratio
category 6 7 8 6:937 median n

1998-2000 63 34 2.16 0.54 59 339

summer 69 34 2.62 0.49 64 245
winter 48 30 1.19 0.62 41 94

Table7.6: Lidar ratio statisticsfor all valuesanddistinguishedinto seasons.Abbreviationsmean6 :
mean,7 : standarddeviation 8 : skewness,6:937 : relativestandarddeviation of theindividual value,n:
numberof usedindependentvalues.
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7.3 Leipzig

by I. Mattis

7.3.1 Measurementstatistics

The routine lidar observationsat Leipzig areperformedwith the non-transportableaerosolRaman
lidar, which is installedin a laboratoryundertheroof of theinstitutebuilding. Thesemeasurements
shouldbeperformedthreetimesa week,at noonandat sunseton Mondayandat noonon Thursday.
The Ramansignals,which arerequiredfor theevaluationof extinction andbackscattercoefficients
can be measuredduring nighttimeonly. Thereforein Leipzig further routine measurementswere
carriedout at sunseton Thursdayto derive a larger datasetof extinction andbackscatterprofiles.
Figure7.20givesanoverview of themeasurements,which werecarriedout in Leipzig from October
1997 until September2000. Until March 1998 no measurementsat 1064nm could be performed
becauseof problemswith thebeamexpander. Becauseof thesamereason,thepower of the355-nm
light hadto be reducedduring someperiods. In this time intervals it wasnot possibleto determine
theextinctioncoefficientsat 355nmandthewatervapormixing ratio.
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Figure7.20: Schematicoverview of themeasurementsperformedin Leipzig betweenOctober1997
andSeptember2000. Eachof thevertical lines in theupperpartbelongsto onemeasurement.The
lengthof thelinescorrespondsto thedurationof therespectivemeasurements.Thethin linesindicate
theboundariesof thetime intervalsof theroutinemeasurements.Thecurvesin thelower partshow,
which laserwavelengthswereemitted.Periods,in which themaximumlaserpowerwasemitted,are
markedby thick lines. Thethin lines indicatetime intervals,duringwhich reducedlaserpower was
used.

Figure7.21shows, that64%of the possibleAFS lidar network routinemeasurementswerecarried
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out.; 28% of the scheduledmeasurementscould not be performedbecauseof precipitationand8%
weremissedbecauseof technicalproblems.Therewere90additionalmeasurementsduringintensive
measurementperiodssuchashigh-pressuresituationsor coldfront passagesandto studylocaleffects.
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Figure7.21: Numberof lidar measurementsperformedwith theaerosolRamanlidar at Leipzig be-
tweenOctober1997 and September2000. The possibleAFS measurementscontainsthe routine
observations4 timesa week.

Asanexamplefor thederiveddataset,Figure7.22showsall extinctionprofilesat532nm,whichwere
derived in Winter 1997/98andin summer1998. Thevariability wasslightly higherfor thesummer
casebut for bothdatasetsthestandarddeviationsarequite low. Thedifferencesbetweenthemean
winter andsummerprofilesof this examplearealsonot significant.All following examinationswill
focuson the propertiesof extinction profilesseparatedinto the 5 distinct trajectoryclusters,which
wereintroducedin Section6.
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Figure7.22: Profilesof the extinction coefficients at 532nm. The averagedprofileswerederived
betweenJuneandAugust1998(left) andfrom December1997to February1998(right). The thin
grey linescorrespondto thesinglemeasurements.Thethick blackcurvesshow themeanprofilesand
thethinneronesindicatethevariability in termsof thestandarddeviation.
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7.3.2< Classification of Extinction profiles by the useof cluster analysisof at-
mospherictrajectories.

The methodof classificationof optical aerosolpropertiesin dependenceon the large-scaleweather
regime describedin Section6 wasappliedto extinction profiles,which werederived from routine
measurementsin Leipzig betweenApril andSeptemberin 1998and1999.Theresultsof this proce-
durearepresentedin this section.
The extinction profilesusedin this studyhave beenscreenedfor clouds. Casescompletelyfree of
clouds,extinction profiles measuredin cloud-freecells within convective cloud fields, as well as
profilesabove or below cloudswereconsidered.Sincethis study focuseson extinction properties
of particleswithin theatmosphericdustlayer, theprofileswerecut off at thetop of theatmospheric
dustlayer in cloud-freecases,or at thebaseheightof convectiveclouds.Becauseof the incomplete
overlapbetweenlaserbeamandreceiver field of view currentlyno trustworthy extinction profiles
canbe retrievedbelow a heightof approximately1.1km. For mostof theprofilesmeasuredduring
the winter months(Octoberto March) the top heightof the atmosphericdust layer waslower than
1.1km. To evaluatethemeasurements,which wereperformedin 2000,below 2km, a correctionfor
theincompleteoverlapwould benecessary. Thewinter measurementsaswell asthoseof 2000were
thusnot includedin thisstudy. Figure7.23showstheresulting72extinctionprofilesfor thesummers
of 1998and1999.Eachof themwasassignedto theclusterof its correspondingtrajectory.
All furtherinvestigationswerecarriedoutwith theextinctionprofilesdeterminedfor ambientrelative
humidity (measuredprofiles)andwith thesameprofilesnormalizedto 0%relativehumidity (normal-
ized profiles). An averagedhumidity correctionfunction for maritimeandurbanparticles(Hänel,
1998)wasused.This normalizationwasdoneto reducethevariability in thetotal datasetof extinc-
tion profilesbecauseof the influenceof thehumidity growth of particleson their opticalproperties.
In thesecondstep,meanextinctionvalueswerecalculatedfor thelayerextendingfrom 1.1km height
to the top of the dust layer. Theseextinction valuesmay bestrepresentthe conditionsaroundthe
850-hPa level. If extinction datawerenot availablecloseto 1.1 km, thevalueof the lowestpoint of
therespectiveprofilewasusedfor theheightrangebetweenthis lowestpointand1.1km.
As canbe seenfrom Figure7.23, the largestextinction coefficientswerefound in clustera). They
wereassociatedwith continentalaerosolssincethetrajectoriesin clustera)show anaerosoltransport
from easternEuropeto Leipzig. The lowestextinction coefficientscorrespondto clustere), which
is associatedwith high-speedwesterlywinds (seeFigure6.5). Figure7.24shows, that the number
of profilesin thedifferenttrajectoryclustersis almostnormallydistributed. In contrast,thenumber
of the associatedextinction profiles is more variable. Although only 20% of the trajectoriesfall
within clusterc), about30% of the measurementsbelongto thesetrajectories,which correspond
to southwesterlywinds. Under the influenceof this weatherregime, the measurementswere not
that often disturbedby precipitationor low clouds. In contrast,only threeextinction profiles are
associatedwith clustere) becausetheotherroutinemeasurementsassociatedwith this clustercould
notbecarriedout becauseof precipitation.
In Figure7.25, the cluster-meanextinction coefficientsarepresented.As alreadyindicatedin Fig-
ure7.23,this figureclearlyshowsthatthelargestvaluesin themeasuredaswell asin thenormalized
extinction coefficientsarefoundin clustera). Thelowestvaluesbelongto clustere). Theextinction
coefficientsof clustersb) andd) aremost influencedby the humidity normalizationsincethe cor-
respondingweatherregimesarecharacterizedby high relative humidities. The1999dry extinction
valuesare56%lower in clusterd) (west)and52%in clusterb) (northwest)thanthemeasuredones.
In contrast,theextinction coefficientsof 1998of clustera) (east)arereducedonly by 28%. Thedif-
ferencesin thestrengthof thehumidity correctionbetweenthedistinctclusterscanbeamplified,if
no averagedhumidity correctionfunctionbut differentfunctionsin dependenceon theactualcluster

93



1.5

2.0

2.5

3.0

0 0.25 0.5

1.5

2.0

2.5

3.0

0.25 0.5

 

EXTINCTION COEFFICIENT, km-1

d)

 

 

 

 

c)

 

 

a)

 

 

 
H

E
IG

H
T

, k
m

 

 

b)

 

 

 

Profiles associated
with trajectory cluster:
a) east
b) northwest
c) southwest
d) west
e) west, high speeds

 

e)

 

 

Figure7.23: Extinction profilesmeasuredin the summersof 1998and1999. Eachprofile wasas-
signedto the clusterof its correspondingtrajectory. The thin curves show the particle extinction
coefficientsat 532nm. Thick linesbelongto thesameprofilesbut normalizedto 0% relative humid-
ity.

(Hänel,1998)will beused.

Thevariability in thecluster-meanextinction coefficientsbetweenthe two summersis quite low. In
Table7.7thetotalmeanextinctionvaluesandthereductionof thevariability of thedatasetcausedby
theclusteringaresummarized.Thetotal meanvalueaveragedover all clustersis 0.15=+>@?BA for the
measuredand0.08=+>C?BA for thenormalizedextinction coefficients. Thetotal standarddeviationsof
all profilesareabout45%for themeasuredprofilesand65%for thenormalizedprofiles. Themean
standarddeviationswithin theclustersare40%and56%,respectively. Thevariability of thetotaldata
setincreasedafter thehumidity normalization.This increasemay indicatedifferencesin theoptical
propertiesof dry particles,which aresmearedoutby swellingeffects.

Figure7.26shows themeanaerosollayerheightsof thedifferentclusters.Sincein thepresenceof
low cloudsonly thecloudbaseheightcouldbedetermined,theboundarylayerheightderivedin these
casesis underestimated.Nevertheless,themeanaerosollayerheightduringnighttimeis about2000m
with a variability of 19%in 1998and21%in 1999.Thereareno significantdifferencesbetweenthe
clusters.But thevalueof clustera) (east)seemsto beslightly higherthanthoseof theotherclusters.
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Figure7.24: Numberof trajectories(left) andof theassociatedextinction profiles(right) within the
differentclusters.Theleft columnsbelongto thetrajectoriesandmeasurementsof summer1998,the
right onesshow thevaluesfor 1999.
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Figure7.25: Meanextinction coefficientsof thedifferentclusters.Themeanvalueswerecalculated
from the measuredprofiles(left) and from the normalizedprofiles(right). The error barsindicate
the standarddeviation of the profileswithin the differentclusters. The left columnsbelongto the
measurementsof thesummer1998,theright onesshow thevaluesfor 1999.

7.3.3 Conclusions

Extinction profiles which were derived from routine measurementsin Leipzig betweenApril and
Septemberin 1998and1999weredivided into distinct groupsby the useof clusteranalysisof the
correspondingtrajectoriesasdescribedin Section6. Thevariability of themeasuredaswell asof the
normalizedextinction coefficientsis decreasedby theclustering.But thedecreaseof thevariability
wasnot asstrongasexpected.On theonehand,this maybeexplainedby thegenerallow variability
of theentiredataset.On theotherhandthis resultmayindicatethatthereis nostrongdependenceof
theextinctioncoefficientsin theatmosphericdustlayeron thelarge-scaleweatherregimeatLeipzig.
To obtainmoreknowledgeaboutseasonaldependenciesandinterannualvariations,this studyhasto
becontinuedwith a larger dataset,which alsocontainstheprofilesof thewinter monthsandthose

95



ambienthumidity
year meanextinction [ D+ECFBG ] total variability [%] variability within clusters[%]
1998 0.14 50 39
1999 0.15 40 34
Both 0.15 45 40

0% relativehumidity
1998 0.08 70 55
1999 0.08 60 47
Both 0.08 65 56

Table7.7: Total meanextinction valuesin theatmosphericdustlayeraveragedoverall profiles.The
total variability is calculatedasstandarddeviation of all extinction profiles. The variability within
theclusterswasdeterminedfrom thestandarddeviationsof all profileswithin thedifferentclusters,
averagedoverall clusters.
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Figure7.26:Meanaerosollayerheightsof thedifferentclusters.In thepresenceof low clouds,only
thecloudbaseheightcouldbedetermined.Theleft columnsbelongto themeasurementsof summer
1998,theright onesshow thevaluesfor 1999.

of 2000. For that reasonit is necessaryto correcttheextinction profilesfor the incompleteoverlap
betweenthelaserbeamandthereceiverfield of view. A correctionmethodis suggestedin (Wandinger
andAnsmann,2000a)and(WandingerandAnsmann,2000b).
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7.4 Munich

by M. Wiegner

7.4.1 Measurements

The final goal of the GermanLidar Network was the establishmentof local aerosolclimatologies
to provide typical aerosoldistributionsandtheir variability quantitatively. Theextinction coefficient
wasselectedasthe quantityof interest,preferablyat the threeNd:YAG wavelengths.If extinction
coefficientsarenot retrievable,backscattercoefficientsshouldbe usedinstead.The temporalsam-
pling wasdefinedby onemeasurementnearlocal noonon MondaysandThursdayandanadditional
measurementonMondaysaroundsunset.
Theprimaryfocusof theprojectwastheestablishmentof ahomogeneousdatabase.Correspondingly,
measurementswereperformedbetweenDecember8., 1997,andAugust28., 2000,in Munich on 2
daysin 1997,60daysin 1998,77daysin 1999,and48daysin 2000accordingto theregularschedule.
Unfortunately, low cloudspreventedthedeterminationof verticalaerosolprofileson morethanhalf
of thedays(seeTab.7.8 in Sect.7.4.3).Thus,measurementsweretakenon another33 daysin 1998,
16 daysin 1999,and8 daysin 2000to increasethe database.During 21 daysin July andAugust
1998,theMIM lidar wasoperatedin Lindenberg in theframework of LACE’98 to supportthe local
closureexperimentandto participatein thequalityassuranceprogramfor thelidar systems.During8
daysin May 1999,thelidar wasusedatHohenpeissenberg in aspecialprogramto investigateaerosol
distributionsin remoteareas– in contrastto acity likeMunich– andstrongorographicterrain.
Technicalproblemsthatpreventedregularmeasurementsfor asignificanttimeonly happenedin April
1998.However, duringLACE’98,thecontrollingmicroprocessorunit for dataacquisitionandsystem
controlwasdamaged;furtherdetailsaregivenin Section3. As a consequence,a secondaryfocusof
theprojectemergedandalot of manpowerhadto beshiftedto developatemporaryhardwaresolution
to immediatelycontinuethe regular measurementsandto build up a new conceptin parallelto our
measurementobligations.In spiteof this inconvenientsituationthemeasurementprogramcouldbe
fulfilled andthemainscientificaspectscouldbeaddressed.

