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Abstract
Coastal areas are the most densely populated areas in the world and thus are under immense anthropogenic pressure.
To ensure their function and ecological role, coastal areas require continuous monitoring and management. The rapidly
emerging field of satellite remote sensing provides a unique opportunity to monitor both land and oceans from Space. This
thesis explores recent developments in ocean colour remote sensing, tests several image processing algorithms, evaluates
and maps water quality indicators – both on local and Baltic Sea-wide scale – as well as provides essential monitoring
data to complement already existing ship-based monitoring and modelling techniques. The overall aim of the thesis is to
broaden our understanding and applicability of ocean colour remote sensing for improved modelling and management of
the Baltic Sea and its coastal areas.

The thesis deals with four independent research topics. In paper I the spatial distribution of Total Suspended Matter
(TSM) during the summer season is evaluated using the European Space Agency’s (ESA) MEdium Resolution Imaging
Spectrometer (MERIS). The TSM distribution and concentration is retrieved quantitatively from MERIS data for the
HELCOM-defined Baltic Sea sub-basins for the summer seasons 2009, 2010, 2011, and summarized in a 3-year summer
composite image. Manuscript II deals with the correspondence between satellite, in situ and modelled data in Bråviken
bay, NW Baltic proper, which is optically dominated by Coloured Dissolved Organic Matter (CDOM). Chlorophyll-a
(CHL-a) and Secchi depth data are analyzed along a horizontal transects reaching from the inner coastal bay out into the
open sea. The study addresses the scarcity of in situ monitoring data in comparison to satellite and modelled data. Further,
an empirical relationship is established between modelled total nitrogen and CHL-a derived from satellite, potentially
allowing to infer information on the distribution of total nitrogen from satellite data. Paper III evaluates the performance of
MERIS’s successor – the Ocean and Land Colour Instrument (OLCI) launched on board Sentinel-3A (S3A) satellite. The
water quality products derived from S3A OLCI using the Case-2 Regional CoastColour Processor are evaluated via several
dedicated validation campaigns (2016-2018) in the NW Baltic proper. In manuscript IV, the in-water relationship between
particle scatter at 440 nm and Inorganic Suspended Particulate Matter (ISPM) is used to develop a novel algorithm to derive
ISPM from satellite-derived scatter. This algorithm was applied to OLCI data and tested on an independent dataset. The
algorithm allows to map the distribution of ISPM across the Baltic Sea basin and to assess the influence of coastal processes.

The key outcome of this thesis are reliable water-quality products generated on a Baltic Sea-wide scale, using state-
of-the-art Ocean Colour data. Specifically, the thesis highlights the benefits of using remote sensing to improve our
understanding of coastal and dynamical processes, as well as Baltic Sea ecology on a wider scale, which simply is not
possible by any other scientific means.
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To those who wonder...





Sammanfattning 
 

Kustområden är de mest tätbefolkade områdena i världen och är följaktligen 
under stark påverkan av människor. För att skydda kustområdens ekologiska 
roll och funktion krävs kontinuerliga övervaknings- och förvaltningsinsatser. 
Fjärranalys, ett snabbt framväxande forskningsområde, ger en enastående 
möjlighet att övervaka både land och hav från rymden.  Denna avhandling 
undersöker de senaste rön i marin fjärranalys, testar flera bildbehandlingsal-
goritmer, utvärderar och kartlägger vattenkvalitets-indikatorer – både lokalt 
och för hela Östersjösområdet – samt tillhandahåller unik övervakningsdata 
för att komplettera redan befintliga data såsom övervakningsdata från fältkam-
panjer och data beräknade från kustvattenmodeller. Det övergripande målet 
med denna avhandling är att bredda vår förståelse och tillämplighet av marin 
fjärranalys för en förbättrad övervakning och förvaltning av Östersjön och 
dess olika kustområden. 
 
Avhandlingen behandlar fyra oberoende forskningsämnen. I artikel I utvär-
deras den geografiska utbredningen av suspenderat material – Total Suspen-
ded Matter (TSM) – under sommarsäsongen med hjälp av Medium Resolution 
Imaging Spectrometer (MERIS) – en marin sensor utvecklad av den Europe-
iska rymdorganisationen (ESA). Fördelningen och koncentrationen av TSM 
uppskattas kvantitativt från MERIS-data för Östersjöns delområden (definie-
rade enligt HELCOM) för sommarsäsongerna 2009, 2010, 2011, och sam-
manfattas i en 3-årig sommarkompositbild. Manuskript II behandlar över-
ensstämmelsen mellan satellit, in situ och modellerad data i Bråviken (en vik 
i sydöstra Sverige), som är optiskt dominerad av färgat, löst material - Colou-
red Dissolved Organic Matter (CDOM). Klorofyll a (CHL-a) och sikt-
djupsdata analyseras längs en horisontell transekt som sträcker sig från den 
inre delen av Bråviken ut i det öppna havet. Studien behandlar bristen på in 
situ övervakningsdata i jämförelse med satellit- och modellerad data. Vidare 
etableras en empirisk algoritm mellan modellerad totalt kväve och CHL-a 
(härledd från satellitdata), vilket gör det möjligt att få fram information om 
fördelningen av totalt kväve från satellitdata. Artikel III utvärderar prestat-
ionen av MERIS efterträdare – OLCI (Ocean and Land Colour Instrument) – 
lanserad ombord på ESA’s satellit Sentinel-3A (S3A). Vattenkvalitetsproduk-
terna beräknade från S3A OLCI med hjälp av Case-2 Regional CoastColour-
processorn utvärderas via flera dedikerade valideringskampanjer i nordvästra 
Östersjön (2016-2018). I manuskript IV används förhållandet mellan parti-
kelspridning vid 440 nm och oorganiskt suspenderat partikelämne (Inorganic 
Suspended Particulate Matter - ISPM) – båda uppmätt i vattnet – för att ut-
veckla en ny algoritm som kan härleda ISPM från satellit-beräknad spridning 
(av solljuset). Denna algoritm applicerades på OLCI-data och testades på en 
oberoende datasats. Algoritmen möjliggör en kartläggning av fördelningen av 



oorganiskt material över hela Östersjöområdet, och en utvärdering av olika 
kustprocessers påverkan. 
 
Huvudresultatet av denna avhandling är tillförlitliga parametrar av vattenkva-
litet framtagna för Östersjön och dess kustområden med hjälp av unik marin 
fjärranalys-data. Avhandlingen påvisar fördelarna med att använda fjärranalys 
för att förbättra vår förståelse av kustnära dynamiska processer, liksom Öster-
sjöns ekologi, på en större övergripande skala som helt enkelt inte är möjligt 
på något annat sätt. 

 
 

Nyckelord: Marin fjärranalys; MERIS; OLCI; vattenkvalitet; marin ekologi; 
kustområden; Östersjön. 
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Abbreviations 
Abbreviation Description 

ANN Artificial/Alternative Neural Network  
APD Average Absolute Percentage Difference 
AOP Apparent Optical Properties 
AVHRR Advanced Very High Resolution Radiometer 
BEAM Basic ERS & ENVISAT (A)ATSR and MERIS Toolbox 
C2RCC  Case-2 Regional CoastColour processor 
CDOM/YEL Absorption of Coloured Dissolved Organic Matter at 440nm 
CHL, CHL-a, 
Chl a 

Chlorophyll-a as proxy for phytoplankton 

CZCS Coastal Zone Color Scanner 
CZM, SCM Coastal Zone Model, Swedish Coastal Model 
Ed Downwelling irradiance 
ENVISAT ENVIronment SATellite 
ESA European Space Agency 
EUMETSAT The European Organization for the Exploitation of Meteorologi-

cal Satellites 
FUB processor Case-2 processor developed by the Free University of Berlin 
HELCOM Baltic Marine Environment Protection Commission, Helsinki 

Commission 
HYPE Hydrological Predictions for the Environment 
IOP Inherent Optical Properties (i.e. scattering and absorption prop-

erties) 
KdPAR The diffuse attenuation coefficient of photosynthetically active 

radiation  
L1 Level-1 data 
L2 Level-2 data 
L2W Level-2 Water Products (EUMETSAT Ground Segment) 
L3 Level-3 data 
MERIS MEdium Resolution Imaging Spectrometer 
MNB Mean Normalized Bias 
MODIS Moderate Resolution Imaging Spectroradiometer  
MSFD Marine Strategy Framework Directive 
MSI MultiSpectral Instrument  
N, TN Nitrogen, Total Nitrogen 
NASA National Aeronautics and Space Administration 



NOAA National Oceanic and Atmospheric Administration 
OCM Ocean Colour Monitor  
OLCI Ocean and Land Colour Instrument 
OSPM/ISPM Organic Suspended Matter/Inorganic Suspended Matter 
P, TP Phosphorus, Total Phosphorus 
Lu Upwelling Radiance 
RMSE Root-Mean Square Error 
Rrs  Remote-sensing reflectance 
S2 Sentinel-2 
S3 Sentinel-3 
SD Secchi depth 
SeaWiFS Sea-Viewing Wide Field-of-View Sensor 
SHARK Svenskt HavsARKiv, Swedish Water Archive 
SIOPs Specific Inherent Optical Properties 
SMHI Swedish Meteorological and Hydrological Institute 
SNAP SentiNel Application Platform  
SST Sea Surface Temperature  
TOA Top of atmosphere 
TSM, SPM Total Suspended Matter, Suspended Particulate Matter 
VIS/NIS Visible-Near-Infrared 
WFD Water Framework Directive 
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Background 
 
Planet Earth has an extensive coastline that is about 1.64 million km long 
(Burke et al., 2001). Moreover, 84 % of the countries have access to a coastline 
along oceans, seas and inland lakes (Martínez et al., 2007). In fact, 23% of the 
world’s population lives within less than 100 km distance to the coast and 
estuaries (MEA, 2005; Nicholls et al., 2007). Coastal areas are the epicenter 
of human activity, play an important ecological role, and are some of the most 
productive ecosystems, with benthic and pelagic habitats both contributing 
substantially to the total primary production (Borum and Sand-Jensen, 1996; 
Krause-Jensen et al., 2012; Martínez et al., 2007). The ecological, economic 
and social importance of the world’s oceans was extensively evaluated and 
analyzed (Costanza et al., 1997). However, when it comes to the coasts, only 
recently, we’ve gained a global overview of these areas due to advancements 
in remote sensing technologies (Martínez et al., 2007). Satellite imagery pro-
vides a unique perspective on the state of the oceans and their interface with 
land, and allows for a detailed global picture hundreds of kilometers from 
above the Earth’s surface (Unninayar and Olsen, 2008). 
 
