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CCD激光雷达探测白天近地面气溶胶消光系数

孙培育1,2,苑克娥1,杨杰1,3,胡顺星1

(1中国科学院安徽光学精密机械研究所 中国科学院大气光学重点实验室,合肥230031)
(2中国科学院大学,北京100049)
(3中国科学技术大学,合肥230026)

摘 要:利用CCD激光雷达系统对合肥西郊近地面气溶胶消光系数进行了昼夜连续测量,弥补了传统

后向散射激光雷达近地面盲区和重叠区域的数据空白.比较夜间 Mie散射气溶胶激光雷达和CCD激光

雷达获得的气溶胶消光系数,验证了CCD激光雷达系统的可靠性.CCD激光雷达系统的白天检测是可

行的,并获得了10~180m高度的大气气溶胶消光系数,空间分辨率最高可达1cm.两种气溶胶消光系

数分布表明,气溶胶消光系数在垂直方向上不是单调递减,且在一天中剧烈变化.CCD激光雷达检测到

的气溶胶消光系数的时空演化图表明,随着天色变黑,整体气溶胶具有降低的趋势.CCD激光雷达的气

溶胶消光系数曲线的日间检测是可以实现的.
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MeasurementofExtinctionCoefficientofNear-surfaceAerosol
byCCDLidarintheDaytime
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Abstract:Atmosphericaerosolextinctioncoefficientverticalprofilesofnear-surfaceinHefeiwestern
suburbweremeasuredbyaCCDlidarsysteminthedayandnight,whichcouldfillthegapofthe
traditionalMie-scatteringlidarsystemespeciallyintheblindareaandoverlappedregion.Bycomparison
oftheaerosolextinctioncoefficientretrievedbyMie-scatteringaerosollidarandCCDlidaratnight,the
reliabilityoftheCCDlidarsystemwasverified,andthedaytimedetectionoftheCCDlidarsystemwas
feasible.Profilesofatmosphericaerosolextinctioncoefficientfor10-180maltitudewereobtainedwith
highspatialresolution,ofwhichthehighestresolutionwasupto1cm.Twocasesofaerosolextinction
coefficientprofilesshowedthattheaerosolextinctioncoefficientwasnotmonotonedecreasinginvertical
direction,atthesametime,changedviolentlyintheday.Thespatio-temporalevolutionofaerosol
extinctioncoefficientretrievedbyCCDlidarshowedthattheoverallaerosolhadatendencytoreduceas
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thedaygettingdark.ThedaytimedetectionofaerosolextinctioncoefficientprofilebyusingCCDlidaris
credibleandfulfilled.
Keywords:Atmosphericoptics;Aerosoldetection;CCDlidar;Daytimedetection;ExtinctionCoefficient
OCISCodes:010.1100;010.3640;040.1520;290.1310

0 Introduction
Atmosphericaerosolisaheterogeneoussystemcomposedofsolidandliquidparticlessuspendedinthe

atmosphere.Thediameterofatmosphericaerosolparticleisgenerallybetween10-3and102μm.Many
processescanproduceaerosols,whichfallintotwomajorcategoriesaccordingtotheirsources,natural
aerosolsandhumanaerosols.Naturalaerosolsourcesaremainlyfromoceans,soilandbiosphereand
volcanoes,etc[1];Humanaerosolsourcesaremainlyfromcombustionoffossilfuels,industrialand
agriculturalproductionactivities,andautomobileexhaustandsoon.Althoughaerosolsareonlyasmall
fractionofthecontentoftheearth'satmosphere,theyareincreasinglyvaluedduetotheirimportantrolein
manyatmosphericprocesses.

Theradiationeffectofaerosolaffectstheradiationbalanceoftheground-gassystem,whichcauses
climatechange.Theaerosolsclosetothegroundarecloselyrelatedtohumanhealth.AsChinaisinthe
stageofrapideconomicdevelopment,industrialpollutionisbecomingmoreandmoreserious.Inrecent
years,atmosphericaerosolparticleshaveincreasedsignificantly,sothedetection oftheaerosol
distributionisofgreatsignificance[2-4].

