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[1] We have compared the total as well as fine mode aerosol optical depth (t and tfine)
retrieved by Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Terra
and Aqua (2001–2005) with the equivalent parameters derived by Aerosol Robotic
Network (AERONET) at Kanpur (26.45°N, 80.35°E), northern India. MODIS Collection
005 (C005)–derived t0.55 was found to be in good agreement with the AERONET
measurements. The tfine and h (tfine/t) were, however, biased low significantly in most
matched cases. A new set of retrieval with the use of absorbing aerosol model (SSA ∼ 0.87)
with increased visible surface reflectance provided improved t and tfine at Kanpur. The new
derivation of h also compares well qualitatively with an independent set of in situ
measurements of accumulation mass fraction over much of the southern India. This
suggests that though MODIS land algorithm has limited information to derive size
properties of aerosols over land, more accurate parameterization of aerosol and surface
properties within the existing C005 algorithm may improve the accuracy of size‐resolved
aerosol optical properties. The results presented in this paper indicate that there is a need to
reconsider the surface parameterization and assumed aerosol properties in MODIS C005
algorithm over the Indian region in order to retrieve more accurate aerosol optical and size
properties, which are essential to quantify the impact of human‐made aerosols on climate.
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1. Introduction

[2] The satellite‐based remote sensing of tropospheric
aerosols has become an essential tool to monitor aerosols
globally. Since late 1970s, aerosol properties over oceans
have been monitored by Advanced Very High‐Resolution
Radiometer (AVHRR) onboard NOAA series of satellites.
Using the back‐scattered ultraviolet (UV) radiation, the
Total Ozone Mapping Spectrometer (TOMS) has provided
the longest time series of information on elevated absorbing
aerosols over land and ocean [Herman et al., 1997; Torres
et al., 1998]. These information, however, were limited to
mainly oceanic regions or provide a qualitative measure of
aerosol loading over land and ocean. The retrieval of aerosol
optical and size properties on operational basis with high
spatial and temporal resolution is the prime requirement

today to assess the impact of aerosols on the earth’s climate.
With the launch of Moderate Resolution Imaging Spectro-
radiometer (MODIS) onboard Terra (18 December 1999)
and Aqua (4 May 2002), the operational remote sensing of
tropospheric aerosols over the globe on a daily basis has
become possible. The high spatial and temporal resolution
with desired accuracy of the retrieved aerosol properties by
MODIS allow us to study aerosols on various scales.
Kaufman et al. [1997] had developed the first over‐land
MODIS aerosol algorithm that was based on the look‐up‐
table approach. The spectral reflectance measured by
MODIS at the top of atmosphere are matched with the pre-
calculated reflectance for a set of aerosol models and surface
reflectance. Since its launch in year 2000, MODIS aerosol
algorithm has been continually updated and evaluated with
respect to ground‐based measurements. The aerosol products
derived from MODIS have been extensively used by the
scientific community in variety of applications. MODIS has
provided the first comprehensive aerosol database globally
which has helped in understanding the global aerosol dis-
tribution. MODIS has an ability to separate aerosols by their
size that aids in identifying the anthropogenic (mainly fine
mode) and natural aerosols (mainly coarse mode) in total
aerosol loading. Several validation studies have compared
the MODIS aerosol products with those of ground‐based
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measurements (mainly AERONET) and shown that the
aerosol optical depth (AOD or t) retrieved by MODIS over
ocean is well within the prelaunch uncertainty (Dt = ±0.03 ±
0.05t). Over land, the accuracy of retrieved t is limited
(Dt = ±0.05 ± 0.15t), primarily because of difficulty in
handling heterogeneous and especially bright surface
reflectance. Studies by Chu et al. [2002] and Remer et al.
[2005] had demonstrated that MODIS C004 tended to
underestimate at larger values of t. Over bright surfaces and
in dusty regions, t of C004 was overestimated [Kaufman
et al., 2000; Chin et al., 2004; Jethva et al., 2007]. These
and many other studies indicated that there was a need to
improve the aerosol algorithm particularly over land.
[3] In order to reduce bias observed in the MODIS C004

aerosol products, Levy et al. [2007] have implemented the
second‐generationMODIS aerosol algorithm for the retrieval
of aerosols over land. Keeping the basic philosophy of
retrieval same, the old algorithm (C004) has been restructured
to incorporate some major changes. A new set of fine and
coarse mode aerosol models have been assigned to each
region using the subjective cluster analysis applied to
AERONET measurements worldwide. The reflectance
relationships for deriving surface reflectance in the visible
channels (0.47 mm and 0.66 mm) have been parameterized in
which the reflectance ratio is now a function of “greenness” of
target and scattering angle. The new algorithm no more
assumes that the 2.1 mm channel is transparent to aerosols,
rather it first determines the surface reflectance at 2.1 mm
based on the measured reflectance and assumed aerosol
properties at this wavelength. Look‐up‐table (LUT) calcu-
lations are based on the combination of MIEV code
[Wiscombe, 1981] and RT3 radiative transfer code [Evans
and Stephens, 1991] that accounts for the effects of polari-
zation. Section 3 describe the aerosol retrieval procedure
adopted in the C005 algorithm. The details of Collection 005

