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Abstract

This masters thesis is a part of the nordic collaboration project NorSEN, whose
goal is to improve the environmental surveillance in the regions north of the
Arctic circle. This implies the build-up of a data-acquisition network that can
be used for tracing environmental changes over the years. The data from these
sites can also be used as a reference for satellite image validation and to im-
prove the atmospheric correction procedures of satellite imagery. Atmospheric
correction is the process where an image taken at satellite level is recreated as
it would have looked like on the ground. The signal is distorted along its way
through the atmosphere by the means of absorption and scattering. Swedens
contribution to this project is a raft with on board spectrometers placed on the
lake Torneträsk near Abisko in the summer of 2005. Its geographical position
is N 68◦ 21’ 39”, E 18◦ 50’ 4”. The lake is surrounded by mountains which
are often covered with clouds that changes the light conditions. This poses a
problem for the atmospheric correction since these types of situations are more
difficult to model. The lake is also often exposed to rough weather with strong
winds, leading to high waves. When this occurs, it is much harder to calculate
the reflectance from the data. Severe rainfalls can also lead to sediments in the
lake which changes the lakes reflectance. One part of the project is therefore to
evaluate if Torneträsk is a good reference surface. This part will however not
be covered by the report.

The masters thesis has been devoted to the evaluation and changing of the
satellite signal simulation program 6S, which is also able to apply atmospheric
correction to known satellite signals. Pictures from the instrument MERIS on
board ESAs Earth observation satellite ENVISAT has been available within the
project. Some assumptions in 6S that has proved to be a problem is that of
horizontal homogeneity and the plane-parallel assumption. Since the clouds and
mountains need to be modeled, an inhomogeneous model must be implemented.
This can be done by introducing a horizontal x-scale which adds a parameter
to all the equations governing the radiative transfer in the atmosphere. Since
the x-scale cant go on forever, there must however be a combination of the ho-
mogeneous and the inhomogeneous model where the homogeneous assumption
is used at the boundary layer of the inhomogeneous model. Tests have been
made with a horizontal scale of 300 kilometers. The grid has to be about this
wide since the atmosphere is modeled with an altitude of 150 kilometers and
it is desired that as many beams as possible, they are traveling with different
inclinations, reaches the top of the atmosphere. This however slows down the
program significantly. The computation is therefore made with less accuracy
the further you get from the lake, while an area of 10 kilometers where the raft
is situated is modeled with high accuracy.

Up to date it is hard to draw any substantial conclusions about whether the
changes made to 6S will lead to any significant improvement. This is because
the evaluation of the program has taken so long time, leaving very little time to
test the new program. However, it looks like we have made some progress.
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Sammanfattning

Det här examensarbetet är en del i det nordiska samarbetsprojektet NorS-
EN, vars m̊al är att förbättra miljöövervakningen norr om polcirkeln. Detta
försöker man göra genom att sätta upp ett antal datainsamlingsstationer p̊a
strategiska ställen för att följa miljöförändringar i regionen. De data som sta-
tionerna ger kan ocks̊a användas till satellitbildsvalidering och för att förbättra
de atmosfärskorrigeringsmodeller satelliter använder idag. Atmosfärskorrigering
kallas den procedur där man återskapar en bild tagen fr̊an satellit till hur den
egentligen s̊ag ut vid marken. Signalen blir nämligen förändrad p̊a sin väg
genom atmosfären genom absorbtion och spridning. Sveriges del i projektet
är en flotte som sattes ut sommaren 2005 i Torneträsk nära Abisko. Flottens
position är N 68◦ 21’ 39”, E 18◦ 50’ 4”. Torneträsk är omgiven av berg som
oftast har moln ovanför sig, dessa parametrar ändrar ljusförh̊allandena vilket
gör atmosfärskorrigerringsprocessen sv̊arare. Sjön ligger ocks̊a i ett utsatt läge
med mycket d̊aligt väder. H̊ard vind leder till höga v̊agor vilket gör reflektansen
sv̊arare att beräkna. Häftiga regnfall kan ocks̊a leda till slamflöden som förändrar
sjöns reflektion. En del i projektet är därför ocks̊a att utvärdera om Torneträsk
är en bra referensyta, även om denna del inte täcks av rapporten.

Examensarbetet har varit inriktat p̊a att framför allt utvärdera, men ocks̊a
att förändra, satellitsignalssimuleringsprogrammet 6S. I programmet finns det
ocks̊a möjlighet att göra atmosfärskorrigering av en känd satellitsignal. Bilder
fr̊an instrumentet MERIS p̊a ESAs miljöövervakningssatellit ENVISAT har var-
it tillgängliga inom projektet och det är dessa bilder som använts för att testa
atmosfärskorrigeringen i 6S. N̊agra antaganden som har visat sig vara till prob-
lem i 6S är den horisontella homogeniteten och det plan-parallella antagandet.
Framför allt är det horisontella homogeniteten som är ett problematiskt anta-
gande, eftersom man vill modellera molnen och bergen runt sjön. Ett sätt att
lösa problemet är att introducera en horisontell x-skala, där man d̊a f̊ar lägga till
en parameter till alla ekvationer som beskriver str̊alningen i atmosfären. Efter-
som x-skalan inte kan fortsätta för evigt, måste man använda en kombination av
den homogena och den inhomogena modellen. I denna används den homogena
modellen vid randen av den inhomogena modellen. I de tester som gjorts p̊a
programmet har en horisontell bredd av 300 kilometer använts. Rutnätet m̊aste
vara s̊a pass brett eftersom atmosfären är modellerad med en höjd av 150 kilo-
meter och s̊a m̊anga str̊alar som möjligt ska kunna n̊a toppen av atmosfären.
Str̊alarna startar nämligen vid randen och vid marken med olika zenitvinklar,
därför gäller att ju bredare rutnätet är, desto fler str̊alar n̊ar toppen. Bredden
gör däremot att programmet g̊ar betydligt l̊angsammare än tidigare. Därför görs
beräkningarna mindre exakt ju längre bort fr̊an sjön man kommer. I ett 10 kilo-
meter brett omr̊ade med flotten i mitten görs mer exakta uträkningar.

Det är sv̊art att i dagsläget dra n̊agra definitiva slutsatser huruvida de
ändringar i 6S kommer att leda till märkbara förbättringar. Detta beror p̊a
att utvärderingen av programmet tagit s̊a l̊ang tid, vilket inneburit att det fun-
nits väldigt lite tid att testa de ändringar som gjorts. Det ser hur som helst ut
som att vi n̊att vissa framg̊angar.
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Chapter 1

Introduction

The recent years studies on climate change predict significant changes in the
polar regions during the coming decades. The study of these environmental ef-
fects has therefore become a very important topic, since the effects will influence
the climate globally. In the meantime, the means for environmental studies has
been taking quantum leaps with the development of new imaging instruments
for satellites. An increasing number of parameters that earlier only could be
measured in situ in harsh conditions, can now be monitored with remote sensing
technique from space and airborne measurements.

However both satellite and airborne instrumental data needs to be validated
and calibrated to assure the correctness of the data produced. One reason is
that the gases in the atmosphere absorb light in certain wavelengths. An indi-
vidual photon may also be scattered several times before reaching the top of the
atmosphere. This means that the image being taken from the satellite is not
exactly what is being sent out from the Earths surface. This has been known
for a long time and solutions to the problems has also been found. These are
however almost always optimized for dense population areas, i.e. mid latitudes.
They therefore need to be adapted for usage in the high north and low south
where the conditions are different. Examples of parameters that could influence
the measurements are sun and viewing angles and atmospheric conditions.

NorSEN is a nordic collaboration project which aims to improve the en-
vironmental surveillance north of the Arctic circle. This masters thesis has
been a small part of that goal, namely to modify and improve the atmospheric
correction procedure for satellite images, according to the problem description
above. The project has been provided with satellite images from MERIS for
comparison with spectra from the ground. Both the code and the underlying
equations of an atmospheric correction program called 6S has been extensively
studied and possible flaws and improvements have been examined. The project
has therefore had the characteristics of an evaluation work with little time to
actually implement any changes to the program.

This report will describe the NorSEN project, the satellite MERIS, the equa-
tions used in 6S to describe the radiative transfer through the Earths atmosphere
and modifications made to the 6S program. Future improvements that can be
made will also be discussed.
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Chapter 2

NorSEN

The Nordkalotten Satellite Evaluation co-operation Network (NorSEN) is a col-
laboration between Sweden, Norway and Finland. The project started in April
2005 and is planned to go on until December 2007. The main objective is to
improve the environmental surveillance to the north of the Arctic circle. This
includes the extraction of data to make climate predictions in the Nordkalotten
area more feasible.

To meet this objective, a series of satellite validation stations has been built
within already existing infrastructure, so that they can be easily accessed. They
are positioned in characteristic Arctic and sub-Arctic conditions. Data from
different sites will be compared, so a uniform set of validation tools are used.

The project is also focused on phenological observations, which means that
the annual recurrence of animal and plant life is studied. These are considered
as important indicators of climate effects, this is even more obvious with plants
that grow near the limit of their northern distribution. The mountain ridge
between Sweden and Norway along with the influence of the Gulf stream makes
the climate gradient from east to west very large, which means that the climatic
patterns does not follow any national borders. This calls for international col-
laboration and the sharing of relevant data between the involved countries are
also a big part of the project.

