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Abstract.Theclimaticandhealtheffectsofaerosolsare
stronglydependentontheintra-annualvariationsintheir
loadingandproperties.Whiletheseasonalvariationsofre-
gionalaerosolopticaldepth(AOD)havebeenextensively
studied,understandingthetemporalvariationsinaerosolver-
ticaldistributionandparticletypesisalsoimportantforan
accurateestimateofaerosolclimaticeffects.Inthispaper,we
combinetheobservationsfromfoursatellite-bornesensors
andseveralground-basednetworkstoinvestigatethesea-
sonalvariationsofaerosolcolumnloading,verticaldistribu-
tion,andparticletypesoverthreepopulousregions:theEast-
ernUnitedStates(EUS),WesternEurope(WEU),andEast-
ernandCentralChina(ECC).Inallthreeregions,column
AOD,aswellasAODatheightsabove800m,peaksinsum-
mer/spring,probablyduetoacceleratedformationofsec-
ondaryaerosolsandhygroscopicgrowth.Incontrast,AOD
below800mpeaksinwinterover WEUandECCregions
becausemoreaerosolsareconfinedtolowerheightsdueto
theweakerverticalmixing.IntheEUSregion,AODbelow
800mshowstwomaximums,oneinsummerandtheother
inwinter.Thetemporaltrendsinlow-levelAODarecon-
sistentwiththoseinsurfacefineparticle(PM2.5)concentra-
tions.AODduetofineparticles(<0.7µmdiameter)ismuch
largerinspring/summerthaninwinteroverallthreeregions.
However,thecoarsemodeAOD(>1.4µmdiameter),gen-
erallyshowssmallvariability,exceptthatapeakoccursin
springintheECCregionduetotheprevalenceofairborne
dustduringthisseason.Whenaerosolsareclassifiedaccord-

ingtosources,thedominanttypeisassociatedwithanthro-
pogenicairpollution,whichhasasimilarseasonalpatternas
totalAOD.Dustandsea-sprayaerosolsintheWEUregion
peakinsummerandwinter,respectively,butdonotshowan
obviousseasonalpatternintheEUSregion.Smokeaerosols,
aswellasabsorbingaerosols,presentanobviousunimodal
distributionwithamaximumoccurringinsummeroverthe
EUSandWEUregions,whereastheyfollowabimodaldistri-
butionwithpeaksinAugustandMarch(duetocropresidue
burning)overtheECCregion.

1 Introduction

Aerosolshaveadverseeffectsonhumanhealth(Lelieveld
etal.,2015)andplayakeyroleinEarth’sclimatethrough
aerosol–radiationinteractions(McCormickandLudwig,
1967)andaerosol–cloudinteractions(Twomey,1977;Al-
brecht,1989;GarrettandZhao,2006).Comparedwithlong-
livedclimateforcerssuchasCO2,aerosolshaverelatively
shortlifetimesandhencelargespatiotemporalvariability
(Ungeretal.,2008;Shindelletal.,2009).Therefore,thecli-
maticandhealtheffectsofaerosolsarenotonlyinducedby
inter-annualconcentrationchanges,butalsostronglydepend
ontheirintra-annualvariability.
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Aerosolopticaldepth(AOD)hasbeenwidelyusedtorep-
resentthecolumnaerosolloadingandtoassesstheaerosol
impactsonradiation,clouds,andprecipitation(Maetal.,
2014;NiuandLi,2012;Zhaoetal.,2018b;Songetal.,
2017).However,thewiderangesofparticleopticalprop-
ertiesandsizedistributionmeanthatevenforthesame
AOD,differentaerosoltypeshavedifferenteffectsonnot
onlythemagnitude,butalsothesign,ofaerosolradiative
forcing(IPCC,2013;Guetal.,2006;Garrettetal.,2004).
IPCC(2013)estimatethatthehistoricalglobalmeandirect
radiativeforcingsduetosulfate,organiccarbon(OC),black
carbon(BC),andmineraldustare−0.40,−0.19,+0.36,
and−0.10Wm−2,respectively.Furthermore,absorbingand
non-absorbingaerosolshavebeenfoundtohaveverydiffer-
entimpactsonthesurfaceradiativecoolingeffects(Yanget
al.,2016)andthedevelopmentofconvectiveclouds(Massie
etal.,2016;Ramanathanetal.,2005;Rosenfeldetal.,2008).
Besidesaerosoltype,theaerosolverticaldistributioninflu-
encesitsmassconcentrationwithintheplanetarybound-
arylayer(PBL)(Zhengetal.,2017)andtheverticalpro-
fileofheatingrate(Johnsonetal.,2008;Guanetal.,2010;
Zhangetal.,2013),whichsubsequentlymodifiestheatmo-
sphericstabilityandconvectivestrength(Ramanathanetal.,
2007),withpotentialchangesincloudproperties(Johnsonet
al.,2004).Understandingaerosolvariabilityasafunctionof
heightisalsoimportantbecausetheindirecteffectofaerosols
ismainlydependentonthosemixedwiththeclouds(Zhaoet
al.,2018c).Meanwhile,thehealthimpactsofaerosolsare
onlyassociatedwiththosepresentnearthesurface,where
theyareinhaled.Forthesereasons,systematicanalysesof
theintra-annualvariationsofaerosolverticaldistributionand
particletypes,inadditiontototalcolumnAOD,arenecessary
toimproveourunderstandingofaerosolclimaticandhealth
effects.
Numerousstudieshaveinvestigatedtheseasonalvaria-
tionsofAODatglobalandregionalscalesusingsatelliteob-
servations(e.g.,Kimetal.,2007;Songetal.,2009;Mehta
etal.,2016;Maoetal.,2014).Bycomparison,mostpre-
viousstudiesofthetemporalvariationsofaerosolvertical
distributionsandaerosoltypeshavebeenconfinedtoonly
afewsitesduetocoveragelimitationsassociatedwithre-
lianceonground-basedinstruments(e.g.,Liuetal.,2012;
Matthiasetal.,2004).Despitecontinuousadvancementof
remotesensingtechnologyandemergenceofnewspace-
bornesensors,onlyalimitednumberofstudieshaveuti-
lizedsatelliteobservationstoexaminetheseasonalvariations
ofaerosolprofilesand/ortypesatregionalorlargerscales
(Huangetal.,2013;KahnandGaitley,2015;Yuetal.,2010;
Lietal.,2016).Huangetal.(2013)analyzedtheseasonal
variationsofaerosolextinctionprofileandtypedistribution
using5-yearobservationsfromtheCloud-AerosolLidarand
InfraredPathfinderSatelliteObservations(CALIPSO).Kahn
andGaitley(2015)examinedthespatiotemporalvariationsof
aerosoltypesretrievedbytheMulti-angleImagingSpectro-
Radiometer(MISR).Differentsatellite-bornesensors,such