(C005) algorithm and aerosol products can be found in the
theoretical basis document on MODIS web page.
[4] The economic development and greater population

density over the northern India have led to the higher levels
of pollution in this region [Guttikunda et al., 2003]. Recent
aerosol inventories [Reddy and Venketaraman, 2002a,
2002b] and measurements provided by the ground‐based and
satellite [Di Girolamo et al., 2004; Singh et al., 2004; Jethva
et al., 2005] show that the Indo‐Gangetic Plane (IGP) is one
of the highly aerosol loaded regions in India. The major
sources of aerosols over this region are seasonal biomass‐
burning smoke, biofuel combustion [Venkataraman et al.,
2005] and dust [Singh et al., 2004; Jethva et al., 2005;
Sagnik et al., 2004]. Since year 2001, AERONET sunphoto-
meter at Kanpur, India has provided remotely sensed high‐
quality data on spectral t, single‐scattering albedo (w0(l)),
refractive index, and aerosol volume size distribution
(dV/dlnr) from the spectral sun and sky measurements
[Holben et al., 1998; Dubovik and King, 2000]. The later
inversion parameters are considered to be good when
condition t0.44 > 0.4 is satisfied. All together, the season-
ality of aerosols, variable surface properties, meteorology,
and topography make this region a good test bed for evalu-
ating the performance of MODIS aerosol algorithm.

2. Comparison of MODIS C005 Aerosol Retrieval
With AERONET

[5] Figure 1 shows the scatterplot of colocated t0.55
derived by Terra and Aqua MODIS C005 and AERONET
for the period 2001–2005. The spatially averaged MODIS t
in a grid box of size 0.5° × 0.5° centered at AERONET site
have been compared with the temporally averagedAERONET
measurements within ±30 min of MODIS overpass over
the sunphotometer site [Ichoku et al., 2002]. MODIS‐
derived t is found to be within the predicted uncertainty of

Figure 1. Scatterplot of (left) colocated aerosol optical depth, (middle) fine mode AOD, and (right) fine
model weighting, at 0.55 mm, between MODIS (y axis) and AERONET (x axis) for data acquired from
Terra and Aqua platforms during period 2001–2005 at Kanpur, India. The dashed lines (Figure 1, left) are
predicted uncertainty of Dt = ±0.05 ± 0.15t, where t is aerosol optical depth, and solid line is linear
regression fit. Root mean square difference (RMS) and correlations (R2) are given within each subplot.
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Dt = 0.05 ± 0.15t [Remer et al., 2005; Levy et al., 2007] for
most matched cases. The slope of linear regression to be
close to one and high correlation (R2 ∼ 0.85) between
MODIS and AERONET show good agreement between the
two independently derived t. MODIS aerosol algorithm
derives size‐discriminated t over ocean [Tanré et al., 1997]
as well as over land [Kaufman et al., 1997; Remer et al.,
2005]. The concept of aerosol fine mode fraction (C004
terminology) or fine model weighting (C005 terminology)
has been introduced in the algorithm which quantifies the
fractional contribution of fine‐dominated model in the total t.
In both versions of aerosol algorithm, each aerosol model
contains fine and coarse mode and therefore, fine mode
fraction value of 1 means the total t is contributed by the
fine‐dominated model only and value of 0 means total t is
contributed by the coarse‐dominated model only. A sensi-
tivity analysis of aerosol retrieval carried out by Tanré et al.
[1997] showed that the fine mode fraction (h = tfine/ttotal)
can be derived with an absolute uncertainty of ±0.25 over
ocean. Kleidman et al. [2005] have found good agreement
between MODIS‐derived h and equivalent AERONET
inversion over ocean. Thus, the retrieval is better constrained
over ocean. Over land, h may have greater uncertainty and
has not been validated extensively. Remer et al. [2005]
suggested that h carries qualitative meaning on a monthly
scale and no claim has been made yet on its accuracy over
land. Since h is an important parameter retrieved by MODIS
that carries information on the anthropogenic and natural
fraction of total t, it should be evaluated against equivalent
ground‐based retrieval.
[6] Figure 1 compares MODIS‐derived tfine (middle) and

h (right) with equivalent parameters derived by AERONET
at Kanpur. Note that both parameters are not physically
identical. tfine derived by MODIS is the contribution of fine‐
dominated model in the total t, whereas AERONET sky
retrievals designate fine mode t to be the volume contribu-
tion of aerosols below a radius <0.6 mm. The tfine derived by
AERONET using Dubovik algorithm is uncertain within the
range 0.015–0.03 (Dr. Oleg Dubovik, personal communi-
cation). At t = 1, this yields error in h of 15%–30% for lower
values of tfine (<0.2), and less than 5% for moderate to high
tfine (>0.5). Since both quantities are defined in similar ways
and indicate relative dominance of fine and coarse particles
in total aerosol loading, a good correlation between them is
expected here. In most colocated cases, MODIS‐derived tfine
and hwere found to be underestimated significantly. In many
cases tfine and h were zero or close to zero, suggesting the
use of dust model in the retrieval at Kanpur. Several studies
[Di Girolamo et al., 2004; Singh et al., 2004; Jethva et al.,
2005] have shown that fine mode particles are dominant
in total aerosol loading over the Indo‐Gangetic basin region
including Kanpur during winter (November to February).
Hence, at least during winter, it was expected that MODIS
should retrieve larger values of tfine and h that are consistent
with those derived by AERONET. Before the launch of
C005 aerosol algorithm, Levy et al. [2007] had studied the
sensitivity of C005 retrieval to the likely uncertainty in
parameters. The total t was found to be stable under minor
calibration and random errors as well as choice of model.
The retrieval of h however, showed greater sensitivity to the
choice of aerosol model and visible surface reflectance.

