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Abstract 

In couple of years we expect the launch of the CALIPSO lidar spaceborne mission designed 

to observe aerosols and clouds. CALIPSO will collect profiles of the lidar attenuated 

backscattering coefficients in two spectral wavelengths (0.53 and 1.06 pm). Observations are 

provided along the track of the satellite around the globe from pole to pole. The attenuated 

backscattering coefficients are sensitive to the vertical distribution of aerosol particles, their 

shape and size. However the information is insufficient to be mapped into unique aerosol 

physical properties and vertical distribution. Infinite number of physical solutions can reconstruct 

the same two wavelength backscattered profile measured from space. CALIPSO will fly in 

formation with the Aqua satellite and the MODIS spectro-radiometer on board. Spectral 

radiances measured by MODIS in six channels between 0.55 and 2.13 pm simultaneously with 

the CALIPSO observations can constrain the solutions and resolve this ambiguity, albeit under 

some assumptions. In this paper we describe the inversion method and apply it to aircraft lidar 

and MODIS data collected over a dust storm off the coast of West Africa during the SHADE 
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experiment. It is shown that the product of the single scattering albedo, o, and the phase 

function, P, for backscattering can be retrieved from the synergism between measurements 

avoiding a priori hypotheses required for inverting lidar measurements alone. The resultant 

value of oP( 180°)=0.016sr~' are significantly different from what is expected using Mie theory, 

but are in good agreement with recent results obtained from lidar observations of dust episodes. 

The inversion is robust in the presence of noise of 10% and 20% in the lidar signal in the 0.53 

and 1.06 pm channels respectively. Calibration errors of the lidar of 5 to 10% can cause an error 

in optical thickness of 20 to 40% respectively in the tested cases. The lidar calibration errors 

cause degradation in the ability to fit the MODIS data. Therefore the MODIS measurements can 

be used to identify the calibration problem and correct for it. The CALIPSO-MODIS 

measurements of the profiles of fine and coarse aerosols, together with CALIF'S0 measurements 

of clouds vertical distribution, is expected to be critically important in understanding aerosol 

transport across continents and political boundaries, and to study aerosol-cloud interaction and 

its effect on precipitation and global forcing of climate. 



1. Introduction 

Analysis of the future spaceborne CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder 

Satellite Observations) dual wavelength lidar data combined with spectral passive measurements 

from MODIS (Moderate resolution Imaging Spectroradiometer) will generate a data set 

combining the vertical profile information from CALIPSO with the detailed size information in 

the MODIS data. It is expected to resolve to a large extend the ambiguity in deriving the aerosol 

profile from the lidar measurements. There are several complementary differences between the 

way MODIS and CALIPSO observe aerosol. Over the oceans MODIS measures sunlight 

backscattered by the atmosphere in eight spectral channels from 0.41 pm to 2.1 pm. The MODIS 

short wavelengths are sensitive to scattering by both fine and coarse particles, while the long 

wavelengths are sensitive mainly to scattering by the coarse particles [Tanrd et a1 1997; Remer et 

al., 20011. This information is used to derive the aerosol optical thickness separately for the fine 

and coarse aerosols. 

Different physical processes control the formation and removal of the fine and coarse modes, 

defining a specific range for their size distributions in the atmosphere [Hopell et al. 19901. The 

fine mode formed by condensation and oxidation of gases into liquids results in particles with 

effective radius mainly in the 0.1-0.25 pm range [Remer et a1. 1998a, b; Dubovik et al., 20021. 

Coarse particles, formed in physical processes have effective radius usually of 1 pm and larger 

[Dubovik et al., 20021. Therefore in the inversion of the MODIS data we were able to use a 

limited set of aerosol sizes [Tanre‘ er al., 19971 by imposing “real world” restrictions on the 

solutions, to narrow the range of the mathematical possibilities. We use a database of aerosol 



size distributions derived from the Aerosol Robotic Network (AERONET) sun and sky 

measurements [Holben et al., 1998; 2001; Dubovik et al. 20021 over the last 6 yeks from up to 

100 stations world wide, to formulate the restrictions on the size distribution. 

MODIS is sensitive to aerosols integrated on the entire atmospheric column and cannot 

resolve the aerosol profile. CALIPSO lidar will resolve the vertical distribution of the attenuated 

aerosol backscattering coefficients using two spectral channels at 0.53 and 1.06 km. The 

narrower range of these wavelengths and the presence of only two cannot resolve a change in the 

size of the fine or coarse particles with a change in the concentration of the fine vs. coarse 

particles. 

