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Abstract 

The coastal zone plays an important ecological role as this is where most of the production 
takes place, and it is also an important area for human recreation and the area most impacted 
by humans. The Water Framework Directive defines the extent of the coastal zone within 1 
nm mile distance from the shoreline.  The Swedish national definition of the extent of the 
coastal zone is mostly based on physical criteria and a hydrological model developed by the 
Swedish Meteorological and Hydrological Institute (SMHI). The physical parameters used as 
input into SMHI's model are the maximum depth, salinity, stratification, wave exposure, 
number of days with ice cover, as well as bottom substrate. Bio-optical research at SU has 
shown that the coastal zone may extend much beyond 1 nm as defined by the WFD. Using 
inorganic suspended particulate matter (SPM) as indicator for coastal processes, the extent of 
the coastal zone was previously found to be in the range of 10-15 km in the case of the NW 
Baltic Proper. 

Total SPM can be retrieved with relatively high accuracy from MERIS (Medium Resolution 
Imaging Spectrometer) data (about 10% error). MERIS data from a Swedish coastal 
operational system (www.vattenkvalitet.se) was used as a basis for the project.  The data 
consists of all viable MERIS scenes during summer (June-August) 2009-2011, covering the 
whole Baltic Sea. Monthly composite images were produced for each year, and the images 
were evaluated with regards to terrestrial influence, and the typical features caused by 
cyanobacteria blooms (typically during July and August).  It was found that the composite 
image from June 2011 was not influenced by cyanobacteria blooms, which usually show up as 
‘mushroom-like’ features, indicating typical ocean currents. We then used the NW Baltic 
Proper (Swedish coastal areas) and the SE Baltic Proper (Lithuanian coastal waters) as case 
studies to evaluate the extent of the coastal zone.  First, a threshold was defined for open 
Baltic Sea waters (SPM 0.6 g m-3), based on previous bio-optical research done in the 
Himmerfärden area.   

This composite image from June 2011 was then used as a basis to evaluate the extent of 
terrestrial influence. The results showed the extent of the coastal processes withing 10-20 km 
range for NW Baltic Sea, wheres in the SE Baltic Sea the coastal influnce extended much 
further offshore (approximately 10 times).   

The project demonstates that ocean color remote sensing able to provide important 
information for Baltic Sea research and management. An investigation of river discharge and 
phytoplankton blooms as well as monitoring of coastal processes can be performed. The 
method allows the definition of extent of coastal influence, seasonal fluctuations in river run-
off, phytoplankton dynamics and concentations of total suspended matter in the different sub-
basins of the entire Baltic Sea. 
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Hypothesis 

The hypothesis for the project is that coastal waters extend further off-shore than 
defined by EU Water Framework Directive (WFD; European Communities, 2000). 
The WFD defines coastal as “a distance of one nautical mile in the seaward side from 
the nearest point of the baseline from which the breadth of territorial water is 
measured extending where appropriate up to the onset of transitional water”. The 
grounds on which this width has been set is rather unclear and has no obvious relation 
to physical processes that take place in coastal waters.  

The project aims to show that remote sensing data can be used to evaluate the extent 
of coastal processes in the Baltic Sea. Furthermore, it aims to test a bio-optical model 
that defines the extent of the coastal zone for the northwestern Baltic Sea during the 
summer period using total suspended matter derived from remote sensing data as an 
indicator. The underlying bio-optical model defined the extent of the coastal zone for 
the northwestern Baltic Sea during the summer period as this may be seen as a period 
of relative stability within surface water masses (Kratzer and Tett, 2009). 

Introduction 

The coastal zone is the area between the land and the open sea.  The coastal zone is 
characterized by freshwater fluxes, a large amount of nutrients and organic matter 
from land and by light reaching the seabed due to shallow water depth (Lessin and 
Raudsepp 2007). Most of the marine production takes place in coastal waters.  

Coastal zones play a specific role in the Baltic Sea, due to their relatively large extent 
compared with the entire area of the sea. The definition of the coastal zone is a 
complicated task in the Baltic Sea and there is no clear topographic feature such as the 
continental shelf in the world oceans. Physical processes that intensively take place in 
the coastal zone as well as additional water and material exchange between the coastal 
zone and the open sea is marked.  

Common definitions for coastal waters are mainly based on physical criteria. A 
simple way is to define the coastal zone as the area where the water depth is less than 
a fixed value. This approach makes islands part of the coastal zone,  excluding those 
that are in the central basin (Leppäranta, 2009). One of the approaches to define the 
extent of the coastal zone is based on ocean dynamics. According to the characteristic 
baroclinic Rossby radius of deformation, the width of the coastal zone is 3 - 10 km in 
the Baltic Proper (Fennel et al., 1991) while in the Gulf of Finland it is only 2 - 4 km 
(Alenius et al., 2003; Leppäranta, 2009). The stated width applies for water outside 
archipelagic areas. The offshore extent of the wind-induced upwelling zone can also 
be employed, its width typically being 10 - 20 km and the same numbers represent the 
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scale of the frictional influence of the coastline. Another possible way to define the 
coastal zone is the area influenced by river plumes (Lessin and Raudsepp 2007), but 
this may not be feasible since the extent may reach too far offshore (Leppäranta, 
2009).  

