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Retrievals of Profiles of Fine and Coarse Aerosols
Using Lidar and Radiometric Space Measurements

Yoram J. Kaufman, Didier Tanré, Jean-Francois Léon, and Jacques Pelon

Abstract—The Cloud-Aerosol Lidar and Infrared Pathfinder the ground within a few minutes. It is expected to resolve to a

Satellite Observations (CALIPSO) spaceborne lidar, expected to |arge extent the ambiguity in deriving the aerosol profile from
be launched in 2004, will collect profiles of the lidar attenuated the lidar measurements

backscattering coefficients of aerosol and clouds at 0.53 and Detailed fil f | d clouds. disti ishing fi
1.06 pm. The measurements are sensitive to the vertical distri- €talled pronies of aerosols and clouds, distinguishing fineé

bution of aerosols. However, the information is insufficient to be from coarse aerosol particles, is needed to understand the effect
mapped into unique aerosol physical properties and vertical distri- of aerosol on cloud microphysics and precipitation (see review
bution. Spectral radiances measured by the Moderate Resolution py Kaufmanet al. [1]). The profile of the aerosol is needed to
Imaging Spectrometer (MODIS) on the Aqua spacecraft, acquired o if and to what degree the aerosol interacts with the cloud

simultaneously with the CALIPSO observations, can constrain the | Disti ishina bet the fi d | mod
solutions. The combination of the MODIS and CALIPSO data can '@Y€f- DIStinguishing between the fine and coarse aerosol modes

be used to derive extinction profiles of the fine and coarse modes in €ach layer is important in order to understand the effect of
of the aerosol size distribution for aerosol optical thickness of 0.1 the aerosol on cloud properties. For example, high concentra-
and larger. Here we describe a new inversion method developed to tions of fine aerosols can reduce the size of cloud droplets, in-
invert simultaneously MODIS and CALIPSO data over glint-free crease their reflectance [2] and reduce precipitation [3]. How-

ocean. The method is applied to aircraft lidar and MODIS data . - . . .
collected over a dust storm off the coast of West Africa during the ever, introduction of large hygroscopic aerosols even in minute

Saharan Dust Experiment (SHADE). The backscattering-to-ex- Numbers can reverse some of these effects [4], allowing precip-
tinction ratio (BER) (BER = w,P(180)/4m) can be retrieved itation and cleaning of the atmosphere from the fine aerosols
from the synergism between measurements avoiding priori  [5]. Resolving these effects is needed in order to understand cli-

hypotheses required for inverting lidar measurements alone. For ; ot
dust, the resultant value of BER = 0.016 sr—? is over 50% mate ch_ang_e_ [6] and to predict human effects on precipitation
and availability of fresh water [7].

smaller than what is expected using Mie theory, but in good agree- ) o e ' ) )
ment with recent results obtained from Raman lidar observations ~ The vertical distribution of the fine aerosols is also important

of dust episodes. The inversion is robust in the presence of 10% for a different reason. Fine aerosol emitted as smoke from
and 20% noise in the lidar signal at 0.53 and 1.0@um, respectively. fires or as pollution from populated areas carry with them
Cal'lbratlo_n errors of the lidar of 5% to 10% can cause an errorin 15~k carbon particles emitted from fires and “dirty” engines
optical thickness of 20% to 40%, respectively, in the tested cases. [8]. Black carbon accounts for most of the absorption by fine
Index Terms—Aerosol, lidar, remote sensing. aerosols, which can be between 3% and 15% of the aerosol
extinction optical thickness. High levels of absorption (10%
to 15% of the optical thickness) were predicted by climate
) ) models to cause increased precipitation and floods in southeast
T HE CLOUD-Aerosol Lidar and Infrared Pathfinder Satelching [9], while causing droughts in the Mediterranean region
lite Observations (CALIPSO) spaceborne lidar, expectgglo]. The drought in the Mediterranean region was caused by
to be launched in 2004, will collect profiles of the lidar attengecrease of irradiation of the Mediterranean Sea and reduction
uated backscattering coefficients of aerosol and clouds at O<5_T3evaporation, without a nearby ocean to supply the missing
and 1.06um. Itwill fly in formation with the Aqua mission with ygistyre. The increase in precipitation over southeast China
aModerate resolution Imaging Spectroradiometer (MODIS) ifs caused by changes in regional and global circulation, due
strument onboard. Analysis of the spaceborne dual wavelengihine heating of the atmosphere by the black carbon, and
lidar data combined with spectral passive measurements frgfjux of moist air from the nearby Pacific ocean. This effect
MODIS will generate a dataset that combines the vertical profilg, circulation depends on the height in which the heat is
information from CALIPSO with the detailed size informatiorydeased, and, therefore, on the height of the aerosol layer.
in the MODIS data. Both CALIPSO satellite and MODIS on the\nother question related to the injection of aerosol in the upper

Aqua satellite will fly in formation, observing the same spot 0ftgposphere is their possible role as ice nuclei. Cirrus clouds
have an important greenhouse impact, and their microphysics

Manuscript received June 19, 2002; revised March 27, 2003. depends on the conditions under which crystals form. Particles
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wavelengths are sensitive to scattering by both fine and coarse TABLE |

particles, while the long wavelengths are sensitive mainly @(AMPLE OF FOUR AEROSOLSIZE DISTRIBUTIONS THAT DEMONSTRATES THE
MPORTANCE OFMODIS TO DISENTANGLE THE AEROSOL PROPERTIES THE

