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Abstract

The Archipelago Sea in the northern Baltic is a coastal region with a highly dynamic water flow regime, where the need for
a methodology to monitor water quality accurately is encountered. In order to contribute to the development of an appropriate
strategy to meet this need, the dynamics of the surface waters in the region were analysed using data from six Landsat TM/ETMC
images from the late 1990s. Single images were enhanced by principal component transformation and multi-temporal image
combination was based on unsupervised classification. The visual patterns discernible in the single images as well as the classification
result of the multi-temporal data were compared with the reference data from long-term water quality analyses (Secchi disk depth

and chlorophyll-a). The satellite images confirmed dynamic surface flow patterns in the region, indicating gradual and abrupt
gradients in water quality, flow directions and forms. These patterns suggest short-term variability in the surface water quality
within the region, presenting a challenge for water monitoring. The average Secchi depths increased gradually from the mainland

coast until ca. 3e5 m near the open sea. The spatial distribution of chlorophyll-a was found to be more homogeneous, ca.
2e4 mg l�1. The importance of evaluating the location of an in situ sampling site in relation to the surrounding hydrographic realm is
pronounced in regions where field sampling and other monitoring methods remain insufficient in their ability to reflect water quality

patterns credibly. In such areas, accurate and cost-effective water quality monitoring and forecasting require an integrated
monitoring system, consisting of space and airborne surveillance, field surveys and hydrodynamic modelling.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Water quality monitoring is crucial for any effort to
produce information in support of water conservation
and decision-making. Monitoring normally needs to be
carried out as cost-effectively as possible relative to the
type of information needed. Often it is expected that
water quality should be shown with high accuracy in all
places, in spite of the fact that direct observations can
only be done in a limited number of locations. The need
for an effective operational monitoring system that is
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able to solve the contradiction between cost-effective-
ness and spatially comprehensive coverage is particu-
larly pronounced in areas with variable seashore and
water flow conditions.

The Archipelago Sea of Southwestern Finland pro-
vides an extreme example of a fragmented coastal region
with its highly irregular shoreline form and complex
hydrodynamic realm. Situated in the northern margins
of the Baltic Sea proper, the Archipelago Sea contains
thousands of islands in various sizes, forms and spatial
assemblages, forming a complex transition from the
continent to the open sea. The archipelago district is an
important recreational area used by boaters and it has
a dense settlement of summer residences. The mainland
beyond the Archipelago Sea has a population of nearly
half a million; boasting a variety of industries and
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intensive agriculture with significant fertilizer input. The
Archipelago Sea is also the major fish farming area in
Finland (Kirkkala et al., 1998).

During recent decades, eutrophication has been the
primary environmental concern in this region (Bons-
dorff et al., 1997). According to residents of the region,
water transparency has decreased significantly and at
the same time green algae have been augmenting along
the shoreline. Environmental monitoring efforts also
confirm that accelerating eutrophication is a reality in
the Archipelago Sea and in the nearby areas of open sea
(Kirkkala et al., 1998; Hänninen et al., 2000). An in-
crease in cyanobacterial blooming has been detected in
the Baltic Sea especially in the 1990s, including species
of Nodularia, Aphanizomenon and Anabaena (Kahru
et al., 1994; Finni et al., 2001). The extensive accumu-
lations observed in the late summers of 1997 and 2002
have drawn considerable public attention and raised
communal debate about the topic.

Despite the strong demand for a good system for
water quality monitoring in the region, the complexity
of the archipelago makes its planning particularly
challenging. Until recently, monitoring has been mainly
based on laboratory analyses of water samples collected
from fixed sampling locations (Kirkkala et al., 1998;
Hänninen et al., 2000). However, the vast expanse and
highly dynamic nature of the region make this technique
too time-consuming and expensive. It is also unable to
reflect the fine-scale water currents that may challenge
water quality patterns gained through point data
interpolation. A new basis and new tools for monitoring
are thus called for.