For administrative purposes The EU Water Framework Directive states that the 
coastal zone is: "the surface water on the landward side of a line every point of which 
is at distance of one nautical mile on the seaward side from the nearest point of the 
baseline from which the breadth of territorial waters is measured" (EU Water 
Framework Directive, 2000). In reality, the coastal zone is larger and the baseline 
goes further beyond the outer archipelago.  

It is rather important to understand the width of coastal areas for monitoring, 
management and health purposes due to the fact that ecosystem of those parts of the 
sea are impacted by pollution from land as well as providing sites for mariculture and 
nurseries for young fish. The breadth of the coastal zone is defined in different ways, 
but they are all based on a defined fixed distance from the shore. Coastal areas are 
rather dynamic and require a more dynamic approach of monitoring and delineating 
of the coastal zone. This could be achieved by remote sensing. 

Remote sensing method 

Instead of using physical characteristics or arbitrary distances from shore, another 
approach to define the coastal area might be to use inorganic suspended particulate 
matter (SPM) as indicator for coastal processes. 
SPM can be detected using remote sensing of 
ocean colour. The ocean colour sensor this project 
is based on is the Medium Resolution Imaging 
Spectrometer (MERIS) which was one of the 
instruments deployed on ENVISAT  (Earth-
observing satellite) developed by the European 
Space Agency. MERIS was launched on 1 March 
2002 and operated for about 10 years until contact 
was lost on 8 April 2012 (envisat.esa.int). 

MERIS operated in the solar reflective spectral range measuring reflectance with 15 
spectral bands within spectral range 390 nm to 1040 nm with spatial resolution of 300 
m. MERIS was composed of 5 cameras and measured the reflected sunlight. Each 
camera was equipped with a spectrometer and a two-dimensional CCD array. The 
spectral measurements of each pixel along an image line were made by a set of CCD 
sensors.  

The main objectives of the thesis are to 1) to derive mean estimates of total suspended 
matter load of the different Baltic Sea sub basins, 2) to investigate if the MERIS data 
can be used to evaluate the extent of coastal water masses into the Baltic Sea and 3) to 
compare the extent of the coastal water masses as derived from remote sensing data to 
the water body classification defined by SMHI. 

Figure1.ENVISAT satellite 
www.esa.int/Our_Activities/Observing_the_Earth/Envisat/E
urope_s_Environment_Satellite 
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1. Methods 

The methods in this project are based on the passive satellite ocean color remote 
sensing techniques where photons from natural sunlight modified by the water body 
and reflected back into space are used as a source of information to derive water 
quality. Satellite images taken from space provide a comprehensive overview of 
radiance emerging from water depth and surface from which consecutive level 2 (geo-
physical products) and level 3 (space or time binned) products are derived using 
inversion algorithms. Full resolution data from MERIS (300 m) has been shown to be 
sufficient to monitor water quality from space. Suspended matter, colored dissolved 
organic matter (CDOM) and chlorophyll-a concentrations do not co-vary in optical 
Case-2 water (i.e. water with high terrestrial input), thus causing the optical 
complexity of coastal waters. Various combinations of different optical constituents 
may result in similar spectral signatures, making the signals difficult to process and 
interpret. Therefore, more sophisticated methods than simple band ratio algorithms 
are required to derive these optical variables from space. This is e.g. done with neural 
networks based on inversion techniques. Several of the MERIS processors developed 
for coastal application use these techniques. 

Previous research has shown that total suspended matter (TSM) may be used to 
evaluate the extent of the coastal zone in Baltic Sea waters that are optically 
dominated by CDOM (Kratzer and Tett, 2009). TSM can be retrieved with relatively 
high accuracy from MERIS data (Kratzer and Vinterhav, 2010; Beltran et al., 2014).. 
The BEAM earth observation toolbox and development platform is used for TSM 
retrieval as an indicator of marine-environmental processes along the Swedish coast. 

Full Resolution level 2 data was processed by Brockman Consult, Germany and 
provided to this project by Brockmann Geomatics AB, Sweden. Processing and 
analysis was done using BEAM – an Earth Observation Toolbox and Development 
Platform. Monthly means (level 3 products) were generated and used to evaluate the 
extent of the coastal zones along the whole Swedish coast.  

 

Areas of investigation  

During pre-analysis two contrasting areas were chosen each for a case-study to 
evaluate the extent of the coastal zone (Figure 1): 

- Swedish coastal areas in the Northwestern Baltic proper 

- Lithuanian coastal waters in the Southeastern Baltic proper 
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1.1. HELCOM seabed classification 
 
The areas were chosen based on the HELCOM seabed sediments map (Figure 2) due 
to differences in structure of seafloor where the Swedish coast is dominant by bedrock 
and a hard bottom complex while the Lithuanian coast is dominant by mud and sand 
that leads to resuspension caused by the shallowness, dominant wind direction and 

strong wind exposure due to shallow waters in this region. 