Atmosphericaerosolextinctioncoefficientisanimportantphysicalparameterinresearch on
atmosphericlasertransmission,andthenear-surfaceaerosoldatawithhighspatialresolutionisless.On
onehand,thedirectdetectionequipmentdoesnothavethespatialresolution[5-6];ontheotherhand,the
detectionrangeoftraditionalback-scatteringlidarisgenerallyaboveafewkilometers,whileinthenear
distanceduetoitsownblindareaandthegeometricalfactorcorrectionerror,thereisnovaliddata[7-9].The
CCDlidarsystemadoptsalateralcamera,whichisaperfectsolutiontotheblindareaproblem of
traditionalback-scatteringlidarsystem.ThereisnogeometricfactorcorrectionproblemusingCCDlidar
system,whichprovidesastrongsupporttomakingupfornear-surfaceatmosphericaerosoldata.TheCCD
lidarsystemhasalreadybeenusedforhorizontalmeasurementsbyLiuXiaoqinandhergroup[10].AndMa
XiaominandhergroupusedtheCCDlidarsystemforverticalmeasurementsonlyatnight[11].Nowweuse
ittomeasureaerosolextinctioncoefficientverticallyinthedaytime,ofwhichtheretrievalmethodis
differentandthesignalextractionisdifficult.

1 CCDLidarSystem
  TheCCDlidarsystemusestheCCDcamera
equipedwithcradleheadtocollecttheaerosol
scatteringsignalfrom thelateralside[12].Itis
simple,portable,cheapandpractical,whichisset
upbyourresearchteam.AsshowninFig.1,the
CCDlidarsystem is mainlydividedintothree
parts:thelasertransmittngsystem,thereceiving
systemandthedataprocessingsystem.

Thetransmittingsystemisahigh-frequency
semi-conductor solid-state laser with a pulse
repetitionfrequencyfrom10kHzto100kHz.The
modelisSol3W-5W-10W532withanemission
wavelengthof532nm.Thebeamdiameterisless

Fig.1 DiagramofCCDlidarsystem

than8 mm,sotheenergyisconcentrated,whichisbenefittedforobservationduringtheday.The
operatingtemperatureis15~40℃,whichislimitedtotheworkingenvironmentneithertoohotnortoo
cold.Thelaserissupportedbyaself-madeironframetoensurethelaserlightverticaltotheground.

ThereceivingsystemiscomposedofindustrialCCDcamera,filters,fixedfocuslens,cradleheadand
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tripod.ThemodeloftheindustrialCCDcameraisManta201b,whosepixelsare1624(H)×1234(V),
eachpixel'ssizeis4.4μm×4.4μm.BecausethelensmountoftheCCDisC-mount,andtheNikondigital
lensisF-mount,anadapterringisusedtoconnectboth.ThefocallengthoftheNikondigitallensis
16mm.Severalfiltershadbeenusedforexperiment;itisfoundthatthefilterwithabandwidthof0.5nm
at532nmissuitablefordaytimedetection.Ifthebandwidthistoonarrow,thebeamlightmaybefiltered
out.Ifthebandwidthistoowide,thebackgroundnoiseistoostrong.Thecradleheadproducedby
ShandongWantengCompanycanaccuratelyadjustthepitchanglewiththeaccuracyof±0.01°,whichis
necessarytoconfirmthealtitude.ThedetailedparametersoftheCCDlidarsystemareshowninTable1.

Table1 SpecificationsofCCDLidarSystem
Laser Sol3W-5W-10W

Wavelength 532nm
Outputpower >10W

Q-switchrepetitionrate 10kHzto100kHz
Pulsewidth 7to50ns
Beamdiameter <8mm

Electricalrequirements 24VDC/16A
Operatingtemperature 15-40℃

Detector MantaG201b
Pixels 1624(H)×1234(V)

Pixelsize 4.4μm×4.4μm
Lensmount C-Mount
ADC 12bit

Lensfocallength 16mm
Filterbandwidth 0.5nm

  ThedataprocessingsystemisaLenovonotebookcomputer,whichneedstosupporttheUSB3.0
interface.Theimageswiththebackgroundpreliminarilydeductedarereadinto Matlab,afterdata
extraction,datastack,movingaverageandaseriesoftreatments,theatmosphericaerosolextinction
coefficientprofilesareobtained.

2 RetrievalprincipleofaerosolextinctioncoefficientforCCDlidar
Receivedbyapixelwithfieldofviewfromadistancez,thepowerE1,locatedattheangleofθand

theanglerangeofdθ(correspondingtothelengthdz)satisfiesthefollowinglidarequation[13]

E1=K1β(z,θ)TzTr (1)
where,K1istheconstantofCCDlidarsystemincludingaCCDlensarea,alaseremittingenergyandan
opticalefficiency,etc.β(z,θ)istheanglescatteringcoefficientoftheatmosphericparticleataheightz
andascatteringangleθ.Tzdenotesthetransmittanceinthedirectionofz.Trrepresentsthetransmittance
inthedirectionofr.