The Swedish contribution is focused on ground based reflectance measure-
ments and atmospheric correction of satellite images. These activities are cor-
related in the manner that reflectance measurements can be used as an errata
sheet for atmospheric correction, so called satellite image validation. The re-
flectance measurements must be made on a well chosen reference surface. It
should not be able to have seasonal variations, as is the case with leaves and
plants that changes color, sometimes vary rapidly. The lake Torneträsk in the
north of Sweden was chosen for this purpose, since it is a clear alpine lake with
few organisms and not so much suspended or dissolved particles. It is therefore
likely to yield homogeneous spectral response across the lake, with exception
from areas closest to the shore. The location was also well chosen since Abisko
scientific research station (ANS) is situated on the lakes shoreline.
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Chapter 3

The Lake Torneträsk raft

The purpose of the raft is to be a platform for the ground based measurements
for satellite image validation. It is situated near the island Abiskosuolo where
the weather influence is expected to have least impact, see Figure 3.1. The geo-
graphical position of the raft is N 68◦ 21’ 39”, E 18◦ 50’ 4”. It is then protected
against the waves coming from the west, which is the prevailing wind for stormy
weather in the area. It is desired that the raft should be in as much a station-
ary state as possible so it is anchored with three anchors positioned in a triangle.

The raft is equipped with at least two spectrometers, sometimes three. One
is measuring the downwelling irradiance ( W

m2 ), denoted Ed. The other one is
measuring the upwelling radiance ( W

m2sr ), denoted Lu, from the water corre-
sponding to light from an approximately 12 meter deep water column.

The radiance is measured with an angle of 30◦ from the ground so that
the risk of sun glint is minimized. The field of view for the radiance sensor is
7◦. The raft has sometimes also been equipped with a third radiance sensor
looking upwards in 30◦ angle from the sky (denoted Ld). The configuration of
the sensors can also be seen in Figure 3.1. The third sensor can be used for
correcting the sensor looking down with respect to any sun glint that entering
the sensor. The reflectance can be estimated with the formula

ρ(λ) =
π · Lu(λ)
Ed(λ)

. (3.1)

For all spectrometers, and therefore also for the reflection, λ ∈ [350, 950]
nm. The equipment is driven by a car battery, ranging from 12V to 24V. The
spectrometers are turned on 6 hours between 7:00-13:00 UTC and yields data
continuously in that period with the chosen integration time.

The upward-looking sensor also has an inclinometer used for determining
the influence of waves on the spectra.

The spectrometers used are manufactured by TriOS Optical Sensors and they
belong to the RAMSES-family. The measuring frequency can be set individually
for each spectrometer. The raw data from the spectrometers are calibrated to
physical quantities using a program from TriOS called MSDA XE.

There is also a pressure indicator on the instruments, mainly for the usage
when they are submerged under water. This will not be used in this experiment.
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Figure 3.1: The Lake Torneträsk raft with the island Abiskosoulo in the back-
ground.
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3.1 Conditions

The upward-looking irradiance sensor is built so that it receives light from the
entire hemisphere, and the calculations for retrieving different spectra relies on
that fact. However, since the raft is situated on a lake near a relative high island,
this is not the case. And since the lake is situated in the north of Sweden, it has
a lot of big mountains surrounding it. These factors combined together shields
the light so that it doesn’t come from half a hemisphere anymore. This has to
be encountered for.

The weather is also a factor to be considered. The ideal case would be a
cloudless sky with no wind. This however, occurs very seldom in these parts.
The lake is often surrounded with clouds giving an even more shielding effect.
This should be visible in the data since less intensity reaches the ground than in
a cloudless day, giving the opportunity of removing these data from the dataset.
The wind itself is not a problem but the waves that follow the wind are, since
the spectra is taken from different angles than wanted. These data should too
be removed from the dataset. The waves also makes it difficult to download the
data and charging the battery.

Another limiting fact in this experiment is the sediment and organic material
in the lake. Preferably, the water should be absolutely clear, which it of course
isn’t. The lake is however most of the time very clear, with exception from the
beginning of the summer with wild spring rivers and in rainy days which brings
lots of sediments down in the lake. To couple the amount of sediments and
organic material in the lake with the reflectance measurements, sight depths are
made from time to time. This is done with a so called Secchi disc. This is a
tool that basically is put down in the lake until it is no longer visible, the depth
is then measured. This is of course a very subjective tool and by no means
perfect, but it is good enough for this purpose.
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Figure 3.2: The Secchi disc used in the experiment.
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Chapter 4

6S

A large part of this master thesis has been devoted to the understanding and
evaluation of the atmospheric correction program called 6S (The Second Sim-
ulation of the Satellite Signal in the Solar Spectrum). The main goal of the
project was to implement changes to this program so that it is better equipped
to deal with the conditions of the lake Torneträsk. In order to accomplish this,
all equations and written code must be fully understood.

The 6S is written by E. F. Vermote, D. Tanré, J.L. Deuze, M. Herman
and J.J. Morcrette and it is an improved version of the 5S developed by the
Laboratoire d’Optique Atmospherique in 1987. The programming language is
Fortran77.

The program predicts a satellite signal between 0.25 and 0.4 µm, assuming
cloudless atmosphere. The code can also be used in at atmospheric correction
mode, that reproduces the reflectance on the ground, given the reflectance at
the satellite level. All important atmospheric parameters are calculated at ten
discrete wavelengths, namely 0.40, 0.488, 0.515, 0.550, 0.633, 0.694, 0.860, 1.536,
2.25 and 3.75 µm. These wavelengths are chosen because they correspond to
the atmospheric windows used in remote sensing [4]. The parameters are then
interpolated to fit the wavelength of interest.

The input parameters required by the user in atmospheric correction mode
are geometrical conditions, atmospheric model for gaseous components, aerosol
model (type and concentration), spectral conditions and the ground reflectance.
At each of these steps, the user can either select a standard model or define his
own conditions. An example of an input card is showed in appendix A.1.1. The
result is given in text files showing numerous calculated quantities. The result
from the input card in A.1.1 is showed in appendix A.1.2. The most important
parameter for this project is the “atmospherically corrected reflectance” at the
end of the file.
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Chapter 5

Radiative transfer in the
atmosphere

Meteorological and Earth remote sensing satellites measure the radiance re-
flected by the Earth. In the ideal case, the received radiance is a direct result
of the surface reflectance. A fraction of the incoming photons is then absorbed
by the surface, whilst the rest is reflected back to space. This then carries all
information necessary for categorizing the surface properties.

In the actual case, the signal received by the satellite is perturbed by the
Earths atmosphere. Of the photons leaving the target, only about 80% at 0.85
µm and 50% at 0.45 µm reaches the satellites sensor [4], with the result that the
target seems less reflecting. The missing photons have been lost mainly through
two atmospheric processes, namely absorption and scattering.

5.1 Absorption

Photons are being absorbed in the atmosphere by aerosols and atmospheric
gases, the largest absorbers are O3, H2O, O2, CO2, CH4 and N2O [4]. The
absorption by aerosols is generally small and since the molecular absorption
bands are well known, satellite sensor channels can avoid them. Therefore,
the atmospheric absorption does not pose a big problem for satellite imagery,
except for the fact that some wavelengths in the reflectance spectra cannot be
fully examined.

5.2 Scattering

Scattering is the process when an incoming photon hits an atom or molecule
and is re-emitted at the same wavelength but in another direction than the
incoming one. The photon can be scattered several times before it leaves the
atmosphere. From the satellite view it seems that all photons originate from
the target in question, when in fact some of them have been scattered along
the way creating a disturbance in the measurements since they don’t carry any
information about the target.
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Rayleigh scattering

When light is scattered against particles smaller than the wavelength of the
incoming light, it is called Rayleigh scattering. The theory therefore applies to
atoms and molecules as well as small aerosols. In 1871, Lord Rayleigh showed
that the scattered lights irradiance is inversely proportional to the fourth power
of the incoming lights wavelength [2]. The irradiance is therefore about five
times higher for blue light than for red light, explaining why the sky is blue.

Mie scattering

When the scattering particles becomes larger than a wavelength, the Mie theory
applies instead of Rayleigh. It is not as wavelength dependent as Rayleigh
scattering and therefore produces white light, containing about the same amount
of irradiance for all wavelengths.

Aerosol scattering

Aerosol scattering can not be explained either by only Rayleigh or Mie scatter-
ing, it is rather a combination of the both. This is due to the fact that aerosols
can have all different kind of shapes, sizes and structures and can not be mod-
eled by a unified theory. They are however becoming increasingly important in
the radiative transfer discussion because of the human activity that increases
the amount of some kind of aerosols (due to industrial processes and traffic) in
the atmosphere.

Scattering paths

There are several ways in which scattering can influence the satellite measure-
ments. As a first step, lets consider the photons coming from the Sun and
scattered by the atmosphere on their way to the surface [4]:

- Some photons are scattered directly back to space without interacting
with the surface. The signal received by the satellite is a pure interference
term and does not carry any information about the target.

- The remaining photons finds their way to the surface along scattered paths
and compensate to the attenuation of the direct solar paths. These pho-
tons carry information about the target and must therefore be considered
in the useful signal.

Photons can also be scattered when they have been reflected by the surface and
are on their way toward the satellites sensor [4]:

- Photons outside the target can be scattered so that they seem to originate
from the target. These signals can be useful if the target has a uniform
surface. However, if the surface has a patchy structure, the term will
introduce another perturbation effect.

