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Abstract. SKYNET is an international research network of 1 Introduction
ground based sky — sunphotometers for the observation and
monitoring of columnar aerosol properties. The algorithm In order to estimate the radiative effect of the atmospheric
developed by SKYNET is called SKYRAD.pack, and it is aerosols in the climate system, itis of the upmost importance
used on Prede instruments only. In this study, we have modito accurately determine their optical and radiative properties
fied the SKYRAD.pack software in order to adapt it to Cimel in the atmospheric column. These properties are retrieved by
sunphotometers. A one month database of Cimel data obapplying the sunphotometric and aureole techniques. These
tained at Burjassot (Valencia, Spain) has been processed witi€chniques consist of inverting sun and sky radiometric mea-
this program and the obtained inversion products have beegurements, obtained at ground by means of automatic solar
compared with AERONET retrievals. In general, the dif- radiometers.
ferences found were consistent with the individual error as- In the sunphotometric technique, the aerosol optical depth
sessments for both algorithms. Although the aerosol optical[AOD) can be inferred from the direct sun irradiance, repre-
depth compared well for any aerosol burden situation (rmsdsenting the aerosol extinction, and therefore related to the
of 0.002—-0.013 for all wavelengths), inversion products suchaerosol burden in the atmospheric coluntisteles et al,
as the single scattering albedo, refractive index and asym2006. From the combination of sun direct and sky diffuse
metry parameter compared better for higher turbidity situa-radiation, further radiative and optical properties can be re-
tions. The comparison performed for cases with an aerosolrieved (Nakajima et al. 1983 1996. This can be accom-
optical depth at 440 nm over 0.2 showed rms differences oplished by the application of inversion algorithms. The re-
0.025-0.049 for single scattering albedo, 0.005-0.034 for thérieved properties are single scattering albedo, phase func-
real part of refractive index, 0.004—0.007 for the imaginary tion, real and imaginary parts of the refractive index and vol-
part of the refractive index and 0.006—0.009 for the asymme-ume distributions. From the volume distribution and phase
try parameter. With respect to the volume distributions, thefunction, effective radius and asymmetry parameter can be
comparison also showed a good agreement for high turbidalso determined.
ity cases (mainly within the 0.01-7 um interval) although the = The AOD retrieval from direct sun measurements is a rel-
already known discrepancy in the extremes of the distribu-atively straightforward problem, widely studied in the lit-
tion was still found in 40 % of the cases, in spite of elimi- erature Esteles et al. 20079. The current methods are
nating data and instrumental differences present in previougccurate and the comparison between different methodolo-
studies. gies compare very well within the estimated uncertainties
(Esteles et al,2006. However, obtaining such a complete
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set of radiative properties in the aureole technique is a dif-2 Experimental site and instrumentation
ficult task, as the methodology focuses on the solution to
an ill-posed problem. The information available in the ra- The Cimel CE318 instrument used in this study is placed at
diometric data is limited, and it is crucial to adopt plausible the Burjassot site from the University of Valencia in East-
assumptions in order to retrieve realistic solutions. ern Spain (latitude 39.8N, longitude 0.42W, 60 ma.s.l.).
Few different inversion algorithms have been proposedBurjassot is a city of 38400 inhabitants within the Valen-
over the yearsNakajima et al(1996 implemented an origi- cian metropolitan area, whose total population is around
nal algorithm called SKYRAD. This program was developed 1 830000 inhabitants. Given its proximity to the principal
to be applied on Prede POM radiometers, and constitutes theucleus of Valencia (5km), the measurement station is di-
starting point for the SKYNET international network. The rectly affected by the urban and industrial pollution typical
current network of Prede POM radiometers is mainly spreaddf @ metropolitan area. Its closeness to the western coast
in Eastern Asia, although it is also present in Europe througiof the Mediterranean Sea (10km) also determines the cli-
the federated European Skynet Radiometers network (ESR)atic and meteorologic conditions, with relatively high hu-
(ESR website2011). The SKYNET network currently uses midity all year round, mild temperature in winter and high
the SKYRAD algorithm version 4. Nakajima et al.1996). temperature in summer.
The program is open source code and can be found at the A CE318 sunphotometer was deployed in Burjassot site
OpenCLASTR websité2011). in January 2002, although it only started to operate within
In turn, the international Aerosol Robotic Network AERONET from April 2007 on. The CE318 sunphotometer
(AERONET) developed an advanced inversion algorithmmeasures both direct spectral solar irradiance and diffuse sky
(Dubovik and King 2000 for its application on the radiance for almucantar and principal solar planes with@a 1.2
Cimel CE318 sunphotometer. The operative network is con-ield of view limiting tube. The standard measuring sched-
ducted by NASA in colaboration with other regional fed- ule for this instrument broadly consists of direct sun triplets
erated networks, such as PHOTONS in France or RIMAevery 15 min, and sky diffuse almucantar or principal plane
in Spain. However, the inversion algorithm source codescenarios every 30 min. This specific unit measured at nom-
is not publicly available. This implies that independent inal wavelengths of 340, 380, 440, 500, 675, 870, 936 and
Cimel CE318 users cannot use this code to invert their ownl020 nm. Channels at 340, 380 and 936 nm are only used for
data, neither use it for further algorithm developments. sun direct measurements. The sunphotometer currently oper-
Few previous studies have addressed the comparison aftes within the Red Brica de Medida de Aerosoles (RIMA)
both network approaches, by comparing the aerosol producind the data are routinely processed by AERONET.
retrievals obtained from Cimel CE318 sunphotometers (elab- The atmospheric aerosol properties and their air mass de-
orated by AERONET) and Prede POM radiometers (elabpendence at this site were previously examinedEbieles
orated by SKYNET) $ano et a].2003 Campanelli et a). et al. (2007gb) using a 4 year long database. Sea breeze
2004k Che et al.2008. Although differences in the aerosol is occasionally established at the site, mainly in summer-
optical depth were reasonable and within the expected uncetime and under anticyclonic conditions with low pressure
tainties, inversion products provided larger differences. Thegradients, leading to a characteristic pattern of recirculation
processes behind these differences were difficult to identifyand ageing of anthropogenic aerosols. During wintertime,
and could not be accurately pointed out by these studiesclean air masses are occasionally dominant, due to the pas-
However, it is extremely important to understand these differ-sage of Atlantic air masses over the Iberian Peninsula. These
ences, as synergetic studies from both networks would protwo meteorological situations lead to two contrasting aerosol
vide a better understanding of the aerosol impact on climateescenarios, with maximum turbidity for recirculating local
In order to better compare both methods by avoiding ex-air masses (dominated by anthropogenic aerosols) and min-
ternal instrumental effects (such as calibration, pointing acimum turbidity for air masses transported from the northern
curacy or temperature dependencies), we have compared thglantic source region (maritime aerosols).
SKYRAD version 4.2 algorithm with the AERONET algo- For an average yedEételEs et al, 20073, the aerosol bur-
rithm by means of using the same Cimel CE318 data and calden represented by the columnar extinction or aerosol optical
ibration set. Therefore, a pre-processing module was impledepth (AOD) showed an evident seasonal pattern with higher
mented to adapt the Cimel CE318 sunphotometer data to thealues at summertime (maximum AOD at 500 nm of 0.38 in
SKYRAD version 4.2 algorithm, and the method was testedJuly) and minima in wintertime (minimum AOD at 500 nm
on a 1 month dataset obtained at Burjassot site (Valenciapf 0.08 in December). The annual mean and median for
Spain). 500 nm was 0.22 and 0.19, with a standard deviation of the
sample of 0.13. For this study we have selected a character-
istic 1 month database, obtained in February 2011. During
this period, an episode of recirculating air masses with high
aerosol burden was clearly identified, isolated by two periods
of very clean conditions.
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Calibration In this equation Fyp is the monochromatic irradiance at the
top of the atmosphere measured in Whnm ™1, 7 is the total

