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Abstract. Despitetheimportanceof aerosol height informatiofor events such as volcanic eruptions and {ange aerosol
transport spatial coverage of itsetrieval is often limited because of lack of appropriate instrumenend algorithms.
Especially, gostationary satellite observations providenstant monitoringfor such eventsThis study assesdethe
applicationof different viewing geomeiesfor a pair of geostationary imageoyetrieve aerosol top heigfA TH) information
The stereoscopialgorithmconvertshelofted aerosol layeparallax calculatedisingimagematching of two visible images
to ATH. The sensitivitystudy prospectsa reliable resultisinga pair of Advanced Himawatlmager (AHI) and Advanced
Geostationary Radiation Imager (AGRbagesat 40° longitudnal separationThe pairresolvel aerosol layers abovekin
altitude over East Asia In comparison aerosol layers must be above 3 kmbe resolvedy paired AHI and Advanced
Meteorological Imager (AMlimagesat 12.5° longitudinalseparation Case studiesndicate that the stereoscopic ATH
retrieval resultsre consistentvith aerosol heiglstdetermined usingxtinctionprofiles from theCloud Aerosol Lidar wth
Orthogonal Polarization (CALIOPTomparisos between the stereoscopic ATH and @&LIOP 90 % extinctionheight
defined by extinction coefficient datadicated tha?71.3% of ATH estimatedrom the AHI andAGRI arewithin 2 km of
CALIOP 90 % extinctiorheighs, compared witi#9.3% fromthe AHI andAMI . Theability of thestereoscopialgorithm to
monitor hourlyaerosol heightariatiors is demonstrated by comparison witKorea Aerosol Lidar Observation Network

dataset.

1 Introduction

Longrange transboundary transport of aerefreim wildfires and deser@&ffects air qualityover wide areagnformation on

aerosol height is cruciah determiningthe effectsof lofted aerosol plumes transported to distant downwind regions. Lidar

systens providedetailed vertical profiles of aerosol layersdare primary toolén providingvertically resolvednformation.
Groundbased lidars are capable of highality aerosol profiling witHittle interferencerom surface signalsandthey have
beenusedfor longterm analysis of aerosol vertical distributions (Tian et al., 2017; Gupta et al., 20%4¢ver,the

requiremenfor manual managemenieandidar sitesareconcentrated urban areasSpaceborne lidar instruments such as
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Cloud Aerosol Lidar with Orthogonal Polarization (CALIO®/inker et al. 26232009; Wu et al., 2016provideinformation
on thevertical distributionsof aerosol layesworldwide (Kim et al., 2018. Previousstudies haveised CALIOP observation
products tademonstrate seasonal variabilitythe vertical structurs of aerosda over China(Huang et al., 2013; Liao et al.,
202D:—-howeverthe-). However, active senser-haasensos such as CALIORave narrow swathswatls (e.g., CALIOP

footprint diameter is 70 m; Winker et al., 201@hich means that-semetinesbypasedhey may miss aerosol transport
eventsmost of the timeEven if the spaceborne lidaystempasseoverthe aerosol layer, the horizontariability of the

layer outside the swath remains unknown.

Aerosol height retrieval algorithms using passive sensors have been developsat the need far betterunderstanding of
aerosol verticabtrueturadistributionover broader areasChoi et al. (2021)eterminednformationcontentrequirements for
passive remotgensingmeasuremestwhenprofiling aerosa below the planetary boundary layeusingremote sensingf
oxygen (Q)-A and-B bandswith higherspectral resolutioand polarimetric measurementsor thismethod conventional
spectroscopiaerosoheight retrieval algorithmsiake use atheabsorption bands @., whichnormallyhaveastable vertical
distribution Scatterecphotorstravel longer atmospheraths in aeosol layers at lower altituddeadingto greatembsorption
by O; and less backscattered radiabeig observeth satellite observatiaAn aerosoheightretrieval algorithmusingthe
TROPOsphericMonitoring Instrument (TROPOMI), a hyperspectral spectrometgboard the Sentineb Precursor
(Sentinel5P),wasdeveloped and validated by Nanda et al. (30@bere aerosdieightretrievalusingTROPOM I utilized
hyperspectral observatisof the O, A band.Aside from the underestimation induced by bright surfaces on lémeliesuls
agreed well with CALIOP weighted extinction heighwith additional use othe G B band Chen et al.Z021)developedan
aerosoheight retrievamechanisnfor TROPOMIfor applicationin surface particulate matter estinoat with the algorithm
beingappliedto absorbing aerosolmich as dust and smoléedditional use othe G B bandyields systematically high€by
~1.6 km)aerosoloptical central heiglstthanthe TROPOMI operationaherosol heightnearerthe height with the strongest
backscatter for CALIOP

Studies have shown thtteuse ofgeometrical features of elevated atmospheric structures apparent to multiple sensor imagery

is effective rather than usingomputationallyexpensiveradiative transfer calculationgereselUsing stereography, unlike

spectroscopic algorithms, one getgétiieve feature top heighherosolplumeheightretrievals by théMulti-angle Imaging

SpectroRadiometeMISR) Interactive eXplorer (MINX)systemmake use of mukangle imagery from nine pudiroom
camera®n-boardthe Terra satellite (Nelson et al., PB). Thesecameras viewB60 km swatls of Earth with nine viewing
angles ranging fronmadir to 70.5° MINX successfully verifiedaerosolheight retrieval using stere@copicimagery with
passive sensor§he synergetic use of twar moresensors for aerosbkight retrieval haalsobeenstudied(Chu et al., 2008;
Lee et al., 203; Lee et al., 2021Despite tle use of spaceborne passive sensor observaiibproving the spatial coverage
of aerosol vertical structure information, monitayiof diurnal variatios in aerosol layesis restricted by the low temporal

resolution oflow-Earth-orbit (LEO) satellites.
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Observation of aerosol vertical structunesing geostationaryEarth orbit (GEO) satellites hapotentialfor continuougy
monitoring diurnal variations aerosol transpodverbroadarea. For the retrieval oferosol optical deptfAOD}-dats), the
use ofgeostationaryneteorobgical satellites such ateMeteorological Imager (Ml), Advanced Baseline Imager (ABI), and
Advanced Himawari Imager (AHI) to obtain aerosol optical properties has been well establistiedranoficiencyhas been
demonstrate@im et al., 2008Kim et al., 2016; Lim et al., 201&hang et al., 2090However thevisible to infrared YISI

IR) wavelength channels thate usually employed bsneteorologicalsatellite sersers—aiastrumens lack sensitivity to

aerosol height information, thugsufficient for the retrieval of aerosol height infermation-from observed radiances.

