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Abstract

An optimal estimation(OE) based aerosol retrieval algorithm usittge OMI (Ozone
Monitoring Instrument) neaultraviolet observationwas developedin this study The OEbased
algorithm haghe merit of providing useful estimates afrrorssimultaneously with the inversion
products Furthermore instead of using the traditional looip tables forinversion it performs
online radiative transfer calculations with the Vector Linearized Discrete Ordinate Radiative
Transfer (VLIDORT) model to leninate interpolation errors and improve stabilitfhe
measurements and inversion productshaf Distributed Regional Aerosol Gridded Observation
Network campaign in Northeast Asia (DRAGON M&ia 2012) were uset validaie theretrieved
AOT and SSAThe retrieved AOT and SSA at 388 nm haworrelation with the Arosol Robotic
Network (AERONET) productghat is comparableto or betterthan the correlation with the
operationalproduct during the campaigmhe OE-basedestimatederor better represerdd the
varianceof actual biasesf AOT at 388 nmbetween the retriet and AERONET measurements
thanthe operationalkerror estimatesThe forward model parameter errors were analyzed separately
for both AOT and SSA retrievals. The surfaefiectanceat 388 nm, the imaginary part ofthe
refractive indexat 354 nm andthe numberfine mode fractio(FMF) were found to be the most
important parameters afféag the retrieval accuracy of AQTwhile FMF was the most important
parametefor the SSA retrieval. The additional informatiprovided withthe retrievals, including
theestimated error and degrees of freedom, is expected to be valualgkevantstudies Detailed

advantages of using the OE method wascribedand discusseth this paper.
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1. Introduction

Anthropogenic aerosolsaveaffeced both theradiative and meteorological balance in the
atmospherandthusthe radiative forcingof the atmospherdirectly andindirectly (Ramanathan et
al., 2001Russell et al., 199Breon et al., 2002 To understand the role of aerosol in the
atmospherérom a globalperspectivereliableaerosoldatafrom satellitesareessentialAl-Saadi et
al., 2005Kinne et al., 2006 The ®veralsatellitebasedaerosol retrievamethodsbased ormulti-
wavelength(Levy et al., 200 Kim et al.,, 200y, multi-angle (Fisher et al., 2014 active light
(Young et al., 2013 and polarizatior{Deuze et al., 20QImeasurementsave their own advantages
and limitations.The inversion productdrom such measurements providarious @rameters of
aerosols atdifferent channels.Thus, appropriate sources of aerosuiormation need to be
employedfor relevant studies

An importantadvantage of usinthe ultraviolet (UV) channel to retrieve aerosol optical
propertesis that the results are less affected by uncentginih surface reflectancélorres et al.,
1998. The retrieved aerosol productsvharelatively uniform quality oveboth land and ocean
exceptovericeBsnow surface(Torres et al., 20QAHerman et al., 1997 ThenearUV techniquefor
aero®l remote sensing hathe additional meritof a long term data record including aerosol
absorption propertiesf over 30 yearsstarting from the launch ofthe Total Ozone Mapping
Spectromete(TOMS) on Nimbus7 in 1978(Torres et al., 1998orres et al.2002aTorres et al.,
2005. Thus the retrieved produstusing the neatJV technique from TOMS and Ozone
Monitoring Instrumen{OMI) measuremeastareappropriate for climatologicaksearchTorres et
al., 2002hTorres et al., 2097 Information on aerosol extinction and absorption propertiesen th
UV region is also importantor estimaing the air mass factor (AMFjor trace gasretrievals
(Pdmer et al., 200Lin et al., 2014 However,deriving information onaerosolusing available
hyperspectrameasurements such @Ml and Global Ozone Monitoring Experiment (GOMIE)

quite challenging due to the relativébw spatial resolutiomompared to typical imagershus, the
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error estimatesof retrievals using such sensors are faularly important to understand the
reliability of the information so that it can be usegpropriately The main objective of thisstudy
is to improve theapplicability of the aerosol inversion producisOMI by providing the reliable
erra estimate®f the retrievals.

Accuracy asessmestof the retrievedaerosoloptical propertiesising UV radianceshave
been performety comparsonwith results fronreference methods includimgound, airborne, and
satellite based remote sensitechniques(Torres et al., 20Q3ethva et al., 201#orres et al.,
2002aAhn et al., 2014.ivingston et al., 200@hn et al., 200&urier et al., 2008 The arosol
information content ofelectedOMI spectralradiancesusing amulti-wavelength algorithihas
beenestimated using principal component analysis simulated radianceéveihelmann et al.,
2007. Uncertainty estimates of UV aerosol retrievals have also been calcblateerturbation
analysis(Torres et al., 1998orres et al., 2003blnversion algorithra based o optimal estimation
(OE) theory provide not onlg constraired solutionwith respect to the priori informationbut also
detailed error analysis fromvell-categorized error sourcéRodgers, 2000 In addition, iterative
inversion methosisuch afOE provideadditional retrieval maskingarameterge.g., cost function
and convergence critejiaRecently developed ORased retrieval methedhaveprovided both
improved inversion productand errorestimates from theaerosol and surfacerror sources
(Wagner etl., 2010Govaerts et al., 20]W/url et al., 201D

A large amount ofaerosolis emittedfrom both natural and anthropogenic sosriceEast
Asia (Lee et al., 201R The spatial and temporal variatisrin aerosol optical pnoerties are
significantbecause othe diverse emission sources and tdaosndary transpoftleong et al., 20)1
Thus theassumed aerosol inversion parameteay causesubstantialincertainties in the retrieval.
However, there are insufficienggroundbasedmeasurements cderosoloptical propertieswith

suitable spatial and temporal coveragd-ast Asiadespitetheir importancefor global air quality

and climate changeThe Distributed Regional Aerosol Gridded Observation Network Northeast
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Asia (DRAGON-NE Asig 2012 campaign(http://aeronet.gsfc.nasa.gov/new_web/DRAGON
Asia_2012_ Japan_South_Korea.htnprovides valuable datasets includg both urban and
regionalscaleobservationsat more than 40 sites in Northeast Asiathe presenstudy,an OE-
basedhearUV aerosol retrieval and error analysis algoritisrdevelopedo provide both improved
aerosolinversionproducts ancestimates otheir uncertaintiesThe retrieved aerosol products and

estimated uncertaintiegevalidated against the DRAGONE Asia 2012 campaign measurements.

