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Abstract

The GermanAerosolLidar Network hasattemptedfor the first time worldwide, to establisha cli-
matologicaldatasetfor the aerosolvertical distribution over several stationsin a quantitatve and
coordinatedapproachQuantitatve resultshave beenobtainedoy employing advancedidar methods
like Ramanor scannindidar to retrieve profilesof the extinction coeficient directly. To provide for
a sufficiently homogeneoudatasetsubstantiakffort wasputinto dataquality assurancelntercom-
parisonsnvereperformedat both systemandretrieval algorithmlevels. A very satisactoryagreement
betweerthedifferentsystemsvasachieved. A ratherlargedatasetof aerosokxtinctionandbackscat-
ter profileswascollectedusingregularly scheduledneasurementsn predeterminedlaysandtimes
to avoid a biasdueto "preferred” weatherconditionsfor lidar obsenations. A large numberof ad-
ditional measurement&ere devotedto studiesof specialweatherconditions. Theresultsof special
studiesrelatedto the aerosoldistribution associatedavith high pressuresystemsand cold front pas-
sagesrereportedaswell asspecialstudiesonthelongtermdevelopmenbf thestratospheriaerosol
distribution, transporfprocesses) anAlpine valley, andlong rangetransporof aerosol.Theretrieval
of aerosolmicrophysicalpropertiesusing lidar measurementat several wavelengthsis described
mathematicallyandappliedto actualexamples shaving very promisingresults.Severalmethodsor
the statisticalanalysisof the climatologicaldatasetaredevelopedmakinguseof the simultaneously
collecteddatasetof backtrajectoriesProductsof theseanalysesncludethe seasonatiependencef
boundarylayer heights,the meanextinction and backscatteprofiles, the meanoptical depth, sep-
aratelyfor PBL andfree tropospherethe seasonatiependencef aerosolextinction, the statistical
distribution of aerosolextinction andof extinction-to-backscattematio values,andthe dependencef
aerosobpticalpropertieson the airmasshistory.



Chapter 1

Intr oduction

by J. Bosenbeg

The GermanAerosolLidar Network wasestablishedn 1998asa joint projectof six institutessup-
portedby the FederaMinistry of EducationandResearchn the frameof the funding focus”Atmo-
sphericAerosolResearcl{AFS)”. The participatinginstitutionsare(from North to South):

e Leibniz-Institutfir AtmosprarenphysikKuhlungsborr{IAP)

Max-Planck-Institufiir Meteorologie Hamhurg (MP1)

Institut fir Mathematikder Universi&ét Potsdan{IMP )

Institut fur Troposplarenforschund,eipzig (IfT)

Meteorologischeistitut der Ludwig-Maximilians-Uniersi&at, Minchen(MIM )
¢ Fraunhofedinstitut fur AtmosptarischeUmweltforschungGarmisch-Rrtenkircher(IFU)

The obsenational network is establishedby the institutesin Kuihlungsborn,Hamhurg, Leipzig,
Munchen,and Garmisch-Rrtenkirchen.The IMP is involvedin the developmentof algorithmsto

retrieve aerosolmicrophysicalpropertiesrom multispectrallidar measurementdzig. 1.1 showsthe
geographicatlistribution of the measuremerdtations.

Thecentralobjectve of the Germaraerosolidar network is to establisracomprehensie, statistically
significant,andunbiasecclimatologicaldatabaseof the vertical aerosoldistribution over Germaury.

Thisis consideredecessarecause

e Aerosolsplay animportantrole in the climatesystemandaffect menslife in mary ways.

e Theretrieval of the vertical distribution of aerosolis importantto assesshe role of transport
processefor theobsenedaerosoload.

¢ Reliabledataon the vertical distribution of aerosolsaretoo sparseo be representate, even
over regionsthatareusuallywell coveredby ervironmentalobsenations.

e Germalry is asuitableareato characterizéhe naturalandman-madevariability of tropospheric
aerosol.

e An investigationof correlationsbetweeraerosolandmeteorologicaparametersequiredong-
termmeasuremenist selectedsites.



e Lidar methodsare particularly suitedfor establishinga statisticallyrepresentatie dataset of
theaerosolerticaldistribution.

In orderto reachthis objectve the goalsof thejoint projectwere:

e to install a small numberof stationswheresuitablelidar systemsand groupswith sufficient
experiencean their operationfor aerosoretrievalswereavailable

to establisra commonobsenationscheme,

to assesslataquality,

to build acommondatasetof quantitatve aerosoparameteprofiles,

to developmethoddor analysisof aerosokpatialandtemporaldistributions,
¢ toform thecoreof afuturelargernetwork.

Greatemphasisvas put on the requiremento provide quantitatve aerosolproperties,in this case
the aerosolextinction and/orbackscattecoeficientsasa function of height. Specialcarewastaken

to retrieve thesequantitiesunambigouslyfrom the selectionof instrumentsaswell asfrom retrieval

schemes.
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Figurel.1: Thestationsof the GermanAerosolLidar Network.
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It wasclearfrom the beginning thatfive stationswould not be sufiicient to provide full coverageof
the troposphereover Germauy in a statisticallyrepresentatie way. However, the selectionof sta-
tions providedfor the possibilityto characterizeuite differentairmassesndaerosokypes:moreor
lesspristine maritime (Hamhurg and Kuhlungsborn)rural (KiihlungsbornGarmisch),urban(Mu-
nich, Leipzig, Hamhurg), anthropogeniéndustrial (Leipzig), and of coursemary differentmixtures
betweerthe basictypes.Coordinatedneasurementslsoprovidedfor the possibility, atleastin prin-
ciple, to studythetranformationof airmassesvhile they weretranportecover Germayy.

This reportis organizedasfollows: a descriptionof the basicmethodologyof the aerosolretrievals
and the samplingstratayy is followed by a brief descriptionof the instruments. A larger part is
devotedto the quality assuranceboth at the algorithm andthe instrumentlevel. The retrieval of
microphysicaparameterfrom lidar measurements discussedbothfrom a mathematicastandpoint
andfrom practicalapplications.In the main partdifferentapproachesor statisticaldataanalysisfor
the five stationsare presented.This alsoincludesa specialchapteron the useof trajectoriesand
associatealusteranalysis.In additionto the climatologicalmeasurements fairly large numberof
additionalobsenationshave beenperformed,in particularfor high pressureconditions,cold front
passageg,elatedto long rangetransport,and concerningthe vertical transportmechanismsn the
Alps. The Germanlidar network alsoprovided a framefor the continuationof a long time seriesof
stratospheri@erosolmeasurementat Garmisch-Rrtenkirchenthe resultsof thesestudiesarealso
included.



Chapter 2

Methodology

2.1 Lidar methods

by J. Bosenbeg

For the analysisof measurementsken at differenttimesanddifferentlocationsit is very important
thatthemeasurement@requantitatve. Lidar methodsaresuficiently maturenow to provide reliable
andquantitatve aerosolmeasurementsutin orderto comeup with well definedphysicalparameters
it is necessaryo usea combinationof severalmethods.

The basisof ary lidar signal analysisis the lidar equationwhich describeshe recever signal as
a function of atmospheriand systemparameters.The standardorm of the lidar equationfor the
caseof quasimonochromatiemissionjnstantaneouslasticscatteringnegligible multiple scattering
processesandngylible coherencef thebackscatteredignalis

P(,R)=05-Ey-c-A-R2-5(v,R) - B(v,R) - e~2Jo alvmar (2.1)

where P(v, R) is the receved signal power from distanceR, v the wavenumberof the transmitted
light, R the distanceof the scatteringvolumefrom thetransmitter/receker, E;, thetransmittecpbulse
enegy, ¢ the velocity of light, A the active areaof the receving telescoper (v, R) the total system
efficiengy, 3(v, R) thetotal backscattecoeficient at distanceR, and«(v, R) the total atmospheric
extinction coeficient.

2.1.1 Backscatterlidar

For the purposeof inversionof eq. 2.1it is usefulto write it in differentialform

d d

—In(P-R) = —InB - 2a. 2.2
pin(P - R?) = 22inf — 20 (22)
In this equationthe measuredjuantityis P, the distanceR is known, and 5 anda areunknawns. It

is obviousthatthereis no uniquesolutionto this equation.This problemof the standardackscatter
lidar retrieval is usually“solved” by assuminga constantatio betweerbackscatteandextinction,

(6

/8 7
where Sy, is called“lidar ratio”. Thereare numerougpublicationson retrieval algorithmsbasedon
theseequationsthe mostcommonlyusedonesare describedn (Fernald,1984; Klett, 1981;Klett,

S, = (2.3)
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1985;Sasan@ndNakane,1984).In principlethesepublicationsdescribehe samealgorithm,which
will betreatedin detailin section4.1.2. It is worth mentioningthatthis algorithmdoesaccountfor
differentlidar ratiosfor molecularandaerosolscatteringandat leastin principle acceptsa height-
dependendidar ratio. Thecleardisadwantage®f this retrieval are: it requiresa calibrationvalue,i.e.
anabsolutevalueof thebackscattecoeficientataselectedange(calibrationrange);it is numerically
unstablefor integrationbeyondthe calibrationrange;it is sensitve to noisein the signal;it requires
theinput of thelidar ratio, which is a usuallynot well known aerosolproperty Therearenumerous
publicationson the propertiesof thesesolutions,in particularon the sensitvity to the choiceof input
parametersanderror propagation.For an overview see,e.g.,(Bosenbey et al., 1997). It hasto be
emphasizedhat this inversionmethodis not quantitatve becauseof the dependencen the input
of unknavn aerosolparameters However, althoughthe original applicationfor which this method
hadbeendevelopedwastheretrieval of the extinction coeficientin turbid media,it canyield useful
resultsfor backscatteprofilesin cleanareasof the atmosphere.This is mainly true for the upper
tropospherandthe stratosphereandtherealsotheaerosomicrophysicapbarameterareoftenrather
well known, e.g. for sometypesof stratospheri@erosols.Sincethe backscattelidar is rathereasy
to operateandthe signalis at leasta byproductof ary lidar measurementhis methodis usedto a
large extent. It should,however, be statedexplicitly thatin contrastio the backscattecoeficientsthe
extinction coeficientsobtainedthroughthis methodareaccurateonly to thatextentto thatthe lidar
ratio hasbeenguessedFor tropospheri@erosokhis guesss usuallyratherpoor.
Sofarthreemethodshave beendemonstratetb overcomethe limitations of the backscattelidar for
guantitatve retrievals of aerosoloptical parametershigh spectralresolutionlidar, Ramanlidar, and
scannindidar.

Thehigh spectraflesolutionlidar usesxtremelynarrow filtersto separaté¢heaerosofrom themolec-
ular return (Grund and Eloranta,1991). Becauseof the ratherdemandingtechnologyit is imple-
mentedat very few experimentalsitesonly. It is not consideredherebecauseat wasnot usedwithin
thenetwork.

2.1.2 Ramanlidar

Theuseof Ramanscatteringrom nitrogenor oxygenin additionto measuringhe elasticbackscatter
is awell establishedool for determiningthe extinction profile separatelyrom the backscatteprofile
(Ansmannetal., 1992b). While the RamanandHSRL techniquesre equvalentin performanceat
leastin principle, the preferredmethodwithin the network is the combinationof Ramanandelastic
scatteringatoneUV wavelengtharound355nm. Threeof thefive stationshave appliedthistechnique.
Thelidar equationin differentialform for the caseof the Ramanlidar reads

%ln(P ‘R = %ln Br — 2. (2.4)
Again P is the measuredjuantity R is known, the Ramanbackscattercoeficient 55 is generally
known with sufficient accurag asa function of height,andthe extinction coeficient « is the only
unknawn in this equation.Henceit canbe solved uniquely andthe known o providesfor a unique
solutionfor 4 aswell. Thisalsopermitsthedeterminatiorof thelidar ratio, S;,, andmeasuregbrofiles
demonstratéhatthe assumptiorof a constantidar ratio is generallynotjustified.

2.1.3 Scanninglidar

The third possibility to retrieve the extinction profile independentlyis to perform measurementat
two or moredifferentzenithanglessimultaneoushor at leastalternating(Gutkowicz-Krusin, 1993).
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When sufficient temporalaveragingis appliedit may be assumedindermary conditionsthat the
aerosobropertiesarethe samefor bothdirections. Thenthe setof two lidar equationsanbe solved
directly to yield extinction and backscatteprofiles. The correspondinglifferentiallidar equation

reads

iln Loy = T O, (2.5)
dR P, COSPs + COSP1

This methodhasits mainadvantageat longerwavelengthsvhereRamanscatterings too weak. The

disadwantageof courses thathorizontalhomogeneitys required which maybedifficult to prove for

specificapplications.The systemsat Munich andLeipzig arecapableof operatingn this mode.

2.2 Aerosolcharacterisation

The characterisationf the aerosoltype wasintendedin a phenomenologicalvay. The planwasto
usethe wavelengthdependencef the backscattercoeficient, obtainedfrom measurementat ap-
proximately1.06,0.53,and0.35 um, to characterisehe aerosoltype. In the courseof the project
this turnedout to be moredifficult asexpectedbecausen morecomple situationsthe inversionof
the 1.06 um lidar measurements not reliable. On the otherhandit turnedout thatmary success-
ful measurementsf the extinction-to-backscatteratio could be performedandthat this value, the
so-calledidar ratio, is quite characteristidor thetype of aerosol.Hencefor statisticalinvestigations
this quantity seemso be preferableover the wavelengthdependec®f the backscattercoeficient.
Both quantitieshave actuallybeenused. The bestcharacterisationf aerosolof courseis presented
by its microphysicalparameterse.g. numberconcentrationmassdensity surfacedensity modera-
dius, refractve index, etc. Becausdhe methodsto derive thesequantitiesfrom lidar measurements
have not beenavailablein the beginning but ratherbeendevelopedwithin the frame of this project,
suchevaluationswerelimited to a few examplesonly. No sufficient datasetto performa solid sta-
tistical analysiscould be collected. This wasalsodueto the factthat mostlidar systemswere not
capableof providing the necessarynput profiles,at leastnot during routineoperation.However, the
resultsof the microphysicalretrieval studiesindicatethatin principle a microphysicalratherthana
phenomenologicatharacterisatiors possible.

2.3 Sampling strategy

The Germanaerosollidar network was madeup by 5 stationsthat have not beenchosenfrom first
principlesin view of optimum location with respectto areal coverage,but ratherbecauseof the
existenceof suitablelidar systemsandgroupsthathave sufficient experiencean tropospheriaerosol
research. While the density of the network is certainly not sufficient to claim that the region of
Germauy is well covered thelocationsarerepresentate for differentimportanttypesof aerosolghat
arelikely to occurover Germary. Hamhurg andKtihlungsborrarelocatedwell in thenorthwith clear
maritime influence,Leipzig is locatedin EastGermaiys industrialisedregion, Munich is an urban
areain thesouth,andGarmisch-Rrtenkirchens analpinestationwith strongorographicallyinduced
flow patterns.Theaerosokypesthatoccuroverthesestationsmay be consideredjuite representatie
for themostcommonaerosoltypesthatoccurover Germaly asawhole.

It is alsoimportantto note that measurementare performedundera broadrangeof atmospheric
conditions. One of the importantadvantage<f lidar over passve remotesensingmethodsis that
it canyield reliableresultsevenin caseof the presencef complex cloud fields thatarevariablein
heightandhorizontalextension.In orderto avoid any biasin theresultsdueto selectionof specific
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conditionsfor themeasurementshe climatologicaldatasethasbeencollectedon aregularschedule
on preselectedlates,regardlessof weatherconditions. If weatherconditionsdid not permit lidar
operatiorduringtheschedulegberiod,e.g.dueto rain or fog, thisfactis notedin thedatarecord,thus
providing alsoa statisticsof occasionsvhenaerosolgio not play a majorrole for mostatmospheric
processes.

With respecto thefrequeng of measuremenia compromisebetweerrequirementgor goodcover-
ageandlimitationsof resource$iadto befound. Initially it wasdecidedo make 2 measurementser
week,MondayandThursdayaround13 UT, whentheboundarylayerusuallyis well developed plus
onemeasuremergachMondayat or aftersunseto permitthe useof Ramanlidar for bestextinction
measurementslhe exacttime for the sunseimeasuremenvasnot considered/ery important,since
previous obsenationshad shovn that no fastchangesn the boundarylayer structureoccur at this
time of theday It is moreor lessthe periodwhencornvective mixing hasdied out andthe residual
layerhasformedwith relatively smalldynamicchanges.

In the courseof the projectit becamevery clearthat the Ramanmeasurementgould becomethe
backboneof the dataset. Henceit wasdecidedto add anothersunsetmeasurement® the regular
schedulepnamelyThursdayevening,andeventuallydropthe measuremerdt Thursdaynoon.
Althoughthis schedulanaylook not very intenseit turnedout thatthe performanceof theseregular
measurementw/as a ratherheary burdenfor the groups. It also turnedout that even this rather
modestschedulavassufiicientto increasdhestatisticaldatabasedramatically In factthis collection
of measurementprovide for the first time a suitabledatabasefor statisticalstudiesof the vertical
distribution of aerosolon aregionalscale.

12



Chapter 3

Systemdescriptions

3.1 Max-Planck-Institut fir Meteorologie,Hamburg

Theaerosolidar systemof the MPI fir Meteorologieis basedn a XeF excimerlaseremittingat 351
nm. Thelaserbeamis expandedhreetimesandemittedvertically into theatmosphere.
Equippedwith two receving telescopeshe heightrangecoveredwith aerosobackscattemeasure-
mentsis from ca.300m to 10000m. Measurementsf the Ramanbackscatteon atmospheriaitro-
genat382nm areusedto determineanaerosokxtinction profile. Thesemeasuremenirelimited to
darknes®ecausé¢oo high countingratesfrom the solarbackgroundsaturatehe detectorsat daytime.
TheRamanmmeasurementllow theindependentieterminatiorof aerosokextinction andbackscatter
profilesin altitudesbetweerca.500m and5000m.

For both detectionwavelengthsphotomultipliertubes(PMT) from ThornEMI areusedasdetectors.
TheRamanchanneis equippedwith a speciallyfor photoncountingpurposesiesigned®MT with a
small cathodeto reducedark counts.Elasticbackscatteredignalsaredetectedn analogmodewith
12 bit analog-digital-comerters(ADC) with atypical resolutionof 15m and10s. The photoncount-
ing systemusedfor the Ramanchannehasa heightresolutionof 30 m anda typical time resolution
of 30s. Themeasuredieadtime of thereceving detectorandthefollowing electronicss in theorder
of 8-11ns,leadingto maximumusedcountingratesof ca. 20 MHz.

Thewholesystemis built in a standard0 feetcontainerandcanbetransportedy truck. It hasbeen
usedfor routinemeasurementat Hamhurg within the GermanLidar Network andfor the LACE 98
field campaigmat Lindenbeg. Detailedinformationcanbefoundin table3.1.

During LACE 98 the systemhasalsobeenusedfor daytimeaerosolidar measurements the solar
blind regionat268nm. Thisis possiblebecauséhesystencaneasilybechangedo acombinedzone
DIAL/UV Ramanlidar. For this purposethe emittedwavelengthof the excimerlaseris changedo
248 nm, which canbe donein a few hours. Additional wavelengthsat 268 nm, 292 nm and 320
nm are generatedy stimulatedRamanscatteringin deuteriumat 40 bar Ramanscatteringfrom
atmospheriaitrogencanbe detectecat 286 nm (emittedwavelength268 nm) and 306 nm (emitted
wavelength292 nm). Both measurementsave to be correctedfor ozonewhich canbe donewith
the simultaneouslyneasureazoneprofile. Thereforerangeandaccurag of thesemeasurements
limited in comparisorio thenighttimemeasurementst 382nm. Thesemeasurementsave only been
performedduringthe LACE campaign.For moredetailsaboutthe MPI aerosolliidar see(Matthias,
2000).

SinceJuly 2000theMPI operates new aerosolidar basednathreewavelengthdlashlamppumped
Nd:YAG laser Regular measurementwith this systemstartedin November2000within the frame
of theEARLINET project.
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Station
Contractor MPI fur Meteorologie
Location Hamhurg
Coordinates 53.568N, 9.973E
Emitter
Lasertype XeF Excimer LambdaPhysikEMG 201
Emittedwavelength 351nm
Typ. enegy 50mJ
Repetitionrate(typ.) 10Hz
Beamexpansion 3x
Beamdivergence < 0.2mrad
Receving Optics
Telescopd Telescop&
Diameter 400mm 150mm
Focallength 1400mm 450mm
Field stop 1.25mmquartzfibre
Manufacturer MPI | MPI
Scanningcapability no
Zenithangle 0
Beam/®lescopéConfiguration| biaxial
Wavelengthseparation beamsplitter
Detectors
Elasticchannels
Wavelength 351nm
Detector PMT, EMI 9883QB
Preamplifier FEMTO HCA-S
Filter bandwidth 10 nminterferencdilter
Ramanchannels
Wavelength 382nm
Detector PMT, EMI 9893QB 350
Discrminator Phillips Scientific6904
Dataacquisitionmode 700MHz photoncounting,OptechFDC700M
Filter bandwidth 1.5nm
Data acquisition
Elastic Raman
Acquisitionsystem 12bitanalog | 700MHz photoncounting
Manufacturer PENTEK/MPI | Optech
Rangeresolution(raw) 15m 30m
Timeresolutionanal. (raw) 10s 30s
Continuousacquisition yes yes
Surrounding
Transportablesystem yes
Size ca.2.5m x 2.5m x 6.0m (Container)
Weight ca.8tons

Table3.1: TheMPI aerosolidar system:detailedtechnicalinformationon the configuratiorusedfor
routinemeasurementsithin the GermanLidar Network.
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3.2 Leibniz-Institute of Atmospheric Physics,K Gihlungsbomn

The Leibniz-Instituteof AtmosphericPhysics(IAP) usesa Nd:YAG lasersystem(SpectraPhysics
GCR 290) emitting at the fundamental1064 nm) andthe first and secondharmonic(532 and 355
nm). Detectedsignalsincludethe threeemittedwavelengthplus the nitrogenRamanshiftedreturn
signalsat 607 and387 nm. Additionally, the verticaldepolarizedeturnsignalat532 nm s detected.
All signalsaredetectedwith 50 m vertical resolution. The recever site consistsof two telescopes
(50 cm diametereach)of which thefirst is mountedcoaxiallyto laserbeamandis usedfor detection
of the355nm, 532nm, 1064 nm, andthe 607 nm Ramansignal. Full geometricoverlapis reached
at 1000m, approximately The seconds mountedoff-axis andis usedfor the 387 nm andthe de-
polarizedsignal. Here, full geometricoverlapis reachedonly at 2000m. The systemis locatedat
KuhlungsbornGermaliy (54°07’ N, 11°46’ E), in a rural environmentnearthe shoreof the Baltic
Seaandis in operatiorsinceJunel997(Alpersetal., 1999).In thedetectiorbranchthewavelengths
areseperatedby dichroicbeamsplitters filtered usinginterferencdilters (Barr Associateslnc.), and
detectedy photomultipliertubes.Thetechnicaldataof the systemaresummarizedn thefollowing
table.

Station
Contractor Leibniz-Institutfur Atmosprarenphysik
Location Kuhlungsborn
Coordinates 54°07'N, 11°46’E

Emitter
Lasertype Nd:YAG, SpectraPhysicsGCR 290
Emittedwavelength 1064,532,355nm
Typ. enegy 500,400,200mJ
Repetitionrate(typ.) 30Hz
Beamexpansion 10x
Beamdivergence < 0.2mrad

Receving Optics

Telescopel | Telescope?
Diameter 500mm 500mm
Focallength 1200mm 1200mm
Field stop 1 mm quartzfibre
Manufacturer LFM (Laboratoryfor PrecisionMachining),University of Bremen
Scanningcapability no
Zenithangle 0
Beam/ElescopeConfiguration| coaxial biaxial
Polarizatiorfilter optional optional
Wavelengthseparation beamsplitter
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Detectors

Elasticchannels

Wavelength 354.7nm

Detector PMT, Hamamats4220P(selected)
Preamplifier SMT MEA15-30SF-V5D

Filter bandwidth 0.92nm interferencdilter
Wavelength 532.1nm (Telescopd)

Detector PMT, Hamamats4632P(selected)
Preamplifier SMT MEA15-30SF-V5D

Filter bandwidth 0.35nminterferencdilter
Wavelength 532.1nm (Telescope)

Detector PMT, Hamamats4632P(selected)
Preamplifier SMT MEA15-30SF-V5D

Filter bandwidth 0.36nminterferencdilter
Wavelength 1064.1nm

Detector PMT, HamamatsirR3236(selected)cooled
Preamplifier EG&G VT120

Filter bandwidth

1.0nminterferencdilter

Ramanchannels

Wavelength 386.7nm

Detector PMT, Hamamats4220P(selected)
Preamplifier SMT MEA15-30SF-V5D

Filter bandwidth 1.0nminterferencdilter
Wavelength 607.4nm

Detector PMT, Hamamats4632P(selected)
Preamplifier SMT MEA15-30SF-V5D

Filter bandwidth

0.36nminterferencdilter

Data acquisition

Acquisitionsystem

100MHz photoncounting

Manufacturer

JoegerEnterprisesinc., Model S3

Rangeresolution(raw)

50m

Time resolutionanal. (raw)

85s,33s,133s(typical)

Continuousacquisition yes
Surrounding
Transportablesystem \ no

Table3.2: ThelAP aerosolidar system:detailedtechnicalinformation
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3.3 Institut fir Tropospharenforschung,Leipzig

ThetransportabléfT multiwavelengthlidar wasusedfor the intercomparisormeasurementguring
LACE 98. The generalsetupof the systemis shovn in Fig. 3.1. The systemis describedn detailin

(Althausenet al., 2000). Two Nd:YAG andtwo dye lasersemit laserpulsessimultaneoushat 355,
400,532,710,800,and1064nm with arepetitionrateof 30 Hz. All six laserbeamsareco-aligned
onto oneopticalaxiswith polarizinganddichroicmirrors. A lenstelescopexpandsthe laserbeam
tenfold, beforeit is emittedinto the atmosphereA scanningunit allows measurementsnderzenith
anglesrom —9(° to +90°.

beam combiner

A
avas 1/

dye

A
avas

dye

beam separator beam
with detectors & expander

(=¥

Cassegrain telescope

inside container || outside container

Figure3.1: Schematioziew of the IfT multiwavelengthlidar (from (Althausenetal., 2000)).

Thebackscattesignalsarecollectedwith a0.53-mCassgraintelescopeseparatedccordingo their
wavelength,and detectedoy photomultipliers. In eleven channelghe elasticbackscattesignalsat
the six emittedwavelengthsthe cross-polarizedignalat 710 nm, andthe Ramansignalsof nitrogen
at 387 and607 nm and of watervaporat 660 nm are detected. Signalsare selectedwith dichroic
andpolarizingbeamsplitterand narrav-bandinterferencdfilters. Photomultipliertubes(PMT) are
usedasdetectoratall wavelengths Whereador theelasticbackscattesignals(exceptat355nm)the
analogPMT outputis digitized (12 bit, 10 MHz) andstored theRamarsignals theelasticbackscatter
signalat 355 nm, and part of the elasticbackscattesignal at 532 nm are detectedn the photon-
countingmode.PMTs, discriminatorsandphotoncountersoperateat 300 MHz. Ramansignalscan
be measuredat nighttime only. Table 3.3 summarizeghe parametersleterminedirom the eleven
backscattesignalsof the IfT multiwavelengthlidar.

Table3.3: Datadeterminedvith the IfT multiwavelengthlidar.
| Parameter | Wavelengthnm| Day [Night| Parameter | Wavelengthnm| Day |[Night|

1064 X X Extinction 532 X

800 X X Coeficient 355 X
Backscatter 710 X X || Depolarization 710 X X
Coeficient 532 X X Ratio

400 X X WaterVapor X

355 X X Mixing Ratio
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Station

System multi-wavelengthaerosoRamanidar
Contractor Institutefor TropospheridResearch
Location Leipzig (51.35N, 12.43E); Lindenbeg (52.22N; 14.12E)
Emitter
Lasertypes 2 Nd:YAG, SpectraPhysicsGCR5-30
2 Dye, LambdaPhysikLPD 3002
Emittedwavelengths | 1064nm | 532nm 355nm 800nm 710nm 400nm
Typ. enegy 500mJ 250mJ 80mJ 3mJ 10mJ 1.5mJ
Repetitionrate 30Hz
Beamexpansion 10-fold
Beamdivergence < 0.1mrad
Receving Optics
Telescope Cassgrain
Diameter 0.53m
Effective focallength | 2.973m
Field stop 1-17.5mm
Manufacturer Carl ZeissJenaGmbH
Scanningcapability yes
Zenithangle —90° to +-90°
Beam/telescopeonfig. | coaxial
Wavelengthseparation| beamsplitters,interferencdilters
Detectors
Elasticchannelsanalog
Wavelengths 1064nm [ 800nm | 710nm|| | 710nmL | 532nm | 400nm
DetectordPMT) Hamama- Hamamatsu EMI EMI
tSuR632 R2228 9817QB | 92140QB
Filter bandwidth 5.0nm 0.42nm | 0.40nm | 0.37nm | 1.1nm 0.33nm

Elasticchannelsphotoncounting

Wavelengths 532nm 355nm
DetectordPMT) EMI 9893A/350 HamamatsiR5600P-03
Filter bandwidth 5.0nm 0.35nm

Ramanchannels

Wavelengths 660nm (watervapor) \ 607nm (nitrogen) 387nm (nitrogen)
DetectorPMT) EMI 9893A/350 HamamatsiR5600P
Filter bandwidth 3.0nm | 3.0nm 2.8nm
Data acquisition
analog photoncounting

Discriminator

Phillips Scientific,

Octal300MHz, NIM model708

Acquisitionsystem

12 bit analog-digitakorverter

300MHz multichannekcaler

Manufacturer Intelligentinstrumentation MEDAV GmbH
Rangeresolution(raw) | 15m 60m (typical)
Timeresolution(raw) | 30s (typical) 30s (typical)
Continuousacquisition | yes yes

Surrounding

Transportablesystem

yes(2 standardcontainersca.12tons)

Additional instruments

sunphotometerVaisalaradiosonde

Table3.4: ThelfT multiwavelengthlidar.
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TheaerosoRamarlidar (ARL) is usedfor theregularmeasurementsf thelidar network project. The

Ramanlidar was primarily designedor performinglong-termstudiesof optical aerosolproperties
in the boundarylayer, the free troposphereand, the stratospheréMattis et al., 2001). The non-

transportablesystemis installedin a laboratoryunderthe roof of the institute building, which is

locatednearthe centerof Leipzig. This lidar siteis situatedin a highly industrializedregion, where
brown-coalmining andlarge power plantsarestrongaerosokources.

Beam Figure 3.2 illustratesthe generalsetupof the Ra-

MJ 1064532, 365 nm A et . man lidar. A seeded\d:YAG laseremits pulses
. with an overall power of about1.2J. An eight-

_ vEney P fold lensebeamexpandereduceshedivergenceo

lessthan0.1mrad. The backscatteretight is col-

[ lectedwith a 1-m Cassgrain telescope.Within a

M 9-Channel Beam Separation Unit 9-channetecevertheelasticallybackscattereslig-

1 I nalsandtheRamarsignalsof nitrogenandof water

L ’ Data Acquisition vapor are separatedy the useof dichroic beam-

splittersand interferencefilters. A polarizerdis-
criminatesthe parallel- and cross-polarizedcom-
Figure3.2: Schematiwiew of thedual-wavelength ponentsof the 532-nm backscatterisignal. Two
aerosolRamanlidar. P, L, M, F, and A indicate purerotationalRamansignalsareseparatedvith a
a prism, a lens, mirrors, the field stop, which de- double-gratingnonochromator Thesesignalsare
terminesthe recever field of view, andachromatic usedto determinetemperatureoprofiles by means
lensesrespectiely. of the purerotationalRamantechnique(Arshinov
etal., 1983,). Theoptical aerosolpropertiesand meteorologicablatalistedin Table 3.5 canbe de-
rivedfrom the 9 measuredaignals.

In a co-operationwith the Institute for AtmosphericOptics of the SiberianBranchof the Russian
Academyof Sciencest Tomsk,Russiathetransmissiormpropertiesandthe backgroundsuppression
of thedouble-gratingnonochromatoweresteadilyimproved(Arshinov andBobrovnikov, 1999;Ar-
shinor etal., 2001,).

1 m Telescope

AerosolProperties MeteorologicaData
Parameter | Wavelengthnm | Day [Night Parameter | Day |Night
Backscatter 15%624 ))z i WaterVapor «
Coeficient 355 « « Mixing Ratio
Extinction 532 x) X
. Temperature X

Coeficient 355 x) X P

Depolar_lzatlon 532 X X Relqtye X

Ratio Humidity

Table3.5: Dataprovided by the Ramanlidar. Datain parenthesearedeterminedn thelower tropo-
sphereonly.
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Station

System multi-wavelengthsaerosoRamanlidar
Contractor Institutefor TropospheridRkesearch
Location Leipzig
Coordinates 51.35N, 12.43E
Emitter
Lasertype Nd:YAG, SpectraPhysicsGCR-290-30
Seeder SpectraPhysicsCE GCR/PRD
Emittedwavelengths 1064nm 532nm 355nm
Typ. enegy 450mJ 450mJ 450mJ
Repetitionrate 30Hz
Beamexpansion 8x
Beamdivergence < 0.1mrad
Receving Optics
Telescope Cassgrain
Diameter Im
Effective focallength 10m
Field stop 1-1.8mm
Manufacturer Carl ZeissJenaGmbH
Scanningcapability no
Zenithangle 0
Beam/ElescopeConfiguration| coaxial
Wavelengthseparation beamsplitters,interferencsdilters
Detectors
Elasticchannels
Wavelengths 355nm 532nm (parallel) 1064nm
532nm (cross)
DetectordPMT) EMI 9893Q/350B| EMI 9893Q/350A HamamatsiR3236

Filter bandwidth

5-nminterferencdilter

VibrationalRamanchannels

Wavelengths

387nm (nitrogen) \ 408nm (watervapor) \ 607nm (nitrogen)

DetectorgPMT)

EMI 9893Q/350A

Filter bandwidth

3-nminterferencdilter

PurerotationalRamanchannels

Wavelengths

530.3+ 533.7nm | 529.0+535.0nm

DetectordPMT)

EMI 9893Q/350B

Filter bandwidth

0.63-nmdouble-gratingnonochromator

Data acquisition

Discrminator

Phillips Scientific,Octal300MHz, NIM model708

Acquisitionsystem

300MHz photoncounting(Purana)

Manufacturer

MEDAV Digitale SignalerarbeitungsmbH

Rangeresolution(raw) 60m
Time resolution(raw) 30s
Continuousacquisition yes

Surrounding
Transportablesystem no

Additional instruments

sunphotometefroutinemeasurements)

Vaisalaradiosonde

Table3.6: ThelfT aerosoRamanlidar.
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3.4 Ludwig-Maximilians-Uni versitat, Meteorologischesinstitut,
MUnchen

Thelidar systemwhichhasbeenconstructedy SensorlalismbHin 1993/94 passedhroughseveral
changesincethen.

