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Abstract

This paper presents an approach for estimating aerosol absorption by combining MODIS and MISR data. The approach uses a previously
published concept based on combining clear and hazy days to retrieve aerosol absorption. It augments the existing approach by using multi-sensor
data to improve the surface characterization and aerosol property retrieval. MODIS data are used to retrieve the aerosol optical thickness, whereas
MISR data are first used to determine the surface properties on the clear day, and then to retrieve aerosol absorption on hazy days by using the
derived surface properties as the ground boundary condition. The method is applied to two extreme cases of absorption in biomass burning
situations: One case over Mongu (South Africa) and the other over Alta Floresta (Brazil). The range of single scattering albedo retrieved values is
from 0.7 to 0.95. A comparison with AERONET independent estimates shows very good agreement (better than 0.02 on average) across the whole

range.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The effect of aerosol on climate depends on its optical
properties (absorption and scattering) (Fraser & Kaufman,
1985; Satheesh & Ramanathan, 2000). Low absorption leads to
top of atmosphere cooling, while heating can take place inside
the atmosphere for strong absorption (Hansen et al., 1997;
IPCC, 2001).

To estimate the aerosol global impact on the climate system,
we need to know the global repartition of the absorption (or of
the single scattering albedo w,). Though derivation of an aerosol
absorption climatology from ground-based networks is possible
(Dubovik et al., 2002; Schuster et al., 2005), satellite retrieval is
one of the most useful tools to comprehend global aerosol
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absorption (Kaufman et al., 2002a,b). Kaufman (1987), for
example, used Landsat measurements to derive the single
scattering albedo of aerosol from a forest fire transported over
the Washington D.C. region. Kaufman et al. (1990) reported a
method to infer absorption by analyzing a pair of AVHRR
images. Other studies take advantage of the effect of the
absorption over bright desert surfaces, using Landsat (Kaufman
etal.,2001) or MODIS (Hsu et al., 2004; Satheesh & Srinivasan,
2005). In the same manner, Kaufman et al. (2002a) proposes a
new measurement strategy for the assessment of aerosol
absorption using polarimetric measurements from space over
oceanic sunglint regions. Recently, Torres et al. (2005) proposes
a method to retrieve aerosol absorption from TOMS observa-
tions in the near UV.

Aerosol absorption occurs when dust and/or black carbon
kernels are present in the aerosol particle. Even if dust events
lead to an important climatic effect (Prospero et al., 2002; Tanré
et al., 2003), the carbonaceous aerosol remains the main
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Fig. 1. A and B: RGB image of the area near Mongu AERONET site (15.25 degree
South, 23.15 degree East), for the clear day -1a- (July, 17, 2004, path 176 orbit 24363)
and for the hazy day -1B- (August, 2, 2004, path 176, orbit 24596). The data have
been corrected for the molecular scattering effect. The location of the test site used in
the analysis (3 km = 3 km) is indicated by a red cross.

important actor in the aerosol absorbing processes (Haywood &
Ramaswamy, 1998; Jacobson, 2002; Myhre et al., 1998; Penner
etal., 1998, 2003; Ramanathan et al., 2001). In these processes,
smoke from biomass burning can generate a strong local impact
(Hobbs et al., 1997; Penner et al., 1992; Ramanathan et al.,
2001). For that case, there are two different combustibles for
fires: savanna and forest, yielding two different burning pro-
cesses. Savanna burns quickly with a strong flaming stage
emitting a large quantity of black carbon. Forest fires emit
smoke, first during a flaming stage with an emission of black
carbon, and then during a long smoldering stage dominated by
fine organic particles. According to Kaufman et al. (2002a,b),
12% of the African savanna smoke aerosol optical thickness
(AOT) is due to absorption of black carbon while the fraction is
only 7% for the forest fire smoke.