Remote sensing technologies provide some promising
possibilities to meet this need. Sea water studies using
remote sensing have mostly been applied using data
from sea satellites such as the SeaWiFS (Kahru and
Mitchell, 1999) or weather satellites, particularly satel-
lites from the National Oceanic and Atmospheric
Administration (NOAA) (Kahru et al., 1994; Semovski
et al., 1999). Data from these satellites have been used to
detect for example sea surface temperature, turbidity,
chlorophyll and cyanobacterial blooms (e.g. Kahru
et al., 1994; Kahru and Mitchell, 1999; Semovski
et al., 1999). None of these coarse spatial resolution
data types are, however, suitable for the monitoring of
such a fine-scaled mosaic as that which prevails in the
coastal archipelago. Data from satellites with higher
ground resolution, despite being designed for terrestrial
applications, have been successfully used to quantify
water quality parameters and turbidity patterns in some
areas (Bagheri and Dios, 1990; Baban, 1997; Lira et al.,
1997) and possess the potential for relatively fine-scale
surface water pattern monitoring (Khorram et al., 1991;
Forster et al., 1993; Tassan, 1993; Pattiaratchi et al.,
1994; Ruiz-Azuara, 1995). As to the Baltic Sea, remote
sensing has been mainly used in open sea conditions (e.g.
Ekstrand, 1992; Semovski et al., 1999; Siegel et al.,
1999), and only a few experimental tasks have been done
in the Archipelago Sea (Kutser et al., 1998; Härmä et al.,
2001). Consequently, this sea region lacks systematic
surveys of surface water patterns with the use of the
space-borne remote sensing technologies currently avail-
able.

The present study aims to explore these questions
using data from the Landsat satellites representing six
late summer situations in the 1990s. By the months of
July and August the coastal aquatic ecosystem has
reached its maximum level of summer-time biological
production. In addition, in these months the negative
consequences of eutrophication (e.g. coastal cyanobac-
terial blooms, mats of filamentous algae) are most
problematic for the residents of the coastal region. For
these reasons, the in situ samplings of the water quality
monitoring programmes are usually scheduled for this
time of the year. Here, the spatial and temporal surface
water patterns are explored as viewed in the satellite
images, and these results are compared with the pattern
found in reference data from long-term water quality
monitoring analyses. The aim is also to understand the
dynamics of the surface waters within this region better,
in order to come up with an appropriate strategy for an
integrated water quality monitoring system, specifically
designed for the complex conditions of the Archipelago
Sea.

2. Materials and methods

2.1. The study area

The Archipelago Sea is a sub-region of the Baltic Sea,
which is a non-tidal, semi-enclosed brackish water basin
connected to the North Sea and the Atlantic Ocean
through narrow straits (Fig. 1). Among the most pecu-
liar characteristics of the Baltic Sea is the pronounced
density stratification of its waters, related to salinity and
temperature distribution (Kullenberg, 1981). Season-
ality with annual variations prevails in the Baltic: during
the summer peak surface water temperatures exceed
C20 (C and in winter at least partial ice cover is deve-
loped (HELCOM, 1993).

The study area comprises the majority of the
Southwestern Finnish Archipelago (Fig. 1). The spatial
extent of the Archipelago Sea is over 9000 km2 and it
constitutes a topographically complex scheme of an old
peneplain that is tilted westwards, thus giving rise to an
archipelago where over 22 000 islands are found.
Characterised by post-glacial isostatic land uplift with
an annual rate of 4e5 mm, the Archipelago Sea exhibits
continuous formation of new islands in the outer zone
and frequent joining together of existing ones in the
inner archipelago (Granö and Roto, 1989; Tolvanen
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Fig. 1. The location of the Archipelago Sea of SW Finland. Quadrangles show the areal extent of: (a) the area of PCA1 and TM/ETMC band 6

scenes in Figs. 3 and 5; (b) the southern border area in between the archipelago and open sea areas (Gulf of Finland) shown in Fig. 2b; (c) the area of

Fig. 4a and b; (d) the area of Fig. 4c and d. Arrows indicate the general surface water flow model of the northern Baltic (source: HELCOM, 1993).

Five square-shaped symbols show the sites of meteorological stations and the cross marks the hydrological station at Ruissalo.
et al., in press). Four geographical zones parallel to the
coast are usually distinguished in this region (Häyrén,
1948; Granö, 1981): the outermost zone with rocky
skerries; the outer zone with larger islets; the central
archipelagowith large islands and shallowwaters; and the
innermost zone with large islands similar to the mainland
with narrow and shallow water straits between them.

In generalized flow models, surface waters circulate
counter-clockwise throughout the Baltic Sea (HEL-
COM, 1993). Along the northern coast of the Gulf of
Finland, westerly flow directions abound, and in the
Archipelago Sea and eastern side of the Gulf of Bothnia
a northward drift is prevalent (Fig. 1). Having large
areas less than 10 m deep and an average water depth of
23 m, with the deepest trench reaching 146 m, the
Archipelago Sea can be considered a particularly shal-
low sea area (Kirkkala et al., 1998). The presence of
some relatively deep, northesouth-directed bedrock
fractures located in between the Archipelago Sea and
the Åland Islands, facilitates a through-flow of waters
between the Gulf of Bothnia and the Baltic Sea proper
(Helminen et al., 1998). In the archipelago, fluctuations
in the direction and/or velocity of the sea currents are
pronounced due to the synergism of numerous factors,
e.g. coastal morphology, wind disturbance, seiches, and
mixing of termohaline layers (Virtaustutkimuksen neu-
vottelukunta, 1979; Kullenberg, 1981).