asMISR,CALIPSO,andtheModerateresolutionImaging
Spectroradiometer(MODIS),employdifferentprinciplesof
measurementandretrieval,andthusprovidedifferentsen-
sitivitiestocolumnAOD,aerosoltypes,andverticalpro-
files.Therefore,integrationofdatafrommultiplesatellites
andground-basedobservationalnetworksmakesitpossible
todeepenourunderstandingoftheintra-annualvariationsof
aerosolloadings,profiles,andtypes.
Inthisstudy,weinvestigatetheseasonalvariationsof

aerosolcolumnloading,verticaldistribution,andparticle
typesusingmultiplesatelliteandground-basedobservational
datasetscoveringtheperiodfrom2007to2016.Thepur-
poseistoassesstheconsistencyamongvariousdatasetsand
provideacomprehensivecharacterizationofaerosolproper-
tiesinpollutedregionstofacilitatefuturestudiesofaerosol
climateeffectsandlocalairqualityissues.Thedataare
fromMISR,MODIS,CALIPSO,AerosolRoboticNetwork
(AERONET),andsurfacePM2.5monitors.Followingour
previousstudy(Zhaoetal.,2017),weselectedthreepopu-
lousregionsthathaveexperiencedsubstantialanthropogenic
pollution(Wangetal.,2017,2014)andhavereceivedconsid-
erableattentioninotherclimatestudies:theEasternUnited
States(EUS;29–45◦N,70–98◦W),WesternEurope(WEU;
37–59◦N,10◦W–17◦E),andEasternandCentralChina
(ECC;21–41◦N,102–122◦E).Thegeographicalboundaries
oftheseregionsareshowninFig.1.

2 Dataandmethods

2.1 Satellitedata

WeobtainretrievalsoftotalcolumnAODaswellasAODfor
variousheightrangesandaerosoltypesduring2007–2016
fromMISR(flyingontheTerrasatellite),MODIS(Terraand
Aqua),andtheCloud-AerosolLidarwithOrthogonalPolar-
ization(CALIOP)onCALIPSO.Theaerosolretrievalsfrom
MISRandMODISareonlyavailableforclear-skycondi-
tionsinthedaytime.CALIPSOprovidesretrievalsduring
bothdayandnight,butonlyclear-skydaytimeprofilesare
usedinordertobeconsistentwiththeproductsfromMISR
andMODIS.
MISRobservestheEarthwithmoderatelyhighspatialres-

olution(275mto1.1km)atninealong-trackviewingan-
glesineachoffourvisibleornear-infraredspectralbands,
whichenablesthepartitioningofAODbyparticletypeover
bothlandandocean,inadditiontoretrievaloftotalAOD
(KahnandGaitley,2015;Kahnetal.,2001).Itsobserva-
tionsprovidenear-globalcoverageevery9days(Dineret
al.,1998).WemakeuseoftheLevel3dailyglobalaerosol
product(MIL3DAE)versionF15_0031,whichisgenerated
ataspatialresolutionof0.5◦×0.5◦basedontheLevel2
aerosolproductV22.Thevariablesusedintheanalysisare
totalAODat555nmaswellasAODsforsixaerosolcom-
ponents,namelysmall(<0.7µmdiameter),medium(0.7–
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Figure1.Targetregionsforthisstudy:theEasternUnitedStates(EUS),WesternEurope(WEU),andEasternandCentralChina(ECC).

1.4µmdiameter),large(>1.4µmdiameter),spherical,non-
spherical,andabsorbing.Basedoncomparisonwithground-
basedAERONETmeasurements,theerrorsinMISRLevel2
AODdataareintheorderof±0.05or±(0.20×AOD),
whicheverislarger(Kahnetal.,2005,2010).Inaddition,
retrievalof MISRaerosoltypeinformationfromindivid-
ualretrievalsisconsideredtobereliablewhenAOD>0.15,
andhasdiminishedsensitivityatsmallerAOD(Kahnand
Gaitley,2015;Kahnetal.,2010).Inthisstudyweuseonly
monthlymeanvalues,forwhichtheuncertaintiesinaerosol
typesareexpectedtobesmallerthanthoseforindividualre-
trievals.Notethatwedidnotdoarelativehumidity(RH)
correctiontoAODretrievalsfromMISRaswellasothersen-
sors.TheseasonalvariationsofAODrepresentacombined
effectofvariationsinaerosolabundance,verticaldistribu-
tion,chemicalconstituents,andmeteorologicalconditions.
TheMODISsensorsonboardtheTerraandAquasatel-
litesobservetheEarthwithmultiplewavelengthbandsovera
2330kmswath(Kingetal.,2003),whichprovidesnear-daily
globalcoverage.InthisstudyweobtaincolumnAODdata
at550nmwitha1◦×1◦resolutionfromtheLevel3daily
atmosphereproductsCollection6(MOD08and MYD08
fortheTerraandAquaplatforms,respectively).Compari-
sonstudieswithAERONEThaveestimatedtheaccuracyof
Level2AODretrievalstobeabout±(0.05+0.15×AOD)
overlandand±(0.03+0.05×AOD)overocean(Levyetal.,
2010;Remeretal.,2005).ForbothMISRandMODISdata,
wecalculateregionalmeanAODbyaveragingvalidAOD
valuesoverallgridswithinthethreetargetregions.
CALIOPisadual-wavelengthpolarizationlidaronthe
CALIPSOsatellite,andisdesignedtoacquireverticalpro-
filesofaerosolsandcloudsat532and1064nmwavelengths
(Winkeretal.,2007).CALIPSOfliesinformationwith
Aqua,andallthreesatellitesemployedinthispaperflyin
orbitsthathave16-dayrepeatcycles.Inadditiontovertical