- In the final case, a fraction of the photons reflected by the surface outside
the target will be scattered back against the target creating a third com-
ponent of illumination. This phenomenon is called the trapped radiation.
Generally, the convergence is fast and the process can be neglected after
one or two interactions.
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5.3 The equation of transfer

6S uses the successive orders of scattering (SOS) method to calculate the atmo-
spheric transmission and reflectance. The method can be described as based on
the equation of transfer and this section will deal with this equation and with
SOS. The equation of transfer governs the radiation field in a medium which
absorbs, emits and scatters radiation. The equation contains several important
atmospheric properties described below.

Absorption coefficient

Radiation that travels through a medium will be weakened by the interaction
with the matter. If the specific intensity Iν [ W

m2·sr·nm ], where the ν indicates
the frequency of the light, becomes Iν + dIν after traveling through a medium
of thickness ds in the direction of propagation, the change in intensity can be
written as [1]:

dIν = −κνρIνds (5.1)

where ρ is the density of the absorbing material. The quantity κν defines the
mass absorption coefficient for the radiation of frequency ν. The reduction in
radiation is however not necessarily lost, it may appear in other directions as
scattered radiation as will be described further on in the text.

Phase function

If only scattering and no absorption is present in the material, it can be char-
acterized by a mass scattering coefficient κν . The energy is then scattered from
an element of cross section dσ and height ds at the rate [1]

κνρds× Iν cos ϑdνdσdω (5.2)

in all directions. The mass of the element is [1]

dm = ρ cos ϑdσds (5.3)

so (5.2) can also be written as

κνIνdmdνdω. (5.4)

It is however not a fact that the scattering is distributed equally in every direc-
tion. Therefore the angular distribution of the scattered radiation is specified
with the phase function p(cos Θ) so that [1]

κνIνp(cos Θ)
dω

′

4π
dmdνdω (5.5)

gives the rate at which energy is scattered into an element of mass dm of solid
angle dω

′
and at an angle Θ to the direction of incidence. The rate of loss of

energy in all directions becomes

κνIνdmdνdω

∫
p(cos Θ)

dω
′

4π
. (5.6)

It is clear that this agrees with (5.4) if the phase function is normalized to unity,
that is if ∫

p(cos Θ)
dω

′

4π
= 1. (5.7)
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Single scattering albedo

The above discussion about the phase function requires that the absorption
coefficient is 0. However, eq. (5.5) still holds for the more general case of both
absorption and scattering, but with the addition that [1]∫

p(cos Θ)
dω

′

4π
= $0 ≤ 1. (5.8)

The general case therefore differs from the case of pure scattering only by the
fact that the phase function is not normalized to unity. As eq. (5.8) shows, $0

represents the fraction of light lost from the incident radiation due to scattering.
This term is called the single scattering albedo.

Emission coefficient

The radiation that an element of mass dm emits in the direction confined to an
element of solid angle dω in the frequency interval (ν, ν + dν) and in time dt is
given by [1]

jνdmdωdνdt, (5.9)

where jν is called the emission coefficient. In a medium that scatters radiation,
there will be a contribution to the emission coefficient from these scatterings. If
there is scattering of radiation from a direction of (ϑ

′
, ϕ

′
), then this scattering

contributes, in accordance with eq. (5.5), to radiation in the direction of (ϑ, ϕ)
at the rate [1]

κνdmdνdωp(ϑ, ϕ;ϑ
′
, ϕ

′
)Iν(ϑ

′
, ϕ

′
)
sinϑ

′
dϑ

′
dϕ

′

4π
, (5.10)

where the p(ϑ, ϕ;ϑ
′
, ϕ

′
) indicates the phase function for the angle between the

directions of (ϑ, ϕ) and (ϑ
′
, ϕ

′
). Hence the total contribution to the emission

coefficient by scattering alone is

j(s)
ν = κν

1
4π

∫ π

0

∫ 2π

0

p(ϑ, ϕ;ϑ
′
, ϕ

′
)Iν(ϑ

′
, ϕ

′
) sinϑ

′
dϑ

′
dϕ

′
. (5.11)

For a scattering atmosphere, that is when there is no contribution to the emis-
sion coefficient others than scattering,

jν ≡ j(s)
ν . (5.12)

The source function

The ratio between the emission and the absorption coefficient is called the source
function, ξν . Following eq. (5.11) and (5.12), the source function for a scattering
atmosphere is described by

ξν =
jν

κν
=

1
4π

∫ π

0

∫ 2π

0

p(ϑ, ϕ;ϑ
′
, ϕ

′
)Iν(ϑ

′
, ϕ

′
) sinϑ

′
dϑ

′
dϕ

′
. (5.13)
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The equation of transfer

Consider a small cylindrical element of cross-section dσ and height ds in the
absorbing and scattering medium. The difference in radiant energy in the fre-
quency interval (ν, ν+dν) crossing the two faces normally in time dt and confined
to an element of solid angle dω is given by [1]

dIν

ds
dsdνdσdωdt. (5.14)

This difference in energy must the excess of emission over absorption in the
frequency interval and element of solid angle be accounted for. The amount of
radiation being absorbed is [1]

κνρds× Iνdνdσdωdt, (5.15)

while the radiation being emitted is [1]

jνρdσdsdνdωdt. (5.16)

If the gains and losses are counted up while the radiation travels through the
cylinder, the change in energy is

dIν

ds
= −κνρIν + jνρ (5.17)

This can be rewritten with the source function, eq. (5.13), as

− dIν

κνρds
= Iν − ξν . (5.18)

This is what is known as the equation of transfer.

Optical thickness

Another parameter needed for solving the equation of transfer is the optical
thickness, also known as optical depth, denoted τ . It is a factor that says how
much radiation is lost for a given depth of the atmosphere. τ can be calculated
between the points s and s′ as [1]

τν(s, s′) =
∫ s

s′
κνρds. (5.19)

To calculate the loss of radiation, the incident radiation is multiplied with e−τ .
That is, the larger τ , the more radiation is lost by absorption.

In 6S, there are two different optical thicknesses and they are calculated in
different ways. The molecules optical thickness is calculated using empirical
data and the amount of water vapor and ozone given by the user as input. The
aerosols optical thickness is also based on empirical data but it is required that
the user chooses some aerosol model or define his own, based on four aerosol
types; dust, soot, oceanic and water soluble. The amount of each is given
in percentage. Is is also required that the user gives the total aerosol optical
thickness at 500 nm, or the visibility which is a meteorological parameter that
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Figure 5.1: The rescaling factor as a function of wavelength for the four different
types of aerosols used in 6S.

can be used for calculating the optical thickness, as input. The importance of
the different aerosol types can be seen in Figure 5.1, which has been created
with output from 6S. The Figure shows the rescaling factor for the four types
of optical thicknesses as a function of the ten discrete wavelengths used in 6S
(see chapter 4 on page 9). The rescaling factor means that at the current
wavelength, the optical thickness at 550 nm given as input should be rescaled
with the current factor.

What can be seen from Figure 5.1 is that the soot and water soluble aerosols
are more important than the other two in low wavelengths, whilst the dust
and oceanic are the most important in greater wavelengths. This should be
considered an important factor when giving the aerosol concentration as input; a
wrong concentration can lead to errors in the atmospheric correction procedure.

Solution to the equation of transfer

The differential equation of (5.18) is fairly easy so solve. The solution is

Iν(s) = Iν(0)e−τ(s,o) +
∫ s

0

ξν(s
′
)e−τ(s,s

′
)κνρds

′
, (5.20)

where Iν(s) is the intensity at point s and Iν(0) is the intensity at the starting
level, i.e. the ground or the top of the atmosphere. The physical interpretation
of eq. (5.20) is that the intensity at any point and in a given direction is a
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result of the emission from all the anterior points, but reduced with the factor
e−τ(s,s

′
) to account for the radiation lost by absorption.

The equation of transfer for plane-parallel problems

6S deals with the commonly used assumption of plane-parallel atmospheres. It
is assumed that the physical properties are invariant over a plane. This is a
harmless assumption when looking at small horizontal scales. In this case it is
convenient to measure the linear distances normal to the plane of stratification,
the horizontal plane. If the vertical distance is denoted z, then the equation of
transfer becomes

− cos θ
dIν(z, θ, ϕ)

κρdz
= Iν(z, θ, ϕ)− ξν(z, θ, ϕ), (5.21)

where θ denotes the zenith angle measured from the z-axis (θ=0 means that
the radiation is coming from straight above) and ϕ denotes the azimuth angle
measured from a suitably chosen x-axis. A commonly used notation which will
be used from now on is that cos θ = µ.

