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Abstract. Moderate resolution imaging spectroradiometer
(MODIS) sensors, onboard Terra and Aqua, have been ob-
serving the Earth since start of 2000 and mid 2002, respec-
tively. The present study provides a comparison of Collection
5 (C005), aerosol optical depth (AOD) retrieved by MODIS,
with AERONET-observed AOD over Kanpur (an urban site),
Gandhi College (a rural site) and Nainital (a relatively clean
site) in the Indo Gangetic Plain (IGP). The results show that
at Kanpur, MODIS retrievals are well within the prelaunch
uncertainty± 0.05±0.15τ , and a good correlation (R2 > 0.7
for both Terra and Aqua). Nainital also shows good retrieval
(R2 > 0.8 for Terra andR2 > 0.68 for Aqua), as more than
66 % of total collocations are within the prelaunch uncer-
tainty. However, it is seen that there is significant overestima-
tion in this case, especially in the months of winter. Gandhi
College poses a challenge to MODIS retrieval, as here<57 %
of MODIS-retrieved AOD values lay within the prelaunch
uncertainty and the correlation is very poor (R2

∼ 0.5 for
Aqua andR2

∼ 0.4 for Terra); also there is persistent under-
estimation in this case. Small value of slope shows that as-
sumed model results in underestimation, and large intercept
values for the linear regression fit show that errors due to
surface reflectance are high here. Our comparison shows that
MODIS retrieval works well over Kanpur, and Nainital with
winter as an exception. However, MODIS retrieval is poor
for Gandhi College which is a rural area. The aerosol prop-
erties at Kanpur are currently used as representative of the
entire subcontinent in the MODIS C005 algorithm, which is
not an accurate assumption. The large variability in land use
and climate over India makes it a site too complex for a sin-
gle aerosol model to be used over the entire area. Therefore
further study with as many sites as possible over the Indian
subcontinent would help provide more realistic modeling for
the Indian subcontinent.

Keywords. Atmospheric composition and structure
(Aerosols and particles)

1 Introduction

Aerosols are small (sub-micron to several-micron) sus-
pended particles in the atmosphere. Their origin may be ei-
ther anthropogenic or natural (Seinfeld and Pandis, 1998).
They are a major component of our environment and play a
very crucial role in the global climate system (Solomon et al.,
2007; Charlson et al., 1992). Aerosols have a direct and indi-
rect effect on the global climate. They can absorb or scatter
the incoming solar and terrestrial radiation, with the amount
of radiation scattered or absorbed depending on the optical
and chemical properties of the aerosols. The radiation, scat-
tered and absorbed, affects the earth’s radiation budget and
thus modulates the heating or cooling of the Earth.

Accurate estimation of the radiative effect of aerosols re-
quires knowledge of their optical and physical properties
(Tripathi et al., 2005a). Aerosols have a short lifetime and
thus a very strong spatial and temporal variation is seen
in their concentration. Remotely-sensed data enables us to
quantitatively determine the aerosol optical properties and
thus determine global aerosol budget (King et al., 1999; Bel-
louin et al., 2005). Ground-based observation is a point mea-
surement and therefore cannot account for spatial variation
unless a large network is operational. Satellite retrieval pro-
vides large data coverage owing to the large swath size. How-
ever, satellite measurements are based on certain assump-
tions. Ground-based data have no such constraint, and there-
fore provide the microphysical and optical properties of the
ambient columnar aerosols with high accuracy. In addition,
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they provide the means for validating the satellite-measured
aerosol properties (Kaufman et al., 1997a).

The launch of MODIS (Moderate Resolution Imaging
Spectroradiometer) onboard Aqua and Terra was a major step
in the remote sensing of aerosol optical properties over land.
They provide data products that are used globally to study
aerosol climatology and as input to various models in order
to determine the radiative heat transfer (King et al., 1992). Its
wide swath size of 2330 km and large spectral coverage (36
bands) make it highly suitable for characterization of aerosol
properties (Levy et al., 2010; King et al., 2003). Efficient
retrieval algorithms have been developed in order to make
use of the MODIS sensitivity to aerosol signals. These al-
gorithms are constantly improved and updated as and when
new information with regard to the aerosol type and input
parameters (e.g. surface reflectance) are available.

The C005 algorithm of MODIS simultaneously inverts in-
formation about spectral reflectance contained in 0.47 µm,
0.66 µm and 2.12 µm channels. Initially the 2.12 µm chan-
nel was assumed transparent, but the C005 assumes that this
channel contains information on coarse mode aerosol. In-
version yields three primary parameters, the aerosol optical
depth (τ) at 0.55 µm, the non-dust or fine weighting (η), and
the surface reflectance at 2.12 µm. Also, aerosol optical depth
at 0.47 µm and 0.66 µm is provided as a result of retrieval.
Retrievals of negativeτ values (up to−0.05) are allowed to
balance the statistics ofτ in low τ conditions (Levy et al.,
2007).

The validation and evaluation of any retrieved data prod-
uct is very important to establish its quality and suitability
to be used in climatological or weather modeling. It is re-
quired that the dataset be within a certain level of uncer-
tainty with regards to the “ground truth”. The primary means
of MODIS validation is by showing that a product matches
equivalent observations from AERONET or other similar ac-
curate systems. For example, it is required that at least 2/3 of
global matched pairs (e.g. MODIS versus AERONET) must
be contained within the envelope of expected uncertainty to
be considered validated (Levy et al., 2005). Using this strat-
egy, the C004τ products were validated (i.e. V4.2 and be-
fore) and were matched within the envelopes of Eqs. (1) and
(2) over ocean and land, respectively (Remer et al., 2005). It
was found that the retrievals were well within the prelaunch
uncertainty for both ocean (Eq. 1) and land (Eq. 2).