[7] The issue here is that C005 aerosol algorithm accu-
rately derives total midvisible t but the mixture of aerosol
models used to derive t seems to be inappropriate. This
indicates that the inversion of MODIS measurements
is probably nonunique in which different assumptions
about aerosol and surface properties would retrieve same
columnar t. In the present study, we attempt to address this
problem through the sensitivity of the retrieval to the change
in the aerosol model and surface reflectance. The uncer-
tainty in the estimation of these parameters can have sig-
nificant impact on the accuracy of aerosol retrieval. The
objective of this study was to find a right combination of
aerosol model and surface parameterization that should
retrieve accurate total as well as size‐segregated aerosol
properties over the Indian region. Section 3 describes the
aerosol retrieval procedure. Section 4 presents the results of
the aerosol retrieval sensitivity and its validation against
AERONET. An independent comparison of the new
MODIS retrieval with in situ measurements over southern
India is presented in section 5. The work is summarized and
concluded in the section 6.

3. Aerosol Retrieval Procedure

[8] The retrieval of aerosol properties from MODIS
spectral measurements involves the assumption on the state
of atmosphere as well as on the surface optical properties.
The MODIS aerosol algorithm developed by Kaufman et al.
[1997] and Levy et al. [2007] model the aerosol component
as mixtures of fine and coarse mode particles with varying
optical and size properties. The surface reflectance in the
visible channels are estimated using SWIR‐VIS relation-
ships. As seen in Figure 1, C005 algorithm selects too much
coarse mode in most cases, it was thought that the assumed
fine model (moderately absorbing over Indian subcontinent)
may be inappropriate over this region. Therefore, the focus
here was to select a new aerosol model for the region which
can replace the existing fine‐dominated aerosol model in the
retrieval. Using a reasonably long record of AERONET QA
data (about 5 years), a new fine‐dominated model has been
derived using the procedure described by Levy et al. [2007].
Table 1 lists the aerosol size and optical properties of the
“Kanpur” and MODIS C005 aerosol models. The Kanpur
model differs from the Neutral/Generic model in terms of
single‐scattering albedo. The SSA (0.55 mm) of Kanpur
model is ∼0.86, suggesting absorbing aerosols, whereas that
of Neutral/Generic model is ∼0.92, suggesting scattering
type of aerosols. Notably, the refractive index and SSA of the
Kanpur model are close to that of the Absorbing/Smoke
model which is not assigned as a fine‐dominated model over
the Indian region. The MIEV code [Wiscombe, 1981] was
used to generate scattering and extinction properties for
C005 aerosol models. The output of MIEV code were then
used as input to the RT3 radiative transfer model [Evans and
Stephens, 1991] to compute the TOA reflectance for the
seven values of t at 0.55 mm (0, 0.25 0.5, 1.0, 2.0, 3.0, 5.0),
9 solar zenith angles (0.0, 6.0, 12.0, 24.0, 36.0, 48.0, 54.0, 60.0
and 66.0), 16 sensor zenith angles (0 to 66 in step of 6), and
relative azimuth angles (0 to 180 in step of 12). In the present
study, the same procedure was followed as described by Levy
et al. [2007] for the new retrieval except that the aerosol
model and the visible surface reflectance were changed from
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their original state derived in the C005 algorithm. The
spectral reflectance data from MODIS Level 2 database were
extracted from both Terra and Aqua platforms over Kanpur
region for the period 2001–2005. For each Level 2 granule,
the extracted reflectance and geometrical parameters (Sun‐
sensor viewing angles) were averaged in a grid box of size
0.5° by 0.5° centered at AERONET site (26.45°N, 80.35°E)
at Kanpur. Then averaged reflectance were used as input to
the aerosol retrieval code which then computes total TOA
reflectance for the thirteen mixtures of fine and coarse
aerosol models reflectance (h = −0.1, 0.0, 0.1, …, 1.1) such
that, rlTOA = hrlfine + (1 − h)rlcoarse where rlTOA is the
total reflectance at TOA for wavelength l, h is the weight
given to LUT fine model reflectance (rlfine). The algorithm
then finds a value of t at 0.55 mm and surface reflectance at
2.1 mm for a combination of fine and coarse model reflec-
tance that provides zero error in the spectral fit between the
MODIS‐measured and LUT reflectance at 0.47 mm with
minimum error " at 0.66 mm. Thus, the output parameters
are t and h at 0.55 mm, and surface reflectance at 2.1 mm. In
order to perform the sensitivity analysis, fine‐dominated
model and surface reflectance in the visible channels were

allowed to change. All other parameters were retained at their
original states defined in the C005 algorithm.

