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Chla(ALFT)  Chl-a determined from Alg@line flow-through data [µg l-1]

Chla(ALWS)  Chl-a determined from Alg@line water bottles [µg l-1]
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EOWB all valid EO chl-a observations made within the relevant water body
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EUT Eutrophic lakes inversion model (C2R based)

f factor (constant) relating the inherent optical properties to RRS
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HELCOM  Helsinki Commission, Baltic Marine Environment Protection Commission
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1. Introduction

1.1 Background

Inland seas are semi-enclosed areas linked with other sea areas or oceans with a narrow
opening(s). Therefore, their water exchange can be slow, occasional or periodic. They are
characterized by their shallow depths in comparison to other sea areas in the world. For these
reasons, a catchment area’s influence on an inland sea and on the quality of its water is typi-
cally large, but its magnitude depends on the catchment characteristics. Along with North
America’s Hudson Bay, the Baltic Sea is the second of the two largest inland seas in the
world. Other examples of inland seas are the Seto Sea in Japan and the South China Sea. The
semi-closeness and shallowness of inland seas impact their physical and biological processes.
One of these processes is eutrophication, where nutrient accumulation and physical condi-
tions lead to the growth of algae. In the Baltic Sea, the surface floating cyanobacteria blooms
are annual, whereas e.g. the Seto Sea is known of its toxic red tides. The Baltic Sea is a semi-
enclosed ecosystem in Northern Europe between latitudes 53° and 66°. It is the largest brack-
ish sea area in the world with a catchment area of more than four times the size of the sea
itself. It has a shallow and narrow opening to saline water from the North Sea through the
Danish Straits, as well as a substantial runoff of several rivers (Figure 1) from its catchment
area. As a consequence, it is one of the most polluted sea areas in the world. Yet, for habitants
in the surrounding countries, its coastal areas especially are a source of living and enjoyment.
The beauty of the northern Baltic Sea is evident in its extraordinary and scattered archipelago
area along the southwest coast of Finland and in the Stockholm archipelago in Sweden, which
are popular recreation areas in summer. In winter, the northern Baltic Sea, mainly its coastal
waters, are covered by the seasonal ice. These basic characteristics of the northern Baltic Sea
(its level of eutrophication, extraordinary scattered nature of its archipelago and coastline,
and in particular, the shallow coastal waters of Finland and seasonal ice cover) and its recrea-
tional use compel to monitor it frequently with good spatial and temporal coverage.

Monitoring the seas and coastal waters and determining the quality of their waters is organ-
ised by surrounding countries, and this monitoring is mainly based on water samples, col-
lected at predetermined station sites and analysed in laboratories. Additionally, other meth-
odologies, such as the use of automated measurement stations, ferrybox lines and Earth Ob-
servations have been developed for a relatively long time period. The status assessment of the
open sea areas are based on monitoring data collected by countries, and the number of annu-
al station measurements by an assessment area can be sparse (HELCOM, 2015). To fulfil all
monitoring requirements using measurements taken at station sites is costly, not practically
possible, or is very expensive during extreme conditions (e.g., ice cover in winter- and spring-
time) and in outer water bodies. In addition, weather conditions, such as high wind, can re-
strict visits to the outermost monitoring stations, even during the summertime. Therefore,
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Action Plan (HELCOM, 2007) defines the ecological quality objectives to follow eutrophica-
tion via a status assessment, thereby supporting the implementation of the MSFD (Fleming-
Lehtinen et al., 2015). The ecological status assessment relies on commonly agreed targets
and assessment principles, mostly based on the analysed water samples collected from rou-
tine monitoring stations, and summarised in the European level (European waters — assess-
ment of status and pressures, EEA, 2012). For European coastal areas, the use of Earth Ob-
servations (EO) for the status assessments of the WFD has been analysed and found to be
beneficial (e.g. Domingues et al., 2008; Gohin et al., 2008; Novoa et al., 2012; Harvey et al.,
2015), as is also the case in some lake areas (e.g. Bresciani et al., 2011; Alikas et al., 2015).

The status of eutrophication and the quality of the water in the Baltic Sea has been under
constant concern (e.g. HELCOM, 2007; 2010; 2014; 2015, Andersen et al., 2010, 2011; Flem-
ing-Lehtinen et al., 2015; Raateoja and Setälä, 2016). Coastal and adjacent waters, in particu-
lar the estuaries of the main rivers (Figure 1), are influenced by the drainage basin with nutri-
ent loading, mineral particles and humic substances, all of which depend on the land use and
soil within the catchment area. The anthropogenic load from the drainage basin has been
continuous, but has intensified, along with the industrialization, fertilization and mechaniza-
tion of agricultural practices (HELCOM 2010; Korpinen et al., 2012; Fleming-Lehtinen et al.,
2015). As a consequence, an increased eutrophication has been shown in the analyses of long-
term observation datasets; for example, as elevated nutrient concentrations, and both as ver-
nal and summerly phytoplankton blooms (e.g. Wasmund and Uhlig, 2003; Fleming-Lehtinen
et al., 2008; Raateoja et al., 2005; Kahru et al., 1994; Finni et al., 2001).  The intensive cya-
nobacteria algae blooms occurring in July-August, particularly in the Baltic Proper and in the
Gulf of Finland, are the most evident environmental problem, which are also visible for citi-
zens to observe, and it greatly depreciates the recreational value of the sea. The other sign of
eutrophication, easily observable and understandable by the citizens of the region, is the re-
duced transparency of the water. In monitoring programs, there has been a long-term tradi-
tion to measure water transparency using a simple Secchi disk method (Secchi P., 1866). This
has enabled its analysis as a long time series and therefore has been valuable in evaluating
changes in the status of eutrophication (Fleming-Lehtinen V., 2016). Chlorophyll a (chl-a)
concentration is used to describe the amount of phytoplankton in water. It is commonly used
as an indicator to define the status of eutrophication throughout the areas of water in the
world. The methods to define chl-a concentrations in laboratory analyses (e.g. Lorenzen,
1967; Carrido et al., 2011) can vary for open ocean, coastal and lake environments, depending
on what is most suitable for the typical range of concentrations in the water area under con-
cern and the common practices followed by the authorities responsible.
The status assessment defined in the EU WFD gives guidelines for the status assessment of
coastal and lake water areas. It is based on an ecological classification consisting of five clas-
ses (excellent, good, moderate, poor, and bad). The target of the WFD is to reach a good eco-
logical status for surface waters. If a water body (which is the reporting unit) does not meet
this target, the Member State should initiate water-protection measures to improve its condi-
tion. Therefore, the class boundary that is most relevant to the directive is the one between
‘good’ and ‘moderate’. For that reason, determining chl-a concentrations near this class
boundary with a level of high confidence is important. Only 25% of the Finnish coastal areas
(Kauppila et al., in Raateoja and Setälä [eds], 2016) – the outer water bodies in the Gulf of
Bothnia – were defined as being good during the 2nd WFD reporting period of 2006-2012
(EEA, 2012). According to the recent 3rd WFD reporting results (the years 2012-2017), for the
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most part the coastal waters of Finland are in moderate status, although the status of the Gulf
of Finland has improved. Furthermore, also according to the recent eutrophication status
assessment (HELCOM, 2018), none of the open sea assessment areas in the Northern Baltic
Sea reached the chl-a limit of good ecological status defined for them.

During the past 20 years, satellite instruments providing daily observations of the Baltic
Sea are the SeaWiFS (the Sea-viewing Wide Field-of-View Sensor), the MODIS (the MOder-
ate Resolution Imaging Spectrometer), the MERIS (the MEdium Resolution Imaging Spec-
trometer) and from 2016 on OLCI on board EU Copernicus programme Sentinel-3 satellite
series (Table 1). The first pertinent instrument for monitoring the chl-a concentrations in the
open Baltic Sea, the SeaWiFS, provided observations with approximately one km spatial reso-
lution. In the coastal waters of Finland the natural conditions, which are comprised of a nu-
merous small bays, estuaries and islands, set the requirements high for the spatial resolution
of an EO instrument. Therefore, the improved spatial resolution of the MERIS (the lifetime of
which was between 2002 and early 2012) enabled daily observations of these fragmented
coastal waters for the first time. The advantage of its improved 300m spatial resolution is
clear in the coastal WFD water bodies of Finland, enabling the detection of even 65% of chl-a,
whereas a 1km resolution instrument can only capture a level of 22% (Study IV).

Table 1. Earth Observation instruments suitable for monitoring water quality of the Baltic Sea (since 1997).

Instrument Satellite Spatial
resolution

Spatial coverage
(swath width, km) Temporal coverage Lifetime

SeaWiFS SeaStar 1 km 1,502 daily 1997-2010

MODIS AQUA,
TERRA 1 km 2,330 daily 2000-

MERIS ENVISAT 300 m 1,150 daily 2002-2011

OLCI A,B
(C,D)

Sentinel-3
series 300 m 1,270 daily 2016  (2029)

OLI* Landsat 30 m 185 every 8 days 2013

MSI** A,B
(C,D)

Sentinel-2
series 10-60 m 290 every 2-3 days 2015  (2029)

* Operational Land Imager, ** Multi-Spectral Instrument

At present, the most prominent instruments for detecting large-scale water quality are the
series of OLCI instruments (Ocean and Land Colour Instrument) on board Sentinel-3 satel-
lites. OLCIs inherited many of its characteristics from MERIS. The spatial resolution is not
the only benefit of these instruments, but also their spectral characteristics have been defined
optimal for especially detecting chl-a in the Baltic Sea (Härmä et al., 2001; Kallio et al., 2001;
Kratzer et al., 2008). Moreover, OLCI has additional bands in comparison to MERIS that
provide more information on chl fluorescence and enable better atmospheric correction.
In coastal waters, EO algorithms for determining chl-a concentrations are prone to various
sources of error. The accuracy of the EO derived water quality product depends highly on the
optical properties of the water within the area. Optically active substance (OAS) is a term that
is used to describe the components of water that affect the optical signal detected by EO in-
struments: the phytoplankton, non-algal particles, and the coloured dissolved organic matter
(CDOM). The latter indicates the amount of dissolved humic substances in the water. OAS’s
have a high range of variations in natural waters, and they affect the signal detected by EO
instruments. To understand these variations, the water areas have been classified into optical
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water types. The first optical classifications (Jerlov, 1951, 1976) formed the basics for the
classification of oceanic and various coastal water types. Later, Morel and Prieur (1977)
named those waters, in which concentrations of other colour producing constituents than
phytoplankton vary independently from phytoplankton, as Case II waters in order to distin-
guish them from oceanic – phytoplankton-dominated – (Case I) waters. However, the optical
classification of chiefly the Case II waters has been found to be more complex (IOCCG 2000;
Mobley et al., 2004; Kallio K., 2012; Harvey T., 2015; Hieronymi et al., 2017; Simis et al.,
2017).  National monitoring programmes do not often measure OAS. Instead, water quality
variables that are proxies, or combinations of them, are included: such examples include chl-
a, turbidity and total suspended matter (TSM). Optically, the Baltic Sea represents the ex-
treme end of  the water types in the world due to its high CDOM absorption (e.g. Darecki et
al., 2003; Kowalczuk et al., 1999; 2002; 2005; Seppälä et al., 2005; Ylöstalo et al., 2016; Si-
mis et al., 2017) with high spatial and temporal and an increasing gradient to the Northern-
most and Easternmost parts. Like CDOM, the suspended matter can range from a relatively
low average to momentarily high amounts in many estuaries. In fact, in the Northern Baltic
Sea, a spatially and temporally highly variable mixture of OAS enters the coastal waters via
numerous rivers. Its complexity depends on the soil and discharge from the drainage basin
(e.g. Räike et al., 2016; Asmala E., 2014; Kauppila and Koskiaho, 2003).

To develop and validate EO algorithms for an optically unique water area, extensive local
field data is required, which is typically collected in research cruises with optimal weather
conditions. Such cruises are expensive and sensitive to changes in weather conditions, such
as clouds, fog and wind. Therefore, an advanced approach to collecting high-frequency vali-
dation data is to use commercial vessels to carry the autonomous measuring and sampling
devices. In the Baltic Sea, the Alg@line ferrybox consortium maintains an automated ship-
borne measurement constellation using flow-through instrumentation and autonomous wa-
ter sampling. The Alg@line co-operation between Finland, Estonia, Sweden and Germany
has been operating since 1993 (Leppänen and Rantajärvi, 1995; Leppänen et al., 1994). The
system provides a massive amount of research material for the Baltic Sea and serves as a plat-
form for developing constant monitoring (presented, for example, in Rantajärvi et al., 2003;
Fleming and Kaitala, 2006; Schneider et al., 2006; Seppälä et al., 2007; Lips and Lips, 2008;
Jaanus et al., 2009; Lips et al., 2011; Lips et al., 2014; Groetsch et al., 2014). The automated
sampling ensures a high frequency in spatial and temporal means, and can therefore capture
also the short-lived peak values during intensive but phytoplankton bloom periods.

In addition to the continuous measurement systems on board regularly operating merchant
ships, flow-through systems installed on board research vessels are advantageous as refer-
ence material for determining EO algorithm accuracies, providing spatial and temporal cov-
erage for validation, and also cost-efficiency in sampling (Study II, Pulliainen et al., 2005; V.,
Sørensen et al., 2007; Petersen et al., 2008; Metsamaa et al., 2009; Volent et al., 2011). In
coastal waters, continuous reference measurements with flow-through instrumentation can
be made on boats, as described in Lindfors et al. (2005). These systems can capture a wide
range of optical properties, which is particularly advantageous in estuaries (Koponen et al.,
2007). Despite the numerous data collected by both types of flow-through instrumentations,
the conventional routine monitoring station water samples maintained by the Finnish envi-
ronmental administration cover spatially the coastal waters of Finland and therefore form a
fundamental part of the validation material available.
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1.2 The study area

The Baltic Sea can be characterised as being small, brackish and shallow in comparison to
the  other  sea  areas  in  the  world  (Figure  1).  The  average  depth  is  only  54m  and  the  area  is
small, approximately 393 000km2. Salinity in the surface waters ranges from 7.5-8.5 psu in
the south to 1-6 psu in the northernmost parts. The Baltic Sea is divided into basins with var-
ying morphology and geometry. The northernmost basins (adjacent to Finland) are the
Northern Baltic Proper; Gulf of Finland and Gulf of Bothnia (Figure 1). A characteristic for
the catchment area of the Baltic Sea is a large proportion of swamps and turf soil, which part-
ly dissolves into the runoff. Furthermore, the five largest lakes in Europe – the Ladoga, One-
ga, Vänern, Peipsi and Vättern – modify the river water inflowing to the Baltic Sea (Stålnacke
1996; Rönnberg 2001).

On the Baltic Sea level, the annual amount of total suspended solids (TSS) is estimated to
be approximately 4,455,000 t a-1 (tons per year), the main part of which remains in the
coastal waters, and about 37% of the TSS ends up in the central Baltic Sea. The main rivers
contributing to the TSS load are the Vistula and Neva, with altogether 32% of the total
amount (Lajczak and Jansson 1993). Naturally, the transparency of the water is higher in the
Baltic Proper (from 4m to 18m) than in the coastal waters. Transparency depends on the
amount of algae, other suspended sediments and humus, and is traditionally measured using
the Secchi disk depth method. In different coastal water regions, this varies from its average
coastal level (4-5m) to low values in the estuaries (0.6-2.5m). During the cyanobacteria
bloom period, the transparency can temporarily decrease to values between 1.5m and 3m
(Rönnberg, 2001; Fleming-Lehtinen V., 2016).

Phytoplankton blooms in the Baltic Sea follow a predictable seasonal pattern: the high-
biomass spring bloom is followed by a longer mid-summer bloom (Figure 2). The phyto-
plankton blooms are particularly intensive in the Baltic Proper and in the Gulf of Finland and
the seasonal variation is high. The short-lived vernal phytoplankton blooms typically vary
between 10 to even 120 µg l-1 and fall to a chl-a summer minimum period in June (3 µg l-1,
Pitkänen et al., 2003). During the summerly bloom period in July-August, blue-green algae
(cyanobacteria) blooms typically appear in the Gulf of Finland, Baltic Proper, and  some years
also in parts of the Gulf of Bothnia up to Quark. These surface-floating blooms form on the
uppermost part of the water body and are particularly visible during calm weather periods.
The chl-a concentrations on the top layer of the water can be high and easily exceed 100 µg l-1.
Toxic cyanobacteria can affect the skin of humans swimming in the bloom and can even be
fatal for animals drinking the blooming water.
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Figure 2. Phytoplankton blooms in the Baltic Sea follow a predictable seasonal pattern, demonstrated here by
Alg@line observations for a) the Gulf of Finland and b) Northern Baltic Proper. The high-biomass spring bloom
(main bulk appear up to 20-40 µg l-1) is followed by a longer mid-summer bloom. (Figures provided by Seppo
Kaitala).

