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Abstract. The Aerosol Robotic Network (AERONET) provideigthly accurate, goundtruth measurements of the
aerosol optical depth (AOD)sing Cimel Electroniquesun/Sky radiometeror more thar25 years In Version 2
(V2) of the AERONET database he nearreattime AOD was semiautomatially quality controlled utilizing mainly
cloud screening methodologwhile additional AOD data contaminated by clouds or affected by instrument
anomalies were removed manually before attaining quality assured @tatued 2.0). The large growth in the
number of AERONET sitegverthe past 25 yeargsultedin significant burden to manually quality control millions
of measuremdnin a consistent mannerThe AERONETVersion 3(V3) algorithmprovidesfully automaticcloud
screening and instrument anomaly quality controls. All of these new algorithm updates apply to figae exatia

as well as posfield deployment processed datandAERONET reprocessethe databasm 2018 A full algorithm
redevelopmentprovided the opportunity to improve data inputs and corrections suamigsie filter specific
temperature characterizat®ifior all visible and neainfrared wavelengthsupdatedgaseous and water vapor
absorption coefficients, and ancillary data sétke Lewel 2.0 AOD quality assured data set is how available within
a month after podield calibration reducing the lag time from up to several monthiéear reaitime estimated
uncertainty isdeterminedusing dita qalified asV3 Level 2.0AOD and consideringthe difference between the
AOD computed with the préeld calibration and AOD computed with pfield and posfiield calibration. This
assessmergrovidesa near reatime uncertaintyestimatewhereaveragedifferences of AOD suggest a0.02 bias
and onesigma uncertainty of 0.03pectrally but the bias and uncertainty can bignificanty larger for specific
instrument deployments Long-term monthly averages analyzed for the entire V3 and V2 databases produced
average di ff er encwith a {03 stavidand devidtioget tnonthl§ Averagesalculated using
time-matchedobservationsn both databases were analyzed to compute aver age di fference
+0.004 standard deviationThe high statisticalagreemenin multi-year monlly averaged AOD validates the
advanced automatic data quality control algorithms and suggests that migrating researci3taldtebase will

corroborate most 2 researcltonclusionsand likely lead to more accuratesultsin some cases
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1 Introduction

Spacebased airborne, and surfadeased Earthobservingplatforms can remotely retrieve or measusrosol
abundanceEach method has its own assumptions and dependencies in which the aerosol total column abundance
qguantified by aerosol optical depth (AODYroduces uncertainty in the retrieval measurementAt the forefront,
ground basedun photometry has been considered the ground truth in the measurdmedD @iven minimal
assumptions, reliable calibration, and weak dependency on traceaj@sesully selected wavelength bantsis
resulting in highly accurate dafélolben et al., 1998) Meanwhile,AOD inferred fromother observing platforms
such as satellite retrievals provide quantitative AOD but with significantlyehigicertainty(Remer et al., 2005;i

et al., 2009]evy et al., 2010Sayer et al., 2033 Further, in situ measurements lack the ability to provide a reliable
columnar AOD due to the requirement of measuring aerosols vertically in each laykr ndt perturbing or
modifying the particle properties during the measureniRetdemann et al., 2003; Andrews et al., 201kight
Detection and Rangind-IDAR) is fundamental in the determination of the vertical aeregthction distribution
(Welton et al., 2000; Omar ek 82013). Quantification ofcolumnarAOD from groundbased.IDAR, for example,

may beless reliablaedue tolow signal to noise ratiduring the daylight hourat high altitudesnd below the overlap
region in which theaerosolsrery near the surface apeorly observed by LIDAR Satelliteretrievalissuesnclude
determining theAOD for very high aerosol loadingpisodescloud adjacencgffects, land/water mask depiction
surface reflectancénighly varying topographyand aerosol type assumptiothevy et al., 2010Levy et al., 2013;
Omar et al., 2013) With each of these measurement platforms, uncertainties exist with A@ikver, these
concernsare minimized with AOD measurements fraurface base@un photometrysuch as from théederated
Aerosol Robotic Network (AERONE]Y. GroundbasedSun photometrya passive remote sensing technigse
robust in measuringollimated direct sunlight routinely during the daytime in mainly clfre@ conditiongShaw
1983; Holben et al., 1998 akamura and Nakagia 2004, Smirnov et al., 200Kazadzis et al., 2038 While these
surfacebased measurements are only point measuremhetfederatedAERONET provides measurements of
columnarAOD and aerosol characteristioger an expansiveand diversegeographicae of t he Eart hodés

high temporal resolution.

Standardization of Sun photometer instrumentation, calibration, and freely available data disseofiredibrand
related aerosol databasdsighlights the success of théederated AERONET. For more thar25 years the
AERONET federation has expanded due to the investments ands effofASA (Goddard Space Flight Center,
GSFC)(Holben et al. 1998)University of Lille (PHOtométrie pour le Traitement Opérationnel de Normalisation
Saellitaire (PHOTONS)) (Goloub et al., 2007 University of Valladolid Red Ibérica de medida Fotométrica de
Aerosoles (RIMA)) (Toledano et al., 20)1other subnetworks (e.g., AEROCA[Bokoye et al., 2001 AeroSpan
(Mitchell et al., 201y, AeroSibnet(Sakerin et al., 2005 CARSNET (Che et &, 2015), and collaborators at
agencies, institutegjniversities,and individual scientists worldwideConceived in thdate 1980s, AERONET 6 s
primary objective was to providenaerosoldatabase for validation dfarth Observing System (EOShtellite
retrievals ofAOD and atmospheric correctigkaufman and Tanré, 199a8n addition to columnar direct Sun AOD,

sky radiancewvere used tanfer aerosolcharacteristicsnitially from Nakajima et al(1996 (SkyRad.PAK)and
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later by the Dubovik and King (2000 inversion algorithm to obtain products such as aerosol volusize

distribution complex index of refraction, single scattering albedo, and phase functions.

AERONET is a networlof autonomously operated Cimé&lectroniqueSun/sky photometengsedto measue Sun
collimated direct beamirradianceand directional sky radianceand provide scientific quality column integrated
aerosol properties of AOD and aerosol microphysical andatree properties (Holben et al.,, 1998
https://aeronet.gsfc.nasa.govlhe development and growth of the program relies on imposing standardization of
instrumentation, measurement protocols, calibration, data distribution and processing algorithms derived from the
best scientific knowledge available. This instrument néetvelmsign has led to a growth from two instruments in
1993 to over 600 in 2018During that time, improvements were made to®imel instrumentso provide weather
hardy, robust measurements in a variety of extreme conditions. While the basic optinalagyg has evolved
progressivelyfrom analog to digital processing over the @styearsthe most recent Sun/sky/lunar CE38del

T instruments provide a number of new capabilities in measuremerdcpigtintegrity, and customizability
(Barreto et al 2016)

All of the slightly varyingmodelsof the Cimelinstrumentscanhave measurement anomalef$ecting direct Sun
measurementahich include measurements in the presence of clowmtsousobstructions n t he i nstr ument
of view, or systentic instrumentalissues such as electricadnnections, high dark currentnd clock shifts to

name a few.Someof theseissuesdepend on instrumembodeland,for more than a decadthese anomalidsave

been removed seraiutomatically utilizing the clad screening method developed by Smirnov e(2000 and

further qualitycontrolledby an analysto remove additional cloud contaminated data and instrument artifacts from
the databaseChew et al(2011) identified up to 0.0A0D biasat Singaporedueto optically thin cirrus cloudfor

Version 2 Level 2.0 dataCoincidentally Huang et al(2011) examined howveirrus clouds couldcontaminateAOD
measurements up to 25n averagedf thedata in Aprilat Phimai, Thailandin the Version 2 Level 2.@aa set.

The number of AERONET sites has increasedntare than600 sitesin the network as of 2018 and the labor
intensive effort of quality controlling hundreds of thousands of measurements manually had resulted in a significant
delay of quality assurediata (Level 2.0) in the AERONET Versiordatabase.

With theseissuesat hand, the cloud screeniggality controlprocedurevasreassesseds well as all otheaspects

of the AERONET processingalgorithm including instrument temperature characterizatiancillary data set
updates, and further quality control automatiodtilizing theseimprovements the Version 3Level 2.0 quality
controlled dataset requiresly the prefield and posfield calibratiors to be applied to the data so these data can
now be released within a month of the final pideid instrument calibratiomsteadbeingof delayed up to several
months As encouragethy theAERONET community automaticquality controlsn Version 3arenow alsoapplied

to nearreattime Level 1.5A0D producs allowing for improveddataquality necessary fonumerousapplications
such as numerical weather prediction, atmospheric transport models, satellite evatlztiosynergismand air
quality.
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The AERONET Version 3 processing algorithm marks a significant improvement in the quality controlSohthe
photometerAOD measurementgarticularlyin nearreattime. Therevised AERONETalgorithm isintroducedby
first reviewing the calculédns madeto compute the AODplus changedn the input data sets arfe resulting
calculation of optical depth components. Next, the preprocestpgand data prescreenirge discussed for the
Version 3 quality control algorithm. Cloud screeningand instrumeit quality control algorithm changes are
discussed with refence to Smirnov et al2000, and thesolar aureolecirrus cloud screening quality control is
introduced for the first timeThe automation of instrument anomaly quality contrasl additionatloud screening
is described in thesubsequensections. Lastly, he AERONET Version 2 and Version databaseesultsare

analyzedor the entire data set as wellfas selecedsites

2 Aerosol Optical Depth Computation

Sun photometry is a passive remote sensing measurement technigue in which mainly collimated light generally not
scattered or absorbed by the atmosplilarminatesa photodiodedetector and this light energy is converted to a
digital signal. The digitalignal (V) measured by the instrumestproportional to theolarirradiance The relative
solarcalibrationis derived from the Langley methg¢dngstrom1970; Shaw et al., 1978}ilizing the digital counts

from the instrument versus the optical air massbtainthe calibration coefficienfV,) by choosingthe intercept

where optical air mass is zero at ttop of the atmospheréShaw, 1983) The relative extraterresat solar
irradianceis proportional to/,. As showrby Holbenet al.(1998 and forcompletenesi this discussion, the Beer

LambertBouguer lawconverted to instrument digital courigsshown inEg. (1):
@ w_2QzA@Dt _ za h @

wh er e V (measuredpectrakiotage of the instrumemtependent on theavelength &), Vo( 2 )the reltive
extraterrestriabpectralcalibrationcoefficientdependent oms d is the ratio of the average to the actual E&tim
distance(Michalsky, 1988; USN(Q2018), ({ & is the total optical depth, and is the optical air massvhich is
strongly dependent on the secant of the solar zenith gkglsten and Young, 1989) For the Cimel Sun
photometer, the voltage signal is expressed as integer digital avuditgtal number (DN) The error in thd{e)rotal

is generallydependent on the optical air mas9 ( by G U p rmbt pramencetie @D corhpatatiorrror
will tendbe maximum am=1 (Hamonou et al., 1999)Cimel instrument repeatability is tested during calibration
procedures bgomparingvoltage ratiodetween the field instrument angferenceinstrumentto be less than +1%
(Holben et al., 1998). The absolute uncertainty in th®OD measurement can be ddbed asEg. (2), with

calibration uncertainty of ¥being the overwhelmingly dominant error source

—Z = ; tz1 a e -
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The spectralaerosol opticatiepth(AOD; U (aévg) should becomputed from theloud-free spectraltotal optical
depth(U (+é) andthe subtractiorof the contributions of Rayleigbcatteringoptical depth andpectrally dependent
atmospheritrace gaseas shown irEg. (3).

- T_ ©)

The Rayl ei gh raeid) s Catcaated loased ontthe @stumptions defined in Holben(2088§), optical

air mass (Kasten and Young 1988ndformula by Bodhaine et al. (199%xcept correcting the result based on the
NCEP derived station pressurd@he ozongOs) optical deph ((43) is dependenbn theOs absorption coefficient
(ao3) for the specific wavelength, the geographic and temporally dependertysartmonthly climatologicarl otal
Ozone Mapping SpectrometeF@MS) Os concentration Cos), and theOs optical air massnfos) (Komhyr et al.,
1989) using the following formulation:(z = aos * Cosz * mog/m. Similarly, nitrogen dioxide (Ng) optical depth
(Qoy) is computed using absorption coefficienidl and geographic and temporally dependent ryaiéir monthly
climatdogical Ozone Monitoring InstrumenOMI) NO. concentrationCno2) assuming N@scale height is equal to
aerosol: (o2 = ano2 * Cnoz. The wat er Vadiscalcuated basedfiter dbgepdert (e.¢.,(1020nm
and 1640nmA and B coefficients (discussed further below) and precipitable water inuyrasing the following
linear formulation: Gizo = A + Bu. The carbon dioxide (C£ optical depth {02 and methane(§ns) use station
elevation dependent formulationd%o, = 0.0087 *P/P, and Gna = 0.0047 *P/P,, assuming the U.S. standard
atmosphere (1976) and absorption constants derived from HITIRAfRher descriptions of these calculations are

provided below.

Table 1 provides a list of thespectralcorrections used in the calculation of ACGIhd precipitable water from
935nm The nominaktandardaerosol wavelengths are 340nm, 380nm, 440nm, 500nm, 6&tinm, 1020nm,

and 1640nm. For wavelengtisborterthan and equal to 1020nrthesechannelsare measured using a Silicon
photodiodedetectomwith a spectral range from 320nm to 1100nththe Cimel instrument has an InGaAs detector

with a 900nm tal700nm spectral rangehenthe 1640nm wavelength is measueddng with a redundarit020nm
measurementisedto compare instrument optical characteristics between detectors, lenses, and collimator tubes
The Cimel SEAPRISM instrumentiodels which are deployedon ocean or lake platformas part of the
AERONET-Ocean Colocomponento retrieve normalized water leaving radiance8idR additionalvisible band
wavelengthdor ocean and lake remote sensing stydaes similarly corrected for atmospheric effe@sordi et

al,, 201Q.

Rayleigh optical depth calculations require the use of the station préBadpaine et al., 199%s well as the
optical air mass (Kasten and Young 19890 determine AERONET site station pressurg),(fhe NCEP/NCAR
reanalysis rean sea level pressure and geopotential heights at standard levelsP@@2%hPg 85thPg 70thPa,
and 60GPa)are fitted bya quadraticfunctionin logarithmicspaceto infer the station pressure at the corresponding

interpolatedgeopotential height. The NCEP/NCAR reanalysis data are availalii@ely at six hourly temporal
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resolution and 2.5 degrees spatial resolution (Kalnay et al., 1838)rs in the station pressure are generally less
than 2hPa when the station elevatisraccurate and the weather conditions are befiign atmospheric pressure

tends to be stablgdinceaerosol measurements aypically performedin mainly cloudfree conditions

The 935nmwavelengthis used to determine the water vamtical depthcontribution, whichis consequently
subtractedfrom the longeraerosolwavelengthgi.e., 709nm SEAPRISM, 1020nm, and 1640nnfhe AOD at

935nm is extrapolated based on the Angstrom exponent (AE) computed from the linear regression of the AOD and
wavelemgths in logarithmic space within the range of B&00nm excluding channels affected by water vapor
absorption (Eck et al., 1999)To extract the precipitable watéPW) in cm from the 935nmmeasurementshe
Rayleigh optical depth and tHh€OD components need to be subtracted from the total optical depth at 92&nan.

result, thedimensionlessolumn water vapoabundancéu) is obtained using the following equations:

Yy 17Ty i Ty
4)
I Ty [ zQ | i® az ¥ t
%)
i b o

5 °or 7o (©)

iy 7
, 0 (7)

(0] _—

a

where Ty is the water vapor tresmission and constarnksand B are absorption constantsnique to the particular
935nm filter,C is an absorption constant assumed to be equal tfirgad et al., 200Q)d andm are defined irEq.

(1), mw is the water vapor optical air mass (Kasten et al., 1965)uasdhe total column water vapabundance
(Schmidet al., 2001, Smirnov et al., 2004). The total column water vap@abundancgu) is converted to total
column wagr content oPW by using the normalization factoud=10 kg/n¥) anddividing it by the mean value of

water density§,=1000 kg/ni) to obtain watecolumn heighunits ofcm (Bruegge et al., 1992ngold et al., 2000).