At the beginning of AFS, the system(seeTable) agreedwith the original specificationgWiegner
et al., 1995)with someminor modifications,e.g. the implementationof ditheringin front of the
AD-corvertersto improve thesignaldynamicrangein absencef sufficientdetectorandpreamplifier
noise. The specialfeatureof the original setupwasthe digital optical fiber connectionbetweenthe
dataacquisitionfront-end(AD-converters)andcontrolelectronicswhich wasassemble@sa part of
thescanningsystemto the controllinganddatastoringcomputer Thus,electromagnetimterference
from externalsourcesnto the signalpathwereminimal.

The first major changewasthe movementof the lidar site from the laboratoryin the Barbarastralie
in Munich (altitude510m) to thelaboratoryon theroof of Meteorologicalnstitutein the Theresien-
stra3qaltitude539m) in Januaryl998.Now it waspossibleto performscanningneasurementsver
awiderange.

Unfortunatelythemicroprocessaunit of thedataacquisitionandsystencontrolwasdamagedluring
LACE98in August98dueto overheatingcausedy excessambientemperaturesThis defectwasnot
repairableandanimmediatetemporarysolutionto finish thecampaigrwasthebasisfor asubsequent
completerenovationof thedataacquisitionandthe scanningelectronicsystem.

A TektronixTDS510eoscilloscopavasusedfor dataacquisition(8 bit, 50 MS/s). Themanualkontrol
of the dataacquisitionandstoragewasreplacedn Janauryl999by automaticcomputercontrol via
GPIB, andsimultaneouslyhemanualscanningvasreplacedy computercontrolledscanningria the
original opticalfiber link, which still worked with somebypassesThe control softwarewaswritten
in QuickBasicandBorlandC; thePCwasrepalcedy a133MHz Pentium.

Themajordravbackof this systemwasanincreasedensitvity to externalelectromagneticadiation
dueto thelongelectriccabledor theanalogsignalsandsomeunaroidablegroundloopspartly caused
by the necessarynodificationsof the system,partly inherentin the original system.Our investiga-
tionsin 1999thereforefocusedon a nen conceptfor animproved groundingschemeof the system.
At the sametime we extensvely testedseveraltransientrecordersandvariousconceptdor the con-
trol andscanningelectronics.As aresult,a 12 Bit transientrecorderPC-cardPCl.412by Spectrum
GmbH(http://ww. spec. de/ i ndex _e. ht n) with asamplingrateof 40 MS/shasbeenin-
tegratedin January2000andthe modularscanningandcontrolelectronicsystemmadeby JetterAG
(PROCESSPLCNANO-B,http://ww. j etter.de/ gb/ mai n/ i ndex2. ht m hasbeenas-
sembledshortly after The controlling andanalysissoftware hasbeenrederelopedin Visual Basic.
Thefinal systemspecsarealsosummarizedn the Table.
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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, ContinuumSurelitell

Emittedwavelengths:
Typ. pulseenenqy:
Repetitionrate:
beamdivemence:
Telescope:
focallength:

diameter:

field of view:

1. ChanneMWavelength:
. ChanneDetector:

. ChanneWavelength:
. ChanneDetector:

. ChanneWavelength:
. ChanneDetector:

WWWNDNDNPRFP PR

Dataacquisitionsystem:

Numberof analogchannels:

Dataacquisitionmode:
Samplingrate:
Rangeresolution(raw):
Scanningcapability:
azimuthrange:
elevationrange:
Altitude range(typ.):
Timeresolution(raw):
continuousacquisition:

PC:
Programmindanguage:

. ChanneFilter bandwidth:

. ChanneFilter bandwidth:

. ChanneFilter bandwidth:

355nm,532nm, 1064nm
175mJ,50mJ,175mJ
10Hz
0.6 mradfwhm
Cassgrain
940mm
301mm
1to 8 mradfull width
355nm
PMT, Hamamatsur5600
1.0nminterferencdilter
532nm
PMT, Hamamatsur5600
1.1 nminterferencdilter
1064nm
PIN
2.7 nminterferencdilter
Sensorlaltustommade \SpectrurrPCI.412

4
8 bit analog 12 bit analog
30MS/s 40MS/s
5m 3.75m

yes,automatic

-175 to +175deg
-5° to +95°
250m-5000m
0.1s

yes,up to RAM size,sin- | yes,singleshot
gle shot
486/ 66 MHz Pentium/ 250 MHz
BorlandC VisualBasic,Fortran90

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

Four of theIFU lidar systemdhave beenoperatedvithin the aerosolidar network:

1. TheNDSClidar (532nm)for thestratosphericoutinemeasurementndroutinemeasurements
in theuppertropospherégseeTable3.8)

2. The mobile three-vavelengthlidar for tropospheriaoutine measurementg355 nm, 532 nm,
1064nm; seeTable3.9)

3. Thestationarytropospheri@zonelidar (277nm,292nm, 313nm) for specialtransportstudies

4. Themobileeyesafeaerosolidar (1560nm); systemupgradingandtestingonly

The stratospherididar was originally built by Impulsphysik(Hamhurg) in 1973 and was initially
basedon aruby laserasthelight source.The systemwascompletelyrekuilt in 1990andthe follow-
ing yearsfor high-resolutiorstudiesof contrails(Freudenthaleetal., 1994). High-precisionangular
scanningwasimplementedor this purpose.A Nd:YAG laserreplacedthe ruby laser The strato-
sphericmeasuremeni@recarriedout exclusively duringnighttimeto eliminatebackgroundadiation.
Thethree-vavelengthlidar wasbuilt by Impulsphysikin 1978andupgradedn thelate 1980s.Since
this time a small single-stageNd: YAG laseris usedin the transmittersection. This systemhasbeen
appliedin numeroudield campaignge.g., (Bissonnett@andHutt, 1994;KunzandTrickl, 1996;Car
nuth andTrickl, 2000)). Within this projectthe plasticscover of the rearsectionof the lidar trailer
wasreplacedoy a stablecover madeof aluminiumwhich canbe openedoy simpleshifting. In addi-
tion, therecever optics,detectiorelectronicshave beenreplacedstepby stepby provencomponents
developedfor theIFU ozonelidar systems.

The ozonelidar (Eiseleand Trickl, 1997)wasusedfor routine measurementwithin the VOTALP
projecttill Februaryl998. After this, mostly dueto majordamagesthe soundinghadto bereduced
to about100 peryear Theresultsobtainedmay serne asan extensionof the measurementwith the
aerosolidarsfor someepisode®f interest.

The eyesafelidar (Carnuthand Trickl, 1994)wasoptimizedin 1999. The Raman-shiftedNd: YAG
lasersourcewasfurtherimprovedto yield about270mJat 1560nm which correspond$o a unprece-
dentedcorversionefficiengy in deuteriumof 33%. A residualmagnetidnterferencenbseredduring
the 1997 Sylt field campaigrcouldbe eliminated.However, the plannedsimultaneousneasurements
with thethree-vavelengthlidar werecancelleddueto staf limitations.
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Station

Contractor Fraunhofetinstitut fiir
AtmosplarischeUmweltforschung

Location Garmisch-Rrtenkirchen

Coordinates 47.476N, 11.063E, 730m a.s.l.
Emitter

Lasertype QuantaRayzCR-4,Nd:YAG

Emittedwavelength 1064nm

Additional wavelengthqby H/G)

355nm,532nm

Typ. enegy

550mJ(532nm),280mJ(355nm)

Repetitionrate 10Hz
Beamexpansion no
Beamdivergence < 0.5 mrad
Receving Optics

Diameter 520mm
Focallength 4076mm
Divergence 2.5mrad
Manufacturer ImpulsphysikGmbH (andself)
Scanningcapability yes(high precision,computercontrolled)
Zenithangle 0...90 deg.
Azimuthangle —90 deg. .. +90 deg.
Beam/ElescopeConfiguration | biaxial
Wavelengthseparation beamsplitter

Detectors

Analog
Wavelengths 355nm,532nm (2 depolarizatiorchannels)
Detectors EMI 9128Aphotomultipliertubes
Preamplifier AnalogModules

Filter bandwidth

1 nminterferencdilters

Photoncounting

Wavelength

532nm

Detector

EMI D341/350

Discriminator

2-channeFAST 200MHz

Filter bandwidth

1nm...3nminterferencdilter

Data acquisition

Analog Photoncounting
Acquisitionsystem TR4012 bit/40MHz | 200MHz
Manufacturer FAST ComTec FAST ComTec
Rangeresolution(raw) 15m 75 mtypical
Continuousacquisition no no

Surrounding

Transportablesystem yes
Size 2.5m x 2.9 m x 6.0 m (container)
Weight about7 tons

Table3.8: T

heNDSClidar atIFU
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Station

Contractor Fraunhofedinstitut fur
AtmosplarischeUmweltforschung
Location Garmisch-Rrtenkirchen

Coordinates

47.476N, 11.063E, 730m a.s.l.

Emitter

Lasertype

QuantaRaypCR-11,Nd:YAG

Emittedwavelength

1064nm

Additional wavelengthgby H/G)

355nm,532nm

Typ. enegy (total) 400mJ
Repetitionrate 10Hz
Beamexpansion no
Beamdivergence ~ 1 mrad

Receving Optics

Diameter 300mm

Focallength 2300mm

Field stop 3 mmiris diaphragm
Manufacturer ImpulsphysikGmbH
Scanningcapability yes

Zenithangle 0...90 deg.
Azimuth angle —90 deg. .. +90 deg.
Beam/ElescopeConfiguration | biaxial

Wavelengthseparation

beamsplitter

Detectors

355nm,532nm

Detector EMI 5816photomultipliertube

Preamplifier DSP1020differentialamplifier

Filter bandwidth 1 nminterferencdilters
1064nm

Detector photodiode

Preamplifier DSP1020differentialamplifier

Filter bandwidth

1 nminterferencdilter

Data

acquisition

Acquisitionsystem

DSP2012S12bit/10 MHz analog

Manufacturer

DSPTechnologylInc.

Rangeresolution(raw) 15m
Continuousacquisition no
Surrounding
Transportablesystem yes
Size about2.0 m x 2.0 m x 7.0 m (trailer)
Weight about2.5tons

Table3.9: Themobile

IFU three-vavelengthlidar
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Chapter 4

Quality assurance

For the purposeof usingdatafrom differentstationsn joint studies andfor thereliability of thedata
baseasawholeit is importantthatthe dataquality is checled independentlfrom the efforts of the

individual groups. Data quality dependsn systemhardware aswell asevaluationsoftware. Tests
have beenperformedfor both areasseparatelyandfor overall performance Thesewill be described
in detailin thefollowing two sections.

4.1 Algorithm intercomparison

by C. Bockmannand U. Wandinger

Besideghe systemintercomparisorfseeSec.4.2), a basicexerciseto assurehe quality of network
measurements the comparisorof the algorithmsusedto calculatethe optical parametergérom the
lidar signals.Especially the determinatiorof the particlebackscattecoeficientfrom a singleelastic
backscattesignalhasto be proven. Thegeneralproblemof the methodto determinea quantityfrom
a signal,which is influencedby two unknavns, may leadto differencesetweensolutionsobtained
from differentalgorithms. Therefore,an intercomparisorof algorithmsappliedby differentlidar
groupsfor retrieving the particlebackscattecoeficient profile wasorganizedaspartof the German
Lidar Network. Using their individual algorithmsall participatinggroupsprocessedour setsof
syntheticlidar data. The goal andthe procedureof the simulationstudyis briefly describedn the
next section.After ashortdescriptionof the Klett-Fernald-Sasanmethod(Klett, 1981;Klett, 1985;
Fernald,1984; Sasancet al., 1985),detailsof theindividual algorithmsof eachgroupare presented
in Sec.4.1.2.Finally theresultsof theintercomparisorstudyarediscussed.

4.1.1 Datasimulation and evaluation procedure

Syntheticlidar signalswereusedfor the algorithmintercomparisonlin this way, the numericalcor-
rectnessandaccurag of the algorithmsaswell asthe experienceof the groupsandthe limits of the
methoditself could be testedfor exampleswith differentdegreeof difficulty. The syntheticlidar
signalswerecalculatedwith the IfT lidar simulationmodel! This softwarepermitsoneto simulate
andto evaluateelasticallyandinelasticallybackscatteretidar signalsof arbitrarywavelengthsn de-
pendenceon a variety of systemparametergor a variablemodelatmospherevith arbitraryaerosol

The simulationswere performedby a persorwho wasnot involvedin the evaluationof thesedatafor the intercom-
parisonstudyandthe input datawerenotknown to otherpersons.
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andcloudlayers.Sky backgroundbackgroundoise,andsignalnoiseareconsideredswell. Atmo-
sphericnput parameterareprofilesof temperatur@ndpressureo calculateRayleighscatteringand
profilesof extinction coeficientsandlidar ratiosfor the simulationof aerosolandcloudlayers.

For thealgorithmintercomparisoffiour differentdatasetsof elastichackscattesignalsatwavelengths
of 355,532,and1064nm weresimulated.A US standarcatmospherg¢United StatesCommitteeon
Extensionto the StandardAtmosphere,1976) with a ground pressureof 1013 hPa and a ground
temperaturef 0 °C, atropopausdeightof 12.0km, andisothermalonditionsabose wereassumed.
Thesignalprofilesweresimulatedwithout signalnoisein cased and2 andwith signalnoisein cases
3and4. An incompleteoverlapof laserbeamandreceverfield of view belov 250m wasintroduced.
Typical systemparameterglaser power, telescopediameter etc.) were usedfor the calculations.
However, they arenot of importanceor the algorithmintercomparison.

Theinputprofilesof extinctionandlidar ratiofor thefour simulationcasesareshovnin Fig.4.1. They
representifferentatmosphericonditionswith increasingdegreeof difficulty in dataevaluation:

12 T —— 2 ——j 7T 12 T —— 12

CASE 1

—— 355nm 4 9r b 9 4 9r b
532 nm 1 L 1 | | L r ]

— 1064 nm

CASE 2

HEIGHT, km

HEIGHT, km

12

0.4 0.8
EXTINCTION COEF., km™

1.2

12

40 80
LIDAR RATIO, sr

120

N SR R

EXTINCTION COEF., km™

40 80
LIDAR RATIO, sr

120

HEIGHT, km

HEIGHT, km

12

T

.0

0.2 0.4
EXTINCTION COEF., km™

12

40 80
LIDAR RATIO, sr

120

T T
CASE 4

0

5 10 15 20
EXTINCTION COEF., km™

25

0

40 80
LIDAR RATIO, sr

120

Figure4.1: Input profilesof extinction andlidar ratio at 355,532,and1064nm for the four simulationcases.

Casel: Thefirst caseconsidersan atmospheridustlayer from groundto 2.5 km height. The
extinction coeficient decreasesvith wavelengthand with height. The lidar ratio also
depend®nwavelengthbut is height-independent.

Case2: Inthesecondcaseadustlayerof 1 km heightanda secondaerosolayerat 3 km height

wereassumedThelidar ratiosaredifferentin thetwo layersanddependon wavelength.
Between8 and9 km height,a cirrus cloudwith wavelength-independestatteringorop-
ertieswasintroduced.



Case3: Case3is similarto case2 with the differencethatthe lidar ratio changeswvith heightin
bothaerosolayersandalsoin thecirruscloud.

Cased: In case4, a water cloud at the top of the atmospheriadust layer was simulatedwith
wavelength-independeriiut height-dependendgcatteringproperties. Extinction coefi-
cientandlidar ratio in the dustlayervary with wavelengthandwith height.

The procedureof the algorithmintercomparisorwas asfollows. First, the simulatedsignalswere
distributedto all groupswithout any informationon the input parametersexceptthe usedstandard
atmosphereThegroupscalculatedoarticlebackscattecoeficient profileswith theirindividual algo-
rithms andsentthe solutionto IMP (the IMP groupis not involvedin experimentallidar work and
actedasthereferee).Thisfirst stagewasthe mostdifficult andmostrealisticone,becausdidar-ratio
profilesandreferencevalueswereunknonn. Therefore notonly the correctnesandaccurag of the
algorithmswas proven but alsothe experiencein estimatingthe lidar ratio and choosingthe refer
encevalue. In the secondstage the input lidar-ratio profilesweredistributedandthe groupshadto
evaluatethe signalsagain. In the third andfinal stage both lidar-ratio profilesandreferencevalues
weregivento the participants.Thus,thefinal stageprovesdefinitively thenumericalcorrectness,e.,
theaccurag andstability of the algorithmsdependingn the noiselevel andothercircumstancess
explainedbelon. Theresultsof eachgroupfrom eachstepwerecomparedvith theinputdatain order
to determinghe systematierrors.They arediscussedt the endof the next Section.

4.1.2 Klett-F ernald-Sasanamethod and intercomparisonresults

Assuminga monochromatidaserpulse Py(\) at wavelength ), the lidar signal P(\, z) receved
duringtheintegratingtime At from the scatteringof the laserlight in the atmospheridayerlocated
ataltitudez is givenby

PO\, 2) ZC(A)PO(A)B(A,Z)S—Qap{—z / (), u)dul, (a.1)
0
with thebackscattecoeficient

B\, z) = BRY(N, 2) + B (), 2) (4.2)
andtheextinction coeficient

a(A,z) = oM 2) + a(N, 2) = agyy (A, 2) + gl (A, 2) + agy (A 2) +agg (A 2) . (4.3)
Thessignaldependon the backscattecoeficientsof moleculesandaerosolparticless?® and g4,
respectiely, and on attenuationdueto molecularscatteringe?% andabsorptione}/° and particle
scatteringni¢" andabsorptiomAer. C is the systemconstant.

Thedeterminatiorof theaerosobackscattecoeficient 34¢" (), z) from the elastichackscattesignal
of Eq. (4.1) requiresthe solutionof a Bernoulli differentialequation As theresultoneobtains

P(2)2 exp{ Z [S4er (u) — SRay] gRay (yy )du}

B (2) =

20
ﬂAeT(Z()z—E)ﬂZRgay(zo) + 2 f SAeT‘ (u) u @(p{ f SAC'I‘ SRay] ,BRa’y(U) d’l)} du
z u

- ﬁRay(z) ’ (4'4)
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with thelidar ratiosof molecularandparticlescattering

alw  8x

ﬁRay - 3

aAer (/\’ Z)

Ra'y = = ——
S ﬁAer ()\, Z) ’

(4.5)

respectrely. Molecularabsorptions neglectedhere.Molecularscatteringcanbe calculatedrom

87%(m2, — 16+ 37 Ty p(2)

air

B9z, P,T) =
ea (2,45 P, T) 3XNINZ  6-—Ty 5 po T(2)

sca

(4.6)

with therefractive index of theair m,;,., thedepolarizatioriactory (- is 0.0301,0.0284and0.027 3for
350,550and1000nm, respectiely), andthe moleculamumberdensity N, = 2.547 * 10'°cm=3 for
standardatmosphericonditionsat groundlevel (p,=1013.25hPa, T;=15°C, 0.03% CG,). Profiles
of temperaturel’(z) and pressurep(z) are taken from actualradiosondemeasurementer from a
standarcatmospheravith actualgroundvaluesof temperatur@andpressurdEdlen,1953;Elterman,
1968;Bodhaineetal., 1999).

Two unknavn quantities,the particle lidar ratio andthe particle backscattecoeficient 54" (z,) at
a suitablereferenceheight z,, have to be estimatedn the determinatiorof the particle backscatter
coeficient profile after Eq. (4.4). The numericalapplicationof Eq. (4.4) hasbeendiscussedn the
literaturefor morethan 20 years. Contrikutionsto the problemgiven by Klett (Klett, 1981; Klett,
1985), Fernald(Fernald,1984), and Sasancet al. (Sasancet al., 1985) are usually consideredn
the algorithms. Thus, the numericalschemediffer from eachotheronly in minor details. Before
Eq. (4.4) canbe appliedto measuredidar signals,the signalsare averagedover the time interval
of interest, correctedfor background,and, if necessaryspatially averaged(smoothed). For the
syntheticdatausedhere,this procedurevasnot necessaryin the following, detailsof theindividual
algorithmswith respecto the estimateof theinput parameterarebriefly given.

Algorithmof IAP (A1)

Thereferencevalueis setto a heightwith obviously low aerosolload. The backscattecoeficient
profile is calculatedstepwisein forward and backward direction from that point. If possible,the
referencevalueis setinto a heightregion above aerosollayersof interest,so that the numerically
stablebackward integration can be applied. A height-dependentr a constantlidar ratio can be
chosen.

Algorithmof IfT (A2)

The samemethodas at IAP is chosen. Usually, the lidar ratio is setto 50+25 and 10+5 srin
aerosolayersandcirrus clouds(if present)respectiely. Appropriatesettingof the referencevalue
is testedby inspectionof the backscatteprofile in the stratospherayherevaluesaround0 shouldbe
measuredh theabsencef volcanicaerosols.

Algorithmof MPI (A3)

The lidar ratio is usually setto a constantvalue of 50 sr, but if more information on the lidar
ratio is available, it canbe setto stepwiseconstantvalueswith stepsizesdown to 15 m (which
is the resolutionof the raw data) and as mary 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
arethencalculatedrom thatheightdown to thelowestandup to highestdesiredaltitude,respectiely.
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Algorithmof MIM (A4)

A lidar ratio, which is variablein height,canbe chosen.To find anappropriatereferenceheight,a
Rayleighsignalis calculatedfrom temperatureand pressurevaluesof a suitableradiosondeascent
andcomparedo therange-correctelidar signal.If theslopeof both,thecalculatecandthemeasured
signal, agreeover a sufficient rangein the upperfree tropospherejt is assumedhat no aerosols
are presentin this range,andthe referencevalueis setto O there. For the algorithm comparison,
temperatur@andpressurezaluesfrom the US standarcatmospheréave beenusedasproposed.

Algorithmof IFU (A5)

The evaluationof experimentaldatais basedon sequentiameasurement®r two wavelengthpairs,
532/1064nm and 355/1064nm, and elevation anglesof (typically) 15, 45 and 90 degrees. The
Bernoulliintegral equationis solvedunderthe assumptiorof a constantidar ratio. For routinework,

an a-priori lidar ratio of 33 sris choserbasedon earlierexperienceat this site. Both the lidar ratio

andthereferencevaluearemodifiedif theresultslook unrealistic. The referencevalueis refinedby

applyingcriteria suchasthe congruencef the profiles of the extinction or backscattecoeficients
at different wavelengthsin individual layers, for which constantoptical propertiesof the aerosol
maybe assumedndareasonablenagnitudeof the Angstrom coeficientsdescribinghewavelength
dependencef aerosobkcattering ThelFU algorithmwasmodifiedaftertheintercomparisomo handle
a height-dependeritdar ratio. In this new approach,n particular the lidar ratio inside cloudsis

treatedseparatelyandmostly choseraround10 sr. Stage3 of theintercomparisonwvasrepeatedvith

thenew algorithmandthe new resultsarepresented.

Tables4.1to 4.4 andFigs. 4.2 to 4.4 summarizethe resultsof the algorithmintercomparison.For
casel, which wassimulatedwithout statisticalnoise,without clouds,andwith a height-independent
lidar ratio, the resultsare shown in detailin the six partsof Fig. 4.2andin Tah 4.1. In generalthe
errorsstayedwell belov 15%in thefirst stage.With increasingknowledgeon the input parameters
(stage® and3), theerrorsdecreasetb afew percentn all casesyhichindicateshatall algorithms
work well andcanin generareproducehe simulatedprofilesif all input parametersreknown.

The resultsfor case2, which is a more realistic one with a height-dependeniidar ratio but still
without statisticalnoiseandwithout clouds,areshavnin Fig. 4.3(a)-(d),Fig. 4.4(c),(d),andTah 4.2
for 532 nm in dependencen the stageandin Fig. 4.4(a)-(f)and Tah 4.3 in dependencen the
wavelength. The errorsare somavhat larger in this case,which is mainly causedby the height-
dependeniidar ratio. Evenwith known input parameterghesimulatedprofilescannotereproduced
if thealgorithmworkswith a constantaluefor thelidar ratio, or if the altitudegrid of the simulated
datais not matchedexactly (e.g. A3).

group Stagel Stage? Stage3
532nm | meanerror || 532nm | meanerror || 355nm | 532nm | 1064nm | meanerror
Al 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. 55 9 1 5.2
| meanerror[| 6 | 6 | 38 | 3.8 | 22 | 40 | 22 | 2.8 |

Table4.1: Meanerrorsfor simulationcasel in dependencen the stageandfor the third stagein
dependencen thewavelength.
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group Stagel Stage2
532nm 532nm
1000m | 3000m | 9000m | meanerror || 1000m | 3000m | 9000m | meanerror
Al 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 18 | 42 | 68 4.3

Table4.2: Meanerrorsfor simulationcase2 in dependencen the stageandon the height.

group Stage3
355nm 532nm
1000m | 3000m | 9000m | meanerror || 1000m | 3000m | 9000m | meanerror
Al 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 55 5 7.5 6
meanerror 1.2 3.1 49 3.1 2.6 51 7.4 5.0
group Stage3
1064nm total
1000m | 3000m | 9000m | meanerror || meanerror
Al 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 35 2.4 3.5

Table4.3: Meanerrorsfor simulationcase2 in dependencen wavelengthandheight.

group Stage3
355nm 532nm
1000m | 3000m | 9000m [ meanerror || 1000m | 3000m | 9000m | meanerror
Al 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
Al 18 22 30 23.3 14.1
A2 4 6 8 6 13.3
A3 25 30 40 31.7 221
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 dependencen wavelengthandheight.
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Figure4.4: Retrieved particle backscattecoeficientsat all threewavelengthsn comparisorto the
simulationinput profilesandrespecitie relative errorsfor stages3 of simulationcase2.
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Case3 waseven moredifficult, becausehe lidar ratio varied not only from layer to layer but also
within eachlayer. In addition,a smallstatisticalnoisewasaddedto the signals. Theresultsfor this
caseareshowvnin Fig. 4.3(e)andin Tah 4.4. Themeanerrorsgrow well abore 20%in thefirst stage
(notshown here)andremainof theorderof 15%in thethird stage.

Case4 with a watercloud at the top of the atmospheridustlayer is in principle not solveableas
shavn in Fig. 4.3(f). Evenif areferencevaluein the free tropospheras given, it doesnot helpin
theevaluation,becausehesignalis fully attenuatedbove the cloud. Theresultshave errorsof more
than50%.

The algorithmintercomparisorshaved thatin generalthe dataevaluationschemef the different
groupswork well. Even errorsthat are maiginal comparedo the errorscausedoy incorrectinput
parameterbave beendetectedE.g.,the MPI-algorithmhasbeenimprovedwith respecto theresults
shown hereby incorporatinga betteratmospheriadensitymodel. Differencesn the solutionscan
mainly be attributedto differencedn the estimateof the input parameterslf the input parameters
areknown, remainingerrorsareof the orderof a few percent.The unknovn height-dependenidar
ratio hadthe largestinfluenceon the solutions,which againdemonstratethe needfor independent
measurementsf the particle extinction coeficient, e.g., with the Ramanmethod. The unknovn
referencevalue was of minor importancefor the examplespresentedere, becauséieightregions
with dominatingRayleigh scatteringwere presentin all cases. It shouldbe mentioned,however,
that this is not necessarilythe caseunderatmosphericonditions. Especiallyat 1064 nm, particle
scatteringoften dominateghe signalsin the entire measurementange,which may causeadditional
errorsthatwerenotdiscussedhere.
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4.2 Systemintercomparison

by V. Matthias and V. Freudenthaler

4.2.1 Intercomparisonbetweenlidar systems

The intercomparisorat systemlevel was complicatedby the fact that not all systemswere trans-
portable,andthat no specialfunds were madeavailable for dedicatedntercomparisorcampaigns.
Five of the systemsnvolvedin network measurementsiamelythe MIM aerosolidar, the IfT multi-
wavelengthlidar, thelFU aerosolidar, theMPI UV lidar andthe MPI watervapourDIAL aremobile.
The systemdan Kihlungsborrandthe IfT RamanLidar arefixed. The core of the intercomparison
exercisewasperformedduringthe Lindenbeg AerosolCharcterizatiorExperimentLACE 98in July
andAugust1998,wherethelfT, MIM, andbothMPI systemsvereparticipatingin ajoint experiment.
Furtherintercomparisonsieremadein KiihlungsborragainstMIM, in Leipzig with thetwo systems
operatedy IfT, and,aftertheendof the project,IFU againstMIM in Garmisch.Soeachsystemhas
beencomparedo atleastoneothersystemwhich itself hasbeencomparedo at leastonedifferent
system.

Threeepisodesat the end of LACE 98 (August9” to 11'*) have beenchosenasintercomparison
times (seetable 4.5). Two of them are during nighttime, when additional Ramanmeasurements
have beenperformedpneis at daytime.During the threeselectedepisodesdifferentmeteorological
conditionswith high andlow aerosolload in differentheightregimeswere present. 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. 351 ext.
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 intercomparisompisodesisedfor thequality assurancef thelidar datatakenwithin
the Germaraerosolidar network. 1): 20:20- 22:20UT.
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August,a pronouncedaerosollayer originatingfrom Canadiarforestfires (Wandingeret al., 2000)
wasobseredin altitudelevelsbetweer3500m and5500m. At low altitudesthe aerosolextinction
waslow. On the 11 of August,two aerosollayerswith differentaerosoltypesand high aerosol
backscatteup to 3000m could be seen.In the evening,theselayerswerelying directly oneabove
theother forming aninhomogeneouaerosolayerup to 2200m.

Intercomparison®etweenthe lidar derived aerosolbackscatteprofiles were performedat several
wavelengthsbetween351 nm and 1064 nm. For the night time measurementserosolextinction
profilesin the ultraviolet spectralregion have alsobeencompared.UV extinction measurementat
268nm (MPI) and355nm (IfT) have beencomparedat nighttimeon August5,

The intercomparisondetweenthe Ml Munich andthe IAP Kilhlungsborrtook placedirectly after
the LACE experimenton August 16 1998. The IFU lidar was not available for intercomparisons
duringtheproject.

Thecomparedjuantitiesandthetimeswhenthemeasurementsave beentakenarelistedin table4.5.
All profilesweresimilarly averagedn time andspace put anyhow the signalstatisticscanbe quite
differentbetweenthe systemsdueto differentemittedlaserpower anddifferentsizesof the recev-
ing telescopesOnly provenalgorithms(seechapterd.1) have beentaken for the evaluationandthe
groupsagreedbn commonboundaryaluesandlidar ratiosbeforeprocessinghe aerosobackscatter
data.

Figure4.5 - 4.9 shav several examplesof the intercomparisonst differentwavelengthsandtimes.
The profilesgenerallyshav very goodagreementor the sameor nearlythe samewavelength.Some
differencesoccurfor the IfT systemin the nearrange,sincethe appliedoverlap correctionyields
someadditionalerror On the otherhand,with the appliedcorrectionschememeasurementsanbe
takenalsoin the nearrangealthougha largereceving telescopevith a narrav field of view is used.

Lidar Intercomparison 98/08/09 : 22:30 — 23:00 UT Lidar Intercomparison 98/08/09 : 22:30 — 23:00 UT
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Figure4.5: Intercomparisorof aerosolbackscattein the UV at 355nm (IfT andMIM at 355nm,
MPI at351nm) andin thegreen(IfT andMIM at532nm)duringLACE 98.
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Lidar Intercomparison 98/08/09 : 22:30 — 23:00 UT
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Figure4.6: Intercomparisomf aerosobackscatteprofilesat 800 nm (IfT) and728 nm (MPI) during
LACE98.

Lidar Intercomparison 98/08/11 : 12:07 — 12:11 UT Lidar Intercomparison 98/08/11 : 21:15 — 21:45 UT
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Figure4.7: Left side: intercomparisorof aerosolbackscatteprofilesin the UV (MIM 355 nm and
MPI 351 nm) andin the green(IfT andMIM at 532 nm) on August11th 1998,12:07-12:12 UT.
Right side: intercomparisorof aerosolbackscatteprofilesin the UV (MIM 355 nm and MPI 351
nm) on August11th1998,21:15- 21:45UT.
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Lidar Intercomparison 98/08/11 : 21:15 — 21:45 UT
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Lidar Intercomparison 98/08/11 : 20:20 — 22:20 UT
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Figure 4.8: Intercomparisorof aerosolbackscattein the green(532 nm) and infrared (1064 nm)
betweenfT andMIM duringLACE 98.