7.4.2 Data evaluation

The third focal point of the MIM activities wasthe developmentandtestingof methodsto retrieve
extinction coefficientsasa routinejob. It is well known, that the lidar equationis underdetermined
and,thus,theknowledgeof thelidar ratio is required.Typical valuesfor a limited numberof aerosol
typesareavailablefrom the literature,however, uncertaintiesremain,if ’non-standard’aerosolsare
presentor theaerosoltypecannotbecharacterizedprecisely.
To overcomethis problem,we make useof thescanningcapabilityof our lidar system.On theone
hand,theline of sightof thelidar canbechangedquickly, ontheotherhand,horizontalmeasurements
arepossible.They allow to applytheslopemethodwhichdirectly givestheextinctioncoefficient.
Scanningallows the applicationof the socalledtwo-angleapproach.The evaluationof the signals
from apairof zenithanglesis straightforward:Theextinctioncoefficient is derivedfrom anequation
only dependingon the signalsof the two directionsand the correspondingangles. In particular,
neithera lidar rationoraboundaryvaluemustbeknown. Togetherwith theachievablehightemporal
resolutionandthe possibility of day time operationit is a very attractive approach.The two-angle
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Figure7.27: Numericalsimulationof the influenceof a spatial inhomogeneityat thetop of thePBL
on theretrievedoptical depth(detailsseetext)

approachhasalreadybeenpublishedin literature,however, experiencefrom routineoperationwas
missing.Thepotentialin ’reallife’ wassubjectof our routinemeasurements.
Typically, we performa numberof scancyclesof threezenithangles(20H , 50H and62H ) each,which
allows usto evaluatesignalsfrom two differentpairsof angles.However, verticalextinction profiles
canonly be obtainedif the atmosphereis horizontallyhomogeneousover the time of the measure-
ments.It wasfoundfrom our databasethat this hardrequirementis fulfilled only in raresituations.
How far this condition can be relaxed, if we restrict ourselves to the determinationof the optical
depth,or theextinctioncoefficientof limited layers,wasinvestigatedfirst by numericalsimulations.
Oneexampleof a frequentlyobserved situationis shown in Fig.7.27: A spatialinhomogeneityat
thetop of theboundarylayer, which affectsonly oneout of threelinesof sightof thescanninglidar
(smallpanel)is assumed.Thefull andthedashedlinesshowstherealincreaseof I.J with heightwhile
thedottedanddashed-dottedlinesshows theretrievedopticaldepth.It canbeseenthat it is not pos-
sibleto retrievetheopticaldepthabovetheinhomogeneity, but, themeanextinctioncoefficientof the
underlyinglayercanbederivedfrom theslope.Above thePBL, theslopeof thecurve is solow that
alreadysmallerrorsor inhomogeneitieswouldprohibitany retrieval. At theinhomogeneityitself, un-
realistic(e.g.,negative)extinctioncoefficientsshow up. Similarresultsarefoundfor inhomogeneities
closeto thesurface,which might evenbeinvisible for thelidar becausethey arebelow thecomplete
overlap.They preventany I�J -retrieval, but thedeterminationof meanextinctioncoefficientsof homo-
geneouslayersabove is not influenced.As a consequence,theapplicationof thetwo-angleapproach
requiresa very careful look at eachindividual dataset; this is quite time consumingandcannotbe
doneautomatically.
Whetherthestability of theatmospherewassufficient andthetwo-angleapproachcouldbeapplied,
we decidedfrom comparingdifferentpairsof anglesandfrom theobservationof the temporalevo-
lution of theatmosphereby subsequentlidar measurements.Our experiencefrom the lidar network
showedthatunderstableconditions,in particularin theafternoonwhenconvectionhasdied,thereis
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Figure7.28:Aerosolextinctioncoefficientat 50mabovelidar sitefor K =1.064 L m(bottom),K =0.532L m(middle),and K =0.355 L m (top)at sevenselectedtimesat Munich (April 1M�N , 1999)

agoodchanceto applythistechniqueto atmosphericlayersof somehundredmetersin verticalextent.
However, asanticipatedfrom themodelcalculations,thealgorithmis restrictedto layerswithin the
planetaryboundarylayerwherethesignalsarehigh comparedto thebackground.This limitation is,
however, no significantdrawback,becausemostof theaerosolloadis concentratedin this layer.
In spiteof that ratherpoor spatialresolutionthis information is very valuablefor the quantitative
determinationof extinction profiles. The first stepof the solution is obtainedfrom the analytical
backwardintegrationof thelidar equationfor a realistic‘first guess’lidar ratio. Variationof thelidar
ratiogivesasetof possiblesolutionsof theextinctioncoefficient. In asecondstepthemostprobable
solutionis found by comparisonwith the meanextinction coefficientsat thoseheights,whereit is
known from the two-angleapproach. So, the numericalinversionof the lidar equationgives the
desiredhighspatialresolution,andthetwo-angleapproachhelpsto find acorrectlidar ratio.
Fromthequasi-horizontalmeasurements– whichhasbeenperformedonaregularbasissinceOctober
23,1998,theextinction is derivedverycloseto thesurface,typically averagedover thealtitudefrom
30 to 70 m above ground. An exampleof sucha retrieval is shown for April, 1M�N , 1999(Fig.7.28).
Extinction coefficients at threewavelengthswith a time resolutionof approximatelyone hour are
plotted.A significanttemporalchangecanbeobservedduringtheday. Note,thattheaccuracy of O�P
is quitehigh asindicatedby theerrorbars.Thesedataserve asplausibility checkfor theKlett/two-
angleprofilesandfor anreliabledownwardextrapolationof theaerosolextinctionprofile. As aresult
anextinction profile from thesurfaceto the free troposphereis obtainedunderideal conditionsand
multi-anglemeasurements.

7.4.3 Results

As statedbefore,measurementswereperformedon 273 days. A moredetailedsurvey is given in
Tab.7.8in asimilarform aspresentedfor theotherstations.While thenumberof performedmeasure-
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mentsis quitehigh (65.5%)– note,thatwith theadditionalmeasurementson Tuesdays,Wednesdays
andFridaysthenumberwouldbeevenhigher– thenumberof measurementswhicharenotdisturbed
by low cloudsis lessthan50%.For 1999only preliminarynumbersareavailable,becauseevaluation
of datafrom brokencloudfields is still ongoingandmight slightly increasethenumberof profiles.
On theotherhand,horizontalmeasurementscouldoftenbeevaluatedin thepresenceof low clouds
and,in a few cases,alsotwo-anglemeasurements.In so far, Tab. 7.8 is misleadingto give the total
numberof aerosolextinctionor backscatterprofiles.

Measurements1997/12/01– 2000/08/31

months possible performed perf./poss. class class class1/
measurem. measurem. measurem.[%] 1 2 perf. meas.[%]

12/97- 03/98 52 27 51.9 11 16 40.7
04/98- 09/98 51 28 54.9 13 15 46.4
10/98- 03/99 75 54 72.0
04/99- 09/99 67 49 73.1
10/99- 03/00 78 52 66.7 14 12 53.8
04/00- 08/00 66 45 68.2 18 27 40.0

all 389 255 65.5 44.4

class1 : measurementwithout low cloudspossible
class2 : measurementwith cloudsbelow 2000m

Table7.8: Overview over regularmeasurementsat Munich; for detailsseetext

It is of coursedifficult to characterizeanaerosoldistribution by a small setof numbers.A suitable
parameteris theheightof theplanetaryboundarylayer, which we have definedasthatheight Q�R�SBT ,
where

UWV�X QBR�SBTZY\[ ]^ Q�R�S�T`_
acbed3f3gh U�V+Xji Ylk i

is valid. Thoughin mostcasesin Munich a uniquePBL-topcanbefoundby this procedure,it also
happensthatseverallayersandno sharpboundaryto thefreetroposphereexist. Anothercriterionof
theaerosoldistribution is theaerosolopticaldepthm V of theplanetaryboundarylayer. We preferthis
parameterinsteadof a meanaerosolextinction coefficient, becausethe first bettersuitsto describe
radiativeproperties.
The annualcycle – in particularmeasurementsfrom the secondhalf of the yeararestill missing–
of QBR�SBT is shown in Fig.7.29. Note,thatheightsrefer to altitudeabove meansealevel, i.e., in most
winter casesthetop of thePBL wasbetween0.2km and0.7km above thelidar site. Thoughthereis
asignificantscatterof thedatapoints,it is clearlyvisible that Q�R�SBT increasesfrom winter to summer.
A similar trend is obvious in the m V�n R�SBT -valuesfor wavelengths532nm and355nm; the variation
is, however, even larger. The reasonsaremanifold: certainly, meteorologicalvariablessuchasthe
relativehumidity, or thesourceregionsof theadvectedaerosol,influencetheopticaldepth.However,
theextrapolationfrom thefirst lidar datalevel to thesurfacealsosignificantlyinfluencesm V�n R�SBT .
Consequently, the soundingof the lowestatmospherewasan importantissuein our measurements.
As alreadystatedin Section3 theoverlapof our lidar is at about250m. Togetherwith thescanning
capabilitythisallowsaverygoodobservationof thelowestatmospherewhich is abig advantageover
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Figure7.29: Height (above meansealevel) of the planetaryboundarylayer; stars, trianglesand
crossesare for 1998,1999and2000,respectively.

Figure7.30: Aerosoloptical depthof theplanetaryboundarylayer ( o =532nm); stars, trianglesand
crossesare for 1998,1999and2000,respectively.
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Figure7.31: Aerosoloptical depthof theplanetaryboundarylayer ( p =355nm); stars, trianglesand
crossesare for 1998,1999and2000,respectively.

many other lidars. As a consequence,we investigatedthe temporalevolution of the aerosoldistri-
bution in the planetaryboundarylayer on several occasionsin detail. Two examplesarediscussed
here.
An exampleof changesof the backscattercoefficient qsr for 532nm as a function of height most
probablyinducedby orographyis illustratedin the five panelsof Fig.7.32. Dataarefrom August
10, 1998,between08:15UT and12:49UT, takenduringLACE in Lindenberg, whereour lidar was
locatedon the top of a small hill. The relative errorsof qsr in the PBL are between7% (panel2
and3) and14% (panel5). The pronouncedfeaturebetween3 and4 km in altitudewasan aerosol
layeroriginatingfrom forestfires in Canada.Of particularinterestis, however, thedevelopmentof
the planetaryboundary:The top of the boundarylayer is lifted over severalhundredmeterswithin
10 minutesandthe structurealsochangedsignificantly. Suchdramaticeffectsarenot only caused
by convective activities but alsoby the orographicdisturbanceof the advectedflow. An influence
of the relative humidity t , that might increaseaerosolextinction dramatically, canbe excludedin
this case:closeto thesurface t waslower than41%,at the top of thePBL it reached54%. Under
theseconditionsasignificantgrowth of theparticlesis ratherunlikely. Thetemporalchangesarealso
visible in thecorrespondinghorizontalmeasurements(not shown here),sothat thedeterminationofu r at thesurfaceshowsalsolargeuncertainties.In our case,u rwvyxZz1x*{+|~}�xZz1xZ�����"�`�B� wasfoundas
anaveragefor thetimeperiodfrom 12:10and12:33UT correspondingto a lidar ratioof about43sr.
Anotherexamplefrom Munich (June23, 1998)is shown in Fig.7.33. Three u r profilesfor 532nm
and355nm between16:14UT and16:28UT demonstraterapidchangesat thetop of thePBL, both
in heightandin extinction,while thelower troposphereis constantin time.
Thesecasestudiesshow thatnot only in orographicallystructuredterrainthedeterminationof half-
hour-averagesof aerosoldistributionssmoothsout a lot of small scalefeatures.It wasoften found
thatin particularoneandtwo hoursbeforelocalnoontheaerosoldistributionundergochangeswithin
minutes.As aconsequence,oneshouldremindthataverageshaveuncertaintieswhicharenotcaused
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Figure7.32: Backscattercoefficientsin km�B� sr �B� for 532nmasdeterminedfromtheMunich lidar
(Lindenberg, August10.,1998,timesasindicated)

Figure7.33:Extinctioncoefficientsin km�B� sr �B� for 532nmand355nmfor June23,1998
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by measurementerrorsbut ratheron the meteorologicalconditions. Anotherconsequenceof these
findingsis thatthedeterminationof extinctioncoefficientsbycombiningmeasurementsfromdifferent
zenithanglesis hardlypossibleat suchtimesof theday.
Wealsoprovidedmeasurementsof completediurnalcyclesfor two reasons.First,wewantedto detect
periodsof typically stableandunstablelayering,andsecond,to judgeontherepresentativenessof the
timesof thedayof theregularmeasurements.Oneexampleof unstableaerosollayerscanbefound
in Section7.3.