In the calculation of thdilter dependentA and B constants, e water vapor absorption optical thickness is
determined by the integration of water vapor extinction coefficient over hfsiyht the bottomto the top of the
atmosphere This calculationrequires thefollowing inputs todeterminethe extinction at each heightti TRAN
spectral lineswith assumed US197@odel standard atmosphere temperatanel pressure profileshe absorption
continuum lookip table from the Atmospheric and Environmental Research (AER) Radiatansfer Working
Group (Clough et al., 1989; Mlawer et al., 2G1ahd Total Internal Partition Sumthat define the shape and
position of lines dependent on temperat{@amache et al., 2017Nine defined total column water vapamounts

(0.5cm, 1.0cm, 1.5cm, 2.0cm, 2.5cm, 3.0cm, 4.0cm, 5.0cm, and6.5 cm)are usedo generatevater vapor
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absorption optical depth lookup tables. From these lookup talbésntittances arealculatedbased on the
bandpassand averaged spectral solar irradiance for the quiet Gtainedfrom the University of Colorado
LASP/NRL2 model (Coddington et al2016) to generate filtespecific A and B coefficients The one sigma
uncertainty in the calculation ¢fW in cm is expectd to be less than 10% compared to GPS precipitable water
retrievals(Halthore et al., 1997Bokoye et al., 2003Sapucci et al., 2007Alexandrov et al., 200%rasad et al.
2009; Bock et al., 2013Van Malderen et al., 20182 ®r e z Rbal2201d4 Campenelli et al., 2038 The
spectralwater vapor optical thicknes$lgo( i determined by computing tteverage of allA and B constants
from the suite of filteraffected by water vapor absorption (i.e., BOESEAPRISM 935m, 1020m, and 1640nm)

in the AERONET databaséThe(},o( as)alsodependent on théimensionlessotal column water vapor abundance
(Michalsky et al., 1995; Schmid et al., 1996):

t ol 6 _26 ®

The contribution of ozon€Os) optical depthis determined utilizing theéotal columnTOMS monthly average
climatology (1978 2004) of Os; concentratiorat 1.00° x 1.25° spatial resolutigrihe O3 optical air mass usin@s
scaleheightadjustment by latitude (Komhyr et al., 1989), dhd Oz absorption coefficient (Burrows et al., 1999).
The OMI O; data set is not used here due to instrunsamipling anomalies (McPeters et al., 2015Yhile the
TOMS O3 data set is extensive and genlgraharacterizes the distribution of;recentchangesn concentration
could introducesomeminor uncertaintyin AOD. Similarly, the nitrogen dioxide (N£) optical depth is calculated
using thetotal columnOMI monthly average climatolog§2004 2013)of NO, concentratiorat 0.25° x 0.25° spatial
resolutionandthe NO; absorption coefficient (Burrows et a1998). TropospheridNO- is highly variablespatially
due to various source emissions atrdtospheridNO. concentrations ammore stablespatialy than thetropospheric
NO. and carbiasthe calculation of AODOf neglected(Arola and Koskela 200Boersma et al., 2004Therefore,
regions with hightropospheric N@emission will tend to have greater proclivity for dewngtirom climatological
means. Further, NfOcan varysignificantly on the diurnal scaléBoersma et al., 2008) Improved satellite
observationsmodels,or collocation withsurfacebasedPANDORA instrumentsneasuring temporal total column
Os; and NQ may assst in reducing the uncertainty and determination of the total colump dWfical depth
contributionin later versions of the algorithifHerman et al., 2009; Tzortziou et al. 2012Foncentrationdor
carbon dioxide (Cg and methane (CH are assumedonstantand optical depthsare computed based on the
HITRAN-derivedabsorption coefficients of 0.008&nd 0.0@7 for the 1640nnfilter, respectively, and adjusted to

the station elevation.

The calibration of théOD measurements is traced to a Langleyasugement performed by a reference instrument
(Shaw 1983 Holben et al., 1998 The reference instruments obtain a calibration based on the Langley method
morning only analysebased ortypically 4 to 20 dayof dataperformedat amountaintopcalibrationsites. The
primary mountaintopcalibration sites in AERONET are located at Mauna Loa Observ§i®r$36° N, 155.576°

W, 3402m) on the island of Hawaiand Izana Observatorg28.309° N, 16.499° W, 2401 non the island of
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Tenerifein the Canary IslandéToledano et al.,, 2018) These reference instruments aoeitinely monitored for
stability and typically recalibrated every threeeight months.Reference instrumentstate between mountaintop
calibration sites andnter-calibration facilitiesat NASA GSFC (38.993° N, 76.839° W, 87 mh Maryland
Carpentrag44.083° N, 5.058° E, 10m) in France, and Valladoli#1.664° N, 4.706° W, 705 nij Spain,where
reference instrumentsperate simultaneously with field instrumemdsobtainprefield and postfield deployment
calibratiors. For periods when th&OD is low ((dsonn<0.2), optical air mass is lowr(<2), and aerosol loading is
stable, the reference Cimel calibration may be transferred to field instruments (Holben et al. EE&O&)al. 1999
estmates the reference instrument calibration uncertampact on AODvaries from 0.0025 to 0.0055 with the
maximum representing uncertainty only in the UV channels (340nm and 380nm). In Version 3, the field instrument
AOD uncertainty is still estimated tme from 0.01 to 0.02 with the maximum representing the uncertainty only in
the UV channels (340nm and 380nm).

The Version 2processingised defaultemperature correctienbased on thresensor heatemperaturgTs) ranges

(T< 2 1 AC, TsQ32ACENs>32°@)dsing a constant nominal temperature sensitiwitly for the 1020nm filter
direct Sun measurements Version 3,measurement temperaturensitivity has been updated fall wavelengths
&400nmandall measurement types (i.e., directlar, sky, water, and lunarviewing measurements)Beginning in

2010, the temperature sensitivity was characterized for almost all wavelengths ufoquelgh Cimel instrument.

The temperature effect on sigifaé., digital numberper°C) is a function of the combined sensitivity of the detector
and the filter material itself.If any Cimel data relying on a filteawasin use prior to 2010 and the filter was not
temperature characterized, then the default values for the filter and manafaygpe are applied if established.
Filters in the ultraviolet (i.e., 34Mn and 380nm) are not measured for temperature depenthecegise ofow
integrating sphere radiance output at th@agelengths Due to temperature dependemddhe field instument and

the reference instrumenthe Sun and skycalibration transfer needs to be adjusbtsdcomputingthe ratio of the
Cimel temperature coefficienfer each wavelength and for the temperature observed at the time of the calibration
In addition, wtken the AOD is computetbr field instrumentsthe sensor head temperature is measured for each
direct Sun measurement so these data can be adjusted to the temperature response of the instrument optics (i.e.,

combined effect of the detector and filters) atettronics.

The temperature response is measured alnERONET calibration facilities using an integrating sphere and a
temperatur e chamber wher e t he t e mp er avavelength dependemtar i e d
temperature coefficient iypically determined from the slope ofdinary least squares regressfirof the digital

voltage counts versus the sensor head temperature redendhis relationship, theecond ordepolynomial fit is
computedor 1020nm, while othefilters use &her a linear osecond ordepolynomial fit (depending on tHarger

correlation coefficient).For Cimel Model 4 and some Model 5 instrumenith two Silicon photodiodeletectors,

the digital counts fosolaraureole and skinstrumentgairs are usedo determine temperature coefficients for each

detector(Holben et al., 1998; https://aeronet.gsfc.nasa.g@me Model 5 and allModel T instrumentsperform
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the direct Sun and sky measurements on the same dd&ititmn or InGaAs)nd typically utiliz thesolaraureole

gain digital count¢Barreto et al., 201;ettps://aeronet.gsfc.nasa.gov

According to Holben et al(1998, dl instrumens generally perform measurements sequentially from longer
wavelengthto the shortest wavelength filters on a rotafiiitgr wheel inside the senstead, whichpositionseach

filter in front of the photodiodedetector andehind thesensor head lensesd collimator tube The robotically
controlled sensor hegmbints autanatically at the Sun based on the time and geolocation of the instrufket.
laboratory tuned 4juadrant detector provides nearly perfect solar and lunar tracking to one motor step or ~0.1°
immediately following the geographic paimg. A dual tubeextenal collimator with internabafflesattached to the

top ofthe sensor head redwwssray light effects into theensor head.2° field of viewoptical train

The instrument performs measurenseot the Sun using measurement triplets, that is, perforrtiegseries of
measurements of all filteeg time hh:m0:00 (time notation for hours, minutes, seconds), idiedeiration of about

eight secondsand then repeating these measurementshhatnm0:30 andhh:ml:00. The resultingoneminute
averaged measuremesequences defined as a triplet measurement and the maximum to minimum range of these
measurements is termed the triplet variability. The triplet measuresdeantageouslallows for separation of
homogeneoug dispersedaerosols versus highly temporally variable cloud3he triplet measurements are
performed eitheevery 15 minutesor older Model 4 instruments or every three minutes fmwe Modd 5 and

Model T instrumentsncreasing the temporal availabiliof the AOD measurements in the AERONET database.

3 Automatic Quality Controls of Sun Photometrically MeasuredAerosol Optical Depth

The AERONET database has provided three distinct levels for data quality: Level 1.0, Level 1.5, and Level 2.0. In
Version 2, Level 11 was defined aprescreened data, Level 1.5 representedrreattime automatically cloud

cleared data, and Level 2.0 signified automatically cloedred, manually quality controlled data set with pre and
postfield calibrations applied. In Version $e definitions havdeen modified substantialffpr Level 1.5 and

Level 2.0. Version 3 Level 1.5 now represemtmrreattime automatic cloud screening and automatistrument
anomalyquality controlsandLevel 2.0additionallyapplies predield and wstfield calibrations The Version 3 fully
automated cloud screening and quality control chedksinae the need for manual quality control and cloud
screening by an analyahdincreaseshe timeliness of quality assured dafdote that in all casesach subsequent

data quality level requires the previous data level to be available as input (e.g., Level 1.5 requires Level 1.0 and
Level 2.0 requires Level 1.5)The following sections will describe these new definitions and automatic quality

controls n detail and the impact these new quality assurance measures have on the AERONET database.

3.1 PreprocessingStepsand Prescreening

Most preprocessing datguality criteria operateon voltage ¥/, expressed as the integer digitaimber (DN) or

sensor head temperatures),T The impact of these conditions may immediately remove data from Level 1.0
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consideration or later only impact Level 1.5 and Level 2.0 AOD. Each quality casctibndescribes the
reasoningfor the screening at thepedfied data quality level. Digital count anomalies typically result from
anomalous electronic issues such as very low or high battery vgltaggiinctioning amplifiers,or loose
connections of internal control box componenfhese digital count anomadi mostlyaffectolder Cimel Model4
(CE3181) andModel 5 (CE318N)instruments (Holben et al., 1998; https://aeronet.gsfc.nasawbig several of

these connectioissueshave beemitigated inthe Cimel ModelT (CE318T) instrumentgBarreto et al., 2016)

3.1.1 Electronic Instability

Cimel Model 4 instrumentuse a 1éit analog/digital A/D) converter in the processing unit in which the analog
signal from the sensor head detector to the control box is subject to electronic noise. Cimel Model 5 ingtsements
a 16-bit A/D converter inside the sensor head #mel instrumentnvokes electronicchopping to reduce electronic
noise. Cimel Model T instruments utilize an increased quantization frobitd& 24 bits which significantly
reduce noiseeffects Cimel Model 5 andModel T instruments internally adjust for the dark curr@éng) with each
measurement and no separate record is logged. Cimel MddsfrumentsperformVp measurementafter each

sky scan (approximately hourlypr eachspectrally dependent instrumegin parameter(i.e., Sun aureole, and
sky). LargeVp valuesgenerallyrepresensignificantinstrument electronic instabilityQuality controls applied to the

Vp will remove the entire day fdodel 4 instrumentdatafrom all of the quality levelsfor either of the following
conditions 1) a single dark current m&arement is greater than 100 cafior greater than NL wavelengthswhere

N is the total number of wavelengtles 2) more than three dark current measurements are greater than 100 counts

for three or more wavelengths

Amplifiers in theCimel Model 4 ingruments can produce unphysical increases in the digital counts or decreases in
the AOD for the 340nm and 380nm wavelengths at lamgical air masgFig. 1). These instability issues are
evaluated simply using a relative threshold with respect to the available visible wavelength AOD measurements. If
t h ®oisgreater than 0.5840a N o Wobor 675< 386} 3481 2.0), then the triplet measuremefds 340nm and

380nm are removed from the database for Level 1.5 and subsequent Téresks. quality controls are limited to

Model 4 instrumentghat were nomanufacturd after 2001 however the early AERONET databag&993 2005)
containsmuch ofthese dataNew Cimel Model T instruments are replacing Modéhgtrumentsut over40 Model

4 instrumentsemain activen 2018

The instrument may rarely malfunction by producing constant digital voltages for triplet measurements and the
result of keping these data in the database leads to unphysical variations in the AOD. A frequency analysis is
performed to determine if ardigital number (DN) valuesccur more than 10 times in a day. If more than 50% of

the DNs arefrom the same triplet measuremethen this measurement is identified as an anomalous measurement.
If more than 50% of thdriplet measurements in the day are considered anomalous, then the entire day will be

removedfrom Levels 1.5 and2.0.
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3.1.2 Radiometer Sensitivity Evaluation

The Cinel 4-quadrant solar near infrared detector requires enough sensitivity to track the Sun and a DN threshold of

100 in the near infrared is needed to have sufficient signal. Near infrared wavelengti®20nm)typically have

a higher measured solar DI(due to higher atmospheric transmission in the presence of fine mode dominated
aerosols even in very high aerosol loading conditidihenthe DN (VgzonmOr V1o20nm iS less than 100 counts for

any measurement of the solar triplet, then the entire solar triplet AOD will be rerfmvell wavelengthgrom

Level 1.0 and subsequent levdlge to potentiasolartrackingaccuracy issues

Version 2 data processirgsssesed the instrument electronic and diffuse light sensitivity by defining a digital
number (DN) of10 to removesolar AOD triplet measurements. Electronic issues impact Cimel Model 4
instruments in th&JV andshortvisible wavelengthsiue tohigh DN(Vp). Scattereddiffuse light into the collimated
field of view can affect all instruments and produgeisual AOD changes withptical air masgspecially when the
aerosol loading is high and optical air mass is laf@pe signal to noise ratio of the Cimel inghent requires setting

a minimum threshold for the determination of fdar measure®N(V) to limit the effect of diffuse radiance in the
instrument fieldof view (Sinyuk et al., 2012)When adark currentDN(Vp) ( e.g.,~50i 100) isnearly equal to or
larger thanthe measuredolarDN(V) (e.g., ~2550)will r e s u | t in V and U decreasi
mass All wavelengthsare evaluated to determine if timeeasuredsolar DN(V) (subtracted from the closest
temporal dark arrent DN(Vp) for Model 4 instruments only) is less thabN(V)/1500, then thedentified
wavelength will beemoved from all AOD levelsA threshold of 1500 is calculated freemDN of 15000, atypical
averageDN(Vo) for Cimel Models4 and 5 normalized tca minimum signalDN of 10. The maximunproduct of
AOD times optical air masdk = U* m) of approximately7.3is computed by the natural logarithm of 150@., In
(15000/10))for Cimel Modd T instruments For norModel T instrumentsthe 100DN threshold for 870nm and
1020nm limits the}, to approximately 5.@i.e., In (15000/100)¥or only those two wavelengthsThe U, maximum
threshold applies to all channglsowever the signal count can decrease significantly with optical air raads
depend on the wavelength dependenicéo. For values exceeding thg maximum threshold, the diffuse radiation
increases the signal arak a resutunfiltered AODs showa decreasén magnitudeas optical air mass increases for
high AOD everwhenDN(Vp) equals zero A measuredolarDN(V) lower than the rati®N(V)/1500 threshold

will result in the removal of theolar triplet AODfor the specificwavelength(Fig. 2).