1τ = ±0.03± 0.05τ. (1)

1τ = ±0.05± 0.15τ. (2)

The global evaluation and validation of C005, MODIS dark-
target aerosol products, shows that the product has high cor-
relation (R = 0.9) and reduction in errors that have been
achieved with better assumptions made about surface types,
aerosol model and the inclusion of polarization in the com-
putation of top of atmosphere (TOA) reflectance in the C005

algorithm (Levy et al., 2010). But still it does not fall within
the error envelope at every site. The biases have been related
to local aerosol condition, observation geometry and the sur-
face properties of a particular place which are not in agree-
ment with the MODIS retrieval algorithm assumption (Levy
et al., 2010). C005 is thus globally validated but still local
biases need to be accounted for and the aerosol properties in
the look-up table (LUT) for algorithm need to be updated for
as many sites as possible in order to make the retrieved AOD
more accurate (Levy et al., 2010).

The Indian subcontinent has high spatial and temporal
variation in climate, land use and atmospheric conditions. A
study using C004 (Tripathi et al., 2005a) was done over Kan-
pur (26◦28′ N, 80◦21′ E) in 2004. A 2006 study with C005
(Jethva et al., 2007) over Kanpur in Northern India was again
done to study the improvement in the retrieval for C005 over
C004. Another study (Misra et al., 2008) using C005 over
semiarid region of Ahmedabad (23.03◦ N, 72.5◦ E) in West-
ern India has been done in order to validate the MODIS re-
trieval over the Indian subcontinent. The current study illus-
trates the comparison between the MODIS-retrieved AOD
with the AERONET stations at Kanpur, Gandhi College and
Nainital. These three sites are entirely different with regard
to aerosol climatology, land type, atmospheric condition, etc.
(Srivastava et al., 2012). Kanpur is an extremely polluted and
urban site (Tripathi et al., 2005b; Giles et al., 2011), Gandhi
College (Srivastava et al., 2011) is a rural site, and Nainital
(Dumka et al., 2011) is a relatively clean site. A regression
analysis at all three sites, for both the sensors and at all three
wavelengths (0.47, 0.55 and 0.66 µm), has been done to vali-
date the MODIS retrieval at these locations. A seasonal vari-
ability has also been studied in order to understand how the
sensor aboard Terra and Aqua at these three channels per-
forms under different weather conditions. This was followed
by a detailed statistical analysis to gain further understanding
of our results and the confidence in the calculatedR2.

2 Site description

The Indo-Gangetic Plain (IGP) encompasses a vast area, ac-
counting for∼21 % of the land area of India. It is a densely
populated region accommodating∼40 % of the Indian pop-
ulation. Fast growing economy and increasing population
have burdened this region, resulting in a wide range of an-
thropogenic activities. A large number of thermal power
plants, most of them coal fed, are clustered along this region
(Nair et al., 2007). The IGP continuously produces anthro-
pogenic pollution from urban, industrial, and rural combus-
tion sources. In addition, it is affected by convection-induced
winds driving desert and alluvial dust into the atmosphere
during the pre-monsoon season (Dey et al., 2004; Remer et
al., 2008). The mixing of natural and anthropogenic aerosols
results in complex microphysical and chemical properties,
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which show a very strong seasonal variation (Tripathi et al.,
2005a; Eck et al., 2010; Dey and Tripathi, 2008).

2.1 Kanpur

Kanpur (26◦28′ N, 80◦21′ E) is located in the IGP in North-
ern India. It is one of the biggest industrial hubs of North-
ern India. Being near the banks of river Ganga, agriculture
is also practiced in the nearby areas. The city is highly pol-
luted as a result of heavy industrialization and a population of
nearly 4.5 million per census report 2011. Sulfates, nitrates
and other industrial pollutants are present in abundance at
Kanpur (Sharma et al., 2003). The region experiences vari-
able winds from north westerly to south westerly, as observed
in the data from the local weather station (Tripathi et al.,
2005b). The dust storms in the month of pre-monsoon further
alter the local aerosol condition, and foggy condition prevails
in the area during the winter season (Baxla et al., 2009; Tri-
pathi et al., 2006). The land use is almost consistent within
the urbanized area, while the outer agriculture practicing ar-
eas have variability in land use. This variation in land use
affects the ground reflectance, which is the main reason for
error in retrieved AOD by MODIS. This is discussed in detail
in the following sections. The Indian Institute of Technology,
which is the location of AERONET station for Kanpur, is
nearly 17 km from the city.

2.2 Gandhi College

The site is located at Ballia (25◦ N, 84◦ E) in the IGB region
at a distance 466 km east of Kanpur. It is a rural site in the
eastern part of IGP with moderate climate. Rivers Ganga and
Ghaghara frequently flood the area, making it highly fertile
due to deposition of rich alluvial soil. Most of the land is
under cultivation, leading to variable land use in this region
per season. This makes the retrieval of AOD from satellites
more complex than for an urban site like Kanpur, where land
use is almost consistent. In rural areas, bio-fuels such as fuel
wood, dung cake and crop waste, predominantly contribute
to aerosol formation (Habib et al., 2006). In addition, the re-
gion has a lot of biomass burning, especially in the winter
months.

