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Abstract

Ocean color remote sensing measurements play a major role in research focusing on
global ecosystem and carbon cycle modeling by providing information on global phyto-
plankton biomass distribution. As satellites provide continuous monitoring and environ-
mental observations on a global scale, their measurements are used for climate modeling
or forecasts. Nevertheless, these data have to be validated in order to evaluate their qual-
ity and temporal stability.

Several studies dealing with the validation of the satellite measurements and their prod-
ucts with ground based in-situ measurements are available for coastal, respectively case
2 waters.

For this work in-situ measurements were performed in open ocean or case 1 waters dur-
ing ship cruises with RV Polarstern across the Atlantic Ocean. A system of hyperspectral
RAMSES radiometers was used to measure radiances above the sea surface and calculate
the remote sensing reflectance.

Details of this data acquisition and the results of the validation are depicted in this the-
sis. The collocated measurements from the three major ocean color satellite instruments
MERIS, MODIS and SeaWiFS, operated by ESA and NASA, respectively, are validated
with the in-situ remote sensing reflectance data. The validation was accomplished for
different classifications of satellite data concerning their contamination by flagged pixels.
Additionally, chl-a concentrations from in-situ water samples are used to validate the
satellite Level-2 product chl-a of all three instruments.

Validation shows the best agreements between satellite derived and in-situ reflectance
values for clear sky conditions, respectively not flagged satellite images. While MERIS
shows a good agreement for this “not flagged” category, MODIS has a larger discrepancy
to the ground-based measurements. It also shows often poor performances especially for
the low wavelength band (412 nm). This indicates, that the atmospheric correction re-
quires improvement. Otherwise flagged collocations (for example “cloud flagged”) are
proven to be not suitable in terms of validation.

As there are no collocations for SeaWiFS in the “not flagged” classification and as the
number of collocations generally for the individual classifications is rather small, further
data sampling is necessary in order to prove these results.

This is further true for the chl-a validation. A slight correlation between the satellite
Level-2 product chl-a concentration and the in-situ measured concentration is detected
but with respect to the small number of matchable data, the validity of the comparison
as to be enhanced with further accumulation.
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1. Introduction

Marine Phytoplankton - algae - are plants with a large variety of species, living in the
ocean. Phytoplankton contribute only to about one to two percent to the world’s biomass
but provide 30 to 60 % of the global primary production!. Because they require sunlight,
water and nutrients for growth, phytoplankton remain at or near the sea surface.

Phytoplankton build the foundation of
the marine food web? and play an impor-
tant role in the global carbon cycle (see
Bracher et al. (2009)). During photosyn-
thesis oxygen is produced and inorganic
carbon is fixed and exported to the deep
sea with the dead phytoplankton cells
sinking to the bottom of the ocean. The

largest source of carbon is the atmosphere
where it acts in form of carbon dioxide

Fi 1.1.: Diff ies of ph 1 .. .
sUe ifferent species of phytoplankton as greenhouse gas. This dissolves into the

(Source: http://cmore.soest.hawaii.edu/cruises/ ] ;
operex/images/Phytoplankton-Variations_fulljpg) ocean and is available to the algae there.
Altogether about 90%?2 of the world’s to-

tal carbon content has settled to the bottom of the ocean, primarily in the form of dead
biomass. Thereby, the ocean is the largest sink for one of the most prominent greenhouse
gases.

Phytoplankton depend upon certain conditions for growth, like incident sun radiation,
water temperature and nutrients such as iron and carbon. Due to the strong decrease
of solar radiation with water depth most phytoplankton grow in the very upper layers
of the ocean. Cold surface waters lead to an unstable water column that wells up water
from lower depth that is rich in nutrients. Thus the water temperature influences the
phytoplankton growth.

The fixation of carbon and thereby its export, strongly relies on the size and composi-
tion of the cells. Different species of phytoplankton can fix different amounts of carbon
and thus reduce atmospheric carbon dioxide. This is one reason why phytoplankton
are of primary interest to oceanography, earth and climate science. Physical or chemi-
cal variance in any of phytoplankton influencing parameters like nutrient concentration,
temperature or sunlight will affect the phytoplankton concentration on a short timescale?.

!Carr et al. (2006)
*David Herring on http:/ /earthobservatory.nasa.gov /Features/Phytoplankton/



2 INTRODUCTION

Optical properties of water are affected by its constituents and determine the spectral
composition of the backscattered light. Ocean color satellite sensors are constructed to
record this light in different wavelength bands. Mostly, phytoplankton is the dominant
light absorbing part of water constituents and thus, information about phytoplankton
can be retrieved from satellite ocean color measurements.

Oxygen is produced by photosynthesis in plants that absorb light primarily using the
pigment chlorophyll-a (chl-a). Besides chl-a, plants also use other pigments, for example
carotenoids, phycobillins, chlorophyll-b and chlorophyll-c. Every pigment shows a spe-
cific absorption spectrum!. Examples are depicted in Figure 1.2. A particular species of
phytoplankton has its very specific composition of pigments and has consequently its
own characteristic absorption spectrum.

Chl-a absorbs light primarily at about 430 nm (blue) and 680 nm (red). The green wave-
length range is rarely absorbed. By determining the ratio of backscattered light in the
blue to the green wavelength range, chl-a concentrations can be derived.

Such ocean color measurements from
satellite instruments like the Medium Res-
olution Imaging Spectrometer (MERIS),
the Moderate Resolution Imaging Spec-
trometer (MODIS) or the Sea Viewing
Wide Field of View Sensor (SeaWiFS) op-
erated by European Space Agency (ESA)
and National Aeronautics and Space Ad-
ministration (NASA), respectively, are

nowadays one of the essential sources of Figure 1.2.: Absorption spectra of different
climatological and environmental mod- pigments (Source:

eling. They provide continuous data sets http://photosl.blogger.com/blogger

to monitor and observe biogeochemical /4178/911/1600/ chlorophyll-carotenoid-abs.jpg)
properties in the upper layer of the ocean on a global scale. The measured spectral
radiances at the top of atmosphere are atmospherically corrected and the so called re-
mote sensing reflectance (radiation emerging from the ocean surface) are determined. By
means of particular algorithms biogeochemical properties, like chl-a concentration, can

be derived from this.

The accuracy of satellite products is generally accepted by the international missions for
values of £5% for water leaving radiances and £-35% for chl-a in the open ocean®.

As satellites use the measured remote sensing reflectance to compute products like chl-
a it is useful to validate and reduce errors in remote sensing reflectance determination.
In this study, therefore in situ remote sensing reflectances were determined across the

Atlantic Ocean, a case-1 water, with a set of hyperspectral radiometers (RAMSES) and

Bracher (2008)
3McClain (2009)
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additionally, chl-a measurements were obtained to validate the satellite products.

1.1. Motivation

The Helmholtz-University Young Investigators Group PHYTOOPTICS under the lead of
Dr. A. Bracher, a cooperation between Alfred-Wegener-Institute (AWI) and Institute of
Environmental Physics at the University of Bremen (IUP) was incorporated with the aim
to improve global estimates of marine primary production to promote a better knowledge
of the sinks and sources of carbondioxide (CO;) in the ocean and a better understanding
of changes in the world’s climate.

In order to improve global primary production estimates, new biooptical information
from the European satellite SCTAMACHY is retrieved and data of the common ocean
color sensors the Medium Resolution Imaging Spectrometer (MERIS), the Sea View-
ing Wide Field of View Sensor (SeaWiFS) and the Moderate Resolutiuon Spectrometer
(MODIS) are used.

In order to validate these satellite data with ground-truth data and to give an impression
on the uncertainty of satellite derived biogeochemical properties like chl-a concentration
this study was conducted.

1.2. Aims and objectives

The aim of this work is to validate MERIS, MODIS and SeaWiFS remote sensing re-
flectances and their Level-2 product chl-a with ground based in-situ measurements.

There are several studies about validation of satellite products for case 2 waters (e.g. Park
et al. (2006)). Due to large organizational efforts and often high financial costs in-situ data
for open ocean or case 1 waters are scarce. An example of a case 1 validation study has
been performed within the BOUSSOLE project (Antoine et al. (2008)). Another study is
presented in Bailey and Werdell (2006).

During different ship cruises with RV Polarstern a set of three hyperspectral RAMSES ra-
diometers is used to obtain in-situ radiance and irradiance data at the sea surface across
the Atlantic Ocean. From that, the remote sensing reflectance is calculated.

This ground-truth data is compared to collocated remote sensing reflectance measure-
ments from all three satellite instruments, MERIS, MODIS and SeaWiFS. As a second
part, the collocated Level-2 product chl-a is validated with in-situ measured chl-a that
is assess at water samples using High Pressure Liquid Chromatography (HPLC). Addi-
tionally, the reflectance ratios used for satellite chl-a determination are compared to the
respective ground based RAMSES reflectance ratio.
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Statistical analysis of all comparisons quantify the magnitude of the agreements and al-
low to interpret the validation. Results may help to evaluate the atmospheric correction

applied to MERIS, MODIS and SeaWiFS data and assess the quality of the satellite de-
rived measurements.

The second chapter gives a short introduction to the relevant aspects of satellite- and
ocean remote sensing, and a description of the radiometers used for in-situ data sampling.
Data acquisition with measurement method, sites and quality control are explained in
chapter three. A detailed description of all steps of the analysis is given in chapter four.
All results of the validation are depicted in chapter five divided in three sections: val-
idation of the remote sensing reflectances, validation of the Level-2 product chl-a and
interpretation and discussion for both. The last chapter concludes the results of this work
and gives an outlook on future aspects.



2. Theory and Basics

To give an overview of the basic physical principles underlying the topic of this work the
first section of this chapter describes the background and physical concepts of ocean color
remote sensing. The satellite instruments MERIS, MODIS and SeaWiFS, which remote
sensing reflectance and chl-a data are validated in this work are introduced in the second
part. The last section deals with the RAMSES radiometers used for in-situ data sampling.

2.1. Physical background: ocean color remote sensing

Most of the information given in this sub chapter is taken from Seelye (2004), Cracknell
and Hayes (2007), Elachi (1987) and Kirk (1983), where further information is available.
Concepts and formulas to depict the physical background of the methods and analysis
that are applied later are introduced.

2.1.1. Interactions of electromagnetic radiation with matter

Light propagating through the atmosphere and the ocean interacts with the respective
surrounding matter. The possible reactions are:

e absorption o
e reflection p
e transmission 7

e emission ¢

The processes are drawn in Figure 2.1: An initial beam of light ¥; propagating through a
medium AV can be splitted in an absorbed ¥, a reflected ¥, and a transmitted part ¥..
The absorbed fraction can be emitted ¥, from the medium and is then seen as a scattered
part W of the initial beam. It is always true that o + p 4+ 7 = 1.

2.1.2. Spectral radiance

To describe radiometric processes it is important to know the concept of the spectral ra-
diant flux W(\), that is defined as the change in radiant energy 0Q per unit time 0t and
wavelength O\.

@.1)
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ﬁ‘lfs(k)
v

L

Ax

Figure 2.1.: The incoming radiant flux ¥;(\) can be split in an absorbed ¥, ()), a transmitted
U (X) and a scattered part U,(\) when it passes a medium with thickness Az and Volume AV'.

The unit of spectral radiant flux is Watt per nanometer

w

nm

The radiant flux coming from a certain direction £ with the solid angle dS) through an
area dA is named radiance. Figure 2.2 illustrates the definition of radiance. With the solid
angle defined as

dQ = sinf df dy (2.2)

the radiance is

0% 2Q
L t.8)= 5790 = arod o0 @3)
Area dA and solid angle df2 are assumed to be infinitemisal. In case d A is tilted against the
direction of incoming radiant flux the radiance has to be determined using the effective
area dS = dA - cos § where 6 is the tilting angle.

Spectral radiance is more useful with respect to wavelength dependency:

L@tgAy—gggng, (2.4)
TR 9t 0A 00 ON ’
Its dimension is
J w

sm2srnm  m2srnm’

2.1.3. Spectral irradiance

By introducing the spectral irradiance it is possible to quantify the radiant flux (see Sec-
tion 2.1.2). By definition the spectral irradiance is the integral of the normal component
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Figure 2.2.: Definition of radiance. Radiant flux from direction £ with the solid angle
d$) = sin 6 df dy through an area dA is named radiance. The effective area dS is necessary in case
dA is tilted against the direction of the incoming radiant flux

of the spectral radiance over one hemisphere:
2 pm/2
Eq(x,t,A) == / L(x,t,0,p,\) - cosf dS2 (2.5)
=0 J60=0

Equation 2.5 gives the downwelling spectral irradiance. Upwelling spectral irradiance is
consequently defined as:

2 ™
Ey(z,t,\) := / / L(x,t,0,0,\) - cos dS2 (2.6)
=0 JO=m/2
The dimension of spectral irradiance is
v
m2nm’
Total irradiance is determined by integrating spectral irradiance over all wavelengths:
inf
Ei(z,t) = E(z,t) d\ (2.7)
A=0
Integration of total irradiance over the Area dA leads to the definition of the total flux ¢
with its dimension W:

(1) = / Ey(w,t) dA 2.8)



8 THEORY AND BASICS

2.1.4. Reflectance and remote sensing reflectance

Reflectance in general is the ratio of upwelling to downwelling irradiance. In case of
ocean color remote sensing it is useful to determine reflectance with respect to wave-
length X and depth d in the water:

_ B\ d)

R(\,d) B d)

(2.9)
Because of the satellite instruments’ small field-of-view (FOV) it is useful and common
to deal with remote sensing reflectance, Rrgs, that is defined as the ratio of upwelling
radiance, L,,, to downwelling irradiance, Ey:

(€A d)

L,
RRS(§7A797 ©s d) = Ed(g \ d) (210)

Its dimension is sr—1.

If the upwelling radiance is measured from a ship, the measured radiance has to be cor-
rected for the sky radiance, L, which is measured by directly viewing into the sky. The
so-called water-leaving radiance is defined as:

Lw()‘) = Lu()‘) + pas()‘) Ls()‘) (2.11)

where p,; is the Fresnel reflectance of the water surface that is further explained in Section
2.1.5.

2.1.5. Optical properties of water

The optical properties of water are usually divided in two different types.

Inherent optical properties are those that depend only on the medium. They are described
with the physical properties of water and its constituents and are independent of the light
field. An example is the attenuation coefficient a(\) that describes the attenuation of an
initial beam of light with intensity I, by absorption when propagating through a medium
with thickness Az (compare 2.1).

I\ z) = Iy e M= (2.12)

This is called the law of Lambert-Beer.

Apparent optical properties are those that depend on both, light field and inherent opti-
cal properties. Examples are reflection and remote sensing reflection that are described
in section 2.1.4.

Particular information on optical properties of water are given in Kirk (1983). Regarding
the light moving from the air into the water one has to take Fresnels equations into ac-
count. Fresnels equations describe the general behavior of light when moving between
two media of different refractive indices:
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P R

Figure 2.3.: lllustration of variables used in Fresnel equations: Two media with different
refractive indices n, and ny cause reflection and / or refraction to an incident beam of light. 6;, 0.
and 0, describe the incident, the reflected and the transmitted angle, respectively.

When light moves from a medium with refractive index n; into a medium with refractive
index ny it may be reflected and / or refracted. Figure 2.3 illustrates the way of an incident
beam of light PQ, that hits the interface between both media in Q with the angle 6;. The
beam can be partially reflected (as ray QR) with angle 6, and partially refracted (as ray
QS) with the angle 6;. The relationships between the refractive indices of both media and
the mentioned angles are given in Snell’s law:
M _ < nyp osin 0; = ng sin 6; (2.13)
sin 8;
The fraction of the incident beam that is reflected is the reflectance defined by Fres-
nel equation in case the light is polarized perpendicular to the plane of Figure 2.3 (s-

_ [sin(0; — 0;) 2
RS N [sin(@t + 91)] (2'14)

polarized):

and in case the light is polarized in the plane of the figure (p-polarized)

= [—tanwt — 9")}2 (2.15)

P [ tan(6; + 6;)

If the incident light is unpolarized with an equal mixture of p- and s-polarizations, the

reflection coefficient is
_ Rs+ R,

R 2

(2.16)

Transmission is always 7' =1 — R.