3.1.3 Digital Number Triplet Variance

As mentioned inSect. 2, the Cimel instrument performs direct Suntriplet measurement at regular intervals
throughout tle day.A variancethreshold is applied based on the root mean square (RMS) differences of the triplet
measuremeastrelative to the mean of these three values. If the (RMS/mean)*100% digitel numbertriplet

values is greater than 16%, then these datanergualified as Level 1.0AOD (Eck et al., 2014). Thdigital
numbertemporal variance threshold is sensitive to clouds with large spatigloral variance in cloud optical depth

and optically thick clouds such as cumulus cloasgisvell as issues duepoor trackimy of the instrument
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387 3.1.4 Sensor Head Temperature Anomaly Identification

388 Each Cimel instrument hadfiaed resistance (Model 4) or band gap (Models 5 and T) temperature gasiderthe

389  optical headwithin 0.5 cm of the detector, filter wheel, and opticalrtrassembly As discussed if$ect.2, the

390 instrument opticend digital counts cahavedependencéo the sensor heagmperaturgTs) which is saved with

391 each measurement tripleGenso head temperaturasay be erroneous due to instrument electramstability or

392 communicatiorissues These potentially unphysical valuesTafare evaluated by a number of algorithm steps such
393  aschecks forl) constanfls values,2) unphysical extreme high or loW, 3) potentially physical yet anomalously
394  low Tswith respect to the NCEP/NCAR reanalysis ambient temperature<l) amghysicalTs decreasegdips) or

395 increasesqpiked. When the algorithm removesTa readingor the Ts measuremens missing an assessmeig

396 made on the instrumetgmperature response based on +15°C of the NCEP/NCAR reanalysis temderatiuee
397 date and locatioto determine whether the temperature characterization coefffoleatspecific wavelengtivould

398 resultin a chnge of AOD by more than 0.02 this condition is met for a specific wavelength, then data associated
399 with this wavelengtispecific triplet measurement will be removed at Level 1.5 and subsequent levels while

400 preserving other less temperature depensieattrakriplet measurements.

401 3.1.5 EclipseCircumstance Screening

402  During episodic solar or lunar eclipses, AOD will increase to the maximum obscuration of the a&tcéigsarticular

403 | ocati on on t.hThe ADB intrdases due ta thd raduationhef irradianceand the celestial body

404  (Moon or Earth)obscuringthe calibrated light source (Sun or MoomVhile any one point on Earth infrequently

405 experiences an eclipse, when an eclipse episode does dleueclipsecan affect many locationsealy

406  simultaneouslymaking manuatemovaltediousat sites distributed globallyTo automate the removal of eclipse

407  episodes,ite NASA solar and lunar eclipse databases are queried for eclipse circumstances based on geographic
408 position of the site to produce a table of eclipse episetigtingfrom 1992. The eclipse tool utilizes established

409 Besselian elements based onthe fliel | enni um Canon of S o |(Espenak antl Maegse s 11
410 2006 to quantify the gemetric and temporal positiarf the celestial bodies (Sun, Earimd Moor), determine the

411  type of eclipse (e.g., parti@nnular, totgl andpredicttimes ofthe various stages of the solar or lunar eclipse. For

412  theVersion 3 database, the ecligste-specifictablesareused to discretely remove triplet measurements affected by

413  any stage of the eclipggrcumstance For example, during a solar eclipsela triplets will be removed &tween

414  the partial eclipse first contact to the partial eclipse last contact regardless of the eclipse obscuration or magnitude
415  for Level 1.5dataand subsequent leveBig. 3). The partial eclipse first contact defined aghe time at which the

416 penumbr al shadow i s vi si blaadtlepartial eqiipse last contacdefined asheear t h 6 s
417  time at which thgopenumbral shadow is no longer visible a point on thae B h 0 s. Efforts tofretaim AOD during

418  solareclipse episodes have been attempted by the authors in which up to 95% of the AOD can be corrected based on
419  adjusting calibration coefficients by the eclipse obscuratidawever, spectral calibration dfieients also need to

420 be adjusted to account for the solar atmosphpectralirradiance, whicthecomes more dominant during the solar

421  eclipse episodand isa topic offurther investigation
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3.1.6 Very High AOD Retention

Cloud screening procedures in the nsgttionmayinadvertentlyremove aerosol in very high aerosol loading cases
due to biomass burning smoke and urban pollu®discussed Bymirnov et al. (2000)For Version 3, achtriplet
reaching Level 1.0 is evaluated for possitdtentionin theevent that specific Level 1.5loud screening procedure
removes the triplet When he AOD measurement for 870nm is >0.5 and AOD 1020nr@, #@ese conditionwill
potentially qualifythe tripletfor very high AOD retention Further analysis is performezh those qualified triplets

to remove the effect of heavitfoud-contaminatediatausing theAE for the wavelength ranges of G7820nmor
870/ 1020nm(Eck et al., 1999) If the AEs7s1020nm1.2 (Or AEs7a 1020nm1.3, if AODg7sm iS not available)and the

AE for the samerangeis less tharB.0, thenthe triplet qualifies forvery high AOD retentionandthe tripletcan be
retained at Level 1.Bvenif the measurementoes not paskevel 1.5 cloud screeninguality controlstepsin Sect.

3.2

3.1.7 Total Potential Daily Measurements

Cloud screening methods iBect. 3.2 may incompletely remove attloud-contaminatedpoints and leave data
fragments To mitigate this issue, a methodologwas developedbased on the total number of potential
measurements in the day andlculated AE valuesThe total number of potential measurements in the day is
defined as the number of triplet measurements plus the numbeeto$ensor activations If the number of
remaining measurements after all screemsitggpsin Sect.3.2 are performed is less théimreemeasurements dess
than 10% of the potentiameasurementswhichever is greater), thete algorithm will remove the remaining
measurements This conditionis repeated after each cloud screening stepeict. 3.2 and will only be activated
when the very high AOD restoration is not triggefedeSect.3.1.6 or when theAEasq s7onmis less tharl.O for a

triplet measuremernndicating large particles such as clouds may contaminate the remaining measurements

3.1.8 Optical Air Mass Range

The basic Cimel Sun photometer Sun and sky measurement protocolspeeiiedto NASA requirements in
Holben et al. (1992, 1998, and 2006 and have only been slightly modified since that time for improved
measurement capability of the Model 5 aktbdel T instruments(Barreto et al., 2016) All instruments
systematically perform direct Sun measurements between the optical aiimpa3.0 in the morning andn of 7.0

in the evening. In Version 2 and earlier databases, AEROdNEAprocessing limited theevel 1.5 and Level 2.0
AOD computation fromm of 5.0 in the morning tan of 5.0in the evening Them limitation may avoidpotential
error in the computation of the optical air mass at large solar zenith aRulese{l et al., 199 and possible
increased cloud contamination (Smirnov et al., 200@r Version 2 and 3 processing, the Kasten and Young 1989
formulation was used to account for very small differences iroftieal air masgalculations at high solar zenith
angles. Noting that the AODerror ( Um) has a minimum at large (conversely anaximum at solar noonthe
maximumm of 5.0 wasextendedo mof 7.0 in Version 3 processing. Thargeroptical air massangeleads to an
increase in the number eblarmeasuremestoccurring in the early morning and the early evening contributing to

additional AOD measurements used for input for almucantar and hybrid invegissan increase in AOD
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457  measuremestat high latitude sites when solar zenith angles may be large even at solarT@oimpact on the
458  cloud screening performance appears to be minimal for measurements closer to the hichizdidelity of the

459  Version 3 cloud screening (s8ect.3.2) AODs supports the extendegtical air massange for Level 2.0.

460 3.2 Level 1.5 AOD Cloud ScreenindQuality Controls

461  Asdiscussed iBect.3.1, severapreprocessedriteria andparameters are necessaryjtality controlthe AOD data

462  qualityin nearreattime (NRT). Cloud screening proceduresoposed by Smirnov et gR000 were designated to
463 removeor reducecloud contaminatedhROD measurement However these procedurealso had the effect of
464  surreptitiouslyremovingoccasionallyother norcloud anomaliessuch as repeated AOD diurnal dependence when
465 AOD had a large maximum at midday and minimum at higtical air masss due to environmental impacts on the
466  optical characteristics of the instrumdptg., moigure on the sensor head lens or spider webs in the collimator
467  tubg. While these cloud screening methods have been implementaddat25 yearsthe state of knowledge has
468  progressed over this period and thus necessitatésw andmodification of cloudscreening quality control
469  procedures (Kaufman et @005 Chew et al.2011;Huang et al 201). The calculation of the AOD at Level 1.0
470  essentiallyepresents the followinig Eq. (9):

471

T T (9)

472

473  wh e ra@roalb the apparentbtal optical depthwhich at this point in the data processintpy beaffected bythe
474  contributions ofliquid cloud droplets( ikdid cioud), Cirrus amplification factor (Ceinus) applied to the cirrugrystal
475 opt i c a lauydeepa strond fdtward scattering into the field of view of the instrunsefar or lunar eclipses
476  ( ebps9, and instrument anomaliefagomay adjustment factgr Given cloud free conditions amerfectinstrument
477  operation, the additionalon-aerosolUcomponentsvould bezeroand Ceinus and tianomaly Would be one However,
478 the CimelSun photometer always attempts to measure the Sun if it can be tracked regardless of the total optical
479  depth magnitude.

480

481  Clouds are a major factor in the effort to quality conteshotely sensederosol datéSmirnov et al. 2000Martins
482 et al. 2002 Kauman et al., 2005; Chew et al., 2QIKahn and Gaitley 2035 A significant portion of thdiquid
483  cloud contribution is removed by the prescreenrigr to Level 1.0 as discuss@udSect.3.1.3 The Upprota Should
484  be adjustedased on a multiplier dependent on the cirrus crystal(silec=Ceirmus® ddbTora) according to Kinne et
485  al. (1999. While this cirrus coefficient(Ceirus) is not specificallymodelledby Kinne et al.(1999 for the Cimel
486 instrumentfield of view half angle of 0.6°this multiplieris likely to be close t@nefor small cirrus crystalge.g.,
487  rer=6umi 16um) but near two folarge cirrus crystal sizege.g., ex=25uni 177um) These adjustment factors
488  would resultin the reduction of h gprodddue to forward scatterinigp the presence of cirrusOn the other hand,
489  liquid water clouddropletswoulds i g ni f i ¢ a nt Jhpiain armamner sirsilar totlahge dusd particles

490
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Cimel instrumentalsomay have internal and external ammous conditions thahodify the optical characteristics
or response of the instrumergsulting inamplification or dampeningnpacs (Ganomay Of Varying magnitudesn
the computation of th&ly, Toa. These anomaly adjustments can be difficult to quantify eamhave strong
dependence oaptical air mass(m) or the sensor head temperatufe).( As a result, the following sections will
describe the mechanisms in which these additioleald and anomalgomponents arautomaticallyeliminated or
reduced as close to zero as possible to provide a quality agsD2q Lloso) after final calibration is applied (see
Sect.4) across thglobal AERONETAOD database

3.2.1 Cloud Screening Quality Controls

As Level 1.0 AOD data may have cloud contamination, these data should be considered as potentially cloud
contaminatedvhere the triplet measurement representsathgarentAOD ( abh aerosd as defined in the previous
section Table?2 provides a summary of the cloud screening quality control changes from Version 2 to Version 3

and these changes are discussed in detail beloBect8.2.2

Cimel triplet measurements are performed typically exbrge minutes (every 15 minutes for older instrument

types) and thestriplet measurements cagietectrapid changes in th&lpp aerosolby analyzing themaximum to

minimum variability (i.e., theqddp aerose{ MAXT MIN} ). Assuming that spatial and temporal variance of aerosols

plus clouds is much greater than aerosols altnenany casespldosowouldb e near zo@shoulddend U
much larger than zeravhen especially liquidphasecloud dropletsexist For Version 2 and earlier databases,
Smirnov et al(2000 methodology utilized all available wavelengths to perfigpacrosoltriplet screening for cloud
contamination Therefore large triplet variabilitywould indicate the presenasf cloudsdue to large bbua
Analyss(e.g., Eck et al., 2018)aveshownthat removing the entirgiplet measurement when only one moreof

the shorterwavelengths indicates a large variatiomgtdsfl &) muc h g r enmy rotrbe thehnaost rolaustr o )
approach. For example, in cases of highly variable fine mode aerosols such as smoke can produce large triplet
variability as a result ofhe inhomogeneous nature of the aerosol plume espefaalshorter wavelengths (e.g.,

340nm, 380nm, 440nm) wherine modedominatedaerosol particles can havadii similar to shortwavelength

measurements

Considering these factors, several potential techniques were explored utilizing various wavelength combinations and
utilizing the Spectarl Deconvolution algorithnfSDA) fine and coarse mode triplet separatf@nd Ne i | | et al
2003. While the SDA algorithm derivettiplets for coarse mode AODelative changeéended to show utility in

cloud removal, the SDA algorithritself could nd be applied universally to the AERONET database to due
anomalous result;n which fine and coarse mode AO@8sn have a negative relationship whéme number of
available wavelengths or wavelength range is not satisfidBdomaliesin SDA retrievalscan ocur when the
uncertainty in AOD is relatively large near solar noon compared to the magnitude of AOD as is sometimes the case
when only the prdield deploymentcalibration has been appliedUpon further consideration of the triplet

variability techniqueanalyses indicated thasingall three longesstandard AERONET wavelengths (i.e., 67%
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870nm, and 1020nm) could be used to remove a triplet measurement thlegrhave high triplet variabilitythat
exceed 0.01 or 0.015*A0D (whichever is greater). The reduction in the threshold of the triplet variability criterion
is proportional to the magnitude decrease AOD uncertainty compared to UV wavelengths (0.02) to those of visible

and near infrared wavelengths@Q).

While Smirnov et al(2000 did not impose angstrom exponeriimitation, Version 3 processingonstrains the
AE40870nm Of Level 1.5 data to bwithin 1 1.0 and 8.0. In general, thé\Es4qs70nm Valuesoutside this rangare
unphysical and should not be used due to the inconsistency ADtespectral dependence. These inconsistencies
typically occur at very low optical depth (<0.05) where the uncertainty of the AOD may tel00% of the actual

value thus producingE valuesthat are invalid.

The AOD time seriesmoothness uses a number of numerical methods arkfisndent on the applicatioRor an

AOD time series, rapid and large increases are usually the result of cloud contamihati¢ersion 2 and prior
versions, a technique proposed by Smirnov et(2000 to implementa smoothnesanethodology similar to
Dubovik et al.(1999. In this scheme, the triplet measurements were considered as discrete points and differences in
logarithm of Upp aeroso@nd relaive difference in times betweethose measuremenigere utilizedto calculate the

first derivative differences in which an arbitrary parameter D (similar to the norm of the second derivative) is
calculated. In Version 2 and earlier versions, when theevaf D was greater than 16 fan AOD measurement

time sequencdor 500 nm or 440nmthen this triplet was removed from the data Seirther, he smoothness
procedurenvasrepeatedr measurements were rejected for the day if lessttivaptriplets reméned for the dayas
discussedn Smirnov et al(2000. While the D=16 threshold was empirically derived, sin@oothnesparameter is
somewhat arbitrary in origiand operates in logarithmic coordinates rather than natural ones. For example, the
distribution of aerosol measurementsairsingleday is typicallynormally distributed rather than logarithmically
distributed Further, the D parameter smoothness proaeduas not always successful at removiclgud
contaminateddataand this may be related the fact thathe empirically derivedD parameter was tuned fas-

minute triplet measurement intervals rather ththneeminute intervals now commonly observed ihet network
Therefore, an approaddhering to theelative change in thtotal optical depth with timés feasible andh more

straightforward physical quantificatiaf the change itidppaerosoWith time.