2. Data

OMI is a nadirviewing hyperspectralspectrometer aboard the E{BEarth Observing
System)Aura spacecraft that measures upwelling radiances tinertop of the atmosphere in the
ultraviolet and visible (2700 nm) regions with approximate spectral resolution of 0.5Lawvelt
et al., 200%. The advantage aising OMI for aerosol retrievais its higher spatial resolution than
other UV hypespectal spectrmetes (from 13 | 24 km? at nadir to 28! 150 knf at the swath
extremes with median pixel size 15 32 knf) together with its 260&m-wide swath.The
radiometric calibration procedure atite estimated accuracy of OMiredescribedn Dobber et al.
(2006). To determine aerosol type and vertical distributitimee current OMI nearUV aerosol
algorithm(OMAERUV) employsthe Cloud®Aerosol Lidar with Orthogonal Polarizati¢@ALIOP)
monthly climatology of aerosol layer height and +@le Atmospheric Infrared Soder (AIRS)
carbon monoxide (CO) observatiofiorreset al., 2013 Surface reflectances at 354 nm and 388
nm wereassumed to be Lambertian andretaken fromthe TOMS climatology databasé.erosol
vertical distribution and surface reflectance informatidentical to that used in theperational
algorithm wereused for the Ofbased algorithrhere

In this study, the spatial and temporal domains for analysis were confined to the
DRAGON-NE Asia 2012 campaign as shown in Figurand Tablel. The gridded observation

networks had high spatial resolutiower the representative megéastin Northeast AsiaSeoul in
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South Korea and Osaka in Jap@a.validate and compare the retrieved aerosol products from OMI,
level 2 campaign products we usedfrom the aerosol robotic networkAERONET); 380 nm
aerosol ptical thicknesgAOT) from direct sin measurements and specsialgle scattering albedo
(SSA) from almucantar inversion produdtdolben et al., 1998®ubovik and King, 200@ubovik
et al., 200¢Dubovik et al., 2006 Retrieved 388 nm AOT from OMI was validated against
AERONET 380 nm AOT. The OMI AOT retrievals within a radius of 0.5; of the AERONET site
and within £30 minutes of the OMI overpassne (about 13:40 local time) were averaged. The
resulting OMI AOT average valuegerethen compred with the timeaveraged Sumphotometer
measurements.

Aerosol absorption propertiege retrieved at different wavelengths ABERONET and
OMI. The AERONET inversion products of the SSA are available at 440, 670, 860, and 1020 nm,
while the OMAERUYV algorithm retrieves the SSA at 354 rand 388 nmEarlier field studies
found that aerosol absorption is a continuous function of wavelength in the ultraviolet to short
infrared region(Kirchstetter et al., 20QRussell et al., 2000 To compare the SSA values from
OMI and AERONET atthe same wavelength, the AERONESSA at 388 nm was obtained by
extrapolating the SSAs at 441020 nm usinga spline function. Then the converted AERONET
SSA at 388 nm was compared with the retrieved OMI SSA vaues thoughuncertaintiesnight
exist in the transformationUnlike the diect sun measurements including AOT, the inversion
products of AERONET from almucantar measurements are retrieved less frequently and require
appropriate atmospheric conditiof AOT (440 nm AOT> 0.4) and solar zenith angle (solar
zenith angle > 45j Dubovik and King, 200QJethva et al., 2034 Such favorable atmospheric
conditions forthe inversion using almucantar measurements rarely overlap closely with the OMI
overpass time. Furthermore, toarrowa time window aroundhe satellite overpass time reduces
the nuniber of comparison samples. In this study, to secure enough datatpeiB&A of a region

at OMI overpass time asassumedo adequately represetite daily valus. For the comparisgn



101  the converted 388m SSA from AERONET was averageder a dayand theOMI retrievals of 388
102 nm SSA were spatially aaged over a grid area of 0560.5j centerednthe AERONET site.

103

104 3. Method

105  3.1. Operational OMI near UV aerosol algorithm

106 The OMAERUV uses two channel radian@s354 nm and 388 nio estimateaerosol
107  amountandabsorption propertie§lorres et al., 1998orres et al., 20QTorres et al., 20)3A0T
108 and SSA at 388 nm ametrievedfrom pre-calculated reflectanclkok-up tables (LUT) for pre-
109  determined nodal pointef observatioal geometryand aerosobptical properties, total optical
110  depth and aerosol layer heighthree major aerosol types are considesed listed in Table 2:
111  desert dust, carbonaceous aerosols asedcigth biomass burning, and vhaabsorbing sulfate
112  based aerosolfi¢reafterdust, smoke, and sulfate, respectiyelyach aerosdlype hasanassumed
113  particle size distribution(PSD) derived from he longterm statisticsof AERONET inversion
114 productsTheUV real refractive indexi) is obtained fronthe Optical Properties Of Aerosols And
115  Clouds(OPAC) databasé€Hess et al., 1998In the operational algorithmhe imaginary refractive
116  indices(n;) at 354 nmareassumed to be@,.12, and 1.4imes the retrieved; at 388 nm for sulfate
117  smoke and dust aerosotespectively(Torres et al., 20QJdethva and Torres, 20L1IThe overall
118  concept and design of the improved OMAERUYV algorithm is dedcibedby Torres et al. (2013)
119 There have beerufther improvementat updated OMAERUV (version 1.5.3yhich was
120  used for reprocessing the data of AR@nd SSA in this study. The OMAERUV algorithm was
121 refined by adjusting thresholds bfvV aerosol index YVAI) and Atmospheric Infrared Sounder
122 (AIRS) CO datain determining aerosol types and retrieval approaches. A cloud screening scheme
123 in assigning algorithm quality flags was also modified for retaining more good retrievals of
124  carbonaceous and sulfate typerosols when the CO level is high enougigt{er than3.2! 10"