extinctionprofiles,CALIPSOcategorizesanaerosollayer
asoneofseventypesbasedonanumberofparametersin-
cludingaltitude,location,surfacetype,volumedepolariza-
tionratio,andintegratedattenuatedbackscatter(Omaretal.,
2009).Thesevenaerosoltypesaredust,smoke,cleancon-
tinental,pollutedcontinental,polluteddust,cleanmarine,
anddustymarine.Formostprofiles,thisaerosolclassifica-
tionisconsistentwiththatderivedfromAERONETinver-
siondata(Mielonenetal.,2009).Inthisstudy,weadoptthe
Level2aerosolprofileproduct(05kmAPro,V4.10),which
hasanalong-trackhorizontalresolutionof5kmandaverti-
calresolutionof60mor180m,dependingonwhetherthe
aerosolheightisbeloworabove20.2kmaltitude. Wedo
notusetheCALIOPLevel3productbecauseitisdifficult
tocollocatewithAERONETobservations(seeSect.2.2)
duetoitscoarseresolution(2◦×5◦).Foreachclear-sky
profile,wecalculatethecolumnAODat532nmbyverti-
callyintegratingextinctioncoefficientsofthefeaturesthat
areidentifiedas“aerosols”andhavevalidqualitycontrol
(QC)flags,i.e.,−100≤cloudaerosoldiscrimination(CAD)
score≤−20,extinctionQC=0/1,andextinctioncoefficient
uncertainty<99.9(Huangetal.,2013).Inaddition,weem-
ploytwoqualityfiltersusedingeneratingtheLevel3product
inordertoeliminatefeaturesthatprobablysufferfromsur-
facecontamination,i.e.,near-surfacefeatureswithlargeneg-
ativeextinctioncoefficientsandcontaminatedfeaturesbe-
neaththesurface-attachedopaquelayer(NASACALIPSO
team,2011).Followingthesamemethod,wealsobinthe
532nmAODsintovariousheightranges,i.e.,0–200,200–
500,500–800,800–1200,1200–2000,and>2000mabove
groundlevel(a.g.l.).Finally,wederivemonthlymeanAODs
byaveragingallclear-skyaerosolprofileswithineachmonth
overthethreetargetregions.Althoughaerosolextinctionco-
efficientswithheightsbelow200ma.g.l.areconsideredto
beuncertaindespitetheapplicationofqualityfilters(NASA
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Table1.Summaryoftheseasonalvariationsofthetotal,height-specific,andtype-specificAOD.

EUS WEU ECC

TotalcolumnAOD Peakinsummer Peakinsummer/latespring Peakinsummer/spring
AOD>800ma.g.l. Peakinsummer Peakinsummer/latespring Peakinsummer/spring
AOD<800ma.g.l. Twopeaksinwinterand

summer
Peakinwinter Peakinwinter

Small-size Peakinsummer Peakinsummer/latespring Peakinsummer/spring
Medium-size Peakinsummer Peakinsummer/latespring Peakinsummer/spring
Large-size Ratheruniform Ratheruniform Peakinspring
Absorbing Peakinsummer Peakinsummer/latespring TwopeaksinMarandAug
Pollutedcontinentaldust Similartoheight-specific

totalAOD
Similartoheight-specific
totalAOD

Similartoheight-specific
totalAOD

Dust Noobviousseasonalpat-
tern

Peakinsummer Peakinspring

Cleanmarine Noobviousseasonalpat-
tern

Peakinwinter Negligibleamount

Smoke Peakinsummer Peakinsummer/latespring TwopeaksinMarandAug

CALIPSOteam,2011),weincludethemforcompleteness
butexercisewithcautionwheninterpretingvariationsof
AODsbelow200m.ItshouldbenotedthatCALIPSOAOD
isreportedatadifferentwavelength(532nm)fromthose
usedintheMISRandMODISproducts(555and550nm,re-
spectively);thisslightwavelengthdifferenceisnotexpected
toaffectourconclusionsregardingAODseasonalvariations.

2.2 AERONETandsurfacePM2.5data

WeuseAODobservationsfromAERONETtocompare
withtheAODseasonalvariationsderivedfromsatellite
datasets.AERONETsunphotometersdirectlymeasureAOD
atsevenwavelengths(approximately340,380,440,500,
675,870,and1020nm)withanestimateduncertaintyof
0.01–0.02(Holbenetal.,2001;Ecketal.,1999),whichis
muchsmallerthantheuncertaintiesassociatedwithsatel-
litemeasurements(Kahnetal.,2010;Levyetal.,2010;
Schusteretal.,2012).Therefore,weconsiderAERONET
as“groundtruth”forAODtemporalvariations. Weadopt
theAERONETLevel2Version2.0direct-sunmeasurements
ofspectralAODs,whicharesubsequentlyinterpolatedto
550nmusingasecond-orderpolynomialfittoln(AOD)vs.
ln(wavelength)asrecommendedbyEcketal.(1999).Afun-
damentaldifferencebetweensatelliteandAERONETAOD
observationsisthatasatelliteacquiresdataatasingleover-
passtime(orspreadover7minfor MISR’snineviews)
andoveranextendedspatialareainthecaseofMISRand
MODIS,whereasAERONETobtainsatimeseriesofpoint
dataateachsurfacestation.Tomatchcoincidentmeasure-
ments,theAERONETAODretrievalsforeachsiteareav-
eragedwithina2hwindowcenteredonthesatelliteover-
passtimes(about10:30forMISRandMODIS/Terra,and
13:30forMODIS/AquaandCALIPSO,dependingonsite
location),andcomparedwiththesatelliteAODretrievals

