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Abstract. Since the Cloud-Aerosol Lidar and Infrared a mean percentage difference-ef.5 %= 24 %. This result
Pathfinder Satellite Observations (CALIPSO) satellite firstconfirms the accuracy in the lidar ratio estimates provided by
began probing the Earth’'s atmosphere on 13 June 2008he CALIOP algorithms over Brazil to within an uncertainty
several research groups dedicated to investigating the atange of no more than 30 %.

mosphere’s optical properties have conducted measurement

campaigns to validate the CALIPSO data products. Recently,

in order to address the lack of CALIPSO validation studies

in the Southern Hemisphere, and especially the South Amerl Introduction

ican continent, the Lasers Environmental Applications Re-

search Group at Brazil's Nuclear and Energy Research InAerosols and clouds play an important role in the Earth’s ra-
stitute (IPEN) initiated efforts to assess CALIPSO's aerosoldiation budget since their physical and optical properties af-
lidar ratio estimates using the AERONET sun photometersfeCt the scattering and absorption processes of solar radiation
installed at five different locations in Brazil. In this study we (Solomon et al.2007. Clouds act on atmospheric radiation
develop a validation methodology to evaluate the accuracy oProcesses by reflecting incoming sunlight back into space
the modeled values of the lidar ratios used by the CALIPS0and by trapping thermal radiation emitted from the Earth's
extinction algorithms. We recognize that the quality of any surface. Aerosols can act to either cool or warm the atmo-
comparisons between satellite and ground-based measuréphere. Cooling occurs when aerosols scatter incoming sun
ments depends on the degree to which the instruments af@diation back into space, whereas warming occurs due to
collocated, and that even selecting the best spatial and tenfb€ absorption of the incoming sunlight. Moreover, aerosol
poral matches does not provide an unequivocal guarantee th@rticles can act as cloud condensation nuclei (CCN) affect-
both instruments are measuring the same air mass. The valitg the concentration, size and lifetime of cloudserson
dation methodology presented in this study therefore applie§t al. 2003 Charlson et a).1992. Aerosols affect climate
backward and forward air mass trajectories in order to obtairProcesses on both local and global scales, thus represent-
the best possible match between the air masses sampled B9 & large source of uncertainties in the prediction of cli-
the satellite and the ground-based instruments, and thus rébate changes, mainly due to their spatial and temporal vari-
duces the uncertainties associated with aerosol air mass var@bility (Anderson et a).2003. Aerosol optical and physical
ations. Quantitative comparisons of lidar ratios determinedProperties are highly complex, and vary considerably due to
from the combination of AERONET optical depth measure- differences in their composition, distribution, sources (nat-
ments and CALIOP integrated attenuated backscatter mediral or anthropogenic) and local meteorology. One of the
surements show good agreement with the model values adhain challenges in the atmospheric sciences lies in acquir-

signed by the CALIOP algorithm. These comparisons yielding more accurate knowledge about aerosol and cloud prop-
erties and how their interactions can affect climate model
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predictions. In the last decades, several remote sensing plaseveral recent assessments of CALIOP modeled lidar ratios
forms —i.e., spaceborne, aircraft and ground-based measurend aerosol optical depthSc¢huster et 812012 Omar et al,
ment systems — have been developed or improved to condu@013. Other studies have compared CALIOP results to the
studies of aerosol and cloud optical properties on local anddata products from other satellité&eisz et al.(2007) used
global scales, as well as to provide the scientific basis for un<loud-data products from the Atmospheric Infrared Sounder
derstanding the Earth’s climate system. Most of our current{AIRS) and MODIS to retrieve estimates of cloud top heights
understanding of aerosol influences in climate change proand compare with those obtained using the active sensors
cesses has been developed from the study of horizontal distrsuch as the Cloud Profiling Radar (CPR) and the CALIOP,
butions of aerosols derived from space-based passive remoteboard the CloudSat and CALIPSO satellites, respectively.
sensor measurements (e.g., the Moderate Resolution Imadgittaka et al.(2011) compared column aerosol optical depth
ing Spectroradiometer (MODISRRemer et a].2005. How- (AOD) values retrieved by MODIS and CALIOP at 532 nm,
ever, since June 2006 the Cloud-Aerosol Lidar and Infraredshowing there is acceptable agreement between the two sen-
Pathfinder Satellite Observations (CALIPSO) satellite has ressors in ocean regions with low cloudiness, and some dif-
trieved vertical profiles of aerosols and clouds on a globalferences in the AOD overland. The same study indicated
scale, providing important contributions in atmospheric sci-that changes in the selection of the lidar ratio values used
ence studies and also complementing our knowledge of thén the CALIOP aerosol retrieval would be sufficient to pro-
horizontal distributionsWinker et al, 2009 2010. vide a regional mean AOD consistent with that retrieved
The CALIPSO mission is a partnership program devel-from MODIS. Some other validation studies used different
oped by the United States’ National Aeronautics and Spacéypes of lidar systems onboard aircraft flying in the same
Administration (NASA) and the Centre National d’Etudes trajectory as the CALIPSO satellite. For instankiGill et
Spatiales (CNES) from France, and has as its principal pural. (2007 qualitatively compared the vertical distribution of
pose the retrieval of spatial and optical properties of aerosolglouds measured by CALIOP and the Cloud Physics Lidar
and clouds in the vertical profile using the lidar (light detec- (CPL) system onboard NASA's high-altitude ER2 aircraft.
tion and ranging) technique. The CALIPSO satellite main- Subsequent studies using CPL dataMoyks et al.(2011)
tains a 705 km sun-synchronous polar orbit with a velocity andHlavka et al.(2012 provide quantitative assessments of
of about 7 km s*. The primary instrument aboard CALIPSO the CALIOP layer detection scheme and the accuracy of the
is the Cloud-Aerosol Lidar with Orthogonal Polarization CALIOP cirrus cloud extinction retrievals, respectively.
(CALIOP), a two-wavelength laser (532nm and 1064nm) Numerous validation studies have been carried out using
operating at a pulse repetition rate of 20.16 Hizt et al, the NASA Langley Research Center (LaRC) High Spectral
2009. CALIOP is an elastic backscatter system, which im- Resolution Lidar (HSRL) deployed onboard the Langley B-
plies an extra challenge in the retrieval of atmosphere opti-200 aircraft flying in the same trajectory as the CALIPSO
cal properties, since its signals do not contain all of the in-satellite Burton et al, 201Q 2013 McPherson et al2010.
formation required to fully resolve the lidar equation, and Kacenelenbogen et a(2011) presented a case study us-
therefore aerosol backscatter and extinction coefficients mushg measurements from several instruments — including the
be retrieved using assumed or modeled values of the sotaRC HSRL, the AERONET sun photometers, MODIS,
called extinction-to-backscatter ratio (or lidar ratioSzzy) and the POLarization and Directionality of Earth's Re-
(Klett, 1985. For this reason, validation methodologies us- flectances (POLDER) satellite — to compare multiple AOD
ing ground-based instruments are needed to assess the acaadues with those retrieved by CALIOP. This study sug-
racy of both the modeled and the retrieved optical propertiegests that CALIOP consistently underestimates the MODIS
reported in the CALIPSO data products. AOD values, and investigates possible causes, including
Since the launch of CALIPSO, several validation studiesCALIOP’s low signal-to-noise ratio, cloud contamination,
have been conducted to assess CALIOP’s algorithm perforand potentially erroneous values of the aerosol extinction-
mance and its data products. These validation studies uset-backscatter ratio provided by the CALIOP aerosol mod-
different methodologies and approaches, as well as differen¢ls. The most extensive study of CALIOP 532 nm calibra-
instruments, including both ground-based and airborne retion was carried out byRogers et al.(201]) in a quan-
mote sensing systemKim et al. (2008 analyzed six cases titative assessment using LaRC HSRL measurements over
comparing CALIOP measurements to coincident observaand near the North American continent. Comparisons of
tions from a ground-based lidar in Seoul, Korea. Severalthe 532 nm total attenuated backscatter signal retrieved by
other studies have been conducted comparing CALIOP dathoth systems showed agreement to within 2# %1 % and
products to similar products produced using ground-base®.9 %+ 3.9 % (CALIOP lower) during nighttime and day-
elastic backscattering systems (e.tpo et al, 2008 Wu time, respectively, indicating the accuracy of the CALIOP
et al, 2011 or ground-based Raman lidar systems in the532 nm calibration algorithms.
context of EARLINET Mona et al, 2009 Mamouiri et al, The vast majority of the ground-based and airborne val-
2009 Pappalardo et al2010. Ground-based sun photome- idation studies have been conducted in the Northern Hemi-
ter measurements (i.e., AERONET) have also been used isphere. To our knowledge, the sole exceptions to date are
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the global AERONET studies conducted Bghuster et al.  single-scattering albedo and refractive index. The operating
(2012 and Omar et al.(2013. There is a distinct lack of principle of this system is to acquire aureole and sky radi-
CALIOP validation studies in the Southern Hemisphere, andance observations using a large number of solar scattering
this is especially notable in the South America region, whichangles through a constant aerosol profile, and thus retrieve
is a region directly affected by the South Atlantic Anomaly the aerosol size distribution, the phase function and the AOD.
(SAA). The SAA radiation effects can introduce large er- Because sun photometers do not make range-resolved mea-
rors into the CALIOP calibration procedure, which in turn surements, all of the AERONET derived parameters must be
can lead to misclassification or a failure to detect aerosolconsidered as column integrals of their respective altitude-
layers Hunt et al, 2009 Powell et al, 2009. The vali-  distributed quantities. The channels used are centered at 340,
dation methodology developed in this paper is, to the bes?t40, 500, 670, 870, 940 and 1020 nm, with & fi#ll-angle