scattering by the coarse particles [11], [12]. This informationerosor Size DisTRIBUTION IS COMPOSED OFTWO LOG-NORMAL MODES,
is used to derive the aerosol optical thickness of the entifeve AND COARSE WITH EFFECTIVE RADIUS R, OF EACH MODE GIVEN IN
atmospheric column separately for the fine and coarse aerosof$s TABLE. THE WIDTH OF THE DISTRIBUTION IS 0.4 FOR THE FINE MODE
. . . AND 0.6 FOR THE COARSEMODE. THE CONTRIBUTION OF EACH MODE TO THE
Different physical processes control the formation and re- opricaL THicknEss AT0.534m IS GIVEN FOR EACH MODE. THE SiZE
moval of the fine and coarse modes, defining a specific rang@sTrRIBUTIONS WERE CHOSEN TOGIVE THE SAME RATIO OF THE AEROSOL
for their size distributions in the atmosphere [13]. The fine mode REFLECTED RADIANCE AT SCATTERING ANGLE OF 180° BETWEEN 1.06
. L . Lo AND 0.532m, AND THEREFORESAME SPECTRAL RATIO OF THE LIDAR
formed by condensation and oxidation of gases into liquids regackscarrerING COEFFICIENTS THE RADIANCE AT 2.1/:m RELATIVE TO
sults in particles with effective radii mainly in the 0.1-0.2B%  THAT AT 0.53;:m, MEASURED BY MODIS, DIFFERSFROM ONE DISTRIBUTION
range [14], [15]. Coarse particles, formed in physical processes TC ANOTHER AND CAN BE USED TO DISTINGUISH AMONG THEM.

A . . THE RADIANCES ARE NORMALIZED TO 1R.0AT 0.53um
of formation of desert dust and sea spray, have effective radii

usually of 1xm and larger [16]. Therefore, in the inversion o Fine mode Coarse mode Normalized aerosol

the MODIS data we were able to use a limited set of aeros radiance

sizes [11] by imposing “real-world” restrictions on the solu Rerpm  Contribu Req, pm Contribu 0.53  1.06 pm  2.13 pm

. . Lo tion % tion% pm

tions, to narrow the range of the mathematical possibilities. V

e o aerose e dulons g Tom et 015 0 10 0 10 om0
¢

ic Network (AER ) su Y UMease2 0200 60 10 40 100 0690 0331

ments [16]-[18] over the last six years from up to 100 sta‘uonC 0 068 0,309

worldwide, to formulate the restrictions on the size distributior =% 30025 6 1.0 3 L0 68 :
,Cased4 020 63 L5 37 100 0.697 0.400

MODIS is sensitive to aerosols integrated on the entire ¢
mospheric column and cannot resolve the aerosol profile. T—=
CALIPSO lidar will resolve the vertical distribution of the at-

tenuated aerosol backscattering coefficients using two Spec[f)a‘nvert passive and active measurements from space, by con-

channels at. 0.53 an_d 1.Q6n,_and therefore, can be_ used to reétraining the lidar inversion using MODIS-derived optical thick-
solve two pieces of information about the aerosol in each lay

MODIS 6 tral ch | P ; . ¢ ﬁ%fses as well as spectral radiances. The closest publication to
th ?pte(f: ral channels use Ior rtemotetiensmg 0 aerfo_88 topic is probably the inversion of integrated ground-based
overihe glint-iree ocean can resoive two 1o three pIEces ol iy ¢ rements of multispectral lidar data and profile spectral

formation about the aerosol size and optigal thickqess [19]. "d&tinction coefficient derived from Raman lidar data reported
chose, therefore, to use MODIS to determine the size of the f'B Miller et al, [21] and Bockmann [22]. Other papers sug-

e}nd coarse f?e_rosol fmr? d(;s, and dCALIPSO tg def[ecrjmlne ;he sted the use of optical thickness derived from satellites [23]
tinction coefficient of the fine and coarse modes independently ¢ e ground to constrain the lidar retrievals [24], [25],

in each layer. This does not leave room to resolve variations(s% from the vast array of ground-based Aerosol Robotic Net-
the size of the fine or coarse modes with altitude due to effe tk (AERONET instruments [26]).

of humidity or gravitational settling. Such determination would

reqzuge a third |n|depercljdent wa\ielfength of the. Ild_ar (e,g., at .Jligar data, we present the inversion scheme used for combining
or 2.1pm), not planned presently for space missions. By using .o datasets. Data acquired during the SHADE campaign

two rather thg_n three pieces of information f“’m MODIS, sz ] are then used to show the feasibility of the inversion. Sen-
have the additional degree of freedom to check if the system@ ivity and errors are discussed in the last section

measurements is consistent. For a well-calibrated lidar with er-
rors smaller than 5%, we can use this information to check if
nonsphericity of the particles affects the aerosol properties. Il. | NFORMATION CONTENT

MODIS observations are for variety of scattering angles,
while CALIPSO measurements are for a fixed scattering angleA simple demonstration of the information content of the
of 18C°. The differences in the scattering angles and the difiODIS spectral channels, and their importance to the anal-
ference in the sensitivity to aerosol properties (size, refractiysis of CALIPSO data is presented in Table I. The aerosol ra-
index) of the MODIS and CALIPSO measurements makekance is the difference between the radiance at the top of the
the integrated dataset of MODISALIPSO lidar a powerful atmosphere with and without aerosol. In this example, a base-
database to resolve aerosol properties. line model (case 1) is introduced, with 50% of the optical thick-

In this paper, we shall describe and test a new proceduress (at 0.5am) due to fine aerosol (effective radiuB(,fff =
that combines two active wavelength backscattering lidar meai5 ;m) and 50% due to coarse-mode aerogtfl( = 1 xm).
surements from aircraft (simulating CALIPSO) with the passiveor this model, the aerosol radiance at 1,06 is 69% of that
spectral radiometer (MODIS) observations from space. Evesi-0.53m. A change in the size of the fine- or coarse-mode
tual integration with Polarization and Directionality of Eartiparticles from the baseline model can still give the same wave-
Reflectances (POLDER) and lidar depolarization is expectézhgth dependence between these two wavelengths by adjusting
to generate more refined results. This is one of the first dhe relative concentration of the two modes. We show (case 2)
tempts to invert simultaneously spaceborne active and passivat the same wavelength dependence between the lidar 0.53-
measurements. Leagt al. [20] describe a different techniqueand 1.06zm channels can be obtained also for a larger fine