The coastal waters of Finland lie in two gulfs: the Gulf of Finland (GoF) and the Gulf of
Bothnia (GoB), with the Archipelago Sea separating these two (Figure 1). The GoF is a narrow
sub-basin situated on the easternmost part of the Baltic Sea. It is very open to influences
from the Baltic Proper and is a direct extension of it: the opening to the gulf is relatively deep
and open. Thus, the water from the Baltic Proper enters the gulf without any in-water or
above-water thresholds. The GoF has strong east-westward gradients of salinity, nutrients
and CDOM (Raateoja et al., 2016; Ylöstalo et al., 2016) due to the discharges from the river
Neva at the easternmost end of the gulf. Furthermore, it faces the runoff from several rivers,
most importantly the river Neva, which has a monthly mean discharge of 2432 m3/s, followed
by the smaller rivers (e.g. Narva, Kymijoki and Luga), all of which have substantially less dis-
charge (with a monthly mean discharge between 104-398 m3/s [Alenius et al., 2016]). More-
over, the gulf is affected by the loading from three large cities in its drainage basin: St. Pe-
tersburg in Russia, Helsinki in Finland, and Tallinn in Estonia. Recently, the Gulf of Finland
(GoF)-year 2014 initiative carried out a thorough status assessment report as a joint effort of
the surrounding countries, Russia, Estonia and Finland (Raateoja and Setälä [eds], 2016).
The report concluded that eutrophication in the central part of the gulf has shown a declining
trend after the early 2000s, which is partly as a result of the decrease in the phosphorus (one
of the relevant nutrients increasing phytoplankton blooms) load from the catchment. This
decrease is due to water protection measures, and decreases in agricultural and industrial
production; for example, from individual point sources, such as the former St. Petersburg
sewage and Luga fertiliser factory (Räike et al., 2016). A similar decreasing trend was shown
in the Finnish coastal area, whereas no trend was detected for the western and middle off-
shore parts of the GoF (Raateoja and Setälä [eds], 2016). According to the monitoring dataset
analysed in the GoF assessment report, the chl-a trend followed the trend of phosphorus,
which increased in the late 1990s and levelled out in the early 2000s, due to the decreasing
deep water phosphorus (nutrient) storages (Kauppila et al., 2016).
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The GoB, the northernmost part of the Baltic Sea, is comprised of about 30% of the area of
the Baltic Sea. In contrast to the GoF, the GoB is sheltered by a narrow ridge between Sweden
and Finland and is further isolated by the shallow Archipelago Sea. This means that only
small volumes of the saline deep water enter the GoB.  This part of the Baltic Sea is least in-
fluenced by eutrophication (Håkansson et al., 1996; HELCOM 2010; Andersen et al., 2010,
2011; Fleming-Lehtinen et al., 2015). Due to the northern location of the gulf, the water stays
considerably colder than in other parts of the Baltic Sea during the summer season. This is
one of the reasons why the cyanobacteria blooms are not typical in the northern parts of the
GoB (Lundberg et al., 2009).

Annually, ice covers the coastal waters of these two gulfs on average for a period of five
months; the period and extent is considerably variable from year to year and from area to
area. In the Bothnian Bay (the northernmost part of the GoB), the ice season lasts between
130-200 days and does not often extend to the southernmost parts of the GoB. In the GoF,
the ice cover typically melts by the end of April and does not often extend to the westernmost
open parts of the gulf at all (Myrberg et al., 2006). The spring period is specific in the means
by which the melting snow and frost brings suspended sediments, humic substances and nu-
trients to the coastal waters, particularly to the estuaries and adjacent waters. At the same
time, the ice-cover melts and brings light to the water ecosystem. As a result, the intensive
phytoplankton spring bloom happens, the annual maximum level of the phytoplankton bio-
mass is reached, and more than one third of the annual primary production occurs (Niemi,
1975; Lassig et al., 1990). In the northern parts of the Baltic Sea, this is typically during late
April and early May. The spring phytoplankton bloom is not well monitored by station sam-
pling (Helsinki Commission, 1990), as the peak period is very short and spatially variable
(Kahru et al., 1990; Rantajärvi et al., 1998; Fleming and Kaitala, 2006; Lips et al., 2014).

The inner coastal waters of Finland are sheltered; they are protected by a huge mosaic of is-
lands and an indented shoreline. The water is shallow (below 30m) and fully mixed. In the
estuaries, the mean depth varies between 3 to 18m. The outer areas of water are more open to
wind and the water is seasonally stratified. Altogether, the Finnish coastline is in total 1,100
km, including ca. 73,000 islands. The Finnish coastal waters are oligohaline, with a salinity
range of between 1 and 6 psu. The Finnish drainage basins vary greatly in their morphomet-
ric and land-use characteristics (Ekholm, 1993) with, for example, the agricultural land vary-
ing from 0.5 to 44% (Kauppila, 2007), though otherwise being mainly forested. The annual
load of suspended matter discharged into the coastal waters ranges from 4,840 to 120,000
tn/a in the main 24 rivers (Kauppila and Koskiaho, 2003), depending mainly on the catch-
ment size and land use. In the river estuaries, the incoming water from drainage basins influ-
ences the optical characteristics of coastal waters mainly by increasing the concentrations of
TSM and the absorption of CDOM (aCDOM). TSM is seldom measured; instead the observa-
tions of turbidity and aCDOM (400) show a relatively low average level of 3.7 FNU and 2.0 m-1

and yield mostly to recordings below 12 FNU and 5 m-1, respectively. The estuary samples,
however, can represent far more extreme conditions. Secchi disk depth ranges typically be-
tween 5 m to a lower transparency of 0.6 m (in the inner estuaries).

For the purposes of WFD reporting, the coastal waters of Finland are divided into 215 water
bodies representing 11 coastal types of Finland in the northern Baltic Sea (Figure 3). The
coastal types mainly follow the Baltic main basin division, and have been further divided into
inner, middle and outer coastal types (Kangas et al., 2003). Chl-a is one of the biological vari-
ables included in the ecological status assessments of coastal water bodies (Kauppila et al.,
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2007). In the coastal waters, the average chl-a level is 7.8 µg l-1 ranging mainly between 0.30
and 23 µg l-1. In Finland, the WFD class boundaries of chl-a vary to some extent from each
other in different coastal types (Aroviita et al., 2012) with, for example, the threshold of
‘good’ and ‘moderate’ status classes ranging from 2.1 to 2.5 µg l-1 and from 2.7 to 3.5 µg l-1 in
the outer and inner water bodies, respectively. The classification period defined for chl-a co-
vers the summer months between July and the first week of September.

a)
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b)

Figure 3. a) The coastal water types of Finland, distinguished by varying shades of grey in the figure. The abbre-
viations in this image denote the type of water area covered. © Tapio Palvelut Oy/Karttakeskus 2019, ELY, NLS
(National Land Survey of Finland), SYKE. b) An example of the body of water division and the numerous islands
in the south-west archipelago of Finland. Land areas are denoted as grey. The black lines outline the example
water bodies that represent the water types in the south-western inner (I), middle (II and III), and outer (IV) archi-
pelago. The figure is from Study IV. The blue lines highlight the boundaries between the water bodies. The ordi-
nary mapping stations (red circles) are often situated close to the shore. The area has one intensive-monitoring
station (expressed by the yellow circle). © ELY, NLS, SYKE. Figures redrawn from Study IV.
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1.3 Research frame

1.3.1 Research objectives and hypotheses

The research objectives of this study were determined as follows:
O1: Develop and validate EO methods suitable for defining water quality parameters for the

coastal waters of Finland. In all of the studies, chl-a is the key water quality parameter. (Stud-
ies I-V)

O2: Evaluate flow-through measurement systems to be used in the EO chl-a validation and
algorithm development in the coastal and open Baltic Sea. (Studies II, III, V)

O3: Determine and explain the similarities and discrepancies between chl-a concentrations
determined via EO and in situ data. (Studies I-V)

O4: Develop a method for qualifying EO chl-a algorithm accuracy using water bodies as a
calculation unit. (Study IV)

O5: Analyse statistical methods/practices for the optimal use of EO for the chl-a status as-
sessment of water bodies – with an emphasis on Water Framework Directive (WFD) re-
quirements. (Studies IV, V)

The research hypothesis
H1: The estimation of water quality parameters is accurate using EO instruments for the

main parts of the coastal waters of Finland. (Studies I, III-IV)
H2: Chl-a concentrations determined by using EO instruments and station sampling can

reach the same level of accuracy in a station-wise analysis. (Studies III-IV)
H3: The accuracy of EO chl-a estimation can be determined on the basis of coastal water

body units. The EO chl-a accuracy may have a high spatial and temporal variation depending
on the optical properties of the water areas under concern. (Studies IV-V)

H4: The average chl-a concentration on a full water-body scale may be unequal between
the different monitoring methods: the EO, station sampling and flow-through datasets. This
is due to the substantial differences in the volume between the datasets and their non-
equivalent spatial and temporal coverage.  (Studies IV-V)

H5: The EO and flow-through data can support chl-a status assessments. (Studies II, V)
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the correspondences of chl-a produced by an EO model FUB and in situ data are analysed.
Study IV analyses these correspondences in comparison to the available coastal station sam-
pling dataset, and Study V further continues this analysis in the Gulf of Finland using both
station sampling and flow-through datasets. Thus, the first parts of these Studies concentrate
on the third objective (O3): to determine and explain the similarities and discrepancies be-
tween the EO chl-a estimation and other types of monitoring methods, and the hypothesis
(H2) related to it; i.e. ‘chl-a concentrations determined using the EO instruments, and sta-
tion sampling can reach the same level of accuracy in station-wise analysis’.

The fourth objective (O4), which aims at developing a method for qualifying EO chl-a algo-
rithm accuracy using bodies of water as a calculation unit is analysed and discussed in depth
in Study IV. The study IV also analyses the third hypothesis (H3): ‘The accuracy of the EO
chl-a estimation can be determined on the basis of coastal body of water units, and that the
EO chl-a accuracy may have a high spatial and temporal variation depending on the optical
properties of the water bodies under concern’. Furthermore, the last two studies, Studies IV
and V, summarize the analysis of using EO chl-a concentrations for the purpose of status as-
sessment: the first according to the requirements set by the EU WFD and the latter obliged
by the status assessment of the Gulf of Finland. Thus, these last two studies concentrate on
the fifth objective (O5). The fourth hypothesis (H4) is that average chl-a concentration on a
full water-body scale may be unequal between the different monitoring methods is analysed
in detail in Study IV and further confirmed in Study V. The last study, Study V, also discusses
the fifth hypothesis (H5) by analysing the benefits of various data sources, EO, Alg@line and
monitoring station samples for the status assessment of the Gulf of Finland.
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2. Theory of water quality remote sensing

2.1 Basics of passive optical remote sensing

The measurement principle of a passive satellite instrument is based on observing the sun-
light reflected by the target in the direction of the satellite. On its way, this is affected by the
atmosphere and the optical properties of the actual target area, land or sea. Optical satellite,
or airborne remote sensing instruments actually measure digital counts that are relative to
the brightness of the sunlight propagated to the direction of the instrument’s detector cell
(Figure 5). When a body of water is the target, the reflectance from it is a mixture of surface
properties and the optical properties of the upper layer up to the transparency of the water.
Clouds prohibit the observation from anything else; typically 70% of the observations are
cloudy over the area of the Baltic Sea (Isemer and Rozwadowska, 1999). The contribution of
reflected and absorbed light, however, varies a lot between the wavelengths and the target. In
addition to dark, dense forests, bodies of water are the darkest targets to observe. The reflec-
tance along the coastal waters of Finland typically varies between 0.05-0.5 at wavelengths of
400-700 nm (Kallio, 2012).

Water pixels in the image can be affected by their neighbouring target areas, especially
bright objects nearby. This so-called adjacency effect is caused by the signal being scattered
in the atmosphere (Asrar G. 1989). When estimating water quality, the effect is relevant
mainly for small lakes and in coastal waters near the coastline. Furthermore, in shallow are-
as, where the transparency of the water is higher than the depth of the water, the seabed and
its composition also form one part of the reflected light. The influence of this part to the EO
observation is referred to as the bottom effect (Baban, 1993; Hellweger et al., 2004).  Fur-
thermore, on water surfaces, a particular problem is specularly reflected solar radiation, orig-
inating due to image geometry between the Sun, the water target and the instrument. These
glint areas are typically unusable in the images obtained, although methods exist to reduce
the glint effects. Other phenomena that disturb the measurement are whitecaps, waves and
occasionally pollen on the water, which bear some importance, particularly when using high
resolution instruments.
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the water quality from satellite observations, the effects of the atmosphere are minimised
using atmospheric correction methods which model the effects of scattering and absorption;
these methods are described later in Section 3.1. Sunlight photons collide with atmospheric
particles and gases, which causes scattering to the beam. This can be caused by molecules,
aerosols (like dust), water vapour, and also larger sized particles, such as water droplets.

Scattering can be divided into three categories according to the size of the scattering parti-
cle and the wavelength of the radiation. At the visible and near infrared part of the spectrum,
gas molecules are much smaller than the wavelength of the radiation, therefore mainly being
the source of the first category, named as Rayleigh scattering. The scattering in the atmos-
phere caused by the aerosol particles is further divided into Mie scattering; such is the case
for scattering caused by aerosols (dust) and water vapour, with the particle diameter being
the same size as the wavelength of the energy. Non-selective scattering refers to cases where
the diameter of the colliding particle is much larger than the wavelength of the energy, such
as water droplets, large dust particles and ice-crystals. Aerosol, or Mie scattering cannot be
easily modelled like Rayleigh scattering due to the high variability of the nature and concen-
tration of aerosols in the atmosphere. At the visible wavelengths, the magnitude of this scat-
tering is comparable that of Rayleigh and has some importance also at the near infrared
wavelengths (Cracknell et al., 1991).

In atmospheric correction methods, errors in calculating the effects of scattering are mostly
due to the wrong modelling of aerosol and water vapour scattering, because of the variable
size distribution of scatterers and variable amounts and densities of aerosols, and water va-
pour. Atmospheric gases, water vapour, CO2 and O3 impact greatly on electromagnetic radia-
tion by absorption. At visible wavelengths, the absorption is caused by ozone, oxygen and
water vapour: by oxygen, at wavelengths of 690 nm and 760 nm, and by water vapour, main-
ly at 700 nm and 725 nm. Water vapour and carbon dioxide have strong absorption and
emission features, but they occur in the infrared and microwave region, rather than in the
region of visible and near infrared wavelengths.

2.2 Water quality variables

Optically active substances (OAS) in the water comprise of phytoplankton, coloured dis-
solved organic material and suspended inorganic material. Other relevant water quality vari-
ables, turbidity and Secchi depth, are not directly defined as OAS, but rather variables com-
bining the effects of them. The latter two variables are ordinary and included in national
monitoring programmes (with subjective measurements).

2.2.1 Phytoplankton

The plankton community consists of different phytoplankton types, which vary from photo-
synthesising bacteria (cyanobacteria) to plant-like diatoms.  The primary production of the
water can be estimated according to the amount of phytoplankton. Chlorophyll-a (chl-a) is a
component of phytoplankton. Chl-a content indicates the tropic state of the water, which
makes it an important indicator for the state of the water ecosystem. The determination of
chlorophyll-a concentration provides information about the quantity of algae (phytoplank-
ton) and its potential photosynthetic activity (ISO 10260:1992). In Finland, chl-a has been
measured continuously since 1960 according to a standardised method by Lorenzen (1967),
as agreed by the Baltic countries (HELCOM, 2009; 2014). This can be used to determine the



Theory of water quality remote sensing

30

amount of primary production of the water body and is thus one of the key elements in de-
scribing the water ecosystem in several regulations and, for example, in the WFD.