Theextinctioncoefficientisexpressedasthesumofthescatteringcoefficientandtheabsorption
coefficient.Takingintoaccountthattheurbanatmosphericaerosolabsorptioncoefficientisrelatively
small,theextinctioncoefficientreferredtointhisarticlemeansthetotalscatteringcoefficientofaerosols
withoutspecialillustration.

σ=∫
4π
β(θ)dΩ (2)

  Inordertoshowthechangeofthescatteredlightintensitywiththescatteringangleθ,theratioofthe
angularscatteringcrosssectionβ(θ)inthedirectionoftheangleθtothemeanvalueofalltheangular
scatteringcrosssectionsβs/4πisdefinedasthescatteringphasefunctionP(θ)

P(θ)=β(θ)
βs/4π

(3)

  ThescatteringphasefunctionP(θ)reflectsthespatialdistributionofthescatteringintensityof
aerosolparticles,includingtheaerosolparticleshape,particlesize,refractiveindexandotherinformation.
SubstitutingEq.(2)andEq.(3)intoEq.(1),wecanobtain
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E1=K2TzTrσs(z)P(θ) (4)
  TheK2isconstant.ThescatteringphasefunctionP(θ),whichiscontainedintheformula,is
currentlycalculatedbyusingtheHGmodelasfollowing

PHG(θ,g)=
1
4π
· 1-g2

(1+g2-2gcosθ)3/2
(5)

  BasedontheaboveEq.(1)toEq.(5),wecangettheformulafordetectingtheaerosolextinction
coefficientprofilebymeansofaCCDlateralscatteringlidar.

E1(θ)=K2TzTrσs(θ)PHG(θ,g)

TzTr =exp -∫
z

0
σ(z)dz-∫

r

0
σ*(r)dr[ ]

σaer=σs-σatm

ì

î

í

ï
ï

ï
ï

(6)

  Intheformula,E1(θ)standsforthelateralscatteringsignalintensity,thatisthegrayvalue.TzTris
theatmospherictransmittanceoftheemissionpathandthereceptionpath,σ(z)andσ* (r)arethe
extinctioncoefficientattheheightofzandtheslantpathofr,respectively.σaer,σatm,σsrepresentthe
extinctioncoefficientoftheaerosol,themoleculeandthetotal,respectively.TheinversionEq.(6)canbe
consideredasarecursiverelation

σs(θ1)=
E1(θ1)

PHG(θ1)K2exp -Dσs(θ1)[ ]
n=1

σs(θn+1)=
E1(θn+1)

PHG(θn+1)K2Tz(θn)Tr(θn)
n>1

ì

î

í

ï
ï

ï
ï

(7)

  Theextinctioncoefficientvalueofthen+1thpointcanbeobtainedbysubstitutingthetransmittance
obtainedfromthepreviousnpointsintotherecursiveformula.Theextinctioncoefficientchangeswiththe
scatteringangleθ.Thescatteringangleθandthealtitudezhaveaone-to-onecorrespondence.Thenwecan
gettheverticalprofileoftheatmosphericaerosolextinctioncoefficient.

3 Thewaytorealizedaytimemeasurement
Asweallknow,thedaytimemeasurementofCCDlidarsystemisinfluencedbythestrongsolar

background.Toovercomethisproblem,severalwayshavebeenimprovedasfollows.Firstly,thecamera
lenswithasmallangleoffieldofviewisused,andafilterwithanarrowbandwidthof0.5nmat532nm
islocatedbetweenthelensandtheCCDcamera.Secondly,theexposuretimeisshort,lessthan1s.Data
averaginganddatasmoothingtechniqueefficientlyimprovetheratioofsignaltonoisesoastoreducethe
influenceofsolarbackgroundlight.Thirdly,thelaserpowerincreases,sotheeffectiveechosignalisalso
verystrong.Atlast,anewbackgroundsubtractionmethodandtheGaussfittingmethodareadoptedto
extractthelightcolumn,atthesametime,thewavelettransformisusedtosmooththenoise,which
greatlyimprovesthesignal-to-noiseratio.
3.1 Imageaccumulationaverage
  Shortentheexposuretimecaneffectively
reduce the background light from the sun.
However,theothernoisesarefixed,suchasdark
currentnoiseandsoon,which willreducethe
signaltonoiseratio.Basedontheerrortheory,we
knowthatcumulativeaveragecandecreasethe
randomerror.FromtheFig.2,wecanseethatthe
signal-to-noise ratio offifty times cumulative
averageisbetterthanthatofonce.The more
imagesarestacked,thebetterthesignal-to-noise
ratio.Whenacertainnumberofaccumulatedvalue
isreached,thespeedofincreaseofSNRbeginsto