2.3 Nainital

Nainital (29◦23′ N, 79◦27′ E) has an average elevation of
2084 meters (6837 feet) in the central Himalayas (Dumka
et al., 2008, 2011). Farther to the west lie densely populated
regions, including the Indian capital (New Delhi); the south-
ern region includes the heavily populated Gangetic plains.
AERONET is stationed at Manora peak with the hilly terrain
of the central Himalayan ranges (∼2.0 km m.s.l.) northeast
of the peak. The region has essentially no industrial activities
and is rather clean. However, pollutants are transported from
the valley beneath with a strong diurnal cycle. The site, be-
ing relatively clean, helps us in quantifying the performance

of MODIS under low aerosol loading. The region experi-
ences snowfall from December to February, and thus pro-
vides grounds for analyzing the precision of snow-masking
by the MODIS C005-L algorithm.

3 Data

The aerosol data from MODIS are provided at different
levels per the processing scheme. AERONET too provides
data at three levels: level 1.0 (unscreened), level 1.5 (cloud-
screened) and level 2.0 (quality assured) (Holben et al.,
1998). In the current study we have used the Collection
005-L of MODIS level 2 Aerosol product and AERONET
level 2.0 data at all three sites. MODIS data from both Aqua
and Terra satellites have been taken in order to study the di-
urnal variations. At Kanpur, the data have been taken from
2001 to 2010 for Terra and 2002 to 2010 for Aqua. At Gandhi
College, data have been taken from 2006 to 2010 for both
Terra and Aqua. At Nainital, the data have been taken from
2008 to 2010 for both the sensors.

3.1 MODIS

The current MODIS C005-L algorithm retrieves AOD by
using only dark pixels. The “dark pixels” are identified us-
ing the reflectance for the channel 2.12 µm (ρ2.12) as 0.01≤

ρ2.12 ≤ 0.25. Amongst these, the brightest 50 % and the dark-
est 20 % as defined byρ0.66 are discarded, leaving a maxi-
mum of 120 pixels. The retrieval is based on transparency of
aerosols in the mid-IR wavelengths (Kaufman et al., 1997b).
The surface reflectance for dark pixels along with satellite
and solar geometries are input to the algorithm. The mea-
sured reflectances in the visible channels are compared with
the simulated values of top of atmosphere reflectance in the
look-up table (LUT) (Remer et al., 2005). The look-up ta-
bles have been made using the data from AERONET and
other resources. The algorithm identifies and discards the
water, cloudy and snow/ice pixels at the initial stage. The
aerosol model is decided per the location, and the ratio of
path radiance in the visible infrared spectrum (VIS) (0.47 and
0.66 µm) channels.

The initial assumption of a constant ratio between VIS and
2.12 µm channel (Kaufman et al., 1997b) has been improved
to incorporate variations with season and scattering angle. In
the MODIS C005 algorithm, the improved VIS to 2.12 µm
surface reflectance ratios make the retrieved product more
accurate and realistic (Levy et al., 2005). The variability in
the relationship per location, season and angle was studied
(Levy et al., 2007; Gatebe et al., 2001; Remer et al., 2005,
2001) and it was inferred that a single set of VIS to 2.12 µm
ratios is not globally applicable. Relationship between VIS to
2.12 µm reflectance is presented as a function of both surface
type (Normalized Difference Vegetation Index – NDVISWIR)

and scattering angle (2) (ATBD-2009).
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NDVISWIR = (ρm
1.24− ρm

2.12)/((ρ
m
1.24+ ρm

2.12). (3)

The current algorithm also brings in the concept of polariza-
tion in the radiative transfer calculation. The C004 algorithm
used the non-polarized (scalar) calculation in the radiative
transfer code (Dave, 1970). But this was not very accurate
since, under certain geometry, neglecting the polarization in
the radiative transfer calculation could lead to significant er-
ror in top of atmosphere reflectance, and consequently even
greater error in the retrievedτ (Levy et al., 2005, 2004). A
polarized radiative transfer code RT3 (Evans and Stephens,
1991) is currently used to calculate top of atmosphere re-
flectance and total fluxes that are stored in the LUT.

The MODIS data for all three sites are downloaded and
then collocated with the corresponding AERONET data for
each site. This is done by taking the spatial average of
MODIS-retrieved AOD over the AERONET site. To get the
MODIS AOD corresponding to a particular AERONET loca-
tion, the AOD values from pixels lying in± (1/4◦) of latitude
and longitude of that station are extracted from the entire data
file of a particular day. At least 10 pixels are needed for a col-
location to be included in our statistics. The spatial averaging
is then done for all these AODs for a given day. A table stor-
ing the spatially averaged AOD along with the date and time
of retrieval is prepared, to be further used in the analysis.

3.2 AERONET

The AERONET measurement and retrieval algorithm pro-
vides various aerosol properties by direct sun measurements
of spectral AOD and the use of multiangular and multispec-
tral measurements of sun radiance (Dubovik and King, 2000;
Holben et al., 1998; Dubovik et al., 2000, 2006). Unlike
MODIS, AERONET does not suffer from errors due to the
ground reflectance and aerosol type assumptions. Thus it
can provide highly accurate information on aerosol param-
eters specific to that site. The accuracy of AOD measured by
AERONET is∼0.01 in visible and near infrared and∼0.02
in the ultraviolet range (Eck et al., 1999).

AOD data are downloaded from AERONET website (http:
//aeronet.gsfc.nasa.gov/cgi-bin/webtooloperav2 new). The
time of overpass for MODIS at each site is used for tem-
poral collocation of the AERONET data. A time window
of ±30 min with respect to MODIS overpass (centre of
this time window) is taken, and a temporal average of
AERONET-retrieved AOD is done (Ichoku et al., 2002). Fur-
ther AERONET data are taken only when there are at least 2
out of possible 5 retrievals in the given time window (Levy
et al., 2010).