2.2. Landsat images and image acquisition conditions

The criteria used in searching satellite images from
the archives of Eurimage included extensive temporal
coverage, conditions of high summer and maximally
cloud-free spatial cover. To achieve maximum temporal
coverage only the central archipelago region covered by
both Landsat paths 190 and 191 in row 18 were
considered (Fig. 1). Acquisition dates close to the days
of available water quality monitoring data were pre-
ferred, but only a few coinciding days of field sampling
and image acquisition were found. The final selection of
images (Table 1) includes four Landsat TM-images and
two ETMC-images, both path-oriented with radiomet-
ric and geometric corrections, using the nearest neigh-
bourhood method.

Water level data and surface water temperatures
come from the hydrographical stations near the city of
Turku, mainly the station at Ruissalo. Water temper-
atures range at the times of image registration between
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Table 1

Satellite images used in the study with hydrographical and meteorological information related to each image’s acquisition

Acquisition year 1996 1996 1997 1997 1999 1999

Acquisition date 6 August 13 August 9 August 16 August 29 July 7 August

Acquisition time, UTC (hh.mm) 08.57 09.04 09.13 09.19 09.41 09.34

Landsat satellite and sensor L5 TM L5 TM L5 TM L5 TM L7 ETMC L7 ETMC

Pathdrow 190d18 191d18 190d18 191d18 191d18 190d18

Image quality D B B A B C

Water temperature (C(C) 18.9 20.2 21.9 19.0 19.8 19.8

Visibility in Utö (km) 30 25 30 30 25 30

Temperature sum OC5 (C, Turku 751.7 842.4 1014.1 1092.1 888.6 1012.7

Temperature sum OC5 (C, Utö 565.8 661.0 893.7 984.1 729.1 853.9

General wind directions: past 12 h NeE EeNE SeSE N WeNW N

Wind velocities (m s�1): past 12 h 1e5 1e6 1e5 3e8 4e8 1e9

Local summer-time is UTCC 3 h. Image quality codes are: AZ no cloud cover, B Z insignificant cloud cover, CZ partially covered by clouds/

haze, D Zmajor areas covered by clouds/haze. Data on sea water are from the station at Ruissalo except in 1996, when data are from the Finnish

Environmental Administration’s nearby sampling location ‘‘Turm 210’’. Climatological information has been generalized using data from weather

monitoring stations located in the study area (see Fig. 1). Data sources: Finnish Institute of Marine Research, Finnish Environmental Administration

and Finnish Meteorological Institute.
C18.9 (C and C21.9 (C. In the image acquisition
times, the water level varied within the range of
C10 cm to �27 cm from zero-level, with a tendency to
a slight decrease during the last three days in most of the
image acquisition periods (Finnish Institute of Marine
Research, unpublished data). The sum of accumulated
temperatures, a measure reflecting the status of the
growing season from the 1st of May, varies considerably
between the image acquisition dates and is always lower
in the outer archipelago (Utö) than in the coastal
mainland (Turku).

Data concerning wind direction and velocity were
used from five meteorological stations located in the
region (Fig. 1). The image acquisition days were
generally calm with moderate winds, but stronger wind
speeds may have occurred during some of the preceding
days. In spite of the fact that the prevailing wind direc-
tion in the archipelago is from the west and southwest
(Virtaustutkimuksen neuvottelukunta, 1979), wind di-
rections ranged considerably both at the time of image
acquisition and during the preceding days.

2.3. Image processing

Image processing was performed in the Laboratory of
Computer Cartography of the University of Turku using
ERDAS IMAGINE 8.4 software (Erdas, Inc., 1999). The
image acquired on 6 August 1996 was rectified to the
Finnish national grid using GCP points collected from
the digital nautical chart of the Finnish Marine Admin-
istration and the remaining images were rectified to that
image on an image-to-image basis. Although the total
root mean square errors in image rectifications remained
below 0.5, minor discrepancies were found between the
rectified images, particularly in areas of small islets and
a complex shoreline, where the local conditions may vary
among the images. Finally, subsets for the study area
were cut from the rectified images. Atmospheric correc-
tion was not performed, because simultaneous radiomet-
ric measurements were not available. Since Baltic Sea
waters are turbid with high concentrations of yellow
substances, general atmospheric correction methods
developed for coastal waters are not reliable.

