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Chapter 1

Introduction

Aerosols are in the forefront of climate studies since last two decades owing

to the role they play in the Earth-Atmosphere system by absorbing or scat-

tering the incoming solar radiation thus warming or cooling the atmosphere

[Bellouin et al., 2005]. Their optical properties which depend on their chem-

ical composition, size and shape, determine their radiative behaviour which

in turn determines the overall effect they will have on the Earth radiation

budget [Charlson et al., 1992, Chung et al., 2005]. The major problem in

their characterization is on account of their short lifetime because of which

they have high spatial and temporal variability [Seinfeld and Pandis, 1997].

Besides, the transport processes may bring in aerosols from other locations

and affect the local climate there. These factors reinforce the necessity of

aerosol monitoring on a larger spatial scale than can be provided by the

ground based measurements[IPCC, 2001].

Satellite based observations can provide detailed knowledge in this regard

on a long time scale covering a large spatial area [Kaufman et al., 2002b].

They have an additional advantage, compared to conventional ground based

observations, in that since the same instrument is making observation glob-

ally, the aerosol concentration at different locations can be compared which

will not be affected by the calibration errors of the instrument. Since they

don’t interfere with the ambient aerosol composition, they provide the ideal

remote sensing method. Satellite based remote sensing is also used to infer
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CHAPTER 1. INTRODUCTION

aerosol climatology viz., details of global aerosol distribution and seasonal

variation as well as sources and sinks of specific aerosol types. For example,

spatial patterns in aerosol distribution can be inferred from polar satellites

while temporal patterns can be obtained from geostationary satellites. Such

information has further applications in atmospheric correction of satellite im-

ages to derive land products to study land use, land cover, surface reflectance

and several other parameters. Aerosol monitoring from space based instru-

ments consists in extracting the atmospheric contribution from the total

signal measured by the satellite sensor. Aerosol monitoring from previous

sensors, such as the AVHRR [Husar et al., 1997], was limited to studies over

oceans which have a distinct advantage in that the total measured signal

is not much affected by reflectance from ocean surface away from sun-glint

area [King et al., 1999]. Besides AVHRR, aerosol characterization has been

tried by TOMS over land and ocean but its accuracy is affected by the large

footprint resulting in cloud contamination related problems [Torres et al.,

1998]. Still, aerosol retrieval over oceans is more accurate and reliable. Stud-

ies over land are comparatively more challenging because of the large surface

reflectance which may introduce considerable errors in the retrieved results.

The initial attempts for aerosol retrieval over land were made with the

launch of the POLDER instrument [Deschamps et al., 1994] which utilised

the information regarding the polarization state of the radiation for the pur-

pose [Leroy et al., 1997] but had limitations with onboard calibration. It

lasted for only 8 months due to technical problems in the spacecraft. Aerosol

monitoring over land entered a new era with the launch of the MODIS in-

strument [Barnes et al., 1998] onboard the NASA satellites Terra and Aqua

in 1999 and 2002 respectively. It measures the Earth leaving radiances in

36 high resolution bands from 0.4 to 14.0 microns with a spatial resolution

of 250m, 500m and 1 km depending on the wavelength. Its large swath of

2330 km allows the nearly global coverage within 1 or 2 days. The major

highlights of MODIS is the large number of spectral bands and excellent

on-board calibration. MODIS includes several important characteristics and

attributes of the previous sensors such as the Coastal Zone Colour Scanner

(CZCS), Advanced Very High Resolution Radiometer (AVHRR), High Res-
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CHAPTER 1. INTRODUCTION

olution Infrared Radiation Sounder (HIRS) and Landsat Thematic Mapper

(TM). The large number of data products from MODIS are used for studying

various land, ocean and atmosphere processes. The wide spectral coverage

has advantage in deriving aerosol size distribution information and hence in

uncoupling the total aerosol amount into contribution from natural and an-

thropogenic parts [Kaufman et al., 2005]. Parallel measurement in visible and

IR channels has also helped in overcoming the biggest obstacle in the aerosol

retrieval over land viz, the separation of the surface reflectance part from the

total measured signal [King et al., 1992, 1999, 2003]. The primary parameter

given by the MODIS aerosol product is the Aerosol Optical Depth (AOD)

which is a measure of the columnar atmospheric aerosol content. Besides,

MODIS also provides information regarding fine-mode fraction over land and

ocean and effective radius over ocean. Such information is required in the

study of Earth radiation balance and hydrological cycle to assess the aerosol

impact on these processes [Chu and Remer, 2006]. Having same instrument

on two platforms with different equatorial crossing times makes the study

of diurnal variation in aerosol properties feasible. MODIS derived aerosol

products are also used for air quality monitoring as well as in predicting fu-

ture air quality [Hutchison, 2003, Hutchison et al., 2004]. It should be noted

that using ground based observations to monitor air quality may provide in-

correct information in case the pollution is transported from other regions

[Hutchison, 2003]. One of the achievements of MODIS is the correlation be-

tween the aerosol optical depth and PM2.5 mass concentration so that the

aerosol product can be used as a tracer for PM2.5 mass concentration thus

providing better identification of pollution sources [Kafatos and Qu, 2006].

Besides the direct products, which themselves are useful in various studies as

mentioned above, MODIS data has been used in conjunction with data from

other sensor to arrive at several interesting results [Edwards et al., 2004].

In spite of these advantages, the space based aerosol measurements from

MODIS, like any other sensor, suffer from various drawbacks. These include

possibility of cloud contamination and errors arising due to various assump-

tions in the retrieval algorithm principally about the aerosol type and surface

reflectance. To circumvent the uncertainties pertaining to these parameters,
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CHAPTER 1. INTRODUCTION

the procedure relies on the ground based observations which provide the ex-

haustive database of the aerosol microphysical properties [D’Almeida et al.,

1991, Holben et al., 1998]. Even after the retrieval has been accomplished,

the satellite retrieved data has to be validated against the ground truth data.

Being based on the measurement of attenuation in direct solar radiation, data

from ground based observations are not limited by the aerosol type and sur-

face reflectance related constraints. For example, during a particular day,

several observations can be taken from sunphotometer so that any peculiar

change in AOD due to possible cloud contamination can be identified and

removed. This is not possible from single observation carried out by satellite

sensor which has to rely on cloud screening tests. Further, sunphotometer

measures the aerosol optical depth by measuring the attenuation in the direct

solar radiation so that there is no need to have any knowledge regarding the

aerosol type. But the retrieval of aerosol optical depth from satellite sensor is

an inversion process based on the radiative transfer calculations for which the

knowledge of aerosol model is essential. Hence, ground based observations

represent the benchmark against which to verify the accuracy and validity of

satellite based retrievals. An extensive validation exercise tests the efficacy

of the retrieval algorithm, conditions under which it works satisfactorily and

cases where further improvement is needed. Further, the validation exercise

helps to quantify the improvements to the algorithm which are made from

time to time. Validation of MODIS aerosol optical depth data started and

is in progress nearly since the data from the sensor started coming in. Chu

et al. [2002, 2003], Ichoku et al. [2002, 2003], Remer et al. [2002, 2005], Levy

et al. [2005] and several other groups working on the validation efforts report

their results based on the extensive validation of the aerosol product at its

different stages of development. But a detailed and extensive validation of

the MODIS Level 2 data over the Indian subcontinent was till recently lack-

ing. For example, Tripathi et al. [2005] studied 1 year of Level 2 data whereas

Jethva et al. [2005] and Prasad and Singh [2007] used Level 3 gridded data

for their comparisons. More details on their results will be discussed in the

Results and Discussion section. The present paper discusses the validation

of 4 years of the Level 2 MODIS retrieved aerosol optical depth product over

5



CHAPTER 1. INTRODUCTION

Ahmedabad, an urban location in western India. All three versions of the

aerosol product are considered so as to be able to assess the improvement

in accuracy with transition from Collection Version 4 to version 5 and Deep

Blue Algorithm. In the present study, the aerosol product data from both

the Aqua as well as Terra platform is used. Further, to the best of our

knowledge, this is the first time that the validation results of the Deep Blue

Algorithm (included in the Aqua Collection Version C005 data) over India

are being reported.

Chapter 2 titled Satellite Algorithms provides an overview of the MODIS

retrieval algorithm for version 4 and upgrades to version 5. Further, the

alternative retrieval scheme, known as the Deep Blue Algorithm, for aerosol

retrieval over highly reflecting surfaces is also discussed. Here, only the algo-

rithm over land is discussed. Chapter 3 on Ahmedabad Meteorology provides

the details of local meteorology over Ahmedabad which is the study location

for the validation of MODIS aerosol product using 4 years of ground based

sunphotometer data to investigate temporal variations in the correlation pa-

rameters of the two sets of measurements. This is important while discussing

the differences in the ground truth values and the MODIS retrieved values of

the aerosol optical depth. Instrumentation details of MODIS and the various

data products available alongwith the principle and working of the Microtops

sunphotometer are discussed in Chapter 4 titled Instruments. This chapter

also includes details of data analysis which is followed to process the satellite

and ground based data for different validation exercises. Chapter 5- Valida-

tion Results for Ahmedabad - provides details of the validation results over

Ahmedabad. The 4 years of data has been disaggregated into individual

years and different seasons to identify the cases where the differences in the

retrievals from MODIS and Microtops are maximum and minimum. In ad-

dition to the study of temporal variation in the correlation parameters from

a fixed location, validation of MODIS aerosol product has also been carried

out during the two ISRO-GBP Land Campaigns. The first Land Campaign

was carried out in the peninsular India to characterize the distribution of

aerosols over this region whereas the objective of second Land Campaign

was the study of distribution of aerosol along the Indo-Gangetic plain and
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CHAPTER 1. INTRODUCTION

its impact on fog formation. Validation results of MODIS derived AOD from

these two experiments constitute Chapter 6 titled Validation Results for the

ISRO-GBP Land Campaigns. Finally, all the results and inferences of the

various studies are summarized in Chapter 7.
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Chapter 2

Satellite Algorithms

The scheme for the retrieval of aerosol properties from the MODIS sensor has

remained essentially the same as proposed by Kaufman et al. [1997a], though

several modifications have been implemented from time to time based on the

validation results by different groups all over the world under different envi-

ronmental and geographical conditions which showed the exact cases where

further modifications are needed. We first discuss the Kaufman et al. [1997a]

algorithm and its operational version as implemented by Remer et al. [2005].

The latest overhaul to this algorithm which culminated in the C005 ver-

sion of the MODIS algorithm [Levy et al., 2007b] is discussed next. Finally,

the alternative procedure - the Deep Blue algorithm - for retrieval of aerosol

properties over regions with high surface reflectance as proposed by Hsu et al.

[2004] is discussed.

2.1 MODIS Aerosol Retrieval Algorithm: The

Collection Version C004

The underlying principle behind the satellite based retrieval of aerosol prop-

erties is the radiative transfer equation [Vermote et al., 1997]:

ρ∗(θ0, θ, φ) = ρa(θ0, θ, φ) +
ρs

1− ρsS
T (θ0)T (θ) (2.1)
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CHAPTER 2. SATELLITE ALGORITHMS

where ρ∗ is the apparent reflectance at the satellite level, θ0 is the solar zenith

angle, θ the satellite zenith angle and φ the relative azimuth angle. ρs is the

surface reflectance and T is the total transmission function.

The atmospheric path radiance contribution itself is composed of the

molecular and aerosol contributions. The contribution by aerosol is expressed

in terms of single scattering albedo ω0, aerosol optical depth τa and phase

function Pa, so that:

ρa(θ0, θ, φ) = ρm(θ0, θ, φ) +
ω0τaPa

4µµ0

(2.2)

where ρm(θ0, θ, φ) is the molecular path radiance, µ = cos θ and µ0 =

cos θ0. After the satellite measured signal has been corrected for the gaseous

absorption, aerosol optical depth τa can be retrieved by inversion of the above

equations, provided the aerosol properties ω0 and Pa are known. Another

obstacle is the surface reflectance which constitutes the biggest source of

error in the retrieved results. The error in retrieved aerosol optical depth is

10 times the error in reflectance value.

To get around the problem of separating out the contribution of surface

reflectance from the total measured signal measured by MODIS, the algo-

rithm employs the Dark Target Approach. Dark targets are the pixels in

the satellite image with surface reflectance lower than 0.15 e.g., forest cov-

ers, wet soils and vegetation etc. This also implies that the algorithm has

drawback in that the aerosol optical depth cannot be retrieved over surfaces

having reflectance values higher than this critical value. The basic motive

for selecting the dark pixels for AOD retrievals is that the contribution from

the atmosphere to the total measured signal is lower for shorter wavelengths

and low surface reflectance so that the error in retrieved AOD is smaller.

Further, the error due to aerosol absorption properties is also low under

these conditions. The overall procedure consists of first identifying the dark

pixels in the image from the values of radiances in the mid-IR. This is illus-

trated in Figure 2.1 where images of the western Indian state of Gujarat from

MODIS Level 1B geolocated radiance data are shown for three wavelengths-
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CHAPTER 2. SATELLITE ALGORITHMS

(a)

MOD021KM.A2003083.0620.004.2003083195849.hdf

Wed Dec 19 14:02:52 2007  (L.O.A. Computer Team)

(b)

MOD021KM.A2003083.0620.004.2003083195849.hdf

Wed Dec 19 14:05:37 2007  (L.O.A. Computer Team)

(c)

MOD021KM.A2003083.0620.004.2003083195849.hdf

Wed Dec 19 14:04:16 2007  (L.O.A. Computer Team)

Figure 2.1: Radiance images of Gujarat from MODIS (a) channel 3 (470 nm),
(b) channel 1 (660 nm) and (c) channel 5 (2130 nm). The 2130 nm image
reveals surface features which are not discernable in the other two channels
because of negligible contribution from the atmosphere in mid-IR.

470 nm, 660 nm and 2130 nm. Here we see the surface features revealed at

2130 nm which are not discernable at the two visible wavelengths. This is

because the wavelength in mid-IR is fairly larger than the size of most of

the aerosol species so that there is negligible contribution from atmosphere

in the mid-IR. However, this may not hold good in the presence of dust.

This principle has been applied to detect dark vegetation using the 3700 nm

for remote sensing of aerosol over land (e.g., Holben et al. [1992], Kaufman

and Remer [1994]). For application to MODIS algorithm, 2130 nm is used

because in contrast to 3700 nm, 2130 nm is not affected by surface emission

though it is affected by water absorption. Still, it is more reliable since cor-

rection for atmospheric absorption is more accurate than surface emission

correction. At the next step, the surface reflectance of these pixels in the red

and blue channels are derived from the corresponding values in the mid-IR

using the empirical relations:

R470 =
R2130

4

R660 =
R2130

2
(2.3)

These relations were derived based on the atmospheric correction of Land-
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CHAPTER 2. SATELLITE ALGORITHMS

sat TM and AVIRIS images during SCAR-A (Sulphates Cloud and Radiation

experiment- Atlantic) and take into account various types of surfaces such

as forests, vegetation, soils and urban surface types.

Equations 2.3 represent parallel processes affecting the surface reflectance

values in the visible and mid-IR. For example, vegetation, soil moisture con-

tent and shadows reduce the reflectance in both visible as well as the mid-IR

wavelengths. In the case of vegetation, reflectance is lowered in the visible

due to chlorophyll absorption whereas due to liquid water absorption in the

mid-IR. Similarly, in the case of wet soil, water absorption reduces the re-

flectance in the mid-IR whereas in the visible wavelengths, the reflectance is

reduced due to the light trapping mechanism [Kaufman et al., 1997b, 2002a].

After an estimate of surface reflectance has been made, satellite radiances

are inverted to aerosol optical depth values using the continental aerosol

model making use of Look-up tables which contain the pre-computed val-

ues of simulated TOA radiances as a function of surface reflectance, optical

thickness and solar and satellite geometry. The minimum difference between

the measured and simulated radiances represent the spectral aerosol optical

depth.

This initial guess of the aerosol optical depth is used in conjunction with

the radiance ratio in the red and blue channels and the geographical location

of the region under consideration to arrive at the decision about the actual

aerosol model. In this pre-launch algorithm, the initial guess of aerosol optical

depth (retrieved using the continental aerosol model), is corrected based on

the decision about the actual aerosol model. The predicted uncertainty in the

retrieved aerosol optical depth from this algorithm is ∆τ = ± 0.05 ±0.15τ .

The major sources of error are uncertainties in the surface reflectance and

aerosol model.

The methodology proposed by Kaufman et al. [1997a] was implemented

in the MODIS operational algorithm [Remer et al., 2005] for remote sensing

of aerosols with few modifications. The algorithm now allowed the upper

limit of the surface reflectance to be 0.25 so that more brighter surfaces were

incorporated and thus a larger geographical area was covered. In addition

to the aerosol models used in the algorithm by Kaufman et al. [1997a], Re-

11



CHAPTER 2. SATELLITE ALGORITHMS

mer et al. [2005] included an additional aerosol model - the heavy absorption

model- after validation by Ichoku et al. [2003] during SAFARI 2000 experi-

ment showed need for increased light absorption over certain areas. Besides,

the geographical distribution of aerosol models was also modified. Kaufman

et al. [1997a] had proposed a correction to the initial estimate of the aerosol

optical depth (derived using the continental model) after decision regarding

the actual aerosol model is reached based on the path radiance ratio test and

the geographical location of the study area. Remer et al. [2005] instead pro-

posed a full retrieval after the decision on correct aerosol model is reached.