The Sky-sunphotometers need two different calibrations fOI’optica| depth, anahg is the 0ptica| air mass, approached by

the sun and sky channels. For the sun direct channel, the calp = 1/cog),, 69 being the zenith solar angle. If the extrater-

ibration is obtained by a transfer from a master instrument.estrial irradiance is known (related to the instrument cali-

This requires the field instrument to be deployed co-locatedyration factor) and the ground irradianEds measured, then

with a master instrument in a clean site and perform simulta-the aerosol optical depth can be retrieved from this equation

neous measurements of sun direct irradiance during a givegfter subtraction of the Rayleigh scattering and gas absorp-

time and under certain atmospheric conditions. Then, thejon (ozone) optical depths.

calibration for the field instrument is obtained by using the |n turn, the spectral diffuse sky radiané&®) can be

ratio between the master and field instruments. given at a number of azimuth angles, the latter related to the
For the calibration of the sky channel, a source lamp withscattering angle®:
an integrating sphere must be used. The radiance at the exit
port of the integrating sphere is known beforehand (providedE (®) = F mo AQ [wT P(©) + ¢(©)] (2)
by the manufacturer as a traceable calibration). Therefore
the calibration is obtained by measuring the sphere radianc
with the Cimel in a darkroom, and converting the digital
counts of the instrument to the radiometric magnitude.
Both direct and diffuse calibrations were performed by the
RIMA staff at the network calibration site and laboratories,
: I . S . atmosphere column.
respectwgly. The _cahbratlon at a given _tlme is estimated From the direct sun irradiance and the sky diffuse radi-
b inea merplaion betueen conecue pre a0 Dot i nanaih s cene s e et .
AERONET for the processing of this instrument data. ThesetWeen the diffuse to direct components:
are also the values employed by us in this study. In this way, E(©®) _
we can neglect externgl chtorsythat would be };/)resent if w):aR(Q) T FmoAQ 0t P(©) +4(0) = $(©) +9(©) (3)
compared two different instruments with their own calibra-
tion constants.

AQ being the solid view angle of the radiometerthe sin-

Sle scattering albedd? (®) the phase function at scattering
angle ®, andg(®) the multi scattering contribution term.
These variables are spectral and in this equation represent
the properties of the air and particles ensemble in the whole

whereB(0®) represents the single scattering term, in opposi-
tion to the multi scattering term(®). The ratioR(®) is a
magnitude less affected by the interference filter degradation,

3 Methodology and can be more accurately determined.
On the other hand, the inversion algorithm can be de-
3.1 Aerosol retrieval methodology signed for the retrieval of the spectral optical characteristics
of columnar aerosol (i.e. aerosol optical depth, single scat-
3.1.1 Inversion algorithms tering albedo and phase function), or alternatively, micro-

. _ physics parameter®@bovik and King 2000 such as par-
Any algorithm for the retrieval of columnar aerosol proper- ticle size distribution and complex refractive index. The re-

ties consists of two different components: an accurate for{ation between both sets of aerosol parameters can be found
ward radiative transfer model, and an optimized mathematiin the following integrals:

cal procedure for the inverse transformation of radiance data
with a priori constrains Qubovik and King 2000. Both 2
AERONET and SKYNET algorithms are based in the sameTaext(*) = —— / Kext(x, ) v(r) d In(r) (4)
radiative transfer modelNakajima and Tanakal 988, al- Fmin

though they differ on the exact implementation of the inver-
sion strategy. In this section we will give an overview of the 2
algorithms, followed by a section with a summary of the dif- fa(®) = —— / K(®, x, m) v(r) d In(r). (%)
ferent strategies adopted by SKYNET and AERONET and Fomin

their respective sensitivity and error analysis. ) ] ) ]

In the radiative transfer model, the direct sun and the sky N the integralsy is the size parameter defined by 2/4,
diffuse radiance components are determined. The monochrd? iS the aerosol complex refractive index(r) is the
matic direct sun irradiance F can be described from the ex€olumnar aerosol volume distribution angin and rmax
tinction of the top of atmosphere solar irradiance, as thea'® the minimum and maximum aerosol radii, respectively.

’max

Fmax

Beer's law expresses: Kext( x, m) andK(®, x, m) are the kernel functions de-
fined by:
F = Fo exp (—mot) ()
.. 3 x)
Kexi(x, m) = 4 er: (6)
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K(©, x, m) = § i1 +3i2, 7) composed of the radiative transfer model describeNdka-
2 x jima and Tanak#1988 and an inversion method similar to
- - - the model described bpubovik and King(2000. In ver-
In Egs. 6) and (7), is the extinction efficiency fac- . ) . .
as. 6) ), Qext y sion 4.2, the kernel functions are only computed with the Mie

tor, andi; andiy are the intensity functions. In case of light ) X .
scattering by spherical particles, these functions can be Comt_heory fora spherical particle. New versions ofthe SKYRAD

ted by the Mie th _ Otherwise, other f |ati tpackagle \{vill include non-sphericity e_ﬁectéo(bayashi.et al.
Eg impylloy:d Isicheg;ythe T?r;vgtsr?x z]e?r:a;)jrjs(nnghzlr?;osggus 2010 similar to AERONET. For the field Prede radiometer,
al,, 2002 for ’randomly oriented spheroid®(bovik et al the Sy calibration is obtained by using an improved Langley
20’06 Kobayashi et a).2010 ' plot method Tanaka et a).1986 Campanelli et a).200438.

To retrieve the aerosol properties, E8) is iteratively in- For the retrieval oA Q, the solar disk scanning metha8d(

verted. The idea of the method is to iteratively eliminate theet Ial, 1999h|s used..f. . . d by AERONET
multiple scattering term (®) from the ratioR (®) to recover n turn, the specific inversion strategy used by

: ; . ; has been extensively described in a number of studies
the single scattering ter(®). In each of the iterations, the : X . .
algorithm obtains the aerosol volume distributign) by in- l(b\tl)l;]bov'rlj e:]al,f_1995 IZOO.QhZOOG Déljbt;) V'i;&%ﬂggrzooq' h
version of the aerosol optical deptf(1) and the single scat- though the first '?‘9‘”“ m used by was the
tering coefficien{Ba(®). Skyrad.pack described byakajima et al.(1996, an im-

In each iteration step, the retrieved volume distribution is proved algorithm (Version 1.0) was developed bybovik

used as input for the radiative transfer code in order to simu-and King (2000. The new version employed two spheri-

late R(®), which is compared with the experimeni{®) to ca! and _spher0|dal aerosol modelnipovik et_al, 200.23 by
evaluate the root mean square differea¢®). The process using _d|fferent ker_nel look-up tables. In th|s_ algorithm, the
is repeated untik(R) is less than a given threshold; other- inversion was designed as a search of best it of a!l data, con-
wise, the solution is rejected. sidering sun and sky measurements and a priori constrains

L . L together on a single set of multisource data with indepen-
In this iteration scheme, the complex refractive indeis : .
. - dent errors to account for different levels of uncertainty. For
also evaluated together with(r). Oncev(r) andm are op-

L bR : . the solution search, two minimization techniques were im-
timized by minimization of a quadratic fornbubovik and ) . . )

. . : .plemented: a matrix inversion method (single value decom-
King, 2000, the aerosol single scattering albedo can be esti-~ . . .
mated by: posmorp and a.steepest descent or gradient search method

(Dubovik and King 2000. Further developments led to the
Tascah) delivery of current Version 2.0 algorithnD@bovik et al,
(8) 2009. In this case, the aerosols are described by a volume
distribution of randomly oriented, polydisperse spheroids.
whereta scais Obtained by an equivalent integral to E4),(  To create the precomputed kernels matrices, the T-matrix
substitutingK exi(x, m) for Kscdx, m), beingKscox, m) the code Mishchenko et a).2002 and the approximate geomet-
scattering kernel function. ric optics integral equation methoddng et al, 1996 were
Finally, we also need to link the magnitudes described inused, with an axis ratio distribution given IBubovik et al.
the radiative transfer modeF(and E(®)) with actual mea- (2009 and assuming an equal presence of prolate and oblate
surements performed by the radiometers, i.e. the raw voltspheroids.
ages or digital signals when pointing the radiometer to the For the direct component calibration of the field Cimel
sun (direct sun component &0y, ¢o)) and at different  sunphotometers, calibration transfers from a master radiome-
points of the sky (sky diffuse component 8¢9, ¢)). For  ter are periodically performedHplben et al.1998 although
the sky diffuse component, the radiometer is moved along thehe improved method has been also previously applied with
solar almucantar plane, keeping the zenith angle constant angbod resultsCampanelli et a).2007). For the diffuse com-
equal to the solar zenith angké) and varying the azimuthal ponent calibration, the standard radiometric method can be
angle ¢). To get corresponding’ and E(®) or R(®), cali- used Holben et al. 1998. The radiometric calibration is
bration factorsSp and AQ2 must be introduced. performed with an integrating sphere of known radiance;
In the following section we will summarise the differ- hence, the sky diffuse radianég®) (Wm~2nm~1sr 1) is
ent strategies adopted by SKYNET and AERONET to im- directly obtained. For this study, the calibrations provided by
plement the retrieval algorithms and obtain the calibrationRIMA/AERONET have been used.
factors.

w(d) =

Ta, ext(A)

3.1.3 Sensitivity and error analysis

3.1.2 SKYNET and AERONET strategies
Kim et al. (2009 already performed an error and sensitivity

The specific inversion algorithm used by SKYNET is the analysis of the current version of the Skyrad.pack algorithm.
Skyrad.pack, currently version 4.2, based on a previous verin this analysis, the rati®(®) was forward modelled with
sion described byakajima et al(1996. The algorithm is  the radiative transfer model by using a set of nominal input
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conditions, with varying values of aerosol optical depth and The formatting of Cimel data consists of computing the
zenith angles. The simulate®l ®) was inverted and the so- normalized ratio seen in Eq3), For the optical air mass,
lutions were compared with the original inputs (volume dis- the formula ofKasten et al(1989 was adopted. In the cur-
tribution, aerosol optical depth and single scattering albedo)rent version, only one single value of the optical air mass has
No sensitivity study is available for the refractive index or been used for all the atmospheric components. The zenith
asymmetry parameter. angle of the sun was corrected for refraction effebtchal-
Following Kim et al. (2004, the differences between sky et al, 1988. To compute the solar declination and the
given and retrieved aerosol optical depth at 500 nm wereeccentricity correction factor of the Earth orbit (related to the
less than 0.02, suggesting that the retrievals were accudistance between the Sun and the Earth) 3pence1971)
rate enough. The differences for the volume distributionsexpressions have been implementegbél, 1983.
were significantly large when particle radii were smallerthan The solar irradiance at the ground is also needed inEq. (
0.1 um. In both cases, the SKYRAD retrievals overestimatedProvided that the instrument calibratio$p) is available, the
the given distributions. solar irradiance at ground can be obtained from the instru-
In the case of the single scattering albedo, the differencement signal at groundS) and the solar irradiance at the top
was minimum when large zenith angles and high opticalof the atmosphereFp). In turn, Fp was obtained from the
depths were involved, although it was as large as 0.08 whelSMARTS version 2.9 model extraterrestrial spectr@unéy-
both zenith angle and aerosol optical depth were low (30 demard, 2001). The columnar ozone burden was obtained from
grees and 0.2 respectively). The retrieved single scatterin@MI sensor and correspondingly interpolated for any instan-
was always underestimated. taneous measuremer®Zone Monitoring Instrument web-
Dubovik et al.(2000 analysed the maximum accuracy ex- site 2017).
pected for the AERONET aerosol retrievals of the volume The ceform module also applies a symmetry check be-
distribution, complex refractive index and single scatteringtween the right and left sides of the almucantar platel{
albedo, after numerical simulations for three aerosol mod-ben et al. 1998. This filter is intended to remove measure-
els (dust, biomass burning and maritime) for a given set ofment angles affected by clouds, mainly. More specifically,
conditions. The results showed that the errors were mainljthe asymmetry threshold has been currently set at a value of
dependent on the aerosol optical depth and the scattering0 %. The asymmetric pairs are removed from the inversion
angle available range, being larger for low aerosol burderprocess.
conditions. For the temperature correction accounted in ceform, spe-
For the volume distribution, the inversions were rather cific coefficients were obtained for this specific instrument.
well calculated in almost all situations, although the er- To retrieve these coefficients, we employed a thermal cham-
ror was dependent on the particle size. For the intervaber to control the Cimel optical head temperature. The tem-
0.1<r <7 pm, the retrieval errors do not exceed 10 % in the perature was varied betweeiG and 45 C. During the ex-
maxima but could increase up to 35% in the minima. Out-periment, the Cimel head measured the radiance emitted by
side this intermediate range the errors increased, rising up tan stabilized light source (integrating sphere) in a darkroom
80-100 % or higher for <0.1 pm and- > 7 um Qubovik et (Taviro, 2011).
al., 2002h. Once the thermal coefficients were obtained, the cor-
In the case of single scattering albedo, real refractive indexected signalS2s(A) can be obtained by using the following
and imaginary refrective index, the accuracy was maximumexpression:
(0.03, 0.04 and 30-50 % respectively) only for high aerosol L 1
loading (AOD440> 0.5) and for a solar zenith angle50°. Sos() = Sr (V) [1 " T(A) (T — 25)} ' )
For AOD440< 0.2, the accuracy drops down to 0.05-0.07 100
for the single scattering albedo, 0.05 for the real part of the
refractive index, and 80-100 % for the imaginary part of the
refractive index Dubovik et al, 20028.

In this equation,Sy refers to the signal measured at any
temperaturd’, andSos represents the corrected signal at the
reference temperature (28). k7 (1) is the thermal coeffi-
cient, expressed in 94C. These variables depend on wave-
length (). The highest dependence is found at 1020 and
In order to elaborate the Cimel data, the original SKYRAD 870 nm channels. The thermal coefficients for the other chan-

version 4.2 was adapted. The SKYRAD package consistdiels could be neglected. Our 1020 nm value was very similar
of two different modules calledtform andsproc The dt- 0 that ofHolben et al(1998. The values were also similar
form module formats the Prede POM data so it can be fed© the coefficients provided by the photodiode manufacturer,
in the processing module sproc. Therefore, we substitutedlthough the latter do not include the thermal effects due to
the dtform module with our own code (calledforn). The  other elements of the Cimel optical system.

ceform module formats the Cimel data, applies quality filters

and accounts for temperature effects.

3.2 Theceformmodule

www.atmos-meas-tech.net/5/569/2012/ Atmos. Meas. Tech., 5, 3588-2012
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3.3 Comparison methodology 10

094 = 440 nm
In order to compare the SKYRAD and AERONET retrievals, L orenm
a 1 month Cimel CE318 database has been used. The dat © 1020 nm

were acquired in the AERONET Burjassot site (Valencia, g %1
Spain) during February 2011. This period included very con- 3 o0
trasting aerosol scenarios, with a large range of aerosol op% 0.5
tical depth produced in a short time. No important influence g 0]
of non-spherical particles was detected, as no dust intrusions§
occur during this period. The sphericity factor provided by ~ °*1
AERONET confirmed this suspicion during the high aerosol 02+
optical depth episode. 0.1 g

The pre- and post-calibration of the used Cimel instru- 5|5 é'égl .
ment was provided by RIMA/AERONET. The pre- and post- 1.3 5 7 9 1
calibration factors are interpolated to get the effective cali-
ll?ar\;aéllodnata; ﬁg)sl gg’::ljgz' fE:Jtrrt]ri]:(r:?r%r;érci):cl))r/] A,EEEL%’:I;L Te?/ Flig. 1. Evolution of_the spectral gerosol opt_ical depth obtained
. - . ' (:T'rom the AERONET inversions during the period of study (Febru-
is not critical for such a comparative study. ary 2011).

Different statistical indicators have been employed for this
comparison: relative and absolute root mean square devia-

tion (rmsd) and mean bias deviation (mbd) to represent thgy, Fig, 1 the aerosol optical depth at the four main Cimel
mean differences. The standard deviation of differences (std}nannels is represented for the period used in this study.

has been also computed and represents the variability of the 5 ¢ase of severe pollution was identified during Febru-
differences around the mean values. Percentile 95 (u95) Wagry 2011 and described elsewhe8egura et aJ2011). This

also computed. Equation$() to (12) show these estimators. episode is easily identified in Fig, where AERONET AOD
Moreover, the Chauvenet criterion has been applied to avoigetrievals are plotted for the four main channels. The
outliers in the sample, by removing any point with a differ- Aop440 is very low (less than 0.1) during days 2 to 6, in-
ence with the mean greater than 3 times the sample Sta”da@easing steadily and reaching the maximum (up to 0.6) dur-
deviation. In the following expressions;o andx; refer to ing days 9 to 12, and getting cleaner again on day 14 after the
any property compared from the reference and secondary inpassage of a front. From day 15 on, the series is frequently
struments, respectively, amx} represents the difference be- interrupted by the effect of weather (clouds). It must be

F> B
W(}OOQ‘F-. am
XAP PO ©

<Hom

L ]
g@ A ! é%g 3
T T T T T T
13 15 17 19 21 23 25 27
Day

tween two simultaneouso andx; . noted however that no strong dust intrusions occurred during
this period, avoiding non-sphericity effects in the compari-
rmsd — 1 ﬁ: (xoi — xi)2 = 1 i A2 (10) son. Otherwise, this would be an issue because version 4.2
N = o ' N &= ' does not include aerosol non-sphericity effe€@4nfo et al,
20089.
mbd = A = 5 Z (xoi — xi) = 5 Z A; (11) 4.2 Optical and radiative properties
i=1 i=1

In Table 1 we show the quantitative comparison between
1 XN ., aerosol optical depth (retrieved from the inversion), single
std = v Z (Ai — A) (12) scattering albedo (SSA), refractive index (RRI and IRI for
i=1 real and imaginary parts, respectively) and asymmetry pa-
rameter ¢), for all the period.
The aerosol optical depth deviation is within the combined

4 Results uncertainties of both methods, estimated to~4®01-0.02
in AERONET (Eck et al, 1999. The deviation is higher at
4.1 Analysis of the episode conditions 440 nm and lower at 870nm in good agreement with pre-

vious comparisons of AOD between Prede (elaborated by
Based orEstelks et al(20073, February can be considered SKYNET) and Cimel (elaborated by AERONET$#no et
a relatively clean month (mean AOD500 of 04®.12) but  al,, 2003 Evgenieva et al.2008 Campanelli et a).2004h).
still not very different to the annual average (mean AOD500It is also in very good agreement with our previous findings
of 0.194+0.13). The mean AOD (at 440 nm) during the pe- involving direct sun measurements onisteles et al.201Q
riod used in the present study is 0t%.16, slightly lower  2012. The u95 percentile shows that some data differ from
and more variable than the average February month periodAERONET, a difference slightly higher than 0.02 for 440 nm.
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Table 1. Statistics of the differences between AERONET and The asymmetry factorg) has been estimated a posteri-

SKYRAD properties. The number of data samples is 103. ori from the phase function retrieved by SKYRAD, and is
used here as a compact parameter for the comparison. In
A(m)  rmsd (%) rmsd mbd  std uo9s this case, the relative differences are 4.5-6.2%. The rmsd
is lower than 0.05 for all channels. Once again, ghfactor
ACD obtained by SKYRAD is lower than the AERONET product
440 7.1 0.013 -0.0066 0.0011  0.023 for all the channels.
675 7.5 0.0069  0.0036 0.00062 0.013 The results shown in Tablewere averaged for the com-
870 3.9 0.0024  0.0004 0.00025 0.005 plete February periodKim et al. (2004 and Dubovik and
1020 4.7 0.0023 —0.0018 0.00015 0.003  King (2000 pointed out the higher retrieval errors that ap-
SSA pear when low aerosol burdens are present. Therefore, we
420 51 0045 0013 0045 0.001 have separated the statistics fqr days with a AOD44I_)2
675 1'3 0:12 _0:110 0:058 0:15 and AOD440> 0.2. 'I_'he respe(_:tlve results are ShOWﬂ in Ta-
870 11 0094 —0082 0.046 012 ble2. Only the rmsql is shown, in absolute and relative terms.
1020 85 0.068 0.015 0.069 0.14 In general, the differences found for AGDP0.2 are much
lower than for AOD< 0.2, and in some cases the improve-
RRI ment in the absolute rmsd is one order of magnitude. The
440 6.7 0.097 0.086 0.046 0.13 change in the relative rmsd is important too, although it de-
675 6.5 0.093 0.084 0.041 0.12 pends on the parameter studied.
870 5.8 0.084 0.074 0.041 0.11 In the case of the AOD, both differences are within the
1020 53 0.077 0.066 0.043 0.10 nominal uncertainty, being higher for shorter wavelengths.
IRI The deviations in the absolute rmsd are slightly higher for
turbid conditions (0.003—-0.014) but lower if the relative rmsd
440 79 0.013 —-0.0094 0.0093 0.021 is used (2.7-5.3%).

675 >100 0.022 —-0.019 0.012 0.031

870 2100 0.020 0017 0010 0.027 The SSA differences for turbid conditions are much lower

than for the clear conditions, with an absolute and rela-

1020 65 0.012 —-0.0081 0.010 0.022 .
tive rmsd of 0.025-0.049 and 2.8-5.3%. These results are
8 within the 0.05-0.07 error estimation given Bybovik et
440 6.2 0.043 0.033 0.029 0.068 al. (2002[) for the AOD440< 0.2 condition.
675 5.0 0.032 0.019 0.027 0.057 The same effect is present in the RRI and IRI, with much
870 45 0.028 0.061 0.028 0.057  higher deviations found in the imaginary part. For the high
1020 4.9 0.030 —-0.0035 0.031 0.062 AOD conditions, the IRI differences are lower than 80 %.

For RRI, the absolute rmsd is lower than 0.04, within the
expected 0.05 threshold estimatedybovik et al.(20028

for AOD440=0.2. In the case of the asymmetry parameter,
The maximum std is found also for 440 nm channel, althoughthe relative rmsd is lower than 1.5 %.

systematic. sensitivity studies performed HWubovik et al.(20020 and
Higher differences are observed at other parameters sucRim et al. (2004 for the individual network methodologies.
as SSA and refractive index. For SSA, the root mean squaryithin the quality thresholds recommended by them, both
deviation is lower than 10% at 440 and 1020 nm, with ajnyersion algorithms are able to provide comparable results.
maximum mean bias deviation ef0.11 at 675nm. The However, the differences increase beyond acceptable limits

rmsd varies between 0.07 and 0.12, and 5% of the valueghen results obtained under conditions of low optical depth
were higher than 0.10-0.15. In all the channels except forzre compared.

1020 nm, the SKYRAD values exceed those of AERONET.

For the real part of the refractive index, the differences are4.3  \Volume distributions
5-7 % for all channels. The imaginary part of the refractive
index has the highest deviation of the studied parametersfo compare the volume distributions obtained by both
with a percent difference that exceeds 100 % for channelsnethodologies, we have interpolated the SKYRAD retrievals
675 and 870 nm. In both real and imaginary parts, SKYRADto the AERONET radius bins, so the statistical estimators
retrieves lower indexes than AERONET. This fact is in agree-could be computed for each of these radius bins. The abso-
ment withChe et al(2008 for the Prede and Cimel compar- lute and relative rmsd for the whole period have been plotted
ison, although in their comparison they got lower deviation.in Fig. 2. The top panel figure clearly shows that the devia-
In any case, we must bear in mind ti@te et al(2008 study  tionis very high at the endings of the distributions, with max-
was performed in very turbid conditions. imum values of 200 %. Between 0.15 and 5 um, the deviation
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p
Table 2. Statistics of the differences between AERONET and 20
SKYRAD properties separated by the AOD level. 200+ . Yl
& 150 \' /.
AOD440<0.2 AOD440> 0.2 £ ol \.\ /-
A(nm)  rmsd (%) rmsd rmsd (%) rmsd 50 '\ A
% 00000000y (a)
AOD 009 > i *
440 15 0.012 3.0 0.014 —~ 0.04+
675 4.6 0.0018 5.3 0.013 £ oo
870 3.0 0.0009 2.8 0.0046 g
1020 7.5 0.0018 2.7 0.0034 3 %%
0.014
SSA 0.00 r.‘...\.\‘ afasssacacae ././.:.;. ®)
440 5.6 0.048 3.4 0.032 1o 1o rads (um) 10 10
675 15 0.13 3.7 0.034
870 12 0.10 5.3 0.049 Fig. 2. Relative(a) and absolutéb) root mean square deviation be-
1020 10.0 0.076 2.8 0.025 tween the SKYRAD and AERONET volume distribution functions.
RRI
0.05
04/02/2011 1037 UTC —e— AERONET
440 7.6 0.11 2.3 0.034 0.044 A0D=0.05 —o— SKYRAD4.2
675 7.3 0.10 2.0 0.028 0.037
870 6.6 0.096 1.0 0.015 o
1020 6.0 0.089 0.4 0.005 000 Q’ff::igroto?o_ 0-0-0-0-0-0-0-0-0-g:30°0 (@
RI R )
"E 0.03] \,
440 75 0.014 76 0.0060 »; 002 f o\
675 >100 0.026 72 0.0065 2 o J b o
870 =100 0.022 83 0.0072 ° 000 Aty 0-0-0-007 Q:QTQ:Q ®)
1020 64 0.014 35 0.0039 008 T 0212011 1038 UTG
0.044 AOD=0.03
g 0.03
0.02
440 7.3 0.050 1.1 0.0079 0.01 0-g-0-0-
675 5.7 0.036 0.9 0.0062 000t ﬂ—féﬁi" 90 pisindorn -0:0-0"%" \’1579 ‘:’02
870 5 1 0031 1 l 00074 radius (um)
1020 5.6 0.034 1.4 0.0086

Fig. 3. Comparison between SKYRAD and AERONET distribu-
tions for three representative cases of the dataset: before, during
and after the pollution episode.

is lower than 20 %, with an average value of 13 %. This is in

agreement witfDubovik et al.(20020), as they estimated the  10:38 UTC, respectively. The corresponding AODs at this
error in the retrieval to be 10-35 % within the 0.1-7 um inter- time were 0.05, 0.44 and 0.03, respectively. These three
val, and increasing to 80-100 % for the rest of the retrievedcases represent the three phases of the pollution episode
radius interval. highlighted in Fig.1.

As the distribution functions from AERONET go down  In the top and bottom panels, the volume distributions rep-
to zero in the extremes (0.05 and 15um), the relative rmsdesent two cases of very low aerosol burdens. It is well
behaviour for the tails of the distribution was partly expected.known that the inversion products have a very high uncer-
To avoid the increase of the relative deviation in the verytainty in these conditionsDubovik et al, 2000 especially
extremes, the absolute deviation has also been plotted in th@ parameters such as the imaginary part of the refractive
bottom panel. From Fig it is clear that the deviation in the index. Therefore, the differences were expected to be rela-
distributions increases for radius smaller than 0.01-0.02 umively high in these conditions. In both situations, the max-
and for radius bigger than 0.06—0.07 pm. imum deviations are found for the tails of the distributions,

To look in detail at the distribution differences and the as it has been shown in Fig. Also, the SKYRAD fine and
aerosol burden limitations, in Fi®@ we have plotted three coarse modes appear to be slightly displaced in respect to
representative cases of our dataset. The top, middle anAERONET modes.
bottom panels correspond to the distributions obtained on On the contrary, the comparison between SKYRAD and
days 4, 11 and 14 February 2011, at 10:37, 10:38 andAERONET distributions looks very good for the 11 February
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008 T T 0838 UTC = et all. (2008. However, Fhis should not be an issue for the
0,04 ] / studied dataset, as no important sources of remote or local
0031 .700\ 7 dust affected our site during the high AOD period. In fact,
’ Vi \- / the sphericity factor obtained by AERONET during the high
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y. pollution episode.

o e @ In summary, when the AOD is high (in this study the
12102/2011 0900 UTC —e— AERONET threshold was set to 0.2 for AOD440) the volume distribu-
o SKYRADAZ tions retrieved with SKYRAD have a good comparison with
AERONET when bimodal shapes are retrieved. However,
even with the use of the same data and calibration, in some
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001 ] /./ x ] N instances a second coarse mode appears in the volume distri-
’ W v>,=013:8;9'6"9:952f: ’ o bution and eventually becomes strongly dominant. In the lat-

000 > #o . T ter cases, the deviation between SKYRAD and AERONET

radius (um) functions increases, though we still cannot point out at the

) _ responsible process in the inversion algorithms. Hence, more
Fig. 4. Two representative cases of type Il SKYRAD solutions with asearch needs to be done.

a second coarse mode that leaves the distributions tails open.

: 5 Conclusions
case, when a high AOD was reached (0.44 at 440 nm). Both

modes are identically described, with minimum differences|n this study we have assessed the performance of the
in the tails of the functions. SKYRAD version 4.2 inversion algorithm in comparison to
If we analyze all the distributions obtained during days AERONET when the same Cimel CE318 data and calibra-
9to 12 February (corresponding to AOD440 higher than 0.2) tion set was used, thus avoiding the effect of several in-
60 % of cases are similar to the bimodal distributions shownstrumental differences present in previous comparisons, such
in the middle panel in Fig3 (defined here as type I distribu- as wavelength configuration, temperature dependences, cal-
tions). The remaining 40 % of cases correspond to SKYRADipration or pointing accuracies. To adapt the SKYRAD
distributions with a trimodal shape (defined as type Il dis- version 4.2 algorithm to the Cimel CE318 data, we imple-
tributions) while the AERONET distributions continued to mented a new pre-processing program (cadlefbrn). The
have a bimodal shape. ceform program formats the Cimel data and applies a ba-
Two illustrative cases of type Il distributions are shown in sic set of quality control filters, such as the symmetry of the
Fig. 4. In Fig.4a, a strongly dominant second coarse mode isalmucantar measurements.
noticed (defined as type Ila distribution). On the contrary, the |n order to validate the ceform-SKYRAD method, a Cimel
second coarse mode shown in Fg.(defined as type lIb dis- CE318 one month database obtained in Burjassot (Spain)
tribution), though discrepant with AERONET, looks plausi- during February 2011 has been inverted, and the retrievals
ble. From the 40 % type |l cases present during days 9 to 12have been compared with AERONET, in order to assess the
50 % were due to type Ilb. differences between both inversion methodologies when ex-
The discrepancy between SKYRAD and AERONET vol- actly the same data and calibration is used. The selected
ume retrievals in the tails of the distributions is long dataset is representative of different conditions at the site, al-
known and was also described Bhe et al.(200§ for an  though dust cases were not present, avoiding non-sphericity
AERONET and SKYNET comparison in Beijing. The mean effects in the comparison. During this period, an episode of
volume distribution found byChe et al (2008 with a Prede  pollution occurred. This episode was recognizable by an in-
was trimodal, although AERONET inversions of Cimel data tense period of high aerosol optical depth, surpassing the rec-
showed a mean bimodal distribution. They hinted at fewommended threshold for reliable inversions. This scenario
differences that could be responsible for such deviationsallowed us to compare both methods in different conditions
number of radius bins used by the two methodologies, nonof turbidity. A total number of 103 inversions were used in
sphericity effects and a different combination of available the comparison.
channels in the Prede and Cimel instruments. The aerosol optical depth compared well (0.002—0.013 for
From the factors invoked bghe et al(2008, the channel all the wavelengths) within the combined uncertainty, with
configuration effect has been discarded in our comparisonhigher deviation at 440 nm. The single scattering albedo and
as the retrievals have been performed with the same Cimeleal and imaginary parts of the refractive index got a rela-
channels than AERONET. The non-sphericity effect cannottive root mean square deviation of 5-13 %, 5—7 % and 65—
be discarded a priori, as the current SKYRAD version 4.2160 %, respectively. Clearly, the imaginary part of the re-
does not account for non-sphericity, as in the cas€lié  fractive index got the highest differences, although this result
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