Geostationary hyperspectral spectroscemployed by th&eostationary Environment Monitoring Spectrometer (GEMS),
Tropospheric Emissions: Monitoring of Pollution (TEMR@)d Sentinel is expected t@ffer new possibiliies fordiurnal
monitoring of aerosol heighZ6ogman et al., 2A1 Ingmann et al., 2I2; Kim et al., 202). The gtimal estimatiorbased
algorithmfor aerosolheightretrievalusingthe GEMS on-boardGeoKompsa®B (GK-2B) wasdevelopedisingproxy data
from theOzone Monitoring Instrument (OMI) ansito be applied to operational GEMS observations (Kim.e2@18§.

In this study, we explore a geometrical method using VIS observations from two geostatieteoyologicakatellites to
retrieve aerosol top heigfATH). Cloud top heightshave been successfully retrievading geometrical fusion of two
geostationalyEO/GEO satellite imagegHasler, 1981; Seiz et al., 2007acek et al., 2013Merucci et al., 2016 ee at al.,
2020),suggesnhg the applicability of such a method to any structures in the atmospt@aever typical aerosol layerare

formed due to surface pollution emissiarEast Asighusarenot as optically thick as cloudsidtheiheightsareor volcanic

ash plumesAlso, aerosol layerdend to beat a much lower heightthan cloudteps—ser volcanic ash plunge So, the
applicabilityand accuracy of the geometricagthodfor estimatingATH-remainunreselvederosol feature height needs to be

investigated Our aims were to investigate the sensitivity ATH to observed parallaxand to validateour results by

comparisomwith other aerosol profile dataset$e catasets useale described in SectionQection 3 introducessiereoscopic
ATH retrieval algorithmandSection 4assesse$e sensitivity and uncertainty of the height retrieval algoritlsed omairs
of sensorsSection 5 discussthe ATH results and compas¢hem with spaceborne and grabbased lidar data=inally,

Section 6 summarizes the skill of the algorithm and suggests prospects for future studies

2 Data
2.1 Satellite observation data
2.1.1Advanced Himawari Imager

TheAHI is ameteorological instrumewin-boardthe Japanese satellgélimawari8 and-9, which werdaunched o7 October
2014 an® November 2016, respectivelijhe AHI continues the mission tieMulti-Functional Transport Satellite (MTSAT)
with enhanced specification$ 16 spectral bandincluding3 VIS, 1 nearIR (NIR), 2 shortwavéR, and 10R channels. Two

of theVIS bands have spatial resolutgat the subss at el | it e point of 1 6 dondthe(othdisate5 gr e
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km resol uti on -@iskAH scand arebecdndueted)every EQuiiinelmage Navigation and Registration (INR)
variation for AHI is less than 0.5 pixels for VIS bands;500 m forthe 1 km resolution bands (blue, red) and 250 mtfar

500m resolution band (green) (Tabata et al., 2016)

The AHI AOD data fromtheYonsei AErosol Retrieval (YAER) algorithareused as a criterion faine selection of retrieval
pixels. The YAER algorithm is a multihannel algorithnbased orthreeVIS and oneNIR AHI channet. The product
demonstrategoodagreement with Aerosol Robotic Network (AERONEAQD data(Lim et al., 2018)It should be noted

herethat AOD issimply a criterion for retrieval pixel selectipanduncertainies inAOD arenot relevanto the accuracy of

thestereoscopi@TH algorithm

2.1.2 Advanced Meteorological Imager

TheAdvanced Meteorologicéitnager(AMI) isaGEO meteorological instrumeat-boardGecKompsat 2A (GK2A), which
waslaunched o 4 Decembef018by the National Meteorological Satellite Cen(BiMSC) of Koreaand-ha-mere-channels

of-higherspatial-reselutiomnd-suecesssucceding themission ofits Ml predecessoiThe AMI spectral bands argimilar to
those ofAHI-exceptiora\iS-andiR-band-thecenterwavelengths-andMI also hasl6 spectral bands, including 3 VIS, 1

NIR, 2 shortwave IR, and 10 | R c ha nspatidl resolutiBnsfihe\ViSbardisel r e e n

AMI-and-AHlare-similaat the suksatellite point of 1 km, andred band hsta0.5 km resolut 0 n

(0 THeAMI also) .

carries out fuldisk scans every 10 midhn AMI INR evaluationon 31 July 2019ndicated an absolute navigation erraf

<1.0 pixel (~1 km) for km resolutionbandsand 0.9 pixels (~450 m) for 500 m bands. The required INR performance was
1.50 km for 1km resolution bands, and 0.75 km for 580resolution bands (Kim et al., 202IJhe NMSC reportsthe

navigation performance of GRA on

a regular

basis

(https://Inmsc.kma.go.kr/homepage/html/satellite/quality/selectQualityGR2aitlomonthly navigation performance reports

from 2020 indicating average navigation er®mpf 9113 and §18 ¢ r a dtheflabtudinal (N7 S) and longitudinal (Ei W)

directiors, respectivelyAside from afew cases of extreme INR error, navigation estiareitherdirection have typically

fluctuated by <2 0  esinceMay 202Q whereaghoseof the Ni S directionbefore April 2020 frequentlgxcee@d2 0 e r a d

