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基于DOAS及统计量的低浓度SO2测量方法
张豹,高潮,郭永彩,刘国庆,陈方

(重庆大学 光电工程学院 光电技术及系统教育部重点实验室,重庆400044)

摘 要:为监测燃煤电厂低浓度SO2排放,达到国家超低排放标准,提出一种短光程下测量低浓度SO2
的方法.在已知温度压强条件下,利用差分吸收光谱法,由不同浓度的标准气体构建SO2差分吸收截面

数据集;根据数据集标准差及均值,结合浓度反演结果,将测量区间由200~400nm逐步缩小到294~
308nm.对该区间内137个波长采样点,用统计学方法,借助标准差及均值表征差分吸收截面精度,同时

剔除误差较大的采样点,得到该环境下最优采样点集和差分吸收截面最优数据集.在同等温度压强条件

下,利用该最优数据集和差分吸收光谱法,能够以较高精度计算出烟气中SO2浓度.实验采用420cm光

程,气室容积0.5L,气室内温度299.05K,压强101.33kPa,测量范围2~30μL/L.实验结果表明该方法

相对误差低于1.7%,满量程误差低于1.3%,零漂0.09μL/L,72h内重复性良好.在420cm光程条件

下,该方法能够高精度测量30μL/L内的SO2气体,解决差分吸收光谱法中浓度与光程之间的冲突,适

用于燃煤电厂超低排放监测仪器的研制.
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MeasurementMethodforLow-concentrationSO2BasedonStatisticsandDOAS

ZHANGBao,GAOChao,GUOYong-cai,LIUGuo-qing,CHENFang
(KeyLaboratoryofOptoelectronicTechnologyandSystemsofMinistryofEducation,Schoolof

OptoelectronicEngineering,ChongqingUniversity,Chongqing400044,China)

Abstract:InordertomonitorSO2emissionfromcoal-firedpowerfactoriesandmeetnationalultra-low
emissionstandards,measurementmethodforlow-concentrationSO2viashortopticallengthisproposed.
Atknownpressureandtemperatureconditions,datasetofdifferentialabsorptioncrosssectionwas
constructed with variousconcentrationsofstandard gas,utilizing differentialopticalabsorption
spectroscopy(DOAS).Inaccordancewithstandarddeviationandaverageofthedataset,combinedwith
resultsofconcentrationinversion,spectralwindowwasgraduallyreducedfrom200~400nmto294~
308nm.Foreachpointin294~308nm,wherethereare137samplingpoints,statisticsandstandard
deviationwereappliedtocharacterizeconsistencyofdifferentialabsorptioncrosssection.Itwasonly
whenstandarddeviationandaverageatsamplingpointmetrequirementsthatthepointwasreservedto
optimalpointset.Sooptimaldatasetofdifferentialabsorptioncrosssectionandoptimalsamplingpoints
wereconstructedeventually.Atsamepressureandtemperatureconditions,SO2concentrationinflue
gasescanbeaccuratelycalculatedbytheoptimaldatasetandDOAS.Inthelaboratory,measurement
rangeis2~30μL/L,temperatureandpressureare299.05K,101.33kPa,whileopticallengthand
volumeofgascellare420cm,0.5Lcorrespondingly.Experimentalresultsshowthatinversion
concentrationperformssuperiorrepeatabilitywithin72h,relativeerrorislessthan1.7%,fullscale
errorisbelow1.3%,andzerodriftis0.09μL/L.With420cmopticallength,themethodcanprecisely
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measurelow-concentrationSO2 under30μL/L,resolveconflictsbetweenconcentrationandoptical
length,whichissuitableforstudyofultra-lowemissionmonitoringsystemusedincoal-firedpower
plants.
Keywords:Atmosphericoptics;Gasdetectors;Statistics;Sulfurdioxide;Absorptionspectroscopy;Flue
gases;Differentialopticalabsorptionspectroscopy
OCISCodes:010.1120;300.1030;300.6170;300.6540;200.4560

0 Introduction
Coal-firedpowerplants,emittingcontaminantssuchasNO2andSO2whichseriouslyaffecthuman

healthandenvironment[1],are mainform ofChinesepowerstations.In ordertoachievegreen
development,ultra-lowemissionpolicieshavebeenissuedbyChinesegovernmentandrestrictSO2
emissionstandardto30μL/L(at299.05K,101.33kPa).Therefore,measurementrangeofSO2monitor
mustberestrictedto30μL/Lorless,whileopticallengthofgascellmustbeshortenoughconsidering
systemintegration.