MODIS observations are for variety of scattering angles, while CALIPSO measurements are 

for a fixed scattering angle of 180". The differences in the scattering angles and the difference in 

the sensitivity to aerosol properties (size, refractive index) of the MODIS and CALIPSO 

measurements makes the integrated data set of MODIS+CALIPSO lidar a powerful data base to 

resolve aerosol properties. Both CALIPSO satellite and MODIS on the Aqua satellite will fly in 

formation, observing the same spot on the ground within minutes. 

Here we shall describe and test a procedure that combines active two wavelength 

backscattering lidar measurements from aircraft (simulating CALIPSO) with the passive spectral 

radiometer (MODIS) observations, keeping in mind that eventual integration with POLDER and 

lidar depolarization is expected to generate more refined results. This is one of the first attempts 

to invert simultaneously spaceborne active and passive measurements. Leon et al. (2002) 



describes a different technique to invert passive and active measurements from space. The 

closest publication to our topic is probably the inversion of integrated ground based 

measurements of multispectral lidar data and profile spectral extinction coefficient derived from 

Raman lidar data reported by Muller et al., [ 19981 and Bockmann [2001]. However they did not 

use passive measurements and all observations were performed from the ground. 

After a brief analysis of information content of MODIS and lidar data, we present the 

inversion scheme used for combining the two data sets. Data acquired during the SHADE 

campaign (TanrC et al., in preparation) are then used to show the feasibility of the inversion. 

Sensitivity and errors are discussed in the last section. 

2. Information Content 

A simple demonstration of the information content of the MODIS spectral channels, and their 

importance to the analysis of CALIPSO data is presented in Table 1. The aerosol radiance is the 

difference between the radiance at the top of the atmosphere with and without aerosol. A 

baseline model that contains both fine and coarse mode aerosol generates a given wavelength 

dependence between the lidar 0.53 and 1.06 pm channels. A change in the size of the fine or 

coarse mode particles from the baseline model can still give the same wavelength dependence 

between these two wavelengths by adjusting the relative concentration of the two modes. 

However the longer MODIS wavelengths (1.65 and 2.13 pm) can distinguish between these 

cases and resolve the ambiguity. 



A statistical analysis of the spectral information in the lidar and MODIS data is based on the 

analysis of Tanr6 et al. [1996] for MODIS. It uses single scattering approximation for the aerosol 

radiance, L, at the top of the atmosphere (L=Czo,P) for a range of fine and coarse aerosol 

modes. Here z is the optical thickness, a,, is the single scattering albedo and P the scattering 

phase function. C is proportionality constant. The weighting between the two modes is chosen to 

represent a specific spectral variation of the radiance L(h), expressed by an Angstrom exponent 

function. For CALIPSO lidar wavelengths we can write: 

a,(0.530/1.06) = - ln[L(0.53)L( 1.06)] / ln(0.53/1.06) (1) 

Figure 1 shows combinations of the fine and coarse modes that correspond to three fixed 

values of a,: 0, 0.75 and 1.5. The figure shows that a wide range of effective radii falls into the 

same aL category unresolved by the CALIPSO two wavelengths. It is better resolved by the 

MODIS wide spectral range, though the partial disorganization of the values of the effective 

radius for a, = 0 and to a smaller extend for aL = 0.75 shows also the limitation of the MODIS 

information content. The MODIS information on the aerosol size distribution depends also on 

the illumination and view directions [Tunre' et uL, 19961. However we shall show that integration 

of MODIS and the lidar data can overcome even this limitation. It is concluded from Figure 1 

that the use of the two lidar wavelengths can provide a first selection between modes and that the 

MODIS 2.1 km can be used to define better the size distribution, however only for the entire 

atmospheric column. 



3. Inversion scheme 

From mathematical point of view, inversion of the integrated MODIS + CALIPSO lidar data 

still allows for many very different solutions. However in nature, not all of these solutions occur. 

The chosen aerosol sizes, shown in Table 2, do represent a simplification. They avoid 

mathematical solutions for effective radii around 0.5 pm, that occur in nature only for clay 

particles that accompany in small quantities larger dust particles [Tunre' et al., 20011 and aged 

stratospheric aerosol that is sized just in between the fine and coarse modes [Kaufman et al., 

19941. The result is a combination of 4 possible fine modes and 5 possible coarse modes that 

were selected to be used in the inversion of the MODIS data [Tanre' et al., 1997; Remer e? ul., 

20011. Each mode represents a given aerosol scenario, from dry smoke, to wet urban pollution, 

salt and dust with refractive indices assigned accordingly. The approach was found to be very 

successful in the inversion of aircraft and MODIS data [Tanre' et al., 1999; Remer et al., 20011. 

Table 2 also gives the lidar backscattering ratio, oP( 180") calculated for each of the nine modes, 

to be used for lidar data inversion. 