125  molecules'cm?) with various reflectivity threshold§:he UVAI threshold was changdicom 0.8 to
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0.50verthe oceans. This modification eliminates the tasdan discontinuity iV AI threshold. It
is now identical (0.5) for both conditions. The current characterization of ocean reflective properties
in the OMAERUYV algorithm does not explicitly account for ocean color effects and, therefore, the
quality of the retrieved aerosol properties over the oceans for low aerosol amounts would be highly
uncertain. For that reason, retrievals over the oceans are only carried out for high concentrations o
either desert dust or carbonaceous aerosols astediiopgUVAI values larger than or equal to 0.5
Depending on the magnitude of t&/Al and CO parameters as well as the aerosol type,
two retrieval approaches are currently used. They are referred to-akdwael and singlehannel
retrievals. In the twachannel approach, observations at 354 and 388 nm are used to simultaneously
derive AOD and SSA. Over scenes when the aerosol absorption signal is low, thelsamglel
retrieval is applied. AOD is retrieved from the 388 nm observation assuming a f/alOefar SSA.
Different CO threshold values are used for the northern and southern hemispheres to remove uppe
tropospheric CO which may not be necessarily associated with carbonaceous aerosols. A smoothin
function in CO is used ttransition from SH td\NH threshold values. Specific criteria for retrieval
approaches are summarized in Talle More detailed information of the latest update in
OMAERUV s available  from the Readme  file at the web site

(http://disc.sci.gsfc.nasa.gov/Aura/ddaldings/OMI/omaeruv_v003.shtjml

3.2. OE-based OMI near UV aerosol algorithm

ThetraditionalLUT-based inversion methgubtentially includeserrors due tanterpolation
betweenthe nodal points andhe local minimum despite itshigh numerical efficiency Sut
interpolation errotypically depends orthe interpolation methodpumberof the nodal points, and
analytic characteristics of the parameters in LUT. In order to redudeténpolation error, higher
resolution of LUT nodal points is necessary which requiresiameunt ofnumericalcomputation

Furthermore, in order tonodify theretrievalalgorithm whole LUT should be realculated even
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for afew number oftarget retrigals The errors from the interpolation are also hard to evaluate as
the LUT becomemorecomplicated.

On the contrary, mine retrievalmethod canreduce suclerrois from the interpolationand
are numerically efficientparticularly for the smaler number oftarget retrievals Thus, online
retrieval method is appragate for the research purposes since retrieval sensitivity study typically
use smaller number of sample compared to the operaponabsesand prefer rapiénd accurate
results.In our experiencethe aline retrieval method was numerically more efficient compared to
the LUT-basedretrieval method by order of 1 or 2 ftess thanfew thousands ofetrievals
Furthermore, the onlineetrieval method are optimized toavoid local minima by employing
additional constraints to find moreeliable and stable solutiongdKalman, 196€Phillips,
1962Tikhonov, 1963Twomey, 1963hahine, 1968 However, employing online calculation as
opemtional retrieval method requires largemputationcost. Thus, using the online calculation as a
benchmark results for the LUdased algorithm is recommendedd&velopthe optimized LUTfor
the operational purposeRecent efforts to minimize the numerical cost of radiative transfer model
and to increasedalculationspeed are expected to make the online calculation more prasteral
for the operational purposes

Optimization for measurement errothe inclusion of a priori and ancillary data, and
employng physical constraintse(g., norrnegativity of measuremestand retrievals)for an
inversion method are important since each methduhs its own advantages and disadvantages
(Dubovik, 2004. In this study, we used OE #se inversion methoqRodgers, 2000since it has
several advantages over other methimdOMI-like measurementss discussed in Section Bhe
atmosphericinverse problem often suffes from both insufficient information content of the
measuremestandimperfect measurement accuraBayesan statisticprovidesmagping methods
from the measurement probability density function (pdf) into state space with prior knowledge

Based on BayesO theoréme,OE technique employs additional constrafnbom external source



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

priori) to complementhe insufficient information conterdf the measuremestFor the nonlinear
inverson case, by considering the maximumposteriori approach the general fon of the
Bayesian solution can be expressedEgsation(1l) where measurement aadpriori errors are

assumed to b&aussiar{fRodgers, 2000
AT N LR ¢ R 2 S N T O N T T Y O O 1 O R I T T I NIRRT

where ! is the state vectoand! the measurement vectot is the weighting function matrjx
I, is the measurement error covariance matsixjs the a priori mean stateand!, is the a
priori covariance matrixThe formulation finds the optimized solution that minimizes the cost

function (y):
1 H!f:_(! ! KX)H ! Hs,' i_(! ! !!)H OO OAAAED DRI O

Detailed derivations and implicatis are described in previoggidies(Rodgers, 2000Vurl et al.,
201QGovaerts et al., 20)0As describedabove the OMI nearUV algorithm usegadiance(!; )
and spectral contras{(!,4 /! ) for the measurement vectowhere!., and!. are the
normalized radianaaat 354 nm and 388 nm, respectivelfe state vector in this studytlee AOT
at 388 nm(!~ ) and the imaginary refractive indexat 388 nm(! ,,~ ). Then, he weighting

function matrix can be expressed as follows:

10
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wheretheweighting functiorof the spectral contrastan be obtaineftom thefollowing derivative

I I Il
| e\ el § e e
( - ) = — : T e TN

L

In typical inversionmethod, including OE estimation ofthe reliable measuremeatror
covariancematrix is importantto determine the likelihood of the solutig@®ovaerts et al., 20)0
The measurement error includes radiometric noise error and calibration acdtracgbsolute
bidirectional scattering distribution functigBSDF) radiometric accuracy ttie OMI instrument is
reported to be about% for 20 andthe randomnoise error is provided in the level 1b product
(Dobber et al., 2006However, theeportedBSDF uncertainty includes therrorsin the calibration
method and it represents whole wavelength donTdins, actual BSDF uncertaing 354 and 388
nm would be less than 2%daross, 2015In our experience, 2% of BSDF uncertainty letm$he
overestimates of the errand it is still challenging to evaluat&ccording tomultiple retrievaltests,
the BSDF uncertainty was assumed to be 1% in this stumyradiometricerror covarianceat each
wavelength was calculatedfrom the square roobf the sum ofsquaredadiometricuncertaintyand

calibration accuracyl he error covariance matrix can be written as:

|

1 S NUSIPNED) I L R R R R R R R R RO RO ]

(e )