After a brief analysis of information content of MODIS and
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mode B{:H = 0.20 um), compensating it with a smaller frac-
tion of the coarse mode (40% instead of 50%). Even larger fin
mode (case 31'-2({ff = 0.25um) or larger coarse mode (case 1.0 |-
4; RSy = 1.5 um) can also generate the same wavelength de '
pendence with, respectively, 31% and 37% coarse mode. Ther==
fore, the lidar backscattering return, proportional to the aerosc
radiance for the scattering angle of 28@annot distinguish
between these four cases. However, the longer MODIS wave &
lengths (2.13um in this case) can distinguish between theseg
cases and resolve the ambiguity about the size and fraction (=

ance ratio

e

© oo ooowo ©b
00> :
A

8:1%
the modes. 0.12
A statistical analysis of the spectral information in the lidar 0.11

and MODIS data is based on the analysis of Taa.[19] for ) )
MODIS. It uses single scattering approximation for the aeroso 0.500.60 0.80 1.00 2.00
radiance L, at the top of the atmosphere

Wavelength (pm)
L(A) = Ct(Nwo(A)P(A, ©) (1)

Fig. 1. Spectral normalized aerosol radiance (normalized to value of 1.0 at
] . 0.53u:m) for a range of combinations of the aerosol fine and coarse modes that
for a range of fine and coarse aerosol modes. Heasethe op- resultin three specific values of the spectral slope(2). The lidar two channel

tical thicknessy, is the single Scattering albedo aRdhe scat- Measurements cannot distinguish aerosol size distributions with thesame

. h i o . leC i . value. For each case the effective radRis; of the aerosol size distribution is
te.”ng phase tunction ?‘t a scattering an@l 1S propor.tlon- shown. MODIS 2.1xm channel measurements resolves the differences among
ality constant. The weighting between the two modes is chos&a different aerosol size distributions feg, > 0.75, but not fora , = 0.
to represent a specific spectral variation of the radiabce),
expressed by the radiance Angstrém exponent funatignior m
CALIPSO lidar wavelengths of 0.53 and 1.061, we definexy,

as the slope of the radiance, with wavelength on a logarithmic ' '€ €xamples in Table | and Fig. 1 serve the basis for the algo-
scale rithm developed in the Appendix and described by the flowchart

of Fig. 2. From mathematical point of view, inversion of the inte-
ar,(0.530/1.06) = —In[L(0.53)/L(1.06)]/In[0.53/1.06]. grated MODISt+ CALIPSO lidar data still allows for many very
(2) different solutions. However, in nature, not all of these solutions
From (1) and (2) we get for the single scattering approximati@ecur. The chosen aerosol sizes, with associated refractive in-
dexes, shown in Table II, do represent a simplification. They
ar,(0.53/1.06) = — In{[7(0.53)w,(0.53) P(0.53, ©)] avoid mathematical solutions for effective radii around @5,
/17(1.06)w,(1.06) P(1.06, ©)]}/1n(0.53/1.06). (3) that occur in nature only for clay particles that accompany in
small quantities larger dust particles [28] and aged stratospheric
Itis related to the classical Angstrom exponentdefined as  aerosol that is sized just in between the fine and coarse modes
- _ - . [29]. The resultis a combination of four possible fine modes and
a7(0.530/1.06) = —In[r(0.53)/7(1.06]/1n(0.53/1.06) (4) g0 possible coarse modes that were selected to be used in the
by inversion of the MODIS data [11], [12]. Each mode represents a
given aerosol scenario, from dry smoke, to wet urban pollution,
ar(0.530/1.06) = «+(0.530/1.06) In{[w,(0.53)/w,(1.06)] salt and dust with refractive indexes assigned accordingly. The
[P(0.53, ©)/P(1.06, ©)]}. (5) approachwas found to be very successfulin the inversion of air-
craftand MODIS data [12], [30]. The lidar equation is solved for
Fig. 1 shows combinations of the fine and coarse modes tlsaiccessive optical thin layers using the single scattering approx-
correspond to three fixed values af.: 0, 0.75, and 1.5 and imation. The MODIS simulations are done using full radiative
to a scattering angle of 18@&s observed from a lidar. A wide transfer codes of Dave and Gazdag [31] and Ahmad and Fraser
range of effective radii falls into the sameg, category unre- [32].
solved by the CALIPSO two wavelengths. It is better resolved Inversion of the lidar and MODIS data is performed in two
by the MODIS wide spectral range, though the partial disorgateps. First we invert the two spectral channel data of the lidar
nization of the values of the effective radius fof = 0 and alone for all the possible combinations of the four fine and five
to a smaller extend fak;, = 0.75 shows also the limitations of coarse modes defined in Table II. The four fine modes include
the MODIS information content. The information on the aeroseffective radius,R.g, varying from 0.10-0.25%m in step of
size distribution that can be derived from MODIS depends al€d05 :m and five coarse modes, three for salt and two for dust
on the scattering angle [19]. However, we shall show that in- with varying effective radii from 1-2.am. Refractive indexes
tegration of MODIS and the lidar data can overcome even thase selected to fit the size of each mode, assuming that larger
limitation. It is concluded from Fig. 1 that the use of the twdine mode corresponds to higher relative humidity and smaller
lidar wavelengths can provide a first separation between modefractive index. Table Il also gives, for spherical particles, the
and that the MODIS 2.Lm can be used to define better the sizBdar backscattering to extinction ratio, BERw, P(180°) /4,
distribution, however only for the entire atmospheric column.calculated for each of the nine modes, to be used for the lidar

. | NVERSION SCHEME
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. - o “ Top of atmosphere
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Calculate the radiance at the top
of atmosphere for n & T, for
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For each of the 20 combinations | \
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i

]

v !

A ’ I
L}
]

Y
Correct for attenuation above the | y
layer and for Rayleigh scattering |

!