7.4.4 Summary and conclusions

Themeasurementsweresuccessfullyperformedfor almostthreeyears,anda databasecoveringthe
full time spancouldbeestablished.However, dueto theseveredamageof thesystemduringLACE,
moremanpowerthanexpectedhadto beallocatedto hardwarework. As aconsequence,thestatistical
evaluationof thedatais delayed.
Nevertheless,severalconclusions,which areof generalinterest,canbefoundfrom theMunichmea-
surements.�

Thelidar systemhasbeensubstantiallyupgraded.Measurementsfrom August2000show lidar
signalsfor 355nmwith perfectRayleigh-fitsupto 15km. Graphicalinterfaceshavebeendevel-
opedto facilitatesystemcontrol,on-linequalitychecksand– to acertainextent– automatically
dataevaluation.�
Methodsto derive the aerosoldistribution in the lowesttroposphere,often even down to the
surface,havebeensuccessfullyimplementedandtested.They arebasedonthescanningfacility
of thelidar andthecombinationof Klett-inversion,two-angleapproachandslopemethod.�
Rapidfluctuationsin theaerosoldistributionof theboundarylayercouldbeverified.�
Especiallyin winter, aerosolsareoftenconcentratedin thelowest300m of theatmosphere.To
resolve this feature,scanninglidarsand/orlidarswith averyearlyoverlaparerequired.

Regular measurementsfrom the GermanLidar Network are continuedin the framework of EAR-
LINET. Theprolongationof theexisting time serieswill allow to amendstatisticalconclusionssig-
nificantly.
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7.5 Garmisch-Partenkir chen

by S.Kr eipl

Becauseof thepronounceddiurnalcycle of thewind systemin theAlpine valley a specialmeasure-
mentschedulewasestablishedat theGarmisch-Partenkirchensite. Insteadof two measurementsin
theafternoonandat nightsoundingswereperformedin themorningandin theafternoon,beforeand
aftertheformationof thevalley wind. In orderto compareto theMonday-nightmeasurementsit was
decidedto do regularsoundingsat Garmischon Tuesdaymorning,too.
Table7.9 shows thenumberof dayswith at leastonemeasurement.In additionto theroutinemea-
surementstherewerealsoadditionalones,especiallyunderspecialmeteorologicalconditionssuchas
frontalpassages,highpressure,or potentialadvectionvia long-rangetransport.

Year Routinemeasurem./ Cancellations(days) Additional
climatology(days) Weather Technical Other measurem.(days)

1998 40 26 8 5 9
1999 57 59 29 6 6
2000 28 23 36 11 9

Table7.9: Measurementdaysduring1998–2000.

Dueto lack of personnelmeasurementsdid not begin beforeApril 1998. They endedby theendof
August2000when the projectAerosolforschungsschwerpunktexpired. The large numberof days
cancelleddueto badweatherin 1999is striking: It reflectsthehardwinter 1998/1999which,except
for two days,did not allow any measurementin January/February1999,andanexceptionallyrainy
summer. Moreover, thetrailerholdingthelidar systemwasrebuilt: theold plasticcoverwasreplaced
by astablealuminiumcover in 1999,andin 2000thedetectorsystemwascompletelyexchanged.

Period Measurem. Measurem. Perf./sched. Class Class Class1/
scheduled performed measurem. 1 2 perf. meas.

(days) (days) (%) (days) (days) (%)

4/98–9/98 75 36 48.0 31 5 86.1
10/98–3/99 73 11 15.1 11 0 100.0
4/99–9/99 67 37 55.2 34 3 81.1
10/99–3/00 76 28 36.8 23 5 82.1
4/00–8/00 60 13 21.7 12 1 92.3

4/98–8/00 351 125 35.6 111 14 88.8

Table7.10: Six-monthlymeasurementstatisticsfor theproject;themeasurementdaysareclassified
accordingto theirquality in respectof dataevaluation.
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Table� 7.10showsa moredetailedlisting of themeasurementsperformed.In addition,somemeasure
of quality is introducedby distinguishingtwo casesnamed“class1” and“class2” 1: Class1 means
thatameasurementwaspossiblewithoutclouds(ceiling)below 2000m a.g.l., whereasclass2 means
thattherewereinevitablecloudsbelow 2000m. Thelattermakesa successfuldataevaluationrather
implausibleascalibrationis nearlyimpossible.
The rather high percentageof class 1 measurementsis ascribedto the orographicsituation at
Garmisch-Partenkirchen:CloudsaremostlyseenabovetheridgesflankingtheLoisachvalley. Clouds
alsooverthevalley areassociatedwith badweatherwhich impliesthatnomeasurementis possibleat
all.
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Figure7.34:Meanextinction coefficientsin theboundarylayeror thesummer1998;thedashedline
picturesaweighted1-2-1meanof thedata,revealingstablehighpressureconditionswith constantly
highextinctioncoefficients.Suchperiodsaremarkedby “H”. A grey “H” standsfor alesspronounced
highpressuresituation.

Themeanextinctioncoefficient for thesix monthsof summer1998is shown in Figure7.34.Thetime
scalecoverstheperiodfrom May 1 to September29. For this periodthemeanextinction coefficient
for theboundarylayerwascalculatedusingonly lidar profileswith nocloudsignals.Thedashedline
is the resultof a weightedharmonic1-2-1 mean. It clearly shows somepeakswith high extinction
values.Mostof thesepeakscouldbeassignedto highpressuresituations,markedby “H”. This is one
of thereasonsfor theaveragingover threepoints:A stablehigh pressuresituationlastingsomedays
causesanaccumulationof aerosolresultingin higheropacity. Thehighpressureperiodin May 1998
(cf. Sec.7.3)canbeclearlyseen.Someperiodsaremarkedby agrey “H” declaringthatit wasa less
pronouncedhigh pressuresituation.Thepeakon July 21/22,for example,shows therising pressure
behindawavedcold front. Theverticalextentof theflown in coldair wasrathersmallsotheair was
notexchangedcompletely, againresultingin higherextinctioncoefficients.
Figure7.35shows the annualvariationin 1999of the meanextinction coefficient for a wavelength
of 532nm. 1999is theonly yearthatwas(theoretically)completelycoveredby datacollectedin the
AFS project. As for Fig. 7.34only profilesshowing no cloudsignalsat all wereconsidered(“better
thanclass1”). Onceagain,thedatawereaveragedby a weightedharmonic1-2-1mean.Thecurves
areshown for elevationsof 1, 2,and3 km abovegroundlevel. Theresultsshow thatautumn1999was

1This classificationis basedon asuggestionby V. Matthiasfrom MPI, Hamburg
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Figure7.35: Meanannualvariationof the532nm extinction coefficient; notethehigh valuesin the
summer—thisgivesevidencethatthereis aneffectiveverticaltransportmechanism.

very low in aerosol.In fact,therewerenoneof thetypically autumnalhighpressureepisodesthatare
likely to produceelevatedaerosolextinctioncoefficientsdueto alackof air-massexchange.Fromthe
beginningof Julyuntil thebeginningof Septemberthemeanextinctioncoefficient is enhancedfor all
threeheights.This is theresultof theeffectiveverticaltransportmechanismin theAlps describedin
Sec.8.6. Theresultsin regardto orographyarepresentedin theseparatesection“VerticalTransport
of Aerosolin theAlpine Wind System”.

Thedataacquisitionfor thisprojectendedin June2000dueto thefinal assemblyof thenew detection
system.As a consequence,no meaningfulstatisticalevaluationfor 2000is possible.However, the
resultsobtainedin the previous yearsseemto be confirmedby the 2000data. With threeyearsof
datathefirst stepfor a long-termclimatologyfor Garmisch-Partenkirchenis done.But thereis still
someway to go in orderto geta statisticallyrelevantclimatology. Hopefully, thedatato begained
duringtheEARLINET project,which is asuccessorof theAFS lidar network, canbeusedto extend
theinformationaboutclimatologyof theLoisachvalley.

A moredetailedsummaryof theGarmisch-Partenkirchenclimatologyincludinga trajectorycluster
analysiswill befoundin thedoctoralthesisof S.Kreipl which is to appearin Summer2001.
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Chapter 8

Specialobservations

8.1 Specialobservationsunder high pressureconditions

by M. Wiegner

In addition to the main taskwithin the GermanAerosolLidar Network, the performanceof regu-
lar measurementsin order to establishan aerosolclimatology, it wasconsidereduseful to observe
aerosoldistributionsduring dedicatedepisodes.Coordinatedefforts to investigatethe influenceof
the synopticsituationon diurnal cyclesof the aerosoldistribution areof specialbenefit. Intensive
observationperiodsat a singlestationarealsoquitevaluableto find typical diurnalcyclesandtime
scalesof changesin theaerosoldistribution. This will helpto interprettheregularmeasurementson
theprescribedtimesin view of their representativenessfor thewholeday.
With themanpower andresourcesallocatedto this projectsomefirst stepstowardsthis challenging
goalcouldbeperformedsucessfully.
Theconditionthat“the sameweather”wouldoccurin wholeGermany turnedout to beaveryrestric-
tive one. Thereasonsarethevarietyof landscapesandthequitedifferentclimatologicalconditions
at the stations. Consequently, only very few periodsweremet wherethe large scaleflow wassta-
ble for severaldaysover wholeGermany. Oneexampleof sucha periodwasa weekin May, 1998.
Measurementsin excessto theregularscheduleweremadefrom May 11 till May 15at all stations.
An overview of thesynopticsituationandthehistoryof theaerosolparcelsmetat thestationsis given
in Figs.8.1and8.2. Shown arethebacktrajectoriesfor a periodof four daysfor eachof theGerman
Lidar Network stations.Six levelsbetween975hPaand200hPaareplottedasindicated.
It is clearly seenthat the flow regime totally changedduring the 5-dayperiod. The transitionfrom
advectionof pollutedcontinentalair massesfrom southerlydirections(seeFig.8.1) to clearpolarair
massesasindicatedin Fig.8.2occuredduringthenight from May 13 to May 14
Selectedexamplesfrom Hamburg (Fig.8.3),Leipzig (Fig.8.4)andMunich (Fig.8.5)areshown asa
North-Southcrosssectionof aerosoldistributions.To facilitatethecomparisonbetweenthestations
backscattercoefficient profiles ��� areshown, andthesameaxeswerechosen:heightup to 8km and
��� up to 0.01km  ¢¡ sr ¢¡ .
The profilesfrom Hamburg (Fig.8.3) reflectquite well the changeof the flow regime: During the
first daysof theperiod ��� -profilesarein theorderof 6 £¥¤9¦§ e¨ km  ¢¡ sr ¢¡ for © =351nmin theplanetary
boundarylayer(PBL), whereasduringthenorthernflow backscattercoefficientsarelessthana third
of thatvalues.This changeis ratherdueto a removal of particlesthanto theinfluenceof relativehu-
midity ª . Duringdaytimeª wasbelow 40%in mostcases,sothatasignificantgrowth of theparticles
is very unlikely. Furthermore,the vertical structureof the PBL changedfrom a sharptop at about
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Figure8.1: BackwardTrajectoriesfor theLidar Network stationswith respectto 1300UT of May 11,
1998
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Figure8.2: BackwardTrajectoriesfor theLidar Network stationswith respectto 1300UT of May 15,
1998
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Figure8.3: Backscattercoefficientsin km½¢¾ sr ½¢¾ for 351nmin Hamburg: top: May11; bottomfrom
left to right: May12,May14,May15; timesof thedayare indicated
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2km to a moregraduallyslopein the cleanair. Thesevaluesagreequite well with measurements
from Kühlungsborn(not shown here)which alsoshow ¿�ÀÂÁ 6 Ã¥Ä9ÅeÆeÇ km Æ¢È srÆ¢È in theUV andabout
2-3Ã¥ÄÉÅeÆeÇ km Æ¢È srÆ¢È for 532nm. Therelative humidity wasin the40%-range.ThePBL wasslightly
higher. After thetransitionto thenorthernflow, aerosolbackscatterwasevenlower thanin Hamburg.
A changein theaerosoldistributionof similar significancewasobservedin Leipzig (Fig.8.4).While
for the first threedaysthe PBL-heightwas in the rangeof 2.0 to 2.5 km and typical ¿�À valuesof
6-8Ã¥ÄÉÅ ÆeÇ km Æ¢È srÆ¢È for a wavelengthof 532 nm were observed, the following two daysshow a
decreasein PBL-heightandaerosolload ( ÊÉËxÌ¢ÍÎÁÏÄtÐ�Ñ km, ¿�ÀÒÁ 4 Ã¥Ä9Å ÆeÇ km Æ¢È srÆ¢È ). Again, the air
wasrelatively dry, Ó wasin therangeof 50%duringdaytimeand70%duringnighttimefor thewhole
period,sothatasignificantinfluenceof particlegrowth is ratherunlikely.
Furtherdownstream,in Munich (Fig.8.5), the effect wasnot that pronounced.The PBL-height–
reachingup to 3.0 km – wasalmostconstantfor the whole periodwith the exceptionof only two
profilesbetweentheeveningof May 14andnoonof May 15. Thebackscattercoefficientswerecom-
parablewith theHamburg andKühlungsborndatabut significantlylower thanin Leipzig. Typically,
¿�À did notexceed3 Ã¥Ä9ÅeÆeÇ km Æ¢È srÆ¢È for 532nm. After thechangeof thelargescaleflow ¿�À droppedto
1 Ã¥Ä9ÅeÆeÇ km Æ¢È srÆ¢È for a limited duration,but at14UT onMay 15, ¿�À wasat thesameorderasbefore.
Subsequentmeasurementsweredisturbedby low level clouds.Therelative humidity showedvalues
in the30%rangecloseto thesurfacewith anincreaseto thetopof thePBL with Ó�Á 65%.Thisfind-
ing shows thatobviously theflow from North, carryingclearair from thecoastto thecentralpartof
Germany wasnot veryeffectiveafteranother500km (comparedto Leipzig) of transportrange.This
assumptionis confirmedby thetrajectoriesfor the975hPaand850hPa levelswhich prove(Fig.8.2)
that the flow in the lower tropospheredid not comedirectly from polar regionsbut experienceda
long transportover thecontinent(Poland).Insofar a direct link to theLeipzig measurementwasnot
existing.
Specialconditionsarepresentin Garmisch-Partenkirchen.Dueto thestrongorographicstructurein
this Alpine region, in particuarthe aerosoldistribution in the PBL is muchstrongerinfluencedby
localorographicdrivencirculations.Oftenelevatedlayerscouldbeobserved.Nevertheless,aneffect
of the changein the large scaleflow seemsto be present:during the first four daysof the period
the backscattergraduallyincreased,whereason May 15. ¿�À droppedby a factorof approximately
two. ThecorrespondingÔxÀ for two wavelengthsasindicatedareplottedin Fig.8.6. Thisobservation
correspondsto the Munich datawith a time shift of a few hoursandcan,thus,be attributedto the
changeof thesynopticsituation.
As a by-productof the comparisonof the aerosoldistributionsat Munich andGarmischa Saharan
dustlayer4.5km abovemsl. wasobservedin thelateafternoonandnight of May 14andat 3km the
following day(cf. Fig.8.6).
Summarizingthe findingsfrom all stationsit canbe statedthat the absolutevaluesof ¿�À arecom-
parible with the largestvaluesobserved in Leipzig and the lowest in Garmisch-Partenkirchenand
Kühlungsborn(last two daysonly). To categorizethe generalstructureof the aerosolprofilesis of
coursedifficult dueto their largetemporalvariability. Therearehintsthatat thecontinentalstations
(LeipzigandMunich) thetopof thePBL is morepronouncedthannearthesea(Kühlungsborn,Ham-
burg). In Garmischoftenelevatedaerosollayersareobserved in theafternoonasa consequenceof
local circulationpatterncharacterisedby a partialnight-timeremoval of aerosolanddaytimeaerosol
advection(seeSec.8.4).
It can be seenthat at all stationsa more or lesssignificantchangein the aerosolload happened
whenthe clearairmassesfrom polar regionsarrived at the station,thoughthe precisetime cannot
bedeterminedfrom theaerosoldatadueto observationalgaps(e.g.,restrictionsduringnight). It is
not yet possibleto separatethe influencesof long rangetransportandlocal sourceson the aerosol
distribution. However, thesimilar behaviour at all stationssuggestthattheaerosoldistribution is not
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Figure8.4: Backscattercoefficientsin kmÕ¢Ö sr Õ¢Ö for 532nmin Leipzig: top: May 11 (left), May 12
(right); center:May13; bottom:May14 (left), May15 (right); timesof thedayare indicated
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Figure8.5: Backscattercoefficientsin km×¢Ø sr ×¢Ø for 532nmin Munich: top: May11. (left), May12.
(right); center:May13.; bottom:May14. (left), May15. (right); timesof thedayare indicated
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Figure 8.6: Extinction coefficients for 532nm and 1064nm in Garmisch-Partenkirchen: May 15,
1998,12GMT