Inversion of the lidar and MODIS data is performed in two steps. First we invert the lidar data 

alone for all the possible combinations of the fine and coarse modes defined in Table 2. Since for 

each combination, the particle size distribution and refractive indices are defined in the table, and 

the lidar provides 2 pieces of information for each layer, and since we use calibrated lidar data, the 

inversion is well defined and proceeds using simple algebraic formulation. In other words, for a 

given combination of a fine (out of 4) and a coarse aerosol (out of 5) modes, the ambiguity in the 

inversion of the lidar data is removed and a unique profile of the optical thickness of the fine and 



coarse modes is derived from the lidar data. The CALIPSO lidar data have two spectral channels. 

To obtain a unique solution, we assume that the atmospheric column is composed of only one fine 

aerosol mode, and one coarse mode in all the vertical layers. It is further assumed that the size of 

each of these modes does not vary with altitude, contrary to what one may expect from altitude 

variations of the relative humidity. 

In the second step, the retrieved aerosol profiles for each of the 20 combinations are used to 

calculate 20 sets of MODIS spectral reflectances. Each of the 20 cases fits precisely the lidar 

data and the decision, which of the combinations is the proper one, is left to the MODIS 

measurements. The combination of a fine and a coarse mode that fits the MODIS measured 

spectral reflectances with minimal error is the winning combination. In the following we shall 

define the assumptions and mathematical steps in this procedure. The inversion procedure is 

described in the Appendix. 

As a default the aerosol particles are assumed to be spherical, however as we know that for dust 

this is not valid we compensate partially for this assumption in the MODIS data inversion. We 

further test the limitations due to assumptions. 

The look-up table uses the same aerosol models that are used in the MODIS inversion 

[Remer et al. 20011. They include four fine modes with effective radius, Reff, varying from 0.10 

to 0.25 pm in step of 0.05 pm and five coarse modes, 3 for salt and 2 for dust with varying 

effective radii from 1 to 2.5 pm. Refractive indices are selected to fit the size of each mode, 

assuming that larger fine mode corresponds to higher relative humidity and smaller refractive 



index. The lidar backscattering coefficient 

for these models. 

and the MODIS spectral radiance L,. are computed 

4. Application to SHADE data 

The integrated CALIPSO-MODIS algorithm is applied to LEANDRE 1 lidar data collected by 

CNRS onboard the French Myst6re-20 research aircraft during the Shade experiment off the 

West Africa coast (see Fig. 2 right panel) over the Northeastern Tropical Atlantic (Pelon et al., in 

preparation). The LEANDRE 1 system offers the same observational capability that the 

CALIPSO lidar (two channels at 0.53 and 1.06 pm and depolarization at 0.53 pm). We used here 

coincidental lidar and MODIS data within 20 minutes on Sept 26, 2000. Observation were 

acquired between the West coast of Africa and the Cape Verde archipelago. This location is 

well-known to be the main area of dust transport over the tropical Atlantic (Chiapello et al., 

1997). The atmospheric aerosol is dominated by dust from the Sahara (Li et al., 1996). During 

summer time, the African dust is transported across the Atlantic in a dry and warm stable layer, 

the so-called Saharan air layer (SAL), located between 1.5 and 6 km in altitude (Prosper0 and 

Carlson, 1972). A conceptual model for the SAL has been proposed and validated by 

Karyampudi et al. (1999). This analysis shows that such a kind of dust transport occurs in 

September. During winter time, a low altitude transport of dust in the trade winds may prevail 

(Chiapello et a1.,1995). 

The lidar attenuated backscattering coefficient at 0.53 pm and the corresponding image of the 

MODIS derived optical thickness are shown in Fig. 2. They show the three dimensional structure 

of the dust layer. Examples of the MODIS spectral reflectance and the lidar profiles of the 



attenuated backscattering coefficient at 0.53 and 1.06 pm are plotted in Fig. 3. The lidar 

backscattering attenuated coefficient is reported in 15 m resolution steps. The main dust layer is 

seen to extend up to 3 km in altitude, although the whole dust outbreak is seen to reach an upper 

altitude of 7-8 km. We averaged the data in non-equal steps based on the strength of the lidar 

signal. The averaged functions are shown by lines in the figure. The steps capture the main 

features of the return. 