In case of air and water the refractive indices are different from each other and addi-
tionally, the refractive index of water varies with
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e temperature

e salinity

e surface roughness / wind speed
e wavelength.

Often the refractive index of water is treated as a constant or as a function of wind speed
within the visible spectral range (see for example Lee and Carder (2004) or Park et al.
(2006)).

As the refractive index varies with wavelength this assumption may cause significant
errors in computing the spectral water leaving reflectance. Further information on this is
given in Doerffer (2008). In this study an algorithm developed by Roland Doerffer from
GKSS to computate the fresnel reflection coefficient as a function of wavelength, salinity
and temperature was adjusted to imply a wind speed dependency. This algorithm, used
within this study, is described in chapter 4.

2.1.6. Remote Sensing of open ocean waters

e Case-1 and case-2 waters
Oceanic waters can be divided in two different categories following Morel and
Prieur (1977). "“Blue"! or Case-1 waters are featured through a strict coherence
between phytoplankton concentration and other suspended matter. Absorption by
chlorophyll is the dominant part determining the total absorption of light in the wa-
ter, beside the absorption by the water itself. Total absorption a; is determined
as the sum of absorption of pure sea water «,,, pigments «,, suspended matter o,
and yellow substance «,.

Qotal = Oy + Qp + Qg + Q) (2.17)

As the absorption of light by the water itself becomes larger with wavelength and
is nearly one in wavelength ranger greater than around 900 nm ocean color remote
sensing confines to the generous visible part of the electromagnetic spectrum.

In u/greennlz

or Case-2 waters especially dissolved and suspended matter increase
scattering and absorption. Those are not correlated with phytoplankton concentra-
tion because of terrigenous contributions. Particularly coastal and inland waters

like rivers are part of this category.

e Case-1 empirical algorithm for chl-a concentration retrieval
Phytoplankton or chl-a concentration in case-1 waters determine the attenuation of

"Morel and Prieur (1977), page 712
*Morel and Prieur (1977), page 715
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incident light in the water. The absorption of water is constant but as the attenua-
tion by yellow substance of light in the water is correlated with chl-a concentration.
Some empirical algorithms are used to determine chl-a concentrations from re-
motely sensed data using the band ratio of to wavelengths A\; and A,. The first
wavelength is chosen out of a large interval with broad absorption of phytoplank-
ton (400 nm - 500 nm) and the second wavelength is chosen out of an interval with
low pigment absorption (500 nm - 600 nm). The ratio of the remote sensing re-
flectance of both wavelengths can be assumed to be proportional to the ratio of
backscattering by, to absorption « of the respective wavelengths. Since backscatter-
ing is constant for the two wavelengths, the following approximation holds true:

Rprs(A1) ~ bp(A1)  a(Ag) o~ a(A2)
RRs()\Q) Oz()\l) bb(/\g) Oé()\l)

(2.18)

As absorption at wavelength \; is caused by phytoplankton and yellow substance
and a definite relationship between both is assumed, the total absorption at A\; can
be taken as proportional to chl-a concentration.

Rps(\) 1 1

2.1
Rrs(A2) — a(A) x chl-a concentration (2.19)

Based on this empirical algorithm satellite products provide chl-a concentrations.

e Sun glint
The direct reflection of sunlight into the satellite sensor is called sun glint. The sun
glint is mostly overwhelming the desired observations. Some satellite sensors have
mechanisms to suppress effects from sun glint and all strongly influenced pixels of
the satellite image are usually flagged. Details are given in the respective subsec-
tions of section 2.2

e Atmospheric correction
Satellite instruments measure the properties of the radiation that arrives at the in-
strument. As the radiation has traveled through the atmosphere before arriving the
satellite instrument it has experienced the possible interactions described in 2.1.1.
The radiation coming from the target area at the earth’s surface is influenced by
various processes occuring on its way through the atmosphere.
In order to get information about the target area, the measured radiation has to be
atmospherically corrected. An attempt to describe the processes that influence the
initial radiation leaving the target area is the set up of the radiative transfer equa-
tion.
The radiative transfer theory is essentially for studying the radiation traveling in
a certain direction ¢ to the vertical axis and setting up a differential equation for a
small horizontal element with thickness dz. To determine the intensity of the radia-
tion leaving the element dz in the direction ¢, it is necessary to consider

— the radiation entering the element dz from the incident direction,
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— the attenuation affecting the radiation within the element dz and

- additional radiation generated within the element dz or scattered into the di-
rection ¢ within the element dz.

The resulting differential equation is the radiative transfer equation. As the atmo-
sphere is a highly dynamic physical system and the atmospheric parameters used
in the radiative transfer equation usually vary with the three space variables and
the time it is a great challenge to account for correctly atmospheric contributions.
Often it is assumed that the atmospheric parameters are a function of height z, but
not of the coordinates = and y in a horizontal plane.

Based on geographical location and time of the year models of a “model atmo-
sphere” are constructed to further simplify the radiative transfer equation.

As this assumption is not very realistic because atmospheric conditions differ from
the model it is common to use atmospheric parameters that apply at the measure-
ment time.

Still, the radiative transfer equation is a unconstrained inversion problem due to
the many unknowns from the atmospheric parameters and only a small number
of measurements. The solution of the radiative transfer equation therefor will take
some mathematical and physical assumptions.

2.2. Satellite instruments

The validated satellite instruments MERIS, MODIS and SeaWiFS are introduced in this
chapter.

2.2.1. MERIS

The information given in the subsection about the Medium Resolution Imaging Spec-
trometer (MERIS) are mostly taken from the MERIS section on ESA homepage® and from
the ESA MERIS-FAQ from 14. April 20064,

Additional facts and more detailed information can be found in the MERIS handbook®
and the MERIS detailed instrument description® provided by ESA.

The instrument MERIS on board the European Space Agency (ESA) Environmental Satel-
lite (ENVISAT) (see Figure 2.4) is an imaging multi-spectral radiometer in the visible
and near infrared spectral range. ENVISAT operates, since it was launched in 2002, in a
sun-synchronous polar orbit of about 800 km altitude with an inclination of 98° and an
equator crossing time of 10 a.m. in a descending mode.

*http:/ /envisat.esa.int/instruments/meris/

4http: / /earth.esa.int/pub/ESA_DOC/ENVISAT /MERIS/VT-P017-DOC-005-E-01-00_meris.faq.1_0.pdf
*http:/ /envisat.esa.int/handbooks /meris/CNTR.htm

Shttp:/ /envisat.esa.int/pub/ESA_DOC/ENVISAT /MERIS/meris.DetailedInstrumentDescription.1_0.pdf
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Figure 2.4.: MERIS instrument (highlighted in red color) on ENVISAT (Source: ESA)
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Figure 2.5.: MERIS FOV (Source: ESA)

MERIS consists of five identical cameras, measuring the reflected light coming from the
earth’s surface in 15 spectral bands (see table 2.1) in a so called pushbroom mode. Each
of the cameras contains one CCD array for each one of the 15 bands. One image line
is measured perpendicular to the flight direction and resolved spectrally on a the two-
dimensional CCD detector.

MERIS has been designed for oceanic, coastal, terrestrial and atmospheric measurements,
to observe ocean color and biology, vegetation, clouds and precipitation, respectively.
With ENVISAT’s height of 800 km and MERIS’s FOV of 68.5° around nadir, one pixel has
a swath width of 1150 km. Figure 2.5 sketches the instruments FOV. A global coverage of
two to three days is realized.

All measured data are provided as a reduced resolution by ESA and a full resolution is pro-
cessed on demand. The spatial resolution of one pixel is 1.04 km x 1.2 km in reduced and
260 m x 300 m in full resolved resolution.
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Table 2.1.: MERIS bands and applications

Band index Band cen-

Band width Applications

ter in nm innm
1 412.5 10 Yellow substance and detrital pigments
2 442.5 10 Chlorophyll absorption maximum
3 490 10 Chlorophyll and other pigments
4 510 10 Suspended sediment, red tides
5 560 10 Chlorophyll absorption minimum
6 620 10 Suspended sediment
7 665 10 Chlorophyll absorption & fluo. reference
8 681.25 7.5 Chlorophyll fluorescence peak
9 708.75 10 Fluo. reference, atmosphere corrections
10 753.75 7.5 Vegetation, cloud
11 760.625 3.75 O? R-branch absorption band
12 778.75 15 Atmosphere corrections
13 865 20 Vegetation, water vapor reference
14 885 10 Atmosphere corrections
15 900 10 Water vapor, land

2.2.1.1. MERIS data processing

The data processing structure for MERIS data is sketched in Figure 2.6.
Level-0 product is the lowest level product ESA provides for ENVISAT MERIS data. It is

roughly the raw data sensed MERIS.

The next step in processing is to geolocate data and it bring to engineering units. This
and some additional selected calibrations are applied to Level-1B data.

The Level-1B product is transformed into Level-2 product through higher-level process-
ing to convert engineering units into geophysical quantities and to form a more directly
interpretable and useful measurement data set.

2.2.1.2. MERIS flagging

e Glint estimation

The sun glint reflectance is calculated using the Cox and Munk model (1954) as a
function of geometry, wind speed modulus and direction. An estimate of glint re-
flectance is produced and compared to a low glint threshold. If the glint reflectance

is below this low glint threshold then no glint correction for this pixel is applied. If

the glint reflectance is above the threshold then the glint reflectance is compared to
a medium glint threshold. If the glint reflectance is below the medium glint thresh-
old then a medium glint flag is raised and the pixel is corrected for glint reflectance.

In case the glint reflectance is above the medium glint threshold then no correction
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Figure 2.6.: Processing structure for MERIS data (Source: ESA)

is applied and the pixel is flagged as uncorrected sun glint.

e Clouds
For cloud marking in satellite images over ocean, discrimination between cloud
and ice or sunglint can be performed from apparent pressure and geometrical con-
siderations. Therefore thresholds have been defined as a function of geometrical

conditions.

Flags for the possible occurrence of cirrus clouds or finite clouds are proposed as a
warning for the quality of the atmospheric corrections. Over ocean, a first flag can
be set from correlations between apparent pressure in O, channels and reflectances
at a wavelength of 865 nm with a threshold in pressure corresponding to a too high
contribution of the cirrus reflectance. Another possibility to detect cloud hetero-
geneities is to have a test on the spatial homogeneity of barometric pressure from

the Oxygen channels.
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If a pixel over ocean is not classified as bright, the atmospheric correction scheme
will apply even if unwished contributors are present: sub-pixel cloud cover, cirrus
clouds, cloud shade. The purpose here is to flag these situations as a warning on
suitability of the atmospheric correction.

e pcd_1_13

pcd is the abbreviations for product confidence data. The pcd_1_13 flag signifies
that at least one of the thirteen water leaving reflectances is negative.

2.2.2. MODIS

The information about the Moderate Resolution Imaging Spectrometer (MODIS) given
in this section are mainly taken from Seelye (2004). Further information and technical
details are available on the MODIS website’.

The satellite instrument MODIS (see Figure 2.7) is installed on both, TERRA and AQUA
that were launched in 1999 and 2002, respectively, and are part of the Earth observing
system EOS. Both satellites were constructed to improve understanding of global dy-
namics and processes occurring an land, the oceans and in the lower atmosphere. In this
work only data from MODIS on Aqua are used. In the following MODIS refers to MODIS
on AQUA.

Figure 2.7.: MODIS instrument (Source: NASA)

AQUA has a sun-synchronous near polar orbit in 705 km altitude. The equator crossing
time is at 1:30 p.m. in ascending mode. A global coverage within one to two days is
achieved.

"http:/ /modis.gsfc.nasa.gov/
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Table 2.2.: MODIS bands and applications

Band index Band cen- Band width Applications

ter in nm Innm

1-2 - - Land / cloud / aerosols boundaries

3-7 - - Land / cloud / aerosols properties

8 412.5 15 Phycoerythrin / total pigment concentra-
tion

9 443 10 Detatched coccolith / phycoerythrin / to-
tal pigment / chl-a / diffuse attenuation
coefficient

10 488 10 Phycoerythrin / total pigment / chl-a /
diffuse attenuation coefficient

11 531 10 Total pigment / chl-a / diffuse attenua-
tion coefficient

12 551 10 Detatched coccolith / phycoerythrin / to-
tal pigment / chl-a / diffuse attenuation
coefficient

13 667 10 Phycoerythrin / chlorophyll fluorescence
efficiency

14 678 10 Chlorophyll fluorescence efficiency

15 748 10 Chlorophyll fluorescence efficiency

16 869.5 10 Aerosols

17-19 - - Atmospheric water vapor

20-23 - - Surface / cloud temperature

24 -25 - - Atmospheric temperature

26 - 28 - - Cirrus clouds, water vapor

29 - - Cloud properties

30 - - Ozone

31-32 - - Surface / cloud temperature

33-36 - - Cloud top altitude

The instrument MODIS is a cross-track scanner and has a scan-angle of + 55° and a
swath width of 2330 km in across track and 10 km in along track direction. It has 36
channels from 400 nm to 14.4 ym. As in this work analysis of wavelength greater than
900 nm is irrelevant because no light penetrates into the ocean in this wavelength range,
table 2.2 concentrates on MODIS’ relevant bands for ocean color and its widths and ap-
plications. The interesting bands for ocean color have a spatial resolution of 1 km x 1 km.
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2.2.2.1. MODIS data processing

The processing flow for MODIS data sketched in Figure 2.8 describes two distinct
branches: a near real time stream (NRT) and a refined stream.The process begins in
either case with Level-0 data. Processing from Level-0 to Level-1A is performed using
the standard code developed by the MODIS Science Data Support Team (SDST), known
as MOD_PRO1 (modis_llagen in SeaDAS).

NOAA Near real time feed
Level 0 {5 minute granules)

Processing Code Leading up to
Level 2 Processing within MSI12

Level 0 to Level 1
Level 1A code
MYD_PRO1 (SEADAS: modis_llagen)

v

Intermediate Level 1A file

v

L1A subsetting to remove
excess data and bands
{(MYD_L1A_SS)

Subsetted Level ;A Ocean file : HDF

l

Geolocation code
MYD_PR03
(SEADAS:geolocate)

v v

Level 1A GEOQ file

-

Level 1B Code
MYD_PRO0O2
(SEADAS:aqua_l1bgen)

v v

Level 1B , GEO file

Refined Stream:
| Defined attitude and
ephemeris

Near Real Time Stream:
Predicted attitude and 4,
ephemeris

44— Level 1B LUT files

Near Real Time Stream: M Mo

Climatological met > < Coincident met and
and ozone L

Level 2 Processing

Figure 2.8.: Processing structure for MODIS data (Source: NASA)

The following step in the processing is to generate a geolocation file (GEO). This is per-
formed using standard SDST code known as MOD_PRO3 (geolocate in SeaDAS).

Subsequently the Level-1A file and the GEO file are fed into the standart MYD_PR02 code
developed and maintained by the MODIS Calibration Support Team (MCST) to produce
the corresponding Level-1B file. The MYD_PR02 Level-1B code makes use of an instru-



2.2 SATELLITE INSTRUMENTS 19

ment calibration look-up table (LUT) that is derived from offline analysis of the MODIS
solar diffuser measurements, lunar observations, and onboard lamps. LUTs are updated
every few months, to improve tracking of the instrument calibration changes.

Level-2 processing is performed using the Multi-Sensor Level-1 to Level-2 (MSL12) code,
which is developed and maintained by the Ocean Biology Processing Group. The Level-2
processing makes use of meteorological and ozone information from ancillary sources. In
the NRT stream, climatological meteorological and ozone data are used.