dominantlydeterminedby local effects.
Anothersubjectaddressedby the lidar network is the investigationof the temporaldevelopmentof
aerosoldistributionsandthe influenceof orography. The latter is discussedin detail in Section8.4,
but the role of topographywas also encounteredduring the studiesof the temporaldevelopment.
An exampleis discussedin detail in Section7.4. The main conclusionis that not only the aerosol
backscatterandextinctioncanchangerapidly, but alsotheheightof thePBL by morethan200m.
Investigationsof thetemporalbehaviour of theaerosoldistributionweremadeoverdifferentduration
andresolutionat all stationsof thenetwork. Only two examplesareshown here.
The first example concernsmeasurementson the developmentof the PBL with 10s resolution
(Fig.8.7). The measurementswere taken between09:07 UT and 10:23 UT of July 29, 1999, in
Munich. To ensurecomparableatmosphericconditionsthe line of sight was not changed. As a
consequence,it wasnot possibleto derive extinction coefficients ÙxÚ , so rangecorrectedsignals,or
attenuatedbackscatter, (1064nm)wereplottedinstead.It canbeseenthatthesurfacelayergradually
raisedfrom 0.8km abovegroundat 9:07UT to 1.3km at 10:10UT whenit mergedwith theresidual
layer, which hasbeenpresentasanindividual layer throughoutthemorningat about1.5km. At the
top of this layerpre-condensationoccuredafter10:12indicatingthetop of thePBL. It is interesting
to seethatanotherpersistentlayerof only about100m in verticalextenthasexisted,andaratherfaint
layerat 2.3km which dissolvedat about09:42UT. All of theselayersshoweda wave-like structure
in a timedomainof a few minutes.
This exampleshows a frequentfeature,that small scalestructuresare superimposedon the main
aerosollayer (thePBL) in the lower troposhere.Thoughtheconsequencesfor the radiationfield or
the establishmentof aerosolclimatologiesarecertainlyalmostnegligible, they arerelevant for the
evaluationof lidar data.In heightranges,wheretheaerosolabundanceis variablein time andspace,
theapplicabilityof thetwo angleapproachis seriouslylimited. To acertainextenttheseproblemscan
bereducedby temporalaveragingbut ahightemporalresolutionis notpossibleanyway. Furthermore,
it its demonstratedthat the uncertaintyinherentin half-hour-averagesof aerosolparametersarenot
only causedby measurementerrorsbut alsoon thechangingmeteorologicalconditions.
It wasfoundonseveraloccasionsthatsuchsituationsoccuredin particularoneandtwo hoursbefore
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Figure8.7: Developmentof thePBL: range correctedsignal for 1064nmover heightaboveground
(Munich, July 29.,1999)

localnoon.
Thevariablility of troposhericaerosollayerswasalsoinvestigatedon longertimescales.An example
of threeconsecutivediurnalcyclesis shown in Fig.8.8.
It canbe seenthat distinct aerosollayerscanpersistfor 12 to 24 hoursat different levels. During
their lifetime mostof themchangetheir verticalextent,altitudeandintensity. This exampleclearly
illustratestheproblemsin linking aerosolprofilesof theLidar Network stations.Thoughthegeneral
distributionsandopticaldepthscanbeexpectedto besimilarundersimilarmeteorologicalconditions
– this wasdemonstratedduring the May 1998-period– the direct comparisonof individual profiles
will be limited to very raresitutations.Interpretationsof aerosolprofilesin view of meteorological
conditionsshouldratherbemadeon thebasisof localaverages.
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Figure8.8: Timeseriesof thetroposphericaerosoldistribution: range correctedsignal for 1064nm
overheightaboveground(Kühlungsborn,March 29 till 31,1999)
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8.2 Specialobservations for cold fr ont passages

by R. Eixmann

In thiswork coldfront passagesaredefinedasboundariesbetweenair masseswhicharecharacterized
by differentmeteorologicalparameters,asfor exampletemperature,humidity andaerosolcontent.
Theair massboundaryitself is recognizedby significantweatherchanges.Theusualdistinctionin
front passagesof polar andsubpolartype is not consideredto be relevant here,sincethe air mass
boundaryis presentin bothcases.
Oneobjective of the GermanLidar Network wasto performmeasurementsshortly after cold front
passages.Fromthemeteorologicalpoint of view it wasvery unlikely to find favorableweathercon-
ditions short after the front passed. Frequently, strongconvection preventedlidar measurements
shortafter the front passage.This phenomenonwasnot restrictedto daytime,sincethe lidar sta-
tion Kühlungsbornis locatedcloseto theBaltic Sea,which frequentlyhada highertemperaturethan
theair. This led to strongconvectiveactivity nearthecoastlinealsoduringnighttime.
Measurementsaftercoldfront passagesareof highinterest,becauseanexchangeof air massesoccurs
in veryshorttime(hours).Thenew air massis characterizedby differentorigin andopticalproperties
of the aerosolparticles. Additionally, it turnedout that frequentlyafter a cold front haspassed,a
stablehigh pressureperiodbuilt up. Thus, the measurementstaken after cold front passageswere
alsothefirst in aseriesof measurementduringthehighpressureperiod.
Another importanttaskwasthe comparisonof aerosolpropertiesof air massescrossingmorethan
one lidar stationof the network. In January2000,a frontal passagecrossedGermany from North
to South,traveling over the lidar stationsHamburg, Kühlungsborn,Leipzig, Munich andGarmisch-
Partenkirchenwithin 36 hours.In total, 16 cold front passageshave beenobservedat Kühlungsborn
in thetime frameof theGermanLidar Network. From14of thosemeasurementsaerosolbackscatter
profilescouldbecalculated,in theother2 casesthecloudbaseheightwastoo low for evaluation.For
thetrajectoryanalysis,however, all 16dayswereused.

8.2.1 Trajectory analysis

In orderto investigatewhetherair masseswith differentgeographicalorigin show differentaerosol
backscattercoefficients,a trajectoryclusteranalysiswasperformed.Thealgorithmis similar to that
usedin chapter6 of this report and will be describedin detail in (Eixmann,2001) Basisfor the
analysiswerethebackward trajectoriesfor thedaysof the frontal passageswith arrival timesabove
Kühlungsbornat 13:00and19:00UT. This hasbeendonefor thepressurelevels975,850,700,and
500hPa. Fromtheanalysisemerged,thatverticalwind shearingsweredominantafterfront passages.
At the500-hPa level, westerlywindsprevailed, independentlyof thewind directionat the975-and
850-hPa levels. Theselevels show a significantlyhighervariability. At the 850-hPa level, the air
massorigin after thecold front passagewasnorth-westin 80%of all cases,while at 20%,theorigin
wasabove the continent,from south-east.Figure8.9 givesthe resultof the clusteranalysisfor the
850-hPaand700-hPalevel, representativefor theotheraltitudelevels.Theair massesafterthefrontal
passageoriginatedmainly from theNorthAtlantic. Thismeansthatthefront passedfrom north-west
towardssouth-east.Thesecondmostfrequentdirectionafter the frontal passageis south-east.This
requiresthat the front passedfrom south-eastto north-west,containingair masseswith continental
origin. Regardingtheverticaldevelopmentof thebackwardtrajectoriesit couldbestatedthattheair
massesweremixedvertically only to a verysmallextend.Figure8.10givestheverticalevolution of
the backward trajectoriesfor Kühlungsbornat 850hPa and700 hPa. The trajectoriesshow aswell
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Figure8.9: Clusteranalysisof thebackwardtrajectoriesfor all observedcold front passages.The2
dominatingclustersaregivenfor 850hPa(upperrow) and700hPa(lower row).

upwardanddownwardmotionbut donotshow ageneralverticalmovement.
Regardingtheperformedclusteranalysis,thefollowing pictureemerges(Figure8.11):All backscat-
ter profilesareplottedwith respectto their trajectorycluster. Thestraightlinesrepresenttheprofiles
afterthefrontal passage,thedottedlinesrepresentmeasurementsshortbeforethefront passage.The
comparisonbetweentheclusterdoesnotrevealasignificantdifferenceof thebackscatterprofileswith
respectto thedifferentclusters.This implies,thattheaerosolbackscattercoefficientsareindependent
from theair massorigin.

8.2.2 Wavelengthdependencyof the measuredprofiles

In order to be able to quantify the air massesbetter, the backscattercoefficientswereanalyzedby
theirwavelengthdependency. For this reason,thedatapointswerenormalizedto thevaluemeasured
at 532 nm. Two selectioncriterioawereused:1. selectionby air massorigin (clusteranalysis)2.
selectionby season.Theresultsareplottedin Figure8.12. It turnsout that therewereno significant
differencesin the wavelengthdependency, neitherwith respectto the trajectoryclustersnor to the
seasonalchanges.
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Figure8.10: Vertical evolution of thebackward trajectoriesof all observedcold front passages,for
850hPa(left) and700hPa(right).
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Figure8.11:Backscattercoefficientsmeasuredbeforeandaftercold front passages,sortedby trajec-
tory clustersasgivenin Figure8.9.

Figure8.12: Comparisonof thewavelengthdependency of thenormalizedaerosolbackscattercoef-
ficientsmeasuredafter thefrontal passagebetweentheboundarylayer top and5 km. Left: grouped
by trajectoryclusters,right: groupedby season.
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Figure 8.13: Examplesof backscatterprofiles measuredat Kühlungsbornbeforeand after a cold
front passage.Left: strongerboundarylayerafterthepassage,right: weakerboundarylayerafterthe
passage.

8.2.3 Comparison of the backscatter coefficient before and after a cold fr ont
passage

Backscatterprofilesmeasuredbeforeandaftera frontal passagewerecompared.Additionally to the
total of 14 measurementstakenafterthefrontal passage,8 measurementshavebeentakenbeforethe
passage(upto 48hours).Thevariability of theinvestigatedair masseswassohigh,thatnosignificant
differencesin thebackscattercoefficientscouldbefoundbeforeandafterthefrontal passage.As an
example,two profilesof backscattercoefficientsareshown in Figure8.13,oneshowing a stronger,
theothershowing aweaker boundarylayerafterthepassage.

8.2.4 Cold fr ont passageJanuary 17-19,2000,over several stationsof the Li-
dar Network

Oneobjectivefor lidar measurementsafterfrontalpassageswasto try to investigatethesameair mass
at different lidar stations.BetweenJanuary17ÛOÜ and19ÛOÜ , 2000,suchan occasionoccurred,when
an air masschangemoved from northernto southernGermany, with the correspondingcold front
crossingthelidar stationsHamburg andKühlungsbornon the17ÛOÜ aroundnoontime,Leipzigduring
the18ÛOÜ , andreachingMunich andGarmisch-Partenkirchenon the19ÛOÜ of January. The trajectories
calculatedfor Leipzig andGarmisch-Partenkirchen(Figure8.14)passedover northernGermany for
all altitude levels, therebyallowing the comparisonof backscatterprofilesof the sameair masses.
Additionally, after theair masschange,anaerosollayerwasobservedby 4 stations.At Munich, no
measurementswerepossibledueto badweatherconditions.In orderto characterizechangesof the
aerosolpropertieson their way from northernto southernGermany, backscatterprofilesmeasured
at Hamburg andKühlungsbornwerecomparedwith profilesobtainedat Leipzig andat Garmisch-
Partenkirchen.
Following the backward trajectoriesendingat Garmisch-Partenkirchenon January19 in different
altitudelevels,it turnsout thatthey crossedthelidar stationatHamburg only ashorttimebefore.For
theendingpoint Leipzig, January18, it canbeseenthattheseair massesmovedover Kühlungsborn
a few hoursbefore.(Figure8.14)
A comparisonof thebackscatterprofileswasnow possibleundertheconditionthatthetime interval
betweenthemeasurementscorrespondsto thetime theair massneededfor traveling from Hamburg
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Figure8.14: Backward trajectoriesendingat Leipzig on January18, 2000(left), andat Garmisch-
Partenkirchenon January19, 2000.Dottedline: 850hPa, shortdashedline: 700hPa, solid line 500
hPa,dash-dottedline: 300hPa.