In order to concentrate image analysis efforts on water
areas only, masks were created for this purpose. Each
image was thresholded, defining reflectance values over
20 in band 5 (TM and ETMC) as land (see Earth
Resource Mapping Pty Ltd., 1995). Although the digital
numbers of the different sensors are not identical and no
atmospheric corrections were made, the thresholding was
found to produce satisfactory results. Masks for inland
water, clouds and their shadows were created manually.
The land and cloud mask images were joined through
raster value summation separately for each image. In the
masks, value 1 corresponded to water and value 0 to land
or clouds, resulting in a pixel value of 2 only in the case of
water pixels. Later, water pixels were given the value 1 in
contrast to value 0 for all other pixels, thus making it
possible to create a uniform water mask, by merging the
six separate masks for another raster summation, with
pixel value 6 in the resulting image being assigned to
water. The resulting mask was independent of the
contribution of single clouds or exceptional shoreline
patterns in some of the original images.

In order to reduce image noise and enhance spatial
patterns, focal mean filtering was performed for each
masked image. In the fragmented archipelago, a 3! 3
pixel array was found applicable as it fades out image
banding slightly, but still the surface water patterns
remain fairly unchanged.

2.4. Spectral image analyses

Water patterns and flow forms were studied first
through visual interpretation of grey-scale images of all
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TM/ETMC bands. In accordance with literature
sources (Baban, 1993; Dekker and Peters, 1993; Fraser,
1998), the TM and ETMC visible bands 1e3
(450e520 nm, 520e600 nm, 630e690 nm, respectively)
were found to contain most information on the spatial
distribution of surface waters. These bands are in the
visible portion of the electromagnetic spectrum, where
spectral reflectance from water surfaces occurs. The
spectral reflectance of the water surface is a result of
underwater absorption and scattering processes. In
natural waters, the most important components affect-
ing the absorption and scattering processes are the
water itself, suspended inorganic and organic matter,
phytoplankton pigments and colored dissolved organic
matter (van Stokkom et al., 1993), with the term
turbidity referring to their combined influences. In these
bands, the spectral information is a mixture of the
absorption and scattering processes of optically active
components. Chlorophyll-a absorbs irradiance in the
blue and red portions of the visible wavelengths, whilst
dissolved aquatic humus absorbs strongly in the
shorter wavelengths (i.e. blue portion of visible wave-
lengths). Backscattering from all the suspended parti-
cles decreases in the near-infrared wavelengths, where
absorption caused by the water itself strongly in-
creases (e.g. Dekker et al., 1992; Dekker and Peters,
1993).

Principal component analyses (PCA) using the TM/
ETMC bands 1e3 were performed for each image in
order to concentrate their most important informa-
tion content into one layer and thus facilitate the
recognition of their spatial patterns. The thermal
infrared band (TM6, 10.42e12.50 mm) appeared to
express somewhat different patterns in the surface
waters, thus it was considered separately in flow
pattern analyses. Special attention was paid to
recognising the edges of surface water bodies, spec-
trally distinctive water areas and plume-like current
forms.

The consistency of the surface water patterns of the
visible wavelengths in the region was studied by creating
an 18-banded combination image from the original TM/
ETMC bands 1e3 of the images. Unsupervised
classification using the ISODATA clustering method
was employed for the combination image formed from
the original bands used for first principal component
analysis, with the convergence threshold set at 0.95, the
standard deviation set at 1 and the number of classes
defined as 10. The ISODATA is an iterative method that
repeatedly performs an entire classification until, in this
case, 95% of the pixels remain unchanged between two
successive steps (Erdas, Inc., 1999). The colors of the
resulting clusters were assessed to correspond to a gra-
dient from the open sea to the coast, yet it is not possible
to connect them directly with any single water quality
parameter.
2.5. Water quality parameters

Information on water quality was obtained from the
Southwest Finland Regional Environment Centre (data
source: Finnish Environment Administration). Because
few if any of the water samplings had been performed at
the times of the image acquisition dates, their usefulness
in direct comparisons between the water quality data
and single images remains limited. Therefore, average
values of the water quality data are used, representing
the summer from May to September during the years
1995e1999. The sampling sites represent the study area
(N ¼ 45) and adjacent sea areas (N ¼ 39). The amount
of sampling times over the years varies from three to
over a hundred in different locations. Only the para-
meters describing the turbidity and general trophic
status of the water column are considered: Secchi disk
depth and chlorophyll-a. These measurements are made
on every sampling occasion, and chlorophyll-a is mea-
sured from composite samples collected from depths of
0e10 m. Because water quality parameters were not
available from the days of image acquisition, their
values should be linked with caution to the patterns that
are discernible in the studied imagery.