The AOD time series smoothneBsVersion 3evaluates the samppaeroso500NmM wavelength (or 440nm if 500nm

is not available).The Version 3 smoothnessethodcomputes the relative rate of changelgfaerosoper minute and

i T app@ekld ot > Per Mirute then the larger triplet measurement in the pair is removed anshtbethness
procedurewill continue toremovetriplets until measurement pairsn the daydo not surpass the smoothness
threshold The seledbn of this thresholdf 0.01 per minutdinges on the premise that theplet averagaloesnot
change rapidlywithin one minute The Version 3 smoothness procedure could be affected by extreme changes in

AOD due to anomalous aerosol plumeg(,biomass burning or desert dust plumes) whaestonggradient exists.

17



564
565
566
567
568
569
570
571
572
573
574
575

576

577
578
579
580
581
582
583
584
585
586
587
588
589
590
501
592
593
594
595
596
597
598
599

After the cirrus cloud screening quality contftd bediscussedn the Sect.3.2.2), tripletsare evaluated faspurious

or isolated measurementsmainingduring the dayafter applyingthe cloud screening quality control procedures.
So-calledfistandalone poinésmay be relevant given the ability of the instrumnperform measurements in cloud
breaksor gaps Here, he definition of a standiane triplet is when no tripletare availale within 1 hourof the
measurement If the AEssqs7onm iS greater than 1.0, thegorithm retains thériplet measurement; otherwisine
measurementvill be removed from the data seEurthet daily averaged data are evaluated for temporallisyab
using the AOD stability during the day at 500nm (or 440nm) and daily outlier triplets usinestbma check for
AOD at 500nm (or 440nm) anilE s4q s70nmto be within 3 standard deviations (Smirnov et al. 20@hally, each
wavelengths evaluated to be greater than or equald®1 (based on uncertainty of 0.01; Eck et al., 19980 this
point in the quality control algorithm, the remaining triplet measuremargsnot expected thave amajor

Compon goud regadl U

3.2.2 Novel Cirrus Removal Method Utilizing Solar Aureole Curvature

Utilizing satellite and surfacbased_LIDAR, studies have shown t#ERONET Version 2 Level 2.(AOD data are
impacted by homogeneous optically thin cirrus clouds with a bias up to 0.03 in B&Ibfeet al., 2009Chew et
al.,, 2011 Huang et aJ.2011). Theoptically thin cirrusbiascaninfluenceradiative forcing calculationand satellite
validation when clouds contaminate the measuren{®#Vore et al., 204). In addressing the shortcoming of
Smirnov et al(2000 and manual checks in which the identification of optically thin cirrus cloudsrgiatively
weak signal in the AOD orAE, the authordeveragedhigh angular resolutiomadiance measuremeantoutindy
performed in the solar aureole region (8&0° scattering angleangg. While drrus detection may be possible with
other scattering angle range&simel Sun photometeradiance measuremend® not presently have high enough
angular resolutiorirom 6.0°1 35.0° to reliably and consistency detect cirrus induced atmospheric phendengna
solar halos and sun dogsince these events depend on cirrus crystal shape and orietaticare not always

detectable beyond levels of cloud optical depth varigbili

The useof the solar aureoleadiance I(»; pW/cné/sr/nm) with respect to the scattering andie ;in radians)has
been demonstratedsing the Sun and Aureole Measurement (SAM) aureolegraph instrumedntlicate the
presence ofarge particlesuch as cirrusrystals(DeVore et al., 2009, 2@1 Haapanala et al., 2017)he effect of
the surface reflectance is much less than the radiance of the solar aureole so it is ligueeeer, this may become
important atvery large solar zenith angles dibright surfaces such as snow (Eiden 1968) Cimel instrument
modelsperformsolar aureoleneasurements ahe nominal 1020nm wavelengtfihe Cimel performs solar triplet
measurements directly on the solar diskile solaraureoleradiances areneasurednainly during the almucantar,
principal plane, and hybrid sky scanfhesesolar aureole measuremeate performed hourly favlodels4 and 5
instrumentgluring sky scan scenariasdfor Model T instrumentsefore each solar triplet as well as the hourly

almucantar and hybrisky scan measurements.
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The AERONET measurements of tteolaraureoledirectional radiancef_a) depend on the absolute calibration of

the integratingsphere. The integrating spheres at the AERONET calibration centstidgoan absolute calibration
traceable to a NIST standard lamp hosted at the NASA GSFC calibration facility. The uncertainty in the radiance
calibration is typically less than 3% due to systematic degradation in the lamp levels, changes in integeatng sp
characteristics, and instrument spectral signal response. The solar aadéee magnitudeslso depend on the
instrument Sun sensitivityain settings for eaclavelengthfor Cimel Model4 and 5 instruments, while tidodel

T instrumentsuse an niternal instrument gain switchpplying to all wavelength@Barreto et al., 2016)The La
measurementisave calibration and temperature correction ap@ietdlaremeasured by all Cimel instrumentstiag¢

440nm, 675nm, 870nm, and 1020nm wavelengths. Due to lower AOD in fine mode aerosol loading situations, less
Rayleigh scattering, and lower calibration uncertainty, themeasurementat 1020nm have less noider

evaluatingeirrus cloud presence.

Giventhatthe L measurementareperformedatdiscreteli , calaulatethe ordinary least squardimearregression

fit on logarithmic scaleghenmore than threscattering angles are available to determine the interag@idpe b),
andthe correlation cdécient (R). If Ris less than or equal to 0.99, then we do not proceed to check for cirrus
contamination. WhenR is greater than 0.99he cuvature (k) for the firstavailablescattering anglé & in the

3.29% 6.0° scattering angle ranggecalculatedusing the equation of curvaturetbe signedplanar curvewhich gives

the rate of turning of the tangent veciioiEg. (10) (Kline 1998:

Q — (10)a

The curvature (k) can beformulated by assumingthe Power Law functiorand its derivatives and, in our

applicationusingthe firstscatteringanglé §i n r adibaelows f or 0

W Wz (10)b
©  OZOZe (10)c
) Nz Oz O p Ze (10)d

According to thek formulation, the stronger the forward scattering peak, then the smadlerathe of curvature

since the seconderivative is small andhe first derivativeis large due to the steepness of the salaeole
radiances Further, theoverallslope of curvature for all of the scattering and®&2% 6.0°) can be calculated using

t he as s ump-rliremdeingthe additiop of 1 in the denominator &f. (10)a insignificant The slope of

the logarithm of curvature versus logarithm of scattering angle is desired and this slope can be calculaded using
andb from the linar regression above by converting from logarithmic coordinatéserefore,we derive the Eq.

(12) to determinethe slope of curvature dependent only on the slope ofiribar regression fitof Laand (G on

logarithmic scales follows:
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i & p cozit (11

Here,the slope of curvaturé )i s d e f i rble @he wakie of 1will B/pically be positive sincé will tend to

be negative due to the dimming of the solar aureole with increasing scattering adiglmatively,' can be
calculated numerically foeachkand @G t o o bt aiArsmalivaloe of amwvatureld)authetsmallest
scatteringangle available represents the possible existence of large particles producing a forward scattering peak
The slope ofturvature () represents the average characterization of the solar aureoleaginape the scattering

angle 3.2% 6.0° range where alarge magnitudesignifies the potential presence of large particless curvature

increases with increasing scattering angle across the forward scattering peak

The Micropulse LIDAR Network (MPLNET) is a global networkldDARs monitoring the vertical distrilttion of
aerosols and clouds (Welton et al., 2000, 2002; Campbell et al., 2002)etermine the thresholds for the3en
photometer solar aureotairvatureparametergor different surface types and aerosol environmethies MPLNET

LIDAR cloud identifi@tiondatabase was used at eight cadted AERONET siteas shown ifmable3. Multi-year
MPLNET LIDAR deployment data were analyzed and matched with AERONET observations when the solar zenith
angle was less than 30° toinimize the spatietemporal differences of the zenith pointing LIDAR versus the
slantwise pointing of the Surhptometerin which sky condition can be quite differeat largesolar zenith angles.

The MPLNET cloud base height data product was matched with MERRA reanalysis vertical temperature profile
corresponding to the geopotential height pressure surface. &\heud top temperatureés less than 37°C,acloud

is designatedo becirrus, while othemon-cirrus cloudsmay containliquid or mixed phaseparticles(Sassen and
Campbell, 2001 Campbell et al., 2015 ewis et al., 2016 The partitioning the AERONET data set siflar
aureole radiances in terms cirrus cloudencirrus clouds all clouds, and clear (no cloud base detectd)
condition categorieallowed for theempirical determiration of potential thresholds for theuovature parameters.

For each site, AERONETurvature parameter& and' ) werecomputedfor almucantar and principal plaselar
aureole(La) measurement§.e., left and right scans separatelghd further categorized based on the coincident
LIDAR deteded sky condition. These solar aureole radiances have calibration and temperature characterization
applied for the 1020nm channel atitbseLn measurementaere only quality controlledbased on the correlation

threshold of 0.99 discussed above.

Figureda shows the number distribution of thet NASA GSFC(38.99°N, 76.84°W) for each of the four LIDAR

sky condition categories. The number of the potential clouds is largmdgnitudesof k less than2.08 5.
Similarly, Fig. 4b andFig. 4c show the number distributioa of the' at NASA GSFC for each LIDAR sky
condition category.In Fig. 4b, the number of potential clouds generally dominates wheh tiegreater than 4.3

with generally cleaor possiblycloudy conditionswhen' is less than or equal to 4.350me overlapping of the
categories fof may be related to the differences in the viewing geometry of the sky between the Sun photometer

and the LIDAR or inhomogeneous cloud conditions.
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Algorithmically combining the two thresholds kfand' producesa defineddistribution of clear versus cloyaky
condition categories When the threshold df<2.0B 5 is applied first, then the distribution of mainly clgud
conditions becomes moudistinctas shown for NASA GSFC iRig. 4c. The maximum in the number distribution
for cirrus is neat =4.6and the maximum in the number distributiminclearsky conditionis at' =4.3 (Fig. 4c). At
Singaporg1.29°N, 103.78°E), Fig. 5¢c suggestshat the distinction of small aerosol particles and larger cirrus cloud
ice crystals allows for adequate separation to identify an observation as cloud contansmegfedthreshold df
greater than 4.3Figure6a shows the number distribution of the curvature at the first scattering angle for coincident
AERONET and MPLNET observations at the SEDE BGKE0.85°N, 34.78°E). Figure6¢c showsthe distinction

is similarly distributedas GSFC and Singapore to potentially identifi@dus contaminated observationBor Fig.

6a, he clear sky condition category is much highenumber than other sky condition categartleswever, thek
values less than the first scattering angle threshold of52@Ehown by the orange vertical line) indicates a
significant presence of dust particles rather than cirrus clouds due to forward scattering of dust. Hetethf.

4 andFig. 5, the x-axis of Fig. 6ais truncated to 14 but the number distribution continues at values near zero for
larger first point curvaturesSEDE BOKER data iffrig. 6¢ exhibitsa significant contribution of clear conditions are
preserved indicating that this method does not appearidioentify dust as cirrugt this mixed dust and urban

pollution site

When evaluating all of theollocated AER®IET/MPLNET sitesin Table 3 (Fig. 7), the maximum in the number
distribution for cirrus is at =4.3 after thek<2.08 5 threshold is applied with a relative minimum for the clear
conditions for' >4.3. Given this information, an empirical threshold'o$4.3 can be established for maxiimg

the removal of cirrus clouds and mininmg removal ofpotentially clear data pointsAs mentionedoreviously the
almucantar and principal plane sky ssame performed on an hourly basif. cirrus clouds are homogeneously
distributed in the skythen this assumptionallows for the application of théempral screening oftriplet
measurements within 30 minutes of the solar aureole measurementAn@eresulta significant number of cirrus
contaminatedmeasurementgor ' O4.3 arelikely removed with this procedurgiven the normally distributed
number détribution of cirrus identified solar aureole measurememtsind' =4.3  For the Cimel Model T
instrumentssky scan aureole measurements are supersedadigcial solar aureole sc@DCS) performedfrom
3.0° to 7.5° scattering angle range at 0.3° inoeats (left and rightafter each triplesolarmeasurementherefore,
temporal screening for thesgplet measurements iapplied within two minutes ofthe CCSscan. Overall, he
aureole curvature cirrus cloud screening quality control decreases the probability of a cirrus bia©iD theta set
globally by usingthis standardorocedureHowever, he Version 3 Level 1.B 0D dataset maystill be influenced

by optically thinor subvisible cirrus clouds with icerystalssimilar in diameterto coarse mode aerosols such as
thosefoundat polar latitudesor when solar aureole measurements are not available due to instrument malfumction
incomplete data transfer
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704  Figure8 shows solar aureole radiances have significant nonlinearity with scattering angle when impacted by cirrus
705 clouds while measurements without cirrus are more linear. The SHEIKER site is influenced by desert dust

706  Dustparticlescanaffect the calculation of thke parameter to be close to the threshold of 2Even when cirrus

707  clouds are not present (SEBOKER case I)however, the overall slope is more linear for the -ubrus case

708 compared to the cirrus case (SIEBOKER case 2) As a result, thé parameter is much lower and the algorithm

709 action would be to preserve the SEBDKER Case 1 data and remove data for SHHIEKER case 2Note that

710 thek parameter is quite low for SEDBOKER Case 1 and in general dusites may frequently hauveless than

711 2B 5; therefore, thé curvature parameter is needed to prevent inadvertent removal of aerosol data. For fine mode
712  at GSFC case 1 and Singapore, small valuésaofl large values df result in removal of theirrus-contaminated

713 data. For comparison, the GSFC case 2 shows significant linearity when cirrus clouds are not present. The GSFC
714  case 3 and Trinidad Head case show the variation in these curvature parameters at low optical depths in which only
715  one of he curvature parameters indicates the possibility of cirrus clouds. While these two curvature parameters may
716  be used independently in certain conditions,dimentalgorithm must employ both curvature parameter thresholds

717  to avoid inadvertently identifgg aerosols as clouds in dust and low aerosol loaxbingitions

718 3.3 Level 1.5Quality Controlgo Screen Instrument Anomalies

719  While cloudscreeningquality controls remove a significant portiofi data impacted by cloud contaminatiand

720 someinstrument anmalies a portion of the remainindOD data setcan beimpacted byinternal or external

721  instrumentanomalies Most instrument anomalies can be removed utilizing the prescreening steps outlined in the
722  Sect.3.1, buta number of igges still exist which arenore evident after the cloud screening quality controls have
723  been applied to the data sek data set with some clouds can mask or offset patterns in the AOD spectra that can
724  clearly identify data anomalies dependent on optical air mBes. AERONET instrumentgjata anomalies either

725  dependent on the optical air mass, the sensor head tempeoatid@kagedegradationor looseness of the optical

726 interferencefilter. Section3.1 addresses the quality control procedure with respect to the instrument temperature
727  dependenceSome instrumentrmmalies dependent on the iopt air mass include deviations of the measurement
728  time to the true time (i.e., time shiipdobstructionof light into the silicon or InGaAs detector (e.gust,moisture,

729  spider webs).Measurements performexd high latitudes have a slowly varyingtical air mass and thus optical air

730  mass pattern recognition is more difficulthe AOD spectramay have optical air mass dependeif@eout of band

731 leakage or degradation of transmittawices to irregularities in the optical filteomposition or the AD may have

732  significant variability due t@loose filter inside the sensor head

733

734  The retained spectrdlOD measurements passing the quality controls fBeat.3.1 andSect.3.2 are evaluated as

735 input for the quality conais in the present section. The removahe#rly allof the clouds andanostinstrument

736  anomalies from the previous steps allow for moréndd pattern recognition. This sectiwaiill discuss the pattern

737  recoquition techniques utilized for the time shift and AOD diurnal dependegmogide a description of thdetector

738  consistencyand AOD spectral dependengeality controls Further, he AOD diurnal dependence algorithm can be

739  used jointly with thedetectorconsistency and AOD spectral dependemgality contro$ toremove anomalous data
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with more certainty Thesequality controlscan be applied for multiple days to remove data impacted by anomalies
for more than one dagven when clouds interrupt tlty-to-day AOD pattern The final dateset is evaluated for

theremaining number of observations in a day and deploypenid

3.3.1 Time Shift Screening

AERONET data are transferred by satelldata Collection PlatformQCP), PC, or SIM card data transfer. The
older Vitel satellite transmitters provided a handshake between the instrument and transmitter allowing for time
adjustment and newer Sutron Satlink transmitters provide a GPS time stamp to each message. Whifieigime sh
not an issue for satellite transmissions, tiee shift canbecome more significant for PC data transfer and even
some instruments using SIM card data transfer. AERONET has developed a program called cimel_https_connect
that can updatthe processg unitclock of Cimel Model 5instruments. Older instrument¥lddel 4 and old non
AERONET data transfer software (e.g., Cimel ASTPwin) do not have the capability to synchronize the Cimel
control box with thetime-syncedAERONET server. Most neAERONET software requires the PC time to be
updated from dimeserveror GPS system to provide accurate clock synchronization. Even some MedelrT
instruments transferring data by PC or Stkh havdaulty GPS modules in whiicthe clock deviated significantly.