Figure 8.15: Comparisonof backscattercoefficients measuredin the sameair massduring its
movementfrom northernto southernGermany. Left: Kühlungsborn,January18, and Garmisch-
Partenkirchen,January19. Right: Kühlungsborn,noonof January18, andLeipzig, eveningof Jan-
uary18.

to Garmisch-Partenkirchenandfrom Kühlungsbornto Leipzig,respectively. Thecomparison(Figure
8.15) reveals,that over the long distancebetweenHamburg andGarmisch-Partenkirchenthe shape
andheightof the planetaryboundarylayer (PBL) haschanged,but the aerosollayer is still present
andhasslightly increasedin height.BetweenKühlungsbornandLeipzig thePBL heightdiffersonly
to avery little extent,andtheaerosollayeris observedat almostthesamealtitude.
While the comparisonsabove investigatedthe sameair massesat different times,a comparisonof
the lidar stationswaspossiblesimultaneously, but in a differentmeasurementvolume(Figure8.16).
Althoughthehorizontaldistanceis only about200km, bothstationsobserve differentair masses,as
thetrajectoriesreveal. thePBL heightis significantlyhigherat Hamburg. TheTheaerosollayercan
beseenat bothstations,but it is about1 km loweraboveHamburg thanit is aboveKühlungsborn.
Theaerosollayerobservedat all stationcanbecharacterizedby thefollowing properties:It shows a
slopefrom eastto west,sinceit wasobservedat Hamburg andGarmischat 3.8 and3.2 km, respec-
tively, andat K’born andLeipzig at about4.8km. Also, it shows a slight slopefrom northto south.
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Figure 8.16: Comparisonof backscattercoefficients measuredon January18, afternoon,above
KühlungsbornandaboveHamburg.

Figure 8.17: Temperature,pressureand relative humidity obtainedfrom a radiosondelaunch at
Schleswig(approx.150km north-west),alongwith thebackscatterprofilemeasuredatKühlungsborn
on January18. Between3 and5 km, the relative humidity is below 15%. The temperatureprofile
showsaninversionat 3 km, limiting verticalexchangewith thealtitudesbelow.
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DataÝ from aradiosondelaunchatSchleswig(Figure8.17)revealthatthisaerosollayerwasin analti-
tuderegion with a very low relative humidity. Theverticaldevelopmentof thebackwardtrajectories
shows, that72 hoursprior to themeasurement,theair masshasbeenlifted from theboundarylayer
into thefreetroposphereby a low pressuresystemnorthof thescandinaviancoast.
Usinganight timemeasurementat Kühlungsbornwhichyields3 backscatterand2 extinctioncoeffi-
cientsof theaerosollayer, acomparisonwith thedatafromtheOPAC softwarepackage(OpticalProp-
ertiesof AerosolsandClouds,(Hessetal., 1998))indicatedthattheaerosollayeroverKühlungsborn
consistedof smallparticles.
Sincetheuplifting of theair massoccurredseveraldaysprior to our measurements,theaerosolpar-
ticles have had a lifetime long enoughto be detectedover Germany. After the uplifting due to a
strongbaroclinicstateof theatmospherenoverticaldisplacementhastakenplaceuntil theair masses
reachedGermany. This agreeswith theobservationof a temperatureinversion(Figure8.17)which
suppressestheverticalmixing of theatmospherein this altituderangeandis a conditionfor thelong
lifetime of suchaerosollayers.Thefrequentlyassumedshortlifetime of aerosolparticlesin thefree
atmosphereis not valid for caseslike this.
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8.3 The stratospheric aerosol layer observed by lidar at
Garmisch-Partenkir chen

by H. Jäger

8.3.1 Intr oduction

Stratosphericaerosolparticlesinfluencetheradiationbudgetdirectly by scatteringandabsorptionof
radiationandindirectly by heterochemicalprocessesaffectingthestratosphericozonelayer. During
the pastdecadeslidar remotesensinghasproved to be invaluablein detectingandmonitoring the
occurrence,magnitude,spreadanddecayof numerousvolcaniceruptioncloudsperturbingthestrato-
sphericaerosollayer. Lidar measurementsat Garmisch-Partenkirchen(47.5Þ N, 11.1Þ E) have con-
tributedto theunderstandingof thestratospheresince1976.Theinterestin thestratosphericaerosol
layer consistingof sulfuric acid dropletsgrew considerablyin the pastdecadewhenheterogeneous
ozonedestructionmechanismswere proposedto take placeon theseaerosolparticleseven under
moderatestratosphericconditionsin additionto thehighly effective reactionson polarstratospheric
clouds.
This reportis a contribution to theGermanresearchprogramAerosolforschungsschwerpunkt(AFS)
andsummarizesobservationsof thestratosphericsulphateaerosollayerduringtheAFSperiod1997to
2000.Theobservationsalsocontributeto theinternationalNetwork for theDetectionof Stratospheric
Change(NDSC)aspartof theprogramof theAlpine Station,oneof fiveprimaryNDSCsites.
Thepresentlyvery low aerosollevel in thestratosphereis suitableto studyprocesseswhich sustain
a minimum stratosphericaerosolcontent. However, observationsof the stratosphericaerosollayer
during theperiodof theAFS programcanonly beunderstoodandinterpretedwhenreferringto the
precedingyears,whichweregovernedby avolcaniceventof globalimpact,namelytheviolenterup-
tion of Mount Pinatuboin thePhilippines(15.1Þ N, 120.4Þ E) on June15,1991.This eruptioncaused
oneof the major perturbationsof the stratospherein the pastcenturyandproducedthe largestvol-
caniccloudever observedin thestratosphereby lidar andotheradvancedtechniques.ThePinatubo
eruptioninjectedinitially 12–15Mt of sulfurdioxideinto thestratosphere,asestimatedby (McPeters,
1993),or 20 Mt after(Bluth et al., 1992),resultingin aglobalstratosphericaerosolmassloadof sul-
furic acidamountingto 20–30Mt, asdeducedfrom SAGEII satellitedataby (McCormickandVeiga,
1992).Spreadanddecayobservationsof thePinatuboeruptioncloudatGarmisch-Partenkirchenwere
summarizedby (Jäger, 1992),(Jäger, 1996),and(Jägeret al., 1997).

8.3.2 Observations

Thebackscatterlidar atGarmisch-PartenkirchenutilizesaNd:YAG laserastheradiationsourcetrans-
mitting 532-nmpulsesinto theatmosphere.Elasticbackscatterby moleculesandparticlesis recorded
with a 52-cm-diametertelescope,a photomultipliertube,anda photoncounter. Thesystemprovides
informationon theheightdistribution of theparticlebackscattercoefficient. Theseprofilesarecali-
bratedwith calculatedbackscatterprofilesof apurelymolecularatmospherederivedfrom actualdata
of theMunich radiosonde(100km northof Garmisch-Partenkirchen).All profilesarecorrectedfor
extinction lossesby particlesandmoleculesincludingozone.
Parametersimportant in the understandingof the impact of stratosphericaerosolson climate and
heterogeneouschemicalprocessesaretheopticaldepth,themassandthesurfaceareaconcentration
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Figure8.18: Integratedparticlebackscattercoefficient in theheightrangetropopauseto thetopof the
aerosollayer.

of stratosphericparticles. Theseparametersare calculatedusing conversionfactorsderived from
a time andheight resolvingaerosolmodelbasedon monomodalandbimodalsizedistributionsof
thestratosphericsulfuric acidaerosolderivedfrom balloonborneparticlecounterdatafrom Laramie
(41ß N), Wyoming(JägerandHofmann,1991;Jägeret al., 1995;Jägeret al., 1997).

8.3.3 Results

8.3.3.1 Pinatubo episode

The observationsof the build-up, the maximum,andthe decayof the Pinatuboperturbationat the
northernmidlatitudesiteof Garmisch-Partenkirchenis documentedin thetime seriesof thecolumn
backscattercoefficient, integratedover the heightrangetropopauseto layer top (Figure8.18). The
integral backscatteris modulatedby columnheightfluctuationscausedby the seasonaltropopause
heightvariation.Thetropopausefluctuatesbetween8 and15km accordingto theMunichradiosonde,
with typical summervaluesin the12–13km rangeandwinter valuesat 10–11km.
Theheightdistributionof aerosolsis indicatedin Figure8.19by profilesof thescatteringratiowhich
is theratio of measuredtotal to calculatedmolecularbackscatter. Maximaof thescatteringratio are
mostlyobservedin theheightrange15 to 20 km with exceptionsaftervolcaniceruptions.

8.3.3.2 Background aerosol

It hasbecomeobvious from the resultsobtainedduring this project that the observed exponential
decayof the Pinatuboaerosolload terminatedin 1996. Somecharacteristicvaluesof the aerosol
layeraresummarizedin Table8.1.
Theongoinglow level of aerosolconcentrationin thestratosphereallows alsosmall volcanicinput
to beobservedwhichunderhighly perturbedvolcanicconditionswould remainundetected.A recent
naturalinput wascausedby the eruptionof Mt. Shishaldin(Aleutian Islands,Alaska)on April 19,
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Figure8.19: Profilesof the 532 nm scatteringratio showing maximumanddecayof the Pinatubo
eruptioncloudoverGarmisch-Partenkirchen.

Table8.1: Characteristicsof 1997–1999backgroundandPinatubomaximum.

Integral 1997–1999 Pinatubo
Tropopauseto layertop Average Range Maximum

Min Max April 1992

532nmpart.backscatter, srà¢á âgãIâåäçæéègàeê ëgìIíåäçæéègàeê – îgìIâåäçæéègà§ï ð�ìIâåäçæéègàeñ
532nmpart.opticaldepth ð�ì\ðkäçæéègàeñ æÉìIâåäçæéègàeñ – æÉì\ðkäçæéègàeò 0.16
Particlemass,g m àeò æÉìIíåäçæéè àeñ ígì�óôäçæéè à§ï – õgìIëåäçæéè àeñ 0.062
Particlesurfacemò m àeò 0.023 0.01– 0.075 0.32

1999(GVN, 1999).Observationsof smallbut distinctpeaksin thelidar scatteringratio in theheight
range14 to 18 km weremadeon May 6, 16 and29, June23, andJuly 1 (Figure8.20). Isentropic
backwardtrajectoriescalculatedatCMDL/NOAA for May 6 and16confirmthatthelidar peakswere
causedby theShishaldineruptioncloud.Figure8.21showstrajectoriesstartingat15km atGarmisch-
Partenkirchenon May 6, 12 UT, andMay 7, 00 UT. Sincethetrajectorycalculationis limited to 10
days,thecalculationwasrestartedon May 2, 00 and12 UT, half-way in time andlocationbetween
thefirst trajectorypair (Jägeret al., 2000). Both secondarytrajectoriesarrivedat about14 km over
theAmericanwestcoastbetweenApril 23 and25, in anareawheretheShishaldinaerosollayerwas
detectedby POAM III (PolarOzoneandAerosolMeasurement)satelliteobservationsbetween12 to
16km (GVN, 1999).
In comparisonwith earlierepisodesdetectedat Garmisch-PartenkirchentheShishaldineruptionwas
of minor strengthanddid not causeamajorperturbationat northernmidlatitudes.
An increasein fuel consumptionof 4%peryear(SchmittandBrunner, 1997)drawsattentionto long-
distanceair traffic asa possibleanthropogenicin-situ sourcefor stratosphericaerosols.Garmisch-
Partenkirchenis verycloseto majorair traffic corridorsandin theleeof theWestEuropeanandNorth
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Figure8.20: Lidar profilesof thescatteringratio of thestratosphericbackgroundaerosolwith peaks
of Shishaldinaerosols(S).TP marksthetropopause(Munich radiosonde).

Atlantic air traffic. Many lidar measurementsseemto beaffectedby air traffic aerosolsgeneratedin
the EuropeanandNorth Atlantic aviation corridors. Figure8.22shows optical depthvaluesin the
heightrangeof air traffic (8–13km) derivedfrom lidar measurements.About 40%of thoseprofiles
notaffectedby cirruscloudsshow increasedextinctionwith respectto whatis regardedasthenatural
background.This enhancementis not connectedwith thestratosphericaerosollayer. First resultsof
a closerinspectionof the backscattersignalsshow low depolarizationvaluesof few per cent. This
is characteristicfor very smallor near-sphericalparticles(Jägeret al., 1998),mostprobablyformed
from the exhaustcomponentssoot,sulfuric acid,nitric acid,andwater(KärcherandFahey, 1997).
On theotherhand,high depolarizationratiosof about50%prevail in contrailsandcirruscloudsdue
to thepresenceof icecrystals.