11



214  where!, is the total error of the measuredadianceat wavelength4, !4 , is the error of

|
215 lpg /Iy, which is described later in this sectjoand ! (! !y ,355) IS the covariance

216  betweerthetotal measurement erof . and !y /!3g6.
217 The !, typically includes both random and systematomponentandits covariancean
218  beexpressé as follows:

219

| (! | )! 1 (] i )! [ (! 1 ! e e e,

220

221 where!,, and!,, are the random and systematic componentsadiometric errorat A, and
! ! . . .

222 1 (Yyy) and !(!,;) are their covariance valuesespectively. The !my ,» can be

223  approximated as follows:

224

' et Ul le (! vw L )! g (!”!..# Che sl )!!!!!!!!!
|

225
226  When thesystematic componenf the measurement erreof radiancest 354 nm and 388 nare

227  positivelycorrelated and their values aienilar, part ofthe systematic uncertaintiesan bereduced

228 by the Ly ':L term However,assessmertf the systematic erroof OMI measuremestat

229  each pixel is still challenging despitas parial reductionof systematic errorby using !y /! .
230  In this study, theBSDF calibrationuncertainties ofl.; and I35 at a pixelare assumed to be
231  systematic and similar, whilthe radiometric noisevaluesof !, and!~ are assumed to be
232 randomandindependentThen the systematic measurement ermbr! ., ,~ canberegardedas
233 negligibleandthe covariance of ., ,3g¢ In Equation(7) can be approximated as follows:

234

12
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The ! (1 !y 4» ) can beobtainedasfollows:

! (! po gy )! ! %Z P e LT

'and !y e | are theuncertaintiesn thei™ measurement of.. and !y /! for

where !
a sample ofsize n, respectively.Under the same assumptisrusedin Equatiors (7) and @),
lwe 1 © has only random and independeninpmnentsand so! (' Ppg o ) can beregarded

asnegligible Thediagonal and oftliagonal elements ¢fhie measurement error covariance matrices

using two different measuremeangatricesarecompared in Tabld.

3.3. Error characterization

Retrieved products withestimated and/or characterizestror are valuablefor any
application Various error sources carbe categorized ashown inthe following equationby
linearizing the forward model with respect to associated paramdteyse, 1987Rodgers, 1990

2000

(EEDIEED) (I | _A). I, |(| TR )! LI O 1 1

where and! aretheretrieval and true stagerespectively ! istheaveraging kernel matrx!,

is the identity matrix !, isthea priori state vectagr! , is the contribution function matrix! ,

13



254  is theweighting function matrix of forward model parametgr); 1 is the guessedorward model
255  parameter!! is the error in the forward model relative to the real physiaed ! is the
256  measurement error. The first and last tenmthe right-handside (RHS) of Equation (0) is the
257  smoothing error ancktrieval noiserespectivelyTher covariance matricesan be calculatefilom:

258

(! | [! )! | (! | | S e e e

|
259

260 where!, isthesmoothing error covariance matrik, is the covariance of the ensemble of states
261  about the mean stat@nd !, is the covariane matrix of the retrieval nois&#/e haveassumedhat

262  theclimatologcal valueis a good representation thfe real ensemble of the state about the mean
263  state and sahecovariance matrix of the priori state wagmployed as theé, in this studyEach

264 !, and!, has two diagonal elementbat representthe variances ofthe smoothing error and
265  retrieval noise for two retrievals, AOT and SSAe smoothing errot { ) and retrieval noisé ()

266  of AOT and SSA were defined as thguareroot of thecorresponding diagonal elements!qgf and

267 !,, respetively. Thesquare roobf thesumof squared!» and!, of AOT and SSAaredefined

268  in this studyas thesolutionerrois (! -4 ) of AOT and SSArespectively

269 The second terran the RHS ofEquation (0) is theforward model parameter err@nd its

270  covariance matrix can be calculated as follows:

271

S! 11 | | | | | | | ! ! I "1

272

273  where!, is the covariance matrixof the forward model parameter error, ahd is the error
274  covariance matrix of forward model parameter The forward model parameteof the nearUV

275 method includethe aerosol microphysical modeparameters aerosol vertical distribution,

14
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meteorological profile (pressure and temperature), and supiagerties.These forward model
parametersontain both random and systematic components eifferent scales of spatialand
temporalvariation Furthermoregach forward model parameter hasdlifferent uncertaintythat is
difficult to evaluateln this study,!  was analyzed separately with respeceach forward model
parameteras suggested by Rodgers (200)e forward modeparameter error! ) of AOT and
SSAwere obtained from the square root of therespondingliagonal elemestof each S, .

The third termon theRHS in Equation (0) is the forward model errdhatis caused by
discrepancies between known and real phy3iocsimulate theearthreflected radiancé/LIDORT
(linearizedpseudespherical vector discrete ordinate radiative transfer code, versiowa&s@)sed
This codeis based on one of the most accurate radiative transfer salitioa onedimensiorml
atmosphere(Spurr, 200 Linearization of state vectors and forward mogarametersare
described inprior papers(Spurr et al., 20L3purr and Christi, 2034 Although the simulated
radiances are expected to be accurdie,forward model error depends factors includingthe
number of streams, layers, andgendre coefficients fadhe aerosol phase functiono reducethe
numerical erra that can arise froraninsufficient number of coefficients, 3 Stokes parameters, 75
layers, 16 streams, and up to 500 Legendre coefficients for the aerosol phaseverattsed for
the radiance simulationgdowever, it is still a challenge to evaluatther possible sources of
forward model errosuch as Raman scatteringdthe threedimensional effecof the atmosphere
for retrieval Such issues at@eyondthe scopeof this studyand thusonly smoothing error, retrieval

noise and forward model parameter ereseevaluatechere

3.4. A priori characterization
Using reliablea priori informationis important in the OE method sintte final solutions
are determined betweedhe a priori state andhe inversion paceof a measurementhere are

several sources af priori informationincluding climatologcal data reliable measurements from