Lidar intercomparison 98/08/16, 18:41 — 19:01 UT

Lidar intercomparison 98/08/16, 20:51 — 21:22 UT
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Figure4.9: Intercomparisomf aerosobackscatteat 355nm and532nm (IAP andMIM) on August
16 1998,18:41- 19:01UT (left side)and20:51- 21:22UT (right side).
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The measuredaerosolbackscatteprofileswere comparedn differentheight rangesand the abso-
lut andrelative deviationsandtheir standarddeviation have beencalculatedfor all intercomparison
episodesandcomparedvavelengthgseetable4.6). For high aerosoload, whichis usuallyfoundin
the planetaryboundarylayer, the deviationsbetweerthe systemsaretypically not largerthan20 %.
In regionswith low aerosoload, which is usuallycalledthe free tropospheretypical deviationsare
in theorderof 1- 10" (m - sr)~! at355nmandof 5 - 1078 (m - sr)~! at532nm.
Higher deviationsoccurin the UV betweenMPI andIfT on August9*. They canat leastpartly be
explainedby the differentusedwavelengths.For the calculationof the backscatteprofiles,different
lidar ratioshadto be usedto getreliableresultsin the aerosolfree part of the atmospherdetween
1500m and3000m. Thelower lidar ratio of the MPI evaluationleadsto higherbackscattevalues
in the upperpartof theatmospherewhich canusuallybe expectedat lower wavelengths For higher
accurag of theresults thewavelengthsdependencef thelidar ratio hasto be known.
The comparisonsat 1064nm turnedout to be difficult. Becauseof the long wavelength,almostthe
whole backscatteredignalcomesfrom aerosobparticles,Rayleighscatterings alreadyvery smallat
this wavelength. Therefore from aerosolfree partsof the atmospherewhereusuallythe necessary
systemcalibrationis done,only very low signalscanbe detected. This leadsto high errorsin the
calibrationandsinceon the otherhandthe calculatedbackscatteprofile dependstronglyon the cal-
ibration,accurateaerosobackscatteprofilesat 1064nm arequite hardto achieze. Only in presence
of cirruscloudsaccuratecalibrationcanbedonein the cirrusassumingio wavelengthdependencef
theaerosobackscatteandusingthevaluesfrom 355nm and532nm.
Additionally the useddetectorsfrequentlyshov nonlinearitiesor instabilitieswhich makesit also
ratherdifficult to derive “hard numbers“for the aerosolbackscattecoeficient at 1064 nm. How-
everatthiswavelengthalsovery smallaerosolayerscanbedetectedvhicharesometimesiggligible
againstheRayleighbackgroundgignalat355nmand532nm. Sothe mainpurposeof measurements
atthatwavelengthis to getthe structureof the aerosolistributionin thewholetroposphere.
For thesereasonsthe intercomparisongt 1064 nm wererestrictedto only one caseduring LACE
andonecasefor the MIM/IAP intercomparisorffigures4.8 and4.9). On August11** 1998,20:20-
22:20UT goodagreementould be achiezed betweerthe MIM andthe IfT lidarsin a heightrange
from 1200m - 4300m. Below thataltitudethe IfT-profile shows obvious deviationsfrom the correct
aerosoldistribution. Theseerrorscanbe assignedo the overlapcorrectionwhich is appliedbelov
1200m andwhich yields to too high valuesin lower altitudesin this case. The profilesat 532 nm
and355nm (figures4.8and4.7) indicatethatthe profile derivedwith the Munich lidar is muchmore
reliable.
The measurementat 1064nm from August16” 1998shav goodagreemenbetweerthe MIM and
the IAP only in arelatvly small heightrangebetween1100and 1700 m. The measuredsignals
shaved deviations above that altitude which are mostlikely dueto detectomonlinearities. Further
investigationon reliabledetectorgor 1064nm arenecessaryut werenot subjectof this project.
Gradientdgn theaerosoMistribution canbe seenn thelidar datawith very high accurag in height,
althoughthe systemsverelocatedat a distanceof severalhundredmetersanddifferentelevationan-
gleshave beenusedfor the measurement®eviationsarein the orderof the heightresolutionof the
dataacquisitions.
A problemin heightdeterminatioroccuredduringthe IAP/MIM intercomparisongseefigures4.9).
Theplotsrevealanaltitudedifferencebetweerthedataof IAP andMIM of about6Om. Thedatahave
beencorrectedfor the altitude differencebetweenthe lasersystemq10 m) during the comparison.
Theerroris mostlikely dueto thelAP system.Thedifferencecorrespondso the altituderesolution
of the IAP system(50 m), suggestinghatin the dataaquisitionof the IAP system,an offsetof one
altitudechannelmayoccur Up to now, the errorin the aquisitionsystemcould not be found andfor
this reasonno datacorrectionhasbeenperformed.in the Klett algorithm,a biasof 50 m leadsto a
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Figure4.10: Particle backscattecoeficient at 532 nm determinedwith the IfT Ramanlidar andthe
IfT multiwavelengthlidar at Leipzig on 17 March 1997,2047-2147UTC. The error barsindicate
statisticalandsystematiaincertainties.

deviationin theKlett backscatteprofilesof 3-4 % atthelower altituderangeof thelAP system(1000
m), decreasingvith altitude. Ramarbackscattecalculationsarenot affected,sincethis techniquere-
lies onsignalratios,andrangecancels.

The IfT in Leipzig hastwo differentaerosolidar systems.The mobile multiwavelengthlidar per
formedthemeasurementuringLA CE which have beentakenfor theintercomparisonwith the MPI
andthe MIM. Sincetheroutinemeasurementsave beentakenwith the stationaryaerosoRamanli-
dar, a separatentercomparisorof thesesystemshasbeendone. Figure4.10showns a comparisorof
particlebackscattecoeficientsat 532nmdeterminedvith thetwo IfT lidar systemsatLeipzigon17
March1997. Analog signalsmeasureavith 60 m resolutionwereusedfrom the multiwavelengthli-
dar TheKlett methodwasappliedundertheassumptiorof alidar ratio of 50 sr. The photon-counting
signalsof the Ramanlidar measuredvith 15 m resolutionweresmoothedwith a gliding averageof
60 m andevaluatedwith the Ramanmethod.

Differencesnay be causeddy differentdetectionschemesndresolution(analogandphotoncount-
ing), reference-alueestimatefor bothsolutions)andlidar-ratio estimatgfor Klett solution),overlap-
correctioneffect (for Klett solution),atmospheriégnhomogeneitiesAnyhow the overall differences
remainsmallandtheagreementanberegardedasexcellent.

The determinationof extinction profiles following Ansmannsformula (Ansmannet al., 1992b)
doesnt requireadditionalassumptiongxceptfor the wavelengthdependencef the aerosolextinc-

tion. Thisvalueis usuallychoserto be k£ = 1. Theagreemenbetweerthe nighttimeaerosolextinc-

tion profilesat 351 nm (MPI) and355nm (IfT) (fig. 4.11)canbe regardedasexcellent. The mean
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Lidar intercomparisons:resultsin regionswith high aerosol
Date[UT] | Quantity | heightrange]| IfT/MIM MIM/MPI MPI/IFT
355nmbsc! 600-1300 - - —39.0+53.0
9.8.98 532nmbsc. 600-1300 —7.7+£27.1 - -
22:30- 23:00 | 800nmbsc? 600-1300 - - 12.7+ 16.1
355nmbsc?) | 3300-4200 - - —37.7+52.9
9.8.98 532nmbsc. | 3300-4200 4.1+44.7 - -
22:30-23:00 | 800nmbsc?) | 3300-4200 - - 10.3 £ 32.9
11.8.98 355nmbsc! 500- 3200 - —16.1 £19.7 -
12:07-12:12| 532nmbsc. 500- 3200 8.6 +12.6 - -
355nmbsc?) 600-2000 11.3+18.5 1.5+75 —12.9+16.2
11.8.98 532nmbsc. 600-2000 29+£17.2 - -
21:15-21:45 | 1064nmbsc? | 1200-2200 56+9.3 - -
355nmext.?) 600-2000 - - 4.7+11.9
Lidar intercomparisons:resultsin regionswith low aerosol
Date[UT] | Quantity | heightrange]| IfT/MIM | MIM/MPI | MPI/IFT
355nmbsc?) | 1500-3000 - - —-1.3+1.4-1077
9.8.98 532nmbsc. 1500-3000 || —0.25+0.87-10~" - -
22:30- 23:00 | 800nmbsc? | 1500-3000 - — —0.40+0.46 - 107
11.8.98 355nmbsc?®) | 2400-3800 || —0.6+2.2-10"7 | —0.4+2.0-10~7 1.5+3.2-1077
21:15-21:45| 532nmbsc. | 2400-3800 || —-0.6+1.2-10~7 - -
1064nmbsc? | 2400- 4300 09+1.0-1077 - -
355nmext.>) | 2400-3800 - — 1.7+25-10°

Table4.6: Meandeviations(in (m - sr)~! for backscattevaluesandm=" for extinction valuesin
regionswith low aerosoljn % in regionswith high aerosol¥or differentmeasuredjuantitiesduring
the LACE experiment.) MP1 320nm, 2 MPI 728nm,* MPI 351nm,* 20:20- 22:20UT.

Lidar intercomparisons: MIM/IAP
Date[UT] | Quantity [l heightrange| highaerosol|| heightrange| low aerosol
16.8.98 355nmbsc. 850-1800 | 11.8+18.2 2200-3600 | 2.9+3.7-1077
18:41-19:01 | 532nmbsc. 850-1800 50+17.7 2200- 3600 | 0.04 £ 0.4-10"7
355nmbsc. 850-1800 1.6 +10.6 2200-3600 | 2.8 +3.6-10~"
16.8.98 532nmbsc. 850-1800 | 16.8 +22.8 2200-3600| 1.8+1.9.-1077
20:51-21:22 | 1064nmbsc. || 1100-1700 | 2.6 +16.2 - -

Table4.7: Meandeviations(in (m - sr)~! for backscattevaluesin regionswith low aerosoljn % in
regionswith high aerosolbetweerthe |AP andthe MIM lidar for threedifferentwavelengths.

deviationis lowerthan5 % in themainaerosolayerupto 2200m, with a standardieviation of 12 %.
Above thatheightthe meandifferenceis 1.7 - 107° £ 2.5 - 10~>m~! whichis well in the orderof the
statisticalerror (seetable4.6). With the Munich lidar systemmeasurementsnderseveral elevation
anglesbetweerD® and70° have beenperformed.Out of thesemeasurementshreeextinction values
for differentheightregimescould be evaluatedat 355 nm. Thesevalueshave obviously somedevia-
tionsto the Ramanprofiles,but not higherthanca. 25 %. Thisis a goodresult,having in mind that
theMunich systemmeasuredor someminutesaround21:50UT andthe Ramarprofilesareaveraged
over 80 minutesbetweer?21:00and22:20UT. Thelow groundvaluefrom a horizontalmeasurement
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Figure4.11:Intercomparisomf aerosokxtinction profilesat 355nm (IfT) and351nm (MPI) during
LACE98

Lidar-Intercomparison: 98/08/05: 23:08 — 23:47 UT
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Figure4.12: Intercomparisorf aerosokxtinction profilesat 355nm (IfT) and268nm (MP1) during
LACE98
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fits goodwith the backscatteprofiles,which shov aremarkabledecreas®f the aerosolbackscatter
below 600m.

TheMPI lidar hasalsothecapabilityof measuringlaytimeaerosokxtinction profilesat268nm. The
measurementgequire an ozonecorrectionwhich is donevia simultaneouszoneDIAL measure-
mentswith the samelidar system.Numerousprofileshave beentakenduringthe LACE experiment,
oneintercomparisorwith the 355 nm extinction measuremenf the IfT systemis shown in figure
4.12. Althoughthe heightrangefor theintercomparisons quite small, onecanseethe goodagree-
mentbetweerthe measurement§ hewavelengthdependencef theaerosokxtinctiondoesnothave
a major influenceon Ramanretrievals at wavelengthsbelov 350 nm. This factis also shovn by
intercomparisorof optical depthmeasurementwith sun photometerandlidar in the next section.
Anyhow, a quantificationof the deviationsbetweerthe measurementsken at differentwavelengths
is not really useful sincethe deviations betweenthe profiles are strongly influencedby the aerosol
typeandits wavelengthdependence.

4.2.2 Comparisonbetweenlidar and photometer

In Lindenbeg, theaerosobackscatteandextinction profilescould alsobe comparedo otherinstru-
mentsassun-andstarphotometerslhesantercomparisong/erenotnecessarilylonesimultaneously
with the comparisondetweenthe lidar systemghemseles. Additionally, the measurementsave
beencomparedo in situ airbornemeasurementsboardthe FalconandPartenaia researchaircrafts
(Wandingeretal., 2000).

The aerosoloptical depthcanbe derived from lidar profiles of the aerosolextinction by linearly
extrapolatingthe lowestvaluein the aerosolprofile down to groundandthenintegratingthe whole

Spectral aerosol optical depth derived from starphotometer measurements (MOL) and Raman lidar data (MPI)
98/08/11 21:00 UT - 98/08/12 2:20 UT
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Figure4.13: Intercomparisorf aerosolopticaldepthat 351 nm (MPI) andstarphotometemeasure-
mentsfrom theMeteorologische®bsenatoriumLindenbeg (MOL) duringLACE 98. Thephotome-
ter datahasbeenextrapolatedn the UV usingafit with OD o \°.
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Figure4.14: Intercomparisorf aerosobpticaldepthat 268 nm (MPI) andsunphotometemeasure-
mentsfrom the Meteorologische®©bsenatorium Lindenbeg (MOL) during LACE 98 at selected
cloudfreetimes. The photometedatahasbeenextrapolatedn the UV usingafit with OD o \*
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Figure4.15: Particle optical-depthprofilesat 532 nm (left) andspectralparticleoptical depth(right)
determinedwith the IfT lidar by applyingthe Ramanandthe scanmethodsandwith the MOL star
photometeat Lindenbeg on 11/12August1998,2330-0030QJTC. Error barsindicatestatisticaland
systematicuncertaintieof the lidar measurementsFor the star photometer meanvaluesand the
rangeof measuredaluesaregiven.
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profile. At nighttimethis valuecanbe comparedo starphotometemeasurement&hich have been
performedduring LACE 98 by the Meteorologische©bsenatoriumLindenbeg (MOL). Although
thelowestmeasuredvavelengthof thestarphotometas around390nm, onecanclearlyseethegood
agreemenbetweerthemeasuremenis fig. 4.13.

The agreemenis not thatclearlooking at the 268 nm extinction profiles. They have beencompared
to sunphotometemeasurementst selecteccloud free afternoonswhenthe aerosolin the boundary
layerwasgenerallywell mixed. Thelidar valuesarein mostcasedowerthanthe sunphotometeval-
ueswhich have beenextrapolatedn the UV. Thisis on the otherhandnotreally surprising,it showvs
that the spectralbehaiour of the extinction is changingin the spectralregion belonv 400 nm, asit
is predictedby aerosoimodels(Volgeretal., 1996; Hesset al., 1998; Matthias,2000), seealsofig.
4.15.

Thewhole setof lidar measurementsken during LACE in Lindenbeg allows alsocomparison®f
thespectrabehaiour of theaerosolopticaldepthfrom thelidar measurementsith starphotometer
results. In the first case(fig. 4.15)the aerosoloptical depthdeterminedwith the IfT lidar from the
scanmethodand from the Ramanmethodandwith starphotometeris shavn. The measurements
weretaken on August11*#/12'» 1998 between23:30and 0:30 UT. The scanmethodis described,
e.g.,in (Gutkowicz-Krusin,1993)and(Althausenretal., 2000).

In thecaseof theRamammethod theintegratedextinction coeficient profile is usedfor heightsabove
800m. Below, whereextinction coeficientscannotbe determineecaus®f the overlapeffect, the
backscattecoeficient profile from the Ramanmethodmultiplied by anestimatedidar ratio of 50 sr
wasused. Onecanseethe fairly goodagreemenbetweenthe scanmethodandthe Ramanmethod
(left sideof figure4.15)aswell assimilar spectraldependencef the optical depthmeasurementsf
thetwo systemsThelidar dervedopticaldepthremainsslightly higherthanthestarphotometeralue
but the differencestaysin the givenuncertaintylimits.

4.2.3 Comparisonbetweenlidar and in situ measurements

Measurederosobpticaldepthat threewavelengthsandaerosobackscattecoeficientsat six wave-
lengthshave beencomparedo calculatedvaluesbasednin situ aircraftmeasurementskenat Lin-
denbeg on 9 August1998,2200-2400UTC.. Figure4.16shaws spectralbbackscatteandextinction
coeficientsmeasureavith four differentlidar systemgIfT multiwavelengthlidar, MPI watervapour
DIAL, MPI UV lidarandDLR HSRL)in abiomass-brningaerosolayerthatoriginatedfrom forest
firesin northwesterrCanadgWandingeretal., 2000;Forsteret al., 2000)(seealsoSec.8.5).

In situ measurementsf particle size distributionsand of particle absorptioncoeficientswere per
formedaboardthe researchaircraft Falcon. The Falconflew about5 km to the eastof the lidar site.
The airborneinstrumentationis describedin (Fiebig et al., 2000). The absorptionmeasurements
indicateda sootcontentof about35%. For the calculationof spectrabackscatteandextinction coef-
ficients,the particlesizedistribution measuredetweer3500and4000m wastaken andan external
mixtureof 65%ammonium-sukite-like and35%soot-like particlesvasassumedDetailsof themea-
surementarediscussedn (Wandingeretal., 2000)and(Fiebigetal., 2000).

The datashaown in this figure are usedfor the inversionof microphysicalparticle properties(see
Sec.b).

Humidity correctedairbornein situ measurementsaken aboardthe Partenaia have alsobeencom-
paredto lidar backscattemeasurementat 532 nm, taken with the IfT lidar. Figure4.17 shows the
backscatteprofile measuredn a pollutionlayeratLindenbeg on 11 August1998around1230UTC
in comparisorto profilesobtainedrom airbornein situ measurementsf the particlesizedistribution
aboardtheresearctaircraft Partenaia. Theaircraftdescendeth thevicinity of thelidar beamfrom
3.7t0 0.2km heightbetweenl220and1240UTC. A descriptionof the Partenaia instrumentations
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Figure4.16: Spectralbackscattecoeficients (left) and spectralextinction coeficients(right) mea-
suredwith lidar andcalculatedrom airbornein situ measurementsf particlesizedistributionsand
absorptioncoeficientsin a biomass-hrning aerosollayer at Lindenbeg on 9 August1998,2200—
2400UTC. Lidar measurementweretakenwith the IfT multiwavelengthlidar (355,400,532,710,
800, 1064 nm), the MPI UV lidar (320 nm), the MPI watervapor DIAL (729 nm), andthe DLR
airbornehigh-spectral-resolutiolidar (532 nm). Meanvaluesfor the heightregions3600-410Gand
3430-4270m areshavn. Theerrorbarsindicatestatisticalandsvstematiaincertainties.
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Figure4.17: Relatve humidity measuredvith radiosondetaunchedat Lindenbeg at 1050and1310
UTC on 11 August1998(left) andbackscattecoeficientsat 532 nm (right) determinedwith the IfT

lidar after the Klett methodwith a heightresolutionof 180 m and calculatedfrom airbornein situ
measurementsf the particlesizedistribution with a heightresolutionof ~40 m.
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givenin (WendischM. etal., 2000).

The humidity growth of the particles,which weremeasuredn the dry state wasestimatedy using

relative humiditiesmeasureavith two radiosondeglaunchedat 1050and1310UTC) andby apply-

ing humidity growth factorsfor ammoniumsulfate (TangandMunkelwitz, 1993).

Detailsof the measuremerdrediscussedn (Wandingeret al., 2000). The agreemenbetweerthese
totally differentmeasuremennethodss remarkableandshowvs againthe high quality lidar measure-
mentsperformedwithin this project.
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Chapter 5

Retrieval of microphysical aerosol
parameters

by C. Bockmannand D. Mller

Severalinstrument®f thelidar network deliverinformationon particleextinctionandbackscatteco-
efficientsat multiple wavelengths This informationcanbe usedto invert physicalparticleproperties
suchasparticlesize,number surface-areaandvolumeconcentrationaswell ascomple refractve
index. However, the inversionproblemin a mathematicabenseas non-linearandill-posedandits
solutionrequiresthe applicationof appropriatemathematicamethods. Therefore,one part of the
projectwasto develop andinvestigateinversionalgorithmsfor optical datasets,which are obtained
with differentlidar systemf the network.

In this chaptey we first describethe inversionproblemfrom the mathematicapoint of view inves-
tigatedat the Institute of Mathematicsof the University of Potsdanm(IMP). After that, we introduce
two inversionmethodghatweredevelopedat the IMP andatthe Institutefor TropospheridResearch
(IfT). In contrastto the IfT algorithm, which was especiallydevelopedfor the inversionof the six
backscatteandtwo extinction coeficientsmeasuredvith the IfT multiwavelengthlidar, the IMP al-
gorithmpermitsoneto processvariabledatasetswith differentnumbersandcombinationsf optical
data.

The performanceof the algorithmswas extensvely studiedandthe resultsof thesestudieshave al-
readybeenpublished(Bockmannand Sarkozi, 1999;Bockmann 2001;Mdller etal., 1999b;Muller
etal., 1999a;Muller et al., 2000). We, therefore,concentrateur discussionn this chapteron one
measuremengxample. During the Lindenbeg Aerosol CharacterizatiorExperimentLACE 98 in-
tercomparisonrmeasurementwith the transportablesystemsf MPI, IfT, andMIM were performed
(seeSection4.2). The combinedinformation of theseinstrumentsconsistsof up to 11 vertically-
resoled optical data(eight backscatteandthreeextinction coeficients). Thesedatawere usedto
invert physicalparticle propertieswith the two inversionschemes.FurthermoreLACE 98 offered
the uniqueopportunityto validatethe inversionresultsthroughthe comparisorwith airbornein situ
measurementdn Sec.5.3.1we presenbur findingsfor a biomass-brningaerosollayerin the free
tropospherewhich wasobseredon 9 and10 August1998.

Finally, we discusghe possibility to usea minimum datasetof threebackscatteandtwo extinction
coeficientsin the inversion. The setof backscattecoeficients at 355, 532, and 1064 nm and of
extinction coeficientsat 355and532 nm is the standardutputof anadvancedaerosolRamanlidar
basedon a singleNd:YAG laser The stationarysystemsat KilhlungsborrandLeipzig make useof
this configuratiorandmorelidars of this kind arepartof EARLINET.

49



5.1 Mathematical description

The mathematicalmodel, which relatesthe optical and the physical particle parametersconsists
of a Fredholmsystemof two integral equationsof the first kind for the backscatteand extinction
coeficients 54" andaA°":

BAT(N, 2) = K (r,A\,m,s) n(r,z) dr = / 712 Qq(r, \,m) n(r, 2) dr, (5.1)
To

0

T1 T1
(N, 2) = Kept(r, A\, m, ) n(r, z) dr = / 712 Qear (1, A, m) n(r, 2) dr, (5.2)
To To

wherer denotesheparticleradius,m isthecomple refractveindex, s is theshapeof theparticlesyg
andr; represensuitablelowerandupperlimits, respectiely, of realisticradii, A is thewavelength,z
is theheight,n is theparticlesizedistributionwe arelooking for, K, is thebackscatteand K., is the
extinction kernel. The kernelfunctionsreflectshape size,andmaterialcompositionof the particles.
In the framework of this chaptey homogeneousphericalparticles,i.e., Mie scatteringtheory(Mie,
1908),areusedundertheassumptiothatsmallparticlesin afirstapproximatiorbehaelik e spherical
scatterergBohrenandHuffman, 1983). First examinationsof theinfluenceof inhomogeneouson-
sphericalparticleson the inversionprocessare shavn by (BockmannandWauer 2000; Bockmann
andWauer 2001)and (Sarkozi, 2000). The following formulashold for extinction and backscatter
efficienciesof homogeneouspheregBohrenandHuffman,1983):

o0

2
7T k2 2‘ Z 2n + 1 ( ap — bn)|25 Qea)t = W Z(Zn + 1)Re(an + bn), (53)

n=1

wherefk is thewave numberdefinedby £ = 27 /) anda,, andb, arethe coeficientswhich onecan
getfrom theboundaryconditionsfor thetangentialcomponent®f the waves(BohrenandHuffman,
1983).Now Egs.(5.1)and(5.2) areformulatedinto a morespecificandmoresolid form:

T1
r4er( A, 2) / K3 jent (1, Aym) v(r, 2) dr = / 4% Qr/ext(r, A, m) v(r, 2) dr, (5.4)

To

wherethew(r, z) termis thevolumeconcentratiomistribution we arefinally looking for. T4¢" stands
for g4er and/ora”¢", respectiely, dependingon the measurementiata. The determinatiorof the

particlevolumedistributionv from a smallnumberof backscatteandextinction measurements an

inverseill-posedproblemandbecausé¢herefractveindex m in thekernelsk? ., is anunknawn, too,

the problemis a highly nonlinearone, i.e., solutionsare non-uniqueand highly oscillatingwithout

theintroductionof appropriatanathematicatoolssuchasdiscretizatiorandregularization.

5.1.1 lll-posed problemand regularization

TheEgs.(5.1),(5.2),and(5.4) areill-posedon all threecounts(existence uniquenessandstability).
Stability meansa solutionthatchange®nly slightly with a slight changen theinput data(Groetsch,
1993). We consideran operatorof the form Tx = y whereT : H; — H, is a compact,linear
(but not necessarilyself-adjoint)operatorfrom a Hilbert spaceH; into a Hilbert spaceH,. For a
boundedinearoperator!” asolutionz € H, of theequationT'x = y existsif andonly if y belongs
to R(T), therangeof T. As T is linear, R(T) is a subspacef H,, which in generallydoesnot
exhaustH,. We may enlage the classof functionsy for which a type of generalizedolutionexists
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to adensesubspacef functionin H,. Thisenlagemenis accomplishedby introducingtheideaof a
least-squaresolution. A functionz € H; is calledaleast-squaresolutionif

Tz — y|| = inf{||Tu — y|| : we H} (5.5)

holds. The setof all least-squaresolutionsis closedandcorvex. Therefore thereis a uniqueleast-
squaressolutionwith smallesthormwhich we call generalizedsolution. The mapping7’t thatasso-
ciatesagiveny € D(TT) = R(T) + R(T)* with theuniqueleast-squaresolution, 'y, is calledthe
Moore-Penrosgeneralizednverseof T'. In our schemel'! is thenthe mechanisnwhich providesa
uniquesolutionfor ary y € D(T). In thissensel'! settlesthe issuesof existenceanduniqueness
for generalizedsolutions. The generalizedpseudoinerseoperator?”t : D(T') — H; is aclosed
denselydefinedlinear operatorwhich is boundedf andonly if R(T) is closed.Becauséoth lidar
integral operatorsare compact,eachof them can have closedrangeif andonly if R(T) is a finite
dimensionakubspacef H,. ButtherangeR(T') of thelidar operatorss infinite dimensional There-
fore, R(T) is not closedandthus Tt is unboundedi.e., T is discontinuous Very small changesn
theright handsidey()\) canbeaccountedor by largechangesn the solutionz(r). Thattheinstabil-
ity is fundamentalandnot just a consequencef somespecialform of the kernels follows from the
Riemann-Lebesguemma.

If we wishto obtainawell-posedproblem we needa so-calledregularization.In generalyegulariza-
tionsarefamiliesof operators

T

Yo Hy — Hy with limTy = Tty forall ye D(TY) , (5.6)
Y—

i.e., the corvergenceis pointwiseon D(T) (Louis, 1989). The parametety is the so-calledregular

izationparameterin the caseof noisydatay’® with ||y — ¢°|| < § we determinea solution

2 = T, . (5.7)

Y

However, thetotal error consistof two parts, i.e., two summands,

-z =T -y + (T, - Ty . (5.8)
Thefirst partis the dataerror and the secondpart the approximationerror or regularizationerror.
Generallyif v — 0, the approximationerrortendsto zero(with respecto the H; —norm), whereas
the dataerrortendsto infinity. Therefore thetotal errorcannever be zeroandwe arein adilemma.

We have to look for an”optimal” regularizationparametery which minimizesthetotal error.

5.1.2 Degreeof ill-posedness

TheoperatorsI™T" : Hy — H, and TT* : H, — H, arecompactself-adjointlinear operators
whereT™ is theadjointoperatorof 7. Thenonzerceigervaluesof T*T or of TT* (they havethesame
eigervalues)canbe enumerateés\; > ), > ... . If wedesignatédy vy, vy, ... , anassociated
sequencef orthonormakigenfunction®f 77T, then{v;, v, ...} is completen therangeR(T*T) =

N(T)* (orthogonalcomplimentof the null spaceof T'). Let u; = /A; thenTv; = pju; and
T*u; = p;v;. Moreover, TT*u; = p;Tv; = pju; = Aju; andit is easyto seethatthe orthonormal
eigenfunctions{u;} of TT* form a completeorthogonalsetfor R(TT*) = N(T*)*. The system
{v;, uj; u;} is calledthe singularsystemof 7" andthe numbersy; are called singularvaluesof 7.
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Figure5.1: Volumebackscatteandextinction kernelfunction K, . for differentrefractive indices:
(@), (b) without absorptionm; = 1.5 + 0.0¢) and(c), (d) with strongabsorption(m, = 1.5 + 0.57).

Every square-intgrablekernel of a linear integral operatorhasa singularvalue expansion(SVE)
whichis a meancornvergentexpansionof theform

K(r,A) = z"o: piui(r)vi(A), r € I = [ro,m1], A € Iy = [Ao, A1, (5.9)

where{u;,v;} aretheleft andright singularfunctionsof the kernel(Hansen1998). The behaiour

of the singularvaluesandfunctionsis stronglyconnectedvith the propertiesof the kernel. Roughly
speekingthesmoothethekernelthefasterthesingularvaluesy; decayto zero,wheresmoothness

measuredby thenumberof continuougartialderivativesof thekernel(Chang,1952;deHoog,1980).
It holdsundersomeassumptiong:; = o(i~?~%/2), i — oo, wherep — 1 is the numberof continuous
partial derivativeswith respecto the secondvariable(the wavelength). This numberp of the given

lidar kernels,if oneexists, is hardly to derive. We decideto dealwith a numericalapproximation.
Thesmallerthe 1; the moreoscillationsin the singularfunctionsu; andv; (seebelow).

The inversionof the Mie backscattekernelis potentially interestingbecausehe kernelitself pos-
sesses high degreeof oscillationif the absorptions weak,i.e., theimaginarypartof therefractve

index is small(seeFig. 5.1(a)),which suggestshatthe classicinstability dueto the smoothingout of

fastoscillatorycomponentsn the solutionspacemay not occur However, in practicethe oscillation

of the kernelis sofine thatthe particledistribution would needto be computedon an extremly fine

quadraturerid. Thisfactitself producesttendanproblemswith noisein thedata.Ontheotherside,

if theabsorptioris strong,i.e., theimaginarypartof therefractve index is large (seeFig. 5.1(c)),the
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Figure5.2: Approximationto the singularvaluesandto the degreeof ill-posednes®f the volume
backscatteiand extinction lidar operatorsk™” Jeat (@), (b) without absorption(m; = 1.5 + 0.07)
and (c), (d) with strongabsorption(m,; = 1.5 + 0.57). Thee(n), n = 10,15, 20, 25,30 arethe
conditionnumbersof the resultingcoeficient matricesafter Galerkindiscretization(Hansen,1988)

in dependencenthediscretizatiordimensionn.

kernelis smooth. In contrastto the backscattekernelthe Mie extinction kernelis very smoothin

bothabsorptiorcasegseeFig. 5.1(b),(d)).

The SVE is a powerful analysistool, but unfortunatelyit is only known analyticallyin a limited

numberof cases. Hence,approximationgo the SVE can always be computednumericallywhen
Egs.(5.1)and(5.2) or (5.4), respectiely, arediscretizedoy meansof the Galerkinmethodfollowed
by computatiorof thesingularvaluedecompositiofSVD) of thematrixobtainedn thisway. Choose
orthonormabasisg, ..., ¢, andiy, ..., ¥, in thespaced.,(I,) and L, (I, ), respectrely, anddefinea

matrix A = <ai,j) asfollows
Qij = (¢ZﬂT¢J) 1, =1,..,n, (510)

where (-, -) denoteghe scalarproductin the spaceL,(7,). Thenthe SVD of A immediatelygives
approximationgo the SVE of thekernel.Let A € R™" beasquarematrix. ThentheSVD of A isa
decompositiorof theform

A=UDVT = Z uiov] (5.11)

=1

53



whereU = (u1,...,up), V = (v1,...,0,) € R™ arematriceswith orthonormatolumnsandwherethe
diagonalmatrix D = diag(oy, ..., 0,,) hasnonn@ativ diagonalelementsappearingn non-increasing
ordersuchthato; > o9 > ... > o, > 0. Thenumberss; > 0 arethe singularvaluesof A, while the
vectorsu,; andv; aretheleft andright singularvectorsof A, respectrely. In connectiorwith discrete
ill-posed problems two characteristideaturesof the SVD are very oftenfound. First, the singular
valuesdecaygraduallyto zerowith no particulargapin thespectraAn increasef the dimensionof
A will increasghe numberof smallsingularvaluesasin our lidar application(seeFig. 5.2). Second,
the left andright singularvectorstendto have more sign changesn their elementsasthe index i
increasesi.e., o; decreasesBoth featuresareconsequencesf the factthatthe SVD of A is closely
relatedto the SVE of theunderlyingkernel(Allen etal., 1985;Hansen1998;Wing, 1985).
Thesingularvaluesy:; of T' arethenapproximatedy the algebraicsingularvaluess; of A. In detall,
then singularvaluesUz.(”) of A areapproximationgo then singularvaluesof the kernel. Moreover,
if weintroducethefunctions

u;(A\) =Y uyv(N), j=1,.,n, (5.12)
@Vﬁ=§5wﬁﬁhj=1wqm (5.13)

whereu;; andv;; aretheelementof U andV, thenthesefunctionsareapproximationgo » left and
right singularfunctionsof thekernel.We computethedoubleintegralsin (5.10)by Simpsonsiumeri-
calquadratuschemesothatwe canexpectthatthe quadratuerrorsdo notexceedtheapproximation
errorscausedy the basisfunctions. Dueto (Hansen 1988)and(Hansen,1992)the singularvalues
ai(”) (wheren is the numberof basisfunctions)are increasinglybetterapproximationgo the true
singularvaluesy;, in otherwordsit holds

n

S (ni = o™M)? < A2 (5.14)

i=1

o <o < i, 0 < — o < AJ|ITIP = AR =2 A, i =1,0m. (5.15)

Thetruesingularvaluesy; of T areboundedoy thecomputedsingularvalueSJi(”) asfollows: ai(”) <
Wi < ((af"))2 + A2)12 If A, — 0forn — oo, thentheapproximat&ingularvalue&;f") convemge
uniformly in n to thetrue singularvaluesy; (seeFig. 5.2(a)-(d)).

Moreover, for the singularfunctionshold

and

2A,

ﬁf7fﬂu? (5.16)
e — M+

max|[u; — i |2, |[vi — Till2} < (
Thatmeansthe correspondingpproximatesingularfunctionscorvergeiin the meanto the true sin-
gularfunctions. Notice the squareroot in (5.16),which meanghatthe singuIarvaIueestimates;Z(”)
areusuallymuchmoreaccuratehanthe approximatesingularfunctions.
Theintenalls I, andI, areeachdividedinto n subinteralls {L@} and{IS)} of thesameengthsh,
andh,, respectrely, andthe basisfunctionsarethengivenby
-1/2

coreld s ael? i=1,..n.
; — r r ’ ; A — A A 9 3 517
9i(r) { 0 : else Yil) { 0 : else ( )
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Let the lower andupperlimits of particleradiusandlaserwavelengthr, = 0.001 ym, r; = 5 pum,
Ao = 300 nm,and)\; = 1100 nm, which arereal-life domainsin the lidar field, thenthe formulas
give second-ordeapproximationso the singularvaluesy; (seeFig. 5.2).

All singularvaluesof A, which arisein sucha discreteill-posedproblemfrom the samplingof a

right singular backscatter volume function for i=1,5,10,15,20,25 right singular backscatter volume function for i=1,5,10,15,20,25

T A N
T A TN BT R A

(a) (b)

=]
[=)

Figure5.3: Qualitatve approximatiorto six right singularfunctionsw; for ¢ = 1,5, 10, 15, 20, 25 of
thevolumebackscattelidar operatoy(a) m; = 1.5 + 0.0 and(b) m, = 1.5 4+ 0.57. We seethatthe
highertheindex, the morehigh-frequeng componentsrepresentn v;.
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Figure 5.4: Degreeof ill-posednessf the volume lidar operatorsin dependencen the real and
imaginarypartof therefractve index. We seeon the onehandno remarkablenfluenceof thereal
part (a) and on the other handthe importantinfluenceof the imaginarypart, i.e., the absorption
influence(b).