In addition, an alternative approach was proposed to retrieve aerosol optical

depth over highly reflecting surfaces using 470 nm and continental aerosol

model due to less number of pixels over such surfaces remain after the fil-

tering in the usual method. Since retrieval is made in a single wavelength,

the path radiance technique cannot be used to reach the decision about the

aerosol model so that AOD is reported only in a single channel and has less

accuracy.

2.2 MODIS Aerosol Retrieval Algorithm: The

Collection Version C005

The previous MODIS algorithm (Collection version C004) has recently been

updated [Levy et al., 2007b] to improve its performance after the initial

validation results showed scope for further improvement when compared with

the ground based observations [Chu et al., 2002, 2003, Ichoku et al., 2002,

2003, Remer et al., 2005, Levy et al., 2005]. The modifications correspond to

the inclusion of polarization in the radiative transfer calculation [Levy et al.,

2004], the angular dependence of surface reflectance ratios [Remer et al.,

2001, Gatebe et al., 2001]; and the update of the aerosol models based on

the aerosol climatology derived from the worldwide AERONET observations

[Dubovik et al., 2002].

Levy et al. [2004] discuss the effect of neglecting polarization in the ra-

diative transfer calculations for the aerosol retrieval algorithm in the C004
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CHAPTER 2. SATELLITE ALGORITHMS

version. Though the aerosol retrieval algorithm over oceans uses a vector

radiative transfer code, that over land employs a scalar code [Dave, 1970] for

the radiative transfer calculations. This is because Dave code is one of the

most extensively used codes in the satellite remote sensing community and

is the one which is best understood. Since previous sensors made retrievals

in mainly the red and IR channels, polarisation was not considered an issue

which has minimal effect at longer wavelength. But MODIS employs 470

nm wavelength also for the retrieval at which the optical depth is higher and

therefore polarisation effects are also non-negligible. Though MODIS does

not measure polarisation, its non-inclusion in the radiative transfer calcula-

tion may lead to erroneous estimates in the retrieved optical depths. Using a

polarized radiative transfer code RT3 [Evans and Stephens, 1994], Levy et al.

[2004] calculated the TOA reflectances for pre-defined set of solar and satel-

lite geometries, atmospheric parameters and aerosol model with and without

consideration of polarization effects. They found non-zero errors which were

positive or negative depending on the scattering angle. The magnitude of

error was determined by the specific solar and satellite geometry. The error

was higher at blue as compared to red, viz. about double at higher optical

depths and about eight times at smaller values of optical depth. This is

in accordance to as postulated by Fraser and Stephens [1994] and is due to

higher optical depths and corresponding multiple scattering effects at blue

as compared to red. In addition, Levy et al. [2004] evaluated the related

error in the retrieved aerosol optical depth corresponding to this error in

the reflectance. In most of the cases, the error in retrieved optical depth is

about 10 times the error in reflectance though for some particular geome-

tries, it could be as high as 30 times. A positive error in reflectance due to

neglect of polarisation results in a negative error in retrieved aerosol optical

depth. If for a given aerosol optical depth, the reflectance in the presence

of polarisation is higher than the scalar case, then the aerosol optical depth

corresponding to the input reflectance must be lower than the scalar AOD

value. However, these errors get cancelled out while evaluating long-term

and global averages so that the aerosol climatology as derived without tak-

ing polarization into account is not affected. The updated version 5 uses
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CHAPTER 2. SATELLITE ALGORITHMS

the radiative transfer code RT3 [Evans and Stephens, 1994] for the purpose

which performs the radiative transfer calculations taking polarization into

account. The aerosol optical properties required by RT3 are calculated using

the MieV code [Wiscombe, 1994].

The empirical relations in Equation 2.3 were derived for nadir-looking

observations from the Landsat TM and AVIRIS data so that any angular or

seasonal dependence of these ratios will not be reflected here. Remer et al.

[2001] studied the angular and seasonal variations in the surface reflectance

ratios from low-flying aircraft data covering five months period over two

years. The ratios showed angular variation with the values increasing in

forward scattering direction. Further, the correlation also varied from very

low during April and October to high during March and July. The points

contributing to reducing the correlation in the April and October data were

identified as due to observations been made in the forward scattering di-

rections. Removing these points improved the correlation and also brought

the slopes closer to the values given by Equation 2.3. Especially when the

observations are made under conditions of specular reflection, the spectral

dependence of the surface reflectance, responsible for the empirical relations

in Equation 2.3, gets reduced. This is because under conditions of specular

reflection, the incident light gets reflected from the surface of the plant itself.

It doesn’t interact with the canopy and hence the spectral signatures are

missing. These results were corroborated by measurements during SCAR-B

and other studies [Gatebe et al., 2001].

Besides the angular dependence inherent in the data, the overall dataset

also showed the seasonal dependence of the surface reflectance ratios. Es-

pecially, with the advance of the growing season, the ratios decreased in

value. A negative correlation was observed vis-a-vis the NDVI viz, during

the months when NDVI had higher values, the ratios decreased from their

predicted values. The seasonal variation in NDVI is expected since it is the

difference between the surface reflectance at wavelengths where the surface is

highly reflecting and that at which it is dark so that any changes in the sur-

face reflectance due to the seasonal land changes will be reflected in the NDVI

as well. But the empirical relations in Equation 2.3 are the ratios of surface
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reflectance at two wavelengths at both of which the surface is dark so that

such seasonal variation was not expected. Though the correlation between

the surface reflectance ratios and NDVI of the surface is weak, still some

features were observed. First, the ratios decrease with increase in NDVI.

Secondly, the data points having the highest NDVI contribute maximum to

the decrease in the value. These factors cue at the need for inclusion of NDVI

parameterization in the empirical relations. In the updated version, the sur-

face reflectance at red is parameterised in terms of the surface reflectance at

2130 nm and is a function of scattering angle, which is defined as:

Θ = cos−1(− cos θ0cosθ + sin θ0 sin θ cos φ) (2.4)

where θ, θ0 and φ are the satellite zenith angle, solar zenith angle and the

relative azimuth angle respectively, and the NDVI of the target

NDV ISWIR =
ρm

1240 − ρm
2120

ρm
1240 + ρm

2120

(2.5)

where ρ1240 and ρ2120 are the MODIS measured reflectances at the 1240

and 2120 nm wavelengths respectively. The surface reflectance value at blue

wavelength is found from the value at red [Levy et al., 2007b].

The aerosol models in the version 4 algorithm were inferred based on the

information regarding aerosol climatology available at that time. With the

deployment of worldwide AERONET network, detailed information about

the aerosol properties are available at more geographic locations [Holben

et al., 1998]. The updated MODIS algorithm uses the aerosol models clas-

sified using all the AERONET data processed as of February 2005. The

procedure includes the cluster analysis of the AOD data from AERONET

divided into different optical depth bins and sorted according to their single

scattering albedo. Such analysis classified the AERONET data into differ-

ent aerosol models viz., spheroid and three fine aerosol models- absorbing

(ω =0.85), moderately absorbing (ω =0.90) and non-absorbing (ω =0.95)

aerosol types [Levy et al., 2007a].
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Other special features of the updated MODIS aerosol product include

the adjustment of the cloud mask, mass concentration, subpixel snow mask,

improved estimation of the Rayleigh optical depth and approval of negative

aerosol optical depths. In addition, the look-up table is examined through

the AOD at 550nm as against the independent retrievals in 470 and 660 nm

channels in the version 4 algorithm [Levy et al., 2007b], Remer et al. [2006].

At the operational stage, over dark surfaces, the C005 algorithm compares

a weighted sum of fine dominated and coarse dominated aerosol models with

the MODIS observed spectral reflectances. Simultaneous inversion in three

channels viz., 470, 660 and 2130 nm is performed to retrieve values of τ550

(optical depth at 550 nm), η550 (weighting parameter, which represents the

fraction of optical depth at 550 nm contributed by fine model aerosol) and

ρs
2120 (surface reflectance at 2120 nm). In addition, an alternative procedure

similar to Remer et al. [2005] is followed for retrieval over brighter surfaces

(ρs >0.25) assuming continental aerosol model. The accuracy of this path is

less than that for dark surfaces.

2.3 The Deep Blue Algorithm

Owing to the enormous importance of aerosol optical depth retrieval over

land, especially over regions of higher surface reflectance, search is continu-

ously made for alternative methods other than modifications to the existing

algorithms as described in the previous section. It is in this light that the

Deep Blue algorithm was proposed by Hsu et al. [2004] for SeaWiFS and

MODIS-like sensors having wavelength channels in the blue region of the

visible spectrum. This is of special interest since it is claimed to be highly ef-

ficient for aerosol retrieval over ‘bright-reflecting’ source regions like deserts,

arid and semi-arid and urban areas. Currently it is not retrieving values over

ice and snow areas. Initial retrieval exercises by Hsu et al. [2004] and Hsu

et al. [2006] over Africa, ACE-Asia campaign and UAE have justified the

claims and for this reason, the retrieved datasets from MODIS wavelengths

have been included in the updated MODIS aerosol product as an alterna-

tive set. Currently, Deep Blue aerosol product from only Aqua platform is
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available. Here we give a brief account of the Deep Blue algorithm details of

which can be found in Hsu et al. [2004] and Hsu et al. [2006].

The underlying principle remains the same as in other retrieval algo-

rithms. The radiance measured by the satellite sensor is composed of the

contribution from the atmosphere, which includes the gas and aerosol scat-

tering and absorption, and is known as the path radiance and the surface re-

flectance. Over land surfaces, the surface reflectance constitutes the biggest

source of error on the retrieved aerosol parameters. For low reflectance sur-

faces, the retrieval can be made based on the empirical relations Equation 2.3

upto a considerable level of accuracy as described earlier. But for surfaces

with extremely high reflectance like desert (40%), snow, arid etc, where the

surface reflectance dominates over the path radiance, the retrieval becomes

very difficult and error prone. This is because the observed radiance at the

sensor height becomes fairly defined by the surface reflectance and less by the

atmospheric contribution. For example, in the case of non-absorbing aerosols,

the TOA reflectance becomes less and less dependent on the aerosol amount

(AOD) with an increase in the value of surface reflectance. In the case of

absorbing aerosols, the presence of aerosols increases the radiance over low

reflecting surfaces and diminishes that over high reflecting surfaces. There

exists, thus, a critical value of surface reflectance where the TOA radiance is

not at all affected by the presence of aerosols. It yields, thus that in either

case, the feasibility of aerosol retrieval over such regions is highly dependent

on the absorption properties of the aerosol and the critical reflectance. The

surface reflectance at red wavelength is extremely high over these regions so

that the aerosol effects are not tangible. For higher values of aerosol optical

depth this channel has been used with limited accuracy but for low aerosol

loading, in which case the surface reflectance is considerably higher than the

atmospheric path radiance, the retrieval would be treated as unsuccessful.

But these surfaces are comparatively dark in the blue region of the visible

spectrum so that in case retrieval is made using these channels, error in the

results will be less. It has its own drawbacks though. The optical proper-

ties of dust aerosols is highly variable at blue wavelength than red and this

effect will be more pronounced for higher aerosol loading. The Deep Blue
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algorithm, which as its name suggests utilizes the radiances measured in the

blue section of the spectrum, gets around this problem by using only blue

channels (412 and 470 for MODIS and 412 and 490 for SeaWiFS) for low

aerosol loading in order to avoid the high reflectance in red channel. For

high aerosol loading, where the variability in the aerosol optical properties

will affect the retrievals, red channel (660 nm) is also included to compensate

the effect. The above procedure is followed for dust dominated areas. For

regions having mixed aerosol type, the algorithm utilizes a linear combina-

tion of the dust and smoke aerosol contribution and derives the fraction of

the dust dominated radiance.

For the operational process, at the pre-processing stage itself, gas absorp-

tion and cloud contamination is accounted for. Two approaches are used for

the cloud rejection process. First is the usage of 412nm reflectance to identify

the cloudy pixels owing to the higher reflectance of clouds at this wavelength.

Next step consists of evaluation of the Deep Blue aerosol index which, taking

advantage of the flat reflectance variation of clouds at 412 and 470nm as

compared to the dust aerosols, offers a reliable way to identify clouds from

heavy dust. After cloud screening, evaluation of the surface reflectance is the

next important step.

The most crucial part of any algorithm meant for aerosol monitoring over

land is the task concerning surface reflectance. The Deep Blue algorithm

makes use of precalculated surface reflectance database using the minimum

reflectivity technique. Using a vector radiative transfer code [Dave, 1970] to

include polarization effects, lookup tables are created for satellite observed

radiances. Then assuming a Rayleigh atmosphere and a Lambertian surface,

Lambert equivalent reflectivities (LER) are computed on a 0.1 deg latitude

× longitude scale. To circumvent the problem of cloud shadows, surface

reflectivity corresponding to 412 nm channel is extracted because of the least

error at this channel due to cloud shadows. The corresponding values for

other wavelengths are then obtained. This approach of finding the reflectivity

is same as the ones used by Herman and Celarier [1997] for TOMS data and

Koelemeijer et al. [2003] for GOME data.

Having the values of all the necessary parameters and the look up table
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Figure 2.2: A comparison of MODIS retrieved AOD maps from Collection
version C005 (left) and the Deep Blue algorithm (right). Data from the Aqua
platform has been used. Deep Blue algorithm fills in various missing values
in the C005 maps especially over the highly reflecting surfaces such as the
Rann of Kuchh in North-West Gujarat. Presenly, Deep Blue algorithm is not
providing retrievals over ice, snow and water bodies (Michael King, personal
communication).

intact, the final step is the retrieval of the aerosol optical depth values. Here

two different approaches are used for dust and mixed aerosol types. For

dust dominated scenes, two different approaches are followed based on the

amount of aerosol loading. This is because the contribution to TOA radiance

which comes from surface reflectance is higher when aerosol loading is less.

This is especially so at 660 nm and hence due to the corresponding errors

being high, radiances at this channel cannot be used for retrieval. Thus, for

low aerosol loading (τ < 0.7), retrieval of aerosol optical depth and single

scattering albedo is made at 412 and 470 nm wavelengths by matching the

measured radiances with the simulated values using the maximum likelihood

method. Even though the errors due to surface reflectance is less when

412 and 470 nm wavelengths are used, still the higher variability of aerosol

optical properties at these two wavelengths as compared to at 660 nm is a

limitation for this approach. The errors related to this effect will be more

pronounced when aerosol loading is high. So, for higher aerosol optical depth

(τ > 0.7) values, 660 nm is also included in the retrieval scheme to assuage

this effect. This technique is expected to retrieve aerosol optical depth values
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when surface reflectance at 670 nm is upto 0.3. AOD retrieval over surfaces

with reflectance as high as 0.4 at 670 nm can also be accomplished provided

AOD is greater than 0.7. For retrieval of aerosol optical depth for mixed

aerosol type, a mixture of dust and smoke aerosols are taken and retrieval is

accomplished using the 412 and 490 nm channels. The maximum likelihood

method is used with the lookup tables to derive the AOD which best fits the

satellite measured radiances.

Figure 2.2 illustrates an application of this algorithm where AOD maps of

Gujarat on 0.5 degree latitude × longitude grid is shown from MODIS C005

(left) and Deep Blue (right) aerosol products. The North-West region of the

state, known as the Rann of Kuchh, is a vast deposit of highly reflecting

salt. Aerosol remote sensing over this region is highly challenging because

of the extremely high value of surface reflectance as can be seen in the map

from C005 data product which reports missing values. However, the Deep

Blue algorithm fills in the gaps in the conventional aerosol product. The

missing values over Arabian sea in the Deep Blue product map is because

this algorithm presently does not report results over liquid water and ice

covers.

Based on the results of initial validation studies, Hsu et al. [2004] set the

uncertainty level of the Deep Blue algorithm derived aerosol optical depth

values at 20-30%. The main sources of error in the retrieval algorithm are

surface reflectance, aerosol vertical profile and shape of the aerosol particles.
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Chapter 3

Ahmedabad Meteorology

The present work concerns with a detailed study and validation of the MODIS

aerosol product and investigate the spatial and temporal variations in the

correlation coefficients of the validation results. Validation at different geo-

graphical locations provides insight into environments for which the retrievals

are valid whereas validation carried out at a fixed location for an extended

period of time provides details regarding the particular seasons and meteo-

rological conditions when the retrieval is valid and identify the cases where

further improvement can be made.

The location under study for temporal analysis of MODIS aerosol product

is Ahmedabad (72.530 E, 23.030 N) in the western Indian state of Gujarat.

The entire region is semi arid and is influenced by the Thar Desert in the

North and Arabian Sea in the south-west. The local meteorology is summer

from March to May, monsoon during June to September and winter from

October to February.

In the present study, the annual dataset has been divided in four major

seasons, viz, Dry(December to March), Pre-Monsoon(April and May), Mon-

soon(June to September) and Post-Monsoon(October and November) based

on the variation of various meteorological parameters like wind speed and

direction, temperature and relative humidity.