ina1◦×1◦gridbox(consistentwiththegridsusedinthe
MODISLevel3products)thatcontainsthecorresponding
AERONETsite.Onlythosedaysforwhichasatelliteover-
passesanAERONETsiteareusedinthecomparisons.As
AODvariationhasalargespatialcorrelationlengthof40–
400km(Andersonetal.,2003),spatialaveragingovera
1◦×1◦gridshouldnotbiastheseasonalvariationsofAOD
buthasthebenefitofincreasethenumberofdatapointswith
validAODretrievalsthatareusedinthecomparisons.Toas-
suredataquality,onlytheAERONETsitesthatspanatleast
5yearswithatleast10monthsofvaliddataineachyear
areincludedinthecomparison.Afterscreening,28,54,and
13sitesareusedinouranalysisoftheEUS,WEU,andECC
regions.
Toprovideadditionalinformationontheseasonalvari-
ationsofsatellite-observedaerosolloadingsnearthesur-
face,weobtainsurfacePM2.5concentrationsfromseveral
observationalnetworksoverthethreetargetregions.Hourly
PM2.5concentrationsfor225sitesovertheEUSregionare
achievedfromtheAirQualitySystem(AQS),whichisa
largeobservationaldatabasecontainingambientairpollu-
tiondatacollectedbytheUnitedStatesEnvironmentalPro-
tectionAgency(USEPA),aswellasstate,local,andtribal
airpollutioncontrolagenciesintheUnitedStates(USEPA,
2015).FortheECCregion,weobtainhourlyPM2.5con-
centrationsfromtheMinistryofEnvironmentalProtection
ofChina(MEP,http://datacenter.mep.gov.cn/,lastaccess:
15August2017),whichprovidescontinuousmeasurements
at496siteslocatedin74majorcitiesinChina.Hourlyand
dailyPM2.5concentrationsfor52sitesovertheWEUregion
aretakenfromtheEuropeanMonitoringandEvaluationPro-
gramme(EMEP).SimilartotheprocessingofAERONET
data,weonlyincludesiteswhosedataspan≥5yearswith
≥10monthsofdataineachyear,exceptinthecaseof
theECCregionwhereatleast2yearsofdataarerequired
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Figure2.MonthlymeanAODobservedbyMISR,MODIS/Terra,MODIS/Aqua,andCALIPSOduring2007–2016in(a)EUS,(b)WEU,
and(c)ECC.ForCALIPSO,onlyclear-skydaytimeprofilesareaveragedinordertobeconsistentwiththeMISRandMODISproducts.
“MODIS/Terra_matchMISR”isasensitivitycaseinwhichthemonthlymeanAODofMODIS/Terraiscalculatedusingonlythedayswhen
MISRoverpasses,and“MODIS/Aqua_matchCALIPSO”isacaseinwhichthemonthlymeanAODofMODIS/Aquaiscalculatedusing
onlytheoverpassingdaysofCALIPSO.TheerrorbarsdenotethestandarddeviationofthemonthlymeanAODvaluesobtainedoverall
years.Notethedifferentscalesontheyaxesoftheplots.

becausethePM2.5concentrationshavebeenonlypublicly
availablesinceJanuary2013.

3 Resultsanddiscussion

3.1 SeasonalvariationsofcolumnAOD

Figure2illustratesthe monthlyvariationsincolumn
AODobservedbyMISR,MODIS/Terra,MODIS/Aqua,and
CALIPSOduring2007–2016inthethreetargetregions.
Allsatellite-bornesensorsshowthatAODintheEUSre-
gionisthehighestinsummerandlowestinwinter,though
CALIPSOreportsanoticeablysmallerdifferencebetween
thesummerandwinterextremacomparedwiththeother
threesatelliteinstruments.FortheWEUandECCregions,
MISR,MODIS/Terra,andMODIS/Aquaalsorevealconsis-
tentseasonalpatternsinwhichAODpeaksinspringand/or
summerandreachesitslowestvalleyinwinter.However,
CALIPSOshowslittleintra-annualvariationinAOD,with
smallpeaksoccurringinspringandfall.
AsdescribedinSect.2.1, MODISprovidesnear-daily
globalcoveragebutMISRandCALIPSOdonot.Asaresult,
themonthlymeanAODfromdifferentsensorsiscalculated
basedondifferentsetsofdays,whichmightleadtouncer-
taintiesintheestimationofmonthlymeanAOD(Colarcoet
al.,2014;WangandZhao,2017).Toruleouttheimpactof
spatiotemporalsamplingonseasonalvariationpatterns,we
designtwosensitivitycases:a“MODIS/Terra_matchMISR”
caseinwhichthemonthlymeanAODof MODIS/Terra
iscalculatedusingonlythedayswhenMISRoverpasses,
anda“MODIS/Aqua_matchCALIPSO”caseinwhichthe
monthly mean AODof MODIS/Aquaiscalculatedus-
ingonlytheoverpassingdaysofCALIPSO.Theresults
areillustratedinFig.2.Inallthreeregions,themonthly
meanAODsareslightlydifferentfor“MODIS/Terra”and

“MODIS/Terra_match MISR”,buttheseasonalvariation
patternsarelargelythesame.Thesameresultsarefound
for“MODIS/Aqua”and“MODIS/Aqua_matchCALIPSO”.
Assuch,weconcludethatsamplinghaslittleeffectonthe
AODseasonalvariationpatternsreportedinthisstudy.In
fact,thisconclusioniscompatiblewiththefindingsofCo-
larcoetal.(2014).Colarcoetal.(2014)revealedthatthespa-
tialsamplingartifactsweresignificantforfineaggregation
grid(e.g.,0.5◦),buttheyarereducedatcoarsegridscales
(e.g.,10◦).Inthisstudy,weuseonlythemeanAODover
threelargeregions(about20◦×20◦)across10years,thus
thesamplingartifactsareexpectedtobeevensmaller.De-
spitethis,weacknowledgethattheinconsistentspatiotem-
poralsamplingofdifferentretrievalproducts(duetodiffer-
entswathwidthandmixingofLevel2andLevel3products)
addstotheuncertaintyinmonthlyAODestimation.Amore
directcomparisonatthemeasurement/retrievallevelmerits
furtherin-depthstudy.
InviewofthesubstantialdifferencesbetweenCALIPSO