To invert dust data using LEANDRE 1 and MODIS measurements we have to account for 

the difference in the effects of non-sphericity on the scattering phase function. The MODIS data 

for the dust layer are for scattering angle of - 135" while the lidar return is analyzed for a 

scattering angle of 180". For 135" scattering angle dust nonsphericity has a small impact on the 

scattering phase function [Mishchenko et al., 1997, Yang et ai., 20001, much smaller than at 

180". Further multiple scattering for the high dust loading of Shade, reduces the effect of 

nonsphericity on the MODIS measurements but not as much on the lidar measurements. Multiple 

scattering impact on lidar data is expected to be of the order of a few per-cent as the radii of 

particles is not too large as compared to wavelength and as distance (about 10 km) is small 

(Eloranta, 1998). It is however expected to be larger for CALIPSO space-borne measurements 

(Winker et al., 2002). To account for the difference in the nonsphericity effect, we introduced a 

nonsphericity parameter, S,, that reduces the lidar spherical phase function at 0.53 pm and 1.06 

pm. The parameter S, is determined at 0.53 pm and 1.06 pm as the value required for the lidar 

data to give column optical thicknesses of the fine and coarse aerosols that reproduce the 

MODIS measured spectral reflectances. MODIS derived optical thicknesses were found to be 



accurate even in the presence of dust [Remer et aZ., 20021. The inversion procedure is based on 

the use of normalized parameters. Assuming nonsphericity effects are similar at both 

wavelengths, retrieval errors should be minimized. Therefore the parameter SA is expected to be a 

good approximate representation of the nonsphericity at 180". We found that S=0.42 and 0.43 at 

0.53 and 1.06 pm, respectively, gives a good fit to the MODIS data (see left panel of Fig. 4) with 

residual error of 3.6%, for model 6. An error of 2-4% in the MODIS spectral reflectances is 

expected due to small uncertainty in the MODIS calibration (1-2%) and uncertainty in the ocean 

surface reflectance. The validity of taking into account nonsphericity as a factor S is further 

confirmed by the fact that values of S retrieved at both wavelengths are identical. The value 

S=0.42 gives is similar to calculations of the ratio of phase function of spheroids to spheres for 

size parameter X of 15 to 25 that corresponds to dust with effective radius of 2 pm. For S10.40 

or S20.45 the difference between MODIS and LEANDRE 1 lidar nonsphericity is large enough 

so that there is no value of optical thickness that can satisfy both the LEANDRE 1 and MODIS 

measurements. The right panel of Fig. 4 shows the profiles of the extinction coefficient of the 

fine and coarse particles for the optimum solution (S=0.42) and for the other values of S. 

Inversion products of the lidar and MODIS data of Fig. 3 are shown in Fig. 5. Note that 

correction of the attenuation of the backscattering function by the aerosol layers in the inversion 

process shifts the maximum extinction of the coarse mode from 3 to 2 km. The lidar ratio derived 

in this inversion at both wavelengths is 63k6 sr. It was increased from 30 sr by the nonsphericity 

correction. This value is in good agreement with the one derived from lidar data analysis (Pelon 



et al., in preparation) and with values recently found from ground-based Raman lidar 

measurements (Mattis et al., 2002). 

5. Sensitivity to calibration errors and noise in the lidar data 

What is the sensitivity of the inversion to calibration errors and noise in the lidar data? In the 

following we discuss the sensitivity with the help of the dust data from the SHADE experiment. 

In Fig. 6 we check the sensitivity of the inversion to the lidar calibration. It is expected that the 

satellite lidar data will be more noisy than the aircraft lidar, due to the larger distance of 700 kms 

vs. 8 kms from the dust layer. Noise in the lidar system may cause errors in the absolute lidar 

calibration. We tested both cases with same or different calibration errors in the two channels. A 

profile of attenuated backscattering coefficient was chosen and an error in calibration of 5% in 

both channels was introduced. The calibration errors introduce an error of 20% in the column 

optical thickness. However the fit to MODIS data had an unrealistic high value of 9%, an 

indicator of inconsistency between the lidar and MODIS data, due to the calibration errors. Note 

that the inversion process can find the nonsphericity parameter S only if the calibration is well 

known as in this case of aircraft lidar data. Double calibration error (10%) doubles the error in 

the optical thickness and farther increases the error in fitting the MODIS data to 16% - a clear 

indicator of the lidar calibration errors. 

Introduction of noise to the lidar data has a much smaller effect on the inversion than 

systematic calibration errors. We added random errors to the lidar backscattering profile using 

the transformation: 

Ph 3 (jh( 1 +rCN/lOO%) 



where r is a random number between -1 and +I and CN is the magnitude of the noise, 10% at 

h=0.53 pm and 20% at k 1 . 0 6  pm. Profiles of the inverted extinction coefficient (Fig. 7) show 

that the noise did not change the fundamental properties of the derived aerosol layer. The 

differences are larger for the fine mode due to its small contribution to the optical thickness in 

this case. Addition of the noise did not have a systematic effect on the column properties. It 

changed the column optical thickness at 0.53 pm from 0.87 to 0.85*0.1. The fraction of the fine 

mode in the optical thickness increased from 0.1 1 to 0.14*0.08. The inversion process identified 

the same modes of the fine and coarse particles 80% of the time. A histogram of the optical 

thicknesses derived in 46 calculations with random noise is shown in Fig. 8. 