3. Results

3.1. Surface water reflectance patterns

In a broad view of the Archipelago Sea and its
adjacent sea areas, the satellite images show pronounced
spatial patterns in surface water reflectance (Fig. 2a).
Two water areas show especially high reflectance of
visual light: the mainland coast and the shores of the
largest islands (Åland Islands). Also, the water areas in
their vicinities show relatively high reflectance values,
while in the open sea the reflectance values are lower.
Characteristic to the open sea, rounded fluid patterns in
the surface water are widely present, with their radius
ranging up to tens of kilometres. In Fig. 2b, fluid spirals
in the open sea are particularly noticeable in the Gulf of
Finland, probably consisting of cyanobacterial drifts.
Entering from the Gulf of Finland, these algal drifts
reach the southernmost outer archipelago where local
sources of eutrophication are few. The rounded fluid
patterns fade away in this area where pelagic openness
gives way to a labyrinth of islands and relatively shallow
bodies of water.

Multi-temporal imagery shows consistent high re-
flectance values for both the coastal region in general
and the narrow bays, straits and semi-closed bodies of
water in the archipelago in particular (Fig. 3). However,
major differences in the patterns of high and low
reflectance values can also be seen. Each time snapshot
shows its unique circumstances both regionally and as
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forms indicating water currents and mixing. In some
images (Fig. 3b and c), the outer southern archipelago
presents higher values than the central archipelago,
possibly as a result of algal drifts from the open sea.

The comparison of small-scale details in images
acquired at different times challenges any view obtained
from a single image examination especially in the central
archipelago: a variety of dynamic fluid forms can be
found in the very same places at different times (Fig. 4;
see also Fig. 3). An example of such dynamism in Fig. 3
is the Kihti Strait that forms a northesouth directed

Fig. 2. Large-scale surface flow patterns in the northern Baltic Sea. (a)

Overview of the Archipelago Sea and its nearby sea areas according to

the Landsat TM-image acquired on 16 August 1997 (band 1, 3! 3 low

pass filter). (b) Detail of pattern in the Gulf of Finland during putative

cyanobacterial bloom period (9 August 1997, Landsat 5 TM, band 1,

3! 3 low pass filter). In both images, the light tones indicate turbid

surface water.
corridor through the archipelago. It often has less turbid
waters than its sides, both east and west, but the flow
direction in the strait varies from time to time, as shown
by patterns in its contact and mixing zone with the
adjacent sea areas (e.g. Fig. 3d and f).

Thermal infrared images (Fig. 5) confirm major
spatial and temporal variations in the surface temper-
atures within the archipelago, often dissimilar to those
shown in the visual bands of the same image. The
warmest waters are usually found in closed sea basins
and in bays near the mainland, whereas the coldest
waters are usually found in the open sea. Patch-like
cold-water occurrences within the archipelago are fre-
quently discernible in the images. These features may
suggest local short-term upwelling events, related to the
prevailing wind direction of the past few days. For
example, northerly winds had prevailed for a few days
before 16 August 1997 and as a consequence, major
areas of cold water occur in the Gulf of Bothnia
(Fig. 5d). In contrast, in some images the thermal
patterns across the Archipelago Sea appear relatively
homogeneous as a consequence of the warming-up of
surface waters during the calm days that had preceded
the image acquisition dates (Fig. 5c).

3.2. Permanency of average water conditions

Unsupervised classification based on multi-temporal
imagery conveys more or less stable patterns of general
water turbidity, which occur as zones from the coastal
region toward the open sea (Fig. 6). In most parts of the
archipelago, the water zones are seen as relatively wide
belts, whilst in the northern areas turbid coastal waters
change to those of the open sea within short distances.
In the southern archipelago, despite some occasions of
putative algal bloom, frequently turbid waters are rare.
Patterns shown by the unsupervised classification also
suggest that the southern and northern (north-western)
parts of the outer archipelago are on average dissimilar,
the southern end of the Kihti Strait acting as an impor-
tant divider between the average water types.