15
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more accuratestrumentsandcalculations from models based on theoretical or empsteadistics
(Govaerts et al., 20]Wurl et al., 201fRodgers, 2000 Appropriate sources of priori depend on
the characteristics of the state vector #melaccuracy of the: priori databaseWhenthe a priori
state has systematic biaawayfrom the true statehis bias propagates to the retrieval produbts.
this study, 10yeas (from 2005 to 2014) dDMAERUV 388 nm AOT and SSAn spring (from
March to May)were used for the priori data.Figure 2 showshe collectedclimatologcal dataof
the 388 nm AOT and SSAin East Asiaused in this studyTo avoid biases due taloud
contaminatiorin the OMI products averaged values and standard deviat{ehsvith more than 70

data pointsvereused

4. Results

The dust eventon 28" April 2012 has been selected to compare the aerosol optical
properties fronthe operationalproductwith the OE-basedretrievals in this study.Figure 3 shows
thetrue colorimage orthatdayfrom theModerate Resolution Imaging Spectroradiomet4®DIS)
Aqua and the UV aerosol index from OMITo see the difference betwee¢he OE-based and
operationalalgorithm in the same areldoth methods were appliegd measurements withn
operational algorithm flag of Q to avoid cloud contamination and radiometric calibration
uncertaintiesSomeof the pointsretrieved by the operational algorithmvere rejectedin the OE-
based retrievalehenthe cost functioncut-off was appliedasdescribed in this section

The AOT aml SSAat 388 nimfrom the operational and Obased produstarecomparedn
Figure4. The !4 of theretrieved AOT and SSA at 388 nategree of freedom, andare shown
in Figure 5.The OEbased and operational AGI 388 nmare similaras shownn Figure4 (a) and
(b). Both products seem to be affected by snow and cloud contaminatedgpowetsl Seoul in
South Kore&a37iN, 126jE) Tianjin in China 89N, 116jE) and Nagano in JapdB6iN, 138iE).

In Figure 5 (a), the 4 of retrievedAOT at 388 nm has relatively high vakieomparedwith the
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350

AOT level at large viewing zenith angl&oticeablediscrepancies of SSAt 388 nmfrom the
operational and Ofbased productare evidenin someof theareasas shown in Figuré (c) and (d).
The operational algorithm performed singtbannel retrieval around East Mongdi&jN, 115iE),
while the OEbased algorithm performed tvamannel retrieval for all caseSince this area has
low levelof AOT, the information content of aerosol absorptwoperty is insufficientresulting in
thelow degrees of freedom shownhigure 4 (b) and Figure 5 (cJhus the OEbased SSA in this
area (Figure 4 (d)) seems noisy and the of SSAappearsigh. Similar results for the behavior
of SSAareapparenaround central JapdB8;N, 138E). Thus, SSA values with high AOT and low
., are recommended for the analysisnilar to theretrieval conditios for AERONET inversion
products(Dubovik and King, 2000 Additional informationprovidedon retrievalsat each pixel in
Figure 5 is expected to be valuable for relevant studies including trace gas retrieval and data
assimilation.

Figure6 shows the results ofalidationof operational and OBasedAOT retrievak at 388
nm. As shown in Figuré (a) and (b)the OE-based inversion methazhowed higher correlation
coefficient (» = 0.82) and slightly improved slope (0.83) and offset(0.16) values than the
operational algorithms(= 0.71, slope = 0.71, and offset = 0.Zhe Fishef3 z-value between the
correlation coefficierst (Fisher, 1921 was 3.04corresponding téwo-tailed p-value of 0.0024The
Studen@ #-value for the difference between the two slopes is 2.10 Slithdegrees of freedom
with the two-tailed p-value of 0.04 The statistical valueshow thatdifference betweeihe two
correlation coefficients and slopese significant (p-value < 0.05) The Q values(percenage of
AOT retrievals falling withinan uncertainty envelope of +30% 0.1) of the OE-based retrievals
and operational algorithmwere similar (63.0%) When a measured radiance is affected by
parameters that thtéheoreticalradiative transfer model does nodnsider(e.g., subpixel cloud
contamination)they of theretrievaltypically has a high value.n this study retrievals withy larger

than acertainvalue (.e., 2.0in this study)have been rejectedhis limitation on retrievalsimposed
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by the y reducedthe number ofetrievak with abnormdly high biases, which mighie associated
with subpixel cloud contaminationn the operational gbrithm in Figure 6 (a)

The SSA values at 388 nmfrom OMI operational products and &ifased inversion
products were compared withoseat 388 nm andt40 nmfrom AERONET inversion produstas
shown in Figure 7. The retrieved SSA at 388 nrftom the operational algorithm showed
comparableor highervalues of Q.03 (59.2%) and Qs (85.1%) with thosefrom the OEbased
algorithm Qo.03= 535%, Qo.0s = 86.0%) when compared witthe AERONET SSA at 440 nnfThe
Qo.0z3and Qo s represent theercenageof SSA retrievals falling withinan uncertainty envelope of
+0.03 andt0.05, respectively)The retrieved 388 nm SSA from both the operational and&ied
algorithns showed similar correlatiowith the AERONET(» = 0.27 and 0.26 for operational and
OE-based algorithi) respectively Fishef z-value is 0.1 with twdailed p-value of 0.92 The
retrieved SSA at 388 nifitom the operational and Ofased algoriths showedslightly higher
correldion with the converted 388 nm SSA from AERONET=(0.34and 0.33%or theoperational
and OEbased algorithmrespectively thanwith the 440 nm SSArom AERONET. However,the
significances of the differences» between converted and unconverted SSA comparisers low
(Fishef8 z-values were 0.71 and 0.67with two-tailed p-values of 0.48 and 0.50for operational
algorithm and OBbased algorithim respectively. The retrieved SSA at 388 nrfrom the
operational algorithm also showedmparable ohighervalues of Qg 03 (59.2%) and @ os (83.9%)
than those of the Ofbased algorithm ooz = 53.5%, Qo = 82.8%) when compared with
converted SSA at 388 nm from AERONET.