(althoughtheywere usuallyx4 0 3. r ad

2.1.3 Advanced Geostationary Radiation Imager

The Chinesgyeostationary satellite Fengun-4A (FY-4A), which wadaunched ori1 December 2016 arriesthe Advanced

Geostationary Radiation Imager (AGRthe Geostationary Interferometric Infrared Sounder (GIIRS), dedLightning
Mapping Imager (LMI).The AGRI observes 1¥ISi IR spectral bandsut withonly two VIS bands of blue and red (0.47

and 0. thaB hawespatial resolutios of 1 and0.5 km respetively. AGRI performs 40 fulldisk scanger day, uing

observations from every hour to matbletimesto the other sensor$hel N R
the surface (Yang et al., 2017)

requirement

or e4rkm énG R |
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2.2 Data intercomparison

Ther-ability-of- lidar-observationtoprodue Through intercomparison witherosol profile dataith-high-vertical-reselution
enableghemto-be-a-validation-standafdrfrom lidars,spaceborna@aerosol height retrieval algorithmsith passive sensors

can be ealuated Spaceborne lidars such as CALIOP enablédatiorevaluationof aerosol heightverbroad spatial range

andareaswhere grounébased lidarare unavailable Severalstudies havehusused CALIOP data tealidateevaluatetheir
algorithms(Lee et al., 2015; Nanda et al., 2020; Chen et al., 2021; Lee et al., B@3pjte thez shortcomingin terms of
sparse observatiahcoverage, grountlased lidars facilitate thealidatiermonitoringof diurnal variatios in aerosol hejht.
In this study, we usebloth spaceborne and groubdsed lidar data for comparioamongstereoscopidTH algorithm

products

2.21 CALIOP

TheCloud Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIB&@)litewaslaunched or28 April 2006

on a sursynchronous orhitandit revisits the same ground track every 16 days. CALIOP, the primary instroméotrd
CALIPSO, is a twewavelength polarization lidar optimized for global profiling of cloud and aerosol distributions. CALIOP
measureshereturning signals of pulses at 532 and 1064 nmatreproduced simultaneously by taser. Two receiversf

the 532 nm channel, bothf which candetectpolarizationsignak, measure the degree of linear polarization of the returning
signal. Using thesignals of the two 532 nm chanseind a total 1064 nm returning signal, CALIOP olxadccurate
information on cloud and aerosol height (Winkérak, 2007). The standard output aerosol profile product includes total,
parallel, and perpendicular backscatter at 532 nm, extinction coeffi(ieB$y particulate depolarization ratios at 532 nm,
and volume backscatter aiCsderived from the 1064 nichannel. Data are reported at a uniform spatial resolution of 60 m
(vertical) and 5 km (horizontal). Vertical resolutoar e coar ser at higher altituwdes
averaging schemé&or the sake of data qualitye usedaerosol exnhction data satisfying cloliéerosol discriminationgAD)
scores ofT 20 toT 100 vith CAD score closer tor 100 havinghigh confidence) and extinction quality control #axf 1 and

2at 532 nm.

2.2.2 Korean Aerosol Lidar Observation Network

Aerosol extinctionprofile datafrom groundbased lidargprovide quantitative information on aerosol vertical distribigion
Without surfacanterferencean aerosol extinction profile can be obtained from the returning s@reground-based lidar
usingthelidar equation(Welton et al., 2000)The idar ratio, whichdepends omerosol typemustbe assumeftom previous
studies or suphotometer observations near the lidar gigenuation ofa thick aerosol layeby low-level clouddecreases
the signatto-noise ratig preventingaerosol extinctiorprofile retrieval. The Korean Aerosol LIDAR Observation Network
(KALION) is a network of aerosol lidars provit reattime monitoring of aerosol formation and transmerKorea. Lidar

observation images at each site in Korea are updated daily on the KALION waéligiférvw.kalion.kn. Six lidar sites

5
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operated byfive instituteson the KoreanPeninsulaundertakecontinuous observations of aerosol formation and transport.
Here we usedotal attenuated backscatter data from lidassitSeoul (SNURnd Gosan (GSNinaintainedy Seoul National
University (Yeo et al.,2016, for comparisorwith resultsfrom the stereoscopi@dTH algorithm. KALION total attenuated

backscatter profike have avertical resolution of 60 m and temporal resolution of 15. min

160 3 StereoscopicATH algorithm
3.1 Overview

FheA flowchart of hestereoscopic ATH algorithris dev

Fig. L-Nelson-et-al-2013-Lee-et-al-2020). It begins with a resampling procedure, biirigone geolocation coordinate to
the other.The AHI geolocation is set as a reference to fix thygof-atmosphere (TOA) reflectance imag# the AMI and

165 AGRI. The TOA reflectancean any channel within th¥ISi NIR rangeis available because aerosols are optically apparent
VISi NIR-band observationslowever theland surfaceés brightestat longerwavelengtls andthe ocean surfaces brightest
atshorter waveleng{von HoyningenHuene et al., 20105hortVIS band such as blue (470 nm) agdeen (510 nmbhus
sufferinterferance fromocean surface signasndthe NIR band(850 nm)from land surface signal3o avoid erroginduced

by the surface signalve useded band (640 nm) TOA reflectance

170 beincParallaxis defined as the

effect by which the position of an object appears to change when the object is seen from different positions, suchathat when
aerosol layer is seen at different GEO orbits, it appears to be above different points on Earth. The faghesahlayer is,

the longer the parallax iSherefore—bjfter resamplingthe parallaxwas calculatedwith animagematching proces8y

identifying identical aerosol laysrfrom eachsatelliteimagesmage parallaxcan be calculately measuringthe distance
175 betweenthe two pointson Earth over which the aerosol layeappeardo belocated Finally, a simple aimensional(3D)

parallaxheightconversion equatiowasdefined todeterminethe height otheaerosol layer.