The classes obtained through unsupervised classifica-
tion coincide with the registered water quality param-
eters (Fig. 6). The correlation coefficient of the
unsupervised classification with Secchi disk depth is
�0.890, while with chlorophyll-a it is 0.436 (p! 0:05,
N ¼ 45). Several factors affect the optical properties of
a water column with varying intensity and contribute to
the Secchi disk depth measurements.When chlorophyll-a
is low, sources other than phytoplankton may cause
turbid waters (e.g. inorganic suspension particles).

The areas nearest to the mainland and by some large
solitary islands represent the most turbid waters in the
region, usually with Secchi depths of less than 2 m. Pro-
gressing outwards, the average Secchi depths increase
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Fig. 3. Spatial patterns of spectral reflectance in the Archipelago Sea in six late summer images (first principal component of TM/ETMC bands 1e3).
The lightest shade of blue indicates the highest PC 1 values and the darkest shade of blue stands for the lowest values. Land and clouds are grey. Colors

are not calibrated between the individual images. Arrows show the wind direction in the meteorological stations on the respective dates at noon.
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Fig. 4. Details of the images presented in Fig. 3 (for information on locations, see Fig. 1). The mouth of river Aurajoki is marked with letter A.

Yellow triangle marks the location of a long-term sampling site, ‘‘Rym 390’’.
gradually up to ca. 3e5 m in the open sea. In accordance
with the lowest Secchi depth values, the highest
concentrations of chlorophyll-a are found in the in-
nermost archipelago, particularly by mouths of rivers
(Fig. 6b). In the narrow straits and shallow bays of the
inner archipelago, chlorophyll-a concentrations reach
values above 4 mg l�1. Chlorophyll-a also shows a
tendency to be slightly higher in the south-eastern part
of the archipelago (3e4 mg l�1) in comparison with the
inner and central archipelago areas (2e3 mg l�1). In the
outer archipelago, the average concentrations of chlo-
rophyll-a in the sampling sites are more uniform than
those in the central archipelago where adjacent sampling
sites may present significantly different values.
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Fig. 5. Spatial patterns of spectral reflectance of TM/ETMC band 6 (thermal infrared). On the image is a grey buffer layer of 200 m in length round

the shoreline, thus preventing the locally warm littoral areas from showing. The colors are not comparable in terms of absolute temperature, but are

relative; red showing the warmest areas and darkest shade of blue the coldest surface waters. Land and clouds are grey. For information on water

temperatures, see Table 1 and for wind directions, see Fig. 3.
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Fig. 6. Average water conditions in the Archipelago Sea according to

filed sampling and multi-temporal satellite imagery. (a) Average Secchi

disk depth distribution. (b) Average chlorophyll-a distribution. (c)

Unsupervised classification based on data from TM/ETMC bands

1e3 from six late summer Landsat images. Water areas are disturbed

by clouds (white color).
4. Discussion

4.1. Surface water dynamics

The patterns and dynamics of the surface waters
discernible in the remotely sensed data under study
evidence a variety of non-persistent currents in the
Archipelago Sea. Acting as a mixing zone for runoff
from the mainland and waters coming from the adjacent
sea areas, temporal currents and amalgamation of water
masses occur in various parts of the area. According to
these observations, the surface water quality in many
parts of the region may change radically within short
periods of time, particularly in the central and outer
archipelago. In the archipelago interior, the least turbid
waters are usually found in relatively deep areas of open
sea. Where groups of large islands occur with narrow
straits between, turbid waters often occur but the con-
stancy of this phenomenon varies from time to time.
Some groups of islands sustain turbid waters in certain
images whilst this phenomenon may be weak or non-
existent at other times. During calm periods, surface
water temperatures across the region may show rather
uniform patterns but water turbidity remains diverse
even during these days.

High reflectance values of visible light in the late
summer images reveal high turbidity. Although no field
data on the phytoplankton status are available from the
image acquisition dates, it is assumed that, especially in
the outer archipelago, the contribution of phytoplank-
ton to turbidity is significant. Favourable conditions for
free-floating algae typically develop in warm late
summer waters (Kahru et al., 1994). In the southern
archipelago, cyanobacterial drifts mainly originate from
the Baltic Sea proper and the Gulf of Finland where late
summer algal blooming is phenomenal (Finni et al.,
2001). The patterns shown in the images are in accor-
dance with both the counter-clockwise surface water
flow model of the Baltic Sea (HELCOM, 1993) and
recent studies concerning nutrient dynamics in the outer
archipelago and open sea areas (e.g. Hänninen et al.,
2000). The levels of total nitrogen and phosphorous are
lowest in the outer archipelago, while in the Gulf of
Finland the nutrient concentrations are at the levels of
the central archipelago (Hänninen et al., 2000). Water
exchange with the Baltic Sea proper appears to be of
most importance in the southern archipelago, and like-
wise in the north-western archipelago, the Gulf of
Bothnia may extend its influence deep into the
archipelago (Helminen et al., 1998).