of our knowledge, the first validation study focusing on the field of view (FOV). The measurements are taken by point-
CALIOP products reported over South America. In order toing the instrument directly at the sun or elsewhere in the sky
evaluate the accuracy and performance of the CALIOP alin nine standard angular intervals employed uniformly by the
gorithms, ground-based AERONET sun photometer system&\ERONET network Holben et al.1998. The sun photome-
installed at five different locations in the Brazilian territory ter is calibrated periodically, either by a remote computer or
were used. The coincidence of the measurements betwedncally under the supervision of the AERONET network. The
the CALIPSO satellite and the sun photometer system wagalibration methodology assures a coefficient error less than
determined by taking into account both physical and atmo-5 %; nonetheless, instrumental variations, calibration, and at-
spheric conditions. The main objective of this study is to mospheric and methodological factors can influence the pre-
present the first quantitative results of the mean bias of thesision and accuracy of the derived optical thickness, and ef-
lidar ratio values of the CALIOP algorithms and the ground- fectively the total uncertainty in the AERONET AOD is thus
based systems. This first validation of CALIOP data prod-about 10 % Dubovik et al, 2000. The inversion of the so-
ucts reported in the South America region is divided as fol-lar radiances to retrieve AOD values is based on the Beer—
lows. Sectior describes the instruments and their respectiveLambert—Bouguer law, given by Eql)( assuming that the
data products, i.e., the AERONET sun photometers and theontribution of multiple scattering within the FOV of 15 the
CALIOP system aboard the CALIPSO satellite. The valida- photometer is negligible.

tion methodology is presented in Se8t.in this section we

also present the family of algorithms created for the valida-7, — Iox exp[ _ ﬁ} (1)

tion analysis and enumerate the necessary conditions for ob- Hs

taining valid comparisons betvyeen the dgta from the threg; .4 I, are the solar irradiances at the top of the atmo-
syster_n_s. Comparisons o_f assigned, derlv_ed and measurefihere and at ground level, respectively, andis the co-
quantities are presented in Setend then discussed in the g of the solar zenith angle, is the path-integrated atmo-
context of other validation studies in Sest. spheric optical depth due to the molecular (Rayleigh)(

and aerosol{?®) scattering, as well the ozone and water va-
por absorptions at 670 nm and 870 nn?? and; 2°. The
aerosol optical depth at 532 nm is retrieved using Ej. (
erived from the spectral dependence of the aerosol optical
epth in the visible spectrurdogstrom 1964:

2 Instruments

This study evaluates the performance of the CALIOP aerosoﬂ
optical properties retrieval. We focus mainly on the lidar ratio
values assigned by the CALIOP algorithms using a data set [532} -A

aer _ _aer
—_— 2
500 @

derived from the AERONET photometers. In this section we 1535 = 1509
present the relevant details of both instruments.

The Angstrém exponent A is derived from the measured

2.1  AERONET sun photometer optical thickness in the blue (440nm) and red channels

The AErosol RObotic NETwork (AERONETHolben et al. (675 nm):

1999 is an international system of ground-based sun pho- zaer

tometers that provides automatic sun and sky scanning mea- log [?57“},}

surements. Using direct sun measurements, AERONET pro®* =~ 1 T1- 3
vides both AOD and the Angstrém exponent (A), which gives log [g‘%}

the wavelength dependence of the AOD. By using multiangu-

lar and multispectral measurements of atmospheric radiances The AERONET AOD values, together with the layer-
and applying a flexible inversion algorithnDbovik and integrated attenuated backscatter (IAB) coefficient retrieved
King, 2000, the AERONET data can also provide several ad-from CALIOP, will be employed to obtain the most likely
ditional aerosol optical parameters, such as size distributiondjdar ratio values, which will then be compared with those
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assigned by the CALIOP aerosol-subtyping sche@mar in order to obtain a backscatter signal with purely molec-
et al, 2009. This is further explained later in the methodol- ular contributions, while simultaneously ensuring sufficient
ogy section (Sect3). Moreover, using the single-scattering signal-to-noise ratio (SNR) and maintaining a linear detector
albedo { (1)) and 180 phase function valuesP( (180°)) response. Through version 3 of the CALIPSO data products,
retrieved from the AERONET inversion algorithm, the the 532nm parallel channel calibration coefficient has been
backscatter-to-extinction ratio (AERONET lidar raticzey) consistently calculated in the altitude interval of 30—34 km,
shown in Eqg. 4 can be calculated and compared with under the assumption that any stratospheric aerosol contri-
the values assigned by the CALIOP algorithms. Accordingbutions are negligible. (We note, however, thatnier et al.
to Dubovik et al.(2000, the accuracy of single-scattering (2009 have demonstrated that the stratospheric aerosol load-
albedo is estimated to be 0.03 for dust, biomass burning anéhg in this region can in fact be significant, leading to calibra-
water-soluble aerosol types. Furthermore, the phase functiotion errors that, depending on season and latitude, may be as
is very sensitivity to the particle size. Small errors in angu- large as several percent.) The calibration coefficients for the
lar pointing can lead to significant errors in the sky radiancesparallel channel measurements are derived from model tem-
measured especially for coarse-mode particles. perature and pressure data provided by NASA Global Model-
4o ing and Assimilation Office (GMAO), taking into accounting

= (4)  molecular and ozone contributions.

(M) P(180°) The molecular normalization technique can only be ap-
2.2 CALIPSO satellite plied to nighttime measurements. The CALIOP daytime

measurements are affected by the high solar background,

The CALIPSO satellite was launched in April 2006, and which dominates the pure molecular signal and drastically
since then has been an integral part of NASA's A-Train satel-decreases the SNR in the nighttime calibration altitude range.
lite constellation $tephens et gl2002. CALIPSO fliesina  Thus, in the daytime portion of the orbit, the calibration
705 km sun-synchronous polar orbit with an equator-crossingoefficients are derived by a piecewise linear interpolation
time of about 13:30 local solar time, covering the whole scheme that is anchored by values derived from the adja-
globe in a repeat cycle of 16 day$Vinker et al, 2009. cent nighttime portions of the orbit. Details of successive
The CALIPSO payload consists of three co-aligned nadir-improvements in the CALIOP daytime calibration proce-
pointing instruments designed to operate autonomously andure are described iHostetler et al(200§ and Powell et
continuously. Two of these are passive sensors that proal. (2008 2009 2010. Before starting the calibration pro-
vide a view of the atmosphere surrounding the lidar cur-cedure, the measured data are filtered in order to identify
tain, namely a wide-field-of-view camera (WFC) with a pixel signal spikes resulting from high-energy protons or cos-
spatial resolution of 125 mPtts et al, 2007 and a three- mic ray events. These extreme noise excursions are detected
channel infrared imaging radiometer (IIR) with a spatial randomly throughout the orbits; however, they occur most
resolution of 1km and a swath of 61 knGérnier et al. frequently in the SAA Hunt et al, 2009 Powell et al,
2012. The primary instrument is CALIOP, a two-wavelength 2009. The SSA occurs due to the closest approach of the
(532nm and 1064 nm), polarization-sensitive (at 532 nm)Van Allen radiation belts to the surface of the Earth. When
elastic backscatter lidar designed to provide global opticathe CALIPSO satellite passes through the SAA region, the
properties of aerosol and clouds. More detailed description®32 nm photomultipliers can produce radiation-induced cur-
of the instruments can be found in the literatud®étetler et rent spikes that are as much as two orders of magnitude larger
al., 2006 Hunt et al, 2009 Winker et al, 2009. than the pulses produced by single photoelectrons. Individual