The relative humidity is usually less than 30% during Dry months and

between 30-40% during Pre-Monsoon and Post-Monsoon months. Monsoon

21



CHAPTER 3. AHMEDABAD METEOROLOGY

Total Rainfall over Ahmedabad for different seasons during the study period
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Figure 3.1: Variation of rainfall and wind speed during the study period,
January 2002 to December 2005 over Ahmedabad, classified according to
seasons, Dry(D, J, F, M), Pre-Monsoon(A, M), Monsoon(J, J, A, S) and
Post-Monsoon(O, N)

season exhibits the highest value among all the seasons with RH crossing

70%. The average mean daily temperature during Dry season lies in the

range of 22-240 C whereas during Pre-Monsoon season it is around 320C

[Ganguly et al., 2006a].

Wind speed is highest(about 5 m/s) during Pre-Monsoon months closely

followed by Monsoon months. It is lowest(about 2 m/s) during Post-Monsoon

season and increases slightly during Dry season. Average value of wind speed

showed a gradual decrease from 2002 to 2005. Amount of rainfall exhibited an

increase during the study period. Thus the rainfall amount during 2002 was

very less(400 mm). During 2003, Ahmedabad received comparatively more
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rainfall but with large variabilities. During 2005, the rainfall amount was

the highest (about 1300 mm) among all the years and it was also uniformly

distributed throughout the season (Figure 3.1).

Figure 3.2 shows the overall pattern for aerosol optical depth distribution

over Gujarat at 550 nm. It is derived by averaging the Level 2 aerosol data

product from Aqua platform on a 0.50 latitude × 0.50 longitude scale. While

finding the monthly average, a particular grid box was chosen only if daily

averaged data for at least 10 days was available for that particular box. The

images shown are for 2004 whereas the complete cycle of AOD variation

can be seen at http://www.prl.res.in/∼amisra/gujarat.html. The regions of

highest AOD (greater than 0.6) are located over North-West Gujarat and

over the Gulf of Khambhat whereas the AOD over North-East and South-

West regions are comparatively low(less than 0.15). The overall pattern of

distribution is similar over the years but the actual magnitude of the AOD

value is different. The higher value of aerosol optical depth over the NW

Gujarat is mainly due to the area being less vegetated. This is the region of

the Rann of Kuchh -a marshy deposit of salt. Aerosol remote sensing from

satellite means is specially challenging over this region because of the surface

being highly reflecting. The higher wind speeds over the region further aid in

lifting the salt particles into vertical column, increasing the aerosol content.

AOD pattern vis-a-vis meteorology

Any study of the validation results has to be done taking into account the

variation in the various meteorological parameters. Such a comparative study

will aid not only in getting the overall view of the scenario during the study

period but also in interpreting the various validation results in the light of

various plausible causes. The main factors which govern the production and

loss of the natural aerosol particles are wind, humidity and rainfall. For

example, a higher wind speed aids in releasing more soil derived aerosol par-

ticles in the atmosphere resulting in an increased columnar aerosol content.

Increase in relative humidity results in hygroscopic growth of smaller parti-

cles thus increasing the integrated aerosol optical depth. Due to rainfall, the
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Figure 3.2: 0.5 degree averaged map of Aerosol Optical Depth at 550
nm over Gujarat during 2004. The complete dataset can be accessed at
http://www.prl.res.in/∼amisra/gujarat.html
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Figure 3.2: Contd.
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Average AOD at 380nm over Ahmedabad during the study period
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(b)

Average AOD at 380nm over Ahmedabad during the study period
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Average Aerosol Optical Depth for Dry and Pre-Monsoon Seasons
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Figure 3.3: Observed variations in aerosol optical depth over Ahmedabad
during the study period (2002-2005). (a) AOD at 380 nm (b) AOD at 870
nm (c) average AOD spectra for Dry and Pre-Monsoon seasons and (d) av-
erage AOD spectra for Monsoon and Post-Monsoon seasons (Ganguly et al.
[2006a])

soil becomes damp restricting the possibility of soil derived particles being

released. This, together with wet removal of aerosol particles leads to a reduc-

tion in AOD values. Dispersion of aerosol particles with wind is another loss

process. The net amount of aerosol particles in the atmosphere depends on

the dominant process and the size of the aerosol particles since different sized

particles respond differently to the various meteorological changes. Thus, soil

derived dust particles are generated with higher wind speed and are settled

with rain. As compared to the natural aerosols which have a large seasonal

variation, the smaller anthropogenic aerosols have less seasonal variation. A

moderate value of wind speed is sufficient for dispersal of these particles to

the neighbouring places.

The variation in the ground based sun-photometer measured columnar
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Average AOD for Dry and Pre-Monsoon Seasons During 2002
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Figure 3.4: Observed average AOD spectra for different seasons for individual
years during the study period (2002-2005) over Ahmedabad (Ganguly et al.
[2006a]).
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aerosol optical depth over Ahmedabad [Ganguly et al., 2006a] at two repre-

sentative wavelengths, disaggregated into different seasons are shown in the

Figure 3.3a and 3.3b. Also shown is the behaviour of the spectral aerosol

optical depth for the different seasons (Figure 3.3c and 3.3d). These features

can be grossly interpreted in terms of the meterological variables esp, the

wind speed and rainfall amount. The aerosol amount during Dry season is

in general low at all wavelengths. During Pre-Monsoon season, the wind

speed increases leading to an increase in the AOD value which is more pro-

nounced at higher wavelengths due to the production of soil derived dust

particles. During Monsoon months, as the wind speed is similar to that dur-

ing Pre-Monsoon months, there is no considerable change in AOD at higher

wavelengths. But the AOD at lower wavelength show a marginal increase

due to hygroscopic growth of particles as well as an increase in the bound-

ary layer height which provides more accomodation space for the aerosols.

The wind speed during Post-Monsoon season is the lowest and hence the

production of soil derived dust particles becomes less. Also, the wet soil

and increased vegetation after the monsoon reduce natural aerosol particles

from being released from the surface. Thus the AOD at higher wavelengths

is reduced due to a reduction in the dust derived aerosol component in the

atmosphere. But the AOD at lower wavelengths maintains its value since

the boundary layer height is still large. The boundary layer height decreases

during the Dry season so that the AOD values at all the wavelengths are

lowest during this season [Ganguly et al., 2006a].

Figure 3.4 shows the average AOD spectra for different seasons during

individual years of the study period. It is seen that the variation with season

at smaller wavelengths is mostly within the standard deviation, whereas that

at higher wavelengths is large. This means that the smaller particles, which

are mostly anthropogenic in nature, are not affected by natural processes.

However, the AOD at higher wavelengths has large variation with season

since they are naturally derived particles and are more affected by natural

processes. This is the trend in AOD as observed from ground based mea-

surements and is considered to be correct since it is free from the usual errors

affecting the satellite based measurements. Since recent studies have shown

28



CHAPTER 3. AHMEDABAD METEOROLOGY

the capability of MODIS to provide information about fine particle content

in the atmosphere [Kaufman et al., 2005], it is interesting to see whether such

seasonal and annual variations are reflected in the satellite dataset as well.
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Chapter 4

Instruments

Satellite and ground based measurements follow different methods to de-

rive the aerosol content in the atmosphere, each having its advantages and

limitations. Ground based sunphotometer measurements are more accurate

being based on direct observation of solar radiation and do not require in-

formation about aerosol type. But they are point observations and cannot

provide details of spatial variation of aerosols. Satellite measurements, on the

other hand, offer long-term routine unmonitored remote sensing of aerosols

with a wide spatial coverage, but are hindered by errors due to surface re-

flectance, aerosol type related uncertainties and cloud contamination. Since

each method follows different procedure to retrieve the aerosol properties, it

is necessary to have information regarding the instrument whose data is to

be validated and the instrument providing the validating dataset. Here we

first discuss the details of the MODIS instrument, its technical specifications

and the various levels of data products. Next, the Microtops sunphotometer

and its basic principle of working are outlined. Finally, we provide the details

of data analysis followed to process the two sets of data for the validation

exercise, results of which are discussed at length in the next two chapters.
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4.1 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) is an EOS

facility instrument, launched aboard NASA satellites Terra and Aqua in De-

cember 1999 and May 2002 in sun-synchronous orbits with equator crossing

times of 10:30 a.m and 1:30 p.m. respectively. Its ±550 scanning pattern at

an orbit of 705 Km results in a large swath of 2330 Km and provides global

coverage every 1-2 days. With a sophisticated onboard calibration, observa-

tions are made in a large spectral span of 36 channels from 0.4 µm to 14 µm

at spatial resolutions of 250 m (bands 1 and 2), 500 m (bands 3 to 7) and 1

km (bands 8 to 36).

A special feature of MODIS is the availability of 17 bands for detect-

ing clouds, shadows, fires and heavy aerosol loading alongwith the ability

to detect cirrus clouds and resolve boundary layer cloud fields [King et al.,

1999]. Further, having the instrument with nearly same technical specifi-

cations on two platforms, providing similar products, makes the study of

diurnal variation of atmospheric properties feasible. The MODIS radiance

data is inverted into nearly 40 different products having applications in vari-

ous fields of considerable interest and importance in the Earth system stud-

ies such as land, atmosphere and ocean processes. Surface temperature,

ocean colour, chlorophyll fluoroscence and concentrations, vegetation and

land-surface cover, snow and sea ice cover, land-surface reflectance, cloud

cover, cloud and aerosol properties, fire occurance, precipitable water and

cirrus-cloud cover are some of the data products available from MODIS [EOS

Data Products Handbook, Vol 2, 2000].

Table 4.1 gives the technical specifications of the MODIS instrument and

an overview of the various atmospheric data products available is shown in

Figure 4.1.

4.1.1 MODIS Instrumentation

Selection of the 36 bands for MODIS derives from the experience gained

from previous sensors. Thus, the bands 1-7 used for the land cover, cloud

and aerosol studies are similar to those of Landsat TM, ocean colour bands
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8-16 are derived from Coastal Zone Colour Scanner(CZCS) and SeaWIFS,

bands 20-25 are from High Resolution IR Sounder(HIRS) for troposphere

and surface properties related studies.

The basic measurement principle of MODIS is as follows. A double-sided

beryllium scan mirror reflects the energy from its earth view, which is received

by an afocal Gregorian telescope. This energy, in turn, is transmitted to the

Focal Plane Assemblies after passing through beam splitters and refractive

objectives. Focal Plane Assembly output is the raw instrument data which

is transmitted to the ground receiving station.

MODIS Focal Plane Assemblies include different detectors depending on

the wavelength range. For visible and NIR (0.4µm to 1.0µm) p-i-n photo-

voltaic silicon diode; for SWIR, MWIR and LWIR (1.2µm to 4.5µm and

<=10µm) photovoltaic HgCdTe detector; and for LWIR (>10µm) photo-

conductive HgCdTe is used. The instrument has four onboard calibrators- a

Solar Diffuser, a Blackbody, a Spectroradiometric Calibration Assembly and

a Solar Diffuser Stability Monitor [Barnes et al., 1998].

Orbit 705 km, 10:30 a.m. descending node or 1:30 p.m.,
ascending node, sun-synchronous, near-polar, circular

Scan Rate 20.3 rpm, cross track
Swath Dimensions 2330 km (across track) by 10 km (along track at nadir)

Telescope 17.78 cm diam. off-axis, afocal (collimated),
with intermediate field stop

Size 1.0 × 1.6 × 1.0 m
Weight 250 kg
Power 225 W (orbital average)

Data Rate 11 Mbps (peak daytime)
Quantization 12 bits

Spatial Resolution 250 m (bands 1-2)
(at nadir) 500 m (bands 3-7), 1000 m (bands 8-36)

Design Life 5 years

Table 4.1: Technical Specifications of the Moderate Resolution Imaging
Spectroradiometer
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Level-3

Level-2

Level-1

Level-0

MOD02, MOD03, MOD07, MOD35

MOD03, Level 2 Atmospheric Products

Few words on MODIS data

Instrument Packet Data

MOD05

Precipitable Water Product

MOD04

Aerosol Product

MOD07

Atmospheric Profiles

MOD35

Cloud Mask

MOD02                      MOD03

MOD03

Geolocation Data Set

MOD02

Calibrated L1 Radiances

MOD01 Level 1A

MOD08

L3 Atmospheric Products

MOD06

Cloud Product

Figure 4.1: Various levels of atmospheric data products from MODIS [King
et al., 2003]

4.1.2 MODIS Data Products

MODIS Sensor raw data in binary format is separated into 5-minute granules

known as the Level 1A data and contains sensor’s response, engineering and

telemetry information.

This Level 1A data is processed using the geolocation and calibration

information to arrive at the Level 1B stage. The procedure converts the

Level 1A data into radiometrically calibrated and geolocated data. The out-

put data product includes top of atmosphere reflectance factors for the Re-

flective Solar Bands (Bands 1-19 and 26), radiances for both the Reflec-

tive Solar Bands and Thermal Emissive Bands (Bands 20-25 and 27-31)

and associated uncertainty indices and data quality flags. The data files

also contain the geolocation information. Calibration of thermal emissive

bands is performed using the on-board calibrator Black Body whereas that

of the reflective solar bands is done by a Solar Diffuser panel. Depending

on the spatial resolution, the Terra (Aqua) Level 1B data files are desig-
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nated as MOD(MYD)02QKM (250 m) MOD(MYD)02HKM (500 m) and

MOD(MYD)021KM (1 Km) [Xiong et al, 2006].

The Level 1B data is processed according to different algorithms corre-

sponding to the particular parameter to be retrieved to arrive at the vari-

ous categories of Level 2 land, ocean, cloud, atmospheric profile etc data

products. The present work utilizes the Level 2 aerosol product released by

the MODIS atmosperic science team. Two different algorithms are used for

aerosol retrieval over land [Kaufman et al., 1997a, Remer et al., 2005, Levy

et al., 2007b] and ocean [Remer et al., 2005, Tanré et al., 1997] because of

the different environmental conditions. Higher value of surface reflectance

in addition to surface heterogeneity and variability of surface characteris-

tics makes aerosol retrieval over land difficult. Essential elements of aerosol

retrieval algorithm over land have already been mentioned in Chapter 2. Sev-

eral datasets of interest to Earth and atmospheric science community form

part of the Level 2 aerosol product some of which (from retrieval over land)

are listed in Table 4.2. Each dataset corresponds to a 5-min granule of the

MODIS path with spatial resolution of 10km× 10km. In addition, solar and

satellite geometry, and geographical information is also included. The Level

2 aerosol product filenames are designated as MOD(MYD)04 L2 for datafiles

from Terra(Aqua) MODIS [Remer et al., 2005].

Level 2 aerosol, cloud, precipitable water and atmospheric profile data

products are combined to arrive at the joint Level 3 atmospheric data prod-

uct. This data product is provided on a 10 × 10 equal angle global grid. In

addition, statistics derived from the Level 2 products such as mean, stan-

dard deviation, parameters of normal and log-normal distributions, fractions

of pixels satisfying particular condition etc. are also included. Level 3 data

is produced for three time intervals and accordingly their nomenclature is

different: MOD(MYD)08 D3 (for daily), MOD(MYD)08 E3 (for eight days

average) and MOD(MYD)08 M3 (for monthly average) for the Terra (Aqua)

platform [King et al., 2003].
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Corrected Optical Depth STD Reflectance Reflectance
Optical Depth Ratio Small Quality Assurance

Mass Concentration Path Radiance
Angstrom Exponent Error Path Radiance

Reflected Flux Critical Reflectance
Transmitted Flux Error Critical Reflectance

Aerosol Type Quality Weight Path Radiance
Continental Optical Depth Quality Weight Critical Reflectance

Estimated Uncertainty Quality Assurance Critical Reflectance
Mean Reflectance All Deep Blue Aerosol Optical Depth 550

Standad Deviation Reflectance All Deep Blue Aerosol Optical Depth
Cloud Fraction Deep Blue Angstrom Exponent

Number of Pixels Percentile Deep Blue Single Scattering Albedo
Mean Reflectance Deep Blue Surface Reflectance

Table 4.2: Main datasets which are part of the MODIS Level 2 aerosol prod-
uct. Only the datasets over land are mentioned. Presently, Deep Blue Algo-
rithm data is available only from Aqua MODIS.