DOASalgorithmiswidelyappliedinSO2measurement,bythelinearrelationshipbetweendifferential
opticaldensityanddifferentialabsorptioncrosssection.Withzenith-skymobileDOASmeasurements,
Constantinetal[2].observedSO2andNO2verticalcolumndensity.UtilizingmodeledFraunhoferreference
spectrumandautomatedDOASnetworks,Luebckeetal[3].retrievedSO2columnamounts.Automatic
plumesegmentationwasalsoappliedinthefieldbyOsorioetal[4],whilegasimagingtechniqueswere
adoptedinimagingDOASbyPlattetal[5].Installedmeasurementinstrumentsatabout5mabovethe
ground,Bouebdellietal[6].researchedpollutantsconcentrationsvariability.By meansofbroadband
absorptionspectroscopyinwavelengthrange198~222nm,Wangetal[7].designedahighlysensitive
detectionforSO2.TemporalvariationandverticaldistributionofSO2werecharacterizedbyWangetal[8].
basedonmulti-axisdifferentialopticalabsorptionspectroscopy.

ForSO2monitordesignedonactiveDOAS,lowerlimitandhighprecisionareaccompaniedbylong
opticallength,whichisnotconducivetoindustrialproductionandinstrumentintegration.Moreover,
consideringrepeatabilityandadaptability,thepaperproposesanovelmethodviaDOASandstatistics,to
resolvetheconflictsbetween measurementlimitandopticallength.Forthereasonthatdifferential
absorptioncharacteristicschangedramaticallywithtemperatureandpressure[8-9],themethodconstructed
datasetofabsorptioncrosssectionvarying withenvironment,which wasadoptedtoretrieveSO2
concentrationincorrespondingenvironment.Differentspectralwindowsforconcentrationretrievalproduce
differentaccuracy[10-11],sotheoptimalspectralwindowweusedwasdeterminedbystatistics.Inthestudy,
temperatureandpressureare299.05K,101.33kPacorrespondingly.Optimaldatasetofabsorptioncross
sectionandsamplingpointswereconstructedinproperspectralwindow (294~308nm).Experimental
resultsshowthattheoptimaldatasetcanmeasurelow-concentrationSO2under30μL/Lwithimproved
accuracy,andresolveconflictsbetweenopticallengthandlowerlimit.

1 BasictheoryofDOAS
AsshowninFig.1,abeamofincidentlightwhoseintensityisIo λi( ),passesthroughgascell

containingSO2.TransmittedintensityexpressedasI λi( ) ismeasuredbyspectrometer.Takinginto
accountRayleighscattering,Miescattering,instrumenterrorandturbulenceetc.[12],mathematicalmodel
isexpressedas[13]

Iλi( )=Ioλi( )·exp -L·σλi( )·c+εRλi( )+εM λi( )( )[ ]·A λi( ) (1)

Fig.1 SchematicdiagramofDOAS
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where,λidenotessamplingpointofwavelength;Lisopticallength(cm);andcisconcentrationofSO2
(molecule/cm3);σλi( ) denotesabsorptioncrosssection(cm2/molecule);εRλi( )andεM λi( )areRayleigh
andMieextinctioncoefficientrespectively;A λi( )isattenuationfactorofsystem[14].

Accordingtogasabsorptioncharacteristics,σλi( )isseparatedintotwoparts.
σλi( )=σslowλi( )+σ'λi( ) (2)

where,σslow λi( ) variesslowlywithwavelengthduetoRayleighscattering,Miescatteringandallbroad
bandabsorption;σ' λi( ) representsdifferentialabsorptioncrosssection whichvariesrapidly with
wavelength.