Cimel Model T instrumentsmay allow for the PCsoftware (e.g., cimelTS_https_connegfidating the time and

overridingthe GPS module.

A Cimel clockthat deviates from true timean result in ampticalair mass calcaltion not appropriate for the actual
time especiallywhen theoptical air maswvariesrelatively rapidlydiurnally. This instrument anomaly can result in
significant changes in th&OD, which affectsall wavelengths bumost greatly shorter wavelengthsgie 340nm,
380nm, and 440nm) at larggticalair mass wheit changesapidly. In general, longer wavelength AODs (675nm,
870nm, and 1020nm) have less impact from erronempikal air masscalculations due to less influence of
molecular (Rayleigh) sciaring. As a result, AODs from the longer wavelengths tend to be more stable and AODs
from the shortewavelengths will tend to crogser the longer wavelengths only at one end of the day (near sunrise
or near sunset) Thetiming of thewavelength cross@r depends on whether the Cimel clock is too fast or too slow
with respect to the actual time. For example, if the time is slow (fast) relative to the actual time, the temporally
deviatedoptical air massnagnitude will be larger (smaller) than the attoptical air mass and thus the short
wavelength AODs will be lower (higher) and possibly cross the longer wavelength AODs (significantly increase
spectral dependence). In general, Cimel clock temporal deviations in AOD data can be identified using the
following:

1. When the shortest available wavelength AOD crosses neighboring UV, visible, and NIR channel

AODs near sunset and the short wavelength AOD is decreasing significantly relative a longer stable

wavelength (e.g., 870nm) AOD, this condition indicatiee Cimel clock is too faéFig. 9a).

2. When the shortest available wavelength AOD crosses neighboring UV, visible and NIR channel

AODs near sunrise and the short wavelength AOD is increasing significantly relative to a longer stable

wavelength (e.g., 870nm) AOD, this condition indicates theeCatock is too slowFig. 9b).
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The AOD differences and trends are used for a speagfical air mass interval (2i%.0), where the temporal clock
deviation amplifies the error iaptical air masalculatios. Individual day screening is limited to mainly cloud

free periods with low AOD in areas with significant variatiomptical air mas$rom ~10i 7.0.

The time shift algorithm iappliedover a multiday period. The algorithm scans the current day pugays in the

past(~3 week period}o determine if three or more days indicate the occurrence of a time shift. If thedeyulti

time shift criteriaof threeor more daysare met, then da between the current day and the last occurrence of the
time shift are removed from the field deployment. Although the Cimel clock could possibly be adjusted
periodically, most time shift issues tend to occur at remote sites and this approach willzealx@nremoval of data

over the multiday period to minimize the negative impact on the data froncldw-shiftedanomalies. Moderate

to high aerosol loading can partly mask the temporal AOD time shift pattern and these data periods may not be
removedcompletely unless tlyeoccur between periods of lower aerosol loading when the clock shift spectral AOD

pattern is more defined.

3.3.2 Detector ConsistencyQuality Control

The instrumenexternalcollimator on the sensor head avoids stray light and redrumetdens contaminationyhile

the internal sensor head defines fiedd of view of theinstrument (nominally 1.2°py the achromaticrént lens
filter, and field stop before each detectdrheexternalcollimator is composed of two tubes and &perturedesign
varies slightly by instrument typeThe CimelModel 4 instrument type hatwo Silicon photodiode detectors in the
sensor head to measure the Sun and sky while newdel instruments have one Silicon photodiode and one
InGaAs photodiode detector to measure the Sun and sky on both deté&nersf the detectorsould beimpacted

by an obstruction such as a spider web, insect dahrs, or moisture. For CimelModel 4 and some Model 5
instruments, theky scan scenario performs two measurementisea6°azimuthangle for the almucantar and 6°
scattering angle for the principal plane at each wavelength over both detectors. For these older instruments, the
solar aureole @n is used for the sola&ilicon diode detectoand the sky gaims used for thesky Silicon diode
detector. These redundant measuremeasdnallow for detection oftiechange in the relative signal but this method
is currently more appropriate to use rfauality controlling the inversion productiue to uncertainty in sky
calibration NewerModel 5 and Model Tinstruments(with the solar and sky measurements performed on both
detectory do not have the redundant skyeasurementjnstead, these instrumentshave a redundant solar
measurement at 1020nim both collimator tubesyhere each solar measurement of the triplet is performed within
eight seconds of each otheThe AOD 1020nm measurements Silicon and InGaAs detectocan be compared
directly to determine if an obstruction existsfront of either of the detectorsApplying asimilar approach t&iles

et al.(2012), thedifference limit(cp i) canbe computedising theopticalair mass and AOD magnitude dependent
formulation(Eqg. (12)):
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where Ml N[ U1 0i8 €h@ mipimum of the AOD at 1020nmbtained fromthe redundantAOD 1020nm
measurementsn Silicon and InGaAs detectoend m is the optical air massThe difference limit for an AOD
1020nm minimum of 1.0 will result in the 0.06/4020nm differencdimit described in Giles et a{2012. A more
lenient approacks used herbased on the AOBhagnitude to prevent removal of data for low AOD at 1020mxh
low AOD, the average field instrumenincertainty (p t00.01) becomes more significawhile the maximum AOD
error occurs at middagnd differences due to their temperatdependency can ctiibute up to 0.02A0D bias
Given the relative difference in the AOD 1020nm measurementsmthémum uncertainties in boti020nm
measurements must be considerditherefore the 0.02 threshold is derived from the average uncertaimpiytq
0.01) and te 0.04 limit is derived from the maximum midday error in A@Bd temperaturdependencyup to
0.02). When more than 10% of the total measurements for the day exceeollifie data are removed in the
following manner
1. If the AOD 1020nm Silicorsubtractd bythe AOD 1020nminGaAs detector is greater theplh, then the
Silicon side has an obstruction atite entire measurement is removedboth Silicon and InGaAs AOD
data
2. If AOD 1020nm Siliconsubtracted by the AOD 1020nmGaAs islessthani ki, then thelnGaAs
detector has an obstruction awodly the InGaAs AOD for 1020nm and 1640nm measurements are
removed
3. Ifthe redundant AOD 1020nmal ues ar e n @& GpPopbhd ehenanmsteuctioni could
possibly exist in the eventthat a substancge.g., spider webs, dust, moisture) similaodlgstructboth
detectors.

For condition (3)this cases furtherevaluated by th&dOD diurnal dependence quality control in the next section.

3.3.3 Aerosol Optical Depth Diurnal Dependence

The AERONET instrument has spectral calibraomade and typicallyapplied both before and after field
deployment. When the instrumenyteratesn the field, the prdield spectral calibration applied to thear reatime
datais constant If the calibratim changes significantly during the instrument deployment, the error in the
computation of theAOD increases with decreasigtical air massvhere the maximum error occurs wheyptical

air massapproaches one ] Hamonou et al., 1999 As a result, ampparent diurnal dependence in the AOD can
occur depending on the magnitude of the deviation from théigldecalibration. When both the pfield and post

field calibrationsare applied and data still show a diurnal dependence in the AOD, then tregiaievn the field
measurements is due to a Aorear change in the calibration coefficient since Level 2.0 data utilize a linear

interpolation between the pfield and posfield calibration coefficients.

Midday maximum(concave patternpr midday minimum (convex patternpf AOD diurnal dependence can be

observed at any AOD magnitudmit are typically more pronounced at lower aerosol loading due to calibration
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offset (Cachorro et al., 2004)r instrument anomalies Quality controls developed foredhanalysis of the AOD
diurnal dependence need to consider the impact of clouds and missing data to assessoweeatbeethese data
while minimizing the removal of data exhibiting true diurnal dependerkms. example, one clouflee daymay
show diurnddependencebut on another daythe morning or afternoon data may not be available due to missing
dataduring cloudy or rainy periodsThe algorithm must have a sufficient number of observations to perform a

robust assessment of the AOD diurnal depeceen

Variation in the number of available measurements in a day due to clouds or instrument issues can limit the
application of asingleday only approach. As a resulhetmorning and afternoon periods must have at faast
measurements separatelydatine analysis of the full day must have at least 10 measurements. To analyze the
diurnal dependencand reduce the impact of outlietbe GNU Scientific Libraryrobust least squar¢RLS) linear
regressiorfit is performed for AOD versuthe inverse oftal air massrr®, wheremis approximatelythe cosine of

the solar zenith angle). The slopad correlation coefficient ) valuesderived from thelinear fit are usedas

thresholds to determine the magnitude and strength of the diurnal depe(ickried).

The nominal AERONET 440nm, 675nm, 870nm, and 1020nm wavelengths for the Silicon detector and 1640nm for

the InGaAs detector are assessed for diurnal dependence and potential removal of all spengtsAh example

of the AOD diurnal dependence of 1020nm wavelength is showigirl0 at the Rio Branc@9.96°S, 67.87°W)

AERONET sitewhere the site manager indicated spider webs were obstructing measareindata are removed

for the InGaAs detectpthen only InGaAs detector data are removed, while removal of the Silicon detatztwill

remove all data including InGaAs detectdata, if any. The AOD diurnal dependences classified aswo

categories independent and dependentf the algorithm meets thetrictt hr eshol ds f or fii ndepe:
dependencgehenall channelsexhibiting diurnal dependen@an remove data forday, except the 1020nm channel

sincesome olddata withtemperature defaults may exhibit false diurnal dependence. Otherwise, all of the above
channels are used f or t hqualifydontpke The depandent diurngalityacontrdd e pe nd e r
relies on more lenient thresholds for the slope Rndowever, the removal of dagenerallyrequires that another

quality control flag is set such as tHetector consistencguality control Gect.3.3.2, where an obstruction was

identified in front of one of the detectoos at least one additional qualified wavelength meeting the slop&and

thresholds Whena qualified wavelength indicatedependenAOD diurnal dependencior Day or both AM and

PM andthe AM and PM slopes are positivehen theentire day can qualify for independentemoval. This
methodologyallows for a moreskilled approach in removing only data affected by instrumental anomalies while

minimizing the removal of data coincidently prmihg a true diurnal dependence signature.

The AOD diurnal dependendéentification can be complicated by changes in aerosol loading during the day, cloud
artifacts, and missing data. A multay scan must be performed to maximize the removal of data impacted by
instrumentanomalies. A multi-day assessment example is pded inFig. 11 for Rio Branco. Figure1la shows

that the spectral AOD varies significantly diurnally for the period from 26 August to 5 September 2011, especially
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884  for the 870nm and 1020nm near infrared wavelengffigure 11b shows evaluation of ¢hslope and correlation
885  coefficient (R) for the AOD 1020nm daily variatiomhich shows 7 of the 10 days exceeding the thresholds (slope >
886 0.1 and R>0.94pnd wavelengthgstablished irTable 4. For these data to qualify for dependent AOD diurnal
887 dependence removal, additional information is needed such as agogddied wavelengthwith slope and R
888  exceeding the thresholdd=or this case, the AOD 870nm daily slope and correlation paramgtairshown)also

889  exceed thehresholds, which leath the elimination of theseatafrom Levels 1.5 and 2.0Similar to the time shift

890 screening irBect.3.3.1 the AOD diurnal dependence algorithm scans the last 19 days includiegrtient day to

891 determine the first occurrence and last occurrence of the dependent and independent AOD diurnal dependence.
892  When three or more days acdentified, data are removed from the first occurrence to the lastreomeof AOD

893  diurnal dependemxduring the20-day period. The multiday screening allows for the elimination of data affected by
894  an obstruction in the instrument field of view even with moderately high aerosol loading NtiRh&avelengths

895 and when days with incomplete number of nneasients from the established protocol due to clouds.

896 3.3.4 Reverse Spectral Dependence

897  While the majority of the cloud screening quality controls remove aerosol measurements contaminated py clouds
898 some spurious points or slowly varying changes in cloud properties magffetiitthe data set at this poiiit the

899 algorithm A new methodFig. 12) utilizing the Angstromexponent(AE) is applied to theemaining data set for

900 evaluation of cloud contaminationAngstrom exponents derived from anomalous AOD measurements due to
901 instrument artifacts may produce a similar signatlite spectral dependence among the wavelengths is now much
902 improvedcomparedd Version 2by removing temperature dependencies that influenced the calculationAt tite

903 low AODs reducing the effect of improper spectral dependence due to temperature anomalies.

904

905 TheAE is computed utilizing therdinaryleast squares fit of tHegarithms of AOD andvavelength for the ranges
906  of 440'870nm, 8701640nm (if 1640nm is available), and the B¥020nm (for Silicon detectors onlydnge(Eck

907 et al.,, 1999) The reverse spectral dependence algorithrRign 12 removes cloud contaminated pointslizing

908 these AE ranges depending on the instrument mddgure 13 shows the removal of the anomalously high AOD at
909 the Bratts Lakg50.20°N, 104.71°W) AERONET site in southwest Canadin Fig. 13b, all negativeand a few

910 positive AE values are identifiednd the algorithnmiemoves nearly all of theesidual cloud contamination this

911 case However, he penultimate anfinal measurements iRig. 13c have sljhtly higher AOD than the previous
912  hour of datawhich may be due tonarginal contamination bgptically thin cirrus cloud Additional algorithm

913 development is still needed to further enhance the removal cloud contaminated data with small ice cilgstads wh

914  removing dust aerosols.

915 3.3.5 Aerosol Optical Depth Spectral Dependence

916  The wavelength dependencEAOD typically is strong for fine mode aerosd@ksg., pollution or smokegnd weak
917 for coarse mode aerosofe.g., dust or sea salt) The AE provides an inde)of the strength of the spectral

918 dependenceelated to theestimation of the possible aerosol s{Eek et al., 1999) In general, thé\E44q s7onmWill
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typically provide values between approximately 0.0 and 3.0. Tlpesspectivevalues indicate no spectral
dependence #Ea4qs70nmOf 0.0 andvery strong spectral dependence withAsuaq s7onmnear 3.0(AE values of 3.0
have not been observed in good quality data with sufficiently high AQe spectral dependence can be used to
evaliatethe quality ofeachchannel given that most channels in the measurementagiliere to the stated AOD
uncertainty of 0.01 for wavelengti00nm and 0.02 for wavelengths <400gEtk et al., 1999) The fit of the
AOD with wavelengthon logarithmic sce should generally be linedor coarse mode dominated or fine/coarse
mode particle mixtures However, in moderate tohigh aerosol loading casdggspecially when fine mode
dominated) a quadratt or cubicassumption is needdo fit the data depending on the wavelengihgeunder
evaluation( Ec k et al ., 1 9 9.9The o@ival past stuarefdLS)ankthodolog@y Ggik@uybedby

the presence of outliers and therefekews the fit towasdoutliers. If the boundary walengths are impacted by

anomalies, the ordinary least squaraspoorly fit otherintermediatevavelengths.

In an effort to reduce the influence of outliers, the GNU Scientific Lib(@$L Version 2.2.1 C compilation)
robust least squargRLS) technique is utilized to improve the removal of spectral AOD outlielrs.general, he

OLS technique is sensitive to tlandoints and to the number of points used in the regression. For example, the
outlier detection will have less skill with few points or momalous endpointsThe RLS scheme uses an iterative
approach with up to 100 passesing the Tukeyiweight function and assigning the outliers a lower weight with
each pass.The RLS approach allows for the more meticulous removal of wavelengths @eatral dependence

and more importantly preserves miidible wavelengths that could be removed incorrectly when utilizing the

ordinary least squares method.