8.3.4 Conclusions

Theprogramin remotesensingof thestratosphericsulfateaerosollayerby ground-basedlidar began
at Garmisch-Partenkirchenin 1976. Figure8.23 shows the entire time seriessince1976,which is
characterizedby the major volcanic perturbationscausedby El Chichonin 1982 and Pinatuboin
1991,andby a numberof minor eruptionsin the northernhemisphere.Lidar dataof recentyears
indicatethat the new backgroundfollowing the decayof the Pinatuboload variesaroundthe 1979
average.Thewinter maximaassociatedwith low tropopauseheightsstayratherconstantabove this
value,whereasthe summerminima (high tropopauses)exhibit a slow decaybelow the 1979value.
The lower integrationlimit for summercolumnsis 13 to 15 km, for winter columns10 to 12 km.
Summercolumnsthusexcludetheheightrangeof air traffic, wintercolumnsincludepartof it. It may
be concludedthat in the stratosphereabove 13 km somedecayof the aerosolload is still going on
which is compensatedby a naturalor anthropogenicaerosolincreasein the lowermoststratosphere
below 13km.
Thequestionregardingtheexistenceof anair traffic signalin theaerosolcontentof thelowerstrato-
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Figure8.21: IsentropicbackwardtrajectoriesstartingatGarmisch-Partenkirchenataheightof 15km
onMay 6, 12UT andMay 7, 00UT, andrestartingonMay 2, 00UT and12UT. Thecalculationsare
basedonNCEPmeteorologicaldata.

spherecanonly beansweredconclusively by analysingexisting dataandby furtherobservationsof
thevariability of thestratosphericbackgroundaerosolundisturbedby majorvolcaniceruptions.
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Figure8.22:Classificationof opticaldepthvaluesin theheightrange8 to 13km derivedfrom 532nm
lidar backscattermeasurements.

Figure 8.23: Integratedparticle backscatterof the stratosphericaerosollayer, seenby lidar over
Garmisch-Partenkirchen.The dashedline is the 1979mean. Volcaniceruptionsaremarked. Sea-
sonalcycles are causedby the annualtropopausevariation. Data after 1990 are convertedto the
wavelengthof 694nmof a ruby lasersystemusedin earliermeasurements.
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8.4 Vertical transport of aerosolin the Alpine wind system

by T. Trickl

Thelevel of air pollution hasgrown throughoutthe troposphere.Thevertical transportmechanisms
responsiblefor the pollution export from the boundarylayer have beenrecentlyreviewed by Beck
et al. (Beck et al., 1997). Detailedestimatesfor the vertical transportin that paperare limited
to the atmosphereabove flat terrainandhave yieldedmoderatevertical exchange. One important
mechanism,for which higherefficienciesmaybeexpected,is orographicallyinducedtransport.For
example,Jacobet al. (Jacobet al., 1993)emphasizedon the role of the Rocky Mountainsin the
large-scaleexportof pollution Oö outof theNorth-Americanboundarylayer.
TheAlpine wind systemhasbeenstudiedby numerousauthorsandin many field campaigns(e.g.,
(BrehmandFreytag,1982;VergeinerandDreiseitl,1987;Hennemuth,1987;Müller andWhiteman,
1988; NeiningerandDommen,1996; Puxbaumand Wagenbach,1998; Seibertet al., 1998; Am-
brosettiet al., 1998).Themostimportantdetailsof orographicallyinducedtransportaresummarized
in thereview articlesby (VergeinerandDreiseitl,1987)and(Whiteman,1990).IFU researchershave
beeninvolved in severalof thesefield studies,focussingon the investigationof theday-andnight-
time circulationin andabove differentAlpine valleys (e.g., (Reiteret al., 1983;Reiteret al., 1984a;
Müller andReiter, 1986;Müller andWhiteman,1988)).Duringdaytimethereis aformationof anup-
valley flow in thebottomsectionof thevalley (namedvalley wind), causedby horizontaltemperature
andpressuredifferencesalongthe valley (e.g., (VergeinerandDreiseitl, 1987)). Slopewinds also
contributeto themassbudget.In contrastto thelarger-scalemechanismsdriving thevalley wind their
build-up is ascribedto local thermaleffects. Theup-valley andup-slopewindsmayeventuallylead
to a reverseanti-valley wind above therangeof thevalley wind. In this wind systempollution from
theboundarylayerinsidethevalley maybelifted to heightsabove1500to 2000m andsubsequently
transportedoutsidethemountainswhereit maybecomemixedinto thefreetroposphere.
Aerosol is a very suitabletracerfor vertical-exchangestudies. Within the 1996 VOTALP (Verti-
cal OzoneTransportin theAlps) MesolcinaValley Experiment(Furger et al., 2000)the IFU three-
wavelengthaerosollidar wasused(CarnuthandTrickl, 2000)in additionto numberof ground-based
andair-borneinstrumentsof thepartnerinstitutes.During this campaignthelidar wastilted parallel
andperpendicularto thevalley axiswhichresultedin three-dimensonalmappingof theaerosoldistri-
bution in thelowerpartof thevalley. Thefinal dataanalysistookplacein theearlyphaseof thelidar
network. It wasfoundthat,in contrastto thelongitudinaldistribution,thetransversedistributionwas
ratherasysmmetric.Theaerosollayerwasseparatedinto two distinctverticalzones(seeFig. 8.24).
Theboundarylayer, whichwasgraduallyfilled with aerosolfrom outsidethevalley (LagoMaggiore
area)during themorninghours,expandedfrom 1.5 km to 2.3 km a.s.l. in thecourseof theday. It
wastoppedby asecondlayerstartingataroundnoonwhichextendedto approximately4.3km a.s.l.,
i. e.,1.3km abovethehighestsummitsin theupperpartof theMesolcinavalley. Wind measurements
onboardtwo researchaeroplanesshowedthatthewind directionin theupperlayerwasexactlydown-
valley. Thisconfirmedour ideaof theonsetof ananti-valley wind returningfrom theupperpartof the
valley wherethepollution waslifted to higheraltitudes.Thepatternbuilt up for differentdirections
of thesynopticwind which suggestslittle interaction.Thelack of interferenceby thesynopticwind
wasascribedto a partial channelingin the very deepvalley. The high aerosolconcentrationsaloft
demonstratethe high efficiency of the vertical transport.From measurementsfor which wind data
existedan export efficiency of about80% wasestimated.Basedon complementarymeasurements
Swisscolleaguesfoundsimilar values.They concludedthatthevalley is ventedto higherelevations
aboutfive timesperday(Furgeret al., 2000).
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Figure8.24: 1064-nmextinction profilesselectedfrom theverticalmeasurementsin the Mesolcina
on July 19,1996;thegradualbuild-up of a reverseflow is reflectedby theupperstepforming in the
aerosolprofile.

TheLoisachvalley at Garmisch-Partenkirchen,theplaceof the investigationswithin this project,is
flankedby mountainswhichreachjust2000m. At theupperendtheincomingflow is blockedby the
muchhigherWettersteinmountainrange(2400m to 3000m). In this way a muchmoreopenvalley
structurethanin the Mesolcinaexists. The interferenceby the synopticwind should,therefore,be
muchmoresignificantand,indeed,thereis no reproducibleformationof a two-stepaerosol.Carnuth
etal. (Carnuthetal., 2000)reportedthefirst exampletwo-steplayerformationwith aerosoltransport
up to heightsfor measurementswith theozonelidar at IFU in 1991.
Figure8.25 shows a single-dayseriesfrom July 26, 1999,againshowing the formationof sucha
two-layerdistribution. During theprojecta total of fivesuchseriesweremeasured.Fromananalysis
of Munich radiosondedatait wasfound that in all thesecasesthe synopticwind speedwas5 m/s
andless.Thewind directionwasbetweeneastandsouth. It is obviousthat theseconditionsshould
be favourablefor the build-up of a valley-wind-anti-valley-wind circulation. In the future we plan
to usethe new ultra-light aircraft of our institute for a completeanaysisof the wind field and the
determinationof aerosol-sizedistributions.Thiswork will bepartof EARLINET andtheAFO-2000
projectVERTIKATOR.
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133



8.5 Long-range transport of aerosol

by T. Trickl and U. Wandinger

Aerosolmaybea suitableindicatorof long-rangeair-pollution transportin the free troposphere.In
contrastto otherindicatorssuchasCOit mayreadilybedetectedin theentirefreetroposphereby lidar
remotesensing.It hasbeenknown for sometime thatdustparticlesevenof North Americanorigin
mayreachCentralEuropein considerablequantities(e.g., (Reiteret al., 1984b)).However, thebest-
known extra-Europeansourceareais the Saharadesert.Saharandustepisodesarequite frequently
observedover the Alps andin SouthGermany during Föhn episodes(Jägeret al., 1988). In recent
yearsthepotentialimportanceof borealwild firesfor theair pollution in thenorthernhemispherehas
beenemphasizedon (Wotawa andTrainer, 2000,Wotawa, privatecommunication,2000). Thelarge
areasof forestburning yearby year in North America, in particularin Canada,and in Siberiaare
expectedto correlatesignificantlywith free-troposphericCO measuredat high-altitudestationssuch
astheZugspitzesummit.
First lidar observation of high amountsof ozoneimportedfrom the boundarylayer of the United
Stateswererecentlymadeat oneof the network stations(Stohl andTrickl, 1999;Stohl andTrickl,
2000).Thiskind of intercontinentaltransportis associatedwith high-pressurezonesenteringCentral
Europefrom thewestandanadvectionpatternresemblinganS rotatedby 90 degrees.The central
partof this S is coveredby a front which maylift theair from theNorth-Americanboundary-layerto
heightsevenbeyond10 km a.s.l. (warmconveyor belt (Browning,1990)).There,rapidtransportto
Europetakesplacein thejet streamfollowedby anti-cyclonicsubsidencein thefinal phase.
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Figure8.26: 10-dayisentropicbackward trajectoriesprovidedby NOAA CMDL for May 15, 1998,
12:00UTC

Within thewarmconveyor belt theboundary-layeraerosolmaybesubjectto washout.Indeed,in the
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early phaseof the soundingsat IFU during periodsof intercontinentaltransportthe measurements
werelimited to the ultraviolet wavelenghtsof the ozonelidar anddid not show discernibleaerosol
signatures.This indicatesvery small amountsof aerosolhiddenin the dominatingsignalcontribu-
tion from Rayleighbackscattering.During thelidar-network project,in addition,measurementswith
wavelengthsin thevisible andnearinfraredweremadeunderconditionsfavourablefor theobserva-
tion of intercontinentaltransport.Evenwith thehighersensitivity of anaerosollidar particle-related
structureswerenotseenin all cases.

Figure8.27:Scatteringratioobtainedfrom themeasurementof thestratosphericlidar at IFU onMay
14, 1998;threedistinctaerosolpeaksareseenin thefreetroposphere.“TP” denotesthetropopause
level obtainedfrom theMunich radiosonde.

A goodexampleis the periodMay 11 to 15, 1998(seeSec. 8.1.1). Figure8.26 shows backward
trajectoriesfor May 15, 12:00 UTC, taken from the routine calculationsmadeby NOAA CMDL
for theZugspitzestationtwice a day. In theheightrangenear5 km theS-shapedadvectionpattern
mentionedabove is seen.Relatedaerosolstructureshave beenreportedby all network stations,at
leastfor May 14,somealsofor May 15. In Fig. 8.27theresultsof thenight-timesoundingswith the
stratosphericaerosollidar of IFU shortlybeforetheendof May 14 is depicted.Pronouncedaerosol
peaksareseenat about4.5,6.7,and9 km which, dueto the trajectoryresults,might beascribedto
input from NorthAmerica.
Thisepisodeis interestingbecauseit showsin additionto thetypicaladvectionpathwayswith source
regions in the stratosphere,over different regions in North Americaandover the CentralAtlantic
(Eiseleet al., 1999;StohlandTrickl, 2000),import from North Africa. Theair from North Africa is
representedby thetrajectoryat 3 km a.s.l. which makesa ratherlong detouroverWalesandSouth-
ernNorway beforeit reachesCentralEuropeandthenetwork area,which is a ratherraresituation.
Fig. 8.6shows measurementsat IFU on May 15 with 532nm and1064nm. Thewavelengthdepen-
dencein theaerosolpeakaround3 km is low whichsuggeststhepresenceof largeparticlesasusually
foundin air from theSaharadesert(Jägeret al., 1988).

135



¡#¢¤£¦¥ §u¨C£¦¥ ©ª§«¨�©¬�®�®¯¥ ¨�¥ ¬ª§�£�°¯±�²´³µ ¶

·�¸ ¹»º�¼ ½�¾ ¿»À»Á Â�Ã Ä}Å!Æ Ç�È ÉÊ�Ë Ì�Í Î»Ï�Ð

Ñ�Ò Ó»Ô�Õ Ö�× Ø»Ù»Ú Û�Ü Ý}Þ!ß à�á âã�ä å�æ ç»è�é

ê»ë�ë»ë
ì»ì�í»í
î»ï�ï»ï
ð¤ñ�ò»ò
ó¤ô�ô»ô
õ»ö�÷»÷
ø»ù�ù»ù
ú�û�ü»ü
ý�þ�þ»þ
ÿ������
�������

����	�	

������
�����
�������
�������
�������
�������
�������
�������
�� � � 
!#"�$�$
%#&�&�&

'�(�)�)

*+ ,- , .
/ 01 2
3�45�4+ 4
6

7�8:9<;�=>�?�@BADC�EF G H
I

J K L
M N O P Q RS T U�VW X YBZ[

\^]`_ba c�dfehg

i:j^k l mBn:o p

qsrut v wyxBz|{

}~��������������:�������������:�����

�� �� � �
� �� �
������� �
�

����������������������������� �¡�¡�¡

¢£ ¤¥ ¤ ¦
§ ¨© ª
«�¬�¬£ ¬
®

¯°±²³´µ¶·¸¹�º »`¼ ½¿¾DÀÂÁÄÃ�Å:Æ¿Ç�¾�ÈÊÉÌËb¾ÎÍÏÃÐËÑ½Î¼ Æ:Ò:Ó�Ô

Õ×Ö^ØÑÙ ÚÜÛ^ÝßÞBÝ�Ý^ÝÞÜÛáà â�âäãæåèç

Figure8.28: Isentropicbackward trajectoriesand lidar resultsfor prefrontaladvectionof Saharan
dustto Garmisch-PartenkirchenonApril 29,1999

The commonlyobserved advectionpathway of Saharandust is that directly acrossthe Alps rather
thantheexceptionalcasedescribedabove. Sucheventswereobservedat IFU on 9 occasionssince
May 1998(unambiguouscasesonly). Figure8.28showsNOAA backwardtrajectoriesandlidar mea-
surementson April 29, 1999. Prefrontalupward transportup to 5 km is seenwhich is completed
beforetheair massreachestheAlps. This behaviour wasfoundto betypical of this advectionpath-
way. Again,a low wavelengthdependenceis seenfor thecorrespondinglayersidentifiedby thelidar
measurements.