Marine seabed sediment is divided into 5 categories in the Kattegat and Baltic Sea 

Figure 2. HELCOM Map and Data service print screen Seabed sediments (balance) 
http://maps.helcom.fi/website/mapservice/index.html 
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(compiled from sediment information from GEUS, GSF and SGU). The sediment 
composition of the seabed is considered essential in marine production as it is one of 
the primary parameters influencing the biogeographic distribution of marine benthic 
species and a primary component in shaping the physical structure and function of 
marine habitats. The resulting classification scheme consists of five sediment classes, 
which can be extracted from existing data. The sediment classes applied in the 
mapping and modeling of the Baltic Sea marine landscapes are: I. Bedrock. II. Hard 
bottom complex, including patchy hard surfaces and from clay to coarse sand to 
boulders. III. sand including fine to coarse sand (with gravel exposures). IV. Hard 
clay sometimes/often/possibly exposed or covered with a thin layer of sand/gravel. V. 
Mud including gyttja-clay to gyttja-silt. 

 

1.2 Bio-optical model 
 
The threshold for coastal/open waters was defined after Kratzer and Tett (2009), 
where TSM≦0.5 g m-3 is define as open sea for summer data.  A statistical analysis of 
several areas of the Baltic Sea using MERIS images showed that 0.6 g m-3 is a more 
realistic threshold for different regions and areas. Individual images were analyzed to 
define the threshold and to decide which months should be binned to evaluate a 
summer mean for each year (2009, 2010, 2011). The aim was to evaluate if there was 
a difference in the extent of the coastal zone for different seasons of the year, which 
could be caused by differences in precipitation. 

The initial assumption was that summer stratified waters provide maximum stability 
of the surface waters (Kratzer and Tett, 2009) hence effects of seasonal changes are 
avoided, which allows to evaluate the geographic variability of the extent of the 
coastal zone along the whole Swedish coast.  

In 2009 Kratzer and Tett developed a theoretical model to map the extent of coastal 
waters and published a paper “Using bio-optics to investigate the extent of coastal 
waters: A Swedish case study”. The paper describes variation in bio-optical 
constituents and submarine optical properties along a transect through a nutrient 
enriched coastal bay - Himmerfjärden, and out to Landsort Deep in the open Baltic 
proper. The optical model was used to verify a dynamic model which assumed 
diffusion to be the driving force for the distribution of matter, given that tidal 
influence is relatively low. The authors described suspended particulate matter 
(SPM), which when placed in suspension by tide or wind in shallow areas may be 
used as an indicator of physical forcing, it also indicates run-off from land. The 
optical properties of SPM can thus be used to provide a definition of the extent of the 
coastal zone. It was found that diffusional transport of bio-optical variables along an 
axis perpendicular to the coast can be described using a steady-state model. 
According to the model the distribution along the axis can be characterized as a low-
order polynomial (order 1-3) when particles are transported from the inland source 
(e.g. sewage treatment plant) into the open sea. Further analysis confirmed that SPM 
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distribution trend along the transect through Himmerfjärden was well described by a 
second-order polynomial. As the result the inorganic fraction can be used to 
distinguish between coastal and open-sea waters. A value of 0.05 mg/l was used to 
define the threshold between coast and open sea waters (threshold for inorganic 
matter). The derived optical model defined the extent of the coastal zone in the range 
of 15 km for northwestern Baltic Sea during the summer period based on inorganic 
SPM.  
 
In this project, total SPM derived from MERIS was used as an indicator for coastal 
processes, SPM being a standard product of MERIS data.  The contribution of organic 
SPM had to be accounted for. Kratzer and Tett (2009) had shown that the average 
trendline for organic SPM in the NW Baltic Sea during summer (Figure 3). The open 
sea values for total SPM were about 0.8 (+/- 0.3) g m-3 by taking off this mean back-
ground value of inorganic SPM (see Figure 3), i.e. where the concentration of 
inorganic matter tends towards zero, which then should delineate the extent of the 
coastal zone. As mentioned before, a preanalysis of the MERIS data gave a mean 
threshold of 0.6 g m-3 for different areas in the Baltic Sea, which is also within the 
means of the NW Baltic Proper. 
In this project the coastal model based on bio-optical in-water measurements was 
transposed to ocean color remote sensing data. Suspended matter extracted from 
MERIS data was used to evaluate the SPM trendline. First, we evaluated if the 
extracted transects perpendicular to the coast follow a polynomial decline and if a 
clear break between waters can be observed. It was found that a break between inland 
waters and coastal waters in the NW Baltic Sea can be observed at an approximate 
distance of 30 km from the source (furthest inland point)(Figure 3).  
 
Since Kratzer and Tett (2009) only tested the bio-optical model in northwestern Baltic 
waters, we applied the same approach in the southeastern Baltic where physical 
characteristics of the bottom substrate are different, and where a broader coastal zone 
should be expected. 
 