Outlier detection is performed utilizing the uncertainty of the AOD measurement and proaitiafowable
tolerance in the fit given potential irregular nature of the uncertéi@i to 0.02) For wavelength€400nm and
<1600nm, the allowableAOD difference between the measurements and fit faraadidatewavelength is
(0.02*A0OD)+0.02 based orthe stated AOD uncertainty for these wavelendthslben et al., 1998; Eck et al.,
1999) For wavelengths400nm andl64(hm, the allowableOD difference between the measurements and fit for
a candidatewavelength is (0.02*AOD)+0.04, which is adjusted fpeater uncertainty at the UV wavelengths and

greater uncertaintin the larger spectral rangeftbothe 1640nmwavelength

The spectral outlier procedure begmsidentifying and removingny negative AODvaluesthat are not within the
allowable AODdifference from the RLS linedit. NegativeAOD due toslight calibration driftcan beobservedat

very clean locationsotherwise, these negative valuemy be anomalous The algorithm will evaluate each
wavelengthseparately and compute tRLS linear fit based on the remainingavelengthsproducing the slope,
intercept, and Rvalues, where the slope and intercept are used to compute the AOD fit at the wavelength under
evaluation If the algorithm does nadentify any wavelengths for remoyahen the procedure is completé.AOD

is low (AODusonn<0.1) andone wavelengtihOD exceeds the maximum allowable differenitesn he wavelength

will be removeddue tothe linear fit deviationHowever, if more than one wavelengiiis AODmarked forremoval
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for the low AOD conditionthenthe wavelengthwith the largest departure from thieear fit to the measurement

and largest Rwill qualify for removal

In the case of higir AOD (AODuasons® O ., the algorithm stores the information from tR&S linear fit and
continues to perfform RLSquadr ati ¢ f it ( 4RBLS oubOf @ 11B0m. if)the acamdidate
wavelength deviate$rom the allowable difference in fit to the measurementsthe higher order f§ then the
wavelength will be emoved if it is identified as a wavelength that corresponds to the maximum deviation for the
RLS linear fit. Figurel4 provides an example of this condition at the O484a65°N, 135.59°E) AERONET site.

After each wavelength removedgardless obrder ofthe fit, the algorithm repeatuntil no wavelength removals

occur orwhen less than thregavelengths remain.

3.3.6  Large Aerosol Optical Depth Triplet Variability

In addition togrowth of hygroscopic aerosotgear cumulus cloud boundariaad large triplet variability at short
wavelengths in highly variable fine mode plumesjiaaligned filter due to improper filter wheel movement or dust

on the filtermay produce largAOD triplet variability (AOD Maxi AOD Min). The cloud screening triplet
variability quality control(Sect.3.2.1) removesthe entire measurement whéi@s5nm, 870nm, and 1020n&OD

triplets all havelargetriplet variability exceeding the thresho{@.01 or 0.015 * AOD, whichever is greaterp

situation may exist where one of those wavelengths or shorter wavelengths are impacted narfiladymaking

it necessary tassess the largBOD triplet variability. If the triplet measurement is identified for high AOD
retention(Sect.3.1.6, then the following large adjacent triplet qualdyntrolis not performedecauserery high

aerosol loading in fine modevents can leatb large triplet variabilitynaturally Occasionally, if the triplet is very

large and exceeds the limit of 0.03+0.2*AOD, then the wavelength is removed independently of the next longer

wavelength.

To furtherscreen anomalous tripletadividually or theentire day each tripletand wavelengtis evaluatedising the
triplet variability from the shortest wavelength (e.g., 340nm) ahd next longer wavelengthe(g.,380nm). The
allowable tripletvariability limit is computed based aifie aerosol loadingnal the AOD triplet variability of the
next longer wavelengthd.03+0.02*AOD+tripletvariability_ of next longer_wavelf the total number of triplets
for a wavelengtlexceeding théarge triplet variabilitythreshold is more than 25%, then the A@ieasurement®r

the wavelength are removed completely for ¢éinéireday. Figure 15 shows the large triplet variability removal at
the PEARL(80.05°N, 8642° W) AERONET sitein northern CanadaThe triplets at shorter wavelengths may
naturally exhibit relatively largetriplet variability henceit is necessary to check the shorter wavelength in
comparison to thenext longer wavelength which typically will é more stable if clouds do not impact the

measurements.
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3.3.7 Remaining Measurements Evaluation

After the previous quality control algorithms have been applied, extraneous data puo@ysremain andare
identified for possible removalA number ottonditionshave been implemented based on the total data removed for
the day, number of wavelengths remaining for the day, and number of measurements for a wavelength for a
deployment. Thesécleanup conditionsbelow will remove all wavelengths in a day for anytbé following
conditonsdt e pendent on t he Becedtlé&anamtheminddr of N@&engths in aaay

1. If retainhigh AOD and less thatwo wavelengths remaiim a day

2. If retainhigh AOD andtwo wavelengthdut are not 87@mand 1020nnin a day

3. If not retainhigh AOD and less thathreewavdengthsremainin a day

4. If notretainhigh AOD and less than half of the wésegthsremainin a day

Each wavelength must be evaluated for remnant data artifbgreater than 50% of the totaloud screened AOD
data forawavelengthn a day are removethenAOD measurements for the candidate wavelemglihbe removed

for the day. Further,a condition is implementetb remove specifivavelengthsor an entire deployment For
example, fithe number omeasurementor a wavdengthis lessthan 20% of the totatloud screened data et a
deploymentthen all of the measurements for the specified wavelength will be removed for the deployhegs.
removal conditiongsre necessary to fully quality ewol the spectral AOD data set and avoid unphysically irregular

and fragmented data sets.

3.4 Algorithm Performance Assessment

Data quality controls applied to the quality controlled Level 1.0 datarsetvaluated for removal performance for

each part of théevel 1.0 prescreening aravel 1.5 algorithm.The Level 1.0 prescreening is applied to about 84
million solar triplet measurementom 1993 2018 The radiometric sensitivity screeningeéSect. 3.1.2 for the

DN of 1020nm removes about 36% and the digital voltage triplet varigrester tharD.16 (see Sect.3.1.3

removes nearly 11% of the Level 1.0 data. The remaining Level 1.0 prescréesincheck forradiometric
sensitivity screening for DN of 870nnextreme temperature§O1 4 0 A T>1@0C) and bad measurement
configuration conditions remove approximately 0.5% of the Level 1.0 dateerefore, nearly half (48%) of the

initial 84 million solar triplet measurements are removed by the Level 1.0 prescreening steps due to the presence of
clouds in the solar measurements that greatly reduce the signal (e.g., stratus clouds) or exhibit significant temporal

variability within the one minte triplet measurement sequence (e.g., cumulus clouds).

The Level 1.5quality controlalgorithm is divided into théwo main steps focloud screening anshstrument data

anomay removal Figure 16 shows the percentage of the Level 1.0 data removed by the Lewa@btdsscreening

quality control. Over 23% of the removal in the cloud screening algorithm was dueléogdériplets at the long
wavelengths (675nm, 870nm and 1020nm). Nearly 5% of the removal of the Level 1.0 data was due to the presence
of cirrus clouds as detected by the solar aureole curvature algaittila significant since a cirrus contamination

biasis evidentin the AOD in Version 2 Level 2.0 dataseihe fAUnqual i fi edd catmgory
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1025 triplets or lack the sufficient channels to participate in the cloud screening part of the algorithnhesed

1026 measurementsire rejected from Level 1.5. Finally, spectral AODremoved due to too low negative values
1027 (A O DO<01) hasmaximum removal of approximately.5% for 380nm and % for 340nmof the total Level 1.5

1028 AOD measurementdue to 0.02 uncertainty in the UV at very low optical depttisile otherAOD wavelengths

1029 have generally much less than 0.5% removter all of the data are cloud screened, about 66% of the Level 1.0
1030 data are passed to the second part of the Levein&tBumentquality controlalgorithm for examination of the

1031 instrument anomalies and other spurious cloudsaatifdcts.

1032

1033 The secondtageof the Level 1.5quality control algorithm utilizesneasurementsassed from the cloud screening
1034  algorithm. Whilethe cloud screening algorithmejects the entire measurementthe presence of cloudshe

1035 instrument quality controlsan also reject the entire measurementearove data by wavelength depending on the
1036 anomalous conditionFigure 17 shows the removal ofevel 1.5cloud screened data due to mainly instrument
1037 anomalies for each wavelength. More than 2.5% of the data amvednidue to the AOD diurnal dependence
1038 screening, about 2% for the time shift screening, and 1.5% for the AOD 1020nm difference screening. These three
1039 instrument quality controdlgorithms remove in general the most across all wavelengths. Some remowa o
1040 significantly spectrally for the InGaAs channel (1640nm). The InGaAs channels can be affected in some
1041 instruments more significantly by water contamination as the InGaAs side of the collimator is facing away from the
1042  Sunwhen in the parked or resting positiofrurther, when the algorithm removes all of the Silicon channels, the
1043 remaining InGaAs channels are also removed since no other independent method exists to clna&Ahe

1044  channeldata quality. The fiRemainin@ measurements removal shows that nearly 4% of the cloud screened data are
1045 removed from the InGaAs data s@the AOD spectral dependence removes more than 2% of the 3d@vetength

1046 data, whichtends to be the most unstable wavelengthe to filter degradain), and about 0.5% for all other

1047 wavelengths. Thé&emperature screening remowdlimissing or anomalous temperatures moaffectsthe Silicon

1048 1020nm wavelength with nearly 1% of thlwud-screeneddata removed due to its large temperature dependence

1049 compared to the other wavelengths.

1050 4  Assessment of th®uality AssuranceData Set

1051  The aerosol optical depth (AOD) data will be qualified for consideration of Level 2.0 once it passes the Level 1.5

1052 checks. To reach Level 2.0, these data must meet the fojjmeimditions:

1053 1. Data must have priteld andpostfield calibration applied; or in some cases, theffglel deployment or

1054 postfield deployment calibration may be made constant for the deployment after evaluation of the best
1055 calibration values.

1056 2. Temperaturecharacterization must be applied utilizing the temperature correction for the instrument or
1057 default values for each wavelength.

1058 3. Instrument must be designated asghearyinstrument for the site.

1059

31



1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076

1077

1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095

Once the above conditions are met, these data are catsitereachLevel 2.0. These Level 2.0 data are
recommended for publication and use in various atmospheric applications. The autquaditgaontrolalgorithm

attempts to preserve aerosol data while removing dédfacést Some unusual atmospherioritions (e.g., small

cirrus particles r<gm) or rare instrument anomalies (e.g., loose filters or partially removed-aauliOD diurnal
dependence) affecting the AOD may rarely pass through the algorithm and users are advised to consider inspecting
thes data carefully when using them for detailed studtesther,optical air masslependent anomalies such as the

time shift and AOD diurnal dependence quality controls may allow data to pass when aerosol loading is high or too
few data exist to make an assment. These quality controls can determine patterns more skillfully at lower aerosol
loading which could result in retaining potentially contaminated high aerosol loading periods when the pattern may

be less definednd does not meet the quality cohttoesholds.

The subsequent sections discuss the impact of the temperature characterization on the Version(®BAl@bel&a
to quantify the change in regards to the Version 2 Lexktidta set. Further, the assessment of the Version 3 near
reattime product is made to determine the average bias of the AOD based on the applied calibiadilhy). an
analysis is made of the Version 3 Level 2.0 AOD lbeign averages for select AERONET sites and these are

compared to the Version 2 Level 2.0 AGih{rterm averages.

4.1 Temperature Characterization Evaluation

The accurate measurement of the spectral direain Sun intensity (from which AOD is computedpends on the

sensor head temperature of the instrumasmtdiscussed irBect. 2. The sensor head temperature can vary
significantly since the optical head canister is heated by the Sun and can be much higher (>10°C) than the ambient
temperature especially nesmlar noon Thetemperaturesensitivity of theSilicon detectolis more significant for

the 1020nm filter due to the proximity to the edge of the spectral range of the detector in which temperature
dependence becomes more significant. The temperature dependence for all wavelengths may vary due to the
composition and/or manufacturing quality of the filters and/or detecu= to technical difficulty,he ultraviolet
wavelength(e<400nm)filters have not been temperature characterized in VersitwBever,UV filters may have

a temperature dependencFigure 18 showsthe difference in the AOD temperature coefficients for Version 3
temperature correction applied W@rsion 3 data and Version 2 temperature correction applied to Version 3 AOD
data from1993 2018. The AOD varies most significantly for the Silicon 1020nm channel With eange 0f~0.02

for sensor head temperatute®e t w %Qand +55°C. Notably, the shorter wavelength channels and the InGaAs
wavelengths i(e., 1020nm and 1640nm) doot showsignificant change in AOD less than 40°@ll of the
wavelengthsexcept the Silicon 1020nmhow a AOD differencedecrease frorm0.005 tor 0.010for temperatures

greater thard0°C, which may be due to changes in instrument characteristics ébegtronic instability in the
instrument)at high temperaturesThe decreasing AOD difference with increasing temperahag be related to the

smaller number of observations at high temperatures emtribution by instruments with temperature

charactezation measurementthat did not reach temperatures greater than 40@nperaturecharacterizatiomas
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proven to be small yet necessary adjustment to the AOD compudatibthis improvement isspeciallyexhibited
in polar regionsor sites withvery low aerosol loading in which th®ersion 3 AOD spectrahave much less

crossoveallowing for the computation ahore accuratdngstromexponentshan in the Version 2 data set

4.2 Level 1.5 Near Realime Aerosol Optical DepthBias andUncertainty

The Version 3 near rediime data set provides improved data quality compared to Version 2 since the algorithm has
improved cloud screening and instrument quality controls applied to the data. The data set can vary ineidle near
time interval fromcurrentday up to one month as ancillary dagats are received and processed, hethese
database chang@s/oke reprocessing of the AOtIbroughoutthe neareattime phase. Once AOD data have been
pre-field and posffield calibrated, then these datay be raised to Level 2.0 as describe8éct.4. The neareat

time data usingnly constant prdield calibrationis compare to the quality assured data set that usah the pre

field and posffield calibrations applied to the data with the assumption of linear interpalefignre 19 shows the
distribution by wavelength for this comparison of the nesattime and qualityassured data set for the entire
database of Level 2qualified dataexcludingcalibration site data andeployments using a copied gield or post

field calibration These results are based on the Version 3 Level 2.0 data set in which the LevgbidtBnalscans

the entire deployment . The AOD difference nkiOsando gr a ms

1. ®<®.5). The optical air mass . ®<®.0 range includes all of the dathowever, these AOD difference
magnitudes will be constrained by the improved AOD measurements at large optical air ma#serakdtoward

Northern hemisphere winter midtitude sitesvhen AOD tends to be lawThe optical air mass . ®<d.5 range

includes datawill provide AOD measurements near solar noon and these measurements are generally less accurate

(U* t han at | arger optical a i n<1l.5mangedata include a grehtriinfluercen |

of tropical locations and ¢k from the midatitude summer when AOD tends to be moderate to high.

