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ABSTRACT: The input data necessary to correct the atmospheric effect are often of a
very difficult access and their precision is quite low. For this reason, it is rather important
to know how each of the input parameters influence the atmospheric correction process
and the output image.

In this study we report the results of the sensibility analysis of the 6S model (Second
Simulation of the Satellite Signal in the Solar Spectrum), which is one of the atmospheric
correction algorithms, to changes in the input parameters. We have analyzed four input
parameters describing atmospheric conditions in which the image was taken. 72.000
atmospheric corrections have been made on the different sets of input parameters. Next,
on the basis of the images that were the result of the atmospheric corrections, for each
test field and spectral band a regression model has been created and analyzed with eta
and partial eta squared measurements. Thus the importance of the input parameters as
the function of the wavelength and digital number of the input image were obtained.

1 INTRODUCTION

The great complexity of the gasses and aerosols influence on the electromagnetic waves
transferring through the atmosphere causes that the atmospheric correction algorithms
are very complicated. They need many input parameters describing the state of the
atmosphere. This data is not easily accessible and it is not very precise. This is why it is
interesting to see to what extent the outcomes of the atmospheric corrections carried out
with the parameters set to their default values differ from the corrections that use the
actual real-world values measured in the moment and place of the image acquisition.
This information is especially important when there is no precise atmospheric data
available and it is necessary to use some standard description of the atmospheric
conditions. Such a comparison gives also an assessment of an error which could be done
while performing the atmospheric correction with some input parameters missing.

In the present study we present a sensibility analysis of the atmospheric correction
model to the change of the input parameters: gasses concentration, aerosols
concentration, ground altitude and visibility. In this analysis we use the 6S model
(Second Simulation of the Satellite Signal in the Solar Spectrum) which is freely
available. We treat the algorithm as a black box even though its source code is known. To
study an effect of changes in the input parameters we employ multivariate statistical
analysis techniques to compare 6S correction results for different parameter sets.
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Usually atmospheric correction is applied on the whole image, but in this study we
correct only selected areas, which we shall call ‘‘test fields’’ from now on. This allowed
us to increase the accuracy of the analysis by including information on pixels’ digital
numbers as co-determinants of 6S correction results.

2 6S MODEL

6S is an abbreviation of a full name of the algorithm called: Second Simulation of the
Satellite Signal in the Solar Spectrum, which is a new version of 5S. The algorithm has
been developed by Laboratoire d’Optique Atmospherique in Lille, France. It enables to
model the transfer of electromagnetic waves between 0.25 mm and 4.0 mm through a
cloudless atmosphere (Vermote et al. 1997).

2.1 Input parameters

To use the 6S model it is necessary to insert the input parameters grouped in sets
referring to geometrical conditions, atmospheric and aerosols conditions, detector and
type of pixels’ values.

– Geometrical conditions: Earth-Sun-sensor – it is necessary to input the type of
satellite (i.e. Landsat-7), time of acquisition and coordinates of center of the scene.
Based on this, angles of satellite and Sun are calculated by the 6S model.

– Atmospheric model – user-defined atmospheric model includes air pressure, air
temperature, water vapour and ozone density on thirty six levels. However, it is also
possible to select one of the seven standard profiles, which correspond to the following
conditions: no gaseous absorption, tropical, midlatitude summer, midlatitude winter,
subartctic summer, subartctic winter and US standard 62. Inputting the total amount
of water vapour and ozone in the whole atmosphere also works. In such a case the
distribution of H2O and O3 is made based on US 62 profile.

– Aerosols model - should be described by amount of different types of molecules and
its sizes in whole profile. In 6S we have six standard models to choose from: no
aerosols, continental model, maritime model, urban model, desert model and biomass
burning model.

It is also possible to define the model in three other ways:

– inserting the volumic percentage of components: dust-like, water-soluble, oceanic
and soot

– defining size distribution function
– inputting the sun photometer measurements

Visibility is also necessary. It could be meteorological visibility in kilometers or aerosol
optical thickness for 550 nm.

– Sensor – which has been used to acquire the data could be defined by the user or
chosen from the list. In 6S model sixty seven sensors are defined. Information about
the sensor includes wavelength and parameters necessary to its calibration.

– Data type – for Landsat ETM þ four data types are able to input: apparent
reflectance, radiance, DN taken before July 1, 2000 or DN taken after July 1, 2000
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3 AREA OF INTEREST

The study area is 736 km2 placed in central Poland to the north-east of Warsaw. It
includes the valleys of two big rivers, Zegrzynskie Lake and two plains with small
valleys. The drops of this terrain are less than 60 m. The land use is very varied,
dominated by arable lands, meadows in valleys and coniferous forests. Deciduous forest
occupies a small area to the north of the city of Marki. There is also a dispersed build-up
area because of Warsaw urban complex. This area has been chosen because of the station
of Institute of Meteorology and Water Management situated in Legionowo, where the
atmospheric conditions profile has been created.