Total Suspended Matter (TSM), is a standard product of MERIS and is also termed 
Suspended Particulate Matter (SPM). SPM is measured gravimetrically and can be 
divided into an organic and an inorganic fraction. In available operational satellite 
data there is only the possibility to retrieve total suspended matter without 
algorithmically distinctive organic and non-organic matter. It needs to be emphasized 
that the bio-optical model described by Kratzer and Tett (2009) uses inorganic matter 
as an indicator, while here we use total suspended matter that includes organic and 
inorganic matter. The authors had found that TSM also follows a polynomial decline 
or another trendline (Fig 3) , and it is therefore assumed that TSM can also be used to 
evaluate the extent of the costal zone. 
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Figure 3) The trendlines of (a) total SPM, (b) suspended particular organic matter (SPOM) and 
suspended particular inorganic matter (SPIM) in a transect from the head of Himmerfjärden to 
Landsort Deep, the deepest part of the Baltic Sea.  The 30 km line is approximately the start of the 
open sea area.  The inflence of SPIM reaches out to approximately 15 km offshore. Figure after Kratzer 
and Tett (2009).  
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Transect and pixel extraction 

The software package BEAM VISAT was used to extract the transect data. The 
transect through Himmerfjärden was drawn right through the middle of each basin, 
avoiding islands. It may happen that small islands may be situated in a water pixel 
(mixed pixels), and will show up as ‘very high SPM values’ and must be filtered out 
before the trend analysis of a given transect is performed. The transect data is 
extracted and the distance to a certain point is calculated (in Himmerfjärden, the 
sewage outlet was used as this is a point source). For other transects the water pixel 
was used that is closest to land (but still classified as water), and the transect was then 
drawn along an optical gradient in satellite image, i.e. with decreasing values 
offshore; if possible at a 90 degree angle to the shore line). 

As not much tidal action is present in the Baltic Sea, the main physical process for 
distributing substance in the NW Baltic Sea is diffusion. Nonetheless, it is relevant to 
first look at the image and to base the decision on where to draw the trendlines of 
TSM distribution. In this case the transect was set straight from East to West (taking 
the northwestern facing coastline into account, Himmerfjärden bay). In 
Himmerfjärden it is from North to South. The composite image from June (2011) was 
chosen for transect analysis due to absence of any structures from cyanobacteria 
blooms (as these increase the organic SPM fraction). 

 

 

 

1.3. SMHI water bodies classification 
 
The Swedish national definition of the extent of the coastal zone is mostly based on 
physical criteria and well described by Swedish Meteorological and Hydrological 
Institute. The first deliniation of the water bodies is first based on the 1 nautical miles 
according to WFD. Further water bodies are divided according to main factors such as 
water exchange rate, salinity, stratification, wave exposure, number of days with ice 
cover, bottom substrate. For each are there is a different set of deciding parameters. 

Water bodies are divided and classified as: 

- Inner 

- Coastal 

- Transitional 

- Open sea 
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Figure 4) SMHI’s water bodies shapefile huvudavrinningsområden SVAR2012_2 (http://www.smhi.se) 

2. Materials 

2.1. Satellite data 
For the project satellite images were kindly provided by Petra Philipson from 
Brockmann Geomatics Sweden. MERIS full-resolution1b data (v.3) was processed to 
level 1p and subsequently to level 2 using the FUB plug-in by Brockmann Geomatics, 
the processing steps are described more in detail in section 2.3. The provided data 
covered the entire Baltic Sea region and consisted of all viable MERIS scenes during 
the summer periods (June-August) 2009-2011.  

The Swedish coastal operational system (vattenkvalitet.se)  was scanned for viable 
MERIS scenes covering the whole Baltic Sea were available (Figure 5). This way 
those scenes that were mostly covered by clouds, and thus not containing many viable 
pixels with information on SPM concentration, were excluded. 
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After previewing the data using vattenkvalitet.se a range of dates were chosen for data 
selection and aggregation for further processing and data analysis. Dates were chosen 
as shown in Figure 6. 

 
 

 
Figure 6.  Diagram summarizing the binning prodedure using BEAM.  All viable scenes in a month 
were binned to a monthly product.  Bins containing comment ‘No Data’ do not necesaarily imply data 
unavailability, but may imply scenes with high cloud coverage, and as a result with low numbers of 
valid pixels. Scenes with very high cloud coverage were thus not further binned into monthly averaged 
image for the summer months 2009-2011. 
 

2.2. Software 
In order to view and further process MERIS images for the project VISAT BEAM v. 
4.11 software developed by Brockmann Consult, Germany was used. 

Figure 5. Print screen of the map from vattenkvalitet.se project. http://gisportal.brockmann-geomatics.se 
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VISAT is an intuitive desktop application with a set of scientific tools which is based 
on the programming language Java and consists of several components.  BEAM is an 
open source toolbox for viewing, analyzing and processing of remote sensing data. 
VISAT allows to develop and use new BEAM extension plug-ins both provided by 
the developers and software users (brockmann-consult.de). Figure 7 shows a screen 
print of BEAM. 