The explorations of the coastal areas from Space started in 1978, with the 
launch of the Coastal Zone Color Sensor (CZCS). It was the first ocean colour 
mission set out as a proof of concept to be used to measure ocean productivity 
(Gordon et al., 1983; Hovis, 1981). CZCS was subsequently followed by the 
National Oceanic and Atmospheric Administration’s (NOAA) Advanced 
Very High Resolution Radiometer (AVHRR), a weather satellite launched in 
1981 (Cracknell, 1997). Later missions included the Sea-Viewing Wide Field-
Of-View Sensor (SeaWiFS) in 1997 and the Moderate Resolution Imaging 
Spectroradiometer (MODIS) Aqua launched in 2002 by the National Aero-
nautics and Space Administration’s (NASA) (Barnes et al., 2005; O’Reilly et 
al., 1998). These sensors provided a scientific community with time-series of 
high quality data on optical and ecological properties of the coastal waters 
(Unninayar and Olsen, 2008). 
 
This thesis explores satellite sensors designed for coastal application devel-
oped and launched by the European Space Agency (ESA). Based on NASA’s 
successful exploitation of ocean colour data generated by CZCS and Sea-
WiFS, ESA developed its own Ocean Colour Monitor (OCM) that later led to 
the development of the MEdium Resolution Imaging Spectrometer (MERIS), 
launched on board of Envisat-1 becoming operational in 2002 (Rast et al., 
1999). MERIS’s high radiometric and dual spatial resolution (300 m and re-
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duced to 1 km) covering open ocean and coastal waters had a major contribu-
tion to the scientific fields aimed at improving our understanding of ocean 
productivity, climate and forecasting (Rast et al., 1999). The MERIS mission 
lasted 10 years (2002-2012) and had a wide application in a variety of coastal 
areas, open oceans and lakes (Bricaud et al., 1999; D’Sa et al., 2007; Doerffer 
et al., 1999; Gower et al., 2006; Loisel et al., 2017; Moses et al., 2009; 
Odermatt et al., 2018; Zibordi et al., 2013).  
 
The successful use and application of MERIS data allowed to transfer ac-
quired knowledge to the next mission designed and developed within Coper-
nicus Program (partnership between ESA and the European Commission es-
tablished in 2014) – the Sentinel-3 mission. The mission is comprised of four 
satellites, with the first satellite – Sentinel-3A – launched in 2016, followed 
by Sentinel-3B in 2018 (ESA, 2019). Sentinel-3A OLCI (Ocean Land Colour 
Instrument), is designed for ocean forecasting, climate and environmental 
monitoring. It has similar specifications to MERIS and ability to measure bio-
optical and biogeochemical variables in coastal waters (Doerffer, 2002; 
Doerffer et al., 1999; Merheim-Kealy et al., 1999; Moore et al., 1999). OLCI, 
however, is equipped with several additional bands to improve atmospheric 
correction and chlorophyll fluorescences measurements. The application and 
use of Sentinel-3A/3B OLCI is still not as extensive as it was for MERIS, but 
is steadily increasing, since the data passes quality-control by means of sensor 
calibration and in situ validation of the reflectance and water quality products 
(Alikas et al., 2017; Ruddick and Vanhellemont, 2015; Shen et al., 2017; 
Toming et al., 2016); III).  
 

Thesis aim 
 
The overall aim of this thesis was to broaden our understanding and applica-
bility of recent developments in ocean colour remote sensing on a Baltic Sea-
wide scale including coastal areas. Here, the complex and dynamic nature of 
the brackish ecosystem is explored using a monitoring technique so complex 
and sophisticated that it occupies a separate scientific domain on its own that 
comprises physics, mathematics, modelling, oceanography, biology, ecology, 
computer sciences and Space technologies – all in one. The state-of-the-art 
method and synergy of diverse scientific fields addresses essential questions 
and issues related to ecology in the world’s most densely populated brackish 
water body of the northern hemisphere – the Baltic Sea.  
 
The first aim revolved around whether it was possible to use a biogeochemical 
variable derived from the last three years of MEdium Resolution Imaging 
Spectrometer (MERIS) – Total Suspended Matter (TSM) – as an indicator of 
physical drivers and processes e.g. river run-off, near-shore resuspension and 
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identify the effect of wind-wave stirring on its distribution across different 
Baltic Sea basins. The last three years of the MERIS mission operation also 
coincided with the previous assessment period of the Helsinki Commission 
(HELCOM), within which the distribution of TSM concentration over the 
summer months (June, July and August) was evaluated and statistically com-
pared between HELCOM-defined Baltic Sea basins (I). This approach was 
possible due to developments of image processing in ocean colour remote 
sensing aimed at deriving and quantifying biogeochemical variables in coastal 
areas. The FUB-processor (Free University Berlin) was developed to both per-
form atmospheric correction of MERIS data and to reliably derive not only 
TSM, but also Chlorophyll-a (Chl-a) and Coloured Dissolved Organic Matter 
(CDOM) in optically-complex water such as the Baltic Sea (Schroeder et al., 
2007a). This processor was then applied to the entire MERIS archive (2002-
2012) in Swedish coastal areas to investigate a horizontal gradient of Secchi 
depth (SD) derived using an algorithm based on the ratio between 490 nm and 
665 nm (Florén et al., 2012). The aim here was to identify if MERIS can fill 
in the gaps between conventional monitoring stations where and when in situ 
measurements were not available (II). The derived Chl-a concentration were 
corrected for overestimation due to high CDOM absorption using a calibration 
algorithm previously developed to reliably correct Chl-a concentrations in 
Swedish Lakes (Philipson et al., 2016). Both Chl-a and SD derived from 
MERIS via FUB were compared along the horizontal land-open sea gradient 
to their counterparts measured in situ by the National Monitoring Program 
along the horizontal land-open sea gradient (II).  
 
The second part of the thesis (III, IV) aimed to evaluate the performance of 
the MERIS successor – Sentinel-3A OLCI using a further development of an-
other coastal processor, the so-called Case-2 Regional CoastColour (C2RCC) 
processor, and to validate the derived Inherent Optical Properties (IOPs) and 
biogeochemical derivatives via dedicated validation campaigns in the Swe-
dish coastal areas during 2016, 2017 and 2018. One of the derived IOPs was 
further tested as an input into a locally-derived in-water algorithm that gener-
ated a novel satellite product for the Baltic Sea – Inorganic Suspended Partic-
ulate Matter (ISPM). A monthly time-series was produced over six months 
covering the entire Baltic proper in order to highlight terrestrial influence on 
coastal areas (IV). The underlying aim was to evaluate the capabilities of 
ocean colour measurements and their applicability to reliably quantify water 
quality variables that are used as indicators for the ecological status of the 
Baltic Sea (I, II, III and IV). 
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The Baltic Sea 
 

MERIS (I, II) has been extensively used to study the world’s second largest 
brackish sea – the Baltic Sea – over the last two decades (Attila et al., 2013; 
Beltrán-Abaunza et al., 2014; Bresciani et al., 2014; Doerffer and Schiller, 
2007; Kratzer et al., 2008; Kratzer and Vinterhav, 2010; Ohde et al., 2007; 
Reinart and Kutser, 2006; Vaičiūtė et al., 2012). The Baltic Sea in one of the 
largest brackish marine environments in the world, with a surface area of 420 
000 km2 and a drainage basin that is four times larger (1 739 000 km2; Fig. 1). 
It is surrounded by 14 countries and accommodates around 85 million people, 
which causes immense anthropogenic pressure (Hannerz and Destouni, 2006). 
One third of the Baltic Sea is shallower than 30 m and its relative isolation 
from the Atlantic Ocean and a number of interceptive sills between the Katte-
gat and the Arkona Sea, makes the water exchange slow, which takes approx-
imately 30 years (Leijonmalm et al., 2016; Leppäranta and Myrberg, 2009). 
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Figure 1: Baltic Sea catchment area and HELCOM sub-basins 2018 (http://metadata.helcom.fi); 
(http://metadata.helcom.fi). Country boundaries (Natural Earth; https://www.natura-
learthdata.com). European coastline shapefile (EEA; https://www.eea.europa.eu). The roman 
numbers in red refer to the papers and manuscripts in this thesis. The areas of interest for each 
papers/manuscripts are indicated as red rectangles. 
 
 
The Baltic Sea receives a large freshwater input via a number of rivers, pre-
dominantly flowing through agricultural land (Fig. 1). These rivers mainly 
discharge into the Baltic proper and the Gulf of Finland. The five largest 
(Neva, Vistula, Oder, Nemunas and Daugava) are major point sources of nu-
trients (Leijonmalm et al., 2016; Stepanauskas et al., 2009). The limited water 
exchange between the Baltic Sea and the North Sea is governed by wind-
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driven currents, water density (salinity and temperature dependent) as well as 
sea level differences (Matthäus et al., 2014). The limited water exchange 
causes poor oxygen conditions and the retention of nutrients. In turn, elevated 
nutrient concentrations facilitate phytoplankton growth. Subsequently, bacte-
rial decomposition processes use up oxygen in the bottom sediments. As a 
result, eutrophication and oxygen depletion are the two main environmental 
issues in the Baltic Sea (Bonsdorff et al., 1997; HELCOM, 2009; Larsson et 
al., 1985; Murray et al., 2019). 
 
The first evidence of pollution in the open Baltic Sea emerged in the early 
1960s, pointing towards excessive nutrient enrichment (Elmgren, 2001; 
Jansson, 1997) leading to eutrophication. Eutrophication may be described as  
“addition of nutrients which cause increased growth of algae and higher 
plants” (Larsson et al., 1985). It is a natural process in which e.g. lakes slowly 
transform from oligotrophic to eutrophic conditions. Normally, this process 
occurs over long periods of time, but can be substantially accelerated by an-
thropogenic loading of nutrients (Larsson et al., 1985). It was first observed 
by Fonselius (1969) that deep-water oxygen depletion in the Baltic Sea is tak-
ing place and that it may be partially attributed to human activity. This dis-
covery also prompted the onset of eutrophication research in the Baltic Sea 
(Fonselius, 1976). Eutrophication in marine systems results in the increase of 
primary production, subsequently leading to visible algal blooms (Nixon, 
1995). Nitrogen (N) and phosphorus (P) - both in organic and inorganic forms 
- are the two major nutrients contributing to eutrophication in the Baltic Sea 
(HELCOM, 2009). 
 

Primary production 
 

Primary production in natural waters is strongly determined by the availability 
of nutrients such as nitrogen and phosphorus (Tyrrell, 1999). There are differ-
ent types and levels of production in an ecosystem: the growth rate of individ-
ual populations, the net primary production (generated by plants) and the net 
ecosystem production (Granéli et al., 1990). Availability of light and temper-
ature plays a crucial role in determining the growth rate and primary produc-
tion, and therefore net ecosystem production (Sakshaug and Holm-Hansen, 
1986; Valiela, 1995). Generally, the Gulf of Bothnia (SEA-017, Fig. 1) has 
relatively low primary production as a consequence of lower nutrient concen-
trations (Hansson et al., 2011). In the Norther Baltic Proper (SEA-012), Kat-
tegat (SEA-001) and Skagerrak (Fig. 1) the productivity is governed by a lim-
ited supply of nitrogen (Granéli et al., 1990), while phosphorus is most com-
monly a limiting factor in the northern parts of the Bothnian Sea (Andersson 
et al., 1996; Bernes, 2005; Tamminen and Andersen, 2007). Nutrient limita-
tion patterns change throughout the season (Tamminen and Andersen, 2007) 
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and depend on the nutrient input from freshwater sources (Pitkanen and 
Tamminen, 1995), especially during cyanobacteria blooms (Lignell et al., 
2003; Nausch et al., 2004). Nutrient concentrations in a water body also de-
pend on other processes such as nutrient exchange between land, the aquatic 
environment and the atmosphere, and the biogeochemical transformations 
within the water column. These processes vary both on spatial and temporal 
scales (Kowalkowski et al., 2012). The primary consequences of increased 
nutrient loads is an increase of primary production, which may be manifested 
as extensive cyanobacterial blooms during the summer period (Larsson et al., 
1985). Apart from extensive terrestrial input of nutrients, the Baltic Sea expe-
riences periodic major deep-water inflows through Kattegat (SEA-001 in 
Fig.1), originating from the North Sea. These bring in more saline waters that 
are also denser and rich in nutrients and oxygen (Fischer and Matthäus, 1996; 
Maar et al., 2011; Mohrholz et al., 2015).  