The optical thickness measured from infinity down to a point z (called the
normal optical thickness) may be written as

τν =
∫ ∞

z

κνρdz. (5.22)

The equation of transfer for radiation traveling upwards (−1 ≤ µ < 0) can
then be written as

µ
dIν(τ, µ, ϕ)

dτ
= Iν(τ, µ, ϕ)− ξν(τ, µ, ϕ). (5.23)

This is known as the standard form of the equation of transfer for plane-parallel
atmospheres. For a finite atmosphere that is bounded at two sides at τ = 0 (top
of atmosphere) and at τ = b (b is then the optical thickness at the ground), eq.
(5.20) reduces to

Iν(τ,+µ, ϕ) = Iν(b, µ, ϕ)e−(b−τ)/µ +
∫ b

τ

ξν(τ ′, µ, ϕ)e−(τ ′−τ)/µ dτ ′

µ
(5.24)

and

Iν(τ,−µ, ϕ) = Iν(0,−µ, ϕ)e−τ/µ +
∫ τ

0

ξν(τ ′,−µ, ϕ)e−(τ−τ ′)/µ dτ ′

µ
, (5.25)

where (1 ≥ µ > 0). These equations gives respectively the upwards and the
downwards transmission of radiation. The prefix ’ in eq. (5.24) and (5.25)
indicates the former scattering event.

5.3.1 Successive orders of scattering

In the following discussion, the suffix ν will be omitted, since it should by now
be obvious that the intensity depends on the frequency.

The basic idea of successive orders of scattering is that the intensity is com-
puted individually for photons scattered once, twice, three times and so forth.
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The total intensity is the sum over all orders, i.e. all scattering events. There-
fore, the total upwards and downwards intensities may be written as [2]

I(τ, µ, ϕ) =
∞∑

n=1

In(τ, µ, ϕ) (5.26)

and

I(τ,−µ, ϕ) =
∞∑

n=1

In(τ,−µ, ϕ), (5.27)

where n denotes the order of scattering. To solve this problem, the atmosphere
is stratified into a finite number of layers and the radiation is computed at these
levels for the primary radiation (no scattering event), radiation scattered once,
twice, three times and so on. The primary radiation is computed with the first
part of equations (5.24) and (5.25), that is

I0 = I(b, µ, ϕ)e−(b−τ)/µ (5.28)

for the upward transmission and

I0 = (0,−µ, ϕ)e−τ/µ (5.29)

for the downward transmission. By integrating the expressions above µ and ϕ,
the incoming radiation to a scattering event, called J, can be calculated [6]:

Jn(τ, µ, ϕ) =
1
4π

∫ 1

−1

du′
∫ 2π

0

dϕ′ · p(τ, cos α) · In−1(τ, µ′, ϕ′), (5.30)

where cos α describes the angle between the incoming and the outgoing radia-
tion, such as

cos α = uu′ +
√

1− u2
√

1− u′2 cos (ϕ− ϕ′). (5.31)

The outgoing radiation for the scattering event is computed by integrating (5.30)
over τ [6]:

In(τ, µ, ϕ) =
∫ b

τ

Jn(τ ′, µ, ϕ)e−(τ ′−τ)/µ dτ ′

µ
(5.32)

for the upwelling radiation and [6]

In(τ,−µ, ϕ) =
∫ τ

0

Jn(τ ′,−µ, ϕ)e−(τ−τ ′)/µ dτ ′

µ
(5.33)

for the downwelling radiation. These expressions then goes into equation (5.30)
to calculate Jn+1 and so the radiation for the next scattering event can be calcu-
lated. This goes on until equations (5.26) and (5.27) has been fulfilled. However,
since the radiation decreases for each scattering event, the serie converge and
does not have to be computed for an infinity number of scattering events. It
depends on atmospheric conditions and viewing geometry, but usually it only
takes about 6-10 scattering events for the series to converge.
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SOS in 6S

6S uses a maximum of 21 iterations for the SOS computation, together with
convergence tests for breaking the loop earlier if possible to save time. Another
trick being used in 6S is for the solution of the source function (eq. (5.13)).
A numerical integration is performed using the decomposition in Fourier series
(for ϕ), the Legendre polynomials and Gaussian quadrature (for µ). Legendre
polynomials and Gaussian quadrature is just a clever way of replacing an integral
with a summation which is easier to implement in the code.

6S stratifies the atmosphere into 26 layers, this is arbitrary chosen by the
authors of the program. They are chosen so that the optical thickness has a
linear dependence with the layer number. The first layer is between 150 km and
13.9 km. The rest of the layers together with the optical thickness is shown in
Figure 5.2. When creating this Figure, the optical thickness for aerosols at a
wavelength of 550 nm was given as input in 6S as 0.5. This was just for testing
the atmospheric stratification, so the scale on the x-axis doesn’t say too much
about the optical thickness. The slope of the curve is however important as it
shows how the optical thickness of the atmosphere decreases with altitude.

The SOS calculation is done for 25 discretized zenith angles in 6S. The final
result is the summation over these angles.

To summarize: 6S has a loop over incident angles with a nestled loop over
the atmospheric layers, so equations (5.32) and (5.33) is calculated for each 26
optical thickness layers at each 25 zenith angles. This is done for each scattering
event until the series converge, or a maximum of 21 times.

5.4 Atmospheric correction

As mentioned, a signal recorded by a remote sensing sensor will include ad-
ditional radiance derived from atmospheric scattering. This radiance has not
interacted with the target and will therefore create a disturbance in the received
signal. The extra radiance is of great importance to water observations, as the
signal from the water is usually small compared to terrestrial objects [8]. In ad-
dition to the scattering, the atmospheric particles and gases will also influence
the signal by the means of absorption. Disregarding the interaction between
the ground and atmosphere, a simplified atmospheric correction formula can be
written as [3]

Tg · (ρtT↓T↑ + ρa) = ρ∗, (5.34)

where Tg is the gaseous absorbance, T↓ and T↑ is the transmittance downwards
and upwards, ρa is the intrinsic reflectance of the atmosphere, ρt is the targets
reflectance and ρ∗ is the apparent reflectance seen by the satellite. All the
scattering effects can be modeled by a radiative transfer model, such as the
successive orders of scattering method, to yield T↓, T↑ and ρa. The gaseous
absorbance must be known or calculated from some standard model knowing
the concentration of some important atmospheric absorbers (see chapter 5.1).

Atmospheric correction is then the, at least in a mathematical sense, simple
solving for ρt in (5.34) for each wavelength. The result is that

ρt =
ρ∗ − Tgρa

TgT↓T↑
. (5.35)
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Figure 5.2: Atmospheric stratification in 6S.

All satellite imagery suppliers implement this or a similar code on the satellite
products. However, they use some standard atmospheric model and other as-
sumptions that may or may not be applicable for the area of interest. One part
of this project, and the main focus of this report, was to implement changes in
the 6S-program for usage on non-atmospheric corrected satellite data and see
if the final result was any better than the satellites own atmospheric correction
model.

5.5 Radiative transfer modeling in 6S

Rayleigh scattering has been extensively studied throughout the years and the
values of the three atmospheric functions reflectance (ρ), transmission (T ) and
spherical albedo (S) has been tabulated by Chandrasekhar among others [5].
However, these tables are not so convenient to implement in the program, in-
stead analytical expressions giving a sufficient accuracy has been used.

The aerosols atmospheric functions are calculated with the SOS approxima-
tion which gives a very accurate result. The accuracy of the aerosol+Rayleigh
system in 6S is better then a few 1 ·10−4 reflectance units, according to Vermote
et al. 1997.
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Chapter 6

MERIS

The spectra from the raft and from 6S will be compared to satellite images from
MERIS (MEdium Resolution Imaging Spectrometer). Pictures from the 29th of
August and the 17th and 23th of September 2005 are available. Of these, only
the one from August has the right conditions. There are to many clouds in the
other pictures.

The instrument is positioned on ESAs observation satellite ENVISAT. The
satellite is equipped with ten instruments and the focus of the mission is on
global surveillance of the Earths environment. It was launched on the 1st of
Mars 2002 in an orbit of 800 km [7].

MERIS is a programmable, medium-spatial resolution, imaging spectrometer
that operates in 16 wavelength bands in the solar reflective spectral range. 15
of the bands are selected for transmission to the ground.

The MERIS data is available at three different levels of processing, level 0,
level 1 and level 2 and at three different spatial resolutions, full (FR) with a
resolution at about 300 meters per pixel, reduced (RR) with 1200 meters per
pixel and low (LR) with about 4300 meters per pixel. Level 0 is raw data,
level 1 is calibrated radiance at the satellite level and level 2 is calibrated and
atmospherically corrected reflectance at ground level. The level 2 data has also
been processed with some spectral recognition technique that enhances borders
on the picture, i.e. cloud and shore borders etc. Both level 1 and level 2 is of
interest to this project. We want to atmospherically correct the level 1 data so
that it corresponds to the data from the raft in a better way than the level 2
data does. So the atmospherically corrected level 1 data should be compared to
the level 2 data and the reflectance given by our spectrometers.

The difference between the two levels of processing can be seen in Figure
6.1 on page 22. As seen in the pictures, the coastal line of Norway and the
borders of the clouds is more obvious in the level 2 data than in the level 1
data. One problem is that you loose some data where the processing procedure
can’t decide exactly what the satellite is looking at. This can be seen on the
shorelines of lake Torneträsk and where there only is a thin cloud coverage. In
these areas, some pixels has been turned black, i.e. a pixel value of 0. Figure 6.2
shows a zoom in of the lake in the level 2 data, where the clouds surrounding it
can be clearly seen.
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Figure 6.1: The Figure shows the MERIS pictures used in the project, taken on
the 29th of August 2005. Plot 1 (to the left) shows 1st level data and plot 2 (to
the right) shows 2nd level data. The lake Torneträsk is shown with a red circle
around it. South is to the left in the pictures.
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Figure 6.2: Zoom in of the red circled area on plot 2 of Figure 6.1.