4.2 Microtops sunphotometer

The Microtops sunphotometer provides the ground truth data for the vali-

dation [Morys et al., 2001]. Regular observations of columnar aerosol optical

depth with the instrument are being carried out since 2002. The instrument

provides the measurement of aerosol optical depth at 380, 440, 500, 675 and

870 nm wavelengths with uncertainty less than 0.03. A second Microtops

sunphotometer is used to derive AOD at 1020 nm and total columnar ozone

and water vapour concentrations. The derivation of aerosol optical depth is

based on the attenuation of direct solar radiation by the atmospheric column

and requires correction for gaseous absorption and Rayleigh scattering. The

underlying principle is the Beer- Bouguer- Lambert law [Liou, 2002]

I(λ) =
(

r0

r

)2

I0(λ)exp[−τ(λ)m(θ0)] (4.1)

Here, r and r0 are the actual and mean sun-earth distances, θ0 is the solar

zenith angle, τ(λ) is the optical depth and m(θ0) = 1/cos(θ0) is the air mass
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factor defined as the ratio of the actual and vertical path lengths of the

radiation through the atmosphere to the instrument [Morys et al., 2001]. It

is derived using the empirical relation given by Young [1980]

m(θ0) =
1.002432 cos2(θ0) + 0.148386 cos(θ0) + 0.0096467

cos3(θ0) + 0.149864 cos2(θ0) + 0.0102963 cos(θ0) + 0.000303978

(4.2)

I(λ) denotes the solar intensity measured by the ground based instrument

whereas, I0(λ) is the solar intensity at the top of the atmosphere. The optical

depth τ(λ) is obtained by taking logarithm of Equation 4.1

τλ =
−1

m

[
ln

(
Iλ

I0λ

)
− 2 ln

(
r0

r

)]
(4.3)

The plot of ln I(λ) with m is a straight line which on linear extrapolation

to m = 0 gives I0(λ). This method of evaluation of the solar intensity at

the top of the atmosphere is known as the Langley plot analysis. A constant

atmosphere, viz., absence of clouds and a stable aerosol layer, is necessary

for a satisfactory Langley plot analysis. Aerosols generally reside at lower

altitudes so Langley analysis is carried out at high altitude locations.

Regular calibration of Microtops sunphotometer is done on a regular ba-

sis at Mt. Abu. Comparison of Microtops sunphotometer with other sun-

photometers has been done during ISRO GBP land campaigns 1 and 2 at

Shadnagar (Hyderabad) and Delhi respectively.

During the inter-comparison of sunphotometers during ISRO-GBP Land

Campaign-1, the mean of AODs measured by the institutes was found and

scaling factor for each institute was derived. A scaling factor of 1 means that

the mean AOD of that particular institute is the same as the all-institute 3-

day mean, scaling factor > 1 meant overestimation and scaling factor < 1

meant underestimation. The scaling factor for PRL sunphotometer was 1.067

at 500 nm. The mean AODs at 500 nm were found to be in the range of 0.35

to 0.5.
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From the inter-comparison exercise of Microtops sunphotometers from

different institutes during ISRO-GBP Land-Campaign-2, it was found that

the AOD measurements were consistent among themselves and were inconsis-

tent only within ± 0.05. The mean AODs at 500 nm were found to be in the

range 0.45 to 1.3. During winter season, the aerosol optical depths over the

Indo-Gangetic plains are generally higher than the peninsular India so that

uncertainties in the aerosol optical depth are less [Ganguly et al., 2006b]. It

was concluded that no calibration or correction factors were needed for any

of the sunphotometers.

4.3 Data Analysis

The MODIS level 2 aerosol data product from both Terra and Aqua platform

is used in the present work. The data from the collection version 4 [Remer

et al., 2005], the updated version 5 [Remer et al., 2006, Levy et al., 2007b]

and Deep Blue algorithm [Hsu et al., 2004, 2006] are used.

For the present study, sunphotometer observations have been selected on

the condition that the time difference between ground based observation and

MODIS overpass time is less than or equal to half an hour. The MODIS

derived AOD was averaged over 0.50 latitude × 0.50 longitude box centered

over Ahmedabad. This is required to have a reasonable comparison between

satellite derived values which are a spatially spread data with sunphotometer

values which are point measurements. A larger box used for averaging will

introduce aerosol type and topography related uncertainties whereas any

smaller box will include very few data points used for the averaging [Ichoku

et al., 2002].

As MODIS provides AOD at 470 and 660 nm, none of which is present

in the Microtops spectrum, the ground truth AODs at these wavelengths are

found from the Angstrom Law fit [AODλ = aλ−b] of the sunphotometer wave-

lengths. Angstrom exponent computed from the AOD spectrum depends on

the wavelength range chosen for computation. In general, in the presence

of fine particles, Angstrom exponent computed from lower wavelengths is

smaller than the one computed from the whole spectrum and also has a bet-
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ter correlation with the particle size which reduces when longer wavelengths

are used. Thus, Angstrom exponent computed from smaller wavelengths

results in less uncertainty in the computed AOD at 470 nm which itself is

affected by the fraction of smaller particles in the atmosphere. Similarly,

the value of Angstrom exponent computed from higher wavelength is better

correlated with particle size in the presence of coarse particles and results

in lesser uncertainty in the computed AOD at 660 nm which is affected by

the coarse particles in the atmosphere. This becomes specially important for

particular seasons when the aerosol climatology is dominated by particles of

a particular size, viz., fine particles during Dry and Post-Monsoon and coarse

particles during Monsoon and Pre-Monsoon. Therefore in our study, AOD at

470 nm is evaluated using Angstrom exponent computed from AODs at 380-

500 nm wavelengths whereas AOD at 660 nm was evaluated using Angstrom

exponent computed from AODs at 500-870 nm. Apart from a combined

comparison for the four years, the Ahmedabad data has also been separated

between individual years and also grouped into different seasons as per the

criterion described in the previous chapter. The next two chapters provide a

detailed discussion of the validation exercise of the MODIS aerosol products

under different geographical and environmental conditions.
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Validation Results for

Ahmedabad

Before examining in detail the validation results over Ahmedabad, it is worth

mentioning the results obtained by [Levy et al., 2005] during the CLAMS

experiment since the results obtained there provided the impetus for the

latest update to the MODIS aerosol product. According to [Levy et al.,

2005], the offset in the correlation plot over land was more at blue than at

red, while the slope was closer to unity at blue as compared to red and the

correlation coefficient was also better at this wavelength. Further details in

this regard alongwith the results from other validation groups are discussed

in the concluding chapter.

5.1 Validation results of the C004 Aerosol

product

5.1.1 Aqua

The time series of percentage difference in the MODIS retrieved and sunpho-

tometer derived AOD is depicted in Figure 5.1, where,

% difference =
AODMODIS − AODSunphotometer

AODSunphotometer

× 100 (5.1)
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Time Series of %diff in different sets of data at 470nm
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Figure 5.1: Time series of % difference (a) for 470 nm, (b) for 660 nm be-
tween different sets of data from both versions of MODIS algorithm and the
Microtops Sunphotometer

The MODIS data in Figure 5.1 corresponds to two consecutive versions of

the operational algorithm: the Collection Versions C004 and C005 from the

Aqua platform. A positive value of the percentage difference implies an over-

estimation by MODIS. It is observed that the magnitude of the percentage

difference is minimum during post monsoon months which increases as sum-

mer approaches. During May/ June owing to increased surface reflectance,

the related errors increase. This feature is more pronounced during 2004 and

2005.

Figure 5.2 depict the comparison of C004 MODIS aerosol optical depth

with the Microtops sunphotometer data for the period 2002 to 2005 [Misra

et al., 2008]. Figure 5.2a is for 470 nm, 5.2b for 550 nm, while 5.2c is for 660

nm. The deviation from unity of the slope of correlation plot represents sys-

tematic biases and are mainly due to aerosol model assumptions, instrument

calibration or the choice of the lowest 20-50 percentile of the measurements

[Chu et al., 2002, 2003, Remer et al., 2005] whereas the intercept represents

the errors due to surface reflectance assumptions. The large scatter seen in

the plot is due to the comparison for 4 years of data which includes all sea-

sons. Possibility of the comparison being better for some seasons than others

can lead to large scatter. One of the ways in which it can affect the retrieval

process is through the varying surface reflectance. It is seen that the spread

in data is larger at red (R2
660 = 0.25) or in other words, correlation is better

for blue (R2
470 = 0.40). Intercepts are nearly same in both cases (0.15 at blue
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and 0.18 at red) but slope is closer to unity for red (0.65) as compared to

blue (0.51). This is in marked contrast to the result inferred by [Levy et al.,

2005] who found slope to be better at blue. The correlation coefficient results

are consistent, however.

But the comparative results at the two wavelengths (such as here or in

[Levy et al., 2005] should be treated with caution and not generalized to

all cases. This is clear from our other plots over Ahmedabad (results given

in tabular form in Table 5.1 where the combined data of Figure 5.2 has

been disaggregated into separate years as well as different seasons as per the

criteria discussed earlier. It is seen that the correlation of the two sets of

data shows different behaviour at these two wavelengths depending on the

season.

Comparison for different years

Year 2002 has the least amount of data since MODIS onboard Aqua was

launched during May this year which was immediately followed by the Mon-

soon months leading to a scarcity of data during this period. Still, some

features observed during this dataset show the correlation coefficient as well

as intercept for C004 AOD data to be nearly same at both red(Intercept660 =

0.24, R2
660 = 0.21) and blue(Intercept470 = 0.22, R2

470 = 0.23) as shown in Ta-

ble 5.1. But this time it is the slope at blue which has a better value(Slope470

= 0.46, Slope660 = 0.39).

The above case reverses in 2003 where the slopes for C004 data have higher

value at red(0.86) as compared to at blue(0.53). Correlation coefficients are

nearly same for both the wavelengths (R2
470 = 0.45, R2

660 = 0.46) but intercept

is larger for blue(0.12) than red(0.08).

The pattern of correlation for C004 reverses again for the year 2004 when

the slope is larger and intercept lower at blue wavelength (Slope470 = 0.52,

Intercept470 = 0.17) as compared to red (Slope660 = 0.45, Intercept660 =

0.29). Correlation coefficient is considerably higher at blue (R2
470 =0.34,

R2
660=0.14).
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(a)
Aqua MODIS(C004) vs Microtops AOD at 470nm over Ahmedabad for 2002-2005
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Aqua MODIS(C004) vs Microtops AOD at 660 nm over Ahmedabad for 2002-2005 
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(b)
Aqua MODIS (C004) vs Microtops AOD at 550 nm over Ahmedabad for 2002-2005
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Aqua MODIS(C004) vs Microtops AOD at 470nm over Ahmedabad for 2002-2005
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Figure 5.2: Validation Results of the MODIS

aerosol product from Collection Version

C004 from the Aqua platform at (a) 470nm

(b) 550nm (c) 660nm

The slope pattern for C004

changes again during 2005

when the slope at red is larger

than at blue whereas corre-

lation coefficient is still quite

larger at blue. Intercept at

red is only marginally higher

than at blue.

Comparison for different

seasons

The comparison between MODIS

and Microtops data has been

disaggregated among different

seasons according to the crite-

ria described earlier.

During Dry season, for

the C004 dataset, the cor-

relation is much better at

blue (R2
470=0.47) than at red

(R2
660=0.19), while the slope

as well as intercept are lower

at blue.

In the Pre-Monsoon C004

dataset also, the correla-

tion is very poor at red

(R2
660=0.18) as against that at

blue (R2
470=0.33). But this

time slope at blue is closer

to unity than at red. The

intercepts are large at both

wavelengths- being much higher at red (0.38) than at blue (0.18).
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470 nm 550 nm 660 nm
Case Slope Intercept R2 Slope Intercept R2 Slope Intercept R2

Overall 0.51 0.15 0.40 0.52 0.18 0.31 0.65 0.18 0.25
2002 0.46 0.22 0.23 0.44 0.22 0.31 0.39 0.24 0.21
2003 0.53 0.12 0.45 0.55 0.14 0.41 0.86 0.08 0.46
2004 0.52 0.17 0.34 0.48 0.22 0.24 0.45 0.29 0.14
2005 0.57 0.12 0.40 0.64 0.14 0.29 0.82 0.14 0.22
Dry 0.51 0.14 0.47 0.54 0.16 0.33 0.65 0.18 0.19

Pre-Mon 0.55 0.18 0.33 0.46 0.29 0.21 0.46 0.38 0.18
Monsoon 0.84 0.10 0.45 0.97 0.07 0.49 1.10 0.06 0.43
Post-Mon 0.44 0.15 0.46 0.51 0.13 0.48 0.63 0.11 0.49

Table 5.1: Correlation Coefficients of Validation results of Aqua C004 aerosol
product

Monsoon season suffers from the lowest number of data points used in the

comparison because of generally overcast conditions during most of the days

during this season. For the C004 version, slopes are quite large and much

closer to unity (0.84 at blue and 1.1 at red) and intercepts are also lower (0.1

at blue and 0.06 at red) as compared to Dry and Pre-Monsoon months. The

correlation coefficient is almost similar at both the wavelengths (0.45 at blue

and 0.43 at red).

With the C004 version for the Post Monsoon months also, the correlation

(R2
470 = 0.46 and R2

660 = 0.49) is nearly similar to that for Monsoon months

and much better than for Dry and Pre-Monsoon season. Slope is not satis-

factory (0.44 at blue and 0.63 at red) and intercept is also large(0.15 at blue

and 0.11 at red).

Overall, a few points can be noted from the validation results of the

Aqua MODIS C004 aerosol product. Correlation coefficients are better at

blue than red for all years except for 2003 when they have nearly similar

values. Intercepts are larger at red for all years except 2003 in which case

intercept at blue is larger. Slopes of the correlation plot in this version do

not show any particular pattern since for 2002 and 2004 slope at blue is more

close to unity whereas for 2003 and 2005 as well as in the combined dataset,

it is the slope at red which is larger [Misra et al., 2008].
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5.1.2 Terra

(a)
Terra MODIS (C004) vs Microtops AOD at 470 nm over Ahmedabad for 2002-2005
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(b) Terra MODIS (C004) vs Microtops AOD at 550 nm over Ahmedabad

 for 2002-2005
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Terra MODIS (C004) vs Microtops AOD at 470 nm over Ahmedabad for 2002-2005
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Terra MODIS (C004) vs Microtops AOD at 660 nm over Ahmedabad for 2002-2005
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Figure 5.3: Validation Results of the MODIS

aerosol product from Collection Version

C004 from the Terra platform at (a)470nm

(b)550nm (c)660nm

The validation of the Terra

MODIS aerosol product is

comparatively better because

of larger dataset being avail-

able from this platform. Since

Terra was launched in De-

cember 1999 and data from

MODIS onboard this satel-

lite is available from February

2000, the data corresponding

to early 7 months of 2002,

which were absent in Aqua

dataset, are present in Terra

data. Further, since the over-

pass time of Terra is dur-

ing morning as against Aqua

which has afternoon overpass,

validation results may be af-

fected due to changes in sur-

face reflectance from morning

to afternoon hours.

The validation results of

MODIS C004 data product

from Terra platform is shown

in Figure 5.3. Here also we

find the scatter in the data to

be large at all wavelengths. In

this data set as well, slope at

red (Slope660 = 0.76) is found

to be closer to unity than that

at blue (Slope470 = 0.54). Similar feature was seen in the Aqua dataset
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as well. Intercepts are exactly equal at both wavelengths (Intercept470 =

Intercept660 = 0.16). But overall correlation is much better at blue (R2
470 =

0.35) than at red (R2
660 = 0.25), though lower than that for Aqua dataset. As

in the previous case, the overall comparison has been disaggregated into dif-

ferent seasons and years to investigate any possible pattern in the correlation

parameters.

Comparison for different years

Since Terra was launched in Dec 1999 and data from MODIS is available

since February 2000, year 2002 which suffered from less amount of data in

the Aqua study, has sufficient data points in the Terra dataset. Here we

see the correlation to be slightly better at red (R2
660 = 0.29) than blue (R2

470

= 0.26). Slope at red is much closer to unity (Slope660 = 0.78) than blue

(Slope470 = 0.52) whereas intercepts are also larger at blue (Intercept470 =

0.20, Intercept660 = 0.17).

For 2003, slope is better at red (Slope660 = 0.78) than blue (Slope470

= 0.54) and intercept is higher at blue (Intercept470 = 0.17) than at red

(Intercept660 = 0.12). This is similar to the result obtained from the Aqua

platform. But this time the correlation at red (R2
660 = 0.29) is much less

than that noted in the Aqua case. Correlation coefficient at blue is R2
470 =

0.40.

Similar to the Aqua dataset during 2004, intercept at red (Intercept660

= 0.22) is higher than at blue (Intercept470 = 0.16) in Terra data as well.

Similarly, correlation is much better at blue (R2
470 = 0.35) than at red (R2

660 =

0.21), but slope at red (Slope660 = 0.63) is better than that at blue (Slope470

= 0.57).

Interestingly, values of all parameters at blue (Slope470 = 0.57, Intercept470

= 0.12, R2
470 = 0.39) during 2005 are similar to those from Aqua platform.

Further, the large scatter (R2
660 = 0.26) but higher value of slope at red

(Slope660 = 1.04) is a feature similar to that from Aqua platform. But inter-

cept at red (Intercept660 = 0.07) is lower than blue.
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Comparison for different seasons

During Dry season, the pattern of correlation at blue and red is similar to

that observed in Aqua MODIS. Thus correlation coefficient is much lower

at red (R2
660 = 0.10) than at blue (R2

470 = 0.32). Similarly, slope as well as

intercept is higher at red (Slope660 = 0.47, Intercept660 = 0.19) than at blue

(Slope470 = 0.39, Intercept470 = 0.17).

During Pre Monsoon season, the comparison is better for Terra dataset

(R2
470 = 0.46, R2

660 = 0.40). Intercept at red (Intercept660 = 0.32) is nearly

twice that for blue (Intercept470 = 0.17). But this time, slopes are much

closer to unity than in the Aqua data with its value at red higher than at

blue (Slope470 = 0.77, Slope660 = 0.82).