The CALIOP data products are assembled from thespikes can adversely affect signal averages in low-signal re-
backscatter signals measured by the receiver system and rgions, and multiple pulses can increase the dark noise level,
ported in two categories: level 1 products and level 2 prod-with a corresponding decrease in the SHRit et al, 2009.
ucts. Level 1 products are composed of calibrated and geThe signal spikes from high-energy events can introduce
olocated profiles of the attenuated backscatter signal and adarge errors in the calibration procedure. To minimize the im-
separated into three types: the total attenuated backscattgacts of these spikes, a multistep adaptive filtering procedure
profile at 1064 nm, the total attenuated backscatter profilehas been implemented to identify and remove signal outliers
at 532nm (i.e., the sum of parallel and perpendicular sig-prior to processing, and thus ensure adequate SNR within the
nals) and the perpendicular attenuated backscatter signal aglibration procedure_ge et al, 2008 Powell et al, 2009.
532 nm Hostetler et a].2006 Winker et al, 2009. The qual- The level 2 products are derived from the level 1 products.
ity and accuracy of the level 1 products, and therefore theThree different level 2 products are distributed: layer prod-
level 2 products, depend on the accuracy of the calibratioructs, profile products and the vertical feature mask (VMF).
of the 532 nm parallel channel. This calibration process norLayer products provide spatial locations and the optical prop-
malizes the measured signal with respect to an atmospherierties of aerosol and clouds integrated or averaged in each
model Russell et al.1979 Powell et al, 2009 at high alti-  of the layers detected in the atmosphere. The profile prod-
tudes. The choice of the altitude range is critically importantucts provide the retrieved backscatter and extinction profiles

Saer
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wherever layers are detected. The VFM provides a maprable 1. CALIPSO aerosol types and their associated 532 nm lidar
of cloud and aerosol locations, as well as their types. Theatio distributions.
level 2 products are generated by a sequence of interrelated

algorithms that can be subdivided into three main modules. Aerosol type Lidar ratio
The first module, the selective iterative boundary locator Dust 404 20 sr
(SYBIL), uses the level 1 attenuated backscatter profiles to Smoke 70k 28 sr
detect cloud and aerosol layekéa(ghan et a).2009. Once Clean Continental 3% 165sr
the layer boundaries are located, the cloud—aerosol discrim- Polluted Continental 78 25 sr
ination (CAD) module uses the IAB coefficients, along with Polluted Dust S5E22sr
altitude and geophysical location to classify each layer as ei- Clean Marine 286 sr

ther aerosol or cloudL{u et al, 2009. Aerosol layers are
further classified into six different subtype®rpar et al,
2009, while clouds are separated according to ice—wateret al, 2008 Mamouri et al, 2009 Mona et al, 2009 Wu
phase Hu et al, 2009. Perhaps the most significant task et al, 2011). However, this simple correlation does not un-
performed by the aerosol-subtyping algorithm is to associateequivocally guarantee that both instruments are measuring
each aerosol layer with a modeled lidar ratio that characterthe same air parcels. Even when one can obtain a statistically
izes the assigned aerosol type. The CALIPSO aerosol modelsignificant data set, there will always be uncertainties associ-
employed by this algorithm are based on extensive field meaated with local variations of the aerosol air mass parcels. In
surements from the Shoreline Environmental Aerosol Studyorder to reduce these uncertainties, we use transport model
(SEAS) experimentNasonis et al.2003, theoretical cal- trajectories to identify the best possible match between the
culations using a discrete dipole approximati@dmar et  air masses sampled by CALIOP and the air masses sampled
al., 2009 and on a cluster analysis performed on a globalby the ground-based instruments. In this sense, the core of
AERONET data set acquired between 1993 and 2@#4r  our validation methodology is to define “coincidence” not
etal, 2005. in terms of the proximity of measurements with respect to
Six different types of aerosol were identified for use in the one another in time and/or space but instead in terms of the
CALIOP retrieval scheme: dust, smoke, clean and pollutedproximity of the measurements with respect to a single air
continental, polluted dust and clean marine. Each aerosoiass whose location may be spatially and temporally vary-
subtype is characterized by a lidar ratio distribution (meaning. We accomplish this by using transport models to gener-
and standard deviation), as shown in TableThe aerosol- ate backward or forward trajectories, as required, to ensure
typing and lidar ratio selection scheme uses quantities dethat the air/aerosol parcel measured at the validation site is,
rived from the level 1 products, such as the integrated attento the best of our ability, the same the air/aerosol parcel mea-
uated backscatter at 532 nm and the integrated volume desured by the CALIPSO lidar, similar to the approach taken
polarization ratio (i.e., the ratio between the integrated perby Wandinger et al(2010. By requiring that the instruments
pendicular and parallel backscatter signals). These paramgsrobe the same air mass, rather than possibly different but
ters are calculated by integrating the signal from the top tonearby (in time and/or space) parcels, we expect to decrease
the base of each detected aerosol layer. However, these twihe fundamental uncertainties introduced by spatial and tem-
parameters alone are not sufficient to determine the aerosgoral inhomogeneities. The first step towards the develop-
type, and thus the algorithm also uses geophysical informament of our validation methodology was to decide the lo-
tion such as surface type (e.g., land vs. oceans, deserts vesation (where) and time (when) to collect ground-based data
show/tundra regions, etc.) and aerosol layer elevation, sinceorrelated with CALIPSO satellite measurements. Within the
lifting mechanisms can be very specific for different types of Brazilian territory there are several AERONET sites strate-
aerosol. All these physical and optical parameters are usedically installed in areas that frequently experience large
as input in order to choose the most likely aerosol model andherosol loadings. For this work we selected a measurement
constrain the associated lidar ratio uncertaint@sar et al, period from 2006 to 2009 for five operational AERONET lo-
2009. An accurate classification of the aerosol and cloudcations: Rio Branco, Alta Floresta, Cuiaba, Campo Grande
layers, and especially thel,er values, is critically impor-  and S&o Paulo. Their geographical coordinates are given in
tant for a successful retrieval of the aerosol and cloud opticalTable2 and their locations are presented in RigThese sites
properties that comprise the CALIOP level 2 data. are located mainly in the northern and midwestern regions
of Brazil, where the dominant vegetation types are savannah
and rainforest. These native floras are now interspersed with
3 Validation methodology numerous patches of pasture areas that are highly suscepti-
ble to fires during the Brazilian dry season (May—October).
To date, all CALIPSO validation studies using ground-basedThese crop-burning activities are responsible for the injection
instruments have relied only on spatial and temporal correlalarge amounts of biomass burning aerosols into the atmo-
tions between CALIOP and the ground-based sensdf{s) (  sphere Artaxo et al, 2002. The presence of a characteristic
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Table 2. Geographical coordinates of the five measurement sites
used in this study.

Location Latitude Longitude

Rio Branco (RB) 95725’S 675208’ W
Alta Floresta (AF) 95215’S  560614'W
Cuiabé (CB) 184344'S 560115’ W
Campo Grande (CG) 2@616’S 54#3216"W
S&o Paulo (SP) 23338'S  464423'W

type of aerosol loading in the atmosphere can help in the val-
idation process. In this regard, however, the S&o Paulo site Google earth
located in the southeastern region of Brazil, presents chal- N : '
lenges in the analysis of measurements. Given the numbetig. 1. Map of Brazil showing the five sites used in this validation

of distinct aerosol sources within the city, combined with study. The Rio Branco site (RB) is located in the northern region
those brought by long- and mid-range regional transport, theof Brazil, and Alta Floresta (AF), Cuiaba (CB) and Campo Grande
Sao Paulo atmosphere is frequently filled by an amalgan{CG) are located in the midwestern region. The primary vegetation

of many different types of aerosolMiranda and Andrade in all four of these regions is either savannah or rainforest, and can
2005 Landulfo et al, 2008. thus be considered as sources of biomass burning aerosol. So Paulo
(SP) is located in the southeastern region of Brazil, which is heav-
ily industrialized and whose atmosphere can contain many different
types of aerosols.