180

from the surface of a spherical Eaviith aradius of 6378.2 kmin Fig. 2, scanning points on the ground (A" and B') from

185 satellites A and B are projected on the sphere above. As the distance between two scangiapaliak) is calculated



assuming the same spherical Earth, the ATH converted from the parallax is the altitude from the surface of th® sphere.

The stereoscopic ATH algorithm is developed based on the concept ot@ohdight retrievamethods However, unlike

clouds, aerosol layers are optically thin. This means that even when using the same concept, the height that the stereoscoj

190 ATH algorithm gives can be differemt various situations. As mentioned above, the parallax is calculated by finding identical

aerosol layers from the two satellite images. This can work best with the dense lagss$loht screens the surface signals.

In this cae, the algorithm is likely to give the height near the top of the adagsolOn the other hand, when an aerosol layer

is not as optically thick as the plume that screens the surface signals, the parallax calculation tends to find thatfeature t

generated by surface signdls.this case, the algorithm is likely to produckeight closer to the surface than the top of the

195 aerosol layer. Assessment of retriesegultsof multiple layers of aerosol is complex. In this case, the result depends on th

density of an aerosol layer above the others. If the layer is dense enough to block the underlying features, themitie algorit

gives the height of the top layéfowever, an upper layer aerosol of moderate thickness can complicate themnatahmg

processwith mixed feature of multiple layers, inducingpredictableetrieval error.

3.2 Resampling

200 Forastereoscopi@dTH algorithm, two different instruments different locations act ahetwo eyes ofa human observer
Their different perspectives make one image from a satellite dist@tsil/eto the otherln that case, it is difficult for
computerdo recognize that the two satellites are seeing the same object. Therefore, the geolocakosatéllitenust be
fixedrelativeto the otherHereg the image to be resampledreferred taasfiA0 andthat ofthereferencegeolocatiorasfiBo.
Resamplingmakes use o& k-dimensional tree method to find the nearest points of A from the geolocation of B- The k

205 dimensionaltree is a fast algorithm lodag the nearest neighbors of a point (B) to -ditkensional tree of points (A)
(Maneewongvatana and Moud®©99). After converting two images from the geograghjgheri@l) coordinate systerno a
Cartesian coordinate system,-diknensional tree based on image A is used to find the 10 nearest neighbors of image B. The

resampled image of A is a simple averagthefLO nearest points of A within 5 kof point B.

3.3 Parallax estimation

210 Parallaxis calculated using a movingndow correlatiortechnique The method findmatchingaerosol featurgin two images
by finding thebestcorrelated TOA reflectance image windows from each satelsuminghat an aerosol feature is optically
thick enoudp to be distinguisiblefrom the background surface. The windowhsreforeset around a pixedf AOD > 063
(the absolute values of AOD are of no consequémtkeretrieved ATH values We set a fixed window of 38 33 pixels
from image B andthecorrelation coefficientsfthe-fixed-windowinimage-Awith samesizedmovingwindows ef-the-same

215 sizein image Aare calculatedFheA moving window moves fror 7 pixels to +7 pixelsn the latitudinal and longitudinal
directions starting fromthesamdongitudéelatitudeas-the fixedeference-windevindex ofthe fixedwindow.Highly reflective
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clouds can interfere with correlation calculations. To minimize the effect of nearby clouds (or, embedded small cldads), pixe

identifiedas cloud by AHI are removed from correlation coefficient calculation. Moreover, correlation is not calculated when

cloud fraction of a moving window exceeds 20 Binally, the parallavof a lofted aerosol layer is defined as the distance

between the cente of the fixed and moving windamwith the greatest correlation coefficient among 225 moving windows.
If the highestcorrelation coefficient doe®mt exceed 0.9, the pixel is excluded from the retrieval.

Window size may influence the correlation between the two windows. A windowtaizemallwould not beoptimal in
decidng whether the images are the samith too largeawindow, radiance fromanadjacent cloudr adistinct land feature
causes respectivelydher or lowercorrelation coefficients. The moving range of the moving winddetsigsthe maximum
retrievedaerosol heighfThe moving range df 7 pixels in both the latitudinal and longitudinal directions means that maximum
parallax would be the distaa equivalent to&2 pixels.In this studythe size and moving range of the windomeredecided
empirically.

Because the method calculates distances between each grid point, the calculated values of parallax are discrete. The distal
of the center of awindow from that of th@earestvindow is~1 km, and the nextearests at~1.414 @2) km near the satellite
nadir point.The closest value of parallax thusdiscreteat ~0.4 km difference. Tis discrete parallais converted to height

by a parallax height conversionelationship Gapsin parallax values are largeiith increasing distandeom the nadir point

soretrieved heights are noecessarily atially continuous

3.4 Parallaxi height conversion

A graphical éscription otthe parallax height conversioprocess is given in Fig. EO orbits are always above thguator,
sothe D conversion methodised with LEO orbit satellites (e.g., MINX algorithmad to be adjusted to &3scheme.
Assuminganaerosol layer at point,Ror alayerof height ofh above a ground point,Rhe parallax is the distance between
the groundscanningpoints of satellite A and B (A' and B")Based orthe longitudeandlatitudeof A" and B', the zetih and

azimuth angleat each point are calculated. Tdetermination oferosol heightanthenbe summarized as follows
60 OATh6s OA (1)

From thecosinelaw:

Q QOAT OAT Cc¢QOAIOAIAT O —, Q)
and
o | (4)

whereQis ATH, Qis the parallaX, andf aretheviewing zenith angles of A and B, ahdaind—arethe viewing azimuth

angles of A and B. Geometrical valugesi(,l , and— are déermined bythe locations ofsatellites A and B anthe ground

8



position of the aerosol layeBased orthe estimatedharallax(secionsSecions 3.2 and3.3), the layer height of the aerossl|

thenretrieved.