2.2.2.2. MODIS flagging

e Clouds
The “CLDICE”-flag signifies probable cloud or ice contamination of the pixel. It is
determined using a threshold at a wavelength of 865nm for cloud or atmospheric
ice albedo.

e Bad water leaving reflectance
“LOWLW”-flag is set if the water-leaving radiance is very low. This is especially the
case for cloud shadow.
If any band shows a negative water leaving radiance the flag “NEGLW” is set.

e Glint
High sun glint is indicated by the “HIGLINT”-flag. In case the glint reflection ex-
ceeds a value of 0.005 “HIGLINT”-flag is set.
Is the pixel contaminated with only moderate glint the “MODGLINT”-flag is set.

2.2.3. SeaWiFS

The source for information given in this section is Seelye (2004). Additional details can
be found on the SeaWiFS website 8.

On board the SeaStar or OrbView-2 Spacecraft, that was developed by the Orbital Sci-
ences Corporation (OSC) and launched in 1997, is the Sea viewing Wide Field of View
Sensor (SeaWiFS). SeaStar operates in a sun-synchronous orbit at 705 km altitude and
crosses equator at noon in a descending mode. The SeaWiFS sensor is sketched in Figure
2.9.

The SeaWiFS project has been originated with the main objective to acquire data that are
interesting for the understanding of the role of oceans, including the exchange of critical
elements and gases between the ocean and the atmosphere, and how these exchanges
affect phytoplankton production.

The instrument is an across-track scanner with a scan-angle range of + 58.3° and thus
a swath width of 2801 km in local area coverage mode (LAC). In global area coverage

$http:/ /oceancolor.gsfc.nasa.gov /SeaWiFS/
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Figure 2.9.: SeaWiFS instrument on spacecraft SeaStar (Source: NASA)

Table 2.3.: SeaWiFS bands and applications

Band Band cen- Band width Applications

index ter in nm in nm

1 412 20 Dissolved organic matter (incl. yellow sub-
stance)

2 443 20 Chlorophyll absorption

3 490 20 Pigment absorption (case 2), K(490)

4 510 20 Chlorophyll absorption

5 555 20 Pigments, optical properties, sediments

6 670 20 Atmospheric correction and sediments
(CZCS heritage)

7 765 40 Atmospheric correction, aerosol radiance

8 865 40 Atmospheric correction, aerosol radiance

mode (GAC) Seawifs has a scan-angle range of & 45° and reaches a swath width of 1502
km. Its spatial resolution is 1.1 km x 1.1 km for LAC and 4.5 km x 4.5 km for GAC.
LAC data are broadcast continuously and recorded selectively, while GAC are recorded

continuously on board the spacecraft.

SeaWiFS has eight spectral bands that are listed with their applications in Table 2.3.

2.2.3.1. SeaWiFS data processing

The data processing for SeaWiFS data is similar to the processing for MODIS data. Figure
2.10 gives an overview of the processing of SeaWiFS data which begins with Level-0.

The first step is to process SeaWiFS Level-0 to Level-1 data. This is performed by append-
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Figure 2.10.: Processing structure for SeaWiFS from Level-0 through Level-3

ing calibration data, navigation data, instrument telemetry information, and selected
spacecraft telemetry information. The resulting Level-1A contains raw radiance values
for each of the eight SeaWiFS bands.

Four types of Level 1 SeaWiFS data are processed by OBPG: GAC, LAC, HRPT, and
MLAC.

e GAC data are subsampled and recorded onboard the spacecraft and subsequently
downloaded twice a day at Wallops and NASA /Goddard. These data have an ef-
fective resolution of about 4.5 km along the center of the swath.

e LAC data are recorded at full 1.1 km resolution for selected parts of the world and
downloaded with the GAC data.

e High Resolution Picture Transmission (HRPT) direct broadcast data have the same
basic format and resolution as the LAC data, but they are collected by ground sta-
tions within range of the OrbView-2 spacecraft transmitter.

e Merged LAC (MLAC) data contains all available SeaWiFS HRPT and LAC data for
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a given orbit. This is done by consolidating all SeaWiFS 1-km-resolution data which
have been collected by various HRPT stations, as well as the LAC data recorded
onboard the spacecraft into Level-1A files on a per orbit basis. For MLAC data, each
product contains the best available full-resolution data for a single orbit, without
duplication.

The second step in processing is to perform Level-2 scenes from the corresponding Level-
1A scenes using the same Multi-Sensor Level-1 to Level-2 (MSL12) code as used for
MODIS Level-2 processing.

Before computing Level-2 data, pixels are eliminated if they contain clouds, sun glint, or
other abnormalities. For pixels that pass these screens, an atmospheric correction is ap-
plied to subtract the atmospheric scattering components from the total radiance to obtain
the water-leaving radiances for bands 1-5.

Ancillary meteorological data and Ozone data are used for atmospheric correction in
Level 2 processing. Other Level-2 processing steps include data navigation, computa-
tional steps to derive the geophysical products, and tests for anomalous conditions in the
data.

2.2.3.2. SeaWiFsS flagging

The flagging for SeaWiFS data is essentially the same as for MODIS data. See Section
2222,

2.3. Radiometers

For in-situ data acquisition a set of RAMSES hyperspectral radiometers were used.

The RAMSES sensors were constructed for in-situ solar radiation measurement by TriOS
GmbH (Germany) and consist of a Monolithic Miniature-Spectrometer (MMS) from Carl
Zeiss AG (Germany).

The content of this chapter is based on the information from the manufacturers TriOS
GmbH? and Carl Zeiss AG!? about the products.

The principle MMS beam path is sketched in Figure 2.11. Light is detected by a bundle of
30 single optical fibres with a total diameter of 0.5 mm. The fibres are arranged in a linear
order on the entrance side of the spectrometer. The light is going through a holographic
grid and finally detected by a 256 channel photodiode.

The MMS and all required electronics like a low power microcontroller were combined
by TriOS GmbH. A command controller enables the user to set sensor configuration,
baud-rate, power management and more. The provided software MSDA_XE allows to

9
10

www.trios.de
www.zeiss.de
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o

Figure 2.11.: Principle of beam path of Monolithic Miniature-Spectrometers used in RAMSES
radiometers (Source: Carl Zeiss AG)

Figure 2.12.: RAMSES ACC-2 VIS radiometer (left side) and RAMSES ARC VIS radiometer (right
side)

set measurement details, define integration times and automate measurements.

Two types of RAMSES sensors were used within data production for this thesis: RAMSES
ARC VIS and RAMSES ACC-2 VIS (see Figure 2.12) measuring hyperspectral radiance
and irradiance, respectively.

Both, ARC VIS and ACC-2 VIS provide measurements in the visible spectrum. They
cover a wavelength range from 320 nm to 950 nm with a sampling every 3.3 nm. The
spectral accuracy is 0.3 nm and the spectral resolution following the Rayleigh criterion
is 10 nm. The Rayleigh criterion defines that two points are resolved if the distance of
both main maxima is not smaller than the distance from one maximum to the successive
minimum.

In both sensors there is an automatic dark current measurement: 20 - 30 of the 256 photo-
diodes that are darkend with a black sheet in front of them measure the dark current with
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each single measurement. In VIS sensors the infrared (IR) part of the spectrum (> 950 nm)
is used for black current measurements. 190 channels remain usable for sampling.

The accuracy is according to manufacturer’s data better than 6 % for the ARC VIS and
better than 6 - 10 % for the ACC-2 VIS sensor. It is dependent on the spectral range. The
integration time is definable by the user in a range from 4 ms tho 8 s and can be set auto-
matically in a range from 4 ms to 4 s.

The radiance measuring ARC VIS sensor has a FOV of 7°. A cosine collector is fixed in
front of the irradiance sensor ACC-2 VIS to collect the light.

Both sensors can be connected to the IPS104 interface, that can be linked to the com-
puter via USB or Serial Bus. MSDA_XE software automatically detects the IPS interface

and all connected sensors and permits user defined settings for sampling.

Table 2.4.: RAMSES ARC VIS and RAMSES ACC-2 VIS technical details

Specification RAMSES ARC VIS RAMSES ACC-2 VIS
optical
wavelength range*: 320 - 950 nm
detector type*: 256 channel silicon photodiode array
spectral sampling*: 3.3 nm/pixel
spectral accuracy: 0.3 nm
usable channels: 190
detection

field of view:

7° in air (can be optimized) -

collector type: - cosine response
accuracy (depending better than 6% better than 6-10%
on spectral range):

electrical

integration time:
telemetry data inter-
face:

4 ms - 8 s (user selectable or auto [4 ms - 4096 ms])
RS232 or Serial Bus

physical

size:

weight in air:

depth range:

operating temperature:

J4.7 cm x 29.7 cm 4.7 cm x 26 cm
1.0 kg (stainless steel / POM housing)
300 m
-10° C to +50° C

* specifications from Carl ZEISS AG

The sensors weigh approximately 1 kg, have a diameter of 4.7 cm and are 26 cm to 30 cm



2.3 RADIOMETERS 25

long. They are suitable for operations down to 300 m depth and to temperatures from
-10° C to +50° C. Table 2.4 resumes all details and technical specifications of both, RAM-
SES ARC VIS and RAMSES ACC-2 VIS.

All sensors are calibrated in the factory previous to delivery. The user is issued with cal-
ibration certificates and corresponding calibration file for each single sensor. MSDA_XE
is able to read in the calibration files for the used sensors and automatically save raw and
calibrated data files within the measurement.

The produced data files in .dat format are the basis for further analysis.






3. In-situ Data Acquisition

3.1. Measurement method

The in-situ data were collected with three hyperspectral RAMSES radiometers. The in-
struments are described in section 2.3.

In order to determine the water leaving remote sensing reflectance Rrs above the sea
surface as introduced in chapter 2, Equation 2.10, it is necessary to measure the down-
welling irradiance E,;, upwelling radiance L, and sky radiance L.

The experimental setup shown in Figure 3.1, comprises the irradiance sensor ACC-2 VIS
measuring E; vertical into the sky, and the two ARC-VIS radiance sensors in the same
azimuthal plane measuring L,, and L, in angles of § = 40° nadir and zenith, respectively.
The radiance sensors are ideally oriented in an azimuthal angle of 135° relative to the
sun.

Figure 3.1.: Instrument set-up of three RAMSES hyperspectral radiometers that measure
downwelling irradiance, E;, downwelling sky radiance, Ls and upwelling radiance, L,,.

27
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Sampling intervals are set to 10 s. All three variables E4, L, and L, are measured simul-
taneously. To ensure a constant azimuth angle of 135° relative to the sun the steel frame
is adjusted through a rotary joint.

Continuously during the cruise, the ships” sensors log the current position, weather con-
ditions, water conditions like salinity and temperature and information about the ships’
3-dimensional orientation (heading, pitch and roll). These data are used to control in-
situ data quality (for example: weather, pitch and roll) and to collocate in-situ data with
satellite data (by position). A detailed description is given in chapter 4.

3.2. Measurement sites

Measurements analyzed in this thesis were carried out during three ship cruises with the
German research vessel RV Polarstern.

Figure 3.2.: Map with measurement sites during different cruises: red squares for ANT 24-1,
green dots for ANT 24-4 and yellow triangles for ANT 25-1

The first cruise was ANT24-1 from Bremerhaven (Germany) to Cape Town (South Africa)
in November 2007. In April to May 2008 the second cruise went from Punta Arenas
(Chile) to Bremerhaven. The third cruise went from Bremerhaven to Cape Town in
November 2008. Details on the cruises are given in Table 3.1.
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Table 3.1.: Overview: Ship cruises

# Cruise Ship From To Start End
name

1 ANT24-1 Polarstern Bremerhaven CapeTown  2007/10/26 2007/11/26
2 ANT24-4 Polarstern Punta Arenas Bremerhaven 2008/04/18 2008/05/20
3 ANT25-1 Polarstern Bremerhaven CapeTown  2008/11/03 2008/12/03

After installing the instruments on board, measurements usually started a few days after
departure. The locations of measurement are plotted in Figure 3.2.

3.3. Measurement quality control

To minimize impacts from ship’s shadow and reflection, the sensors were mounted in a
steel frame as close to the bow of the ship as possible. The adjustment of the sensors in
the steel frame is shown in Figure 3.3. It is not possible to install the instruments directly
at the bow of RV Polarstern, so that measurements were taken from the side of the ship.
Figure 3.4 shows the position of the sensors on RV Polarstern. The instruments” height

Figure 3.3.: Steel frame with two RAMSES ARC VIS radiometers mounted on RV Polarstern

above the water surface should ideally be small but due to techniqual limitations mea-
surements were carried out at heights of approximately 15 m above sea level.

To prevent the interference of whitecaps, measurements were accomplished while the
ship was stationary. This was done only for the two last cruises. During the first cruise,
measurements were taken while ship was in motion with velocities of around 10 knots.
Additionally, the limiting maximal wind speed was set to 10 m/s to minimize effects due
to roughness of the ocean’s surface.
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Figure 3.4.: Sensor position on RV Polarstern (marked with red circle)

Sampling usually was done around noon to ensure comparability with satellite data, as
the equator crossing time is around noon for all three satellite sensors.

One of the basic quality requirements for in-situ data acquisition is a nearly clear sky. As
samples drastically decrease in number with this requirement strictly applied, the de-
mand was loosened to “no heavy clouds”. To increase data quality, the sky requirement
can be raised again in data processing.

The experimental quality requirements for in-situ data sampling summarized:
e mount sensors close to the bow
e minimize height above surface if possible (here: approximately 15 m)
e no heavy clouds
¢ sampling around noon
e windspeed <10 m/s to avoid rough sea

e ship stationary to avoid whitecaps (not valid to the measurements from first cruise
ANT 24-1!)

Some additionally quality test were performed during data processing as described in
the following chapter.



4. Analysis

Data analysis can be divided in three sections: Initially, in the course of data processing, a
quality control has to be done with both, in-situ and satellite data. In a second step collo-
cations are determined between in-situ and remotely sensed data. Finally the validation
itself is accomplished and interpreted with the help of statistical indicators.

4.1. Data processing

This section describes the process that is applied to both, in-situ and satellite data. An
initial quality control is applied to the in-situ data after measurements have been accom-
plished and the provided Level-2 satellite data.

Subsequently the remote sensing reflectance is computated.

4.1.1. In-situ data quality control

The quality requirements for data sampling are described in detail in chapter 3.

Quality tests are obtained from Wernand (2002): To ensure a minimum amount of incom-
mW

m2 nm

ing solar light F/;, measurements with a value smaller than 20
A = 480 nm are neglected.

at a wavelength of

e By the band ratio of E4(A = 470 nm) and E4(A = 680 nm) the shape of the incoming
solar radiation is checked. Usually,

Eq(A =470 nm)

1
Eq(\ =680 nm) ”

for normal daylight spectra.

e The precipitation test:
Ei(A =940 nm)

0.2
Ey(A =370 nm) <

was applied in the early stages of data analysis. But, as it flagged all data sets even if
they were sampled under ideal sunny clear sky conditions, this test was not applied
to the data of this thesis. Reasons for the precipitation test to fail at the in-situ data
within this study may be due to the developed tests in Wernand (2002) were taken
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at the coast near Den Helder (Netherlands) and verified with ship cruises across the
North Sea. Optical conditions are certainly different for open ocean waters (com-
pare chapter 2) and may lead to a failure of this test applied to data collected across
the Atlantic Ocean.

e From the ship’s position data and the particular date of measurement, solar eleva-
tion is calculated for each single measurement to exclude data with a solar zenith
angle smaller than 6°.

e The ships’ pitch and roll must be less than 5° at the point of measurement to reduce
the variability of the viewing angles.

e Data sets passing all of the above described tests are used for further analysis.

o After the water leaving remote sensing reflectance p,, is calculated for each set of
in-situ data (described in section 4.1.3), that passed the previous tests, the down-
welling irradiance FEy is checked for variations to make sure no small clouds con-
taminate the sample. This is realized by discarding all E; measurements that differ
for more than 10 % from the successive or the previous measurement. The resulting
batches of fairly “constant” F; are saved and averaged. Through a temporal align-
ment the corresponding p,, batches are saved as well and can be used to validate
the satellite remote sensing data (see section 4.2).

e Before the validation process is started all in-situ Rrgs are checked manually for
obviously wrong measurements, for example negative Rrg. Reasons for such mea-
surements can be that L,, measurements are affected by whitecaps, waves or direct
reflections into the sensor due to ships movement.