3.1 Conditions for coincident measures selection

According to Anderson et al.(2003, when comparing

ground-based instruments and a spaceborne lidar, good cor-

relations ¢ >0.9) occur for time and space offsets less thanNumber Layers Found product (NLF) is analyzed. The NLF
3hand 60 km, and acceptable correlations ©.8) occur for  product, which specifies the number of cloud layers detected
time and space offsets less than 6 h and 120km. In a simfor each 5km resolution profile, was inspected for a spa-
ilar study comparing aerosol optical depths from MODIS tial range of 100 km centered at the closest distance between
and AERONET,Kovacs (200§ demonstrates that the cor- CALIOP ground-track and the AERONET site (i.e., 20 con-
relation decreases by about 20 % for 200 km and 10 % forsecutive 5 km profiles). Those cases for which the NLF prod-
140km of distance. Thus, in order to match the CALIOP uct was uniformly zero were flagged as cloud-free-condition
data with ground-based measurements in the Brazilian termeasurements. Since the objective of this study is to evalu-
ritory we used the following procedure based on the correla-ate aerosol lidar ratio, all aerosol layers from the 5km res-
tion results presented in the two previous sections. The COVelution aerosol layers products in spatial ranges flagged as
ERLAI (CALIPSO overpass locator algorithm) was set up cloud-free conditions were selected for analysis. We then
to select all days for which the CALIPSO satellite overflew inspected the CAD score for the selected aerosol layers.
the five ground sites within a horizontal range distance ofThe CALIOP CAD algorithm discriminates between clouds
AD <100km. Subsequently, the MCSA (multi-instrument and aerosols using probability distribution functions (PDFs)
coincidence selection algorithm) selects all coincident meabased on the differences in the optical and physical proper-
surements carried out by the ground-based systems, in a tenties of aerosols and cloudksi( et al., 2009. The CAD score
poral matching window of up to 6 h, centered at the closestis a reported in the 5km layer products and provides a nu-
approach by CALIPSO. These two conditions are applied tomerical confidence level for the classification of layers by
minimize the uncertainties due to the spatial and temporal ithe CALIOP CAD algorithm. For this study we selected only
homogeneities in the atmospheric observation range. To erthose aerosol layers flagged with CAD scores betweg@

sure that all data were cloud-free, we relied on the numbeand—100, where the larger the magnitude of the CAD score,
of layers detected, as reported in the CALIPSO 5 km resoluthe higher the numerical confidence level for the classifica-
tion level 2 cloud layer product®pwell et al, 2011), using  tion of each layer detected by the CALIOP systéiiu €t al.,

the algorithm CLARA (cloud—aerosol reader algorithm). The 2009. This test ensures the selection of reliable aerosol lay-
CALIPSO level 2 5km layer products report a set of spatial ers. Once we have selected all cloud-free cases and identified
and optical properties (e.g., optical depth, layer base and togll the aerosol 5 km resolution profiles with acceptable CAD
heights, etc.) for each individual feature detected within thescore values, we used both the aerosol layer products and the
vertical column of atmosphere. To select all coincident mea-aerosol profile products to calculate the so-called backscat-
surement days when both CALIOP and AERONET detecteder centroid. This quantity represents the altitude associated
cloud-free conditions at the time of the closest approach, thevith the “backscatter center of mass” (BCM) for the aerosol
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layer detected, and is computed using Ex). (Vaughan et
al., 2006, wherex; is the total attenuated backscatter signal
at 532 nm at altitude;:

based instruments
Lat/Long coordinates

> COVERLAI
input | E

‘ CALIPSO and ground-

N :
_X:lxi Z; | CALIPSO dosest
_ = distance, date and
BCM = N . (5) time products
X; MCSA
iz o5
The level 2 aerosol layer products are used to determine — - AERONET + MSP-lidar
Coincident date and time

layer top and bottom height used in the centroid calcula-
tion. The backscatter centroids are employed as input altitude | |
data for the air mass trajectories subsequently computed us C . 7’

measurement data
selection

ing the HYSPLIT modelPraxler and Hess1998. Since the CLARA
.. . . . CALIPSO level 2 —

mesoscale variation and short lifetime of aerosols in the tro- | doud and aerosol data I
posphere should be taken into account when comparing AOD | ‘ ‘é::ﬂjgﬂct";:‘t‘:;gf
measurements, we use HYSPLIT trajectory modeling to in- analysis
vestigate how the air mass parcels in the CALIPSO ground 7
track region have moved with respect to the AERONET site. —
By using these trajectory models to better predict the motion N rafectoricn and -
of the air masses, we expect to improve the correlation be- _ _ | AERONET AOD data
tween the optical properties (i.e., AOD age) measured AERONET/CALTOP | D—
at possibly different times by two different instruments sep- lidar ratio technique B h

. . . ean percentage
arated spatially. Forward or backward trajectories and the \ J difference
appropriate model vertical velocity option are selected on \ J

a case-by-case basis. The starting time of the trajectories is

set based on the time of CALIPSO’s closest approach to thdrig. 2. Flowchart of the validation methodology and their output
AERONET site, and the total trajectory run time is set to 6 h Products.

to guarantee at least acceptable air mass matching between

CALIOP and the ground-based systems. Trajectories were . .
initiated at the footprint latitude/longitude of the temporal are respgcuve_ly the .532 nm aerqsol optical depth and the
midpoint of each 5km CALIOP layer datum and the alti- 532nm final lidar ratio reported in the CALIPSO level 2
tude determined by the backscatter centroid By. \While a_eroOToI Ilayelzr PrOdqut/S' We founc:] n rztrospzct that our re-
the application of trajectory analysis decreases the availy'_se Czli culation ofycaiiop 532 Showe 900 agreement
able number of correlative measurements, it simultaneousiyVith estimates ofyg,, that are reported in the CALIPSO
strengthens the results retrieved from optical properties comd@t@ product. A rearranged version of E) {vill pro-
parisons of both systems because it increases the likelihoo$de 1ayer lidar ratio estimates for known values of op-
of similar air parcels being probed by the ground instrumentdical depth and integrated attenuated backscatter, and will

and CALIOP. Figure2 shows the flowchart of the validation P& used here to retrieve the “appropriate” valuesSaé
methodology algorithms, the data used as input and their outt AERONET/CALIOP lidar ratio) using the AOD values re-
put products. trieved from the AERONET sun photometers and the value

of VéAL|0P,532 at 532 nm given by the previous E®){i.e.,
3.2 Comparison of the optical properties — lidar ratio
[1—exp(—2nTAERONET)]

/
2’7VCAL|0P,532

Q)

After producing a merged data set satisfying all the imposedgAC -
constraints, the I1AB coefficient at 532 ”méAuop,532' is
calculated for each of 20 consecutive 5km horizontal res- For this study the multiple-scattering factemwill be set
olution profiles for the selected validation days. Instead ofto 1, consistent with the value used in the CALIOP version
using the estimates QféAuop,ssz reported by CALIPSO 3 aerosol retrievals. In general, multiple-scattering effects in
data products, we chose instead to calculate revised valugSALIOP measurements of aerosol layers are thought to be
of YeaLiop,532 USiNg the equation derived latt(1973: small Winker et al, 2009, and as such the uncertainties in-
[1— exp(—247caLiop 539)] troduced by the gp.pro>'<|mat|0n of=1 are much .smaller
* , (6)  than the uncertainties in the CALIPSO lidar ratio models

211SCALIOP,532 (see Tablel). We note, however, that the magnitude of the
wheren is a multiple-scattering factom(= 1 for CALIOP multiple scattering most likely varies somewhat according
version 3 aerosol retrievals) angaliop,532 andScaLiop,532 to aerosol type and loading. For exampléandinger et al.

/
YCALIOP,532 =
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(2010 suggests that in measurements of fresh Saharan dustyer of one type of aerosol with an inhomogeneous verti-
layers with optical depths greater tharD.2, multiple scat-  cal distribution of attenuated backscatter coefficients that re-
tering can affect the extinction coefficients retrieved from the sults in various portions of the layer being detected at differ-
CALIPSO lidar signals by 10 %-40%. On the other hand, ent resolutions. Thus to avoid any misleading results in the
Liu et al. (2019 conclude that multiple scattering from mod- validation process we have omitted all the multilayer cases
erately dense dust layers (optical depths less than 1) likelyvhere CALIOP identifies two or more different aerosol types
introduces uncertainties of 10 % or less in the CALIOP ex-within a single column. To merge CALIOP layer fragments
tinction and optical depth retrievals. In any case, these find-of the same aerosol type into a single layer we use the fol-
ings should not be of great import to this work, as the occur-lowing procedure. We first established the boundaries of a
rence of Saharan dust is relatively rare over Brazil, and modsingle layer, having its top at the highest top of the multi-
eling studies conducted MWinker (2003 show that the mul-  ple layers and its base at the lowest base. We then used the
tiple scattering from continental aerosols is noticeably lessCALIOP level 1 data to recalculate the scattering centroid
than from dusts. As described earlier, the AERONET AOD and the integrated attenuated backscatter for this newly syn-
at 532 nm is estimated using E§) @nd the retrieved aerosol thesized single aerosol layer. These new centroids were sub-
optical depth at 500 nm. The final lidar ratios reported by sequently used to run the HYSPLIT trajectories.