The estimatedetrieval uncertaimes of the AOTat 388 nmfrom the operational algorithm
(g , £30% or 0.) and estimated!,.; were plotted against thieiasesrelative to AERONET
measurements as shown in Fig@&eThe percerggesof AOT retrieval biases from AERONET
falling within the estimatedetrievalerrorsof operationalQ,,;) and OEbased metho€Q,,;) were

64.8% and65.9%, respectively The Q,,; was higher than §); despiteof the lower meanvalue of
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376 & (0.20) thanthat of ! ,,,; (0.21). The error bas and black squares Figure 8 represent the
377  movingo andaveragevalueof theretrieval biases from AERONEds a function of estimated eryor
378  respectively As shown in Figure 8 (b)e,,; betterexplainedthe moving o of the actual biases
379  (r=0.W) than!,,, in Figure 8 (a)(r=052). Fishef3 z-value between the correlation coefficients
380  was2.33 with two-tailed p-value of 0.Q. The systematic biases of; and !, (represented by
381  the moving average of each error estimages)typicallyrelated toother error sources, including
382  forward model parameteland subpixel cloud contaminationsSince he ¢4 of retrieved AOT
383  considerghe heoretical sensitivity of the retrieval biases to associated parameexglairedthe
384  retrieval urtertaintiedetter tharthe !, , which only considers the retrieved AOT values.

385 Table 5 showsthe suggested error sources and their magnitudes tlier®@MI ATBD
386  (Algorithm Theoretical Basis Document§)orres et al., 2003band the values employedn this
387  study Although the currentOMI cloud masking method is based on letegm TOMS heritage
388 there may stillbe ground pixelscontaminated bysubpixel clouds.As the TOA reflectance is
389  greatlyincreased byven a small amount aloud cloud contamination can cause laqgesitive
390  biasesin the AOT retrieval Previousstudes estimated the AOT retrieval errors due5&% cloud
391  cortamination to beof the order of0.1 to 0.2(Torres et al., 1998orres et al., 2009bThey also
392  reportedan even Igher error in the single scattering albe@® to 0.15 especially for strongly
393  absorbing aerosalHowever, stimation of sukpixel cloud contamin#on isdifficult becauseof the
394 large spatitemporal variabilityof cloudsandtherelatively large groungbixel size of OMI.Thus
395  the further error analysisf cloud contaminationerror budgefrom Torres et al. (2002b) as not
396  performed in this studyl'ypical uncertainties athe 354 nm and 388 nreurface reflectansevere
397 assumed to be 0.01 for bddndand oceanThe BSDFaccuracywasassumed to be 1¥pobber et
398 al.,, 2006Jaross, 2015 and radiometric precisiofrom OMI Level 1b data.To analyze the
399  uncertainty associated with the aerosol size information and refractive ingalyes @ the size

400  parameter and, at 440 nmwere takerfrom AERONET inversion products during the campaign
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period To analyzethe assumed; at 354 nmthe !, was also obtained from AERONESIatistics
during the campaign perioderosol vertical distribution is importaat itaffects aerosol retrieval
usingnearUV and bluechannes, particularlyfor absorbing aerosoldorres et al., 1998e Graaf
et al., 2005Torres et al., 20)3However,accuacy assessments tife aerosol height information
usedare still challengingTypical uncertainties othe assumed aerosol layer peak height and half
width were assumed to be 2 km and 1 km, respectively, in this dtudye OE-basednearUV
aerosolretrieval algorithm, all @rosols are assumed to be spheraral the optical properties are
calculated from aerosol microphysical properties using the Mie solddiowever,nonsphericity
may causesignificant uncertainties especially forlarge particle (Mishchenko and Travis,
1994Mishchenko et al., 199B8lishchenko et al., 199Wlishchenko et al., 20QBubovik et al.,
2006, andaerosol morphology is quite complicatadd requiresfurther analysis fothe nearUV
region. This is out ofthe scopeof this study andthus needto be investigated i future study.
Thereforethe uncertainties due to aesbsonsphericity were not analyzed.

Figure 9 shows theaverage and valuesof !, of theretrieved AOT and SSAhatwere
sampledfor the validation in Figurés (b) and Figure7 (b), (d). High values of!, for AOT
appeared im; at 354 nm(0.34+0.25), surfacereflectanceat 388 nm (019+0.07), and thenumber
fine mode fraction(FMF) (0.16£0.09). These values areigher orcomparable with the meah.,
of retrieved AOT at 388 nm (@0). Thus, the accuracy of AOT retrievals depends on not only the
radiometric accuracy and information content but also the aerosol modedsalary data othe
surfacereflectanceof which the effectis already well knownThe FMFs ofthe sulfate (09995%)
and smoke type aerosd8.999795)are similar while that for dust type aerosmguite different
(0.995650) Considering that thestimatedr value forFMF uncertainty in this study (0.0015ee
Table 5) is much lower than the difference betwedime FMFs of dust type and other aerosols
(~0.004, see Tabl@), the errorgesulting from selection of therong aerosol typeanbe more

significant. The estimated, of the surfacereflectanceat 388 nmwas higher than thereviously
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426  suggested value (0.B3.09 for AOT and <0.01 for SSA) the OMI ATBD (Torres et al., 2009b
427  The !, sof AOT with respect tdhe surfaceeflectanceat 354 nm(0.12+0.04), peak heighof the
428  aerosolerticaldistribution(0.11+0.10), fine moden, (0.09+0.10), half width of the fine mode PSD
429  (0.07£0.06), mean radiusof the coarse modd’SD (0.06£0.03), and half width of the aerosol
430  vertical distribution(0.06£0.06) showed similamoderate sensitivityThose for themeanradiusof
431  thefine modePSD (0.02+0.(2) and half width of the coarse mod®SD (0.02+0.01) were smaller
432 and that othecoarse mode, (0.003£0.004) wasfound to benegligible.