  
Figure 7. Print screen BEAM software v. 4.11 with opened MERIS product in preview window. 
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2.3. Data processing 
 

2.3.1 Image pre-processing: 
 
MERIS-FR Level 1b data - is a source product, which contains numerical values of 
Top-Of-Atmosphere radiances. L1b data is converted to water leaving rediance (Level 
2) taking into account the atmospheric effects (clouds) and the optical properties of 
the light. After L1 data is atmospherically corrected, L1 to L2 steps includes geo-
correction, masking of land-water pixels and correction of adjacency effect. A general 
overview of the pre-processing sequence is given in Figure 8. and further details in 
the following section.   

Figure 8. Flow diagram with the processing of the product chain depicting the most important 
components, algorithms, input and output data. (Data processing steps courtesy of Petra Philipson 
Brockmann Geomatics Sweden AB) 
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2.3.1.1. Geolocation 
 

The complexity of shorelines, inland lakes, small island of the coast and sporadic 
water surface cause high spatial variability. In order to obtain a good spatial and 
temporal composites it is required to have sub-pixel size high accuracy of the 
geolocation. Furthermore, high accuracy is crucial when dealing with match-ups for 
in situ data validation. 

Geolocation is done with AMORGOS (Accurate MERIS Ortho Rectified Geo-
location Operational Software), developed by ACRI-ST in France. An ortho-
rectification, instrument pointing and accurate orbit determination is included in 
AMORGOS. Evaluation of AMORGOS processed data compared to manually geo-
corrected data was done prior the study using Ground Control Points in ortho images 
available from the Swedish National Land Survey. AMORGOS generates rather good 
accuracy for the most of evaluation points, overall a much better quality is gained. 

2.3.1.2. Radiometric/Smile (irradiance and reflectance) correction 
 

Data needs to be radiometrically calibrated, which initially means that raw data is 
converted from digital numbers to Top-Of-the-Atmosphere (TOA) calibrated 
radiances measured in mWm-2sr-1-nm-1. Additionally, throughout the lifetime of a 
sensor the detectors  age, which need to be accounted for by applying an radiometric 
correction model and coefficients. 

 

 

2.3.1.3. Adjacency Effect Correction 
 

The correction for adjacency effect is done using ICOL (Improved Contrast 
Between Ocean and Land) algorithm, which is applied for the MERIS data before 
atmospheric correction and after calibration (Santer et al. 2009). Roughly, the 
adjacency effect implies that bright land in close vicinity to darker water produce 
a rapid increase of reflectance from water due to scattering of light in the 
atmosphere. The effect can reach up to 20 km from land. The ICOL is rather 
crucial in order to produce reliable results for coastal areas. 
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2.3.2. L2 processing  

L2 processing is a process of atmospheric correction and deriving of concentration 
values of the water constituents. In the past few years, independently developed from 
the standard MERIS/ESA (MEGS) L2 processors showed rather good improvement. 
In addition, development of processors is an ongoing research topic. Nowadays,  
widely used non-standard processors are the Coastal Case 2 Processor (C2R) - 
Doerffer et al. (2008), Boreal Lakes Processors (BOR) and Eutrophic Lakes Processor 
(EUL) - Koponen et al. (2008) and Ruiz-Verdu et al. (2008), all three developed by 
HZG, Germany, together with the FUB Water Processor from Freie Universität Berlin 
Schroeder et al. (2007). All of these 3 processors (from HZG) have identical 
atmospheric correction algorithms. However, they all have different water quality 
algorithms, each adapted to a certain water type. These level 2 processors have earlier 
been evaluated for the Baltic Sea, the Gulf of Bothnia and for Lakes Vänern, Vättern 
and Mälaren using MERIS 2nd reprocessing data. FUB generated the best results for 
all areas and has therefore been further tested in this project using MERIS 3rd 
reprocessing data. 

2.3.3. L2 Mosaic function 
 

When viewed each image in BEAM L2 data does usually not cover the entire Baltic. 
In most cases a mosaic composition of at least 2 images must be first produced in 
order to have full coverage of the Baltic Sea. BEAM has a mosaic tool available for 
generating composite images. Figure 9 shows how mosaicking works.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mosaic function 

Figure 9. Using the mosaic function to derive images covering the full 
Baltic Sea basin BEAM v. 4.11 
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The mosaic function in BEAM v. 4.11 was applied to all available images for the 
period between June 2009 to August 2011 that were not affected by massive cloud 
cover and could be used to produce images that cover the entire Baltic Sea . Figure 10 
shows an example of a mosaic (composite) image. 

 

 

  

Mosaic composite of 2 images 2011-06-04 

Figure 10. MERIS composite from 2 images for 4 June 2011 resulting in one MERIS scene. 
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2.3.4. L3 processing 
 

In order to evaluate the extent of the coastal processes and to see seasonal variability 
of TSM concentration in the Baltic Sea L2 mosaic images for each month were used. 
The L3 binning function was used to derive average monthly mean images 
(composites). The outcome were spatially and temporally binned products that are 
referred to as L3 data. 