CALIOP are subsequently compared to the estimatea©f The AERONET AOD values were applied to these new
calculated in this manner in order to determine the perfor-merged layers and to all CALIOP-detected single layers to
mance of aerosol type classification and lidar ratio selectiorobtain an empirically derived estimate of the layer lidar ra-

in the Brazilian territory. tio. These empirical values are subsequently compared to
the model lidar ratios assigned to the individual layers by
3.3 Limitations of the method the CALIOP scene classification algorithms. The technique

of ascribing column AOD values measured by passive sen-

The use of backward and forward trajectories to correlatesors to aerosol layers detected by lidar measurements is not
aerosol mass parcels probed by both instruments relies onew (e.g.Welton et al, 200Q Pelon et al.2002 McGill et
the determination of the centroid (i.e., BCM) of the atten- al., 2003 He et al, 2006. In a fairly recent studyBurton
uated backscattering coefficients within the layer. Applying et al. (2010 compared the extinction coefficients retrieved
Eq. () for the computation of the backscatter centroids, wefrom CALIOP using the combination of active and passive
can retrieve the altitude associated with the “center of massmeasurements to the extinction coefficients retrieved using
of the attenuated backscatter profile within the aerosol laythe LaRC HSRL and MODIS instrument data. The analy-
ers. By associating the AOD measured by AERONET with ses ofBurton et al.(2010Q demonstrate that when a suf-
the BCM of the layers detected by CALIOP, we are explicitly ficiently accurate column AOD constraint can be obtained
assuming that (a) the regions of enhanced scattering identie.g., such as would be provided by MODIS retrievals or
fied by the CALIOP layer detection scheme are responsibleAERONET measurements), the assumption of a constant li-
for the bulk of the AOD measured by AERONET, and (b) that dar ratio yields relative uncertainties in the CALIOP extinc-
over the relatively short distances examined in this study, theion coefficient profiles that are commensurate with the orig-
location of this aerosol mass can be adequately parameteinal pre-mission specification of 40 %nker et al, 2009.
ized by the BCM altitude. For measurements over land where the HSRL extinction ex-

AERONET optical depths are representative of the opti-ceeds 0.02 kmt, the study ofBurton et al.(2010 showed
cal extinction from the top to the bottom of the atmospherethat the CALIOP extinction profiles retrieved using MODIS
without distinguishing between or separating out contribu- AOD as constraint agree with the HSRL extinction profiles to
tions from different aerosol layers. We therefore considerwithin +0.0016 knT® & 20 % for two-thirds of all cases. The
only those cases where the aerosol detected in the column bgonstant lidar ratios used in the studyRxirton et al.(2010
CALIOP is all classified as a single type. In CALIOP’s multi- were obtained by requiring that the integral of the extinction
grid data-averaging scheméaughan et a).2009, vertically profile retrieved from the lidar measurements matched the
adjacent features detected at different averaging resolutionsolumn AOD obtained from coincident passive sensor mea-
are not merged into single layers. These features are insteaglirements (MODIS), i.e., by applying a variant of the same
classified and reported separately in the CALIPSO data prodtechnique used in this study. For our study, AOD values re-
ucts. While this strategy was designed to enable the verticalrieved by AERONET are matched to integrated attenuated
separation of layers of disparate types (e.g., aerosol aboveackscatter values measured by CALIOP, thus allowing us
cloud), there can also be cases when a single but diffuse an derive lidar ratio estimatesS{c) for the aerosol layers.
spatially inhomogeneous layer is detected as a sequence dhe use of the lidar ratios obtained in this way ensures that
layer fragments, with vertically adjacent fragments being de-the CALIOP AOD estimate and the AERONET AOD mea-
tected at different averaging resolutions. Thus what mightsurement match to within the combined uncertainties of the
initially appear to be a multilayer scene based on the dataCALIOP IAB and AERONET AOD.
reported in the CALIOP layer products is sometimes a single
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It is important to note that uncertainties associated withTable 3. AERONET correlative measurement days for CALIOP
vertical inhomogeneities and the horizontal variability of closest approach distances less than 55 km.
aerosol air masses will apply to some degree to any validation
approach that employs instruments that are separated intime ~ Station/Year 2006 2007 2008 2009 Total

and space. The technique we describe here —i.e., air mass g 11 09 08 17 45
matching via backward and/or forward trajectory analysis — AF 0 0 0 0 0
represents an attempt to minimize these uncertainties by bet- CB 0 0 0 0 0
ter ensuring that the same aerosol and same aerosol loading CcG 0 10 15 15 40
is measured by the two sensors. SP 0 0 0 0 0

Total 11 19 23 32 85
4 Results

The challenge in implementing this validation methodology 4.2  Cloud-free conditions for aerosol layers and air

is to establish rigorous criteria for selecting the coincident mass trajectories

observations between CALIOP and the ground-based sys-

tems that satisfy an optimal spatial-temporal matching win-As explained earlier, the backscatter centroids of the selected
dow, while simultaneously obtaining a sample size sufficientaerosol layers were used to initiate HYSPLIT air mass tra-
to yield consistent and statistically significant results. In thisjectories that would indicate when the air masses measured
section we briefly examine the trade-offs made to maximizeby CALIOP were measured at the AERONET sites. Fig-
our validation sample size, and then compare the extinctionure 3 shows the HYSPLIT air mass trajectories plotted for
to-backscatter ratios assigned by CALIOP aerosol-subtypindl4 July 2009 at the Alta Floresta AERONET site. In this plot
system to those retrieved using the AERONET/CALIOP one can see the backward trajectories (in red) that were ini-

model (AC model). tiated at the CALIPSO footprint coordinates at 17:41 UTC
_ (i.e., the time of CALIPSO'’s closest approach). According to
4.1 Data selection method the trajectory time histories, the aerosol parcels measured by

o ) ~ the AERONET sun photometer at15:00 UTC were trans-
We initially determined all the CALIPSO overpasses lying ported to the CALIOP overpass region a bit under 3 h later

within a horizontal distance of 55km or less from the five (i.e., at about 17:41 UTC). In this case, the AERONET AOD
AERONET S|tes_. Sub_sequent apphcgtlon of the COVER_(TAERONET) applied in Eq. 7) is the AOD retrieved by the
LAI/MCSA algorithm yielded 161 daytime CALIPSO mea- gyn photometer around 15:00 UTC. Figérehows the HY'S-
surements suitable for comparison to the sun photometep T 4ir mass forward trajectories plotted for 26 May 2007
AOD data. One consequence of this filtering scheme was tQ the S&0 Paulo AERONET site. The forward trajectories
entirely eliminate data of three sites (AF, CB and SP). Thegye piotted starting at 17:00 UTC (i.e., around the time of the
second step was to constrain the coincident measuremeni§osest approach of the CALIPSO satellite at 17:08 UTC).
to fall within a temporal window up to 6h from the timeé The ajr mass parcels are transported towards the S&o Paulo
of the satellite’s closest approach. Doing so further reduceh\eRONET site arriving at~ 20:00 UTC. Once again, the
the sample size to a total of 85 correlative daytime measureapp ysed in Eq.T) is the AOD retrieved by the AERONET
ments, as shown in TabB Because the spatial constraint of measurement closest to 20:00 UTC. Such a rigorous selec-
AD < 55 km contributed to such a large decrease in the numyjon procedure considerably decreases the correlative mea-
ber of coincident samples, we chose to increase the horizong,rements data set, although it increases the probability that
tal distance range ta D < 100 km, which still satisfies the poih satellite and ground-based systems are measuring the
acceptable correlation distance developed\bglerson etal.  same aerosol parcels, thus increasing the reliability of the
(2003. As aresult, the CALIPSO and AERONET measure- comparisons. In total, this trajectory-based validation pro-
ment coincidences increase from 85 to 237 days, as showBeqyre identified a merged data set of 75 days having cor-
in Table4, corresponding to a gain of about 179 %. For un- e |ative measurements that met the criteria for the compari-
known reasons, some data are not available in the CALIPSQ, of aerosol optical properties. After excluding those cases
subset pool and thus the initial 237 merged measurementynere CALIOP reported the presence of multiple aerosol
were ultimately limited to a total of 210 measurements. types within a single column, the final data set was reduced to
~17.3 % of the initial pool of coincident measurements ac-
quired during the daytime for horizontal distances less than
or equal to 100 km, as shown in Talie
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B HYSPLIT Table 4. AERONET correlative measurement days for CALIOP
L e closest approach distances less than 100 km.