TheS-shapedadvectionpathway from NorthAmericato Europeseemsto bethemostimportantone
for the import of North Americanboundary-layerair. However, also straightadvectionalong the
greatcircle wasobserved. During the four-day episodefrom May 26 to 30, 1999,very high ozone
values,sometimesexceeding130ppb,weredetectedin a confinedlayerabove5 km. Soundingwith
thehighly sensitive stratosphericaerosollidar revealedthesimultaneouspresenceof smallamounts
of aerosolin exactly the samelayer during the full observation period. One exampleis given in
Fig. 8.29. The variability of both the ozoneandaerosolconcentrationwashigh. The FLEXTRA
backwardtrajectoriesprovidedby A. Stohlshow adirectinflow from theareaaroundtheGreatLakes
for all heightson thefirst two daysandagradualtransitionto lessstraightadvectionin thefollowing.
A pronouncedrisefrom theboundarylayerto morethan5 km nearthatareawithin lessthan10h was
calculated.For May 27, increasinglycontributionsfrom air massesnot exhibiting thesharpriseare
presentin theheightrangeof interest.Sinceaerosolwasobservedduringtheentireobservationperiod
in thehigh-Oé layer it is difficult to explain thepeakconcentrationsby stratosphericair, althougha
stratosphericadmixtureshouldbeconsidered.Indeed,frequentlylayerswith extremelylow humidity
weredetectedin radiosondedatafrom nearbyascentsby a teamfrom thePaul-Scherrer-Institut.

In the following we briefly evaluatethe frequency of aerosollayersin the free troposphereindicat-
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Figure8.29:Ozoneandaerosolprofiles(rangecorrectedsignal)obtainedat IFU onMay 27,1999

ing long-rangetransport. Two stationshave contributed to this topic, KühlungsbornandIFU. For
Kühlungsborn33 caseswith free troposphericlayershave beenreportedout of 190 measurement
days.In orderto maketheresultscomparablewith thoseof IFU, wheretheratherhighAlpine bound-
ary layerprohibitsto detectadvectedaerosollayersbelow about3 km above theground,we further
reducetheheightrangeto altitudesof 3 km andabove. Thisreducesthenumberof casesto 21(11%).
The IFU dataaretaken from the resultsof the stratosphericlidar (532 nm) becauseof its excellent
signal-to-noiseratioin thefreetropospherewhichallowssmallamountsof aerosolto beresolved.The
structureswerecountedonly if they exceeded5% of theRayleighbackscattercoefficient. We select
only thosemeasurementsfor which theaerosollayersmaybeclearlydistinguishedfrom boundary-
layeraerosolor from residualcirrusclouds.For thethreeyearsof theprojectthemeasurementsmay
bedistributedasfollows:

dayswith aerosol all days

Winter (Dec.21–March20) 12(36.4%) 33
Spring(March21–June20) 17 (65.4%) 26
Summer(June21–Sept.20) 12 (44.4%) 27
Autumn(Sept.21–Dec.20) 6 (18.2%) 33

A clearspringaerosolpeakis seen.Theoverall fractionof caseswith free-troposphericaerosollayers
is 39.5%which is quitesubstantialandindicatesa ratherstrongcontribution of long-rangetransport
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to the
ê

compositionof the free troposphereover CentralEurope. The fractionsshouldbe seenasa
lower limit sincetheinfluenceof washoutmaynotbequantified.Thediscrepancy with respectto the
Kühlungsbornresultsstimulatessomedetailedintercomparison.
A topic of growing importanceis the investigationof of intercontinentaltransportof forest-fire
plumes. Two importantfires in North America were identifiedby their aerosolplume in the net-
work areawhich tookplacein August1998(Canadianfires)andAugust2000(Montanafires). In the
following we describein somedetail theresultsfor the1998casefor which dataareavailablefrom
all instrumentsof thelidar network andaccompaniedby extensivetrajectorycalculations.
The August-1998fire plumewasdetectedin the free troposphereduring the LACE 98 field exper-
iment. Forestfires in northwesternCanadawere identifiedas the sourceof this event. While the
mobilesystemsof MPI, MIM, andIfT took measurementsat theLindenberg field site,thestationary
systemsat Kühlungsborn,Leipzig, andGarmisch-Partenkirchencontinuedtheroutinelidar network
observations. At Lindenberg, a distinct aerosollayer between3 and6 km heightwascontinuously
observed from the morningof 9 Augustto the eveningof 10 August1998. The measurementsare
describedin detail in (Wandingeret al., 2000)(seealsoSec.4.2 andSec.5). At the otherstations,
measurementsweretakenduringdistincttime intervalson9 and10August1998.
The origin of the free-troposphereaerosollayer was studiedwith two transportmodels,the La-
grangiantrajectorymodelFLEXTRA (version3.2d)(Stohletal., 1995)andtheLangrangianparticle
dispersionmodelFLEXPART (version3.2) (Stohlet al., 1998;StohlandTrickl, 1999).Both models
aredrivenwith hemisphericmodel-level wind fieldsprovidedby theEuropeanCentrefor Medium-
RangeWeatherForecasts(T213L31 model,(ECMWF, 1995)),with ahorizontalresolutionof 1ë and
a time resolutionof 3 h (analysesat 0, 6, 12,18UTC; 3-h forecastsat 3, 9, 15,21UTC).
In Fig. 8.30,eight-daybackwardtrajectoriesfor arrival atLindenberg at2300UTC on9 August1998
arepresented.At thistime,thestrongestaerosolloadwasobserved.Thelong-termthree-dimensional
backward trajectorieswerecalculatedwith the FLEXTRA modeland indicatethe advectionof air
massesthroughoutthetropospherefrom theNorth Atlantic acrosstheNorth Seadirectly to themea-
surementsite.Onthisway, theair did notcrosshighly industrializedregions.Thebackwardtrajecto-
riesfor theheightregion from 3–5km (pressurelevels700to 550hPa) originatefrom northwestern
Canada.There,strongforestfiresoccuredin lateJuly andearlyAugust1998. Thegray-shadedar-
easin Fig. 8.30indicatethe locationsof thestrongestfires,thatburnedabout6–10daysprior to the
measurement.The trajectoryanalysisshows that the air masstraveledbelow 2000m height in the
forest-fireregionandwasthenlifted abovesouthernGreenland.An additionalmixing of pollutedand
cleanair massesmighthaveoccurredtherearound450hPa. Almostall air parcelswith arrival heights
of 2–6km crossedsouthernGreenlandin this heightlevel 40 to 80 h prior to themeasurement.The
remarkableeventof thetransportof forest-fireaerosolsfrom northwesternCanadato Europewasalso
observedwith satellites(Hsuet al., 1999).
Figure8.31showsprofilesof theparticlebackscattercoefficientobtainedwith lidar atKühlungsborn,
Lindenberg, Leipzig, andGarmisch-Partenkirchenin comparisonto profilesof an aerosoltraceras
derivedfrom theFLEXPART modelfor 10 August1998aroundnoon.Thefour lidar stationsrepre-
sentroughlyanorth-to-southcrosssectionalongGermany. Free-troposphereaerosolswereobserved
atall stations.TheFLEXPART simulationsarein verygoodagreementwith thelidar observations.In
theFLEXPART simulation,particleswerereleasedwithin boxesfor which forestfireswerereported
(seegray-shadedareasin Fig. 8.30)beginning on 1 August1998. CO emmissionswereestimated
from theweeklyburnt forestareaanda correspondingnumberof particleswasstartedrandomlydis-
tributedbetweenthesurfaceand2500m heightaboveground.Transportsimulationswereperformed
for bothaCOandanaerosoltracer. In contrastto theCOtracer, theaerosoltraceris removedby dry
andwet deposition.A detailedanalysisof thetransportof thefire emissionsfrom Canadato Europe
in August1998is presentedin (Forsteret al., 2000).
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Figure8.30: Eight-daybackward trajectoriesfor arrival at Lindenberg on 9 August1998,2300UTC. The
arrival heightsare750,2250,3750,4250,and9000m (right panel,time 0, from bottomto top). Theleft panel
presentsahorizontalprojectionof thetrajectorieswith theirpositionsmarkedevery8 hours.Gray-shadedareas
indicatethelocationsof forestfiresin CanadaaroundAugust1–4,1998.
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Figure8.31: Measuredbackscattercoefficients(thick lines) andcorrespondingmodeledaerosol-tracercon-
centrations(thin lines) aroundnoon on 10 August1998. Lidar measurementswere taken at Kühlungsborn
(1113–1323UTC, 532 nm, 50-m resolution),Lindenberg (IfT lidar, 1300–1400UTC, 532 nm, 60-m resolu-
tion), Leipzig (1305–1423UTC, 1064nm, 60-m resolution),andGarmisch-Partenkirchen(1202–1205UTC,
1064nm,100-mresolution).Themodelcalculationshold for thetimeperiod1200–1400UTC.
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8.6 Aerosoland relativehumidity

by V. Matthias

One of the most importantmodificationsof aerosolsin the boundarylayer is their hygroscopical
growth. With increasingrelativehumidity, wateris accumulatedaroundtheaerosolparticles,chang-
ing their sizeandrefractive index significantly. Figure8.32showsthis changein sizeandrealpartof
therefractive index for theaerosolcomponent“watersoluble”beginningwith relative humiditiesof
70% (d’Almeidaetal.,1991).“Watersoluble”is themostimportantaerosolcomponentin industrial
areasasmiddleEurope,it consistsmainly of sulfateandnitrateparticles.Thesechangeshave high
influenceonthescatteringcharacteristicsof theaerosolsandthereforealsoonmeasuredlidar signals.
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Figure8.32: Influenceof therelativehumidity on radiusandrefractive index on aerosols.Displayed
is theaerosolcomponent“watersoluble”asdefinedby d’Almeidaet al. (1991).

With lidars, the aerosolbackscatterand extinction is always measuredunderambientconditions
includingtheeffectsof hygrocopicalgrowth of theaerosols.Thiscanresultin quitelargediscrepan-
ciesof thescatteringcoefficientsmeasuredby lidar andby in situ instrumentson boardof research
aircraftsor atground.In situ instrumentstypically measureaerosolcharacteristicsassizedistribution
andscatteringcoefficient in dried stateat humiditiesaround20 %. Correctingfor that effect using
hygroscopicalgrowth factors(TangandMunkelwitz, 1993)canon theotherhandleadto quitegood
agreement,as is shown in figure 8.33 anddiscussedin chapter4 and in (Wandingeret al., 2000).
However for mostcases,an adequatecorectionof the dry measuredaerosolpropertiesto ambient
conditionswill bedifficult, sinceextensiveinformationonthechemicalcompositionof theaerosolis
necessary. In theshown case,this informationwasavailablefrom theaircraftmeasurements.

Lidar signalsaredirectly influencedby the scatteringpropertiesof aerosolparticles. But changes
in thedetectedsignalcannnotdirectly beassignedto hygroscopicgrowth sincethey canresultfrom
changesin theaerosoldistributionaswell asfromchangesin theopticalcharcteristicsof thescattering
particles.Horizontalandverticaltransportof theatmosphericaerosolsresultin additionalfluctuations
of thelidar signals.
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Figure8.33: Intercomparisonof aerosolbackscatterprofilesmeasuredwith lidar at 532nm andwith
in situ instrumentson boarda researchaircraft. After humdity correctionthe profilesshow good
agreement.

Thesecircumstancesandthefactthatrelativehumiditiessignificantlyhigherthan70% areneededto
observe a remarkableeffect make it ratherdifficult to measurethe influenceof the relative humdity
on atmosphericaerosolsdirectly by lidar. Anyhow, sucheffort hasbeenmadeduringtheLindenberg
aerosolcharcterizationexperiment(LACE 98) usingthe MPI watervapourDIAL (Wulfmeyer and
Bösenberg, 1998;Bösenberg, 1998). Favourableconditionsfor thesemeasurementswerepresentin
the afternoonof August8îÂï 1998. Between14:34UT and15:26UT a well mixed boundarylayer
up to altitudesof ca. 2100m couldbeobserved. Thewatervapourdensitycouldbemeasuredwith
highaccuracy with thelidar betweenca.400m and1800m usingthenearrangereceiving telescope.
Theprofilesshowedalmostconstantwatervapourdenstityin theorderof 10 ð×ñáòôó within thePBL,
resultingin increasingrelative humidity with height. Two radiosondeslaunchedat 13:13UT and
at 16:49UT gave an almostconstanttemperaturegradientof -9.2 K/km within the boundarylayer.
Assumingthis temperaturegradientto beconstantduringtheconsideredepisodeandusingmeasured
groundvaluesof the temperature,the watervapourprofilesmeasuredwith the DIAL systemcould
be assignedto profiles of the relative humidity, showing valuesup to ca. 85 % at the top of the
boundarylayer(seefigure8.34,left side).Thiscanberegardedassufficiently highto seehygroscopic
effects on the aerosoloptical properties. The distribution of the aerosolparticlesthemselveswas
regardedto be homogeneoussinceconvectionwasstill active at groundtemperaturesof 29õ C and
no additional layerscould be observed in the aerosolbackscatterby the lidar. So all changesof
the aerosolbackscatterwithin the boundraylayer can be assignedto hygroscopicaleffects on the
aerosols.
For the evaluationof the 50 minutesepisode,profilesof the watervapourdensityandthe aerosol
backscatterat 729 nm have beencalculatedwith a resolutionof 2 minutesand 120 m. This for
investigationsin theboundarylayerrathercoarseresolutionhasbeenselectedbecausethelidar signals
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Figure8.34:Calibratedaerosolbackscatterprofilesat 730nm andthecorrespondingrelativehumid-
ity. The backscatterprofileshave beenevaluatedwith a lidar ratio variablein height. The relative
humidity is outof DIAL datawith a temperatureprofile from radiosondes.

measuredon the watervapourabsorptionline at 730 nm wasalreadyvery weakat the top of the
boundarylayer.
The profileshave beenselectedfor thosebeingfully representative for the boundarylayer up to an
altitudeof 1680m. In somecases,thefluctuationsin theboundarylayerheightwentdown to 1500m,
which meansthat theassumptionsabouttemperaturegradientandhomogreneousdistribution of the
aerosolparticlesno longerhold in thosecases.Sofive profileshave beenskippedand20 remained
for theobservationof hygroscopicalgrowth effects.