Calculate: 7, - fine mode fraction,

Calculate the error in fitting MODIS
radiances, €. for sachf & C

e
B
]

. . Iy
Atypss - layer optical thickness/ | Is Ming (¢ )< €gehatd 5 5
height, using look-up tables for I ‘\ D) i‘( @ago“o :02 £, 80
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N lowest € o8, 5° P, %
" \‘ fie co o %® o so
Ns, estimated oPe®aae a?
4N Adjust NS, nonsphericity 10 a‘f“ 8 5% i’e%%
end Surface

Fig. 2. Flowchart of simultaneous inversion of two wavelength lidar backscattering coefficient (e.g., from CALIPSO) and spectral passiveeneageigem
from MODIS) over glint-free ocean. (Top left) For spherical aerosol €&\$) and each combination of one fing™and one coarseC” modes, starting from the

top aerosol layer down to the surface, derive the layer extinctign; and the fraction of fine modey, from the lidar backscattering coefficients, corrected for
attenuation and Rayleigh scattering. (Top center) Compute the spectral radiance at the top of atmosphere and compare it with MODIS measuedoveess. If t
errorMin(e; ) for any of thef, C combinations is not smaller than a threshold valuyg.sno1a Of about 4%, adjust NS and try again till reaching a minimum.
The solution is an atmosphere characterized throughout by a specific fine and coarse modes, by vertically varying concentrations of the fieenaodiesoand

by nonsphericity effect, NS, on the coarse-mode phase function at (Bight) Schematic representations of an atmosphere with ten layers, with fine spherical
aerosol of fixed size, nonspherical coarse aerosol of fixed size and varying vertical distributions.

TABLE I
AEROSOLMODELS FOR THEFINE AND COARSEMODESUSED TO RETRIEVE THE AEROSOLPROPERTIESFROM THE INTEGRATED CALIPSO LIDAR AND MODIS
DATASETS. R, AND o ARE THE MEDIAN RADIUS AND STANDARD DEVIATION OF THE LOG-NORMAL SIZE DISTRIBUTION. R |S THE EFFECTIVE RADIUS OF
THE DISTRIBUTION: Reir = R, exp(2.502), AND w, |S THE SINGLE SCATTERING ALBEDO. THE VALUE OF THE BACKSCATTERING-TO-EXTINCTION RATIO
(BER) [BER= w,P(180)/(4x)] s ALSO GIVEN. NOTE THAT THE LIDAR RATIO S IS DEFINED AS.S = 1/BER

fine particles:

A=0.55-- A=124pum A=1.64pm A=2.13um R [+ Resf @ at BERat Comments
>0.86pm e m 055 055um
- a pm (st
1 1.45-0.00351 1.45-0.0035i 1.43-0.01i 1.40-0.0051 0.07 040 0.10 0.97 0.022 Small fine
2 1.45-0.00351 1.45-0.0035i 1.43-0.01i 1.40-0.005i 0.06 060 0.15 0.98 0.016 Intermediate fine
3 1.40-0.00201 1.40-0.0020i 1.39-0.005i 1.36-0.003i 0.08 0.60 020 0.99 0.013 Wet large fine
4 1.40-0.0020i 1.40-0.0020i 1.39-0.005i 1.36-0.003i 0.10 0.60 0.25 0.99 0.013 Wetter large fine
coarse particles:
1,305(555-- A=1.24pm A=1.64pm A=2.13pm Rg c Reff @ at BERat comments
.86um m pm 0.55 0'5-51 pum
H pm (sr)
5 1.45-0.00351 1.45-0.00351 1.43-0.00351 1.43-0.00351 040 060 098 094 0035 Wet Sea salt type
6 1.45-0.0035i 1.45-0.0035i 1.43-0.0035i 1.43-0.0035i 060 060 148 090  0.035 Wet Sea salt type
7 1.45-0.0035i 1.45-0.0035i 1.43-0.0035i 1.43-0.0035i 080 060 198 088 0032 Wet Sea salt type
8  1.53-0.001i 1.46-0.000i 1.46-0.001i 1.46-0.000i 060 060 148 097 0076 Dust-like type
9 1.53-0.001i 1.46-0.000i 1.46-0.001i 1.46-0.000i 050 080 250 095  0.073 Dust-like type

data inversion. To obtain a unique solution, we assume that adinction coefficient of the fine and coarse modes so that they
atmospheric column is composed of only one fine aerosol modi¢the two lidar measured backscattering coefficients. Since we
and one coarse mode with fixed particle size but varying counse calibrated lidar data, the inversion is well defined and pro-
centrations as a function of height. For each of the nine modeteeds using simple algebraic formulation that map the two lidar
the particle size distribution and refractive indexes are definetkasurements to the two aerosol extinctions. In other words, for
in Table 1. What is left for the inversion scheme is to find th@ given combination of a fine (out of four) and a coarse aerosol
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(@) (b)

Fig. 3. (a) Lidar returns at 0.53m as a function of height (kilometers) and longitudg, howing the presence of dust at 2—3-km altitude. The lidar flew at
10.5-km altitude. (b) The MODIS image of the derived aerosol optical thickness is shown. Red colors correspond to high aerosol concentratioolargitblue
low. The lidar path is shown in the MODIS image by black line.
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o MRl L | b BRI S R bW Sl O i o
0 0.0017 0.002 0.003 0.004 0.005 o
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Fig. 4. Input to the inversion of the aerosol profiles. (a) Four consequent profiles (from A to D) of the attenuated lidar backscattering cdedfis8mtna

(green) and 1.06m (red). The measured lidar returns, integrated on 15-m altitude are given by dots. The data were averaged into 12 nonequal steps shown by the
four green and four red lines. (b) Four corresponding MODIS spectral reflectances (from A to D) measured over the ocean at the top of the atmsidphere, out
the ocean glint. The letters A, B, C, and D show the corresponding lidar and MODIS measurements.