AERONET does not give AOD values corresponding to
the three wavelengths for MODIS-retrieved AOD. Quadratic
fits on log-log scale for wavelength vs. AOD is done to in-
terpolate AERONET data to MODIS band-effective wave-
lengths (Eck et al., 1999). The final data are then used for

linear regression analysis. Diurnal variation is studied us-
ing data from both Terra and Aqua. The data are also clas-
sified into seasons for all 3 wavelengths and at all three
sites. This is done in order to study the effect of season-
ality in the retrieval quality of MODIS, varying between
different types of locations. The classification into sea-
sons is done as winter (December–February), pre-monsoon
(March–May), monsoon (June–August) and post-monsoon
(September–November) (Tripathi et al., 2005a).

4 Results and discussion

The obtained spatiotemporal data statistics for AODMODIS
and AODAERONET help in identifying the uncertainties in the
retrieval. The difference in magnitude of AOD at different
stations helps us to study the variation in local aerosol load-
ing. The current study uses the spatial–temporal collocated
data for three different sites, which are located in the IGP,
and have totally different aerosol environments (urban, rural
and relatively clean site). The three sites also differ in land
use, thus having different surface reflectances. The seasonal
behavior of aerosols also differs as is reflected in the regres-
sion results as well.

4.1 Time series

A time series depicting the variation in the monthly aver-
age values of AOD as retrieved by AERONET is shown in
Fig. 1a. The monthly averaged AOD is computed using the
AERONET data that are temporally collocated with MODIS
(both Aqua and Terra) overpass for the 0.55 µm channel.

The x-axis represents the months; 1 stands for Jan-
uary 2001, and so on till December 2010. Kanpur shows
AOD varying mostly from 0.2 to 0.8. AOD values higher than
0.8 are seen in the 17th and 18th month (May and June 2002)
and 54th month (June 2005). Dust storms are frequent in the
IGP during the pre-monsoon months. The high dust loading
during the dust period results in increase of AOD by 50 %
(Dey et al., 2004). The sudden rise in AOD during this season
can be a result of the dust storms. The general trend of AOD
across a year is shown to be decreasing through the months of
winter up to pre-monsoon; increasing through months of pre-
monsoon up to monsoon; decreasing through the months of
monsoon up to post-monsoon; and finally increasing through
the months of post-monsoon up to winter. December how-
ever shows an increase in AOD values. The aerosol proper-
ties observed over Kanpur are strongly wavelength depen-
dent (SSA decreases with wavelength) during the winter sea-
son because of the dominance of urban (absorbing in nature)
aerosols (Singh et al., 2004). Biomass burning further adds
to the local aerosol loading. It has been observed that coldest
season, i.e. winter, has the peak concentration for absorbing
organic carbon (Arola et al., 2011). An increase in the AOD
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 Fig. 1. (a)Time series plot of monthly average AOD (forλ = 0.55 µm) at Kanpur, Gandhi College and Nainital. X-axis describes the entire
time period of study. The first month is January 2001 and the last is December 2010.(b) Angstrom exponent at Kanpur, Gandhi College
(2006–2010), and Nainital (2008–2010), and SSA at Kanpur and Gandhi College (2006–2010).

during December is possibly a result of increased loading due
to biomass burning.

Similar to Kanpur, AOD data of Gandhi College show an
increase during the pre-monsoon months. However, the AOD
values are higher than for Kanpur during this season in the
months of April and May. Increase in AOD is seen during
the post-monsoon months, and again the AOD is higher than
Kanpur for the months of September 2005 to January 2006.

Not much data are available for winter and monsoon months
to make any conclusive remarks. Post-monsoon and pre-
monsoon show higher monthly average AOD values with re-
spect to Kanpur, while the data from monsoon season show
lower value for April 2006 to January 2007.

Nainital has collocated data for 9 months out of the study
period of 2008–2010. Data being scattered over this dura-
tion do not allow us to make a strong conclusion about the
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Fig. 2.MODIS-retrieved AOD versus AERONET at Kanpur for Aqua (a to c) and Terra (d to f), atλ = 0.475, 0.55 and 0.66 µm. Regression
equations are in sequence winter (Win), pre-monsoon (Prm), monsoon (Mon) and post-monsoon (Pom). EE refers to the error envelope per
the MODIS uncertainty of±0.05± 0.15τ , whereτ is AOD.

seasonal changes in AOD, annually and inter-annually. As
seen in the time series, data are present in continuous fashion
during November 2009 to March 2010. They show an in-
creasing trend in AOD but the values are significantly lower
(AOD < 0.4 mostly) than both Kanpur and Gandhi College.

In order to understand the differences between the sites,
especially Kanpur and Gandhi College, both of which
lie in the plains of Indo-Gangetic Basin, we have exam-
ined the Angstrom exponent and single scattering albedo
(SSA) at these sites (Fig. 1b). Compared over the same
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period 2006–2010, the Angstrom exponent value at Kan-
pur shows large variation than Gandhi College (at Kanpur:
AEmin = 0.25, AEmax = 1.39; at Gandhi College: AEmin =

0.58, AEmax = 1.44). Thus, the amplitude of variation in AE
at Kanpur is much larger than at Gandhi College. The cor-
responding variation at Nainital (for 2008–2010) is between
AEmin = 0.13 and AEmax = 1.97. Averaged over the 5 year
period, it is seen that the value of Angstrom exponent at
Gandhi College is higher than Kanpur for all seasons – the
difference being more pronounced for March to June period.
Differences are also seen in the SSA characteristics at Kan-
pur and Gandhi College, when compared for the same pe-
riod 2006–2010. Over Kanpur, SSA remains mostly nearly
or above 0.9, except January, February and March. However,
similar values at Gandhi College are seen only during Jan-
uary, and May to October. Thus, variations are less in SSA
at Kanpur as compared to Gandhi College. Further, except
January and February and monsoon months of July and Au-
gust, SSA at Gandhi College is lower than or equal to that at
Kanpur. These results show that the three sites have entirely
different aerosol characteristics.

