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ABSTRACT

TheUniversityof WisconsinArctic High SpectralReso-
lution Lidar hasacquiredover 6000hoursof dataduring
shakedown testing. Examplesof this dataarepresented
to illustrateHSRLmeasurementcapabilities.

1. INTRODUCTION

Climate modelssuggestthat the Arctic climate is par-
ticularly sensitive to perturbationby increasinglevelsof
greenhousegases.This sensitivity seemsto be veri�ed
by measurementswhichshow thattheArctic is warming
fasterthanany otherpart of the globe. However, com-
parisonof many climatemodelsshow wide variationsin
predictionsfor future warming. Studiesof thesediffer-
encesshow thatthegreatestsourceof uncertaintyrelates
to themodelingof clouds.Themodelsusedifferentpa-
rameterizationsto describecloudsresultingin very dif-
ferentcloudpredictions.Unfortunately, very little obser-
vational datais available for veri�cation. Arctic cloud
observationshavebeenlimited by severalfactorsinclud-
ing: 1) the lack of observers,2) the dif�culty of seeing
cloudsduring the long Arctic night, 3) a lack of visual
and temperaturecontrastbetweencloudsand the snow
surface,which impedessatellitecloud retrievals,and4)
theinconsistentreportingof diamonddustprecipitation.

Modelers require information on cloud optical depth,
cloudaltitudesandcloudphase.Operationof theNOAA
DABUL lidar onanicebreaker frozeninto theArctic ice
packduring the SHEBA experimentillustratedthe util-
ity of lidar datain Arctic cloudstudies[1]. DABUL ob-
served incrediblycomplex mixed-phasecloudstructures
with intermixed pockets of pure water and ice. While
DABUL provided much useful information dataanaly-
sis washamperedby limitations commonto all conven-
tional backscatterlidars. The inability to correctsignals
for attenuationwithouta priori assumptionsmakesit im-
possibleto derive reliable optical depth,or backscatter
crosssectionpro�les. This ambiguityalsoforceslabori-
oushandanalysisof thedata.

The University of Wisconsin has constructeda High
SpectralResolutionLidar (HSRL) for long-termArctic
cloudstudies.This system,which is designedto operate
asa minimally-tendedInternetappliance,providesabso-
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Figure1. The r-squared,energy, andoverlapcorrected
lidar signal measuredin the combinedchannel(upper
panel)and the HSRL derived backscattercrosssection
(lower panel).Datawasacquiredbetween6:30and7:00
UTCon14January2004.Thisupperpanelimageis iden-
tical to thatobtainedfrom a well calibratedconventional
backscatterlidar. In the conventional imagethe lower
cloud shadows the cirrus above, while the HSRL mea-
surementsareunaffecteduntil thesignalsaretotal extin-
guished.
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Figure2. The aerosolbackscattercrosssection(right
curve with peakat 3 km), theattenuatedmolecularcross
section(left) andthe Rayleighbackscattercrosssection
computedfrom aRadiosondetemperaturepro�le (slowly
decreasingcentercurve). Pro�les areanaverageof data
measuredbetween6:20 and 7:00 UTC on 14 January
2004.

lutely calibratedpro�les of backscattercrosssection,op-
tical depthanddepolarization[2][3] [4]. It requiresonly
electricalpower, anInternetconnection,andazenithfac-
ing window for operation.All controlanddatatransferis
accomplishedvia the Internet. No routineon site atten-
tion is requiredotherthancleaningof thewindow. Useof
a 4 kHz repetitionratelaserandexpansionof the trans-
mittedbeamthrougha40cmtelescopereducesthetrans-
mittedenergy densityto eye-safelevels,makingit possi-
ble to look directly into theoutputbeamwithout hazard.
A

�����
rad. angular�eld-of-view coupledwith a 8 GHz

bandwidthetalon�lter reducesbackgroundnoiseto very
low levels. A high-dynamicrangephotoncountingdata
systemprovidespro�les with 7.5m rangeresolutionupto
a maximumaltitudeof 30km. Detectorgainchangesare
not requiredin responseto changingweather;conditions
rangingfrom theclearatmosphereto denselow-altitude
watercloudscanbeaccommodated.Thispaperdescribes
measurementsderivedwith thenew HSRLduringshake-
down testingin our Madison,WI laboratory.