andtheotherthreesensors,wecomparesatelliteretrieved
AODseasonalvariations withpoint-basedground mea-
surementsfromAERONET(Fig.3).Asinotherstudies,
AERONETdataaretreatedas“groundtruth”forcolumn
AODduetoitssmalleruncertaintycomparedwithsatel-
litedata(Kahnetal.,2010;Levyetal.,2010;Schuster
etal.,2012;Fanetal.,2018).Figure3showsthat,in
allthreeregions,theAODseasonalvariationsmeasured
byAERONETaresimilartothoseretrievedby MISR,
MODIS/Terra,and MODIS/Aqua,butarequitedifferent
fromCALIPSOdata.Reasonsforthedifferentseasonalpat-
ternsbetweenCALIPSOandothersensorswillbediscussed
inSect.3.2.ConsideringthehighaccuracyofAERONET,
weconcludethatAODpeaksinsummer/springanddipsin
winter.AnimportantreasonforthehigherAODinsum-
meristhatthestrongerradiationandhighertemperatureac-
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Figure3.MonthlymeanAODobservedbysatellitesandAERONETaveragedacrosstheAERONETsitesduring2007–2016in(a)EUS,
(b)WEU,and(c)ECC.TheobservationsfromMISR,MODIS/Terra,MODIS/Aqua,andCALIPSOareaveragedover1◦×1◦gridboxes
containingtheAERONETsites.TheAERONETdataareaveragedwithina2hwindowcenteredonsatelliteoverpasstimes.Thenumbersof
AERONETsitesincludedinanalysisare28,54,and13,intheEUS,WEU,andECCregions,respectively.Asthefoursensorsoverpassasite
indifferentdaysanddifferenttimesofday,weseparatelycalculatetheAERONETdatamatchedtoeachsensor(denotedby“AERONET-
xxx”).TheAERONETcurvesmatchedtodifferentsensorsarecloseinEUSandWEU,partlybecausethereareplentyofsitesinthesetwo
regions,andthediscrepancyduetothesamplingissueisthussmoothedout.Incontrast,thereareonly13AERONETsitesinECC,sothere
existslargerdiscrepancybetweentheAERONETdatamatchedtodifferentsensors.Notethedifferentscalesontheyaxesoftheplots.

celeratetheformationofsecondaryaerosols(Timonenet
al.,2014),includingsulfate,nitrate,ammonium,andsec-
ondaryorganicaerosol(SOA).SOAisproducedbyphoto-
oxidationofvolatileorganiccompounds(VOCs)andinter-
mediatevolatilityorganiccompounds(IVOCs),aswellas
thechemicalagingofprimaryorganicaerosol(Zhaoetal.,
2016).Anotherreasonisthatmoreabundantwatervaporin
summerfavorsthehygroscopicgrowthofaerosols(Liuet
al.,2012;Zhengetal.,2017).Thedifferentpatternsoflong-
rangetransportasafunctionofseasonisalsopartlyrespon-
siblefortheseasonablevariationofAOD(Tianetal.,2017;
Yangetal.,2018;Garrettetal.,2010).
WhilerelativepatternsofAODseasonalvariationsfrom
observationsofMISR,MODIS/Terra,andMODIS/Aquaare
similartoeachotherandtothoseofAERONET,themag-
nitudeofAODobservedbythesesensorsshowsconsider-
ablediscrepancies.Inallthreeregions,theAODretrieved
fromMODISislargerthanthatfromMISR,consistentwith
theresultsofpreviousstudies(deMeijetal.,2012;Zhao
etal.,2017;Chinetal.,2014;Kangetal.,2016;Qiet
al.,2013).Thisismostlikelyduetodifferencesinobserv-
ingstrategy,retrievalalgorithms,andspatiotemporalsam-
pling(Kahnetal.,2009).TheMISR-retrievedAODagrees
wellwiththeAERONETobservationsinEUSandWEUre-
gions.However,intheECCregion MISRunderestimates
theAERONETAOD,probablybecausethereislesssignal
fromthesurfaceathigherAOD,whichcreatesambiguity
thatcanresultinthealgorithmassigningtoomuchofthe
top-of-atmosphereradiancetothesurface(i.e.,ahighersur-
facealbedo),therebyunderestimatingtheAOD(Kahnetal.,
2010).The MODIS/Terraand MODIS/Aquaoverestimate
theAERONETAODtosomeextentinallthreeregions.

Theoverestimationwasalsoreportedintwopreviousstud-
ies(deMeijetal.,2012;Ruiz-Ariasetal.,2013)usingthe
level3MODISproducts(Collection5or5.1). Weshowa
relativelylargeroverestimationthanthatreportedbydeMeij
etal.(2012)andRuiz-Ariasetal.(2013),partlybecausewe
usedtheAERONETAODaveragedwithina2hwindowcen-
teredonthesatelliteoverpasstimeswhilethetwoprevious
studiesusedthedaily/monthlymeanAERONETAODinthe
comparisons.ThedailymeanAODobservedbyAERONET
isabout10%largerthanthevalueduringthesatelliteover-
passtimes(Lietal.,2013).Thereasonsforthediscrepancy
betweenMODISandAERONETareyettobethoroughly
investigated.

3.2 Seasonalvariationsofaerosolloadingsasa
functionofheight

InadditiontocolumnAOD,theclimaticeffectsofaerosols
arealsostronglydependentontheirverticaldistribution.
Toexploreintra-annualvariationsinaerosolverticalpro-
file,Fig.4presentsCALIPSO-observedmonthlyvariations
ofAODasafunctionofheightinthethreetargetre-
gions.AstrikingpatternisthattheAODseasonalvaria-
tionsaredramaticallydifferentatlowerandupperheights.
Overthe WEUandECCregions,AODsofthevertical
layersbelow800ma.g.l.generallypeakinwinter,while
thoseabove800ma.g.l.peakinsummer/spring.Asaresult,
theCALIPSO-observedcolumnAODforthesetworegions
presentsaratheruniformseasonalpattern.FortheEUSre-
gion,themaximumAODabove800ma.g.l.alsooccursin
summer;however,AODbelow800ma.g.l.showstwopeaks,
oneinsummerandtheotherinwinter.Theintegrationofvar-
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Figure4.MonthlymeanAODasafunctionofheightabovegroundlevelobservedbyCALIPSOduring2007–2016in(a)EUS,(b)WEU,
and(c)ECC.Onlyclear-skydaytimeprofilesareaveragedinordertobeconsistentwiththeproductsofMISRandMODIS.Therangeof
AODwithinaparticularheightrangeisdepictedbythecoloredstacks.TheintegratedAODsforheightsbelowandabove800mareshown
assolidlines,forwhichtheerrorbarsaredefinedinthesamewayasinFig.2.Notethedifferentscalesontheyaxesoftheplots.