Fig.2 Signalcurvesoffiftytimescumulativeaverageand
once

decreaserapidly,atthesametime,thespeedofcomputerprocessingwillalsoslowdown.Soweusually
superimpose50or100imagesintheexperiment.
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3.2 TheGaussfittingmethod
Themonochromaticityofthehigh-frequencylaserisverygood,anditsscatteredlightgeneratedby

interactionwithatmosphericmoleculesandaerosolsmeettheGaussiandistribution.Thesignalofscattered
lighttakesupseveralpixelsoneachcorrespondingrowoftheimage.Therelationshipbetweenthetotal
numberofphotonsNandthepixelpositioncoordinatexcanbeexpressedas

Ntotal(x)=A0exp[-(x-A1)2/(2A2
2)]+A3 (8)

  Intheformula,therangeofxisthetransversewidthofthecaptureimages.A0isthepeakheightof
theGaussiancurve,A1isthecenterpositioncoordinateofthebeam,A2isthestandarddeviationofthe
Gaussianfit,andA3istheremainsofbackgroundnoise.Thelaserscatteringechointensity Ns

correspondingtoeachpixelinthedirectionofthebeamcanbeexpressedbythenetareaoftheGaussianfit
curvecorrespondingtothatpixel:

Ns= 2πA0A2 (9)
  Theimageswiththebackgroundpreliminarily
deductedarereadintoMatlab,andtheGaussian
fittingoftheaboveformulaisappliedtoeachrow
oftheimageusing Matlabprogramming.Then,
accordingtothe parametersafterfitting,the
correspondinglaserscatteringechointensityNs

canbeobtained,whichisrelatedtotheE(θ).The
three-dimensional Gaussianfitofthescattered
echointensityisshowninFig.3.

Fig.3 Three-dimensionalGaussianfitofthescatteredecho
intensity

3.3 Correctionofpixelangle
Becausetheprecisionofhardwaremanufacturing,eachpixelangleoftheCCDcameraexiststheerror.

Inordertocorrecttheerror,wedesignanexperimentusingthecheckerboard.Theschematicdiagramisas
follows.

Throughsomegeometriccalculation,thedistributionofeachpixelangleisobtained.Asshowninthe
Fig.5,theoverallpixelanglechangeslittle.Inthepixelnumberofabout1200,thereisadeclineslope.
Whenretrievingtheaerosolprofile,thepixelangleisfromthecorrectioncurveintheFig5.

Fig.4 Schematicdiagramofmeasuringpixelangle Fig.5 Distributionofeachpixelangle

4 DaytimedetectionofCCDlidarsystem
4.1 Comparisonanalysisofdaytimedata

InordertoverifythereliabilityoftheaerosolextinctioncoefficientoftheCCDlidarsystem,the
aerosolextinctioncoefficientretrievedbyMie-scatteringaerosollidar,whosetechnologyismoremature,
isusedforcomparison.ThespatialresolutionoftheMielidaris7.5m,andthetimeresolutionis10min.
TheinversionmethodistherelativelymatureFernaldrecursivemethod[14],whichisretrievedfromthe
highaltitude.ThecomparisonresultsareshowninFig.6,inwhichthedottedlinerepresentstheaerosol
extinction coefficient profile retrieved by Mie lidar,the solid line stands for the aerosol
extinctioncoefficientprofileretrievedbyCCDlidar.Inordertomaketheresultreal,theoriginalMielidar
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dataisusedforcomparison withoutgeometric
factorcorrection.Itcanbeseenfromthedotted
linethatthe extinction coefficient of aerosol
reachesthemaximumatabout1km,andthenthe
extinctioncoefficientofaerosoldecreasesgradually
asaltitudeincreasestotheoveralltrend,which
meansthattheblindareaandoverlappedregionof
thisMie-scatteringlidarsystemisabout1km.It
canbeseenfromthesolidlinethattheextinction
coefficient of aerosolretrieved by CCD lidar
decreasesslowlyfromtheneargroundtoabout
1km,then decrease quickly above 1 km.
However,theresolutionofCCDlidarsystemis
poorabove1.5km,whichdoesn'tdemonstratethe
detailsfrom1.5kmto2km.