L3 processing consists of mosaic images of all available scenes in each month using 
the mosaic function in BEAM. I/O Parameters are set by selecting source products 
(L2 processed images) that need to be synthesized into a mosaic. The map Projection 
Definition was set to Geodetic Datum - World Geodetic System 1984 and the 
Lambert Azimuthal Equal Area projection. The pixel size is preserved to the full 
image resolution of 300 m.  

‘Binning’ refers to the process of attributing the contribution of all Level 2 pixels in 
satellite coordinates to a fixed Level 3 grid using a geographic reference system 
(Figure 11). A sinusoidal projection is used to realize a Level 3 grid comprising a 
fixed number of equal area bins with global coverage. Figure 11 exemplifies the 
binning process for July 2010, and Figure 12 shows the binned product. 

 

Figure 11. Visualization of L3 Binning process. Images of each available day are binned together to 

produce a final image with average TSM concentrations for each month of the year. 
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Figure 12. Product of L3 binning processes. July 2010, Baltic Sea. Colors represent average TSM 

concentrations. 

 

 

 

  

L3 binned product July 2010 
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3. Results 

Figure 13 shows as an example a sequence of all available individual MERIS TSM 
scenes from June 2009 and Figure 14 shows the binned time-series of TSM 
concentration (monthly means) during the summers 2009, 2010, 2011. 

 
Figure 13. Sequence of MERIS images from June 2009. The figure shows images with TSM concentrations for all 
available days during the summer months. Selection of images least affected by cloud cover and containing the 
largest number of valid pixels. The scene covers the entire Baltic Sea. 
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Figure 14. Time-series of the monthly means of the TSM concentration (!"!!!!) during the summers 2009, 2010, 
2011. The 2011-06 image was selected for further analysis (see text). 

 
The resulting binned products were evaluated with regards to terrestrial influence and 
the typical features caused by cyanobacteria blooms (typically during July-August). It 
was found that the binned image from June 2011 (image 2011-06) in Figure 14 was 
not influenced by cyanobacteria blooms. This image was therefore chosen for further 
analysis of the optical model which defines the extent of coastal areas based on the 
TSM concetrations. This image is shown again in Figure 15. 

 
 
 
 



23 
 

 
Figure 15. Monthly composite of TSM from June 2011 

In order to see how SMHI-defined water bodies correlate with TSM concentration 
along the coast, the SMHI shape file ‘Havsomr_y_2012_2’ was overlaid on top of the 
MERIS L3 binned data. Each pixel contains a value that represents the average 
concentration of total suspended matter in g m-3. The shapefile defining coastal zones 
according to SMHI overlaid on the MERIS TSM composite from June 2011 shows 
how the two definitions are realted to one-another. The satellite data shows that 
coastal influence reaches much further offshore in the East and the South. Here SMHI 
definition looks rather arbitrary and fixed compared to TSM distribution  (Figure. 16). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



24 
 

Figure 16. Definition of coastal zone according to SMHI 1 nm = coastal areas, 1-12 nm = outer water bodies 
(utsjöområden) overlaid on the MERIS TSM composite from June 2011. 
 
 
The northwestern and southeastern parts of Baltic Proper were further analysed and 
denoted area A (NW; Figures 17-19 and 21) and  area B (SE; Figure 21) respectively. 
A trend analysis was performed on extracted coastal transects from each area in order 
to evaluate the behaviour of particles along a transect from coastal to off-shore waters 
(see Figures 20, 22 and 24). 
 
Area A (NW Baltic Sea) 
 

 
 
Figure 17. This scene is a subset of northwestern Baltic Sea with SMHI ‘waterbodies’ overlaid on top of the 
monthly mean TSM concentrations (!!!!!) .  
 
  

TSM montly mean June 2011 
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Figure 18. MERIS derived TSM, Himmerfjärden bay (monthly composite for June 2011).  
 

 
 
Figure 19. Himmerfjärden bay and Bråviken bay SW of Himmerfjärden. Bråviken bay is known for strong 
dredging activities to keep the shipping lanes open for Norrköping harbour. It therefore has relatively high SPM 
loads.  

TSM montly mean June 

TSM montly mean June 2011 
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Figure 20. Extracted transect from Himmerfjärden bay. The threshold was set to be 0.6 g !!! in order to have a 
coherent threshold for all areas.  The trend was best described by a second order polynomial, confirming the model 
by Kratzer and Tett (2009). The transect started at the outlet of Himmersjärden sewage treatment plant, and at 
approximate 28 km distance, there is the opening into the Baltic Sea. 
 