2.2.2 Coloured dissolved organic material (CDOM)

Coloured (chromorphic) dissolved organic material (CDOM) is the part of the humic mate-
rial that remains dissolved in the water after filtering. It is the part of the decomposing plant
tissue that is formed as humic materials instead of breaking down into carbon dioxide, inor-
ganic nitrogen, sulphur and phosphorus (Kirk, 1994). In coastal waters, most of the CDOM is
due to humic substances, and leaches from the soils derived from the land via river discharge
(Kirk, 1994). Thus, this is indirectly the outcome of the vegetation in the catchment area. In
addition, in lakes, CDOM can be formed by the decomposition of plant matter within the wa-
ter, especially in productive waters. In Finland, CDOM is determined using an absorption
measurement at two wavelengths: 400 nm and 750 nm (aCDOM(400)), according to Green and
Blough (1994).

2.2.3 Non-algal particles (NAP)

Non-algal particles (NAP) refer to all suspended inorganic material in the water, with their
origins either in sand, clay, other bottom sediments, and material incoming via rivers. Dust
and pollen also add to NAP, which is higher near the coast and estuaries, and can come up
from the bottom sediment as a result of resuspension caused by high wind.

2.2.4 Turbidity

Turbidity is often used to define the clarity of the water. It is a measure of scattering in the
water, determined by measuring the attenuation of radiant flux in the water, or by measuring
the intensity of diffused radiation. Turbidity in the water is caused by the presence of undis-
solved matter, such as particles of soil, organic matter, metals, etc.  It is worth noting that
turbidity also contains the phytoplankton component. Turbidity is a routinely measured pa-
rameter in Finland as part of a national monitoring programme using the Nephelometric
method (based on the measurement of light mainly at a wavelength of 860 nm, EN 27027,
1994). Total suspended solids (TSS) and total suspended matter (TSM) are used to describe
the sum of phytoplankton and non-algal particles, but these are rarely measured in Finnish
station sampling.

2.2.5 Transparency of the water, Secchi depth

The Secchi disc depth (ZSD, Secchi, 1866) measurement is a traditional and common prac-
tice in marine observation and monitoring programs to evaluate the transparency, or the
clarity, of water. ZSD is defined as ‘the depth in which a white Secchi disc disappears from
sight when it is lowered into the water column’ (Preisendorfer, 1986). In the monitoring pro-
gram in the coastal waters of Finland, ZSD is measured using a white disk (with a diameter of
between 10-30cm). In seawater, suspended particulate matter (SPM), CDOM and living
planktonic organisms (mainly phytoplankton) affect the transparency of the water (Lund-
Hansen, 2004).
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ter target itself. The product of Lsky and Fresnel reflectance ( L) describe the contribution of
sky radiance reflected towards the sensor specularly (Jerlov, 1976).

The definition of irradiance includes radiation originating from all directions of a half-
sphere. Spectral irradiance E( ) is the derivation over wavelength, i.e.

d
dEE ),(),,(  [W m-2 nm-1] 3

The portion of irradiance heading in all downwards directions is called downward (Ed) irra-
diance, whereas upward irradiance (Eu) is the portion of irradiance heading in all upwards
directions. Definitions downward (Ed )) and upward (Eu )) spectral irradiance are used to
define irradiance reflectance:
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It is practical to link this to radiance, which is measured by satellite instruments, using ra-
diance reflectance RRS (remote sensing reflectance) with the equation
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where Lu , the upwelling radiance equals to the Lw.

2.4 Absorption and backscattering properties of water

Ocean optics protocols (Mueller et al., 2003) define the elements in the water that influence
the radiance detected by the satellite instrument. These protocols can be considered as the
standard tools for measuring ocean colour and performing in situ measurements for satellite
instrument data validation. Preisendorfer (1960) first introduced the term Inherent Optical
Properties (IOP) of a medium (referred to water from here on). IOPs are the quantities (ma-
terial properties) characterizing how light propagating in the water column from one point to
another is modified by absorption and scattering within the medium. Thus, they are not de-
pendent from the satellite illumination geometry (Mueller et al, 2003).

The characteristics of absorption and scattering properties of the waters vary spectrally and
between the different optically active substances (OAS) of the water body (Pegau et al.,
2002). The spectral absorption and scattering coefficients of pure water are well known
(Pope and Fry 1997, Smith and Baker, 1981). The absorption by pure water is low at the blue
and green part of the visible spectrum, but increases slightly at the red part of the visible
spectrum, and rapidly after a wavelength of 700 nm. In addition to pure water, the absorp-
tion and scattering, particularly in the coastal and semi-enclosed water bodies, are dominat-
ed by different substances and their quantities (volume) within the water. The total absorp-
tion coefficient detected from the water column is a sum of its components:

)()()()()( napCDOMphwtot aaaaa 6

where the absorption coefficients aw ), aph ), aCDOM ) and anap ) denote pure water, phy-
toplankton, CDOM and NAP, respectively (according to Kallio et al., 2012, modified from
Kirk, 1984). As the specific absorption features of different constituents, such as phytoplank-
ton and CDOM, occur at certain wavelengths, their concentrations can be determined from
the measured absorption spectrum (Pegau et al., 2002).
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The remote sensing reflectance, RRS, measured by the EO instrument has a strong inverse
dependence on atot. This, together with the knowledge of the absorption characteristics of
different constituents in the water, provides the physical basis for EO algorithms, often re-
ferred to as ocean colour (OC) algorithms (Pegau et al., 2002). EO algorithms are used for
determining the concentrations of, for example, chl-a and CDOM which utilize the known
properties of absorption at the different bands of satellite instrument.

The other optical property describing the reflectance, the total backscattering coefficient,
bb,tot, is based on backscattering by pure water and TSS according to

TSSbbbbb TSSTSSbwwbtotb )()()( *
, 7

where bw is the scattering coefficient of pure water and bTSS is the scattering coefficient of
TSS. TSS is the sum of phytoplankton and non-algal particles. bbw and bbTSS are the backscat-
tering ratios for pure water and TSS.

Apparent optical properties (AOP), by definition, are measurements of spectral irradiance
and radiance that propagate through a water column. AOPs, on the other hand, are depend-
ent on illumination conditions; e.g. solar azimuth and zenith angle. AOPs are also dependent
on the IOP's of the water (Mueller et al., 2003). The radiance (or the remote sensing) reflec-
tance RRS that was already defined in equation 5, is a relevant AOP in ocean colour remote
sensing. To link this to the water surface properties, RRS is often described using the above
(0+) and below (0-) surface components of the downward spectral irradiance, Ed(0+, ),
Ed(0-, ), respectively (Kirk, 1984):
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The relationship between irradiance reflectance R and radiance reflectance RRS is done us-
ing the latter part of the equation 8, where s is the radiance reduction factor (describing in-
ternal reflection and refraction at water-air interface) and Q the factor defining the ratio be-
tween the upwelling irradiance and upwelling radiance, typically ranging between 3 to 6 (Mo-
rel and Gentili, 1996). In this equation, Lw is the upwelling radiance that includes the contri-
butions from water (water volume, water surface and bottom, if the latter exists). RRS is de-
pendent on the solar zenith angle and has a bidirectional nature.

In bio-optical reflectance models, the simulated sub-surface irradiance reflectance RRS ) is
determined (Gordon et al., 1975, 1988) as
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where f is the factor (constant) relating the inherent optical properties, bb,tot (equation 7)
and atot (equation 6) to the apparent optical property, the sub-surface irradiance reflectance
RRS ). f depends on illumination geometry according to Kirk (1984) (f = 0.975-
0.629*cos( sw), where sw is solar zenith angle in water).  The equation 9 links the bio-optical
reflectance modelling to the radiance measured by the satellite instrument (equations 4 and
5). In ocean colour studies, water-leaving reflectance RW is often used instead of RRS:

RSW RR * 10
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3. Methods for defining water quality via Earth
Observation

3.1 Atmospheric correction for water surface observations

The atmospheric correction methods attempt to minimise or reduce the contribution of at-
mospheric scattering and absorption for each wavelength the instrument detects; i.e. solve
the atmospheric components in equation 2. Atmospheric correction is done by modelling,
especially the scattering caused by the aerosols and water vapour, as accurately as possible to
solve the water leaving reflectance, RW. The effects of atmospheric scattering are important in
the measurements of dark bodies of water, such as the absorption dominated Case II waters,
where the magnitude of the radiance reflected from the target is far less than the magnitude
of the radiance caused by the atmospheric scattering (Asrar G. 1989). Without atmospheric
correction or with an inadequate correction, the reflectances derived from the satellite in-
struments observations in different parts of the image or in adjacent days can have large
magnitude differences without any actual change in the target properties. Therefore, this is a
critical step in EO water quality estimation, especially when generating time series of data.

In Case I type of waters, the impact of the atmosphere on the observed reflectance has been
traditionally derived by utilizing the near-infrared wavelengths (  >  700  nm)  due  to  their
insignificant water leaving RW. Any radiance in these wavelengths is assumed to originate
from the atmosphere and the amount of scattering can then be estimated based on this for
the radiance at or for the visible wavelengths (Gordon and Wang, 1994; Wang, 2000; Antoine
and Morel, 1999). In coastal waters, the contribution of various water constituents to the re-
flectance at the longer wavelengths is clear, and cannot be ignored in atmospheric correction.
Regarding the SeaWiFS instrument in particular, during its lifetime, several efficient atmos-
pheric correction methods or improvements to the original methods were developed to work
better, mostly in optically turbid waters or pigment absorption dominated waters (e.g. Hu et
al., 2000; Ruddick et al., 2000; Sturm and Zibordi, 2002; Bulgarelli and Zibordi, 2003; Bul-
garelli et al., 2003).

The development of water quality algorithms in the coastal waters, as well as in the lakes of
Finland, first concentrated on local, semi-empirical or empirical algorithms (Härmä et al.
2001; Kallio et al., 2001, 2006; Koponen et al., 2001, 2002, 2004, 2007; Studies I,II; Pulli-
ainen et al., 2001; 2004).  During the first studies especially, the atmospheric correction was
one of the main problems causing uncertainty and high error levels to the water quality pa-
rameter estimation and was only applied when it improved the estimation (Härmä et al.,
2001; Kallio et al., 2001; Studies I; II), which was not always the case with individual field
campaign day cases (Koponen et al., 2001; Kallio et al., 2005). The atmospheric correction
method used for AISA data (de Haan and Kokke, 1996, de Haan et al., 1999) in Study I was



Methods for defining water quality via Earth Observation

35

the method also used in (Härmä et al., 2001; Kallio et al., 2001; Koponen et al., 2001, Study
I).

The standard MERIS Level 2 processing atmospheric correction was presented in Moore et
al. (1999). This method includes a separation of Case II from Case I waters, designed to be
used as a part of the processing chain for the Antoine and Morel (1999) or Gordon and Wang
(1994) atmospheric correction methods. Studies analysing the accuracy of various atmos-
pheric correction methods in the Baltic Sea can be found. For example, Zibordi et al. (2013)
assessed the accuracy of MERIS marine data products from different European seas, includ-
ing data from a station close to Helsinki. It was found that the MERIS marine data products
outcome was negatively biased by several tens of percent. Consequently, the underestimation
of this magnitude led to far more than a 100% overestimation of the MERIS chl-a products
for the European seas studied. Since then, the atmospheric correction methods suitable for
Case II waters have developed further and several algorithms have been found suitable for
the atmospheric correction of the Baltic Sea waters (Doerffer and Schiller, 2008a, b;
Schroeder et al., 2007a, b; Section 3.3).

Recent comparisons of various algorithms for the atmospheric correction over the open
Baltic Sea (Qin et al., 2017) found the Polymer (Steinmetz et al., 2011) processor performance
best for producing atmospherically corrected reflectances for the MERIS dataset in compari-
son to the extensive set of ship-borne reflectance measurements (Simis and Ohlsson, 2013)
over the central areas of the Baltic Sea. The other well performing methods were the C2RCC
(Section 3.3) and the FUB (Schroeder et al., 2007a, b, Section 3.3.2). The outcomes of these
two so-called inversion methods are analysed in Studies III-V.

3.2 Band ratio algorithms for estimating water quality

Band ratio algorithms for deriving water quality are utilised describing the relationships be-
tween the water quality constituents and observations by the satellite or airborne instru-
ments.  The coefficients for band ratios are often solved by using a simple linear regression
between the water quality constituents and satellite observation derived radiances or reflec-
tances. For satellite observations, band ratio algorithms are utilised after performing a cho-
sen, optimal atmospheric correction. The general band ratio algorithms are of the formula

01 araWQ ij 11

Where WQ is the water quality parameter under investigation, such as chl-a or turbidity,
and ri,j is either a radiance (rL,i,j) or a reflectance (rR,i,j) ratio at wavelength i with respect to the
wavelength j (rij =ri/rj); a1,  and a0 are coefficients. These coefficients are typically applicable
for certain water types, e.g. for clear oceanic or either scattering or absorption dominated
Case II waters. The optimal equations and their empirical coefficients can also be derived
using a field measured or a modelled reflectance which is a straightforward process as the
errors caused by non-optimal atmospheric correction do not deteriorate the derivation of the
coefficients (e.g. Ligi et al., 2017). Studies I and III analyse the use of equation 11 type band
ratio algorithms. The formulation can be, and often is, a more complex combination of reflec-
tances detected at varying wavelengths. Chl-a, for example, is typically estimated with band
ratio algorithms that utilize the absorption features of chl-a. Traditional chl-a algorithms de-
veloped for oceanic (Case I) waters are typically based on observations at the blue and green
bands that the satellites observe (Jerlov, 1973; Morel and Prieur, 1977; Gordon et al., 1983;
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Gordon and Morel, 1983).  These are typically a logarithm transformation between the chl-a
concentration and equation including this band ratio and coefficients fitted to it. For exam-
ple, the OC4 algorithm, which is used as the standard SeaWiFS chl-a algorithm (O’Reilly et al.
1998), applicable also to the MERIS and MODIS instruments over oceanic waters, is a fourth-
order polynomial equation, combining chl-a and the ratio RRS at blue and green bands:
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where the numerator, RRS blue), is chosen according to the greatest of RRS values, and the
sensor-specific coefficients (a0 –  a4)  are  available  for  the  SeaWiFS,  MODIS  and  MERIS  in-
struments ( https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/). For the Baltic Sea, this particu-
lar wavelength ratio often fails to produce a realistic chl-a estimation due to the optical water
constituents and inaccuracies in the atmospheric correction methods utilised together with
these algorithms. This is related to the high absorption by CDOM that reduces the magnitude
of the reflectance at wavelengths below 500 nm to a very low level in comparison to other
types of waters. As the instrument bands at these wavelengths are used in the oceanic equa-
tions to determine the chl-a absorption, the failures in atmospheric correction (such as nega-
tive reflectances) have major impacts on the accuracy of the chl-a estimations. Summarising
studies have reported large inaccuracies in the performance of the oceanic chl-a algorithms
for the Baltic Sea (e.g. Darecki and Stramski, 2004; Gregg and Casey, 2004; Blondeau-
Patisser et al., 2004; Kratzer et al., 2008; Reinart and Kutser, 2006). The study by Darecki
and Stramski (2004) reported original SeaWiFS and MODIS chl-a products to produce over
150% and even up to a 200% root mean squared (RMS) error in the Southern Baltic Sea.
However, they also found that the regional parameterization of the original equations re-
duced RMS to 114-130% and the mean normalized bias to a fairly low level (26-32%). Sup-
porting results (Gregg and Casey, 2004) were included in the global comparison of the Sea-
WiFS chl-a dataset. Likewise, a comparison study over the European Seas (MyOcean) Sea-
WiFS-product found the log-scale correlation of annual and summertime Chl-a to be low for
the Baltic match-ups (r2 = 0.02 and 0.15, respectively), yet with a relatively low bias and
RMSE (1.26 and 4.74) (Coppini et al., 2013).  Study II, which utilised the SeaWiFS observa-
tions, was performed at a time when suitable atmospheric correction did not exist for the
Baltic Sea. Therefore it experimented with a combination of three bands:
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where L( i, i= 1,..,3) is the radiance observed at wavelengths i. The algorithm utilises a
subtraction of radiance at near-infrared wavelengths (e.g. L765nm, in Study II) to compensate
for the atmospheric disturbances to some extent.