Fig.6 Comparisonofaerosolextinctioncoefficientprofiles
from MielidarandCCDlidarat16:10onOctober
27,2017

  Itcanbeseenthatintherangeof1km~1.5km,theaerosolextinctioncoefficientprofilesretrieved
bythetwolidarsystemsmatchwell,ofwhichtheaveragerelativeerrorislessthan15%.Becausethetwo
lidarsystemsareabout100metershorizontallyapart,andthereisasoutheastwindwithwindspeedof
about1m/s,theaerosolhorizontaldistributionisnotuniform,sotheirinversionsofaerosolextinction
coefficientareslightlydifferent.AstheCCDcamerahasaphotometricsensitivitythreshold,thedistant
scatteringechoistooweaktobeabletoimageontheCCDcamera,evenifitcanbephotographedatthe
topofthesky.ItcanbeseenfromFig.2thattheaerosolextinctioncoefficientoftheCCDlidarreduce
rapidlyat1.4kmormore,becausetheechosignalreceivedbytheCCDcameraisclosetotheCCD
camera'sownphotometricthreshold.Therefore,theechosignalisnolongeraccurate,andtheaerosol
extinctioncoefficientretrievedisalsonotaccurate.TheadvantageoftheCCDlidarsystemisthehigh
resolutionintheneardistance,andthedisadvantageofwhichisthepoorresolutioninthefardistance.So
themaximumdetectionheightofthisCCDlidarsystemisabout1.4kmatnight,themaximumdetection
ofthisCCDlidarsysteminthedaytimeisdependedontheeffectoffilter,theintensityofbackgroundand
soon.
4.2 Spatio-temporalevolutionofaerosolextinctioncoefficient
  Fig.7isthespatio-temporalevolutionof
aerosolextinctioncoefficientretrieved by CCD
lidarfrom16o'clockto20o'clock.FromFig.7,it
canbeseenthatastheskygotdark,theoverall
aerosolhadatendencytoreduce.Thereasonwas
thattheaerosolclosetothegroundwasmainly
producedbyhumanactivity,astheskygetting
darker,thehumanactivitybecomingweaker.At
16:00,there wasapeakofaerosolextinction
coefficientatthealtitudeofabout80m,whileat
16:30,thepeakofaerosolextinctioncoefficient
movedtothealtitudeofabout45m.Thismightbe
relatedtofactorssuchasuneventemperature,heat

Fig.7 Spatio-temporalevolution ofaerosolextinction
coefficientretrievedbyCCDlidar

convection,andatmosphericturbulence,etc.Sincetheatmosphericturbulencewasmoreactiveinthe
afternoonthanthatintheevening,theaerosolextinctioncoefficientchangedviolentlybefore17o'clock.
Howthesefactorsaffecttheaerosolextinctioncoefficientneedsforfurtherresearch.

5 Conclusion
ACCDlidarsystem wasusedtomeasuretheatmosphericaerosolextinctioncoefficientprofilesof

near-surfaceinHefeiwesternsuburbbyimagingthelaserbeamfromthelateralsidebothinthedayand
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night.Firstly,thestructurediagramoftheCCDlidarsystemwasdemonstrated,theparametersofwhich
werelisted.Then,theprincipleoftheCCDlidarsystemwasintroduced,andtheinversionformulaswere
derived.BycomparisonoftheaerosolextinctioncoefficientretrievedbyMie-scatteringaerosollidarand
CCDlidaratnight,thereliabilityoftheCCDlidarsystemwasverified,andthedaytimedetectionofthe
CCDlidarsystemwasfeasible.Twocasesofaerosolextinctioncoefficientprofilesshowedthattheaerosol
extinctioncoefficientwasnotmonotonedecreasinginverticaldirection,atthesametime,changed
violentlyintheday.Thespatio-temporalevolutionofaerosolextinctioncoefficientretrievedbyCCDlidar
showedthattheoverallaerosolhadatendencytoreduceasthedaygettingdark.

Inaword,theCCDlidarsystemcanwellmakeupforthegapofthetraditionalback-scatteringMie-
lidarsystemnearsurface.Atpresent,thisCCDlidarsystemcanonlyexperimentonconditionthatthesun
isnotverystronginthedaytime.Thenextstepistoimprovetheequipment,includingfilters,CCD
cameraandsoon.Andthen,thecontinuousaerosolextinctioncoefficientprofilesunderstrongbackground
conditioncanbeobtained,atthesametime;themaximum detectionheightinthedaytimewillbe
improved.
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