 
 
 
 
 
  

TSM monthly mean June 2011 
 

Figure 21. Concentration of TSM derived from MERIS Transect through Bråviken. 
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Figure 22. Exctracted transect from Bråviken bay. The trend could be best described by a 3rd order polynomial, 
confirming that in the NW Baltic Sea diffusion is the driving force for the distribution of particles. The retrieved 
SPM concentrations within Bråviken bay were much higher than in Himmerfjärden. 

  



28 
 

Area B (SE Baltic Sea) 
 
Klaipeda transect 

Figure 23.  TSM concentration at the Lithuanian coast derived from MERIS. 

 
Figure 24. Extracted transect, TSM concentration vs. distance from shore, km. Here, the trend was best described 
with a logarithmic expression. 
 

TSM monthly mean June 2011 
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Figures 23 and 24 show a clear difference in SPM distribution in the SE Baltic Sea.  
Coastal SPM extends much further off-shore.  
Figures 20 and 22 confirmed that in the NW Baltic Proper, the trend was best 
decribed using polynomials as suggested by Kratzer and Tett (2009), based on in-
water optical data.  This had been explained with a mathematical model that assumes 
diffusion to be the driving force for particle distribution.  In the case of the Klaipeda 
transect particles behave in a different way, and are best descibed using a logarithmic 
function (Figure 24); here, presumably,  diffusion is not the driving force.  Instead the 
particles might be mostly transported further due to high wind exposure (Danielsson 
et al., 2007) and different nature of bottom sediment (Figure 25).  Combined with a 
shallow sea bottom this leads to a higher degree of resuspension of particles. 
 

4. Discussion 
The delineation of coastal waters exemplified by the SMHI waterbodies was shown to 
have little agreement with the MERIS TSM L3 binned TSM product for the Baltic 
Sea. In the NW, TSM concentration reaches a threshold of about 0.6 mg l-1 between 
coastal and transitional waterbodies at a distance of approximately 30 km from the 
point source for Himmerfjärden, which corresponds to about 15 km offshore,  and up 
to 45 km for Bråviken bay, which corresponds to about 20 km off-shore. 
Concentrations in Bråviken bay are 4 times higher compared to Himmerfjärden and 
inorganic matter is therefore distributed further into the open sea. 
In the SE Baltic the situation is different. In case of the Klaipeda transect we can 
observe that TSM concentrations reach the set threshold of 0.6 gm-3 at a distance of 
approximately 120 km which is almost 10 times further compared to the northwestern 
coast.  

Figure 25. HELCOM Map and Data service print screen Seabed sediments (balance) 
http://maps.helcom.fi/website/mapservice/index.html 
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Figure 25 shows that the southern Baltic seabed is dominated by inorganic fraction of 
SPM (sand and clay), and the resuspension of high TSM particles extends much  
further from the coast.  
An additional reason why the distribution of TSM is distributed further off-shore in 
this region is the bottom topography of the Baltic Sea. The SE Baltic is rather 
shallow, which combined with the sandy and muddy bottom subtrates, leads to more 
intense resuspension while on the NW coast bottom depth is greater within relatively 
short distances from the shore. i.e. coastal morphology is steeper (Figure 26).  
Furthermore the NW Baltic is less exposed to wind (Danielsson et al., 2007) and 
therefore diffusion can be assumed to be  the main driving force for the distribution of 
matter (Kratzer and Tett, 2009). 
 

 
Figure 26. A high resolution spherical grid topography of the Baltic Sea. io-warnemuende.de/topography-of-the-
baltic-sea 
 
If one takes a closer look on bottom topography of  each case study area, when 
following a transect off-shore in case of Himmerfjärden the bottom depth changes 
much more suddenly and abruptly, intersected by several sills.  In the Klaipeda area, 
however, the change in depth occurs rather smoothly and a depth of 50 m is only 
reached at a disctance of 50 km offshore (38 km in the Himmerfjärden area, see 
Figure 27 vs. 28), which allows for resuspension to happen further off-shore. 
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Figure 27. Transect with depth (m) values plotted against distance from the shore (km) in Himmerfjärden bay. 
Print screen from Baltic Sea Hydrological Commission. The shoreline slopes quite deep and erratic in the 
Himmerfärden area.  Himmerfjärden consists of a series of basins that are separated by sills. 
 
 

 
Figure 28.  Transect with depth (m) values plotted agaist distance (km) Klaipeda region, southeastern Baltic Sea. 
The shoreline in the SW Baltic Sea slopes quite smoothly when compared to Himmerfjärden. The slope is rather 
steep in the first 10 km. 
 
 
It may therefore be concluded that the depth profile of each region may have an 
impact on pelagic TSM concentrations, and that physical driving forces such as 
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diffusion, wind, resuspension and more importantly bottom substrate remain to play a 
significant role in distribution of total suspended matter in coastal regions.  
 