(out of five) modes, the ambiguity in the inversion of the lidaaccumulation mode with height, the fraction of coarse mode as
data is removed and a unique profile of the optical thicknessfoinction of height has to be known from other sources. This may
the fine and coarse modes is derived from the lidar data.  be possible in principle using the depolarization as a measure of
Note that to obtain a unique solution for each of the 2& (4 the ratio of spherical accumulation mode to nonspherical coarse
5) mode combinations, it is assumed that the size of the particlesde, but requires very accurate measurements of the depolar-
in each of these modes does not vary with altitude, contraryiation, and is not discussed in this paper.
what one may expect from altitude variations of the relative hu- In the second step, the retrieved aerosol profiles for each of
midity or sedimentation of large particles. The concentratioise 20 combinations are used to calculate 20 sets of MODIS
of each mode is allowed to vary with altitude independently aipectral reflectances. Each of the 20 cases fits precisely the lidar
each other, based on the lidar 2 wavelength signal. We testeddhéa and the decision, which of the combinations is the proper
effect of this hypothesis by inverting simulated data with accone, is left to the MODIS measurements alone. The combina-
mulation mode varying in size from 0.1Bn near the surface to tion of a fine and a coarse mode that fits the MODIS mea-
0.25um at 2-km height. The resultantinversion gave best resutisred spectral reflectances with minimal error is the “winning”
for the intermediate size of 042m. To find the variation of the combination.
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Fig. 5. Sensitivity of the inversion of lidarMODIS data to the nonsphericity parameter—NS. Here the same nonsphericity was chosen for the two lidar
wavelengths. In the inversion process, the lidar backscattering phase function associated with coarse particles was multiplied by NS to theceffetfor

of aerosol nonsphericity on the phase function at°1§8) The error in fitting the MODIS spectral reflectance (thin solid black line), and the aerosol optical
thickness (thick solid green line) and fraction of fine particles contribution to the optical thickness (red dashed line) that resulted fromsithre iFoeNS

= 0.40, there is on both sides a sharp decline in the error. For this value, the fraction contribution of the fine mode is small (11%) as expected for the dust
episode. (b) Profiles of the fine and coarse aerosol for several values of NS.

IV. APPLICATION TO SHADE DATA

—fine

The integrated CALIPSO-MODIS algorithm is appliec l
--|==——=coarse

to LEANDRE 1 lidar data onboard the French Mystére-2
research aircraft during the SHADE experiment off the We
Africa coast [see Fig. 3(b)] over the Northeastern Tropical A
lantic. The LEANDRE 1 system offers the same observation_g
capability that the CALIPSO lidar (two channels at 0.53 an™~
1.06 um and depolarization at 0.53m). We used here coin- §
cidental lidar and MODIS data within 20 min on Septembe 2
26, 2000. Observations were acquired between the West cc"—g
of Africa and the Cape Verde archipelago. This location
well-known to be the main area of dust transport over tt : ;
tropical Atlantic [33]. The atmospheric aerosol is dominate -t ot
by dust from the Sahara [34]. During summer time, the Africa ' : ' il
dust is transported across the Atlantic in a dry and warm stal | —
layer, the so-called Saharan air layer (SAL), located betwe 0L L N B
1.5 and 6 km in altitude [35]. A conceptual model for the SAI 0 0.1 0.2 0.3 0.4 0.5
has been proposed and validated Kgryampudi et al[36].

This analysis shows that such a kind of dust transport occurs

September. During winter time, a low altitude transport of dust
Fig. 6. Results of inversion of the lidar profiles and MODIS spectra of Fig. 4.
in the trade winds may prevail [37].

. The different line types identify results of inversion of the four cases given
The lidar attenuated backscattering coefficientat @f3and in Fig. 4. Note that the maximum extinction occurs in lower altitude than the

the Correspondlng |mage of the MODIS-derived optlcal tthKnaxmum backscattering coefficient due to its attenuation by the aerosol above
the glven layer.

ness are shown in Fig. 3. They show the three dimensional stri€

ture of the dust layer. Examples of the MODIS spectral re-

flectance and the lidar profiles of the attenuated backscatterstgps based on the strength of the lidar signal, to optimize qual-

coefficient at 0.53 and 1.0em are plotted in Fig. 4. The lidar itatively the lidar signal vs. the vertical resolution and structure.

backscattering attenuated coefficientis reported in 15-m vertiddie averaged functions are shown by lines in the figure. The

resolution steps. The main dust layer is seen to extend up to 3 &taps capture the main features of the lidar return signal, for the

in altitude, although the whole dust outbreak is seen to reagtst at 2—-3 km and for the top of the marine boundary layer at

an upper altitude of 7-8 km. We averaged the data in noneqQa8 km.

extinction at 0.53 ym (km'1)
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V. DUST NONSPHERICITY to be composed of coarse particles, probably sea salt. Note that

Toinvert dust data using LEANDRE 1 and MODIS measuré°™Me of these results may be still influenced by the lack of non-

ments we have to account for the effects of nonsphericity on t gherlga_ll mhngl n th-e MO[;ISAOOI(UF" tabli.;he ggair r6aﬂo,
scattering phase function of dust. The MODIS data for the d rived in this inversion at both wavelengthsis= 63 £ 6 sr,
layer are for scattering angle 6fL35° while the lidar return is which gives a value of the backscattering to extinction ratio of

of course for the scattering angle of 28@or 13% scattering BER = w, P(180°)/4m = 0.016 sr". Irt hasl to be compared to
angle dust nonsphericity has a small impact on the scattermp(i]valt_’e QfS =30 st (BER= 0.035 s [‘.11]) when non-
phase function [38], much smaller than at 18Burther mul- S ericity Is not .con3|dereq. Our value is n good ggreement
tiple scattering for the high dust loading of SHADE, reduce‘@"th the one derived from lidar data analys!s and with values
the effect of nonsphericity on the MODIS measurements but ently found from ground-based Raman lidar measurements
as much on the lidar measurements. Multiple scattering imp 1 )
on the aircraft lidar data is expected to be of the order of a few Can the lower BER value result from other processes beside
per-cent for the small distance between the aircraft and aerodgPSPhericity? An uncertainty in the value of BER of 10% to
(<10 km). It is, however, expected to be somewhat larger fgP?0 ¢an be associated with the following:
CALIPSO spaceborne measurements [39]. e uncertainty in dust absorptiof-3% at 0.53um and+1%