 

Phytoplankton phenology in the Baltic Sea 
 
Regeneration and mixing during the winter period causes elevated nutrient 
concentrations in the surface waters (Hagström et al., 2001), which combined 
with the increase in light during spring triggers the spring bloom. The spring 
blooms in the Baltic Sea is dominated by diatoms and dinoflagellates (propor-
tion of which varies between years), peaking in April (northern Baltic Sea). 
The spring bloom uses up most of the available nitrogen supplied to the sur-
face waters from land, the seabed and from the deep waters during the winter 
period (December-February) (Heiskanen, 1998; Kremp et al., 2008; Martin-
Jezequel et al., 2000). After the spring bloom there is usually a biomass min-
imum in June dominated by small flagellates and nanoplankton (Heiskanen 
and Kononen, 1994; Wulff and Ulanowicz, 1989). During summer blooms 
(Fig. 2), primary production is weakened by the scarcity of nitrogen. How-
ever, phosphate remains partially unused in the water column after the spring 
bloom through summer and gives rise to blooms of nitrogen-fixing (diazo-
trophic) cyanobacteria (Bernes, 2005; Hagström et al., 2001), which can fix 
the nitrogen gas dissolved in surface waters (Vahtera, 2007). Nutrients that 
are taken up by phytoplankton are eventually released back into the water, 
when the algae die and are decomposed by e.g. bacteria or grazed by zoo-
plankton (Gunnison and Alexander, 2012). Blooms of filamentous cyanobac-
teria dominate the phytoplankton communities in summer (July-August). 
They consist mostly of nitrogen-fixing species (Aphanizomenon flos-aqua and 
various Dolichospermum (Anabaena) species) in the coastal areas and Nodu-
laria spumigena, mostly found in the open sea (Voipio Aarno, 1981). 
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Part of the nutrients are further reused by other phytoplankton, while the rest 
falls out and sinks to the sea bottom where it accumulates. Phosphorus is grad-
ually stored in benthic sediments, nitrogen, on the other hand, is largely re-
leased into the atmosphere as gas after denitrification (Bernes, 2005). Later in 
the autumn, the phytoplankton biomass declines and converges towards its 
annual minimum during the winter period when light and temperature condi-
tions become the main limiting factors for phytoplankton production 
(Hagström et al., 2001). There are, however, several cold-water species (e.g. 
diatoms) that can thrive even in harsh winter conditions (Norrman and 
Andersson, 1994).  
 

Cyanobacteria blooms observed from Space 
 

Cyanobacteria blooms (Fig. 2) show temporal and spatial variation on inter-
annual and intra-annual scales from wide horizontal surface inhomogeneities 
following counter-clockwise circulation as well as vertical distribution within 
the euphotic zone (Kahru et al., 1994, 2000; Kononen and Leppänen, 1997). 
Blooms are predominant found in the Baltic proper (SEA-010; SEA-012; 
SEA-009) and in the Gulf or Riga (SEA-011), the Gulf of Finland (SEA-013), 
with less frequent blooms in the Bothnian Sea (SEA-015) and Great Belt 
(SEA-002) (Kahru et al., 1994, 2000). The spatial distribution is influenced 
by the nitrogen to phosphorus ratio (N:P) and the surface salinity gradient 
across the Baltic Sea (Stal et al., 1999; Wasmund, 1997). The extent of the 
blooms can be detected using satellite sensors, which have shown that the area 
coverage can reach up to 60 000 km2, or roughly 16 % of the Baltic Sea surface 
(Kahru et al., 1994).  
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Figure 2: Cyanobacteria bloom in Norther Baltic Proper and Gulf of Finland as seen from space. 
Sentinel-3A OLCI RGB image 2018-07-15. Credit: European Union, contains modified Coper-
nicus Sentinel data 2019, processed via SENTINEL Hub with the EO Browser. 
 
Using data from various satellite sensor, Kahru and Elmgren (2014) found that 
the on-set of the yearly cyanobacteria bloom in the Baltic Sea has shifted for-
wards by approximately 0.6 days per year since 1979. The peak of the summer 
blooms occurs about 20 days earlier when compared to the start of the satellite 
measurements (1997), i.e. already in mid-July. 
 

Baltic Sea coastal areas 
 
Swedish coastal waters are heavily influenced by terrestrial run-off and nutri-
ents that consequently stimulate algal and phytoplankton growth (Lessin and 
Raudsepp, 2007). These regions are strongly affected by pollutants from land 
(Cederwall and Elmgren, 1990). Anthropogenic activities within the terrestrial 
system have a persistent impact on the Baltic Sea’s water quality mediated by 
physio-chemical processes. Suspended particulate matter is mostly trans-
ported into the Baltic Sea by fluvial inputs together with nitrogen and phos-
phorus, that may negatively affect coastal ecosystems by causing eutrophica-
tion. Climate projections show precipitation extremes in norther Scandinavia, 
that in turn may lead to a substantial increase in terrestrial run-off (Beniston 
et al., 2007; Nikulin et al., 2011). This suggests an increase in humic sub-
stances (browning of water), and also an increase of erosion and subsequently 
leads to increased loads of suspended matter into the sea. Climate change, an-
thropogenic pressures including overfishing and eutrophication may cause a 
subsequent reduction in the resilience of the ecosystem, making it even more 
sensitive to perturbations (HELCOM, 2013).  
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From an ocean colour point of view, the Baltic Sea comprises optical Case-2 
waters, that are optically dominated by high levels of humic substances and 
moderate to large amounts of suspended matter in coastal areas that are asso-
ciated with coastal processes (Kowalczuk et al., 2005; Kratzer and Tett, 2009; 
Morel and Prieur, 1977). Baltic Sea coastal areas also receive large amounts 
of dissolved organic matter (DOM) transported to aquatic ecosystems from 
both external and internal sources (Benner and Benner, 2002). Part of the dis-
solved matter is chromatic and can absorb light, and it therefore termed Col-
oured Dissolved Organic Matter (CDOM) (Harvey et al., 2015a). The chro-
mophoric fractions in humic matter absorb light in the blue part of the visible 
electromagnetic spectrum, and thus make the water appear of yellow colour. 
CDOM reduces light transmission, making the Baltic Sea appear much darker 
compared to other seas (Kratzer et al., 2011) and shifts the light transmission 
more towards the red part of the visible spectrum making the water appear 
brown, rather than green, which consequently also reduces light available for 
photosynthesis (Jerlov, 1976) and thus negatively affects primary production 
(Andersson et al., 2018; Ask et al., 2009). The CDOM-dominant nature of the 
Baltic Sea (due to high absorption) makes it rather challenging to retrieve wa-
ter quality information using satellites. It requires development of local in-
water algorithms and inclusion of regional specific optical parameters into the 
used satellite processors, as well as typical ranges of optical properties and 
extensive in situ validation campaigns (Beltrán-Abaunza, 2015)(III).  
 

Water quality variables derived from remote sensing data 
 

Water quality can generally be described based on physical, chemical, biolog-
ical as well as bio-optical characteristics of natural water. From an ecosystem 
perspective, the quality of the seawater is directly affected by substances trans-
ported into the sea from various sources such as point source (e.g. waste water 
effluents and oil spills), or and diffuse sources (agricultural run-off and atmos-
pheric deposition) (Kratzer et al., 2017). There are nearly 40 individual water 
quality variables that are used in monitoring of European surface waters 
(Kristensen and Bøgestrand, 1996), some of which have a spectral signature 
in the visible part of electromagnetic spectrum. Water quality parameters that 
can be derived from remote sensing are sea surface temperature (SST) – which 
is detected using near-infrared sensors – as well as optical parameters such as 
suspended particulate matter (SPM), Chlorophyll-a (Chl-a), Coloured Dis-
solved Organic Matter (CDOM), turbidity and water transparency/Secchi 
depth (Brockmann and Stelzer, 2009) (III), all of which influence the visible 
light spectrum, and thus can be detected by eye or by a sensor from Space. 
Phytoplankton biomass is stimulated by nutrients (especially nitrogen and 
phosphorus) and can be measured from Space using Chl-a as a proxy (II). One 



11 

can also infer salinity indirectly from CDOM, as these properties are inversely 
correlated: the more freshwater from land the higher the CDOM absorption 
(Kari et al., 2018; Kratzer et al., 2003). Secchi depth is often used as an indi-
cation of eutrophication (BSAP, 2007; Harvey et al., 2019; Kari et al., 2018). 
It is important to note that this relationship is local and changes within indi-
vidual estuaries as well as different Baltic Sea basins (Harvey et al., 2015a). 
 
In the following section the three main bio-optical constituents (Chl-a, CDOM 
and TSM) and two additional ecologically important optical water quality 
measurements (Secchi depth and turbidity) are described. 
 

Chlorophyll-a (Chl-a) 
 
Chlorophyll-a (Chl-a) can be used as a proxy of phytoplankton biomass 
(Behrenfeld and Boss, 2006). A massive increase in biomass may be a sign of 
eutrophication. Concentrations of Chl-a vary substantially between oceanic 
waters and nutrient-rich coastal areas. The latter may be dominated by intense 
phytoplankton blooms. Chl-a concentrations vary seasonally, being the lowest 
during the winter period and highest during the spring  and summer blooms 
(Kratzer et al., 2017). Chl-a has two absorption peaks: one in the blue part of 
the electromagnetic spectrum at 440 nm, and the other one in the red part at 
670 nm (Kratzer et al., 2011). The lowest absorption is found in the green part 
of the spectrum, therefore high phytoplankton blooms often appear to be 
green, but may also be red in colour due to other phytoplankton pigments (II, 
III, IV).  
 