iouslayersthusyieldsanearlyunimodaldistributionwith
maximumoccurringinsummer.
ToprovideanindependentevaluationoftheCALIPSO-
observedAODvariationsatlowerheights,weexaminethe
seasonalvariationsofnear-surfacePM2.5concentrationsat
hundredsofsurfacemonitorlocationswithinthethreetar-
getregions(Fig.5).Theaerosolextinctioncoefficient,and
henceAODatlowerheightsisaffectedbynotonlytheparti-
clemassconcentrations,butalsoaerosoltype(absorbingvs.
non-absorbingaerosols,coarse-modevs.fine-modeaerosols)
and meteorologicalparameterssuchasRH,windspeed
anddirection,andplanetaryboundarylayerheight(Zheng
etal.,2017).Nevertheless,previousstudieshavereported
fairlygoodcorrelationsbetweenextinctioncoefficient/low-
levelAODandPM2.5concentrations(Chengetal.,2013;
Zhengetal.,2017).Forthisreason,itisreasonabletoqual-
itativelycomparetheseasonalvariationpatternsofnear-
surfacePM2.5concentrationsandlow-levelAOD.Wecalcu-
latemonthlymeanPM2.5concentrationsusingonlythedays
whenCALIPSOoverpassesanobservationalsitetoenablea
bettercomparison.Figure5showsthat,overtheECCand
WEUregions,surfacePM2.5concentrationsarelargestin
winterandsmallestinsummer.IntheEUSregion,themax-
imumPM2.5
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concentrationoccursinsummerandasecond
maximumoccursinwinter.Thesetrendsaregenerallycon-
sistentwiththeseasonalvariationsofAODatlowheights,
implyingthatCALIPSOdatacangenerallycapturethesea-
sonalchangesinlow-levelaerosolabundance.
Theaerosolverticaldistributionisanimportantfactor
inreconcilingCALIPSOandothersensorswithregardto
AODseasonalvariations.MISR,MODIS,andAERONET
allmeasurecolumn-integratedAODusingspectroradiome-
ters,whereasCALIOPisanactivelidarwhichestimatesver-
ticallyresolvedAODbasedonverticalprofilesofattenuated
backscatter.BycomparingCALIPSOwiththeAtmospheric
RadiationMeasurement(ARM)program’sground-basedRa-
manlidars,Thorsenetal.(2017)showedthatCALIPSOdoes
notdetectallrelativelysignificantaerosolsduetoinsufficient

Figure5.Monthly meansurfacePM2.5concentrationsduring
2007–2016inthreetargetregions.Thenumbersofobservational
sitesincludedinaveragingare225,52,and496,intheEUS,
WEU,andECCregions.Notethedifferentscalesonthe yaxes
forEUS/WEUandECC.

detectionsensitivityandtendstomissopticallythinaerosol
layers.Consequently,thefractionofaerosolsdetectedin
theupperlevels(>800ma.g.l.)ismuchsmallerthanthat
inthelowerlevels(<800ma.g.l.)becausetheupper-level
aerosolsareoftenopticallythin.Asaresult,theCALIPSO-
observedAODseasonalvariationsaresignificantlyweighted
towardlowerheights.Notethattheaerosolswithheightsbe-
low200ma.g.l.arefrequentlyundetectedbecauseofsurface
contamination(Kimetal.,2017;NASACALIPSOteam,
2011),butthisdoesnotalterthekeyfeaturethattheAOD
isweightedtowardlowerheights.OverWEUandECCre-
gions,theunimodalAODdistributionswithasummerpeak
athigherlevelsarelargelycounteractedbytheoppositesea-
sonalvariationsatlowerlevels,resultinginratheruniform
seasonalvariationsofcolumnAOD.FortheEUSregions,
duetothebimodalAODdistributionatlowerheights,the
summerpeakincolumnAODvariationsremainbutthedif-
ferencebetweenpeakandvalleyissmallerthanimpliedby
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Figure6.MonthlymeanAODofdifferentaerosoltypesobservedbyMISRduring2007–2016in(a)EUS,(b)WEU,and(c)ECC.The
size-resolvedAODsaredepictedbythecoloredstacks(leftYaxis);theintegrationofthethreesizerangesyieldstotalcolumnAOD,as
representedbytheupperedgeofthebluecolor.TheAODofabsorbingaerosolsisshownassolidlines(rightYaxis),forwhichtheerror
barsaredefinedinthesamewayasinFig.2.Notethedifferentscalesontheyaxesoftheplots.

theobservationsofMISR/MODIS/AERONET.Inthissense,
althoughtheintegratedCALIPSOcolumnAODdoesnot
agreewellwithAERONET,itdoesprovidevaluableinfor-
mationwithrespecttoseasonalvariationsofaerosolswithin
aspecificheightrange.Thisisbecausethedetectionfrac-
tionofaerosolsdoesnotvarysignificantlywithseasonat
agivenheightduetorelativelysmallvariabilityofoptical
thickness.Specifically,theseasonalmeanAODwithinaspe-
cificheightrangediffersby3timesatmostasafunctionof
season(Fig.4),whileitdecreasesbyabout2ordersofmag-
nitudewiththeincreaseofheight(Kimetal.,2017;Thorsen
etal.,2017).Asidefromtheseasonalvariations,thediffer-
enceinthemagnitudeofAODbetweenCALIPSOandother
sensorsarealsolargelyexplainedbytheundetectedaerosol
layersbyCALIPSO(Kimetal.,2017;Thorsenetal.,2017)
aswellastheassumedlidarratiosinCALIPSOretrievals
(Maetal.,2013).
WhyaretheAODseasonalvariationsdifferentbetween
thelowerandupperlevels?Theatmosphereinwinterisgen-
erallymorestableandverticalmixingisweaker,thusmore
aerosols,particularlyprimaryaerosols,areconfinedtolower
heights,resultinginthepeakoflow-levelAODinwinter
(Guoetal.,2016;Liuetal.,2012;Zhengetal.,2017).At
higherlevels,themaximumAODinsummercanbeex-
plainedbytworeasons:(1)moreaerosols,especiallypri-
maryaerosols,aretransportedtotheupperlevelsinsummer
duetostrongerverticalmixing(Guoetal.,2016;Liuetal.,
2012;Zhengetal.,2017),and(2)secondaryaerosolforma-
tionismorerapidinsummerbecauseofstrongerradiation
andhighertemperature,andmuchofthesecondaryaerosols
areproducedintheupperlevels(deReusetal.,2000;Min-
guillonetal.,2015;Healdetal.,2005).Inaddition,thesea-
sonalvariationsofAODatdifferentverticallevelsmayalso
beinfluencedbythevariationsofwatervaporamount,which
affectsthehygroscopicgrowth(Liuetal.,2012;Zhengetal.,
2017)aswellastheseasonalpatternsofinter-regionaltrans-
portofaerosols(Tianetal.,2017;Yangetal.,2018;Garrett
etal.,2010).