433 Among !, s of the SSA retrieval the FMF error {.4! 10% + 6.4! 107%) was the most
434  important of the!, s of the SSA retrievaErrorsin ; at 354 nm(7.4<10% + 2.8! 10%) and thepeak
435  height ofthe aerosol vertical distributiof5.2! 10% + 2.8! 10%) were found to be theecond most
436  important.The !, of SSA with respect tthe fine moden, (3.9! 10%+ 1.7! 10%), width of the fine
437  mode PSD(3.8! 10%+ 1.7! 10%), the surface reflectance 864 nm(3.4! 10%+ 1.8! 10%) and 388
438 nm(2.8! 10+ 2.1! 10™), mean radius of theoarse mod®SD(3.1! 10%+ 1.1! 10°%), half width of
439  the aerosol vertical distributiof2.3! 10% + 1.5! 10%), meanradiusof thefine modePSD(1.1! 107
440  + 5.71 10 and width ofthe coarse mod PSD (8.7! 107+ 3.3! 107) were smaller and i of the
441  coarse mode, (5.2! 107+ 1.3! 10?) appeared to be negligibl&he estimated, s of SSA were
442  found to be about factormagnitude lower thathe !, of SSA. The mearmalues of!,» and!,
443  of SSAwere0.023 and 0.029, respectivelyhus, the estimatedl.; of SSA at 388 nm is expected
444 to be more reliable and represent the total uncertainties of SSA, since the uncertaintyign SSA
445  predominantly affected by ., while uncertainty in AOT is affected by both, and!,. Note
446  that the relative significances of thes of retrievals depend on their condition. It iddéional
447  merit of the error analysis using OE methtbt it providesspecificerror estimatesf individual
448  targetevent retrievale.g., dust or biomas$€urning event). While analysisstudes using satellite
449  inversion productbave oftensufferedfrom the statisticeliabilities, morereliableerror estimates in

450  this study are expected contributeto theassessment significancesf the analysis
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5. Summary andDiscussion

An OE-based aerosol retrieval and error charactedmadigorithm using the OMI ned&iV
radiances was developed in this studifie climatologcal values of OMAERUV productswere
employed as: priori datafor the inversion methodlhe OE-based inversion methadeveloped
hereprovides not only the retrieved vakef AOT and SSA but also estimatef theiruncertainties.
The retrieved AOTand SSAat 388 nmwere compareavith the AERONET productsduring the
DRAGON-NE Asia 201Zampaig. The retrieved AOT using the OE method sbdbetterresults
thanthe operational producthe OE-basedSSA at 388 nmshowed consistency with AERONET
inversion productsompaable to that of the operationaBSA The estimated retrieval noise and
smoothing errorof OE-basedAOT representedvell the variances ofactual biases between the
retrieved AOT and AERONET AOT. The forward model parameter errors were analyzed separately
for both AOT and SSA inversion prodsctUncertainties of surfaceeflectanceat 388 nm
imaginary refractive indeat 354 nmand number fine mode fraction were found to be the most
important parameters afféag the retrieval accuracy of AQTwhile uncertainties irthe coarse
mode real parvf therefractive indexhadnegligibleeffect For SSA retrieval accuracy, number fine
mode fraction wasound to bethe most important parameter whilee other parameters appeared to
haverelatively smalleffects As the FMF depends on the aerosol tyjes expected thaimore
accurate aerosol type classificationght improve the retrieval accuracy of AOT and SS#Ar
AOT retrieval, the estimated, was comparable with thé,.., while the !, of SSA was
negligible compared to th&.; of the retrieved SSA. It is also found tlasufficientamount of
aerosol loading is necessary for reliable SSA retrieval.

However, therera still error sourcewhich needto be analyzedncludingthea priori error
from climatology aerosol morphology cloud contaminatignand three dimensional effects of

radiative transferThe assumed conditions in the inversion proceduredififey from thereal state.
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Validation studies for a longer period at more ty/pé site are also necessa§ecuringa more

reliablea priori datdaseis expected to improvéhe OEbasd aerosol retrieval algorithm.
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694 List of tables

695 Table 1. Positions and mean AOT and SSA at 388 aomthe AERONET sites during the
696 DRAGON-NE Asia 2012 campaign.
Latitude (j) Longitude (j) Mean 380 nm Mean 440 nm

Site name
(North) (East) AOT SSA
Baengnyeong 37.97 124.63 0.5 0.96
YonseiUniv., Seoul 37.56 126.%4 0.63 0.93
Anmyeon 36.44 126.33 0.57 0.94
Bokjeong Seoul 37.%6 127.13 0.75 0.90
GangneungVonju NationalUniv. 37.77 128.87 0.53 0.92
Guwol, Seoul 37.45 126.72 0.69 0.94
GIST, Gwangju 35.23 126.84 0.54 0.93
HUFS, Yongin 37.34 127.27 0.63 0.90
Kongju National Univ., Kongju 36.47 127.14 0.62 0.96
Konkuk Univ., Seoul 37.54 127.08 0.67 0.92
Korea Univ., Seoul 379 127.38 0.73 0.92
KunsanNationalUniv., Kunsan 35.94 126.68 0.61 0.92
Kyungil Univ., Kyungsan 36.07 128.82 0.57 0.93
Mokpo National Univ., Mokpo 34.91 126.4 0.58 0.93
NIER, Incheon 37.57 126.64 0.62 0.93
PusarNational Univ., Pusan 35.24 129.08 0.62 0.93
Sanggye Seoul 37.6 127.0r 0.73 0.92
Sinjeong Seoul 37.52 126.8% 0.4 0.91
Soha Seoul 37.45 126.8 0.69 0.91
Gosan Jeju 33.29 126.16 0.62 0.96
SeoulNational Univ., Seoul 37.%6 126.95 0.65 0.93
Fukuoka 33.52 130.8 0.50 0.90
Kohriyama 37.36 140.38 0.34 0.95
Kyoto 35.@8 135.78 0.47 0.94
Matsue 35.48 133.01 0.56 0.93
Mt. lkoma 34.68 135.8 0.3 0.96
Mt. Rokko 34.76 135.23 0.41 0.95
Nara 34.80 135.83 0.48 0.94
Nishiharima 35.@8 134.3% 0.42 0.95
North Osaka 34.77 135.51 0.52 0.94
SouthOsaka 34.54 135.50 0.5 0.94
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697