6.1 Comparison between MERIS and 6S data

For the purpose of comparing the spectra from MERIS with spectra from 6S and
from the raft, the reduced resolution (RR) should be accurate enough. The lake
Torneträsk is about 10 kilometers wide at the place where the raft is situated.
However, since the raft is close to the shore and to an island, this pixel can not
be chosen for comparison with MERIS. It is then a risk that the MERIS pixel
contains some information about the land and not only the water reflectance.
Therefore, a pixel in the middle of the lake is chosen, and the assumption that
the reflectance is the same all over the lake has to be made. Figure 6.3 shows
a first comparison between the atmospheric correction of MERIS and 6S. The
difference between the two can clearly be seen and is probably due to the fact
that 6S is not built for the conditions concerning lake Torneträsk, described in
chapter 3.1. This will be further discussed in chapter 7. The two spectra is
also shown with the original level 1 data of MERIS, which is about a factor
10 smaller than the atmospherically corrected due to the different atmospheric
absorption and scattering processes.

What can also be seen from Figure 6.3 is that the atmospheric correction
procedures of both MERIS and 6S has made the reflectance stronger in shorter
wavelengths, under about 650 nm, and less obvious in the longer wavelengths.
This is due to the different absorbing and scattering mechanisms in the atmo-
sphere that influence the radiation differently in various wavelength regions.

The data used when creating Figure 6.3 is shown in appendix B.1 and B.2,
where the radiance and the reflectance is given. The reflectance in the level 2
data is however seemingly small, in fact it is to small to be a realistic value. An
educated guess is therefore that the reflectance has not yet been corrected for
the bandwidth. This means that all the reflectance measurements in the data
should be multiplied with the bandwidth, which is also given in the MERIS
output.

In the level 2 data, you can also get useful information about the aerosols
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Figure 6.3: The first comparison of the reflectance spectra from MERIS and 6S.
The MERIS level 2 data and the spectra from 6S is atmospherically corrected,
while the MERIS level 1 is uncorrected data.

optical thickness and the amount of water vapor and ozone in the atmosphere.
This information is used as input to 6S, as showed in the input card in ap-
pendix A.1.1. The level 1 data is only given as radiance, and must therefore be
converted into reflectance. This is done with the general formula [4]

ρ =
π · L

Es · cos (θs)
, (6.1)

where ρ is the dimensionless reflectance, L is the measured radiance, Es is the
solar flux at the top of the atmosphere and cos (θs) is the angle towards the sun.
The solar flux used when calculating the reflectance is given by 6S as shown in
appendix A.2.2.
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Chapter 7

Limitations in 6S

6S has a number of limitations or flaws that may be harmless in some conditions,
but severe in others. This chapter will deal with some of these that has been
discovered during this project.

7.1 Homogeneous assumption

6S assumes that the atmosphere looks the same in all horizontal directions,
meaning that the phase function is constant when varying ϕ ∈ [0, 2π]. Therefore,
only the zenith angle θ is modeled. It is also assumed that the phase function
is constant over optical thickness. The equation for Jn, see (5.30), is in these
cases reduced to

Jn(µ, τ) =
1
4π

∫ 1

−1

p(cos α)In−1(µ′, τ)dµ′ (7.1)

and the equations for In, (5.32) and (5.33), are reduced to

In(τ, µ) =
∫ b

τ

Jn(τ ′, µ)e−(τ ′−τ)/µ dτ ′

µ
(7.2)

for the upwelling and

In(τ,−µ) =
∫ τ

0

Jn(τ ′,−µ)e−(τ−τ ′)/µ dτ ′

µ
(7.3)

for the downwelling radiation.
These assumptions are quite harmless and not far from the reality. But in

addition, the µ angle is only calculated from 0 to 90 degrees, which means that
only half the sky is being covered and that there is no way of separating two
halfs from each other. This is later on adjusted as the result is multiplied by
2. The homogeneous assumption would be harmless if the target were in the
middle of the ocean and in a cloudless atmosphere, since the sky would then
look the same in all directions. This assumption can however not be made if
you want to model clouds and mountains.



26 CHAPTER 7. LIMITATIONS IN 6S

7.2 Low target reflectance

By looking at eq. (5.35) it is clear that the apparent reflectance must be greater
than the inner reflectance of the atmosphere times the gaseous absorption for the
result to be positive. A negative result has no physical meaning and therefore
is of no interest. Clear water has a very low reflectance, only about 0.045 of the
blue light is reflected, therefore the apparent reflectance seen by the satellite is
also low. In these cases is it important that both the gaseous absorption and
the atmospheric reflectance is calculated correctly or else a negative result may
appear. This has indeed happened when MERIS bands 1 and 2 from a pixel in
the Lake Torneträsk has been atmospherically corrected in 6S with an aerosol
optical thickness of 0.5. This is a possible flaw in 6S, the importance of the
error however decreases as the wavelength and the received radiance increases.

A recommendation is that atmospheric correction should not be considered
when ρa <10ρt, where ρa is the atmospheric inner reflectance and ρt is the
target reflectance. This is unless ρa is very exactly modeled, which is not the
case in 6S.

7.3 Plane parallel assumption

6S uses a plane parallel assumption, which in practice means that all lines
are straight. The curvature of the Earth and the curved paths of light are
disregarded. However, the further up north (or south) you go, the lower the sun
angles are and the light paths from the Sun becomes more and more curved.
Lake Torneträsk is situated north of the Polar circle, and in this case it is not
obvious that the plane parallel assumption can be used.
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Chapter 8

Modifications to 6S

Besides the pure evaluation work about 6S, time has also been spent trying to
modify 6S so that it is better equipped to deal with the conditions surrounding
the Lake Torneträsk. This chapter will describe how the modifications have
been implemented in the code.

8.1 Inhomogeneous model

As mentioned, the Lake Torneträsk is surrounded by mountains that changes
the light conditions. In addition, the lake is almost always surrounded by clouds
that contributes to the atmospheric inner reflectance, see Figure 8.1. These can
not be considered in the original version of the 6S and an inhomogeneous model
must therefore be implemented.

Figure 8.1: The lake Torneträsk is surrounded by mountains which almost al-
ways are covered with clouds. This calls for the implementation of an inhomo-
geneous model. ’t’ stands for target.
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8.1.1 Introducing the horizontal parameter x

Equations (7.1)-(7.3) must be modified in 6S in order to model contributions
from part of the scene, such as the mountains and clouds surrounding the lake
Torneträsk. If x denotes the horizontal distance and we want to model a cloud
with a disturbance D between x1 and x2 at some level τ , we should at that level
implement the perturbation

I0(µ, τ) + D(x), x1 < x < x2 (8.1)

and leave I0(µ, τ) as it is otherwise. This should just slightly change the per-
formed calculations in 6S. However, Jn(µ, τ, x) instead of Jn(µ, τ) needs to be
saved from each iteration and we have to loop and summarize over all x-levels,
this of course also goes for In. The final result should then be divided with the
total number of x-levels so that we get a mean value of the radiation.

The horizontal scale can’t go on for ever so at some point the boundary
conditions must be considered. A solution to this problem is to use the inho-
mogeneous model within the area of interest, and use the homogeneous model
at the boundary conditions. This is done in practice by saving the J -value from
the homogeneous for each τ -level for all beam inclinations and for all orders of
scattering. This can then be used to initiate beams with the current inclination
from the boundary at the discretized τ -levels for the current order of scattering.
This is shown in Figure 8.2 for a zenith angle of approximately 40◦. In reality,
there are 26 layers instead of the 6 used in picture, there will also be far more x
levels and beams traveling at 25 different zenith angles (chosen by the authors
of 6S) both from the right and from the left and both upwards and downwards.

The anomaly that occurs when the beams of Figure 8.2 reaches the boundary
must also been taken into account. In reality, these beams would of course
continue upwards causing more scattering events. We have however chosen to
disregard the beams that travel outside the grid, since they should not make a
noticeable contribution for the satellite.

8.1.2 Grid

The fact that the beams traveling outside the grid is being disregarded requires
that the grid is wide enough to handle all the beams traveling through it. The
height of the atmosphere in 6S is 150 km so the grid should be at least wider
than this for as much beams as possible to reach the top. Another question
is how densely the x-levels should be positioned. As seen in Figure 5.2 the
atmospheric layers close to the ground lies close together, the first is at an
altitude of only about 100 meters. The x-levels should be of about the same
scale for an accurate approximation. The closer they are, the more accurate the
model is. However, since each new x-level requires additional calculation time
for the program, a compromise between the calculation time and the accuracy
of the approximation has to be made. One solution is that the calculation is
accurately estimated calculated over the interesting area, i.e. over the raft, and
less accurate otherwise. This has shown to be a satisfying way of solving the
problem. The distance (in km) between the x-levels is then calculated with the
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Figure 8.2: Model of the beams in the inhomogeneous model. The homogeneous
model is being used to initiate the beams at the boundary at x=0.

equations:

exp
(

8·(x1−x)
xnr

)
10

, 0 < x < x1, (8.2)

1
10

, x1 < x < x2 (8.3)

and

exp
(

8·(x−x2)
xnr

)
10

, x2 < x < xnr, (8.4)

where x1 and x2 are limits at where the calculation should be more accurate
and xnr is the number of x-levels chosen. x1 and x2 has been chosen so that
the interesting area covers 10 kilometers in the middle of the grid where the raft
is positioned. 10 kilometers is about the width of the lake. When going away
from this area, the distance between the x-levels increases with the exponential
function above, where the number 8 is arbitrary chosen. This procedure, with
xnr = 500, results in a grid like the one in Figure 8.3.
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Figure 8.3: The grid produced when using equations (8.2)-(8.4), x1 = 200,
x2 = 300 and xnr = 500.
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8.2 Modeling clouds in 6S

Now that 6S is equipped with an inhomogeneous model, we can try to model
clouds. As a first step, the clouds will just be modeled as an additional radiation
at the ground level. When looking from a satellites viewpoint that fact should
be true, since the water in the lake looks dark and the clouds surrounding it
looks bright. This is as much as the time frame for this masters thesis work
allows, the more realistic modeling of the clouds and mountains will be done
later on.