In this paper, we propose to characterize aerosol absorption
for biomass burning smoke by inverting the single scattering
albedo for a Savanna case (Mongu area in Zambia) and for a
forest case (Alta Floresta area in Brazil). For that purpose, we
use a pair of MISR (Diner et al., 1998) images and a pair of
MODIS images acquired on a clear and a hazy day. MODIS
data are used to derive the aerosol optical thickness using the
extended dark target approach (Remer et al., 2005). MISR data
are used in the clear days to characterize the surface properties
in the red and near-infrared bands. The derived surface
properties are used as ground boundary conditions to invert
the aerosol absorption for hazy days where the aerosol optical
thickness is retrieved from MODIS data and the size distribution

Fig. 2. A and B: RGB image of the area near the Alta Floresta AERONET site
(9.92 degree South, 56.02 degree West), for the clear day -2A- (July, 22, 2004,
path 227, orbit 24439), and for the hazy day -2B- (August, 23, 2004, path 277,
orbit 24905). The data have been corrected for the molecular scattering effect.
The location of the test site used in the analysis (3 kmx 3 km) is indicated by a
red cross.
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Table 1

83

Summary the atmospheric conditions and the ancillary data for the four cases studied

Case Aerosol Optical depth at

Angstrom parameter Ozone content

Water content Solar zenith View zenith Relative azimuth

0.55 pm AERONET AERONET [cm atm] NCEP [g/em®] MODIS  angle angle MODIS MODIS
(MODIS for the clear day)
Mongu 7/17/2004 0.155 (0.21) 1.85 0.273 1.11 43.86 13.40 116.9
08h50GMT
Mongu 8/2/2004 0.428 1.85 0.278 1.42 41.11 13.40 118.11
08h50GMT
Alta Floresta 7/22/2004 0.116 (0.09) 1.7 0.2675 3.48 39.34 1.73 49.93
14h05GMT
Alta Floresta 8/23/2004 0.972 2.05 0.2675 4.13 32.56 1.73 40.95
14h05GMT

and real part of the refractive index are obtained from
AERONET measurements.

2. Methodology

The underlying principle of the present approach has been
utilized in several methods aimed at characterizing aerosol
properties from space. It relies on using a pair of images of the
same area acquired under drastically different atmospheric
conditions representing a “clear” and a “hazy” situation. On the
“clear” day, the surface properties could be retrieved with good
accuracy. On the “hazy” day, surface properties derived on the
clear day could be used as ground boundary conditions and the
top of the atmosphere signal could be inverted to derive aerosol
properties. The originality of this method, which takes
advantages of the multi-viewing capabilities of MISR, lies in
the fact that the directional properties of the surface are utilized
in two ways. First, they are used in better predicting the surface
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contribution in the “hazy” case which is not acquired under the
same geometry as the “clear” case. Secondly, they are used in
better constraining the aerosol properties inversion, which is not
restricted to only one view direction.

The method assumes that the surface does not vary
substantially between the two selected dates. This restricts the
interval of time between acquisitions depending on the season
and land cover. For example, it is possible to characterize the
surface once and for all over desert where the surface is
generally stable (Hsu et al., 2004). Over vegetated land surfaces,
phenology and potential rapid changes in land cover, such as
biomass burning and deforestation restrict the maximum
interval of time between two observations depending on the
season. If no rapid change occurs, it is generally accepted that
during a 16-day interval the surface properties can be assumed
constant (Huete et al., 2002; Schaaf et al., 2002) within the error
bars of the derivation (5% relative on the albedo, or 0.005
absolute or 5% relative of the spectral reflectances).
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Fig. 3. A: Inversion of the aerosol characteristics on Mongu for July 17, 2004. B: Inversion of the aerosol characteristics on Mongu for August 2, 2004. C: Alta Floresta
aerosol properties inverted on July 22, 2004. D: Alta Floresta aerosol properties inverted on August 23, 2004.
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Fig. 4. A: MODIS reflectances over Mongu. B: MODIS reflectances over Alta
Floresta.

The second difficulty in the dual date approach lies in the
selection of the clear case. Without a priori knowledge of the
optical thickness, some authors use a compositing technique to
select data where the aerosol effect is minimal. For example,
Hsu et al. (2004) use the minimum reflectivity compositing
technique over desert targets and Holben et al. (1992) use the
maximum contrast criterion. In our approach, we use the optical
thickness derived from MODIS by the extended dark target
method (Remer et al., 2005) as our “clear” case selection cri-
terion. Despite inherent limitations of this technique for a fine
determination of aerosol properties, it proves suitable for our
purpose. An example of the limitations is the fact that only the
blue channel can be used over bright targets and therefore the
aerosol model has to be assumed. The validation of the derived
optical thickness and the analysis of the derived surface prop-
erties show that in “clear” cases the surface reflectance can be
derived with a relative error of 5% in the red and near infrared,
and in hazy conditions the optical thickness can be derived
within 20% at 0.55 pm.