3.3 Seasonalvariationsofaerosoltypes

AsidefromcolumnAODandverticalprofiles,anotherfac-
torinfluencingaerosolclimateimpactisaerosoltype(i.e.,
partitioningbysizeandchemicalcomposition).TheMISR
andCALIPSOproductsclassifyaerosolsbasedondistinct
principlesofmeasurementandretrievalalgorithms.Analysis
ofthetwodatasetsincombinationcanpotentiallyleadtoa
deeperunderstandingofthefactorsdrivingtemporalvaria-
tionsofaerosoltype.Keyfeaturesofintra-annualvariations
ofvariousaerosoltypesaresummarizedinTable1.
Figures6illustratestheseasonalvariationsoftype-

specificAODsretrievedbyMISR.MISRdistributesAODs
intothreesizeranges,i.e.,small(<0.7µmdiameter),
medium(0.7–1.4µmdiameter),andlarge(>1.4µmdi-
ameter).Theambientaerosolsarecomprisedofprimary
aerosols(dust,sea-sprayaerosols,andprimaryanthro-
pogenicaerosols)andsecondaryaerosols(sulfate,nitrate,
ammonium,andSOA). Amongtheseconstituents,dust
andsea-sprayaerosolsarepredominantlycoarseparticles
andsecondaryaerosolsaredominatedbyveryfinepar-
ticles,whileprimaryanthropogenicaerosolsspanalarge
sizerange,leadingtoameansizeintermediatebetween
dust/sea-sprayandsecondaryconstituents(SeinfeldandPan-
dis,2006).Figure6indicatesthatthesmall-sizeAODis
muchlargerinspring/summerthaninwinteroverallre-
gions,primarilyduetoacceleratedsecondaryaerosolfor-
mationandenhancedhygroscopicgrowth(seeSect.3.1).In
contrast,large-sizeAODgenerallyshowsratheruniformdis-
tributions,exceptfortheECCregionwhereapeakoccurs
inlatewinter/earlyspring.AODofprimaryanthropogenic
aerosolsarelessinfluencedbyseasonaleffectsthansec-
ondaryaerosols,whichpartlyaccountsfortheratheruniform
distributionsoflarge-sizeAOD.Additionally,theseasonal
variationsoflarge-sizeAODarealsoaffectedbydustand
sea-sprayaerosols,asdiscussedbelow.
IncontrasttoMISR’spartitioningofaerosoltypebysize

andabsorption,theCALIPSO-retrievedaerosoltypesare
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Figure7.MonthlymeanAODofdifferentaerosoltypes(a–c)below800mand(d–f)above800mobservedbyCALIPSOduring2007–2016
in(a,d)EUS,(b,e)WEU,and(c,f)ECC.Onlyclear-skydaytimeprofilesareusedintheaveragingtobeconsistentwiththeproductsof
MISRandMODIS.ThedefinitionoferrorbarsisthesameasinFig.2.Notethedifferentscalesontheyaxesoftheplots.

characterizedbyemissionsource(Fig.7).Asdiscussedin
Sect.3.2,relativevariabilityinCALIPSO-derivedAODat
differentheightrangesappearstobemorereliablethaninte-
gratedcolumnAOD,thusweshowaerosoltypesbelowand
above800mseparatelyinFig.7.Particlesassociatedwith
anthropogenicairpollution(pollutedcontinentalandpol-
luteddust)comprisethedominanttypeinallthreeregions.
Theseasonalvariationpatternsofpollutedcontinental/dust
areinaccordancewiththoseofthetotalAOD.Specifi-
cally,athigherlevels,themaximumAODofpollutedcon-
tinental/dustaerosolsoccursinspring/summerinallregions.
However,atlowerlevelsthemaximumoccursinwinter(plus
asecondmaximuminsummerinEUS).
Withregardtodustandcleanmarine(sea-spray)aerosols,
theAODintheEUSregiondoesnotshowanobvioussea-
sonalpattern.Inthe WEUregion,AODofdustaerosols
peaksinsummer,consistentwithprevioussurface-basedob-
servationalstudieswhichshowthatdusteventsinEurope
predominantlyoccurduringsummerduetotransportfrom
theSahararegion(Stafoggiaetal.,2016).TheAODofdust
isprimarilylocatedabove800m,supportingtheconclusion
thatdustaerosolsinWEUmainlyoriginatefromlongrange
transport.AsthedustAODissubjecttoalargeinter-annual
variability(denotedbythelargeerrorbarsinFig.7),weuse
theStudent’sttesttodemonstratethestatisticalsignificance
oftheseasonalvariations.ThedustAODinsummerissta-
tisticallylargerthanthatinanyotherseasonatthe0.05level,

indicatingtherobustnessofthepeakinsummer.Contraryto
dust,theAODofsea-sprayaerosolsinWEUismuchhigher
inwinterthaninsummer,probablybecausewinteristherel-
ativewindyseasonwithlargelowpressuresystemsoverthe
AtlanticOceanandtheNorthSea(Mandersetal.,2009).The
offsetoftheoppositevariationtrendsindustandsea-spray
aerosolspartlyaccountsfortheratheruniformdistributions
oflarge-sizeAODinWEU(seeFig.6).OvertheECCre-
gion,sea-sprayaerosolsmakeanegligiblecontributionto
totalAOD.ThedustAODismuchlargerinspringthanin
anyotherseason(significantatthe0.05level),whichistied
totheoutburstofspringtimeGobidesertduststorms(China
MeteorologicalAdministration,2012).ThehighdustAOD
explainsthepeakinlarge-sizeAODinspringovertheECC
region(seeFig.6).
Smokeaerosolsarepredominantlylocatedabove800min