250

4 Sensitivity anduncertainty analyses

255 Retrieval sensitivity and uncertainfgsessmenisvelved-methodtiatdiffeiused alifferent methodrom traditionalmetheds

involvingspectroscopicaerosol heightetrievalswhich needs expensiveadiative transfer modelsimulatagto simulae

observations. Fogxamplea sensitivity study of aerostayerheight(not ATH) retrievalfrom the G A band(Hollstein and

Fischer2014) included spectral resolution, instrumental noise, and surface inhomogeheibesLee et al. (205) assessed

the retrievaluncertaintyby giving perturbations on possible error sources such as aerosol optical properties and surface

260 elevations Meanwhile the sensitivity of thestereoscopi@TH retrieval algorithmwasbased orthe proficiency ofparallax

calculatons, whicharea function of aerosol height anlde distance between two satellites. Moreoysrallaxcalculatiors
only usethe spatial patterns of observed radiances from satellite images. This imphesantagen usingthe parallax of
two satellite imagesin thatthe geometrical methodoes not sdér from sensor calibratioproblems, with theunstable

radiometric performance of AGRI (Zhong et al., 20B&)ngunlikely to affecttheresults.

265

Quantitativesensitivity and uncertainty
assessmertf radiative-transfer-modelgipantitativestereoscopidTH retrieval assessments-inveligedone witha simple

geometrical estimation of paralla
satellite grid introduces error parallax calculatioryncertaintysuch-as-signalsfrom-bright surfaemdradiation-path-lengths,

a-simple-cause-ofretrievaimulatingsatellite INRshift needs to be calculatedh&uncertaintywasinvelvedherefrom the
270 INR shift of an instrumentis consideredoy shifting the iNR-errorreferenceimage (AHI) by 1 km. Intrusion ofthe INR

aus&ince falseegistratiorof retrievah

erroishift during the retrieval process falgelocates level 1B imagesand affectgparallax calculatios) which are directly
related to an error iIATH retrieval
4.1 Sensitivity

Parallaxis greater when the aerosol layeats highaltitudeor whenthe two satellites are farthapart (Fig. 2)Thetheoretical
275 parallaxvariationwith aerosol heightnd satellite location can be calculated for quantitative assessment of retrieval sensitivity

using Eq. (3)Based ortheviewing geometry of Seoul, South Korea (3V,°127°E), andsettingone satelliternagerasthe

9
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AHI (140.7°E), thecalculated parallax according to the locatiothef otheisatelliteand the altitude of the aerosol layeas
shown in Fig. 3Using twosatellite imagesvith 1 km spatial resolutiomparallaxdistances of ¥ km cannot beresolved
(Secton 3.2). Consideringhat theimage resolutiomoarsens with increasing distarfcem the suksatellite point, the possible
minimum parallax that can besolvedrom two satellitemageswill be>>1 km.lIt follows thatapair of1 kmimageresolution
satellite imagers are unablerttrieve aerosol heights thaémand resakion of a parallaxof <1 km.As the location of the
other satellite imageaapproache#éHl, the parallax decreaseapidly (Fig. 3) This impliesthat a set of satellites too close to
each otheinvolves lessparallax, which is a challenging condition for geometrical height retrieval. For example, an aerosol
layer with a height of 2 knproduces-2 km of parallaxusingan AHITAGRI pair at104.7°E, which is sufficientfor 1 km
resolution. However an AHIT AMI pair at128.2°E cannot resolve this aerosol layasthe parallax is-0.75 km. To retrieve
a lower aerosol heightsatellitesmust be farther apattVhenan aerosol layer is at lower altitigi¢he parallaxgradient is
greater when the two satellites are ctpsehich means thathe closerthe pair of satellitesthe greaterpossibility of small
uncertaintiesluring parallaxcalculatiors may producelarger errorsn retrievalheight. Theparallaxgradient becomes linear
as the aerosol layéeight increasedwo satellite imagers with insufficieseparatiorarethus unfavorable for geometrical
height retrievalHowever as the satellites get farth@part the spatial resoludn becomes coarser within theverlapping

area. This implieshatresampling image distortion with respect to reference image is greathatt#we possible minimum

parallaxmaybe greater than expectexhd theminimum height that a pair of satellites can resolve woulgreateiin the off

nadir regionAdditionally, regions with large viewing angles hadliesame problem of coansieag spatial resolutionTherefore,

we fixed the study region to East Asia, wheust transports and urban aerosol pollution are observed having proper viewing

angles for each instrument.

Viewing geometies ( ,T ,7 , and—-Fig. 2) arealso functios of location onEarth.A contour of theoretical minimum height
that two pairs of satellites (AHAGRI andAHIT7 AMI) can resolveusingl km spatiairesolution bands shown in Fig. 4The
theoretical minimunmetrievableheight decreases with distance from the center point oivilhedtellites. In terms of latitude,
viewing zenith angles{andb of Eq. (4) increaseawith distancefrom theEquator. For longitude, the differenzeviewing
azimuth angle§ —in Eq. (4) is lowestat thecentrallongitude ofthetwo satellitesFor the AHI and AGRI (Fig 4a), the
minimum height differdy a few hundred meters in East Asia, so the locatioBasth wouldhave little impact otheresults
Howeverthe AHI and AMI are too close getherto retrieveaerosol heigtst of <3 km overthe Yellow Sea. Furthermore, the
minimum retrievableheightgradientalonglocationis largerfor the AHIF AMI pair, which means thattrieval errorcaused

by parallax uncertaintis more complexor this pair of satellitesThereforethe AHITAGRI areseens to be detterableto

retrievechoice for stereoscopaerosoleightheightretrievalsover East Asia Results for the twaatellitepairs (AHIF AMI
and AHIi AGRI) are further compared Section 5
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4.2 Uncertainty analysis