Figure 19 shows theAOD average difference®r the 1 . ®<®.0 rangeindicate a positive bias in which the AOD
for the prefield only cdibration tends to be on averaged.003 to +0.009 higher than théOD using the

interpolated calibration Similarly, AOD average differences ftine 1 . ®<®.5 rangeshow a positive biaand

similar wavelength variationbut up to two times larged i f f er enc e s ind7.@ mangé dhe lafgdste 1 .

average differences and standard deviations are for thewaWélengths, whicthave greater uncertainty as
discussed irsect.2. TheAOD differences for thavavelengthdongerthan 500nmhaveaboutless than halthe bias

of the UV wavelengths.The Level 1.5 algorithm performance improves wiitbreased data availabilisuch as a
greater number of wavelength or number of days. When an instrument deployment begins, sornewd th®
algorithm steps such as muithy removal schemes are not available until several days into the deployment

producinglarger differences in thaear reatime AOD with respect to the final productWhile wavelength

op

00

dependent biases #D.0B to +0.009f or tr<e7 .10. rGange and +0. IS5 rangexist0 . 015

when only the prdield calibration is applied, the difference can vary significantly depending on each instrument

deployment necessitating continued piieiid calibration ad maintenance effort.
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When an instrument is deployed in the field, the-figlel calibration is used constantly until the péstd
calibration isassessednd applied to the data using linear interpolati®he differencenf prefield calibration AOD
minus the posfield calibration AOD average difference and standard deviatiencomputedn day binsfor the
number of days since the piield calibration. Figure20 shows the AOCb00nmaveragdifferencefor the optical

air mass nm<an Pde sankdlb.. 1As@urdents typically operate in the fidldtween12 and 18 months
from the prefield calibration date; however, the instrument deployment may be delayeteaim$trumenmay not

begin operatiorfor a few months after the pfield calibration. Thus, the number of AOD measurements in the
days since préield calibration bins increase tomaximum aaibout 100 daysSome instruments may operate longer

in the field to support field campaigns anther scientific priorities. Figure 20 shows that the AOD average
difference and the standard deviat&dowly butsteadily increase for each optical air mass range. At about 1.5 years
after prefield calibraion (~550 days), the AOD average difference is ab@u010 with a standard deviation of
0.015for optical air masd . ®<®.0 rangeand+0.017 with a standard deviation of 0.021 for. ®<®.5. For the

UV wavelengths, the average differences and standard deviations tend to increase slightly while the longer visible
and near infrared wavelengths tend to decrease slightigrefore the quality of the Level 1.5 near retime AOD
changes with tira with high quality data at the start of the deployment but up+®.@2 bias and 0.02 uncertainty

for data collected more than 1.5 years sincefigtd calibration.

4.3  Multi -year Monthly Comparisons of Version 3 Level 2.0 to Version 2 Level 2.Databases

Longterm average differences between the Version 3 and Version 2 Level 2.0 data sets provide insight into the
changego be expected across most AERONET sit€ke analysis of the Version 3 and Version 2 data sets shows
mainly the differenes in theAOD, AEa4as70nm precipitablewater (PW) in cm, and the number of days are clustered
near zero Kig. 21). Note that precipitable water data quality depends on the quality of the input wavelengths
(675nm and 870nm) and no further quality control is made on the 935nm waveldmgjticreass in the Version 3

Level 2.0multi-year monthly averag@OD are ofterdue to the increased presence of fine mode parfideshigh

aerosol loading events as well as aerosols in near cloud environ(Bektst al., 2018) The decrease in the multi

year montly average AOD is due to the improved removal of clouds in the VersiguaBty controlalgorithm.
Generally, theresults should be very similar between Version 3 and Version 2 in A&€ulation since the

temperatureharacterizations as well as NO2 ation contributions typically havelatively minor contributions.

Other factors affecting the AOD calculation include the adjustment of site coordinates and elevation information for
about 100 AERONET sitagtilizing GPS or digital elevation modelA few rare extreme coordinate adjustmeuits

more than 25 kmincluded Petrolina SONDA (9.069T S, 40.320% W), llorin (8.484TF N, 4.6745 E), and
Ouagadougoif12.424? N, 1.4872 W). A large site coordinate adjustment can complicate satellite matétups
these few casdsut the review of all AERONET sites showed that less than a 8istenceadjustmentnd less than

100-meterelevation adjustmentas needetbr most of thee100suspectedites.
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Figure 22 shows similar plots tdig. 21 except that the observations used fue tultiyear monthly averages in

both data setshe instantaneous observatioae time matchedhence,each data set has tlsame number of
observations and number of days. The time matchedtkmng average comparison provides insight into the AOD
calalation differences rather than impacts due to cloud screening and instrument quality controls applied in Level
1.5. Table5 shows themulti-year monthly overalstandard deviation andOD maximum to minimum range is
significantly reduced comparet the data set withouime-matchedobservations Figure 22a shows a slight
decreasing trend of Version 3 AOD for increasing Version 2 AOD and most of the larger AOD deviations are for
sites in Asia where thimpact of the OMI NOZ2orrectionamay be contributing to the slight shift of up to 0.02 for a

few months and sites.

For unmatched or time matched data setJéble 5, the precipitable water climatology changed on average
insignificantly. The multiyear monthly overall days differen¢€able5) for the unmatchegrecipitable watedata

set was near zemandthe standard deviation was near 25 dapile the maximunof +150 and minimunof 1 130
daysindicatesignificant variability due to the differences in qualitontrols between the algorithm®verall, the
changes from Version 2 to Version 3 in precipitable water are generally negligible in terms of the contribution to the
calculation of theAOD.

Overall, the multyear monthly overall average differenioetween Version 3 and Version 2 for unmatched data is
+0.002 and time matched data is 10. 00 2-teimracciageaualityn g r e ma
assured data sets. For example, the NASA GSFC AERONET siteymaittimonthly averagd=ig. 23) located 20

km north of Washington, D.C., shows minor variations in the AOD and increase in AE due to removal of cirrus

clouds during thevinter months and increasing AOD in the summer months due to the greater abundance of cloud

processed or near cloud aerosols (Eck et al., 2014).

Comparison ofAEa4as70nmin Fig. 21b andFig. 22b show significantly lower values for Version 3 than Version 2
Level 2.0 at low optical depth. An analysis of lelegm average data at Lulifaiwan (23.47°N, 120.87°E)
identified significant reductionof Version 3AE relative to Version 2AE at very low AOD due to temperature
characterization that resulted in improved AOD spectral depend€ige24). The Lulin site is a high altitude
mountain station located in south central Taiwan, and this site is affected episodically Hyotradary aerosol
plumes from East and Southeast Asia (Lin et al., 2013; Wang et al., 20l8astern China, multiear monthly
averages from the XiangHe si{89.75°N, 116.96°E) show a significant Version 3 AOD increase of 0.2, while
maintaining nearly the same AE and increasing the number of days up to near 40% for tyeanutionthly
avaage in July and AugusE{g. 25). The XiangHe sités located to the east of Beijing and is routinely impacted by
urban pollution and episazhlly by biomass burning and desert dust events (Li et al., 2007). The significant
increase in the AOD for XiangHe is likely due to the retention of highly variable fine mode aerosol events
particularly at very high AOD, which were removed by the Vergdiarioud screening wavelengths utilizing large

triplets less than 675nm (Eck et al., 2018). Additionally, some very high AOD events at XiangHe were previously
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removed by the Version 2 midsible low signal threshold but are now retained in Version 30fteh only for
wavelengths longer than 675nm, so the statistics for these days are not accounted for in the 500nm data shown in
Fig. 25.

At the Mongu(15.25°S, 23.15°E) site (Fig. 26), the biomass burning smoke typically occurs during the dry season
from April through November due to biomass fuel cooking and agricultural burning (Eck et al., 2003). Comparisons
of multi-year monthly averages for the Mongu site shows small deviations for AOD up to +0.01 with slight
increases in Version 3 AE during December through March due to enhanced cirrus cloud removal from the solar
aureole check. Notably, the number of dforsthe Mongu multiyear monthly averages significantly decreased by
10% to 25% in Version 3 due to improved cloud screening and sensor head temperature anomalies affecting
instrument performanceln Cinzana, Mali(Fig. 27), the aerosol loading is dominated by background dust aerosol
with episodic contributions to the aerosol loading from biomass busmaikefrom November to March (Cavalieri

et al., 2010). e AERONET IERCinzana siteX3.28°N, 5.93°W) multi-year monthly averages show generally

0.03 lower AODfor Version 3 than Version 2 and nearly the same AE for both versionsnurhiger of day$or
eachmonth is7% to 25%lower in Version 3when compare to Version 2mainly due to improvedirrus cloud

screening

5 Summary

The Aerosol Robotic Network (AERONET) has adopted a new automated quality assurance algorithm called
Version 3. The significant impacts of the Version 3 algorithm are updated and improved cloud screening and
quality controlmethods, whictare powerful tools in quality assuring the Sun photomateb data. Comparisons
between the qualitassureddata sets of Version 3 and Version 2 show excellent agree®ewiations can be
explained by known algorithm differences such as changes in thd steening triplet variability, cirrus cloud
detection and removal, implementation of temperature characterization, updatesdamé®logy, modification of

site coordinates and elevation, and identification of instrument anomalies such as aefoabldepth (AOD)

diurnal dependence, AOD spectral dependence, and instrumenicaleatrd temperature stability.The high
statistical agreement in mulfear monthly averaged AOBubstantiate¥ ersion3 algorithms and suggests that the
Version3 databas will validatemost \Version2 research conclusiormit exceptiongan exist For examplethe

Version 3algorithmpermittedAOD measurementsf thick biomass burning smoke Indonesiaduring the strong

2015 EIl Nino eventvhere Version 2 AOD data weret availablg(Eck et al., 2019) As a resultMODIS satellite
retrievalmodifications have been identified capturemorehigh optical depth eventsather than maskinthemas
clouds(Shi et al., 208). Given AERONET algorithmenhancementsve recommendhe Version 3 AOD database

for scientific investigations

Major highlightsof this workinclude(not listed in priority)
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An automaticquality controlalgorithm significantly reduesthe necessity of analysto inspect millions of
AERONET measurementsThe AERONET Version 3 algorithm applied in near redahe provides high

quality AOD for dataassimilationapplications The Version3 Level 2.0 data is provided within 30 days of

the postfield calibration evaluation after the instrument deploymenproving the timeliness of quality
assured data.

Improvements to théotal AERONET databaseloud screeningesuls in about 60% removabdf clouds

from thecompleteSun photometer databaaed this value is similar to the coverage of clouds globally of
about 8% (Rossow and Schiffer 1999 AutonomousCimel Sun photometers can view gaps and nearby
regions of the cloudand become inactive during rain periods due to wet sensor activation and AERONET
sites are dominated by land locations which genetallyelower cloud cover on averagtherefore, these

factors wouldreduce thalifferencebetweerntotal AERONET cloud removapercentagandglobal satellite
observations.Over 36% of thetotal datawere removedy the 4quadrant solar tracker sensitivity check
dueto less accuracy in tracking the Sun in clpednditions while about 23% of the removal was due to

the variability of clouds with respect to more homogeneous aerosol loading.

Utilizing the shape of the solar aureole radiances with scattering angleus aétection algorithm was
developed by leveraging MPLNET LIDAR cloud detection capabilities. The solar aureoleatgrouishm
eliminates~5% of theLevel 1.0AOD datato reduce the bias of optically thin cirrus cloudSAERONET
database

Spectral ¢mperature correction has been implemented fXERONET instrumentsising the sensor head
temperature sensaeading The temperature characterization shows significant AOD deviation +0.01
variation between T25AC a,rsidcethisswavelength is on the ledge odthd i ¢ o n
Silicon detector sensitivity range. Other wavelengths in the 440nm to 164@nge have weak
temperature dependence from 1T25AC and +30AC with
dependence at higher tempeiras.

New automated instrument anomaly screemirayides a systematic and objective scheme to remove entire
measurements andividual wavelengtk from the AERONETAOD database Importantly, obstructions to

the instrument opticare now removed automatilly using an AOD diurnal dependence algorithm based

on the optical air mass. The AOD diurnal dependence technique employs several conditions that were
developed to mitigate the removal of true diurnal dependence conditions while maximizing the rémoval o
data significantly impacted tgnomalies affecting the instrument optics.

Bias and uncertaintgstimatedor near reatime AOD arecomputed by using the difference of the-pre

field calibration AOD minus the interpolated calibration AODhe nearreal ime AERONET datahave

an estimated bias up t60.02 and oneigma uncertainty up to 0.0Zhese valuedhave slightly higher
uncertainty for shorter wavelengths and slightly lower uncertainty for longer wavelengths.

The AERONET Version 3 and Version 2 AOD quality controlled databases are analyzed ta leng

term monthly average difference €0.002 with £0.02 standard deviation and greater agreement for time
matched observations with aver tagdard dbviation.eTheehigh e o f
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statistical agreement in mulgear monthly averaged AOD validates the advanced automatic data quality
control algorithms and suggests that migrating research to the Version 3 database will corroborate most
Version 2 researctesults and likely lead to some more accurate results.

8. Examination of longerm sites in various aerosol source regions indiaatgnly subtle changes in AOD,
AE and the number of daysvailable however, in some monthenproved cloud screening, high asob
loading retention, and improved instrument anomaly screening not attained by Version 2 explain larger

deviations in these parameters

AERONET Version 3 has evolved into a database with unparalleled presesue pfotometryFuture algorithms
could include improvements to the detection of cirrus clouds in polar environments, where the ice crystal size is
approaching the size of large nroloud aerosols, the determination of anomalies in high aerosol loading conditions,
and the identification of true @D diurnal dependence versus one generated by an instrument andbiiigl
radiometers will also measure the moon to derive lunar AB&koff et al., 2011Barreto et al, 2013, 2016; Li et

al., 2016. For example, current lunar measurement protogolsot includelunar aureolaneasurements analogous

to the solar aureoleneasurementdience the lack of these measuremearttentially reduceshe ability of the
algorithm to removeirrus clouds at nightand thus a variation of the quality control methodolaggy need to be
developed. Other surfacébasedremote sensingietworks such asMAN (Smirnov et al.,, 2009) SKYNET
(Takamura and Nakajima 20043AW-PFR Kazadzis et al., 20)8and PANDORA (Herman etal., 2009)may
benefit by implementing applicable quality contneéthods established by AERONET.

Data Availability. Version 3AOD data are available from the AERONET web site (https://aeronet.gsfc.nasa.gov)
and the web site provides these data freelyhe public. Data may be acquireg utilizing several download

mechanisms includingite-by-site download tools and web service options for neartigad data acquisition.
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1665 Table 1. Nominal AERONETwavelengths for ion assisted deposition filters used for aerosol remote sensing and spectral
1666  corrections or components for each channel.

Nominal Central Filter Spectral Corrections/
Wavelengths (nm) Bandpass (nm) Components
340 2 Rayleigh, NQ, O3
380 2 Rayleigh, NQ
440 10 Rayleigh, NQ
500 10 Rayleigh, NQ, O3
675 10 Rayleigh, Q
870 10 Rayleigh
935 10 Rayleigh, Aerosol
1020 10 Rayleigh, HO
1640 25 Rayleigh, HO, CQ, CH,
1667
1668
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1669

1670
1671

Table 2. Summary of Cloud Screening Rela®@dality Control Changes from Version 2 to Version 3.

Algorithm/Parameter

Version 2

Version 3

Very High AOD Restoration N/A

U870 >0-1620 %56 7 5020%1.3,UBtEroif
eliminated by cloud screening

Optical Air Mass Range

Maximum of 5.0

Maximumof 7.0

Number of Potential

Measurements

Nremair<3, reject all

measurements in the da

After all checks applied, reject all measurements in tr
day if NremarMAX{3 or 10% of N}

Triplet Criterion

All wavelengths

checked; AOD Triplet
Variability > MAX{0.02
or OB *U

AOD Triplet Variabil deddy
for 675nm, 87m, and 1020nmvavelengths

simultaneously

Angstrom Exponent (AE)

N/A

If AEssas7onm< T 1 . O sad®76nm>B.Ethen eliminate

Limitation triplet measurement.

Smoothness Check D<16 For AOD500nm (or 440nmyderosor0.01 per minute,
then remove largdierosoiin pair. Repeat condition for
each pair until points are not removed.

Solar Aureole radiance N/A Using 1020nm solar aureole radiances, compute the

Curvature Check
(Sect.3.2.2

curvaturek) bet ween 3. 2A and
at the smallest scattering anglek4f2 . O ET 5
slope of curvaturé () is greatethan 4.3 (empirically
determined), then radiances are cloud contaminated.
sky scan measurements, @l.someasurements are
removed within 30 minutes of the sky measurement.
For Model T, special aureole scan measurements wil
remove alllerosowithin a two minute period

superseding any sky scan aureole measurements.