The additional radiation of the clouds has been accomplished by multiplying
the outgoing radiation with 5 around the lake. This means that all the beams in
the grid (see Figure 8.3) traveling from an area where x < 140 km and x > 160
km will by multiplied. This is of course a very rough estimate, but it should
give some pointers if we are heading in the right direction. The result can
be seen in Figure 8.4 along with the MERIS level 2 data and the result from
the original version of 6S. As can be seen from the Figure, the spectrum from

Figure 8.4: Spectra from MERIS level 2 along with spectra from MERIS level
1 atmospherically corrected with the old and the new version of 6S.

the new version at least looks more like the one from MERIS level 2, which
should mean that we have done something right. However, it can’t be said that
MERIS level 2 data holds the correct answer, since the satellite too uses some
atmospheric correction procedure. In fact, it is this procedure that we want
to improve. But since we haven’t done so much progress yet, the atmospheric
correction procedure of MERIS is probably better than ours. The real errata
sheet should however come from the spectrometers on the raft, since they are
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the only ones that sees the spectra as it really is, without any distortion. This
should be further discussed in the next chapter.
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Chapter 9

Reflectance from the raft

Taking spectra from the raft has not been proven to be problem free. As men-
tioned in the beginning of the report, the conditions on the lake Torneträsk
has caused some difficulties in extracting the reflection of the lake. Waves, sun
glint, particle flows in the water and shades from clouds and mountains are ex-
amples of parameters that must be considered when looking at the data. This is
something that my co-worker in this project, Frida Holmberg, has been working
on [9]. These parameters makes it quite difficult to extract a general spectrum
from a general day, since pretty much all spectras look different from each other.
There were sediment flows near the rafts position the day where we’ve got the
best MERIS pictures, so these data doesn’t give a representative picture of the
common situation. The sediment flows were most visible near the shorelines,
which means that they shouldn’t pose any problem for the MERIS pictures that
were taken in the middle of the lake. However, no depth sights measurements
are available from this date, so we can’t be sure of this fact. Figure 9.1 shows
the reflectance spectra from the raft on that day, while Figure 9.2 shows the
spectra from a day with similar conditions, but without the sediments. The
spectra from MERIS and from 6S (see Figure 8.4) seems to be a combination of
these two. This can also be expected since it is possible that there were some
sediments even in the middle of the lake, but not as much as by the shorelines.
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Figure 9.1: Reflectance from the spectrometers on the raft, taken on 20050829.
Each curve represents separate measurements. Measurements are taken with
one minute intervals.
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Figure 9.2: Reflectance from the spectrometers on the raft, taken on 20050915.
Each curve represents separate measurement. Measurements are taken with one
minute intervals.
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Chapter 10

Conclusions and outlook

This master thesis work lays the foundation for all work to come regarding at-
mospheric correction in this project. However, the time frame has not allowed
all the improvements to the 6S necessary to be made. The clouds should of
course be on a higher level than the ground, but then the interaction between
the clouds and the ground has to be taken into account. This is the reason why
it has not already been made, it is not a trivial implementation. Regarding the
clouds, we have also made a very rough estimate about the additional radiation.
This has to be studied further for a more correct model. In addition, the clouds
are not perfectly white, so the spectral dependence has to be taken into account.
When the clouds are in the right altitude, we should also model the mountains
underneath them. This requires good knowledge about the topography of the
area.

The plane parallel assumption has also been mentioned in the report, but
there was no time to adjust this in 6S. The curvature of the Earth however
poses another problem. When the grid is as wide as it is with 500 x-levels, it
can not be taken for granted that the Earths surface can be modeled as flat. In
fact, at the end of the x-scale, there is a difference of 7 kilometers in altitude
between the curved Earth and the flat model. The optical thickness has a very
steep slope in the first kilometers of the atmosphere so this is something that
has to be studied further. Regarding the optical thickness, it is to this date
assumed that it is constant over the grid, but this is not the case in the reality.
Inside the clouds, there are more aerosols than outside, so we should also have
a higher optical thickness inside. That also goes for the composition of the dif-
ferent types of aerosols. During this project, there has not been any available
data regarding the composition. This is a necessary input to 6S, and we have
therefore been forced to make a educational guess about the composition. It is
desired that these kinds of data should be available in the future.

The low resolution of the satellite pictures also poses a problem. As it is
now, we must assume that the reflectance is the same at the position of the
raft as it is in the middle of the lake where the satellite image is taken. A
more highly resolved image would solve this problem. Then we could also make
some more accurate comparisons between the reflectance given by 6S and by
the spectrometers on the raft. To do these comparisons, we should also have



38 CHAPTER 10. CONCLUSIONS AND OUTLOOK

more satellite images. The only useful satellite image we have now is from day
when the conditions in the lake made the measurements unreliable.

The fact that the project is not finished yet makes it difficult to draw any
substantial conclusions. What can be said is that the 6S uses a lot of assump-
tions which limits is usage. This is something that this masters thesis work has
begun taking care of, but more needs to be done in the future. Figure 8.4 at
least shows that we are heading in the right direction.
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Appendix A

6S files

A.1 Original program

A.1.1 Input card
0 (USER’S CONDITIONS, FOLLOWS ON NEXT LINEXS)

59.52 168.68 5.71 113.31 8 29

8 (USER DEFINED IDATM)

1.26 0.2943 (uH2O, uO3)

4 (AEROSOLS MODEL)

0.1 0.5 0.35 0.05 (% of DUST-LIKE, WATER-SOL., OCEANIC, SOOT)

0 (NEXT VALUE IS THE AERO. OPT. THICK @ 550)

0.05 (AEROSOL OPTICAL THICKNESS @550)

-0.341 (TARGET AT 341 m)

-1000 (MEASUREMENT FROM SATELLITE)

0 (USER DEFINED WAVELENGTH)

0.4075 0.4175 (WAVELENGTH BAND)

1 (GROUND TYPE,I.E. NON UNIFORME SURFACE)

2 1 0.50 (TARGET, ENV., RADIUS (KM))

-0.1623 (APPARENT REFLECTANCE ON MERIS BAND 1)
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A.1.2 Result

******************************* 6s version 4.1 ****************************** *

* *

* geometrical conditions identity *

* ------------------------------- *

* user defined conditions *

* *

* month: 8 day : 29 *

* solar zenith angle: 59.52 deg solar azimuthal angle: 168.68 deg *

* view zenith angle: 5.71 deg view azimuthal angle: 113.31 deg *

* scattering angle: 123.60 deg azimuthal angle difference: 55.37 deg *

* *

* atmospheric model description *

* ----------------------------- *

* atmospheric model identity : *

* user defined water content : uh2o= 1.260 g/cm2 *

* user defined ozone content : uo3 = 0.294 cm-atm *

* aerosols type identity : *

* user defined aerosols model *

* 0.100 % of dust-like *

* 0.500 % of water-soluble *

* 0.350 % of oceanic *

* 0.050 % of soot *

* optical condition identity : *

* visibility :151.58 km opt. thick. 550nm : 0.0500 *

* *

* spectral condition *

* ------------------ *

* constant *

* value of filter function : *

* wl inf= 0.407 mic wl sup= 0.417 mic *

* *

* target type *

* ----------- *

* inhomogeneous ground , radius of target 0.500 km *

* target reflectance : *

* spectral clear water reflectance 0.041 *

* environmental reflectance : *

* spectral vegetation ground reflectance 0.063 *

* *

* target elevation description *

* ---------------------------- *

* ground pressure [mb] 972.44 *

* ground altitude [km] 0.341 *

* gaseous content at target level: *

* uh2o= 1.260 g/cm2 uo3= 0.294 cm-atm *

* *

* atmospheric correction activated *

* -------------------------------- *

* input apparent reflectance : 0.162 *

* *

*******************************************************************************

*******************************************************************************

* *

* integrated values of : *
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* -------------------- *