4.2 Validation results

Using the final collocated data (Spatially averaged MODIS
AOD and temporally averaged AERONET AOD), regres-
sion analysis is performed for every site. The regression is
performed on total data and seasonal data for all three wave-
lengths (λ) (0.47, 0.55 and 0.66 µm). A seasonal spectral cor-
relation analysis is performed in order to check how well
the aerosol model assumed in the C005 algorithm over the
IGB region of Indian subcontinent performs in the retrieval
of AOD, and to find errors due to surface reflectance as-
sumption specific to every site in the different seasons. The
regression fit equation gives us information regarding both
of the above conditions; the slope of equation shows how
close the assumed aerosol model over a region is with re-
gard to local aerosol type, and intercept gives us error due to
surface reflectance (Hyer et al., 2011). The ideal condition
would be to have slope (m) as 1 and intercept (c) as 0. Devi-
ation from these values shows bias in the retrieved AOD by
MODIS. The value ofR2 gives us the percentage of varia-
tion in MODIS retrieval that can be explained by AERONET
retrieval.

4.2.1 Kanpur

Earlier studies over Kanpur suggested that C004 product (for
τ0.55) had a problem of overestimation in the pre-monsoon
and monsoon period (Tripathi et al., 2005a). A later study us-
ing five year C005 data suggested that about 70 % of MODIS
retrieval at 0.47 µm and 0.55 µm, and 60 % at 0.66 µm, fall
within the pre-launch uncertainty of MODIS AOD, and the
correlation also improved as compared to C004 (Jethva et al.,
2007).

The complete data regression shows that Terra has higher
value ofR2 as compared to Aqua (Table 1). It is seen that
m ∼ 1 in all cases for Terra and the intercept is very small
(<0.075) for total data. Aqua however shows higher values
for intercept as compared to Terra.

Figure 2 shows the regression plots with seasonal fits at
Kanpur site for our study. A seasonal regression analysis is
done in order to study the performance of the two sensors
and also the retrieval quality at all three wavelengths (λ)

for different weather conditions. The regression coefficient is
seen to be higher for Terra in all the seasons as compared to
that of Aqua except for 0.47 µm in pre-monsoon months and
0.66 µm in monsoon. ConsideringR2 first, we see that for
winter and post-monsoon months, it decreases with increase
in λ. This can be explained by the fact that during this period
the dust loading is low and fine particles dominate (Dey et
al., 2004), thus the smaller wavelength will be more sensitive
and hence better correlation. Slope “m” is high (m > 0.8, ex-
cept form0.55 = 0.781) for both Aqua and Terra in the win-
ter months. The slope “m” is nearly 1 in the post monsoon
season for both sensors at all wavelengths (λ). During win-
ters Terra has smaller intercept values as compared to that
of Aqua, and for both sensors reflectance problem is higher
for the 0.66 µm channel. Post-monsoon has lower error due
to surface reflectance; Aqua has lower errors due to surface
reflectance as compared to Terra during the post-monsoon
months. A reverse trend in theR2 is seen in the months of
pre-monsoon. TheR2 values improve with increase in wave-
length (with Aqua 0.55 µm as an exception). This can be ex-
plained, as during this season higher dust loading is seen in
the area due to incoming winds (Dey et al., 2004) and the
presence of coarse aerosol results in better performance of
the 0.66 µm channel. No perfect trend in the values of “m”
or “c” is seen in this season in either of the sensors, but here
again slope (m) is better and the intercept (c) values are lower
for Terra as compared to Aqua.

Classification of data in different seasons also helped in
identifying the season with maximum outliers. It is found
that the prominent outliers above the uncertainty envelope
(or error envelope, EE) belong to monsoon, indicating cloud
contamination during this season. The outliers lying below
the uncertainty envelope represent cases of underestimation,
or cases where AERONET measures very high AOD which
are not reflected in MODIS data. Such cases happen “mostly”
in local burning events. MODIS may lose such local events
while averaging the 1 km resolution data to 10 km. Winter
thus contributes outliers in this region due to biomass burn-
ing prevalent during this season. Post-monsoon has outliers
in both regions. It is because of the way we have defined sea-
sons. In our study post-monsoon spans over September, Oc-
tober and November. September would still have cloud pres-
ence, providing outliers above the envelope, which is an over-
estimation. October witnesses heavy agricultural burning to
prepare fields for next farming season, thus increasing the
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Table 1.Data statistics for Kanpur regression analysis.m andc are the slope and intercept for the linear regression fit,R2 is the correlation
coefficient, andN is the total data points available. TOT: Total, WIN: Winter, PRM: Pre Monsoon, MON: Monsoon, POM: Post Monsoon.

AQUA TERRA

TOT m c R2 N m c R2 N

475 0.914 0.104 0.73 440 1.010 0.063 0.772 598
550 0.883 0.109 0.717 440 0.975 0.073 0.788 598
660 1.010 0.090 0.712 381 1.070 0.064 0.773 521
WIN
475 0.828 0.092 0.82 111 0.925 0.058 0.894 137
550 0.781 0.107 0.779 111 0.890 0.073 0.859 137
660 0.809 0.121 0.761 109 0.949 0.078 0.849 137

PRM
475 0.972 0.096 0.801 155 1.051 0.0554 0.798 228
550 0.848 0.13 0.771 155 0.969 0.0781 0.8 228
660 1.117 0.054 0.806 114 1.153 0.0351 0.849 175

MON
475 0.994 0.307 0.681 26 1.194 0.177 0.703 51
550 0.798 0.352 0.624 26 0.974 0.245 0.666 51
660 1.198 0.184 0.789 20 1.406 0.077 0.654 27

POM
475 0.959 0.0542 0.731 148 0.954 0.058 0.831 182
550 1.000 0.0461 0.723 148 0.937 0.081 0.82 182
660 1.097 0.0668 0.693 138 1.016 0.089 0.791 182

concentration of absorbing aerosols. Thus outliers belonging
to the month of October fall below the envelope.