F439NY"  « v

» CALIPSO trajectory
Tl

Station/Year 2006 2007 2008 2009 Total

RB 11 09 08 17 45
AF 13 19 17 37 86
CB 13 14 13 05 45
CG 0 10 15 15 40
SP 1 15 03 02 21
Total 38 67 56 76 237

. . o ) Table 5. Percentage of correlative measurements under free-cloud
Fig. 3. HYSPLIT backward trajectories in the region of the Alta conditions selected for application of the AC method and subse-

Floresta AERONET site for 14 July of 2009. The backward tra- quent comparison to the optical properties retrieved by CALIOP
jectories start around the time of CALIPSO's closest approach,and the AERONET sun photometers.

at 17:41UTC.AD is the closest distance between CALIPSO tra-
jectory and the AERONET site, in this case 67.3km. The initial
lat/long coordinates have been used as the central values of lat/long

AERONET Selected Total correlative Percentage

- s ) _ Station days measurements

for each 5 km horizontal resolution aerosol-layer profiles. The ini-

tial altitude for each trajectory, i.e., the backscatter centroids, was  RB 45 8 17.8%

in this case 1439 m. AF 86 12 14.9%
CB 45 5 11%
CG 40 6 15%

4.3 Lidar ratio from AERONET/CALIOP method SP 21 10 47.6%
Total 237 41 17.3%

In the initial steps of our comparison we calculated
YéaLiop.s3e for all single aerosol layers detected in each
of 20 consecutive 5km horizontal resolution profiles, rep-

resented by red spheres at the beginning of the trajectoriee rénds inSac values to be generally consistent with the
shown in Figs3 and4. After determining the air mass ar- lidar ratio models developed for the CALIOP algorithm. The

rival time at the AERONET site, we then applied Eqy.4nd mean percentage difference (MPD) between the CALIOP
(3) to the AERONET AOD values for 440 nm and 675 nm to model and AC retrieved lidar ratios is2.2 %+ 38 %, cal-
derive estimates of2$, These two quantities s op 532 culated using the follow relation:

and 257, were retrieved by CALIOP and AERONET sun S
CALIOP,532 — SAC

photometer, respectively. From each pair of values we caliMPD = [%%]. (8
culated revised lidar ratio estimateS$yc, by applying the Sac

relation presented in Eq7). Figure5 compares the prob-

ability distribution functions forSac to the final lidar ra- The high value of the standard deviation is indicative of

tio values reported in the CALIPSO aerosol data productsthe large dispersion in the retrieved lidar ratios. In some
In Fig. 5, the CALIOP final lidar ratio distribution shows a cases these disagreements can be a consequence of the atmo-
high frequency of fixed lidar ratio values at 20 sr (clean ma-spheric variability during the time of the CALIPSO’s clos-
rine aerosol type), 35 sr (clean continental), 40 sr (dust), 55 sest approach and the time period which the air masses were
(polluted dust) and 70sr (smoke and polluted continental)transported to the AERONET station region. It is also im-
Other CALIOP values occur when the initiS¢aLiop 532 as- portant to note that this is a one-to-many analysis; that is, a
signed by the CALIOP algorithms is too large, and must besingle value of AERONET was used to derisjg- for each of
lowered in order to obtain a physically meaningful extinction 20 consecutive 5km resolution aerosol profiles (i.e., Bg.
solution {foung and Vaughan2009. A high frequency of  as shown in Figs3 and4. Doing this leaves open the possi-
fixed ScaLiop,532 values is thus expected, since the CALIOP bility that in some cases the two sensors are not measuring
retrieval algorithms use only a small set of fixed lidar ratio the same air mass parcels, as can be seen by the ends of the
values. On the other hand, the lidar ratio values retrieved bybackward trajectories in the same figures. Furthermore, the
the AC method show a continuous distribution spanning allextinction profile for any given layer is retrieved using a sin-

of the CALIOP values. Peaks in th$xc distributions can  gle range-invariant value of the lidar ratio specified by the
be seen around 20, 35, 40, 55, 60 and 70sr. Because tHeALIOP aerosol-subtyping algorithm. While this may be a
CALIOP model values include uncertainties that range be-valid approximation for a well-mixed atmosphere, it can in-
tween 35 and 50 %, depending on aerosol type, we consideroduce some uncertainties in those cases when two or more
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HYSPLIT Table 6. Mean percentage lidar ratio difference between She
W calculation and the CALIOP modeled valSea jop,532 for each
of 20 consecutive 5 km horizontal resolution profiles.

Aerosol type Mean percentage difference
Dust —9.7%+13%
Smoke 7.2%+40%
Polluted Continental 20%35%
Polluted Dust —4.7 %+ 39%
Clean Marine —6.3%+20%
i mass!é.t-;giéit;\ Table 7. Mean percentage lidar ratio difference between Sae
directions . calculation and the CALIOP modeled val$ga jop 532 for the

single best matching 5 km horizontal resolution profile.
Fig. 4. HYSPLIT backward trajectories in the region of the S&o

Paulo AERONET site for 26 May of 2007. The forward trajectories

. Aerosol type Mean percentage difference
start around the time of CALIPSO'’s closest approach (17:08 UTC).
AD is the closest distance between CALIPSO trajectory and the Dust —5.4%+24%
AERONET site, in this case 71.7 km. The initial lat/lon coordinates Smoke 4.3%E27%
have been used as the central values of lat/lon for each 5km hor- Polluted Continental —1.7%+9%
izontal resolution aerosol-layer profiles. The initial altitude for the Polluted Dust —2.5%+ 32%
trajectories, i.e., the backscatter centroids, was in this case about
2003 m.

and4 are designated by a staw)( Figure6 shows the lidar

ratio probability distribution functions for th8ac and the
aerosol types are present within a single layer identified byCALIOP aerosol model value for the best matching profiles
CALIOP. for each day of correlative measurements. As in the previous

However, when calculating mean percentage differencesinalysis, the CALIOP data show high frequencies of fixed li-
according to CALIOP aerosol type (see Tallg the  dar ratio values at 20, 40, 55 and 70 sr. Similarly, $he re-
agreement between CALIOP and the AC model is im-trieval once again shows a broader distribution that spans all
proved. The mean lidar ratio difference 49.7 %+ 13 % of the CALIOP ScaLiop,532, With some predominant peaks
for dust aerosol type—4.7%439% for polluted dust, for dust, around 40 sr; polluted dust aerosol, around 55sr;
2.0%+35% for polluted continental, 7.2%40% for  and biomass burning or polluted continental aerosol, around
smoke and-6.3 %= 20 % for clean marine aerosol type, as 70sr. The lidar ratio distribution for the best matching pro-
can be seen in Tablé. All of these mean percentage dif- files yields a mean percentage difference betwgnand
ferences fall within two standard deviations of the CALIOP the CALIOP modeled value of1.5 %+ 24 %. In this case,
modeledScaLiop,s532. It is also important to note that when for the best matching profiles, the mean percentage differ-
applying the same analysis using Ef).for all aerosol layers  ence between CALIOP and AC model lidar ratios sepa-
detected in each of 20 consecutive 5km horizontal resolurated according to aerosol type 4s5.4 % 24 % for dust,
tion profiles for horizontal range distance &fD < 100 km, —2.5%:3 32 % for polluted dust-1.7 % 9 % for polluted
but without taking into accounting the HYSPLIT trajectory continental, and 4.3 % 27 % for smoke, as can be seen in
modeling to better constraint the comparison between bottTable7. When the lidar ratios are separated according to the
systems, a mean percentage difference d2.3%+48.7%  modeled CALIOP aerosol types, all percentage differences
was found. Both the mean difference and the dispersion argall within one standard deviation of the CALIOP model, as
noticeably decreased by application of the air mass matchinghown in Fig.7.
technique.
The same approach described previously was used to cakt.4 Lidar ratio retrieved from AERONET data

culate the values dfac for the single “best matching” 5 km
resolution profile. These values were then compared on do further assess the significance of the lidar ratio differ-
one-to-one basis to the lidar ratios assigned by the CALIOPences obtained using the AC model (SetB), we used
algorithm. This analysis used only those CALIOP profiles Eq. (4) to calculateSaer values using inversion data from the
connected directly to the AERONET sites by the air mass tra-AERONET retrievals, and then compared the results with
jectories obtained from the HYSPLIT model, thus ensuringthe values assigned by the CALIOP algorithm. From a to-
the greatest probability that both systems have measured thal of 41 correlative measurements between AERONET and
same aerosol parcels. The best matching profiles in Bigs. CALIOP, there were 33 cases for which AERONET reported
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200 | I Ac methoda 30 Best matching profiles
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Lidar Ratio (sr)
Fig. 5. Lidar ratio occurrence frequencies reported in the CALIPSO
data products (red) and those derived using the AC model (blue)Fig. 6. Lidar ratio occurrence frequencies reported in the CALIPSO
The natural variability ascribed to selected CALIOP aerosol modelsdata products (red) and those derived using the AC model (blue)
is shown by the ranges given along the lidar ratio axis. Lidar ratiosfor the best matching profile. The natural variability ascribed to se-
derived by the AC model are seen to fall entirely within the range lected CALIOP aerosol models is shown by the ranges given along
spanned by the CALIOP models. the lidar ratio axis. Lidar ratios derived by the AC model are seen

to fall entirely within the range spanned by the CALIOP models.