Fredholmintegral equationof the first kind, decayon the averageto zero. Thereis no practicalgap
in the singularvaluespectrumtypically, the singularvaluesfollow a harmonicprogressiomw; ~ i~
or a geometricprogressions; ~ e %, wherea is a positive real constant. The decayrate of the
singularvaluesy; is sofundamentafor the behaiour of ill-posed problemsthatit makes senseto
usethis decayrateto characterizehe degreeof ill-posednes®f the problem. Hofmann(Hofmann,
1999; Hofmann,1994) givesthe following definition: if thereexists a positive real numbera such
thatthesingularvaluessatisfyy; = O(i~%), thena is calledthedegreeof ill-posednessThe problem
is characterize@smildly or modeatelyill-posedif oo < 1 ora > 1, respectrely. Ontheotherhand,
if u; = O(e™®), i.e., the singularvaluesdecayvery rapidly, thenthe problemis termedseverely
ill-posed
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Figure 5.5: Regularizedinversionresultsof noiselessdata,i.e. the determinationof the particle
distributionsof differenttypesfrom six simulatedbackscattep“r (\;) andtwo simulatedextinction
a’er();) coeficients: (a) modifiedGammadistributionwith rog = 0.89 um, (b) bimodallogarithmic-
normaldistribution with r.¢ = 0.3 um, (d) monomodalogarithmic-normabistribution with r.g =

0.52 pm and(c) additionaldeterminatiorof the unknowvn refractve index m (strongabsorptiorcase)
in the kernelfunctionsKg/em(r,)\,m) for the distribution (d), (f) monomodallogarithmic-normal
distribution with r.¢ = 0.13 xm and(e) additionaldeterminatiorof the unknawn refractive index m

(weakabsorptiorcase)for moredetailssee(Bockmann2001).
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For our lidar operatorsof Eq. (5.4) we determinedthe condition numbersand, by a numerically
weightednonlinearleast-squaremethodfit, an approximationto the degreeof ill-posednesqsee
Fig. 5.2(a)-(d)). In general,one obseresthatthe lidar operatorsare moderatelyill-posed, sincea

is between2.25and9.10. In detail, onecanseethat the degreeof the extinction operatoris higher
thanthe degreeof the backscatteoperator(seeFig. 5.2). Moreover, if the absorptionof the par

ticlesis strong,thenthe degreegrows rapidly (seeFig. 5.2(c),(d)). Realizingthe logarithmicscale
in Fig. 5.2(d), one can seethat the singularvaluesare almostlocatedon a straightline. There-
fore, this extinction operatorwith strongabsorptionis nearly severely ill-posed. As one expects,
the condition numbersgrow with » andthey shov the samebehaiour asthe degree. The matri-
cesarealwayshighly ill-conditioned,andits numericalnull spaces spannedy vectorswith mary

sign changes.Fig. 5.3(a),(b)shavs qualitatively six approximationsof the right singularfunctions
v;, © = 1,5,10, 15,20, 25, andthetypical behaiour thatthe highertheindex i the higherthe spectral
componentsn v;. Dueto the higherdegreeof ill-posednessit seemghatthe behaiour of the oscil-
lationsis moreunstructuredn the strongabsorptiorcase(seeFig. 5.3(b)).

With respectto the evaluation of lidar measurementg is necessaryo know, how the degree of

ill-posednesgiependwn the real and imaginarypart of the refractve index of the particles. This
dependences shovn in Fig. 5.4. Ontheonehand,thereis noinfluenceof therealpartin thereal-life
domainbetweenl.3andl1.7. Ontheotherhand,theimaginarypartin thedomainbetweerD and0.5
hasaveryimportantinfluenceonthedegree.The degreegrows rapidly betweerD and0.25,whichis

avery realisticdomainin our atmosphereThe growth ratecanbe comparedvith aroot functionin

theunderlyingdomain.

5.2 Inversion methods

5.2.1 IMP algorithm

Basednthetheoreticaknowledge aspeciahybridregularizationtechniquen thesensef Eqs.(5.6)
and(5.8) wasdeveloped,which is describedn detailin (Bockmann,2001; Bockmannand Sarlozi,
1999). The hybrid regularizationtechniquedevelopedat IMP is designedto work with different
kind and numberof optical data,i.e., experimentaldataobtainedwith differentsystemsat various
wavelengthscan be evaluated. The algorithm doesneitherrequireary a priori informationon the
analyticalshapeof the investigatedistribution functionnor aninitial guessof it. Evenbimodaland
multimodaldistributionscanberetrievedwithout any knowledgeof the numberof modesn advance
(seeFig. 5.5(b)). Thefirst regularizationstepin this methodis performedvia discretizationjn which
the investigatedistribution functionis approximatedvith variableB-splinefunctions. The projec-
tion dimension(numberof basisfunctions)andthe orderof theusedB splinessere asregularization
parametersin the secondstep,regularizationis controlledby the level of truncatedsingularvalue
decompositioperformedduringthesolutionproces®f theresultinglinearequatiorsystem.n order
to reducethe computertime, a collocationprojectionis used. The highly nonlinearproblemof the
comple refractve index asa secondunknawn is handledby introducinga grid of awavelength-and
size-independemheancomple refractveindex andby enclosingheareaof possiblereal/imaginary-
partcombinationghroughinversionandback-calculatiorof optical data. Inversionresultsaregiven
in termsof volumedistributions, effective particleradius,volume,surface-areaandnumberconcen-
trations.

Figure 5.5 shavs a few simulationresults. The hybrid regularizationtechniquethat amalgamates
threeregularizationparametersvorks excellentfor differentdistributionswith differentmodesand
with differenteffective radii (seeFig. 5.5(a),(b),(d),(f)).In addition,theunknovn refractve index can
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be captured(seeFig. 5.5(c),(e)). In contrastto the describedact thatthe degreeof ill-posednesss
higherwith respecto theinverseproblemwith known refractveindex if theabsorptions strong,here
we obseretheopposite.If min,, = 0.17, (seeFig. 5.5(c))the solutiondomaincaneasilybedefined
andis small. Thisis plausible. If a slightly incorrectrefractve index is used,the inverseproblem
respondswith alarge outputerrorthatis dueto the high ill-posednessiggree. In the caseof weak
absorptiorthe solutionis not sowell determinedseeFig. 5.5(e)). We obsere a moreelongatecand
oftendisconnectedolutiondomainof possiblerefractve indices,afactthatwasobsenedfor thelfT

algorithm,too.

5.2.2 IfT algorithm

ThelfT schemewhichis describedn detailin Muller etal. (Muller etal., 1999b),usesa Tikhonov
regularizationwith constraintgo invertthe eightopticaldatameasuredvith the IfT multiwavelength
lidar. The strengthof regularization,which determineghe degreeof smoothnessf the solution,is
foundfrom generalizeatross-alidation(Golubetal., 1979). Theinvestigatedsolumeconcentration
distribution is approximatedvith a discretesetof eightbasisfunctions,which have the shapeof B
splinesof the secondordet i.e., linear polynomials. Fifty inversionwindows of variablewidth are
definedthroughvariationof the lower andupperlimits of the basis-functiorrangefrom 0.01to 0.2
andfrom 1 to 10 um, respectiely. The basisfunctionsare distributedlogarithmically equidistant
within thewindows. Theinversionis performedor every window andfor refractve indicesthatvary
from 1.33to 1.8in realandfrom 0 to 0.7 in imaginarypart.

Fromtheinversionsolutionsonly thoseareselectedfor which the back-calculate@dpticaldataagree
with the original datawithin the limits of the measuremengrror. Mean and integral particle pa-
rametersi.e., effective radius,volume,surface-areaandnumberconcentrationsarecalculatedrom
the selectedsolutions,and their meanvaluesand standarddeviations are presenteds final inver-
sionresults. Furthermorethe single-scatterin@lbedois calculatedfrom the volume concentration
distribution andthe complex refractve index asin the IMP algorithm,too.

From extendedsimulation studies,it was shovn that an appropriatereconstructiorof the volume
distributiontogethemwith ameancomple refractveindex is foundfrom theeightopticaldataderived
with the IfT multiwavelengthlidar (Muller et al., 1999a). It wasdemonstratedhatinformationon
particleextinctionis necessargttwo wavelengthstleastandthattheopticaldatamustbedetermined
with errorsof <10%—-20%.

5.3 Inversionresults

5.3.1 Biomass-hurning aerosolmeasured during LACE 98

In thefollowing, we presentainexampleof theinversionof experimentablatawith bothalgorithmsand
thecomparisorof theresultswith airbornein situmeasurementsnboardheresearchaircraftFalcon.
ThemeasurementseretakenduringLACE 98, whena distinctaerosolayer, which originatedfrom

forestfiresin northwesterrCanadawaspresenin the freetroposphergseealsoSec.4.2, Sec.8.5,

and (Wandingeret al., 2000)). The optical datashowvn in Fig. 4.16 were usedasinputin the two

inversionalgorithmsdescribedabove.

For the IfT algorithmthe six backscatteandtwo extinction coeficientsof the IfT multiwavelength
lidar were usedonly. With the IMP algorithmall 11 datawere processednd several testswere
performedto checktheinfluenceof certainwavelengthson the inversionresults. Table5.3.1shovs

theinversionresultsof bothalgorithmsin comparisorno the Falconin situ measurementsn general,
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| Parameter || Lidar, inversion | Falcon,in situ |
IfT algorithm | IMP algorithm| particleswith particleswith
r > 1.5nm r > 50 nm

Teffy 4M 0.27+0.04 0.24+0.01 0.24+0.06 0.25+0.07

vy, pmeem—3 1342 1141 945 8+5

ag, ,quCm_3 13947 13442 110+50 95455

ng, cm—3 291+70 361+57 640+174 271+74

Mereal 1.644+-0.09 1.614+0.04 (1.56)

Mimag 0.05£0.02 | 0.088:0.011 (0.07)

SSA(532nm) 0.83+0.06 0.73+0.03 0.78+0.02 0.79+0.02

regi—€ffective radius,v;—total volume concentrationg;—total surface-area@oncentrationn;—total numberconcentration,
mrea—Tealpartof refractiveindex, mimag—imaginarypartof refractive index, SSA-single-scatteringlbedo.

Table5.1: Physicabparticleparameterfrom inversionof lidar datameasuredh theheightregionfrom
3600-4100m a.s.l.on 9 August1998,2200-2400UTC, andfrom in situ measurementsf particle
sizedistributionsaboardthe Falconfrom 3500—-4000m a.s.l.

thedataagreewell within theirerrorlimits. An effective radiusof 0.25+0.03um wasfound. Surface-
areaandvolumeconcentrationslerivedfrom theinversionareabout30%higherthanthosemeasured
in situ in the lower layer The spectralbackscattercoeficients calculatedfrom the measuredsize
distributionsdiffer in the sameway from thosemeasuredvith lidar. This finding indicatesthatthe
deviation is causedoy the spatialinhomogeneityof the aerosollayer ratherthanby uncertaintiesn
eitherthemeasuremerdr theinversion.Theairbornemeasurementseretakenon a80-kmflight leg
about5 km to the eastof the lidar sitearound2300UTC. Thelidar profileswereaveragedover two
hoursfrom 2200-2400JTC.

In general,number concentrationsare difficult to determinefrom the inversion of optical data
(Bockmann2001;Miuller etal., 1999a) because@suallythemajority of particless toosmallto beop-
tically active andthusdoesnotcontributeto theopticalcoeficientsmeasuredvith lidar. Theinversion
algorithmsindicatethis uncertaintyby the large error limits, which are obtainedfrom the scattering
of the investigatecparametersvithin their solutionspace.lf oneseparatethein situ measurements
into the differentmodesof the sizedistribution (Aitken modewith particleradii »<0.05uzm, accu-
mulationmodewith 0.05<r<0.5 um, andcoarsemodewith »>0.5 ym) andcomparesherespectre
numberconcentrationsvith the inversionresults,it becomesvident that the inversionof the mul-
tiwavelengthlidar datagivesmainly informationon particlesin the accumulatiorandcoarsemodes
(seeTable5.3.1).However, becausghe Aitkenmodedoesnot significantlycontributeto total particle
surfaceareaandvolume,theseconcentrationsandthusalsothe effective radius,are reconstructed
very well with theinversion.

As mentionedhbove, avariable but wavelength-andsize-independemeancomple refractve index
is usedin bothinversionschemes As hasbeenshowvn previously (Bockmann,2001; Miller et al.,
1999a),solutionsare obtainedfor certaincombinationsof real andimaginarypartsof the complec
refractveindex only. If therealandimaginarypartsareorderedn amatrix-like schemethesolutions
for therefractve index arearrangedalongadiagonalin this matrixif theabsorptionst weak(smaller
thanapproximatelyn;n,, = 0.08: in theIMP algorithm,seeFig. 5.5(e)andRef. (Bockmann2001)).
Thatis, smallerrealpartsareconnectedvith smallerimaginarypartsandlargerreal partswith larger
imaginaryparts. This factshouldbe takeninto accountin theinterpretationof the errorlimits given
for therefractve index.

Therefractive index for the airbornein situ measurementwascalculatedrom a volume-weighted,
internal mixture of absorbing,soot-like and non-absorbingammonium-sukite-like materialunder
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consideratiorof the absorptioncoeficient measuredvith the particle soot absorptionphotometer
(PSAP).One shouldhave in mind that closureof the backscattecoeficients calculatedfrom the
sizedistribution with the lidar backscattecoeficients was obtainedfor an external mixture of the
two aerosocomponent®nly, i.e., by introducingaseparateefractve index for ammoniunsulfateof
1.53—0.07 andfor sootof 1.75—0.45: (Fiebigetal., 2000).Calculationgor aninternalmixture could
notreproducehelidar measurements:or thatreasonthevaluesof therefractveindex in Table5.3.1
aregivenin parenthesesl heinversionresultsgave similarvalueswhich arethusassumedo indicate
ameancomple refractve index, thatwell characterizeshe scatteringandabsorptionpropertiesof
theentireparticleensemble.

Thelatterfactis confirmedby the comparisorof the single-scatteringlbedo which is derivedfrom
the particle size distribution (eitherinvertedor measuredpandthe complec refractve index (either
invertedor dervedfrom appropriatemixing of sootandammoniumsulfate)with Mie-scatteringcal-
culations. In the caseof the airbornemeasurementgn externalmixture of ammoniumsulfateand
sootwasassumedAgain, a goodagreemenbetweeninversionresultsandin situ measurements
found, thoughthe IfT resultsareslightly larger andthe IMP resultsareslightly smallerthanthein
situ values. Valuesof the orderof 0.8 indicatea ratherhigh influenceof absorptionon the radiative
propertiesof the particles.

The sensitvity studieswith the IMP algorithmconcerningthe differentnumberof datausedin the
inversionshovedthat,e.g.,the useof six backscatteandtwo extinction coeficientsdeterminedwvith
the IfT multiwavelengthlidar insteadof all 11 available optical data(eight backscatteand three
extinction coeficients) doesnot changethe resultsfor particle size and concentratiorsignificantly
However, a remarkablesensitvity of the complec refractive index wasnoted. Especially the intro-
duction of the extinction valuesat the shortestwavelength(292 nm) leadto a very large solution
spacewhich includedunrealisticallyhigh realandimaginarypartsof therefractve index. Onepos-
sible reasorfor thatis the large uncertaintyof the valuesin the UV becausef the necessarpzone
correction.Ontheotherhand,thereseemso occurasystematiaifferencen thesolutionsfor there-
fractiveindex from thetwo inversionalgorithms.Largerimaginarypartsarefoundin mostcaseswvith
the IMP algorithmin comparisorto the IfT algorithmindependentlyof the numberof optical data
used.As a consequencehe single-scatteringlbedodeterminedwith the IMP algorithmis smaller
thanthevaluesderivedfrom thelfT algorithm.

5.3.2 Minimum data set

Both inversionalgorithmsweretestedwith respectto a minimum dataset,which may be delivered
from aerosoRamanlidarsbasedn asingleNd:YAG laser Backscattecoeficientsat 355,532,and
1064 nm andextinction coeficientsat 355 and532 nm are availablein this case(3+2). Table5.3.2
shaws the resultsthat were obtainedfrom the sameoptical datasetasthosein Tah 5.3.1. The IfT
algorithmwasmaodifiedfor this study A finer resolutionof therefractve-index grid with 320instead
of 140 comple valueswas used. A re-calculationon this finer grid was performedalso for the
caseof six backscatteandtwo extinction coeficients(6+2), which leadto slightly differentvalues
in Tah 5.3.2comparedo Tah 5.3.1. Excellentagreemenof the resultsfrom the reduceddataset
(3+2) with thosefrom 6+2 dataandthusalsowith the airbornein situ measurement&asobtained,
which indicatesthatthe 3+2 informationis sufficient for a successfuinversionin this case.Further
investigationarenecessargoncerninghedeterminatiorof theimaginarypartof therefractve index
whichis very sensitve.

In generaljt wasfoundthatinversionerrorsincreasevith thereductionof measuremerdataandthat
a higheraccurag of thereduceddatasetis requiredfor a successfuinversion. Simulationswith the
IMP algorithmshaved that for noiselesslatathe meanandintegral parametersf the particle size
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| Parameter || Ift algorithm IMP algorithm
3+2 6+2 3+2 6+2
Teffy 4M 0.27+0.04 0.27+40.04 0.26+0.03 0.24+0.01
v, pmiem=3 13+2 13+3 12+2 11+1
az, pm?cm—3 14548 142+7 141+5 13442
Mireal 1.63+0.09 1.62+0.09 1.62+0.06 1.61+0.04

Table5.2: Comparisorof inversionresultsfrom 3 backscatteand2 extinction coeficients(3+2)with
theresultsfrom 6 backscatteand2 extinction coeficients (6+2). The samesetof parameterssin
Tah 5.3.1wasused.In thelfT algorithmafiner grid of thecomple refractve index with 320instead
of 140valueswasused.

distribution, exceptthe numberconcentrationcan be limited to 3% error in the 6+2 case. For the
reduceddatasetthis errorincreaseso 7%. Errorsin theinput dataof the orderof 10%leadto errors
in the physicalparticleparametersf 7% for the 6+2 caseandof 15%in the 3+2 case.
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Chapter 6

Statistical analysisof the atmospheric
trajectories for the lidar network

by I. Mattis

Thelidar network wasestablishedo derive a generakcharacterizationf the verticalaerosodistribu-
tion andits dependencen seasonweathemregime, diurnalcycle, andlocal effectsandto investigate
thetemporalandspatialdevelopmenif the aerosobpropertiesin this sectiona methodis described,
which permitsoneto classifyprofilesof opticalaerosobropertiederivedby theroutineobsenations
in dependencen the large-scaleveathemregime (Mattis et al., 2001). The atmospheridrajectories
arecalculatedoy the GermanWeatheiServicefor all lidar-network stationsor two arrival timeseach
day, which correspondapproximatelyto the times of the routinelidar obsenationsat noonand at
sunset.

Becausedhe quantity of availabletrajectorydatasets(two per day) is muchlargerthanthe number
of measurederosolprofiles(usuallynot morethanfour perweek)we suggesto applyarny method
of statisticalanalysisprimarily to thetrajectoriesandnot directly to thelidar profiles. The analytical
trajectoriegrovide informationaboutthe origin of the obsenedaerosolsandaboutthe synopticpat-
ternscorrespondingo themeasurements.hey weredividedinto distinctclustersoy meansof cluster
analysis.Theneachlidar profile wasassignedo the clusterof its correspondingrajectory Because
trajectoryclusterrepresent®nelarge-scaleatmospherig¢ransportpattern,eachof the profileswithin
thecorrespondinglassof opticalaerosopropertiesvasobtainedrom alidar obsenationundersim-
ilar large-scalesynopticconditions.Investigation®f the propertiesof theseaerosoklassewwill show
thedependencef opticalaerosolpropertiesonthe correspondingveatherregime.

6.1 Trajectories for the lidar network project

The atmospheric4-day backward trajectoriesusedin this study were calculatedby the German
WeatherServicefrom thewind fieldsof its Europeamumericaweathempredictionmodel(Kottmeier
and Fay, 1998). They are available since Decemberl997. The trajectoriesare calculatedon a 3-
dimensionalgrid. This calculationmethodleadsto lower uncertaintiesn comparisonto thoseof
othermethodsg.g.isentropiccalculation.The accurag of the calculatedrajectoriesddepend®onthe
synopticconditions.The higherthe wind speedhelower the uncertaintyof the trajectories.Usually
the deviation betweenhe calculatedandthe actualtrack of anair parcelis about10%to 20% of the
trajectorylengthfor the trajectoriesusedin this study (Stohl, 1998). In Table 6.1 the characteristic

62



propertiesof thetrajectoriesaresummarized.

trajectorymodel

Europeamumericalweathempredictionmodel
database of the GermanWeatherService
spatialresolution 0.5°
time resolution 6 hr

availabletrajectorydataset

trajectorylength 4 days
2 arrival times 13UTC, 19UTC eachday
6 arrival pressurdevels | 975,850,700,500,300,200hPa
5 lidar sites Hamhurg

Kiihlungsborn

Leipzig

Munich

Garmisch-Rrtenkirchen

Table6.1: Characteristicgbropertieof the backtrajectoriesisedin this study

6.2 Statistical analysisof the atmospherictrajectories for the li-
dar network

Clusteranalysisprovidesalgorithmsto separatea large numberof datasets(in our casesetsof tra-
jectories)into groups,the so-calledclusters. The separatiorof the datasetshasto be donein such
away thatsimilar trajectoriesare meigedwithin one clusteranddissimilaronesbelongto different
clusters.In this studya clusteringalgorithmfor atmospheridrajectoriesrecommendedby (Dorling
etal., 1992)wasused.Modificationsconcerninghe startingconditionsprovide additionalinforma-
tion on the uncertaintyof the derived results. As an adwantageof the usedclusteringalgorithmthe
optimumnumberof clustersfollows from thealgorithmitself andhasnotto beassumed.
Thefollowing stepsshortlydescribethe clusteringalgorithm:

1. A setof seedtrajectoriesis generated.Modifying Dorlings algorithm syntheticalratherthan
real trajectorieswere used. As an exampleFigure 6.1 shovs 30 seedtrajectoriesarriving at
Leipzig.

2. Eachtrajectoryis assignedo that seed which is closestin termsof the usedmeasureof dis-
tance.In this study we simply usedthe 2-dimensionaEuclidiandistanceconcerningonly the
longitudeand latitude dataof the trajectories. Thenthe averagetrajectoryof eachgroupis
calculatedrom all groupmembersThesemeantrajectoriesarethe so-calledcentroids.

3. It is checled, whethereachrealtrajectoryis in the right clusterin termsof its distanceto the
clusterscentroid.After reassigninghetrajectoriesthe centroidshave to berecalculated.

This stephasto bereiterateduntil all trajectoriesarecorrectlyassigned.

4. The RootMean SquareDeviation (RM S D) of eachtrajectoryfrom its centroidis calculated.
Thesumof theseRM S Ds givesthetotal RM SD.

63



Figure6.1: Thirty syntheticseedtrajectoriesarriving at Leipzig.

5. Thosetwo clustersaremerged,for which the centroidsareclosest.The centroidof the merged
clusteris calculatedandthe steps3 and4 have to berepeated.

6. Step5isrepeatedonsecuteely until thenumberof clustersV is 1. Thederivedtotal RM SDs
areplottedversusN. Thereductionof clusternumberdeadsin generalo a weakincreasan
RMSD(N). A steepincreasen RMSD(N) is obsenedwhensignificantly differenttrajec-
toriesformerly locatedin distinct clustersare meiged into one cluster So the the optimum
numberof clusterss the N beforethe steepincreaseén RM SD(N).

7. In this study Dorlingsalgorithmwasextendedtoward a repetitionof steps2 to 6 with slightly
variedseedtrajectories.For that purposethe clusteringwasfirst calculatedfor all seedsthen
every sixth seedtrajectorywas left out, startingwith the first one. In the next iteration step
every sixth seedstartingwith the secondonewasleft out, etc.

Figure6.2shavsasanexampletheresultingcurvesof thetotal RM S Ds versusN for all trajectories
arriving at Leipzig at 850hPa in 1998,1999,and 2000 correspondingo the seven differentinitial
conditions.All sevencurvescorverge whenthe numberof clustersis reducedrom six to five. That
means,if the numberof clustersis smalleror equalto six, the differentinitial conditionsleadto
the sameresult. But if N is larger thansix, no stableclusterscan be found andary peaksin the
percentagehangeof RM S D for morethansix clustersshouldbe negglectedin the searchfor the
optimumnumberof clusters. Thusonly the steepincreasen the total RMSD when NV is reduced
from five to four is significant,andthe optimumnumberof clustersfor this examplewasfoundto be
five.

6.3 Results

Theclusteranalysisdescribedibore wasusedin combinationwith lidar profilesonly for trajectories,
which endat 850hPa (seeSection6.1). Thesetrajectoriesarebelievedto be mostrepresentatie for
themainair transporin theupperpartof theatmospheriboundarylayer. Thetrajectoriesarriving at
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Figure 6.2: Changeof the total RMSD for all trajectoriesarriving at Leipzig at 850hPa in 1998,
1999,and2000.Eachthin curve representsheresultof the clusteringalgorithmfor oneof theinitial
conditions.

975hPa aremoreinfluencedby the earthsurfaceandthereforetheir uncertaintyis larger. Neverthe-
less,the clusteranalysiswasalsoappliedto trajectoriesarriving at Leipzig at 975hPa simply to give
anexampleandanideaaboutthe conditionsin thelower boundarylayer.

Figure 6.3 shaws the total RM S D versusthe numberof clustersfor all lidar sites. The optimum
numberof clusterswasfoundto be five for almostall of the cases.The curvesof differentinitial
conditionsmemge at higher N's for the southerlystationsMunich and Garmisch-Rrtenkirchernand
for the 975-hRatrajectories.For Kuihlungsbormo singlesolutioncould be found. The curvesof the
seveninitial conditionsdo not megeinto onebut into two final curves. For the trajectoriesarriving
at Kuihlungsbornthis means the clusteringalgorithm finds two stableclusteringstates,which are
marked with | andll in the plot. The optimum N for statel seemdo be six. The Total RM SDs
plottedin Figure6.4shov thesamepattern.The RM S D of 5 clustersaswell asthetotal RM S D of
all trajectoriess largerfor the northerly stationsLeipzig, Hamhurg, andKiihlungsborrthanfor the
southerlystations.Also the RM S D is largerfor the 850 thanfor the 975-hR trajectoriesendingat
Leipzig. For the Kuihlungsborrrajectorieghetotal RM S D of 5 clustersis lower for the clustering
statell thanfor statel. This fact may indicatethat statell is the ‘correct’ solution. Nevertheless,
further investigationshave to be carriedout to find a more stablesolution for the Kithlungsborn
trajectories.

Figure 6.5 illustrates,how the trajectoriesof 1998,1999,and2000areassignedo the five clusters
identifiedby the clusteringalgorithmfor all six cases.For Kuihlungsborrsolutionll is shovn. The
patternarevery similar for thefive locationsandalsofor the two different pressurdevels. Thefive
clustersrepresentveathemregimeswith differentwind directionsandspeeds Clustera) containsall
trajectoriescomingto Germaly from easterlydirectionswith low speeds.Air parcelswhich were
transportedo centralEuropefrom northwestwith higherwind speedsrememgedwithin clusterb).
Clusterc) combinedrajectoriefrom theMediterraniarSeaandvery slow onesfrom westernEurope.
Thosetrajectorieswhich have their origin over the Atlantic oceanarecombinedn clustersd) ande)
with thelatteronecharacterizedby very high wind speeds.

Figure6.6 shavs thatmostof thetrajectoriesareassociatedvith clusterc). For the southerrstations
MunichandGarmisch-Rrtenkircherthis statemenheldfor thesummemonths(April to September)
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Figure 6.3: Changein the total RMSD for all trajectoriesarriving at 850hPa at all 5 lidar sites
andat 975hPa at Leipzig in 1998,1999,and2000. Every curve represents resultof the clustering
algorithmfor oneof theinitial conditions.For Kiuihlungsbormo significantsolutioncould be found.
Theresultingtwo stableclusteringstatesaremarkedwith | andll.

aswell asfor thewinter period(Octoberto March). In all caseghe quantityof trajectoriesnsidethis
clusteris clearly higherin summerthanin winter exceptfor the 975-hR level. The occurenceof
thetrajectoriedn the clustersc andd, which areassociateavith moderatevesterlywinds, is nearly
the samefor the two northernstations. It is not surprisingthat the membersof clustere), which
corresponds$o weatheregimeswith very fastwesterlywinds, arealmostonly winter trajectoriedor
all lidar sitesaswell asfor thetwo pressurdevels.

The RM S D of theclustermembersn generals higherfor thewintertrajectorieghanfor thesummer
trajectoriesTheabsolutevaluesof the RM S D decreaséom northto southandfrom 850to 975hPa.
This factis in agreementvith thefinding of Figure 6.3 thatthe NV, for which the curvesof different
initial conditionsmerge, shawvs the samebehaiour with latitude and pressurdevel. However, this
resultshouldnot be extrapolatedo otherEuropearstations becausehe propertiesof the RM S D of
atrajectorysetshouldlessbeaffectedby thelatitudebut moreby orography Thestationsn northern
Germaly arelocatedatthecoastthesoutherronesattherim of the Alps, andLeipzigliesin between
(in ageographicasenseaswell asin theresultsof the clusteranalysis).

As outlinedat the beginning of this section,the resultsof the previously describedcclusteringalgo-
rithm shouldbe usedto classifyoptical aerosolpropertiesn dependencen the large-scaleveather
regime. Eachlidar obsenation hasto be assignedo the clusterof its correspondingrajectoryto
derive groupsof opticalaerosobpropertiesobtainedfrom lidar obsenationsundersimilar large-scale
synopticconditions.In section7.3, theresultsof this procedurewill be presentedor the exampleof
theroutineobsenationsat Leipzig.
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Figure6.4: Total RM S D for all trajectoriesarriving at 850hPa at Leipzig (LE850), Hamhurg (HH),
Munich(MU), Kiihlungsbor{KB), Garmisch-Rrtenkircher{GP),andat975hPaatLeipzig (LE975)
in 1998, 1999, and 2000. The left columnsstandfor the total RAM SD of all trajectoriesgrouped
within 5 clustersandthe right onesshow the total RAM S D of all trajectories. The two resultsfor
Kuhlungsborraremarkedwith | andll.

6.4 Conclusions

In the precedingsectiona methodwassuggestedwhich allows to classifyprofilesof opticalaerosol
propertiegderivedby theroutineobsenationsin dependencenthelarge-scaleveatherregime. This

methodcanbeappliednotonly theLeipzig datasetbut alsoto thetrajectoriesandaerosoldataof the

othermemberof this Germanlidar-network projectaswell asto the dataof the participiantsof the

EARLINET projectwhichis fundedby the EC andstartedn February2000.

The describedclusteringalgorithm was modified to get an estimationon its uncertainties. This

examinationwill be continuedto find possibilitisto derive significantsolutionsin caseslike the

Kuhlungsborrtrajectoriestoo.

Changingheusedmeasuref distancen theclusteringalgorithmwill allowsto examineotherques-
tionsthanonly thedependencen large-scaleveatheregime. Increasinghe weight of the distance
betweertwo trajectoriesvith decreasinglistanceo their arrival sitewill causehealgorithmto com-

binethosetrajectoriesnto onecluster which have crossedhe sameaerosolsourcesearthe arrival

siteevenif they originatedfrom differentregions. This tendeng may be amplifiedby insertingarny

informationaboutthe surfacebelow thetrajectorieqfor instanceemissionmaps)into the measuref

distance.

67



75

Leipzig, 975 hPa

LATITUDE, degrees

75

50

25
75

artenkirchen,

50

35 0 5 0 55 0 5 0 55
LONGITUDE, degrees

Figure 6.5: All trajectoriesof 1998, 1999, and 2000in the five clustersidentified by the cluster
ing algorithmfor the lidar sitesand pressurdevels listed in the upperleft cornerof eachrow. For
Kihlungsborrsolutionll is shavn. Thecharactersn thelowestrow identify the clusters.
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Figure6.6: Left: Numberof membersof the five clustersfor the differentlidar sitesand pressure
levels. Right: RM SD of every clustercalculatedseparately The left columnsare associatedvith
the summertrajectoriesonly (April to September).The right onesbelongto the winter trajectories
(Octoberto March). For Kuihlungsborrihe clustermemberdgor solutionll areshown.
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Chapter 7

Climatology of the vertical aerosol
distrib ution

7.1 Kuhlungsbom

by J. Schneider

At IAP Kuhlungsbornthe measuremenime of the GermanLidar Network beganon 1997-12-01
and endedon 2000-03-16,since a major reconstructiorof the institute madelidar measurements
impossibleuntil the startof the follow-up project, EARLINET, on 2000-05-01. During the above
time frame, the climatologicalmeasurementsave beenperformedeachMonday at noonand after
sunsetandeachThursdayat noon. From Januaryl®t, 2000, it wasdecidedin the network to shift
theThursdaymeasurement® aftersunsetA statisticaloverview of all climatologicalmeasurements
canbefoundin table7.3.

In this analysisonly the aftersunselRamanmeasurementsbtainedn this time frameareincluded,
sincethe Ramanmmeasuremeniallow the calculationof the backscattecoeficientsdown to the low-
estlidar returnsignal. For the climatologicalanalysis,we selectedthe cloud-freedaysout of the
fixedmeasuremerdchedulenentionedabore. We investigateglanetaryboundarylayerheightsand

Measurements1997/12/01-2000/03/31

months possible | performed perf./poss. class| class classl/
measurem| measurem, measurem%o] 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 \

classl : measuremenwithoutlow cloudspossible
class2 : measurementith cloudsbelov 2000m

Table7.1: Overview of all climatologicalmeasurementgerformedat IAP Kiithlungsborrduringthe
time frameof the GermanLidar Network.
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monthly meanbackscatteandextinction coeficients,the latter restrictedonly to altitudesabove the
boundaryayer.