Coloured Dissolved Organic Matter (CDOM) 
 
CDOM (Gelbstoff) is a group of complex compounds loosely referred to as 
‘humic substances’ and originates from the decomposition of plant tissue in 
soil or in the water body (Kirk, 2011; Sieburth and Jensen, 1968). Due to its 
terrestrial origin, CDOM can be used as an indicator of river run-off, or drain-
age from diffuse sources on land (Kratzer et al., 2017). Rainwater drains 
through the soil and into rivers, streams and estuaries, and eventually flows 
into coastal areas, transporting water-soluble humic substances. These colour 
the water yellow, which in turn affects the light absorption, especially in the 
blue part of the visible electromagnetic spectrum (Kirk, 2011). CDOM ab-
sorbance can be detected at 350 nm, 380 nm and is in remote sensing is meas-
ured at 440 nm and expressed as the absorption coefficient g440. Coinci-
dentally, this is where Chl-a absorption peaks as well in the blue (III).  
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Suspended Particulate Matter (SPM) or Total Suspended Matter (TSM) 
 
The concentration of SPM/TSM can be used as an indicator of coastal pro-
cesses and physical forcing (I, IV). SPM/TSM is measured in high concentra-
tions in the areas exposed to strong wind, river outlets and coastal upwelling 
(Kratzer and Tett, 2009). SPM/TSM is measured gravimetrically (Strickland 
and Parsons, 1972), and is divided into an organic (OSPM) and an inorganic 
(ISPM) fraction (IV). The inorganic fraction, ISPM, consist mostly of inor-
ganic particles such as sand, silt and mud. OSPM is comprised of phyto- and 
zooplankton as well as organic detritus. OSPM absorbs light in the blue part 
of the spectrum also follows a logarithmic function, and therefore is optically 
similar to CDOM. ISPM comprises inorganic particles associated with soil 
erosion and carried downstream by rivers as well as with resuspension of bot-
tom sediments within close proximity to land, sand banks or shallow areas 
(Kirk, 2011; Kratzer et al., 2017). Resuspension is a dominant process in 
coastal areas and estuaries and is considered a key physical process in the Bal-
tic Sea (Danielsson et al., 2007; Wulff et al., 2013). ISPM has a higher pro-
portion of scatter in the backwards direction (backscatter) (Bowers and 
Binding, 2006; Kratzer et al., 2017), and thus can be differentiated from 
CDOM and Chl-a present in the water. Kratzer and Tett (2009) found that in 
coastal areas of the Baltic Sea, ISPM can be used to define the extent of coastal 
waters (IV). It falls out within 15-20 km range in the northwestern Baltic Sea. 
Kratzer and Moore (2018) found that scattering particles in the Baltic Sea have 
a bi-modal distribution, suggesting that they can be divided into ‘coastal’ and 
‘open sea’ particles (IV). By identifying a relationship between the scatter at 
443 nm and concentrations of ISPM in the water it is possible to detect river 
run-off from space, as well as to delineate sediment plumes on small and large 
scales (IV).  
 

Turbidity 
 
Turbidity refers to the reduction in water clarity due to the presence of sus-
pended matter (ISO 7027, 1990). It is a measure of scattering in the near-in-
frared, and is directly related to the concentration of SPM/TSM (Bukata, 1995; 
Kallio, 2012). This relationship allows for the retrieval of SPM/TSM from 
turbidity measurements, and vice versa (Jafar-Sidik et al., 2017; Kari et al., 
2017; Petus et al., 2009) (III). Turbidity is also highly correlated with ISPM, 
and therefore can also be estimated reliably from ISPM concentration, which 
in turn can be derived from particle scatter (IV). 
 



13 

Secchi depth 
 
Water transparency is an important ecological property of the water as it de-
termines primary production. The transparency can be expressed quantita-
tively through the Secchi depth (ZSD); (Kirk, 2011) (II, III).  The Secchi depth 
measurement is one of the oldest techniques to evaluate water quality. It was 
developed by Angelo Secchi in 1865 (Secchi, 1865). Measurements are done 
by lowering a 25-30 cm disk (in diameter) into the water, and noting the depth 
at which the disk disappears from the observer’s view. The Secchi depth is 
affected by Chl-a, SPM/TSM (turbidity), CDOM absorption as well as inor-
ganic particles associated with river or run-off (which are also turbid). The 
Secchi depth can provide an estimate of the photic depth Zeu = 4.6/KdPAR 
(Kirk, 2011) - to which light can penetrate - and is indicative of primary pro-
duction (Kratzer et al., 2003). The Secchi depth is also one of water quality 
variables with the longest available time-series in the Baltic Sea (Sandén and 
Håkansson, 1996). It has been measured in the Baltic Sea since 1903 (Aarup, 
2002). 
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Methods 

Ocean colour remote sensing 
 
Ocean colour remote sensing is a rapidly advancing field that is increasingly 
used to monitor the water quality in the Baltic Sea. The methods can also be 
used to improve our understanding of phytoplankton phenology and ecology 
(Alikas et al., 2015; Alikas and Kratzer, 2017; Attila et al., 2013, 2018; 
Beltrán-Abaunza et al., 2014; Beltrán-Abaunza, 2015; Harvey et al., 2015b; 
Hieronymi et al., 2016, 2017, Kahru et al., 1994, 2007; Kahru and Elmgren, 
2014; Kari et al., 2017; Koponen, 2006; Kratzer et al., 2003, 2008, 2014, 2016; 
Kutser et al., 2006; Kyryliuk and Kratzer, 2019; Ruescas et al., 2018). The 
approach is a based on a combination of optical in situ measurements and re-
motely derived in-water constituents. The Baltic Sea ecosystem is observed 
through its bio-optical properties, which in turn are described by the actual 
concentrations of in-water constituents, causing spectral attenuation of light 
(Kratzer and Tett, 2009). The ecological state of coastal areas can be evaluated 
using a bio-optical model that consider important ecosystem state variables, 
such as phytoplankton production, water transparency and terrestrial run-off. 
Here, the optical properties are observed by means of visible spectral radiom-
etry. Ocean colour remote sensing provides optical observation, covering all 
Baltic Sea basins. These observations improve our understanding of water 
quality dynamics in brackish environments (Kratzer et al., 2014). 
 
Ocean colour remote sensing resolves around two fundamental physical phe-
nomena – absorption and scattering. The absorption and scattering of light in 
the aquatic medium (water column) of any given wavelength are specified in 
terms of the absorption and the scattering coefficients as well as the volume 
scattering function, and are referred to as Inherent Optical Properties (IOPs) 
(Preisendorfer, 1961) of water itself and all its optical constituents. Absorption 
of light occurs when a photon interacts with molecules and its energy is con-
verted from electromagnetic to chemical energy such as photosynthesis and 
fluorescence (Kratzer et al., 2017). Besides that, organic matter (dissolved or 
particulate) and phytoplankton also absorb light. Scattering, however, is when 
the path of a photon is changed by colliding with a particle. Scatter can be 
caused by – both organic and inorganic suspended particles – and is thus 
closely related to the concentrations of SPM/TSM and ISPM (I, IV). 
 
Besides IOPs, there are also Apparent Optical Properties (AOPs). Inherent 
Optical Properties depend only on the medium (water) and the optical in-water 
substances; they are independent of the ambient light field. AOPs depend both 
on the medium as well as on the directional structure of the ambient light field. 
This can then can be used as a quality descriptor of a water body. The most 
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commonly used AOPs are the irradiance reflectance (R), various diffuse at-
tenuation functions (Kd, Ku, Kpar) and remote-sensing reflectance (Rrs) 
(Mobley, 2008).  
 
Remote-sensing reflectance (Rrs) is of major importance in remote sensing and 
can be regarded as a measure of ‘ocean colour’. Rrs is defined as the ratio of 
upwelling radiance to downwelling irradiance, Lu/Ed which can be measured 
at the sea-surface with a radiometer. 
 
Rrs is also proportional to bb/(a+bb), where a is absorption coefficient (m-1) and 
bb is backscattering coefficient (m-1). Rrs can be used to estimate water quality 
parameters i.e. Chl-a or SPM concentrations by inverse modelling (Mobley, 
2008). The area of research that studies optical properties of the water is called 
‘bio-optics’ and when combined with satellite measurements is called ‘ocean 
colour remote sensing’ (Kratzer et al., 2017). It may also be termed aquatic 
remote sensing, as it also can be applied to lakes. 
 
Ocean colour remote sensing takes advantage of the visible-near-infrared 
(VIS/NIS) range of the electromagnetic spectrum (400 - 900 nm), using pas-
sive satellite radiometers (IOCCG, 2000). In essence, the sunlight (radiation) 
is first scattered and absorbed by the atmosphere before it reaches the water 
surface. A part of the sun light is then reflected, the rest penetrates into the 
water column, where it is absorbed or scattered by the optical components 
present in the water (IOCCG, 2000). This, in turn, changes the spectral signa-
ture of the radiance scattered back into the atmosphere and containing infor-
mation about optical water constituents that are later converted into actual 
concentrations of optical constituents (Chl-a, CDOM, SPM/TSM and Secchi 
depth e.g. by means of inverse neural network algorithms (Yoder et al., 2010). 
The algorithms contain semi-analytical models based on the spectral scatter-
ing and absorption properties, the IOPs of the optical water constituents 
(Kratzer and Moore, 2018). 

 

Satellite sensors 

Medium Resolution Imaging Spectrometer (MERIS) 
 
MERIS (I, II) is one of the main ocean colour instruments developed by the 
European Space Agency (ESA) with a pixel resolution of 300 m (the standard 
spatial resolution of ocean colour images is normally ~ 1 km per pixel). A 
pixel is the smallest element of an image that corresponds to one of the square 
unit elements of the Earth’s surface viewed and captured by the scanning ra-
diometer mounted on a satellite platform (Kirk, 2011). The colour intensity 
within a defined colour scale of each pixel in the final image displayed directly 
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corresponds to the radiance (or reflectance) value of the spectral band. It can 
also be determined as a value of an in-water constituent derived via the ratio 
of two or more spectral radiance values (e.g. Chl-a or SPM/TSM concentra-
tions) (Kirk, 2011).  
 
MERIS was launched on ESA’s Envisat and was equipped with 15 narrow 
spectral bands (10 nm wide), with 2-3 days revisit time allowing it to be suit-
able for coastal applications (Doerffer et al., 1999). MERIS’s wide dynamic 
range made it capable to detect both the low signals emerging from dark water 
of the Baltic Sea as well as strong signals from objects of high reflectance, 
such as land surface, clouds and sea ice. The improved spectral resolution of 
MERIS allowed to develop regional and local water quality algorithms (Alikas 
et al., 2015; Alikas and Kratzer, 2017; Kari et al., 2017; Kratzer et al., 2008) 
that allow for a more efficient and cost-effective way to monitor water quality 
in the Baltic Sea with improved spatial and temporal scales. MERIS stopped 
functioning in May 2012, leaving behind a 10-year time-series of global ocean 
colour data including the Baltic Sea (I, II). 