CombinedwithEq.(2),Eq.(1)canbemodifiedas
Iλi( )=Ioλi( )·exp -L·σ'λi( )·c[ ]·exp -L·σslowλi( )·c+εRλi( )+εM λi( )( )[ ]·A λi( ) (3)

I'
oλi( )=Ioλi( )·exp -L·σslowλi( )·c+εRλi( )+εM λi( )( )[ ]·A λi( ) (4)

where,I'
oλi( )iscausedbyextinction,turbulenceandallbroadbandabsorptionstructures,andisacquired

byfifthorderpolynomialofIλi( )inourstudy.
Eqs.(3)(4)canberearrangedas

OD'λi( )=ln
I'
oλi( )

Iλi( )
=L·σ'λi( )·c (5)

c=OD'λi( )/L·σ'λi( )[ ] (6)
where,OD'λi( )isdifferentialopticaldensity.

Consequently,inthecase where differentialabsorption crosssection has been known,gas
concentrationcanbededucedfromOD'λi( ) bytheleast-squaresmethod.

2 Fundamentalprincipleofdatasetconstruction
Inthelaboratory,σ'λi( )isdeducedfromknownconcentrationbyEq.(5).Thenconcentrationcanbe

derivedfromσ'λi( )viaEq.(6)inpracticalapplication.Thusprecisionofσ'λi( )directlyaffectsaccuracyof
retrievalconcentration.Asthesignificantprocedureofconcentrationmeasurement,optimaldifferential
absorptioncrosssectionisobtainedbystatisticsinfollowingprocedures.
2.1 Optimalspectralwindow

Withindifferentwavelengthranges,theoveralltrendofI λi( ) isdifferent.Asthefifthorder
polynomialofIλi( ),I'

oλi( )isdifferentaswell.Sodifferentwavelengthrangesdirectlyleadtodifferent
precisionofσ'λi( )

[10-11].Ourstudycalculatesconcentrationsindifferentwavelengthranges,andgradually
shrinkwavelengthrangesbymeansofstatisticsuntilnumberofsamplingpointslessthan200.
2.2 Optimaldataset

InthesuitablespectralwindowdeterminedbySection2.1,allthesamplingpointsareadoptedtoerect
originaldataset(describedas[λ1λ2λ3…λi-1λi]).Thenmatrixofdifferentialabsorptioncrosssection
(Table1),describedasMatm=[σ'

m(λ1)σ'
m(λ2)σ'

m(λ3)…σ'
m(λi-1)σ'

m(λi)]T,isobtainedbytransmitted
intensityIm(λi)atconcentrationcm(Im(λi)representsI(λi)atcm).

σ'λi( )isdirectlyaffectedbytemperatureandpressure[8-9].Theoretically,σ'λi( )remainsunchangedif
environmentalconditionsremainstable.SoallthedataofeachrowinTable1shouldbetheoreticallyequal.
That'smeansσ'

1λi( ),σ'
2λi( ),σ'

3λi( ),…,σ'
m λi( )areequivalentatpointλi.However,experimentsfindthat

theyaredifferentduetoattenuation,fluctuationoflightsource,andinstrumenterroretc.[15-16]

Inordertopurifydatasetandminimizemeasurementerror,datawhichhaslargerfluctuationneedto
beremoved.AsshowninTable1,samplingpointsλiandσ'

m λi( )arereservedtooptimaldatasetonlywhen
SDλi( )≤4% σ'λi( ) .4%isobtainedbyexperimentanalysis.Eventually,optimaldatasetofdifferential
absorptioncrosssection,whichisconducivetoconcentrationretrieval,isconstructed.
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Table1 ThematricesMat1,Mat2,Mat3… Matmcalculatedbyconcentrationsc1,c2,c3…cmcorrespondingly

Samplingpointλi Mat1 Mat2 Mat3 … Matm σ'λi( ) ** SD λi( ) ***

λ1 σ'
1 λ1( ) σ'