4. Results

4.1. New Aerosol Retrieval With Absorbing/Smoke
Model

[9] The Absorbing/Smoke model of C005 is a fine‐
dominated model having SSA of ∼0.87 at 0.55 mm. This
model has been assigned over biomass burning regions of
South America and Central Africa in the MODIS C005 algo-
rithm. The subjective cluster analysis of AERONET data led
to a neutral aerosol model having SSA∼0.92 over the south-
east Asia region including India. Figure 2 depicts the time
series of monthly mean SSA at 0.44 mm and 0.675 mm
derived by AERONET at Kanpur. The SSA at either wave-
lengths show seasonality in aerosol absorbing characteristic
where SSA was less than 0.88 during November–December,
indicating presence of absorbing aerosols over the site, and
then steadily increases up to ∼0.95 (scattering type aerosols)
till the arrival of Indian Summer Monsoon in June–July. The
SSA at 0.47 mm of moderately absorbing and dust model of
MODIS are 0.93 and 0.94, respectively, which is higher than

Table 1. Aerosol Optical and Size Distribution Properties Derived From AERONET Wintertime (November and December) Inversion
Data at Kanpur, Indiaa

Model Mode rv (mm) s V0 (mm
3/mm2) Refractive Index w

Kanpur 0.86
Accum 0.153+0.04t 0.46 0.021+0.102t 1.52‐0.02i
Coarse 2.77 0.61 0.012+0.131t 1.52‐0.02i

Levy et al. [2007]
Absorbing/Smoke 0.87

Accum 0.0096t + 0.1335 0.0794t + 0.3834 0.1748t0.8914 1.51‐0.02i
Coarse 0.9489t + 3.4479 0.0409t + 0.7433 0.1043t0.6824 1.51‐0.02i

Neutral/Generic 0.92
Accum 0.0203t + 0.145 0.1365t + 0.3738 0.1642t0.7747 1.43−(−0.002t + 0.008)i
Coarse 0.3364t + 3.101 0.098t + 0.7292 0.1482t0.684 1.43−(−0.002t + 0.008)i

Spheroid/Dust 0.95
Accum 0.1416t−0.0519 0.7561t0.148 0.0871t1.026 1.48t−0.021 0.002i
Coarse 2.2 0.554t−0.0519 0.6786t1.0569 1.48t−0.021 0.002i

aThe “Absorbing,” “Neutral,” and “Spheroid” are the global aerosol models used by the MODIS Version 5 or Collection 005 aerosol algorithm. Each
model has two modes, i.e., accumulation and coarse. t is aerosol optical depth at 0.55 mm. Abbreviations: rv, mean radius; s, standard deviation of volume
distribution; w, single‐scattering albedo at 0.5 mm.

Figure 2. Time series of monthly mean single‐scattering albedo at 0.44 and 0.675 mm derived by
AERONET at Kanpur.
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the SSA derived by AERONET. The SSA of absorbing
model, however, is close to the AERONET‐retrieved values
for the winter period at Kanpur. Thus, absorbing model of
MODIS may represent the aerosol optical properties at
Kanpur and therefore expected to retrieve more accurate
aerosol properties. Figure 3 shows the comparison of AOD
(left) and tfine (right) at 0.55 mm retrieved using the absorbing
model with that of AERONET. The t retrieval was found to
be slightly overestimated with respect to that of AERONET,
however, with marginal increase in correlation. The new
retrieval of tfine is, however, still biased low (toward coarse
mode) much like C005. The use of the absorbing aerosol
model produces result that are almost similar to the C005
retrieval.

4.2. Sensitivity of Aerosol Retrieval to Change
in Surface Reflectance

[10] The estimation of the surface reflectance is a crucial
step in deriving the aerosol properties over land. Its signal is
comparable to that of aerosols and also can dominate the
total signal. The uncertainty in estimating the surface
reflectance can lead to erroneous retrieval of t which can be
as much as ten times the uncertainty in the surface reflec-
tance [Kaufman et al., 1997]. In the previous section, it was
shown that the change in the fine aerosol model seems to be
ineffective in retrieving consistent size‐resolved properties
(tfine and h). This left us with a choice to change the surface
parameterization in the retrieval algorithm. For estimation of
the surface reflectance in the visible channels, MODIS uses
parameterized surface reflectance relationships between the
SWIR and visible wavelengths that include the dependence
on the surface type and scattering angle [Levy et al., 2007].
The colocated MODIS C004‐Land and AERONET data
used in the atmospheric correction to derive the parame-
terized surface reflectance relationships was restricted to the
conditions of t (0.50 mm) less than 0.2. This is to minimize
the errors arising from multiple scattering at higher AOD.
The AERONET aerosol data collected at Kanpur over the

period 2001–2005 suggests that only ∼3% of the total data
represents the low aerosol loading (t0.50 < 0.2). It means
that the input from the Kanpur‐AERONET data to the
MODIS atmospheric correction was not significant. This
may be the one reason why the parameterized surface
reflectance relationships used in the MODIS algorithm may
not hold good for this region.
[11] Despite the parameterization of surface reflectance,