* apparent reflectance 0.1758 appar. rad.(w/m2/sr/mic) 48.334 *

* total gaseous transmittance 1.000 *

* *

*******************************************************************************

* *

* coupling aerosol -wv : *

* -------------------- *

* wv above aerosol : 0.176 wv mixed with aerosol : 0.176 *

* wv under aerosol : 0.176 *

* *

* int. normalized values of : *

* --------------------------- *

* % of irradiance at ground level *

* % of direct irr. % of diffuse irr. % of enviro. irr *

* 0.647 0.341 0.012 *

* reflectance at satellite level *

* atm. intrin. ref. environment ref. target reflectance *

* 0.148 0.007 0.021 *

* *

* int. absolute values of *

* ----------------------- *

* irr. at ground level (w/m2/mic) *

* direct solar irr. atm. diffuse irr. environment irr *

* 413.647 217.878 7.985 *

* rad at satel. level (w/m2/sr/mic) *

* atm. intrin. rad. environment rad. target radiance *

* 40.696 1.904 5.734 *

* *

* *

* int. funct filter (in mic) int. sol. spect (in w/m2) *

* 0.0100000 17.031 *

* *

*******************************************************************************

*******************************************************************************

* *

* integrated values of : *

* -------------------- *

* *

* downward upward total *

* global gas. trans. : 1.00000 1.00000 1.00000 *

* water " " : 1.00000 1.00000 1.00000 *

* ozone " " : 1.00000 1.00000 1.00000 *

* co2 " " : 1.00000 1.00000 1.00000 *

* oxyg " " : 1.00000 1.00000 1.00000 *

* no2 " " : 1.00000 1.00000 1.00000 *

* ch4 " " : 1.00000 1.00000 1.00000 *

* co " " : 1.00000 1.00000 1.00000 *

* *

* *

* rayl. sca. trans. : 0.76449 0.86273 0.65955 *

* aeros. sca. " : 0.95601 0.98304 0.93980 *

* total sca. " : 0.73104 0.84542 0.61804 *

* *

* *

* *

* rayleigh aerosols total *
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* *

* spherical albedo : 0.20580 0.02330 0.21148 *

* optical depth total: 0.30542 0.06821 0.37363 *

* optical depth plane: 0.30542 0.06821 0.37363 *

* reflectance : 0.13934 0.00557 0.14800 *

* phase function : 0.98056 0.17846 0.83413 *

* sing. scat. albedo : 1.00000 0.84902 0.97244 *

* *

* *

*******************************************************************************

*******************************************************************************

*******************************************************************************

* atmospheric correction result *

* ----------------------------- *

* input apparent reflectance : 0.162 *

* measured radiance [w/m2/sr/mic] : 44.629 *

* atmospherically corrected reflectance : 0.023 *

* coefficients xa xb xc : 0.00588 0.23946 0.21148 *

* y=xa*(measured radiance)-xb; acr=y/(1.+xc*y) *

*******************************************************************************
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A.2 Altered program

A.2.1 Input card
500 (NUMBER OF X-LEVELS)

15 (LOOP 15 TIME(S))

0 (USER’S CONDITIONS, FOLLOWS ON NEXT LINE)

59.52 168.68 5.71 113.31 8 29

8 (USER DEFINED IDATM)

1.26 0.2943 (uH2O, uO3)

4 (AEROSOLS MODEL)

0.1 0.5 0.35 0.05 (% of DUST-LIKE, WATER-SOL., OCEANIC, SOOT)

0 (NEXT VALUE IS THE AERO. OPT. THICK @ 550)

0.05 (AEROSOL OPTICAL THICKNESS @550)

-0.341 (TARGET AT 341 m)

-1000 (MEASUREMENT FROM SATELLITE)

61 (MERIS BAND 1)

1 (GROUND TYPE,I.E. NON UNIFORME SURFACE)

2 1 0.50 (TARGET, ENV., RADIUS (KM))

-0.1623 (APPARENT REFLECTANCE ON MERIS BAND 1)

1 (BOTH AEROSOL AND RAYLEIGH REFLECTANCE)

62 (MERIS BAND 2)

-0.1303 (APPARENT REFLECTANCE ON MERIS BAND 2)

63 (MERIS BAND 3)

-0.0909 (APPARENT REFLECTANCE ON MERIS BAND 3)

64 (MERIS BAND 4)

-0.0788 (APPARENT REFLECTANCE ON MERIS BAND 4)

65 (MERIS BAND 5)

-0.0526 (APPARENT REFLECTANCE ON MERIS BAND 5)

66 (MERIS BAND 6)

-0.0346 (APPARENT REFLECTANCE ON MERIS BAND 6)

67 (MERIS BAND 7)

-0.0286 (APPARENT REFLECTANCE ON MERIS BAND 7)

68 (MERIS BAND 8)

-0.0266 (APPARENT REFLECTANCE ON MERIS BAND 8)

69 (MERIS BAND 9)

-0.0241 (APPARENT REFLECTANCE ON MERIS BAND 9)

70 (MERIS BAND 10)

-0.0204 (APPARENT REFLECTANCE ON MERIS BAND 10)

72 (MERIS BAND 11)

-0.0183 (APPARENT REFLECTANCE ON MERIS BAND 11)

73 (MERIS BAND 12)

-0.0130 (APPARENT REFLECTANCE ON MERIS BAND 12)

74 (MERIS BAND 13)

-0.0117 (APPARENT REFLECTANCE ON MERIS BAND 13)

74 (MERIS BAND 14)

-0.0117 (APPARENT REFLECTANCE ON MERIS BAND 14)

75 (MERIS BAND 15)

-0.0093 (APPARENT REFLECTANCE ON MERIS BAND 15)
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A.2.2 Result

*******************************************************************************

* project NorSEN result *

* --------------------- *

* Band: meris 1 (407.500-417.500 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.06821 *

* rayleigh optical thickness : 0.30542 *

* aerosol+reayleigh optical thickness : 0.37363 *

* aerosol reflectance : 0.00557 *

* rayleigh reflectance : 0.13934 *

* aerosol+reayleigh reflectance : 0.14800 *

* input apparent reflectance : 0.16230 *

* atmospherically corrected reflectance : 0.03439 *

* Solar flux [W/m^2/mic] 1698.507 *

* *

* Band: meris 2 (437.500-447.500 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.06333 *

* rayleigh optical thickness : 0.22850 *

* aerosol+reayleigh optical thickness : 0.29183 *

* aerosol reflectance : 0.00520 *

* rayleigh reflectance : 0.10684 *

* aerosol+reayleigh reflectance : 0.11433 *

* input apparent reflectance : 0.13030 *

* atmospherically corrected reflectance : 0.03587 *

* Solar flux [W/m^2/mic] 1833.111 *

* *

* Band: meris 3 (485.000-495.000 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.05688 *

* rayleigh optical thickness : 0.15018 *

* aerosol+reayleigh optical thickness : 0.20706 *

* aerosol reflectance : 0.00470 *

* rayleigh reflectance : 0.07267 *

* aerosol+reayleigh reflectance : 0.07866 *

* input apparent reflectance : 0.09090 *

* atmospherically corrected reflectance : 0.02688 *

* Solar flux [W/m^2/mic] 1891.299 *

* *

* Band: meris 4 (505.000-515.000 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.05452 *

* rayleigh optical thickness : 0.12759 *

* aerosol+reayleigh optical thickness : 0.18211 *

* aerosol reflectance : 0.00451 *

* rayleigh reflectance : 0.06207 *

* aerosol+reayleigh reflectance : 0.06772 *

* input apparent reflectance : 0.07880 *

* atmospherically corrected reflectance : 0.02597 *

* Solar flux [W/m^2/mic] 1866.333 *

* *

* Band: meris 5 (555.000-565.000 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.04896 *

* rayleigh optical thickness : 0.08707 *

* aerosol+reayleigh optical thickness : 0.13603 *

* aerosol reflectance : 0.00404 *

* rayleigh reflectance : 0.04263 *

* aerosol+reayleigh reflectance : 0.04755 *

* input apparent reflectance : 0.05260 *

* atmospherically corrected reflectance : 0.01788 *
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* Solar flux [W/m^2/mic] 1810.914 *

* *

* Band: meris 6 (615.000-625.000 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.04348 *

* rayleigh optical thickness : 0.05755 *

* aerosol+reayleigh optical thickness : 0.10103 *

* aerosol reflectance : 0.00361 *

* rayleigh reflectance : 0.02824 *

* aerosol+reayleigh reflectance : 0.03247 *

* input apparent reflectance : 0.03460 *

* atmospherically corrected reflectance : 0.00950 *

* Solar flux [W/m^2/mic] 1662.788 *

* *

* Band: meris 7 (660.000-670.000 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.04006 *

* rayleigh optical thickness : 0.04331 *

* aerosol+reayleigh optical thickness : 0.08337 *

* aerosol reflectance : 0.00332 *

* rayleigh reflectance : 0.02125 *

* aerosol+reayleigh reflectance : 0.02504 *

* input apparent reflectance : 0.02860 *

* atmospherically corrected reflectance : 0.00824 *

* Solar flux [W/m^2/mic] 1514.714 *

* *

* Band: meris 8 (677.500-685.000 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.03894 *

* rayleigh optical thickness : 0.03927 *

* aerosol+reayleigh optical thickness : 0.07822 *

* aerosol reflectance : 0.00322 *

* rayleigh reflectance : 0.01927 *

* aerosol+reayleigh reflectance : 0.02291 *

* input apparent reflectance : 0.02660 *

* atmospherically corrected reflectance : 0.00765 *

* Solar flux [W/m^2/mic] 1460.875 *

* *

* Band: meris 9 (703.750-713.750 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.03704 *

* rayleigh optical thickness : 0.03323 *

* aerosol+reayleigh optical thickness : 0.07027 *

* aerosol reflectance : 0.00304 *

* rayleigh reflectance : 0.01630 *

* aerosol+reayleigh reflectance : 0.01972 *

* input apparent reflectance : 0.02410 *

* atmospherically corrected reflectance : 0.00832 *

* Solar flux [W/m^2/mic] 1360.872 *

* *

* Band: meris 10 (750.000-757.500 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.03439 *

* rayleigh optical thickness : 0.02609 *

* aerosol+reayleigh optical thickness : 0.06048 *

* aerosol reflectance : 0.00278 *

* rayleigh reflectance : 0.01279 *

* aerosol+reayleigh reflectance : 0.01590 *

* input apparent reflectance : 0.02040 *

* atmospherically corrected reflectance : 0.00775 *

* Solar flux [W/m^2/mic] 1235.551 *

* *
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* Band: meris 12 (771.250-786.250 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.03295 *

* rayleigh optical thickness : 0.02273 *

* aerosol+reayleigh optical thickness : 0.05569 *

* aerosol reflectance : 0.00264 *

* rayleigh reflectance : 0.01113 *

* aerosol+reayleigh reflectance : 0.01407 *

* input apparent reflectance : 0.01830 *

* atmospherically corrected reflectance : 0.00703 *

* Solar flux [W/m^2/mic] 1166.230 *

* *

* Band: meris 13 (855.000-875.000 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.02898 *

* rayleigh optical thickness : 0.01497 *

* aerosol+reayleigh optical thickness : 0.04395 *

* aerosol reflectance : 0.00226 *

* rayleigh reflectance : 0.00732 *

* aerosol+reayleigh reflectance : 0.00974 *

* input apparent reflectance : 0.01300 *

* atmospherically corrected reflectance : 0.00525 *

* Solar flux [W/m^2/mic] 954.659 *

* *

* Band: meris 14 (880.000-890.000 nm) *

* --------------------------------------------------- *

* aerosol optical thickness : 0.02821 *

* rayleigh optical thickness : 0.01365 *

* aerosol+reayleigh optical thickness : 0.04186 *

* aerosol reflectance : 0.00219 *

* rayleigh reflectance : 0.00667 *

* aerosol+reayleigh reflectance : 0.00909 *

* input apparent reflectance : 0.01170 *

* atmospherically corrected reflectance : 0.00422 *

* Solar flux [W/m^2/mic] 954.849 *

*******************************************************************************



47

Appendix B

MERIS files

Data from 20050829 taken from the middle of Lake Torneträsk. See Figure 6.1.

B.1 L1b

Product: subset_3_MER_RR__1PNPDK20050829_100408_000023432040_00194_18284_4298

Image-X: 493 pixel

Image-Y: 97 pixel

Longitude: 18◦52’03" E degree

Latitude: 68◦23’31" N degree

BandName Value Unit Wavelength Unit Bandwidth Unit

radiance_1: 44.834106 mW/(m^2*sr*nm) 412.691 nm 9.937 nm

radiance_2: 38.806362 mW/(m^2*sr*nm) 442.55902 nm 9.946 nm

radiance_3: 27.901806 mW/(m^2*sr*nm) 489.88202 nm 9.957001 nm

radiance_4: 23.933651 mW/(m^2*sr*nm) 509.81903 nm 9.961 nm

radiance_5: 15.423248 mW/(m^2*sr*nm) 559.69403 nm 9.97 nm

radiance_6: 9.35274 mW/(m^2*sr*nm) 619.601 nm 9.979 nm

radiance_7: 7.066864 mW/(m^2*sr*nm) 664.57306 nm 9.985001 nm

radiance_8: 6.340077 mW/(m^2*sr*nm) 680.82104 nm 7.4880004 nm

radiance_9: 5.336018 mW/(m^2*sr*nm) 708.32904 nm 9.992001 nm

radiance_10: 4.084262 mW/(m^2*sr*nm) 753.37103 nm 7.4950004 nm

radiance_11: 1.8327085 mW/(m^2*sr*nm) 761.50806 nm 3.7440002 nm

radiance_12: 3.4544559 mW/(m^2*sr*nm) 778.40906 nm 15.010001 nm

radiance_13: 1.9931047 mW/(m^2*sr*nm) 864.87604 nm 20.047 nm

radiance_14: 1.8148191 mW/(m^2*sr*nm) 884.94403 nm 10.018001 nm

radiance_15: 1.4194576 mW/(m^2*sr*nm) 900.00006 nm 10.02 nm

l1_flags: 0

detector_index: 526

latitude: 68.391846 deg

longitude: 18.867363 deg

dem_alt: 431.7422 m

dem_rough: 259.83594 m

lat_corr: -1.5220702E-4 deg

lon_corr: -9.6276955E-4 deg

sun_zenith: 59.50258 deg

sun_azimuth: 168.69151 deg

view_zenith: 5.629351 deg

view_azimuth: 113.32548 deg

zonal_wind: -0.13125001 m/s

merid_wind: 3.0875003 m/s

atm_press: 995.5301 hPa
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ozone: 294.32443 DU

rel_hum: 63.908592 %

l1_flags.COSMETIC: false

l1_flags.DUPLICATED: false

l1_flags.GLINT_RISK: false

l1_flags.SUSPECT: false

l1_flags.LAND_OCEAN: false

l1_flags.BRIGHT: false

l1_flags.COASTLINE: false

l1_flags.INVALID: false
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B.2 L2
Product: subset_11_MER_RR__2PNPDK20050829_100408_000023432040_00194_18284_4343

Image-X: 493 pixel

Image-Y: 97 pixel

Longitude: 18◦52’03" E degree

Latitude: 68◦23’31" N degree

BandName Value Unit Wavelength Unit Bandwidth Unit

reflec_1: 0.0059663686 dl 412.691 nm 9.937 nm

reflec_2: 0.005081332 dl 442.55902 nm 9.946 nm

reflec_3: 0.0048829615 dl 489.88202 nm 9.957001 nm

reflec_4: 0.005157628 dl 509.81903 nm 9.961 nm

reflec_5: 0.0044099246 dl 559.69403 nm 9.97 nm

reflec_6: 9.3081454E-4 dl 619.601 nm 9.979 nm

reflec_7: 3.9674062E-4 dl 664.57306 nm 9.985001 nm

reflec_8: 5.035554E-4 dl 680.82104 nm 7.4880004 nm

reflec_9: 8.087405E-4 dl 708.32904 nm 9.992001 nm

reflec_10: 9.3081454E-4 dl 753.37103 nm 7.4950004 nm

reflec_12: 0.0010376293 dl 778.40906 nm 15.010001 nm

reflec_13: 4.5777764E-4 dl 864.87604 nm 20.047 nm

reflec_14: 0.0 dl 884.94403 nm 10.018001 nm

water_vapour: 1.26 g/cm^2

algal_1: 1.2430488 mg/m^3

algal_2: 1.4633706 mg/m^3

yellow_subs: 0.01968504 1/m

total_susp: 0.5020967 g/m^3

photosyn_rad: 984.4702 myEinstein/m^2

toa_veg: No data 1

boa_veg: No data 1

rect_refl_red: No data dl

rect_refl_nir: No data dl

surf_press: No data hPa

aero_epsilon: 1.0944881 dl

aero_opt_thick: 0.0503937 dl

cloud_albedo: No data dl

cloud_opt_thick: No data dl

cloud_top_press: No data hPa

cloud_type: No data

l2_flags: 2556673

latitude: 68.391846 deg

longitude: 18.867363 deg

dem_alt: 431.7422 m

dem_rough: 259.83594 m

lat_corr: -1.5220702E-4 deg

lon_corr: -9.6276955E-4 deg

sun_zenith: 59.50258 deg

sun_azimuth: 168.69151 deg

view_zenith: 5.629351 deg

view_azimuth: 113.32548 deg

zonal_wind: -0.13125001 m/s

merid_wind: 3.0875003 m/s

atm_press: 995.5301 hPa

ozone: 294.32443 DU

rel_hum: 63.908592 %

l2_flags.LAND: false

l2_flags.CLOUD: false

l2_flags.WATER: true

l2_flags.PCD_1_13: false

l2_flags.PCD_14: false
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l2_flags.PCD_15: true

l2_flags.PCD_16: true

l2_flags.PCD_17: true

l2_flags.PCD_18: false

l2_flags.PCD_19: false

l2_flags.COASTLINE: false

l2_flags.COSMETIC: false

l2_flags.SUSPECT: false

l2_flags.ABSOA_CONT: false

l2_flags.ABSOA_DUST: true

l2_flags.CASE2_S: true

l2_flags.CASE2_ANOM: false

l2_flags.TOAVI_BRIGHT: false

l2_flags.CASE2_Y: false

l2_flags.TOAVI_BAD: false

l2_flags.ICE_HAZE: false

l2_flags.TOAVI_CSI: false

l2_flags.MEDIUM_GLINT: false

l2_flags.TOAVI_WS: false

l2_flags.DDV: false

l2_flags.HIGH_GLINT: false

l2_flags.TOAVI_INVAL_REC: false

l2_flags.P_CONFIDENCE: false

l2_flags.LOW_PRESSURE: true



Bibliography

[1] S. Chandrasekhar, Radiative transfer, Dover Publications Inc., New
York, United States of America, 1960

[2] K.N. Liou, An Introduction to Atmospheric Radiation, second edi-
tion, Academic press, United States of America, 2002

[3] F. Bergholm, personal discussions, June-December 2006
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