2 λ1( ) σ'
3 λ1( ) … σ'

m λ1( ) σ'λ1( ) SDλ1( )

λ2 σ'
1 λ2( ) σ'

2 λ2( ) σ'
3 λ2( ) … σ'

m λ2( ) σ'λ2( ) SDλ2( )

λ3 σ'
1 λ3( ) σ'

2 λ3( ) σ'
3 λ3( ) … σ'

m λ3( ) σ'λ3( ) SDλ3( )

… … … … … … … …

λi-1 σ'
1 λi-1( ) σ'

2 λi-1( ) σ'
3 λi-1( ) … σ'

m λi-1( ) σ'λi-1( ) SDλi-1( )

λi σ'
1 λi( ) σ'

2 λi( ) σ'
3 λi( ) … σ'

m λi( ) * σ'λi( ) SDλi( )

  *σ'
m λi( )iselementofMatmatsamplingpointλiandconcentrationcm;**σ'λi( )denotesaverageof

eachrow;***SDλi( )isstandarddeviationofeachrow.Temperatureandpressureinallexperimentsare
consistent.

3 Experimentalsystemanddataanalysis
3.1 Experimentalsystem

LaboratoryequipmentusedinourstudyisshowedinFig.2.Wavelengthrangeandpowerofdeuterium
lampare200~400nm,25 Wrespectively,opticallengthandvolumeofgascellare420cm,0.5L
correspondingly,resolutionofspectrometeris0.12nm.Alltheexperimentswereconductedinsame
environment(299.05K,101.33kPa).Concentrationrangewas2~30μL/L,gradientwas1μL/L.(Take
13μL/L,15μL/L,17μL/L,19μL/Lforinstance,Fig.3,Fig.4,Fig.5aredepictedinfollowingpaper.)

Fig.2 Experimentalsetup
3.2 Dataanalysis

AccordingtoSection2.2andTable1,transmittedintensityIm λi( ) wasobtainedatconcentrationcm.
Thusdifferentialabsorptioncrosssectionwasacquired(Fig.3),wheredifferentvolatilityispresentedin
different wavelength ranges.By means of preliminary concentration retrieval and theoretical
inference[10,17],combinedwithamplitudeandvolatilityaswell,thespectralwindow285~318nm was
selectedforfollowinganalysis(Fig.4).Obviously,comparedwithFig.3(c),Fig.4(a)performssuperior
consistency.InaccordancewithaveragevalueandstandarddeviationinFig.4(b),spectralwindow285~
294nm wasabnegatedbecauseofitslargervolatility,whilespectralwindow308~318nm wasalso
abandonedowingtoitslowermagnitude.Optimalspectralwindow294~308nm,wherethereare137
samplingpointsviathespectrometer,wasacquiredfinally.
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Fig.3 DifferentialabsorptioncrosssectiondeducedfromIm λi( )in200~400nm

Fig.4 DifferentialabsorptioncrosssectionderivedfromIm λi( )in285~318nm
AsshowninFig.5,differentialabsorptioncrosssectioninoptimalspectralwindowdisplayspreferable

consistency,andstandarddeviationbecomesdistinctlysmaller.Evennow,manyunsatisfactorypoints,
especiallyaroundpeaks,bring unfavorabledeviationtoconcentratonretrieval.Hencethe method
demonstratedinSection2.2wasutilizedtoeliminatesamplingpointswithlargererror,andTable2was
constructedinaccordancewithTable1.Optimalsamplingpointswereobtainedfinally(Fig.6(a)).Thus
optimaldatasetofdifferentialabsorptioncrosssectionwasacquiredforretrievingconcentration.
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Fig.5 DifferentialabsorptioncrosssectioncalculatedfromIm λi( )inoptimalspectralwindow294~308nm
Table2 Evaluationofallthesamplingpointsinoptimalspectralwindowbasedonstatistics