Sentinel-3 Ocean and Land Colour Instrument (OLCI) 
 

After the demise of Envisat there were no ocean colour sensors capable of 
retrieving reliable water quality information for the optically-complex waters 
of the Baltic Sea. ESA’s Copernicus satellite mission (III) was planned in 
order to substitute MERIS with its successor, the Ocean Land Colour Instru-
ment (OLCI) on Sentinel-3A (S3A). OLCI has similar specifications with 
some additional spectral channels, and the ability to perform reliable measure-
ments of bio-optical constituents in the Baltic region. The initial idea was that 
MERIS and OLCI would be operated in parallel for sensor intercalibration 
purposes. However, there were a number of delays that led to a much later 
launch of S3A only on 16 February 2016, resulting in a four-year gap between 
MERIS and OLCI data. The commissioning phase added another six months 
after OLCI’s launch, with only limited data access available for the Sentinel-
3 Validation Team. For the broader community, data became available in late 
October 2016 (III). The Sentinel-3B, the first twin satellite of Sentinel-3A, 
has joined orbit on 25 April 2018 to systematically monitor oceans, land, ice 
cover and atmosphere. The pairing of those two satellites also means nearly 
daily coverage in the Baltic Sea. Additionally, two more Sentinel-3 satellites 
are planned to be launched (S3C and S3D) with a total expected mission time 
until the end of 2030, which is the most unprecedented and ambitious mission 
in the history of ocean colour measurements (https://earth.esa.int/sentinel-3).  
 
OLCI on Sentinel-3 has been developed using opto-mechanical and imaging 
design based on MERIS Envisat. OLCI is a quasi-autonomous, visible push-
broom imaging spectrometer with significant improvements compared to its 
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predecessor MERIS (https://sentinel.esa.int/web/sentinel/user-guides/senti-
nel-3-olci/overview/heritage): 
 

• Spectral bands increased from 15 to 21compared to MERIS 
• Improvements in long-term radiometric stability 
• Mitigation of possible sun-glint contamination by adjusting the cam-

era’s tilt in a westerly direction (important at high latitudes e.g. the 
Baltic Sea) 

• Improved stray light, camera overlap and calibration diffusers 
• Improved coverage <4 days for global ocean 
• Improved delivery of satellite products (within 3 hours) 

 
OLCI products are available for download on several processing levels. Level-
1 contains radiance reflectance in the sensor’s grid. Further, data on Level-1b 
is available to users and contains ortho-geolocated and calibrated Top of the 
Atmosphere (TOA) radiance reflectance for all OLCI’s bands (Table 1).  
 
Leve-2 products contain outputs of biogeophysical products (e.g. Chl-a, TSM 
and CDOM). Level-2 data are available at Reduced (~1 km/px) and Full (300 
m/px) resolution (https://sentinel.esa.int/web/sentinel/user-guides/sentinel-3-
olci/product-types/level-2-water). The biogeophysical products are called 
Level-2 Water Products (L2W) and the processing is done by the so-called 
Sentinel Ground Segment (https://sentinels.copernicus.eu/web/sentinel/mis-
sions/sentinel-3/ground-segment). The Ground Segment ensures monitoring 
and controlling of the satellites, deals with data acquisition, data processing 
and archiving and the final dissemination to the user community.  
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Table 1. MERIS vs OLCI bands 

 
Sensor MERIS OLCI 

Band # λ center Width λ center Width 
nm nm nm nm 

Oa1 412.5 10 400 15 
Oa2 442.5 10 412.5 10 
Oa3 490 10 442.5 10 
Oa4 510 10 490 10 
Oa5 560 10 510 10 
Oa6 620 10 560 10 
Oa7 665 10 620 10 
Oa8 681.25 7.5 665 10 
Oa9 708.75 10 673.75 7.5 
Oa10 753.75 7.5 681.25 7.5 
Oa11 760.625 3.75 708.75 10 
Oa12 778.75 15 753.75 7.5 
Oa13 865 20 761.25 2.5 
Oa14 885 10 764.375 3.75 
Oa15 900 10 767.5 2.5 
Oa16 x x 778.75 15 
Oa17 x x 865 20 
Oa18 x x 885 10 
Oa19 x x 900 10 
Oa20 x x 940 20 
Oa21 x x 1020 40 

 
The Ground Segment water products are also called ‘standard products’. The 
L2W products require no further processing from the user’s side and can be 
directly used to derive Chl-a, TSM and CDOM concentrations as well as re-
mote sensing reflectance and to compare them to in situ measurements for 
validation and monitoring purposes. These products can also be used to get a 
daily overview, as well as to generate weekly, monthly and seasonal compo-
sites through Level-3 (L3) binning (Campbell et al., 1996) (I, II and IV). The 
L3 products can be further used for integration in operational systems, water 
quality assessments and utilized to meet the goals set by national and interna-
tional laws, regulations and directives (CEC, 2000; HELCOM, 2018) (I, II).  
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However, L2W data processing does not always provide the best products for 
the Baltic Sea (Beltrán-Abaunza et al., 2014). Due to the optically-complex 
nature of the Baltic Sea caused by the dominance of coloured dissolved or-
ganic matter, the reliable retrieval of biogeophysical products requires to use 
third-party processors that are better adapted to Baltic Sea conditions, often 
referred to as ‘scientific processor’. These are able to perform atmospheric 
correction and to consequently derive water products (Beltrán-Abaunza, 
2015). These processors are often available to the scientific community 
through open-source code followed by scientific publications describing in 
detail the architecture and performance of a certain processor. Third-party pro-
cessors normally require Level-1b data as an input and generate Level-2 data 
as an output. This Level-2 data often differs from the ‘standard’ Ground Seg-
ment Level 2 Water (L2W) data. Evaluation and validation of the ‘scientific 
processors’ occupies a substantial place in ocean colour remote sensing re-
search community and is the central method in this thesis (I, II, III and IV).  
  

Satellite data processors  
 
In this thesis two different third-party ‘scientific’ processors were used: The 
Case-2 Water Properties processor – FUB (Schroeder et al., 2007b) and the 
Case-2 Regional CoastColour (C2RCC) processor (Brockmann et al., 2016).  
 

The Case-2 Water Properties processor Free University of Berlin (FUB 
Case-2 Water processor) 
 
Viewing and analyzing satellite data requires specialized software. Shortly af-
ter the launch of MERIS in 2002, the Basic ERS & ENVISAT (A)ATSR and 
MERIS Toolbox (BEAM) developed by Brockmann Consult GmbH, subcon-
tracted by ESA, was released. The BEAM toolbox is an open source software 
designed to accommodate to the MERIS data format and allows to integrate 
user-developed scientific tools (scientific processor) via plug-ins (Fomferra 
and Brockmann, 2005). The FUB processor is one of the Case-2 plug-ins de-
signed to integrate with BEAM and uses inverse radiative transfer simulations 
based on a coupled ocean-atmosphere model and an Artificial Neural Network 
(ANN) approach (Schroeder et al., 2007a, b). The ANN approach allows to 
account for the optical complexity of Case-2 waters such as the Baltic Sea due 
to ‘multilayer feedforward networks with nonlinear transfer functions’ 
(Schroeder et al., 2007b). The FUB allows to derive Chlorophyll-a (CHL), 
Total Suspended Matter (TSM) and yellow substance (YEL), generally 
termed CDOM. The FUB performance in the Baltic Sea coastal areas was 
evaluated via dedicated MERIS validation campaigns (Beltrán-Abaunza et al., 
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2014; Kratzer and Vinterhav, 2010). It showed improved retrieval of Chl-a 
compared to the Ground Segment data and other processors evaluated 
(Beltrán-Abaunza et al., 2014). TSM retrieval was not as reliable when com-
pared to Ground Segment data, although within similar bias as for Chl-a. 
CDOM (YEL) retrieval was substantially underestimated when evaluated 
against in situ data, making it the least reliable product. However, the FUB 
processor was found to be the ‘best’ at retrieving Chl-a in the Baltic Sea and 
had reduced spatial noise compared to other processors (Beltrán-Abaunza et 
al., 2014). For a substantial period of time until the further development of the 
Case-2 Regional Processor (C2R), the FUB was the key processor to be used 
for monitoring of the Baltic and Nordic Lakes (Beltrán-Abaunza et al., 2016; 
Kallio et al., 2015; Kari et al., 2017; Kauer et al., 2015; Philipson et al., 2016, 
2014; Raag et al., 2014; Vaičiūtė et al., 2012) (I, II). 
 

The Case-2 Regional CoastColour processor (C2RCC) 

 
The C2RCC processor (III, IV) is a further development of the Case-2 Re-
gional processor (C2R) based on a neural network (NN) approach that param-
eterizes the inverse of a radiative transfer model, where NN is a feed-forward 
propagation model comprised of two hidden layers (Schiller and Doerffer, 
1999). It was originally developed for MERIS to compute reflectances, phy-
toplankton pigments, suspended matter and absorption at 420 nm (Gelbstoff) 
for optical Case-1 and Case-2 waters, such as the Baltic Sea (Schiller and 
Doerffer, 1999), although it was mostly trained on North Sea data. The C2R 
was implemented as the MERIS Ground Segment processor delivering L2 
data to the end-users (Doerffer and Schiller, 2007). The processor was sub-
stantially improved through the CoastColour project (www.coastcolour.org) 
by introducing custom-made neural networks to perform specific calculations 
and neural nets trained on extended ranges of scattering and absorption to 
cover so-called ‘extreme’ waters (Brockmann et al., 2016). The current ver-
sion of C2RCC (v.1) processor is available through ESA’s Sentinel Toolbox 
SNAP and is also used in the OLCI Ground Segment processing chain to gen-
erated Level-2 Water products available through EUMETSAT. It is also ap-
plicable to a variety of ocean colour sensor e.g. SeaWiFs, MERIS, MODIS, 
OLCI as well as land-mission sensors (Landsat-8 OLI and Sentinel-2 MSI). 
The C2RCC version available through the SNAP tool is called - C2RCC-
SNAP to be differentiated from the one that is used in the OLCI Ground Seg-
ment. The SNAP version requires L1b data as an input and provides a large 
degree of flexibility in terms of setting user-defined parameters that can be 
adopted to regional and/or specific local water types. These parameters range 
from ancillary parameters such as salinity, temperature and ozone to more 
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specific, such as the TSM-specific scatter (Kratzer and Moore, 2018) (III) and 
Chl-specific absorption.  
 
SNAP also allows to use so-called ‘alternative neural nets’ that are currently 
in an experimental stage and available only through the Sentinel-3 Validation 
Team. The C2RCC-SNAP (v.1) is the main processor applied here to L1b 
OLCI data and is used in the second part of this thesis (III, IV).  
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Main findings and discussion 
 

Paper I: Distribution of Total Suspended Matter in the Baltic Sea 
 
The last three years of MERIS mission data (2009-2011) were processed using 
the FUB processor and published in an operational system http://vat-
tenkvalitet.se. This system is a water quality service based on a web-GIS and 
is aimed at providing water authorities, municipalities and environmental pro-
tection agency on the current state of the Swedish coastal water bodies, Lake 
Mälaren, Värnen and Vättern. The system is operated by Brockmann Geomat-
ics Sweden AB (BG, http://vattenkvalitet.se/bakgrund/). These three years’ 
worth of Level-2 water quality data (2009-2011) were also shared by BG with 
the Bio-optics and Remote Sensing Group at Stockholm University. Further, 
the Level-3 binning approach by Campbell et al. (1996) was used to generated 
seasonal summer averages of Total Suspended Matter for the vast majority of 
the Baltic Sea basins that are currently used in the periodic assessments of 
HELCOM (Fig. 2 in paper I). Since there is a very close relationship between 
TSM and turbidity (Bukata, 1995; Kallio, 2012) it is possible to generate a 
turbidity product using TSM as an input. This relationship is robust across the 
Baltic Sea (Kari et al., 2017). TSM (or SPM) is more commonly used in the 
oceanographic and remote sensing community, while turbidity is more widely 
used in management as variable representing the reduction of water clarity as 
a function of suspended load. Additionally, turbidity is listed as one of the 
mandatory physical and chemical parameters required to be measured by the 
EU Marine Strategy Framework Directive, MSFD (CEC, 2008). In this sense, 
seasonal composites of TSM can either be directly used to trace the spatial 
distribution of turbidity in the different Baltic Sea basins (paper I), or else, a 
regional algorithm can be applied to generate a turbidity product based on 
TSM derived from MERIS data (Kari et al., 2017) (Fig. 3). As this turbidity 
algorithm to date had not been validated against in situ turbidity, the validation 
was included in paper III of this thesis, dealing with OLCI product evaluation. 
 