several factors can introduce error in the estimation of vis-
ible surface reflectance. For instance, an improper choice of
aerosol model in the atmospheric correction can lead to error
in the surface reflectance relationships. The uncertainty in
the assumed slope and intercept of relationships can result in
erroneous surface reflectance. As stated earlier, the 2.1 mm
channel is no longer assumed to be transparent to aerosols
and therefore, the surface reflectance in this channel have to
be estimated first. Based on the assumed optical properties
and radiative transfer calculations, MODIS C005 algorithm
estimates the surface reflectance at 2.1 mm given the mea-
sured apparent reflectance at TOA. The uncertainty in the
assumed properties at 2.1 mm therefore can also lead to
incorrect visible surface reflectance. Since we do not have
the exact information on the radiative properties of aerosols
at 2.1 mm and also due to uncertainty associated with the
SWIR‐visible relationship, we change the surface reflec-
tance at 0.66 mm directly in step of 0.005 from its base state
derived by the C005 algorithm in both positive (up to
Dr0.66

s = +0.025) and negative (up to Dr0.66
s = –0.025)

directions. Note that the increment in surface reflectance is
same for all data points irrespective of their absolute values.
We also allow the corresponding change in surface reflec-
tance at 0.47 mm in accordance with the reflectance rela-
tionship between 0.66 mm and 0.47 mm. The aerosol
properties were derived for each step of the increased/
decreased surface reflectance with two aerosol models ana-
lyzed here. The output of each experiment was then compared
with the AERONET measurements. Figure 4 show the sta-
tistical results of comparison between the new retrieval of t

Figure 3. Comparison of (left) aerosol optical depth and (right) fine mode AOD derived from using the
absorbing/smoke model of MODIS with that of AERONET at Kanpur. The legends used in Figure 1 are
also applicable here. The dashed lines in Figure 3 (left) are predicted uncertainty of Dt = ±0.05 ± 0.15t,
and solid lines are linear regression fits with equations given at the top of each plot. Root mean square
difference (RMS) and correlations (R2) are given within the plot.
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and tfine with that of AERONET. The error has been quan-
tified as “Rootmean square Error” and “Linear Regression” is
the linear fit between the new retrieval and AERONET
measurements. In the case of MODIS C005 and absorbing
models, the error in the retrieval of t and tfine and also the
slope and intercept of linear fits were increased monotoni-
cally when the surface reflectance at 0.66 mm was decreased.
On the other hand, an increase in the surface reflectance
resulted in lower error and better regression between the
retrieved parameters and AERONET measurements.
[12] Figure 5 shows the comparison of t, tfine, and h

retrieved using the combination of absorbing aerosol model
and increased surface reflectance (Dr0.66

s = +0.02) with
colocated AERONET measurements at Kanpur. This par-
ticular combination of aerosol model and surface reflectance
is found to be the best among all the cases analyzed here,
which provides more accurate aerosol retrieval in all three
parameters with least error and better correlation with
AERONET. Note that the error in the new retrieval of t is
less than that seen in C005 products. The new tfine is now in
good agreement with that of AERONET. A low bias in the
tfine and h seen in the C005 data is largely removed. The new
retrieval of h now show bimodality in contrast to unimodal
(very low biased) C005 retrieval. Also, the intermediate
values of h are now more frequent compared to that of C005.
[13] Figure 6 shows the distribution of error (new retrieval

AERONET) in the retrieval of t (top), tfine (middle) and h
(bottom) at 0.55 mm for C005 and new retrieval. Clearly, the

new retrieval of t is less frequently overestimated compared
to that of C005. However, as expected, many t retrieval are
underestimated a bit due to increased visible surface reflec-
tance. Overall, the total error in the new t retrieval is still
lesser than the error encountered in C005 data. In the case of
tfine, the difference between the new retrieval and C005 is
significant. While the C005 retrieval is mostly under-
estimated (negative error), the error in the new retrieval of
tfine is more frequent in the range ±0.2. The real improve-
ment in the retrieval of tfine with the absorbing model and
increased surface reflectance is on the negative side of errors
where the large underestimation in the C005 retrieval is now
largely reduced. Error in the new retrieval of h is distributed
on either sides, i.e., overestimation and underestimation,
whereas that of C005 was underestimated in almost all cases.
Note that h is the ratio of tfine and t, therefore given no error
in the retrieval of t, the percentage error in h equals that of
tfine. In the present case, since the new retrieval of t is
underestimated a bit and magnitude of tfine is increased,
the resultant error in h for many retrieval fall on the
positive side (overestimation). Thus the accurate estimation
of h depends on the accuracy of t and tfine.