7.1.1 Measurements
7.1.1.1 Determination of the aerosoloptical parameters

Calculationof the extinction coeficient «**"(\, z) from the Ramansignalsfollows the methodde-
scribedin (Ansmannetal., 1990; Ansmannet al., 1992a). This methodallows to determinethe ex-
tinction coeficientindependentlywith the only necessarassumptiorof the wavelengthdependence
of the aerosolextinction coeficient a®(\) ~ A~*. Sincethe ratio betweenemittedand Raman
shiftedwavelengthsis closeto unity, deviationsof this assumptiordo not contritute to significant
errors. Obsenationsindicatethatk variesbetween0 and2 (Ferrareet al., 1998). For cirrus clouds,
k equalszero (Ansmannet al., 1992a). Generally £ = 1 is assumedor all measurementsxcept
for cirrus clouds,wherek = 0 is chosen.To obtainthe nitrogenmoleculenumberdensityandthe
Rayleighscatteringcoeficienta™ (), z), air temperaturedensity andrelative humidity areavailable
from local radiosondaneasurementg@erformedby the GermanWeatherService(DWD) on a regu-
lar basis.Radiosondelataareavailableat noonandmidnightfrom two stations,onelocated120km
east(Greifswald), the otherlocated150 north-west(Schleswig). Additionally, on certainoccasions
radiosondeganbe launchedat IAP Kiihlungsborn.For dayswhereno radiosondelatawere avail-
able,the US StandardAtmospherevasused.In orderto calculatethederivative d/dz(In(PR?)), the
receved Ramansignalhasto be averagedn time andaltitude. To reducetheinfluenceof smallscale
variability, a minimumtime interval of 30 minutes(approximately54000lasershots)waschosenn
the GermanLidar Network. Typical heightintenalsare: 200m (4 channelspetweenl and5 km,
500m betweerb and10 km, and1000m above 10 km. Thesevaluesaresubjectto changedependent
on the actualshapeof the lidar returnsignal,the averagedime interval andtherebythe total count
rate. Sincethis techniqueis basedon the absolutelidar returnsignal, it canonly be appliedabove
the heightat which the laserbeamandthe telescopdield-of-view fully overlap. This reducesour
datato altitudesabove 1 km, therebyexcluding mostof the boundarylayer. Exampledor extinction
measuremeniareshavn in Figure7.1.

Oncethe aerosolextinction coeficient is known, the aerosolbackscattecoeficient 5" (), z) can
be determinedrom the ratio of the Rayleigh/Mie return signaland the Ramanreturnsignal, cor
rectedfor aerosolextinction and normalizedat the referencealtitude z, (Ansmannet al., 1992a).
The referenceheight z, is usuallychosenin away that 37 (z) < 8™°(z,). Theseconditionsare
found frequentlyin the uppertropospherearound6 to 8 km. Then 3%"(z,) is assumedo be zero
for all wavelengths.As above, the molecularscatteringcoeficient 3m°( )\, z) is calculatedrom the
radiosondedata. The aerosolextinction coeficient at 355 and 1064 nm is extrapolatedfrom the
measuremerdt 607 nm with the choserk value. Below the lowestmeasuredralue, the extinction
coeficientis assumedo be constant Sincethis methodis basedn theratio of two signals,it canbe
appliedalsoat altitudeswherethe laserbeamandthe telescopdield-of-view do not fully overlap,i.
e. belov 1 km. Examplesof aerosobackscattemeasurementgregivenin Figure7.1.

7.1.1.2 Error discussion

Theerrorof theextinction coeficientis mainly determinedy thestatisticalerrorof theRamarreturn
signal. This erroris assumedo bethe squareroot of the absolutecountrateandis calculatedvia the
law of errorpropagatiorto theerrorin theextinction coeficient. As (Ansmanretal., 1992a)pointed
out, a rapid changen the aerosolextinction coeficient during the averagedperiodinducesa signif-
icanterrorin the meanextinction coeficient. To avoid sucherrors,only periodswith approximately
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Figure 7.1: Examplesfor vertical profiles of extinction and backscattecoeficients. Upperpanel:
98-08-16,19:57-21:2JT, lower panel:99-10-11,19:57-20:30.The extinction coeficient hasbeen
determinecdat 532nm, while the backscattecoeficient canbe calculatedor 355,532,and1064nm.
On98-10-11 thelidar ratio could only be determinedelon 2 km, dueto thefactthatthe extinction
coeficientis closeto zeroabove.

constantaerosolbackscattesignalshave beenaveraged. The error of the backscattecoeficient is
mainly determinedby the chosernreferenceheightandthe chosenaerosolbackscattecoeficient at
thisaltitude(we chosezeroatall measurements).he calculationof the backscattecoeficientneeds
the extinction coeficient asaninput. Sinceno Ramansignalsare available for 355 and 1064 nm,
the extinction coeficient measuredt 532is extrapolatedwith the choserk value,which introduces
an additionaluncertainty As mentionedabove, the extinction coeficient is assumedo be constant
belov the lowestmeasuredralue (aroundl km), which causesan additionalerror, especiallyif the
boundarylayerheightis verylow. Althoughadjustableneutraldensityfilters areplacedin front of the
photomultipliertubes,it could not alwaysbeenavoidedthatthe photomultiplierusedin the 1064nm
channelis overloadedoy the strongbackscattesignalfrom the boundarylayer. This resultsin atoo
low signalin the boundarylayerandalsoin the altituderangeabove, andthe calculatedbackscatter
coeficient canthenturn out to be too low. This problemhasfirst beenobsened during the instru-
mentintercomparisor(seechapter4.2 for more details). Also the low Rayleighscatteringat 1064
nm, makingit difficult to find a referenceheightwith negligible aerosolcontent,cancausenegative
valuesat altituderegionswith averylow aerosokontent.In thesecaseshe backscattecoeficientis
regardedo be belown the detectionimit.
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7.1.2 Results

Measurement Overview
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Figure7.2: Overview of the climatologicalRamanmeasurementgerformedbetween97-12-01and
00-03-31at IAP Kuhlungsborn.Ramanmeasurementwere taken after sunseteachMonday and,
from 00-01-01on, alsoeachThursday “all days”denotesll performedmeasurementSclear days”
denotesall measurementsithout cloudsbelow 5 km.

Figure7.2shavstheannualdistribution of Ramarlidar measurementsnthe preselectedaysatIAP

for thetime periodbetweerDecembei ¢, 1997andMarch31¢¢, 2000.In total, of 137 possiblemea-
surementdays(public holidaysexcluded),on 60 daysRamanmeasurementsave beenperformed.
This correspond$o a percentag®ef 43.8%.0n the otherdays,it waseitherrainingor the possibility
for rain wastoo high. On 34 days(24.8%), no cloudswere presentbelov 5 km. Thesedaysare
attributedas*“clear” daysandwill beusedfor thefurtheraerosolanalysisjn orderto separateloud
top heightandboundarylayerheight,andto assurghatonly aerosolpropertiesarediscussed.

7.1.2.1 Backscattercoefficients

Figure 7.3 shaws the annualcycle of the aerosolbackscattercoeficient at 532 nm for the “clear
days” (no cloudsbelov 5 km). The shavn time periodis 01.12.1997 31.03.2000A runningmean
over 3 monthswasapplied. The figure revealsan annualvariability of the planetaryboundarylayer
(PBL) heightbetweer800and2000m, with a minimumin winter anda maximumin summer The
maximumPBL heightin 1998is reachedduring monthsMarch throughJune,while in 1999, the
maximumis betweenJuneand October However, no “clear” measurementsave beenpossiblein
July andAugust1999. White areasndicatethatthe backscattecoeficient wasbelow the detection
limit of 10~mtsr—!, which may be causedoy overloadof the photomultiplieror by aincorrectly
choserreferencepoint. For thefollowing analysisthe PBL heightwasdefinedasthataltitudewhere
the aerosobackscattecoeficient (532nm) decreasetb 50% of the meanvaluebelow, asshavn in
Figure7.4.

Figure7.5 shows the annualcycle of the PBL heightfor the “clear days”, The datapointsrepresent
monthlymeandetweerf7-12-01and00-03-31.A curwefit to the datapointsis alsoshowvn, indicat-
ing the maximumof the PBL heightto be aroundthe beginning of August(aroundthe 15*) while the
minimumis in themid of February(17**), correspondingo a meanphaseshift of about50 dayswith
respecto thesummer/wintesolstices.Thecalculatedperiodb of theoscillationis 10.8 + 1.7 months,
which meansthat the annualcycle canbe reproducedput that the statisticup to now is still rather
sparse.Here, it hasto be remindedthat thesedatacannot be assumedo be representatie for the
maximumPBL heightduringthe day sincethesemeasurementweretaken after sunset.In general,
the PBL heightreachests maximumaround14:00local solartime and decreasefater throughthe
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Climatological Raman measurement after sunset ( monthly means )
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Figure7.3: Annual cycle of aerosolbackscattecoeficient at 532 nm, cloudlessdaysonly. Shovn
aremonthlymeanvalues.White areasgndicatevaluesbelow the detectionimit.
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Figure7.4: Examplefor thedefinitionof the PBL heightasdefinedin thiswork: Thealtitudez where
themeanbackscattecoeficientdecrease® half onthemeanvaluebetweerthelowestmeasurement
level andz. To determineghe PBL height,the datameasurect532 nm have beenused.

day, but therearealsooccasion®nwhichthePBL continuegyrowing throughoutheday, asis shovn
in Figure7.6,whereadiurnalcycle of backscattecoeficientsis shavn.

During daytime,whenno Ramansignalsare available, we cannot calculatethe backscattecoefi-
cientsbelow the altitude of full overlapbetweenlaserbeamandfield-of-view of the glassfibre (>
1000m). Thatmeanswe candeterminethe heightof the boundarylayer, but not the true values
for the backscattecoeficients. For figure 7.6 the backscattecoeficient wasassumedo be constant
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Figure 7.5: Annual cycle of the monthly meanplanetaryboundarylayer height, inferred from the
backscattecoeficient at 532 nm for the “clear days”. Monthly meansbetween97-12-01and 00-
03-31areshawvn. The barsdenotestandardleviations,datapointswithout barsrepresenbnesingle
measuremendluring this month. The fit curve representsa least-square§it of the functiony =
Yo + asin((27/b)x + c).
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Figure 7.6: Diurnal cycle of the aerosolbackscattecoeficient at 532 nm measureddn March 30,
1999. This dayis an examplefor a steadilyincreasingooundarylayer during a stablehigh pressure
period.

below thelowestmeasuredalue.
Thebackscattecoeficientsin andabovethe PBL donotshaw asignifcantannualkycle. Meanvalues
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Figure7.7: Spectradependencef meanbackscattecoeficientsinsideandabovethe PBL. Theright
scaleis expandedy afactorof 10 comparedo theleft scale.

Bass(m~'sr™Y)  Bsgy(m~'sr™)  Bioea(m~'sr™t) ass2(m”") AODs3» LRss3a(sr)
INPBL  (29+3.1)x107% (1.54+0.9)x 1076 (2.5+1.2) x 10~7 - - -
AbovePBL (4.5+£2.6) x 107 (7.8 £3.5) x 1078 (—0.4+£1.6) x 10~® (3.5+£7.2) x 1076 (1.24£0.3) x 1072 44494

Table7.2: MeanValuesof BackscatteandExtinction CoeficientsandLidar Ratioin andabove the
PBL for the 2-yearperiod97-12-01and99-11-30.

werecalculatedusingonly the periodfrom 97-12-01t0 99-11-30jn orderto havetwo completeyears.
The valuesare summarizedn table7.1.2.1andplottedvs. wavelengthin Figure7.7. The vertical
axisfor thevaluesabove the PBL is stretchedyy afactorof 10 comparedo theaxisfor thevaluesin

the PBL, indicatingthat, insidethe errorlimits for both datasets,the backscattecoeficientsin the
PBL areat higherby approximatelya factorof 10 thanabove. Comparingour datawith thosegiven
by (Muller etal., 1998),who reportaerosobackscattecoeficient measureét Leipzig, Germauy, in

andabove the PBL, the valuesobtainedinsidethe PBL agreequite well, while our valuesabove the
PBL arelower by ataboutafactorof two thanthosereportedoy (Muller etal., 1998).However, since
(Muller et al., 1998) areshaving only one single measuremengnd our dataare meanvaluesover
two yearsthisdiscrepang is notsevere.

7.1.2.2 Extinction coefficients

Figure7.8 shavsthe meanextinction coeficient measuredbetweerthe PBL and5 km alongwith the
opticaldepthin this altituderegion. Again, only thetime periodbetweerf7-12-01and99-11-30was
consideredThe negative valuesaremostlik ely dueto a wrong estimationof the Rayleighscattering
coeficients,which canbe explainedby thefactthattheradiosonde$rom which thetemperaturand
pressuraedatahave beenusedhave beenlaunchedabout100 km off our measuremersgite, or, if no
radiosondalatawereavailable,the US StandardAtmospherehasbeenused. For the meanvalue of
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Mean Extinction Coefficient (532 nm) above PBL
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Figure 7.8: Meanextinction coeficient and optical depthat 532 nm betweenboundarylayerand5
km. Only thetime periodbetweerf7-12-01and99-11-30wasconsidered.

theextinction coeficientseetable7.1.2.1. Themeanaerosobpticaldepth(AOD) obtainedabove the
PBL, asshawn in the lower panelof Figure 7.8, yieldsa meanvalueof (1.2 + 0.33) x 1072. This
value,which is comparabldo the valueof 0.012,which is obtainedfrom the Global AerosolData
Set(GADS) (Hesset al., 1998), implies that the contribution of the middle free tropospherdwell

below thetropopausdut above the boundarylayer) on cloudlessdayscanalmostbe neglectedwhen
discussingotal AOD. AOD valuesover CentralEuropeat 555nm, obtainedrom satellitedata,range
between0.1and0.6 (Gonzalet al., 2000). AOD valuesobtainedfor the planetaryboundarylayer
attheAtlanctic coastof theU.S.at450nm arein the sameorderof magnitudgHartley etal., 2000).
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7.1.2.3 Implication for lidar ratios

Dueto thelarge variationsespeciallyin the extinction coeficient, the standardleviation of themean
lidar ratio above the PBL (table7.1.2.1)is morethan 100% of the meanvalueitself. Althoughthe
meanvalue of 44 sris a very reasonablezalue for continentaland maritime aerosol(Ackermann,
1998),andalsofor the “free tropospheric’aerosolcomponentn the Global AerosolDate Set(Hess
et al., 1998),the variability of our datais too high to drav ary conclusions.The valuesinsidethe
PBL (seeFigure7.1) aremuchbetter but sincethe PBL heighthasbeenfrequentlybelon our lower
measuremerdltitude,extinction couldnotbe determinednsidethe PBL exceptfor afew casesThis
problemhasbeensolvedin themeantimeby installinganadditionaltelescopavith shortfocal length
to detectalsothe Ramansignalfrom insidethe boundarylayer.

7.1.2.4 Trajectory analysis
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Figure7.9: Map of centralEurope,shoving the resultsof the clusteranalysisof the backward tra-
jectoriesarriving above Kuthlungsborn54N, 12 E) at 19:00UT on the measuremerdays. 2 arrival
heightsareshowvn. Graylines: 975hPa(insidePBL), blacklines: 700hPa (above PBL). Thenumbers
givethe percentagef trajectoriecontainedn theindividual clusters.

The lidar stationKilhlungsborns locatedat the southernshoreof the Baltic Sea,west (30 km) of
the city of Rostock,andeast(150 km) of the city of Hamlurg. Thus,we would expectthe aerosol
propertiesto be dependenbn the wind direction. To obtaininformationaboutthe origin of the air
massesthe 3-dimensionabackward trajectoriesprovided by the GermanWeatherService(DWD)

78



were analysedoy meansof clusteranalysis. The clusteralgorithm usedhereis similar to that de-
scribedin chapter6 andwill bediscusseadn detailin (Eixmann,2001).In contrasto theanalysishas
beenperformedor the“clear” dayswithin the 2-yearperiodbetweerf7-12-01and99-11-30.For 26
out of 28 “clear” measuremerdaysduring this time frame, trajectorieswereavailable. Two trajec-
tory arrival heightsabove Kiihlungsborrof 975 hPa (correspondingo 300 m, certainlyin the PBL)
and 700 hPa (correspondingo 3000m, alwaysabove the PBL), andthe lastfour daysprior to the
arrival of the air massabove Kuihlungsbornwvereconsidered At both altitudelevels, it waspossible
to represenall trajectorieswith 2 clusters.Figure7.9 shavs thetwo dominatingtrajectorydirections
for bothaltitudes.At bothlevelsclusterl, containingthetrajectoriescomingfrom the north-westjs
dominatingwith 77%and81%, respectely, of all trajectoriescontainedn this cluster At 975hPa,
the northerndirection predominatesyhile at 700 hPa, more trajectoriesarrive from further west.
Cluster2 containsthe easternrcomponentsat 700 hPa originating from south-eastandat 975 hPa
comingfrom north-eastThelengthof theclustersdisplayedare4 days,indicatingthattheair masses
weretravelling at higherwind speedsvhencomingfrom the west,especiallyat 700 hPa. In orderto
find outif adifferencein the aerosolpropertiesdependenon the origin of the air massexists, the
backscattecoeficientsmeasuren thedayscontainedn the 2 clusterdor botharrival heightswere
averagedFigure7.10showvstheresultfor 532nm: no differencecanbefoundin the absolutevalues

of thebackscattecoeficient, which impliesthatthetotal aerosoloadis almostthe sameyegardless
of theorigin of theair masses.
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Figure 7.10: Mean aerosolbackscattecoeficients at 532 nm measuredn the individual clusters

givenin Figure7.9. No significantdifferencedn the aerosolload canbe found betweenrair masses
originatingfrom the eastandthe west.
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Figure7.11:Backscattecoeficientmeasuredh theindividual clustergyivenin Figure7.9normalized
at 532 nm, along with selectedaerosoltypesand componentdrom the Global Aerosol Data Set
(GADS). For detailsseetext.

7.1.2.5 Comparisonwith the Global AerosolData Set

In orderto analysethe wavelengthdependencehe datafrom theindividual clustershave beennor-
malizedto thevalueat532nm. Theresultis givenin Figure7.11. Theerrorbarsindicatethestandard
deviation,whichis zeroat532nmdueto thenormalization Also shovn in Figure7.11arecalculated
backscattecoeficientsfor differentaerosoltypestaken from the software packageOPAC (Optical
Propertief AerosolsandClouds),which basedon the Global AerosolDataSet(GADS). Both are
freely availableon the World Wide Web (Hesset al., 1998). In this dataset, the large variability of
naturalaerosolds reducedby the useof a datasef typical aerosolcomponents.The size of the
individual particlesin the OPAC softwarepackagas controlledby therelatve humidity. We selected
from this datasethoseaerosoltypesandcomponentsvhich arelik ely to be obsened at our station,
for example“continental”,“maritime”, “free tropospheric” at their minimumandmaximumrelative
humidities,and comparedheir calculatedbackscattecoeficients with our measurementsThese
backscattecoeficientswerealsonormalizedio the measuredalueat 532nm. Thevaluesmeasured
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insidethe PBL in the air masse®riginatingfrom the west(cluster1) matchonly with the smallest
aerosocomponents;soot” and“watersoluble”at thelowestrelatve humidity (0%). The moderadii
of the particle size distributions of thesecomponentare 11.8 nm and21.2 nm, respectrely. The
valuesof cluster2 do notevenfit to thesetwo aerosoktomponentsBetweer355and532,all selected
aerosolcomponentarein agreementith our data. The aerosolcomponentscontinental”, divided
into the subgroupsclean”, "average”and”polluted”, representedtby the straightlines, would fit to
both clustersif the measuredralue at 1064 nm would be somevhat higher This finding may sug-
gestthatthe measuredbackscattecoeficientat 1064nm s too low, which, asdiscussedbove, can
be causedy overloadof the photomultipliertube. The differencebetweenthe aerosolcontainedn
clusterl andcluster2, however, is very smallandcannot regardedo be significant. The “maritime”
aerosolrepresentetdy the dash-dottedines, shavs a weakwavelengthdependencéhatfits slightly
betterto the 355and532 nm dataof cluster2, but thenthe 1064 nm valuewould have to be under
estimatedoy at leasta factorof 4, which we considerto be ratherunlikely. For the valuesobtained
above the PBL the standarddeviation at 355nm s very largein clusterl, sothatall aerosoltypesfit
to the data. Also herethe 1064nm coeficient is very low, althoughmoreaerosoltypesfit through
the rangeof the given standarddeviation. A significantdifferencebetweerthe 2 clusterscannot be
found. The“free tropospheric’aerosokcomponent$rom the GADS (dashedines)would fit thedata
only with a higherexperimentalalueat 1064nm.

7.1.3 Summary and conclusions

We have presentedwo completeannualcyclesof verticalaerosolprofilesbetweer0 and5 km, and
therebyalsothe annualcycle of the planetaryboundarylayer height. Meanvaluesfor the aerosol
backscattecoeficientsin andabove the PBL aregivenfor 355,532,and1064nm. Valuesat 1064
have to betakenwith care,asthey cansuffer from photomultiplieroverload. The backscattecoefi-
cientsabove the PBL aresignificantlylower (by abouta factorof 10) thanthe valuesinsidethe PBL.
Sincethe planetaryboundarylayer hasalsoa diurnal cycle, and our datarepresennight-time data
(taken betweersunsetand midnight) they will not representhe maximumboundarylayer heightat
ourlidar site. Theannualycle, however, is reproducedery well by theseaftersunsetmeasurements.
Theextinction coeficient could only be determinedabove the PBL for 532 nm. Theinferredoptical
depthagreeswith thevalueexpectedirom the Global AerosolDataSet. A trajectoryclusteranalysis
performedon 4-daybackward trajectoriesdid not reveal a significantdifferencein the aerosolload
with respecto thedominatingwind directions(north-westndeast).Thecomparisorwith the Global
AerosolDataSet(GADS) shavedthatour measurecderosobackscattecoeficientat 1064nm does
notagreewith mostof the expectedaerosotypes.Our measuredalueis muchlowerthancalculated
for theassumedizedistributionsin the GADS. This may have two reasonsfirstly, our measurement
at 1064 may be systematicallytoo low, or secondlythe GADS overestimateshe backscattecoefi-
cientsin the nearinfrared. The latter may be dueto the useof lognormalsizedistributions,thereby
overestimatinghe amountof larger particleswhich increaseshe backscattervaluesin theinfrared.
A systematicerrorin our measurementsiay occurby overloadof the photomultiplier asdiscussed
above. Above the PBL, wherevaluesare closeto the detectionlimit, this mayinducea large error,
but from Figure 11 it reveals,that the greatestdiscrepang wasfound for dataobtainedinside the
PBL. Futuremeasurementand analyseswill have to includethe extinction coeficient at at leasta
secondwavelength,in aswell asabove the PBL, andalsothe daytimedatato fully recordthe PBL
development.For this purposepetterinput datafor thelidar ratio arerequired.
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7.2 Hamburg

by V. Matthias

7.2.1 Boundary layer aerosol

Regularaerosolidar measurementstartedn Hamhurg on Decembei®® 1997. Threetimesa week,
measurementsave beenperformediwo of themwereafternoormeasurementsf elasticbackscatter
at 351 nm, oncea weekaroundsunsetalso aerosolextinction profiles have beendeterminedusing
the Ramantechnique.

In table7.3the measuremerdtatisticscanbe seen.For this statistics,only measurementsom days
for routinemeasurementwith lowestcloudsin about800 m weretaken. Thesemeasurementsere
divided into two classes. Class1 meansthat an aerosolbackscattemeasurementvithout clouds
or only with cloudsin altitudesabove 2 km could be taken. Sometimesgven very small gapsin
betweencloudsare sufficient for a backscatteprofile. So all caseswithout cloudsandthosewith
at leastsmall cloud gapsare named-cloudfree”. In class2, cloud coveragewaspresentduring the
whole measuremenperiodwith cloudswereat altitudesbelov 2000m. During the almostthree
yearsfrom Decembeil®* 1997to October31%* 2000,276routinemeasuremenisouldbe madewhich
is ca. 63 % of all possiblemeasurementn the otherdays,no measurementwerepossibledueto
rain or low clouds,dueto technicalproblemsor becausehe lidar systemwaslocatedin Lindenbeg
for theintercomparisonsThe intercomparisonime hasnot beenincludedin the numberof possible
measurementsetweenApril andSeptembefl998.1n July andOctober1999,the usedexcimerlaser
was broken for aboutthreeweekseachtime, which is one of the reasondor the relatively small
numberof measurementduringwinter 1999/2000.In the othercasesnainly badweatherprevented
lidar measurements.

Fromall performedmeasurementsn only 16 % of the casescompletecloud coveragebelov 2000

Measurements1997/12/01 2000/10/31
months possible | performed perf./poss. class| class classl/
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 8 814
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: Measuremengtatisticsor the MPI Hamlurg onthe basisof calculatedbackscatteprofiles
onroutinemeasuremerdays(Mondayafternoorandevening, Thursdayafternoon).Classl summa-
rizesall casesvheremeasurementithout low cloudswerepossible class2 all measurementwith
completecloudcoveragebelov 2000m.
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Aerosol extinction profiles in Hamburgy,= 351 nm, height scaled to boundary layer height
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Figure7.12: Examplesof aerosolextinction profilesmeasuredn Hamhurg in 1998and1999. The
heightz is scaledto theboundarylayerheightz;.

m was present. Thesemeasurementhave to be handledcarefully, sincea correctcalibration of
the backscatteprofile is very difficult, if aregion of the atmospheravith very low aerosolcontent
cannotbe reached.This is on the otherhandnot true for the aerosolextinction measurementwith
the Ramanmethod,which are not dependenbn calibrationand canalsobe taken during complete
cloudcoverage.

In almostall casesthe aerosolbackscatteior extinction could be measuredvithin the planetary
boundarylayer. Within this layer, highestaerosolconcentrationgan be found sincethis layer has
per definition contactto the groundandalmostall aerosolsourcesareat groundlevel. In only two
casesthetop of the boundarylayerwasbelov the lowestmeasurementeight,which is ca. 600 m
for extinction profilesand 400 m for backscatteprofiles. Thesecaseshave not beenusedfor the
statistics.

Separatestatisticshave beenmadefor aerosolbackscatteland aerosolextinction measurements.
During the first two years, extinction profiles have beentaken oncea week on Monday evening.
Startingin January2000, measurementsave beenmadealso on Thursdayeveningto geta better
statistics.92 extinction profilesareforming the basisfor the statistics.Sincethesemeasurementso
not needto be calibratedin an aerosolfree region, the statisticsincludesmeasurementsut of both
definedclassesalsothosewith low clouds.

For the 92 extinction profiles,theaverageaerosokxtinctionin theboundarylayerhasbeencalculated
by integrating the aerosolextinction up to the top of the boundarylayer (which givesthe aerosol
opticaldepth)andthendividing the opticaldepthby the boundarylayerheight. Thelowestextinction
valuewasassumedo be representatie down to the ground. This is the bestpossibleassumption,
sincethe boundarylayer is still fully developedat sunset. Only turbulencehasdecrease@ndno
furthermixing canbe obsened.

Out of the backscattemeasurementperformedon routine obsenration days, only the afternoon
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measuremertiasbeentaken for the statistics. If on somedays,only eveningmeasurementaere
possibledueto badweatherin the afternoon thesemeasurementsave additionallybeentaken. On
theotherhand,all measurementsnderlow cloudconditionshave beensortedout duethe high errors
thatare connectedvith the calibrationunderthoseconditions. In summary 164 measuremendays
couldbeusedfor thestatisticswhichis 54 % of all possibledayswithin the almostthreeyears.This
is the samevalueasthe quotientof all class1l measurement® all possiblemeasurements.
Averageaerosolbackscattervalueshave beendeterminedn a similar mannertaking the integrated
aerosolbackscatteup to the top of the PBL andthendividing by the PBL-height. Looking atthese
measurementsnehasto have in mind, thatthe calculatedaerosobackscatteprofile depend®nthe
chosenlidar ratio, which is not known without additionalextinction measurementMost of the used
afternoorbackscatteprofileshave thereforebeencalculatedvith alidar ratio of 50 sr, a quitetypical
valuein northernGermaly (seesection7.2.3).

Fig. 7.12givesexamplesof aerosokxtinction profilesderivedwith theRamammethod.Theprofiles

Mean aerosol extinction within the PBL (1997/12/01 — 2000/10/31)  Aerosol optical depth in the PBL (1997/12/01 — 2000/10/31)
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Figure 7.13: Annual cycle of the averageaerosolextinction andthe optical depthin the boundary
layerin Hamhurg takingdatafrom 1997/12/01to 2000/10/31.

arescaledin heightto the top of the boundarylayerz; which canbe clearly seenin the lidar signal
andin theaerosobrofiles.In mostcasesthe aerosolextinctionin theboundarylayeris muchhigher
thanabove it. Howeverin 14 caseswithin the threeyearsof measurements secondaerosollayer
abovetheboundarylayercouldbeseeng.g.,on Septemberth,1998,in Fig. 7.12.

Theannualcycle of the meanaerosolextinctionin the boundarylayerin Hamhurg on the basisof 92

measurementsom Decemben®® 1997to October31%* 2000canbe seenin fig. 7.13. A six-week
gliding averagewas also plotted, shaving only small variationsin the gliding averagebetween
Octoberand Junewith a not very pronounced‘'spring maximum”in April. In the late summey
betweenJuly and Septemberthe aveage aerosolextinction in the PBL is remarkablyhigherthan
duringthe restof the year with a maximumin Septembewith valuesroughly twice the averageof

the othermonths. However thesehigh valuesrefer mostly to very high valuesin Septembed 999,
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Mean aerosol backscatter within the PBL (1997/12/01 - 2000/10/31ntegrated aerosol backscatter in the PBL (1997/12/01 - 2000/10/31)
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Figure7.14: Annualcycle of theaverageaerosobackscatteandtheintegratedaerosobackscattem
theboundarylayerin Hamhurg takingdatafrom 1997/12/01to 2000/10/31.

which wasexceptionallyhot anddry in Hamhurg. Sosinceonly threeyearsof measurementsould
betakenfor thisfigure,this featureis still of high uncertainty Furthermeasurementsill betakenat
leastupto theendof 2002within the project“A Europearaerosokesearchidar network to establish
anaerosoklimatology- EARLINET”. Thatwill giveamuchbetterdatabasis.
In fig. 7.13 one additionallyrecognizesslightly lower valuesin winter thanin summeranda wide
spreadof measuredialuesduringthe wholeyear Very low extinction valuescanappearin summer
monthsaswell asin winter months.Ontheotherhand,very high valuesaremostlylimited to April -
September

The annualcycle of the optical depth(fig. 7.13,right side)is more pronouncedhanthat of the
averageextinction. Thisis duetheinclusionof theboundarylayerheightwhichis in winter generally
muchlowerthanin summer The otherfeaturegemainthe same.
Looking at the annualcycle of the aerosolbackscatterthe picture is very similar. The average
aerosolbackscattem the boundarylayer showns only small seasonaVvariationswith a maximumin
late summeranda lesspronouncednaximumin early spring. Again remarkablds the wide spread
of valueswith maximumvaluesoccuringin summer The integratedaerosolbackscatterwhich is
definedanalogto the opticaldepth,shavs a clearerannualcycle sincePBL heightsaremuchsmaller
in winter thanin summer
Fig. 7.15displaysthe PBL-heightdeterminedrom the afternoonbackscattemeasurementsThe
gliding averageshows a maximumof ca. 2000m in mid summeranda minimum of ca. 900 m in
mid winter. The sinusfit shavs almostno phaseshift, highestPBL canbe expectedaroundJuly 1%,
lowestaroundJanuaryl®t. Thereal PBL-heightcanof coursebe very differentfrom thosestatistical
values.The standardleviation of the averagevalueof 1510m is 599m (40%).
Theseaerosolextinction and backscattevalueshave beenanalyzedstatistically The cumulatve
frequeng distribution (fig. 7.16)shavs thatthe distribution is not Gaussianlt haspositive skewness
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Figure7.15: Planetaryboundarylayer heightsderived from 164 aerosolbackscattemeasurements
between1997/12/01to 2000/10/31.Also shown is a 6 weeksgliding averageanda sinusfit which
shows a phaseshift of -7 days.

with high valuesbeingmorefrequentthanlow ones,asis typical for mary meteorologicatjuantities
with only positive values. The characteristiqquantitiesof the distribution aredisplayedin table 7.4

aerosolextinction
categyory I o ¥ median
[10~*m~1] | [10~*m~—1] [10~4m~1]
| 97/12/01-00/10/31]] 187 | 121 [159] 165 |
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 I W | o | 7+ [ median
| 97/12/01-00/10/31|| 0.28 | 0.23 | 1.57 H 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 frequeng distribution of the aerosolextinction (in
10~*m~!) andthe optical depthin the boundarylayer in Hamhurg. It hasbeendistinguishedbe-
tweentheyearsandbetweersummerandwinter. ;: averageg: standardieviation,y: skewness.
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aerosolbackscatter
categyory W o y median
[107%(m -sr)~1] | [1078(m -sr)71] [1078(m -sr)~1]
| 97/12/01- OO/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
catgyory 7 o 5 median
[10~3sr~1] [10~3sr~1] [10~3sr~1]
| 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 frequeng distribution of the aerosolbackscatter(in

107%(m - sr)~') andthe integratedbackscattefin 10~3(sr)~!) in the boundarylayer in Hamhurg.

It hasbeendistinguisheetweertheyearsandbetweersummerandwinter. i averageg: standard
deviation,y: skewness.

(for extinction) andtable 7.5 (for backscatter).Onerecognizesvery similar averagesn the years
1998and 1999 andlower valuesin 2000. This holdsalsofor the optical depthandthe integrated
backscatter

The standardeviation of theindividual measurements quite high. This representshe fluctuations
in aerosokextinction andbackscattewhich canoccurin quite shorttime intervalsof afew hours.As
thecumulatve frequeng distributions(fig. 7.16and7.17)show, thedistributionis not Gaussiarand
the skewnesss alwayspositive with valuesup to 2.20. Therefore the medianrepresentsnuchmore
thevaluesonecanexpectthanthemeandoes.lt is betweenl0 and20 % lowerthanthe mean.

Part of the variability canalreadybe explainedby distinguishingbetweertwo seasonsnly, October
to March and April to September The lower valuesof the aerosolextinction and backscattein
winter can be seenin the meanand the median. Sincevery high aerosolextinction is measured
mainly in summey the skewnessand the standarddeviation of both semi-annuabistributions are
reducedcomparedo the overall distribution. This is especiallysignificantfor the integratedvalues
andin winter, the standarddeviation of the summerbackscattewaluesis evenlittle higherthanthe
overall standardleviation.