698

699

700

Tsukuba
Noto
Shirahama
ChibaUniversity

Fukue

36.05
37.33
33.69
35.63
32.75

140.12
137.4
135.3%
140.10
128.68

0.38
0.41
0.41
0.31
0.78

0.94
0.94
0.96
0.92
0.92
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710

Table 2. Aerosol numbesize distribution parametérand real refractive irek (n,) for each
aerosol typen theOMI nearUV algorithm.

rrml r.-m2 1 2
Aerosol Model 9 9 om om FMF n, N, 3541388
[um] [um] [um] [um]
Sulfate 0.088 0.509 1.499 2.160 0.999596 1.40 1.0
Smoke 0.080 0.705 1.492 2.075 0.999795 1.50 1.2
Dust 0.052 0.670 1.697 1.806 0.995650 1.55 1.4

"Numberweighted particle size distribution parameters: fine and coarse modergadil @ndr,
m2) and variances(m1 ands m2), number fine mode fraction (FMF).

Table 3. Retrieval approach criteria of QMearUV algorithmversion 1.5.3.

Surface UVAI CO Surface  Aerosol Retrieval

Category (10" moleculescmi?) Type Type Approach
Ocean #0.5 > 2.2 NH (1.8 SH) N/A” Smoke  Two-channel
Ocean #0.5 $ 2.2 NH (1.8 SH) N/A Dust Two-channel
Ocean <0.5 - - - No retrieval
Land #0.5 > 2.2 NH (1.8 SH) All Smoke  Two-channel
Land #0.5 $ 2.2 NH (1.8 SH) All Dust Two-channel
Land <0.5 >2.2 NH (1.8 SH) All Sulfate  Two-channel
Land <05 $22NH (1.8 SH) Allbutarid Sulfate Single channel
Land <0.5 $ 2.2 NH (1.8 SH) arid Dust Single Channel

"Not available.
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711  Table 4. Diagonal and ofdiagonal elements of the measurement error covariance matrices using
712 two different measurement matrices.

. T
Measurement matrix [T Wy T [!!,,# ”;!_#
L
First diagonal term (g ) NED)
Vg ! Py ! P !
Second diagonal term L ) (I_) {( — ) ! (I_) }
A I s
Off-diagonal term P g ) 0

713
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714  Table 5. Error sources antheir assumed magnitudes the OMI ATBD (Algorithm Theoretical
715  Basis Documents) and this study.

Error perturbation Assumed value af for each

(OMI ATBD) error source in this study

Error source

Cloud Contamination 5% cloud contamination NA*

SurfaceReflectivity  0.01 error in surface reflectivity  0.01 for both wavelengsh

SNR less than 1% 1% of BSDF calibration

_ _ Radiometric offset additive errc Uncertainty (Dobber ., 2006
Radiometric of 1% Jaross, 2005
uncertainty
Radiometrigprecision provided

by Level 1b data

Radiometric scale factor
multiplicative error of 1%

Size distribution 0.019 for fine mode
5% increase of mode radius
(mode radius) 0.510 for coarse mode
Size distribution 0.265 for fine mode
5% increase of width
(width) 0.307 forcoarse mode
Fine mode fraction NA 0.0015

0.053 forn, (for all wavelengtk

Increase with 0.05 for, . .
and size mods}

Refractive index

Increase with 0.01 fam, .
0.0047 for 354 nnm,

Aerosol Vertical Change of 2 knpeak height

: Change of 1 km peak height
Profile Change of 1 km half width

Particle shape NA NA

716 Standard deviation of each parameter during the DRAGIBNAsia 2012 campaignThe
717  parameter$or n, andn; were obtained from 440 nm AERONET inversion products.
718 "Not analyzed.
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Figure captions

Figure 1. Mean 380 nm aerosol optical thickness (AOT) and 440 nm single scattering albedo and
their probability density functions during the DRAGEONE Asia 2012 campaign.

Figure 2. (a) Mean and (b) standard deviation of 388 nm AOT from the OMAERUYV product
spring (March to May) 20@2014. Panels (c) and (d) show the average and standard deviation of
SSA, respectively, during the same period.

Figure 3. (a) MODIS Aqua true color image and (b) UV aerosol index from the OMI product in

Northeast Asia on 28April 2012.

Figure 4. (a) OMI operational AOT, (b) Obased AOT, (c) operational SSA, and (d)-bdsed
SSAon 28" April 2012 at 388 nm

Figure 5. Estimated! » of (a) OEbased 388 nm AOT and (b) SSA. Panels (c) and (d) show the
degrees of freedom andstdunction of the retrieval, respectively.

Figure 6. Validation of 388 nm AOT against AERONET data from (a) operational products and (b)
the OEbased algorithm during the DRAGGONE Asia 2012 campaign.

Figure 7. Comparison of the 440 nm SSA from AERONETdaB88 nm SSA from (a) the
operational products and (b) the ®BEsed algorithm, during the DRAGGNE Asia 2012
campaign. Panels (c) and (d) compare converted 388 nm SSA from AERONET with that from (c)
the operational products and (d) the-Bdsed algorithm.

Figure 8. Comparison between estimated uncertainties of the 388 nm A@xig) and biases of
retrieved AOT from AERONET measuremenysakis). The panels (a) and (b) are based on the

operational and Ofbased retrieval/erregstimation algorithnrespectively.

Figure 9. Average (gray bars) and standard deviation (black lines) of the forward model parameter
errors of 388 nm (a) AOT and (b) SSA.
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SSA, respectively, during the same period.
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