3.1 Satellite data

The image has been downloaded from The Global Land Cover Facility (GLCF) web
page (http://glcf.umiacs.umd.edu/data/). It had been acquired by Landsat-7 using
ETM þ sensor on 6 of May 2002. In this research we use the part of the scene 187/24,
distributed by GLCF in TIFF format with digital numbers. We use bands from one to five
and seven which are all reflective bands with spatial resolution 30 meters and
radiometric – 8-bits.

3.2 Test fields

Using a photo-interpretation method we have measured out six test fields which have 80
to 725 pixels. They have included: water, coniferous forest, deciduous forest, meadows,
build-up area and bare soil. Averages of digital numbers of test fields range the extent of
values on the image.

4 USED INPUT PARAMETERS FOR 6S MODEL

The paragraphs below characterize the models defined by the author based on the
measurements and standard models used in this research.

4.1 Constant parameters

Input parameters referring to geometrical conditions, sensor and input image are
identical for all atmospheric corrections. They have been taken from the metadata of the
image. Thus, analyzing the sensibility of the 6S model with respect to those parameters
would be pointless.

4.2 Atmospheric models

In this research the following atmospheric models are used:

– No gaseous absorption - this is the standard model available in 6S. It assumes no
water vapour and ozone in the atmosphere. We use it to analyze the sensibility of the
6S model and to verify the influence of the other input parameters.

– Midlatitude summer - this model is used as the best description of the atmospheric
conditions at the time and place of image acquisition. It is available as a standard in
the 6S model for this geographical reference and season.
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– User-define models – in this research we use three radiosonde measurements, all
made on 6 May of 2002 at noon in Legionowo, Leba and Wroclaw. We assume that
the profile made in Legionowo is representative for the whole image. We use it in a set
of input parameters for the best atmospheric correction, which the author could made
– called optimal. Two remaining models – from Leba and Wroclaw – are used to
carry out the sensitivity analysis of the 6S model to the input parameters.

4.3 Aerosols models

In this research four 6S standard aerosols models are used: no aerosols, continental,
maritime and urban model. Probably, no aerosols and continental model would be the
description for real aerosol condition. The others are used to estimate the sensibility to
the aerosols models in the 6S algorithm.

4.4 Visibility

In good weather conditions, when visibility is more than 20 km, in most of the
meteorological stations this parameter is estimated with small precision. With that in
mind, in this study we use the possibility to input the aerosol optical thickness (AOT)
for 550 nm. AOT have been taken from AERONET (Aerosol Robotic Network)
- http://aeronet.gsfc.nasa.gov.

4.4.1 Meteorogical visibility calculation

Based on data from AEONET, AOT for 9.14 AM is calculated. The measured value is:
0.15.
We can now estimate the meteorological visibility v using the formula build-in the 6S
model. For AOT in 500 nmðt550Þ this yields:

v ¼ expð� log ðt550=2:7628Þ=0:79902Þ

For t550 ¼ 0:15; visibility measures: v ¼ 38 km: This meteorogical visibility is used as
representative for the whole image.

5 METHODS

5.1 Atmospheric corrections

Investigating the sensibility of the model to the change of the input parameters
depending on the test field and the spectral band requires carrying out the correction on
various sets of input parameters. The following parameters are manipulated:
atmospheric model, aerosol model, visibility and altitude.

Models and ranges of altitudes and visibilities used to analyze the sensibility of 6S
model are shown in Table 1. Atmospheric corrections are done for all possible
combinations of the input parameters used: five atmospheric models, four aerosols
models, ten values of visibility and ten of altitudes. Number of combinations equals
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5� 4� 10� 10 ¼ 2000: For six spectral bands it gives twelve thousands corrections,
whereas multiplying by six test fields, we make 12000� 6 ¼ 72000 atmospheric
corrections.

All corrections we make in DOS (Disk Operating System) using the application
which is available at http://www.ltid.inpe.br/dsr/mauro/6s. Next, all images after
atmospheric corrections are imported to R, which is a free software environment for
statistical computing and graphics (http://www.r-project.org). Than a list, which is one
of the data structures in R, is created which contains 72 thousand items. Each item
includes: band number, number of test field, set of input parameters used for that
correction and the matrix equal to image. We decide to extract averages and standard
deviations of test fields as the most interesting characteristics.