single-scattering albedo and P8pPhase function products
(here we consider level 1.5 and level 2 AERONET data).and top heights@mar et al,2009. The question we address
Good agreement between CALIOP and the AERONET re-here is whether the lidar ratios assigned by this classification
trievals is found for the different types of aerosols. Mean scheme are in good agreement with the actual lidar ratios of
percentage difference 6£7.3%+13% is found for pol- the aerosol layers being measured. In this first quantitative
luted dust;—3.4%=+6% for dust cases; 1.4%8% and  assessment of the performance of the CALISR | 10p 532
2.2%+ 7% for polluted continental and smoke aerosol selection algorithm over South America, lidar ratio values
types, respectively; as can be seen in Tablén general, were calculated using Eq7) for 41 cloud-free coincident
the comparison between the two sets of results indicates geasurements of CALIOP and the AERONET sun photome-
relatively small underestimation of thizajop.532 assigned  ters. A mean percentage difference -e2.2 %+ 38 % was
by the CALIOP scheme, with an overall mean percentageobtained by comparing the lidar ratios from the AC calcula-
difference of—3.8 %4 11 % being derived from all 33 cor- tion with those reported in CALIOP’s 20 consecutive 5km
relative measurements. Since the AERONET level 1.5 datdiorizontal resolution profiles. This represents a substantial
are pre-calibrated and cloud-screened but not post-calibratednprovement over the agreement found (a mean percentage
it is more reliable to use only the level 2 datdalben et  difference of~12.3 % 48.7 %) when the comparisons were
al., 1999. Few level 2 data with single-scattering albedo made using the more usual “closest time (or distance)” ap-
and 180 phase function products were available for theseproach. When using only the best matching profiles indi-
cases. Restricting the analysis to level 2 data, only 9 level Zated by HYSPLIT backward or forward trajectories, the per-
correlative measurements are available, from which we obcentage difference decreased-tt.5 %= 24 %. Comparing
tained a mean difference 6£0.3 %=+ 9%, indicating that  these results shows that using model trajectories to correlate
the CALIOP assignments slightly underestimate the groundmeasurements between instruments separated spatially and
based retrievals. temporally can considerably improve the correspondence be-
tween the two separate estimates of the same parameter. This
improvement occurs precisely because our validation tech-
5 Discussion and conclusions nigque greatly increases the likelihood that the same air mass
is probed by both the ground- and satellite-based systems.
The CALIOP aerosol classification algorithm infers aerosol Comparisons between lidar ratios retrieved from AERONET
type, and hence lidar ratio, based on surface type at the lidasun photometer data alone were compared with the model
footprint, layer-integrated volume depolarization ratio, layer- values assigned by the CALIOP algorithm, and the mean
integrated attenuated backscatter at 532 nm, and layer bagercentage difference is also small&2.3 %+ 9 %. These
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Fig. 7. Lidar ratio mean percentage difference from CALIOP and the AC model separated according to CALIOP aerosol type and using only
the best matching profiles approach. The red dashed lines represent one modeled standard deviation, and the red solid line represents tf
mean percentage difference values (&dor each case.

results clearly demonstrate that the a priori lidar ratio valuesa validation process for the CALIOP 532 nm total attenu-
used in the CALIOP algorithms are well suited to the aerosolated backscatter profiles. This study analyzed 40 coincident
distributions measured by ground-based systems in Braziliameasurements within a maximum distance of 100 km be-
territory. tween the CALIOP overpasses and ground-based lidar sys-
Our comparison methodology was developed with the aimtem. These comparisons yielded a mean biasd%+ 6 %
of being the first CALIPSO validation study in the SAA re- for the total attenuated backscatter profiles for altitudes be-
gion. We expect that this effort will be useful for further tween 3 and 10 km during clear-sky conditions. Not surpris-
aerosol studies in the region and for additional validation ofingly, better agreement was found during the nighttime mea-
the CALIOP spaceborne lidar, as this location presents a sigsurements, at4 %+ 6 % versus-10 %+ 12 % for daytime.
nificant challenge to the performance of CALIOP’s calibra- However, for the vertical range of 1-3km the biases were
tion, layer detection and layer type identification processesmuch larger,—15 %+ 16 % and—34 %4 34 % for night-
since the SAA noise-induced signal can introduce significantime and daytime, respectively. This was attributed to the
errors in the calculation of the calibration coefficierfPew- increased horizontal aerosol inhomogeneity in the planetary
ell et al, 2009. It is important to note, however, that ran- boundary layer (PBL) region, and suggests that the PBL isiill
dom and systematic uncertainties certainly are present in thisuited for the application of traditional validation techniques
methodology. One cannot discount effects that can be relatethat are restricted to spatial and temporal matching only.
to errors in molecular and aerosol backscatter assumptions iMona et al.(2009 analyzed a total of 68 coincident mea-
the calibration processes of the AERONET sun photometesurements of level 1, version 2.01 of CALIOP 532 nm atten-
systems. However this first validation study in SAA region uated backscatter profiles using a multiwavelength Raman li-
presents consistent results using different approaches, anddiar system. From all these cases, 16 nighttime measurements
is also consistent with previous studies developed in other reshowed a good agreement between the observations of both
gions of the globe using instruments and techniques slightlysystems with some differences especially in the boundary
different from those employed in this study. layer region and at high altitudes due to the presence of cirrus
In regard to other validation studies, we highlight those clouds. Analysis of 11 cases with very clear atmospheric con-
conducted under the aegis of EARLINEWMétthais et al.  ditions showed mean percentage differences®%+ 12 %
2009. Mamouri et al.(2009 used a Raman lidar (night- between 3 and 8 km and24 %+ 20 % in the PBL, thus of-
time) and an elastic backscatter lidar (daytime) to developfering further evidence that spatial and temporal matching
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Table 8. Mean percentage lidar ratio difference between the lidar ratio calculafigg &nd Saze) and the CALIOP modeled value
ScaLior,532 for all cases of aerosol type.

% differenceSac % differenceSac
andScaLiop,532— andScaLiop,s3z— % differenceSaer

Aerosol type total profiles best matching  afighLiop, 532
Dust —9.7%+13% —54%+24% —34%+6%
Smoke 72 %+ 40 % 43 %+ 27 % 22%+7%
Polluted Continental D %+35% -1.7%+9% 14%+8%
Polluted Dust —4.7 %+39 % —25%+32% —7.3%+13%
Clean Marine —6.3%+20% - -