Correlation during Monsoon season is again much better at blue (R2
470 =

0.46, R2
660 = 0.14). Slope is higher and intercept is lower at blue than at red

(Slope470 = 0.71, Intercept470 = 0.20; Slope660 = 0.60, Intercept660 = 0.30)

- a feature in contrast to comparison from Aqua.

Post Monsoon season has the best correlation among all the cases both

at blue (R2
470 = 0.70) as well as red (R2

660 = 0.68). Intercepts at both wave-

lengths have nearly similar values (Intercept470 = 0.09, Intercept660 = 0.10).

Slope at red (Slope660 = 0.66) is better than at blue (Slope470 = 0.59) during

this season.

These parameter values have been summarized in Table 5.2. Thus, except

Monsoon season, for all the cases, slopes of correlation plot are higher at red

than at blue. Intercepts are lower at blue than at red for all the seasons and

lower at red for all the years except 2004. Except 2002, for all the cases,

correlation is better at blue that at red. Among all the cases, Post Monsoon

season has the best correlation whereas Dry season the least.
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470 nm 550 nm 660 nm
Case Slope Intercept R2 Slope Intercept R2 Slope Intercept R2

Overall 0.54 0.16 0.35 0.57 0.18 0.28 0.76 0.16 0.25
2002 0.52 0.20 0.26 0.63 0.20 0.27 0.78 0.17 0.29
2003 0.54 0.17 0.40 0.57 0.17 0.33 0.78 0.12 0.29
2004 0.57 0.16 0.35 0.58 0.19 0.27 0.63 0.22 0.21
2005 0.57 0.12 0.39 0.68 0.12 0.27 1.04 0.07 0.26
Dry 0.39 0.17 0.32 0.39 0.19 0.19 0.47 0.19 0.10

Pre-Mon 0.77 0.17 0.46 0.76 0.25 0.45 0.82 0.32 0.40
Monsoon 0.71 0.20 0.46 0.60 0.27 0.28 0.60 0.30 0.14
Post-Mon 0.59 0.09 0.70 0.60 0.10 0.70 0.66 0.10 0.68

Table 5.2: Correlation Coefficients of Validation results of Terra C004 aerosol
product

5.2 Validation results of the C005 Aerosol

product

5.2.1 Aqua

In the updated product, for which the comparison plot has been shown in

Figure 5.4a (for 470 nm), 5.4b (for 550 nm) and 5.4c (for 660 nm), the

improvement in the correlation coefficient(R2) is conspicuous in this and all

other plots. The R2 value is similar for both wavelengths(0.61 at blue and

0.69 at red) in the updated product. Another drastic improvement pertains

to the intercept value which has dropped to 0.03 at blue and 0.003 at red

[Misra et al., 2008]. As mentioned earlier, the intercept of the correlation plot

denotes the errors due to inappropriate surface reflectance parameterization.

Thus this improvement represents the successful modification of the surface

reflectance ratios. Slope of the correlation is still better at red(0.80) than

at blue(0.69), a feature still in contrast to [Levy et al., 2005]. Possibly it is

because of the different aerosol types prevalent over the two study regions.
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Comparison for different years

(a)
Aqua MODIS(C005) vs Microtops AOD at 470nm over Ahmedabad for 2002-2005 
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Aqua MODIS(C005) vs Microtops AOD at 660nm over Ahmedabad for 2002-2005 
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(b)
Aqua MODIS (C005) vs Microtops AOD at 550 nm over Ahmedabad for 2002-2005
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(c)

Aqua MODIS(C005) vs Microtops AOD at 470nm over Ahmedabad for 2002-2005 
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Aqua MODIS(C005) vs Microtops AOD at 660nm over Ahmedabad for 2002-2005 
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Figure 5.4: Validation results of the Aqua

C005 aerosol product at (a)470 (b)550 and

(c)660 nm

For 2002, the same pattern in

slopes as observed in the C004

data is seen in the updated

aerosol product also (Table

5.3) where slope at blue(0.77)

is marginally higher than at

red(0.70). But in every way,

the updated product has a

better correlation than the

previous version. This shows

that the AOD retrieval by

MODIS at the two wave-

lengths depends on the sur-

face reflectance and the dom-

inant aerosol species for the

particular case. As noted pre-

viously, 2002 was the year re-

ceiving the least rainfall.

In the updated product

for 2003, slopes are higher

and intercepts lower for red

(Slope660=0.82, Intercept660

= −0.003, Slope470=0.68,

Intercept470=0.03) whereas the

correlation coefficient has shown

more improvement at red

(R2
660 =0.62, R2

470=0.52). The

negative intercept at red de-

notes over-correction for sur-

face reflectance part.

For 2004, the slope is marginally larger and correlation coefficient higher

48



CHAPTER 5. VALIDATION RESULTS FOR AHMEDABAD

for red (Slope660 = 0.71, R2
660 = 0.68, Slope470 = 0.68, R2

470 = 0.57). However,

intercepts are same at both the wavelengths(Intercept470=Intercept660=0.03).

The updated product (C005) for 2005 has the best correlation among all

the comparisons. The slope at red (0.9) is the closest approach to unity.

The slope at blue (0.78), though not at par with that at red, is still quite

larger as compared to other years. The intercepts for this year are the lowest

among all the cases though their negative values denote an over-correction for

the surface reflectance contribution. The correlation coefficients are also the

best with its value at red(0.75) only marginally higher than at blue(0.71).

2005 was the year that received the highest amount of rainfall which in-

creased the soil moisture content and greenness of surface thus reducing the

surface reflectance part. This feature has been very well captured in the

updated MODIS aerosol product. But the negative intercepts denote the

over-correction for surface reflectance.

Comparison for different seasons

For Dry months, with the updated product, correlation shows substantial

improvement at both the wavelengths and the new values of R2 are nearly

equal at both wavelengths(0.60 at blue and 0.62 at red). The slope, though

much closer to unity than the previous version, is lower at blue than at red in

the updated product also. Another noticeable feature is the reduction in the

intercept values at both wavelengths being closer to zero at red than blue.

With the update to the C005 dataset, we see a great improvement in all

the parameters during Pre Monsoon season. Slopes at both wavelengths are

nearly equal with that at blue (0.84) only slightly higher than at red(0.81).

Correlation coefficient is also highest during this season as compared to all

other seasons, its value being 0.73 at blue and 0.81 at red. The extremely

low values of intercept are also noteworthy(0.01 at blue and -0.0005 at red).

In every regard, the updated MODIS aerosol product shows extremely good

behaviour during Pre Monsoon months as compared to other seasons.

Similarly, upgrade to the C005 version improved the correlation coefficient

during Monsoon also though its value at both wavelengths are still equal(0.65
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470 nm 550 nm 660 nm
Case Slope Intercept R2 Slope Intercept R2 Slope Intercept R2

Overall 0.69 0.03 0.61 0.73 0.02 0.65 0.80 0.003 0.69
2002 0.77 0.05 0.51 0.76 0.06 0.53 0.70 0.05 0.56
2003 0.68 0.03 0.52 0.70 0.03 0.55 0.82 -0.003 0.62
2004 0.68 0.03 0.57 0.70 0.02 0.64 0.71 0.03 0.68
2005 0.78 -0.0002 0.71 0.84 -0.02 0.76 0.90 -0.03 0.75
Dry 0.65 0.04 0.60 0.70 0.03 0.59 0.83 0.004 0.62

Pre-Mon 0.84 0.01 0.73 0.82 0.003 0.78 0.81 -0.0005 0.81
Monsoon 0.87 0.03 0.65 0.80 0.06 0.63 0.82 0.03 0.62
Post-Mon 0.72 -0.03 0.66 0.77 -0.04 0.70 0.86 -0.05 0.71

Table 5.3: Correlation Coefficients of Validation results of Aqua C005 aerosol
product

at blue and 0.62 at red). Intercepts in the new product are exactly equal at

both wavelengths(0.03) and are higher than the Pre Monsoon values. The

slope at blue(0.87) and red(0.82) are very close to their Pre Monsoon values.

For Post Monsoon season, the intercepts have negative values at both

wavelengths(-0.03 at blue and -0.05 at red) representing an over-correction

for the surface reflectance. The slope as well as correlation coefficient is

higher at red (slope=0.86, R2=0.71) than at blue(slope=0.72, R2= 0.66).

These points have been depicted in Table 5.3. From the parameter values

given there and the foregoing discussion, few features can be noticed. For

the updated product, except 2002, slopes are better at red than blue for all

the years as well as the combined data. Correlation coefficient is better at

red for all the years whereas the intercept is either lower at red than blue or

equal at both the wavelengths.

For the updated product(version C005), the best correlation is for 2005

with R2 and slope highest and intercept lowest. This was the year receiving

maximum rainfall so that soil moisture and increased vegetation led to re-

duced surface reflectance and hence to lower errors due to surface reflectance.

Except monsoon season, the pattern of slope is preserved with the transition

from C004 to C005 product viz, whenever the slope at blue was higher than

at red for C004, it is the same case with C005 also and vice versa.
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Interestingly, a comparative view of the slopes in the validation results

(of the updated product) for different seasons at the two wavelengths reveals

that the AOD is underestimated at 470 nm to a greater extent than 660

nm during Dry and Post Monsoon seasons. It may be recalled that during

these seasons, the total aerosol content in the atmosphere is dominated by

fine particles. The number concentration of the fine particles used in the

look-up tables for aerosol retrieval by MODIS is lower than the actual con-

tent in the atmosphere during this season. Similarly, as noted earlier, during

Pre-Monsoon and Monsoon months, the total aerosol content is dominated

by coarse mode particles. During these months, it is observed that the AOD

at 660 nm is more underestimated, though marginally, than at 470 nm. The

number concentration of coarse particles during these seasons are not prop-

erly accounted for in the MODIS aerosol models and the actual coarse aerosol

content is higher. Overall, the slopes differing from unity reflect the discrep-

ancy between the aerosol models used in the MODIS aerosol retrieval scheme

and the actual aerosol model. Further, the variation of slopes with season

at the two wavelengths, especially corresponding to the dominant species

present(smaller particles during Dry and Post Monsoon months and coarse

particles during Pre-Monsoon and Monsoon months) implies that the aerosol

model used by MODIS algorithm is not able to account for the seasonal vari-

ations in the aerosol type. This aspect forms the most important conclusion

of our work [Misra et al., 2008].

The intercepts in the updated product for all seasons are less than 0.04

which is a great improvement over the previous version(C004) of the MODIS

aerosol product and denotes a much better account of surface reflectance pa-

rameterization. The negative intercepts during Post Monsoon season, when

the surface reflectance value itself is low, imply an over-correction for surface

reflectance contribution.

Overall, the updated product has the best correlation for Pre-Monsoon

among all seasons and Dry season the least.
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5.2.2 Terra

(a)
Terra MODIS (C005) vs Microtops AOD at 470 nm over Ahmedabad for 2002-2005
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Terra MODIS (C005) vs Microtops AOD at 660 nm over Ahmedabad for 2002-2005
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(b)
Terra MODIS (C005) vs Microtops AOD at 550 nm over Ahmedabad for 2002-2005
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(c)

Terra MODIS (C005) vs Microtops AOD at 470 nm over Ahmedabad for 2002-2005
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Terra MODIS (C005) vs Microtops AOD at 660 nm over Ahmedabad for 2002-2005
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Figure 5.5: Validation Results of the MODIS

aerosol product from Collection Version

C005 from the Terra platform at (a)470

(b)550 (c)660 nm

Similar improvement in the

correlation with upgrade to

Collection Version C005 is

seen in the validation re-

sults of Terra MODIS. Fig-

ure 5.5 shows the comparison

of Collection Version C005 al-

gorithm derived AOD values

from Terra platform with the

corresponding values from the

ground based Microtops sun-

photometer. A noticeable fea-

ture is the improvement in the

correlation coefficient at red

(R2
660 = 0.61) over the cor-

responding value from C004

algorithm. Correlation has

also improved at blue wave-

length (R2
470 = 0.47). Slope

is still higher at red (Slope660

= 0.73) than at blue (Slope470

= 0.57) whereas the inter-

cepts have reduced to a great

extent from their C004 val-

ues with greater reduction in

the red (Intercept470 = 0.10,

Intercept660 = 0.04). Simi-

lar improvements in correla-

tion are seen in nearly all

the individual cases signifying

a better parameterization of
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surface reflectance and usage of aerosol models in the updated algorithm.

Comparison for different years

Similar to the C004 data during 2002, we see higher slope and correlation

coefficient and lower intercept at red (Slope660 = 0.60, Intercept660 = 0.10,

R2
660 = 0.55) than blue (Slope470 = 0.41, Intercept470 = 0.18, R2

470 = 0.34)

in the updated product also. The improvement in the correlation at red

wavelength is noticeable.

During 2003, not much improvement is noted at blue (Slope470 = 0.56,

Intercept470 = 0.11, R2
470 = 0.46). Although, slope at red (Slope660 = 0.66)

has reduced from its C004 value and intercept (Intercept660 = 0.07) has

slightly improved from its C004 value, the major highlight of comparison for

this year still remains the improvement in correlation especially at red (R2
660

= 0.54).

A tremendous improvement in all parameters of correlation plot is ob-

served during 2004 at both wavelengths, where the slopes (Slope470 = 0.74,

Slope660 = 0.86) and correlation coefficients (R2
470 = 0.58, R2

660 = 0.76) at

both wavelengths are the highest among all the years. A considerable reduc-

tion is seen in the intercept values as well (Intercept470 = 0.05, Intercept660

= 0.02).

As noted previously, 2005 was the year receiving the maximum rainfall.

This feature is again reflected in the intercept values of the comparison for

this year which are the lowest among all the years (Intercept470 = 0.03,

Intercept660 = 0.003). Both slope and correlation have improved at blue from

the corresponding C004 values (Slope470 = 0.61, R2
470 = 0.60). Although the

slope at red (Slope660 = 0.73) has reduced from its C004 value, the correlation

coefficient has more than doubled (R2
660 = 0.66).

Comparison for different seasons

During Dry months, slope is closer to unity at red (Slope660 = 0.70) than at

blue (Slope470 = 0.54) and intercept is also lower at red (Intercept470 = 0.09,

Intercept660 = 0.05). Considerable improvement is observed in correlation
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470 nm 550 nm 660 nm
Case Slope Intercept R2 Slope Intercept R2 Slope Intercept R2

Overall 0.57 0.10 0.47 0.60 0.08 0.51 0.73 0.04 0.61
2002 0.41 0.18 0.34 0.48 0.14 0.41 0.60 0.10 0.55
2003 0.56 0.11 0.46 0.55 0.10 0.46 0.66 0.07 0.54
2004 0.74 0.05 0.58 0.80 0.02 0.67 0.86 0.02 0.76
2005 0.61 0.03 0.60 0.65 0.01 0.63 0.73 0.003 0.66
Dry 0.54 0.09 0.50 0.57 0.08 0.49 0.70 0.05 0.53

Pre-Mon 0.71 0.11 0.49 0.66 0.10 0.50 0.72 0.07 0.60
Monsoon 0.94 0.03 0.68 0.79 0.08 0.66 0.86 0.04 0.72
Post-Mon 0.66 0.01 0.60 0.67 0.02 0.62 0.77 0.0002 0.69

Table 5.4: Correlation Coefficients of Validation results of Terra C005 aerosol
product

coefficients from the C004 values at both wavelengths (R2
470 = 0.50, R2

660 =

0.53), the improvement being more at red.

Slopes at both wavelengths during Pre Monsoon season have nearly equal

values (Slope470 = 0.71, Slope660 = 0.72). The correlation coefficient is higher

and intercept lower at blue than at red (Intercept470 = 0.11, R2
470 = 0.49;

Intercept660 = 0.07, R2
660 = 0.60).

The best correlation is observed during Monsoon season at both wave-

lengths (R2
470 = 0.68, R2

660 = 0.72). Slope is also highest during Monsoon

months among all the seasons (Slope470 = 0.94, Slope660 = 0.86). Inter-

cepts at both wavelengths have nearly equal values (Intercept470 = 0.03,

Intercept660 = 0.04).

Lowest intercepts are observed during the Post Monsoon months among

all seasons (Intercept470 = 0.01, Intercept660 = 0.0002). Correlation coeffi-

cients are also high - second only to the Monsoon months (R2
470 = 0.60, R2

660

= 0.69). Slope at red (Slope660 = 0.77) is higher than that at blue (Slope470

= 0.66) in this updated version as well.

Overall, for all the years, slopes and correlation coefficients are higher and

intercepts lower at red than at blue. Best correlation and highest slopes are

observed during 2004 whereas intercepts are lowest during 2005. Intercept,

which shows error due to surface reflectance parameterization, has lowest
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value for 2005 in Aqua dataset as well - a feature related to the highest

rainfall received during this year. Similar to the Aqua dataset, the pattern

of slope is preserved in transition from C004 to C005 in Terra data as well

viz, whenever the slope at red is higher than at blue, it is the same case in

the updated product as well.