Therefore, the matrix including field numbers, band numbers, input parameter codes,
and averages and std. deviation is the starting point of the analysis. We shall call it the
‘‘main matrix’’ from now on.

5.2 Regression models

On the basis of the main matrix, for all test fields and bands, a regression model is
created. In each model, the independent variables are the input parameters of the 6S
algorithm: discrete – atmospheric and aerosols models, as well as continuous –
visibility and ground altitude. The dependent variable in every model is the arithmetic
mean of the spectral reflectance of the test field.

Y ¼ aþ g1
atd

1
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2
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atd
3
at þ g4

atd
4
at

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
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þ

þ g1
aed
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aed
2
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aed
3
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|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
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þ

þ bwidXwid
|fflfflfflffl{zfflfflfflffl}

visibility

þ bwysXwys
|fflfflfflffl{zfflfflfflffl}

altitude

þe

where
Y-digital number

Table 1. Input parameters of 6S model used to analyze the sensibility of 6S model.

Atmospheric models Midlatitude summer
Legionowo atmospheric soundings
Leba atmospheric soundings
Wroclaw atmospheric soundings
No gaseous absorption

Aerosols models No aerosols
Continental
Maritime
Urban

Visibilities [km] 10, 20, 23, 30, 38, 40, 50, 75, 100, 200
Altitudes [m] 0, 100, 250, 500, 750, 1000, 1250, 1500, 1750, 2000
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a constant
dat

j dummy variable for j-th category of atmosphere models classification
dae

k dummy variable for k-th category of aerosols model
s regression slope coefficients for dummy variable
b regression slope coefficients for continuous variable
Xwys altitude
Xwid visibility
e error term

5.3 Analysis of variance

To estimate a degree of association between the input parameters and the results of
atmospheric corrections the Analysis of Variance (ANOVA) is used.

One of the measures describing the association between variables in the regression
models is eta squared - Z2, which is the ratio of the variability of the dependent variable
explained by the independent variable to the total variability (Pierce et al. 2004, Cohen
et al. 2003). It ranges between 0 and 1. In classical ANOVA (Pierce et al. 2004, Ferguson
& Takane 1989):

Z2 ¼ SSfactor / SStotal

where
SSfactor variability explained by a factor
SStotal total variability
It is easy to notice that the total amount of Z2 for all factors in the model is equal to

R2, thus Z2 � 100% means the percent of the total variability explained by all of the
predictors in the model.

Partial eta squared Zp
2 differs from Z2 in denominator – it is the ratio of the

variability of the dependent variable explained by the independent variable to the sum of
that variability and variability which is not explained by none of the independent
variables (Pierce et al. 2004, Kennedy 1970, Haase 1983):

Z2
p ¼ SSfactor=ðSSfactor þ SSerrorÞ

where SSerror is variability unexplained by the model. This modification causes that the
influence of the factor is estimated disregarding the effects of other variables.
SSfactor þ SSerror is always lower or equal than SStotal so Zp

2 � Z2.
The difference between Z2 and Zp

2 causes that they are used in different situations. Z2

is more appropriate to comparing models – for example for comparison between the
same variable in different models. However Z2

p is very useful to comparing few
variables in one model. According to this assumption those two measurements are used.

We also have to define error – which is the part of variability of the dependent
variable unexplained by independent variables used in regression model. Thus the total
error is equal to 1-R2. The unexplained variability is caused by random error e or
disregarding some significant variables in the regression model.

There is also an error related to explaining the variability of the dependent variable by
only one factor. For example, if some independent variable is explaining 40% of the
variability of the dependent variable, then we could say that the error is equal to
100%� 40%¼ 60%. In such case, R2 and other independent variables are irrelevant.
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6 RESULTS

Z2and Zp
2 coefficients we calculate for all independent variables – atmospheric and

aerosols models, visibilities and altitudes, separately for all the thirty six regression
models. The results are presented in Table 2. It is easy to notice that R2 is different
depending on the regression model. It means that the total effect of all variables depends
on test field and band number.

Table 2. Values of Z2 and Z2
p for every combination of input parameters and R2 for all models.

Test fields: 1 – water, 2 – deciduous forest, 3 – coniferous forest, 4 – meadow, 5 – build-up area,
6 – bare soil.