The yearly composites for 2009, 2010 and 2011 (paper I) allowed to map the 
distribution of TSM across the Baltic Sea, within the previous HELCOM as-
sessment period (2007-2011). A minimum of three consecutive years are re-
quired for rigorous assessment in order to account for the natural variability 
within natural systems. The three-year seasonal composites highlight the in-
teraction between offshore blooms dominant during the summer, wind-driven 
sediment resuspension and increased TSM due to run-off from the coast (Fig. 
3, paper I). The Level-3 binning (Campbell et al., 1996) of all available sum-
mer data between 2009-2011 allowed to generate a composite summarizing 
the summer distribution of TSM over a 3-year period. This allows to achieve 
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a quantifiable perspective on how the Baltic Sea looked during summer (on 
average), and how the TSM concentrations vary per basin, using the latest 
HELCOM sub-basin division of the Baltic (see Fig 3, paper I). The derived 
descriptive statistics from the 3-year composite using this basin division 
showed that the Gulf of Gdansk had the highest median values (1.20 gm-3) of 
TSM concentrations and The Sound had the lowest (0.32 gm-3), with mean 
values of 2.80 and 1.10 gm-3, respectively (see Table 3 and Fig. 4 in paper I, 
boxplots). The median values are representative, since they are calculated 
from a large number of pixel-values in each respective basin (e.g. Gulf of 
Gdansk: 111291 pixels and The Sound: 17798 pixels). Using the median al-
lows to account for the slightly skewed data distribution. It also allows to dis-
regard the long tail of the upper values which seem abnormally high. Such 
extreme values may be associated with the proximity to land, although theo-
retically, they should have been corrected for by applying the Improved Con-
trast between Ocean and Land, ICOL (Santer and Zagolski, 2009), accounting 
for the adjacency effects from land, i.e. increased reflectance from land. How-
ever, ICOL has a certain assumption of the direction of the sun (coming from 
the south), and thus is not applicable to all coast-lines around the Baltic Sea, 
although it had shown to work well in the Himmerfjärden area (Kratzer and 
Vinterhav, 2010). 

 
Ultimately, it is up to the end-user – e.g. an analyst at an official water assess-
ment authority - to decide which metrics to use and to consider representative-
ness for a basin or the Baltic Sea as a whole. However, generally the median 
is considered a more representative value as it accounts and corrects for the 
extreme values at both the lower and the higher end of the distribution. The 
lower end of values may be influenced by the detection limit of the method 
and should be accounted for (the lower detection limit for TSM in FUB is 0.05 
gm-3) (Schroeder et al., 2007b). 
 
The satellite approach allows for both measurements on a particular day (as-
sumed there is no cloud cover), on monthly or seasonal basis (using monthly 
or three-month averages). From each of these products a single point meas-
urement (pixel-value) can be retrieved that represents a particular monitoring 
station of interest, or alternatively, the average of an entire basin can be ex-
tracted and the descriptive statistics for the whole basin can be calculated (pa-
per I). Another option is to extract a transect of pixels in order to e.g. investi-
gate the spatial variability of a particular water-quality parameter (in paper I: 
TSM) along a near-shore to off-shore gradient (Kratzer and Tett, 2009).  
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Figure 3: Turbidity summer mean turbidity (in FNU) for the years 2009, 2010, 2011. Turbidity 
was generated from the TSM product derived from MERIS (FUB) using a regional algorithm 
developed by Kari et al. (2017). 

 
A similar approach was applied by SMHI to map the distribution of cyano-
bacteria blooms in the Baltic Sea using MODIS-Aqua to assess both the spa-
tial and temporal variability for the period 2002-2015 (Karlson et al., 2017). 
The same can be done using the entire MERIS archive 2002-2012 and apply-
ing either the FUB or the C2RCC-SNAP processor to Sentinel-3A/B data. 
However, this leaves a gap in the time series between 2012-2015 (i.e. the pe-
riod after the MERIS mission and before the launch of S3A).  
 
In any case it is important to use the same processor in order to achieve coher-
ence in methodology and data quality. Here, the obvious choice would be the 
C2RCC-SNAP processor, since it is now capable to also process MERIS data. 
The FUB is currently being adapted to OLCI data and will be distributed in 
the near future as SNAP plug-in (Schroeder, 2019). 

 
It must be noted that the methodology and approach used in this study can 
further be applicable to a variety of sensors used in future ocean colour mis-
sions, but at the same time it is possible to ‘go back in time’ and to evaluate 
the distribution of TSM/turbidity, cyanobacteria blooms and coastal processes 
during pre-MERIS era, using for example data from SeaWiFS, which was 
launched by NASA in 1997. 

Manuscript II: Satellite data, in situ data and modeled data. A joint effort to 
support eutrophication assessment in the Swedish coastal waters. 
 
Water quality measurements and assessment are not only of interest for the 
scientific community. There are, for example, strict legal requirements for 
monitoring water quality in lakes, rivers and coastal areas as specified by the 
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European Union Water Framework Directive and the Marine Strategy Frame-
work Directive (CEC, 2000, 2008), which is legally binding for all member 
states. Also, the periodic international assessments, such as performed by 
HELCOM (2017), rely on the data collected within national monitoring pro-
grams of each riparian state surrounding the Baltic Sea. The WFD requires the 
assessment of the ecological status of all the surface water bodies to ultimately 
achieve a ‘good’ status.  
 
In Sweden, the in situ data required for assessment is collected by the Swedish 
National Monitoring program and administered by the Swedish Agency for 
Marine and Water Management (SwAM). The Swedish Meteorological and 
Hydrological Institute (SMHI) is in charge of monitoring the open Baltic Sea 
and is also host of the Swedish national database – SHARK (https://shark-
web.smhi.se). SHARK includes various physio-chemical and biological pa-
rameters collected also in Swedish coastal areas, partially by the three Marine 
Centers in Umeå, Stockholm and Gothenburg by their respective monitoring 
groups. One of these groups is based at the Department of Ecology, Environ-
ment and Plant Sciences (DEEP). Besides monitoring the open Baltic Sea and 
acting as data host, SMHI also develops a system of models, consisting of 
several hydrological and oceanographic models that are coupled together and 
provide water quality estimates with high temporal frequency. These mod-
elled data are freely available through an on-line database called ‘Vattenwebb’ 
(Waterweb; https://www.smhi.se/klimatdata/hydrologi/vattenwebb).  

 
Satellite data (i.e. MERIS and OLCI data) - on the other hand - provide regular 
water quality estimates of variables measured from Space that are also col-
lected in situ and/or modelled consistently across theses different approaches 
and platforms. Chlorophyll-a and Secchi depth are two examples of variables 
that are measured in situ, modelled by SMHI as well as remotely sensed by 
satellites (in the case of II – by MERIS). Therefore, there should not be any 
data scarcity to do adequate eutrophication assessment or/and to comply with 
the targets set by the WFD and other directives. However, it has not been fully 
evaluated how these three methods compare and can be used jointly for water 
quality assessment. Possibly, the synergy of all of these methods can provide 
the key to the most reliable and cost-effective way to do water quality assess-
ments.  

 
A correlation study and common statistical metrics such as the Mean Normal-
ized Bias (MNB), the Root-Mean Square Error (RMSE) and the average Ab-
solute Percentage Difference (APD) used for the performance and assessment 
of satellite products (II) were employed to assess agreement between the 
MERIS 10-year archive, in situ data from SHARK database and the Swedish 
Coastal zone Model (SCM) applied to Bråviken bay (Fig. 4; Fig. 1 in manu-



26 

script II) in the Western Gotland Basin (Fig. 1). The results showed a reason-
able agreement between MERIS Chl-a and in situ Chl-a from SHARK (41% 
MNB; 96% RMSE and 63% APD) as well as substantial agreement between 
MERIS and SCM Chl-a when evaluated on monthly basis. The lowest errors 
between MERIS and SCM Chl-a were observed for all months from June until 
October (Fig. 9 in manuscript II), indicating least discrepancies between sat-
ellite and modelled data for August (21% MNB; 50% RMSE; 36% APD) dur-
ing 2002-2012. A similar agreement was found between MERIS Secchi depth 
(SD) in situ SD from SHARK with 44% MNB, 73%, 47% APD. The evalua-
tion on a monthly basis showed improved agreement between MERIS and 
SCM between May and October and slight underestimation between February 
and April (II, Fig. 5; Fig. 10).  
 

 

 
Figure 4: Bråviken bay True Colour images from Sentinel-2A/2b L1C 2018-03-18 and 2018-
06-28. Credit: European Union, contains modified Copernicus Sentinel data 2019, processed 
via SENTINEL Hub with the EO Browser. 

 
The relatively low discrepancies between Secchi depth and Chl-a derived from 
MERIS and the SCM – i.e. the good fit between satellite and modelled data - 
indicates sufficient performance of satellite and modelled data in Bråviken.  
The two methods combined allow to make up for the less frequent and spa-
tially-limited in situ data.  
 
MERIS is not capable of directly measuring nutrients due to the absence of 
any optical signatures from nitrogen and/or phosphorus in the visible part of 
electromagnetic spectrum. Nitrogen and phosphorus are extensively sampled 
within monitoring programs and are some of the major output variables from 
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the SCM. Availability of nutrients in the water is one of the conditions that 
drive primary production. Primary production may lead to an increase in bio-
mass, and Chl-a is often used as an indicator of phytoplankton biomass. Thus, 
in turn, the Chl-a concentration may indirectly be used as an indicator for the 
availability of nutrients. 
 
The least-square linear regression analysis showed that total nitrogen from 
SCM explains at least 41% of the variability in Chl-a measured by MERIS 
based on 10 years of data (II, not shown). The coefficient of determination 
improved substantially when the regression analysis was applied on a monthly 
basis, resulting in May and June scoring the highest r2 values (0.76 and 0.75) 
for the summer months, equally high for September (0.73) and even higher 
for November (0.87). The analysis implies that there is a possibility to evalu-
ate nutrient availability spatially (at least for total nitrogen), based on Chl-a 
measurements from Space, for some of the summer months as well as in No-
vember, which is commonly associated with the end of the productive season 
in the Baltic Sea. 
 