6. Conclusions 

Combined inversion of the MODIS spectral radiances with the CALIPSO 2 wavelength 

profiles of the attenuated backscattering coefficient, takes advantage of the wide MODIS spectral 

range and the vertical profile information in the lidar data. The inversion produces the vertical 

profiles of the fine and coarse mode. In case the size of the fine or coarse modes vary as a 

function of height, the inversion will choose the average size to represent the column. The 

inversion was shown to be sensitive to the data quality. Introduction of calibration errors into the 

lidar data or the presence of nonsphericity is not compensated by a different aerosol profile but 

rather results in large and unacceptable retrieval errors. This feature can be used to improve the 

calibration of the lidar or the MODIS instrument, or improve the aerosol model. Application to 

the SHADE data over heavy dust from Africa resulted as expected in profile of mainly dust, in 

agreement with in situ measurements [Leon et al., 20021. 



Further improvement in the analysis is expected from additional synergism. The PARASOL 

mission with a POLDER instrument on board will be part of the same train as AQUA and 

CALIPSO satellites. It will take passive measurements of the two dimensional polarized 

radiation field in five spectral channels in the 0.44-0.91 pm range and for wide range of view 

zenith angles and all azimuth directions [Deuze, et al., 20001. This information when integrated 

into the MODIS+CALIPSO data will further constrain the inversion. POLDER also measures the 

light polarization and CALIPSO measures the depolarization profile, both helping to distinguish 

spherical particles from non-spherical ones and in case of POLDER adding sensitivity to the 

particle refractive index not derived from the MODIS data. Polarization is also expected to 

constrain better the size of the fine mode. 
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Appendix: Inversion Scheme 

In this appendix we describe the inversion process of the MODIS spectral radiances in the 

0,55-2.13 pm range together with the CALIPSO 2 wavelength (0.53 and 1.06 pm) lidar 

The lidar backscattering coefficient is defined by: 

ph = CLO~P~(  180)A~k. 

We define a normalized backscattering coefficient, that does not depend on the aerosol optical 

thickness, p*,, = pk/A~o,53, where  AT^.^^ is the optical thickness of the layer: 



where A T * ~ , ~ = A T ~ . ~ / A T ~ , ~ ~  and AT*o,53=1. The coefficient CL defines the lidar properties and is 

used as CL=l in the simulation. 

Step 1: Inversion of the CALIPSO data 

For each combination of a fine "f" and a coarse "C" mode, the two wavelength 

backscattering coefficient measured by the lidar and received from each layer "i" are inverted 

starting from the top of the atmosphere. For the top layer in the atmosphere, i=l, the CALIPSO 

measurements, are simply the backscattering coefficients at hS.53 and h=1.06 pm. For 

lower layers the measurements are the attenuated backscattering coefficients by the layers above. 

For the top layer the spectral ratio cml, 
5 =P'  /P' ml m1.06,l m0.53,l 

is calculated after subtracting Rayleigh backscattering, 

attenuating due to higher layers. 

and accounting for Rayleigh 

P',h,l=P,hh,lexP(2*A~IJ - PRAJ 043) 

is the Rayleigh unattenuated backscattering coefficient 

It is sensitive to the aerosol size but not to the aerosol concentration. Once the aerosol model is 

determined by the inversion process, the phase function and the single scattering albedo can be 

recomputed and used together with the backscattering coefficients at h=0.53 to derive the optical 

thickness. 



The ratio tml, is used to determine the contribution of the fine mode in layer i=l to the 

aerosol optical thickness at 0.53 pm, ql .  The aerosol backscattering coefficients B‘d,l is 

combined from a fraction, q1 of the fine mode backscattering and fraction (l-ql) of the coarse 

mode backscattering: 

Y n A , 1 =  ~ l~’mh, l , : ( l -~ l )P’mh, ,c  
(A41 

From Eqs. Al-A4 we can extract the expressions for ql  and  AT^. First we calculate ql  

from the measured ratio 5, using the normalized backscattering coefficients for unit optical 

thickness at 0.55 pm  AT*,,^,=^) stored in the lookup table by inverting eqs. A2 and A3: 

‘l= ‘p*1.06,1,c -5  ml s* 0.53,l,c 1 J r5 B* -5  B* -p* +p*  1 (A51 ml 0.53,l,f ml 0.53,l,c 1.06,l,f 1.06,l,c 