In order to test the variation and reliability ofR2, a con-
fidence level test was done. The analysis was done in order
to check if theR2 would have been different had the sam-
ple been different, i.e. to check the sample dependence of the
results. It is seen that theR2 values do not vary much even
at a high confidence level (99 %) for total data. The results
again show that Terra has higher reliability, as variation in
the calculatedR2 is smaller (1R2

∼ 0.04) at a higher con-
fidence level compared to Aqua. The seasonal data statistics
show that variation is higher in Aqua as compared to Terra.
Also, variation increases with increase in wavelength (λ).

Nevertheless, the retrieval at Kanpur is well within the ex-
pected uncertainty and thus we can say that MODIS has good
retrieval over Kanpur, for all wavelengths and during all sea-
sons.

4.2.2 Gandhi College

The regression results of the total data show a very poor
correlation between MODIS and AERONET-retrieved AOD
values (Table 2). From the correlation coefficient it is seen
that Aqua performs better than Terra, which is contrary to
what is seen at Kanpur. It is also seen that for Aqua the cor-
relation improves with increase in wavelength (λ), but for
Terra it follows the reverse trend, i.e.R2 decreases with in-
crease in wavelength. Such low values of slope (m < 0.66,
see Table 2) show that the aerosol type assumed is not very

accurate and that there is considerable underestimation with
respect to AERONET. Intercept “c” is high, (caqua∼ 0.1 and
cterra∼ 0.2), showing that MODIS has high error in retrieved
AOD due to surface reflectance at Gandhi College. Spatial
variation in surface reflectance at Gandhi College could be a
reason for large scatter and bias in the scatter plots.

Figure 3 represents the regression plots for Gandhi Col-
lege at all three wavelengths (λ) for both the sensors, be-
tween AERONET and MODIS AOD. The seasonal regres-
sion result shows that the correlation is slightly better in win-
ter months than for total data for Aqua, but for Terra it is very
poor. Also for Aqua theR2 worsens with increase in wave-
length (λ), as is seen in Kanpur, whereas for Terra theR2

improves with increase in wavelength (λ), contrary to Kan-
pur. The slope “m” values for Aqua are significantly less than
1 for 0.66 µm (m0.66 = 0.43); 0.47 µm and 0.55 µm channels
have better “m” values amongst all seasons (m > 0.7). Terra
has very poor m values at allλ (m < 0.31). Terra suffers
more with errors due to surface reflectance during the win-
ter months. Aqua also has a very high “c” value mainly for
0.66 µm channel (c = 0.185); the other two channels suffer
less. This is expected considering that this season has dom-
inance of fine particles and so lowerλ will show better per-
formance. Pre-monsoon months also show same trend for
Aqua with regard to the correlation, but for Terra it is seen
that, unlike in winter, the correlation worsens with increase
in wavelength (λ). This is in contrast to what is seen in Kan-
pur for pre-monsoon where the correlation improved with
increase in wavelength. Both Aqua and Terra havem < 0.6
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Fig. 3. MODIS-retrieved AOD versus AERONET at Gandhi College for Aqua (a to c) and Terra (d to f), at λ = 0.475, 0.55 and 0.66 µm.
Regression equations are in sequence winter (Win), pre-monsoon (Prm), monsoon (Mon) and post-monsoon (Pom). EE refers to the error
envelope per the MODIS uncertainty of±0.05± 0.15τ , whereτ is AOD.

andc is high (cmin = 0.093). Here again 0.66 µm channel has
the highest “c” value (caqua= 0.122 andcterra= 0.251) for
both Aqua and Terra. The post-monsoon season shows poor
correlation but here again Aqua performs relatively better.
The slope is lowest in this season for Aqua, but still higher

than Terra. The intercept is again high and decreases with
the increase in wavelength for Aqua, which is again due to
dominance of finer aerosols in this season. Kanpur (Aqua)
and Gandhi College (Terra) have no set trend for intercept-
wavelength dependence. Intercept decreases with increase
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Fig. 4.MODIS-retrieved AOD versus AERONET at Nainital for Aqua (a to c) and Terra (d to f), atλ = 0.475, 0.55 and 0.66 µm. Regression
equations are in sequence winter (Win), pre-monsoon (Prm), monsoon (Mon) and post-monsoon (Pom). EE refers to the error envelope per
the MODIS uncertainty of±0.05± 0.15τ , whereτ is AOD.

in wavelength for Gandhi College (Aqua), while Kanpur
(Terra) has a reverse trend. Therefore surface reflectance–
wavelength relationship for MODIS pre-monsoon months is
not very clear, especially at Gandhi College as it has poor

correlation and high degree of variation in data statistics, as
discussed below.

Plotting the pre-launch uncertainty shows that for both the
sensors, at all three wavelengths, less than 60 % data are

Ann. Geophys., 30, 1479–1493, 2012 www.ann-geophys.net/30/1479/2012/



P. Choudhry et al.: Study of MODIS derived AOD at three different locations 1489

Table 2. Data statistics for Gandhi College regression analysis,m andc are the slope and intercept for the linear regression fit,R2 is the
correlation coefficient, andN is the total data points available. TOT: Total, WIN: Winter, PRM: Pre Monsoon, MON: Monsoon, POM: Post
Monsoon.