The inadequacy of the aerosol models used in the C005 algorithm is reit-

erated in the Terra dataset where the slopes at blue are more underestimated

during Dry and Post Monsoon seasons when the overall aerosol climatology is

dominated by smaller particles. Even though the slope at both wavelengths

are nearly equal during Pre Monsoon season, during Monsoon season slope

is underestimated to a larger extent at red than blue. This is the season

when the atmosphere is dominated by larger particles. Thus, the variation

in the value of slopes with season in the Terra C005 data corroborates the

results derived from the Aqua C005 dataset regarding the inadequacy of the

aerosol models used in the MODIS C005 algorithm. Behaviour of slopes dur-

ing Pre Monsoon season vis-a-viz the corresponding values from Aqua data

is a feature which needs further investigation.

5.3 Validation results of the Deep Blue Aerosol

product(Aqua)

As mentioned previously, the Deep Blue algorithm has been proposed as an

alternative retrieval scheme for aerosol remote sensing over brighter surfaces.

Presently, the data product corresponding to the Deep Blue Algorithm is

available only from Aqua platform. Validation of the data product corre-

sponding to this algorithm has been carried out for the same study period

and dataset as for the conventional product. It is of further interest to com-

pare the validation result from this algorithm to that from the Aqua C005

version data. Such an exercise will provide information corresponding to the

suitability of a particular algorithm for retrieval of aerosol optical depth over

our study location. An additional advantage of the Deep Blue Algorithm is

the aerosol optical depth information at four wavelengths viz., 412, 470, 550
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(a) Aqua MODIS (Deep Blue) vs Microtops AOD at 412 nm over Ahmedabad
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(b)

Aqua MODIS (Deep Blue) vs Microtops AOD at 412 nm over Ahmedabad
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(c) Aqua MODIS (Deep Blue) vs Microtops AOD at 550 nm over Ahmedabad

 for 2002-2005
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Aqua MODIS (Deep Blue) vs Microtops AOD at 660 nm over Ahmedabad
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(d)

Aqua MODIS (Deep Blue) vs Microtops AOD at 550 nm over Ahmedabad
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Aqua MODIS (Deep Blue) vs Microtops AOD at 660 nm over Ahmedabad
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Figure 5.6: Validation results of the Aqua Deep Blue Algorithm aerosol
product at (a)412 (b)470 (c)550 and (d)660 nm

and 660 nm. Here, AOD at 412, 470 and 660 nm are direct retrievals which

are interpolated to get the AOD at 550 nm.

Figure 5.6 shows the validation results of the Deep Blue Algorithm derived

aerosol optical depth from the Aqua platform. It is seen that intercepts are

negative at all the wavelengths (Intercept412= -0.04, Intercept470= -0.01,

Intercept550= -0.02, Intercept660= -0.06). Slope is closest to unity at 660

nm (Slope660=0.91) and farthest at 470 nm (Slope470= 0.73). The slopes at

412 and 550 nm lie within these two extremes (Slope412= 0.81, Slope550=

0.77). Correlation coefficient have the values R2
412 = 0.40, R2

470 = 0.37, R2
550

= 0.41 and R2
660= 0.49 which shows that the correlation is much better for

the retrieval from the C005 algorithm than the Deep Blue algorithm. In the

following paragraphs we discuss features related to the Deep Blue algorithm

validation for individual years and seasons. Since 412 nm retrieval is absent in

the conventional algorithm and 550 nm retrieval is an interpolated value from

the other direct retrievals of the Deep Blue algorithm, we limit our discussion
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to 470 and 660 nm to be consistent with earlier discussion and to have a

comparative view of the validation results from the different algorithms.

However, Table 5.5 reports the values of all the parameters of correlation

for individual years and seasons for all the four wavelengths.

Comparison for different years

For 2002, the correlation (R2
470 = 0.22, R2

660 = 0.36) is poor as compared

to that from C005. Slope is higher and intercept lower at red (Slope660 =

0.49, Intercept660 = 0.03) as compared to blue (Slope470 = 0.44, Intercept470

=0.07).

The slope at red is extremely close to unity during 2003 (Slope660 =

0.99), whereas its value at blue is also considerably higher (Slope470 = 0.73).

The correlation is better for red (R2
660 = 0.49) than blue (R2

470 = 0.31) and

the value of intercept is also lower at this wavelength (Intercept470 = 0.004,

Intercept660 = -0.10).

For 2004 also, the slope is higher at red (Slope660 = 0.66) than at blue

(Slope470 = 0.46), the intercept is also lower and correlation better at red

(Intercept660 = 0.01, R2
660 = 0.34) than blue (Intercept470 = 0.09, R2

470 =

0.17).

Same pattern is followed during 2005 as well when the slope is higher at

red (Slope660 = 1.11) than blue (Slope470 = 0.94). Correlation coefficient is

also higher at red (R2
470 = 0.45, R2

660 = 0.58). Intercepts at blue (Intercept470

= -0.07) as well as red (Intercept660 = -0.11) are negative.

Comparison for different seasons

During Dry season, slope at blue (Slope470 = 0.83) is only marginally higher

than that at red (Slope660 = 0.81) and correlation coefficient is also nearly

equal at both wavelengths (R2
470 = 0.52, R2

660 = 0.51). Values of intercept are

negative and exactly equal at both red and blue (Intercept470 = Intercept660

= -0.04).

During Pre Monsoon season, the slope at red (Slope660 = 1.29) is marginally

higher than at blue (Slope470 = 1.28), the values at both wavelengths being
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greater than 1. Intercepts at both red and blue are negative for this sea-

son as well (Intercept470 = -0.07, Intercept660 = -0.09), whereas correlation

coefficient is considerably high at both these wavelengths, its value at blue

(R2
470 = 0.80) only slightly higher than at red (R2

660 = 0.78).

During Monsoon season, slope is much higher at red (Slope660 = 0.93)

than blue (Slope470 = 0.78). The intercepts at both wavelengths are very low

(Intercept470 = 0.05, Intercept660 = -0.03), the value at red being negative.

The correlation coefficient has lower value during Monsoon as compared to

other seasons (R2
470 = 0.32, R2

660 = 0.43).

Intercepts are negative at both wavelengths during Post Monsoon season

(Intercept470 = -0.06, Intercept660 = -0.03). The correlation coefficient as

well as slope is higher at blue than at red (Slope470 = 0.62, R2
470 = 0.47;

Slope660 = 0.55, R2
660 = 0.45) during this season.

These points have been summarized in Table 5.5. Comparing these val-

idation results with those from the C005 product [Levy et al., 2007b] we

find that at 470 nm, slopes are better for Deep Blue product during 2003

and 2005 as well as the overall plot, whereas during 2002 and 2004, slopes

for C005 are better. Among seasons, during Dry and Pre Monsoon months,

Deep Blue slopes are higher whereas C005 gives higher slopes during Mon-

soon and Post monsoon months. Intercept values for Deep Blue are higher

than C005 during 2002 and 2004 and lower during 2003 and 2005. Negative

intercept is observed during 2005 and also for all seasons except Monsoon.

For all years and overall plot, R2 values are better for C005. Among seasons,

except Pre Monsoon months, R2 values are better for C005 comparison.

At 660 nm, slopes have the same pattern as at 470 nm viz, better for

Deep Blue during 2003 and 2005 but better for C005 during 2002 and 2004.

Except Post Monsoon season, all seasons have slopes either nearly equal

(Dry season) from both algorithms or higher for Deep Blue (Pre Monsoon

and Monsoon). Correlation plots for all seasons show negative intercepts at

660 nm. Among years, intercepts for Deep Blue are less than C005, but

slightly positive during 2002 and 2004 and negative during 2003 and 2005.

R2 values for all years and seasons are better for C005 comparison.

A comparative study of the correlations at the two wavelengths shows
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that for all years and the overall plot, slope is better at 660 nm than 470 nm.

Among seasons, slopes are nearly same for Dry and Pre Monsoon season,

higher at 660 nm for Monsoon and at 470 nm during Post Monsoon season.

For all years and the overall plot, R2 at 660 nm is higher. Among seasons,

R2 is higher at 660 nm during Monsoon whereas during other seasons, R2 at

470 nm is higher.
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Chapter 6

Validation Results for the

ISRO-GBP Land Campaigns

Besides having an understanding of the accuracy of MODIS derived aerosol

optical depth as validated from a fixed location covering a temporal period

encompassing several years and seasons, it is necessary to validate the aerosol

product at different geographical locations. Such an exercise aids in identify-

ing the level upto which surface reflectance and aerosol model - which usually

vary from place to place - affect the retrieval accuracy and to look into the

possibility of better parameterization and account for these parameters. Such

exercises have in the past, for example, led to the inclusion of Heavy Absorp-

tion aerosol model to be used in the MODIS over land algorithm [Ichoku

et al., 2003] and the latest update to the MODIS algorithm leading to the

Collection version C005 [Levy et al., 2005].

The two ISRO-GBP (Indian Space Research Organization- Geosphere

Biosphere Programme) Land Campaigns provided opportunities to test the

MODIS aerosol retrieval algorithms under varying environmental and surface

conditions. The First ISRO-GBP Land Campaign was carried out in early

2004 to characterize the aerosol and trace gases distribution over peninsular

India. The objective of the second ISRO-GBP land campaign - carried out in

end of 2004 - was to understand the aerosol and trace gas distribution along

the Indo-Gangetic plain under foggy conditions. In this chapter we discuss
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in detail the results obtained from the validation of MODIS aerosol product

under different environmental conditions during these two experiments.

6.1 Validation During the ISRO-GBP Land

Campaign - I

In order to have a detailed information regarding the aerosol characteristics

and trace gas amount over peninsular India, a field campaign experiment

was carried out during 7 to 29 February 2004 between Ahmedabad (72.53E,

23.03N) and Hyderabad (78.27E, 17.28N) under the auspices of the Indian

Space Research Organization - Geosphere Biosphere Program (ISRO-GBP).

Measurements of various aerosol optical and physical properties were car-

ried out using a variety of instruments such as Microtops sunphotometer,

Quartz Crystal Microbalance, Grimm Particle Size Analyzer, Nephelometer,

Aethalometer and the Micro Pulse Lidar. During the campaign period, a

distance of ∼1200 Km was covered, taking observations every 120 Km. In

order to avoid the effects of local sources, special care was taken to select

the measurement sites which were preferably remote sites far from any in-

dustrial or traffic sources. The experimental trip is classified into three legs:

onward journey between 7 and 14 February from Ahmedabad to Hyderabad,

during 16 to 21 February intercomparison with the instruments from other

institutes were carried out at Shadnagar (78.18E, 17.03N) and return journey

from Hyderabad to Ahmedabad took place between 23 and 29 February. In

order to see any possible temporal variation in the aerosol properties during

the onward and return journey, attempts were made to make measurements

at the same location in the return journey as were done during the onward

trip [Jayaraman et al., 2006].

Measurements from the Microtops sunphotometer showed AOD values to

increase by a factor of more than two during the onward trip which shows

an increased total aerosol content. Study of the Angstrom exponent varia-

tion showed more surface-derived mineral aerosols in the northern stations

as compared to the southern ones. A decrease in the value of α during the

62



CHAPTER 6. VALIDATION RESULTS FOR THE ISRO-GBP
LAND CAMPAIGNS

(a)
Terra MODIS (C004) vs Microtops AOD at 470 nm during LC1

y = 0.66x + 0.03

R
2
 = 0.31

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

Microtops AOD

T
e

rr
a

 M
O

D
IS

 A
O

D
 (

C
0

0
4

)

Terra MODIS (C004) vs Microtops AOD at 660 nm during LC1
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Terra MODIS (C004) vs Microtops AOD at 470 nm during LC1
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Figure 6.1: Validation results of Terra MODIS C004 aerosol optical depth
during LC1 at (a) 470 and (b) 660 nm

return trip accompanied by an increase in β represented the increase in the

coarse mineral particle with the change in season. Such behaviour was seen

in the observation of aerosol scattering coefficient as well. Thus return jouney

witnessed larger concentration of coarse particles. It is important to remem-

ber these variations in aerosol content and type during the onward and return

journey for interpreting the validation results of the MODIS aerosol product

[Jayaraman et al., 2006].

Though several observations were carried out at a particular station, there

would be only one data corresponding to a single overpass by MODIS. Fur-

ther, the overpass regions were quite heterogeneous in surface properties as

well as in terms of the dominant aerosol type.

Table 6.1 gives the values of all parameters of correlation between the two

sets of data. MODIS data from all the three algorithms and both satellite

platforms are represented.

Terra C004

Validation results of MODIS Collection Version 4 AOD from Terra platform is

shown in Figure 6.1. We see that the slopes are very less at both wavelengths

(Slope470 = 0.66, Slope660 = 0.54). Correlation at red is extremely poor (R2
660

= 0.06) as compared to blue (R2
470 = 0.31) and also has a large intercept
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(Intercept660 = 0.20). Intercept at blue is comparatively better(Intercept470

= 0.03).

As mentioned previously, the overall data consists of both the onward

and return journey observations. The parameter values for individual legs of

the journey are also indicated in Table 6.1. Values of slope and intercept at

blue during onward journey (Slope470 = 0.68, Intercept470 = 0.05) is slightly

higher than the overall comparison although the correlation is better (R2
470 =

0.49). At red, intercept during onward journey is even higher (Intercept660 =

0.27) and slope lower (Slope660 = 0.40) than the whole trip. The correlation

at this wavelength (R2
660 = 0.08) is still extremely poor.

Correlation at red is considerably better during return journey (R2
660 =

0.75) and slope is also closer to unity (Slope660 = 0.97). But the intercept is

still very large (Intercept660 = 0.19). But this time, the correlation at blue

wavelength is poor (R2
470 = 0.04) with large intercept (Intercept470 = 0.22)

and low value of slope (Slope470 = 0.32) as compared to both the onward

journey as well as the overall trip.

Thus the validation of Terra MODIS Collection Version C004 data shows

better correlation at blue during onward trip and at red during return trip.

Aqua C004

Overall correlation of Aqua MODIS C004 data with sunphotometer is poorer

as compared to that for Terra at both wavelengths (R2
470 = 0.09, R2

660 =

0.05). The correlation at red is nearly similar to that for data from Terra.

Slope at this wavelength is moderate (Slope660 = 0.48) and intercept is large

(Intercept660 = 0.25). Intercept at blue though lower than at red, is still quite

large whereas the slope is extremely low ((Slope470 = 0.21, Intercept470 =

0.20)).

Slope as well as correlation coefficient show considerable improvement at

blue during onward trip (Slope470 = 0.67, R2
470 = 0.72) and the value of

intercept also reduces greatly from its value for overall trip (Intercept470 =

0.09). But the correlation, though better than the overall trip, is still not

good (Slope660 = 1.12, Intercept660 = 0.15, R2
660 = 0.24). Thus the better
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(a)
Aqua MODIS (C004) vs Microtops AOD at 470 nm during LC1
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Aqua MODIS (C004) vs Microtops AOD at 660 nm during LC1
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Figure 6.2: Validation results of Aqua MODIS C004 aerosol optical depth
during LC1 at (a) 470 and (b) 660 nm

correlation at blue wavelength during onward trip as seen in the Terra dataset

is reflected in the data from Aqua as well.

Correlation is once again poor at blue during return trip as in the Terra

dataset (Slope470 = 0.27, Intercept470 = 0.18, R2
470 = 0.13). The slope at red

during this leg retains its high value (Slope660 = 0.95) though correlation at

this wavelength has not improved (R2
660 = 0.19). Thus the better correlation

at red in the Terra data during return trip is not seen in the Aqua dataset.

Terra C005

With the upgrade to the Collection Version C005, we notice a tremendous im-

provement in all correlation parameters at both wavelengths. The intercepts

at both red and blue are equal and negative (Intercept470 = Intercept660

= -0.01). Overall correlation is better at blue than red (R2
470 = 0.61, R2

660

= 0.53) whereas slope is closer to unity at red than blue (Slope470 = 0.76,

Slope660 = 0.94).

Intercepts are nearly equal at both wavelengths during onward journey

(Intercept470 = 0.02, Intercept660 = 0.01) and as in the case of C004 val-

idation, better correlation at blue during onward trip is seen in the Terra

C005 dataset as well (R2
470 = 0.86, R2

660 = 0.67). An interesting feature is

seen in the slopes of the correlation plot. We find that the slope at red

is closer to unity than blue (Slope470 = 0.74, Slope660 = 0.92), or in other
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words, during onward trip, AOD at blue is underestimated to a greater ex-

tent than at red. As noted previously, aerosol climatology during onward

journey witnessed less amount of coarse particles. This feature pointing to-

wards the inadequacy of aerosol model is similar to the results from study

over Ahmedabad.