Theaerosolbackscatterprofileshavebeenevaluatedwith theinversionalgorithmdescribedin chapter
4.1, relying on Fernald’s publication(1984).A lidar ratio of 50 sr up to 960m, slowly increasingto
80 sr at 2100andagain50 sr above hasbeenchosenandthe referenceheightwasbetween2500m
and3000m assuminganaerosolbackscatteralmostzero.This lidar ratio followsmodelcalculations
performedwith theOPAC dataset(Hessetal.,1998)for increasinghumidityat750nmandfor urban
aerosol.All aerosolprofileshave beencalibratedto their valuesin 800 m to reducetemporalfluc-
tuationsof thewholeprofile whenlooking at the increaseof theaerosolbackscatterwith heightand
thereforewith humidity.
All 20calibratedaerosolprofilesbetween800m and1700m andthecorrespondingrelativehumidity
profilesareshown in figure8.34.All aerosolprofilesshow anincreaseof theaerosolbackscatterwith
height,but with a largescatterof thevaluesat upperaltitudes.This canresultfrom horizontaltrans-
porteffectsandfrom aerosolinhomogeneities,alwayspresentin theatmosphere.Verticaltransportis
alsoimportant,becausetheactualsizeof anaerosolparticleat a givenrelative humidity dependson
thehumidity in theareatheparticlecomesfrom. Particlediameteris not auniquefunctionin depen-
denceonrelativehumidity(TangandMunkelwitz, 1993).Additionally, temperaturefluctuationshave
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sity within thePBL. Comparisonshave beenmadewith modelcalculationsusingtheOPAC dataset
(Hessetal., 1998).

beenneglectedwhencalculatingtherelative humidity profilesanda largerspreadof thesevaluesat
1680m dueto thiseffectarevery likely. On theotherhandtheerrorcausedby 1 K temperaturefluc-
tuationsis in theorderof only 5 % in therelative humidity. Entrainmentfrom aerosol-freeair from
thefreetropospheredoesnotplayamajorrolesincetheconsideredhighestaltitudeis well below the
topof theboundarylayerandadditionally“suspicious”profileshavebeensortedout.
An increaseof the aerosolbackscatterwith relative humidity canbe observed for this episode(fig.
8.35)andasecondorderpolynomcanbefittedto theobserveddata.Onegetsremarkablygoodagree-
mentwith the aerosolcompositions“urban” and“continentalpolluted” derived from OPAC. Those
compositionscontaindifferentmixturesof theaerosoltypes“watersoluble”,“insoluble” and“soot”
representingindustrial aerosols. Looking at back trajectoriescalculatedby the GermanWeather
Servicefor Leipzig, onerecognizeslow speedwesterlyflow, thereforeair massesoriginatingfrom
westernGermany, BelgiumandFrance.Themismatchof themeasureddatawith maritimepolluted
aerosolcontainingmainly seasalt is not surprising.A high amountof seasalt leadsto muchhigher
growth of theaerosolswith humidity.
Summarizingit hasbeenfound that the increaseof the aerosolbackscatterwith increasingrelative
humiditycouldbemeasuredusingonly watervapourDIAL data.Theresultsfit verygoodwith model
resultsfrom theOPAC aerosolmodel.Theassumptionsmadefor this casestudyseemto bereason-
ableandintroducenot too large errors. On the otherhand,meteorologicalconditionsunderwhich
sucheffect canbeobservedarerare.Additionalmeasurementsasverticalwind, highly resolvedtem-
peratureprofilesandaerosolnumberdensitymeasurementswouldbeveryusefulto getbetterinsight
in thegrowth of aerosolparticlesunderambientconditions.
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Chapter 9

Summary

by J. Bösenberg

The GermanAerosolLidar Network hasattempted,for the first time worldwide, to establisha cli-
matologicaldataset for the aerosolvertical distribution over several stationsin a quantitative and
coordinatedapproach.
Quantitativeresultshavebeenobtainedby employing advancedlidar methodslikeRamanor scanning
lidar to retrieve profilesof theextinction coefficient directly. Thestandardbackscatterlidar retrieval
with its well known deficiencieshasbeenusedonly to amendthe extinction data,in particularfor
daytimemeasurements,for stratosphericmeasurements,and for the two stationswhich were not
equippedwith Ramanlidar capabilities.To providefor asufficientlyhomogeneousdatasetsubstantial
effort wasput into dataquality assurance.An intercomparisonat systemlevel wasperformedfor 6
of the total of 8 systemsthat have beenusedin this project, and the agreementwas found very
satisfactory. For resultsobtainedwith thesamemethodthedeviationswerelessthanabout10%,and
for differentmethodsthedifferenceswerestill lessthanabout25%. In view of theuncertaintiesof
standardlidar retrievalsthis is anexcellentresult.
The intercomparisonof thebackscatterretrieval algorithmsresultedin somerevisionsof previously
usedprograms.After thatonly neglible differenceswerefound,but only if thesameinputparameters
wereused.Theintercomparisondemonstratedveryclearlythestrongdependenceof its resultson the
choiceof inputparameterswhich areknown for syntheticdataonly, but not for realmeasurements.
At the startof the project it hadbeendecidedto performregularly scheduledmeasurementsto es-
tablisha climatologicaldatasetfor which thebiasdueto therestrictionof observationsby weather
conditionswasminimisedor atleastcouldbeestimatedfrom thenumberof occurranceof unfavorable
conditions. In additionto thesemeasurementsthe systemswereusedto performsomecoordinated
measurementsto studythe largescalebehaviour duringspecificsynopticsituations.Persistenthigh
pressuresystemsandcold front passageswereaddressedspecificallyduring this project. It turned
out thatcoordinatedobservationsof suchfeatureswereratherdifficult becauseof therelatively long
distancesbetweenthestations.Thereforeonly isolatedcasestudieswerepossible.
Other specialobservationsaddressedthe vertical exchangeprocessesin an Alpine valley. It was
clearlydemonstratedthataerosolscanbeusedeffectively asatracerfor theflow patternin acomplex
terrain,andthatlidar masurementsareverysuitableto investigatetheassociatedaerosolpatterns.
It wasalsodemonstratedthat the informationon the vertical distribution of aerosolin connection
with trajectoryanalysiscanbeusedverysuccesfullyto identify thesourcesof specificaerosollayers
thathavebeentransportedto themeasurementsiteoververy long distances.Long rangetransportof
forestfire aerosolfrom Canada,andof desertdustfrom theSaharahavebeenidentifiedsuccessfully.
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Specialattentionwasgivenby twogroupsto studythepossibilitiesof retrievingaerosolmicrophysical
propertiesfrom lidar measurements.This is adelicatetaskbecausethis inversionis severelyill-posed
in amathematicalsense.Theresultof thesestudies,however, is quitepositive. It hasbeenestablished
that throughsophisticatedregularisationalgorithmsthebasicmicrophysicalparameterslike number
concentration,moderadius,andrefractive index canin fact be retrieved from lidar measurements.
Thenecessarysetof measuredinput quantitiesof coursedependson both thedetailedpropertiesof
the aerosolunderstudyand the accuracy of the measuredoptical parameters.It turnedout that a
minimumusefulsetof measurementsfor this kind of retrievalsis thebackscatterat thefundamental
plus the secondand third harmonicsof the Nd:YAG-laserplus, most importantly, true extinction
measurementsat 532and355nm. For futureapplications,wheretruemicrophysicalretrievalsareto
beusedfor aerosolcharacterisationratherthanphenomenologicalvalueslike the”lidar ratio” or the
wavelengthdependenceof backscatter, this seemsto be a feasiblesetof measurementsthat canbe
performedona routinebasis.
Thecombinationof lidar retrievalsof watervaporprofilesandaerosolbackscatterhasbeenusedto
investigatethegrowth of aerosolwith increasingrelativehumidityundertrueatmosphericconditions.
This taskturnedout to bemorecomplicatedthanexpectedbecausehorizontalandvertical transport
processeshave a ratherlarge effect on the observed backscattercoefficient, so that it is difficult to
extractthechangethatis dueto hygroscopicgrowth only. Nevertheless,underspecificconditionsthe
attemptto estimatetheincreasein backscattercoefficient with increasingrelativehumidity hadquite
promisingresults.Theobservedgrowth ratesarein fairly goodagreementwith modelcalculationsif
realisticassumptionsaremadeon theaerosolcomposition.Thelow aerosolloadof thestratosphere
openedthepossibility to studyanthropogenicsourcesin this region. Thereis evidencenow that the
aerosolcontentof thelowestportionof thestratosphereis noticeablyinfluencedby aircraftexhausts.
The GermanAerosol Lidar Network also served to continuethe long time seriesof stratospheric
aerosolprofiling at Garmisch-Partenkirchen.The periodcoveredby themeasurementswascharac-
terisedby a very low level of volcanicaerosolin the stratosphere.Obviously the materialthat had
beeninjectedby previouseruptions,mainly thatof MountPinatuboin 1991,hasbeenremovedin the
meantime,andsmallereruptionsin themeantimedid not inject substantialmassesof aerosolinto the
stratosphere.
However, themaingoalof thenetwork operationswastheestablishmentof a climatologicaldataset.
This taskwasaccomplishedvery succesfully. For four of the stationsthe percentageof succesful
measurementswasabout60 to 65 %, leadingto 1120aerosolprofilesfor theclimatologicaldataset.
Only for theAlpine stationthehit ratewasmuchlower, here125profilescouldbecollectedfor this
purpose.Usingthis dataset,which is worldwideby far thelargestandmostsystematicallycollected
dataseton theaerosolverticaldistribution, differentapproachesweremadeto analysethetemporal
andverticaldistribution. Thederivedproductsinclude:

ø theseasonaldependenceof boundarylayerheights

ø themeanextinctionandbackscatterprofiles

ø themeanopticaldepth,separatelyfor PBL andfreetroposphere

ø theseasonaldependenceof aerosolextinction

ø thestatisticaldistributionof aerosolextinction

ø thedependenceof aerosolopticalpropertieson theairmasshistory

ø thestatisticaldistributionof extinction-to-backscatterratiovalues.
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The latter arevery importantfor future satellitelidar retrievals. Explanationsof the observed vari-
ability wereattemptedusingeithersectoranalysisor clusteranalysis,both basedon the large data
setof coincidingbacktrajectoriesprovided by the GermanWeatherService. It is certainlynot too
surprisingthattheseanalysisattemptsarenot reallyexplainingthevariability to asatisfactoryextent.
Thenumberof factorsinfluencingtheaerosolpropertiesis solargethatasimplegeographicalhistory
of theaerosoltrajectoryis notsufficientto determineits properties.Moresuccescanonly beexpected
whenmodelsareusedthatincludeat leastthemajorfactorsfor aerosolgenerationandmodification.
It wasclearfrom thebeginningthattheratherlimited numberof stationsandtheratherlimited time
framewould not suffice to establisha dataset that would permit to studyall detailsof the aerosol
verticaldistribution. Evenrathersimplestatisticalanalysesincludingseveral factorscontrolling the
variability of aerosolpropertiesvery sooncometo a point wherethe increaseof factorsleadsto a
decreasein numberof casesfor specificcombinationsof controlfactorssothatstatisticalsignificance
canno longerbe maintained. But the conceptand the performanceof the GermanAerosolLidar
Network hasconvincedmany colleaguesin Europethatit is worth contributing to this task.With the
helpof this strongcommunityit waspossibleto obtainsupportfrom theEuropeanCommissionfor a
muchlargerEuropeannetwork, the”EuropeanAerosolResearchLidar Network”, EARLINET, which
now continuesthework thathasbeenstartedin Germany in a muchlarger frame. Now 20 stations
distributedover wholeEurope,including theGermanstations,by andlargefollow themethodology
that hasbeendevelopedwithin the frame of the GermanAerosol Lidar Network. This serves to
provide a much broaderbasisfor statisticalanalyses,and also provides for much broaderspatial
coverageto exploit crosscorrelationsbetweendifferentstationsandto assesstheaerosoldistribution
ona continentalscale.
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Jäger, H., Deshler, T., andHofmann,D. J.(1995).Midlatitudelidar backscatterconversionsbasedon
balloonborneaerosolmeasurements.Geophys.Res.Lett., 22:1729–1732.
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Jäger, H., Mücke, R., andHarris, J. (2000). The stratosphericaerosollayer after the decayof the
Pinatuboperturbation.In Harris,Guirlet,andAmanatidis,editors,Air pollution research report
73,Stratosphericozone1999, pages87–90.EuropeanComission.
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Wulfmeyer, V. andBösenberg, J. (1998). Ground–baseddifferentialabsorptionlidar for waterva-
por profiling: Assessmentof accuracy, resolution,andmeteorologicalapplications.Appl. Opt.,
37:3825–3844.

155