7.2.2 Analysis of sourceregions

Of coursethe separatiorninto two season®nly is rathercoarse but asthe individual valuesin the
annualcycle alreadyshoved, the aerosolload can changetotally from day to day This depends
mainly on the origin of the air mass.Therefore ananalysisof the origin of the probedair masshas
beenmadeusingback-trajectoriesalculatedby the GermanWeatherServicefor all partnerswithin
the GermanLidar Network. This analysishasbeenrestrictedto aerosolextinction measurements.
Thesevaluesare much more reliable than the backscattevaluesbecauseno calibrationhasto be

87



Cumulative frequency distribution: Cumulative frequency distribution:
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Figure7.16: Cumulatvefrequeng distribution of themeanaerosokxtinction (left side)andtheopti-
caldepth(right side)in theboundaryjayerin Hamhurg includingdatafrom 1997/12/010 2000/10/31.
For extinction the medainis 1.65 - 10 *m ! with a 69%-intenal width of 2.4 - 10*1/m. The opti-
cal depthhasa medainof 0.205with a 69%-intenal width of 0.34. In both picturesalso Gaussian
distribution usingthe u- ando-valuesfrom table 7.4 areplotted.

madeandthe lidar ratio hasnot to be guessedFromthe back-trajectoriespnly data36 hoursbefore
thearrival of theair massat 13 UT onthe measuremerday hasbeentaken.

Serenclassedave beendefined,representinghe origin of the air mass,namelynorthwest(NW),
west (W), southwesi{(SW), southeas{SE), east(E), northeas{NE) and*“local”. The class“local”
representsery shorttrajectorieswith anair parcelstayingfor a long time closeto Hamhurg. Each
of the seven classesontainsonly between7 (SE)and21 (NW) measurementsThereforea further
separationnto summerandwinter (which would certainlybe useful)hasnot beenmadein orderto
maintainstatisticalsignificance. The resultcanbe seenin Fig. 7.18. Class“local” hasthe highest
value,whichis dueto thefactthatthesemeasurementsereconnectedvith low wind speedandhigh
pressuresituations. Thesecircumstancearefavorablefor a high aerosolaccumulation. Air masses
from northerlydirectionsrepresentower aerosokxtinction (they comeoverthe Atlantic Ocean}han
thosefrom southerlydirections(they comeoverthe Europearcontinent).Thevariability of thevalues
within onesectoris reducedcomparedo the overall value,but in remainshigh with valuesbetween
28 % (E) and64 % (local). Meanvaluesfrom northerlydirectionsaresignificantlylower thanthose
from southerlydirectionsor with shorttrajectories.

7.2.3 Lidar ratio

In 78 casesmnaerosobackscatteprofile basedntheextinction evaluationhasbeencalculated Only
measurementsyherea reliable calibrationof the backscatteprofile could be madehave beentaken
for thelidar ratio statistics.
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Cumulative frequency distribution:
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Figure 7.17: Cumulatve frequeng distribution of the meanaerosolbackscatte(left side) andthe
integratedbackscatte(right side)in the boundarylayerin Hamhurg includingdatafrom 1997/12/01
to 2000/10/31. For backscattethe medainis 2.9 - 107%1/(m - sr) with a 69%-intenal width of
3.4-107%1/(m - sr). Theintegratedbackscattehasa medainof 4.0 - 10731 /sr with a 69%-intenal
width of 5.8 - 10731 /sr. In both picturesalso Gaussiartistribution usingthe u- ando-valuesfrom

table7.5areplotted.
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Figure7.18: Meanaerosolextinction dependingon the origin of the air mass.Innererrorbargepre-
sentthe standardieviation of the average putererrorbarsof theindividual value.
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Dependence of lidar ratio on season
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Figure7.19: Probabilityhistogramof thelidar ratio in stepsof 10 sr, distinguishedetweensummer
(245values)andwinter (94 values).

All independentidar ratio values(339) in the boundarylayer have beenstatisticallyevaluatedin a

mannersimilar to the aerosolextinction. The histogram(Fig. 7.19) shavs a higher probability for

lower valuesin winter thanin summer The meanvaluesare 63 sr for all values,69 srin summer
and48 srin winter. Again, thesevaluesarehigh comparedo the mostprobablevalues,n winter the
medianis 41 sr, in summerit is 64 sr. 69 % of the valuesarein summerbetweem5 and91 sr, in

winter betweer21 and81 sr.

Looking for a dependencef the measuredidar ratio on the origin of the air mass,no clearhintsas
for the aerosolextinction could be found. Lowestlidar ratioswere obsenedin air massesoming
from the northwestover the Atlantic Ocean.Model results(Ackermann,1998)shaow valuesbetween
20and30 srfor maritimeaerosolsandbetweert0 and70 srfor urbanaerosols.

lidar ratio
catgory || p | o | v | p/o | median] n
[1998-2000] 63 | 34| 2.16 0.54]] 59 | 339

summer || 69| 34| 2.62 || 0.49 64 245
winter 481 30| 1.19] 0.62 41 94

Table7.6: Lidar ratio statisticsfor all valuesanddistinguishednto seasonsAbbreviationsmeany:
mean: standarddeviationy: skewnessyu/o: relative standardleviation of theindividual value,n:
numberof usedindependentalues.
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7.3 Leipzig

by I. Mattis

7.3.1 Measurementstatistics

The routinelidar obsenationsat Leipzig are performedwith the non-transportableerosolRaman
lidar, which is installedin alaboratoryunderthe roof of theinstitute building. Thesemeasurements
shouldbe performedthreetimesa week,at noonandat sunsebn Mondayandat noonon Thursday
The Ramansignals,which arerequiredfor the evaluationof extinction and backscattecoeficients
can be measuredduring nighttime only. Thereforein Leipzig further routine measurements/ere
carriedout at sunseton Thursdayto derive a larger datasetof extinction and backscatteprofiles.
Figure7.20givesanoverview of the measurementsyhich werecarriedoutin Leipzig from October
1997 until Septembe2000. Until March 1998 no measurementat 1064nm could be performed
becaus®f problemswith the beamexpander Becausef the samereasonthe power of the 355-nm
light hadto be reducedduring someperiods. In this time intenvalsit wasnot possibleto determine
the extinction coeficientsat 355nm andthe watervapormixing ratio.

DATE

24:00 [
21:00 F
18:00 F
15:00 F
12:00 |
09:00 F
06:00
03:00 f

UNIVERSAL TIME, hr

1064
532
355

EMITTED

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
200 400 600 800 1000

DAYS SINCE START OF THE LIDAR NETWORK, days

Figure7.20: Schematicoverview of the measurementserformedin Leipzig betweenOctober1997
and SeptembeR000. Eachof the verticallinesin the upperpart belongsto onemeasurementThe
lengthof thelinescorrespondso thedurationof therespectre measurements.hethin linesindicate
theboundarie®of the time intervals of theroutinemeasurementsl he curvesin thelower partshaw,
which laserwavelengthsvereemitted.Periodsn which the maximumlaserpower wasemitted,are
marked by thick lines. Thethin linesindicatetime intervals, during which reducedaserpower was
used.

Figure7.21shaws, that 64% of the possibleAFS lidar network routine measurementaere carried
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out. 28% of the scheduledneasurementsould not be performedbecausef precipitationand 8%
weremissedobecausef technicalproblems.Therewere90 additionalmeasuremeniduringintensive
measuremergeriodssuchashigh-pressursituationsor cold front passageandto studylocal effects.

Percent of about 580 possible
routine measurements:

64% performed

16% additional measurements

60 -

7/

failed because of:
R 29% precipitation
E—= 8% technical problems

40 |

20 |-

NUMBER OF MEASUREMENTS,
% of possible

Figure7.21: Numberof lidar measurementserformedwith the aerosolRamanlidar at Leipzig be-
tween October1997 and Septembe2000. The possibleAFS measurementsontainsthe routine
obsenations4 timesaweek.

As anexamplefor thederveddataset,Figure7.22shavsall extinction profilesat532nm, whichwere
derivedin Winter 1997/98andin summerl998. The variability wasslightly higherfor the summer
casebut for both datasetsthe standarddeviationsarequite low. The differencesetweenthe mean
winter andsummerprofilesof this examplearealsonot significant. All following examinationswill
focuson the propertiesof extinction profiles separatednto the 5 distincttrajectoryclusters,which
wereintroducedn Section6.

June to August 1998 December 1997 to February 1998

mean value -
standard deviation
single profile

HEIGHT, km

0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

EXTINCTION COEFFICIENT, km™

Figure 7.22: Profilesof the extinction coeficientsat 532nm. The averagedprofileswere derived
betweenJuneand August1998 (left) andfrom Decemberl997to February1998 (right). Thethin
grey linescorrespondo thesinglemeasurementd hethick blackcurvesshov themeanprofilesand
thethinneronesindicatethevariability in termsof the standardieviation.
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7.3.2 Classification of Extinction profiles by the useof cluster analysisof at-
mospherictrajectories.

The methodof classificationof optical aerosolpropertiesin dependencen the large-scaleveather
regime describedn Section6 was appliedto extinction profiles, which were derived from routine
measurements Leipzig betweenApril andSeptembem 1998and1999. Theresultsof this proce-
durearepresentedn this section.

The extinction profilesusedin this study have beenscreenedor clouds. Casescompletelyfree of
clouds, extinction profiles measuredn cloud-freecells within corvective cloud fields, aswell as
profilesabove or belov cloudswere considered.Sincethis study focuseson extinction properties
of particleswithin the atmospheridustlayer, the profileswerecut off at the top of the atmospheric
dustlayerin cloud-freecasespr at the baseheightof corvective clouds. Becausef theincomplete
overlap betweenlaserbeamandrecever field of view currently no trustworthy extinction profiles
canberetrieved belov a heightof approximatelyl.1km. For mostof the profilesmeasuredaiuring
the winter months(Octoberto March) the top heightof the atmospheridustlayer waslower than
1.1km. To evaluatethe measurementsyhich wereperformedn 2000,belov 2km, a correctionfor
theincompleteoverlapwould be necessaryThe winter measurementaswell asthoseof 2000were
thusnotincludedin this study Figure7.23showvstheresulting72 extinction profilesfor thesummers
of 1998and1999.Eachof themwasassignedo the clusterof its correspondindrajectory

All furtherinvestigationsverecarriedoutwith the extinction profilesdeterminedor ambientrelatve
humidity (measuregrofiles)andwith the sameprofilesnormalizedo 0% relatve humidity (normal-
ized profiles). An averagedhumidity correctionfunction for maritime and urbanparticles(Hanel,
1998)wasused.This normalizationrwasdoneto reducethe variability in the total datasetof extinc-
tion profilesbecausef the influenceof the humidity growth of particleson their optical properties.
In thesecondstep,meanextinction valueswerecalculatedor thelayerextendingfrom 1.1km height
to the top of the dustlayer Theseextinction valuesmay bestrepresenthe conditionsaroundthe
850-hRalevel. If extinction datawerenot availablecloseto 1.1 km, the value of the lowestpoint of
therespectre profile wasusedfor the heightrangebetweerthis lowestpointand1.1 km.

As canbe seenfrom Figure 7.23, the largestextinction coeficientswerefoundin clustera). They
wereassociateavith continentalberosolsincethetrajectoriesn clustera) shov anaerosoktransport
from easternEuropeto Leipzig. The lowestextinction coeficientscorrespondo clustere), which
is associatedavith high-speedvesterlywinds (seeFigure 6.5). Figure 7.24 shaws, thatthe number
of profilesin the differenttrajectoryclustersis almostnormally distributed. In contrastthe number
of the associatedxtinction profilesis more variable. Although only 20% of the trajectoriesfall
within clusterc), about30% of the measurementbelongto thesetrajectories,which correspond
to southwesterlywinds. Underthe influenceof this weatherregime, the measurements/ere not
that often disturbedby precipitationor low clouds. In contrast,only threeextinction profiles are
associateavith clustere) becausehe otherroutine measurementassociateavith this clustercould
notbe carriedout becaus®f precipitation.

In Figure 7.25, the clustermeanextinction coeficientsare presented.As alreadyindicatedin Fig-
ure7.23,thisfigureclearly shovs thatthelargestvaluesin the measuredswell asin thenormalized
extinction coeficientsarefoundin clustera). Thelowestvaluesbelongto clustere). The extinction
coeficients of clustersb) andd) are mostinfluencedby the humidity normalizationsincethe cor-
respondingveatherregimesare characterizedby high relative humidities. The 1999dry extinction
valuesare56%lower in clusterd) (west)and52%in clusterb) (northwestlthanthe measureanes.
In contrastthe extinction coeficientsof 19980f clustera) (east)arereducedonly by 28%. The dif-
ferencesn the strengthof the humidity correctionbetweerthe distinct clusterscanbe amplified, if
no averagecdhumidity correctionfunction but differentfunctionsin dependencen the actualcluster
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Figure 7.23: Extinction profilesmeasuredn the summersof 1998and 1999. Eachprofile wasas-
signedto the clusterof its correspondingrajectory The thin curves show the particle extinction
coeficientsat 532nm. Thick lines belongto the sameprofilesbut normalizedto 0% relatve humid-

ity.

(Hanel,1998)will beused.

The variability in the clustermeanextinction coeficientsbetweerthe two summerss quite low. In
Table7.7thetotal meanextinction valuesandthereductionof thevariability of the datasetcausedy
the clusteringare summarized.The total meanvalue averagedover all clustersis 0.15km ' for the
measurec&nd0.08km ™" for the normalizedextinction coeficients. The total standarddeviationsof
all profilesareabout45% for the measuregbrofilesand65% for the normalizedprofiles. The mean
standardleviationswithin theclustersare40%and56%,respectrely. Thevariability of thetotal data
setincreasedfter the humidity normalization.This increasamay indicatedifferencesn the optical
propertiesof dry particles which aresmearedut by swellingeffects.

Figure7.26 shavs the meanaerosollayer heightsof the differentclusters.Sincein the presenceof
low cloudsonly thecloudbaseheightcouldbedeterminedtheboundarylayerheightderivedin these
casess underestimated\everthelessthemeanaerosolayerheightduringnighttimeis about2000m
with avariability of 19%in 1998and21%in 1999. Thereareno significantdifferencesetweerthe
clusters.But thevalueof clustera) (east)seemdo beslightly higherthanthoseof the otherclusters.
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Figure7.24: Numberof trajectorieqleft) andof the associate@xtinction profiles(right) within the
differentclusters.Theleft columnsbelongto thetrajectoriesandmeasurementsf summerl998,the
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Figure7.25: Meanextinction coeficientsof the differentclusters.The meanvalueswerecalculated
from the measuredrofiles (left) and from the normalizedprofiles (right). The error barsindicate
the standarddeviation of the profileswithin the differentclusters. The left columnsbelongto the
measurementsf the summer1998,theright onesshow the valuesfor 1999.

7.3.3 Conclusions

Extinction profiles which were derived from routine measurements Leipzig betweenApril and
Septembem 1998and 1999weredivided into distinct groupsby the useof clusteranalysisof the
correspondingrajectoriesasdescribedn Section6. Thevariability of the measureéswell asof the
normalizedextinction coeficientsis decreasedby the clustering. But the decreas®f the variability
wasnot asstrongasexpected.On the onehand,this may be explainedby the generalow variability
of theentiredataset. Onthe otherhandthis resultmayindicatethatthereis no strongdependencef
the extinction coeficientsin theatmospheridustlayeronthelarge-scaleveatheregimeatLeipzig.
To obtainmoreknowledgeaboutseasonatlependencieandinterannuabariations this studyhasto
be continuedwith a larger dataset, which alsocontainsthe profilesof the winter monthsandthose
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ambienthumidity
year || meanextinction [km~'] | total variability [%] | variability within clusterg%]
1998 0.14 50 39
1999 0.15 40 34
Both 0.15 45 40
0% relative humidity
1998 0.08 70 55
1999 0.08 60 47
Both 0.08 65 56

Table7.7: Total meanextinction valuesin the atmosphericustlayeraveragedover all profiles. The
total variability is calculatedas standarddeviation of all extinction profiles. The variability within

the clusterswasdeterminedrom the standarddeviationsof all profileswithin the differentclusters,
averagedover all clusters.
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Figure7.26: Meanaerosolayerheightsof the differentclusters.In the presencef low clouds,only
the cloudbaseheightcould be determinedTheleft columnsbelongto the measurementsf summer
1998, theright onesshaw the valuesfor 1999.

of 2000. For thatreasonit is necessaryo correctthe extinction profilesfor the incompleteoverlap
betweerthelaserbeamandthereceverfield of view. A correctionrmethods suggested (Wandinger
andAnsmann2000a)and(WandingerandAnsmann2000b).
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7.4 Munich

by M. Wiegner

7.4.1 Measurements

The final goal of the GermanLidar Network was the establishmenof local aerosolclimatologies
to provide typical aerosoldistributionsandtheir variability quantitatvely. The extinction coeficient
was selectedasthe quantity of interest,preferablyat the threeNd:YAG wavelengths.If extinction
coeficientsare not retrievable, backscattecoeficients shouldbe usedinstead. The temporalsam-
pling wasdefinedby onemeasurementearlocal noonon Mondaysand Thursdayandanadditional
measuremerdan Mondaysaroundsunset.

Theprimaryfocusof theprojectwastheestablishmentf ahomogeneoudatabase.Correspondingly
measurementwere performedbetweenDecembei8., 1997,and August28., 2000,in Munich on 2
daysin 1997,60daysin 1998,77 daysin 1999,and48daysin 2000accordingo theregularschedule.
Unfortunately low cloudspreventedthe determinatiorof vertical aerosolprofileson morethanhalf
of thedays(seeTah 7.8in Sect.7.4.3). Thus,measurementseretakenon another33 daysin 1998,
16 daysin 1999,and8 daysin 2000to increasethe database.During 21 daysin July and August
1998,the MIM lidar wasoperatedn Lindenbeg in the framewvork of LACE’98 to supportthelocal
closureexperimentandto participaten the quality assurancerogramfor thelidar systemsDuring 8
daysin May 1999,thelidar wasusedat Hohenpeissenbgin a specialprogramto investigateaerosol
distributionsin remoteareas- in contrasto a city like Munich—andstrongorographicerrain.
Technicalbproblemghatpreventedregularmeasurementsr asignificanttime only happenedh April
1998.However, duringLACE’98,thecontrollingmicroprocessounit for dataacquisitionandsystem
controlwasdamagedfurtherdetailsaregivenin Section3. As a consequencea secondaryocusof
theprojectemegedandalot of manpaverhadto beshiftedto developatemporaryhardwaresolution
to immediatelycontinuethe regular measurementandto build up a nev conceptin parallelto our
measurementbligations.In spiteof this inconvenientsituationthe measurementrogramcould be
fulfilled andthe mainscientificaspectsouldbeaddressed.

7.4.2 Data evaluation

Thethird focal point of the MIM actwities wasthe developmentandtestingof methodsto retrieve
extinction coeficientsasa routinejob. It is well known, thatthe lidar equationis underdetermined
and,thus,theknowledgeof thelidar ratiois required.Typical valuesfor alimited numberof aerosol
typesare availablefrom the literature,however, uncertaintiesemain,if 'non-standardaerosolsare
presenbr the aerosoltype cannotbecharacterizegrecisely

To overcomethis problem,we make useof the scanningcapabilityof our lidar system.On the one
hand theline of sightof thelidar canbechangedjuickly, ontheotherhand horizontalmeasurements
arepossible.They allow to applythe slopemethodwhich directly givesthe extinction coeficient.
Scanningallows the applicationof the so calledtwo-angleapproach.The evaluationof the signals
from apair of zenithangless straightforward: Theextinction coeficientis dervedfrom anequation
only dependingon the signalsof the two directionsand the correspondingangles. In particular
neitheralidar ratio noraboundaryaluemustbeknown. Togethemwith theachievablehightemporal
resolutionandthe possibility of day time operationit is a very attractve approach.The two-angle
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Figure7.27: Numericalsimulationof the influenceof a spatialinhomaeneityat the top of the PBL

ontheretrievedoptical depth(detailsseetext)

approachhasalreadybeenpublishedin literature,however, experiencefrom routine operationwas
missing.The potentialin 'reallife’ wassubjectof our routinemeasurements.
Typically, we performa numberof scancyclesof threezenithangles(20°, 50° and62°) each,which
allows usto evaluatesignalsfrom two differentpairsof angles.However, vertical extinction profiles
canonly be obtainedif the atmospherés horizontallyhomogeneousver the time of the measure-
ments. It wasfoundfrom our databasethatthis hardrequirements fulfilled only in raresituations.
How far this condition can be relaxed, if we restrict ourselesto the determinationof the optical
depth,or the extinction coeficientof limited layers,wasinvestigatedirst by numericalsimulations.
One exampleof a frequentlyobsenred situationis shavn in Fig.7.27: A spatialinhomogeneityat
thetop of the boundarylayer, which affectsonly oneout of threelines of sightof the scannindidar
(smallpanel)is assumedThefull andthedashedinesshavstherealincreasef 7, with heightwhile
the dottedanddashed-dottetines showns theretrieved optical depth.It canbe seerthatit is not pos-
sibleto retrieve the opticaldepthabove theinhomogeneitybut, the meanextinction coeficient of the
underlyinglayercanbedervedfrom the slope.Above the PBL, the slopeof thecurve is solow that
alreadysmallerrorsor inhomogeneitiesvould prohibitary retrieval. At theinhomogeneitytself, un-
realistic(e.g.,negative) extinction coeficientsshov up. Similarresultsarefoundfor inhomogeneities
closeto the surface,which might evenbeinvisible for thelidar becausehey arebelon the complete
overlap.They preventary 7,-retrieval, but thedeterminatiorof meanextinction coeficientsof homo-
geneoudayersabove is notinfluenced.As a consequencehe applicationof thetwo-angleapproach
requiresa very carefullook at eachindividual dataset; this is quite time consumingand cannotbe
doneautomatically
Whetherthe stability of the atmospheravassufficient andthe two-angleapproactcould be applied,
we decidedfrom comparingdifferentpairsof anglesandfrom the obsenation of the temporalevo-
lution of the atmospherdy subsequenidar measurementOur experiencefrom the lidar network
shavedthatunderstableconditions,in particularin the afternoorwhencorvectionhasdied, thereis
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agoodchancdo applythistechniqueo atmospheri¢ayersof somehundrednmeterdan verticalextent.
However, asanticipatedirom the modelcalculationsthe algorithmis restrictedto layerswithin the
planetaryboundarylayerwherethe signalsarehigh comparedo the background.This limitation is,
however, no significantdravback,becausenostof theaerosoloadis concentratedh this layer.

In spite of that ratherpoor spatialresolutionthis informationis very valuablefor the quantitatve
determinationof extinction profiles. The first stepof the solutionis obtainedfrom the analytical
backwardintegrationof thelidar equationfor arealistic'first guess’lidar ratio. Variationof thelidar
ratio givesa setof possiblesolutionsof the extinction coeficient. In a secondstepthe mostprobable
solutionis found by comparisorwith the meanextinction coeficients at thoseheights,whereit is
known from the two-angleapproach. So, the numericalinversionof the lidar equationgivesthe
desirechigh spatialresolution,andthe two-angleapproachelpsto find a correctlidar ratio.
Fromthequasi-horizontameasurementswhich hasbeenperformedon aregularbasissinceOctober
23,1998 theextinctionis derivedvery closeto the surface typically averagedver the altitudefrom
30to 70 m above ground. An exampleof sucha retrieval is shavn for April, 1%¢, 1999 (Fig.7.28).
Extinction coeficients at threewavelengthswith a time resolutionof approximatelyone hour are
plotted. A significanttemporalchangecanbe obsenedduringtheday. Note,thattheaccurag of «,
is quite high asindicatedby the error bars. Thesedatasene asplausibility checkfor the Klett/two-
angleprofilesandfor anreliabledownwardextrapolationof theaerosokxtinction profile. As aresult
an extinction profile from the surfaceto the free tropospheres obtainedunderideal conditionsand
multi-anglemeasurements.

7.4.3 Results

As statedbefore,measurementaere performedon 273 days. A more detailedsurwey is givenin
Tah 7.8in asimilarform aspresentedor the otherstations While thenumberof performedmeasure-
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mentsis quite high (65.5%)— note,thatwith the additionalmeasurementsn TuesdaysyVednesdays
andFridaysthe numbermnwould beevenhigher—the numberof measurementshich arenotdisturbed
by low cloudsis lessthan50%. For 1999only preliminarynumbersareavailable,becausevaluation
of datafrom broken cloud fields s still ongoingand might slightly increasehe numberof profiles.
On the otherhand,horizontalmeasurementsould often be evaluatedin the presencef low clouds
and,in afew casesalsotwo-anglemeasurementdn sofar, Tah 7.8 is misleadingto give the total
numberof aerosokextinction or backscatteprofiles.

Measurements1997/12/01 2000/08/31
months possible | performed| perf./poss. | class| class classl/
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
classl : measuremenwithoutlow cloudspossible
class2 : measuremenwith cloudsbelony 2000m

Table7.8: Overview over regularmeasuremenigt Munich; for detailsseetext

It is of coursedifficult to characterizean aerosoldistribution by a small setof numbers.A suitable
parameters the heightof the planetaryboundarylayer, which we have definedasthatheighthpg;,
where

1 hpBL
aplhem) = - [ aylais

is valid. Thoughin mostcasesn Munich a uniquePBL-top canbe found by this procedureijt also
happenghatseverallayersandno sharpboundaryto the freetropospherexist. Anothercriterion of
theaerosoMdistributionis the aerosolboptical depthr, of the planetaryboundarylayer We preferthis
parameteinsteadof a meanaerosolextinction coeficient, becausehe first bettersuitsto describe
radiative properties.

The annualcycle — in particularmeasurementBom the secondhalf of the yearare still missing—
of hppr is shovn in Fig.7.29. Note, thatheightsreferto altitudeabose meansealevel, i.e., in most
winter caseghetop of the PBL wasbetweerD.2km and0.7km above thelidar site. Thoughthereis
asignificantscatterof thedatapoints,it is clearlyvisible thath 5, increase$rom winterto summer
A similar trendis obviousin the 7, pp;-valuesfor wavelengths532nm and 355nm; the variation
is, however, evenlarger The reasonsare manifold: certainly meteorologicalvariablessuchasthe
relatve humidity, or the sourceregionsof theadwectedaerosoljnfluencethe opticaldepth.However,
the extrapolationfrom thefirst lidar datalevel to the surfacealsosignificantlyinfluencesr, pg;..
Consequentlythe soundingof the lowestatmospheravasan importantissuein our measurements.
As alreadystatedin Section3 the overlapof our lidar is atabout250m. Togethemwith the scanning
capabilitythis allows avery goodobsenationof thelowestatmospher&hichis a big advantageover
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crossesre for 1998,1999and2000,respectively
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Figure7.31: Aersoloptical depthof the planetaryboundarylayer (A=355nm); stars, trianglesand
crossesre for 1998,1999and2000,respectively

mary otherlidars. As a consequenceye investigatedhe temporalevolution of the aerosoldistri-
bution in the planetaryboundarylayer on several occasionsn detail. Two examplesarediscussed
here.

An exampleof changesof the backscattecoeficient 5, for 532nm as a function of height most
probablyinducedby orographyis illustratedin the five panelsof Fig.7.32. Dataare from August
10,1998, betweer08:15UT and12:49UT, takenduring LACE in Lindenbeg, whereour lidar was
locatedon the top of a small hill. The relative errorsof g, in the PBL are between7% (panel2
and3) and 14% (panel5). The pronouncedeaturebetween3 and4 km in altitude wasan aerosol
layer originatingfrom forestfiresin Canada.Of particularinterestis, however, the developmentof
the planetaryboundary:The top of the boundarylayeris lifted over several hundredmeterswithin
10 minutesandthe structurealso changedsignificantly Suchdramaticeffectsare not only caused
by corvective actwities but also by the orographicdisturbanceof the adwectedflow. An influence
of the relatve humidity f, that might increaseaerosolextinction dramatically can be excludedin
this case:closeto the surface f waslower than41%, at the top of the PBL it reachedb4%. Under
theseconditionsa significantgrowth of the particlesis ratherunlikely. Thetemporalchangesrealso
visible in the correspondindnorizontalmeasurement&ot shovn here),sothatthe determinatiorof
«a, atthesurfaceshows alsolarge uncertaintiesin our casey, = 0.047 £+ 0.016 k' wasfoundas
anaveragefor thetime periodfrom 12:10and12:33UT correspondingo alidar ratio of about43sr.
Anotherexamplefrom Munich (June23, 1998)is showvn in Fig.7.33. Threeq, profilesfor 532nm
and355nm betweenl6:14UT and16:28UT demonstrateapid changest the top of the PBL, both
in heightandin extinction, while thelower tropospherés constanin time.

Thesecasestudiesshawv thatnot only in orographicallystructurederrainthe determinatiorof half-
houraveragesof aerosoldistributionssmoothsout a lot of small scalefeatures.It wasoftenfound
thatin particularoneandtwo hoursbeforelocal noontheaerosoMdistribution undego changesvithin
minutes.As a consequenc@neshouldremindthataveragesave uncertaintiesvhich arenot caused
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Figure7.32: Badcscattercoeficientsin knt!sr=! for 532nm as determinedrom the Munich lidar
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by measuremengrrorsbut ratheron the meteorologicaktonditions. Anotherconsequencef these
findingsis thatthedeterminatiorof extinction coeficientsby combiningmeasurementfsom different
zenithangless hardly possibleat suchtimesof theday.

We alsoprovidedmeasurementsf completediurnalcyclesfor two reasonsFirst,we wantedo detect
periodsof typically stableandunstabldayering,andsecondto judgeontherepresentatienesof the
timesof the day of the regular measurement®Oneexampleof unstableaerosollayerscanbe found
in Section7.3.

7.4.4 Summary and conclusions

The measurementsere successfullyperformedfor almostthreeyears,anda databasecoveringthe
full time spancouldbe establishedHowever, dueto the severedamageof the systemduring LACE,
moremanpaverthanexpectechadto beallocatedo hardwarework. As aconsequencehestatistical
evaluationof the datais delayed.

Neverthelessseveralconclusionswhich areof generainterest,canbefoundfrom the Munich mea-
surements.

e Thelidar systemhasbeensubstantiallyjupgradedMeasurementsom August2000show lidar
signalsfor 355nmwith perfectRayleigh-fitsupto 15km. Graphicainterfaceshave beendevel-
opedto facilitatesystencontrol,on-linequality checksand-to a certainextent—automatically
dataevaluation.

e Methodsto derive the aerosoldistribution in the lowesttropospherepften even down to the
surface have beensuccessfullymplementedndtested.They arebasednthescanningacility
of thelidar andthe combinationof Klett-inversion,two-angleapproactandslopemethod.

¢ Rapidfluctuationsn theaerosoMdistribution of the boundarylayercould be verified.

e Especiallyin winter, aerosolsareoftenconcentrated thelowest300m of theatmosphereTo
resole this feature scannindidarsand/orlidarswith avery earlyoverlaparerequired.

Regular measurementBom the GermanLidar Network are continuedin the framewvork of EAR-

LINET. The prolongationof the existing time serieswill allow to amendstatisticalconclusionssig-
nificantly.
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7.5 Garmisch-Partenkir chen

by S.Kr eipl

Becausef the pronouncedliurnal cycle of thewind systemin the Alpine valley a specialmeasure-
mentschedulevasestablishedt the Garmisch-Rrtenkirchersite. Insteadof two measurements
theafternoonandat night soundingsvereperformedn themorningandin the afternoon peforeand
aftertheformationof thevalley wind. In orderto compareto the Monday-nightmeasuremenis was
decidedo do regularsoundingsat Garmischon Tuesdaymorning,too.

Table7.9 shawvs the numberof dayswith atleastonemeasurementin additionto the routinemea-
surementsherewerealsoadditionalones especiallyunderspecialmeteorologicatonditionssuchas
frontal passagesyigh pressureor potentialadwectionvia long-rangetransport.

Year Routinemeasurem./ Cancellationgdays) 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: Measurementiaysduring 1998—-2000.

Dueto lack of personnemeasurementdid not begin beforeApril 1998. They endedby the end of

August2000whenthe project Aerosolforschungsschwerpun&tpired. The large numberof days
cancelleddueto badweatherin 1999is striking: It reflectsthe hardwinter 1998/1999which, except
for two days,did not allow any measurement January/Februar$999,andan exceptionallyrainy

summer Moreover, thetrailer holdingthelidar systemwasrehuilt: theold plasticcoverwasreplaced
by a stablealuminiumcoverin 1999,andin 2000the detectorsystemwascompletelyexchanged.

Period Measurem. Measurem. Perf./sched. Class Class Classl/

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 81l.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-monthlymeasuremergtatisticsfor the project; the measuremendaysareclassified
accordingto their quality in respecbf dataevaluation.
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Table7.10shavs a moredetailedlisting of the measurementgerformed.In addition,somemeasure
of quality is introducedby distinguishingtwo casesnamed‘class1” and“class2” 1: Classl means
thatameasurememwaspossiblewithoutclouds(ceiling) belovn 2000ma.g.l., whereaslass2 means
thattherewereinevitable cloudsbelov 2000m. Thelattermakesa successfutlataevaluationrather
implausibleascalibrationis nearlyimpossible.

The rather high percentageof class1 measurementss ascribedto the orographicsituation at

Garmisch-RrtenkirchenCloudsaremostlyseerabovetheridgesflankingtheLoisachvalley. Clouds

alsooverthevalley areassociateavith badweathemwhichimpliesthatno measuremens possibleat

all.

Mean Extinction Coefficient for [1= 532 nm
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Figure7.34: Meanextinction coeficientsin the boundarylayeror the summerl998;the dashedine
picturesaweightedl-2-1 meanof the data,revealingstablehigh pressureonditionswith constantly
highextinctioncoeficients.Suchperiodsaremarkedby “H”. A grey “H” standgor alesspronounced
high pressuresituation.

Themeanextinction coeficientfor thesix monthsof summerl998is shovn in Figure7.34. Thetime
scalecoversthe periodfrom May 1 to SeptembeR9. For this periodthe meanextinction coeficient
for theboundarylayerwascalculatedusingonly lidar profileswith no cloudsignals.Thedashedine
is the resultof a weightedharmonicl-2-1 mean. It clearly shovs somepeakswith high extinction
values.Most of thesepeakscouldbeassignedo high pressuresituationsmarkedby “H”. Thisis one
of thereasondor the averagingover threepoints: A stablehigh pressuresituationlastingsomedays
causesnaccumulatiorof aerosokesultingin higheropacity The high pressurgeriodin May 1998
(cf. Sec.7.3)canbeclearlyseen.Someperiodsaremarkedby agrey “H” declaringthatit wasaless
pronouncedigh pressuresituation. The peakon July 21/22,for example,shows therising pressure
behindawavedcoldfront. Theverticalextentof theflown in cold air wasrathersmallsotheair was
notexchangedcompletely againresultingin higherextinction coeficients.