alone are insufficient for PBL validatiof®appalardo et al. in this region can change. These changes highlight the impor-
(2010 observed a strong dependence on the horizontal distance of employing air mass trajectories in order to reduce the
tance with a decrease of the correlation coefficient from 0.9uncertainties in validation comparisons and constrain mea-
for a distance< 100 km to 0.76 for distances between 100 surements separated in space and time.
and 200 km when comparing aerosol backscatter coefficient As was the case for the EARLINET studies, the data se-
at 532 nm measured by CALIOP and EARLINET systems. lected for this validation study were confined almost entirely
Such studies suggest that differences in the viewing geometo the PBL, and the air mass trajectory technique was ap-
tries (i.e., up-looking vs. down-looking) and spatial and tem- plied specifically in hopes of avoiding the large discrepancies
poral mismatches between CALIOP and the ground-base@&ncountered by the EARLINET researchers. As shown in
Raman lidars, which are exacerbated by the influences of loSect.4.3 the use of a single AOD value measured in a single
cal sources of aerosol and complex terrain between satellitposition at the AERONET site and applied to the CALIOP’s
track and ground station, may lead to ambiguous results irb km resolution aerosol profiles results in good agreement be-
the validation comparisons. tween the AC method and the CALIOP modeled lidar ratio.
Perhaps the most accurate CALIOP validation to dateln our initial analysis, applying a single AERONET AOD
is the comprehensive evaluation conducted Rygers et  to consecutive 5km resolution CALIOP profiles produced
al. (2011, which uses the LaRC HSRL aboard an aircraft a mean fractional difference 6f2.2 %+ 38% in lidar ra-
underflying the trajectory of CALIPSO satellite to assesstio. The large spread in the results suggests that in some
the CALIOP 532 nm attenuated backscatter profile calibra-cases the AOD retrieved by the AERONET system applied
tion. This study examines 86 HSRL validation flights of the to the Eq. {) may not be the most appropriate value, which
CALIPSO satellite during both nighttime and daytime in in turn suggests that the aerosol loading may not be suffi-
several regions of North America. Comparisons betweerciently homogenous along a 100 km CALIOP ground track.
CALIOP’s 532 nm version 3 attenuated backscatter producWhen the same approach is applied to the single CALIOP
with HSRL attenuated backscatter profiles found a mean dif5 km profile that is most directly linked to the AERONET
ference of 2.7 %4 2.1 % (CALIOP lower) and 2.9 %: 3.9 % site by the HYSPLIT trajectories (i.e., the best matching
(CALIOP lower) for nighttime and daytime measurements, profile) the mean fractional difference found decreases to
respectively, including comparisons inside the PBL. While —1.5 %4 24 %, thus demonstrating the effectiveness of the
the previously mentioned EARLINET studiesl@mouri et trajectory scheme in reducing the variability of the validation
al, 2009 Mona et al, 2009 suggest that CALIOP may comparisons.
be biased low in the PBL, the spatially matched measure- When CALIOP’s modeledScaLiop, 532 are separated by
ments of Rogers et al.(2011) show excellent agreement type, the mean percentage lidar ratio difference for each
between the HSRL and CALIOP measurements in this retype lies within one standard deviation of the CALIOP mod-
gion. When CALIOP data are compared to coincident down-els, which suggests that the CALIOP aerosol-typing scheme
looking HSRL lidar measurements, the PBL variability pre- is reasonably accurate and that the CALIOP models pro-
sented in EARLINET’s up-looking comparisons is not de- vide a faithful representation of the aerosol types detected in
tected. Tabl® summarizes some CALIOP validation results Brazil. If we analyze the results based on CALIOP aerosol
obtained by other quantitative studies. These earlier validatype, the dominant aerosol types in the five regions se-
tion studies indicate that CALIOP is well calibrated in the lected in Brazil are polluted continental, defined as conti-
free troposphere regio@amouri et al, 2009 Mona et al, nental aerosol with a substantial fraction of urban pollu-
2009 Pappalardo et 312010. However, results obtained in  tion, and polluted dust, which is defined as a mixture of
such studies also point to large differences in comparisonslesert dust and smoke or urban pollution. For both cases we
within the PBL region, showing how rapidly the air masses found a consistent agreement between CALIOP lidar ratio
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Table 9. Summary of CALIOP validation results from previous studies.

3295

Percentage Data Instrument
Study difference level employed
Rogers etal. (2011) .9%+3.9% Level 1-532nm NASA LaRC
27%+21% Total attenuated  airborne HSRL
CALIOP lower backscatter system
Kacenelenbogen —52.2 %monis) Aerosol MODIS
etal. (2011) —44.8%roioer)  extinction POLDER, NASA
—38.4 Y%nsry) Level 2 LaRC airborne
—43.8 %peronery  product HSRL, AERONET
Pappalardo £ %+50% Level 1-532nm  Multi
et al. (2010) Total attenuated  wavelength
backscatter lidar systems
Mona —24 %+ 20 % Level 1-532nm Raman
et al. (2009) —2%+12% Total attenuated  lidar
backscatter systems
Mamouri —15%=+16 % Level 1-532nm Raman
et al. (2009) —4%+6% Total attenuated  lidar
backscatter systems
This study —-15%+24% Level 2 AERONET
—0.3%+9% 532nm
lidar ratio

selection and theac calculated applying the AC method. types, the vast majority of mean percentage differences fall
The mean percentage differences show a small underestimateithin one standard deviation, providing further evidence for
of CALIOP lidar ratios:—1.7 %=+ 9% for polluted continen-  the accuracy of the CALIPSO automated aerosol classifica-
tal and—2.5 %4 32 % for polluted dust. This is illustrated in  tion algorithm.
Fig. 7, where the mean percentage lidar ratio difference lies In the present study, the use of the best matching pro-
completely within the expected natural variability (i.e., one file based on the HYSPLIT air mass trajectories anal-
standard deviation of the CALIOP model) for polluted conti- ysis decreases the number of possible comparisons be-
nental aerosol, leading to the conclusion that the CALIOP li-tween CALIPSO and ground-based instruments. However,
dar ratio selection scheme is returning accurate results withinhe backward and forward trajectories approach proves to
the South America region. These mean percentage differencee essential in achieving consistent comparisons between the
values for polluted continental and polluted dust aerosol typewo data sets. Th8ac technique defined by Eq7) derives
are in agreement if we compare with those results obtaineastimates of lidar ratio using two independent measurements
by applying the lidar ratio calculated using only AERONET provided by two entirely different instruments — optical depth
data (Sect4.4), i.e, 1.4%+ 8% and—7.3%+ 13% for pol-  measured by AERONET and integrated attenuated backscat-
luted continental and polluted dust, respectively. ter measured by CALIOP. However, the AERONET sun pho-
Additional studies using more sophisticated measurementometers only directly measure optical depths; they specif-
techniques (e.g., down-looking airborne HSRL measure-ically do not measure the backscatter component required
ments) would be useful in confirming the performance of to directly compute the lidar ratio (i.e., the extinction-to-
the CALIOP lidar ratio selection scheme within Brazil. To backscatter ratio). Instead, the AERONET retrieval derives
our knowledge, only one such campaign is currently reportedhe backscatter component of the lidar ratio by applying Mie
in the literatureBaars et al(2012 used a multiwavelength scattering theory to the retrieved size distributions and in-
Raman Lidar system to show that the predominant aerosatlices of refraction@ubovik and King 2000 Dubovik et al,
types in the atmosphere of northern and central Brazil are2000. The accuracy of this backscatter derivation is thus lim-
young and aged smokes. The typical mean lidar ratio valited by the accuracy of the retrieved size distributions and
ues of 64+ 15sr for the wavelength of 532nm found by indices of refraction. As demonstrated Mamouri et al.
Baars et al(2012 are in agreement with mean lidar ratio (2013, the combination of lidar and photometer measure-
values achieved by the AC method of 21 sr for smoke ments can be used to validate the lidar ratio estimates pro-
and 69+ 6 sr for polluted continental. For the other aerosol vided by photometer measurements alone. So in effect this
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study serves a dual purpose: we validate the performance of the wet and dry seasons in Ronddénia, Amazonia, J. Geophys.
the CALIOP lidar ratio selection scheme over Brazil while at  Res., 107, D208081, d4i0.1029/2001JD00066@002.

the same time providing further validation of the AERONET Baars, H., Ansmann, A., Althausen, D., Engelmann, R., Heese,
lidar ratio retrieval scheme. B., Miller, D., Artaxo, P., Paixdo, M., Pauliquevis, T., and

Souza,R.: Aerosol profiling with lidar in the Amazon Basin dur-

In summary, it is important to emphasize that this first
ing the wet and dry season, J. Geophys. Res., 117, D21201,

s oo, ot ot o o SOOI
L. . . L r]3urton, S. P, Ferrare, R. A., Hostetler, C. A., Hair, J. W., Kittaka,
mmal effort to investigate the reliability pf the aerosol OP- . vaughan, M. A, Obland, M. D., Rogers, R. R., Cook, A.
tical properties retrieved by CALIPSO in the SSA region. L., Harper, D. B., and Remer, L. A.: Using airborne high spec-
Lidar ratio values assigned by CALIOP are in good agree- tral resolution lidar data to evaluate combined active plus passive
ment with those retrieved by the AC method, as well as with  retrievals of aerosol extinction profiles, J. Geophys. Res., 115,
those retrieved using the inversion products retrieved from DOOH15, doi10.1029/2009JD012132010.
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works well and shows good accuracy within Brazil. Fur- CALIPSQ vertical feature mask, Atmos. Meas. Tech., 6, 1397—
thermore, our results demonstrate that air mass trajectorieé 1412, doi10.5194/amt-6-1397-2012013.
provide a useful and reliable method for properly compar- harlson, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coak-
! ley Jr., J. A, Hansen, J. E., and Hofmann, D. J.: Climate
ing boundary layer measurements made by.C.ALIOP and Forcing by Anthropogenic Aerosols, Science, 225, 423-430,
ground-based systems and for better constraining measure- 44i-10.1126/science.255.5043.42992.
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