(a)
Terra MODIS (C005) vs Microtops AOD at 470 nm during LC1
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Terra MODIS (C005) vs Microtops AOD at 550 nm during LC1
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Terra MODIS (C005) vs Microtops AOD at 550 nm during LC1
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(c)
Terra MODIS (C005) vs Microtops AOD at 660 nm during LC1
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Figure 6.3: Validation results of Terra

MODIS C005 aerosol optical depth during

LC1 at (a) 470, (b) 550 (c) 660 nm

This fact is further re-

inforced in the slope values

during return trip where we

see the underestimation to

be more at red than blue

(Slope470 = 0.88, Slope660 =

0.84). During return leg,

the coarse particles were in

larger amount so that this un-

derestimation at longer wave-

length indicates the lesser

amount of coarse particles in

the aerosol model used by the

retrieval algorithm. Correla-

tion is good at both the wave-

lengths (R2
470 = 0.72, R2

660 =

0.73) and the intercepts are

also low (Intercept470 = -0.03,

Intercept660 = 0.05).

Aqua C005

Although the correlation has

improved with upgrade to

C005 in Aqua dataset also,

it is still poor (R2
470 = 0.16,

R2
660 = 0.13) as compared to

the Terra case. Intercepts are

66



CHAPTER 6. VALIDATION RESULTS FOR THE ISRO-GBP
LAND CAMPAIGNS

large (Intercept470 = 0.13, Intercept660 = 0.11) and slopes low at both red

and blue (Slope470 = 0.295, Slope660 = 0.35).

(a)
Aqua MODIS (C005) vs Microtops AOD at 470 nm during LC1
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Aqua MODIS (C005) vs Microtops AOD at 550 nm during LC1

y = 0.30x + 0.12

R
2
 = 0.13

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

Microtops AOD

A
q

u
a

 M
O

D
IS

 A
O

D
 (

C
0

0
5

)

(b)
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(c)
Aqua MODIS (C005) vs Microtops AOD at 660 nm during LC1
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Figure 6.4: Validation results of Aqua

MODIS C005 aerosol optical depth during

LC1 at (a) 470 nm, (b) 550 and (a) 660 nm

Correlation is found to be

good during onward journey

and correlation coefficient has

equal value at both wave-

lengths (R2
470 = R2

660 = 0.87).

Intercepts are also seen to

be very low (Intercept470 =

0.01, Intercept660 = -0.01).

Again we see the under-

estimation to be larger at

blue wavelength (Slope470 =

0.74) showing lesser amount

of smaller particles in the

MODIS aerosol models used

by MODIS algorithm. The

slope at red is nearly equal to

unity (Slope660 = 1.005).

As compared to the on-

ward trip, correlation is in-

ferior during return trip and

is presumably responsible for

poor correlation of the overall

comparison (R2
470 = 0.39, R2

660

= 0.42) though the improve-

ment from the corresponding

values in C004 data is note-

worthy. Intercepts are low

showing reduced error due to

surface reflectance (Intercept470 = 0.096, Intercept660 = 0.07). But slopes

in this dataset are not in accordance to the feature observed in Terra dataset

and the onward journey of the Aqua C005 (Slope470 = 0.41, Slope660 = 0.51).
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Since the aerosol climatology is dominated by coarse particles, we expect the

underestimation to be more at red than blue as shown by the validation re-

sults from Ahmedabad studies and those from Terra C005 of this experiment.

This aspect requires further investigation.

Aqua C005 (Deep Blue Algorithm)

Although Deep Blue algorithm provides additional retrieval in 412 nm, this is

not included in the discussion for consistency with other algorithms. However

the parameters related to the validation of this algorithm are provided in

Table 6.1. The overall correlation for Aqua Deep Blue aerosol product is

better than Aqua C005 at both red and blue (R2
470 = 0.54, R2

660 = 0.49).

Intercepts are low and have negative values at all wavelengths (Intercept470

= -0.05, Intercept660 = -0.008). Values of slopes are also higher as compared

to Aqua C005, the value at blue being greater than at red (Slope470 = 0.74,

Slope660 = 0.65).

Intercepts are negative during onward trip also (Intercept470 = -0.14,

Intercept660 = -0.07), but the correlation is better than the overall correlation

at both wavelengths (R2
470 = 0.78, R2

660 = 0.71). Values of slopes are high

being closer to unity at blue than red (Slope470 = 0.95, Slope660 = 0.87).

However, during the return trip slope is low and intercept is large at

red (Slope660 = 0.30, Intercept660 = 0.12) as compared to the values during

onward trip. The value of correlation coefficient at this wavelength (R2
660 =

0.33) is lower than that for Aqua C005. The corresponding values at blue are

comparatively better (Slope470 = 0.51, Intercept470 = 0.08, R2
470 = 0.71).

Overall, in the case of Deep Blue algorithm, the comparison is better at

blue than red.
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412 nm 470 nm 550 nm 660 nm
Sl In R2 Sl In R2 Sl In R2 Sl In R2

Aqua MODIS Collection Version C004

W 0.21 0.20 0.09 0.48 0.25 0.05
O 0.67 0.09 0.72 1.12 0.15 0.24
R 0.27 0.18 0.13 0.95 0.18 0.19

Terra MODIS Collection Version C004

W 0.66 0.03 0.31 0.54 0.20 0.06
O 0.68 0.05 0.49 0.40 0.27 0.08
R 0.32 0.22 0.04 0.97 0.19 0.75

Aqua MODIS Collection Version C005

W 0.295 0.13 0.16 0.30 0.12 0.13 0.35 0.11 0.13
O 0.74 0.01 0.87 0.83 -0.003 0.86 1.005 -0.01 0.87
R 0.41 0.096 0.39 0.44 0.08 0.38 0.51 0.07 0.42

Terra MODIS Collection Version C005

W 0.76 -0.01 0.61 0.81 -0.02 0.57 0.94 -0.01 0.53
O 0.74 0.02 0.86 0.78 0.01 0.77 0.92 0.01 0.67
R 0.88 -0.03 0.72 0.89 -0.006 0.71 0.84 0.05 0.73

Aqua MODIS Deep Blue Algorithm

W 0.81 -0.08 0.55 0.74 -0.05 0.54 0.68 -0.03 0.51 0.65 -0.008 0.49
O 0.999 -0.17 0.76 0.95 -0.14 0.78 0.91 -0.11 0.76 0.87 -0.07 0.71
R 0.63 0.04 0.82 0.51 0.08 0.71 0.398 0.11 0.51 0.30 0.12 0.33

Table 6.1: Values of parameters of correlation between various MODIS
aerosol optical products and the Microtops sunphotometer derived aerosol
optical depth during the First ISRO GBP Land Campaign. W = Whole
Journey, O = Onward Trip, R = Return Trip
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(a)
Aqua MODIS (Deep Blue) vs Microtops AOD at 412 nm during LC1
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(b)

Aqua MODIS (Deep Blue) vs Microtops AOD at 412 nm during LC1
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(c)
Aqua MODIS (Deep Blue) vs Microtops AOD at 550 nm during LC1
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Aqua MODIS (Deep Blue) vs Microtops AOD at 660 nm during LC1
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(d)

Aqua MODIS (Deep Blue) vs Microtops AOD at 550 nm during LC1
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Aqua MODIS (Deep Blue) vs Microtops AOD at 660 nm during LC1
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Figure 6.5: Validation results of Aqua Deep Blue aerosol optical depth for
LC1 at (a) 412 (b) 470 (c) 550 and (d) 660 nm

6.2 Validation During the ISRO-GBP Land

Campaign - II

The second ISRO-GBP Land Campaign was carried out during December

2004 along the Indo-Gangetic Plain. This region during the winter season

experience extremely low temperature and high humidity alongwith low wind

speed resulting in the formation of fog. The objective of the experiment

was to study the ditribution of aerosol, their physical, optical and chemical

characteristics and transport processes. Further, knowledge about the aerosol

properties during high humidity conditions, their role in formation of fog

and the aerosol fog interaction were sought. Together these results provide

a better understanding of the aerosol impact on fog formation and aerosol

radiative forcing under hazy environment.

MODIS retrieved aerosol optical depth from the three algorithm are com-
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pared with the ground based Microtops sunphotometer observations over

Delhi (77.17E, 28.63N) for the campaign period of 1 to 31 December 2004

as part of this campaign. Validation exercise in such campaign mode has

the advantage of having a larger volume of data so that possiblity of having

sunphotometer measurement closer to the MODIS overpass increases. Mea-

surements of aerosol optical depth from Microtops sunphotometer were made

at an interval of half an hour. At each instant, three measurements were made

and the one giving lowest value of aerosol optical depth was selected. This

way any possiblity of cloud contamination is minimized.

To aid further analysis, the campaign period was classified into three cat-

egories viz., clear, foggy and hazy days based on the visibility and meterolog-

ical parameters. Wind speed was low during this period whereas relative hu-

midity showed high vlaues with large variations. Overall temperatures were

very low as noted previously. The lower wind speeds also result in lesser

amount of surface derived coarse particles so that the overall climatology

during the experiment was dominated by anthropogenic particles [Ganguly

et al., 2006b].

Terra C004

The validation result of Terra MODIS C004 aerosol product is shown in

refterrac004lc2. Here we see that the slopes of the correlation plots at both

red and blue are very low (Slope470 = 0.22, Slope660 = 0.21). Further, inter-

cepts are also very large (Intercept470 = 0.31, Intercept660 = 0.28) at both

these wavelengths. The above case includes data for all days. Excluding

the data from hazy and foggy days, increases the slopes to (Slope470 = 0.54,

Slope660 = 0.48) and reduces the values of intercepts (Intercept470 = 0.10,

Intercept660 = 0.16). The correlation coefficients increase from (R2
470 = 0.35,

R2
660 = 0.33) in the case of all-days plot to (R2

470 = 0.59, R2
660 = 0.52) for

clear days.
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(a)
Terra MODIS (C004) vs Microtops AOD at 470 nm over Delhi
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(c)
Aqua MODIS (C004) vs Microtops AOD at 470 nm over Delhi
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Figure 6.6: Validation results of MODIS C004 aerosol optical depth from
Terra at (a) 470 (b) 660 nm and Aqua at (c) 470 and (d) 660 nm during LC2

Aqua C004

Similar poor correlatation is seen in the validation of the Aqua MODIS C004

product also. Here the slope is larger and intercept lower at red (Slope660

= 0.41, Intercept660 = 0.18) than at blue (Slope470 = 0.30, Intercept470 =

0.23). The correlation coefficient has higher value at red (R2
470 = 0.42, R2

660

= 0.497). Considering only clear days deteriorates the correlation at both

wavelengths (Slope470 = 0.24, Intercept470 = 0.26, R2
470 = 0.17; Slope660 =

0.198, Intercept660 = 0.27, R2
660 = 0.07).
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Terra C005
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(c)
Terra MODIS (C005) vs Microtops AOD at 660nm over Delhi
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Figure 6.7: Validation results of MODIS

C005 aerosol optical depth from Terra at (a)

470 (b) 550 nm and (c) 660 nm

Upgrade to the Collection

Version C005 only slightly

improves the correlation for

Terra MODIS dataset from its

C004 values (R2
470 = 0.496,

R2
660 = 0.42). Though the val-

ues of slopes at both red and

blue have increased (Slope470

= 0.32, Slope660 = 0.36),

the values of intercepts also

have increased (Intercept470

= 0.37, Intercept660 = 0.31).

Considering only clear days

does not improve the corre-

lation at red (R2
660 = 0.42)

but increase the correlation

coefficient at blue by a small

amount(R2
470 = 0.49). Inter-

cepts also reduce at both the

wavelengths in case of clear

days validation (Intercept470

= 0.30, Intercept660 = 0.26).

An interesting feature is seen

regarding slopes of the cor-

relation plot. We see that

the underestimation is larger

at blue than red (Slope470 =

0.398, Slope660 = 0.46). As noted previously, the aerosol climatology dur-

ing the season when this campain was carried out is dominated by smaller

particles. Thus, this behaviour of slopes of correlation plots shows that the

amount of smaller particles in the aerosol models used by MODIS algorithm
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is less.

Aqua C005

Aqua MODIS(C005) vs Microtops AOD at 470 nm over Delhi
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(b)
Aqua MODIS(C005) vs Microtops AOD at 660nm over Delhi
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Figure 6.8: Validation results of Aqua at (a)

470 (b) 550 and (a) 660 nm during LC2

Considerable improvement is

noticed in correlation of Aqua

MODIS dataset with upgrade

to Collection Version C005

(R2
470 = 0.79, R2

660 = 0.87).

Similar improvement is noted

in the slopes as well (Slope470

= 0.62, Slope660 = 0.57),

although the intercepts at

both red and blue have large

values (Intercept470 = 0.17,

Intercept660 = 0.20). Con-

sidering only the clear days

reduces the correlation at

both red and blue (R2
470 =

0.42, R2
660 = 0.29). In-

tercept at red (Intercept660

= 0.19) remain nearly unaf-

fected whereas that at blue in-

creases (Intercept470 = 0.23).

Similar to the Terra C005

dataset, the slope at blue is

underestimated to a greater

extent than at red(Slope470

= 0.499, Slope660 = 0.57),

thus indicating the insufficient

amount of smaller particles in

the MODIS aerosol models.
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Aqua C005 (Deep Blue Algorithm)

The Deep Blue algorithm derived aerosol optical depth values show good cor-

relation with sunphotometer values at both red and blue (R2
470 = 0.79, R2

660 =

0.80). The values of intercepts are lower than other algorithms (Intercept470

= -0.02, Intercept660 = 0.09). Slope is nearly unity at blue (Slope470 = 1.04)

whereas that at red is much less than unity (Slope660 = 0.69). Considering

only clear days does not affect the correlation at either wavelength (R2
470 =

0.79, R2
660 = 0.798). But slopes have increased in value at both red and blue

(Slope470 = 1.48, Slope660 = 1.31). These features are summarized in Table

6.2
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Aqua MODIS(Deep Blue) vs Microtops AOD at 470 nm over Delhi
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Aqua MODIS(Deep Blue) vs Microtops AOD at 412 nm over Delhi
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(c)
Aqua MODIS (Deep Blue) vs Microtops AOD at 550nm over Delhi
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Aqua MODIS (Deep Blue) vs Microtops AOD at 660 nm over Delhi
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Aqua MODIS (Deep Blue) vs Microtops AOD at 550nm over Delhi
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Aqua MODIS (Deep Blue) vs Microtops AOD at 660 nm over Delhi
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Figure 6.9: Validation results of the Aqua Deep Blue algorithm aerosol op-
tical depth at (a) 412 (b) 470 (c) 550 and (d) 660 nm during LC2

75



CHAPTER 6. VALIDATION RESULTS FOR THE ISRO-GBP
LAND CAMPAIGNS

412 nm 470 nm 550 nm 660 nm
Case Sl In R2 Sl In R2 Sl In R2 Sl In R2

Aqua MODIS Collection Version C004

All 0.30 0.23 0.42 0.41 0.18 0.497
Clear 0.24 0.26 0.17 0.198 0.27 0.07

Terra MODIS Collection Version C004

All 0.22 0.31 0.35 0.21 0.28 0.33
Clear 0.54 0.10 0.59 0.48 0.16 0.52

Aqua MODIS Collection Version C005

All 0.62 0.17 0.79 0.58 0.19 0.83 0.57 0.20 0.87
Clear 0.499 0.23 0.42 0.49 0.22 0.33 0.57 0.19 0.29

Terra MODIS Collection Version C005

All 0.32 0.37 0.496 0.32 0.34 0.46 0.36 0.31 0.42
Clear 0.398 0.30 0.49 0.41 0.28 0.44 0.46 0.26 0.42

Aqua MODIS Deep Blue Algorithm

All 1.25 -0.099 0.77 1.04 -0.02 0.79 0.85 0.05 0.81 0.69 0.09 0.80
Clear 1.64 -0.40 0.76 1.48 -0.31 0.79 1.37 -0.25 0.81 1.31 -0.19 0.798

Table 6.2: Values of parameters of correlation between various MODIS
aerosol optical products and the Microtops sunphotometer derived aerosol
optical depth during the Second ISRO GBP Land Campaign.
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Summary

Behaviour of three versions (Collection C004, C005 and Deep Blue algorithm)

of MODIS aerosol product is studied over Ahmedabad, a semi-arid urban

location in western India. Based on meteorology, the annual cycle is divided

into Dry, Pre-Monsoon, Monsoon and Post-Monsoon seasons. Pre-Monsoon

and Monsoon months are dominated by coarse mode aerosols whereas the

Post-Monsoon and Dry months are charaterized by fine mode particles.

The Collection Version C004 of the MODIS aerosol product showed a large

scatter in the correlation plot with the Microtops sunphotometer derived

AOD values. The correlation plots were marked by slopes deviating from

unity and large intercepts.

The updated MODIS aerosol product(C005) with better surface reflectance

parameterization, updated aerosol models and other modifications to the re-

trieval procedure, shows a tremendous improvement in all the parameters

of the correlation plot. In the validation results of MODIS aerosol prod-

uct from Aqua platform, the intercepts for all years and all seasons are

less than 0.05 at both 470 and 660 nm. Among all the years, 2005 shows

the best correlation with R2
Blue =0.71 and R2

Red=0.75. SlopeBlue=0.78 and

SlopeRed=0.90 are closest to unity and intercepts are lowest for this year as

compared to other years- a feature related to the highest rainfall received

during this year as compared to others which reduces the surface reflectance.