Samplingpointλi/nm*
σ'λi( ) ofMatm

/(×10-19cm2molecule-1)
SDλi( ) ofMatm

/(×10-21cm2molecule-1) SDλi( )/σ'λi( ) Extracttooptimaldataset**

294.368 0.9347 10.0579 10.761% NO
297.891 2.6932 6.6924 2.485% YES
300.088 3.2778 5.5554 1.695% YES
304.473 1.3384 6.0861 4.547% NO
306.114 1.5298 4.2583 2.784% YES
308.299 0.6647 3.8276 5.758% NO

  *Thereare137samplingpointsinoptimalwavelengthrange294~308nm,Table2justtakesmany
samplingpointsforexample.**Theoptimalpointsethas36optimalsamplingpointsusedfordeducing
optimaldifferentialabsorptioncrosssection.

4 Results
Properspectralwindowselectedinthepaperis294~308nm,andoptimalsamplingpointsinthe

windowisalsoacquiredbystatisticsandDOAS.AccordingtoSection1,concentrationofSO2canbe
calculatedbyoptimaldatasetofdifferentialabsorptioncrosssection.AsshowninFig.6(b)andTable3,
relativeerrorislessthan1.7%,fullscaleerrorisunder1.3%.Inmanymeasurementrange,relativeerror
canbereducedto0.8%.Moreover,measurementconcentrationshowsfavorablerepeatabilitywithin72h.

Fig.6 Optimaldatasetandmeasuredconcentrationinthestudy
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Table3 Measuredconcentrationandrelativeerrorin18th,19th,21thofMay

Standard
concentration
/(μL·L-1)

18May 19May 21May
Measured

concentration
/(μL·L-1)

Relative
error

Measured
concentration
/(μL·L-1)

Relative
error

Measured
concentration/
(μL·L-1)

Relative
error

13 13.08 0.62% 13.04 0.31% 12.94 -0.46%
15 15.02 0.13% 15.03 0.20% 15.07 0.47%
17 16.88 -0.71% 16.9 -0.59% 17.08 0.47%
19 18.74 -1.37% 18.78 -1.16% 18.69 -1.63%

5 Conclusion
A novel measurement method,basedonstatisticsofdifferentialabsorptioncrosssection,is

demonstratedinthepaper.Atknownpressureandtemperatureconditions,manyexperimentswere
conductedwithstandardgas.Sodifferentialabsorptioncrosssectionineachknownconcentrationcanbe
calculatedviaDOAS.Accordingtothetheorythatabsorptioncrosssectionisaffecteddramaticallyby
temperatureandpressure,allthecrosssectionwegotshouldbeequaltheoretically.However,itperforms
superiorconsistencyin manyspectralwindows,whilehasunfavorablevolatilityinother.Therefore,
optimalspectralwindowwasselectedbypreliminaryconcentrationretrieval.Foreachsamplingpointinthe
range,itwasreservedtooptimalpointsetonlywhenitmettheconditionwhereSDλi( )≤4% σ'λi( ) .
Eventually,datasetofdifferentialabsorptioncrosssection,whichisappliedinconcentrationretrieval,was
obtainedatoptimalsamplingpoints.

Inourstudy,opticallengthandvolumeofgascellare420cm,0.5Lcorrespondingly,wavelength
rangeofdeuteriumlampis200~400nm,andresolutionofspectrometeris0.12nm.Moreover,allthe
experimentswereconductedatsameenvironment(299.05K,101.33kPa).Optimalwavelengthrange
acquiredinthepaperare294~308nm,whilethereare36optimalsamplingpointsintherange.The
relativeerrormeasuredinthelaboratoryislessthan1.7%,fullscaleerrorisbelow1.3%,zerodriftis
0.09μL/L.Meanwhile,measurementresultsperformsuperiorrepeatabilityin72h.Withshortoptical
length,lowerlimitofSO2 measurementisreducedto2μL/Lwithproperaccuracy.Accordingtoactual
situationofcoal-firedpowerplants,themethodissuitableincontinuousemissionmonitoringsystem.
Followingresearchinourteam willconcentrateonerroranalysisandenrichingnumbersofsample,to
enhanceaccuracyandreducelowerlimitto1μL/L.
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