The band ratio algorithms utilizing the chl-a absorption features at the near infrared wave-
length have shown a sound performance for the chl-a estimation for the Baltic Sea (Darecki
and Stramski, 2004; Darecki et al., 2005; Study II) and Finnish lakes, especially the band
ratio between 709 nm and 665 nm (r2 ranging from 0.77 to even 0.97), with either optimal
airborne and satellite overpass campaign days or simulated datasets (e.g. Härmä et al., 2001;
Kallio et al., 2001; I; Koponen et a., 2007; Ligi et al., 2017). A similar approach, though some-
times with alternative band combinations, has been found to be beneficial for other Case II
types of waters (e.g. Dekker, 1993; Gitelson et al., 1993; Ruddick et al., 2001; DallÓlmo et al.,

https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/
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3.3.1 Case II water processors

Case II water processors were designed to work especially for coastal and inland waters for
the MERIS instrument. The processors are denoted as ‘C2R’ for the general version of the
Case II regions, and two modified versions designed to work especially for the boreal lakes
(BOR), and eutrophic lakes (EUT) (Schiller and Doerffer, 1999; Schiller and Doerffer, 2005;
Doerffer and Schiller, 2007; Doerffer and Schiller, 2008a; 2008b). The current version of the
processors (C2RCC, Case II regional Coast Colour) is nowadays available as plug-ins in SNAP
(Sentinel Application Platform) software.

All of the three processors consist of an atmospheric correction part and a bio-optical part,
which models the inherent optical properties and water constituents based on the satellite
observation. The parts are interlinked and based on neural networks. The processors were
trained for their ranges of specific inherent optical properties (SIOPs) using measurement
ranges for southern Finnish lakes (BOR) and for eutrophic Spanish lakes (EUT), and validat-
ed and described, for example, by Koponen et al. (2008), Ruiz-Verdu et al.(2008) and Do-
erffer and Schiller (2008a and 2008b). In the atmospheric correction part of the processors,
a neural network derives water leaving reflectance (Rw) from the top of the atmosphere signal
(Doerffer and Schiller, 2007, 2008a). The training of the atmospheric neural network is
based on radiative transfer simulations with an ocean–atmosphere Monte Carlo photon trac-
ing model. The atmospheric correction first utilizes ancillary data (sea surface pressure and
total ozone content) and a standard atmosphere to estimate the RTOA, and then estimates the
water-leaving radiance reflectance, Rw, with a forward artificial neural network.

The training of the neural network (Doerffer and Schiller, 2008a) was done using simulated
dataset (simulations made using radiative transfer model Hydrolight, Mobley, 1994) and ac-
counts for the effects atmosphere and radiance path to the sensor. The output from the at-
mospheric part is the water-leaving reflectance values, Rw, which are the inputs to the bio-
optical part retrieving the IOPs and the water constituents. The C2R bio-optical procedure
(Doerffer and Schiller, 2007), was the basis for the other two water processors, EUT and
BOR. Equations that relate the processor IOPs to the water quality concentrations of chl-a
and TSM, along with the training ranges of chl-a, TSM, and aCDOM(443) for each bio-optical
model, are given in Doerffer and Schiller (2008b, summarised in Table 2). The processors
solve/model altogether 75 parameters (or more), including estimates of water quality, reflec-
tance and also IOPs: the absorption coefficients of phytoplankton pigment (apig(443)), CDOM
(aCDOM(443)) and the total absorption (aTOT(443)), and the scattering coefficient of TSM
(bTSM(443)). The signal depth Z90 equals to 1/Kd(min), where Kd is the downwelling irradi-
ance attenuation coefficient. Study III analyses the applicability of C2R, BOR and EUT for the
coastal waters of Finland.

Table 2. Equations to relate Case II water processors (Pros) SIOPs’ with water quality concentrations of Chl-a
and TSM, and the training ranges applied (according to Doerffer and Schiller, 2008b).

Pros Chl-a TSM Chl-a range [µg l-1] TSM range [µg l-1] aCDOM [m-1]

BOR 62.6*apig(443)1.29 1.042*bTSM(443) 0.5-50 0.1-20 0.25-10
C2R 21*apig(443)1.04 1.72*bTSM(443) 0.016-43.18 0.0086-51.6 0.005-5
EUT 26.32*apig(443) 1.7*bTSM(443) 1-120 0.005-5 0.1-3
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3.3.2 FUB processor

FUB is an acronym that refers to an inversion model ‘MERIS Case-2 Water Properties Pro-
cessor’, developed by the Free University of Berlin, and is available nowadays as a SNAP
software plug-in processor. FUB combines a set of neural networks: one for the atmospheric
correction and three separate ones that model the water quality constituents (chl-a, TSM and
CDOM) based on the radiance measured by the MERIS instrument (Schroeder et al., (2007a,
2007b). The training of the neural networks is based on radiative transfer simulations that
account for the relevant atmospheric and oceanic conditions. A forward radiative transfer
model simulates the light travel through the atmosphere and in the water (Schroeder et al.,
2007b). The FUB model neural network training utilised several atmospheric and oceanic
optical properties as inputs, including for example, the vertical profiles of the temperature
and pressure. The aerosol optical properties follow the Mie calculations and apply a combina-
tion of maritime and continental aerosol models (Shettle and Fenn, 1979; WCRP, 1986). The
modelling of the total absorption and scattering coefficients of the water accounts for the rel-
evant absorption and scattering components (see Section 2.4 for background).The training
ranges for the water constituents in the ocean model of the FUB processor generally account
for optical conditions for Middle European coastal waters (0.05-50 µg l-1 chl-a, 0.05-50 mg/l-1

TSM, and 0.005-1 m-1 aCDOM(443), Schroeder et al., 2007a). The inherent optical properties
used, based on published measurements or parameterisations, are listed in Schroeder et al.
(2007a, 2007b).  The last two studies utilise FUB processor for the chl-a estimation and ana-
lyse its applicability for the status assessment of Finnish coastal waters (IV) and the Gulf of
Finland (V).

3.4 Summary of methods used in Studies

The atmospheric correction methods and the types of water quality algorithms used in
Studies I-V are listed in Table 3 below. The studies utilized altogether four different atmos-
pheric correction methods. In Studies I-III, various band ratio algorithms were analysed for
estimation water quality. In Study III, three versions of Case II regional (Section 3.3.1) pro-
cessors and their performance against band ratio algorithms were evaluated. Finally, Studies
IV-V analysed and utilised the chl-a concentrations derived from using the processor FUB
(Section 0) against other station and flow-through sampling methods.

Table 3. The type of water quality algorithm utilised in each study.

Study Atmospheric
correction

Water quality
algorithm type

Water quality
algorithm formula

Original
reference

I de Haan and
Kokke (1996)

Band ratio Equation 7, Section 3.2

II Compensation at
near-infrared

Band ratio Equation 8, Section 3.2

III C2R Inverse reflec-
tance models
C2R, BOR, EUT,
band ratio

Section  3.2 and Equa-
tion 7, Section 3.3.1

Doerffer and
Schiller (2007)

IV – V FUB Inverse reflec-
tance model FUB

Section 0 Schroeder et al.
(2007a, 2007b)
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4. Material

4.1 EO instruments and datasets

4.1.1 Airborne spectrometer AISA

AISA (Airborne Imaging Spectrometer for Applications) was a programmable spectrometer
used in these studies; i.e. the band combination could be determined separately for each
flight campaign using wavelengths from 450 nm to 900 nm (Mäkisara et al. 1993). The pro-
grammability allowed for the modification of the spectral and spatial resolution of the in-
strument. The full spectral configuration of 289 channels and 1.5 nm base channels allowed
us to capture accurate spectra, but with a width of only one pixel. With wider bandwidths and
a smaller number of bands, AISA was able to switch to an imaging mode, observing 384 pix-
els across the track. AISA was mainly operated with an imaging mode during the water quali-
ty flight campaigns between 1996-1998 (in Study I and also Kallio et al., 2001; Härmä et al.,
2001; Pulliainen et al. 2001; Koponen et al., 2001). After the pre-processing of AISA data (the
calibration to radiance values and geocoding), the mean values of the AISA radiances from
the sample point locations were extracted using a 20m radius. The atmospheric correction
method utilized (de Haan and Kokke, 1996, de Haan et al., 1999) accounts for correcting the
effects of the atmosphere and adjacency effect caused by land areas nearby. The atmospheric
correction utilized MODTRAN simulations and the HIRLAM model results of each field cam-
paign day (Study I).

4.1.2 SeaWiFS

The SeaWiFS instrument measured was designed mainly to derive water quality in oceanic
waters with its eight bands at the visible and near-infrared wavelengths (the bands are visual-
ised in Figure 6). Therefore, it was used in the Baltic Sea mainly before the MERIS era. With
the spatial resolution of 1.1km, the SeaWiFS was suitable for the open Baltic Sea, but did not
allow for an analysis of the fragmented coastal waters of Finland. SeaWiFS Data Analysis
System (SeaDAS) software was used to derive top-of-atmosphere (TOA) radiances (mWcm-2

µm-1 sr-1) from the SeaWiFS L1A products. The processing steps included rectification, cloud
and land masking, complemented with mean (low-pass) filtering (3x3 pixel window).

4.1.3 MERIS

MERIS (ESA, 2006; Rast et al., 1999) was a medium-spectral resolution, imaging spec-
trometer that was designed to observe with 15 wavebands both in the visible and near-
infrared wavelengths. Between 2002 and early 2012, MERIS made almost daily overpasses in
the northern Baltic Sea with a swath width of 1150km and 300m spatial resolution in its Full
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Resolution (FR) mode. The steps of MERIS data processing varied in the sub-studies and are
described in detail in Studies III, IV and V. For all sub-studies, the pre-processing of MERIS
data was done starting from the MERIS L1B reflectance product by ESA, and processed using
plug-in processors of BEAM-software. In Study III, three versions of C2R-based processors
were utilised, namely C2R, BOR and EUT, (see Section 3.3.1 for processor details). In Studies
IV and V, the FUB processor, version beam-wew-water-1.2.10, was used (see Section 3.3.2 for
details). The cloud screening was complemented with a manual quality check. In Studies IV
and V, shallow areas with a bottom depth of less than 5m were excluded from the dataset
using a sea depth raster data mask.

Table 4. Satellite and airborne instruments used in each sub-study and the water quality parameters analysed via
them.

Platform
Remote sens-

ing instru-
ment

Spatial
resolution Years Study Water

quality Field data

Airborne AISA 2 m 1996, 1998 I chl-a, turbidity,
TSS, ZSD

FC, PSII

Satelliteborne,
EO

SeaWiFS 1 km 1999-2000 II chl-a Alg@line
MERIS 300m 2006-2011 III chl-a, turbidity,

CDOM, ZSD
MS, FC, FTLC

2003-2011 IV chl-a MS
2003-2011 V chl-a Alg@line, MSGoF

4.2 In situ datasets

The sub-studies in this thesis utilizes a wide range of in situ measurements collected at sta-
tion sites or by automated devices on board vessels for determining water quality parameters
in 1996-2011. The in situ data consists of coastal routine monitoring station sampling, dedi-
cated field campaigns with water sampling (Studies I, III, Figure 9,) and automated sampling
devices (Studies II, V, Figure 9). Table 5 summarises the data sources utilized in each sub-
study.
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4.2.1 Station sampling

The physico-chemical data (in Studies III and IV) originates from the integrated marine-
monitoring programmes for Finland’s coastal areas. In the studied years, the Finnish nation-
al coastal station network had altogether 19 intensive-monitoring stations, mostly represent-
ing the outer-coastal waters. In addition to these, approximately 90 mapping stations cover
the coastal area. The innermost coastal waters are covered by local-monitoring schemes. Al-
together, these total 183 coastal station sites (Ministry of the Environment, 2014). Annually,
the intensive monitoring stations are visited four to eight times, while the mapping and local
stations are sampled once or twice. The number of chl-a samples within one WFD water
body, with varying amount of stations, varied between zero and 410, with the mean and me-
dian being 60 and 31, respectively. Chl-a analysis results were not available in seven (4.9%) of
the coastal water bodies during the study period (Study IV).

The station data (laboratory analytical water samples) from the national monitoring pro-
grammes of Finland and Estonia were utilized in Study V. The dataset was combined in the
framework of the trilateral co-operation (Finland, Estonia, and Russia) during the GoF2014
(eds. Raateoja and Setälä, 2016). At the open sea stations, chl-a were sampled 2 to 5 times
per year, whereas the annual sampling times at the coastal stations varied from 3 to 20 (eds.
Raateoja and Setälä 2016), with some methodological differences in sampling and analysis,
identified in Kauppila et al. (2016). In the Estonian monitoring programme and in the Finn-
ish offshore monitoring program, the chl-a samples were pooled using water collected from
the upper water layer (1.5 and 10 meters). In the Finnish coastal water sampling, chl-a was
analysed from the composite samples of the surface water (up to 4m depth or twice the Sec-
chi depth in the monitoring by City of Helsinki and in the national coastal monitoring, re-
spectively). The offshore sampling and analysis followed the guidelines in the HELCOM
COMBINE manual (HELCOM, 1988).

4.2.2 Summary of the water quality variation at the coastal waters of Finland

The water quality at the coastal monitoring stations of Finland was highly variable with re-
gard to a number of characteristics observed using EO methods during the lifetime of MERIS
(Table 6, Studies III and IV). The Chl-a observations range from 0.30 to 23 µg l-1 (P5 and
P95). The observations of other water quality parameters, turbidity, Secchi depth, Pt Water
Colour and aCDOM(400), are ordinarily below 12 FNU, 5m, 80 mg Pt l-1 and 5 m-1, respectively
(Table 6). The average of aCDOM is 2.0 m-1, but typically shows a wide seasonal and spatial var-
iation, between 0.1 and 29 m-1. A method Pt water colour (ISO 7887, 2001) is a routinely and
frequently measured proxy for the colour of the water. While aCDOM measurements are sparse
and do not represent the Finnish coastal waters spatially, the Pt water colour has served as a
rough estimate of the humic substances.  A conversion between the Pt water colour and the
CDOM absorption coefficient (CDOMPt) has been formulated (based on Kallio K., 2006):

CDOMPt  = 0.124 * Pt water colour 14

Cross-correlation analysis of water constituents in the monitoring station network data
throughout the Finnish coastal waters (2006-2009) shows that the correlation between chl-a
and aCDOM(400) is clear, (r² = 0.47) when cases of high chl-a or aCDOM(400) are excluded, but
otherwise poor (Study III). The turbidity has a low correlation with chl-a in their average
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coastal levels, while the Secchi disk depth shows a clear log-normal relationship between tur-
bidity (r² = 0.61). In Koponen et al. (2007), the correspondence between chl-a and aC-

DOM(400) is strong (r² = 0.84) in a case of intensive spring phytoplankton bloom event near a
river estuary.

Table 6. Water quality ranges and averages according to station sampling in Finnish coastal waters (years 2003-
2011). The abbreviations AM, MED, STD, P5 and P95, MIN and MAX denote for the arithmetic mean, median,
standard deviation, 5th and 95th percentile, minimum and maximum of the measurements, respectively. N is the
number of observations. (As in Study IV).

Variable AM MED STD P5 (MIN) P95 (MAX) N

Chl-a, [µg l-1] 7.8 4.9 10.6 1.5 (0.3) 23 (500) 25656
Turbidity, [FNU] 3.7 1.6 12.8 0.4 (0) 12 (1100) 71897
Pt water colour [mg Pt l-1] 25.5 15.0 32.6 5 (0.79) 80 (800) 39955
CDOMPt [m-1] 3.2 1.9 4.0 0.6 (0.10) 9.92 (99.2) 39955
aCDOM(400) [m-1] 2.0 1.5 2.0 0.7 (0.09) 5 (28.6) 3490
Secchi disk depth [m] 2.46 2.2 1.4 0.6 (0) 5 (12) 31519

4.2.3 Flow-through datasets

Fluorometer measurements by Alg@line
The Alg@line consortium ferrybox systems, operating on board so-called ‘ships of oppor-

tunity’, register water quality parameters in real-time with high-frequency devices and auto-
mated water samplers on board several merchant ships. Alg@line route between the cities
Helsinki and Travemünde provides four weekly transects over the central Baltic Sea (data
used in Studies II and V). The other transect with two daily between Helsinki and Tallinn
(data used in Study V). The automated flow-through systems measure salinity, temperature,
chl-a fluorescence, turbidity and, on some systems, also phycocyanin fluorescence (cyanobac-
teria pigment). The ferrybox measurement and sampling system and the analysis methods
are described in detail in, for example, Leppänen et al., 1994, Leppänen and Rantajärvi, 1995,
Seppälä et al., 2007, and Lips et al., 2014. Water intake is at about 4-5m below the surface,
and the parameters are registered with a spatial resolution of 160-200m. The sampling fre-
quency depends on the speed of the ship and on the water sampling system; these operate
either with fixed time steps or at fixed sites along the ship routes. The water samples are col-
lected and analysed using the spectrophotometer or fluorometer method (HELCOM, 1988).
The on-line chlorophyll fluorescence records are converted with linear regression against the
laboratory analysis of these water samples; e.g. according to Seppälä et al., (2007) or Lips et
al. (2011). The conversion accounts for the dynamics in the phytoplankton species composi-
tion (spring and summer).

Measurement system by Luode Consulting Oy
Paper III utilizes the flow-through measurement system by Luode Consulting Oy. The

measurement principle and the flow-through system installed on a fast-moving boat are de-
scribed in detail by Lindfors et al. (2005). The measurement system represents water at a
depth of 0.5m and includes an instrument (ac-9, WetLabs) measuring attenuation and ab-
sorption coefficients between 412 and 715 nm (nine wavelengths are used for deriving total
absorption (atot) and attenuation (ctot)) . These are used to determine the values of chl-a, TSS,
turbidity and aCDOM(400) with linear interpolation (Figure 10, Lindfors et al. [2005], Study
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III). The measurement system has been utilised in Koponen et al. (2007) and recently in four
coastal campaigns (2016-2018) for validation algorithms for the Sentinel series instrument.

Figure 10. Correspondences of water constituents determined according to the flow-through (FT) against water
samples (in situ) (Figure 2 in Study III). He1-He3 represent sampling from three separate field campaigns con-
ducted in the coastal waters near the city of Helsinki, whereas the campaign Po1 site was conducted in waters
near the city of Pori. Figure redrawn from Study III.
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5. Results

5.1 Water quality algorithms for the coastal waters of Finland

The first objective (O1), to develop and validate EO methods suitable for defining water
quality parameters primarily for the coastal waters of Finland, is experimented with various
band ratio algorithms in Studies I-III for all three instruments: the AISA, the SeaWiFS and
the MERIS (Sections 5.1.1., 5.1.2 and 5.1.3, respectively). The best band ratio algorithm for-
mulations are then cross-compared against the bio-optical model approach, as part of Study
III (Section 5.1.3). For the development and calibration of algorithms, both station sampling
(Studies I and III) and flow-through data are utilised (Studies II and III).  The utilisation of
the flow-through dataset for this purpose is separated as second objective (O2) (Section
5.1.2).

5.1.1 Band ratio algorithms for airborne instrument observations

The airborne instrument AISA observations were used in developing the first optimal water
quality band ratio algorithms in altogether 13 flight lines (Härmä et al., 2001; Kallio et al.,
2001, and Study I [see Figure 9  for the flight lines]). Overall, the most important results
gained with AISA data are related to experimenting the water quality parameters’ correla-
tions to either reflectances at different wavelengths (Kallio et al., 2001) or to various band
ratio algorithms formed by them (Härmä et al., 2001; Kallio et al., 2001) prior to the ENVI-
SAT satellite launch.

The influence of atmospheric correction to the water quality estimation is analysed in par-
ticular in Study I and in Koponen et al. (2007). According to the results in Study I, the at-
mospheric correction method balances the water quality estimation, especially when observa-
tions from several flight campaigns are utilised jointly. Depending on the water quality pa-
rameter, the use of atmospherically corrected reflectance data either improves the water
quality analysis accuracy, or the results are equally good when without this (Tables 1-4 in
Study I). The algorithm which is most improved by the atmospheric correction is that used
for the estimation of turbidity (r2 increases from 0.79 to 0.89 and RMSE decreases from
41.4% to 30.3%). Furthermore, improvements are gained also in the estimation of the Secchi
disk depth (when r2 increases from 0.65 to 0.7 and RMSE decreases from 41.9% to 39.17%)
and TSS (when r2 increases from 0.76 to 0.79). In contrast, the atmospheric correction exam-
ined does not show any improvement to the chl-a estimation. The atmospheric correction is
able to reduce the outliers in the match-up dataset, which improves the correspondence be-
tween the station sampling and equations derived to estimate water quality from AISA reflec-
tances. Furthermore, the use of atmospheric correction is found to be particularly beneficial
when the water quality estimation is made using a one-band algorithm, as in the case of tur-
bidity (Figure 11), or when using wavelengths at the short end of visible light to a band ratio,
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where the aerosols have more impact on the reflectance. In contrast, a typical chl-a band ra-
tio utilising wavelengths at red or near-infrared is not affected as much by the aerosol varia-
tions. Therefore, the experimented atmospheric correction method is of no critical im-
portance to the chl-a algorithm estimation accuracy.

Figure 11. Turbidity map [FNU] for Aurlahti Bay on 05 August 1996 using AISA and the optimal turbidity algorithm
(Study I).

5.1.2 The use of flow-through data for EO algorithm development

The second objective (O2) is to evaluate flow-through measurement systems to be used in
the EO water quality validation and algorithm development in the coastal and open Baltic
Sea. Two of the studies (II, V) utilise the Alg@line flow-through system while one utilizes a
coastal flow-through system (Section 4.2.3, Study III).

Alg@line for EO algorithm development

The benefits of using automated ship-of-opportunity flow-through fluorometer data
(Alg@line, Section 4.2.3) in the EO (SeaWiFS) algorithm development and validation were
evident in the spring phytoplankton bloom events of 1999 and 2000 (Study II). The study
material consists of a high range of chl-a concentrations. Furthermore, the use of radiance at
the chl-a absorption maximum band, at a wavelength of 670 nm, is found to be best-
performing in the intensive spring phytoplankton bloom case (L(670) as L( 2) in equation 11
together with either L(490) or L(510) as L( 1)). In Study II, the estimation of chl-a using the
SeaWiFS radiances with case-specific parametrization according to Alg@line data is found to
be very good at a chl-a range of between 2 µg l-1 and 30 µg l-1 (r2 ranging from 0.86 for the
parameterization dataset, at best, to r2 between 0.78-0.84 for validation sets). The chl-a algo-
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rithms determined for the SeaWiFS dataset describe well the behaviour of the variations in
the chl-a concentrations for the six dates analysed (Figure 12a) and on varying sites on the
ship route during the spring phytoplankton bloom (Figure 12a).

a)             b)

Figure 12. a) SeaWiFS band ratio algorithm performance over spring bloom in 1999 and 2000 using band ratio
algorithm (L(510) - L(765))/(L(670) - L(765)), vs. chl-a concentrations determined via flow-through fluorometer. b)
Correspondence between Alg@line flow-through derived and SeaWiFS estimated chl-a concentrations at the
Alg@line transect, 20 May 1999 (Figures redrawn from Study II).

Coastal flow-through system for EO algorithm validation

The applicability of the bio-optical or inversion reflectance model approach to estimate wa-
ter quality constituents in the coastal waters of Finland is analysed (Study III) by using three
processor versions of the Case II Water processor: C2R, BOR, and EUT (Doerffer and Schil-
ler, 2007, 2008a, Section 3.3.1). Coastal flow-through field campaigns (Figure 10, Section
4.2.3) were used to compare the processors’ ability to estimate the variations in total absorp-
tion (aTOT) and scattering of TSM (bTSM), and by their ability to produce estimates of chl-a,
aCDOM, turbidity and Secchi depth. The estimations of aTOT(443) by all processors follow the
measured aTOT(440) well, with the best-performing processor BOR resulting in a bias of only
6.1% (others ranging from 29.5% to -9.9%, Study III, Figure 13). The correspondences of all
processors’ interpretations for bTSM(443) to AC-9-measured bTOT(440) is also found to be
good, although all bTSM(443) products show an underestimation in comparison to bTOT(440)
(15.1% to 34.7%). The wavelength difference of 3 nm between the field measured (aTOT(440)
and bTOT(440)) and those modelled by the processors (aTOT(443) and bTSM(443)) is not con-
sidered to affect notably on the results.
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Figure 13. aTOT(443) and bTSM(443) values produced by the three Case II water processors, and aTOT(440) ) (in
situ a440)  and bTOT(440) (in situ b440) measured by the coastal flow-through system during two of the field cam-
paign days. Figure partly redrawn from Study III.

The data measured during the first campaign (He1), held during an intensive spring phyto-
plankton bloom event, shows that the processors are not able to follow the highest chl-a con-
centrations captured by the flow-through fluorometer in circumstances where the chl-a con-
centration is on average 34.6 µg l-1, and ranges between 16.8 and 100 µg l-1 (Figure 14). The
BOR processor is able to reach values as high as 25 µg l-1, whereas other analysed processors
underestimate chl-a concentrations above 20 µg l-1. For the other campaigns (He2, He3, and
Po1), with considerably lower average chl-a concentrations (2.5 µg l-1), all the processors
overestimate chl-a (by more than 160%) in comparison to the flow-through fluorometer, with
the smallest overestimation of 4.2 µg l-1 obtained by EUT (Table 5 in Study III). All the pro-
cessors underestimated aCDOM(400) for most of the campaigns, less than 30% with BOR and
EUT, and by more than 60% with C2R (Figure 14 and Table 5 in Study III). In contrast to the
moderate results by chl-a and aCDOM, TSM and turbidity are estimated with a smaller bias
(varying between 1.26-0.62 mg l-1 and 0.39-0.60 FNU, respectively, Table 5 in Study III).



Results

50

a)

b)

Figure 14. a) Chl-a, and b) aCDOM(443) values estimated with the Case II water processors and flow-through (in
situ) measurements on coastal field campaign days.

5.1.3 Bio-optical model and band ratio algorithms

The first objective (O1), the determination of the best-performing algorithms to derive es-
timates for water quality parameters, was further advanced using MERIS instrument obser-
vations (Study III). The analysed parameters were chl-a, turbidity, aCDOM and Secchi depth.
The applicability of Case II water processors– C2R, BOR, and EUT (Doerffer and Schiller,
2007, 2008a, Section) – to estimate the water quality constituents throughout the coastal
waters of Finland is analysed by cross-comparing the processors’ outcomes to the samples
from coastal monitoring station network (2006-2009). For each of these, the performance of
the original processor outcome is first evaluated and then the estimation of each is optimised
by re-formulating the original equations (Table 2) to fit the optical ranges of Finnish coastal
waters. The performances of the re-formulated bio-optical model and band ratio algorithms
are cross-compared for these four water quality parameters.

The cross-comparison shows that the bias found in all of the original Case II water proces-
sor algorithms can be minimised through a re-parameterisation of the coefficients that relate
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a particular processor output IOP to a water quality parameter. For chl-a and TSM, the re-
formulation is done by adjusting the conversion factors that relate the IOPs to water quality
parameters (Fig. 6 and Fig.7 in Study III). For aCDOM(443), the coefficients for the processor
interpretation of aCDOM(443) are modified after its transformation to absorption at a wave-
length of 400 nm. The processors’ output Z90 is converted to correspond to the Secchi disk
depth observations. Not only does this adjustment reduce the bias of the original processor
outputs, but it is also able to increase the correlation for chl-a and turbidity. For the estima-
tion of chl-a, Secchi depth and turbidity, the three processors produce similar outputs, and
the difference between the processors is mainly in the degree of bias. In part, the differences
between the outputs of the processors are related to a specific part of the in situ samples (e.g.
high TSM or chl-a). The estimation of turbidity via bTSM products of the processors is found to
be best with EUT (r² = 0.84), but a sound performance is obtained also with C2R (Table 7
and Table 8). In contrast, the chl-a concentration is estimated with moderate accuracy with
the best processors being BOR and C2R (r² ranged from 0.45 to 0.47 and RMSE between 44
and 45%, Table 8). The most successful estimation for Secchi disk depth and CDOM estima-
tion is achieved with a BOR processor (r2 =0.48 and r² 0.6, respectively).

Table 7. Best-performing algorithms for chl-a, turbidity, aCDOM(400), and Secchi disk depth by means of BOR,
C2R, and EUT processor results; the coefficients have been defined according to Finnish coastal monitoring sta-
tion data (2006-2009, summarised according to Table 6 in Study III).

Chl-a Turbidity aCDOM(443) Secchi
BOR:
50.97*apig(443)2.76 +1.46

C2R:
0.62*bTSM(443) 1.54 +0.70

BOR:
0.84*aCDOM(443) +0.89

BOR:
2.90*(|Z90|)0.58 -1.64

C2R:
10.99*apig(443)1.58 +1.21

EUT:
0.37*bTSM(443)1.50 +0.74

In addition to the modelled IOP outputs, the best-performing band ratio algorithms to for-
mulate water constituents were analysed using the reflectance outputs of the C2R processor
(Rw). For chl-a, even the modest results with the modified algorithms for the apig(443) out-
come of BOR are better than any of the experimented band ratio algorithms (Table 8). The
estimation of turbidity was of the same order (r² = 0.84) when using any bio-optical model
(EUT and C2R), and when using a one band algorithm from near infrared wavelengths (709
nm, r² = 0.82). Likewise, the Secchi disk depth estimation via the Z90 product is, more or
less, as good as the best reflectance ratio (Table 8). In contrast, the estimation of aCDOM(400)
works better with a band ratio algorithm (reflectances at wavelengths of 681 nm and 620 nm)
than with the bio-optical model (r2 = 0.75, RMSE = 0.39 1/m, Table 8). Unlike even the best
of the bio-optical models (BOR), the ideal reflectance ratio performs well also for the low val-
ues of aCDOM(400) (Figures 8 and 10 in Study III).



Results

52

Table 8. Comparison of the bio-optical algorithm and best band ratio algorithm in comparison to those samples
taken at the coastal monitoring stations during 2006-2009. Results collected from Study III.

Water quality
parameter Processor/band ratio r2 RMSE (%) N

Chl-a
BOR 0.47* 0.25* µg l-1 (44%)

312
RLw(709)/RLw(665) 0.35* 1.9* µg l-1

turbidity
EUT 0.84 0.7 FNU (48%)

319
RLw(709) 0.82 -

aCDOM(400)
BOR 0.60 0.49 m-1 (29%)

60
RLw(681)/RLw(620) 0.75  0.39 m-1 (23%)

Secchi disk
depth

BOR 0.48 0.97 m (25%)
296

RLw(510) / RLw(412) 0.49 0.96 m
*with a log-log scale.

5.2 EO chl-a accuracy in comparison to station and flow-through sampling

The last three objectives (O3 - O5) are analysed in particular in Studies IV-V, which evaluate
the performance and usability of an inversion reflectance model FUB (Section 3.3.2) in the
estimation of chl-a.  The Objective (O3): Determine and explain the similarities and discrep-
ancies between EO chl-a estimation and in situ data is analysed in both of the studies, first by
using station sampling dataset covering the coastal waters of Finland with a nine-year span
(Study IV) and then further confirmed by results using a trilateral dataset from the Gulf of
Finland (Study V).

5.2.1 Chl-a datasets at the station sites in the coastal waters

The chl-a concentrations observed by the MERIS instrument and processed with the inver-
sion model FUB (Section 3.3.2), are compared with coastal monitoring station datasets cov-
ering annually the period between April and October and the MERIS life-span (2003-2011).
This ice-free season ensures a high variability in chl-a concentration and other optical water
constituents, and the annual station sampling typically covers this period (Section 4.2.2).
A statistical analysis with match-ups of the same day between the station observations of chl-
a and the EO derived chl-a (Chla(MS) and Chla(EO) from here on, respectively) is conducted
(Study IV). In the match-up dataset, the majority (85.5%, N = 1,867) of the cases represent
chl-a concentrations below 10 µg l-1. The summary statistics calculated for the match-ups
show that Chla(EO) results in slightly higher concentrations than the corresponding
Chla(MS) (Table 9). The smallest difference in statistical summaries calculated from the two
datasets (Chla(MS) and Chla(EO)) is in the mode (0.4 µg l-1, 23.3%). The median and geo-
metric mean calculated according to Chla(EO) are 29.0% and 30.2% higher than those de-
rived according to Chla(MS), respectively (Table 9). In particular, high concentrations esti-
mated by Chla(EO) and those determined via Chla(MS) show the difference between the da-
tasets (40% difference between the P95). Consequently, the arithmetic mean is 2 µg l-1; i.e.
33% higher for Chla(MS) than for Chla(MS).
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Table 9. Statistics for chl-a [µg l-1] for the match-ups of Chla(EO) and Chla(MS) (2003-2011 in total 1,867 cases).
The P5 and P95 values are the fifth and 95th percentile. Study IV.

Mode Geometric
mean Median Arithmetic

mean P5 P95

Chla(EO) 2.2 5.6 5.0 8.1 1.8 23.8
Chla(MS) 1.8 4.3 3.9 6.1 1.3 17.0

The lognormal distribution (Figure 15) of both datasets supports the use of the mode as the
central tendency of the dataset, rather than the arithmetic mean, which represents the nor-
mal distribution and results in even 5-6 µg l-1 higher concentrations than the mode. The bias
between Chla(EO) and Chla(MS) is less than 5 µg l-1 in most of the cases (77%). A high under-
and over-estimation of Chla(EO) can be linked to the times of phytoplankton blooms (both
vernal and mid-summer), low ZSD, and elevated turbidity (Figure 16). During the spring phy-
toplankton bloom, high concentrations captured in Chla(MS) are under-estimated in
Chla(EO) concentrations (Figure 16). It is worth noting that many of the coarse errors (60%)
in the match-up dataset do not lie within the summerly period that is accounted in the WFD
assessment.

Figure 15. Histograms of Chla(EO) and Chla(MS) match-ups in 2003-2011 show the skewed distribution of both
datasets (N = 1,867, Figure redrawn from Study IV).
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Figure 16. BEOMS plotted against a) month of year, b) Chla(MS) concentration, c) Secchi depth (ZSD) d) level of
turbidity, e) CDOMPt, and f) distance from land. Match-ups from mid-summer sampling (represented by black
dots) are distinguished from samples taken in spring, early summer, and autumn (grey dots). The number of ob-
servations is given for both the open-water season (N) and the mid-summer WFD assessment period (Nw). The
scale for the x-axis is logarithmic. Figure redrawn from Study IV.
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5.2.2 Three chl-a datasets in the Gulf of Finland

For the area of GoF, chl-a observations are further analysed from routine water sampling at
station sites by Estonian and Finnish monitoring programmes, Earth Observation by FUB
processed MERIS, and the water samples and flow-through chl-a provided by Alg@line fer-
rybox network. These datasets are denoted here as Chla(MSGoF), Chla(EO), Chla(ALWS) and
Chla(ALFT), respectively (in the revised Study V, these are referred as WSST, EO, WSFB and
CONTFB, respectively). The datasets are cross-compared in station sites and along Alg@line
ship transects. The analysis between water sample measurements and Chla(EO) observations
at routine monitoring station sites is conducted for a nine-year period. The correspondences
between Chla(EO) and Alg@line fluorometer chl-a data are analysed along a shipping route
between the cities of Helsinki and Tallinn.

The comparison of Chla(EO) estimates with Chla(MSGoF) and Chla(ALFT) observations, on a
daily basis co-incident, is summarized using different statistical measures (Table 10). The
statistical analysis between EO in comparison to chl-a observed at i) station sites, and ii) at
the Alg@line transect shows that the chl-a on different datasets are very analogous; the mean
bias between the compared chl-a datasets is small in both cases (i:  0.21 µ l-1 and ii: 0.55 µ l-1,
respectively), yet with a moderate correlation (i: R = 0.71 and ii: R = 0.74, respectively (Table
10). Furthermore, in the match-up data, the means (and maximums) of Chla(MSGoF) and
Chla(EO) datasets are very close to one another: 4.92 µg l-1 and 5.13 µg l-1 (28.7 µg l-1 and 29.8
µg l-1), respectively, and confirm that the main bulk of observed chl-a concentrations by the
datasets are alike. Similarly, the analysed means (and maximums) of Chla(EO) and
Chla(ALFT) along the ferrybox transect 5.77 µg l-1 and 5.21 µg l-1 (22.8 µg l-1 and 27.0 µg l-1),
respectively, show the consistency of the chl-a derived from these two types of observations.

Table 10. Statistics calculated between match-ups of Chla(EO) and Chla(MSGoF) at station locations during 2002-
11 in regions: Finnish Coast, Estonian Coast, Offshore Middle and Offshore West, complemented with three in-
tensive monitoring stations near the subarea Finnish Coast. Identified surface blooms were excluded. Statistics
are calculated between match-ups of Chla(EO) and Chla(ALFT) at Alg@line transect between Helsinki and Tallinn.
Dates with identified surface blooms of cyanobacteria (8.8.2009 and 14.7.2010) were excluded. Table according
Table 2 from Study V.

Chl-a datasets R r2 Mean bias
[µg l-1]

Median error
[µg l-1] N

Chla(EO) and Chla(MSGoF) 0.71 0.51 0.21 0.20 266

Chla(EO) and Chla(ALFT) 0.74 0.54 0.55 0.55 6357

At the stations with frequent sampling, the correspondence between Chla(EO) and
Chla(MSGoF) datasets is evident during the study period (Figure 17). The chl-a derived from
fluorescence measurements (Chla(ALFT)) shows very similar patterns to those observed by
Chla(EO), both also mostly confirmed by the autonomous water sampling (Chla(ALWS), Fig-
ure 18 ).
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middle-, and outer-type water bodies (exemplified in Figure 17 a and b). However, for smaller
inner bays and estuaries, EOWB overestimates in comparison to MSWB; e.g. after an extensive
runoff and thereby under conditions of notable suspended matter and CDOM loading from
drainage basins (Figure 19b). For the outer-type water bodies the EOWB and MSWB datasets
are in good mutual agreement. This is the case especially when the monitoring sites are even-
ly distributed over the water body (as in Figure 19c). For some outer-type water bodies, dis-
crepancies between EOWB and MSWB can be observed. The discrepancy can be explained by
the fact that monitoring stations in the outer water bodies are usually facing the coast and not
the open sea; i.e., monitoring sites are not spatially evenly distributed in the water body (ex-
emplified in Figure 19d).  EOWB observations, in contrast, also represent the outer parts of the
water body where the chl-a concentrations are lower than in the inner parts.

a) b)

c) d)

Figure 19. Example time series showing the distribution of EOWB by week, expressed with percentile bands: P5-
P25 (dark grey), P75-P95 (light grey), and P50 (median, white dots). The variation in weekly MSWB observation
sets is shown with P50 (the median, black stars) and the MSWB deviation (black bars). The water bodies represent
the types in a) the Bothnian Bay’s inner coastal waters and b) the Gulf of Finland inner archipelago in turbid estu-
ary, c) and the south-western and d) the Gulf of Finland outer archipelago. Figures redrawn from Study IV.
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5.3 A method for qualifying EO chl-a in coastal water bodies

The fourth objective (O4) is directed at developing a method for qualifying EO chl-a algo-
rithm accuracy using water bodies as a calculation unit. To identify the water bodies for
which EO chl-a interpretation accuracy is adequate, a quality-grade (QG) method was devel-
oped. This is based on statistics describing the consistency between the weekly medians of
EOWB and MSWB (Study IV). The method combines five statistical metrics: bias (BEOMS), mean
absolute error (Lehmann et al., 2009), median error ( MED, the 50th percentile of the error
distribution) and cost function (Allen et al., 2007) (Study IV). These statistics, calculated be-
tween the weekly medians of EOWB and MSWB, are analysed to qualify EOWB for  the  water
bodies. According to these, three distinct quality grades are formulated: grade I, for which
EOWB corresponds well with the MSWB; grade II, in which EOWB is sometimes consistent with
MSWB, but circumstances exist wherein their results are mutually contradictory, and grade
III, for which the analysed EOWB is not applicable (Study IV). The basis for the QG system is
formed by the aforementioned statistical values.

For some water bodies only a few weekly match-ups were available. Therefore, the QG sys-
tem is complemented with available station sampling information on the average level of op-
tical water constituents. The average levels are determined by calculating the medians of Sec-
chi depth (ZSD in Study IV), CDOMPt, and the turbidity for each water body, available from
the routine-monitoring stations (Study IV). For each criterion, separate thresholds are de-
termined for rating EOWB quality. The thresholds for Secchi depth, turbidity, and CDOMPt are
ascertained on the basis of a station-by-station BEOMS analysis (Figure 16 and on earlier study
Owe et al., 2013). For example, BEOMS is low for water bodies where the average Secchi depth
is higher than 3m in the station-wise analysis (see Figure 16c); therefore, this represents the
boundary between the grades I and II. Likewise, when ZSD is  below  1.5m  the  number  of
over-estimates is high (Figure 16c). Therefore, those water bodies with an average Secchi
depth below 1.5 m are assigned to grade III. The overall grade for a given water body is ob-
tained by averaging the separate grade determined for all criteria (Table 11).

Table 11. The thresholds for each criterion accounted in the quality grade method (QG). The subscript ‘MED’
denotes the median of the station observations. (Table from Study IV).

Individual criteria Grade I Grade II Grade III

BEOMS -2 to 2 -10 to -2 OR 2 to 10 < -10 OR > 10

MED -1.5 to 4 -3 to -1.5 OR 4 to 6 < -3 OR > 6

Mean absolute error 0 to 4 4 to 10 > 10

Cost function 1 to 2 2 to 5 > 5

Median Secchi depth
(ZSD, MED) ZSD,MED > 3 m ZSD,MED > 1.5 m AND

ZSD,MED  3 m ZSD,MED  1.5 m

Median turbidity TurbidityMED  3 FNU TurbidityMED  3 FNU AND
TurbidityMED  10 FNU TurbidityMED  10 FNU

Median CDOMPt CDOMPt
MED < 3 m-1 CDOMPt

MED  3 m-1 AND
CDOMPt

MED < 7 m-1 CDOMPt
MED  7 m-1

As a result, altogether 129 water bodies are graded according to the QG-method (Table 12).
Of the 108 areas with sufficient MSWB data for complete QG characterisation (with statistical
metrics of correspondence between EOWB and MSWB included), 71%, 24%, and 6% of the wa-
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ter bodies are placed in grades I, II, and III, respectively. QG based on the statistical
measures cannot be completed for those water bodies lacking sufficient station sampling for
the analysed period 2002-2011 (altogether 23; i.e. 19%). For these water bodies, preliminary
grades (‘pre-QG’) can be implemented based on the available information on the turbidity,
CDOMPt, and ZSD average levels (long term medians) at the station sites (Table 11). The the-
matic QG map covering the coastal water bodies (Figure 20) shows that the grades are realis-
tic; the water bodies in estuary areas are assigned to grade III, whereas the outer-type water
bodies fall on to grade I.

Table 12. The number and the surface-water area of the water bodies assigned to grades I-III by means of either
all information or only the medians for the optical water constituents available (pre-QG) for all water bodies (WBs).
(Table from Study IV.)

QG
grade

QG with all information (106
WBs, total area 15,931 km2) Pre-QG (23 WBs, 4,659 km2) Total QG (QG + Pre-QG)

(129 WB, 20,590 km2)

percentage of
WB count

surface area of
WBs [km2]

percentage
of WB count

surface area of
WBs [km2]

percentage of
WB count

surface
area of

WBs [km2]
I 70.8% 74.5% 21.7% 32.1% 62.0% 64.9%
II 23.6% 22.1% 73.9% 67.3% 32.6% 32.3%
III 5.7% 3.4% 43.5% 0.6% 5.4% 2.8%

Figure 20. A map of quality graded coastal water bodies; EOWB chl-a estimation quality for the coastal water
bodies of Finland. Water bodies for which EOWB is graded as of good ( ), moderate ( ), or inadequate ( ) quality
are depicted in blue, yellow, or red, respectively. The main rivers carrying turbid and humic substances show as
lower-quality grades II and III. A turbid estuary area on the west coast (River Kokemäenjoki) is shown in the en-
largement (on the left). © ELY, NLS, SYKE. Figure redrawn from Study IV.
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Application of EO in status assessment

5.4 Application of EO in status assessment

The last objective (O5) is to analyse statistical methods/practices for the optimal use of EO
for the status assessment of water bodies – with an emphasis on Water Framework Directive
(WFD) requirements and chl-a. In the coastal waters of Finland, the usefulness of EO for
WFD purposes is accomplished for the water bodies ranked to QG grade I (Study IV). The
analysis of the objective (O5) is further advanced in Study V, where three types of monitoring
methods are further applied to the status assessment of GoF.

5.4.1 Ecological classification by means of EO

The distributions of the EO datasets covering each water body are analysed using a histo-
gram of EOWB observations, which are demonstrative for analysing the differences between
various water bodies. The histograms are also useful in comparing the EO distributions with
the statistical measures (arithmetic and geometric mean, median) derived from EOWB, and
the thresholds between the WFD classes (Figure 21). Similarly, as in the case of station site
specific match-ups between Chla(EO) and Chla(MS) (Figure 15), a natural-logarithmic distri-
bution is clear in the shapes of the EOWB histograms (Figure 21). Characteristically, histo-
grams show that chl-a distributions for the inner water bodies are wider than for the outer-
type ones (Figure 21). A comparison of each summary statistical quality (median, geometric
and arithmetic mean) between EOWB and MSWB reveal the main differences between the sta-
tistical measures (Study IV); a summary analysis of the 80 water bodies shows that the EOWB

geometric mean represents only 0.2 µg l-1 higher concentrations than the arithmetic mean by
MSWB, which is the statistic currently used in the WFD. In contrast, the EOWB arithmetic
mean is 1.36 µg l-1 higher than the corresponding one by MSWB.

a)             b)

Figure 21.  Histograms consisting of EOWB observations for the annual WFD assessment periods (1.7.-7.9., years
2006-2011). The examples represent typical a) inner and b) outer coastal water bodies. The statistical measures for
EOWB are given (arithmetic and geometric mean and median; in the legend: ‘EO AM’, ‘EO GM’, and ‘EO MED’, respec-
tively). The P5 and P95 of EOWB are shown (in dark grey) and separated from all EOWB observations (in light grey).
The triangles represent the type-specific WFD class boundaries (according to Aroviita et al. (2012). Station sampling,
i.e. Chla(MS) (MS in legend) and the arithmetic mean for Chla(MS) (MS AM in legend) are shown for the same peri-
od. Figure redrawn from Study IV.
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For the WFD status assessment, a high confidence is relevant near the boundary between
‘good’ and ‘moderate’ status classes, which is the target for WFD. Therefore, the accurate de-
termination of chl-a concentrations near the thresholds of these two status classes is im-
portant. In Finland, the targets for chl-a concentrations range from 2.1 to 3.5 µg l-1 for differ-
ent coastal water types (Aroviita et al., 2012). The Chla(EO) concentrations are 0.6 µg l-1

higher than Chla(MS) ones for the match-ups, wherein Chla(MS) is within ± 0.5 µg l-1 of the
target for each of the water types. For comparison, the difference between Chla(EO) and
Chla(MS) concentrations calculated for all open-water match-ups (April to October) are larg-
er than near the targets by each water type.

The chl-a status class according to the WFD defined by EOWB depends on the choice of sta-
tistical quantities. When compared with a status class determined according to MSWB data,
the mode of the EOWB falls up to either the same or to the lower status class than MSWB in
47.6% and 33% of the water bodies, respectively (80 examined cases belonging to QG-class
I). Corresponding results based on the geometric mean for EOWB are 8.5% and 63.4%, respec-
tively. The EOWB arithmetic mean, in contrast, reaches proportions of 1.2% and 56%, respec-
tively, and even 43% of the water bodies classified according to the EOWB arithmetic mean
result in a worse status class than MSWB. Based on summary results (Figure 15, Figure 21), the
best statistical measure for describing the distribution of EOWB observations is the mode of
EOWB.  Thereby it is the most stable statistical quantity to describe the status class for a water
body. This applies for water bodies with a clear distribution. For inner water bodies with low
number of observations, the geometric mean of EOWB can be more consistent than the mode.

5.4.2 Chl-a status assessment using multi-source data for the Gulf of Finland

The possibilities to optimize the eutrophication status assessment were studied by compil-
ing the three chl-a datasets in the Gulf of Finland (GoF): EO, monitoring stations and
Alg@line water samples, and comparing them altogether in four regions in the Western GoF
(Study V). For all datasets Chla(EO), Chla(MSGoF)and Chla(ALWS), statistical measures were
compared to be used as chl-a status information for the eutrophication assessment (Figure
22).
The statistics for all datasets were derived by aggregating the observations of each monitoring
dataset both spatially (by each region) and temporally. The measures describing the central
tendencies (median, arithmetic and geometric mean) of the spatial and temporal aggregates
for Chla(EO), Chla(MSGoF), and Chla(ALWS) data covers the years 2009-2011 (Table 13).
Chla(EO) results in higher concentrations than Chla(MSGoF) and Chla(ALWS) on most of the
examined cases for these four regions for the period 2009-2011 (Study V). These results were
obtained by calculating temporally aggregated statistics for the chosen regions. The geomet-
ric means of Chla(EO) are on average 1.1 µg l-1  higher than those calculated for Chla(MSGoF)
(summarised from Table 4 in Study V).  Chla(MSGoF) and Chla(EO) are closest to one another
in the Estonian Coast and Offshore West, whereas Chla(EO) is consistently higher than
Chla(MSGoF) in the Finnish Coast (Study V). Chla(EO) and automated sampling by ferrybox
account more dynamics than the monitoring station samples, which shows as higher concen-
trations in regional aggregates (years 2009-2011, Table 13). On average, the Chla(ALWS) geo-
metric means fall on between Chla(MSGoF) and Chla(EO), being 0.08 µg l-1 higher than
Chla(MSGoF) and 1.14 µg l-1  lower than Chla(EO), respectively (Study V).
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Figure 22.  Regions in the GoF: Estonian Coast, Finnish Coast, Offshore Middle and Offshore West (grey labeled
areas), and HELCOM assessment area SEA-013, denoted as black line. Map redrawn from Study V.

Table 13. Statistics of chl-a [µg l-1], by Chla(MSGoF), by Chla(EO) and by Chla(ALWS), calculated for the years
2009-2011. GM denotes for the geometric mean of observations. The temporal aggregation is done annually for
the HELCOM assessment period (1.6.-30.9.). N is the number of observations. Figure 22 defines the regions
Finnish Coast, Estonian Coast, Offshore Middle and Offshore West. Statistics collected from Study V.

Region
Chla(MSGoF) Chla(EO) Chla(ALWS)

GM N GM N GM N

Estonian Coast 3.66 97 4.68 2.68*106 3.90 186

Offshore Middle 2.79 42 5.27 8.34*106 3.89 484

Offshore West 3.15 38 3.41 6.04*106 4.13 84

Finnish Coast 4.76 34 7.25 2.15*106 4.13 147

None of the analysed regions show a clear trend for chl-a for the time frame 2003-2011
(Offshore Middle and Finnish Coast exemplified in Figure 23). The distributions of the two
datasets, shown as spatially aggregated annual percentiles (P5, P25, P75 and P95) of
Chla(EO), are wider than Chla(MSGoF) This is mostly due to the large number and coverage of
Chla(EO) observations that captures also e.g. the surface blooms of cyanobacteria period.
Both datasets (Chla(EO), Chla(MSGoF) ) measured in the region Finnish coast show more dy-
namics than in the region Offshore Middle (see the upper percentile values P95). This is cap-
tured especially by Chla(EO), but also by Chla(MSGoF) (Figure 23).

All three types of chl-a observations show the same annual patterns and have good mutual
correspondence (Figure 24), although the spatial heterogeneity of the area covered by HEL-
COM assessment area (SEA-013) is large and the measurements by Chla(MSGoF) and
Chla(ALWS) do not cover the whole period and the entire GoF assessment area (Figure 22).
Station samples Chla(MSGoF) are taken during the summertime; spring phytoplankton bloom
is not captured by them. The Western GoF is well covered by Chla(ALWS) and stations, but
only Chla(EO) covers the entire Eastern GoF. This may well show in the discrepancy between
Chla(EO) and Chla(ALWS)  in the spring phytoplankton bloom period. This period is a distinct
exception to the mutual correspondence between the datasets; in spring Chla(ALWS) is at the
upper percentile of Chla(EO) (Study V).
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a)                   b)

Figure 23. Statistics for Chla(EO), Chla(MSGoF), between 2003-2011, on regions a) Offshore Middle b) Finnish
Coast. For each year, Chla(MSGoF) is expounded as individual observations and geometric mean, whereas EO is
shown as the percentile bars P5-P95, (light shade), P25-P75 (dark shade) and the geometric mean of observa-
tions (circles). Trend line is calculated based on annually aggregated geometric mean. Annual period: 1.6.-31.9.
Figures redrawn from Study V.

Figure 24. Chl-a timeseries of all datasets in HELCOM assessment area (SEA-013) in the Gulf of Finland, in
2010. EO is shown as the percentile bars P5-P95, (light shade), P25-P75 (dark shade) and the geometric mean
of observations (circles). Black squares and white circles are water sampling by ferrybox (Chla(ALWS) and at sta-
tions (Chla(MSGoF)), respectively. Figure redrawn from Study V.
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6. Discussion

6.1 Coherent EO water quality time series

To fulfil the first objective (O1) of developing and validating those EO methods suitable for
defining water quality parameters, the atmospheric correction stage is where critical errors
can be made. A joint analysis of data over several field campaign days with varying atmos-
pheric conditions confirmed that atmospheric correction improves the water quality estima-
tion (Study I) especially in cases when the applied algorithms utilise wavelengths at the short
end of visible wavelengths, or in a case of a single band algorithm, such as the estimation of
turbidity and Secchi disk depth. According to the Aerosol Optical Depth (AOT) measure-
ments from the Gotland station, the atmosphere over the Baltic Sea is very clear (daily medi-
an and mean values AOT 0.08 and 0.118, respectively, Carlund et al., 2005). Taking this into
account, and the fact that the optical properties of the water pose very high requirements for
atmospheric correction, with a high aCDOM reducing the reflected signal to a very low level at
the blue end of the visible wavelengths (e.g. Kratzer et al. 2008), the atmospheric correction
is particularly difficult in the Northern Baltic Sea. With all these matters combined, the at-
mospheric correction can lead to negative reflectances (e.g. Kaitala et al., 2008; Zibordi et al.,
2009) at the short end of the visible wavelengths, which is where the first bands of the satel-
lite instruments typically observe. Presently, the generally most acknowledged atmospheric
correction methods for the past MERIS and anticipated also for the currently operating OLCI
in the Baltic Sea are Polymer (Steinmetz et al.,  2011),  C2RCC (Brockmann et al.,  2016) and
FUB (Schroeder and Schaale, 2007a; 2007b). These all have their upsides and downsides,
depending on the region of interest and their availability to the instrument utilised (e.g. Quin
et al., 2017). The atmospheric correction is included as part of the bio-optical inversion mod-
els analysed in Studies III-V i.e. Case II regional processors (C2R, BOR and EUT), which
were the previous versions prior to currently used C2RCC – and the processor FUB. These
models enabled a step forward to analyse the water quality algorithms performances over a
long time series of EO data (Studies III-V). Although the band ratio algorithms can show a
high correlation with field samples (e.g. in Koponen et al., 2007; Kallio et al., 2001), and es-
pecially with simulated datasets (Ligi et al., 2017), the benefits of inversion models combin-
ing the atmospheric and bio-optical component are consistent with the EO datasets over a
long time span and varying in-site optical properties; the inversion modelling approach
shows an improved determination accuracy in comparison to band ratio algorithms in the
data analysis covering monitoring station observations over a four-year period (Section 5.1.3,
Study III).

The comparisons made over monitoring station data and several bio-optical models verified
that in most cases the analysed models (Case II water processors and FUB) are able to esti-
mate the water quality well, but circumstances were found when the models do not yet pro-
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duce optimal estimates for the coastal and adjacent waters of Finland. The comparison
against monitoring station data shows that Case II water processors can be utilised to esti-
mate the water constituents well, but the processors’ outputs require re-parameterisation for
local optical properties to reach sufficient accuracy (Study III). Similar conclusions were
drawn also in the coastal waters of Sweden (Kratzer et al., 2008; Beltrán-Abaunza et al.,
2014; Harvey et al., 2015). In the coastal waters of Finland, turbidity can be estimated relia-
bly, with less than 1 FNU of error and good correlation (r2 0.84, Study III). Likewise, the Case
II water processors are useful for deriving Secchi disk depth (r2 0.48, 25% RMSE at best),
although other approaches also perform well (Kratzer et al., 2008; Alikas et al., 2015; Kallio
K., 2012; Alikas and Kratzer, 2017). One particularly good result is that aCDOM, indicating the
brownification of the waters, can be estimated well (r2 0.75, Study III) and thus will provide
spatially representative material for the coastal waters on this matter. The Studies I and III
thus meet the demands set by the first objective (O1): developing and validating EO methods
suitable for defining water quality parameters primarily for the coastal waters of Finland.
These findings (Study III, supported by the analysis made in Studies I-II) confirm also the
first hypothesis (H1) that the estimation of water quality parameters is accurate using EO
instruments for the main parts of the coastal waters of Finland.

6.2 Flow-through sampling for EO algorithm development

The second objective (O2) is to evaluate flow-through measurement systems, in particular
to be used as part of EO water quality algorithm development and validation in the coastal
and open Baltic Sea. Three of the sub-studies (Studies II; III; V) deal with this objective ei-
ther by analysing the usefulness of the automated flow-through systems installed on mer-
chant ships (ferrybox, Alg@line, Studies II; V), or by utilising those installed on a coastal ves-
sel (Study III). The early results using SeaWiFS instrument data with Alg@line (Study II and
Pulliainen et al., 2004) show the benefits of the combined use of EO and autonomous flow-
through fluorometer measurements, whereas Petersen et al. (2008) and Metsamaa et al.
(2009) present results for comparing ferrybox data and ESA standard chl-a product algo-
rithm (Algae 2) for the MERIS instrument. Alg@line system operates according to the mer-
chant ship schedules, thus it provides coverage for the open Baltic Sea areas frequently.
Therefore, it provides unique data for validating EO algorithms and, in particular, provides
frequent observations for the dynamic spring phytoplankton bloom periods. It has been ar-
gued that cyanobacteria are not estimated by a chl-a fluorometer as efficiently as other phy-
toplankton (e.g. Raateoja et al., 2004) However, in periods when cyanobacteria is mixed in
the upper layer and not concentrated at the surface accumulations, the flow-through fluoro-
metric determination of chl-a is found reliable (Kanoshina et al., 2003; Lips and Lips, 2008).
The correspondences (R 0.7, bias 0.55 µg l-1 , Study V) found between the EO algorithm FUB
and the flow-through chl-a at the transect line between the cities Helsinki and Tallinn sum
realistically up the usefulness of automated ship-borne sampling in EO algorithm validation.
Comparisons of the coastal flow-through data against laboratory analysed water samples
(Lindfors et al., 2005; Koponen et al., 2007; Study III) show that flow-through data systems
can provide accurate information on water constituents (with a r2 of more than 0.98 for all
analysed water quality parameters). These flow-through systems can capture high and low
concentrations within a small spatial scale and in regions and seasons of specific interest,
such as during spring phytoplankton and the July-August cyanobacteria bloom events (Ko-
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ponen et al., 2007; Study II) and in river estuaries with a wide range of optical properties
(Study III). This variation can be represented with both Alg@line and coastal flow-through
measurements (Studies II; III).

6.3 Station sampling and EO water quality

The third objective (O3), concentrates on chl-a, and in particular, to determine and explain
the similarities and discrepancies between chl-a determination by EO and by station sam-
pling. It is in part included in all of the studies, but summarising conclusions and analysis of
data over several years and throughout the coastal waters are shown in Studies III-V.

Studies in various Case II waters summarise the accuracies of chl-a algorithms (inversion
models, empirical, or semi-empirical band algorithms) suitable for MERIS data (e.g. Beltrán-
Abaunza et al., 2014; Harvey et al., 2015; Kratzer et al., 2008; 2010; Loisel et al., 2017; Mat-
thews, 2011; Odermatt et al., 2010; 2012; Reinart and Kutser, 2006; Pitarch et al., 2016; Til-
stone et al., 2017; Study III). The overall conclusion from this research is that the chl-a algo-
rithm accuracy is related to the concentration ranges of the optical water constituents, their
relative contributions, and the specific inherent optical properties (SIOPs) of the water areas.
Therefore, the results made under extremely turbid Case II environments do not apply to
CDOM- and phytoplankton-absorption-dominated Case II waters. Typical problems occur-
ring in particular for the CDOM-dominated Baltic Sea have been found:

Firstly, the components of total absorption, the aCDOM and the absorption of chl-a produc-
ing pigments, can be partially mixed in the inversion model interpretation, even though the
total absorption is modelled adequately (Kratzer et al., 2008; Study III; Beltrán-Abaunza et
al., 2014; Kallio et al., 2015). This shows in the coastal flow-through campaign results (Figure
14 and Figure 15), where the bio-optical model estimates total absorption with only a 6% bias,
whereas it underestimates chl-a at high (>25 µg l-1) and systematically overestimates at aver-
age concentrations simultaneously to the underestimation in aCDOM (Study III).

Secondly, the bio-optical processors do not often account for the measured seasonal and
spatial variation of CDOM in the Baltic Sea, such as the slope of CDOM, SCDOM(400-650)
which has a clearly higher range in the northern Baltic Sea (from 0.017 and 0.025 m, Ylösta-
lo et al., 2016) than the input of the examined processors (0.014-0.016 for Case II water pro-
cessors) (Study III).

Thirdly, the inaccuracies in the chl-a estimation via inversion models may partly be due to
the average specific absorption spectrum of phytoplankton; a comparison with the published
values (e.g. Babin et al., 2003) suggests that specific absorption spectra in the Baltic Sea are
different from the values used in the examined processors. This can be due to differences, for
example, in the species composition and cell size distribution of phytoplankton (Simis et al.,
2017), or due to the fact that the dominant spring phytoplankton species differ from those in
the summer season in the Baltic Sea (e.g., Carstensen et al., 2015; Gasi nait  et al., 2005).
Finally, the optical properties of coastal waters vary greatly, particularly within estuaries
after heavy rains and especially during the snow melting season in spring, and increase the
concentrations of total suspended matter (TSM) and the absorption of CDOM on a small spa-
tial and temporal scale (e.g. Cherukuru et al., 2016; Corbari et al., 2015). In these regions, as
well as in the regions shallower than the transparency of the water (Højerslev, N.K., 1977,
1986; Baban, S.M.J., 1993), the bias of the inversion model interpretation of chl-a is highest
(Study IV).
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Verification studies over Finnish coastal waters (Studies III, IV) show that all the examined
processors can overestimate at low and underestimate at high chl-a concentrations. Although
the chl-a concentrations produced by them can be modified to local optical ranges (Study
III), in the chl-a, a bias can also remain high in optically complex estuaries (Study III; Study
IV). The point-wise monitoring station observations may be problematic as validation data
for EO algorithm accuracy. The national station sampling does not follow the guidelines set
in the MERIS validation protocols (Doerffer, 2002) and in Ocean Optics protocols (Mueller et
al., 2003). For example, the time window between station sampling and the satellite overpass
is typically larger than those allowed in the protocols; the station sampling time is not even
always known. The water constituents can vary sharply especially in dynamic coastal waters
on a small spatial scale and in a short time period; EO instrument pixel produces an average
of these spatial and temporal changes. In most cases, the MERIS in-pixel variability is found
small for chl-a (Koponen et al., 2007, Study III), although in a case of spring phytoplankton
bloom event, the largest MERIS in-pixel standard deviation was as high as 24.0 µg l-1 (in
analysis against coastal flow-through samples, Study III). A small scale variation of this ex-
tent cannot be captured by 300 m pixels (Koponen et al., 2007), but it concerns only a small
portion of the match-up cases. Despite the differences in the spatial dimensions the sampling
methods (EO and station) represent, the clear advantage of using national station data for EO
algorithm validation is that intensive monitoring station sites throughout the coastal waters
are measured during the open water period from the spring phytoplankton bloom to the end
of October. Furthermore, the ecological status assessment of the Finnish coastal waters is
based on the station sampling (Kauppila P., 2007). To this end, the national monitoring-
station data is highly valuable; they provide the coverage of the coastal area under assess-
ment requirements and enable extensive data to verify EO chl-a with simultaneously meas-
ured optical water constituents.