Pre-Monsoon season shows the best correlation among all the seasons with
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R2
Blue =0.73, R2

Red=0.81, SlopeBlue=0.84, SlopeRed=0.81, InterceptBlue =

0.01 and InterceptRed = -0.0005. Further, this season shows the maximum

improvement in correlation from the C004 data which is attributed to the

better parameterization of surface reflectance in the updated product which

is usually high during this season.

Still, the updated product also has slope of correlation plots less than

unity denoting need of further improvement in the aerosol model. It is also

noted that the underestimation is large at 470 nm during Dry and Post-

Monsoon months and at 670 nm during Pre-Monsoon and Monsoon months

which implies that the aerosol model used by MODIS underestimates fine

mode particle number during Dry and Post-Monsoon months and coarse

mode particle number during Pre-Monsoon and Monsoon months.

Similar improvement in the retrieved aerosol optical depth values is noted

in MODIS C005 data from Terra platform as well. Among years, 2004 has

the slope closest to unity and overall good correlation. However, intercept

of the correlation plot- denoting the errors due to surface reflectance, are

lowest for 2005 in Terra C005 data as well. Monsoon month has overall good

correlation and slopes closer to unity than other seasons whereas the inter-

cepts of correlation plots are lowest during Post Monsoon season. The larger

underestimation at 470 nm during Dry and Post Monsoon season is seen in

this dataset also. Similary, the greater underestimation at 660 nm during

Monsoon month, as observed in Aqua MODIS data, is seen in Terra C005

data as well. These features reinforce the need for further modification in

the aerosol models used in the inversion algorithm. However, Pre Monsoon

season which is also characterized by coarse particles and has larger underes-

timation at 660 nm in the Aqua MODIS C005 validation, has slopes nearly

equal at 470 and 660 nm in the Terra MODIS C005 validation. This feature

requires further examination.

Overall behaviour of the updated product is much better than collection

version C004 especially in regard to surface reflectance related uncertainties.

The errors related to the aerosol model uncertainties can be reduced with

availability of more in-situ data.

Deep Blue algorithm, proposed as an alternative retrieval scheme in addi-
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tion to the conventional procedure, shows promising for AOD retrieval over

highly reflecting surfaces. Study of the aerosol product from this algorithm

over Gujarat shows that the algorithm fills in the gaps over the Rann of

Kuchh region over which the conventional MODIS algorithm is not able to

make retrievals because of extremely high value of surface reflectance. How-

ever, examination of the aerosol product corresponding to this algorithm over

Ahmedabad shows that correlation of updated aerosol product C005 is better

than the Deep Blue algorithm.

Besides studying the variation in validation parameters on a temporal

basis from Ahmedabad, studies have been done to observe the behaviour of

these parameters under different surface and environmental conditions during

the two ISRO-GBP Land Campaigns.

A considerable improvement in the correlation coefficient is seen with

upgrade to the C005 algorithm in both the Terra as well as Aqua data for

the first Land campaign. Further, it is seen that during the onward trip of the

experiment, when the amount of coarse particles was less in the atmosphere,

the underestimation was larger at blue, in accordance to the observation

made in Ahmedabad studies. In addition, the Terra dataset showed larger

underestimation at 660 nm during return leg of the campaign when the coarse

mode particles increased in the atmosphere.

Validation carried out at Delhi as part of the Second ISRO GBP Land

Campaign, showed a slight improvement in the Terra MODIS derived AOD

with transition from C004 to C005 version. However, the improvement in

the case of Aqua MODIS dataset was large. Clear sky data from both the

platforms showed larger underestimation at blue wavelength as compared

to red. During the season prevailing at the time of the experiment, the

aerosol climatology is dominated by anthropogenic particles, so that this

behaviour of slopes represents the inadequacy of the aerosol model used in

the retrieval algorithm. The Deep Blue algorithm derived AOD values show

good correlation with the sunphotometer values during this experiment.
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Discussion of results by other groups

It is worthwhile to mention here the validation efforts at other locations by

different groups and compare them with the results we have obtained. The

major source providing the ground truth data for validation efforts elsewhere

comes from the AERONET [Holben et al., 1998]. The procedure followed is

the so called ’spatio-temporal approach’ put forwarded by Ichoku et al. [2002].

There, the spatial average of MODIS derived AOD found from 50×50 km

centred over the validation site is compared with the temporal average of

AERONET AOD data taken within 1 hour of MODIS overpass. A further

condition is imposed that there must be at least 5 pixels from MODIS data

and 2 data points from AERONET for the validation to be valid.

The initial validation results of MODIS aerosol retrieval were provided by

Chu et al. [2002] who used the 315 co-located measurements from AERONET

sunphotometers and MODIS for the comparison. They found intercept of

0.06 and 0.02 at 470 and 660 nm respectively whereas the slope of the cor-

relation plot was 0.86 at both the wavelengths. The correlation coefficient R

at 470 and 660 nm was 0.91 and 0.85 respectively [Chu et al., 2002].

Ichoku et al. [2003] used the ground based observations of aerosol prop-

erties made during the SAFARI 2000 experiment to make an extensive in-

vestigation of behaviour of MODIS aerosol product especially in regard to

the smoke aerosols produced as a result of biomass burning. They ob-

served that during the biomass burning period, the AOT values predicted

by MODIS were lower than AERONET especially at higher aerosol optical

depth. They attributed this to the application of the same value of single

scattering albedo(ω=0.90) for smoke aerosols globally and suggested lower

values for southern African region [Ichoku et al., 2003]. This modification was

implemented in the later version of the MODIS aerosol retrieval algorithm.

Chu et al. [2003] used collocated AERONET data and version 2 and ver-

sion 3 MODIS aerosol data from August 2000 to July 2002 for the validation

purpose thus encompassing a larger database of 3384 datapoint from world-

wide observations. Their study revealed the slope of correlation plot to be

0.84 and 0.82 at 470 nm and 660 nm and intercepts to be 0.07 and 0.04 at
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the aforesaid two wavelengths respectively. The correlation coefficient R was

0.91 and 0.82 respectively. These results were nearly similar to their earlier

work [Chu et al., 2002]. In the same work, they reported the validation result

of MODIS aerosol optical depth as compared against the handheld sunpho-

tometer observation at Peking University, Beijing, China. In this case, they

compared the sunphotometer measurements at 550 nm averaged over ± 1

hour of MODIS overpass against the MODIS derived AOD value within 10

km of the ground based observation site [Chu et al., 2003]. This comparison

showed a slope of 0.86 and intercept of 0.08 with R value of 0.85.

Remer et al. [2005] used two years(August 2000 to August 2002) of Terra

Collections 003 and 004 AOD data from MODIS to validate against the

collocated AERONET aerosol optical depth values over land thus including

5906 data points representing approximately the data from all over the globe.

Their validation effort showed a slope of 0.83 and 0.70 at 470 nm and 660

nm respectively. The intercepts at these two wavelengths were 0.09 and

0.059 whereas the corresponding R values were 0.83 and 0.68 respectively.

They cite a possible calibration problem or improper representation of surface

reflectance in some cases to be probable reasons for a positive bias seen at

low optical thickness values.

Levy et al. [2005] carried out an extensive validation of the Level 2 MODIS

aerosol product over both ocean as well as land during the CLAMS experi-

ment of 2001 over the US east coast. This region had shown large discrepancy

during the validation effort by Remer et al. [2005]. During this month long

campaign(from 10 July 2001 to 2 August 2001), MODIS derived aerosol op-

tical depth product was compared against a large database of ground based

sunphotometers formed from AERONET, Microtops, LARC and AATS-14

sunphotometers. Their methodology was based on the spatio-temporal ap-

proach developed by Ichoku et al. [2002]. These comparisons revealed that

although the MODIS retrievals were consistent with ground based data over

oceans, there were substantial differences over land especially at blue wave-

length. Only the validation results of aerosol optical depth over land are

discussed here. Their results showed offsets of the correlation plots to be

larger at 470 nm(0.26) as compared to that at 660 nm(0.17) but slopes were
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closer to unity at 470 nm(0.76) than 660 nm(0.46). Further, correlation was

also found to be better at blue(R2=0.5) than at red(R2=0.17). Correspond-

ing values at green wavelength were intermediate to that for blue and red

[Levy et al., 2005]. This was a detailed study in the sense that besides per-

forming an exhaustive validation of MODIS aerosol products, Levy et al.

[2005] also looked for possible sources of error and tried to perform correc-

tions for the same. Thus, in order to take into account the errors arising due

to possibility of inappropriate aerosol model, they changed the aerosol model

to Dubovik et al. [2002] model instead of the Remer and Kaufman [1998] ur-

ban/industrial model used in the aerosol retrieval. Similarly, in order to look

into the possibility of improper surface reflectance parameterization, they

performed atmospheric correction using the CLAMS experiment data and

used the resulting VIS/mid-IR surface reflectance ratios for modified AOD

retrievals. Both these processes were followed separately in order to assess

the individual impact due to each of them. In this way, they found that

the aerosol model modification and surface reflectance update improved the

slopes and intercepts respectively of the correlation plots. Their results and

work has been discussed here in detail since it forms the starting point as well

as the framework for the updated MODIS aerosol product(C005). Therefore,

any results obtained from the validation of this product should be interpreted

in this light.

During initial validation of the Deep Blue algorithm derived aerosol opti-

cal depth values with the AERONET sunphotometer values at Ilorin(Nigeria),

Hsu et al. [2004] found the retrived AOD to fall within the 20% of the sun-

photometer values. In the same work, validation at Solar Village (Saudi

Arabia) showed that the retrieved values were generally within 20% of the

sunphotometer AOD values. During the ACE-Asia campaign [Huebert et al.,

2003], Deep Blue retrievals at Dunhuang, Yulin, Inner Mongolia and Dalan-

zadgad were found to be generally within 30% of the AERONET sunpho-

tometer measured AOD values at these locations. Comparison at the Beijing

AERONET site also showed Deep Blue algorithm derived AOD values to be

within 20% of the AERONET values [Hsu et al., 2006].

Among the Indian context elsewhere, validation of MODIS derived AOD
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has also been attempted by Tripathi et al. [2005]. Using MODIS Level 2 AOD

data from collection 4 and AERONET data(interpolated at 550 nm) for 2004,

they found an overestimation by MODIS during dust and an underestimation

during non-dust seasons with slopes and intercepts in the two cases 2.46, -

0.63 and 0.69, 0.12 respectively. The R2 values in both the cases (0.72 and

0.71 respectively) were nearly same.

In the context of studying the aerosol properties and their variation along

the Indo-Gangetic basin, Jethva et al. [2005] compared the monthly mean

AOD at 550 nm computed from MODIS Level 3 daily gridded data with the

AERONET sunphotometer derived monthly mean AOD values from Kanpur,

India for the period January 2001 to July 2003. They found a systematic

overestimation by MODIS during summer and an underestimation during

winter [Jethva et al., 2005].

Prasad and Singh [2007] validated the MODIS monthly averaged Level 3

data against the Level 2 data from AERONET at 550 nm (interpolated from

AERONET wavelengths) for a 4 year period from January 2001 to December

2004. They found MODIS overestimating the AOD values during summer

and underestimating during winter with slope and intercept in the two cases

0.512, 0.5229 and 0.4843, 0.1522 respectively. The R2 values in the two cases

were 0.2937 and 0.4715 respectively [Prasad and Singh, 2007].

Results from validation of Collection Version C005 of the MODIS aerosol

product have also started coming in from other groups as well. Li et al. [2007]

examined Collection Version C004 and C005 of the MODIS aerosol product

using hand held sunphotometers of the Chinese Sun Hazemeter Network over

several locations encompassing different ecosystems. They find the slope of

correlation plot to improve from 0.74 in the case of C004 to 0.98 for C005.

Similar improvement is noticed in the intercept also which reduced from 0.179

in C004 comparison to 0.048 in C005. However, they find that both versions

of the algorithm overestimate the aerosol optical depth over desert regions,

and underestimate over forests. The retrievals are found to be more accurate

over agricultural and suburban sites [Li et al., 2007].

Jethva et al. [2007] have studied the upgraded version over Kanpur (India)

and found good correlation with the AERONET derived aerosol optical depth
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values. They find the slopes of the correlation at 470, 550 and 660 nm to be

Slope470 = 0.92, Slope550 = 0.95 and Slope660 = 1.09. Intercepts at the three

wavelengths are Intercept470 = 0.09, Intercept550 = 0.07 and Intercept660 =

0.05 [Jethva et al., 2007].

Mi et al. [2007] made assessment of improvement in the AOD retrieval by

MODIS with upgrade to C005 version at two AERONET sites Xianghe and

Taihu in China. The slope of correlation at 550 nm for C004 aerosol prod-

uct at Xianghe and Taihu were 0.70 and 0.892 respectively. The intercepts

for these comparisons were 0.208 and 0.163 respectively. With upgrade to

Collection Version C005, these parameters improved in the case of Xianghe

to Slope550 = 1.03, Intercept550 = 0.021 and for Taihu to Slope550 = 1.032,

Intercept550 = 0.154.

These points have been summarized in Table 7.1. One noticeable feature

is the obvious dependence of the correlation on the study location. This high-

lights the importance of the detailed validation of MODIS aerosol product for

different geographical regions. Another feature worth mentioning is the dif-

ferent values of the slopes and intercepts at different wavelengths, especially

in Remer et al. [2005], Levy et al. [2005] and our work. Since the dominance

of particles of a particular size is best reflected at a particular wavelength

and also because of surface reflectance dependence on wavelengths, valida-

tion carried out at more than one wavelength provides more details regarding

possible improvements to aerosol model, surface reflectance etc. Further, a

classification of the correlation in terms of seasonal variation, as in our study,

will reflect the precise cases where account of seasonal changes in the aerosol

type and surface features are needed.



Details of Study Correlation Coefficients
470nm 550nm 660nm

Group Ver Lev Location Sl In Sl In Sl In
Chu et al [2002] 2 Global 0.86 0.06 0.86 0.02
Chu et al [2003] 2, 3 2 Global 0.84 0.07 0.82 0.04
Chu et al [2003b] 2, 3 2 Beijing 0.86 0.08
Remer et al [2005] 3, 4 2 Global 0.83 0.09 0.78 0.068 0.7 0.059
Levy et al [2005] 4 2 US (EC)* 0.76 0.26 0.64 0.21 0.46 0.17

Tripathi et al 4 2 Knp(ND)* 0.69 0.12
[2005] Knp(D) 2.46 -0.63

Prasad and Singh 3 Knp(S)* 0.51 0.52
[2007] Knp(W) 0.48 0.15

Li et al. [2007] 4 2 China 0.74 0.179
5 2 0.98 0.048

Jethva et al. [2007] 5 2 Knp* 0.92 0.09 0.95 0.07 1.09 0.05
Mi et al. [2007] 4 2 Xianghe 0.70 0.208

5 2 1.03 0.021
4 2 Taihu 0.892 0.163
5 2 1.032 0.154

Present study[a] 4 2 0.51 0.15 0.52 0.18 0.65 0.18
(Aqua) 5 2 0.69 0.03 0.73 0.02 0.80 0.003

DB 2 Ahmd* 0.73 -0.01 0.77 -0.02 0.91 -0.06
4 2 0.54 0.16 0.57 0.18 0.76 0.16

(Terra) 5 2 0.57 0.10 0.60 0.08 0.73 0.04
Present study[b] 4 2 0.21 0.20 0.48 0.25

(Aqua) 5 2 0.295 0.13 0.30 0.12 0.35 0.11
DB 2 LC1 0.74 -0.05 0.68 -0.03 0.65 -0.008
4 2 0.66 0.03 0.54 0.20

(Terra) 5 2 0.76 -0.01 0.81 -0.02 0.94 -0.01
Present study[c] 4 2 0.30 0.23 0.41 0.18

(Aqua) 5 2 0.62 0.17 0.58 0.19 0.57 0.20
DB 2 LC2 1.04 -0.02 0.85 0.05 0.69 0.09
4 2 0.22 0.31 0.21 0.28

(Terra) 5 2 0.32 0.37 0.32 0.34 0.36 0.31

Table 7.1: A comparison of the validation results obtained by different groups quoted
in this paper. Version and level of MODIS aerosol product, region of study and slope
and intercepts at 470, 550, 660 nm are given. Kanpur (D) and Kanpur (ND) represent
Dust and Non-Dust period for Kanpur respectively. Similarly Kanpur(S) and Kanpur(W)
represent Summer and Winter period validation data over Kanpur. Two other studies by
Ichoku et al [2003] and Jethva et al [2005] have not been shown since they do not quote
coefficients of the correlation. Ichoku et al [2003] found underestimation by MODIS over
Southern Africa attributed to insufficient absorption by MODIS aerosol model. Jethva
et al [2005] found overestimation by MODIS during summer and underestimation during
winter over Kanpur. *Knp = Kanpur, Ahmd = Ahmedabad, US(EC) = US East Coast
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mote, J. A. Reagan, Y. J. Kaufman, T. Nakajima, F. Lavenu, I. Jankowiak,

88



and A. Smirnov. AERONET- A federated instrument network and data

archive for aerosol characterization. Remote Sens. Environ., 66(1):1–16,

1998.
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M. Leroy, J. L. Deuzé, F. M. Bréon, O. Hautecoeur, M. Herman, J. C.
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