5. Testing New MODIS Aerosol Retrieval Over
Southern India

[14] In February 2004, an intense land campaign was
conducted over the peninsular India under the Indian Space

Figure 4. The slope of (left) linear regression and (right) root mean square error between new retrieval
of t and tfine and that of Kanpur‐AERONET as a function of change in the surface reflectance for mod-
erately and highly absorbing aerosol models.
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Research Organization’s Geosphere‐Biosphere Program
(ISRO‐GBP) with the aim of mapping the spatial char-
acteristics of aerosols [Moorthy et al., 2005]. This was the
first experiment in this region in which number of research
teams had participated with instrumented vehicles along the

road network covering different locations and almost entire
south India (7°N–24°N, 72°E–84°E). The aerosol mea-
surements made during the experiment include mass con-
centration and mass size distribution (in 10 discrete bins) in
the size range 0.05–25 mm. The error in the measurements

Figure 6. The distribution of error (new aerosol retrieval AERONET) in (top) aerosol optical depth,
(middle) fine mode AOD, and (bottom) fine model weighting at 0.55 mm.

Figure 5. Comparison of (left) aerosol optical depth, (middle) fine mode aerosol optical depth, and
(right) fine model weighting retrieved using absorbing aerosol model and with increased visible surface
reflectance with colocated AERONET inversions at Kanpur, India. The solid black lines are linear regres-
sions with equations given at the top of the plot.
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of mass concentration was expected to be between 3% to
20%. This study had also reported the accumulation aerosol
mass fraction (Af) as the ratio of accumulation mass con-
centration (radius <0.4 mm) to the total mass concentration.
This work has been presented and summarized in a paper by
Moorthy et al. [2005].
[15] The left frame of Figure 7 shows the spatial com-

posite of Af reported in a paper by Moorthy et al. [2005].
This paper compared the measured accumulation mass
fraction with the aerosol fine mode fraction derived from
MODIS C004 data for the same period. Note that the aerosol
fine mode fraction derived by MODIS is the total column
retrieval of the fractional contribution of fine mode particles
in the total aerosol optical depth, whereas Af estimated from
the land campaign measurements represents in situ surface
(not columnar) fractional mass contributed by the accumu-
lation (fine) mode particles in the total mass concentration.
They found a remarkable agreement between the spatial
patterns of the two independently derived information on the
fine mode particles over the peninsular India. Both showed
large contribution of fine mode aerosols over the eastern and
northern parts and pockets of low accumulation fraction
over the central‐western and peninsular region. The in situ
surface measurements of Af shown here provided a good
opportunity to evaluate the MODIS C005 retrieval of fine
model weighting h. The middle frame of Figure 7 shows the
spatial pattern of monthly mean h derived from C005 data
over the study region for February 2004. The spatial pattern
of h of C005 over the study region differs significantly from
that of in situ accumulation mass fraction. While the Af and
C004‐derived h indicated highs over the eastern part of
India, h of C005 is relatively lower over the same region.
The pockets of low Af and C004 h over the interior part of
the peninsula were spatially well correlated, whereas h of
C005 is low (<0.2) over most part of the western‐central
and peninsular India. These results again show that the h of

C005 is low over large part of the southern India compared
to the measured accumulation fraction during February
2004.
[16] The problem of low bias in the retrieval of h by

MODIS may be again addressed through retrieval experi-
ment as done in the case of Kanpur. The procedure for the
new retrieval remains same which composed of extraction
of Level 2 spectral apparent reflectance over the Indian
region for February 2004 and use these measurements in the
retrieval code with varying aerosol model and visible sur-
face reflectance. In the case of aerosol model experiment,
we notice that the new absorbing model of MODIS retrieves
h that is similar in magnitude as well in spatial distribution
to the existing C005 retrieval over the study region. The
change in the fine‐dominated aerosol models thus did not
reproduce the observed pattern of accumulation fraction.
[17] The right frame of Figure 7 shows the spatial distri-

bution of h (0.55 mm) retrieved using the absorbing model
and increased surface reflectance (Dr0.66

s = +0.015). The
surface reflectance at 0.47 mm was allowed to increase in
accordance with the surface reflectance relationship between
the 0.66 mm and 0.47 mm wavelengths. The spatial distri-
bution of new retrieval of h were found to be in good
agreement with the measured Af over the peninsular India.
The pockets of low accumulation fraction over the interior
parts of peninsula and highs over eastern part are now well
captured in the new set of retrieval. Moreover, the spatial
continuity of h also improves with the implementation of the
proposed changes. Note that since the accumulation mass
fraction and h are not physically identical quantities, a good
spatial correlation in terms of highs and lows over much of
southern India strongly indicate that the new aerosol model
and surface parameterization proposed here are more likely
to be real. A paper by Jethva et al. [2009] reports probably
the first measurements of actual spectral surface reflectance
measured from an aircraft borne spectroradiometer over

Figure 7. (left) Spatial distribution of monthly mean accumulation mass fraction for February 2004
obtained from Moorthy et al. [2005]. (middle) The fine model weighting h for the same period derived
from MODIS C005 and (right) new retrieval using absorbing model with increased visible surface
reflectance over the peninsular India are shown.
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Bangalore region (12.95°N, 77.57°E) in the southern India.
This paper has shown that the measured visible surface
reflectance is higher than that assumed by the current
MODIS C005 algorithm. We need more measurements like
this to verify the new surface parameterization proposed in
the present study.