2. HSRL DATA

The new HSRL is currently installed under a zenith-
facing window on the top of our laboratory. The sys-
temoperates24-hours/dayandmorethan6000hourshas
beenacquiredduringtesting.Datais automaticallytrans-
feredin real time from the lidar to our archive computer
via a fault-tolerantclient-server applicationwhere it is
storedas netcdf �les on a 1-terabyteraid disk system.
All datacan be accessedthrougha publicly accessible
web site: ' lidar.ssec.wisc.edu'.Realtime accessis pro-
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Figure3. Opticaldepthpro�le computedfrom dataac-
quiredbetween6:20and7:00UTC on14January2004.

videdby a webtool which computesimagesandpro�les
on demandusing: 1) the raw data,2) weatherservice
Radiosondetemperaturepro�les, and3) systemcalibra-
tion data.The time andaltitudeinterval for thedatacan
be speci�ed. Datamay alsobe searchedvia web pages
which provide a completemonth of 12-hourthumbnail
imagesof thebackscattercrosssectionbetweenthesur-
faceand 15 km. Clicking on an imageprovidesa full
screenversionof the backscattercrosssectionand the
depolarizationimage. An online systemlog book pro-
vides information about systemmaintenanceand soft-
ware modi�cations. A web tool is provided to display
systemhousekeepingdataaswell. We arealsopreparing
web routinesto processdataon demandanddeliver the
outputto usersin netcdfformat.

Figure1 shows imagesacquiredon 14-January2004be-
tween5:30and7:00UTC. Theseimagescompareastan-
dardlidar imageof theattenuatedbackscattercrosssec-
tion with abackscattercrosssectionimagederivedfor the
sameperiod. In the conventionalimage(upperpanel),
cirruscloudmeasurementsarecorruptedby attenuation.
Distinct shadows appearin the image and the attenu-
atedbackscattercrosssectionvaluesdependon thepres-
enceor absenceof underlyingwaterclouds. TheHSRL
measuredbackscattercrosssection(lower panel)elimi-
natesthis dependence.Althoughattenuationin thelower
cloud reducesthe maximumaltitude which can be ob-
served,theattenuationdoesnotaffectthebackscatterval-
ueswheresignalis present.BecausetheHSRLscattering
crosssectionmeasurementsarecomputedfrom therela-
tive intensityof themolecularbackscatterandparticulate
backscatterateachaltitude,thevaluesareindependentof
attenuationat lower levels.This providesanotheradvan-
tage;calibrationis insensitive to dirt, wateror snow on
theoutputwindow.

Figure2 shows backscattercrosssectionpro�les repre-
sentinganaverageovertheperiodbetween6:20and7:00
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Figure4. Optical depthpro�le computedfrom a one-
minuteaverageobserved between6:40 and6:41 UT on
14January2004.

UTC. The Rayleighbackscattercrosssectioncomputed
from a Radiosondetemperaturepro�le is shown along
with the derived particulatescatteringcrosssectionand
the measuredattenuated-molecularscatteringcrosssec-
tion. Whereas,during this period,the12.5-secondaver-
agingusedto prepare�gure 1 doesnotshow cloudsabove
7.5 km, the40-minuteaveragepro�le extendsto the top
of thecirruscloud.

Usefulpro�les begin exceptionallycloseto thelidar; de-
tectorsquickly recover from an initial transientanddata
is valid above75m. This illustrateseffective isolationof
thedetectorsfrom scatteredlaserlight. Detectoroverload
is oftenaproblemin lidarswhichusethesametelescope
to receive andtransmit. Themolecularchanneldetector
is exposedto approximately10photons,whichhavebeen
scatteredfrom opticsasthe laserpulseexits thesystem.
Thecombined-channelphotomultiplier, which is notpro-
tectedby the iodine absorption�lter , is exposedto ap-
proximately200,000photons,which,aftertakinginto ac-
countthe5% quantumef�ciency of thephotomultiplier,
produceapproximately10,000photoelectons.