The currents in the Baltic Sea are primarily induced
by varying meteorological phenomena and the main
source of energy for the water motion and water level
change are wind and air-pressure (Kullenberg, 1981;
Granö and Roto, 1989). The cyclonical mean circula-
tion velocities are weak, ca. 1 cm s�1 (Winterhalter et al.,
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1981). In the Archipelago Sea, the flow measurements
conducted in some parts of the region (Virtaustutki-
muksen neuvottelukunta, 1979) have shown currents
moving back and forth in many narrow straits, often
with frequent changes in flow direction. In the satellite
images, many water exchange events in the region
appear as plume- or wedge-shaped flow forms that are
particularly visible in areas where turbid waters intrude
into less turbid ones through a narrow strait. Thermal
stratification in the summer hinders the vertical mixing
of the currents with the bottom layer and the intricacy of
this hydrodynamic system is further increased by the
numerous basins and straits of this region (Virtaustut-
kimuksen neuvottelukunta, 1979). Indeed, some major
straits formed in deep bedrock fractions are often less
turbid than their adjacent waters, and they are impor-
tant links of water exchange between the outer archi-
pelago and its interior. The multi-temporal imagery used
in this study also corroborates the fact that the surface
water currents of the Archipelago Sea are highly cap-
ricious in nature: no evidence of consistent flow patterns
was found.

Despite changeable currents, the general water turbi-
dity pattern found in this study reveals a distinctive
consistency. The gradient of water turbidity in the
unsupervised classification of multi-temporal data is in
accordance with previous observations concerning
nutrient levels and sources in the region (Hänninen
et al., 2000). Where human activities peak, turbid waters
are usually found. Fish farming is the most significant
peak source of nutrients in the central archipelago whilst
in the mainland coast and near some large islands
agriculture is an important source of nutrients (Hänni-
nen et al., 2000). The innermost narrow bays by the
mainland manifest constantly turbid waters with im-
peded water exchange, being also influenced by rivers
rich in suspended sediments and dissolved nutrients
(Hänninen et al., 2000). During the high summer, the
runoff from these rivers is very low, in many cases less
than 1 m3 s�1 (Finnish Environmental Administration,
unpublished data). Even in these conditions, however,
the wind-induced mixing of the thermal layers and
resuspension of the bottom sediments in shallow bays
with small water volume guarantee good availability of
nutrients and along with high water temperatures
creates favourable conditions for phytoplankton.

The general turbidity of the water column appears to
have an explicit pattern with gradually increasing
transparency towards the open sea (Fig. 6a). The sound
correlation between the Secchi disk depth and the multi-
temporal satellite-based classification (Fig. 6c) suggests
that Landsat images efficiently pick up spatial patterns
of the turbidity and possibly indirectly of the trophic
status of the waters. Although both the composition of
the water constituents and the flow regime change
constantly, the gradual change from more turbid inshore
areas and island groups to the more transparent open
water areas is evident in the inner and central archi-
pelago.

4.2. Implications for water quality monitoring

Regular surveillance of Finnish coastal water quality
is performed by national, regional and local monitoring
programmes, such as those related to municipal and
industrial wastewater treatment plants and fish farming.
Samples are collected by shipboard sampling from fixed
locations, mainly in open water season with the
emphasis on high summer. Surveillance is usually con-
ducted a few times a year and the samples are subjected
to a bulk of physical and chemical analyses, being
measured vertically from different depths.

Plotted over the unsupervised classification image,
the locations of the water sampling sites appear to
represent the overall gradient of water turbidity
satisfactorily. However, the central archipelago is poorly
represented in relation to its large area and highly
variable surface waters, and also the western and
northern outer archipelago areas lack permanent field
sampling. The number of sampling locations could be
increased but due to the dynamic currents of the Archi-
pelago Sea, a single water sample may not represent the
conditions of even its immediate surroundings. A
sampling network designed for the high summer realm
may also fail to present a good picture of the spring and
autumn situations, when river runoff and diffuse loading
are higher, thermal stratification is absent and storms
are frequent. However, it would be intolerably expensive
to establish a significantly more representative water
sampling regime for this region. On the contrary, the
current economic atmosphere exerts pressure to reduce
the number of permanently sampled sites. Due to this
reality, traditional point sampling is and will remain
insufficient in its ability to credibly reflect the water
quality patterns prevailing in the central and outer
archipelago areas. To reach a good costebenefit ratio
from investments made in field sampling, the integration
of in situ data with remote sensing methods may provide
interesting opportunities. In addition, basic scientific
research on the local hydrographic realm and its beha-
viour, a dynamic model, would contribute to improved
water quality monitoring. To overcome this problem,
fluorometers have been installed in ships travelling in the
Baltic Sea on a regular basis (Rantajärvi et al., 1998),
but even this technique provides information from only
narrow bands of the water.