Finally, the third difficulty which is related to the aerosol
retrieval problem in general, is the variability of the aerosol
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Fig. 5. A: MISR data corrected using the derived MODIS optical depth over
Mongu for the clear day (the line is the BRDF model inversion). The negative
(resp. positive) view angles corresponds to the backward (resp. forward)
cameras. B: MISR data corrected using the derived MODIS optical depth over
Alta Floresta for the clear day (the line is the BRDF model inversion). The
negative (resp. positive) view angles corresponds to the backward (resp.
forward) cameras.

effect as a function of the size distribution and refractive indices
(assuming the Mie theory is applicable). In the present study, we
focus on the feasibility of a retrieval technique of aerosol
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Fig. 6. Surface reflectance over the Mongu site on the hazy day (squares) and the
predicted reflectance obtained using the BRDF characterized on the clear day
(line) for several imaginary parts of the refractive index and for the NIR (top)
and the Red (bottom) channels. The negative (resp. positive) view angles
corresponds to the backward (resp. forward) cameras.



E.F. Vermote et al. / Remote Sensing of Environment 107 (2007) 81-89 85

0.06 - - 08
7 0.7
0.05 - i
. Residual H
.. Ho6
0.04 - A ' .
- .. To.ssum 04 ) o
g . ll7 05 =
T 003 . ®
7] h ! o
& S /04 @
[ h .g'
0.02 4 H 3
N i
AOT MODIS I
b ’
0.01 - + o2
| | 1 |

0 0.1
0 0.01 0.02 0.03 0.04 0.05
Imaginary refractive index

Fig. 7. Aerosol optical thickness and residual between observed and predicted
reflectance’s as a function of the imaginary part of the refractive index.

absorption. The absorption is parameterized by the imaginary
part of the refractive index, which is the parameter we invert in
our technique assuming it is not dependent on the wavelength.
Once the imaginary part of the refractive index is retrieved, we
can compute the spectral single scattering albedo which is
directly connected to the absorption at each wavelength.

To reduce the uncertainties due to the variability of aerosol
effect, we will use the aerosol size distribution and the real part
of the refractive index derived from AERONET sun-photometer
observations (Dubovik et al., 2002; Holben et al., 1998) leaving
the absorption as a variable parameter.

Our retrieval method uses acquisitions from two dates, one
“clear” and one “hazy”, and is summarized by the following
steps:

(1) For the clear day, using the optical thickness derived for
MODIS extended dark target method, the atmospheric
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Fig. 8. Same as Fig. 6 but for Alta Floresta.
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Fig. 9. Same as Fig. 7 but for Alta Floresta.

correction of MISR data in the red (0.678 um) and the
near-infrared (0.87 um) is performed. The values of the
directional reflectance in MISR’s 9 cameras are used to
determine the three coefficients of the MODIS operation-
al BRDF model (Isotropic, RossThick, LiSparse Recip-
rocal, Schaaf et al., 2002).

(2) For the hazy day, using once again the MODIS optical
thickness, the atmospheric correction of MISR data is
performed for different values of the imaginary refractive
index. MISR corrected reflectances are compared with the
predictions from the BRDF model derived in step (1). The
imaginary part of the refractive index is determined by
minimizing the difference between predicted and cor-
rected reflectances in the MISR’s 9 cameras.
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Fig. 10. Comparison of the single scattering albedo at 0.44 pm, 0.67 pm and
0.87 um with the one derived from AERONET measurements for both sites. The
imaginary part of the refractive index retrieved in this study is compared to the
averaged imaginary part retrieved by AERONET.
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Table 2
Main characteristics of the aerosol model used in the inversion (from Dubovik et al., 2002)
Model name AERONET data sources Small mode radius [um] Coarse mode radius Small mode volume Coarse mode Refractive
Standard deviation Standard deviation  [um®/um?] volume [pm*/um?] index Real part
Smoke low  Amazonian forest Brazil 0.14+0.01370 44 ym 3.2740.58T044 ym  0.12Tg 44 um 0.0570.44 pim 1.47
absorption  (1993-1994); Bolivia (1998-1999) 0.40 0.79
Smoke high  African savanna Zambia 0.12+0.02570 44 pm 3.22+40.7110.44 um  0.12T0.44 pm 0.0970.44 um 1.51
absorption  (1995-2000) 0.40 0.73
Urban clean  GSFC, Greenbelt, MD 0.12+0.1179 44 yum 3.0340.49T0 44 ym  0.15Tg.44 um 0.01+0.0419.44 pym 1.41—
(1993-2000) 0.38 0.75 0.0379.44 um
Urban Creteil-Paris, France (1999) 0.11+0.1379 44 pm 2.76+0.4879 44 um 0.01+012 7944 pm 0.01+0.05 17944 um  1.40
polluted 0.43 0.79
Dust Solar Village, Saudi Arabia 0.12 2.32 0.02+0027; 02 ym -0.02+ 1.56
(1998-2000) 0.40 0.60 0.9871 02 m