Then we derive the optical thickness of the layer - 

backscattering coefficient p‘d,l and the definitions (Eq. Al): 

and Azl.% from the measured 

AT =p’ andAT =AT AT* (A61 0.53 m0.53,l@*0.53,1 1.06 0.53 1.06 

where the functions p*o,53,1 and  AT*^.% for the combined fine and coarse aerosol are obtained 

from the look up table: 

and AT* = q  AT* +( l-q )AT* 
’*0.53,1= 1p*0.53,1,f+(1-ql)p*0.53,1,c 1.06 1 1.06,l,f 1 1.06,l,c 

The results of the inversion for the top layer (i=l) are ql ,  A ~ o . 5 3 , ~  and  AT^,^,^. 



For lower layers, i>l the backscattering coefficients are attenuated by the layers above: 

layers 1 through i-1. Since the measured attenuated backscattering coefficient for the layer i, 

pmh is related to the non-attenuated aerosol backscattering coefficient in the layer - p’mh,iy by: 

- +p ]exp(-2~ ) therefore: p’ = P,,:xp(2~~,~)-P,,~ 
p d , i  - [ ” d , i  ,,I h,i d , i  

Where zAi is the combined aerosol and Rayleigh optical thickness from the top of the atmosphere 

to layer “i”: 

T =AT +...+AT +T 
h,i h,l h,i-1 Rh,i 

and T ~ , ~  is the Rayleigh optical thickness from top of atmosphere down to layer i. With this 

transformation we can apply the same formulation as to the top layer (eqs. A4 and A5), replacing 

“1” with ‘5’’ and resulting in qi,  AT^.^^,^: 

-5 .B* 1 4 5  B* -5 P* -p* +p* 3 and (A59 
‘i =“*1.06,i,c rm 0.53,i,c m 0.53,i,f m 0.53,i,c 1.06,i,f 1.06,i,c 

(A6i). 

Not every mode combination will give a physical solution. Unphysical solution will be reflected 

in values of qi larger than 1.0 or negative. If the value of qi is qi >1.2 or qi < -0.2, the solution 

for this mode combination is void, otherwise it is rounded to 1.0 and 0.0 respectively. 



Step 2: Use of MODIS spectral data 

Inversion of the CALIPSO data resulted in up to 20 different combinations of fine and 

coarse aerosol profiles, all of them reproducing the lidar profiles of the attenuated backscattering 

coefficient at 0.53 and 1.06pm. In step 2, the MODIS measured spectral radiance L d M O D  is 

used to choose the best solution between these 20. For each of the combinations of the fine, “f’, 

and coarse, “C” modes inversion of the lidar data resulted in qi,f,c, Aq)53,,,f,C, for layer “i”. The 

column total optical thickness ~ 0 . 5 3 , f , c  and the contribution of the fine mode in the entire column, 

qf,c is then, 

For each “f’ and “C” with corresponding ~ 0 , 5 3 , f , c  and qfc, a unique MODIS spectral radiance - 

LhMOD,f,C is calculated and compared with the measured MODIS radiance - L d M O D  A 

minimum error E ~ , ~  [Tank et a1 19971: 

E f,c =(1/6)[C h (L hMOD,f,c-LmhMOD)2’(LmhMOD )2~0.5 

is used to choose the best combination “f’ and “C” with corresponding profiles qi, A ~ 0 . 5 3 , i  and 

 AT^,^,^. The summation is on the 6 MODIS channels 0.55-2.1 pm. 



Table 1: Example of 4 aerosol size distributions, that give the same spectral dependence of the 

aerosol reflected radiance between 0.53 pm and 1.06 pm and different radiance at 2.1 pm. The 

radiance is normalized to 1.0 at 0.55pm and shown for 1.06 and 2.13 pm. The aerosol size 

distribution is composed of 2 log-normal modes, fine and coarse, with effective radius Re, given 

in the table. The effective radius and % contribution of each mode to the optical thickness at 0.53 

pm defines the normalized spectral optical thickness in the whole solar spectrum. 