Figure7.35 shaws the annualvariationin 1999 of the meanextinction coeficient for a wavelength
of 532nm. 1999is the only yearthatwas(theoretically)completelycoveredby datacollectedin the
AFS project. As for Fig. 7.34only profilesshaving no cloud signalsat all wereconsidered“better
thanclassl”). Onceagain,the datawereaveragedy a weightedharmonicl-2-1 mean.Thecurves
areshown for elevationsof 1, 2, and3 km above groundlevel. Theresultsshowv thatautumnl1999was

1This classificatioris basedon a suggestiorby V. Matthiasfrom MPI, Hamhurg
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Figure7.35: Meanannualvariationof the 532 nm extinction coeficient; notethe high valuesin the
summer—this givesevidencethatthereis aneffective verticaltransportmechanism.

verylow in aerosol.In fact,therewerenoneof thetypically autumnahigh pressureepisodeshatare
likely to produceelevatedaerosokxtinction coeficientsdueto alack of air-massexchange Fromthe
beginningof July until thebeginningof Septembethe meanextinction coeficientis enhancedor all
threeheights.Thisis theresultof the effective verticaltransporimechanismn the Alps describedn
Sec.8.6. Theresultsin regardto orographyarepresentedn the separatesection“Vertical Transport
of Aerosolin the Alpine Wind System”.

Thedataacquisitionfor this projectendedn June2000dueto thefinal assemblyof thenew detection
system. As a consequencea)o meaningfulstatisticalevaluationfor 2000is possible. However, the
resultsobtainedin the previous yearsseemto be confirmedby the 2000 data. With threeyearsof

datathefirst stepfor a long-termclimatologyfor Garmisch-Rrtenkircheris done. But thereis still

someway to go in orderto get a statisticallyrelevant climatology Hopefully, the datato be gained
duringthe EARLINET project,whichis asuccessoof the AFS lidar network, canbe usedto extend
theinformationaboutclimatologyof the Loisachvalley.

A moredetailedsummaryof the Garmisch-Rrtenkircherclimatologyincluding a trajectorycluster
analysiswill befoundin thedoctoralthesisof S. Kreipl whichis to appeain Summer2001.
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Chapter 8

Specialobsewations

8.1 Specialobsewationsunder high pressue conditions

by M. Wiegner

In additionto the main task within the GermanAerosol Lidar Network, the performanceof regu-
lar measurementi orderto establishan aerosolclimatology it was consideredusefulto obsere
aerosoldistributions during dedicatedepisodes.Coordinatedefforts to investigatethe influenceof
the synopticsituationon diurnal cycles of the aerosoldistribution are of specialbenefit. Intensve
obsenation periodsat a single stationare alsoquite valuableto find typical diurnal cyclesandtime
scalesof changesn theaerosoMistribution. Thiswill helpto interpretthe regularmeasurementsn
the prescribedimesin view of their representatienesgor thewholeday.

With the manpaver andresourcesllocatedto this projectsomefirst stepstowardsthis challenging
goalcouldbe performedsucessfully

Theconditionthat“the sameweather*would occurin whole Germaly turnedoutto beaveryrestric-
tive one. Thereasonsarethe variety of landscapeandthe quite differentclimatologicalconditions
at the stations. Consequentlyonly very few periodswere met wherethe large scaleflow was sta-
ble for severaldaysover whole Germaty. Oneexampleof sucha periodwasaweekin May, 1998.
Measurements excessto theregularscheduleveremadefrom May 11till May 15 atall stations.
An overview of thesynopticsituationandthe historyof theaerosoparcelametatthestationss given
in Figs.8.1and8.2. Shavn arethe backtrajectorieor a periodof four daysfor eachof the German
Lidar Network stations.Six levelsbetweerf75hPa and200hPa areplottedasindicated.

It is clearly seenthatthe flow regime totally changedduring the 5-day period. The transitionfrom
adwectionof pollutedcontinentalair masse$rom southerlydirections(seeFig.8.1) to clearpolarair
massessindicatedin Fig.8.2 occuredduringthenightfrom May 13to May 14
Selectecexamplesfrom Hamhurg (Fig. 8.3), Leipzig (Fig.8.4) andMunich (Fig.8.5) areshavn asa
North-Southcrosssectionof aerosoldistributions. To facilitatethe comparisorbetweerthe stations
backscattecoeficient profiles 5, areshavn, andthe sameaxeswerechosen:heightup to 8 km and
B, upto 0.01km~! sr .

The profilesfrom Hamlurg (Fig.8.3) reflectquite well the changeof the flow regime: During the
first daysof the periodg,-profilesarein theorderof 6-1073 km~' sr~! for A=351nmin theplanetary
boundarylayer (PBL), whereasluringthe northernflow backscattecoeficientsarelessthanathird
of thatvalues.This changes ratherdueto aremoval of particlesthanto theinfluenceof relative hu-
midity f. Duringdaytimef wasbelon 40%in mostcasessothatasignificantgrowth of theparticles
is very unlikely. Furthermorethe vertical structureof the PBL changedrom a sharptop at about
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Figure8.1: Backward Trajectoriedor theLidar Network stationswith respecto 1300UT of May 11,
1998
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Figure8.2: Backward Trajectoriedor theLidar Network stationswith respecto 1300UT of May 15,
1998
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2km to a moregraduallyslopein the cleanair. Thesevaluesagreequite well with measurements
from Kithlungsborn(not shavn here)which alsoshav 8, & 6-10 3km~! sr ! in the UV andabout
2-310 3 km~tsr ! for 532nm. Therelative humidity wasin the 40%-range.The PBL wasslightly
higher After thetransitionto the northernflow, aerosobackscattewasevenlowerthanin Hamhurg.
A changan theaerosoMdistribution of similar significancevasobsenedin Leipzig (Fig.8.4). While
for the first threedaysthe PBL-heightwasin the rangeof 2.0to 2.5 km andtypical 3, valuesof
6-810~% km~!sr ! for a wavelengthof 532 nm were obsened, the following two daysshav a
decreasén PBL-heightandaerosolload (zpp, &~ 1.5km, 8, ~ 41073 km~'sr!). Again, the air
wasrelatively dry, f wasin therangeof 50%duringdaytimeand70%duringnighttimefor thewhole
period,sothatasignificantinfluenceof particlegrowth is ratherunlikely.

Furtherdownstream,in Munich (Fig.8.5), the effect was not that pronounced.The PBL-height—
reachingup to 3.0 km — wasalmostconstantfor the whole periodwith the exceptionof only two
profilesbetweerthe eveningof May 14 andnoonof May 15. The backscattecoeficientswerecom-
parablewith the Hamhlurg andKiihlungsborrdatabut significantlylower thanin Leipzig. Typically,
f3, did notexceed3- 10~ km~* sr~! for 532nm. After thechangeof thelargescaleflow 3, droppedo
1-10~3 km~* sr™! for alimited duration,but at 14 UT on May 15, 3, wasat the sameorderasbefore.
Subsequenmneasurementweredisturbedby low level clouds. Therelative humidity shovedvalues
in the30%rangecloseto thesurfacewith anincreasdo thetop of the PBL with f ~ 65%. Thisfind-
ing shaws thatobviously the flow from North, carryingclearair from the coastto the centralpart of
Germaly wasnot very effective afteranother500km (comparedo Leipzig) of transportrange.This
assumptions confirmedby thetrajectoriedor the 975hPaand850hPa levelswhich prove (Fig.8.2)
that the flow in the lower tropospheralid not comedirectly from polar regions but experienceda
long transportover the continent(Poland).Insofar a directlink to the Leipzig measuremenwasnot
existing.

Specialconditionsarepresenin Garmisch-Rrtenkirchen.Due to the strongorographicstructurein
this Alpine region, in particuarthe aerosoldistribution in the PBL is much strongerinfluencedby
local orographiadrivencirculations.Oftenelevatedlayerscouldbe obsered. Neverthelessan effect
of the changein the large scaleflow seemsto be present:during the first four daysof the period
the backscattegraduallyincreasedwhereason May 15. 3, droppedby a factorof approximately
two. Thecorrespondingy, for two wavelengthsasindicatedareplottedin Fig.8.6. This obseration
correspondso the Munich datawith a time shift of a few hoursandcan,thus, be attributedto the
changeof the synopticsituation.

As a by-productof the comparisorof the aerosoldistributionsat Munich and Garmischa Saharan
dustlayer4.5km above msl. wasobsenedin thelate afternoonandnight of May 14 andat 3km the
following day (cf. Fig.8.6).

Summarizingthe findings from all stationsit canbe statedthat the absolutevaluesof 3, arecom-
parible with the largestvaluesobsened in Leipzig andthe lowestin Garmisch-Rrtenkirchemnand
Kuhlungsbornlasttwo daysonly). To catejorizethe generalstructureof the aerosolprofilesis of
coursedifficult dueto their large temporalvariability. Therearehintsthatat the continentalstations
(LeipzigandMunich)thetop of thePBL is morepronouncedhannearthesea(KithlungsbornHam-
burg). In Garmischoften elevatedaerosollayersare obsenred in the afternoonasa consequencef
local circulationpatterncharacterisetdy a partialnight-timeremoval of aerosolanddaytimeaerosol
adwection(seeSec.8.4).

It can be seenthat at all stationsa more or lesssignificantchangein the aerosolload happened
whenthe clearairmassegrom polar regions arrived at the station,thoughthe precisetime cannot
be determinedrom the aerosoldatadueto obsenationalgaps(e.g.,restrictionsduring night). It is
not yet possibleto separatehe influencesof long rangetransportandlocal sourceson the aerosol
distribution. However, the similar behaiour at all stationssuggesthatthe aerosolistribution is not
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Figure8.4: Badkscattercoeficientsin km ! sr! for 532nmin Leipzig: top: May 11 (left), May 12
(right); center:May 13; bottom: May 14 (left), May 15 (right); timesof thedayare indicated
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May 15, 1998, 12:00 UTC
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Figure 8.6: Extinction coeficientsfor 532nm and 1064nm in Garmisd-Partenkirchen: May 15,
1998,12GMT

dominantlydeterminedy local effects.

Anothersubjectaddressedby the lidar network is the investigationof the temporaldevelopmentof
aerosoldistributionsandthe influenceof orography The latteris discussedn detailin Section8.4,
but the role of topographywas also encounteredluring the studiesof the temporaldevelopment.
An exampleis discussedn detailin Section7.4. The main conclusionis that not only the aerosol
backscatteandextinction canchangerapidly, but alsothe heightof the PBL by morethan200m.
Investigation®of thetemporalbehaiour of theaerosoMdistribution weremadeover differentduration
andresolutionat all stationsof the network. Only two examplesareshowvn here.

The first example concernsmeasurementsn the developmentof the PBL with 10s resolution
(Fig.8.7). The measurementw/ere taken between09:07 UT and 10:23 UT of July 29, 1999, in

Munich. To ensurecomparableatmosphericconditionsthe line of sight was not changed. As a

consequencat wasnot possibleto derive extinction coeficientsa,, so rangecorrectedsignals,or

attenuatedbackscatte(1064nm) wereplottedinstead.lt canbe seernthatthe surfacelayergradually
raisedfrom 0.8km above groundat 9:07UT to 1.3km at 10:10UT whenit meigedwith theresidual
layer, which hasbeenpresentasanindividual layer throughoutthe morningat aboutl.5km. At the

top of this layer pre-condensationccuredafter 10:12indicatingthe top of the PBL. It is interesting
to seethatanothempersistentayerof only aboutl00m in verticalextenthasexisted,andaratherfaint

layerat 2.3km which dissolhedat about09:42UT. All of theselayersshaveda wave-like structure
in atime domainof afew minutes.

This exampleshaws a frequentfeature,that small scalestructuresare superimposean the main

aerosollayer (the PBL) in the lower troposhere.Thoughthe consequence®r the radiationfield or

the establishmenbf aerosolclimatologiesare certainly almostnegligible, they arerelevantfor the

evaluationof lidar data.In heightrangeswherethe aerosolabundances variablein time andspace,
theapplicabilityof thetwo angleapproachs seriouslylimited. To acertainextenttheseproblemscan

bereducedy temporalaveragingout ahightemporakesolutionis notpossiblearyway. Furthermore,
it its demonstratedhat the uncertaintyinherentin half-houraveragesf aerosolparametersre not

only causedy measuremergrrorsbut alsoon the changingmeteorologicatonditions.

It wasfound on severaloccasionghatsuchsituationsoccuredn particularoneandtwo hoursbefore
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Figure8.7: Developmenbf the PBL: range correctedsignal for 1064nm over heightabove ground
(Munich, July 29.,1999)

localnoon.

Thevariablility of troposheri@erosolayerswasalsoinvestigatedn longertime scales An example
of threeconsecutre diurnalcyclesis shovnin Fig.8.8.

It canbe seenthat distinct aerosollayerscanpersistfor 12 to 24 hoursat differentlevels. During

their lifetime mostof themchangetheir vertical extent, altitude andintensity This exampleclearly
illustratesthe problemsin linking aerosobprofilesof the Lidar Network stations.Thoughthe general
distributionsandopticaldepthscanbeexpectedo be similar undersimilar meteorologicatonditions
— this wasdemonstratediuring the May 1998-period- the direct comparisorof individual profiles
will belimited to very raresitutations. Interpretationf aerosolprofilesin view of meteorological
conditionsshouldratherbe madeon the basisof local averages.
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8.2 Specialobsewationsfor cold front passages

by R. Eixmann

In thiswork cold front passagearedefinedasboundariebetweerair massesvhicharecharacterized
by differentmeteorologicaparametersasfor exampletemperaturehumidity and aerosolcontent.
The air massboundaryitself is recognizedy significantweatherchanges.The usualdistinctionin
front passagesf polar and subpolartype is not consideredo be relevant here,sincethe air mass
boundaryis presenin bothcases.

Oneobjective of the GermanLidar Network wasto performmeasurementshortly after cold front
passages-romthe meteorologicapoint of view it wasvery unlikely to find favorableweathercon-
ditions short after the front passed. Frequently strong convection preventedlidar measurements
short after the front passage.This phenomenormwas not restrictedto daytime, sincethe lidar sta-
tion Kilhlungsborrnis locatedcloseto the Baltic Sea,which frequentlyhada highertemperatur¢han
theair. Thisledto strongcorvective actiity nearthe coastlinealsoduringnighttime.
Measurementaftercoldfront passageareof highinterestbecaus@anexchangeof air masse®sccurs
in veryshorttime (hours).Thenew air masds characterizetyy differentorigin andopticalproperties
of the aerosolparticles. Additionally, it turnedout that frequentlyafter a cold front haspasseda
stablehigh pressureperiod built up. Thus,the measurementtsaken after cold front passagesvere
alsothefirst in aseriesof measuremerduringthe high pressurgeriod.
Anotherimportanttaskwasthe comparisorof aerosolpropertiesof air massesrossingmorethan
onelidar stationof the network. In January2000, a frontal passagerossedGermary from North
to South,traveling over the lidar stationsHamhurg, Kiihlungsborn]eipzig, Munich and Garmisch-
Partenkircherwithin 36 hours.In total, 16 cold front passagebave beenobsenedat Kiihlungsborn
in thetime frameof the GermarnLidar Network. From 14 of thosemeasurementserosobackscatter
profilescouldbecalculatedjn theother2 caseshe cloudbaseheightwastoo low for evaluation.For
thetrajectoryanalysishowever, all 16 dayswereused.

8.2.1 Trajectory analysis

In orderto investigatewhetherair massesith differentgeographicabrigin show differentaerosol
backscattecoeficients,a trajectoryclusteranalysisvasperformed.The algorithmis similar to that
usedin chapter6 of this reportand will be describedin detail in (Eixmann,2001) Basisfor the
analysiswerethe backward trajectoriedor the daysof the frontal passagewith arrival timesabove
Kiihlungsborrat 13:00and19:00UT. This hasbeendonefor the pressurdevels975,850,700,and
500hPa. Fromtheanalysissmepged,thatverticalwind shearingsveredominantafterfront passages.
At the 500-hR level, westerlywinds prevailed, independentlyf the wind directionat the 975-and
850-hRa levels. Theselevels shawv a significantly higher variability. At the 850-hR level, the air
massorigin afterthe cold front passagevasnorth-westin 80% of all casesyhile at 20%,the origin
wasabove the continent,from south-eastFigure 8.9 givesthe resultof the clusteranalysisfor the
850-hRrand700-hRalevel, representatie for the otheraltitudelevels. Theair massesfterthefrontal
passageriginatedmainly from the North Atlantic. This meanghatthefront passedrom north-west
towardssouth-eastThe secondnostfrequentdirectionafter the frontal passagés south-eastThis
requiresthatthe front passedrom south-easto north-west,containingair massesvith continental
origin. Regardingthe vertical developmenif the backwardtrajectoriest couldbe statedthatthe air
massesveremixedvertically only to a very smallextend. Figure8.10givesthe vertical evolution of
the backward trajectoriesfor Kithlungsborrat 850 hPa and 700 hPa. The trajectoriesshov aswell
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Figure8.9: Clusteranalysisof the backwardtrajectoriesor all obsered cold front passagesThe 2
dominatingclustersaregivenfor 850 hPa (upperrow) and700hPa (lower row).

upwardanddownwardmotionbut do not shov a generalerticalmovement.

Regardingthe performedclusteranalysisthefollowing pictureemepges(Figure8.11): All backscat-
ter profilesareplottedwith respecto their trajectorycluster The straightlinesrepresenthe profiles
afterthefrontal passagethe dottedlinesrepresenmeasurementshortbeforethe front passageThe
comparisorbetweertheclusterdoesnotrevealasignificantdifferenceof thebackscatteprofileswith
respecto thedifferentclusters.Thisimplies,thattheaerosobackscattecoeficientsareindependent
from theair massorigin.

8.2.2 Wavelengthdependencyof the measured profiles

In orderto be ableto quantify the air massesetter the backscattecoeficientswere analyzedby
theirwavelengthdependeng For this reasonthe datapointswerenormalizedo thevaluemeasured
at 532 nm. Two selectioncriterioawereused: 1. selectionby air massorigin (clusteranalysis)2.
selectionby season.Theesultsareplottedin Figure8.12. It turnsout thattherewere no significant
differencesn the wavelengthdependeng neitherwith respectto the trajectoryclustersnor to the
seasonathanges.
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Figure8.11: Backscattecoeficientsmeasuredbeforeandaftercold front passagesortedby trajec-
tory clustersasgivenin Figure8.9.
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Figure 8.13: Examplesof backscatteprofiles measuredat Kiihlungsbornbefore and after a cold
front passageleft: strongeboundarylayerafterthe passagesight: wealer boundarylayerafterthe
passage.

8.2.3 Comparison of the backscatter coefficientbefore and after a cold front
passage

Backscatteprofilesmeasuredbeforeandaftera frontal passageverecompared Additionally to the
total of 14 measurementskenafterthefrontal passage measurementsave beentakenbeforethe
passagé€upto 48 hours).Thevariability of theinvestigatediir massesvassohigh, thatno significant
differencesn the backscattecoeficientscould be found beforeandafterthe frontal passageAs an
example,two profilesof backscattecoeficientsareshavn in Figure8.13, oneshaving a stronger
theothershoving awealer boundarylayerafterthe passage.

8.2.4 Cold front passagelanuary 17-19,2000,over several stations of the Li-
dar Network

Oneobjectvefor lidar measuremenfterfrontal passagewasto try to investigatdhesameair mass
at differentlidar stations. BetweenJanuaryl7** and 19*, 2000, suchan occasionoccurred,when
an air masschangemoved from northernto southernGermary, with the correspondingold front
crossingthelidar stationsHamhurg andK iihlungsborronthe 17 aroundnoontime, Leipzig during
the 18", andreachingMunich and Garmisch-Rrtenkircheron the 19" of January Thetrajectories
calculatedor Leipzig andGarmisch-RrtenkirchenFigure8.14) passedver northernGermairy for
all altitude levels, therebyallowing the comparisonof backscatteprofiles of the sameair masses.
Additionally, afterthe air masschange an aerosolayerwasobsenedby 4 stations.At Munich, no
measurementwere possibledueto badweatherconditions. In orderto characterizehangesf the
aerosolpropertieson their way from northernto southernGermaiy, backscatteprofiles measured
at Hamhurg and Kuihlungsbornwvere comparedwith profiles obtainedat Leipzig and at Garmisch-
Partenkirchen.

Following the backward trajectoriesendingat Garmisch-Rrtenkirchenon Januaryl19 in different
altitudelevels, it turnsoutthatthey crossedhelidar stationat Hamhurg only a shorttime before.For
the endingpoint Leipzig, Januaryl8, it canbe seenthattheseair massesnovedover Kiihlungsborn
afew hoursbefore.(Figure8.14)

A comparisorof the backscatteprofileswasnow possibleunderthe conditionthatthetime interval
betweerthe measurementsorrespondso the time the air massneededor traveling from Hamhurg

121
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Figure 8.14: Backward trajectoriesendingat Leipzig on Januaryl8, 2000 (left), andat Garmisch-
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Figure 8.15: Comparisonof backscattercoeficients measuredn the sameair massduring its
movementfrom northernto southernGermay. Left: KiithlungsbornJanuaryl8, and Garmisch-
PartenkirchenJanuaryl9. Right: Kiihlungsbornnoonof Januaryl8, andLeipzig, eveningof Jan-
uary18.

to Garmisch-Rrtenkircherandfrom Kuhlungsborno Leipzig, respectrely. The comparisor(Figure
8.15) reveals,that over the long distancebetweenHamhlurg and Garmisch-Rrtenkircherthe shape
andheightof the planetaryboundarylayer (PBL) haschangedput the aerosollayeris still present
andhasslightly increasedn height.BetweenKiihlungsborrandLeipzig the PBL heightdiffersonly
to avery little extent,andthe aerosolayeris obseredat almostthe samealtitude.

While the comparisonsbove investigatedhe sameair massest differenttimes, a comparisornof
thelidar stationswaspossiblesimultaneouslybut in a differentmeasurementolume (Figure8.16).
Althoughthe horizontaldistanceas only about200km, both stationsobsene differentair massesas
thetrajectoriegeveal. the PBL heightis significantlyhigherat Hamhurg. The The aerosolayercan
beseenat bothstationsput it is aboutl km lower above Hamlurg thanit is above Kithlungsborn.
Theaerosolayerobseredat all stationcanbe characterizedby the following properties:it shavs a
slopefrom eastto west,sinceit wasobsened at Hamhurg andGarmischat 3.8 and 3.2 km, respec-
tively, andat K’born andLeipzig at about4.8 km. Also, it shavs a slight slopefrom northto south.
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Figure 8.17: Temperature pressureand relative humidity obtainedfrom a radiosondelaunch at

Schleswiglapprox.150km north-west) alongwith thebackscatteprofile measure@tKiuhlungsborn
on Januaryl8. Between3 and5 km, the relative humidity is belov 15%. The temperatureprofile

shavs aninversionat 3 km, limiting verticalexchangewith thealtitudesbelow.
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Datafrom aradiosonddaunchat Schleswig(Figure8.17)revealthatthis aerosolayerwasin analti-
tuderegionwith avery low relatve humidity. The verticaldevelopmentof the backwardtrajectories
shaws, that 72 hoursprior to the measurementhe air masshasbeenlifted from the boundarylayer
into thefreetropospherdy alow pressuresystemnorth of thescandingian coast.

Usinga nighttime measuremerdt Kiithlungsborrwhich yields 3 backscatteand?2 extinction coefi-
cientsof theaerosolayer, acomparisomwith thedatafrom the OPAC softwarepackagdOpticalProp-
ertiesof AerosolsandClouds,(Hessetal., 1998))indicatedthattheaerosolayerover Kihlungsborn
consistedf smallparticles.

Sincethe uplifting of the air massoccurredseveral daysprior to our measurementshe aerosolpar
ticles have had a lifetime long enoughto be detectedover Germalry. After the uplifting dueto a
strongbaroclinicstateof theatmospherao verticaldisplacemenhastakenplaceuntil theair masses
reachedGermaly. This agreeswith the obsenation of a temperaturenversion(Figure8.17)which
suppressethe verticalmixing of theatmospherén this altituderangeandis a conditionfor thelong
lifetime of suchaerosolayers. The frequentlyassumedhortlifetime of aerosolparticlesin thefree
atmospherés notvalid for casedik e this.
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8.3 The stratospheric aerosol layer obsewned by lidar at
Garmisch-Partenkir chen

by H. Jager

8.3.1 Intr oduction

Stratospheri@erosolparticlesinfluencetheradiationbudgetdirectly by scatteringandabsorptiorof
radiationandindirectly by heterochemicagbrocessesaffecting the stratospheriozonelayer. During
the pastdecadedidar remotesensinghasproved to be invaluablein detectingand monitoringthe
occurrencemagnitudespreacanddecayof numeroussolcaniceruptioncloudsperturbingthe strato-
sphericaerosollayer Lidar measurementat Garmisch-Rrtenkirchen(47.5°N, 11.1°E) have con-
tributedto the understandin@f the stratosphersince1976. The interestin the stratospheri@erosol
layer consistingof sulfuric acid dropletsgren considerablyin the pastdecadewvhenheterogeneous
ozonedestructionmechanismavere proposedio take place on theseaerosolparticleseven under
moderatestratosphericonditionsin additionto the highly effective reactionson polar stratospheric
clouds.

This reportis a contribution to the GermanresearctprogramAerosolforschungsschwerpun&FS)
andsummarizesbsenationsof thestratospherisulphateaerosolayerduringthe AFS period1997to
2000.Theobsenationsalsocontributeto theinternationaNetwork for the Detectionof Stratospheric
ChanggNDSC)aspartof the programof the Alpine Station,oneof five primary NDSCsites.

The presentlyvery low aerosollevel in the stratospherés suitableto study processesvhich sustain
a minimum stratospheri@erosolcontent. However, obsenationsof the stratospheri@erosollayer
duringthe periodof the AFS programcanonly be understoodandinterpretedvhenreferringto the
precedingyearswhich weregovernedby avolcaniceventof globalimpact,namelytheviolenterup-
tion of Mount Pinatubain the Philippines(15.1°N, 120.2E) on Junel5, 1991. This eruptioncaused
oneof the major perturbationsof the stratospherén the pastcenturyand producedhe largestvol-
caniccloud ever obsenedin the stratospherdy lidar andotheradwancedtechniques.The Pinatubo
eruptioninjectedinitially 12—15Mt of sulfur dioxideinto thestratospheregsestimatedy (McPeters,
1993),0r 20 Mt after(Bluth etal., 1992),resultingin a globalstratospheri@erosoimasdoad of sul-
furic acidamountingo 20-30Mt, asdeducedrom SAGE Il satellitedataby (McCormickandVeiga,
1992).Spreadanddecayobsenationsof thePinatubceruptioncloudat Garmisch-Rrtenkirchemwere
summarizedy (Jager 1992),(Jager 1996),and(Jageretal., 1997).

8.3.2 Observations

Thebackscattelidar at Garmisch-RrtenkircherutilizesaNd: YAG laserastheradiationsourcerans-
mitting 532-nmpulsednto theatmosphereElasticbackscatteby moleculesandparticlesis recorded
with a 52-cm-diametetelescopea photomultipliertube,anda photoncounter The systemprovides
informationon the heightdistribution of the particlebackscattecoeficient. Theseprofilesarecali-
bratedwith calculatedbackscatteprofilesof a purelymolecularatmosphereéerivedfrom actualdata
of the Munich radiosond€100 km north of Garmisch-Rrtenkirchen).All profilesarecorrectedor
extinction lossedvy particlesandmoleculesncludingozone.

Parametersmportantin the understandingf the impact of stratospheri@erosolson climate and
heterogeneoushemicalprocessesarethe optical depth,the massandthe surfaceareaconcentration
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Figure8.18: Integratedparticlebackscattecoeficientin the heightrangetropopauséo thetop of the
aerosolayer.

of stratospherigarticles. Theseparametersare calculatedusing corversionfactorsderived from
a time and heightresolvingaerosolmodel basedon monomodaland bimodal size distributions of
the stratospherisulfuric acid aerosolderivedfrom balloonborneparticlecounterdatafrom Laramie
(41°N), Wyoming (JagerandHofmann,1991;Jageretal., 1995;Jageretal., 1997).

8.3.3 Results
8.3.3.1 Pinatubo episode

The obsenationsof the build-up, the maximum,andthe decayof the Pinatuboperturbationat the
northernmidlatitudesite of Garmisch-Rrtenkirchens documentedn the time seriesof the column
backscattecoeficient, integratedover the heightrangetropopausdo layer top (Figure 8.18). The
integral backscatters modulatedoy columnheightfluctuationscausedby the seasonatropopause
heightvariation. ThetropopausductuatedetweerB and15km accordingo theMunichradiosonde,
with typical summervaluesin the 12—13km rangeandwinter valuesat 10—11km.
Theheightdistribution of aerosolss indicatedin Figure8.19by profilesof the scattering-atio which
is theratio of measuredotal to calculatedmolecularbackscatterMaximaof the scatteringratio are
mostlyobseredin theheightrangel5 to 20 km with exceptionsaftervolcaniceruptions.

8.3.3.2 Background aerosol

It hasbecomeobvious from the resultsobtainedduring this projectthat the obsered exponential
decayof the Pinatuboaerosolload terminatedin 1996. Somecharacteristiocvzaluesof the aerosol
layeraresummarizedn Table8.1.

The ongoinglow level of aerosolconcentratiorin the stratospherallows alsosmall volcanicinput
to be obsenedwhich underhighly perturbedvolcanicconditionswould remainundetectedA recent
naturalinput was causedoy the eruptionof Mt. Shishaldin(Aleutian Islands,Alaska)on April 19,
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Figure 8.19: Profilesof the 532 nm scatteringratio shoving maximumand decayof the Pinatubo
eruptioncloudover Garmisch-Rrtenkirchen.

Table8.1: Characteristicef 1997-199%ackgroundandPinatubomaximum.

Integral 1997-1999 Pinatubo
Tropopauseo layertop Average Range Maximum
Min Max April 1992

532nmpart. backscattersr!  8.8-107° 3.6-107°-2.8-10"* 4.8-1073
532nm part. opticaldepth 441073 1.8-1073-1.4-102 0.16
Particlemassg m—2 1.6-107% 6.7-107*-5.3-1073 0.062
Particle suriacem? m—2 0.023 0.01-0.075 0.32

1999(GVN, 1999). Obsenationsof smallbut distinct peaksin thelidar scatteringatio in the height
rangel4 to 18 km were madeon May 6, 16 and 29, June23, andJuly 1 (Figure 8.20). Isentropic
backwardtrajectoriescalculatedat CMDL/NOAA for May 6 and16 confirmthatthelidar peakswere
causedy theShishaldireruptioncloud. Figure8.21shavstrajectoriestartingat 15 km at Garmisch-
Partenkircheron May 6, 12 UT, andMay 7, 00 UT. Sincethe trajectorycalculationis limited to 10

days,the calculationwasrestartecon May 2, 00 and12 UT, half-way in time andlocationbetween
thefirst trajectorypair (Jageret al., 2000). Both secondanytrajectoriesarrived at about14 km over

the AmericanwestcoastbetweerApril 23and25, in anareawherethe Shishaldinaerosolayerwas
detectecby POAM Il (PolarOzoneandAerosolMeasurement}atelliteobsenationsbetweenl2 to

16 km (GVN, 1999).

In comparisorwith earlierepisodesletectecat Garmisch-Rrtenkircherthe Shishaldineruptionwas
of minor strengthanddid not causea majorperturbatiorat northernmidlatitudes.

An increasen fuel consumptiorof 4% peryear(SchmittandBrunner 1997)draws attentionto long-

distanceair traffic asa possibleanthropogenian-situ sourcefor stratospheri@erosols.Garmisch-
Partenkirchens very closeto majorair traffic corridorsandin theleeof theWestEuropearandNorth
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Figure8.20: Lidar profilesof the scatteringratio of the stratospheridackgroundaerosolwith peaks
of ShishaldinaerosolgS). TP marksthetropopaus€Munich radiosonde).

Atlantic air traffic. Many lidar measurementseemto be affectedby air traffic aerosolgyeneratedn
the Europearand North Atlantic aviation corridors. Figure 8.22 shavs optical depthvaluesin the
heightrangeof air traffic (8—13km) derivedfrom lidar measurementsAbout 40% of thoseprofiles
notaffectedby cirruscloudsshav increaseaxtinction with respecto whatis regardedasthenatural
background.This enhancemeris not connectedvith the stratospheri@aerosolayer. Firstresultsof
a closerinspectionof the backscattesignalsshov low depolarizatiorvaluesof few per cent. This
is characteristidor very smallor nearsphericalparticles(Jageret al., 1998),mostprobablyformed
from the exhaustcomponentsoot, sulfuric acid, nitric acid, andwater (Karcherand Fahey, 1997).
Onthe otherhand,high depolarizatiorratiosof about50% prevail in contrailsandcirrus cloudsdue
to thepresencef ice crystals.

8.3.4 Conclusions

Theprogramin remotesensingof the stratospherisulfateaerosolayerby ground-basetidar began
at Garmisch-Rrtenkirchenn 1976. Figure 8.23 shavs the entiretime seriessince1976, which is
characterizedy the major volcanic perturbationscausedby ElI Chichonin 1982 and Pinatuboin
1991, and by a numberof minor eruptionsin the northernhemisphere.Lidar dataof recentyears
indicatethat the new backgroundollowing the decayof the Pinatuboload variesaroundthe 1979
average.The winter maximaassociateavith low tropopauséneightsstayratherconstantabove this
value,whereaghe summerminima (high tropopausesgxhibit a slow decaybelow the 1979value.
The lower integrationlimit for summercolumnsis 13 to 15 km, for winter columns10 to 12 km.
Summercolumnsthusexcludethe heightrangeof air traffic, winter columnsincludepartof it. It may
be concludedthatin the stratospherabove 13 km somedecayof the aerosolload is still goingon
which is compensatetdy a naturalor anthropogeni@erosolincreasen the lowermoststratosphere
below 13 km.

The questionregardingthe existenceof anair traffic signalin the aerosolkcontentof the lower strato-
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Figure8.21:Isentropichackwardtrajectoriesstartingat Garmisch-Rrtenkircherataheightof 15km
onMay 6,12UT andMay 7,00 UT, andrestartingpn May 2,00UT and12 UT. Thecalculationsare

basedon NCEPmeteorologicatiata.

spherecanonly be answeredonclusvely by analysingexisting dataandby further obsenationsof
thevariability of the stratospheribackgroundaerosolundisturbedy majorvolcaniceruptions.
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8.4 Vertical transport of aerosolin the Alpine wind system

by T. Trickl

Thelevel of air pollution hasgrown throughoutthe troposphereThe vertical transportmechanisms
responsibldor the pollution export from the boundarylayer have beenrecentlyreviewed by Beck
etal. (Becketal., 1997). Detailedestimatedor the vertical transportin that paperare limited
to the atmospherabove flat terrain and have yielded moderatevertical exchange. One important
mechanismfor which higherefficienciesmay be expected,s orographicallyinducedtransport.For
example,Jacobet al. (Jacobet al., 1993) emphasizean the role of the Rocky Mountainsin the
large-scalexport of pollution O3 out of the North-Americanboundarylayer.