4.1.2. Satellite data quality control

Satellite data quality is mainly checked by flagging mechanisms. These are developed
and applied to the lower level satellite data by ESA and NASA. Therefore, the used
Level-2 data are already flagged. Detailed flagging procedure information is given in
section 2.2.

Downloaded satellite Level-2 data are initially reduced to the relevant areas by searching
for collocations with in-situ data as described later.

The flags considered and annotated with the respective exported ROI are summarized
with their descriptions in Table 4.1.
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Table 4.1.: Flags of satellite data considered in this study and their description

MODIS / SeaWiFS MERIS
flag meaning flag meaning
CLDICE Cloud and / or ice CLOUD Cloud product avail-
able
HIGLINT Severe sun glint high_glint High  (uncorrected)
glint

NEGLW Negative water-leaving
radiance in any band
LOWLW Low water-leaving ra-
diance at 555 nm
MODGLINT Moderate sun glint medium_glint corrected for glint
ped_1_13 uncertain normalized
surface reflectance

As described in section 2.2 MODIS and SeaWiFS CLDICE flag causes the respective pix-
els’ reflectance to be set to zero. These zeros have to be eliminated before averaging over
all exported pixel data.

After preris) Pmodis and pseawifs are extracted for each collocation, the results are divided
into different categories depending on their ROIs’ contamination with flags. The different
classifications are given in Table 4.2 with their respective description.

The categories clouds and mixed are divided into subcategories due to their percentage of
pixel contamination. Classification mixed is applied to all collocation pixels that are not
dominated by one single flag but several. Another section is glint, divided into a high and
a moderate or medium mod part. The categories pcd_1_13 and neg/low L, are special
for MERIS and for MODIS and SeaWiFS collocations, respectively. The last category is
defined as no_flags where no flags at all are set within the ROL.

A kind of superordinate classification is defined for collocations that did not belong to
the “bad” classifications “clouds_high”, “clouds_med” and “clouds_low”, “glint_high”,
“pcd_1_13", “neg or low L,,” and “mixed_high”. The collocations in this “no bad” classi-
fication containing all collocations from the classifications “no flags”, “med glint”, “low
mixed” and “med mixed”.

Statistical interpretations are applied following these classifications. Details are given in
section 4.3.

4.1.3. Water leaving remote sensing reflectance p,, calculation and further
processing

The next step in analysis is calculation of in-situ remote sensing reflectance from the mea-
sured quantities £;, L,, and L,. Using equations 2.10 and 2.11 the water leaving remote
sensing reflectance is computed with:
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Table 4.2.: Classification of collocations according to their ROIs’ contamination with flags

Classification

meaning

clouds_high
clouds_med

> 66 % of RIOs’ pixel with CLOUD or CLDICE flag
33 % - 66 % of RIOs’ pixel with CLOUD or CLDICE flag

clouds_low < 33 % of RIOs’ pixel with CLOUD or CLDICE flag
glint_high HIGLINT or high_glint flags dominate ROIs’ flagging
glint_mod MODGLINT or medium_glint flags dominate ROIs’ flagging
pcd_1_13 pcd_1_13 flag dominates ROIs’ flagging

neg/low L, NEGLW or LOWLW flag dominates ROIs’ flagging
mixed_high no single flag dominating but > 66 % of ROIs’ pixel contami-

nated with any flag
no single flag dominating but 33 % - 66 % of ROIs’ pixel con-
taminated with any flag

mixed_med

mixed_low no single flag dominating but < 33 % of ROIs” pixel contami-

nated with any flag

no_flags none of the ROIs’ pixels are flagged

Ly, — Pas L
Eq

To be consistent with the MERIS definition of the reflectance product Rprgs is further mul-

tiplied by 7:

Rps = (4.1)

pw =T Rps (4.2)

All input variables Ey, L, and L, that are measured in approximatly 3.3 nm intervals are
interpolated to 1 nm intervals and p,s is computed for every single wavelength in the
range of 350 nm to 950 nm.

The Fresnel reflection coefficient p,s is determined using an algorithm developed by
Roland Doerffer (see Doerffer (2008)). The algorithm calculates the Fresnel reflection co-
efficient, p,s, as a function of wavelength, actual salinity and water temperature that are
recorded by the ships” sensors. Further the effect on specular reflectance is considered
in the algorithm and the effect of wind is considered by adding two summands to the
algorithm calculated pqs(algorithm) (see Park et al. (2006)):

Pas = pas(algorithm) + 0.00039 - w + 0.000034 - w? (4.3)

with the wind velocity w in 7.
The pqs is calculated for a wavelength range from 350 nm to 950 nm in 2.5 nm intervals.
To be consistent with the in-situ water leaving remote sensing reflectance p,, the Fresnel
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reflectance is interpolated to 1 nm intervals.

For each batch of “constant” E; (see section 4.1.2) p,, was averaged. This was done for all
batches and all collocations.

4.2. Validation process

First part of the validation is to determine the respective match-up data. Satellite data
where considered within a time margin of one day previous to one day after the in-situ
data sampling time and within a location of 3 x 3 pixels around the pixel in which the
in-situ measurement was taken.

In case of the first cruise where in-situ data were obtained during the ship was in motion,
the average latitude and longitude were determined through a temporal alignment with
the position data provided by the ship. This average position for the in-situ was the basis
for the determination of the relevant satellite image pixels. Thresholds were calculated
for all satellite instruments to define a local area in the satellite image around the in-situ
position that are of the same dimension as the 3 x 3 pixels extraction done for the other
cruises.

The MERIS water leaving remote sensing reflectance p,,,is is extracted from the product.
For MODIS and SeaWiFS the provided water leaving radiance product is transformed
INtO Ppodis aNd Pseqwifs, Tespectively, using equations 2.11, 2.10 and 4.2, to allow a homo-
geneous validation process.

Additionally the chl-a Level-2 products from all three satellite instruments are validated
with in-situ chl-a measurements obtained from water samples taken during the cruises.
The in-situ chl-a data were provided with High Performance Liquid Chromatography
(HPLC) by Bettina Schmitt and Erika Allhusen (PHYTOOPTICS).

As the chl-a concentration retrieval is based on algorithms using a reflectance ratio (see
chapter 2) the validation is done for the ratios as well. The wavelength \; = 443 nm (for
SeaWiFS, MODIS and in-situ) \y = 442.5 nm (for MERIS) and A\ = 560 nm (for MERIS),
A2 = 551 nm (for MODIS) \s = 555 nm (for SeaWiFS and in-situ) are chosen.

The used satellite bands and wavelengths are summarized in Table 4.3. For each sensor
the respective in-situ wavelength range was considered within validation.

Table 4.3.: Validated wavelength bands for MERIS, MODIS and SeaWiFS

approximated center wavelength of band in nm

MERIS:  412.5 442.5 490 510 560 620 665 680 708 753 778 864 885
MODIS: 4125 443 488 531 551 667
SeaWiFS: 412 443 490 510 555 670
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Validation is established for each collocation and each batch. Conclusive plots and scat-
terplots are produced and necessary statistical parameters are calculated as described in
section 4.3.

4.3. Statistical interpretation and valuation process

The validated data are plotted in comparison to the in-situ data for each batch of each
collocation. Additionally scatterplots are created for every batch of every collocation.
A linear regression is applied to the validating data in the scatterplots with MATLAB
command “polyfit” that does a linear fit to the in-situ and the remotely sensed data and
produces slope m and intercept n. The correlation coefficient r? is calculated by MATLAB
command “corrcoeff” and given in every plot. The parameters are given in the title of the
respective plot and scatterplot.

Statistical interpretation is done with the flags-categorized results (see section 4.1.2).

4.4. Uncertainties

The assumed uncertainties for derived in-situ reflectances for p,, following Antoine et al.
(2008) are around Ap,, = 6% .

As the height of the radiometers above the water is quite large and the wind is only taken
into account as a quadratic function through pgs, the uncertainty might be larger than 6%.
Uncertainties from unstable viewing angles due to ship movements and waves can be
neglected since the ships’ pitch and roll data are checked during analysis.

The temporal distance of & one day from the in-situ measurement point of time to satel-
lite data time is large and may result in differences in the comparisons to satellite data.
Nevertheless, it is a reasonable interval on the evidence of open ocean waters.

The differences between the temporally short and spatially large satellite measurements
and the temporally long and spatially small in-situ remote sensing reflectance measure-
ments are estimated to compensate each other because in either case a large number
of different conditions (waves, local windspeed,...) are measured and averaged. As the
samples for in-situ chl-a determination were taken during very short temporal intervals,
the discrepancy between in-situ chl-a and satellite measurements may be larger than the
discrepancy between in-situ remote sensing reflectance and satellite measurements.



5. Results and Discussion

The validation of collocated satellite remote sensing reflectance with in-situ data will be
described in detail for the different classifications. As a second part of the analysis the
satellite chl-a products and the underlying band ratios will be validated with the cor-
responding RAMSES remote sensing reflectance ratios and in-situ measured chl-a con-
centrations. All results will be interpreted and discussed in the last section of this chapter.

5.1. Results

5.1.1. Validation of collocated satellite water leaving remote sensing
reflectance with in-situ data

Comparisons between satellite water leaving remote sensing reflectance py,eris, Pmodis
and pscqwifs and in-situ p,, were accomplished for every batch of constant F; and every
collocation for all three satellite instruments. Additionally, scatterplots where produced
for every batch and every collocation to quantify the agreements. As not all figures can
be given here, only a few examples are depicted.

Two comparisons for not flagged collocations are shown in Figures 5.1 and 5.3. The re-
mote sensing reflectance is proportional to the inverse wavelength so that the high re-
flectances correspond to low wavelengths in the plots. The corresponding scatterplots
shown in Figures 5.2 and 5.4 show the respective linear regression and the correlation
coefficient.

MERIS shows a good agreement in the first example with a correlation coefficient of
r? = 0.99. Other batches of this collocation show similar results.

Although the conditions are the same as in the previous example (no flags), MODIS mea-
surements do not agree as well with the in-situ measurements (Figures 5.3 and 5.4). There
are large discrepancies between remotly sensed data and in-situ data in the lower wave-
length bands, especially in the first wavelength band at 412 nm. This variability was
found for all three satellite instruments, with highest differences for MODIS and SeaW-
iFS data.

In terms of a better overview it is not reasonable to show and discuss the Scatterplots
Psatellite VETSUS in-situ p,, for every batch of constant E; or for every day. Therefore, the
results are presented for the single classifications (see Section 4.1.2).
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Figure 5.1.: Remote sensing reflectance of collocated measurements of MERIS, p.,eris, and in-situ,
pw, for the 4th of November 2007
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Figure 5.2.: Comparison of reflectance of collocated measurements of MERIS, peris, and in-situ,
pw, for the 4th of November 2007. The dashed black line is the angular bisector (1:1-line).

5.1.1.1. Superclassifications “all data”, “all without cloud flagged data” and “no
bad” data

The scatterplots in Figures 5.5, 5.6 and 5.7 show comparisons of remote sensing re-
flectance p of all three satellite instruments (SeaWiFS blue, MODIS red and MERIS green)
for all wavelength bands to collocated in-situ p,, measurements for all data (Figure 5.5),
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Figure 5.3.: Remote sensing reflectance of collocated measurements of MODIS, py,4is, and
in-situ, p,,, for the 3rd of May 2008
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Figure 5.4.: Comparison of reflectance of collocated measurements of MODIS, p,o4is, and in-situ,
pw, for the 3rd of May 2008. The dashed black line is the angular bisector (1:1-line).

all data but cloud flagged (Figure 5.6) and “no bad” data (Figure 5.7) as defined before.
The variable “N” in the Figure headlines denote the amount of analyzed batches from all

collocations.
The collocations in the superordinate “no bad” classification are listed in Table A.2,
whereas Table 5.1 gives the different numbers of collocations for the different classifi-

cations in the “no bad” class.
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Only a few collocations for each satellite instrument contribute to the “no bad” class.
SeaWiFS has only three collocations in this category and none of them are not flagged.
MERIS contributes with slightly more collocations and MODIS shows the largest number
of collocations in the “no bad” classification with 15 all together.

As it will be discussed in Section 5.1.1.3 Figure 5.5 for all data illustrates the large dis-

Table 5.1.: List of contributed flagged collocations to the “no bad” classification containing only

7

“no flags”, “medium glint”, “low mixed” and “medium mixed” classified collocations

Number of collocations

Classification SeaWiFS MODIS MERIS
medium glint 2 4 2
medium mixed 1 4 3
low mixed - 1 -
not flagged - 6 4

Scatterplot, all data for all wavelengths
SeaWiFS (blue): y= 1.9766*x (+)0.001524, r?=0.85085, N=201
MODIS(red): y= 1.9071*x (+)-0.0021272, r?=0.87891, N=232
MERIS(green): y= 2.1763*x (+)0.13541, r?=0.077437, N=457
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Figure 5.5.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS for
all data and all wavelength bands to collocated in-situ remote sensing reflectance measurements,
pw- The dashed black line is the angular bisector (1:1-line).

agreements of MERIS data and slightly better agreements of MODIS and SeaWiFS data
with RAMSES in-situ measurements. This is due to the fact that the Level-2 algorithms of
MODIS and SeaWiFS clear all reflectance measurements of a pixel if it is “cloud”-flagged.
That effect is visible in Figure 5.6 where all data except cloud classified are plotted. The
correlation coefficient for the MERIS measurements is much higher than in the previous
plot, although the agreement of all satellite data with the RAMSES data is still poor.

The best correlation to in-situ data can be seen for SeaWIFS, when each wavelength is an-
alyzed separately for all but cloud flagged data (see Figure A.2). MODIS low wavelengths
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Scatterplot, all data without cloud flagged for all wavelengths
SeaWiFs$S (blue): y= 2.0117*x (+)0.00072045, r?=0.90352, N=44
MODIS(red): y= 2.1126*x (+)-0.0047908, r?=0.85961, N=65
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Figure 5.6.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS for
all - except cloud flagged - data and all wavelength bands to collocated in-situ remote sensing
reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).

Scatterplot, no bad data for all wavelengths
SeaWiFS (blue): y= 1.6132*x (+)-0.00047035, r’=0.98429, N=6
MODIS(red): y= 1.8807*x (+)-0.0022564, r?=0.92009, N=86
MERIS(green): y= 0.89843*x (+)0.001623, r?=0.81921, N=70
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Figure 5.7.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS for
“not bad”-flagged data as defined in Table A.2 and all wavelength bands to collocated in-situ
remote sensing reflectance measurements, p,,. The dashed black line is the angular bisector
(1:1-line).

indicate poorer agreements to in-situ data than the higher bands. The large disagreements
between in-situ and MERIS measurements could be seen in every wavelength band.
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Scatterplot, no bad data for 412nm, 413nm, 412nm, respectively Scatterplot, no bad data for 443nm, 443nm, 443nm, respectively
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MODIS (red): y= 1.6291%x (+)0.0023643, r>=0.85633, N=86
MERIS(green): y= 0.38706*x (+)0.01141, 1°=0.29874, N=70

MODIS(red): y= 2.8759*x (+)-0.022419, ’=0.91061, N=86

MERIS(green): y= 0.39243* (+)0.014467, 1°=0.2888, N=70
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Scatterplot, no bad data for 490nm, 488nm, 490nm, respectively Scatterplot, no bad data for 510nm, 531nm, 510nm, respectively
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Scatterplot, no bad data for 555nm, 551nm, 560nm, respectively
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Figure 5.8.: Comparisons of reflectance p of satellite instruments MERIS and MODIS for “not
bad”-flagged data as defined in Table A.2 to collocated in-situ remote sensing reflectance
measurements, p,,, for different wavelength bands. The dashed black line is the angular bisector

(1:1-line).