ATH retrievaluncertainiesinduced by 1 km latitudinal and longitudinal INR shidte shown in Fig..BJncertainty is defined
asthe differencéetweeroriginal ATH and height calculateasingparallaxconsideringl km shifsin AHI geolocationThe
magnitude of uncertainty is larger when INR error is present in the longitudinal direction. When re&iedifgy an aerosol
layer reaching up to 5 kiatitude the possible retrieval errarausedyy 1 kmlongitudinalINR error is~80 m,or about bur
timesthemaximum retrieval errdior 1 kmlatitudinalINR error.The effects ofatitudinal and longitudinal INR erran ATH
retrieval uncertainty are thugiite different.In the latitudinal direction, theetrieval height uncertaintyncreasesvith the
distancebetweenthe two satellites whereaslongitudinal INR error causesqual retrievaluncertainty regardless of the
separatiorof the two satellites. Tk differerce arises from the usd# geostationary satelliteé\ longitudinal INR shift can
simply beregardedas one satellite moving towaad away from the othealongthe Equator. Although the height retrieval
algorithmis more robustvith-regard-toegardingparallax calculation errewhenthetwo satellites are faapart(Secton 4.1),
theretrieval error itself increases with the distabhetveerthe two satellites when latitudinal INR errors are present. However,
considering the actual INR errorstbe satellites &pproximately0.5, 1, and 4 km at channels with 1 km resolution for AHI,

AMI, andAGRI, respectively)theINR errorwould not beof concerrfor theretrieval of aerosol heiglstof a few kilometers

5 Results and Discussion

5.1 Comparison with CALIOP aerosol profile

For qualitative comparison of retrieved ATH with CALICRery algorithm requirea eeneis@roperdefinition of aerosol
height fromCALIOP ATH-{hereafter, CALIOP-heightlsrequired-forthe-individual-algorithnprofile data Definitions of
aerosol heightisingthe same lidar dateandiffer according tchow each algorithm defines its aerobeight productskor
exampleLee et al. (2015)leveloped Aerosol Singlescattering albedo and layer Height Estimation (ASHE) algorithm and
compared their retrieval results wlTH based oiCALIOP aerosol total backscattering coefficient (TBR@)file, with ATH
beingthe altitudewith a TBC of 0.03 km!sr! from the top of the profileLee et al. (202) thendeveloped a new, near
productionready ASHE algorithithatno more retrieves ATHdrause of detail differences frariginal ASHE algorithm
So,they had t@ompare the results with newdgfinedCALIOP aerosoheight which isanaerosokextinctionweighted mean

height. Consideringthatthe eencept-of-thdmagematchingprocess shown in Séoh 3.3, results from thestereoscopic

algorithmin-this-studyeed to be defined at altitudes whbmizontal texture is found. Howeverssessment of horizontal

texture is challenging because CALIOP profile data providdisnensioml informationalongthe horizontal planevith small

footprint of ~70m Weinstead generateiCALIOP aerosol height that is close to the top of CALIOP aerosol profiles because

with high aerosol loading, which is a favorable condition forrdteeval, the algorithnis supposedo retrieve ATH—we

generatd CALIOP-give aheightin-a-mannesimilarthanear the tof Lee-et-ak{(2018n aerosol plume (c.f. Séu 3.1).
The height where a cumulativietal ECextinction coefficientin the 532 nm channel (EC532krsused-because-the-ATH

11



theheightwherdhecumulative EC532epresersshows90 %of thetotal column-integrated-EC532 -starting-from-the-bottom
340 oftheprofile(CALIOP 90 % extinction heighis comparedvith the stereoscopic ATH.

5.1.1 Case studes

Fig.Figure 6 shows acomparison oftereoscopi@dTH productsfrom the two pairs of geostationary imagerslongsidea
CALIOP aerosokxtinction profilefor 23 January 202@sCALIOP passed ovethe western Yellow SedFig. 6a) The AHI
AOD wasvalidretrievedover Beijing, ShandonBeninsula, and the ocean between the BeijingSirahdong peninsidarhe
345 stereoscopi&\TH retrieval was/alidretrievedmainly over the ocearwith AOD > 0.6 (Fig. 6b) Results fo thetwo different
pairsof geostationary imager@HIi AGRI and AHI AMI) areshown in Fig6¢c and d The ATH retrievedfrom the AHIi
AGRI pairwas~2 km, andthat fromAHIT AMI was 4 km.ATH retrievalalong the CALIOP patks shownwith CALIOP
EC and heighin Fig. 62.To wllocakethe ATH productwith CALIOP geolocationstereoscopi@THs within 5 km of CALIOP
ground pixet were averaged’he ATH from the AHIT AGRI pair agred well with the CALIOP 90 % extinctiorheightof 11

350 2 km on collocated pixelThe ATH retrievedfrom the AHIT AMI pairnear 37.5N seems to have similar valuesCALIOP
(orthe ATH of AHITAGRI). The scatterplofFig. 6f) showsCALIOP 90 % extinctiorheightversusstereoscopi@&TH. The
percentwithin expected errorBE%) (1 km) representthe fraction of stereoscopidATH within 1 km of CALIOP 90 %
extinctionheightin total collocated pixeldn this case, lavalid AHITAGRI ATH retrievak werewithin 1 km of CALIOP
90 % extinctiorheight whereador AHITAMI ATH , only 185 % of the total collocated ATHw&erewithin 1 kmof CALIOP