AQUA TERRA

TOT m c R2 N m c R2 N

475 0.647 0.091 0.519 146 0.521 0.16 0.401 200
550 0.658 0.070 0.535 146 0.528 0.136 0.4 200
660 0.629 0.099 0.552 139 0.489 0.221 0.331 199
WIN
475 0.741 0.032 0.546 16 0.289 0.372 0.178 15
550 0.712 0.059 0.547 16 0.281 0.319 0.188 15
660 0.431 0.186 0.493 15 0.309 0.225 0.246 15

PRM
475 0.622 0.074 0.533 86 0.584 0.101 0.48 125
550 0.625 0.063 0.519 86 0.584 0.093 0.459 125
660 0.581 0.122 0.500 80 0.446 0.251 0.293 125

MON
475 0.716 0.222 0.715 15 0.591 0.283 0.453 27
550 0.666 0.212 0.708 15 0.553 0.266 0.452 27
660 0.656 0.217 0.671 15 0.668 0.239 0.722 26

POM
475 0.424 0.220 0.305 29 0.316 0.214 0.26 33
550 0.479 0.152 0.341 29 0.316 0.177 0.239 33
660 0.431 0.128 0.349 29 0.376 0.195 0.165 33

within the EE envelope. This shows that the retrieval is very
poor at Gandhi College. To find out if the major outlier is
from a particular season, we checked the outliers above and
below the envelope and found that the problem is consistent
in all seasons and at all wavelengths for both Aqua and Terra.
It is also seen that Gandhi College poses a major challenge to
the retrieval process of MODIS, with consistent underestima-
tion (∼0.3) for AOD> 0.5 at all three wavelengths for both
the sensors and in all seasons. Small overestimation (∼0.15)
for AOD < 0.25, for both the sensors, during post-monsoon
is also seen at 0.47 and 0.55 µm. Overestimation is less at
0.66 µm in comparison to the other two channels.

The confidence level test was performed for the statistics
obtained for Gandhi College. It is seen that for the total avail-
able data, the variation at 90 % confidence level is almost
equal at every wavelength (∼0.097 for Aqua). The varia-
tion at 90 % confidence level is less for Terra as compared to
Aqua. The variation is smallest for 0.55 µm channel (0.072),
and for the other two it is almost equal (∼0.087). For the en-
tire dataset we can say that at Gandhi College the confidence
in calculated statistics is 90 %, but for seasonal data the con-
fidence level is lower.

4.2.3 Nainital

The regression analysis for the total data shows that Terra
has a better performance, as compared to that of Aqua, as the
correlation is quite better for Terra (see Table 3). The cor-

relation is seen to improve with increase in wavelength (λ),
which is not the case in either of the other two sites, Kan-
pur and Gandhi College. The slope for both Aqua and Terra
is nearly one and the intercept is very small. Therefore the
assumed model is working fine over Nainital and also the er-
rors due to surface reflectance are low. Also, less variation
in surface reflectance owing to the forested mountain slopes,
as compared to the agricultural land in Gandhi College, pro-
vides better results for Nainital. At Nainital, errors due to
surface reflectance decrease with increase in wavelength (λ)

for both Aqua and Terra.
Figure 4 shows the regression plots for all four seasons

at all three wavelengths (λ). Seasonal regression analysis
shows that winter has very poor correlation for both Aqua
as well as Terra. The intercept value is also high, showing
that during winter season both sensors suffer from errors due
to surface reflectance. Pre-monsoon sees very high correla-
tion for Terra (R2 > 0.93) as well as Aqua (R2 > 0.8). The
surface reflectance contribution is very minimal as the inter-
cept is very small, especially for Terra. Also, an increase in
the slope and a decrease in the intercept are seen with in-
crease in wavelength. Post-monsoon shows that Aqua has
better performance with respect to Terra. TheR2 improves
with increase in wavelength, with 0.66 µm channel as an ex-
ception. Very high value of slope (mterra

0.47 ∼ 1.783) is seen.
Ideally slope should be 1, but a higher value of slope sug-
gests over prediction in post-monsoon. Considering the fact
that MODIS has a tendency of overestimation for low aerosol
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Table 3.Data statistics for Nainital regression analysis,m andc are the slope and intercept for the linear regression fit,R2 is the correlation
coefficient, andN is the total data points available.

AQUA TERRA

TOT m c R2 N m c R2 N

475 0.891 0.091 0.689 78 1.199 0.053 0.831 100
550 0.937 0.058 0.742 78 1.226 0.032 0.862 100
660 1.070 0.032 0.802 78 1.305 0.019 0.874 100
WIN
475 1.465 0.053 0.397 38 0.958 0.102 0.260 43
550 1.4 0.037 0.4 38 0.992 0.073 0.311 43
660 1.428 0.028 0.398 38 1.077 0.053 0.353 43

PRM
475 0.801 0.084 0.809 7 1.329 0.016 0.938 12
550 0.919 0.047 0.859 7 1.369−0.002 0.956 12
660 1.121 0.014 0.923 7 1.512−0.021 0.942 12

MON
475 1.066 0.022 0.468 15 1.601−0.139 0.804 17
550 1.229 −0.033 0.508 15 1.634 −0.135 0.836 17
660 1.389 −0.059 0.528 15 1.603 −0.101 0.786 17

POM
475 1.492 0.007 0.847 18 1.783−0.017 0.734 28
550 1.366 0.003 0.852 18 1.633−0.014 0.743 28
660 1.327 0.003 0.859 18 1.587−0.007 0.793 28

loading (Levy et al., 2010), Nainital having quite low aerosol
loading could be suffering from the same problem.