Neglecting all “bad” flagged collocations as described above and summarized in Table
A.2 and 5.1 leads to Figure 5.7. The regression lines shows better values and correlation
coefficients are increased to satisfying values, particularly for MERIS.

The wavelength separated plotting of “not bad” flagged data shown in Figure 5.8 and
the summarized statistical values in Table 5.2 indicate a bad correlation for SeaWiFS mea-
surements. Since the number of collocated SeaWiFS measurements is small (Nequifs = 3)
and the values are very close together the regression line for each single wavelength plot
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Table 5.2.: Resulting statistical values slope m, intercept n and correlation coefficient r* from the
comparison of “no bad” satellite data with in-situ reflectance for the wavelength bands

SeaWiFS MODIS MERIS
wavelengthbandinnm  m n r? m n r? m n r?
412 / 412.5 -1.02 0.07 -0.72 2.87 -0.02 091 0.39 0.01 0.28
4425 / 443 -1.49 0.07 -0.45 1.62 <0.01 0.85 0.38 0.01 0.29
488 / 490 -1.94 0.05 -0.45 0.94 0.01 0.75 0.48 <0.01 0.38
510 / 531 -1.16 0.02 -0.37 0.86 <0.01 0.79 0.58 <0.01 0.39
551 / 555 / 560 -0.6 0.01 -0.23 0.88 <0.01 0.77 0.62 <0.01 031

is not significant. All SeaWiFS values lie within the range of MERIS and MODIS values.
The comparisons to the later two show fairly good regression lines. MODIS higher wave-
length bands reveal better agreements than lower bands for in-situ measurements. The
same holds for MERIS although its accordance with in-situ measurements is poorer than
MODIS'.

5.1.1.2. Not flagged

The classification “not flagged” gives the best results for validation between satellite data
and the in-situ measured reflectance, as the satellite data are not contaminated by any
significant flag. Unfortunately, no SeaWiFS collocations are available for this category.
MERIS and MODIS contribute four and six collocations, respectively with 20 batches and
31 batches, respectively. Figure 5.9 shows a good correlation of MERIS data with in-situ
data for all wavelength bands pooled together (correlation coefficient r* = 0.92 and slope
m = 0.95).

MODIS (red) provides an even better correlation (r? = 0.95) but its values are generally
larger than the in-situ values (m = 1.56).

In Figure 5.10 the same data has been divided into the different wavelength bands.
MODIS remote sensing reflectance mostly shows a positive intercept and always a posi-
tive slope of the regression line. Most of the values are too high regarding the correspond-
ing in-situ p,,. The best match is obtained at 531 nm, 412 nm again shows the poorest
agreement.

MERIS, on the other hand, generally shows regression lines with a slope smaller than
one. At all wavelength bands MERIS data show better results than MODIS data as the
regression line for all single wavelength band traverses the 1:1-line near the centroid of
the data points.

For the MERIS-in-situ comparison, the larger the wavelength, the worse the slope of the
regression line and the correlation coefficient become. The best result is obtained for the
443 nm wavelength band.
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Scatterplot, not flagged for all wavelengths
MODIS(red): y= 1.5623*x (+)-0.00069849, r?=0.94579, N=31

MERIS(green): y= 0.95259% (+)0.0024126, 1°=0.92105, N=20
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Figure 5.9.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS for
“not flagged” classification and all wavelength bands to collocated in-situ remote sensing
reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).

5.1.1.3. Cloud flagged

Classification of cloud flagged data is divided in high, medium (med) and low cloud
flagged collocations (see Chapter 4).

MERIS “high cloud” classified remote sensing reflectances shows no correlation at all
with the in-situ measurements, while MODIS and SeaWiFS data correlate better (Figure
5.11). SeaWiFS and MODIS flagging algorithm sets all cloud flagged pixels to zero. These
pixel are deleted in the analysis process and as a result the not-cloud-flagged pixels of the
collocation are considered in the validation process. MERIS however, keeps the values of
the cloud flagged pixels, but due to high reflection from clouds into the satellite sensor
these measurements are useless for information about water leaving reflectance or water
constituents.

Figure 5.12 shows the comparison of MODIS and SeaWiFS to in-situ data in a different
scale. MODIS and SeaWiFS reflectances are twice as high as the collocated in-situ data.
The regression lines have slopes of m = 2.45 and m = 1.82 for SeaWiFS and MODIS,
respectively. This might be due to the vicinity of cloud flagged pixels. Although all cloud
flagged pixels are neglected for both satellite instruments during the Level-2 algorithm,
the remaining pixels can be contaminated by possible cloud shadows. Furthermore, other
flags can occur on the remaining pixels as well.

Similar results for all wavelengths were found for moderate and low cloud flagged data
due to the same reasons (see Figures 5.13 and 5.14 or Figure A.5). The effect is slightly
smaller as there are less cloud flagged pixels in the ROI for MODIS and SeaWiFS than in
the “high cloud” flagged category. MERIS medium cloud flagged regression line shows a
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Scatterplot, not flagged for 412nm, respectively 413nm Scatterplot, not flagged for 443nm, respectively 443nm
MODIS(red): y= 2.7916% (+)-0.027004, r*=0.88511, N=31 MODIS(red): y= 1.3563% (+)0.0047456, °=0.79528, N=31
MERIS(green): y= 0.61458" (+)0.010879, *=0.87597, N=20 MERIS(green): y= 0.54732"x (+)0.009358, ’=0.83337, N=20
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Scatterplot, not flagged for 490nm, respectively 488nm Scatterplot, not flagged for 510nm, respectively 531nm
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Figure 5.10.: Comparisons of reflectance p of satellite instruments MERIS and MODIS for “not
flagged” classification to collocated in-situ remote sensing reflectance measurements, p,, for
different wavelenght bands. The dashed black line is the angular bisector (1:1-line).

large intercept and the correlation coefficient is small. Unfortunately, there are no MERIS

low clouds flagged data.

5.1.1.4. Glint flagged

High glint flagged collocations are available for MERIS and MODIS only (see Figure
5.15). MODIS has only one collocation (with five batches of constant E,;) flagged with
high glint. The satellite data are generally two to three times higher than the in-situ data.
MERIS often shows negative py,eris for large wavelengths, but a better match with the
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Scatterplot, high cloud flagged for all wavelengths
SeaWiFS (blue): y= 2.4516*x (+)0.0014393, r°=0.86096, N=19
MODIS(red): y= 1.8233*x (+)6.4168e-005, r?=0.86137, N=92
MERIS(green): y= -3.6785"x (+)0.61937, r?=-0.16447, N=95
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Figure 5.11.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “high cloud” classification and all wavelength bands to collocated in-situ remote sensing
reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).

Scatterplot, high cloud flagged for all wavelengths
SeaWiFS (blue): y= 2.4516*x (+)0.0014393, r?=0.86096, N=19
MODIS(red): y= 1.8233*x (+)6.4168e-005, ’=0.86137, N=92
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Figure 5.12.: Same Figure as 5.11 but with a different scale for the y-axis and data of the
MERIS-in-situ comparison are excluded.

in-situ reflectance for smaller wavelengths (see Figure A.9 in Appendix). Nevertheless,
the 412 nm band shows poor agreements. Overall there is a weak correlation (linear re-
gression: y = 1.45z + 0.01) but with many outliers.
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Scatterplot, medium cloud flagged for all wavelengths
SeaWiFS (blue): y= 2.2469*x (+)0.001089, 1°=0.89385, N=56
MODIS(red): y= 1.927*x (+)0.00013679, r?=0.95735, N=28

MERIS(green): y= 1.7819% (+)0.39464, r*=0.19524, N=28
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Figure 5.13.: Comparison of reflectance p of satellite instruments MODIS and SeaWiFS for
“medium cloud” classification and all wavelength bands to collocated in-situ remote sensing
reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).

Scatterplot, low cloud flagged for all wavelengths
SeaWiF$S (blue): y= 1.7544*x (+)0.0017075, r’=0.82318, N=81

MODIS (red): y= 1.8452*x (+)-0.0048216, 1°=0.93042, N=16
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Figure 5.14.: Comparison of reflectance p of satellite instruments MODIS and SeaWiFS for “low
cloud” classification and all wavelength bands to collocated in-situ remote sensing reflectance
measurements, p,,. The dashed black line is the angular bisector (1:1-line).

Moderate or medium glint flagged satellite data are available for all three sensors (see
Figure 5.16). All MERIS Level-2 products are corrected for medium or moderate glint.
Thus, the conformity with the in-situ data is a sign for the quality of the medium glint
correction procedure. MERIS shows an overall good agreement (r? = 0.78 and m = 1.11).
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Scatterplot, high glint flagged for all wavelengths
MODIS(red): y= 2.4392*x (+)-0.0025095, r?=0.94096, N=5

MERIS(green): y= 1.4529*x (+)-0.0062922, r’=0.79962, N=54
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Figure 5.15.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “high glint” classification and all wavelength bands to collocated in-situ remote sensing
reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).

Scatterplot, medium glint flagged for all wavelengths
SeaWiFsS (blue): y= 1.7931*x (+)-0.0030179, r’=0.98269, N=4
MODIS(red): y= 1.704*x (+)1.5819e-005, 1°=0.86524, N=30

MERIS(green): y= 1.1099% (+)0.00035497, 1°=0.78422, N=26
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Figure 5.16.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “medium glint” classification and all wavelength bands to collocated in-situ remote sensing
reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).

There are one or two collocations that do not fit the others and are the cause of the low
correlation coefficient.

MODIS has higher values than the in-situ measurements m = 1.70 but a better correla-
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tion coefficient (r? = 0.87) than MERIS. These results confirm that MODIS - in contrast to
MERIS - applied no correction for moderate or medium glint.

There are only a few in-situ-SeaWiFS collocations (N = 4) and the results are comparable
to MODIS data.

5.1.1.5. Low or negative L, and pcd_1_13 flagged

Comparisons of in-situ data with satellite data with dominating low or negative water
leaving radiance L,, and MERIS “pcd_1_13" flagged satellite pixels are shown in Figures
5.17 and 5.18, respectively.

The classification “low or negative L,,” contains collocations for MODIS only. Statistics

Scatterplot, low or negative Lw flagged for all wavelengths
MODIS(red): y= -2.8213*x (+)0.0011416, r’=-0.86764, N=5
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Figure 5.17.: Comparison of reflectance p of satellite instrument MODIS (no data for MERIS and
SeaWiFS) for “low or negative L., ” classification and all wavelength bands to collocated in-situ
remote sensing reflectance measurements, p,,

show that such flagged data are not useful in terms of validation and to not reveal suit-
able information on ocean color.

Comparisons of MERIS pcd_1_13 flagged satellite data with in-situ data show a poor
correlation (r? = 0.33). As the flag pcd_1_13 indicates, many data points are negative
but due to some extremely high reflectances in all wavelength bands (see Figure A.12 in
appendix) the regression line shows seemingly good results. Nevertheless, the pcd_1_13
classified collocations do not agree well with the in-situ measurements and should be
excluded from further usage.
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Scatterplot, pcd flagged for all wavelengths
MERIS(green): y= 1.209*x (+)0.00139886, r’=0.32528, N=144
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Figure 5.18.: Comparison of reflectance p of satellite instrument MERIS (no data for MODIS and
SeaWiFS) for "pcd_1_13" classification and all wavelength bands to collocated in-situ remote
sensing reflectance measurements, p.,

5.1.1.6. Mixed flagged

In all three levels of mixed flagged collocations, except the medium mixed flagged col-
locations from MERIS, the satellite data are much higher than the corresponding in-situ
measurements (Figures A.13, A.14 and A.16 in Appendix).

The amount of collocations for SeaWiFS in medium mixed classification is only
Nseawifrs = 3 (Figure A.15 in Appendix), therefore the significance of the results is small.
MERIS medium mixed flagged collocations tend to give too small values. This might be
due to a large number of pcd_1_13 flagged pixels in the medium mixed classification.
MODIS shows, as expected, too high intensities in remote sensing reflectance for both,
medium and low mixed classification.

5.1.2. Validation of band ratios used for chl-a retrieval and chl-a products
with in-situ measurements

The results of two different analyses are shown in this section. The first is the valida-
tion of the satellites” wavelength band ratios used in the Level-2 chl-a algorithms with
the corresponding RAMSES ratios. Furthermore, the chl-a products for all three satellite
instruments are compared to in-situ chl-a measurements. Both evaluations are accom-
plished for all available and “no bad” data. Table 5.3 summarizes all chl-a in-situ data
available for comparisons to satellite data.
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Table 5.3.: List of available data (x) for chl-a product and band ratio validation for all data and
“no bad” data

all data “no bad” data

in-situ SeaWiFS MODIS MERIS RAMSES in-situ SeaWiFS MODIS MERIS RAMSES

chl-a chl-a
01/11/07 X X X X X X X
02/11/07 X X X X X X X X
04/11/07 X X X X X X X X
05/11/07 X X X X X X X X
07/11/07 X X X X X X X X
08/11/07 X X X X X X X
09/11/07 X X X X X X X X
10/11/07 X X X X X X X X
12/11/07 X X X X X X X X
13/11/07 X X X X X X X
15/11/07 X X X X X X
16/11/07 X X X X X
18/11/07 X X X X X X X X
19/11/07 X X X X X X X
20/11/07 X X X X X
22/11/07 X X X X X X
01/05/08 X X X X X X X X X
02/05/08 X X X X X X
03/05/08 X X X X X X X
09/05/08 X X X X X X X X
10/05/08 X X X X X X X X X
11/05/08 X X X X X X X
13/05/08 X X X X X X X
15/05/08 X X X X X X X X
05/11/08 X X X X X X X X
08/11/08 X X X X X X X X
09/11/08 X X X X X X X X
10/11/08 X X X X X X X X
11/11/08 X X X X
12/11/08 X X X X
13/11/08 X X X X X X
14/11/08 X X X X X X
15/11/08 X X X
16/11/08 X X X X X X X X
17/11/08 X
18/11/08 X
19/11/08 X X X X X X X X
20/11/08 X X X X
22/11/08 X X X
23/11/08 X X X
24/11/08 X X X
25/11/08 X X X
26/11/08 X X X X X
27/11/08 X X X X X X X X
28/11/08 X X X X X
29/11/08 X X X X

5.1.2.1. Band ratio validation

Figure 5.19 shows MERIS, MODIS and SeaWiFS water leaving remote sensing chl-a re-
flectance ratios plotted against the particular in-situ measured water leaving remote sens-
ing reflectance ratio. The MERIS ratio preris(443 nm)/pmeris(560 nm) has a poor corre-
lation coefficient (r?> = 0.26) and a regression line with n = 0.38 and m = 0.61, whereas
MODIS shows a sufficient agreement with the RAMSES ratio and a better correlation co-
efficient (r? = 0.93 and m = 1.37). The best match to in-situ reflectance ratios is realized
with SeaWiFS. The regression line shows a slope of m = 0.89 although the correlation
coefficient is slightly small (r? = 0.64).

Considering the “not bad”-flagged satellite data only, the results are shown in Figure
5.20. Unfortunately, there are only two collocations with SeaWiFS measurements, which
procreated statistical analysis. Considering the data points only, they do not differ much
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Ratio comparison
SeaWiFS (blue): y= 0.88546 x + 0.5981, r2=0.64009, N=15
MODIS (red): y= 1.3725 x + -0.90546, r2=0.92708, N=12
MERIS (green): y= 0.61475 x + 0.38182, °=0.26309, N=28
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Figure 5.19.: Comparison of collocated satellite reflectance ratio used in the satellite chl-a
algorithms with in-situ reflectance ratio of wavelength bands used in case-1 algorithms of the
respective satellite instrument. The black line is the angular bisector (1:1-line).