355 90 % extinctionheight and 33.3 % werewithin 1.5 km.Furthermore severalAHIT AMI ATH points havevalues of zero

because of lack of sensitivity to parallainduced by aerosol laygat <2 km height Considering that the collocation of
| stereoscopiATH and CALIOP 90 % extinctionheightinvolved theaveragingof ATH values values out of retrieval
sensitivity (<3 km) arenay beproducs of averaging values of km and 4km nearthe CALIOP path
Thecase oB April 2020is shown in Fig. 7A thick aerosol layer with AOD 1.0 (reaching near 2.0 at the thickest part of the
|360 layer) was under a cloudy skyJinan, Chinawith low-level thin clouds along 324 latitude (Fig. 7a, b) Unlike clouds over
the northern part of the area, ATH overestimation by ttieseloudsdoes not appear high enough to be screeneduring
the quality control procedurfier the AHI AGRI pair. Results (kg. 7c) indicate that theetrieved ATH over the area spans
from 2 to5 km—e*eladmg@ve%esﬂmaﬂeaf—k@%meaused—b&he%aﬂeuds The ATH resuls for the AHIF AMI pa|r(F|g
7d) aresimilar -Retri
365 reflectedin-the-resultThe actual profile of aeros@Csobserved by CALIORFig. 7€) suggest thathe retrieved ATHor
both pairs spanning from 2 to 5 km appears reasonBelgults for he AHIF AGRI pair agreemorewith CALIOP 90 %
extinctionheightat most collocated point3.he EE%valuesfor 1 km withinCALIOP 90 % extinctiorheightfor AHIT AGRI
and AHIi AMI are72.5 % and61.3 %, respectivelyfFig. 7f); thosefor 1.5 kmare55.0 % and 2.5 %, respectively

12



Thesensitivity test resust(Section 4 areconsistentvith actual retrieval caseBrom these two cases @dmparison between
370 ATH retrieval comparisoandCALIOP, theperformance of thetereoscopi@&TH algorithmfor an aerosol layer at lower
higher altitude in the tropospherean be assesseWhen an aerosol layer is under 3 kas on23 January2020, the
stereoscopi@TH algorithm with the pair oftlosersatellites (AHIT AMI) fail ed to retrieve aerosol heightiowever if the
satellite separatiorhas sufficient sensitivity for the retrieval of aerosol heiglstof <3 km, the geometrical heightetrieval
algorithm for atmospheric structuiseapplicable Anethe eV

375

April 2020wassignificantly lower than thabn 23 January possiblybecausahe aerosol layer was thinner. Urdikhe first

case, the CALIOREC profile of the latter caséas few valuesf >0.3 cn?, meaning-thathe AHI-AOD-may-have-been

overestimatedhdicatingretrieval error caused by low aerosol loadiHgwever,the possibility of systematic worsening of

380 theretrieval accuracy of lofted aeroseemainsbecause complex vertical features (e.g., Maiter aeros@ make aerosol
height retrieval challengindzurther data analysis is required to determine whetteedeterioration accuracywith higher
ATH is systematic

5.1.2 Long-term comparison with CALIOP -height

Seatterplot2-D histogramsof CALIOP 90 % extinctionheight versusstereoscopicATH fer—the—study—periedFig. 8)
385 indicateshowsthe overall performance of thetereoscopi®ATH retrieval algorithm.To assessobustresultsthat are less

affected by aerosol loadind.TH with a matching correlation coefficient >0.95 are used for {ergn analysisFig. Sland

Fig. S2show thatRMSD and bias are less dependent on aerosol loading after successfuimatelgieg (higher matching

correlation coefficients)Collocation wasideatakerdonein the same manner asnducted-irthe case studieds expected,

the general retrieval performanessing theAHIT AGRI pair wasvorked better thanaith-the AHITAMI pair. RMSDs with
390 CALIOP 90 % extinction heights are 1.66 km for AMGRI, and 4.9&m for AHIT AMI. The fraction ofsceneaveragd
ATH within 2 km effrom CALIOP 90 % extinctionheightwas7#1-338.9 % for AHIT AGRI and49-357.4 % for AHIT AMI
(46-Zor 1 km, 244 % and21-35.9 %, respectivelyfori-km}-Fer). During the study period, most casesEast Asichadan
average-heigl@ALIOP 90 % extinctiorheight of <3 km{depending-oHdecation}, which wasvere beyond thesensitivity
range othe AHIT AMI pair. Thestereoscopi@HIT AMI ATH (Fig. 8b) kachas no values ef<3 km. The ATHs of the aerosol
395 layerbelowthe height of retrieval sensitivityere clusteredround 4 kmwith someataround 8 kmFhis-differenceAs shown

in the sensitivity studya small uncertainty in parallax estimation is followed by a great error in the hetgbvalerrormay
be-duavhen using satellites closeheri widespread

andsmeoth-patterread other Better spatiotemporal matching of images that are taken closer in timihettrage-matching

proce A—tRe—<agorithm—tHsane-heare ROV WWHRGOWRatSSH entparallaxfor-finer resolution is needed from

400 stereoscopic ATHetrieval sersitivi
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overestimatiopwith themaximum-valueofcorrelationbeingmoderatesatellite pairs with less sensitivity.
Frequencyistributionsof the difference oftereoscopidTH and CALIOP 90 % extinctiorheightare shown in Fige—Fer

Ao oHe e donle o20teAan . S ST yoro—collocotod o tho AR e oe ale 6

pixels—orer-150-daysfor-the-AHIAMIpair9. The peak of the difference between AMGRI ATH and CALIOP 90 %

extinctionheightwasnear zerqFig. 9a), with araverage differencef +-0.2407 km, (standard deviatio-46L.66km). The
AHITAMI ATH displayedpeaks at 4, 2, and 6 kmwith anaverage differencef +1-82.56km (standard deviatio&-513.60
km). The highest peak at 2 km wasemainly dueto overestimation of the lower aerosol layer. The incrégagequency at
specific valuesvasdue to parallax estimation gng discrete valuethroughimage resolution (Seich 3.2). Although ATH
values were spatially averaged, discontinuous spatial ésatnay stilloccur The difference betwedand and ocearesuls
appeatrs to beegligiblefor both pairs of satellitesuggeshg that the surface signtiatmay cause uncertaingverland is

negligiblefor a geometrical aeroshkight retrieval algothm using red band

5.2 Comparison with ground-basedlidar

The use of passive sensors onboard GEO satellites egaht@suougnonitoring of aerosol vertical featwm a broad area.