Retrieval at Nainital is well within the EE, which is veri-
fied by plotting the uncertainty envelope for the total dataset
(Fig. 4). The results show that Nainital has more than two-
thirds data within the EE, and thus we can safely say that
retrieval works fine here, but there is some constant overesti-
mation in winter and post-monsoon. But as more than 70 %
data for post-monsoon is within the EE, the retrieval for post-
monsoon is not poor. Winter has an over-estimation problem,
but this problem decreases at 0.66 µm channel.

Similar to Kanpur and Gandhi College, a confidence level
test was done at Nainital too. The results show that for the
entire dataset Terra shows lower variation, as seen in Kanpur
and Gandhi College also. The confidence level in theR2 is
90 %, as at higher confidence level the variation is large. The
variation for the computedR2 for Nainital is higher as com-
pared to Kanpur and almost equal to that in Gandhi College.
The low sample size for the Nainital dataset can be one of
the reasons for high variation inR2. During winter season
the variation for computedR2 is high, and as is the case for
the total dataset, Terra has smaller variation. The variation is
nearly constant with wavelength. In the pre-monsoon season,
variation is less and is smaller for Terra, as for total data at
90 % confidence level. Also, the variation is nearly constant
with increase in wavelength. Aqua, however, has a high de-
gree of variation (∼0.25) for computedR2; the variability is
seen to decrease with increase in wavelength. Monsoon has
higher level of variation inR2 for Aqua, nearly 4 times that of

Terra. In post-monsoon the variation is high for Terra (aver-
age∼0.14) for the computedR2 and increases with increase
in wavelength. Aqua shows lower variation (∼0.09) and the
variation decreases with increase in wavelength.

Due to the fact that more than two-thirds of data are within
the uncertainty envelope, we consider MODIS retrieval un-
biased in pristine conditions that are prevalent at Nainital.
Also, considering that these retrievals are made for quite low
aerosol loading, it is another improvement over the previous
collection of MODIS, which had a problem of overestima-
tion for low AOD cases.

5 Conclusion

This study presents an examination of MODIS C005 AOD
retrieval by comparing with AERONET-measured AOD
for different time durations at three different sites: Kan-
pur (2000–2010), Gandhi College (2005–2010) and Nainital
(2008–2010). The results presented here give a more detailed
picture with regard to performance of MODIS over the IGP
region than any previous study.

At Kanpur, AERONET data show a general trend of
decreasing AOD from winters to pre-monsoon, increasing
through months of pre-monsoon, decreasing through months
of monsoon to post-monsoon, and finally decreasing in the
months of post-monsoon to winter (December shows in-
crease). The same is seen at Gandhi College, but AOD
is higher, showing that both sites differ in aerosol loading
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(Srivastava et al., 2012). Nainital shows an increase in winter
but AOD is low as compared to the other two stations.

1. Kanpur has good correlation with high confidence level
for total data and for both the sensors, as was indi-
cated in earlier studies by Jethva et al. Regression anal-
ysis shows that Terra performed better than Aqua. Sea-
sonal correlation shows that at Kanpur, winter and post-
monsoon have similar performance; correlation worsens
with increase in wavelength attributed to finer aerosols.
But considering that the retrieval is well within the er-
ror limit for both the sensors, with some outliers both
above and below the uncertainty envelope belonging to
different seasons, we can safely conclude that MODIS
retrieval accounts well for the AOD over Kanpur.

2. Gandhi College has poor correlation for both the sensors
and also less than 57 % data are within the pre-launch
uncertainty. Thus Gandhi College poses a challenge to
the MODIS retrieval scheme. Most of the outliers fall
below the uncertainty envelope; therefore there is under-
estimation at Gandhi College for all seasons. The under-
estimation becomes higher (∼0.3) for AOD> 0.5. The
higher underestimation at higher wavelength suggests
that the actual SSA value at Gandhi College may be
lower than the value assumed by the MODIS algorithm
(Ichoku et al., 2003). Small overestimation (∼0.15) for
AOD < 0.25, for both the sensors, during post-monsoon
is also seen at 0.47 and 0.55 µm.

3. Nainital shows very high correlation and much less sur-
face reflectance error. Nainital has more than two-thirds
data within the EE, and thus we can safely say that
retrieval works fine here. A distinguished feature seen
here is that all the outliers fall above the uncertainty
envelope, therefore MODIS overestimates, which is the
case mainly in winter. Nainital is a relatively clean site
and has low AOD; still, more than two-thirds retrieval
are within the prelaunch uncertainty. This shows the im-
proved performance of C005 even in low AOD condi-
tions which was a problem for the earlier collections.

A quality-assured study over the Indian subcontinent showed
that correlation is greatly improved if the data with only high
QAC are used (Hyer et al., 2011). Thus the entire dataset be-
ing provided by the current algorithm is not suitable for use
in aerosol modeling. Data from AERONET at Kanpur was
used during development of the currently used LUT in the
MODIS C005 algorithm and hence the C005 gives good re-
sult over Kanpur. Nainital, which is a pristine site, also shows
good retrieval by MODIS. However, this is not the case with
Gandhi College (a rural area), which suffers possibly due to a
misfit in the assumed aerosol model and poor surface param-
eterization. The large variability in land use and climate over
India makes it a site too complex for a single aerosol model
to be used over the entire area. Therefore further study with

as many sites as possible over the Indian subcontinent would
help provide more realistic model for Indian subcontinent.
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