6. Conclusions

[18] The space‐based remote sensing of aerosols over land
from MODIS measurements requires accurate modeling of
aerosols and surface optical properties. In the present study,
we analyze the role of these two major assumptions in the
derivation of aerosol properties. A large negative bias
observed in the retrieval of size‐segregated aerosol optical
properties (tfine and h), though with accurate retrieval of total
AOD, by MODIS against AERONET at Kanpur (26.45°N,
80.35°E), India served as an example of the nonuniqueness
of the aerosol inversion. We have attempted to address this
issue through the sensitivity analysis of the MODIS aerosol
retrieval in which several combination of aerosol models
and visible surface reflectance were tested over the Indian
region. The use of absorbing aerosol model (SSA ∼ 0.85,
not assigned over the Indian region in the MODIS C005
aerosol algorithm) with increased surface reflectance in the
visible channels provided improved retrieval of spectral t as
well as tfine and h which are more accurate than that pro-
vided by the C005 products at Kanpur. An independent
comparison of the new retrieval of h over much of southern
India showed improved agreement with the ground‐based in
situ measurements of accumulation aerosol mass fraction.
Though, current MODIS aerosol algorithm has limited
information over land to derive size‐resolved aerosol
properties, present study demonstrates that the accuracy of
these retrievals can be improved through right parameteri-
zation of surface and aerosol properties. There seem to be
clearly a need to reconsider the surface parameterization and
aerosol model in the current MODIS algorithm over the
Indian region for the accurate derivation of the total as well
as size‐segregated aerosol properties, both are essential in
quantifying the impact of man‐made and natural aerosols on
climate.

[19] Acknowledgments. The authors thank Level 1 and Atmosphere
Archive and Distribution System (LAADS) and MODIS team for their on-
line support of MODIS aerosol products. We thank B. N. Holben, Ramesh
P. Singh, S. N. Tripathi, and their staff for establishing and maintaining the
Kanpur AERONET site whose data was used in this investigation. The
major part of this work was carried out at Department of CAOS at Indian
Institute of Science, Bangalore, India. We also appreciate anonymous
reviewers for their comments and suggestions that have helped in
improving this paper.

References
Chin, M., D. A. Chu, R. C. Levy, L. A. Remer, Y. J. Kaufman, B. N.
Holben, T. F. Eck, P. Ginoux, and Q. Gao (2004), Aerosol distribution
in the Northern Hemisphere during ACE‐Asia: Results from global
model, satellite observations, and sun photometer measurements, J. Geo-
phys. Res., 109, D23S90, doi:10.1029/2004JD004829.

Chu, D. A., Y. J. Kaufman, C. Ichoku, L. A. Remer, D. Tanré, and B. N.
Holben (2002), Validation of MODIS aerosol optical depth retrieval over
land, Geophys. Res. Lett., 29(12), 8007, doi:10.1029/2001GL013205.

Di Girolamo, L., T. C. Bond, D. Bramer, D. J. Diner, F. Fettinger, R. A.
Kahn, J. V. Martonchik, M. V. Ramana, V. Ramanathan, and P. J. Rasch
(2004), Analysis of multiangle imaging spectro radiometer (MISR)

aerosol optical depths over greater India during winter 2001–2004,
Geophys. Res. Lett., 31, L23115, doi:10.1029/2004GL021273.

Dubovik, O., and M. King (2000), A flexible inversion algorithm for
retrieval of aerosol optical properties from sun and sky radiance measure-
ments, J. Geophys. Res., 105(D16), 20,673–20,696, doi:10.1029/
2000JD900282.

Evans, K. F., and G. L. Stephens (1991), A new polarized atmospheric
radiative transfer model, J. Quant. Spectrosc. Radiat. Transfer, 46(5),
413–423.

Guttikunda, S. K., G. R. Carmichael, G. Calori, C. Eck, and J.‐H. Woo
(2003), The contribution of megacities to regional sulfur pollution in
Asia, Atmos. Environ., 37(1), 11–22.

Herman, J. R., P. K. Bharatia, O. Torres, C. Hsu, C. Seftor, and E. Celarier
(1997), Global distribution of UV‐absorbing aerosol from nimbus
7/TOMS data, J. Geophys. Res., 102(D14), 16,911–16,922, doi:10.1029/
96JD03680.

Holben, B. N., et al. (1998), AERONET—A federated instrument network
and data archive for aerosol characterization, Remote Sens. Environ.,
66(1), 1–16.

Ichoku, C., D. A. Chu, S. Mattoo, Y. J. Kaufman, L. A. Remer, D. Tanré,
I. Slutsker, and B. N. Holben (2002), A spatio‐temporal approach for
global validation and analysis of MODIS aerosol products, Geophys.
Res. Lett., 29(12), 8006, doi:10.1029/2001GL013206.

Jethva, H., S. K. Satheesh, and J. Srinivasan (2005), Seasonal variability of
aerosols over the Indo‐Gangetic basin, J. Geophys. Res., 110, D21204,
doi:10.1029/2005JD005938.