Since it is able to visualize spatially comprehensive
data, this study confirms that space-borne remote
sensing can be considered a powerful tool to comple-
ment results from water analyses in the coastal archi-
pelago. Landsat TM bands 1e3 show good correlation
with water quality parameters in regression analyses
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(Baban, 1993; Dekker and Peters, 1993; Fraser, 1998),
and in turbid inland waters backscattering of suspended
matter also occurs in band 4, although the absorption of
water increases steeply beyond 850 nm (Dekker and
Peters, 1993). The thermal bands of sensors onboard the
Landsat satellites were also shown here to provide val-
uable information about dynamic surface flow patterns.

Because the local water quality patterns may change
irregularly in the border areas of the turbidity zones,
simultaneous field sampling and satellite data acquisi-
tion would be ideal. However, because the Baltic Sea has
partial or full cloud cover 70% of the year (Kutser et al.,
1998), data from space-borne remote sensing will hardly
be able to accommodate these conditions. Airborne
monitoring methods provide an alternative as they can
also produce data on reasonably cloudy days but their
limitation is that they represent rather narrow sectors
only of the entire region. For example, a hyperspectral
imaging spectrometer provides precise information of
some water qualities (Härmä et al., 2001) and laser
equipment installed onboard an aircraft can register
different phytoplankton pigments (Babichenko et al.,
1998, 1999). Using such methods, regular flights might
be designed as transects from the inner to outer archi-
pelago, concordantly with the water sampling dates. The
feasibility of airborne remote sensing depends largely on
the estimated costebenefit ratio between the costs of the
flights compared with water quality information
achieved from the transect lines. Airborne remote sens-
ing techniques do not, however, mean that satellite data
are of no use. On the contrary, an effective water quality
monitoring scheme requires integration of all levels of
data acquisition, from space and airborne remote
sensing methods to field sampling and hydrodynamic
modelling (Kuittinen et al., 1991; Härmä et al., 2001).

The Archipelago Sea is a good example of a coastal
region where a highly dynamic water flow regime and
the need for an accurate monitoring methodology are
encountered. Because the area is densely inhabited
during the summer season and most recreational uses
are related to the shores and the open sea, site-precise
water quality information is of interest. The same reality
also puts pressure on forecasting water conditions across
the region, particularly during the high summer when
leisure activities are at their peak and cyanobacterial
drifts develop and migrate. The results of this study
showed the usefulness of space-borne data in the identi-
fication of such phenomena, and their inclusion in future
monitoring and forecasting programmes is to be
expected.

5. Conclusions

Data from Landsat TM/ETMC are able to express
significant patterns of the dynamic surface waters of the
Archipelago Sea, including gradual and abrupt changes
in water quality and water flow forms. The bands of
visible light expressing features of water turbidity pre-
sent partially different patterns from those shown by
data from thermal infrared. Both these data types are
useful for dynamic water flow regimes such as those
addressed in this study.

In the Archipelago Sea, surface currents play an
important role in water exchange but they vary greatly
in space and time depending on the preceding meteoro-
logical and hydrographical conditions at both regional
and local scale. In particular, the central and outer
archipelago areas present capricious flow patterns that
still remain poorly understood. During high summer,
the southern outer archipelago is highly influenced by
incoming algal drifts from the Gulf of Finland and the
Baltic Sea proper. Averaging the view of water turbidity
by using images from different dates confirms that there
are some permanently turbid areas in the region,
particularly the inner archipelago in general, and also
many narrow sea bays and straits with poor water
exchange.

Effective water quality monitoring and forecasting in
this type of environment requires a spatially large-scale
view, which is gained efficiently using space-borne
imagery. Large-scaled imageries are spatially comple-
mentary data sources, which can be efficiently incorpo-
rated into an integrated water quality monitoring and
forecast system along with water sampling in the field,
airborne surveillance, water quality modelling and
hydrodynamic modelling.
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