Field Band Visibility Atmosphere Aerosols Altitude R2

�2 �2
p �2 �2

p �2 �2
p �2 �2

p

1 1 0,0032 0,0082 0,041 0,096 0,565 0,591 1,70E-33 4,36E-33 0,61
1 2 0,0140 0,0476 0,353 0,558 0,354 0,559 2,21E-33 7,92E-33 0,72
1 3 0,0344 0,0967 0,326 0,503 0,318 0,498 3,83E-33 1,19E-32 0,68
1 4 0,0644 0,1533 0,206 0,366 0,375 0,513 5,61E-36 1,58E-35 0,64
1 5 0,0463 0,1034 0,136 0,253 0,416 0,509 1,22E-34 3,05E-34 0,60
1 7 0,0293 0,1307 0,355 0,646 0,421 0,684 5,81E-34 2,99E-33 0,81
2 1 0,0031 0,0080 0,041 0,095 0,565 0,591 9,13E-34 2,34E-33 0,61
2 2 0,0014 0,0050 0,320 0,542 0,408 0,601 5,61E-34 2,07E-33 0,73
2 3 0,0264 0,0780 0,331 0,515 0,331 0,515 2,33E-33 7,49E-33 0,69
2 4 0,0326 0,0986 0,282 0,486 0,387 0,565 1,95E-35 6,56E-35 0,70
2 5 0,0232 0,1133 0,543 0,749 0,252 0,581 2,06E-33 1,13E-32 0,82
2 7 0,0003 0,0068 0,904 0,952 0,049 0,519 4,60E-34 1,00E-32 0,95
3 1 0,0030 0,0076 0,040 0,093 0,566 0,592 2,21E-34 5,64E-34 0,61
3 2 0,0058 0,0205 0,333 0,547 0,385 0,582 1,61E-35 5,82E-35 0,72
3 3 0,0218 0,0666 0,336 0,524 0,336 0,523 1,17E-33 3,83E-33 0,69
3 4 0,0146 0,0518 0,309 0,536 0,409 0,605 7,43E-33 2,78E-32 0,73
3 5 0,0135 0,0709 0,558 0,759 0,251 0,585 2,37E-33 1,34E-32 0,82
3 7 0,0002 0,0032 0,870 0,935 0,069 0,530 3,93E-33 6,45E-32 0,94
4 1 0,0002 0,0005 0,023 0,056 0,577 0,591 6,85E-35 1,72E-34 0,60
4 2 0,0003 0,0009 0,292 0,506 0,422 0,596 4,02E-33 1,41E-32 0,71
4 3 0,0077 0,0265 0,334 0,541 0,375 0,569 1,07E-33 3,77E-33 0,72
4 4 0,0395 0,1142 0,268 0,467 0,386 0,558 1,05E-32 3,43E-32 0,69
4 5 0,0300 0,1414 0,541 0,748 0,247 0,575 2,82E-32 1,55E-31 0,82
4 7 0,0007 0,0196 0,924 0,963 0,040 0,531 2,41E-33 6,85E-32 0,96
5 1 0,0049 0,0117 0,007 0,016 0,575 0,581 2,22E-34 5,36E-34 0,59
5 2 0,0053 0,0172 0,254 0,456 0,439 0,593 3,71E-33 1,23E-32 0,70
5 3 0,0061 0,0204 0,252 0,463 0,449 0,605 3,18E-33 1,09E-32 0,71
5 4 0,0240 0,0806 0,308 0,529 0,395 0,590 7,56E-33 2,76E-32 0,73
5 5 0,0274 0,1310 0,541 0,749 0,250 0,579 2,76E-32 1,52E-31 0,82
5 7 0,0025 0,0950 0,937 0,975 0,036 0,600 4,84E-33 2,00E-31 0,98
6 1 0,0183 0,0413 0,023 0,051 0,533 0,556 3,21E-35 7,56E-35 0,57
6 2 0,0233 0,0638 0,195 0,364 0,440 0,563 2,65E-33 7,75E-33 0,66
6 3 0,0318 0,0851 0,185 0,350 0,442 0,563 1,18E-33 3,44E-33 0,66
6 4 0,0352 0,1061 0,284 0,489 0,385 0,565 2,13E-33 7,18E-33 0,70
6 5 0,0336 0,1468 0,521 0,727 0,250 0,561 4,95E-33 3,53E-32 0,80
6 7 0,0042 0,1408 0,934 0,973 0,037 0,591 1,17E-33 4,60E-32 0,97
Average 0,0176 0,0642 0,364 0,516 0,354 0,570 3,76E-33 2,61E-33 0,74
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To calculate the correlation between band number and R2 and between the type of
test field and R2 the correlation coefficient is useless, because those variables are
discrete. Therefore the regression model is estimated in which the independent variables
are: band number and field number and the dependent variable is R2. Then it is possible
to assess which of these two independent variables is more important calculating the eta
squared coefficient for variables: band and field.