The direct comparison of Chl-a derived from MERIS to total nitrogen from 
the SCM and to in situ total nitrogen for the summer months over a 10-year 
period suggests that the agreement between Chl-a and modelled nitrogen is 
improved by ~20% when compared to nitrogen measured in situ (Fig. 5).  
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Figure 5: Chlorophyll-a derived from MERIS compared on modelled total nitrogen from SCM 
and in situ measurements for SHARK for the summer months (June, July and Aug) in Bråviken 
bay between 2002-2012. 
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This improvement is most likely caused simply by the increased number of 
observations of modelled versus measured data (n= 150 and n=69). However, 
when evaluating on a monthly basis (Fig. 6) it becomes obvious that the model 
is more consistent in predicting Chl-a for all three months (with r2 values of 
0.75, 0.63 and 0.61, respectively), while the coefficient of determination 
ranges much more when using in situ total nitrogen as a predictor (Fig. 6; 
lower panel), i.e. between 0.39, 0.79 and 0.52, respectively. 
 

 
Figure 6: Chlorophyll-a derived from MERIS compared on modelled total nitrogen from SCM 
and in situ measurements for SHARK (in situ database) for each summer month separately 
(June, July and Aug) in Bråviken bay between 2002-2012. 
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On the other hand, over the course of the assessed period (2002-2012) total 
nitrogen was measured in situ 30 times during the months of June and August, 
and only nine times in July. Commonly, in situ values are regarded as the 
‘true’ concentrations of total nitrogen and are more variable than modelled 
nitrogen. In this sense, in situ nitrogen ‘better’ represents the system while 
modelled data does not fully capture the natural variability and full range of 
nutrients. 
 
With the datasets containing 10 years’ worth of data, looking at the time-series 
of a particular basin may give another perspective on how the three methods 
of data acquisitions match, rather than only showing statistical discrepancies. 
When plotting the Chl-a time-series of the most inner basin in Bråviken – 
Pampusfjärden – derived from MERIS data together with the time series col-
lected in situ (SHARK) and modelled by the SCM the actual differences be-
tween the three methods is evident (Fig. 7, 8). MERIS measured consistently 
between February and November between during 2003-2011, while in situ 
data were only available in August 2002-2005, 2007-2008 and measured 
somewhat more frequently during 2009-2011 (i.e. in in June, July and August) 
2009-2011. The SCM model provided consistently data of high frequency and 
throughout the entire period. The most obvious difference between the three 
methods, however, is that MERIS seems to have captured two distinct peaks 
throughout the entire time-series – showing the typical bi-modal distribution 
of phytoplankton in the Baltic Sea, associated with the spring and then the 
summer bloom (Fig. 7, 8). The in situ data does not capture this seasonal var-
iability – because of a clear lack of data (at least in the case of Bråviken during 
this period) – and even when Chl-a was measured three times during the sum-
mer months (2009-2011) it did not provide the same picture at all. The mod-
elled data provided a consistent time-series but only showing one distinct peak 
during the months of July during the entire period. This evaluation highlights 
that actually only MERIS managed to capture the most representative phenol-
ogy of phytoplankton in Pampusfjärden each year throughout the seasons. It 
should also be highlighted that in situ data is absolutely required in order to 
assure that what is measured by satellite is correct. However, in situ data alone, 
in this particular scenario, is not frequent and consistent enough to character-
ize phytoplankton phenology throughout the assessed period. Figure 8 shows 
a period of three years (2009-2011), coinciding partially with the previous 
HELCOM assessment period.  
 
As the MERIS data processing has been evaluated in the past in the NW Baltic 
Proper (Beltrán-Abaunza et al., 2014; Kratzer and Vinterhav, 2010)(III) and 
now here in Bråviken using in situ SHARK data, it is likely that it is most 
representative of the actual phytoplankton phenology whilst the modelled data 
shows an untypical phenology signature (unimodal distribution) which indi-
cates that some of the modelled parameters, such as KdPAR may have to be 
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adapted seasonally (II). Here, satellite data may also provide the tools to im-
prove model skill (Kratzer et al., 2014). 
 

 
Figure 7: Chlorophyll-a derived from MERIS (first row), SHARK (second row) and SCM (third 
row) time-series in Pampusfjärden (GB11) in Bråviken between 2002-2012. 
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Figure 8: Chlorophyll-a derived from MERIS (first row), SHARK (second row) and SCM (third 
row) time-series in Pampusfjärden (GB11) in Bråviken between 2009-2011. 
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Paper III: Evaluation of water quality variables derived from Sentinel-3A 
OLCI  
 
Every new radiometer launched into orbit requires a thorough test and com-
missioning phase in which various calibrations and instrument’s adjustments 
are performed before the data can be distributed to a broader user community. 
Once the data passes internal quality control it can be evaluated by the scien-
tific community in terms of how well the sensor depicts the spectral reflec-
tance and the water quality status measured in situ. This process is also termed 
validation.  
 
Validation is required in order to assure that the data and products delivered 
to the users are reliable. The optical dominance of CDOM in the Baltic Sea 
requires especially adapted processors and algorithms that must be subse-
quently validated by dedicated sea-truthing campaigns. Several such cam-
paigns were organized by the Bio-Optics and Marine Remote Sensing Group 
at Stockholm University between 2016-2018, where various water quality var-
iables were collected, together with measurements of inherent and Apparent 
Optical Properties in the NW Baltic Sea (III). The dates of sampling cam-
paigns had to be matched with the precise satellite overpasses and sea-truthing 
measurements were done within a 3-hour window. The in-water data that has 
been collected as a result of the dedicated sampling efforts was used to vali-
date L2 data from Sentinel-3A OLCI processed using the C2RCC-SNAP pro-
cessor (Table 2).  

 
Table 2. Summary of error analysis for matching water quality variables measured in 
situ and by Sentinel-3A OLCI processed by C2RCC-SNAP 

Optical variable  

(in situ)  
L2 product 

(C2RCC-SNAP) 

n of 
match-

ups 

MNB 
[%] 

RMSE 
[%] 

APD 
[%] 

Spearman's 
rho 

Total Suspended Matter conc_tsm (Total Suspended Matter) 23 25 73 64 0.87 

Chlorophyll-a conc_chl (Chlorophyll-a) 27 21 88 96 0.79 

Coloured Dissolved Or-
ganic Matter 

iop_agelb (Gelbstoff at 443 nm) 18 -41 48 92 0.75 

Coloured Dissolved Or-
ganic Matter 

iop_adg (Detritus + Gelbstoff ab-
sorption at 443 nm) 

18 7.7 56 54 0.80 

Secchi depth kd_z90max (Depth of the water 
column) 

35 -31 46 78 0.62 

Secchi depth SD = 2.39 * (kd489-0.86) 35 6.4 62 60 0.60 

Turbidity Turb1 = 0.99 * iop_bpart + 0.24 29 2.8 35 34 0.80 

Turbidity Turb2 = exp ((0.82 * LN 
(iop_bpart) + 0.14) 

29 -22 46 73 0.80 

 
 
The direct comparison of L2 water products to their in situ counterparts 
showed a strong underestimation of the Chl-a concertation at higher values 
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(over 10 µgl-1), but a substantial improvement of retrieval when compared to 
MERIS (Beltrán-Abaunza et al., 2014). Total Suspended Matter showed a rea-
sonable agreement with in-water measurements only after regional adjustment 
of the TSM/SPM-specific scatter, showing similar errors when compared to 
MERIS validation results. Nonetheless, the retrieval of CDOM improved sub-
stantially compared to MERIS and can be evaluated by using two sets of prod-
ucts from C2RCC-SNAP – i.e. Gelbstoff absorption at 443 nm and the sum of 
Detritus and Gelbstoff. The latter one is termed iop_adg and had a remarkably 
low bias when compared to CDOM (only 8 % overestimation), which is very 
low for the Baltic Sea considering the optical complexity. However, the num-
ber of match-ups is lower than for other optical variables (18 compared to 23-
30), and thus has to be further validated using additional measurements to 
conclude that the CDOM retrieval has actually improved in the Baltic. Also, 
in future one may need to include detrital absorption in the in situ measure-
ments. 
 
Additional Baltic-specific Secchi depth and several turbidity algorithms were 
applied to the C2RCC-SNAP processor. The derived optical variables showed 
good agreement with in situ data (Table 2). It can be concluded that overall, 
Sentinel-3A OLCI data processed using the C2RCC-SNAP delivers reliable 
water quality data and can be used for monitoring the NW Baltic Sea. The 
improved retrieval of CDOM is important, since it allows to map the spatial 
and temporal distribution of CDOM that has earlier been a challenge due to 
very high retrieval errors. Further improvements, e.g. smile correction (cam-
era misalignments), System Vicarious Calibration (SVC gains) (Lamquin et 
al., 2017; Zibordi et al., 2015) and testing of the Alternative Neural Net for 
the C2RCC-SNAP processor are to be recommended. A new set of neural net-
works based on a revised bio-optical model for water simulations and defini-
tion of training datasets was applied and tested in order to further improve the 
retrieval of water quality variables (III). This new set of neural nets also in-
corporated some of the key development from the ESA Case-2 Extreme pro-
cessor (Hieronymi et al., 2016). 

Manuscript IV: Development of Inorganic Suspended Particulate Matter 
algorithm and its application to satellite data in the Baltic Sea 
 
There are several approaches to retrieve water quality variables from ocean 
colour data. They can be divided into empirical, semi-empirical and analytical 
methods (Gordon and Morel, 2012). The empirical method is the simplest and 
is based on an empirical relationship between two variables (measured in situ 
or from space) and uses regression algorithms derived for the water body in 
which the measurements were performed. Usually, these algorithms are rather 
local but can also be applied to water bodies with similar ranges of optical in-
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water constituents. Semi-empirical algorithms are often more complex and of-
ten include local or regional parameters such as the chl-specific absorption 
coefficient typical for the region and may also differ seasonally due to changes 
in phytoplankton composition (Kratzer, 2000). Another example is the 
SPM/TSM-specific scatter, which is usually derived from the local relation-
ship between SPM/TSM and scatter. 
 