Jethva, H., S. K. Satheesh, and J. Srinivasan (2007), Evaluation ofModerate‐
Resolution Imaging Spectroradiometer (MODIS) Collection 004 (C004)
aerosol retrievals at Kanpur, Indo‐Gangetic Basin, J. Geophys. Res.,
112, D14216, doi:10.1029/2006JD007929.

Jethva, H., J. S. S. K. Satheesh, and K. Krishnamoorthy (2009), How good
is the assumption about visible surface reflectance in MODIS aerosol
retrieval over land? A comparison with aircraft measurements over an
urban site in India, IEEE Trans. Geosci. Remote Sens., 47, 1990–1998.

Kaufman, Y. J., D. Tanré, L. A. Remer, E. F. Vermote, A. Chu, and B. N.
Holben (1997), Operational remote sensing of tropospheric aerosol over
land from EOS moderate resolution imaging spectroradiometer, J. Geo-
phys. Res., 102(D14), 17,051–17,067, doi:10.1029/96JD03988.

Kaufman, Y. J., A. Karnieli, and D. Tanré (2000), Detection of dust over
the desert by EOS‐MODIS, IEEE Trans. Geosci. Remote Sens., 38,
525–531.

Kleidman, R. G., N. O’Neill, L. A. Remer, Y. J. Kaufman, T. F. Eck,
D. Tanre, O. Dubovik, and B. N. Holben (2005), Comparison of Moder-
ate Resolution Imaging Spectroradiometer (MODIS) and Aerosol robotic
network (AERONET) remote sensing retrievals of aerosol fine mode
fraction over ocean, J. Geophys. Res., 110, D22205, doi:10.1029/
2005JD005760.

Levy, R. C., L. A. Remer, S. Mattoo, E. Vermote, and Y. J. Kaufman
(2007), Second‐generation algorithm for retrieving aerosol properties
over land from MODIS spectral reflectance, J. Geophys. Res., 112,
D13211, doi:10.1029/2006JD007811.

Moorthy, K. K., et al. (2005), Wintertime spatial characteristics of bound-
ary layer aerosols over peninsular India, J. Geophys. Res., 110, D08207,
doi:10.1029/2004JD005520.

Reddy, M. S., and C. Venketaraman (2002a), Inventories of aerosols and
sulphur dioxide emissions from India: I. Fossil fuel combustion, Atmos.
Environ., 36(4), 677–697.

Reddy, M. S., and C. Venketaraman (2002b), Inventories of aerosols and
sulphur dioxide emissions from India: II. Biomass combustion, Atmos.
Environ., 36(4), 699–712.

Remer, L. A., et al. (2005), The MODIS algorithm, products and validation,
J. Atmos. Sci., 62, 947–973.

Sagnik, D., S. N. Tripathi, R. P. Singh, and B. N. Holben (2004), Influence
of dust storms on the aerosol optical properties over the Indo‐Gangetic
basin, J. Geophys. Res., 109, D20211, doi:10.1029/2004JD004924.

Singh, R. P., S. Dey, S. N. Tripathi, V. Tare, and B. N. Holben (2004),
Variability of aerosol parameters over Kanpur City in northern India,
J. Geophys. Res., 109, D23206, doi:10.1029/2004JD004966.

Tanré, D. J., Y. J. Kaufman, M. Herman, and S. Mattoo (1997), Remote
sensing of aerosol properties over oceans using the MODIS/EOS spectral
radiances, J. Geophys. Res., 102(D14), 16,971–16,988, doi:10.1029/
96JD03437.

Torres, O., P. K. Bharatia, J. R. Herman, Z. Ahmad, and J. Gleason (1998),
Derivation of aerosol properties from satellite measurements of backscat-
tered ultraviolet radiation: Theoretical basis, J. Geophys. Res., 103(D14),
17,099–17,110, doi:10.1029/98JD00900.

Venkataraman, C., G. Habib, A. Eiguren‐Fernandez, A. H. Miguel, and
S. K. Friedlander (2005), Residential biofuels in south Asia: Carbona-
ceous aerosol emissions and climate impacts, Science, 307, 1454–1456.

JETHVA ET AL.: IMPROVED MODIS AEROSOL RETRIEVAL OVER INDIA D18213D18213

9 of 10



Wiscombe, W. J. (1981), Improved mie scattering algorithms, Appl. Opt.,
19, 1505–1509.

H. Jethva, Department of Atmospheric and Planetary Sciences, Hampton
University, 21 E. Tyler St., Hampton, VA 23668, USA. (hiren.jethva@
hamptonu.edu)

R. C. Levy, NASA Goddard Space Flight Center, Greenbelt, MD 20771,
USA. (robert.c.levy@nasa.gov)
S. K. Satheesh, Centre for Atmospheric and Oceanic Sciences, Indian

Institute of Science, Bangalore, Karnataka 560012, India. (satheesh@caos.
iisc.ernet.in)
J. Srinivasan, Divecha Centre for Climate Change, Indian Institute of

Science, Bangalore, Karnataka 560012, India. (jayes@caos.iisc.ernet.in)

JETHVA ET AL.: IMPROVED MODIS AEROSOL RETRIEVAL OVER INDIA D18213D18213

10 of 10



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