Low-attitudeobservationsare particularly important in
theArctic wherepersistentstratuslayerswith cloudbases
below 1 km are frequentlyobserved. The backscatter
crosssectionmeasurementis computedfrom the ratio
of the molecularand combinedchannelsignalsso that
it is independentof any range-dependentgeometriccor-
rections. However, this is not true for the attenuated-
molecularcrosssectionpro�le. Theangular�eld-of-view
of the lidar is only

��� �
rad and the raw HSRL signals

departstronglyfrom thestandard����� dependenceat al-
titudesbelow 5 km. This effect is measuredaspart of
thesystemcalibrationandremovedduringdataprocess-
ing. Thesegeometriccorrectionshave provento bevery
stable,re�ecting theadvantageof usinga commontele-
scopeto transmitandreceive. Wehadplannedto measure
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Figure5. The aerosolbackscattercrosssection(noisy
curve), the attenuatedmolecular cross section (center
curve) and the Rayleighbackscattercrosssectioncom-
putedfrom a Radiosondetemperaturepro�le(smoothon
right). Pro�les areanaverageof datameasuredbetween
5:45and5:50UTC on14January2004.

the geometriccorrectionby scanningthe telescopefo-
cuswhile recordingdata.Thelidar includesa computer-
actuatedfocus control which can provide micron-level
adjustmentsin the position of the telescopesecondary
mirror. A comparisonof the molecular-channel,near-
range,signalwith thesystemfocusedatnear-rangeto the
samesignalwith thelidar at its operatingfocuswasgoing
to beusedto providethegeometriccorrection.However,
it hasprovenadequateto computethegeometriccorrec-
tion factor from a comparisonof the molecularsignal
measuredduring very clearweatherwith the molecular
lidar returnpredictedfrom a measuredtemperaturepro-
�le.

Figure3 shows theopticaldepthmeasuredasa function
of altitudeabove a referencepoint at 75 meters.This is
computedfrom theratioof thecomputedmolecularcross
sectionandtheobservedattenuatedmolecularcrosssec-
tion shown in �gure 2. Notice the correspondencebe-
tweenattenuationof themolecularreturnshown in �gure
2 and the optical depthcurve. The attenuationcaused
by the3-km watercloudandthe5 to 9 km cirrusclouds
aredirectly re�ected in the optical depthcurve. In this
casethetotal opticaldepthof theatmosphereis approxi-
mately3.2. For shortaveragingtimes,themaximumop-
tical depthwhich canbe measuredwith the lidar is de-
terminedby photonstatistics;the penetrationdepthin-
creaseswith averagingtime. For long averagingtimes,
the maximumoptical depth is currently limited to val-
ues less than 4 by detectorafter-pulsecontributions to
the molecularsignal. Figure 4 shows an optical depth
measurementderivedfrom a one-minuteaverage.In this
case,thecurve becomesnoisy for opticaldepthsgreater
than2.5.
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Figure6. Optical depthpro�le observedbetween5:45
and5:50on14January2004.

Figure5 providesan exampleof backscattercrosssec-
tion pro�les from a muchcleaneratmosphere.This � ve-
minuteaveragehasbeencomputedusingdatafrom �gure
1 between5:45 and5:50 UTC. It extendsto an altitude
of 25 km. Suf�cient signalis observed to provide good
signal-to-noiseratiosin theattenuatedmolecularpro�le
up to approximately20km. This is veri�ed in theoptical
depthpro�le, which is presentedin �gure 6. An optical
depthof 0.2 is measuredin thethin cirruscloudbetween
7 and10km. Fluctuationsin theopticaldepthpro�le be-
low the cloud re�ect errorsin the geometriccorrection
andthetemperaturepro�le usedto computethemolecu-
lar backscattercrosssection.Thetemperaturepro�le was
obtainedfrom aRadiosondelaunchedapproximately150
km from our laboratory.

ACKNOWLEDGMENTS

This researchwassupportedby NationalScienceFoun-
dationGrantOPP-9910304,

REFERENCES

[1] Intrieri, J. M.,M. D. Shupe,T. Uttal, B. J. McCarty
An annualcycle of Arctic cloud characteristicsob-
served by radarand lidar at SHEBA. J. Geophys.
Res. (C Oceans), 107:2002.

[2] Razenkov, I. A., E. W. Eloranta,J. P. Hedrick,R. E.
Holz, R. E. Kuehn,andJ.P. Garcia.A High Spectral
ResolutionLidar Designedfor UnattendedOperation
in theArctic. Proc. ILRC21, 57-60, 2002

[3] Pirronen,P. A high spectralresolutionlidar based
on an iodineabsorption�lter Ph.D.thesis,Univ. of
Joensuu,Joensuu,Finland,pp113,1994.

[4] Grund,C. J. andE. W. Eloranta The University of
WisconsinHigh SpectralResolutionLidar Optical
Engineering, 30: 6-12,1991.