Ratio comparison for "not bad"-flagged data
SeaWiFS (blue): no regression line, N=2

MODIS (red): y= 1.3864 x +-0.81844, r?=0.9387, N=11

MERIS (green): y= 0.72147 x + 0.84961, °=0.86294, N=6
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Figure 5.20.: Comparison of collocated satellite reflectance ratio used in the satellite chl-a
algorithms of “not bad” flagged data with in-situ reflectance ratio of wavelength bands used in
case-1 algorithms of the respective satellite instrument. The black line is the angular bisector
(1:1-line).

from the other satellites” values.
Both, MERIS and MODIS show fairly sufficient agreements with the RAMSES ratio
(r? = 0.86 and m = 0.72, r* = 0.94 and m = 1.39, respectively). MERIS and MODIS re-
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gression lines are comparable concerning the variation from the ideal case (m = 1,n = 0);
MERIS ratio tended to be smaller whereas MODIS ratio was generally larger than the cor-
responding RAMSES in-situ ratio.

Although the results are fairly satisfactory, one has to keep in mind that the amount of
data points N is not large for all three satellites. Further data collection and analysis are
necessary to improve the significance of these results.

5.1.2.2. Level-2 product chl-a validation

Figure 5.21 shows the comparison of the satellites” Level-2 product chl-a with the in-situ

measured chl-a concentrations.
As in the ratio comparison before, the poorest results are produced by MERIS. In this

L2-product chl-a to in-sifu Chla comparison
SeaWiF S (blue): y= 0.81895 x + 0.062667, r2=0.89921, N=8
MODIS (red): y=1.4072 x + -0.013835, r2=0.95914, N=6
MERIS (green): y=-4.8042 x + 1.9145, r?=-0.19003, N=10
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L2 Chla SeaWiFS in mg/m3 (blue)
L2 Chla Modis in mg/m3 (red)
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Figure 5.21.: Comparison of level-2 chl-a products with in-situ measured chl-a concentrations.
Note the non-linear y-axis scale due to one MERIS-outlier at 9.76 mg/m?. MERIS regression line
is not drawn in consequence of this. The black line is the angular bisector (1:1-line)

case the correlation coefficient is even smaller (r? = 0.19) due to one obvious outlier.

The results for MODIS and SeaWiFS are also similar to the results from the ratio com-
parison. MODIS chl-a product regression line shows a slightly higher slope (m = 1.40),
whereas SeaWiFS’s slope is a bit too small (m = 0.81). SeaWiFS correlates better with the
in-situ data. Both correlation coefficients are rather good with r? = 0.96 and 72 = 0.90 for
MODIS and SeaWiFS, respectively.

The “not bad”-flagged satellite chl-a data versus in-situ chl-a concentration comparison
is given in Figure 5.22. Unfortunately, there are not many collocated data points for chl-a
comparisons available (see Figure headlines). Again, only two data points (N = 2) for
SeaWiFS are available. A regression line was not plotted. MERIS and MODIS regression
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L2 Chla SeaWiFS in mg/m3 (blue)

L2 Chla Modis in mg/m3 (red)
L2 Chla Meris in mg/m3 (green)
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L2-product chl-a ("not bad"-flagged) to in-situ Chla comparisen
SeaWiFS (blue): no regression line, N=2

MODIS (red): y= 0.60644 x + 0.028347, 12=0.87959, N=5
MERIS (green): y= 0.68316 x + 0.03959, r2=0.80313, N=4
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Figure 5.22.: Comparison of “not bad”-flagged level-2 chl-a products with in-situ measured chl-a
concentrations. The black line is the angular bisector (1:1-line)

lines have slopes of m = 0.68 and m = 0.61, respectively. Thus, MERIS fits the in-situ
data slightly better. The correlation coefficients are good with r? = 0.80 and 72 = 0.88 for
MERIS and MODIS, respectively.
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5.2. Discussion

5.2.1. Validation of the water leaving reflectance

Analysis of the distinguished classifications as presented above depicts that not all satel-
lite data are suitable for providing ocean color information. The resulting statistical prop-
erties for all classifications are listed in Table 5.4 and discussed hereafter.

Since there are very few studies published, the results of the present study are compared
to Antoine et al. (2008), Park et al. (2006) and Bailey and Werdell (2006) only. Results for
flagged data can not be compared to other studies, as comparable studies discard flagged
data a priori (compare: Antoine et al. (2008) or Bailey and Werdell (2006)). Nevertheless,
it is possible to reveal information on possible quality of flagged data regarding compar-
ison to in-situ data.

e Cloud flagged data
MERIS cloud flagged measurements are extremely high due to reflection of radia-
tion by clouds into the satellite instrument and no correlation can be distinguished.
As the Level-2 algorithm for MODIS and SeaWiFS deletes all cloud flagged mea-
surements the data from remaining pixels may be contaminated with other flags.
Thus, the result of the validation for MODIS and SeaWiFS remaining data in the
“cloud flagged” classification is similar to the outcome of the “mixed flagged” cat-
egory: Most satellite values are higher than the corresponding in-situ values. This
is due to the fact that most of the considered flags indicate situations, that increase
the reflectance, such as effects from clouds or sun glint.
The comparison of MODIS and SeaWiFS reflectance with in-situ data delivers bet-
ter results the less cloud flagged pixels are within the ROI. Thus, the best result
is given for the category “low cloud” (less than 33% of the ROI's pixels cloud-
contaminated).
The wavelength dependent analysis indicates poor correlation coefficients for
MODIS and SeaWiFS. A reason for this high variability of reflectance values is
the reduced number of pixels contributing to the “high cloud” classification. As the
cloud flagged pixels are neglected by the Level-2 algorithm the size of the data set
is substantially reduced and thus, the variance of the data is expected to be higher
than for are a larger data set. The fact, that the number of neglected pixels in the
“medium cloud” flagged category is less than in the “high cloud” flagged class
explains the increased correlation coefficients in the “medium cloud” classification.
In summary, the MERIS cloud flagged water leaving reflectance data cannot be
used. MODIS and SeaWiFS show better results, but the reflectance measurements
are mostly too high in relation to the in-situ data and should be excluded from fur-
ther usage.



56

RESULTS AND DISCUSSION

Table 5.4.: Resulting statistical values slope m, intercept n, correlation coefficient r* and number

of collocations N from the collocated reflectance comparison

Classification Satellite instrument m n r2 N
SeaWiFS 1.98 <0.01 0.85 201
all data MODIS 1.91 <0.01 0.88 232
MERIS 2.18 0.14 0.08 457
SeaWiFS 2.01 <0.01 0.9 44
all without clouds MODIS 2.11 <0.01 0.86 65
MERIS 1.43 0.01 0.36 314
SeaWiFS 1.61 <0.01 0.98 6
no bad data MODIS 1.88 <0.01 0.92 86
MERIS 0.9 <0.01 0.82 70
SeaWiFS - - - -
not flagged MODIS 1.56 <0.01 0.95 31
MERIS 0.95 <0.01 0.92 20
SeaWiFS 245 <0.01 0.86 19
high clouds MODIS 1.82 <0.01 0.86 92
MERIS -3.68 0.62 -0.16 95
SeaWiFS 2.25 <0.01 0.89 56
medium clouds MODIS 1.93 <0.01 0.96 28
MERIS - - - -
SeaWiFS 1.75 <0.01 0.82 81
low clouds MODIS 1.85 <0.01 0.93 16
MERIS - - - -
SeaWiFS - - - -
high glint MODIS 2.44 >-0.01 0.94 5
MERIS 1.45 >-0.01 0.8 54
SeaWiFS 1.78 >-0.01 0.98 4
medium glint MODIS 1.7 >-0.01 0.87 30
MERIS 1.11 >-0.01 0.78 26
SeaWiFS - - - -
low or negative MODIS -2.82 <0.01 -0.87 5
MERIS - - -
SeaWiFS - - - -
ped_1_13 MODIS - - - -
MERIS 1.21 <0.01 0.33 144
SeaWiFS 2.11 <0.01 091 38
high mixed MODIS - - - -
MERIS 1.99 0.04 0.25 66
SeaWiFS 1.64 <0.01 0.99 3
medium mixed MODIS 2.33 <0.01 0.94 11
MERIS 0.81 <0.01 0.92 24
SeaWiFS - - - -
low mixed MODIS 2.15 <0.01 0.98 14
MERIS - - - -

e Mixed flagged data

For the “high mixed” classification no MODIS data are available. Both, MERIS and
SeaWiFS have too high reflectance measurements. Most of the flags considered
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indicate situations that increase measured reflectance values. Thus, the measure-
ments in all “mixed flagged” classifications are much higher than the in-situ data.
“Medium mixed” collocations show similar results for SeaWiFS and MODIS.
MERIS underestimates reflectances in this category due to a large amount of
“pcd_1_13" flagged pixels, i.e. negative data. The “low mixed” class only contains
14 batches of one MODIS collocation. Results show again too high reflectances for
the same reasons as mentioned before.

e Low or negative and pcd_1_13 flagged data

The “low or negative” flag indicates smaller satellite reflectance values compared
to in-situ data. The only collocation in this classification is from MODIS and shows
negative values for all wavelength bands and thus, can be neglected for further
usage.

The “pcd_1_13" flag signalizes negative reflectance in at least one band for MERIS
measurements. The results shown and described above reveal this exactly. In
most wavelength bands there are several negative values and some very high re-
flectances. These high values may of course belong to differently flagged pixels.
Nevertheless, most values are still below the corresponding p,, and no agreement
to in-situ data can be perceived.

¢ Glint flagged data
Due to the higher reflection into the satellite sensor by sun glint the satellite values
in the “high glint” category are two to three times larger than the corresponding
in-situ data. Although the overall agreement is fairly good, MERIS shows many
outliers that may be caused by high sun glint reflection or otherwise contaminated
pixels. One example could be cloud shadow effects from neighboring pixels that
might result in low or negative reflectances.
SeaWiFS does not contribute any collocations to the “high glint” classification.
MODIS contributes to this “high glint” class with only one collocation and thus
the evidence of the result has no statistical relevance. The measurements on this
collocation however, are also much higher than the corresponding in-situ measure-
ments.

“Medium” or “moderate glint” flagged results are similar. Mostly, the satellite data
is too high and varies in a large range, especially for MODIS and SeaWiFS.

MERIS Level-2 algorithm corrects the reflectance values for medium glint and thus
the result is a measure for the quality of this correction. Indeed, MERIS shows a
good agreement with the in-situ data except for one collocation where the values
are too high. Neglecting this collocation, the regression and the correlation to the
in-situ data would be best for every single wavelength band. It can be concluded
that MERIS correction algorithm is very good but the threshold might be insuffi-
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cient due to the outlier-collocation. To validate this presumption more in-situ data
have to be acquired.

All and all without cloud flagged data

Considering all data, the satellite remote sensing reflectance is about two times
higher than the corresponding in-situ measured reflectance.

MERIS measurements in particular show a very poor correlation coefficient due to
many cloud-contaminated measurements.

MODIS and SeaWiFS data show better agreements and are much more reliable ac-
cording to rather good correlation coefficients, which results from the exclusion of
all cloud flagged data.

An evidence for this is given in the “all without cloud flagged” scatterplot where
MODIS and SeaWiFS show comparable agreements to the in-situ data. MERIS cor-
relation coefficient and agreement are increased drastically respective to the “all
data” result due to no cloud flagged data in this category. Nevertheless, the MERIS
correlation is still not very conclusive due to many outliers in the scatterplot.

“No bad” and not flagged data

The outliers in the MERIS comparison for the “all without cloud flagged” cat-
egory are recognizably reduced in the “no bad” classification where only collo-
cations out of the classifications “no flags”, “medium glint”, “low mixed” and
“medium mixed” were considered. Thus, outliers are generated by “high glint”
and “pcd_1_13" flagged and “high mixed” categorized pixels. MERIS contributes
to the “no bad” classification, just as SeaWiFS with only two medium glint flagged
collocations, whereas MODIS contributes with four (see Table 5.1).

As it was depicted above, the validation of medium glint flagged data was quite
good for MERIS in contrast to poorer agreements to the in-situ data for SeaWiFS
and MODIS. The fraction of medium glint flagged to not flagged collocations in the
“no bad” category is 1/2 for MERIS and 2/3 for MODIS and no not flagged but two
medium glint collocations are available for SeaWiFS and the MERIS medium glint
data is corrected by the Level-2 algorithm. In conclusion, MERIS shows the best,
MODIS and SeaWiFS poorer agreements. There is one collocation from MERIS with
unusually high values that was discussed in the “medium glint” flagged classifica-
tion before and that reduces the quality of the comparison. The MERIS correlation
to in-situ data would be much better if this collocation was neglected. But as there
is no objective way to discard this collocation it was kept in the analysis.

As SeaWiFS does not contribute collocations to the “not flagged” category, the “no
bad” classification reveals the best agreements to in-situ data for this instrument.
Therefore, the following comparisons to other studies’ results refer to the “no bad”
data for SeaWiFs.

Table 5.5 summarizes statistical values from this current work (for “not flagged”
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Table 5.5.: Resulting statistical values slope m, intercept n, correlation coefficient r* and number
of collocations N from wavelength separated reflectance comparisons from current study (“not
flagged” category for MODIS and MERIS and “no bad” category for SeaWiFS), Antoine et al.
(2008), Bailey and Werdell (2006) and Park et al. (2006)

current study Antoine et al. (2008) Bailey and Werdell (2006)
wavelength m n r2 N m n r? N m n r? N
412 -1.02  0.06 -0.72 0.74 <0.01 044 63 1.07 - 0.9 154
443 -149 007  -045 0.68 <0.01 042 166 1.06 - 0.85 242
SeaWiFS 490 -1.94  0.05 -0.45 6 0.57 <0.01 0.32 168 0.97 - 0.74 242
510 -1.16  0.02 -0.37 0.32 <0.01 0.09 168 1.24 - 0.47 127
555 -0.6 0.01 -0.23 0.43 <0.01 0.09 107 079 - 0.67 242
all bands 1.61 <0.01 0.98 0.94 <0.01 0.89 888
412.5 2.79 -0.02  0.88 0.84 <0.01 0.59 66
443 1.35 <0.01 0.78 0.75 <0.01 0.55 147
488 0.95 0.01 0.79 0.64 <0.01 048 152
MODIS 531 1.1 <0.01 091 31 - - - -
551 01.16 <0.01 0.92 0.71 <0.01 0.39 150
all bands 1.56 <0.01 0.95 0.91 <0.01 091 666
Park et al. (2006)
412 0.61 0.01 0.87 0.93 <0.01 043 20 2.71 -0.01  0.04
443 0.54 <0.01 0.83 0.7 <0.01 0.38 61 0.89 <0.01 0.51
MERIS 490 037  0.01 0.67 20 0.69 <0.01 044 64 0.81 <0.01 0.88 13
510 0.25 <0.01 041 0.52 <0.01 0.24 64 0.86 <0.01 091
560 0.06  <0.01 0.03 0.64 <001 034 63 092 <0.01 095
all bands 0.95 <0.01 0.92 1.16 <0.01 0.88 400

or “no bad” classification) and three other studies (Antoine et al. (2008), Bailey and
Werdell (2006) and Park et al. (2006)) for remote sensing reflectance comparisons.
Note, that Bailey and Werdell (2006) validated SeaWiFS data only and Park et al.
(2006) took in-situ data in Belgian case 2 waters to validate MERIS data.