To demonstrate the feasibility of this technique we study
aerosols from biomass burning. Even though these aerosols
generally have similar size distribution and the real part of
refractive indices, they show considerable variability in
absorption depending on the type of combustion and fuel
burned (Dubovik et al., 2002).

3. Data set

Figs. 1A—B and 2A—B show the RGB images of the two sites
selected for this feasibility study using MODIS data. The first
one (Fig. 1A-B) is located over the Mongu area in Zambia. This
site is representative of African savanna. The second site, Alta
Floresta (Fig. 2A—B), is a typical site of the Amazonian forest in
Brazil. The two sites of 3 km x 3 km were selected over relatively
uniform area within 5 km of the sunphotometer location.

Table 1 summarizes the atmospheric conditions and the
ancillary data for the four cases studied. Despite the relatively
close Angstrom parameters, the aerosol models are quite dif-
ferent in terms of size distribution and absorption as illustrated
by the AERONET acrosol characteristics inversion closest to the
MODIS acquisition time (Fig. 3A—D).

4. Application

4.1. Retrieval of aerosol optical thicknesses using the MODIS
data on clear days

The optical thickness was retrieved on the “clear” days for
both sites based on MODIS data using the extended dark target
technique. In this approach, an empirical relationship is as-
sumed between the surface reflectance in the shortwave infrared
(2.13 pm or band 7 of MODIS) and the blue (0.47 um ) or red
wavelength (0.67 um). The aerosol model has to be assumed in
this approach (Remer et al., 2005). In this case, we simply
consider that the blue channel reflectance should be 1/4 of the
shortwave infrared channel. Fig. 4A—B show for each case the
reflectance measured by MODIS at the top of atmosphere as
well as the surface reflectance derived using the optical
thickness computed from the previously described approach
for the clear day. The values of AOT at 0.55 pm derived from
MODIS data for the clear cases over Mongu (0.21) and Alta

Floresta (0.09) are reported in Table 1 along with the values
measured by the sun-photometer (0.155 for Mongu and 0.116
for Alta Floresta). These aerosol optical depths are within the
expected error bars (Remer et al., 2005). In this case, since the
acrosol model is directly derived from the sun-photometer, we
can safely assume that the uncertainty in the SWIR-Visible
surface reflectance relationship is responsible for most of the
error. This source of error has less impact with higher aerosol
optical thicknesses and will lead to a decrease in the relative
error when inverting the aerosol properties for the “hazy” days.

4.2. Atmospheric correction of the MISR data on the clear days

Using the MODIS optical thickness derived on the clear days
together with the aerosol model measured by AERONET, we
perform atmospheric correction of MISR data in the red and NIR
for the nine cameras over an array of 3x3 (1 km) pixels co-

Table 3

Results of the inversion using the climatological models of Table 2

Model Single scattering Residual Imaginary Optical

Albedo (0.44 pm, refractive  depth at
0.67 um, 0.87 pm) index 0.55 um

(a) For Mongu

AERONET 0.8172, 0.7596, 0.7129  0.0123  0.0395 0.4635
(Fig. 3B)