Fine mode Salt mode Aerosol radiance ~ ~ ~ ( 0 . 5 3 ,  

Reff, pm Contri- Reff, pm Contri- 1.06 pm 2.13 pm 1.06 pm) 

bution % bution % 

0.15 50 1 50 0.693 0.357 0.53 

0.2 60 1 40 0.69 0.331 0.54 

0.25 69 1 31 0.689 0.309 0.54 

0.2 63 1.5 37 0.697 0.4 0.52 



Table 2: Aerosol Models for the fine and coarse modes used to retrieve the aerosol properties 

from the integrated CALIPSO and MODIS data set. R, and 0 are the median radius and 

standard deviation of the log-normal size distribution. Re, is the effective radius of the 

distribution: Re, = Rgexp(2.502). The value of the lidar backscattering ratio, o~(180"), is also 

given. 

fine particles: 
)L=0.55-- h =1.24pm h =1.64pm h =2.13pm Rg 0 &ff oP(180") Comments 
>0.86pm at 0.55 

pm 
1 1.45-0.0035i 1.45-0.0035i 1.43-0.01i 1.40-0.005i 0.07 0.40 0.10 0.28 Small fine 

2 1.45-0.0035i 1.45-0.0035i 1.43-0.01i 1.40-0.005i 0.06 0.60 0.15 0.20 Intermediate fine 

3 1.40-0.002Oi 1.40-0.002Oi 1.39-0.005i 1.36-0.003i 0.08 0.60 0.20 0.17 Wet large fine 

4 1.40-0.002Oi 1.40-0.002Oi 1.39-0.005 1.36-0.003i 0.10 0.60 0.25 0.17 Wetter large fine 

coarse particles: 
h=0.55-- k1.24pm k1.64pm L2.13jm-1 R, 0 &f oP(180") comments 
> 0 . 8 6 p  at 0.55 

pm 
5 1.45-0.0035i 1.45-0.0035 1.43-0.0035i 1.43-0.0035i 0.40 0.60 0.98 0.44 Wet Sea salt type 

6 1.45-0.0035i 1.45-0.0035 1.43-0.0035i 1.43-0.0035i 0.60 0.60 1.48 0.44 Wet Sea salt type 

7 1.45-0.0035i 1.45-0.00351 1.43-0.0035i 1.43-0.0035i 0.80 0.60 1.98 0,41 Wet Sea salt type 

8 1.53-0.001i 1.46-0.OoOi 1.46-0.001i 1.46-0.OOOi 0.60 0.60 1.48 0.96 Dust-like type 
at 0.55-0.86 

Pm 

at 0.55-0.86 
pm 

9 1.53-0.001i 1.46-0.OoOi 1.46-0.001i 1.46-0.OOOi 0.50 0.80 2.50 0.92 Dust-like type 



Figure Captions: 

Fig. 1: The spectral normalized aerosol radiance (normalized by the value at 0.53 pm) for a 

range of combinations of the aerosol fine and coarse modes that result in 3 specific values of the 

spectral slope aL. For each case the effective radius kff of the whole size distribution is shown. 

MODIS 2.1 pm channel resolves most of the differences among the different cases. 

Fig. 2: Left - lidar returns at 0.53 pm as a function of longitude, showing the presence of dust at 

2-3 km altitude. On the right the MODIS image of the derived aerosol optical thickness is shown. 

Red colors correspond to high aerosol concentration. The lidar path is shown in the MODIS 

image by black line. 

Fig. 3: Left - profiles of the attenuated lidar backscattering coefficient at 0.53 pm (green) and 

1.06 pm (red). The measured lidar returns, integrated on 15 m altitude are given by dots. The 

data were averaged every in non-equal steps shown by the lines. Right - corresponding MODIS 

spectral reflectances measured over the Ocean at the top of the atmosphere, outside the Ocean 

glint. 

Fig. 4: Sensitivity of the inversion of LEANDREl + MODDIS data to the nonsphericity 

parameter - S. In the inversion process, the lidar backscattering phase function associated with 

coarse particles was multiplied by S. The left figure shows the error in fiting the MODIS spectral 

reflectance (black line), and the aerosol optical thickness (green) and fraction of fine particles 

contributiopn to the optical thickness (red) that resulted from the inversion. For S=0.42 there is 



sharp decline in the error on both sides of S=0.42. For this value the fraction contribution of the 

fine mode is small (1 1 %) as expected for the dust episode. 

Fig. 5: Results of invesion of the lidar profiles and MODIS spectra of Fig. 4. Note that the 

maximum extinction occures in lower altitude than the maximum backscattering coefficient due 

to its attenuation by the aerosol above the given layer.. 

Fig. 6: Sensitivity of the inversion of the lidar profiles to errors in calibration of 5% to 10% in 

each or both of the channels as indicated. The heavy line shows the solution with no additional 

errors. The values of the column optical thickness of the fine (q) and coarse (2,) aerosols are 

given in the figure. 

Fig. 7: Profiles of the extinction coeffcient obtained for the original data (solid thick lines) and in 

the presence of random noise in the backscattering coefficient of 10% at 0.53 pm and 20% at 

I .06 km (thin lines with symbols). Fine mode is shown by red and coarse moe by green. 