Only in 15.5% and 7.3% of the match-ups of the nine-year period against the coastal moni-
toring station observations (1,847 cases), EO chl-a displays, respectively, more than 5 µg l-1

over- and underestimation (Study IV). The largest under- and over-estimates by EO in com-
parison to station sampling occur during the dynamic vernal and mid-summer phytoplank-
ton blooms (Study IV). Furthermore, the low transparency of the water and high turbidity
can be linked with overestimations in EO chla concentrations. Unfortunately, although the
analysed match-up dataset is extensive, extreme variations in optical water constituents did
not coincide with the MERIS non-cloudy overpasses. Most of the match-up data obtained
represent chl-a concentrations below 10 µg l-1, and cases of high turbidity and aCDOM were not
captured simultaneously in the satellite overpass; in most match-ups, CDOMPt and turbidity
are less than 6 m-1 and 4 FNU, respectively. The majority (69 %) of under-estimation cases
occur during the vernal phytoplankton bloom period.

Despite these findings, for the main parts of the coastal waters the chl-a concentrations de-
termined via the analysed FUB model and that sampled at the station site are well in accord-
ance with each other. This result shows in statistical summaries (mode and geometric mean)
covering the coastal waters under WFD obligations for the period 2003-2011 (0, Study IV).
For the coastal station sampling, the chl-a determination uncertainty given by the Finnish
water laboratories typically ranges between 0.2 and 0.4 µg l-1 (with 95% confidence) in the
chl-a concentrations below 2.0 µg l-1 (Näykki and Väisänen, 2016). Above 2.0 µg l-1 of chl-a, ±
20% uncertainty is recommended – and achieved – by most laboratories. The difference be-
tween the mode of EO observations and station sampling chl-a is only 0.4 µg l-1; i.e. close to
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the accuracy for station sampling. The correspondences between station sampling and EO
were confirmed in the area of the Western GoF, and the station-wise accuracy there is high,
with low mean bias (0.21 µg l-1) and consistency in time series (Figure 17, Figure 24 and Study
V). The high quality for EO chl-a accuracy for status assessments use is especially important
at the chl-a concentrations near the WFD target, i.e., the class boundary between ‘good’ and
‘moderate’, where EO shows 0.6 µg l-1 higher concentrations than station sampling (Section
5.2.3, Study IV). These summary findings confirm the second hypothesis (H2) that in a sta-
tion-wise analysis, EO can reach the same accuracy level as station sampling.

6.4 The EO quality-grade method

The fourth objective (O4) is to develop a method for qualifying EO chl-a algorithm accuracy
using water bodies or other areas of water as a calculation unit, which is part of a Study IV.
The third hypothesis (H3) interlinked to the fourth objective, is that the accuracy of EO chl-a
estimation can be determined on the basis of coastal water body units. Furthermore, EO chl-a
accuracy may have a high spatial and temporal variation depending on the optical properties
of the water bodies under concern.

The quality-grade (QG) method of EO data for coastal status assessments (Study IV) is tar-
geted to rate EO data quality over the Finnish coastal water bodies. This is a relevant step to
increase user confidence in EO chl-a, both for EU directives and also for national legislative
needs. The QG (Section 5.3, Study IV) and a map based on it is demonstrated using MERIS
observations and the chl-a derived using one bio-optical model, FUB. Basically, the method
can be used for other water area divisions that are obligated by some assessment legislation,
and can be applied to any instrument or processor. The method identifies that the water bod-
ies where the highest overestimations are made are those inner ones that lye closest to river
mouths (5.4 % assigned to poorest grade and 32.6% of the adjacent to the QC grade II).
Therefore, the chl-a can be utilised with confidence on the remaining water bodies for as-
sessment (the 62% i.e. 80 water bodies). The QC method and analysis related to the chl-a
bias over the nine-year period in Study IV confirms the hypothesis (H3) that it is possible to
determine chl-a reliably for the main parts (65% of the analysed  surface area) of the coastal
waters of Finland, and to determine the accuracy level for this. It is important to define the
confidence of EO data before it can be accepted as a one data source in ecological status as-
sessment.

6.5 Chl-a datasets for status assessment

The last objective (O5) was to analyse the statistical methods and practices for the optimal
use of EO for the status assessment of water bodies, with an emphasis on Water Framework
Directive (WFD) requirements and chl-a.

As summarised above (Section 6.3), there is good mutual station-wise correspondence be-
tween the station sampling and EO throughout the coastal waters of Finland (Studies IV-V).
As the station-wise distributions are alike (Figure 15), a follow-up conclusion can be made;
similar distributions between EO and station sampling over the area of a water body can be
expected if the volume of station and EO chl-a datasets is of the same magnitude. The distri-
butions of EO chla for the inner and outer water bodies (Figure 21) are similar to those of
sampling over the station sites (Figure 15). For most of the outer-type water bodies and open
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water assessment areas, the correspondence between EO and station sampling is clear (Study
IV). In some of the outer-type water bodies EO and station sampling results differ from each
other’s due to the positioning of monitoring stations; on these occasions the stations repre-
sent mostly the parts of the water body that face the coast. In these occasions, the station
sampling derived chl-a values for the water body are higher than those derived from EO.
Clearly, the placement of the monitoring station locations is critical for the reliability of sta-
tus assessment based on the station data. All in all, most of the discrepancies visible between
the statistical summaries of EO and station sampling over a water body are explained by the
disparity in spatial and temporal sampling volume. This applies in the case of the Finnish
water bodies (Studies IV; V) and also in, for example, Gohin et al. (2008) and Novoa et al.,
(2012). With the weekly EO chl-a observations, the number of observations for the inner- and
outer-type coastal water bodies was over 100 and 4,000 times higher than those of station
sampling, respectively.

The statistical measure used for EO datasets over the calculation area should be selected
wisely; otherwise, the status assessment results for the EO data can be misleading. The analy-
sis (Study IV) shows that the arithmetic mean is prone to overestimate the average chl-a con-
ditions due to transitory elevated conditions observed by EO, such as cyanobacteria surface
scums and partially also to over-estimation caused by error factors (such as small clouds, the
seabed or nearby partial land objects or small islands). An analysis of the histograms calcu-
lated from EO observations, suggest that the modal values of the data represent well the con-
centrations for large outer-type water bodies. In other cases, especially the small and inner
water bodies, the geometric mean representation is a steady metrics to represent average
concentration. The EO mode resulted in the same or a better status class as station sampling
in 80.6% of the analysed water bodies. In contrast, the arithmetic mean of EO resulted in the
same or a better status class in 57.2% of the cases. The findings, as to statistical summaries
(Study IV and V), apply in particular for areas having extreme and short-lived phytoplankton
blooms. The inclusion of EO can clearly improve the confidence for assessment under the EU
WFD and other environmental regulations, particularly in areas that cannot be covered cost-
effectively in routine station sampling. The water-body-based analysis made for the coastal
waters of Finland (Study IV) and further advanced for open and coastal sub-regions of Gulf of
Finland (Study V) confirm the fourth hypothesis (H4) that the average chl-a concentration at
full-water-body scale may be unequal between the different monitoring methods: EO, station
sampling and flow-through datasets. In particular, this is due to the substantial differences in
the size between those datasets and their non-equivalent spatial and temporal coverage’
(Study IV). This does not depreciate the value of each of them, but rather complements and
encourages their use as a joint assessment (Study V; HELCOM, 2018; Kauppila et al., 2016).

Hence, as also concluded in Gohin et al. (2008), Harvey, et al. (2015) and Kauppila et al.,
(2016) station sampling within national monitoring programmes cannot represent the same
spatial and temporal coverage as EO or automated flow-through sampling. A non-cloudy EO
observation can complement station sampling in spatial means and capture the whole sea
area in an instance. Ferrybox, Alg@line, measurements are available 24 hours, and the sys-
tem operates on fixed ship routes and timetables (from several times per day to several times
per week). Common to these two systems is that they measure the surface layer of the water:
Alg@line measures typically mixed conditions in water up to 5m, and EO chl-a observations
cover the surface layer depending on the penetration of light. Contemporary station sampling
is less frequent, but provides long-term time series on all relevant water quality parameters
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throughout the coastal waters and links all datasets to previous assessments. All methods
enable the registration of the changes in the phytoplankton biomass. HELCOM (2015) and
the sub-region analysis accomplished (Study V) in the Gulf of Finland, confirmed the fifth
hypothesis (H5) that both these datasets can support water quality status assessments.

6.6 Future study ideas

The EU Copernicus programme, with its Sentinel-2- and Sentinel-3-series satellites (Don-
lon et al., 2012), are the present and the future of the water quality EO. Their observations
are relevant and valuable to account in the upcoming status assessments. Ongoing work now
is the utilisation of Sentinel series instruments and also Landsat OLI as part of operational
water quality monitoring in the adjacent waters areas of Finland. The synergy of using high
resolution instruments like the S2/MSI and the Landsat8 OLI, together with the medium
resolution OLCI, are being further evaluated to enable monitoring also in the inner water
bodies and small lakes, and their observations confirm the findings made during the lifetime
of MERIS and prior to that. The current need to improve EO algorithm accuracy in the
coastal and adjacent waters of Finland is mostly related to estimating more accurately high
chl-a concentrations during intensive phytoplankton blooms and in optically extreme condi-
tions, especially in river estuaries. Therefore, it is important to arrange spatially and tempo-
rally representative field sampling to study further these periods and regions of high variabil-
ity in water quality parameters. In particular, algorithm development targeted to the spring
phytoplankton bloom periods will be essential. Furthermore, on-line devices, including, for
example, reflectance measurements (with radiance and irradiance sensors; e.g. Simis and
Ohlsson, 2013), can be used to improve the different steps of EO data processing (e.g. atmos-
pheric correction) and to develop further the interpretation algorithms for chl-a, other optical
water constituents, and transparency. A work by Qin et al. (2017) ranked the currently avail-
able methods for producing atmospheric correction for MERIS, giving the fundamental back-
ground of the use of OLCI in the forthcoming years. Regardless of whether the algorithm for
water quality is based on optimal band ratio algorithms in extreme cases, or advances in bio-
optical modelling, an accurate atmospheric correction will improve the water quality algo-
rithm accuracy, and, thereby, the applicability of EO to status assessment. The atmospheric
correction methods are constantly developing, thus new approaches should be considered
whenever available.

The accurate monitoring of chl-a and other water constituents is important. Nevertheless,
the final goal is to reach more confidence in the status assessment of the water areas (Ko-
tamäki et al., 2019). This can be advanced by the assimilation of various data sources to a
joint estimate of chl-a, which enables the efficient use of all monitoring methods: station,
flow-through and EO observations. Preferably, this is done via ecosystem models in the fu-
ture which will provide an enhanced status assessment of the WFD and other requirements
set by international or national legislation. The combination of data from different sources to
a common chl-a indicator for the Baltic Sea assessment areas has been done (HELCOM,
2018), and next the focus should be put on advancing these methods with Sentinel-series
instrument timeline.

In addition to direct needs obligated by the directive reporting and status assessment, it will
be interesting to advance the understanding of the annual succession of phytoplankton as a
first step via chl-a concentrations, but more preferably as an effort for biomass estimation,
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which was already demonstrated towards a spring bloom indicator (Verliin et al., 2015). As
has been argued (Reinart and Kutser, 2006; Kutser T., 2004; Kutser et al., 2006; 2009), the
surface floating cyanobacteria blooms create a momentary discrepancy in chl-a originating
from different data sources, showing particularly elevated concentrations in EO data. The EO
time series has been used to analyse these surface blooms in the time frame of 1979-2013 for
determining eutrophication (Kahru and Elmgren, 2014), and an eutrophication indicator has
been developed based on them (Anttila et al., 2017). EO definitions of surface blooms and the
estimates on the amount of cyanobacteria should be linked to the phycosyanin measured by
flow-through systems (Seppälä J., 2007). This can further advance the analysis of the extent
and magnitude of cyanobacteria bloom periods. Furthermore, Secchi depth, having an exten-
sive time series due to the long tradition of being included in national monitoring programs,
is important for the status assessment of the Baltic Sea (Fleming-Lehtinen V., 2016). Advanc-
ing the use of EO in analysing the changes in the transparency of the water further will in-
crease our knowledge on its spatial and seasonal changes in the Baltic Sea level. Furthermore,
once the accuracy of the basic water quality parameter estimation has been confirmed for
monitoring and assessment purposes, the step forward is to relate them to nutrients (e.g.
linking turbidity to phosphorus levels), as earlier demonstrated using the monitoring station
data (Kauppila and Koskenoja, 2003).
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7. Conclusions

The analysed EO algorithm accuracies for the water quality parameters are good for the
past medium resolution satellite instrument MERIS and the high resolution airborne instru-
ment AISA in the coastal waters of Finland. The results in this thesis have served as a back-
ground for the present use of EU Copernicus programme Sentinel-series instruments in the
operational water quality monitoring of the coastal and lakes water bodies in Finland. The
analysis on EO algorithm accuracies, phytoplankton chl-a in particular, covers a wide range
of concentrations. This was enabled for all water quality constituents by the unique in situ
dataset available for the study area; both conventional station sampling and autonomous
flow-through measurements were included. Flow-through instruments installed on a small
vessel are an optimal choice for determining changes in the highly variable optical conditions
in coastal estuaries. Furthermore, the unattended flow-through fluorometers installed on
board the ship-of-opportunity merchant ships provide valuable material for the EO algorithm
accuracy determination, in particular, in the open sea, where station sampling is sparse, and
also during rapidly changing phytoplankton bloom periods.

In this thesis, the analysis of the consistency of the EO and station sampling chl-a data in-
cludes water bodies across the coastal waters of Finland for nine years of the lifespan of the
MERIS instrument observations. The regional extent of the performed study is large in com-
parison to previous publications. The results shown here confirm many of the findings ob-
tained for smaller study areas. Most importantly, EO observations are valuable input to the
status assessment of water bodies regarding chl-a: they can greatly improve the assessments
in spatial and temporal means. The developed quality-grade method, deemed to determine
EO algorithm accuracies over coastal water bodies, showed that in 80 out of 129 examined
cases the chl-a determination method (FUB) is of a good accuracy in comparison to the avail-
able station sampling dataset. Another important finding is that the determination accuracy
of chl-a estimated via EO is very close to the determination accuracy of station sampling chl-
a, with only a 23% difference between the statistical metrics calculated by EO and station
sampling. This is a particularly relevant result near the target threshold determined by the
EU WFD. This threshold, at the boundary between the WFD status classes ‘good’ and ‘mod-
erate’, triggers actions for water protection measures for the water body and it is important to
determine the concentrations near this limit with high confidence. The largest differences
between the chl-a values derived via EO and those by station sampling occur during intensive
spring and mid-summer phytoplankton blooms, a finding that stresses the need to improve
EO-based estimation accuracy for high chl-a concentrations. The suitable statistical measures
for status assessments (mode and the geometric mean) represent well the distribution of EO
observations in the water bodies. As water-body-specific EO observations do not follow a
normal distribution, the EO arithmetic mean is not suggested to be used as a statistical
measure in assessments. In particular, this is relevant to those areas with intensive surface
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floating algae blooms, such as the Baltic Sea. Over the assessment in the Gulf of Finland, dif-
ferences between three types of datasets (EO, autonomous shipborne and station sampling)
were found to be very small, although they represent a very different magnitude of sampling.
The spatial and temporal coverage of both EO and automated shipborne sampling can greatly
complement the traditional station sampling and increase the confidence in the chl-a and
other quality elements included in status assessment. In Finland, the EO methods are already
used in monitoring the adjacent water areas of Finland. This monitoring is based on the wa-
ter body units, and to a large extent the applied algorithms are updated versions of the for-
mulations determined in Studies III and IV. The results shown and methods developed are
the basis for the use of the status assessment of these water bodies using MERIS and the EU
Copernicus Sentinel satellite series. The authorities responsible for the WFD status assess-
ment in Finland have access to the EO estimates of chl-a, turbidity, Secchi depth and CDOM
for lakes and coastal water bodies via a STATUS interface.
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