To account for the nonsphericity effect on the lidar returns, ~ at 1.06um—[43], [16]),
we introduced a nonsphericity parameter,N®at reducesthe ¢ uncertainty in the MODIS and lidar calibratioft$%),
value of the lidar spherical phase functionXat 0.53:m and * uncertainty in the nonsphericity effect on the MODIS
1.06,m for 180 scattering angle. The parameter NS deter- spectral radiancesH10%).
mined for each wavelength by the following iterative procedure Therefore, the reduction in the BER value by more than 50%
(see the flowchart in Fig. 2 and the plots in Fig. 5). First theannot be explained and should be associated mainly with the
lidar and MODIS data are inverted without the effect of noreffect of dust nonsphericity on the phase function at*’180
sphericity (NS = 1.0). The best solution, illustrated in Fig. 5,
fitted the MODIS radiances with an errofsee (A14) in the Ap-
pendix] of 21%. Since the lidar calibration errors are expected v/| SEnsITIVITY TO CALIBRATION ERRORS ANDNOISE
to be smaller than 5%, and MODIS calibration errors smaller
than 2%, the large error of 21% is an indicator that the scatteringMODIS retrievals over the oceans are informative down to
phase function used in the lidar inversion is not appropriate aagtical thickness of 0.1 at 0.55m [11], [12], [30]. Above this
that the retrieved optical thickness of 0.15 and fraction of fingptical thickness the MODIS data are expected to be useful in
particles of 0.55 are not correct. The iterative scheme, then tribg lidar inversion. What is the sensitivity of the inversion to
different values of N, inverting the measurements for each sealibration errors and noise in the lidar data? In the following
of values, and finding that NS3 = 0.41 and NS o¢ = 0.40 we discuss the sensitivity with the help of the dust data from
at 0.53 and 1.0&m, respectively, give the best results with athe SHADE experiment, but first we show some details of the
error in fitting the MODIS radiances ef = 3.8% and corre- fitting process. In Fig. 7(a), we show five representative solu-
sponding optical thickness of 0.9 and fraction of fine particlég®ns out of the 20 combinations, Two solutions (solid and dotted
of 0.2 (see Fig. 5). The validity of the nonsphericity factor,NSgreen lines) have similar fitting error of 4% to 5%, but somewhat
is further confirmed by the fact that values of N&trieved at different aerosol characteristics, i.e., effective radiuses, optical
both wavelengths are very close one to another, as expectediiigkness and ratio. This shows some of the inherent uncertainty
dust particles (2:m effective diameter) that are larger than th& the inversion. The other solutions deviate significantly from
wavelength (0.53-1.06m). The values of N§0.41, 0.40 are the model and have significantly higher fitting errors of 12% to
similar to calculations of the ratio of phase function of spheroid9%.
to spheres for size paramet&(X = 2xr/)) of 15 to 25 that It is expected that the satellite lidar data will be more noisy
corresponds to dust with effective radius ofiéh [40]. For NS than the aircraft lidar, due to the larger distance of 700 km versus
< 0.40 or NS> 0.45 the error in fitting the MODIS radiances 8 km from the dust layer. Noise in the lidar system may result
using the lidar retrievals is too large ¢ 7%) to make these also in a bias, or error in the absolute lidar calibration for a given
values credible. Fig. 5(b) shows the profiles of the extinctigorofile. We tested several cases with calibration errors in the two
coefficient of the fine and coarse particles for the optimum sohannels of 5% and 10% [Fig. 7(b)]. Calibration error of 5% in
lution (NS= 0.40) and for some other values of NS. both channels introduces an error of 20% in the column optical

Inversion products of the lidar and MODIS data of Fig. 4 arthickness (for example a total optical depth of 1.07 is retrieved
shown in Fig. 6. Note that correction of the attenuation of thastead of 0.86 for a calibration bias-66%). However, the fit to
backscattering function by the aerosol layers in the inversidfODIS data had in this case an unrealistic high erraref 9%.
process shifts the maximum extinction of the coarse mode franis thus significantly degraded due to inconsistency between
an altitude of 2—-3 km. The dust layer is composed mainly dlfie lidar and MODIS data, due to the calibration errors. Double
coarse particlesH.¢ = 1.5um), but accompanied by 10% tocalibration error (10%) doubles the error in the optical thickness
20% of fine particles R.¢ = 0.1 um). At 4—-6 km, there are and farther increases the error in fitting the MODIS data to 16%.
more fine particles than coarse particles according to the inveris sensitive not only to calibration errors but also to effects
sion. The layer at the top of the boundary layer was determinefiaerosol nonsphericity. However, analysis of the MODIS and
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Fig. 7. (a) Spectra of the difference between the MODIS measured spectral reflectance and the derived solution for five representative mdésiséonbina
the same inversion. For each solution we show inf{a} of the coarse and fine modegr(), the optical thickness (AOT), fraction of the AOT due to the fine
mode, and the error in fitting the MODIS-measured spectral reflectances. (b) Sensitivity of the inversion of the aerosol profiles to errorliiorétdanof 5%

to 10% in each or both of the channels as indicated. Profiles of the extinction coefficients of the fine (red) and coarse (green) aerosol modelS aee sty
line shows the solution with no additional errors. The values of the column optical thickness of the jie@d coarser(.) aerosols are given in the figure.

lidar data can be used to improve the lidar calibration orto fir 10
the aerosol nonsphericity parameter NS but not both.

Introduction of noise to the lidar data has a much small
effect on the inversion than systematic calibration errors. V o)
added random errors to the lidar backscattering profile using 1
transformation

LI S B B B B B I B B B B B N B B

— A OT fine true
= AT coarse true

_ Noise: 10%
- at0.53 ym and

Bx — Ba(1 +rCy/100%) 20% at 1.06 pm

itude (km)

wherer is a random number betweerl and+1 andC\y is the

magnitude of the noise. We decided to consider a noise of 1(Z

at A = 0.53 um and 20% af\ = 1.06 um. Profiles of the in-

verted extinction coefficient (Fig. 8) show that the noise did n«

change the fundamental properties of the derived aerosol la

The differences are larger for the fine mode due to its small cc

tribution to the optical thickness in this case. Addition of th

noise did not have a systematic effect on the column properti g

It changed the column optical thickness at 0,68 from 0.87 03

to 0.85+ 0.1. The fraction of the fine mode in the optical thick:

ness increased from 0.11 to 0.440.08. The inversion process Extinction 0.53 pm (km™')

identified the same modes of the fine and coarse particles 80%

of the time. A histogram of the optical thicknesses derived in 4% 8. Profiles of the extinction coefficient obtained for the original data with

calculations with random noise is shown in Fig. 9. no additional noise (solid thick lines) and for four cases where random noise was
It is thus expected that increasing the noise level will degra?@‘zdek()j iP the backscattering coefficient of 10% at Q:B8and 20% at 1.06m

accuracy of the retrieval in a statistical sense. As a matter of" 0ls). Fine mode is shown by red and coarse mode by green.

fact, the relative error cannot be considered as constant over

the whole vertical profiles but more likely depending on thkiarge coherence scale of aerosol patterns. Andezsah [45]

lidar signal and background noise [44]. Adjusting vertical aniddicated coherence patterns smaller than 200 km. Near aerosol

horizontal resolution as a function of extinction may somewhaburces, aerosol variation is expected to be on smaller scales;

allow to compensate for this dependence and get closer to therefore, averaging of 10-50 km of the lidar measurements

hypothesis used here. Such an averaging is allowed by the ratleng track over the ocean is recommended.

0.1 0.2
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Fig. 9. Histogram of the (a) column aerosol optical thickness and (b) fine aerosol fraction obtained in the presence of random noise in thehacketfidttent
of 10% at 0.53:m and 20% at 1.0@m. The yellow line is the solution without the noise.

VIl. CONCLUSION ness is used first to correct for the attenuation of the lidar signal
through the atmosphere, for each combination of fine and coarse
Combined inversion of the MODIS spectral radiances witherosols, and the MODIS spectral data used later to define the
the CALIPSO 2 wavelength profiles of the attenuated backscifre and coarse modes. There are advantages in these techniques
tering coefficients takes advantage of the wide MODIS spectigy means of speed, reduced MODIS data volume (if only op-
range and the vertical profile information in the lidar data. Ajical thickness is used), or stability against calibration and non-
new inversion code was developed that applies to MODIS agghericity errors. The present technique has the advantage that
2 wavelength lidar data acquired during daytime over glint-freRe inverted optical thickness, fraction of fine aerosol, and the
oceans. The inversion chooses one fine and one coarse Mm@ of the fine and coarse aerosol are defined using a combi-
out of a lookup table and produces separate vertical profilesrdtion of the MODIS and lidar data, taking advantage of their
the fine and coarse modes. In cases where the size of the fiiferent sensitivity to the aerosol optical thickness and phase
or coarse modes vary with altitude, the inversion was fouridnction. This additional sensitivity was used here to estimate
to choose the average size to represent the column. The inyRE effect of dust nonsphericity on the lidar ratio.
sion was shown to be sensitive to the data quality. IntroductionFurther improvement in the analysis is expected from addi-
of calibration errors into the lidar data or the presence of nofional synergism. The PARASOL mission with a POLDER in-
sphericity is not compensated by a different aerosol profile bsrument onboard will be part of the same train as AQUA and
rather results in large and unacceptable retrieval errors. This feaLIPSO satellites. It will take passive measurements of the
ture can be used to improve the calibration of the lidar or th@o-dimensional polarized radiation field in five spectral chan-
MODIS instrument, or improve the aerosol model. nels in the 0.44-0.9%Lm range and for wide range of view
Application to the SHADE data over heavy dust from Africaenith angles and all azimuth directions [46]. This information
resulted as expected in profile of mainly dust, in agreement withen integrated into the MODISCALIPSO data will further
in situmeasurements from previous day [20]. Due to the excelenstrain the inversion. POLDER also measures the light po-
lent MODIS and aircraft lidar calibrations (maximal errors ofarization and CALIPSO measures the depolarization profile,
2% and 5%, respectively), the procedure was used to derive Bugh helping to distinguish spherical particles from nonspherical
effect of dust nonsphericity on the dust scattering phase functiones and in case of POLDER adding sensitivity to the particle
at 180 . Nonsphericity reduced the value of the phase functioefractive index not derived from the MODIS data. Polarization
to 0.41 from its Mie value, resulting in extinction-to-backscais also expected to constrain better the size of the fine mode.
tering ratio of BER= 0.016 sr!, or lidar ratio,S, at 0.53um Over the land, the present inversion is not possible; however,
of S =63 £ 6 sr, andS = 57 + 6 sr at1.06:m. MODIS data can be used to restrict the lidar inversion by spec-
Inversion of the lidar data could be done using alternativlying the total column optical thickness (see [20]). If MODIS
techniques, e.g., using the MODIS spectral optical thicknessderives also the fraction of the optical thickness due to the fine
restrict the inversion and define the lidar ratio (similar to the iraerosol over the land, this product is presently not very accu-
version of ground-based lidars using sunphotometers) or usiage. Improvement in the MODIS derivation over the land, or
an intermediate technique [20], where the MODIS optical thiclkaclusion of the POLDER observations of the fine aerosol [47]
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may allow separation between the fine and coarse aerosol pfbe corrected backscattering are suitable for the actual in-

files also over land surfaces. version, fromg, , =5 ; and 3, o6 ; to the fraction of the fine
aerosol in the extinctiony;, and the extinction itselfgg 53 ;.
APPENDIX The spectral ratid,,,;

INVERSION SCHEME /

fm,vi = /Hml.OG,i//B:nO.c')&i (A6)

This Appendix describes the simultaneous inversion of the . , . .
MODIS spectral radiances in the 0.55—2 8+ range together is used to determing;. We define a normalized backscattering
with the CALIPSO two-wavelengtﬁ (0.53 and 1.p6) lidar coefficient that does not depend on the aerosol extinction or
The total particle backscattgh at wavelength\ is defined as layer hZ'ght but ;isen?_mv? tothe a;fgr_oscil 33;08: Pr/Ao0s5s,
the product between the aerosol normalized backscatter ph\gggre 70.53 1S the extinction coefficient at 0.53m
function and the aerosol scattering coefficient. This also applies 35, = Crwy ; Py i(180)0% ; = Bux.i/00.53 (A7)
to molecular scattering, where the normalized backscatter phase . ’
function for molecules is constantand equal t8«. For agiven W"€€71.06 = 01.06/00.53 andog 55 = 1.

optically thin layer of optical thicknes&r, and heighiA H, the Once the aerosol modgl is determiped by the .inversion
total particle backscatter is defined by [48], [49] process, the phase function and the single scattering albedo
' can be recomputed and used together with the backscattering

B = CrwaP\(180)Acy, (str_lkm’l) (A1) coefficients at\ = 0.53 to derive the optical thickness.