Fig. 8: Histogram of the column aerosol optical thickness obtained in the presence of random 

noise in the backscattering coefficient of 10% at 0.53 pm and 20% at 1.06 pm. The yellow line is 

the solution without the noise. 
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Fig. 1: The spectral normalized aerosol radiance (normalized by the value at 0.53 pm) for 

a range of combinations of the aerosol fine and coarse modes that result in 3 specific 

values of the spectral slope a,. For each case the effective radius Re, of the whole size 

distribution is shown. MODIS 2.1 pm channel resolves most of the differences among the 

different cases. 
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Fig. 2: Left - lidar returns at 0.53 pm as a function of longitude, showing the presence of 

dust at 2-3 km altitude. On the right the MODIS image of the derived aerosol optical 

thickness is shown. Red colors correspond to high aerosol concentration. The lidar path is 

shown in the MODIS image by black line. 
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Fig. 3: Left - profiles of the attenuated lidar bacscattering coefficient at 0.53 pm (green) 

and 1.06 pm (red). The measured lidar returns, integrated on 15 m altitude are given by 

dots. The data were averaged every in non-equal steps shown by the lines. Right - 

corresponding MODIS spectral reflectances measured over the Ocean at the top of the 

atmosphere, outside the Ocean glint. 



0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
nonsphericity correction of phase function 

. . . .  . . . .  . . . . , . . . . I  . . . . ,  . . . .  
1- -AOT fine N S = 1  -. -AOT coarse NS=1 - - -AOT fine N S = 0 . 8  
- - -AOT coarse N S = 0 . 8  
- - * - - A O T  fine N S 0 . 5  . . ... 

AOT coarse N S 0 . 5  
-AOT fine N S 0 . 4 2  6 

4 

2 

0 
0 0.05 0.1 0.15 0.2 0.25 0.3 

extinction (krn-’) 

Fig. 4: Sensitivity of the inversion of Calipso+MODDIS data to the nonsphericity parameter - S. 

In the inversion process, the lidar backscattering phase function associated with coarse particles 

was multiplied by S. The left figure shows the error in fiting the MODIS spectral reflectance 

(black line), and the aerosol optical thickness (green) and fraction of fine particles contributiopn 

to the optical thickness (red) that resulted from the inversion. For S=0.42 there is sharp decline in 

the error on both sides of S=0.42. For this value the fraction contribution of the fine mode is 

small (1 1%) as expected for the dust episode. 
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Fig. 5: Results of invesion of the lidar profiles and MODIS spectra of Fig. 4. Note that the 

maximum extinction occures in lower altitude than the maximum backscattering coefficient due to 

its attenuation by the aerosol above the given layer. 
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Fig. 6: Sensitivity of the inversion of the lidar profiles to errors in calibration of 5% to 10% in each 01 

both of the channels as indicated. Right: profile of the extinction coefficients. The heavy line show: 

the solution with no additional errors. The values of the column optical thickness of the fine (q) anc 

coarse (2,) aerosols are given in the figure. Left: Spectra of the reflectance difference between thc 

derived solution and the MODIS measurements. 
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Fig. 7: Profiles of the extinction coeffcient obtained for the original data (solid thick lines) and in thc 

presence of random noise in the backscattering coefficient of 10% at 0.53 l m  and 20% at 1.06 pm 

(thin lines with symbols). Fine mode is shown by red and coarse mode by green. 



5 6  

0 - 0 :I 4 f 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 

Aerosol Optical thickness Fine aerosol fraction in AOT 

Fig. 8: Histogram of the column aerosol optical thickness (left) and fine aerosol fraction (right 

obtained in the presence of random noise in the backscattering coefficient of 10% at 0.53 pm and 20% 

at 1.06 pm. The yellow line is the solution without the noise. 
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Popular summary 

In the next couple of years we shall see the launch of the first lidars into space, designed 
to observe the distribution with height of dust, air pollution and smoke aerosols. Lidars 
send pulses of light and detect the strength of reflection and distance of small mirrors - 
dust smoke or air pollution aerosols that reflect the light. Though the aerosol layers can 
be easily detected from the lidar data, their exact height distribution and size cannot be 
derived from the lidar data alone. In this paper we show that combination of the Calipso 
lidar data with observations from MODIS contains enough information about the aerosol 
so that we can distinguish between the vertical distribution of dust and smoke or air 
pollution and sea salt aerosols. The new method was applied to measurements from 
MODIS and airborne lidar of a dust storm off the coast of West Africa during the 
SHADE experiment. The results show the presence of a dust layer centered at 2 km, and 
a thin layer of air pollution centered at 3 km. 