Standalone Measurements N/A

If no data exists within 1 hour of a measurement, thet
reject it unless AE44870nm>1.0.

AOD Stability Check

Same as Version 3

Daily averaged AOD 500nfnor 440nm) h
0.015, then do not perform@B c he c k .

30 Check

Same as Version 3

AOD 500nm and AE44870nm should be within the
MEANN3CG; otherwise, the
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1672

1673
1674

Table 3. AERONET and MPLNET sites and datnges used for assessigus and nortirruscloud presence

Site Latitude Longitude Elevation (meters) Date Range

GSFC 38.9925 N 76.8398 W 87 May 2001 Jan 2013
COVE 36.9000° N 75.700° W 37 May 2004 Jan 2008
Kanpur 26.518° N 80.2316 E 123 May 2009 Jan 2013
SEDE_BOKER 30.8550 N 34.7822 E 480 Nov 2007 Apr 2013
Santa_Cruz_Tenerife 28.4728 N 16.2473 W 52 Nov 2005 Jan 2013
Singapore 1.2977° N 103.78@&° E 30 Aug 2009 Jan 2013
Ragged_Point 13.1650 N 59.4320 W 40 Jun 2008Jan 2013

Trinidad_Head 41.0539 N 124.1510 W 105 May 2005 Feb 2013
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1675 Table 4. Thresholds used to determine the independent and dependent AOD diurnal dependence. Satisfying both the slope and
1676  correlation coefficientR) conditions wouldctonstitute the possible removal of all measurements for a day.

Day Removal AOD Diurnal Analyzed Slope R
Type Shape Period Threshold Threshold
Independent Concave AM, PM, Day >0.25 >0.974
Dependent Concave AM, PM >0.04 >0.94
Dependent Concave Day >0.1 >0.94
Dependent Convex AM, PM, Day <170.02 <10.94
Dependeni (0.1 Convex AM, PM, Day <10.1 <10.94
Independent
2 or more Silicon
wavelengths >0.1 Day or
Concave AM, PM, Day >0.94

(440, 675, 870,
1020nm) or 1640nm
InGaAs

AM & PM > 0.02

1677
1678
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1679 Table 5. Statistics corresponding #ig. 21 and Fig. 22 for AOD interpolated to 500nmAngstrom exponent 440870nm,

1680 preciptable water (cm), and the number of days. Version 3 Level 2.0 and Version 2 Level 2.0 data are compared for the same
1681 multi-year monthly averages when sites have a total of more than 1000 days for all months and more than 30 days in each month.
1682 Datarepreent ed as fAMatchedod indicates the further condition that
1683 3 Level 2.0 multdyear monthly average data sets. Note Biatv al ues f or t he fAMatchedd data set
1684  the unmatckd data set.

AODsoonm  AEasos7oom  PW (cm) Days AODs00nm AE440870nm
Parameter (V3TV (V3TV (V3TV (V3TV (V3TV2 (V3iV2
Unmatched Unmatched Unmatched Unmatched Matched Matched
Average 0.002 10.01 10.02 104 10.002 10.03
Standard Deviation 0.022 0.10 0.06 24.8 0.004 0.10
Maximum 0.247 0.29 0.34 150 0.015 0.35
Minimum 10.166 11.54 10.45 1130 10.029 11.63
Number of Months 2953 2953 2953 2953 2514 2514
1685
1686
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Figure 1. Aerosol optical deptfAOD) data from AERONETUssuriysk site (430 N, 132.16°E) on 30 November 200shows
electronic instability.For the Cimel Model 4 instruments, takectronic sensitivity of thelV AOD data (340nm and 380nro@an

be highdue to aad amplifier TheresultingAOD datafor the WV channels areut of spectral dependence the entire day with a
maximum errorfor large optical air mass due to large dark current valu&he UV channelgidentified by line plots) are
removed by the quality contralhile preserving other wavelengths tlaae not affected by this condition.
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Figure 2. Spectral dependent low digital number removal at NASA Goddard Space Flight Center (GSFC; 38.99°N, 76.84°W).
(a) Level 1.0 AOD data from GSFC on 8 July 2022 plotted fothe Quebec forest fire smoke event. Significantly fewer Level

1.0 AOD data are available for the shorter wavelengths near local sunrise (~11 UTC) and sunset (~23:3(bJUTER.
distribution of the AOD measurements with respect to optical air mastycdbaws the removal of short wavelengths for large

air mass in this fine mode aerosol event. The high aerosol loading due to smoke and haze results in significant ekfWiction a
and visiblewavelengths, whictcorresponds to low digital counts. Thewldigital count quality control removes AOD
measurements impactég diffuse radiation scattered into the instrument field of view (Sinyuk et al., 2012).
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1704  Figure 3. Eclipse circumstance at the NASA Goddard Space Flight Cen&F(G38.99N, 76.84°W) on 25 December 2000

1705  between 16:04:13 UTC and 19:16:25 UTThe maximumAOD during the eclipse occurs #ite maximum obscuration of 0.42,

1706  which results ina change of ~0.28 for AOD 500ncompared to data before and after the setdipse Utilizing the NASA

1707  Solar Eclipse database, the AOD measurements are removed between the partial eclipse first contact and partial eclipse last
1708 contactas denoted by the vertical dashed lines

1709
1710

57



2000 i
(a) —0O—Clear
——Cirrus &
Non-cirrus
K —e— Non-cirrus
1500 —&—Cirrus -—
o
)
Ke)
€ 1000
=)
pzd
500
0| ' A A
0 2E-5 4E-5 6E-5 8E-5 0.0001
Curvature at First Scattering Angle (ko)
3000 . ! : 1000 . i r
(b) I —Oo— Clear (c) I —O—Clear
o— Cirrus & —O—C|rrus'&
2500 ! Non-cirrus - Non-cirrus
—e— Non-cirrus 800 —e— Non-cirrus |-
% I —e—Cirrus I % —e—Cirrus
2000 |
- | _ 600 t
)
S a0 . é k <2E-5 Applied
e ' >
z 400
1000
/ 200
500
0 looooks 0 KX
0 1 2 0 1 2 3
1711 Slope of Curvature (M) Slope of Curvature (M)

1712  Figure 4. NASA GoddardSpace Flight Center (GSFC; 38.997 76.84°W) AERONET data coincident with MPLNET LIDAR

1713  derived sky condition categorie€léar, both Cirrus and Nowirrus clouds Non-cirrus clouds andCirrus clouds)from 2001

1714  2013.The AERONET slar aureole 1020nm raaticesare used to calculate tlearvature at the first scattering angie) and the

1715  slope of curvaturd  petween 3.2° and 6.0° scattering angléa) The number distribution df, is shownand he dashed

1716  vertical line atko equals2 ET 5 indicaeshel d heeherhe values less than 2ET5 ar
1717  contaminated (the-a x i s is truncated at (bITRe ndmbérdistribwionef wis shgwngmdi rgpeater e s ) .

1718 than 4.3 are considered to be possibly cirrus cloud oongded(the dashed vertical line indicates the threshold of. 4(8)

1719  Similar to panelb) exceptthatthe ko thresholdke< 2 ET 5) i s a pap a resejdatafgieates than 4.3 id thpanelare

1720  considered to be cirrus cloud contaminated.
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Figure 5. Similar toFig. 4, except for Singaporél.29° N, 103.78° Efrom 2009 2013.
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1726  Figure 6. Similar to Fig.4, except for SEDE BOKER30.85° N, 34.78° Efrom 2007 2013.
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1732  Figure 8. The solar aureole 1020nm radiance versus the scattering anigigraes for selected siteBataplots with the dashed
1733 lines (.e., SEDE BOKER 2, GSFC 1, and Singapore) all qualify for the removal of data due to optically thin homogeneous cloud
1734  contamination.
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Figure 9. Time shiftedaerosol optical depth (AODjata examples at Malaga (36.7%7 4.48°W) and Toronto (43.79N,

79.47°W). Note the line plot is used to emphasize the 340nm and 380nm AOD impact for the tim¢aghifie Level 1.5

AOD cloud screened only dataeasured tathe Malaga site on 30 January 201Zhese data shovhe time shiftedAOD

especially at short wavelengths represent the instrument clock is too(fgsthe Level 1.5 AOD cloud screened only data
measured at the Toronto siv@ 24 September 2013. Thiene shifted aerosol optical depth especially at short wavelengths
represent when the instrument clock was too slow. Panel (a) also shows the algorithm can be used with data gaps and lower
temporal resolution measurement interval compared to panel (b).
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Figure 10. AERONET data collected at Rio Branco (978 67.87°W) on 30 August 2011The AOD 1020nm Level 1.5 with
only the cloud screeninglgorithm applied to the dataa) The AOD diurnal dependenceresents @oncave shape during the
solar day. (b) The AOD 1020nnmandtheinverse optical air masshow ahighly correlated linear fiand the Bpeis significant
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Figure 11. AERONET data collected at Rio Branco (9.95°67.87°W) from 15 August to 30 September 201(k) The time

series of Level 1.5 spectral AOD (cloadreened only) daia plotted from 26 August to 5 September 2011 and shows repeated
diurnal dependence for varying magnitudes of AQD) The robust linear fit slope and correlation coefficient ijalculated

from the AOD 1020nm versus the inverse of the optical air mas9. (nfror the full day evaluation, the green dashed line
indicates the threshold for the slope parameter at 0.1 and the solid green line indicates the threshold for the coeféilzigat

(R =0.94). Both the slope and R must exceed these thresholds for at least three days scanning from the currentaday to the |
occurrence within th@0-day period to remove the spectral AOD, and in this circumstance, all of the data amedefor the

period for Levels 1.5 and 2.0.
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1763  Figure 12. Flowchart of the reverse spectral dependence algorithm used to remove cloud contamination artifacts and instrument
1764  anomalies.The 1640nm wavelength is available on some Cimel Model 5 instruments and all Model T instruments.
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Figure 13. Data from Bratts Lake (50.20N, 104.71°W) on 7
January 2007. (a) The Level 1.5 data with only the cloud
screening(CS) algorithm appliedshows cloud contaminated
data remairafter 18:10 UTC (b) For the same period as (a),
the Angstrom exponent values decreased significantly to a
level where coarse mode aerosol particles are not expgcied.
The final Level 1.5 ad Level 2.0 data series after the reverse
spectral dependence quality control or additional cloud
screening method has been applied to the standalone Level 1.5
CS data.
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Figure 14. AERONET data from the Osaka (34.65° N, 135.59%ite on 16 October 2006 at 22:02:11 UTC. The plot shows
AOD versus the wavelength with lines identifying the linear and quadratic robust regression fits on logarithmic scaléhesed by
AOD spectral dependence algorithm. The 675nm channel is cleanyadous with fits differing by 0.12 for linear and 0.09 for
guadratic. In addition the AOD 340nm appears anomalous with deviations of @6 linear fit and 0.07from quadraticfit .
While both wavelengths exceed their respective AOD thresholds (8d02875nm and 0.051 for 340nm), the algorithm
determines the maximum deviatiéor linear and quadratic fitand removes the AOD 675nm measurement. A subsequent scan
by the algorithm determined that the remaining AOD measurements from 340nm to 102Gnmvitlver the established fit
deviation thresholds.
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Figure 15. Spectral AOD exhibiting large triplet variability at PEARL (80.05° N, 86.42°0W25 August 2013.(a) Version 3
Level 1.5 cloud screened only data plotted with large triplet variabilityand these data were not removed thg cloud
screening. The error bars represent the triplet variability (AOD Ma®©D Min) divided by 2 so the full range represents the
AOD triplet variability. The large triplet variability ears mainly at shorter wavelengths than 675ifb).Data affected by large
triplet variability (i.e., AOD 380nm, AOD 440nm, and AOD 675ran¢ removedy using the Level 1.5 large triplet variability
quality controls.
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1795 Figure 16. The Level 1.0 AOD measurement removal by the Level 1.5 cloud screening algorithm from 1993 to 20t The

1796  shows the impact of the major cloud screening steps in the Level 1.5 cloud screening algorithm and removal of thesesdata appl
1797  to all wavelegths. The triplet criterion removes more than 23% of the Level 1.0 data. Nearly 5% of the Level 1.0 data are
1798 removed due to cirrus cloud contamination. The fARemainingo
1799 step to determindi enough measurements are available and do not meet
1800 category indicates data that et tripletsor lack sufficient channels to participate in the cloud screening algorithm.
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Figure 17. Level 1.5 quality control algorithm wavelength dependent impacts for each majdorstep period analyzeftom
1993 2018. The most significant removal for most channels is due to AOD diurnal dependence, time shift, and difference
between AOD 1020nm on the Silicon and InGaAs detectors (resulting from collimator inconsistency). The AOD 340nm has

significant removal

of AOD

spectr al

dependence.
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1640nm

Measur ement s 0length caonet be dnacked for gualéy when the Silicon channels are not available. Temperature
screening mostly applies to the 1020nm Silicon wavelength due to its strong temperature dependence near the edgé of the signa

sensitivity of the Silicon photodde detector.
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Figure 18. Difference in AOD response between Version 3 and Version 2 temperature correction applied to Version 3 AOD data

based on the sensor head temperdramm 1993 2018. The Version 2 temperature correction assumes temperature ranges for

1020nm and no temperature correction for all other wavelengths, while Version 3 temperature correction characterizes the
temperature response for each filter or set of default fidte f or each i nstr ume @ThefAOD average el engt h
difference plottedfoe ach 1 AC t emper at ur eTheAQD 1020nm exhibit &nApositedrend GHpRi@d to

the other wavelengths varyi nuptofG.04 at highdtempetatures. Other waveleagthp leavea t ur e <
slight differences at cold temperatures but apparent dependencies at high temperatures greater than 40°C possibly due to
extrapolation of the temperature coefficients to higher temperaty®sThe numberof measurements plotted felach 1°C

temperature bimvith a minimum of 1000 observations
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Figure 19. Using data qualified as Version 3, Level 2.0, aerosol optical depth (AOD) average difference comparing
measurementsnly with the prefield calibration applied versus instruments with both thefigtd and posfield calibrations

applied from 19982018. Calibration sites are excluded from the analysis. The histogram of AOD differences is provided for the
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1829  Figure 20. Using data qualified as Version 3 Level 2.0 aerosol optical depth (AOD) 500nm average difference comparing
1830 measurements only with the giield calibration applied versus instruments with both thefigtd and posfield calibratons

1831 applied from 1998201 8. The AOD average differences are prov(@aammd for
1832 1. 00m<1. 5 r gh). /ertical Inars pepresent the standard deviafioneachday bin. The secondary -gxis in

1833  logarithmic scaleepresents theumber of measuremerdaé AOD 500nm foreachdaybin.

1834

74



160

0.30 1 .
£~ : i 140
cq 0.15 1 g 120
Q7 1 ' 100
o Co 4 1 .
Te] > 000__ JI _______ 80
[ g ] | 60
4= ]
Q5 -0.15- e 40
] : 20

—0.30 -

o
n

20
15
10

o
o
NP

AE 440-870nm
Diff (V3-V2)
S
ul

40
30
20
10

_.__;;-l————l——___l..____
| 1z |
' ' H
) E————
[6)]

160

%A ] 0.08

N 804+ - O -
o> ] a Poétie 0.06
(@] g 0l- [}
5 0.04
s
€ 8077 . > 0.02
< 160 - E i

0.0 0.2 0.4 0.6 0.8

1835 Aerosol Optical Depth 500nm (V2) Monthly Long-term Average

1836 Figure 21. Comparison of Version 3 and Version 2 Level 2.0 rygtir monthly average data sefa) The aerosol optical depth
1837  (AOD) interpolated to 500nro include data from instruments without 500n(b) The Angstromexponent (AE)s calculated
1838  utilizing the inclusiveordinary least squaresgression fit from 440870nm.(c) The precipitable water in cis derived from the
1839  935nm water vapor channeld) The difference in the number of dagsdeterminedor each monthlyong-termaverage.
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1844

Figure 22. Comparison of Version 3 and Version 2 Level 2.0 rydr monthly average data sets for time matched
instantaneous observat®in both data setsThe panels are similar to those in Fid.
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