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Abstract

Space-time variations in chlorophylla (Chl a) concentrations in the surface water of
upwelling regions along the Polish coast of the Baltic Sea were analysed. Carried
out between 1998 and 2002 in the warmer season (from April till October), the
measurements were targeted mainly at the Hel upwelling. Satellite-derived sea
surface temperature (AVHRR) and Chl a data (SeaWiFS) were used. Generally
speaking, the Chl a concentration increased in the upwelling plume, except
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along the Hel Peninsula, where two scenarios took place: a reduction in Chl a
concentration in spring and an increase in autumn.

1. Introduction

Polish coastal waters of the southern Baltic are characterised, among
other things, by the frequent occurrence of coastal upwelling (Bychkova
& Viktorov 1987, Urbański 1995, Krężel 1997, Kowalewski 1998). At the sea
surface, the effects of upwelling are recognisable as a patch of water with
properties different from those of ‘typical’ surface waters. These differences
are easily revealed by temperature field analysis (Krężel et al. 2005, this
volume). It is also evident that water upwelling from deeper waters may be
characterised not only by temperature, but also by many other physical and
chemical features differing from the typical properties of the surface water
at a given site and season. This can influence the course and intensity of
biological processes, including such essential ones as primary production.
Integral constituents of phytoplankton cells, pigments such as chloro-

phylls, carotenoids and phycobilins absorb electromagnetic radiation of
specific wavelengths. They can thus be identified by analysis of the scattered
radiation spectrum in the surface sea layer as recorded by a satellite-borne
radiometer. The methods so far applied to estimate pigment concentrations
are not very accurate, especially in coastal regions, for a variety of reasons
(Sathyendranath (ed.) 2000, Darecki et al. 2005). However, they share at
least one great advantage – the data cover an extensive area and are collected
at low cost. Therefore, the absolute chlorophyll a (Chl a) concentrations
obtained hitherto should be treated as approximate. Of far greater value,
however, are the conclusions to be drawn from the changes in the spatial
distribution of Chla concentrations.
The analysis of satellite images from different marine basins points

to a clear relationship between an elevated concentration in the surface
water layer and the surface area of cool water raised by upwelling (Solanki
et al. 2001, Davenport et al. 2002, Joint et al. 2002, Acha et al. 2004). Such
a relation is not obvious in a shallow enclosed sea. This applies in particular
to the coastal zone, where organic life, mainly phytoplankton, develops more
quickly than in the open sea because of the nutrients supplied by terrigenous
runoff.
Generally speaking, the mean Chl a concentration in the surface water

layer reaches higher values along the coast and at the fresh-salt water
interface than in open sea water bodies. This is manifested, for example, by
the multiyear mean surface distribution of chlorophyll concentrations in the
Gulf of Gdańsk. The only exceptions to this are the coastal waters spreading
eastwards along the Hel Peninsula from its base (Fig. 1). A large part of
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Fig. 1. Mean concentration of phytoplankton pigments in the Gulf of Gdańsk on
the basis of CZCS data (Ocean... 1996)

this area overlies a plume of upwelling water. It is here that a relationship
between the Chla concentration in surface water and the occurrence of
upwelling could be found.
The aim of the work was to analyse, on the basis of satellite-derived data

supported by sea truth measurements, the influence of coastal upwelling on
Chla concentrations along the Polish coast of the Baltic Sea with special
reference to the Hel Peninsula.

2. Material

The study area covered the Kołobrzeg, Łeba and Gdańsk upwelling
regions (Fig. 2) along the Polish coast of the Baltic Sea. The seven-month
spring-early autumn period (April–October) was chosen rather than the
whole year because (i) this period includes the main phytoplankton growing
season, (ii) the frequency of valid satellite observations during autumn and
winter is relatively low, and (iii) it is practically impossible to identify areas
covered by upwelled water in winter.
Satellite images of the southern Baltic (c. 500) and the Gulf of Gdańsk

(c. 200) were recorded in 1998–2002 by:

• a SeaWiFS radiometer (OrbView 2 satellite; data registered by the
receiving station of the University of Dundee),

• an AVHRR radiometer (NOAA 12–17 series satellites; data registered
by receiving stations of the University of Dundee, and the Institute of
Oceanography, University of Gdańsk).
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Fig. 2. Approximate maximum ranges of the upwelling plume areas along the
Polish coast of the Baltic Sea

The parameters of the OrbView 2 satellite orbit allowed at most two
images to be recorded in the southern Baltic during daylight hours, and
usually only one of them was of satisfactory quality. Moreover, only cloudless
areas could be analysed, a precondition fulfilled during c. 20% of the
investigation time (Krężel 1985), mainly in the warmer part of the year.

Sea depth is another factor diminishing the amount of satellite data in
the study area. Earlier results (Siegel & Seifert 1985, Matciak & Krężel
1991) had suggested that in the southern Baltic, a VIS signal registered by
a satellite radiometer could be significantly disturbed by the sea bottom at
depths below 10 m. These particular data were therefore ignored.

The analysis of every scene required data from two independent satellites
working in different orbits (OrbView 2 and NOAA). However, because
of the rapid changes in the weather conditions (mainly cloudiness), the
Chla concentration maps were in many cases compared to temperature
maps produced up to twelve hours earlier or later. In the event, more
than 50 satellite maps of sea surface temperature and Chl a concentration
were used. The high quality of the satellite images, i.e. lacking any signs
of atmospheric heterogeneity in the study area, was the basic criterion for
selecting data from individual measuring times for calculations. Selection
was pseudo-random, thereby enabling a preliminary assessment of the effect
of upwelling on Chl a concentration in the coastal zone in the warmer period
of the year.

The sea truth data on surface water temperature and Chla concentration
were collected during 7 upwelling events (28.04.2000, 18.09.2000, 18.07.2001,
27.09.2001, 13.05.2002, 02.08.2002 and 28.08.2002) in the vicinity of Hel
(Matciak et al., in press, Zalewski et al., in press). Three stations were
chosen on every cruise. The central station (U) was situated at the upwelling
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centre. The reference station (O) was set sufficiently far from station U at
a point where the surface waters were not directly affected by upwelling.
A transitional station was sited between stations U and O.
Chla concentrations were measured fluorometrically (Zalewski et al., in

press), the samples being extracted in 90% acetone (24 h) in darkness and
at a temperature of c. 4◦C.

3. Method

The maps of Chl a concentration were produced with the aid of the OC4
algorithm (O’Reilly et al. 1998) implemented in the SEADAS system. The
algorithm is based on the following empirical relation:

Chl a = 10(0.366−3.067 R + 1.93 R2 +2.649 R3−1.532 R4) − 1.0414,

where
Chla – Chl a concentration,
R – log10RG,
RG – the highest coefficient from among (ρw – remotely sensed reflec-

tance):

– ρw(443)/ρw(555),

– ρw(490)/ρw(555),

– ρw(510)/ρw(555).

In view of the geographical proximity, similar coast and water type
(homogeneous and terrigenous material inflow from river estuaries), the
procedure of atmospheric correction elaborated for the Belgian coast of the
North Sea (Ruddick et al. 2000, 2001) by MUMM (Management Unit of the
Mathematical Models) was used for the calculations. The algorithm was
modified for case 2 waters, i.e. the relationships between channels 7 and
8 of SeaWiFS1 were verified for the whole study area. This enabled a priori
assumption of a constant value for coefficient ε (765 nm, 865 nm)2 in the area
(this parameter identifies the type of aerosol content and distribution model

1A SeaWiFS radiometer is equipped with 8 spectral channels (wavelength ranges [nm]):
1 – 402–422, 2 – 433–453, 3 – 480–500, 4 – 500–520, 5 – 545–565, 6 – 660–680, 7 – 745–785,
8 – 845–885.

2ε(λi, λj) = ρas(λi)
ρas(λj)

= ωa(λi)τa(λi)pa(θ, θ0, λi)
ωa(λj)τa(λj)pa(θ, θ0, λj)

,
where ωa – aerosol single scattering albedo; ρa – aerosol optical thickness; pa – phase
function of attenuation by aerosols; θ and θ0 – satellite and solar zenith angle, respectively
(Gordon & Wang 1994).
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in a vertical atmospheric column). Such a model was then used instead of
a single pixel for calculating the atmospheric correction for the whole study
area. Since the Gulf of Gdańsk is relatively small body of water, such an
approximation seems justified.
The procedure for calculating parameter ε (765 nm, 865 nm) for case 2

waters involved:

1. Calculating the reflectance, reduced by a value due to Rayleigh mole-
cular scattering, using the standard atmospheric correction algorithm.

2. Calculating the atmospheric correction parameter from the plot of the
reflectance dependence between channels 7 and 8 of SeaWiFS. When
the relationship between the low reflectance (0.002–0.01) in channel
7 and the reflectance in channel 8 is almost linear (coefficient = c. 1),
the pixels of the study area are assumed to be ‘clear water’ ones. Such
pixels are used to estimate the atmospheric correction parameter for
case 2 waters.
Higher reflectance values in channel 7 are also significantly de-

pendent on the reflectance in channel 8. But the coefficient is then sub-
ject to relatively large changes. These pixels are assumed to be the pix-
els for case 2 waters; in this case, Rayleigh scattering and attenu-
ation are lower in value than the signal of water-leaving radiation.

15 images were randomly chosen from the Gulf of Gdańsk and
the relationship between channels 7 and 8 analysed. The calculated
coefficients (0.99–1.12) were close to those of Ruddick et al. (2000).
The atmospheric correction parameter (1.01) was applied to the whole
data series. As a result, positive values of the water-leaving radiation
were obtained in the whole area (Fig. 3). This stands in contrast to the
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Fig. 3. Water-leaving radiation in the Gulf of Gdańsk determined by two
algorithms for atmospheric correction: the standard OC4 (left) and that used in
the present work (right)
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Fig. 4. Satellite-derived determination of the water plume range in the Hel region:
example of temperature distribution in the cross-section of the upwelling plume
(a), upwelling plume area determined on the basis of SST distribution analysis (b),
areas for which mean chlorophylla concentrations were calculated (c)



440 A. Krężel, L. Szymanek, Ł. Kozłowski, M. Szymelfenig

standard OC4 procedure, which for case 2 waters areas yields mainly
negative values that are devoid of physical meaning and therefore
useless for further analysis.

3. Producing maps of surface water Chl a concentration with regard to
the atmospheric correction coefficient introduced in point 2.

Analysis of the sea surface temperature distribution determined the
area of the upwelling plume. Transects were drawn across the plume of
upwelled water (Fig. 4a), after which the area of the plume could be
determined (Fig. 4b). The reference area was taken to be the area of stable
surface temperatures situated a dozen or so kilometres towards the open sea
from the upwelling plume (Fig. 4c). Statistical parameters of the surface
chlorophyll concentrations were calculated for the areas so defined. In a non-
upwelling period (no characteristic SST decrease in the area of upwelling
occurrence), mean values were calculated for those areas where upwelling
water is usually found (Fig. 2) (Krężel et al. 2005, this volume). Under
partially cloud-free conditions, mean values were calculated only for the
cloudless parts. The AVHRR sea surface temperature data were registered
in the HRPT system. The method of data processing and the algorithms
used have been described by Krężel et al. (2005, this volume).

4. Results and discussion

Satellite-derived data registered by a SeaWiFS radiometer were used to
determine the ratio of Chl a concentration in the surface sea layer between
the upwelling and reference areas in the warmer season of the year during
upwelling and non-upwelling periods (Table 1). The Hel, Łeba and Koło-
brzeg regions were analysed separately and some regularities were observed.
In the non-upwelling periods, the surface water Chla concentration in

the three regions specified above was generally higher than or close to
that in the surrounding area (Table 1, Fig. 5a): the phytoplankton was
flourishing in the sufficient abundance of nutrients and the higher, summer
temperatures in shallow, coastal waters.
During an upwelling event, however, the situation becomes complicated.

The rate of primary production can depend, among other things, on the
rate of warming of cold, upwelled water. Particularly in spring, water
temperatures rise rapidly and vast but shallow sea areas warm up more
easily. Therefore, depth and bottom configuration cannot be ignored. The
area of shallow water in the Łeba and Kołobrzeg regions is significantly
greater than along the Hel Peninsula, where the depth increases rapidly
with distance from the shore (Fig. 5b).
Consequently, in the Łeba and Kołobrzeg regions, upwelled waters

are raised from shallower depths and warm up faster than those in the
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Table 1. Relationship of chlorophylla concentration at the sea surface between
upwelling and reference areas derived on the basis of SeaWiFS data in upwelling
and non-upwelling periods

Area Events during Events during absence
upwelling of upwelling

+ ± − ∑
+ ± − ∑

Hel
10 4 13 27 14 11 2 27
37 15 48 % 52 41 7 %

Łeba
12 5 1 18 18 10 3 31
67 28 5 % 58 32 10 %

Kołobrzeg
10 3 0 13 18 7 4 29
77 23 0 % 62 24 14 %

Sum
32 12 14 58 50 28 9 87
55 21 24 % 58 32 10 %

The symbols denote: (+) – events with a higher concentration in the upwelling zone,
(±) – events with insignificant differences between upwelling and reference area,
(−) – events with a higher concentration in the reference area,

∑
– total number of

events analysed.

Hel region. As a result of these favourable thermal conditions and the
elevated nutrient concentrations during the upwellings in the former regions,
phytoplankton were present in great abundance. This was manifested by
an increase in surface Chla concentration in comparison with the situation
during non-upwelling periods (Table 1).
The changes affecting the Chl a concentration during an upwelling event

off the Hel Peninsula are more complex. The Chl a concentration amplitudes
in the upwelling area and its surroundings were wider in spring and summer
than in autumn (Fig. 6). In spring, Chla concentrations were usually lower
in the upwelling area than in the reference area. In summer and autumn,
the situation was reversed, although the differences between the two areas
were smaller in summer than in autumn (Fig. 7).
Comparison of temperature and Chla concentrations in the surface

water measured from the coast through the upwelling centre (the coldest
water area) and its plume to the surrounding area (Fig. 8) provides
a good example of seasonal variability. In spring (e.g. 08.05.2000), the Chl a
concentration in very cold water upwelled from a deeper sea layer (Krężel
et al. 2005, this volume) was low, the lowest value being at the centre,
which was coldest. However, temperatures and Chl a concentrations rose
gradually with increasing distance from the upwelling centre. In autumn
(e.g. 30.09.2000), in contrast, Chl a concentrations decreased with rising
water temperatures, achieving much lower values in the surrounding area
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than in the upwelling plume. Note that, as in spring, the Chla concentration
was lowest at the coldest point, i.e. the upwelling centre, which was
sometimes only a few hundred metres in diameter.
The variations in temperature and Chl a concentration measured in time

series during relatively long periods of upwelling off Hel, both in spring
(May 2000) and in autumn (September–October 2000), are also indicative
of seasonal changes (Fig. 9). During the evolution and gradual decay of cool
upwelling waters in spring, the Chl a concentration in them was lower than
in the reference area. In autumn, on the other hand, upwelling waters were
characterised by higher Chl a concentrations during the whole upwelling
period. It is important to note that in autumn, in both plume and reference
areas, water temperatures were higher than in spring. In autumn Chla
concentrations in the above areas were relatively stable and only short-term
(1–3 days) differences, c. 1 mg m−3, were found. In spring the changes in
Chla concentration appeared earlier (1–2 days) and were more frequent, the
difference being c. 3 mg m−3 during two days.
Comparison of absolute Chl a concentrations measured in situ (Zalewski

et al., in press) with satellite-derived data shows them to be poorly
correlated (Fig. 10). This is due to (a) imperfections in the Chla algorithm
for case 2 waters, (b) the fact that in situ and satellite measurements
are not carried out contemporaneously, and (c) the fact that in situ point
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Fig. 8. Horizontal profiles of water temperature and chlorophylla concentration
at the sea surface in the Hel upwelling region: spring, 08.05.2000 (a) and autumn,
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values are compared with remotely sensed ones representing an average value
within the whole pixel (∼ 1 km2). In situ spectrophotometric measurements
indicated that irrespective of season, Chla concentrations at upwelling
centres were always lower than at the reference station. The lowest
concentration (0.28 mg m−3) was noted in the upwelling core and the
highest (14.63 mg m−3) at the reference station. The difference in Chl a
concentration depended on upwelling strength and ranged broadly, from
1.2 to > 40-fold at the reference station. In comparison to the above, the
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mean, minimum and maximum Chl a concentrations calculated on the basis
of satellite data at the same or nearly the same periods did not show up
such big differences between the upwelling water and the reference area
(Table 2). Satellite imagery markedly simplifies the actual pattern of Chl a
concentration. This is especially clear in the Hel upwelling region, where the
water temperature gradient, over a range of some pixels, was steep (Krężel
et al. 2005, this volume).

Table 2. Satellite-derived chlorophylla concentration in the upwelling plume and
the reference area

Date Upwelling plume Reference area
Min Average Max Min Average Max

29.04.2000 1.605 2.001 2.603 1.796 2.287 3.647
18.09.2000 1.005 3.109 4.453 1.964 2.370 6.094
08.07.2001 1.472 3.557 5.570 2.713 3.522 5.758
28.09.2001 1.076 2.931 4.791 0.204 2.176 1.792
14.05.2002 1.316 1.958 2.883 1.443 2.006 2.945
02.08.2002 0.986 2.227 2.801 1.410 1.962 2.250
28.08.2002 0.862 0.969 1.157 0.842 0.908 1.183

Min – minimum value, Max – maximum value.

The methodology assumed that the upwelling area extended from its
centre through the upwelled water plume to the boundary with surface
water of a stable temperature (Fig. 4). The specific character of the Hel
upwelling region lies in the fact that its centre is usually situated very
close to the shore. Therefore, the low Chl a concentration at the centre is
underestimated in satellite calculations since the coastal pixels are masked
by the buffer applied. The good quality of a few autumn images enabled
a small area upwelling core with a significant decrease in Chla concentration
to be identified among the pixels covering the whole upwelling plume. It
was possible to select such a reference area on the satellite images where
the influence of the upwelled waters could be excluded with a very high
probability. The reference station chosen by in situ measurements was not
so reliable, since the adopted criterion of maximum water temperature could
result in its still being located in the plume area (Matciak et al., in press).
For determining the centre of upwelling, field measurements were much more
precise since they were carried out at the coldest site – in the upwelling
core, which was often less than a few hundred metres in diameter. On
the one hand, the resolution of satellite images enabled a situation to be
described with a poorer accuracy than with in situ measurements but, on
the other, considerably larger areas could be analysed. Nevertheless, the
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Fig. 9. Time series of chlorophylla concentrations and water temperatures in Hel
upwelling region during an upwelling event

results obtained by both methods led to a common conclusion, namely,
that the Chl a concentration decreases rapidly and significantly in the cold
upwelling core. However, as a result of their spreading across the surface
(Burska & Szymelfenig, in press) nutrient-rich waters gradually warm up
and primary production increases. Chl a concentrations were also reduced
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at the cold centres of upwelling areas off the coasts of Peru (MacIsaac
et al. 1985), California (Dugdale & Wilkerson 1989) and south-west Africa
(Shillington et al. 1990).
A clear relationship exists between the amount of nutrients available and

phytoplankton productivity. Nutrient concentrations (nitrates, phosphates
and silicates) were the highest at the upwelling centre and decreased
towards the reference station (Burska & Szymelfenig, in press). Although
the assimilation numbers calculated for the upwelling centre also indicate
very good trophic conditions (Zalewski et al., in press), no increase in
Chla concentration was found. Presumably, phytoplankton abundance
is reduced by very low water temperatures. The observed late-spring
upwellings occurred in the period typical of the rapid growth of Peridiniella
catenata (Wasmund et al. 2000, Gromisz & Witek 2001). This species
requires a somewhat higher water temperature than diatoms, which appear
earlier in the growing season. The higher Chla concentration in the reference
area could be explained by the large-scale occurrence of P. catenata
(Gromisz & Szymelfenig, in press). In autumn, on the other hand, the higher
Chla concentration in the upwelling plume could have been influenced by
the appearance of the typically autumnal phytoplankton community as
early as mid-September (Gromisz & Szymelfenig, in press). Dominated by
Coscinodiscus granii, this community is characteristic of the Gdańsk Basin
in October and November (Gromisz & Witek 2001). The higher autumn
Chla concentration in the cool upwelling waters than in the reference area is
probably the consequence of an earlier diatom bloom. Picked up on satellite
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images in spring and autumn, Chla concentrations in the upwelling waters
and their surroundings could be linked with the occurrence of characteristic
phytoplankton communities.
In the Baltic Sea upwelling takes 6–24 hours to evolve given a suitable

wind direction (Bychkova & Viktorov 1987). However, when the wind direc-
tion changes, downwelling can follow upwelling quite quickly (Kowalewski
1998). As a consequence, the previously upwelled waters return to greater
depths. Satellite-derived Chl a concentrations may therefore be subject to
rapid changes.
Upwelling periods recorded in the Baltic Sea have ranged from 12 hours

to 30 days (Bychkova et al. 1988, Urbański 1995). The upwelling plume,
in which changes in the Chl a concentration could occur, may persist
for at least the same time. Such few satellite measurements of Chl a
concentration as have been carried out in the southern Baltic lead to
conflicting conclusions. According to Semovski et al. (1999), primary
production is decreased by the Hel upwelling. On the other hand, the
fertile Vistula waters flowing into the Gulf of Gdańsk elicit the opposite
effect. These authors suggest that a decrease in Chl a concentration is
brought about by the cool nutrient-poor upwelled waters. However, such
a hypothesis seems doubtful in the light of the investigations by Burska
& Szymelfenig (in press), who found higher concentrations of nutrients at
the upwelling centre and in the upwelling plume than in the surrounding
waters. The investigations of Semovski et al. (1999) took place in late spring
(April, May), so their results are in agreement with the spring scenario
observed in the present work. On the other hand, Siegel et al. (1999)
concluded that in early spring (at the beginning of April) the upwelled
nutrient-rich bottom waters in nutrients, contributes substantially to the
increase in Chla concentrations along the western Polish coast. They also
assumed that a low nutrient concentration in upwelled waters along the
Polish coast in summer could be evidenced by a marked reduction in Chla
concentration even in the Pomeranian Bay (Siegel et al. 1999).
As in the Baltic Sea (Bychkova et al. 1988, Kowalewski 1998), there

is a marked differentiation in the evolution and duration of upwelling
in waters much deeper than those along the Baltic coast, e.g. over
continental shelves (Thomas et al. 2004). The differences concern not only
the shape and area of the upwelling event but also the Chla concentration.
A characteristic feature of many upwelling events recorded on satellite
images is the formation of tongues transporting organic matter produced
over continental shelves for long distances – tens or even hundreds of
kilometres (Brink & Cowles 1991, Gabric et al. 1993, Kostianoy & Zatsepin
1996, Barton et al. 1998, Álvarez-Salgado et al. 2001). The area of contact
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of oceanic waters with upwellings is markedly greater, because the tongues
penetrate oceanic waters. Such a situation has also been observed in the Hel
upwelling region (Krężel et al. 2005, this volume). Tongue formation tends
to extend the areas of higher Chl a concentrations in oligotrophic oceanic
waters (Davenport et al. 1999, