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Abstract. A sensitivity study of aerosol retrievals to the ge-  The last part of the study is devoted to the identification
ometrical configuration of the ground-based sky radiometerof possible differences between the aerosol retrieval results
observations is carried out through inversion tests. Specifobtained from real AERONET data using both geometries.
ically, this study is focused on principal plane and almu- In particular, we have compared AERONET retrievals at the
cantar observations, since these geometries are employed game sites used in the simulation analysis: Mongu (biomass
AERONET (AErosol RObotic NETwork). The following ef-  burning), GSFC (urban) and Solar Village (desert dust).
fects have been analyzed with simulated data for both geOverall, this analysis shows robust consistency between the
ometries: sensitivity of the retrieval to variability of the ob- retrievals from simultaneous observations in principle plane
served scattering angle range, uncertainties in the assump@nd almucantar All identified differences are within the un-
tions of the aerosol vertical distribution, surface reflectance certainties estimated for the AERONET operational aerosol
possible instrument pointing errors, and the effects of theretrieval. The differences in the size distribution are gener-
finite field of view. The synthetic observations of radiome- ally under 10 % for radii between 0.1 um and 5 um, and out-
ter in the tests were calculated using a previous climatologyside this size range, the differences can be as large as 50 %.
data set of retrieved aerosol properties over three AERONETFor the absorption parameters, i.e., single scattering albedo
sites: Mongu (Zambia) for biomass burning aerosol, God-and the imaginary part of the refractive index, the differ-
dard Space Flight Center (GSFC; Maryland, USA) for ur- ences are typically under@. and 0003, respectively. The
ban aerosol and Solar Village (Saudi Arabia) for desert dusteal part of the refractive index showed a difference 6fl0
aerosol. The results show that almucantar retrievals, in genfor biomass burning and urban aerosol, and a difference of
eral, are more reliable than principal plane retrievals in pres-around 003 for desert dust. Finally, it should be noted that
ence of the analyzed error sources. This fact partially carthe whole data set includes only 200 pairs, which have been
be explained by practical advantages of the almucantar getaken under very stable atmospheric conditions; therefore, in
ometry: the symmetry between its left and right branchesa general case, differences between principal plane (PPL) and
that helps to eliminate some observational uncertainties andimucantar (ALM) are expected to be higher. Though the ob-
the constant value of optical mass during the measurementserved differences between ALM and PPL are rather small, it
that make almucantar observations nearly independent of thehould be noted that this analysis has been conducted using
vertical variability of aerosol. Nevertheless, almucantar re-a limited set of 200 observation pairs selected under stable
trievals present instabilities at high sun elevations due to theatmospheric conditions.

reduction of the scattering angle range coverage, resulting in

decrease of information content. It is in such conditions that

principal plane retrievals show a better stability, as shown by

the simulation analysis of the three different aerosol models.
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1 Introduction The present work aims at identifying whether the retrieval
results depend on the geometry used in the sky radiance
measurements. In particular, this work has been carried out

In the past decades, atmospheric aerosol has been widely rewith the inversion algorithm described Bubovik and King

ognized as an atmospheric constituent important not only fo(2000 (also Dubovik et al, 200Q 2002 2006, and using

the understanding of atmospheric processes, but also as omata provided by AERONET. That is why the study will

of the factors impacting many different aspects of the life onbe focused on the almucantar and principal plane geome-

Earth Solomon et al.2007 IPCC, 2007). Indeed, the aerosol tries (hereafter, ALM and PPL respectively), that are adapted

directly impacts ecosystems and human health as a pollutar{tHolben et al.1998 Kaufman et al.2002 Olmo et al, 2008

(generated by industrialization and fossil fuel combustion).as the standard observational scenarios in operational data

It has also been recognized for its influence on the globalcquisition of the AERONET networlHplben et al. 1998.

climate system. This effect is known as “aerosol radiative Also, the same observational scenarios are used by SKYNET

forcing”, and includes the so-called direct effects (basically (Nakajima et al.1996.

scattering and absorption of solar radiation), as well as indi- In the almucantar configuration, Fid. on the left, the

rect effects, created by the modification of cloud propertiessun photometers (e.g., Cimel Electronique 318, standard

(cloud lifetime, cloud albedo, precipitation, chemistry, etc.). in AERONET) keep the zenith angle constant (equal to

The aerosol particles can be natural (sea salt, desert dughe solar zenith anglés). The azimuth movement is done
volcanic ash) or anthropogenic (nitrates, sulfates, organicsfirst towards the right (taking the Sun as reference and
carbonaceous, etc.), or a mixture of both, with particle sizesup to ¢4 =180) and then is repeated towards the left.
ranging from a few nanometers to hundreds of microme-Assuming a homogeneous atmosphere, the measurements
ters; this leads to a complex and heterogeneous system wittaken in both right and left branches are expected to be
different physical, chemical and optical properti&¥illeke symmetrical and the final radiance values used in the in-
and Baron 1993 D’Almeida et al, 1991). This complex-  version algorithm for the almucantar are obtained by av-
ity makes it necessary to take a multidisciplinary approacheraging the observations in the right and left branches.
to studying aerosol, one which implies the integrated use ofThis process allows elimination of the data contaminated
very different methods and techniques. by sky inhomogeneities. In AERONET network process-

In this context, this paper is focused on the analysis of theng, the symmetry property in almucantar has been used
important features of aerosol columnar properties retrievafor over a decade, and those measurements exhibiting ra-
from radiometric observations. This approach is based ordiance differences higher than 20 % between right and left
the analysis of the light resulting from the interaction of so- branches are eliminated (this and other quality control cri-
lar radiation with the aerosol particles suspended in the atteria are described ihttp://aeronet.gsfc.nasa.gov/new_web/
mosphere. The high spatial and temporal variability of theDocuments/AERONETcriteria_finall_excerpt.patid Hol-
aerosol properties has led to the development and estalien et al.2006).

lishment of measurement networks covering extensive areas. In the principal plane geometry (Fid.on the right), the

Among all the monitoring systems, ground-based observaazimuth angle is the one that remains constant while the

tions have been revealed as the most accurate and simplegenith angle varies. Note that this geometry does not present

The most important ground-based global remote sensing neany evident symmetry and, therefore, identifying and screen-

works are AERONET (AErosol RObotic NETworkiiolben ing sky inhomogeneities in principal plane observations is

et al, 1998, SKYNET (Takamura and Nakajim&004) and not straightforward.

PFR-GAW (Precision Filter Radiometer-Global Atmosphere Another important aspect that distinguishes ALM and
Watch) Wehrli, 2005. PPL geometries is the relation between the scattering an-
AERONET and SKYNET networks provide aerosol infor- gle ®, the solar zenith angles and the observation angles

mation from two kinds of spectral measurements: spectrab, and ¢, for almucantar and principal plane, respectively.

data of direct Sun radiation attenuation by the atmospheré-or any measurement, the scattering angle can be expressed
and angular distribution of diffuse sky radiation, while PFR- as co$0) = cog(6s) + Sirf(ds) coSga — ¢s) for the almu-

GAW only provides data of direct Sun radiation. The direct cantat, and co$®) = cog6p F 0s) for the principal plangé

measurements provide information about total aerosol load{Nakajima et al. 1996. As a consequence, the maximum

ing, i.e. AOD (aerosol optical depth). The observations of dif- scattering angle that can be reached in both geometries is
fuse radiation contain essential information for retrieving the

aerosol phase function and optical aerosol properties. Using

this information, important aerosol optical and microphysical

parameters, such as the particle size distributiakgjima INormally, the azimuth origin is taken in the Sun position and
et al, 1983 1999 and complex refractive index or single thereforeps = 0. Note that this assumption was made in Big.
scattering albedodubovik and King 2000 Dubovik et al, 2The signg—) in the case ofgp—¢s = 0°) and(+) for the case
2006, are derived. of (gp — s = 180°).
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R(6,180) ™

Fig. 1. Figures describing the two geometries used within AERONET network for the measurements of the sky radiances; the almucantar is
shown on the left, the principal plane is shown on the right.

®m = 205 in the almucantar an@y = 65+ 9C° in the prin- ranges of scattering angle coverage in ALM and PPL mea-
cipal plané. surements. Also, in order to assure the reliability of our stud-
This fact plays an important role in the present study, asies, we have conducted self-consistency tests of the inver-
the information contained in the radiance measurement critision code. First, we simulate radiance measurements with the
cally depends on the geometry selected, especially for smaforward module using the pertinent size distribution (colum-
values of the solar zenith angle. Specifically, the first partnar volume size distribution Wdin(R) for radii between
of this work contains an analysis of the consequences of havd.05-15 um) and the refractive index of the different aerosol
ing different ranges of scattering angle coverage in ALM andexamples. Then these synthetic observations are inverted us-
PPL measurements. For that purpose, in Sect. 2 we use sining the retrieval algorithm and the resulting values are com-
ulated sky radiances for differeéd and aerosol types which pared with the assumed aerosol properties. The tests are con-
will be inverted afterwards to observe the differences in theducted for both PPL and ALM geometries. A scheme of this
retrievals. In the same section, we include an analysis of thgrocedure is drawn in Fi@. The test conditions, which are
effect of neglecting the vertical variability of aerosol and its the solar zenith angles (five casés:15°, 3¢, 45°, 60° and
effects in both geometries. Additionally, we study the influ- 75°) and the measurement geometry (almucantar or principal
ence of some other aspects that could affect ALM and PPLplane), are also included in the diagram.
in a different way, such as an uncertainties in the surface re- This strategy for conducting the sensitivity studies has
flectance assumption, the effect of an incorrect pointing inbeen adapted from a previous workDybovik et al.(2000.
both geometries and the effect of considering a finite fieldThe principal novelty here is the testing of the reliability of
of view. Finally, we examine whether or not the results ob- principal plane retrievals and the comparison of those re-
tained in the simulation are supported by real observationstrievals with retrievals from almucantar observations. In ad-
For this purpose, we analyze the differences in the retrievalglition, for modeling the aerosol properties, we used clima-
obtained from nearly simultaneous principal plane and almu-tology of real aerosol retrievals from AERONET observa-
cantar measurements, selected under stable atmospheric cdiens (described iDubovik and King 200Q Dubovik et al,
ditions, at the same key sites. 2006, and Dubovik et al, 2002 instead of using aerosol
models found in sparse literature. In that climatology analy-
sis, characteristics of different aerosol types observed at sev-

2 Analysis of simulated data eral AERONET key sites are derived as a function of the
aerosol optical depth. Specifically, we have taken the infor-
2.1 Methodology and data mation from three sites: Mongu (Zambia) for biomass burn-

ing aerosol, Goddard Space Flight Center (GSFC; Maryland,
In the first section, we study the variability of the retrievals USA) for urban aerosol and Solar Village (Saudi Arabia) for
for different solar zenith angles corresponding to differentdesert dust aerosol. For these three examples, two possibili-
ties for the aerosol load have been considered: the first one

3It should be noted that operationally observations cannot bearound the averaged value of the aerosol optical depth (reg-

made all the way to the horizon due to horizon obstructions andistered in the studpubovik et al, 2002, and the second one
also due to inexact optical air mass computations (refraction efyith more aerosol load so as to see if certain conditions affect
fects, etc.). Therefore, the maximum scattering angle in the prind'dif‘ferently as the aerosol load increases.
pal plane scan is typically smaller than stated theoretically (e.g., in Table 1 summarizes the aerosol properties of the all the
AERONET, the Level 2 AOD product is limited to a maximum air . .

examples considered. We provide the full set of parame-

mass of 5 as the effect of atmosphere sphericity is not negligible for, ded he f d dule. The fi
larger air masses and this is not accounted in the plane-parallel raF—erS_ needed to run the forward module. ,e Irst parame-
diative transfer model used for aerosol retrieval (Dubovik and King, (€ IS the reference value of the aerosol optical depth from

2000). Therefore@py ~ s + 80°). which the rest of the input parameters are derived (using the
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Methodology diagram
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Fig. 2. Methodology diagram followed to carry out the self-consistency test of the code used for different aerosol types, solar zenith angles
and geometries for measuring the sky radiance.

expressions iMubovik et al, 2002. The next parameters in age values for each site (even though they are quite different)
Tablel are used to describe the size distribution (modeled aso that our study is related to the average conditions.
a bimodal lognormal function): particle volume concentra- In addition to the consistency check and analysis of depen-
tion (Cy; [um3/un?]), volume median radius-(; [um]) and  dence on the solar zenith angle, the same methodology is also
mode width §y;) for fine and coarse mode. The remaining used to analyze the sensitivity to different error sources (see
inputs are the refractive index and the sphericity parameterthe flowchart in Fig2). For example, in order to study the
which is taken as 0 for desert dust (all the particles are coninfluence of the pointing error, we simulate the radiances by
sidered to be non-spherical) and in the rest of the cases astroducing an incorrect pointing. Subsequently, these syn-
100 (considering all the particles as spheres). thetic data are inverted and, the obtained results compared
The simulated aerosol optical depth and the single scatterwith the ones assumed to be “true”.
ing albedo are shown in the output part of Tabldt should
be noted that the obtained spectral aerosol optical depth o
tained usind>ubovik et al.(2002 dynamic models is slightly
different from the entry values used for generating full opti-
cal properties. This can be explained by the fact that aerosol he results of the consistency tests are shown in Figr
models fromDubovik et al.(2002) are based on the linear re- the three aerosol types considered: biomass burning aerosol
gression analysis, and, therefore, an exact match between tEig. 3a), urban aerosol (Figdb) and desert dust aerosol
entry optical thicknesse,, in Tablel) and simulated optical ~ (Fig. 3c). The study is made following the scheme presented
thicknessg, is not expected. Indeed, the aerosol optical depthin Fig. 2. In addition to the size distribution and the refractive
depends nonlinearly on such aerosol parameters as real an@dex (the parameters that drive the forward simulations), the
imaginary parts of the refractive index, and therefore, the re-single scattering albedo is also illustrated, due to its great
gression analysis is just an approximation. In addition, heresignificance. The results retrieved with the almucantar ge-
the calculation for the desert dust has been made using themetry are shown in the upper part, while results from sim-
spheroid package developed Bubovik et al.(2006 while ulations with the principal plane are placed at the bottom
retrieval obtained bypubovik et al.(2002 was based on the ©0f every subfigure. In all the representations, the results ob-
retrieval that used only spherical assumption. As a result, wdained for the case with smallest aerosol load (e.g., desert
see a slightly higher discrepancy between entry and outpuglust: z,,(1020 = 0.3) are plotted with a solid line while
values of optical thickness, even though, generally, simuladashed line is used for the case with the largest aerosol load
tions of extinction do not almost depend on shape of large(€.g., desert dust, (1020 = 0.5).
particles. For example, if we considered the spherical model Size distributions are represented in the subfigures on the
for the desert dust type in the forward simulations, the val-left. The “true” size distribution used for producing the syn-
ues for the aerosol optical depth at 1020 nm for SolV1 andthetic observations is plotted in black. The size distributions
SolV2 would bez,(1020 = 0.294 andz,(1020 = 0.493. produced from inversion of synthetic data are plotted in dif-
These values are in better agreement with the reference vaferent colors, depending on the solar zenith angle used for
ues and the differences could then be related to the mentioneifie simulations: dark blue for 25light blue for 30, green
non-linear dependencies. Also note that these simulated vafor 45°, orange for 60, and brown for 75.
ues do not depend on the “conditions” such as the measure- The optical parameters, single scattering albedo, and the
ment geometry or the solar zenith angle. Finally, we shouldrefractive index are plotted as a function of the solar zenith
remark here that larger AOD implies better retrieval accu-angle. Different colors have been chosen, in this case, for
racy; however, we have decided to maintain the typical averdifferent wavelengths — blue for 440 nm, green for 670 nm,
yellow for 870nm, and red for 1020 nm. The input values

b2'.2 Dependence on the solar zenith angle

Atmos. Chem. Phys., 14, 847875 2014 www.atmos-chem-phys.net/14/847/2014/
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Table 1. Description of aerosol properties used for simulating the radiance measurements. The first row specifies the parameters describing
the size distribution which is modeled as a bimodal lognormal funciiy: [pm3/pmz], ry; [um] andoy;. Refractive index and the
sphericity parameter are also parts of the input. Single-scattering albedo and aerosol optical depth, for each wavelength, are shown as thi
output after applying the forward model.

Biomass burning (Zambia)

INPUT Tare; (440 Vs oV Cv; Ve oV, Cv, Sph.

—Zambl — 0.400 0.130 0.400 0.048 3.504 0.730 0.004 100

—Zamb2 — 0.800 0.140 0.400 0.096 3.788 0.730 0.007 100
n(440 n(670 n(870 n(1020 k(440 k(670 k(870 k(1020

—Zambl — 1.5100 1.5100 1.5100 1.5100 0.0210 0.0210 0.0210 0.0210

—Zamb2 — 1.5100 1.5100 1.5100 1.5100 0.0210 0.0210 0.0210 0.0210

OUTPUT (440 1,670 1,870 1,(1020 Wo(440) Wwo(670 Wo(870 wo(1020

—Zambl — 0.416 0.184 0.107 0.078 0.8778 0.8290 0.7811 0.7467

—Zamb2 — 0.872 0.397 0.232 0.167 0.8827 0.8402 0.7958 0.7620

Urban (GSFC)

INPUT Taes (440 V2 oV; Cy; VR oV, Cv, Sph.

- GSFC1 - 0.200 0.142 0.380 0.030 3.128 0.790 0.018 100

- GSFC2 - 0.500 0.175 0.380 0.075 3.275 0.790 0.030 100
n(440 n(670 n(870 n(1020 k(440 k(670 k(870 k(1020

— GSFC1 - 1.4100 1.4100 1.4100 1.4100 0.0030 0.0030 0.0030 0.0030

- GSFC2 - 1.4100 1.4100 1.4100 1.4100 0.0030 0.0030 0.0030 0.0030

OUTPUT 7,440 t,(670 1,870 1,(1020 wo(440) wo(670 Wo(870 wo(1020

- GSFC1 - 0.195 0.083 0.048 0.036 0.9718 0.9588 0.9476 0.9404

- GSFC2 - 0.559 0.254 0.145 0.102 0.9771 0.9691 0.9604 0.9535

Desert dust (Solar Village)

INPUT Tae: (1020 V¢ ovs Cv; Ve oV, Cv, Sph.
—SolV1l - 0.300 0.120 0.400 0.026 2.320 0.600 0.274 0
—Solv2 - 0.500 0.120 0.400 0.030 2.320 0.600 0.470 0
n(440 n(670 n(870 n(1020 k(440 k(670 k(870 k(1020
—SolVl- 1.5600 1.5600 1.5600 1.5600 0.0029 0.0013 0.0010 0.0010
—SolV2 - 1.5600 1.5600 1.5600 1.5600 0.0029 0.0013 0.0010 0.0010
OUTPUT 1,(440 1,670 1,870 1,(1020 wo(440) wo(670 wo(870 wo(1020
—SolV1l - 0.483 0.371 0.344 0.332 0.9300 0.9664 0.9772 0.9794
—SolvV2 - 0.707 0.591 0.568 0.557 0.9209 0.9647 0.9768 0.9793

are not shown in order to make the interpretation of the figurestrong dependence on the solar zenith angle. The values are
easier; they can be seen in Talile shown in Tablel.

The most evident tendency observed in the tests is the The instability in the retrievals obtained from almucantar
instability of the optical parameters for small solar zenith data can be explained by the fact that only aerosol scattering
angles in the almucantar. This tendency is present in thén middle and large scattering angles depends on a complex
tests for all aerosol types. For instance, the single scatteringndex of refraction and the forward peak of aerosol phase
albedo differs on average aroun®® at6s = 15° from those  function is dominated by light diffractiorBpohren and Huff-
obtained at larger solar zenith angle. This latter agrees witman 1983. In this regard, the maximum scattering angle
the values given in Tablé. On the other hand, the results for almucantar observational geometry &,4d.e., the mea-
obtained with the principal plane geometry do not have suchsurements corresponding to small solar zenith angles do not

www.atmos-chem-phys.net/14/847/2014/ Atmos. Chem. Phys., 14, &I75:2014
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Fig. 3. Summary of the aerosol retrievals obtained in the self-consistency test using three aerosol types: biomass burni(e),aetuzsol
aerosol(b) and desert dust aerogal) with two different AOD utilized as references in each case (solid line used for the case with smallest
aerosol load and dashed line for the largest). For every subfigure, almucantar results are shown in the upper part whereas principal plane
results are presented in the bottom part. Figures on the left correspond to size distribution results. Figures in the center illustrate the results
for the single scattering albedo, and figures on the right describe the results for the complex refractive index.
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contain enough information to adequately retrieve the indexsize distribution variation for the radius smaller than 0.1 um
of refraction or, consequently, the single scattering albedoor larger than 3 um for the wavelengths used in AERONET
The same result was described for simulation®irbovik (Dubovik et al, 2000. Particularly for the case of biomass
et al.(2000. burning, this effect gets more important, since its coarse
In the refractive index analysis, we observe the same remode is displaced towards larger radij ( for Mongu site is
sult; for the principal plane, the retrievals are stable and thethe largest among the selected examples) while for the other
values correspond to those given in Tablghe only excep- examples the volume concentration in this size region is quite
tion is found for the case of the biomass burningsat 15°). lower. Finally, we conclude that the tests did not reveal any
On the other hand, the retrievals obtained for the almucansystematic pattern of differences between the retrievals ob-
tar drift further apart from their input values as the solar tained through PPL and ALM. The larger noise in the ex-
zenith angle becomes smaller. The worst-case behavior cainemes compare to that for the central radii is the only effect
be found with desert dust with low aerosol load, where theobserved.
real part of refractive index is.D smaller than the assumed
value atfs= 15" (1.46 when it should be .E6), and the 2.3 Dependence on the aerosol vertical distribution

imaginary part is much higher than the inputs, especially for . . ) .
long wavelengths where values are three times larger. Once the discrepancies obtained due to the different scatter-

From the analysis of the differences in the size distribu-"d @ngle coverage of both geometries are analyzed, the next

tion, a dependency on the radius can be seen: the differenc&l€P iS the study of the influence of some other aspects that
observed between the retrievals and the input values do ndiould affect ALM and PPL differently. First we analyze the
exceed 10% for intermediate radii (in both retrievals ALM effect of the aerosol vertical distribution variability in the at-
and PPL) while they strongly increase in the extremes. In themosphere. As.mentione.d inthe introduction_and illustrated in
cases of urban and desert dust, these intermediate radii ran§dd- 1. the zenith angle is kept constant during measurement
only between 0.1 pum and 5pum, while for biomass burning™™ the almucantar, and the observation in the almucantar has
the range is smaller: between 0.3 um and 3 pum. Moreoverd SYmmetry whereas principal plane does not.

the differences between the input values and the retrievals 1N€ seécond, and less obvious, characteristic of observa-
(and between the retrievals themselves, i.e. PPL vs. ALM tions in the almucantar is their low dependence on the aerosol
are much higher for the case of biomass burning (which arevertical variability, which is generally weaker than that for

over 100 %) than for urban and desert dust (which are 0n|)pbservatiqns in'principle plane. Thi.s can be ﬁllqstrated with
up to 40 %). the following brief analysis of solution of radiative transfer

The analysis of the differences for the biomass bumingyequation in single-scattering approximations for almucantar

illustrated in Fig.3, shows noticeable differences in the fine @"d Principle plane geometries. , _
mode only when the maximum scattering angle is smaller L€t us consider the solution of the radianeéor the first-
than 120 (s = 15°, 30°, 45° for almucantar anés = 15° for order scattering and for any observation anglegiven by

the principal plane simulations), and especially for the case

with larger aerosol load (hamed Zamb2) where the values > Z
of the size distribution become unexpectedly higher than ther = —2-¢~7/iv x / <Z Mk> e 1@y, (1)
original size distribution (up to 20 %). This effect is accom- vl 0 \'%

panied by a sharp decline in the real refractive index (from

1.51 to 1.47-1.48). Both effects compensate each other foyvhereF 0 Is the extraterresrial iradiance and

the calculation of optical thickness; there are more particles z

but they scatter less light. There is a strong connection beT = | Y ex; (2)dz
tween the retrieved fine mode and the real part of the refrac- k

tive index, as they are both more sensitive to the large angles z

of the phase function. This effect has been already seen in(z) = / ZGEth (z)d7
previous worksDubovik et al, 2002 Sinyuk et al, 2007 Li 0%

et al, 2009 and will be recurrent in the next sections. Nev- Wo, PiOext, (2)
ertheless, the discrepancies are more striking in the coars&k = .

mode. For principal plane, all the size distributions are sep- 1
arated from the original one when the radius is higher thany,’ = — —
3um. They all have the same values and decrease faster than s liev]
the input for radii above 3 um. For the almucantar, nonethe-Observe that we have includéccomponents at any height,
less, the size distributions also diverge from the original butz, of the atmosphere. The parametePs (redefined as
they do not have a defined direction. P=Py/4m) and oex, are, respectively, the phase func-
The larger discrepancies in the extremes can be explainetion and the extinction coefficient for every single compo-
by the very low sensitivity of radiometer observations to the nent. However, in the almucantar, observatipgs= uy and

; with us =1/ cosfs anduy = 1/ cosy
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Eqg. (1) should be rewritten as present study because generally there is no reliable informa-
tion for making accurate assumptions about aerosol vertical
F It . . . . . . ~
Ra= L0 /s o / ZM" dz. @) Q|str|but|on. iny in S|tuat|on§ when co chated data from Fhe
Us 0o\ lidar are available is accounting for detailed aerosol vertical

] . . distribution possible (e.gLopatin et al, 2013.

The phase functionf, and the single scattering albedo,  Tq analyze the effects of the vertical distribution, we pro-
o, (2), for every single component do not depend on theqyced synthetic observations using the aerosol properties of
height and can be taken out of the integral. urban (GSFC2) and desert dust (SolV2). The forward calcu-

P lations were conducted using the assumption of a multilay-
Ra= 20 ,—t/us (Z Wo, Tk pk> , () ered plane parallel atmosphere: 30 layers, equidistant in pres-

Hs 3 sure, were used. Utilizing the same idea aSinyuk et al.
(2007, we used two different aerosol vertical distributions:
two Gaussian profiles with 1 km width, one with at ground
o = / Ztaexu (2)dkz. 4) level and the other with an aerosol concentration profile me-

dian height at 3 kmSinyuk et al, 2007, Fig. 1). To check the

Equation (3) is already independent from the height. There-possIble dependency of the resultstpwe have done the

: : R tests forhs = 45° andds = 75°. First, the simulated radiances
fore, for the single-scattering approximation in the almucan- : ; )

. for both geometries were inverted under the assumption of a
tar geometry, the radiance measurements do not depend on . T :
the vertical distribution of the components in the atmospheremmwlayere(j atmosphere. This assumption is used in opera-

. : o tional AERONET Dubovik and King 2000 and SKYNET
particularly not on the aerosol vertical distribution. rocessingNakajima et al, 1996
Note that, as is typical, we consider three main compo-p 9 J : )

} . . ; Figure 4 represents the size distributions retrieved un-
nents: gaseous absorption, molecular scattering (Rayleigh) . . o
i . : ; der the previously mentioned conditions for urban (left) and
and aerosol scattering and absorption, and Byjis(rewrit-

desert dust (right) aerosol types. Note that in total, there are

where

tenas eight size distributions for each aerosol case, corresponding
Ra= @e—r/ﬂs [0oTa Pa+ TR PR, (5) to every po_ssible combinati_on between the two geometries,
Us the two vertical aerosol profiles, and the two solar zenith an-
with gles.
The results obtained are quite similar for both aerosol
= T§§§+ & it Tt TR. (6)  types. For almucantar geometry, the size distributions re-

trieved do not display any significant differences compared to
The exponential term within the integral in the general equa-+he assumed “true” values. Only small differences can be ob-
tion, Eq. ), links the principal plane measurement to the served in the coarse mode for desert dugk at 75°, where
aerosol and gas vertical distribution. Only in the case that wane effect of multiple scattering is more important. The max-
consider just one main layer in the atmosphere (without anymum of these differences is observed foe 3 um with a
changes in the vertical distribution) could we deduce a simi-yg|ye around 10 %. By contrast, principal plane results show
lar expression for the principal plane as in Eg), ( two interesting tendencies: on the one hand, the results for
! . 0s = 45° do not significantly differ from the input size distri-

} [e W —e ns]. (7) butions for both aerosol types; on the other hand, they present

important differences in the case @&f= 75°, especially for
Consequently, in the single-scattering approximation, a hetthe fine mode, where they reach values over 50 %.
erogeneous aerosol vertical distribution would only affectthe This interesting result confirms the theoretical expecta-
principal plane. Multiple scattering effects of the light in the tions foreseen above: the principal plane retrievals are more
atmosphere add some sensitivity to vertical variability of at- likely affected by aerosol vertical distribution than almucan-
mosphere for both observations in the almucantar and in théar inversions. The simulations reveal the larger differences
principal plane. Nonetheless, since the transmitted radiationvith the assumed values for the geometries with large so-
of aerosol is dominated by the effects of the first order oflar zenith angles, especially for the size distribution in the
scattering, the dependence of radiances in the almucantar dine mode. The retrieval errors appear to be larger when the
the vertical variability of the atmosphere is generally weakeraerosol concentration profile median height is assumed to be
that that for radiances measured in principal plane. at ground level than when itis at 3km.

The above conclusion suggests that some differences be- If the vertical structure of the aerosol is known, the ac-
tween aerosol retrievals from simultaneous measurements iourate aerosol profile can be used in the retrieval. In such
principle plane and almucantar can appear due to their dif-conditions, all retrieved properties can adequately retrieved
ferent sensitivities to the assumptions regarding aerosol verfrom both geometries. Figure 5 shows the results for the re-
tical distribution. This aspect is of particular interest for the trieval using accurate vertical profile for the case of urban

R _Fous [onaPa-l-fRPR
P Hv — Us Ta + TR
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a) GSFC - Urban b) Solar Village - Desert Dust
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Fig. 4. Aerosol size distributions retrieved in the study of the influence on the aerosol vertical profiles. Using the aerosol properties of urban
(a) and desert dugb), radiance measurements have been previously simulated for the two geometries, almucantar (solid line) and principal
plane (dashed line), considering 30 layers in the atmosphere. During the retrieving process, only one layer has been used in the four analyze
casesbs = 45° and vertical profile centered in the Earth surface (red lirlas), 45° and vertical profile centered at= 3 km (pink lines),

0s = 75° and vertical profile centered in the Earth surface (green lidgs},75° and vertical profile centered at= 3 km (blue lines).

aerosol abs = 75° measured in principal plane. The subfig- aerosol mixed with Rayleigh scattering while the upper layer
ure on the left represents the case with aerosol concentratiocontains only Rayleigh scattering. Indeed, in the real atmo-
profile median height at ground level, and the subfigure onsphere, molecular scattering generally dominates at altitudes
the right represents the case with the maximum at 3 km. Redbove~ 5km (Fig. 6 inElterman 1966 and Table 4.10 in
and blue lines denote the retrievals for the case in which thé&d’Almeida et al, 1991 and references therein). In Fi§,
atmosphere is assumed to have two layers and five layers, rgray lines represent these alternative solutions: solid line
spectively, defining the border between layers as equidistantvhen the border between the layers is fixed at 2 km, dashed
in pressure. line when the border is at 4 km, and dash-dotted when it is at
In practice, however, accurate information about vertical6 km.
distribution of the aerosol is rarely available, whereas the Using the second assumption leads to generally worse re-
vertical profile may change quite dramatically. Therefore, insults compared to retrievals obtained using accurate aerosol
this study we are interested in finding out whether taking intovertical distribution. Furthermore, there is no an optimum
account at least some general features characteristics for thehoice of the altitude at which to put the border between
vertical distribution of the atmosphere may reveal any advanthe two layers. Thus, in the first representation, i.e., the case
tages in comparison to using the base assumption of monawith the maximum aerosol concentrations at ground level,
layered atmosphere. With that purpose, we first investigatedhe border assumption providing the best results was the one
the effect of straightforward reduction of vertical resolution located at 2km, and the size distributions retrieved deterio-
of multilayered atmosphere (assuming correct aerosol profileated with the increase of the border altitude. On the other
in the inversion). The assumption of bilayered atmospherehand, the case with the maximum aerosol concentrations at
substantially improves the results compared to monolayere® km showed the opposite tendency, and the results improved
atmosphere retrievals (shown in Fi), especially for the with increase of the border of layer altitude.
case in which the aerosol concentration profile median height Previously, we have only shown the results for the case
is at 3km (where the errors are practically negligible). In the6s = 75°, but the addition of a second layer improves the re-
case when the aerosol median height is at the ground levekults of6s = 45° as well. Thus, the maximum errors found in
the errors are around 20 %, but they diminish as the numbecentral radii diminish from 10 % to 5% when the border is
of assumed layers is increased. For instance, if the retrievadituated at 4 km. Note that the selection of the border altitude
is provided with five layers, the errors are under 5 % for bothbetween the layers is not an easy task. Apparently, the place-
cases. ment of border layer at around 4 km is an excellent compro-
Nevertheless, the above tests were done using the knowmise for the two examples presented here. Nevertheless, this
vertical profile of aerosol, which generally is not known. height could be particularly chosen for each specific site, tak-
Therefore, in the second series of tests, we have focuseihg into the account several factors, for instance, the altitude
on the evaluation of the possibility to use generic assump-of site, or whether or not the surrounding area is a source of
tion of bilayered atmosphere where the lower layer containsaerosol, etc.
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a) Urban - Surface b) Urban - 3 km
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Fig. 5. Aerosol size distributions retrieved considering more than one layer for principal plane geometry in the case of urban aerosol at
0s = 75°. (a) Contains the results for the case with aerosol concentration profile median height at ground le{i®l famithe case with the
maximum at 3km. Red and blue lines represent the cases for two layers and five layers, respectively (the layers being equidistant in pressure)
with the description of the aerosol vertical profile known during the retrieval process. Gray lines represent the alternative solutions when the
vertical profile is unknown: solid line when the border between the layers aerosol-non aerosol is fixed at 2 km, dashed line when the border
is at 4km and dash-dotted when is at 6 km.

Finally, we should mention the discussion of this section particular case, when the border is situated at 2 km there are
was focused on the retrieval of aerosol size distribution, be-almost no differences, and as the border becomes higher the
cause the retrieval of this property showed that it was thedifferences appear. Nevertheless, the proposed intermediate
most sensitive to the assumption regarding the vertical strucsolution of settling the border at 4 km still presents accept-
ture of the atmosphere. For the other optical parameters, thable differences around@L in the real part of the refractive
results can be summarized by two basic observations. Firsindex.
neither the retrieval of single scattering albedo nor of the Thus, overall the tests showed that for inversions of the
imaginary part of the refractive index showed any sensitiv-radiances measured in almucantar the vertical variability of
ity to the vertical variability of aerosol. Second, the retrieval aerosol is not an issue, and assumption of monolayered at-
of the real part of the refractive index for fine mode does mosphere does not result in any notable retrieval errors. This
show some sensitivity to the vertical variability of aerosol. conclusion can also be extended to the aerosol retrieval from
However, these deviations in real part of the refractive indexprinciple plane with a unique exception of the observations
strongly anti-correlate with the fine mode aerosol concentraat the large solar zenith angles. At the same time, for the last
tion (the smaller refractive index, the larger the concentra-scenario, the retrieval errors can be practically eliminated by
tion) and this effect disappears under the same conditionassuming generic bilayered aerogoRayleigh/Rayleigh at-
when the retrieval errors are diminished for the size distri-mosphere. These conclusions support the retrieval settings
bution retrieval. adapted for operational retrieval in the AERONET network:

To illustrate both tendencies, we have represented, in Tathe aerosol vertical distribution is assumed homogeneous
ble 2 the optical parameters retrieved for the case that hagn the almucantar inversion and bilayered for the princi-
shown the greatest errors in the present study: urban aerosphl plane inversion.hitp://aeronet.gsfc.nasa.gov/new_web/
at 6s = 75° with the aerosol vertical distribution with max- Documents/Inversion_products_V2.jpdf
imum at the surface. As noted previously, there are no dif-
ferences for single scattering albedo and the imaginary par2.4 Dependence on the surface reflectance
of the refractive index, while differences up tdl@ are ob-
served for the real part. The maximum differences are ob-The second aspect under discussion will be dependence
served when monolayered atmosphere model is employed iAn the surface reflectance for both geometries. With this
the retrieval. When the aerosol vertical distribution is known, purpose, we will introduce a random error in the sur-
the addition of layers reduces the error. Note that for five lay-face reflectance during the inversion procedure in order
ers the differences are already in the third decimal. to study the effects on the retrievals. In its current ver-

For the cases without extra information about the aerosobion, AERONET Version 2, the inversion algorithm (de-
vertical profile, the strategy of the two layers described herescribed inDubovik and King 200Q and Dubovik et al,

provides the same results as for the size distribution. In thi2006 approximates the surface reflectance by a bidirec-
tional reflectance function (BDRF). The Cox—Munk model

Atmos. Chem. Phys., 14, 847875 2014 www.atmos-chem-phys.net/14/847/2014/


http://aeronet.gsfc.nasa.gov/new_web/Documents/Inversion_products_V2.pdf
http://aeronet.gsfc.nasa.gov/new_web/Documents/Inversion_products_V2.pdf

B. Torres et al.: Sensitivity of aerosol retrieval to geometrical configuration 857

Table 2. Retrieved aerosol optical parameters considering different numbers of atmosphere layers. The aerosol type considered is the urbar
aerosol abs = 75° with the aerosol vertical distribution with maximum at the surface.

440 nm \ 670nm \ 870nm \ 1020 nm
n k wo ‘ n k wo ‘ n k wo ‘ n k wo
Reference 1.410 0.003 0.9771.410 0.003 0.969 1.410 0.003 0.960 1.410 0.003 0.954
1 layer 1.519 0.003 0.977 1.494 0.003 0.970 1.487 0.003 0.961 1.484 0.003 0.955
2 layers 1.439 0.003 0.97F 1.431 0.003 0.969 1.428 0.003 0.960 1.427 0.003 0.953
5 layers 1.411 0.003 0.9761.411 0.003 0.968 1.411 0.003 0.959 1.412 0.003 0.952

2layers,2km 1.410 0.003 0.9761.410 0.003 0.968 1.411 0.003 0.959 1.411 0.003 0.952
2layers,4km 1.422 0.003 0.9771.419 0.003 0.969 1.418 0.003 0.960 1.418 0.003 0.953
2layers,6km 1.440 0.003 0.9781.433 0.003 0.970 1.431 0.003 0.961 1.431 0.003 0.954

is used for retrievals over wateC¢x and Munk 1954 biases for different geographical locations and therefore bias
and the Lie—Ross model over landugcht and Roujean  errors are likely to be significant in some conditions.
2000. This surface description is also currently used In the illustrations of the results, we focus on the analysis
in AERONET retrievals lfttp://aeronet.gsfc.nasa.gov/new_ of the cases (from Tabl&) with the largest aerosol load for
web/Documents/Inversion_products_V2 ydf the three aerosol types; as in the previous section, we will
The BDRF parameters are basically three figo(2), only evaluate the cases@t= 45° andfs = 75°.
fuol(A) and fgeom(A); they characterize the isotropic, volu- Figures 6 and 7 depict the means and the standard devi-
metric, and geometric optics surface scattering, respectivelations of the differences between the 200 retrievals and the
(Roujean et aJ.1992 Wanner et al. 1995 and Litvinov non-error case. The results are shown for principal plane
et al, 2011). In AERONET version 2 retrievalsHolben  and almucantar geometry and for each aerosol type: biomass
et al, 2006 Eck et al, 2008, the land BDRF parameters burning (Zamb2, at the top), urban (GSFC2, in the middle)
are adopted from MODIS Ecotype generic BDRF modelsand desert dust (SolV2, at the bottom). Relative differences
and mixed with the ecosystem mapMbody et al.(2005: have been used for the analyses of the size distribution (fig-
geographically and temporally varying (16 day averagesures in the left), while the differences in the optical parame-
throughout the annual cycle) surface albedos are utilizedters are provided in absolute terms.
These spectral surface albedos are midday black sky albedos Analyzing the outcomes, there are two results that stand
from Moody et al.(2005, and are based on atmospherically out from the rest. First, there is not a clearly defined ten-
corrected MODIS data averaged over a 5km radius of eaclilency in the mean of the differences, as could be expected,
AERONET site (seéck et al, 2008 Sect. 2.3). The BDRF because in our analysis only random errors were considered.
model and parameters (for each ecosystem type) are usdd the size distribution, for instance, the means rarely exceed
to compute the spectral reflectances at solar zenith angles0 % and their signs do not follow a clear pattern. In the op-
throughout the day over a 5km radius of each AERONETtical parameters the means are also very small; in this way,
site (see Eck et al., 2008; Sect. 2.3). The BDRF model andhe maximum mean of the absolute difference for the single
parameters (for each ecosystem type) are used to compusattering albedo is.003. Therefore, the analysis needs to
the spectral reflectances at solar zenith angles throughout thge carried out in terms of the standard deviation, which con-
day. tains, in this case, the information about the dependency of
The following scheme is used for the tests: first radianceghe retrieved products on a random error in the surface re-
are simulated (as in Fi@) with the typical BDRF parame- flectance. Secondly, and from this new approach, it can be
ters observed in the three sites (see Ta)leSubsequently, seen that the error in the surface reflectance affects more at
the data are inverted for 200 different scenarios using BDRFs = 45° than abs = 75°. The last result is even more evident
parameters perturbed by Gaussian noise. Specifically, the efer the principal plane geometry, as will be further discussed.
rors in fiso Will be relative errors generated randomly from For instance, if we start the study with the size distribution,
a normal distribution with mean 0 and standard deviation ofwhile in the almucantar we observe a small improvement of
15 %, with a limit of£30 %. The errors irfy,o| and fgeomWwill the results fronds = 45° to s = 75°, the improvement in the
be absolute errors generated randomly, and with values of thprincipal plane is considerably more obvious.
standard deviations of @5 and 0025 respectively; the error The highest values of the means and the standard devia-
limits will be established a%0.1 for f,o (With fyo > 0)and  tions are observed for the fine mode for desert dust and ur-
0.05 for fgeom (With fyol, fgeom> 0). Note that we have con- ban aerosols & = 45°, as commented. For both cases, all
sidered a general case with random error even though théhe standard deviations for radii smaller than 0.3 um are over
BDRF model based on several ecosystem types could have0 %, reaching the maximum of 22 % at 0.07 um in the desert
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Table 3.Values of fiso(A), fyol(A) and fgeom(*) used to approximates the surface reflectance by a bidirectional reflectance function (BDRF)
in the sites used in the simulations Mongu, Goddard and Solar Village.

440 nm \ 670 nm \ 870 nm \ 1020 nm

fiso Jvol fgeom‘ Jfiso Jvol fgeom‘ Jiso Fvol fgeom‘ Jfiso Fvol fgeom

Mongu (dry season) 0.064 0.026 0.0100.147 0.076 0.024] 0.274 0.173 0.029 0.311 0.196 0.033
Goddard (winter) 0.032 0.008 0.0080.092 0.035 0.011] 0.209 0.234 0.033 0.232 0.227 0.032
Solar Village 0.161 0.074 0.024 0.405 0.217 0.057| 0.445 0.272 0.037| 0.479 0.293 0.040
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Fig. 6. Means and the standard deviations of the differences between the 200 retrievals, where Gaussian errors are introduced in the BDRF
parameters, and the non-error casésat 45°. Figures at the top correspond to biomass burning aerosol, in the middle to urban aerosol,
and at the bottom to desert dust aerosol. Relative differences are used for the analyses of the size distribution (figures in the left), while the
differences in the optical parameters are provided in absolute terms. Results are shown for almucantar (gray) and for principal plane (black)
geometry.

dust. For larger radii, both the means and the standard deviaesults for the almucantar retrieval of the coarse mode are
tions of the differences are reduced (the latter rarely exceedworse than they are a = 45°.
59% when the radii are larger than 0.3 um); the only exception In the single scattering albedo the means of the differences
is the relative large values observed for the principal planeare smaller than.003 for all the simulations. The standard
when radii are larger than 5pum. On the other hand, the redeviations are similar for the three aerosol cases, being the
sults for biomass burning do not depend on the radii. In thismaximum values around.@13, reached ais = 45°. It can
case, the maximum values of the means are around 8 % arlok also observed that the principal plane values are slightly
the standard deviation is about 12 %. higher than the almucantar ones. Following the general out-

As mentioned above, the retrieval results are more accurateome, the results are better@t= 75°, with the maximum
at 65 = 75°. The means of the differences are smaller thanof the standard deviations beind)08. The improvement is
5% in the urban and in the biomass burning. For the deserimore notorious in the principal plane resulting in lower val-
dust, there are some values of the principal plane retrievalsies of the standard deviations than almucantar at this solar
in the fine mode and some values of the almucantar retrievalgenith angle.
in the coarse mode which are larger that the 5%. In fact, the A similar result is found for the refractive index; &=

45°, the results for almucantar retrieval are better, while at
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Fig. 7. Means and standard deviations of the differences between the 200 retrievals, where Gaussian errors are introduced in the BDRF
parameters, and the non-error cas@«at 75°. Figures at the top correspond to biomass burning aerosol, those in the middle to urban
aerosol, and those at the bottom to desert dust aerosol. Relative differences are used for the analyses of the size distribution (figures in th
left), while the differences in the optical parameters are provided in absolute terms. Results are shown for almucantar (gray) and for principal
plane (black) geometry.

0s =75 they are not as good as the principal plane onesmally given in spherical coordinates:
For the real part, the maximum of the standard deviation is
around 003 atfs = 45° (reached in principal plane geome- ©: = Oz (&y.50). (8)

try) and around @2 (reached in almucantar geometry). where, andg, are the error components in azimuth and

For the imaginary part, the biomass burning case ShOWSzenith angles, respectively. Assuming that the pointing er-
larger standard deviations than the other two cases, due t0 gies, P Y- 9 P 9

its larger absorption. The maxima @j= 45 and atfs = ror is sufficiently small, it can be expressed as an infinitesi-

75° are reached for this aerosol type, with valued028 and mal displacement in spherical coordinates (with=€0) and

0.0015, respectively. For urban and desert dust, the standart(;‘ermbre the relation in Eqg) takes the following form:

deviations are smaller thand®1 for both solar zenith angles. A R 2 in 202
In summary, the introduction of a random noise in the ®¢ =800 +SINIsE,0 = (/&5 + SINOS"E]. ©)

BDRF parameters affects all the analyzed aerosol propertie§he work byTorres et al(2013 (also inTorres 2012 de-

more ats = 45° than atds = 75°. This is more evident in the - T
. . .~ scribes a methodology used for the characterization of these
case of the principal plane geometry, which presents higher

) o = magnitudes and a first evaluation of the results for several
differences abs = 45° than the almucantar geometry, while . '~ . .
i . o . __individual instruments (all of them Cimel 318 sun photome-
at 65 = 75° the differences are similar for both geometries

(even slightly smaller for the principal plane geometry) ters). Qne of the mr_;lin outcomes of this evaluation is that the

' magnitudegy and sirds£, are constant for each photometer,
regardless ofis. This result indicates that the pointing error,
®¢, can be understood as the scattering angle between the
Sun beam and the direction in which the detector (in charge
of the Sun pointing-process in the instrument) is pointing,
The pointing error is defined as the angle between the Sumvhich is constant through the day. In the present work, the
position (correct pointing) and the erroneous pointing direc-characteristic magnitude3g, = & and®¢, = sinfs&,, will
tion. As sun photometers are moved by two motors, azimutrbe called the total vertical and horizontal error, respectively,
and zenith axes, the value of the pointing er@g, is nor- keeping the names zenith and azimuth error&pandé,,

2.5 Dependence on the pointing error
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respectively. The first tests on this topic, done with seventhat thex axis is the radius for the size distribution and dif-
photometers in the work bijorres et al(2013, showed that  ferent colors represent different solar zenith angle; for the
for most of the instruments the magnitudeggoand sirs, optical parameters theaxis is precisely the solar zenith an-
were smaller than .@°. The maximum values obtained for gle and the colors distinguish between the wavelengths.
vertical and horizontal error wereZb°, while the maximum Analyzing Fig.8, the first thing we observe is that there
of the total error®,, was 03°. are only remarkable differences with respect to the results
The scheme for this study is similar to the one presentedbtained in Fig3 for the cases involving principal plane and
in Fig. 2, but introduces the pointing errors in the forward vertical errors; i.e., there are no differences in the almucantar
code. The value of the simulated pointing error will hd°0  regardless of the error pointing type, nor are there differences
(horizontal and vertical) as it is the maximum realistic error in the principal plane with horizontal error.
that can be committed without affecting the aerosol optical Centering the study on the case with vertical errors in PPL,
depth and therefore not noticeable in the data obtained fronthe aerosol type showing the largest differences is desert dust,
AERONET network (the value of the field of view is around where for the case with a positive vertical error there is a
1.2° in the standard sun photometers of the network). Notel0 % decrease in the size distributions between 1pum and
that in the work byTorres(2012, the retrieval errors for.@° 3um and a little increment around 4-5% for larger radii.
and T are also analyzed; one of the most important resultswWith negative vertical error, the situation is the opposite;
obtained in that study is that differences in the retrievals carthere is a big increase (up to 15-20 %) for radii between 1 um
be neglected in the case a0, which means that the typical and 3 um, accompanied by a significant reduction for larger
pointing errors (under.Q°) do not have any significant in- radii.
fluence in AERONET retrievals. The results obtained for the In the other two aerosol cases, and especially for urban
case of ? are also depicted ifiorres(2012), and they were  aerosol, we can see the behavior of the fine mode, which is
not included in the present study as they do not represent apposite to that of the coarse mode: it grows for positive er-
realistic error. Here, the value of will be considered for  rors and decreases for negative errors. To be more precise, the
positive or negative errors in the vertical component and onlyperturbations are only observed for radii smaller than 0.3 um,
positive errors in the horizontal component. and in general, they are smaller than the ones found in the
The vertical error can be committed from the Sun towardscoarse mode. Moreover, the differences between the results
the zenith or towards the Earth surface; these two possibilifound here and the ones obtained in S@c2.depend oros
ties result in different consequences in almucantar and prinand on the aerosol load being larger as both parameters are
cipal plane measurements, and therefore both of them shoulsimaller. The values of these differences are normally under
be considered. In this study, the sign of the error is estab20 %. However, the maximum values are around 50 %, and
lished as positive in the case of variation towards the zeniththey are found for the urban casefat= 15° with the lowest
and negative in the case of variation towards the Earth suraerosol load and at radii betweei®8 and 0.2 pm.
face. The horizontal error can be committed either to the left To explain these results, we need to check the differences
or to the right of the Sun. In the principal plane, regardless ofin the radiance measurements that the pointing errors gener-
the error direction, the consequences are symmetric. In thate. For this purpose, radiance relative differences are repre-
almucantar, the errors are initially not symmetric, but due tosented in Figl1— for vertical errors in almucantar and prin-
the possibility of averaging the left and right branches (as itcipal plane in the upper part, and for horizontal errors in the
is done operationally in AERONET), they become symmet-subfigures at the bottom. We have only taken the differences
ric. As a consequence, for both geometries, there is no neefbr GSFC aerosol not to be repetitive, as there are no relevant
to consider the sign of the horizontal error and only the ab-differences respect to the other aerosol types. Note also that
solute value is relevant. Note also that the averaging procesthe differences are plotted against the scattering angle and at
produces that in the almucantar the horizontal error effect idifferentés (from left to the right at 15, 45° and 75).
much weaker than in the principal plane. The relative differences generated by vertical errors in the
The results of the simulations of the pointing error test principal plane (see Fidll) are five times larger than the
are presented in Fi@ for the size distribution, in Fig9 for ones originated in the almucantar and a magnitude order
the single scattering albedo, and in Fi@.for the refractive  larger than the differences generated by horizontal errors in
index. In each figure, the results are depicted for the thredooth geometries. This fact explains why the largest differ-
aerosol types considered: biomass burning aerosol (subfigences found in FigB are for vertical errors in principal plane
ure a), urban aerosol (subfigure b) and desert dust aerosgeometry. We also observe that the results for positive and
(subfigure c). For each aerosol type, results retrieved witthegative vertical errors are symmetric in the principal plane
the almucantar geometry are shown in the upper part, whilgnot in the almucantar). These differences are positive for
results from simulations with the principal plane are placedsmall scattering angles when the errors are negative, and they
at the bottom. The subfigures on the left correspond to reare negative for positive errors. At large scattering angles the
trievals with vertical errors (positive and negative), and therelation is the opposite: positive for positive errors and nega-
ones on the right to horizontal errors (only positive). Note tive for negative errors.
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Fig. 8. Retrieved size distributions after simulating a pointing error.4? i three different aerosol types: biomass burning aern@plirban

aerosol(b) and desert dust aeroqal) with two different AODs as references in each case (solid line used for the case with smallest aerosol
load and dashed line for the largest). In each of the figures, the subfigures at the top show results from almucantars and those at the bottor
from principal planes. Subfigures on the left correspond to retrievals with vertical errors, and those on the right correspond to horizontal
errors. Colors indicate the solar zenith angle: dark blue§es 15°, light blue for6s = 30°, green fords = 45°, orange fords = 60° and

brown forés = 75°, while black is used for the original size distributions.

The coarse mode of the size distribution is more connectedreates the contrary effect in the size distribution to the one
to small scattering angles, while the information about finewe observed in FigB.
particles is more equally distributed. An increase of radia- The next step in the study is the analysis of the differences
tion for small scattering angle is interpreted by the inversionin the wy and in the refractive index. As we commented in
code as an increase of the coarse mode, while an increase the Sect2.2, the optical properties are connected to all the
the backscattered radiation is interpreted as an enlargemestattering angles. Single scattering albedo and imaginary re-
of the fine mode. Therefore, when the vertical errors in prin-fractive index are closely related. Moreover, since our sim-
cipal plane geometry are positive, there is decrease in thalations keep the aerosol optical depth constant, an increase
radiance at small scattering angles and an increase at largd radiance will mean more scattering compared to the ab-
scattering angles which is the cause of the observed decreaserption and thereforey, will rise while the imaginary part
in the coarse mode and increase in the fine mode. The negf refractive index will fall. The opposite situation will oc-
ative errors generate opposite effects in the radiance, whicleur for less radiances, will decrease due to the reduction of
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Fig. 9. Retrieved single scattering albedo after simulating a pointing errord8fif three different aerosol types: biomass burning aerosol

(a), urban aerosdb) and desert dust aeroga)) with two different AOD as reference in each case (solid line used for the case with smallest
aerosol load and dashed line for the largest). In each of the figures, subfigures on top show results from almucantars and at the bottom fromn
principal planes. Subfigures on the left correspond to retrievals with vertical errors, and on the right, to horizontal errors. Colors indicate the
wavelength: blue for 440 nm, green for 670 nm, yellow for 870 nm and red for 1020 nm.

the scattered light and the imaginary refractive index will rise crease. Expectancies for the consequences of negative errors
because of a larger absorption. The real part of the refractivare just the opposite. Taking a quick look at Figs. 9 and 10 we
index is more connected with the shape of the radiance. Higlsee that our expectations were correct: Bighows thatv,
values of radiance for small scattering angles and low valuesirops for positive errors and grows for negative errors. Here,
for large angles are related to low values of the real refrac4t is interesting to note that these variations are greater for the
tive index. The opposite situation will mean high values in case with less aerosol load in the three examples; in the same
the real refractive index. manner, the differences are smaller as the aerosol is more ab-
Referring back to Figll, the radiance differences in the sorptive. Maximum differences of @2 are found for desert
principal plane produced by positive vertical pointing errors dust while the minimum differences, which are smaller than
are mostly negative, especially for small scattering angles0.01, are reached in the biomass burning.
Based on this, we can expect the single scattering albedo The presence of positive vertical error in the principal
to decrease and the imaginary part of refractive index to in-plane geometry diminishes the radiance at small scattering
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Fig. 10. Retrieved refractive index after simulating a pointing error g°@n three different aerosol types: biomass burning aer@spl

urban aerosolb) and desert dust aeros@) with two different AOD as reference in each case (solid line used for the case with smallest
aerosol load and dashed line for the largest). In each of the figures, subfigures on top show results from almucantars and at the bottom fromn
principal planes. Subfigures on the left correspond to retrievals with vertical errors, and on the right, to horizontal errors. Colors indicate the
wavelength: blue for 440 nm, green for 670 nm, yellow for 870 nm and red for 1020 nmy akes express the real refractive index (on the

left) and the imaginary refractive index (on the right).

angles, while at the other angles, there is no variation. Foisame behavior, apparently there is no immediate explanation
negative errors we observe the opposite result. Due to thior the different behavior. A possible explanation could be
fact, the real part of refractive index is expected to enlargeobtained by analyzing the size distributions; in the desert dust
(or to shrink for negative) to a great extent. And this is ex- case for positive vertical errors, the retrievals from principal
actly what it is found to do in the desert dust example whereplanes gave a decrease of the coarse mode and no variations
the real part rises from.86 to the highest value @) allowed  in the fine mode. More light for longer scattering angle with
by the inversion process in all the channels. For the negativéess particles could be only explained with a strong increase
error, it falls to values between49 and 152, varying with  in the real refractive index. But for urban and biomass burn-
the channel and the. ing examples, the fine mode increases for vertical pointing

However, for the other two aerosol types, the real part oferrors. In this second scenario, if the increment of the par-
the refractive index decreases for a positive error, which isticles is very strong, even in the case of more light, the real
contrary the previous argument. It should be rememberedefractive index can drop even more if we consider the strong
that this idea was used successfully in the desert dust cassnnection between real part of refractive index and the fine
and, as the radiance differences in all the cases present the
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Fig. 11. Radiance relative differences obtained simulating a pointing error6f GSFC aerosol was taken as example using two different
AOD: 1440= 0.2 (solid line) andr440 = 0.5 (dashed line). Figures in the upper part correspond to vertical errors for almucantar and principal
plane (four subfigures due to the plus/minus sign). On the bottom, the effects of horizontal errors are represented. From lefito right,
increases for the different figures.

mode of the size distribution, commented on in previous sec-aerosol optical depth and for the largest solar zenith angles,

tions. which were the same conditions that we found for the small-
There are two ideas supporting this argument. First, theest variations in the size distributions.

variation of the real part is minor for the 1020 nm channel, If we now analyze the effect of vertical errors on almu-

but it becomes greater as the wavelength is shortened, asantar measurements, we observe that the radiance relative

short wavelengths are more affected by the fine mode pardifferences (in Figll), are positive fords = 15°, negative

ticles. Needless to say, for negative errors the explanatiorfor 6s = 75° and close to zero @& = 45° when the pointing

above is valid, but changes the sign of the variations. The secerror is positive. As a consequeneg, will increase at small

ond proof is that the real part is more stable for the biomassscattering angles and decrease at large scattering angles. This

burning example (more absorbing than urban), for the largestendency is found in the three aerosol types presented. Note
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that this drift is opposite to the fictitious, cycle presented 785
in Sect.2.2for almucantars.

When vertical errors are negative, there are negative differ- &
ences fobs = 15° and positive differences feg = 75°, find-
ing no differences again 6 = 45°. Thus,w, would have the
opposite behavior: reduction for small and increment for
largeds. Therefore, negative vertical pointing errors will en-
large the fictitious daily cycle abg in almucantar retrievals.
Both results are confirmed in Fi§.

The imaginary part of the refractive index responds in the
same way as the single scattering albedo, but its variations Bl 1 1s
have the opposite sign. Again, both parameters are less af- Azimuth
fected for the case of biomass burning, as its absorption is ] ) )
greater than in the other two cases and the aerosol load corjd: 12-Representation of the 17 point-scheme followed to simulate
sidered is larger. The real part does not suffer relevant vari-t e effects Ofaf'n'.te field c.’f viewon the radiance measurements. In

. . . the example, the field of view is£° andfs = 80°.
ations at the presence of vertical error in the almucantar ge-
ometry.

Finally, we want to indicate that the optical parameters an- the results obtained simulating a field of view af1
alyzed do not suffer any variations with respect to the refer'(non-plotted) are the same that the ones obtained inFig.

ence cases presented in Figfor horizontal errors in both ¢ o pe concluded, therefore, that the actual field of view

79.5

80

Zenith

geometries. of 1.2° does not include any variations with respect to the
L _ non-error case.
2.6 Dependence on the finite field of view On the other hand, the results for a field of view of°2n-

] ) ) dicate that the variations respect to the non-error data set are
The concept of sky radiance can be defined as the radiant flugpy relevant for the real part of the refractive index. Specifi-

per unit projected area and per unit solid angle coming fromg1y in the almucantar, the results obtaineddes 15° are
a specified point in the skMcCluney, 1994. Thatis why,  5r6und 3% lower than in Fig: for the rest of the solar zenith
ideally, the observational solid angle should be |nf|n|te3|mal.(,3mg|es the differences are negligible. For the principal plane,

The inversion algorithms, which use radiance measurementge yeq| part show smaller oscillations (under 3 %) but they
as input, also use this approximation, considering that theappear for all the solar zenith angles.

instrument field of view is infinitesimal.

Nevertheless, the instruments have a finite field of view,
especially in the case of the sun photometer CIMEL-318, the3  Check of the simulations against selected stable data
value of the field of view is 2° (Holben et al,. 1998 in
the actual instruments and, in old versiongl°2(CIMEL, In order to complete the work, we propose a parallel
personal communication, 2010). study with real data comparing the retrievals of princi-

The effect of the finite field of view on the radiance mea- pal plane and almucantar from the same three AERONET
surement in every observation point is obtained by the convosites used during the sensitivity analysis: Mongu (Zambia,
lution of the viewing geometry and the angular values of thel5.25 S-23.15E, 1107.0ms.l.) is chosen for the analy-
sky radiance. Iorres(2012), several tests done with the sun sis of biomass burning aerosol; GSFC (USA, 3889
photometer CIMEL-318 showed that the shape of its field of 76.84 W, 87.0msl) for urban aerosol; and Solar Village
view can be approximated as a cylinder. Using this result, thgSaudi Arabia, 24.90N-46.40 E, 790 msl) for desert dust
convolution is simplified as a surface integral of the radianceaerosol. We only select data that meet the next four re-
function within the field of view region. In our approach, the quirements: (1) data with aerosol optical depth belonging to
integral is substituted by a discrete sum considering 17 pointAERONET Level 2.0 (though we did not only use Level 2
in the field of view range around the observation point, seeretrievals as we are interested also in almucantar data with
Fig.12. As the areas are chosen in order to be equal, the foreds < 50° andz, (440 < 0.4); (2) data from those days where
mentioned surface integral is approximated by averaging thehe ratio between the standard deviation and the average of
sky radiance values obtained in the 17 selected points. the aerosol optical depth values is smaller than(@valuated

The test are done considering values of the field of view offor the four wavelengths used by the inversion 440, 670, 870
1.2° or 24° in every measurement point for the almucantar and 1020 nm). This requirement is established in order to as-
and for the principal plane geometries. As in previous anal-sure that the analysis is done for stable aerosol conditions. (3)
ysis, the study is done using the three aerosol examples dé&he pairs almucantar and principal plane are selected only
scribed and at five solar zenith angles9{1%, 45°, 60° and if both measurements took place within a maximum delay
75°). of 30 min. (4) Finally, only those days presenting at least 4
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pairs matching the previous three conditions are chosen fowithin the interval 15-25 % which is the expected accuracy
the comparison. suggested by AERONET for almucantar retrievals. Finally, it
Following these previous requirements, a total of 204 pairsshould be noted that observations from all solar zenith angles
were selected for the comparison, of which 65 pairs belonghave been accounted in Filj3; the results represent an aver-
to biomass burning (top left of Tabk), 58 pairs to urban age between retrievals with small solar zenith angles, gener-
aerosol (top right in Tabld) and 81 pairs to desert dust. The ally with larger errors, and large solar zenith angles.
latter set was divided into two subgroups as it will be com- Moving to the extremes, for radii smaller than 0.1 um or
mented later (Tablé at the bottom, left and right). larger than 5 um, the comparison is much worse than in the
The comparison for Mongu includes data from 2003 to previous analyzed region, as was expected. The relative dif-
2009 for four different sun photometers. It is worth mention- ferences are much larger, up to 60 %, but still similar to those
ing that we guaranteed that the data correspond to biomassbtained in the previous section and within the confidence in-
burning events by the application of typical thresholds for terval given by AERONET for these radii (up to 100 %). The
Angstrom exponent values in biomass burniag>(1.65, unexpected result is that these differences are positive, indi-
Eck et al, 1999. As a consequence, all the days found arecating that the values in the size distribution obtained from
contained in the period from July to October. The compar-the almucantar are systematically lower than those obtained
ison in GSFC can be seen on the top right part of Tadble using the principal plane.
All the data selected belong to the months between June and Among the three aerosol types, the urban aerosol shows
October. As for the Mongu site, we have selected data onlythe smallest discrepancies for fine mode; for this aerosol
whena > 1.65. The data corresponding to the comparisontype, even for radii smaller than 0.1 um the differences are
in Solar Village, used in order to do the analysis of desertunder 10 %. In the coarse mode, the smallest differences are
dust aerosol, are contained at the bottom part of Tabldve  obtained for the case of biomass burning; for this case, differ-
reason for splitting those data in two groups was establishe@nces are under 22 % except for the last bin (at 15 pm) where
during the evaluation of the comparisons ALM-PPL. At this the relative difference is 44 %. Desert dust case presents the
point, we observed that for some photometers (Tdlbet- worst-case behavior, especially in the coarse mode, where
tom part on the left) the results presented a similar aspect tdor several bins the relative differences exceed 40 %, reach-
the ones obtained for the two previous aerosol types, whereasg the maximum of 60 % at 11.4 um.
for some other photometers the comparison achieved was
much worse (Tabld, bottom part on the right), especially 3.2 Optical parameters
in the size distribution (as will be shown in the next section).
Nevertheless, this case presents a higher number of days witfable5 contains the mean values and the standard deviations
stable conditions, providing enough data to carry out the dou-obtained for the single scattering albedo and the refractive

ble analysis. index in the analyzed days using only almucantar geometry.
The values obtained for the three aerosol cases are similar to
3.1 Size distribution those presented in Tablg(Table 1 inDubovik et al, 2002.

For instancew (440) = 0.85, corresponding to the analysis

Figure 13 represents the mean and standard deviation (erraf the biomass burning, is comparable to the one used in the
bars) of the relative differences obtained for the comparisorsimulation analysisp (440) = 0.88 (Tablel).
of the size distribution in the three analyzed cases: biomass Returning to the comparison between the principal plane
burning (upper part of the figure, data from the top-left partand almucantar retrievals, the results for the single scatter-
of Table 4) urban (central part of the figure, data from the ing albedo are shown in Fig4. The mean of the differences
top-right part of Tablet) and desert dust (lower part of the between both inversions are plotted against the wavelength
figure, only the data from the bottom-left of Talle for the three aerosol cases analyzed: biomass burning (gray),

Observing the figure, we can see how the comparisongirban (blue) and desert dust (orange). The standard devia-
for the three aerosol types present similar results as thoston of the differences is represented using the error bar. As
obtained in the self-consistency analysis from the previoust can be seen in the plot, the average of the differences is un-
section: there is a general good agreement for radii betweeder Q01 for the three analyzed cases and for the four wave-
0.1um and 5 pum, with values of the average of the relativelengths, reaching the highest value (0.007) at 440 nm for the
differences under 10 % — except for the radii around 2 umdesert dust. On the other hand, the standard deviation is under
where the difference is a bit higher, reaching maximum val-0.01 for all the wavelengths in the biomass burning, between
ues up to 20 %. Thus, these differences are a bit higher tha.01-0.015 for urban aerosol, and slightly higher for the
those obtained from simulated data. At this point, the readedesert dust aerosol (where values arourd® Gre obtained).
may remember the possibility of several error sources, suciNevertheless, this result is due to the effect of the problem
as the ones we have studied in the simulation analysis, whiclhegarding the almucantar angle coverage: if we reduce the
could provoke the increase in the discrepancy between PPhanalyses to those cases in whigh> 50°, the standard devi-
and ALM retrievals. Nevertheless, the discrepancy is stillation reduces it values considerably, especially for the desert
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Table 4. Description of the data used for the comparison between almucantar and principal plane retrievals for the different sites.

Biomass burning (Mongu) \ Urban (GSFC)

Photo. Date No. pairs < 7,(440 > <o > \ Photo. Date No. pairs < 1,(440 > <o >
09-08-2009 4 34 200 #101(1) 21-10-2001 6 a4 176

#36 12-08-2009 7 63 189 24-10-2001 5 @4 190
16-07-2009 5 a1 185 #101(2) 17-07-2002 6 014 188
01-10-2004 4 ®B7 172 13-08-2002 4 ns 180

#65 25-07-2004 6 61 175 #89(1) 23-06-2003 4 (B3 175
17-09-2004 6 8 183 29-06-2003 4 040 165
30-07-2003 5 015 192 #94(1) 24-06-2005 6 218 166

#11 18-08-2003 6 68 179 02-08-2005 4 (B8 189
14-08-2003 6 2 166 #892) 08-09-2007 5 019 183
02-08-2006 6 012 171 26-09-2007 4 ®9 189

#152 25-07-2006 4 83 179 #942) 13-10-2007 5 a4 167
18-08-2006 6 3 180 17-10-2007 5 010 188

Desert dust 1 (Solar Village) \ Desert dust 2 (Solar Village)

Photo. Date No. pairs < 7,(440 > <o > \ Photo. Date No. pairs < 1,(440 > <o >
05-03-2003 7 ®3 025 25-04-2008 7 (B6 025

#65 02-04-2003 5 as 020 | #233 26-04-2008 4 a3 028
11-09-2002 5 ®4 055 28-05-2008 6 k1 025
20-10-2005 5 B2 049 04-06-2004 7 B3 055

#185 19-10-2005 6 al 046 | #33 22-05-2004 4 a6 016
19-06-2006 4 k4 044 18-05-2004 5 040 011
07-03-2011 5 B8 030

#95 09-10-2010 5 as 059
26-08-2010 6 3 073

Table 5. Mean values and standard deviations obtained for the single scattering albedo and the refractive index in the analyzed days using
only almucantar geometry.

() \ 109) \ k(1)
Wavelength [nm] 440 670 870 102p 440 670 870 102q 440 670 870 1020

Bio. burn. mean 085 081 078 0.761.53 153 154 154 0.032 0.032 0.030 0.027
(Mongu) std 0.08 005 0.05 0.05004 003 0.03 0.03 0.012 0.013 0.012 0.011

Urban mean 0.96 094 0.93 0.9?1.40 141 141 1.42 0.005 0.005 0.005 0.005

(GSFC) std 0.02 003 0.04 0.040.05 0.05 0.05 0.05 0.003 0.003 0.003 0.003

Desertdust mean 0.90 0.92 0.94 0.941.51 154 154 154 0.006 0.004 0.004 0.004
(Solar Vil.)  std 0.02 0.03 0.03 0.030.05 0.03 0.03 0.03 0.003 0.003 0.002 0.002
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Fig. 13. Relative differences found in the size distribution between the inversion obtained by almucantar and principal planes for the three

analyzed cases (data description in Tadlebiomass burning (upper part of the figure), urban (central part of the figure), and desert dust
(lower part of the figure, only data from the first set (called desert dust 1)).

dust wheres = 0.01. It should be mentioned that the uncer-  Figure 16 depicts the averages and the standard deviations
tainty given by AERONET fot, is 0.03 (http://aeronet.gsfc.  of the absolute differences for the imaginary part of the re-
nasa.gov/new_web/Documents/inversiong,pdhich high-  fractive index. Contrary to the previous cases, the highest
lights the extraordinary agreement obtained here when thatandard deviations of the absolute differences are reached
atmosphere is stable and homogeneous. for the biomass burning aerosol presenting values around

Figure 15 shows the results for the real part of the refrac-0.003. On the other hand, the values for desert dust and urban
tive index. The averaged values of the difference for biomasserosol are enclosed betwee@@L5 and 0023. It should be
burning and urban aerosol are lower thabilQ indicating that  remembered (Tablg), that the absolute values of the imagi-
there is no shared tendency for principal plane and almucannary part of the refractive index for the biomass burning are
tar differences; on the contrary, the difference for the deserbne order of magnitude higher than those for the desert dust
dust is about @3, or in other words, the values of the real and urban aerosol. Therefore, in relative terms, the best com-
part of the refractive index retrieved using principal plane parison is again obtained for biomass burning case. It can be
are, on average, significantly higher than those obtained usaoted the opposite sign for the differences of imaginary part
ing almucantar for the desert dust. The standard deviationof the refractive index and the single scattering albedo. This
with a value about @3 for the three cases, does not dependfact is justified by the strong anticorrelation between both
on the aerosol type. These results are not improved when thmagnitudes. Using Tablg, we observe that the average of
study is limited to9s > 50°. Nonetheless, the accuracy given the differences (principal plane vs. almucantar) of the imagi-
for this parameter is.03 for biomass burning and urban and nary part of the refractive index have a maximum of 13 % for
slightly higher, 005, for desert dust; therefore, the results arethe urban aerosol, 9 % for the desert dust aerosol, and 4 % for
within this interval. biomass burning.
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Fig. 14. Absolute differences (with sign) found in the single scattering albedo between the inversion obtained by almucantar and principal
planes for the three analyzed cases (Tdpl®iomass burning (gray), urban (blue) and desert dust (orange, only data from the first set (called
desert dust 1)). Bars indicate the standard deviation of the differences.

T
Real Refractive Index
0.06- b

0.04r b

11 1 N -1
SN L | L L L

-0.04r == Biomass Burning |
== Urban
== Desert dust

-0.061 *

= Standard deviation
Il

Il Il Il
440 670 870 1020
Wavelength [nm]

Absolute differences (PPL-ALM)

Fig. 15. Absolute differences (with sign) found in the real part of the refractive index between the inversion obtained by almucantar and that
obtained by principal planes for the three analyzed cases (#xtéomass burning (gray), urban (blue) and desert dust (orange, only data
from the first set (called desert dust 1)). Bars indicate the standard deviation of the differences.

3.3 Desert dust 2: data subset with larger for both desert dust sets. The values observed are very simi-
discrepancies lar for both groups, showing that, apparently, the higher alpha
values observed in desert dust 1 does not seem to have any
As was just shown, the comparisons obtained from desertonsequences in the retrieved aerosol size distribution. Note
dust aerosol have a larger error than the error comparisonsere as well, that the values of the median radius and the
obtained from the other aerosol types. Moreover, for somestandard deviation for the coarse modg.(andoyc) shown
photometers these differences were substantially larger. Thith Table 1 were 232 and 06, which are in a perfect agree-
was the case for photometers #233 and #33 (called deserhent with the ones obtained in the two subgroups here.
dust 2 subset); the results obtained for these photometers The upper chart in Figl7 contains the average of the rela-
were systematically worse for every single pair of data com-tive differences and the standard deviation obtained from the
pared. comparison between the retrievals using principal plane and
Looking at Tabled, it can be seen that the mean Angstrom almucantar in the subset desert dust 2. The most outstand-
exponent of desert dust 1 spans from 0.20 to 0.73, while foiing result is the strong increase of the values in the extremes
desert dust 2 it ranges from 0.11 to 0.55. On the other handy < 0.1 pm and- > 5 um) compared to the previously ana-
in Table 6, for each mode of the volume particle size dis- lyzed cases. For the coarse mode, the average differences ex-
tribution [dV (r)/dInr], mean values of the particle volume ceed 100 %. However, the averaged values for the mid-range
concentration, the median radius, and the standard deviatioare similar to the previous cases, being under 20 %. We find
(obtained only using almucantar inversions) are represented
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Table 6. Mean values of the particle volume concentratityy, the median radiusy;, and the standard deviatiery; for each mode of the
volume particle size distribution for the defined groups desert dust 1 and desert dust 2.

Cyy rvs ovf | Cwve e ove

Desertdustl 0.0%0.02 0.14£0.02 0.51+0.07 | 0.25£0.07 2.33:0.24 0.62:0.03
Desertdust2 0.0%0.01 0.1A40.04 0.610.07| 0.23+£0.09 1.95-0.33 0.5740.06

Table 7. Mean values and the standard deviations of the absolute differences (with sign principal plane minus almucantar) for the optical
parameters found for the data set desert dust 2.

Total differences
w(}) \ n(x) \ k(1)
Wavelength [nm] 440 670 870 102p 440 670 870 102q 440 670 870 1020

Alldata Mean 0.03 0.03 0.03 0.050.03 0.03 0.03 0.03 —0.004 -0.003 -0.003 -0.002

std 0.05 0.05 0.04 0.03 0.06 0.05 0.05 0.0 0.006 0.005 0.004 0.004
Os > mean 0.01 0.00 0.00 0.0p0.01 o0.01 0.01 0.0y -0.001 -0.000 -0.000 -—-0.000
3C° std 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.0 0.003 0.002 0.002 0.002
Os > mean -0.00 -0.01 -0.00 -0.00| 0.01 0.01 001 0.0 0.001 0.000 0.000 0.000
50° std 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.0 0.001 0.001 0.001 0.001

an exception for the radii between 3 um and 5 um, where thescattering albedo and for the imaginary part of the refractive
differences, affected by the strong increase in the extremesndex in this data set than those obtained for the desert dust 1.
present values up to 60 %. In the same way, the standard dén the same manner, the values of the standard deviation are
viation shows a similar behavior, doubling its value in the typically twice as large.
extremes (from 30-40% it increases to 60 %) but keeping On the other hand, the real part of the refractive index
around 20 % in the central part. presents similar means of the differences as those obtained

The central and the bottom chart of FigZ correspond to  for the data set desert dust 1. Nevertheless, the values of the
the same analysis (photometers #233 and #33) but are limstandard deviation for this parameter are again twice as large
ited to those cases where the solar zenith angle is larger thass the ones shown in Fig5.
30° and 50, respectively. As can be seen, both limitations Once we limit the study to those data with> 30° and
improve the comparison considerably. The comparison forgs > 50°, the differences descend for the three parameters an-
solar zenith angles larger than°3liminates 11 pairs of data alyzed. The values of the differences for both restricted data
(from 33 to 22) and the results, especially the average valusets (presented in the central and bottom part of Tébtee
of the relative differences, are diminished, reaching similarsimilar to the ones obtained in the study for desert dust 1.
values to the ones obtained for the photometers classed in the It should be noted here that, apart from the error sources
subset Desert Dust |. Again, another 11 pairs of data disapeonsidered throughout the study, the AOD errors are of im-
pear when the limitation is extendedde> 50°; under this  portance in the retrieving proced3ubovik et al, 2000. We
criterion, the average values do not suffer any improvementshave not focused on them in the present study, since in prin-
but the standard deviations are appreciably lower, especiallgiple the AOD measurements are equivalent to the PPL or
forr > 3um. ALM geometries. However, if AOD errors are significant,

Continuing with the analysis of the data set desert dust 2they may have different effects on aerosol retrievals using
the results for the optical parameters are shown in Table PPL and ALM observations, especially in those cases with
Averaged values and the standard deviations of the differdarger differences in the information content, i.e., for small
ences between the retrievals of principal plane and almucansolar zenith angles where the scattering angle coverage in the
tar are presented for all data (upper part of the Ta&plthose  almucantar is significantly smaller. Furthermore, the error in
data withfs > 30° (central part of the Tabl&) and only for ~ AOD due to calibration is proportional to/# (m = optical
those cases whetig > 50° (bottom part of the Tabl@). air massm ~ 1/co9SZA); seeHamonou et a).1999 which

The means of the differences observed for the whole datgarticularly enlarges the AOD errors for short solar zenith an-
set are, in general, considerably larger than the values obgles. The combination of both factors can explain the better
served in the data set desert dust 1 (Figs-16). Thus, av-  agreement between the two geometries at larger SZA, where
eraged differences are about three times larger for the singléhe AOD is more accurate. In fact, some uncertainties in the
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AOD calibration have been found in the set desert dust 2 datahown less dependency on the aerosol vertical distribution, as
(e.g., spectral crossovers of 440 and 500 nm). generally expected from theoretical considerations.
On the other hand, the retrievals from almucantars taken
at high solar elevation show significant decreases in accuracy
4 Discussion for most of the retrieved aerosol parameters (BjgThis re-
sult was already well discussednubovik et al.(2000 and
PPL retrievals are not available for the use of the wider sciendis accounted for in the quality selection criteria (summarized
tific community and most of the studies presented in the lit-in Dubovik et al, 2002 and adapted for Level 2 retrieval
erature where aerosol microphysical properties are retrieveth AERONET version 2, where only retrievals wigh > 50°
using Sun and sky radiance measurements have been doaee accepted. Therefore, one of the immediate consequences
exclusively using almucantar measuremetitslben et al. of using exclusively almucantar geometry is the lack of high
200Z, Smirnov et al.2002 Dubovik et al, 2002 Eck et al, accuracy aerosol retrievals during the middle of the day (ex-
201Q Giles et al, 2012 to cite some). One of the reasons cept at high latitudes and in wintertime at subtropical to mid-
for such situation is that aerosol community generally haslatitudes), which are highly desirable for the various aerosol
higher confidence in the almucantar retrievals. Significant efstudies. However, in the same simulation analysis &ithe
forts have been undertaken in order to understand the potemprincipal plane retrievals remain stable over the course of the
tial of PPL retrievals and compare them with ALM data — for day due to their larger angular scattering coverage.
instance, in the AERONET project, internal research activi- The sensitivity tests and the real data analysis conducted in
ties have been developed (Alexander Sinyuk and Brent Holthis study show sufficiently high consistency between prin-
ben, personal communication). However, no comprehensiveipal plane and almucantar retrievals, and this fact supports
analysis of the expected differences of almucantar retrievalshe idea of using principal plane inversions to complement
with respect to principal planes is available in open-accesalmucantar retrievals in some specific cases, such as ground-
literature. As a result, for the wider scientific community, the based campaigns or the study of aerosol events. Nevertheless,
positive potential and shortcomings of using PPL aerosol rewe should note that in both tests we have used quite selec-
mains unclear, in particular since the inversion strategy doesive data: in the first analysis, the data have been syntheti-
not reveal any clear preference in the geometry of the radically generated and in the real data analysis we have manu-
ance measurement. Therefore, the purpose of this study is tally inspected the radiance data and maintained quite restric-
summarize and document the sensitivity of aerosol retrievaldive conditions low AOD daily variation, etc.; see Se8}
to geometrical configurations of observations with a focus onTherefore, the use of principal plane data can only be recom-
detailed comparative analysis of PPL and ALM retrievals. mended if a reliable cloud-screening procedure is developed
One of the main practical reasons for preferring the aerosofor PPL observations or for those cases when the manual in-
retrieval from almucantar observations is the great advantagepection of the data is possible.
provided by the symmetry existing in the almucantar mea-
surements. First, taking the average of left and right branches _
results in more stable measurements and helps to reduce tie €onclusions

error effects. In addition, the averaging process also provide:}he simulated studies carried out using synthetic data from

a more representative spatial (angular) distribution of sky ra-_ . X
diances, diminishing the effect of the aerosol inhomogene-a climatology analyses of the sites Solar Village, GSFC,

ity. Moreover, the symmetry allows one to perform a cloud and Mongu have confirmed that the symmetry existing for

) ; . the almucantar geometry confers a greater robustness of the
screening that can not be automatically assessed from princi- . ) . )

. aerosol retrievals in presence of various systematic uncer-
pal plane data. These facts and others potentially compro;

s e accuracy of PPL eevaben ot oL 19682 e 1 96, e STaoend syt check useo
2006 Dubovik et al, 2000, and consequentially prevented q y 9 y

the AERONET project from releasing PPL retrieval for pub- and practical procedure _to e!|m|nate sky |nhomogene|t|es
) ) - . . and reduce some of possible instrumental biases. For exam-
lic use since the reliability of the data is one of the primary

objectives of the AERONET network ple, the present study has showed that if pointing errors are

Indeed, during the present analysis, both the sensitivitypresent’ the consequences for principal plane retrievals are

tests with the introduced modeled errors and the analysis o??“"h. larger than for almucantar retrievals. Only in an ideal
Situation of homogeneous atmosphere when no extra errors

data acquired under stable conditions confirmed the greatevrvere introduced, would data from the principal plane geom-

rgliability that is generally assumed regarding almucantar re. try provide more reliable results than those from almucantar
tnevalls. It has been.shown that the average bgtwegn the Ieﬁor high Sun observation due to lower information content in
and right branches in the aimucantar largely diminishes thethe almucantar radiances, where the range of observed scat-
consequences of possible pointing offsets in the instruments[érin anales is substantiaill reduced

while for the principal plane the consequences of such errors gang y '

are more significant. Furthermore, almucantar retrievals have

Atmos. Chem. Phys., 14, 847875 2014 www.atmos-chem-phys.net/14/847/2014/



B. Torres et al.: Sensitivity of aerosol retrieval to geometrical configuration 873

An analysis of data during stable atmospheric conditionsAcknowledgementsie thank the AERONET principal investi-
has been developed for the same three sites using a set of sgators and site managers at sites Solar Village (Naif Al-Abbadi,
lection criteria (see Sed). The comparison between princi- Steve Wilcox), GSFC (Mikhail Sorokin, Brent Holben) and Mongu
pal plane and almucantar retrievals obtained in this analysigMukufute Mukulabai, Brent Holben) We thank the AERONET,
has shown that the differences in the products are, in general, 1OTONS, RIMA and WRC staff for their scientific and tech-
within AERONET-estimated uncertainties for almucantar re- "¢ Support. We acknowledge AERONET team members for
calibrating and maintaining instrumentation and processing data.

trievals. The differences between the retrievals of the size dISWe especially thank I. Slutsker for providing us with useful tools

tribution are gef‘era”)’ under 10% for ra‘?‘” between 0.1 M1 data treatment and Brent Holben for his scientific support. The
and 5um. Outside this size range, the differences can be ag,thors also thank T. Eck and the anonymous reviewer for com-
large as 50 % and mostly positive (i.e., principal plane inver-ments that led to a significant improvement to the paper. Financial
sion results in larger volume concentrations than the almusupport was provided by the Spanish CICYT (CGL2009-09740
cantar). This result was expected due to the loss of sensitivitand CGL2011-23413, CGL2011-13085-E). The research leading
of the retrievals to particles of those sizes for the wavelengthdo these results was supported by funding from the European
used in AERONET and it was previously obtained with sim- Union Seventh Framework Programme (FP7/2007-2013) under
ulated data (similar result also Bubovik et al, 2000). grant agreement no. 262254 [ACTRIS]. We also thank the Envi-

These high differences in the extremes have almost no imfonmental Council of the CyL Regional Government (Consejeria
pact on other aerosol properties retrieved, such as the aerosgf Medio Ambiente, Junta de Castilla y Leon) for supporting this

. . esearch. The publication of this article is financed by CNRS-INSU.
optical depth or the optical parameters. Indeed, even thougﬁ
therg are differences over 50.% in the gdge bins. of the sizg ji1aq by: D. Tanre
distribution, the subsequent differences in the optical param-
eters are almost negligible (e.g., absolute differences in the
single scattering albedo under 0.01 for all cases).

On the other hand, the comparison between the almuca
tar and principal plane retrievals in the subset desert dust !
are systematically worse than those obtained in the other ar
alyzed cases, in particular the subset desert dust 1. The causc
of these higher discrepancies has not been fully identified,
however, it is reasonable to expect different tendencies in the
results of PPL-ALM retrieval comparisons in the two subsetsgeferences
desert dust 1 and 2 because of the different instrument per-
formance (in this case photometers #233 and #33). Indeedgohren, C. and Huffman, D.. Absorption and Scattering
instrumental issues related to AOD accuracy may cause dis- of Light by Small Particles, John Wiley & Sons Inc,
crepancies at low solar zenith angles. Another possible ex- doi:10.1002/9783527618156983.
planation is the different aerosol average conditions. In parCox, C. and Munk, W.: Measurement of the roughness of the sea
ticular, the mean Angstrom exponent in subset desert dust 1 surface from photographs of the suns glitter, J. Opt. Soc. Am.,
(about 0.6) is higher than for pure desert dust and indicates 44 838-850, dot0.1364/JOSA.44.000838954.
the presence of a significant fine mode fraction. Alterna-D"Almeida, G., Koepke, P., and Shettle, E.: Atmospheric Aerosols:
tively, the subset desert dust 2 (with mean Angstrom expo- Glob_al _Cllmatology and Radiative Characteristics, A. Deepak
nent of 0.3) is representative of nearly pure dust. Publishing, 1991.

. . - Dubovik, O. and King, M.: A flexible inversion algorithm for re-
Finally, this last group has been reanalyzed, limiting the trieval of aerosol optical properties from Sun and sky radiance

data set to larg®s > 50°, which is in agreement with the measurements, J. Geophys. Res.-Atmos., 105, 20673—-20696,
well-known AERONET level 2.0 criterion about SZA. This  (0i:10.1029/2000JD900282000.

threshold significantly reduces the AOD uncertainty relatedbubovik, O., Smirnov, A., Holben, B., King, M., Kaufman, Y.,

to calibration (e.g., due to filter degradation) and therefore Eck, T., and Slutsker, I.: Accuracy assessments of aerosol optical
improves the retrieval accuracy. In addition, the analysis for properties retrieved from Aerosol Robotic Network (AERONET)
different errors in Sec also indicates that the differences ~ Sun and sky radiance measurements, J. Geophys. Res.-Atmos.,
between almucantar and principal plane are smaller for larger 105, 97919806, ddi0.1029/2000J5900042000.

fs. Thus, the differences in the scattering angle range in théuPovik, O., Holben, B., Eck, T., Smimov, A., Kaufman, Y.,
two geometries could amplify the discrepancies obtained be- King, M., Tanre, D., and Slutsker, |.: Variability of absorption

. . . . and optical properties of key aerosol types observed in world-
tween the retrievals if they are associated with instrumental ., locations, J. Atmos. Sci.. 59, 590608, 40i1175/1520-

problems. As a result, significant improvements have been 0469(2002)059<0590:VOAAOP>2.0.COZ002.
observed in the retrieval comparison of PPL vs. ALM when pypoyik, 0., Sinyuk, A., Lapyonok, T., Holben, B. N., Mishchenko,

limiting the data set to largés (> 50°); one observes the M., Yang, P., Eck, T., Volten, H., Munoz, O., Veihelmann, B.,
same typical differences as in the other data subset, desert van Der Zande, W. J., Leon, J., Sorokin, M., and Slutsker, |.:
dust 1. Application of spheroid models to account for aerosol particle

The publication of this article is
financed by CNRS-INSU.

www.atmos-chem-phys.net/14/847/2014/ Atmos. Chem. Phys., 14, &l75:2014


http://dx.doi.org/10.1002/9783527618156
http://dx.doi.org/10.1364/JOSA.44.000838
http://dx.doi.org/10.1029/2000JD900282
http://dx.doi.org/10.1029/2000JD900040
http://dx.doi.org/10.1175/1520-0469(2002)059%3C0590:VOAAOP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2002)059%3C0590:VOAAOP%3E2.0.CO;2

874

B. Torres et al.: Sensitivity of aerosol retrieval to geometrical configuration

nonsphericity in remote sensing of desert dust, J. Geophys. Res.- measurements, J. Atmos. Sci., 59, 635-646,1601:175/1520-

Atmos., 111, D11208, ddi0.1029/2005JD006612006.

Eck, T., Holben, B., Reid, J., Dubovik, O., Smirnov, A., O'Neill,
N., Slutsker, I., and Kinne, S.: Wavelength dependence of
the optical depth of biomass burning, urban, and desert

0469(2002)059<0635:ARI0SS>2.0.CO2D02.

Li, Z., Goloub, P., Dubovik, O., Blarel, L., Zhang, W., Podvin, T.,

Sinyuk, A., Sorokin, M., Chen, H., Holben, B., Tanr, D., Canini,
M., and Buis, J.-P.: Improvements for ground-based remote sens-

dust aerosols, J. Geophys. Res.-Atmos., 104, 31333-31349, ing of atmospheric aerosol properties by additional polarimet-

d0i:10.1029/1999JD900922999.

Eck, T. F., Holben, B. N., Reid, J. S., Sinyuk, A., Dubovik, O.,
Smirnov, A., Giles, D., O'Neill, N. T., Tsay, S.-C., Ji, Q., Al Man-
doos, A., Ramzan Khan, M., Reid, E. A., Schafer, J. S., Sorokine,
M., Newcomb, W., and Slutsker, I.: Spatial and temporal variabil-
ity of column-integrated aerosol optical properties in the south-
ern Arabian Gulf and United Arab Emirates in summer, J. Geo-
phys. Res.-Atmos., 113, D01204, dd:1029/2007JD008944
2008.

Eck, T. F., Holben, B. N., Sinyuk, A., Pinker, R. T., Goloub, P,
Chen, H., Chatenet, B., Li, Z., Singh, R. P., Tripathi, S. N., Reid,
J. S., Giles, D. M., Dubovik, O., O'Neill, N. T., Smirnov, A.,
Wang, P., and Xia, X.: Climatological aspects of the optical prop-

ric measurements, J. Quant. Spectrosc. Ra., 110, 1954-1961,
doi:10.1016/j.jgsrt.2009.04.002009.

Litvinov, P., Hasekamp, O., and Cairns, B.: Models for surface re-

flection of radiance and polarized radiance: Comparison with
airborne multi-angle photopolarimetric measurements and impli-
cations for modeling top-of-atmosphere measurements, Remote
Sens. Environ., 115, 781-792, di®:1016/j.rse.2010.11.005
2011.

Lopatin, A., Dubovik, O., Chaikovsky, A., Goloub, P., Lapyonok,

T., Tanré, D., and Litvinov, P.: Enhancement of aerosol charac-
terization using synergy of lidar and sun-photometer coincident
observations: the GARRLIC algorithm, Atmos. Meas. Tech., 6,
2065-2088, doi:0.5194/amt-6-2065-2012013.

erties of fine/coarse mode aerosol mixtures, J. Geophys. Res. Attucht, W. and Roujean, J.: Considerations in the paramet-

mos., 115, D19205, ddi0.1029/2010JD014002010.

ric modeling of BRDF and albedo from multiangular satel-

Elterman, L.: Aerosol Measurements in the Troposphere and Strato- lite sensor observations, Remote Sens. Rev., 18, 343-379,

sphere, Appl. Optics, 5, 1769-1775, dfi:1364/A0.5.001769
1966.
Giles, D. M., Holben, B. N., Eck, T. F.,, Sinyuk, A., Smirnov,

doi:10.1080/027572500095323F000.

McCluney, R.: Introduction to Radiometry and Photometry, Artech

Houes Inc., Optoelectronics Library, 424 pp., 1994.

A., Slutsker, I., Dickerson, R. R., Thompson, A. M., and Moody, E. G., King, M. D., Platnick, S., Schaaf, C. B., and Gao,

Schafer, J. S.: An analysis of AERONET aerosol absorp-

tion properties and classifications representative of aerosol
117, D17203,
Nakajima, T., Tanaka, M., and Yamauchi, T.: Retrieval of the

source regions, J. Geophys. Res.-Atmos.,
doi:10.1029/2012JD018122012.
Hamonou, E., Chazette, P., Balis, D., Dulac, F., Schneider, X.,

Galani, E., Ancellet, G., and Papayannis, A.: Characterization

F.: Spatially complete global spectral surface albedos: Value-
added datasets derived from Terra MODIS land products, IEEE
T. Geosci. Remote, 43, 144-158, 2005.

optical-properties of aerosols from aureola and extinction data,
Appl. Optics, 22, 2951-2959, 1983.

of the vertical structure of Saharan dust export to the Mediter-Nakajima, T., Tonna, G., Rao, R., Boi, P., Kaufman, Y., and Holben,
ranean basin, J. Geophys. Res.-Atmos., 104, 22257-22270, B.: Use of sky brightness measurements from ground for remote

d0i:10.1029/1999JD900257999.
Holben, B., Eck, T., Slutsker, |., Tanre, D., Buis, J., Setzer, A.,

sensing of particulate polydispersions, Appl. Optics, 35, 2672—
2686, doi10.1364/A0.35.002672996.

Vermote, E., Reagan, J., Kaufman, Y., Nakajima, T., Lavenu,OIlmo, F., Quirantes, A., Lara, V., Lyamani, H., and Alados-

F., Jankowiak, |., and Smirnov, A.: AERONET — A feder-

Arboledas, L.: Aerosol optical properties assessed by an inver-

ated instrument network and data archive for aerosol character- sion method using the solar principal plane for non-spherical par-

ization, Remote Sens. Environ., 66, 1-16, 10i1016/S0034-
4257(98)00031-51998.

Holben, B., Tanre, D., Smirnov, A., Eck, T., Slutsker, |., Abuhassan,
N., Newcomb, W., Schafer, J., Chatenet, B., Lavenu, F., Kauf-
man, Y., Castle, J., Setzer, A., Markham, B., Clark, D., Frouin,

ticles, J. Quant. Spectrosc. Ra., 109, 1504-1516, 2008.

Roujean, J.-L., Leroy, M., and Deschamps, P.-Y.: A bidirectional

reflectance model of the Earth’s surface for the correction of re-
mote sensing data, J. Geophys. Res.-Atmos., 97, 20455-20468,
doi:10.1029/92JD014111992.

R., Halthore, R., Karneli, A., O'Neill, N., Pietras, C., Pinker, R., Sinyuk, A., Dubovik, O., Holben, B., Eck, T. F., Breon, F.-

Voss, K., and Zibordi, G.: An emerging ground-based aerosol cli-
matology: Aerosol optical depth from AERONET, J. Geophys.
Res.-Atmos., 106, 12067-12097, ddi:1029/2001JD900014
2001.

Holben, B. N., Eck, T. F., Slutsker, I., Smirnov, A., Sinyuk, A,

M., Martonchik, J., Kahn, R., Diner, D. J., Vermote, E. F.,
Roger, J.-C., Lapyonok, T., and Slutsker, |.: Simultaneous re-
trieval of aerosol and surface properties from a combination of
AERONET and satellite data, Remote Sens. Environ., 107, 90—
108, doi10.1016/j.rse.2006.07.022007.

Schafer, J., Giles, D., and Dubovik, O.: AERONET'’s Version Smirnov, A., Holben, B., Eck, T., Slutsker, |., Chatenet, B., and

2.0 quality assurance criteria, in: Remote Sensing of the Atmo-

sphere and Clouds, edited by: Tsay, S., Nakajima, T., Singh, R.,

and Sridharan, R., Vol. 6408 of Proc. SPIE, p. Q4080, Confer-

Pinker, R.: Diurnal variability of aerosol optical depth observed
at AERONET (Aerosol Robotic Network) sites, Geophys. Res.
Lett., 29, 2115, doi0.1029/2002GL016302002.

ence on Remote Sensing of the Atmosphere and Clouds, Goa&olomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av-

India, 13—16 November, ddi0.1117/12.7065242006.

Kaufman, Y., Tanre, D., Holben, B., Mattoo, S., Remer, L., Eck,
T., Vaughan, J., and Chatenet, B.: Aerosol radiative impact on
spectral solar flux at the surface, derived from principal-plane sky

Atmos. Chem. Phys., 14, 847875 2014

eryt, K., Tignor, M., and Miller, H. L.: Technical Summary, in:
Climate Change 2007: The Physical Science Basis Contribution
of Working Group | to the Fourth Assessment Report of the

www.atmos-chem-phys.net/14/847/2014/


http://dx.doi.org/10.1029/2005JD006619
http://dx.doi.org/10.1029/1999JD900923
http://dx.doi.org/10.1029/2007JD008944
http://dx.doi.org/10.1029/2010JD014002
http://dx.doi.org/10.1364/AO.5.001769
http://dx.doi.org/10.1029/2012JD018127
http://dx.doi.org/10.1029/1999JD900257
http://dx.doi.org/10.1016/S0034-4257(98)00031-5
http://dx.doi.org/10.1016/S0034-4257(98)00031-5
http://dx.doi.org/10.1029/2001JD900014
http://dx.doi.org/10.1117/12.706524
http://dx.doi.org/10.1175/1520-0469(2002)059%3C0635:ARIOSS%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2002)059%3C0635:ARIOSS%3E2.0.CO;2
http://dx.doi.org/10.1016/j.jqsrt.2009.04.009
http://dx.doi.org/10.1016/j.rse.2010.11.005
http://dx.doi.org/10.5194/amt-6-2065-2013
http://dx.doi.org/10.1080/02757250009532395
http://dx.doi.org/10.1364/AO.35.002672
http://dx.doi.org/10.1029/92JD01411
http://dx.doi.org/10.1016/j.rse.2006.07.022
http://dx.doi.org/10.1029/2002GL016305

B. Torres et al.: Sensitivity of aerosol retrieval to geometrical configuration 875

Intergovernmental Panel on Climate Change, Cambridge UniverWanner, W., Li, X., and Strahler, A. H.: On the derivation of kernels

sity Press, 2007. for kernel-driven models of bidirectional reflectance, J. Geophys.
Takamura, T. and Nakajima, T.: Overview of SKYNET and its ac- Res.-Atmos., 100, 21077-21089, ddi:1029/95JD02371995.
tivities, Opt. Pura Apl., 37, 3303-3308, 2004. Wehrli, C.: GAW-PFR: A network of Aerosol Optical Depth obser-

Torres, B.: Study on the influence of different error sources on sky vations with Precision Filter Radiometers. In: WMO/GAW Ex-
radiance measurements and inversion-derived aerosol products in perts workshop on a global surface based network for long term
the frame of AERONET, Ph.D. thesis, Universidad de Valladolid,  observations of column aerosol optical properties, Tech. rep.,
2012. GAW Report No. 162, WMO TD No. 1287tp://ftp.wmo.int/

Torres, B., Toledano, C., Berjon, A., Fuertes, D., Molina, V., Gon-  Documents/PublicWeb/arep/gaw/gaw162,2f05.
zalez, R., Canini, M., Cachorro, V. E., Goloub, P., Podvin, T., Willeke, K. and Baron, P.: Aerosol measurement: principles, tech-
Blarel, L., Dubovik, O., Bennouna, Y., and de Frutos, A. M.: nigques, and applications, New York: Van Nostrand Reinhold,
Measurements on pointing error and field of view of Cimel-  1993.

318 Sun photometers in the scope of AERONET, Atmos. Meas.
Tech., 6, 2207-2220, ddi0.5194/amt-6-2207-2012013.

www.atmos-chem-phys.net/14/847/2014/ Atmos. Chem. Phys., 14, &I75:2014


http://dx.doi.org/10.5194/amt-6-2207-2013
http://dx.doi.org/10.1029/95JD02371
ftp://ftp.wmo.int/Documents/PublicWeb/arep/gaw/gaw162.pdf
ftp://ftp.wmo.int/Documents/PublicWeb/arep/gaw/gaw162.pdf