The Alpine wind systemhasbeenstudiedby numerousauthorsandin mary field campaignge.g.,
(BrehmandFreytag, 1982;VemgeinerandDreiseitl, 1987;Hennemuth 1987; M uller andWhiteman,
1988; Neiningerand Dommen, 1996; Puxbaumand Wagenbach1998; Seibertet al., 1998; Am-
brosettietal., 1998). The mostimportantdetailsof orographicallyinducedtransporiaresummarized
in thereview articlesby (VergeinerandDreiseitl,1987)and(Whiteman,1990).IFU researchersave
beeninvolvedin several of thesefield studies focussingon the investigationof the day-andnight-
time circulationin andabove differentAlpine valleys (e.g., (Reiteretal., 1983;Reiteret al., 1984a,;
Muller andReiter 1986;Muller andWhiteman,1988)). During daytimethereis aformationof anup-
valley flow in thebottomsectionof thevalley (hamedvalley wind), causedy horizontaltemperature
andpressurdifferencesalongthe valley (e.g., (Vergeinerand Dreiseitl, 1987)). Slopewinds also
contributeto themassbudget.In contrasto thelargerscalemechanismslriving thevalley wind their
build-up is ascribedo local thermaleffects. The up-valley andup-slopewinds may eventuallylead
to a reverseanti-valley wind above therangeof the valley wind. In this wind systempollution from
theboundarylayerinsidethevalley maybelifted to heightsabore 1500to 2000m andsubsequently
transportedutsidethe mountainsvhereit maybecomemixedinto thefreetroposphere.

Aerosolis a very suitabletracerfor vertical-exchangestudies. Within the 1996 VOTALP (Verti-
cal OzoneTransportin the Alps) MesolcinaValley Experiment(Furger et al., 2000)the IFU three-
wavelengthaerosolidar wasused(CarnuthandTrickl, 2000)in additionto numberof ground-based
andair-borneinstrumentsof the partnerinstitutes.During this campaigrthelidar wastilted parallel
andperpendiculato thevalley axiswhich resultedn three-dimensonahappingof theaerosodistri-
butionin thelower partof thevalley. Thefinal dataanalysistook placein the early phaseof thelidar
network. It wasfoundthat,in contrasto thelongitudinaldistribution, thetrans\ersedistribution was
ratherasysmmetric.The aerosolayer wasseparatednto two distinctvertical zones(seeFig. 8.24).
Theboundarylayer, which wasgraduallyfilled with aerosofrom outsidethevalley (LagoMaggiore
area)during the morninghours,expandedrom 1.5km to 2.3 km a.s.l. in the courseof theday. It
wastoppedby a secondayerstartingataroundnoonwhich extendedo approximatelyd.3km a.s.l.,

i. e.,1.3km above the highestsummitsin theupperpartof the Mesolcinavalley. Wind measurements
onboardwo researclaeroplaneshovedthatthewind directionin theupperlayerwasexactly down-
valley. This confirmedourideaof theonsetof ananti-valley wind returningfrom theupperpartof the
valley wherethe pollution waslifted to higheraltitudes. The patternbuilt up for differentdirections
of the synopticwind which suggestdittle interaction.Thelack of interferenceby the synopticwind
wasascribedto a partial channelingin the very deepvalley. The high aerosolconcentrationsloft
demonstratehe high efficiengy of the vertical transport. From measurementr which wind data
existed an export efficiency of about80% was estimated.Basedon complementaryneasurements
Swisscolleaguegound similar values.They concludedhatthevalley is ventedto higherelevations
aboutfive timesperday (Furgeretal., 2000).
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Figure8.24: 1064-nmextinction profiles selectedrom the vertical measurements the Mesolcina
onJuly 19, 1996;the gradualbuild-up of areverseflow is reflectedby the upperstepformingin the
aerosobprofile.

The Loisachvalley at Garmisch-Rrtenkirchenthe placeof the investigationswithin this project,is

flanked by mountainsvhich reachjust2000m. At theupperendtheincomingflow is blockedby the
muchhigherWettersteirmountainrange(2400m to 3000m). In this way a muchmoreopenvalley

structurethanin the Mesolcinaexists. The interferenceby the synopticwind should,therefore,be
muchmoresignificantand,indeed thereis no reproducibldormationof a two-stepaerosol.Carnuth
etal. (Carnuthetal., 2000)reportedthefirst exampletwo-steplayerformationwith aerosotransport
up to heightsfor measurementsith theozonelidar atIFU in 1991.

Figure 8.25 shaws a single-dayseriesfrom July 26, 1999, againshaving the formation of sucha

two-layerdistribution. During the projectatotal of five suchseriesveremeasuredFromananalysis
of Munich radiosondedatait wasfound thatin all thesecasegshe 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 andthe

determinatiorof aerosol-sizalistributions. Thiswork will be partof EARLINET andthe AFO-2000
projectVERTIKATOR.
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Figure8.25: Diurnalvariationof the 1064-nmextinction coeficienton July 26,1999;notethedistinct
aerosolayerabove 3.5 km whichis ascribedo thereverseflow formationabove the valley wind.
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8.5 Long-rangetransport of aerosol

by T. Trickl and U. Wandinger

Aerosolmay be a suitableindicatorof long-rangeair-pollution transportin the free troposphereln

contrasto otherindicatorssuchasCO it mayreadilybedetectedn theentirefreetropospherdy lidar

remotesensing.lt hasbeenknown for sometime that dustparticleseven of North Americanorigin

may reachCentralEuropein considerablguantitiese.g., (Reiteretal., 1984b)).However, the best-
known extra-Europearsourceareais the Saharadesert. Saharardustepisodesare quite frequently
obsened over the Alps andin SouthGermalry during Fohn episodeqgJageret al., 1988). In recent
yearsthe potentialimportanceof borealwild firesfor theair pollutionin thenorthernhemispherdas
beenemphasizedn (Wotava and Trainet 2000, Wotawa, privatecommunication2000). Thelarge
areasof forestburning yearby yearin North America, in particularin Canadaandin Siberiaare
expectedo correlatesignificantlywith free-tropospheri€O measuredt high-altitudestationssuch
astheZugspitzesummit.

First lidar obsenation of high amountsof ozoneimportedfrom the boundarylayer of the United
Stateswererecentlymadeat one of the network stations(Stohland Trickl, 1999; Stohland Trick,

2000).Thiskind of intercontinentatransporis associateavith high-pressureonesenteringCentral
Europefrom the westandan adwectionpatternresemblingan S rotatedby 90 degrees. The central
partof this Sis coveredby afront which may ift theair from the North-Americanboundary-layeto

heightsevenbeyond 10 km a.s.l. (warmcorveyor belt (Browning, 1990)). There,rapidtransporto

Europetakesplacein thejet streamfollowed by anti-gyclonic subsidencén thefinal phase.

s
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|
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Figure8.26: 10-dayisentropicbackwardtrajectoriegprovided by NOAA CMDL for May 15, 1998,
12:00UTC

Within thewarm corveyor beltthe boundary-layeaerosoimaybe subjectto washout.Indeed,in the
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early phaseof the soundingsat IFU during periodsof intercontinentatransportthe measurements
were limited to the ultraviolet wavelenghtsof the ozonelidar anddid not show discernibleaerosol
signatures.This indicatesvery small amountsof aerosolhiddenin the dominatingsignal contribu-
tion from RayleighbackscatteringDuring the lidar-network project,in addition,measurementsith
wavelengthdn thevisible andnearinfraredweremadeunderconditionsfavourablefor the obsena-
tion of intercontinentatransport.Evenwith the highersensitvity of anaerosollidar particle-related
structuresverenotseenn all cases.
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Figure8.27: Scatteringatio obtainedrrom the measuremerdf the stratospheritidar at IFU on May
14,1998;threedistinctaerosolpeaksareseenin the free troposphere TP” denoteghetropopause
level obtainedfrom the Munich radiosonde.

A goodexampleis the periodMay 11 to 15, 1998 (seeSec. 8.1.1). Figure 8.26 shavs backward
trajectoriesfor May 15, 12:00 UTC, taken from the routine calculationsmadeby NOAA CMDL

for the Zugspitzestationtwice a day. In the heightrangenear5 km the S-shapedadwectionpattern
mentionedaborve is seen. Relatedaerosolstructureshave beenreportedby all network stations,at
leastfor May 14, somealsofor May 15. In Fig. 8.27theresultsof the night-timesoundingswith the
stratospheri@erosolidar of IFU shortly beforethe endof May 14 is depicted.Pronouncederosol
peaksareseenat about4.5,6.7,and9 km which, dueto the trajectoryresults,might be ascribedo

inputfrom North America.

This episodds interestingoecausé shavsin additionto thetypical advectionpathwayswith source
regionsin the stratospheregver differentregionsin North Americaand over the Central Atlantic

(Eiseleetal., 1999; StohlandTrickl, 2000),import from North Africa. Theair from North Africa is

representedy thetrajectoryat 3 km a.s.l. which makesaratherlong detourover WalesandSouth-
ern Norway beforeit reache<entralEuropeandthe network area,which is a ratherraresituation.
Fig. 8.6 shavs measurementst IFU on May 15 with 532nm and1064nm. The wavelengthdepen-
dencen theaerosopeakaround3 km is low which suggestshepresencef large particlesasusually
foundin air from the SaharadeseriJageretal., 1988).
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Figure 8.28: Isentropicbackward trajectoriesand lidar resultsfor prefrontaladwectionof Saharan
dustto Garmisch-Rrtenkircheron April 29,1999

The commonlyobsened advection pathway of Saharardustis that directly acrossthe Alps rather
thanthe exceptionalcasedescribedabore. Sucheventswereobsenedat IFU on 9 occasionsince
May 1998(unambiguousase®nly). Figure8.28shovs NOAA backwardtrajectoriesandlidar mea-
surementn April 29, 1999. Prefrontalupward transportup to 5 km is seenwhich is completed
beforethe air massreacheghe Alps. This behaiour wasfoundto betypical of this adwectionpath-
way. Again, alow wavelengthdependences seenfor the correspondindayersidentifiedby thelidar

measurements.

The S-shapeddwectionpathway from North Americato Europeseemdo be the mostimportantone
for the import of North Americanboundary-layemir. However, also straightadwectionalongthe
greatcircle wasobsened. During the four-day episodefrom May 26 to 30, 1999, very high ozone
values,sometimesxceedingl30 ppb,weredetectedn a confinedlayerabove 5 km. Soundingwith
the highly sensitve stratospheri@erosollidar revealedthe simultaneougpresencef smallamounts
of aerosolin exactly the samelayer during the full obsenation period. One exampleis givenin
Fig. 8.29. The variability of both the ozoneand aerosolconcentrationvas high. The FLEXTRA
backwardtrajectorieprovidedby A. Stohlshav adirectinflow from theareaaroundthe GreatlLakes
for all heightson thefirst two daysanda gradualransitionto lessstraightadvectionin thefollowing.
A pronouncedisefrom theboundarylayerto morethan5 km nearthatareawithin lessthan10h was
calculated.For May 27, increasinglycontributionsfrom air massesot exhibiting the sharprise are
presentn theheightrangeof interest.Sinceaerosolvasobseredduringtheentireobsenationperiod
in the high-G; layerit is difficult to explain the peakconcentrationdy stratospheriair, althougha
stratospheriadmixtureshouldbe consideredindeed frequentlylayerswith extremelylow humidity
weredetectedn radiosondalatafrom nearbyascentdy ateamfrom the Paul-Scherreinstitut.

In the following we briefly evaluatethe frequeng of aerosollayersin the free tropospherendicat-
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Figure8.29: Ozoneandaerosobrofiles(rangecorrectedsignal)obtainedat IFU on May 27,1999

ing long-rangetransport. Two stationshave contributedto this topic, Kilhlungsbornand IFU. For
Kuhlungsborn33 caseswith free tropospheridayershave beenreportedout of 190 measurement
days.In orderto make theresultscomparablevith thoseof IFU, wheretheratherhigh Alpine bound-
ary layer prohibitsto detectadwectedaerosolayersbelon about3 km above the ground,we further
reduceheheightrangeto altitudesof 3 km andabove. Thisreduceghenumberof casedo 21 (11%).
The IFU dataaretaken from the resultsof the stratospherididar (532 nm) becausef its excellent
signal-to-noiseatioin thefreetropospherevhich allows smallamountf aerosoto beresohed. The
structureswverecountedonly if they exceeded% of the Rayleighbackscattecoeficient. We select
only thosemeasurement®r which the aerosollayersmay be clearly distinguishedrom boundary-
layeraerosolor from residualcirrus clouds.For the threeyearsof the projectthe measurementmay
bedistributedasfollows:

dayswith aerosol all days

Winter (Dec. 21-March20) 12(36.4%) 33
Spring(March21-June20) 17(65.4%) 26
SummerJune21-Sept20) 12 (44.4%) 27
Autumn (Sept.21-Dec.20) 6 (18.2%) 33

A clearspringaerosopeakis seen.Theoverallfractionof casewith free-tropospheriaerosolayers
is 39.5%which s quite substantiabndindicatesa ratherstrongcontribution of long-rangetransport
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to the compositionof the free tropospherever CentralEurope. The fractionsshouldbe seenasa
lowerlimit sincetheinfluenceof washoutmaynotbequantified.Thediscrepang with respecto the
Kuhlungsbormresultsstimulatessomedetailedintercomparison.

A topic of growing importanceis the investigationof of intercontinentaltransportof forest-fire
plumes. Two importantfiresin North Americawere identified by their aerosolplumein the net-
work areawhichtook placein August1998(Canadiarfires)andAugust2000(Montanafires). In the
following we describein somedetail the resultsfor the 1998 casefor which dataareavailablefrom
all instrumentf thelidar network andaccompaniedtby extensie trajectorycalculations.

The August-1998fire plumewas detectedn the free troposphereduring the LACE 98 field exper
iment. Forestfiresin northwesternCanadawere identified asthe sourceof this event. While the
mobile systemsf MPI, MIM, andIfT took measurementst the Lindenbeg field site, the stationary
systemsat KilhlungsbornLeipzig, and Garmisch-Rrtenkirchercontinuedthe routinelidar network
obsenations. At Lindenbeg, a distinct aerosollayer between3 and6 km heightwas continuously
obsened from the morningof 9 Augustto the eveningof 10 August1998. The measurementare
describedn detailin (Wandingeret al., 2000) (seealso Sec.4.2 andSec.5). At the otherstations,
measurementseretakenduringdistincttime intervalson 9 and10 August1998.

The origin of the free-tropospheraerosollayer was studiedwith two transportmodels,the La-
grangiarntrajectorymodelFLEXTRA (version3.2d)(Stohletal., 1995)andthe Langrangiarparticle
dispersiormodelFLEXPART (version3.2) (Stohletal., 1998;StohlandTrickl, 1999).Both models
aredrivenwith hemispherianodel-level wind fields provided by the EuropearCentrefor Medium-
RangeWeatherForecast4T213L31 model,(ECMWEF, 1995)),with a horizontalresolutionof 1° and
atimeresolutionof 3 h (analysest0, 6,12,18 UTC; 3-hforecastsat3, 9, 15,21 UTC).

In Fig. 8.30,eight-daybackwardtrajectoriedor arrival atLindenbeg at2300UTC on9 August1998
arepresentedAt thistime, thestrongesaerosoloadwasobsered. Thelong-termthree-dimensional
backward trajectorieswere calculatedwith the FLEXTRA modelandindicatethe advectionof air
masseshroughouthetropospherdrom the North Atlantic acrosghe North Seadirectly to the mea-
suremensite. Onthisway, theair did notcrosshighly industrializedregions. The backwardtrajecto-
riesfor the heightregion from 3—-5km (pressurdevels 700to 550 hPa) originatefrom northwestern
Canada.There,strongforestfires occuredin late July andearly August1998. The gray-shadedr-
easin Fig. 8.30indicatethe locationsof the strongesfires, thatburnedabout6—-10daysprior to the
measurementThe trajectoryanalysisshows that the air masstraveled belov 2000m heightin the
forest-fireregion andwasthenlifted above southerrGreenland An additionalmixing of pollutedand
cleanair massesnighthave occurredherearound450hPa. Almostall air parcelswith arrival heights
of 2-6km crossedsouthernGreenlandn this heightlevel 40 to 80 h prior to the measurementThe
remarkablesventof thetransporof forest-fireaerosol§rom northwesterrfCanaddo Europewasalso
obsenedwith satellites(Hsuetal., 1999).

Figure8.31shaws profilesof the particlebackscattecoeficient obtainedwith lidar at Kiihlungsborn,
Lindenbeg, Leipzig, and Garmisch-Rrtenkirchenn comparisorto profilesof an aerosoltraceras
dervedfrom the FLEXPART modelfor 10 August1998aroundnoon. Thefour lidar stationsrepre-
sentroughlyanorth-to-souttrcrosssectionalongGermalry. Free-tropospheraerosolsvereobsened
atall stations.The FLEXPART simulationsarein verygoodagreemeniith thelidar obsenations.In
the FLEXPART simulation,particleswerereleasedvithin boxesfor which forestfireswerereported
(seegray-shadedreasin Fig. 8.30) beginningon 1 August1998. CO emmissionsvere estimated
from theweekly burntforestareaanda correspondingpumberof particleswasstartedrandomlydis-
tributedbetweerthe surfaceand2500m heightabove ground. Transportsimulationswvereperformed
for botha CO andanaerosokracer In contrasto the CO tracer theaerosokraceris removedby dry
andwet deposition.A detailedanalysisof the transporiof the fire emissiondrom Canadao Europe
in August1998is presentedn (Forsteretal., 2000).
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Figure 8.30: Eight-daybackward trajectoriesfor arrival at Lindenbeg on 9 August1998,2300UTC. The
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8.6 Aerosoland relative humidity

by V. Matthias

One of the mostimportantmodificationsof aerosolsin the boundarylayer is their hygroscopical
growth. With increasingelatve humidity, wateris accumulate@roundthe aerosolparticles,chang-
ing their sizeandrefractve index significantly Figure8.32shawvsthis changen sizeandrealpartof
therefractve index for the aerosolcomponentw atersoluble” beginning with relative humiditiesof
70% (d’Almeidaetal., 1991).“Watersoluble”is the mostimportantaerosokcomponentn industrial
areasasmiddle Europe,it consistamainly of sulfateandnitrate particles. Thesechangesave high
influenceonthescatteringcharacteristicsf theaerosolandthereforealsoon measuredidar signals.

Aerosol component "water soluble” : influence of the relative humidity
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Figure8.32: Influenceof therelatve humidity on radiusandrefractve index on aerosolsDisplayed
is theaerosolcomponentw atersoluble”asdefinedby d’Almeidaetal. (1991).

With lidars, the aerosolbackscatteiand extinction is always measuredunderambientconditions
includingthe effectsof hygrocopicalgrowth of the aerosolsThis canresultin quite large discrepan-
ciesof the scatteringcoeficientsmeasuredy lidar andby in situ instrumentson boardof research
aircraftsor atground.In situinstrumentgypically measureerosokcharacteristicassizedistribution

andscatteringcoeficient in dried stateat humiditiesaround20 %. Correctingfor thateffect using

hygroscopicagrowth factors(TangandMunkelwitz, 1993)canon the otherhandleadto quite good

agreementasis shown in figure 8.33 and discussedn chapter4 andin (Wandingeret al., 2000).

However for most casesan adequatecorectionof the dry measuredaerosolpropertiesto ambient
conditionswill bedifficult, sinceextensie informationon the chemicalcompositionof theaerosols

necessaryin theshowvn casethis informationwasavailablefrom the aircraftmeasurements.

Lidar signalsaredirectly influencedby the scatteringpropertiesof aerosolparticles. But changes
in the detectedsignalcannnotdirectly be assignedo hygroscopiayrownth sincethey canresultfrom
change® theaerosodistributionaswell asfrom changesn theopticalcharcteristic®f thescattering
particles.Horizontalandverticaltransporof theatmospheri@erosolsesultin additionalfluctuations
of thelidar signals.
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Figure8.33: Intercomparisomof aerosobackscatteprofilesmeasuredvith lidar at 532 nm andwith
in situ instrumentson boarda researchaircraft. After humdity correctionthe profiles shov good
agreement.

Thesecircumstanceandthefactthatrelative humiditiessignificantlyhigherthan70 % areneededo
obsenre a remarkablesffect make it ratherdifficult to measureahe influenceof the relative humdity
on atmospheri@erosolglirectly by lidar. Anyhow, sucheffort hasbeenmadeduringtheLindenbeg
aerosolcharcterizatiorexperiment(LACE 98) usingthe MPI watervapourDIAL (Wulfmeyer and
Bosenbey, 1998; Bosenbey, 1998). Favourableconditionsfor thesemeasurementaerepresentn
the afternoonof August8” 1998. Between14:34UT and15:26 UT a well mixed boundarylayer
up to altitudesof ca. 2100m could be obsened. The watervapourdensitycould be measuredvith
highaccurag with thelidar betweerca. 400m and1800m usingthe nearrangereceving telescope.
The profilesshaved almostconstantvatervapourdenstityin the orderof 10 g/m? within the PBL,
resultingin increasingrelatve humidity with height. Two radiosondesaunchedat 13:13UT and
at 16:49UT gave an almostconstantemperaturgyradientof -9.2 K/km within the boundarylayer.
Assumingthis temperaturgradientto be constanturingthe considereetpisodeandusingmeasured
groundvaluesof the temperaturethe watervapourprofiles measuredvith the DIAL systemcould
be assignedo profiles of the relatve humidity, shaving valuesup to ca. 85 % at the top of the
boundaryayer(seefigure8.34,left side). This canberegardedassufficiently highto seehygroscopic
effects on the aerosoloptical properties. The distribution of the aerosolparticlesthemseleswas
regardedto be homogeneousincecornvectionwasstill active at groundtemperaturesf 29°C and
no additionallayerscould be obsered in the aerosolbackscatteby the lidar. So all changesof
the aerosolbackscattewithin the boundraylayer can be assignedo hygroscopicakffects on the
aerosols.

For the evaluationof the 50 minutesepisode profiles of the water vapourdensityandthe aerosol
backscatteat 729 nm have beencalculatedwith a resolutionof 2 minutesand 120 m. This for
investigationsn theboundarylayerrathercoarseaesolutionhasbeernselectedecausé¢helidar signals
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Figure8.34: Calibratedaerosobackscatteprofilesat 730 nm andthe correspondingelative humid-
ity. The backscatteprofiles have beenevaluatedwith a lidar ratio variablein height. The relatve
humidity is out of DIAL datawith atemperaturgrofile from radiosondes.

measuredn the water vapourabsorptionline at 730 nm was alreadyvery weak at the top of the
boundarylayer.

The profileshave beenselectedor thosebeingfully representatie for the boundarylayerup to an

altitudeof 1680m. In somecasesthefluctuationsn theboundaryayerheightwentdown to 1500m,

which meanghatthe assumptionsbouttemperaturgradientandhomogreneousdistribution of the
aerosolparticlesno longerhold in thosecases.Sofive profileshave beenskippedand 20 remained
for the obsenationof hygroscopicagrowth effects.

Theaerosobackscatteprofileshave beenevaluatedwith theinversionalgorithmdescribedn chapter
4.1, relying on Fernalds publication(1984). A lidar ratio of 50 srup to 960 m, slowly increasingo
80 srat 2100andagain50 sr above hasbeenchosemandthe referenceheightwasbetween2500m
and3000m assuminganaerosobackscattealmostzero. This lidar ratio follows modelcalculations
performedwith the OPAC dataset(Hessetal., 1998)for increasindhumidity at 750nm andfor urban
aerosol. All aerosolprofileshave beencalibratedto their valuesin 800 m to reducetemporalfluc-
tuationsof the whole profile whenlooking at the increaseof the aerosobackscattewith heightand
thereforewith humidity.

All 20 calibratedaerosoprofilesbetweerB00m and1700m andthecorrespondingelative humidity
profilesareshown in figure8.34. All aerosoprofilesshav anincreaseof theaerosobackscattewith
height,but with alarge scatterof the valuesat upperaltitudes.This canresultfrom horizontaltrans-
porteffectsandfrom aerosoinhomogeneitiesalwayspresentn theatmosphereVerticaltransports
alsoimportant,becausehe actualsizeof anaerosolparticleat a givenrelatve humidity dependsn
the humidity in the areathe particlecomesfrom. Particle diametetis nota uniquefunctionin depen-
denceonrelative humidity (TangandMunkelwitz, 1993). Additionally, temperaturéductuationshave
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Figure8.35: Dependencef aerosobackscatteon relative humidity assumingonstannhumberden-
sity within the PBL. Comparisontfiave beenmadewith modelcalculationsusingthe OPAC dataset
(Hessetal., 1998).

beenngylectedwhencalculatingthe relatve humidity profilesanda larger spreadof thesevaluesat
1680m dueto this effectareverylikely. Ontheotherhandtheerrorcausedy 1 K temperaturdluc-
tuationsis in the orderof only 5 % in therelatve humidity. Entrainmenfrom aerosol-freair from
thefreetroposphereloesnot play amajorrole sincethe consideredhighestaltitudeis well belov the
top of the boundarylayerandadditionally“suspicious”profileshave beensortedout.

An increaseof the aerosolbackscattewith relative humidity canbe obsenred for this episode(fig.
8.35)andasecondrderpolynomcanbefitted to theobserneddata.Onegetsremarkablygoodagree-
mentwith the aerosolcompositions‘urban” and“continentalpolluted” derived from OPAC. Those
compositionontaindifferentmixturesof the aerosoltypes“watersoluble”, “insoluble” and“soot”
representingndustrial aerosols. Looking at back trajectoriescalculatedby the GermanWeather
Servicefor Leipzig, onerecognizedow speedwesterlyflow, thereforeair massesriginatingfrom
westernGermauy, BelgiumandFrance.The mismatchof the measurediatawith maritimepolluted
aerosolcontainingmainly seasaltis not surprising.A high amountof seasaltleadsto muchhigher
growth of the aerosolsvith humidity.

Summarizingt hasbeenfound that the increaseof the aerosolbackscattewith increasingrelative
humidity couldbe measuredisingonly watervapourDIAL data.Theresultsfit very goodwith model
resultsfrom the OPAC aerosoimodel. The assumptionsnadefor this casestudyseemto bereason-
ableandintroducenot too large errors. On the otherhand,meteorologicatonditionsunderwhich
sucheffectcanbe obseredarerare. Additional measurementasverticalwind, highly resohedtem-
peratureprofilesandaerosohumberdensitymeasurementsould be very usefulto getbetterinsight
in the growth of aerosobparticlesunderambientconditions.
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Chapter 9

Summary

by J. Bdsenbeg

The GermanAerosolLidar Network hasattemptedfor the first time worldwide, to establisha cli-
matologicaldatasetfor the aerosolvertical distribution over several stationsin a quantitatve and
coordinatedapproach.

Quantitatve resultshave beenobtainedoy emplogying advancedidar methoddik e Ramaror scanning
lidar to retrieve profilesof the extinction coeficient directly. The standardbackscattelidar retrieval
with its well known deficiencieshasbeenusedonly to amendthe extinction data,in particularfor
daytime measurementdpr stratospherianeasurementsand for the two stationswhich were not
equippedvith Ramariidar capabilities.To provide for asufficiently homogeneoudatasetsubstantial
effort wasputinto dataquality assuranceAn intercomparisorat systemlevel wasperformedfor 6
of the total of 8 systemsthat have beenusedin this project, and the agreemenivas found very
satishctory For resultsobtainedwith the samemethodthe deviationswerelessthanabout10%,and
for differentmethodsthe differenceswverestill lessthanabout25%. In view of the uncertaintieof
standardidar retrievalsthis is anexcellentresult.

The intercomparisorof the backscatteretrieval algorithmsresultedin somerevisionsof previously
usedprograms After thatonly neglible differencesverefound,but only if thesamenput parameters
wereused.Theintercomparisomlemonstrategery clearlythe strongdependencef its resultsonthe
choiceof input parametersvhich areknown for syntheticdataonly, but not for realmeasurements.
At the startof the projectit hadbeendecidedto performregularly scheduledneasurementto es-
tablisha climatologicaldatasetfor which the biasdueto the restrictionof obsenationsby weather
conditionswasminimisedor atleastcouldbeestimatedrom thenumberof occurrancef unfavorable
conditions. In additionto thesemeasurementthe systemswere usedto performsomecoordinated
measurement® studythe large scalebehaiour during specificsynopticsituations.Persistenhigh
pressuresystemsand cold front passagesvere addressedpecificallyduring this project. It turned
outthatcoordinatebsenationsof suchfeatureswvereratherdifficult becausef the relatively long
distancedbetweerthe stations.Thereforeonly isolatedcasestudiesverepossible.

Other specialobsenationsaddressedhe vertical exchangeprocessesn an Alpine valley. It was
clearlydemonstratethataerosolsanbe usedeffectively asatracerfor theflow patternin acomplex
terrain,andthatlidar masurementarevery suitableto investigatehe associate@erosolpatterns.

It was also demonstratedhat the information on the vertical distribution of aerosolin connection
with trajectoryanalysiscanbe usedvery succesfullyto identify the sourcesf specificaerosolayers
thathave beentransportedo the measuremergite over very long distancesLong rangetransporiof
forestfire aerosoffrom Canadaandof desertdustfrom the Saharahave beenidentifiedsuccessfully
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Speciakttentionwasgivenby two groupsto studythepossibilitiesof retrieving aerosomicrophysical
propertiedrom lidar measurementd hisis adelicatetaskbecausehisinversionis severelyill-posed
in amathematicatenseTheresultof thesestudieshowever, is quite positive. It hasbeenestablished
thatthroughsophisticatedegularisationalgorithmsthe basicmicrophysicalparameterséik e number
concentrationmoderadius,andrefractve index canin fact be retrieved from lidar measurements.
The necessargetof measurednput quantitiesof coursedependsn both the detailedpropertiesof
the aerosolunderstudy andthe accurag of the measuredptical parameters.It turnedout thata
minimumusefulsetof measurement®r this kind of retrievalsis the backscatteat the fundamental
plus the secondand third harmonicsof the Nd:YAG-laserplus, mostimportantly true extinction
measurementst 532 and355 nm. For future applicationswheretrue microphysicaretrievalsareto
be usedfor aerosolcharacterisationatherthanphenomenologicalalueslik e the "lidar ratio” or the
wavelengthdependencef backscatterthis seemdo be a feasiblesetof measurementhat canbe
performedon aroutinebasis.

The combinationof lidar retrievals of watervaporprofilesandaerosolbackscattehasbeenusedto
investigatehegrowth of aerosolwith increasingelatve humidity undertrueatmosphericonditions.
This taskturnedout to be morecomplicatedthanexpectedbecausdiorizontalandverticaltransport
processesave a ratherlarge effect on the obsened backscattecoeficient, so thatit is difficult to
extractthe changehatis dueto hygroscopigrowth only. Neverthelessunderspecificconditionsthe
attemptto estimateheincreasean backscattecoeficient with increasingelative humidity hadquite
promisingresults.The obseredgrowth ratesarein fairly goodagreementvith modelcalculationsf
realisticassumptiongremadeon the aerosolcomposition.The low aerosoload of the stratosphere
openedhe possibility to studyanthropogenisourcesn this region. Thereis evidencenow thatthe
aerosokontentof thelowestportion of the stratospherées noticeablyinfluencedby aircraftexhausts.
The GermanAerosol Lidar Network also sened to continuethe long time seriesof stratospheric
aerosolprofiling at Garmisch-Rrtenkirchen.The period coveredby the measurementwascharac-
terisedby a very low level of volcanicaerosolin the stratosphereObviously the materialthat had
beeninjectedby previouseruptionsmainly thatof Mount Pinatuban 1991 ,hasbeenremovedin the
meantimeandsmallereruptionsn the meantimedid notinject substantiamasse®f aerosointo the
stratosphere.

However, the maingoalof the network operationsvasthe establishmenof a climatologicaldataset.
This taskwas accomplishedrery succesfully For four of the stationsthe percentagef succesful
measurementwasabout60 to 65 %, leadingto 1120aerosolbprofilesfor the climatologicaldataset.
Only for the Alpine stationthe hit ratewasmuchlower, here125 profilescould be collectedfor this
purpose Usingthis dataset,which is worldwide by far thelargestandmostsystematicallycollected
dataseton the aerosolvertical distribution, differentapproachesveremadeto analysethetemporal
andverticaldistribution. Thederivedproductsnclude:

¢ theseasonatlependencef boundarylayerheights

¢ themeanextinction andbackscatteprofiles

themeanopticaldepth,separatelyor PBL andfreetroposphere

theseasonatilependencef aerosokextinction

the statisticaldistribution of aerosolextinction

thedependencef aerosolbptical propertieson theairmassistory

the statisticaldistribution of extinction-to-backscattematio values.
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The latter are very importantfor future satellitelidar retrievals. Explanationsof the obsened vari-
ability were attemptedusing either sectoranalysisor clusteranalysis,both basedon the large data
setof coinciding backtrajectorieprovided by the GermanWeatherService. It is certainly not too
surprisingthattheseanalysisattemptsarenotreally explainingthevariability to a satisactoryextent.
Thenumberof factorsinfluencingtheaerosopropertieds solargethata simplegeographicahistory
of theaerosolrajectoryis notsuflicientto determinets propertiesMore succexanonly beexpected
whenmodelsareusedthatincludeat leastthe majorfactorsfor aerosolgeneratiorandmodification.
It wasclearfrom the beginningthatthe ratherlimited numberof stationsandthe ratherlimited time
framewould not suffice to establisha datasetthat would permitto studyall detailsof the aerosol
vertical distribution. Evenrathersimple statisticalanalysesncluding several factorscontrolling the
variability of aerosolpropertiesvery sooncometo a point wherethe increaseof factorsleadsto a
decreas@é numberof casedor specificcombination®f controlfactorssothatstatisticalsignificance
canno longer be maintained. But the conceptand the performanceof the GermanAerosol Lidar
Network hascorvincedmary colleaguesn Europethatit is worth contributing to this task. With the
helpof this strongcommunityit waspossibleto obtainsupportfrom the EuropearCommissiorfor a
muchlargerEuropeametwork, the”’EuropeanAerosolResearchidar Network”, EARLINET, which
now continuesthe work that hasbeenstartedin Germaly in a muchlargerframe. Now 20 stations
distributedover whole Europe,including the Germanstations by andlarge follow the methodology
that hasbeendevelopedwithin the frame of the GermanAerosol Lidar Network. This senesto
provide a much broaderbasisfor statisticalanalysesand also provides for much broaderspatial
coverageto exploit crosscorrelationsetweendifferentstationsandto assesshe aerosodistribution
onacontinentakcale.
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