Similar sediment dynamics were observed by Tang et al. (2013) on the Beaufort Shelf 
which is influenced by the Mackenzie River run-off, wind direction and the surface 
circulation. The authors analysed the dispersion pattern of the Mackenzie River plume 
near the mouth of the estuary, using algorithms for two highly constrasting run-off 
scenarios. The first scenario included a similar wind forcing strength when river run-
off was low. Here, the sediment plumes tended to spread less further offshore with 
lower TSM concentrations within plumes. The second scenario was linked with 
higher river run-off, where the entire coastal area was subsequently loaded with 
extremely high TSM concentrations, leading to an occurrence of extensive offshore 
plumes.  Tang et al. (2013) concluded that remote sensing can indicate important 
aspects about the dispersal pattern of TSM plumes and the distribution of suspended 
matter in coastal ecosystems. It was observed by Mulligan et al. (2010) that not only 
river run-off can lead to rather different plume distribution patterns but also wind 
direction and physical forcing. A combination of locally derived optical algorthims 
for deriving TSM and remote sensing data allows for a rather comprehensive 
overview of coastal dynamics in relation to environmental forcing. 
 
There is another aspect as to why methods to derive SPM from remote sensing data 
are important.  SPM generally acts an an indicator for coastal run-off.  An increase of 
land run-off has been predicted for Northern Scandinavia with the advance of climate 
change. Time series of remote sensing data can be used to evaluate changes in the 
distribution of suspended matter in coastal areas, which are most affected by river 
discharges in the vicinity of urban areas. The algorithms developed for local 
applications play a significant role in acquiring reliable measurements from satellite 
images. Further research requires the use of more accurate regional algorithms for 
TSM retrieval as well as adapting hydrological models to be able to estimate water 
exchange with the coast and how climate and certain weather conditions e.g. wind 
direction and precipitation can affect concentration of suspended particles. 
Another important issue to solve is to correct for the signal of organic particles from 
the satellite data and apply this correction to the entire achive of MERIS data in order 
to analyze time-series of spatial and temporal vairability of coastal waters, which will 
help to establish more accurate and appropriate management of coastal ecosystems. 
 
One of the additional results of this project is that we are able to estimate monthly 
mean concentrations of TSM in all sub-basins of the Baltic Sea from the MERIS 
composites that have been produced. Figure 29 shows the histograms of the monthly 
means of TSM for the different sub basins of the Baltic Sea the histograms also show 
the maximum and minium values, as well as the bulk ocurrence of the monthly 
means.   
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Figure 29. MERIS composite from June 2011 compiled HELCOM-defined sub-basins of the Baltic Sea with TSM 
monthly mean concentrations statistically represented via histograms for each basin. 
 
It is remarkable how satellite data provides such a comprehensive overview of the 
entire Baltic Sea allowing the evaluation of concentration of bio-optical constituents, 
showing spatial and temporal variability both on small and large scale. From a 
management perspective it is rather crucial to understand how ecosystem state varies 
and to be able to have a synoptic overview of the changes on local as well as on a 
basin-wide scale. Note that the method is also applicable in the Swedish Great Lakes, 
Vänern and Vättern (Figure 29). 
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5. Conclusion 

The mean estimates of TSM load for the different Baltic Sea sub basis were 
successfully derived. Produced scences provide an overview of the entire Baltic Sea 
allowing to approach different areas on a small scale taking into account specific 
physical processes of each particular reagion making possible to implement a more 
comprehensive coastal management approach. 
 
TSM  retrieved from MERIS data proved to be a useful variable to estimate the extent 
of coastal processes by tranposing a bio-optical one-dimensional model (i.e. along a 
surface transect off-shore) onto a two-dimensional model using satellite data. It was 
shown that coastal processes extend much further off-shore than 1 nautical mile, 
especially in the southern and eastern Baltic Sea; remotely-sensed TSM showed that 
in the southeastern Baltic Sea coastal waters extend much further than in northwestern 
Baltic Sea, i.e. about 7-12 times as far. 
 
A comparsion of TSM concentrations to SMHI defined water bodies proved that the 
concentration of total suspended matter reaches a set threshold of 0.6 mg l-1 between 
coastal and transitional water indicating that the coastal zone extends further than 
established by Swedish Meteorological and Hydrological Institute, proving that 
sattelite derived TSM is a more precise tool to define the coastal zone extension both 
on spatial and temporal scale. Therefore, it would be recommendable to include 
satellite data in the models defing the extent of the coastal zones.  This would be 
highly relevant from a management perspective. 
 
The work demonstrates that ocean color remote sensing can provide important 
information for Baltic Sea research and management e.g. from the investigation of 
river discharge and phytoplankton blooms to the monitoring of coastal processes. 
Synoptic large-scale coverage of the entire Baltic Sea with good spatial and temporal 
resolution are the main advantages of the marine remote sensing method. The method 
allows the definition of the extent of coastal influence, seasonal fluctuations in river 
run-off and phytoplankton dynamics. 
 
The underlying bio-optical model developed by Kratzer and Tett (2009) showed that, 
strictily speaking, inorganic SPM is a more precise indicator of coastal waters, as 
there is always a background threshold of organic SPM in the open Baltic Sea. The 
analysis could be further improved by deriving inorganic SPM from MERIS data 
using a Baltic Sea specific algorithm.   
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