Smoke low 0.8286, 0.7716, 0.7149  0.0085  0.032 0.515
absorption

Smoke 0.8258, 0.7661, 0.7085 0.0130  0.0335 0.449
high absorption

Urban clean 0.7950, 0.7453, 0.6960  0.0360  0.038 0.385

Urban polluted 0.8448, 0.7944, 0.7476  0.0097  0.026 0.492

Dust 0.7712, 0.7632, 0.7748  0.0389  0.014 0.294

(b) For Alta Floresta

AERONET 0.9415, 0.9261, 0.9111  0.011 0.0125 0.903
(Fig. 3D)

Smoke low 0.9485, 0.9289, 9070  0.019 0.008 0.852
absorption

Smoke high 0.9543, 0.9379, 0.9144  0.015 0.007 0.840
absorption

Urban clean 0.9923, 0.9911, 0.9894  0.042 0.005 1.18

Urban polluted 0.9605, 0.9486, 0.9360 0.0095  0.001 0.942

Dust 0.8023, 0.8101, 0.8288  0.106 0.009 0.002
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located with the MODIS aerosol inversion. The atmospheric
correction is done using the ancillary parameters (ozone, water
vapor) given in Table 1 as well as the altitude of the target and
estimates of surface pressure based on NCEP data. The
atmospheric correction is performed using the Vectorial version
of'the 6S code (Kotchenova et al., 2006) available from http://6s.
Itdri.org. The correction is done for a BRDF ground boundary
condition and the convergence is achieved by successive
iterations between the atmospheric correction and the BRDF
parameters inversion, the process converges rapidly after 2 or 3
iterations. The BRDF model used is the linear kernel model
(Isotropic, LiSparse Reciprocal, RossThick) used routinely in
the derivation of the MODIS BRDF-Albedo product (Schaaf et
al., 2002).

Fig. 5A and D show the surface reflectance derived by this
process (symbols) as well as the inverted BRDF model (Lines)
for the two cases. The RMSE errors for Mongu are 0.003 for
Red and 0.005 for NIR. For Alta Floresta, the RMSE errors are a
little higher, 0.005 and 0.008 respectively for the Red and NIR
channels.

4.3. Retrieval of the aerosol optical depth and absorption on
the hazy days

The process is done in two steps, first the acrosol thickness is
derived from MODIS and second the optical thickness is used to
correct the MISR Top of the atmosphere data to produce the
surface reflectance. The aerosol model assumed in the process
will influence the MODIS aerosol optical depth and the final
surface reflectance. In this section, we choose to focus on the
aerosol absorption, therefore the size distribution and real part of
the refractive index are taken from the AERONET inversion (see
Fig. 3B and D). We vary the imaginary part of the refractive
index as it is the factor responsible for absorption. The imaginary
part of the refractive index is assumed to be independent of the
wavelength, which is a valid assumption in the visible and near-
infrared parts of the spectrum.

Fig. 6 shows for Mongu the predicted reflectances, which are
computed using the BRDF obtained on the clear day, in the
MISR red and NIR bands (solid lines) as well as the corrected
reflectances, which are obtained through atmospheric correction
of the data on the hazy day, using several imaginary parts of the
refractive index. For very strong absorption, r;=0.05, the cor-
rected reflectances are both overestimated (compared to the
prediction) especially in the backscattering direction (view
angles ranging from +20° to +70°). For very small absorption,
7;=0.002, the corrected reflectances are underestimated. Fig. 6
also shows the final value selected for the imaginary part of the
refractive index (0.038). This value was found by minimizing
the difference between the predicted and corrected reflectance
(residuals). Residuals are computed using the following
equation:
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Fig. 11. Comparison of the single scattering albedo at 0.44 um, 0.67 pm and
0.87 um with the one derived from AERONET measurements for both sites. The
results are reported for the climatological model which gives the lowest residual.

where ppana”* is the corrected reflectance in red or NIR for
camera 7, and pbandf’“’d is the predicted reflectance in red or NIR
for camera i.

Fig. 7 shows the variation of the residual computed using
Eq. (1) as a function of the assumed imaginary part of the
refractive index. It clearly shows a minimum around 0.038. It is
worth noticing the variation of the aerosol optical thickness of
MODIS as a function of the absorption. The value of the acrosol
optical thickness increases with the absorption as the MODIS
retrieval in the blue is sensitive to the aerosol path radiance
which decreases as the absorption increases. For the minimum
residual condition, the inverted aerosol optical depth at 0.55 pm
(~0.45) is very close to value measured by AERONET (0.428).
Over Mongu on the hazy day, the aerosol layer is rather uniform
and this agreement shows that the inversion is very consistent.