For independent variable band – Z2¼ 0.82 as well as for variable field Z2 ¼ 0.09. It
means that band are explaining 82% while field 0.9% of variance of R2 for all thirty six
regression models. Relationship between band number and R2 is presented on Figure 1.

The longer wavelength the bigger part of variability is explained by analyzed:
atmospheric and aerosols models, visibilities and altitudes. It is caused by the fact that
for longer waves the gaseous absorption is stronger.

6.1 Relevance of input parameters in 6S model

In Table 2 Z2 and Zp
2 are presented for all input parameters for all thirty six regression

models. It is easy to notice that both measures for altitude are very small. It means that
altitudes between 0 and 2000 m are negligible for 6S model.

The average of Zp
2 , separately for each input parameter, gives the mean influence of

this variable on the results of the 6S model. Those values are to be found in the last row
of Table 2 and illustrated by Figure 2. On average 26.5% of the total variability is
unexplained by independent values, what we calculate as 1 – R2.

As the next step it is possible to analyze the sensibility of 6S model depending on
wavelength (band number) and digital numbers (test field). Figure 3 presents thirty six
diagrams for all combinations band � field. Every diagram is representing influences of
each input parameters and error – part of the variability unexplained by any of them.

For example, to generate the diagram in the upper-left corner of the graph, Z2 for
visibility (0.0032), atmosphere (0.041), aerosols (0.565) and altitudes (1.70e–33) for
water and band one have been used. Then Z2 was multiplied by 100% and the circular
diagram has been created.

For all test fields apart from water 6S model is sensible for aerosols and atmospheric
conditions. Visibility is not so important. Maximum influence of visibility is in channel
TM4 for meadow – 4%. The importance of the atmosphere is inversely proportional to
the importance of aerosols.

On the other hand the effect size of the atmosphere is proportional to the wavelength
because of gaseous absorption. For example, it ranges between 0.6% in TM1 to 94% in
TM7 for the built-up area. For other test fields it is from 2 to 93%. Aerosols are more
significant for short waves. In TM1 aerosols are explaining 55% of variability, thus TM7
only 3%.

Within the water test field the aerosols are most significant for all channels: in
TM1 –56%, TM5 and TM7 –42%. Visibility is also influential –6% in TM4.
Atmosphere explained around 35% of variability.

It is also important to estimate the influence of every input parameter on the change
in pixel values of output image. For this reason, for variables: atmospheric model,
aerosols model and visibility, and also for every combination of band and field, the
subsets of the main matrix are created. For example, the subset used to analyze visibility
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in band one and field one is presented by Table 3. All input parameters apart from
analyzed variable – visibility – are like to optimal correction.

Then we compare differences in averages DN and std. deviations of images derived
from atmospheric corrections made with sets of inputs represented by rows in Table 3.
Thus, we have made 36� 3 ¼ 108 subsets and extract maximum differences between
averages of the images and its std. deviations.

For example, for visibility, band one and field one (water), the maximum difference
between reflectances after atmospheric corrections is 1.04 and in standard deviations
0.2. It means that making atmospheric correction 6S of water test field, using optimal
input parameters and changing only visibility from 10 to 200 km, the maximum
difference of average reflectance of the test field would be 1.04 and std. deviation – 0.2.
The results of tests for all input parameters are presented in Figure 4 for averages of test
fields and in Figure 5 for standard deviations.

Figure 1. Boxplot of R2 depending on band number. Lower side of box assign first quartile,

upper side assign third quartile. Horizontal line inside the box is median. Lower segment assign

the lowest value of set whereas upper segment assign the biggest value.

Figure 2. Average percentage variance of test fields reflectance explained by 6S model input

parameters.
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Figure 3. Percent of variance of test fields reflectance explained by 6S model input parameters

and their dependence on spectral band.

Table 3. Exemplary subset of the main matrix used to estimate the influence of visibility on the
pixels’ values in the images after atmospheric corrections.

Field Band Visibility [km] Atmosphere Aerosols Altitude [m]

1 1 10 midlat summer. continental 100
1 1 20 midlat summer. continental 100
1 1 23 midlat summer. continental 100
1 1 30 midlat summer. continental 100
1 1 38 midlat summer. continental 100
1 1 40 midlat summer. continental 100
1 1 50 midlat summer. continental 100
1 1 75 midlat summer. continental 100
1 1 100 midlat summer. continental 100
1 1 200 midlat summer. continental 100
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Figure 4. Maximum differences in the ground reflectance, which can be provoked by the change

of the input parameter of the 6S model.

Figure 5. Maximum differences in the standard deviation, which can be provoked by the change

of the input parameter of the 6S model.
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