To assess the diurnal variation monitoring of hourly stereoscopic ATH retraémrakol extinction profiles from KALION

groundbased lidars are useBxamples ofthe stereoscopidTH algorithm capturing hourly variations of aerosol vertical

featuresareshown in Fig. 10Comparisons with grountdased lidar datevere undertakensing only theAHIT AGRI results
which proved to benostaccurateFor the spatial collocationalid retrievals within 5 knof groundbased lidar si®ewere
averagedFor 7 April 2020 (Fig. 10a and b, ATH was compared witbhbservationsatthe SNU station Thehouly ATH map
(Fig. 108) indicategthe initiation of transport adnaerosol layer witlanATH of >7 km.Upon reachinghe KorearPeninsula,
the aerosol layer descendl@and dissipated. According to aerosol extinction data from grbasdd lidar, the aerosol layer
beame thinner both geometrically and optically. The hourly variation of retrieved Hegglainfrom 2.3 km at 0DOUTC,
reaching 1.7 km at 000 UTC. The retrieved ATH plungd to 1.1 km at 020 UTC, andthe stereoscopi@TH retrieval

algorithm capture its descenfThe ATH maps(Fig. 10§ seem continuousothe inconsistent value at @ UTC mayhave

beencaused by a sampling probles

. Another possibilityis the error caused
by the differenceof observation timéetween the two sensoihe AHI performs a fulldisk scan in 10 minutesvhereas the
AGRI takes15 min starting at the top of the hour. Therefore, when strong horizontal air motion is present,diffareice
in observation time between two imagers may have a significant impguratlaxcalculatons during stereoscopi@TH

retrieval.Aereselor instance, erosollong-rangetransport-ivelveisanspors involve strong westerlies in East Asisg the
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observation time difference may also be the source of retrieval error. Lee et al.aq@@sethis problem by interpolating
observation timgfrom one satellite to match the oth€onsidering that the percentage of stereoscopic ATH within 1 km from
CALIOP 90 % extinctiorheightwas 46.2%, the fluctuation at 02:00 UTC may simply be regarded as the expected retrieval
error.On 9 April 2020 (Fig. 10candd), ATH was compared with aerosol extinction at Gosan station (GSN)atnatbe,
groundbased lidadata showdthe top of thestableaerosol-layeto be~2 km. StereoscopiédTH alsoindicatedan-altitude of

profile showsa multiple

aerosol layer with one stable layer at ~1 km and the otheB&n2 Except for 04 UTC, the stereoscopic ATH reasonably

follows altitudes oftie upper layer. At 04 UTC, the extinction coefficient of the upper layer decreases, likeGhap 3.1,

ATH shows large errolUse of geostationary satellitesnableshe analysis ofdiurnal variationdn ATH. The former case

indicateshow the verticaktructure of an aerosol layer changes during-@mge transportwhereasthe latter represents a

case of @ghin-but-stablmultiple aerosol layer

6 Conclusions

A stereoscopi@TH retrieval algorithmwasdevelopedn the basis o geometrical height calculation method appj to
any structure in the atmosphere. The advantagesiaif amethod are that sensor calibration does not affect semudt

expensive radiative transfer computatiaare not required~urthermorethe methd is not affected by variations iaerosol

optical propelies whenthe imagematching method is workesiell. As a result ol sensitivity study, avell-separatedatellite
pair wasfound to bea better choice fostereoscopi@TH retrieval. Coarser spatial resolutidn off-nadir areas canause
reductions irretrieval sensitivity. Retrieval uncertainty due to longitudinal INR slisfgreater when the two satellites are
farther apart whereasretrieval uncertaintydue tolatitudinal INR shiftis a function ofaerosol heighalone An INR
performance shift of km introduces retrieval error of a few dozen of meters, which is negligible when retrieving ATH of a
few kilometers. Two case studies showed thatr¢tigeval resukt of an AHITAGRI satellite pair were consistent with the
CALIOP EC profile. The general performance of thtereoscopi@dTH retrieval was alsdetterwith the AHITAGRI pair,
with EE% valuesof #1-338.9 % and46-57.4 % for 2 and 1 kmrespectively. Fothe AHITAMI pair, EE%values were
49.-24.4 % and21-35.9 % for 2 and 1 kmrespectively The mean biam ATH from the AHITAGRI pair was+-0.2407 km,
whereaghe AHIT AMI pair showed a strong positive bias af:#52.56 km on averagewyith a peak at +2 km due to a lack of
sensitivity at lower aerosol layers. Comparison with greloased lidar revealeadn ability to monitor diurnal variatias in
aerosol heightvith thesynergetic use of geostationary satellifesalysisof the sensitivity and uncertainty of teereoscopic
algorithm andts applcation b three geostationary satellite imagegr East Asiaconfirmedthe capability ofATH retrieval
using geometrical parallax calculat®ruture workwill include additioal lowerlevel cloud screening, considerationtioé
difference inpixel-level scan time between two satellites, and maremplexparallax height conversion using spherical
trigonometry We expectthe useof 500m resolution red band observationgh the stereoscopi@&TH retrieval algorithm to

providegreater sensitivityor lower-level aerosol layesrwith improvedaccuracy
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Figure 1: A flowchart of the stereoscopiaerosol top height (ATH) retrieval algorithm.
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Figure 3: Contour of theoretical parallax when one satellitén a pair is AHI and the other moves from 95°E to 140°E,
according tothe height of target aerosol layer Yellow shadng indicates parallax values thatcannot beresolved using
620 1 km resolution imagers.
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Figure 4: Minimum retrievable aerosol height from the (a) AHITAGRI and (b) AHITAMI (b) satellite pairs The
minimum retrievable height is setfor 1 km resolution imagesto resolve parallax.
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Figure 5: Height retrieval uncertainty assuming 1 km latitudinal (a) and longitudinal (b) shifts in AHI geolocation.
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