The same procedure is applied to the Alta Floresta data
(Fig. 8). The retrieved imaginary part of the refractive index is
much lower (0.012) than for Mongu. The retrieved aerosol
optical thickness at 0.55 um (0.90) is also in good agreement
with the AERONET measurements (0.972), however the
aerosol layer is less uniform than that for Mongu which may
explain the larger difference between the retrieval and
AERONET measurement.

It is important to clarify that the same aerosol model (size
distribution and imaginary and real part of the refractive index) is
used for MODIS AOT retrieval and in the correction of the
MISR red and near-infrared reflectances. Changing the imag-
inary part of the refractive index will change the MODIS re-
trieved AOT as well. In both Alta Floresta and Mongu cases,
when the residual is minimum, not only the retrieved single
scattering albedo’s are close to the AERONET inversion but also
the MODIS retrieved AOT is close to the AERONET mea-
surement (Fig. 9).
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5. Results and comparison to AERONET estimate of
absorption

Using the aerosol model derived in Section 4 for the Hazy
days over Mongu and Alta Floresta, we computed using Mie
theory the aerosol single scattering albedo in the Blue (where
the optical thickness is retrieved from MODIS), Red and NIR
(where the imaginary part of refractive indices are retrieved
from the MISR data) and compared them to the values reported
by AERONET (Fig. 3B,D). The results are presented on
Fig. 10. The three highest values correspond to the Alta Floresta
case and the three lowest to the Mongu case. Despite the
reduced number of points available for the comparison, one can
see that the agreement is very good between the two estimates
which cover a large range of absorption for biomass burning.

This method enables intercomparing the results of the ab-
sorption over AERONET sites, which could be of interest by
itself, but in order to extend the results outside of the AERONET
location, we need to use a prescribed size distribution and the
real part of the refractive index. Following the approach used for
MODIS aerosol retrieval over land surfaces, we have used five
basics aerosol type extracted from the AERONET aerosol
climatology (Dubovik et al., 2002). The characteristics of the
aerosol type are summarized in Table 2. The aerosol models
selected cover a range of representative type (two smoke models,
two urban models and a dust model). We used those predefined
models in lieu of the AERONET measured sized distribution and
refractive indices on the hazy days (it is assumed that on the clear
day, given the low optical thickness, a standard smoke low
absorption model can be used to derive the reference BRDF).

The results are presented in Table 3a (Mongu) and b (Alta
Floresta), where we give for each model and the AERONET
inverted size distribution, the inverted imaginary part of the
refractive index, the optical thickness, and the single scattering
albedo’s (0.44 um, 0.67 um and 0.87 um). Generally, the smoke
and urban polluted models give a comparable residual (between
~0.01 and 0.02) and despite large variation in the imaginary part
of the refractive index (from 0.026 to 0.0335) a single scattering
albedo within 0.02 of the AERONET retrieval. Fig. 11 shows the
single scattering albedo comparison between the AERONET
retrieval and the inversion for the climatological model which
gives the lowest retrieval. There is a degradation of the per-
formance compared to Fig. 10 but the accuracy is still very good
(within 0.02 on average).

6. Conclusions

We have shown the feasibility of an approach for estimating
the absorption of aerosol using MODIS and MISR data under
specific conditions. The method in the cases investigated shows
very good performance for well documented cases of absorption
(biomass burning). The advantage of this method is that it can be
applied at the pixel level and does not necessitate spatial uni-
formity of the aerosol layer which can be difficult to obtain for
biomass burning cases. However, it requires temporal stability of
the surface between the two acquisitions (clear and hazy days).
The use of the multi-angle data from MISR enables better control

of'the surface influence (variation in geometry between clear and
hazy day) and also improves the sensitivity to the aerosol ab-
sorption as off nadir views are more sensitive to absorption.

Although optical thickness can be derived from MISR, the
use of MODIS for estimating the aerosol optical thickness was
mainly justified by our familiarity with the MODIS inversion
algorithm. The ability of MISR to retrieve the particle size
distribution and the development of aerosol retrieval at higher
spatial resolution (planned by the MISR group) justifies future
investigations to use MISR by itself in retrieving the aerosol
absorption using the current approach.
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