However, it is also possible to derive the specific scatter of Inorganic Sus-
pended Matter (ISPM). In manuscript IV we derived a novel algorithm based 
on in-water relationship between particle scatter (measured by the AC9 instru-
ment, WetLabs) and ISPM measured gravimetrically, and applied it to satellite 
data. The algorithm was based on optical data collected in the NW Baltic Sea, 
the Bothnia Sea and the Bothnian Bay and was tested on an independent da-
taset measured in the NW Baltic Sea during 2018. The computed regression 
equation (algorithm) between particle scatter and inorganic matter was then 
applied to the corresponding IOP (iop_bpart) generated by the C2RCC-SNAP 
processor applied to OLCI data. Consequently, this approach allows to gener-
ated a satellite-based Inorganic Suspended Particulate Matter water product. 
The ISPM product can then be used to evaluate the influence of terrestrial run-
off, bottom resuspension and wind-wave stirring across the Baltic Sea, either 
based on individual (daily) images, or by composing monthly averages using 
all available pixels from all available images during a particular month. These 
monthly composites can then be used to further construct seasonal time-series 
and track changes in coastal run-off (Fig. 9a, b) and/or resulting in sediment 
plumes (Fig. 9c) and also the development, the peak and the end of cyanobac-
teria blooms. These can be detected due to their internal gas vacuoles resulting 
in increased scatter that manifests in seemingly elevated concentrations of 
ISPM in the open Baltic Sea. At the end of the bloom the cyanobacteria lose 
their gas vacuoles – and therefore also their buoyancy – and thus also their 
increased backscatter (Dubelaar et al., 1987). 
 
The ISPM product is a novel satellite product as usually only TSM is available 
as a standard product of various satellite missions. The novel product was 
made possible due to many dedicated optical cruises (III, IV, Kratzer and 
Moore (2018)) as well as further development of the satellite processor with 
increased the training ranges of the C2RCC processor to also cover the optical 
range of the Baltic Sea and many other optically-complex water bodies 
(Hieronymi et al., 2016). Additionally, IOPs recently became available as sep-
arate output products in SNAP, allowing for regional conversion if the Spe-
cific Inherent Optical Properties (SIOPs) of the respective water body are 
known. 
 
This was not the case for the previous MERIS processors, where IOPs were 
only used as an intermediate step within the processor chain to subsequently 
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compute the concentrations of the main optical substances such as Chl-a, 
CDOM and SPM/TSM. The separate retrieval of IOPs thus allowed to derive 
the ISPM satellite product for the Baltic Sea by applying the regional in-water 
algorithm (i.e. the relationship between ISPM and particle scatter, bpart) di-
rectly to remote sensing data. This in turn provides us with a novel satellite-
derived water product that can be further tested and validated.  
 
The developed algorithm is generic, i.e. applicable to past and future ocean 
colour missions, thus making it possible to evaluate long-term fluctuations in 
coastal run-off attributed to natural variability as well as climate-induced 
changes (IV). The derived maps can also be used to further investigate and 
understand the distribution patterns of macroalgae and even fish behavior 
which partially depend on light availability (Ajemian et al., 2015; Järvenpää 
and Lindström, 2004; Veneranta et al., 2011). The turbidity images in Fig. 3  
showing the distribution of cyanobacteria in the Baltic Sea exemplify the di-
rect application of the remote sensing method to improve our understanding 
of marine ecology using a synoptic perspective. Note that, strictly speaking, 
only the images from spring and autumns represent ISPM in the coastal zone 
while during the summer months both coastal ISPM and filamentous cyano-
bacteria occur. However, specialized image analysis tools such as pattern 
recognition analysis can be used to distinguish between these two phenomena 
(Miller et al., 2006). 
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Figure 9a: A 6-month time-series of Inorganic Suspended Particulate Matter April-September 
2018 in the Himmerfjärden area.  

  
Figure 9b: A 6-month time-series of Inorganic Suspended Particulate Matter April-September 
2018 in Bråviken bay, and the summer blooms of filamentous cyanobacteria dominating the 
image in July.  
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Figure 9c: A 6-month time-series of Inorganic Suspended Particulate Matter April-September 
2018 in Bay of Gdansk. Monthly composites show the extent of the plume of river Vistula, 
Poland, and the summer blooms of filamentous cyanobacteria dominating the image in July. 
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Conclusions and outlook 
 
Ocean colour remote sensing in the Baltic Sea is no longer just a proof of 
concept. This thesis shows that MERIS data processed with FUB is an effec-
tive way to map the distribution of suspended matter on a Baltic Sea-wide 
scale. Issues associated with frequent cloud cover were avoided by generating 
seasonal composites (I). The seasonal averages provide additional information 
on large-scale phenomena ranging from phytoplankton blooms and river dis-
charge to coastal resuspension and depicting dominant distribution patterns 
and currents and providing important information and data for Baltic Sea man-
agement and quantitative assessment of water quality e.g. HELCOM. The de-
rived data allows to quantify various water quality variables in different ba-
sins, and to compare them statically considering the spatial and temporal var-
iability of the Baltic Sea (I). The 10-year MERIS archive provided additional 
data and information on gradient distribution of water quality variables (e.g. 
Chl-a and Secchi depth) along an elongated bay that represents an interface 
between nutrient-rich freshwaters (flowing through one of the largest Swedish 
river catchments) in the inner bay and the brackish waters of the open Baltic 
sea (II). The extracted satellite transects fill the spatial and temporal gap be-
tween conventional monitoring stations, providing additional measurements 
that capture the natural variability of the system (i.e. the bi-modal phenology), 
which remained undetected by both using in situ data and modelling efforts. 
The established relationships between satellite measurements and modelled 
data during the summer months potentially even allows for the mapping of the 
nutrient distribution on a multi-basin scale. The synergy between low-coast 
and high-frequency satellite-based measurements, water samples collected by 
national monitoring programs and modelled data should to be used synergeti-
cally to provide all available data possible to support eutrophication assess-
ments in coastal areas (II) – based on state-of-the-art methods. 
 
The recently launched satellite sensors – Sentinel-3A/B (part of ESA’s Coper-
nicus program) designed for ocean colour measurements will allow a full in-
tegration of the methods developed here (I, II) into the Swedish monitoring 
program. For this, the satellite data needs to be validated and quality-assured 
via dedicated validation campaigns (III), that are, in turn, a cornerstone for 
the development and quality-assurance of empirical in-water algorithms. Lo-
cally-derived and/or regional algorithms allow for a more accurate retrieval of 
water quality variables and make it possible to introduce additional water 
quality products that can be derived from satellite data (IV). The novel ISPM 
product can be used as an indicator of river run-off, coastal resuspension in 
shallow bays, to track the extent of river plumes and potentially to detect dif-
ferent groups of plankton (in this case filamentous cyanobacteria owing to 
their gas vacuoles) using either individual images or monthly averaged com-
posites to illustrate seasonal changes in the Baltic Sea (IV).  
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The experience gained during the validation, algorithm development and ap-
plication of MERIS data led to substantial improvements of coastal monitor-
ing that can be directly applied to new satellite missions, such as Sentinel-3. 
The new ocean colour sensors launched on board Sentinel-3A/B (after the in-
itial commissioning phase), and new recent developments in processing and 
algorithm development has already deliver water quality estimates within sim-
ilar error to the later MERIS processing schemes (e.g. for TSM), and substan-
tially improved the retrieval of Chl-a and CDOM. The regional Specific In-
herent Optical Properties can be directly applied to the satellite products and 
provide the scientific user and end-user communities with additional infor-
mation. Regional algorithms can also be used to substantially improve con-
ventional satellite products (i.e. turbidity and Secchi depth) and proved relia-
ble estimates of water quality variables (III, IV).  
 
All in all, the techniques, methodology and recent developments presented in 
this thesis can be summarized in one figure highlighting the main water qual-
ity products currently available from satellite data that cover major parts of 
the Baltic Sea (Fig. 10). These images capture some of the key ecological 
drivers (such as under-water light conditions – via Secchi depth – and coastal 
influence – via ISPM and/or CDOM), as well as various ecological state var-
iables – such as the concentration of Chl-a – indicating nutrient availability in 
spring. 
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Figure 10: A monthly composite from April 2018 of main water quality products: TSM/SPM 
(conc_tsm), Chl (conc_chl), CDOM (iop_adg), SD (kd_z90max), turbidity (based on 
iop_bpart) and ISPM (based on iop_bpart) currently available from satellite data derived from 
Sentinel-3A OLCI on the Baltic Sea-wide scale.   
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Further efforts in validation as well as development of Baltic-specific proces-
sors and in-water algorithms are necessary. However, the operational use of 
reliable and frequent satellite data to monitor water quality in the Baltic Sea is 
already realized through the Sentinel-3 mission by ESA (which is already op-
erational). The emerging technologies and facilities for processing enormous 
volumes of Earth Observation Data generated by ESA’s series of Sentinel sat-
ellites and services such as Calvalus (https://www.brockmann-con-
sult.de/calvalus/about.jsp) - a system of parallel cluster of 20 commodity com-
puters with a total capacity of 112 TB (based on Apache and Handoop tech-
nology) allows for efficient handling of large archives of satellite data. These 
technologies are the backbone of ESA’s operational processing that delivers 
L2W Ground Segment data to users as well as systems like CalFin designed 
for Earth Observation expert users to perform calibration, validation, algo-
rithm development and efficient exploitation of satellite data. Calvalus de-
signed and operated by Brockmann Consult GmbH, Germany, had been al-
ready used in operational system such as Vattenkvalitet (http://vat-
tenkvalitet.se/) in Sweden and is also the driving force behind the TARKKA 
service operated by SYKE (the Finnish Environment Institute) 
(https://www.syke.fi/fi-FI/Avoin_tieto/Satelliittihavainnot) providing satel-
lite measurements of sea surface temperature, Chl-a, surface blooms and tur-
bidity in the Finland’s largest lakes as well as the Finnish part of the Baltic 
Sea.  
 
On a broader scale, processing engines akin to the Sentinel Hub 
(https://www.sentinel-hub.com/about) are now capable of delivering 
petabytes (1015) of satellite data simply using a PC and an Internet browser, 
which in turn opens a new window for machine learning approaches and to 
access, visualize and analyze satellite data via a user-friendly interface. Any-
one with a laptop or a desktop computer and an Internet connection can have 
access to a wealth of free satellite data. A user-friendly interface allows to 
compare images and to derive statistics for various sensors and applications, 
ranging from Earthquake relief and oil spills (Sentinel-1) land application/ag-
riculture and forest fires (Sentinel-2), algal blooms and eddies (Sentinel-3), air 
pollution (Sentinel-5p), Landsat mission, MODIS, GIBS and Envisat MERIS 
archive just with a few clicks and a sound knowledge of the method applied.  
 
To deliver reliable water quality measurements requires knowledge of the op-
tical properties of the local water body as well as additional processing and 
algorithm development. However, implementing all of it into one operational 
system does not need to be an obstacle. It is now time to build full-scale oper-
ational platforms that will combine the best local algorithms, state-of-the-art 
processing capabilities, in situ data and modelling efforts to achieve the most 
reliable, cost-effective and user-friendly way to take care of the Baltic Sea. 
These systems do not need to be fully developed from scratch and for each 
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individual country or regional sea. For example, EUMETSAT already pro-
vides access to the WEkEO service (https://www.wekeo.eu/) for harmonized 
access to Copernicus data (Sentinel-1/2/3) and cloud-based processing tools 
as well as technical support regarding S3 data processing via the EUMETSAT 
user helpdesk. EUMETSAT is also in the process of building up a new Euro-
pean ocean colour in situ data base (akin to US based SeaBASS), that can be 
used for validation of satellite data and for the development of new remote 
sensing algorithms. The aim is to include quality screened measurements of 
match-up data and to harmonize the service with other databases.  
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