The category “not flagged” contains only four collocations from MERIS and six
from MODIS. Hence, the significance of the correlation with the in-situ data is
small. Nevertheless, the validation of MERIS is clearly positive for all wavelength
bands pooled and shows the best result of the entire validation (m = 0.95 and
r? = 0.92). This is an expected result as no disturbances influence the satellite data.
Antoine et al. (2008) revealed weaker agreements between MERIS and in-situ data
(m = 1.16 and r? = 0.88). Reasons for this slightly deviating result may be found
in differences of the measurement sites. In the present study measurements were
accomplished at a large number of different sites, whereas the in-situ data in An-
toine et al. (2008) were performed with a buoy at one distinguished location in the
Mediterranean Sea. Furthermore, the instrumentation used to measure in-situ data
was different in both studies, as was the determination of the remote sensing re-
flectance from in-situ radiances and irradiances. In our study, for example, a rather
new algorithm was used to determine the air-sea-interaction coefficient pqs (see
Chapter 4.1.3 and Doerffer (2008)). Such differences in the analysis and possible
slight disparities in measurement conditions may account for the differing results
between both studies.
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MODIS shows slightly higher values compared to in-situ data (m = 1.56). Antoine
et al. (2008) obtained better agreements to in-situ data (m = 0.93) and a comparable
result for SeaWiFS (m = 0.94). Possible causes for this slight difference between
both studies are mentioned above. Nevertheless, it is satisfactory that both studies
revealed rather comparable agreements between satellite and in-situ reflectances.

Wavelength separated analysis from SeaWiFS validation shows poor correlation
coefficients. This is understandable considering the small number of collocations.
All reflectances are in the same range (see Figure 5.8), indicating that measurement
conditions were quite constant (such as optical properties of the water). The regres-
sion line of few data points distributed in a small range is not very convincing.
Considering all wavelength bands together, the data range gets much larger and
thus, the regression line gets more meaningful. Additionally, the statistical values
as depicted in Tables 5.6 and 5.5 are from the “no bad” classification, with no “not
flagged” data contributing. Comparable poor correlation coefficients for the sin-
gle wavelength bands for SeaWiFS are shown in Antoine et al. (2008). Bailey and
Werdell (2006) revealed more satisfying statistical values, because of wider data
ranges due to potentially very different measurement conditions as they collected
data globally in case 1 waters.

MODIS wavelength separated analysis provides better correlation coefficients than
for Antoine et al. (2008) due to a larger data range in this study. Nevertheless the
agreements of satellite data with in-situ data vary strongly with the particular wave-
length bands. The large disagreement in the 412.5 nm band is a certain indicator
for failures in the atmospheric correction (Antoine et al. (2008), Bailey and Werdell
(2006) and Park et al. (2006)). The atmospheric correction strongly relies on the cor-
rect assessment of absorbing aerosols in the atmosphere. An incorrect estimation of
the aerosol amount and distribution will affect the retrieval of water leaving radi-
ance. This effect is more severe for shorter than for larger wavelengths. Thus, the
large differences found in the first wavelength bands, specifically 412 nm could be
explained with errors in the atmospheric correction, which requires improvement
in order to use the first wavelength band. As future satellite mission instruments
may be equipped with bands at even shorter wavelength, such as 380 nm, the im-
provement of atmospheric correction is extremely important.

The large deviation in the lowest wavelength band effects the overall agreement.

Correlation coefficients for MERIS validation varies strongly with wavelength
bands. This was also detected by Park et al. (2006). In this study, the slope of the re-
gression line deviates from m = 1 stronger with increasing wavelength. This might
be due to the correlation between wavelength and reflectance. The larger the wave-
length the weaker the reflection. Thus, the large wavelength bands measure the
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lowest signals. As explained above, smaller data ranges or values reveal sensitive
and less meaningful regression lines.

In summary the present study shows in most cases the impracticality of flagged data for
validation purposes. One exception was the “medium glint” flagged category for MERIS
data where good agreements to in-situ reflectances due to a satisfying correction algo-
rithm were revealed. Similarly, Park et al. (2006) proposed, that under certain conditions
some high-glint flagged MERIS pixels can be used for validation in Belgian waters. As
in-situ data are difficult to procure and immaculate collocations with satellite measure-
ments are scarce, such flagged, but still useful data should be considered for validation
purposes.

5.2.2. Chl-a product validation

The classifications “all data” and “no bad data” were applied to the validation of band
ratios used for satellite chl-a retrieval and chl-a Level-2 products with RAMSES p,, ratios
and in-situ chl-a measurements. The statistical values are summarized in Tables 5.7 and
5.8, respectively. Results from chl-a and reflectance comparisons are shown in Table 5.6
for the different studies.

Table 5.6.: Resulting statistical values slope m, intercept n, correlation coefficient r* and number
of collocations N from reflectance and chl-a comparisons from current study (“no bad” and “not
flagged” category ), Antoine et al. (2008), Bailey and Werdell (2006) and Park et al. (2006)

reflectance comparison chl-a comparison

study m n r2 N m n r2 N

current “not bad” 1.61 <0.01 098 6 6.34 0.35 1 2
SeaWiFS  Antoine et al. (2008) 0.94 <0.01  0.89 888 0.45 -0.66 051 44

Bailey and Werdell (2006)  only wavelength separated analysis 0.9 - 0.83 271

current “not bad” 1.88 <0.01 092 86 0.61 0.03 0.88 5
MODIS current “not flagged” 1.56 <0.01 095 31

Antoine et al. (2008) 0.93 <0.01 091 666 0.77 -024 0.82 31

current “not bad” 0.9 <0.01 0.82 70 0.68 0.04 0.8 4
MERIS current “not flagged” 0.95 <0.01 092 20

Antoine et al. (2008) 1.16 <0.01  0.88 400 0.58 -048  0.87 15

Park et al. (2006) only wavelength separated analysis  0.98 0.1 0.81 14

The MODIS “all data” comparisons reveal reasonably good agreements. The largest cor-
relation coefficient was determined for MODIS “all data” chl-a comparison (r? = 0.96)
and both, the ratio and chl-a comparison show good agreements with in-situ values. Rea-
sons for this good agreements may be a good chl-a retrieval algorithm that considers and
corrects flagged pixels well and the fact that errors in the satellite derived reflectances
may cancel out by taking the ratio of two reflectances.
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Table 5.7.: Resulting statistical values slope m, intercept n, correlation coefficient r* and number
of collocations N from the satellite band ratio to the corresponding in-situ RAMSES comparison

Classification Satellite instrument m n r2 N
SeaWiFS 0.89 0.6 0.64 15

all data MODIS 1.37 -091 0.93 12
MERIS 0.61 0.38 0.26 28
SeaWiFS 4.03 -1547 1 2

no bad data MODIS 1.31 0.82 0.94 11
MERIS 0.72 0.85 0.86 6

Table 5.8.: Resulting statistical values slope m, intercept n, correlation coefficient r* and number
of collocations N from the Level-2 product to in-situ chl-a comparison

Classification Satellite instrument m n r2 N
SeaWiFS 0.82 0.06 0.9 8

all data MODIS 1.41 -0.01 0.96 6
MERIS -4.8 1.91 -0.19 10
SeaWiFS 6.34 0.35 1 2

no bad data MODIS 0.61 0.03 0.88 5
MERIS 0.68 0.04 0.8 4

MODIS shows a slight improvement in the “no bad data” class in comparison to the “all
data” category. The agreement of MODIS Level-2 chl-a concentrations with in-situ mea-
sured chl-a concentrations is good (m = 0.61). Antoine et al. (2008) presented a slightly
better agreement with a slope of m = 0.77, but the correlation coefficient is a bit smaller.
This difference is not surprising considering that the MODIS reflectance comparison was
slightly better in the BOUSSOLE project (Antoine et al. (2008)) than in this present study.
In addition, the number of data points in the present study is low (N = 5) compared to
Antoine et al. (2008) (N = 31). A proof for this is the fact, that the regression between
MODIS Level-2 chl-a concentrations and in-situ measured chl-a varies from m = 1.41 to
m = 0.61 just by deleting one collocation (N = 6 and N = 5).

The results for SeaWiFS ratio and chl-a comparison in the “all data” category are satisfac-
tory. Possible reasons are described above for MODIS and are applicable for SeaWiFS as
well.

SeaWiFS statistical values for the “no bad” classification are not meaningful as there
are only two data points. However, these two points do not exceed the expected range
(defined by the range of the other satellites” values) and allow the conclusion that the
SeaWiFS ratios are in agreement with the in-situ ratio. More correlated data has to be
collected for validation.
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MERIS “all data” ratio comparison shows fairly good agreements (m = 0.61) between
satellite and RAMSES ratio, although the correlation coefficient is very small (r2 = 0.26).
A distinct improvement is shown in the “no bad” category (m = 0.72 and r2 = 0.86).
Surprisingly, the agreement between MERIS Level-2 chl-a and in-situ measured chl-a
concentration is very bad for the “all data” category, although the ratio comparison was
fairly good. As MERIS has one chl-a product that is out of range, this could be the cause
for this bad statistical agreement. In the “no bad data” analysis MERIS shows a much
better agreement (m = 0.68) and correlation (r? = 0.8). The results of statistics for MERIS
chl-a comparison in Antoine et al. (2008) are not as good considering regression and
correlation coefficient (see Table 5.6). Reasons for this are the same as for MODIS and
SeaWiFS. As the agreement of MERIS reflectances is slightly better in the present study
compared to Antoine et al. (2008) the better agreement of chl-a concentrations is reason-
able. Park et al. (2006) revealed very satisfying regressions for MERIS chl-a comparison
with a slope of m = 0.98 but, as indicated above, this good result is understandable con-
sidering the large range of chl-a concentrations in the Belgian case 2 waters. Thus, results
are not entirely comparable with the case 1 chl-a concentrations in this study.

Nevertheless, the present study yields equivalent results of the chl-a comparison to re-
sults from other studies and projects like Antoine et al. (2008) and Bailey and Werdell
(2006).






6. Conclusions and Outlook

In this work remote sensing reflectances were obtained from ship-bourne in-situ hyper-
spectral radiance and irradiance measurements in order to validate collocated MERIS,
MODIS and SeaWiFS reflectances. Additionally, chl-a concentrations were measured
from in-situ water samples and compared to all three satellite instruments’ Level-2 chl-a
products.

The results presented in this thesis reveal that in-situ reflectance and chl-a measurements
can be used for satellite validation purposes. Not flagged MERIS remote sensing re-
flectances can be used for delivering ocean color information. Results from comparisons
of in-situ data with MODIS data indicate issues with the atmospheric correction algo-
rithm applied to MODIS data.

The flag-separated analysis confirms the expected effects from flagged satellite pixels.
The impact of dominating cloud and high glint flagged pixels in a ROl is an overestima-
tion of the water leaving remote sensing reflectance. Although the cloud flagged pixels
are neglected for MODIS and SeaWiFS, the remaining pixel of the ROI are apparently af-
fected by other flags or cloud shadow and thus cannot be used for delivering information
on ocean color. The high glint classified collocations are not useful for validation, either.
Medium glint data are not suitable as well, except for MERIS. As MERIS Level-2 algo-
rithm corrects measurements for medium glint and the agreement to in-situ data was
good except for one outlier it has to be examined whether the threshold might be too low
or the medium glint correction algorithm fails partially.

Collocations with dominating low or negative or pcd_1_13 flagged pixels could not be
confirmed by in-situ measurements and are not applicable in terms of validation.

The best agreements for MODIS and MERIS were obtained in the “not flagged” classifi-
cation. SeaWiFS does not contribute any collocations to this classification. There is a good
correlation between the MERIS-derived and the in-situ measured water leaving remote
sensing reflectances p,,, while MODIS shows a greater variability. Discrepancies are ob-
tained, especially in the low wavelength bands. As all satellite sensors measure the TOA
radiance and retrieve estimates of the water leaving radiance by applying an atmospheric
correction model, the actual satellite products like chl-a on the basis of the water leaving
radiance, are relying on the quality of the atmospheric correction. Unfortunately, it is
rarely possible to consider all environmental conditions in the atmospheric correction,
such as absorbing aerosols in the atmosphere. Although such conditions are estimated
to be quite constant over case 1 waters, they can vary. Bailey and Werdell (2006) showed
that, despite the fact that 40% of their measurements were in deep waters (with depths
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> 1000 m), only 5% are from oligotrophic waters and the majority are from mesotrophic
and eutrophic waters. This is an example of how environmental conditions in case 1
waters can vary. As an incorrect assessment of aerosol results in a failure of the atmo-
spheric correction with an increasing impact on the retrieved radiance with decreasing
wavelength (Bailey and Werdell (2006)) discrepancies between satellite and in-situ data
in the smaller wavelength bands indicate problems with the atmospheric correction. Re-
sults from this present study strengthen the recommendations of former studies, such
as Bailey and Werdell (2006) and Antoine et al. (2008), to further improve atmospheric
correction algorithms for case 1 waters.

The comparison of satellite ratios for chl-a determination and the corresponding in-situ
ratios yield satisfactory results. A correlation between satellite Level-2 products and in-
situ measured chl-a is perceivable and results are conform with similar studies, such as
Antoine et al. (2008), Bailey and Werdell (2006) or Park et al. (2006). Based on the mostly
small numbers of collocated measurements the validity of the results should be enhanced
by collecting more data.

On that account the next ship cruises are already scheduled. Additionally, RAMSES be-
low surface reflectance measurements will be evaluated to validate the above surface
measurements used in this work to determine the in-situ water leaving remote sensing
reflectance (compare Hooker and Morel (2003)). This will increase the number of avail-
able collocations so that a comprehensive data set for further validation will be obtained.
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A. Appendix

Table A.1.: Collocation assignment to the different classifications

Flag Instrument Date Collocation

low or neg MODIS 111108 1

ped1_13 MERIS 020508
030508
111108
131107
131108
141108
151108
171108
201108
221107

N
N

N
NN
RN
W W

N WPR PP Re e
N

cloud_high SeaWiFS 110508 1
130508 1
131107 2
161107 2
MERIS 010508 1
021107 1,2
181108 1,2,3
231108 1,2
241108 1,2
MODIS 041107 1,2,3
150508 2
161107 2
201108 3
221108 1
261108 1

clouds_med SeaWiFS 021107
121108

141108

171108

261108

MERIS 021107

MODIS 020508

291108

clouds_low SeaWiFS 020508
030508
041107
100508
110508
111108
131107
150508
221107
291108 2

continued on next page

N
N

W

~

NP, WL P, N~ -

N
NN

NEPE R NP, R PR =R
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Table A.1 - continued from previous page

Flag Instrument Date Collocation
MODIS 010508 1
131107 1,3
221107 2
high_glint MERIS 020508 1,2
100508 1,2
110508 1,2
130508 1
151108 4,5,6
221107 1
221108 1
MODIS 110508 3
med_glint SeaWiFS 010508 1
100508 4
MERIS 041107 1,2
MODIS 030508 1
141108 1
221107 1
261108 2
mixed_high SeaWiFS 201107 1
221107 1
221108 1
291108 1
MERIS 201108 1,2
291108 1
mixed_med SeaWiFS 100508 3
MERIS 030508 2
150508 2
201107 1
MODIS 010508 2
020508 2
100508 2
221107 3
mixed_low MODIS 021107 1
not flagged MERIS 041107 3
121108 1,2
130508 2
MODIS 030508 2
100508 1,3
131108 3
150508 3
281108 3
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Table A.2.: List of collocations considered “no bad” classifications containing the collocations

Va7

that were classified in “no flags”, “med glint”, “low mixed” and “med mixed”)

Instrument Date Collocation
SeaWiFS 010508 1
100508 34
MODIS 010508 2
020508 2
021107 1
030508 1,2
100508 1,2,3
131108 3
141108 1
150508 3
221107 1,3
261108 2
281108 3
MERIS 030508 2
041107 1,2,3
121108 1,2
130508 2
150508 2
201107 1
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Satellite reflectance p