The aerosol backscattering coefficie¥s, ; are combined
from a fractionn, of fine-mode backscattering and fractioin—
7;) of coarse-mode backscattering

whereC', is a constant that defines the lidar properties, Aag
is the extinction coefficient, given by

mA,i
In the inversion, we assume that the lidar equation can be ifrom (A6) and (A8), we express the spectral ratip; as a
verted using the single scattering approximation for each of thenction of ’
layers. For the MODIS data a lookup table, generated using full

radiative transfer calculations of the Dave and Gazdag [31] and [mﬁ{_oﬁ_,f +(1- m)ﬂi_og,c]
Ahmad and Fraser [32] code is used. Em,i = : (A9)
[777?/36.53,f +(1 - 777¢)ﬂ(’).53,c}
Step 1: Inversion of the CALIPSO Data Therefore
For each combination of a fingf” and a coarse€” modes, [ﬂf 06 — EmiBss C]
the two wavelength backscattering coefficients measured by the = — SRkt . (A10)
lidar for layer “” are inverted to give the layer extinction co- [5mi/33_537f — &mil 53,0 — Pros,r + [38‘_53@]

efficient Aoy and the fraction of the extinction due to the ﬁnq\lote that the only dependencespfon the specific properties of

aerosol. The layers do not have to be of the same optical or & eli are throu k,.;, since the functiong* are predetermined
ometrical thickness, and the top layer does not have to be, at 9mi, P

th A fofr the whole aerosol column. The expression for the extinction
e top of the atmosphere. However, no significant amount of " is then derived from (A7) and (A8)

aerosol should be present above the top layer. In this paper, ha>

top layer is between 9 and 10 km above the surface, just under P Bmo.53,i . (A11)

the aircraft. For space application, the top layer can include the [[33.53,f77’i +(1- 7771)/33.53,0}

stratosphere.

The inversion starts from the top aerosol layee= 1). For Let us mention that not every mode combination will give a
each layer, the measurements are the attenuated backscatt@fiygical solution. Unphysical solutions will be reflected in
coefficients by the aerosol and molecules in the layers abovalues ofy; larger than 1.0 or negative. If the valuesgffor any
Therefore, for layer#,” the measured attenuated backscatteririgyer with significant aerosol concentratioi o 53 > 0.02) is
coefficientss, , ;, have to be corrected first for the attenuatiom; > 1.3 orn; < —0.3, the solution for this mode combination
by aerosol optical thickness of layers 1 through 1, and for is void; otherwise it is rounded to 1.0 and 0.0, respectively.
the attenuation by Rayleigh molecular scattering

Step 2: Use of MODIS Spectral Data

i1 = ATt AT TR (A3) Let us first remind that we do not resolve variations in the
whererg, ;1 is the Rayleigh optical thickness from top of thesize of the fine or coarse modes with altitude. Inversion of the
atmosphere down to layérThe measured attenuated backsca&ALIPSO data resulted in up to 20 different combinations of
tering coefficient for the layet, /3, ; is related to the nonat- fine and coarse aerosol profiles, all of them reproducing the

tenuated aerosol backscattering coefficient in the laygr, by lidar profile of the attenuated backscattering coefficient at 0.53
o and 1.06pm. That means that although the 20 combinations

Bmxi = [Brani + Brxil exp(=27xi-1). (A4)  have different properties of the fine and/or coarse modes, it was
possible to find extinction coefficients of the fine and coarse
modes that fit precisely the profiles of the lidar data in the two
/ﬁn,\;i = Bmx,i €xp (27x,i—1) — BrA,- (A5) wavelengths. In step 2, the MODIS measured spectral radiance

Therefore, the correction for attenuation is



KAUFMAN et al. RETRIEVALS OF PROFILES OF FINE AND COARSE AEROSOLS

L..xmop IS used to choose the best solution of the lidar data be41]
tween these 20. For each of the combinations of the ffti@hd
coarse €” modes, inversion resulted i s ¢, 00.53,4, f, ¢, for
layer “i.” The column total optical thickness s3, r, ¢ and the
contribution of the fine mode in the entire columy, ¢ is then

(12]

(23]

T0.53,f,C = LAT0.53,4, f,c = 2H;00.53,4,7,cNf.C
=[X(ni,5.cAT053,0,7,0)/T053,5,0.  (Al2)

For each f” and “C” with correspondingr 53, 7 Or 79.53 ¢ and
nf,c a unigue MODIS spectral radiandg\op, ¢,c iS calcu-
lated using a radiative transfer code for modemdC for each
wavelength\. The radiances are combined using the fractiorn17)
parameter); ¢ [similar to (4)]

(14]
[15]

[16]

Lyvop,f,c = 1y, cLavop,r + (1 —ngc)Lavop,c (A13)  [18]

and compared with the measured MODIS radiabgg viop-
An error e ¢ is calculated for each fine- and coarse-moded!dl
combination [11]

ef,c = (1/6)
2 270-5
[Ex(Lamob,f,c = Lmamion)?/ (Lmxnvion)?]

[20]

(A14)

The minimum value ot ¢ ¢ determines the solution. It is used
to choose the best combinatiofi*and “C” with corresponding
profiles 7;, 09.53,; andoy.06:. The summation is on the six
MODIS channels 0.55-2.Am.

Value of the minimum parametef ¢ can also indicate prob-
lems in the retrievals, in particular, problems with calibration,
or suitability of the look up table. In this paper, the calibration!
is expected to be accurate withirb%; however, the original
values of: ;s ¢ indicated errors of 15% to 20%. We were able to[25]
reduce the error in the fit by introducing a scaling factor in the
coarse-mode phase function due to nonsphericity, by replacing
the value of the scattering phase function at’1fsdm P, (180C°) [26]
to NS, P, (180C°), where NS is the nonsphericity parameter
ranging from 0 to 1.

(21]

(22]

(23]

24]

[27]
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