allregions.OvertheEUSandWEUregions,smokeaerosols
presentaunimodaldistributionwithmaximumoccurringin
summer.ThedifferencesbetweensmokeAODinsummer
andtheotherthreeseasonsareallstatisticallysignificantat
the0.05level,exceptforthedifferencebetweensummerand
springovertheWEUregion,whichisstatisticallysignificant
atthe0.10level.IntheECCregion,thesmokeAODfol-
lowsabimodaldistributionwithpeaksoccurringinMarch
andAugustandvalleysoccurringin MayandDecember.
Thedifferencesbetweeneitherofthepeakmonthsandei-
therofthevalleymonthsarestatisticallysignificantatthe
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0.05level.MISR’sindependentretrievalofabsorbingAOD
(Fig.6)presentsahighlysimilarseasonalpattern(statisti-
callysignificantatthe0.05level)astheCALIPSOsmoke
AOD.Infact,smokeandabsorbingaerosolsarecloselycor-
relatedwitheachother,assmokeconsistsofamuchlarger
fractionofabsorbingaerosols(Duboviketal.,2002),such
asBCandlight-absorbingorganicaerosol(Kirchstetterand
Thatcher,2012),ascomparedtootheraerosoltypes.Besides,
theMISRabsorbingAODandCALIPSOsmokeAODare
alsoconsistentintheorderofmagnitude.Thevariabilityof
MISRabsorbingAOD(shownintherightYaxisofFig.6)is
about0.002–0.005,whilethevariabilityofsmokeAODfrom
CALIPSOisabout0.01–0.03.ThesmokeAODincludesthe
contributionsofboththeabsorbingandscatteringportions.
TheMISRabsorbingAOD,whichiscalculatedusingtotal
AOD×(1−singlescatteringalbedo),representsonlytheab-
sorbingportionbutincludescontributionsfromaerosoltypes
otherthansmoke(Bulletal.,2011).Consideringthatthesin-
glescatteringalbedoofsmokeisabout0.80–0.94(Dubovik
etal.,2002),weareabletoreconcilethemagnitudeofMISR
absorbingAODandCALIPSOsmokeAOD.Forthepreced-
ingreasons,theseasonalpatternsofsmokeandabsorbing
aerosolsactasacross-validationandstrengthenthereliabil-
ityoftheobservedtrends.OvertheEUSandWEUregions,
thelargestsmokeAODinsummercouldbeexplainedbythe
highestemissionsfromforestandgrasslandfires(vander
Werfetal.,2017).OvertheECCregion,anadditionalpeak
occursinMarchbecauseagriculturalresidueburningmakes
asubstantialcontributiontototalsmokeemissions(vander
Werfetal.,2017),andsuchburningtakesplacemorefre-
quentlyinMarchduetoburningofcropresiduesleftonthe
fieldsfromthepreviousgrowingseason(Shon,2015).

4 Conclusionsandimplications

Thisstudyinvestigatedtheseasonalvariationsofaerosolcol-
umnloading,verticaldistribution,andparticletypesusing
multiplesatelliteandground-basedobservationaldatasets
during2007–2016overEUS,WEU,andECCregions.Re-
trievalsfromMISRandMODISrevealthatcolumnAOD
inallthreeregionspeaksinspring/summerandreaches
itslowinwinter,whichisconsistentwithobservations
fromAERONET.Thisseasonalpatternisprobablyex-
plainedbyacceleratedformationofsecondaryaerosolsin
spring/summerduetostrongerinsolationandhighertemper-
ature.Incontrast,CALIPSOshowsamuchweakerseasonal
variabilityincolumnAOD,probablybecauseCALIPSO-
retrievedAODisweightedtowardlowerheights,assome
thinaerosollayersinhighlevelsareundetectedduetoinsuf-
ficientdetectionsensitivity.Despitethediscrepancyininte-
gratedcolumnAOD,CALIPSOdoesprovidevaluableinfor-
mationwithrespecttointra-annualvariationsofAODasa
functionofheight.OvertheWEUandECCregions,AODs
oftheverticallayersbelow800mgenerallypeakinwinter,

whilethoseabove800mmostlypeakinsummer.Forthe
EUSregion,themaximumAODabove800malsooccursin
summer;however,AODbelow800mshowstwopeaks,one
insummerandtheotherinwinter.Theseasonalvariationsof
AODatlowheightsareconsistentwithseasonalpatternsof
measuredsurfacePM2.5concentrations.
Whenaerosolsarebinnedintodifferentsizeranges,the

small-sizeAODismuchlargerinspring/summerthanin
winteroverallthreeregions.Large-sizeAODgenerally
showsratheruniformdistributions,exceptfortheECCre-
gionwhereapeakoccursinspring,consistentwiththe
largestdustAODinthisseason.Whenaerosolsareclassified
accordingtosources,theaerosolsassociatedwithanthro-
pogenicairpollution(aswellasmixturesofanthropogenic
pollutionanddust)arethedominanttypeinallthreeregions.
AODofpollutedaerosolshasasimilarseasonalpatternasto-
talAOD.DustandcleanmarineaerosolsintheWEUregion
peakinsummerandwinter,respectively,whereastheydonot
showanobviousseasonalpatternintheEUSregion.Smoke
aerosols,whichCALIPSOindicatesarepredominantlylo-
catedatheightsabove800m,presentanobviousunimodal
distributionwithmaximumoccurringinsummeroverEUS
andWEUregions,andabimodaldistributionwithpeaksin
AugustandMarchovertheECCregion.Thispatternisin
goodagreementwiththeseasonalvariationsofabsorbing
AODderivedfromMISR.
Thecombinationofmultiplesatelliteandground-based

observationsfacilitateasystematicanddeeperunderstanding
oftheseasonalvariationsofaerosols,particularlytheirver-
ticalandtypedistribution.Comparisonofmultiplemeasure-
mentandretrievalmethodologiesenablesreducingtheun-
certaintiesintheestimationofaerosoldirecteffectsbypro-
vidingimprovedinformationaboutaerosolverticalandtype
distributions,whichsignificantlyaffecttheaerosol-induced
scatteringandabsorptionofradiation.Moreimportantly,the
intra-annualvariationsofverticaldistributionsandtypesof
aerosolsareimportantforunderstandingtheirimpactonat-
mosphericdynamics,cloudfields,andprecipitationproduc-
tion(Ramanathanetal.,2005;Massieetal.,2016;Zhaoet
al.,2018a; Wangetal.,2013).Finally,thedataandvaria-
tionpatternspresentedinthisstudycanbeusedtoevaluate
andimprovemodelsimulations,withtheultimategoalofim-
provingmodelassessmentoftheclimaticandhealtheffects
ofaerosols.
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