Scatterplot, all data for 412nm, 413nm, 412nm, respectively
SeaWiFS (blue): y= 1.8042*x (+)0.012461, 22059257, N=201
MODIS(red): .5515% (+)-0.017079, r"=0.71884, N=232
MERIS(green): y= 3.7669*x (+)0.090755, 1°=0.11519, N=457
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Scatterplot, all data for 490nm, 488nm, 490nm, respectively
SeaWiFS (blue): y= 0.64004% (+)0.020054, r2=0.35747, N=201
MODIS (red): y= 1.4557* (+)0.0043558, =0.65116, N=232
MERIS(green): y= 5.799% (+)0.080902, r’=0.096066, N=457
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Scatterplot, all data for 443nm, 443nm, 443nm, respectively
SeaWiFs (blue): y= 1.0765% (+)0.020085, ’=0.48318, N=201
MODIS(red): y= 1.9514% (+)-0.0028846, r>=0.71358, N=232
MERIS(green): y= 4.4429% (+)0.084489, r’=0.10878, N=457
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Scatterplot, all data for 510nm, 531nm, 510nm, respectively
SeaWiFS (blue): y= 0.59691% (+)0.014098, r2=0.34519, N=201

MODIS(red): y= 1.4969% (+)0.00064826, °=0.73107,

MERIS(green): y= 8.2132* (+)0.079515, ’=0.094265,
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Scatterplot, all data for 555nm, 551nm, 560nm, respectively
SeaWiFs (blue): y= 0.66131% (+)0.0072992, r*=0.3795, N=201

MODIS(red):

1.5569*x (+)-0.00026944,

73802, N=232
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Figure A.1.: Comparisons of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for all data to collocated in-situ remote sensing reflectance measurements, p,, for different
wavelength bands. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, all data without cloud flagged for 412nm, 413nm, 412nm, respectively
SeaWiF$S (blue): y= 0.93869% (+)0.028715, r2=0.20297, N=44
MODIS(red): y= 3.3419% (+)-0.031817, °=0.85477, N=65
MERIS(green): y= 2.0132*% (+)-0.0093141, r°=0.37946, N=314
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Scatterplot, all data without cloud flagged for 490nm, 488nm, 490nm, respectively
SeaWiFS (blue): y= 1.4528* (+)0.006934, r2=0.439, N=44

y= 2.4242* (+)-0.0087186, r°=0.32848, N=314

MERIS(green):

Satellite reflectance p
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Scatterplot, all data without cloud flagged for 443nm, 443nm, 443nm, respectively
SeaWiFs (blue): y= 0.99471% (+)0.020027, ’=0.33918, N=44

MODIS (red): y= 2.1647* (+)-0.0082354, *=0.81397, N=65
MERIS(green): y= 2.0778" (+)-0.0096846, r’=0.35929, N=314

Satellite reflectance p
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Scatterplot, all data without cloud flagged for 510nm, 531nm, 510nm, respectively
SeaWiFS (blue): y= 1.5012*% (+)0.005083, 12=0.53087, N=44

MODIS red): y= 1.2967* (+)0.00085618, r°=0.59378, N=65
MERIS (green): y= 3.4251% (+)-0.011815, ?=0.34051, N=314
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Scatterplot, all data without cloud flagged for 555nm, 551nm, 560nm, respectively

SeaWiF$S (blue):

= 1.1906%x (+)0.0055372, r*=0.43696, N=44

65

MODIS(red):

1.2445% (+)0.00067057, .54543,

MERIS(green): y= 5.1571% (+)-0.008386, r°=0.31829, N=314

Satellite reflectance p

Figure A.2
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for all data without cloud flagged data to collocated in-situ remote sensing reflectance
measurements, p,, for different wavelength bands. The dashed black line is the angular bisector

(1:1-line).

Comparisons of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
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Scatterplot, no bad data for 412nm, 413nm, 412nm, respectively
SeaWiFS (blu: 1.0237*x (+)0.066471,
MODIS(red): y= 2.8759* (+)-0.022419, r*=

Scatterplot, no bad data for 443nm, 443nm, 443nm, respectively
SeaWiF$s (blue): y= -1.4952* (+)0.070109, r’=-0.4516, N=6

MODIS(red): y= 1.6291* (+)0.0023643, r’=0.85633, N=86

MERIS(green): y= 0.38706*x (+)0.01141, 1°=0.29874, N=70

MERIS(green): y= 0.39243* (+)0.014467, °=0.2888, N=70
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Scatterplot, no bad data for 490nm, 488nm, 490nm, respectively Scatterplot, no bad data for 510nm, 531nm, 510nm, respectively
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Scatterplot, no bad data for 555nm, 551nm, 560nm, respectively
SeaWiFS (blue): y= -0.60673*x (+)0.010243, 1?=-0.23339, N=6
MODIS(red): y= 0.8853* (+)0.0031446, °=0.77945, N=86
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Figure A.3.: Comparisons of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “no bad” superclassification to collocated in-situ remote sensing reflectance measurements,
pw for different wavelength bands. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, high cloud flagged for 412nm, 413nm, 412nm, respectively
SeaWiF$S (blue): y= 1.578" (+)0.02923, ’=0.35513, N=19
MODIS(red): y= -0.55522* (+)0.05789, r’=-0.1477, N=92
MERIS(green): y= -29.7628% (+)1.3022, r*=-0.88982, N=95
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Scatterplot, high cloud flagged for 490nm, 488nm, 490nm, respectively
SeaWiFS (blue): y= 1.8643* (+)0.0063357, r2=0.43087, N=19
MODIS(red): y= 1.4653* (+)0.0056622, r°=0.50602, N=92
MERIS(green): y= -66.4475* (+)1.5867, r?=-0.79566, N=95
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Scatterplot, high cloud flagged for 443nm, 443nm, 443nm, respectively
SeaWiF$S (blue): y= 1.8139% (+)0.014233, ’=0.49498, N=19
1.1681* (+)0.015366, 1°=0.27421, N=92
35.9149% (+)1.3143, r’=-0.85992, N=95
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Scatterplot, high cloud flagged for 510nm, 531nm, 510nm, respectively
SeaWiFS (blue): y= 0.36084% (+)0.022523, r2=0.091655, N=19

= 1.793*x (+)-0.00072422, r?=0.81855, N=92

= -90.4311*x (+)1.4583, 1?=-0.63995, N=95
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Scatterplot, high cloud flagged for 555nm, 551nm, 560nm, respectively

Ly

1.9798% (+)-0.0021828, r
MERIS(green): y= -84.3957* (+)0.94153, r*=-0.41654, N=95
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Figure A.4.: Comparisons of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “high cloud flagged” classification to collocated in-situ remote sensing reflectance
measurements, p,, for different wavelength bands. The dashed black line is the angular bisector

(1:1-line).
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Scatterplot, medium cloud flagged for all wavelengths
SeaWiFS (blue): y= 2.2469* (+)0.001089, r°=0.89385, N=56
MODIS(red): y= 1.927*x (+)0.00013679, 1?=0.95735, N=28

MERIS(green): y= 1.7819% (+)0.39464, r’=0.19524, N=28
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Figure A.5.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “medium cloud” classification and all wavelength bands to collocated in-situ remote sensing
reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, medium cloud flagged for 412nm, 413nm, 412nm, respectively Scatterplot, medium cloud flagged for 443nm, 443nm, 443nm, respectively
SeaWiFS (blue): y= 2.3314%x (+)0.0062248, r*=0.80609, N=56 SeaWiFS (blue): y= 1.5109% (+)0.013932, °=0.81079, N=56
y= 0.95864"x (+)0.024564, r'=0.63795, N=28

MODIS(red): y= 1.9917* (+)-0.0013445, r>=0.88168, N=28
MERIS(green): y= 11.9402* (+)0.11287, r°=0.40298, N=28 14.1005% (+)0.098846, °=0.42318, N=28
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Scatterplot, medium cloud flagged for 490nm, 488nm, 490nm, respectively Scatterplot, medium cloud flagged for 510nm, 531nm, 510nm, respectively
SeaWiFS (blue): y= 0.91349% (+)0.016516, r’=0.63681, N=56 SeaWiFS (blue): y= 0.28564% (+)0.015441, =0.23857, N=56
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Scatterplot, medium cloud flagged for 555nm, 551nm, 560nm, respectively
SeaWiF$s (blue): y= 0.23034% (+)0.0084978, ’=0.1931, N=56
MODIS(red): y= 2.0191% (+)-0.00152, ’=0.60568, N=28
MERIS(green): y= 19.9935% (+)0.29113, ’=0.28648, N=28
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Figure A.6.: Comparisons of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “medium cloud flagged” classification to collocated in-situ remote sensing reflectance
measurements, p,, for different wavelength bands. The dashed black line is the angular bisector
(1:1-line).
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Scatterplot, low cloud flagged for all wavelengths
SeaWiFS (blue): y= 1.7544*x (+)0.0017075, r?=0.82318, N=81
MODIS(red): y= 1.8452*x (+)-0.0048216, r?=0.93042, N=16
MERIS(green): y= 0*x (+)0, r?=0, N=0
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Figure A.7.: Comparison of reflectance p of satellite instruments MODIS and SeaWiFS (no data
for MERIS) for “low cloud” classification and all wavelength bands to collocated in-situ remote
sensing reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, low cloud flagged for 412nm, 413nm, respectively
SeaWiFs (blue): y= 1.0306* (+)0.025878, °=0.34334, N=81
MODIS(red): y= 3.2409% (+)-0.035284, °=0.96342, N=16
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Scatterplot, low cloud flagged for 443nm, 443nm, respectively
SeaWiFs (blue): y= 0.10103* (+)0.038377, r2=0.041577, N=81
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Scatterplot, low cloud flagged for 490nm, 488nm, respectively Scatterplot, low cloud flagged for 510nm, 531nm, respectively
SeaWiFS (blue): y= 0.24381% (+)0.025553, r’=0.14874, N=81 SeaWiFS (blue): y= 0.5366% (+)0.013728, r°=0.34628, N=81
MODIS(red): y= 1.5511% (+)-0.0009808, r*=0.72462, N=16 MODIS(red): y= 0.39861% (+)0.00839, r°=0.28103, N=16
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Scatterplot, low cloud flagged for 555nm, 551nm, respectively
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Figure A.8.: Comparisons of reflectance p of satellite instruments MODIS and SeaWiFS for “low
cloud flagged” classification to collocated in-situ remote sensing reflectance measurements, p,,
for different wavelength bands. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, high glint flagged for 413nm, 412nm, respectively
MODIS(red): y= 3.7625% (+)-0.022277, *=0.7392, N=5
MERIS(green): y= 2.2968* (+)-0.025852, ’=0.65256, N=54
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Scatterplot, high glint flagged for 488nm, 490nm, respectively
MODIS(red): y= 3.8967* (+)-0.03596, r’=0.8595, N=5
MERIS(green): y= 1.7699* (+)-0.013047, r*=0.6454, N=54
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Scatterplot, high glint flagged for 443nm, 443nm, respectively
MODIS(red): y= 4.8742* (+)-0.063041, ’=0.79665, N=5

MERIS (green): y= 1.9806 (+)-0.021121, =0.84949, N=54
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Scatterplot, high glint flagged for 531nm, 510nm, respectively
MODIS(red): y= 2.911* (+)-0.005996, r?=0.89625, N=5
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Scatterplot, high glint flagged for 551nm, 560nm, respectively
MODIS(red): y= 2.433* (+)-0.0013284, °=0.91989, N=5
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Figure A.9.: Comparisons of reflectance p of satellite instruments MERIS and MODIS (no data
for SeaWiFS) for “high glint flagged” classification to collocated in-situ remote sensing
reflectance measurements, p,, for different wavelength bands. The dashed black line is the

angular bisector (1:1-line).
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Scatterplot, medium glint flagged for 412nm, 413nm, 412nm, respectively
SeaWiF$S (blue): y= -1.0081%x (+)0.065459, ’=-0.86728, N=3
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Scatterplot, medium glint flagged for 443nm, 443nm, 443nm, respectively
SeaWiFs (blue): y= -1.4588% (+)0.068386, ’=-0.63634, N=3
MODIS(red): y= 1.2815% (+)0.0065496, °=0.86869, N=30
MERIS(green):
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Scatterplot, medium glint flagged for 510nm, 531nm, 510nm, respectively
SeaWiFS (blue): y= -1.1194% (+)0.026507, *=-0.69913, N=3

MODIS(red): y= 0.26747*x (+)0.0080825, r’=0.38177, N=30
MERIS(green): y= 14.3526% (+)-0.13545, r*=0.47928, N=26
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Figure A.10.: Comparisons of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “medium glint flagged” classification to collocated in-situ remote sensing reflectance
measurements, p,, for different wavelength bands. The dashed black line is the angular bisector

(1:1-line).
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Scatterplot, low or negative Lw flagged for 443nm

Scatterplot, low or negative Lw flagged for 413nm
MODIS(red): y= -1.3524* (+)-0.0071798, *=-0.63438, N=5

MODIS(red): y= -1.9702* (+)-0.019994, *=-0.56927, N=5
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Figure A.11.: Comparisons of reflectance p of satellite instrument MODIS for “low or negative
L.,” classification to collocated in-situ remote sensing reflectance measurements, p,, for different
wavelength bands. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, pcd flagged for 412nm
MERIS(green): y= 1.7676% (+)-0.013, P=0.45282, N=144

MERIS (green): y= 1.4215% (+)0.0027675, ?=0.094535, N=144

Scatterplot, pcd flagged for 443nm

0.08

Satellite reflectance p

MERIS (green): y= 2.0064* (+)-0.013322, ?=0.44155, N=144

. .
0025 003
in-situ p,_

L L
0005 0.01 0045 005

L
0035 004

L
0015 002
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Figure A.12.: Comparisons of reflectance p of satellite instrument MERIS for “pcd flagged”
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classification to collocated in-situ remote sensing reflectance measurements, p., for different
wavelength bands. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, high mixed flagged for all wavelengths
SeaWiFS (blue): y= 2.1125*x (+)0.00047901, r’=0.91108, N=38
MERIS(green): y= 1.1926*x (+)0.042906, 1?=0.24656, N=66
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Figure A.13.: Comparison of reflectance p of satellite instruments MERIS and SeaWiFS (no data
for MODIS) for ‘high mixed” classification and all wavelength bands to collocated in-situ remote
sensing reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, medium mixed flagged for all wavelengths
SeaWiFS (blue): y= 1.6357*x (+)-0.00021323, r’=0.98614, N=3
MODIS(red): y= 2.3258*x (+)-0.0069835, r?=0.93637, N=11
MERIS(green): y= 0.80563*x (+)0.00049691, r?=0.91681, N=24
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Figure A.14.: Comparison of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “medium mixed” classification and all wavelength bands to collocated in-situ remote sensing
reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, medium mixed flagged for 412nm, 413nm, 412nm, respectively Scatterplot, medium mixed flagged for 443nm, 443nm, 443nm, respectively
2,

SeaWiFs (blue): y= -1.0393" (+)0.067483, r’=-0.86734, N=3 SeaWiFS (blue): y= -1.5317*x (+)0.071833,
MODIS(red): y= 3.6911% (+)-0.04225, r°=0.88014, N=11 MODIS (red): y= 3.6593* (+)-0.050858,
MERIS(green): y= -0.9268"x (+)0.042075, *=-0.77234, N=24 MERIS(green): y= 0.61556* (+)0.0037486, °=0.22953, N=24
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Scatterplot, medium mixed flagged for 555nm, 551nm, 560nm, respectively
SeaWiFs (blue): y= -0.63431 (+)0.010715, ’=-0.45562, N=3

MODIS (red): y= 2.3922% (+)-0.0058151, ’=0.63878, N
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Figure A.15.: Comparisons of reflectance p of satellite instruments MERIS, MODIS and SeaWiFS
for “medium mixed” classification to collocated in-situ remote sensing reflectance measurements,
pw for different wavelength bands. The dashed black line is the angular bisector (1:1-line).
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Scatterplot, low mixed flagged for all wavelengths
MODIS(red): y= 2.1534*x (+)-0.0037826, r?=0.97943, N=14
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Figure A.16.: Comparison of reflectance p of satellite instrument MODIS (no data for MERIS and
SeaWiFS) for “low mixed” classification and all wavelength bands to collocated in-situ remote
sensing reflectance measurements, p,,. The dashed black line is the angular bisector (1:1-line).
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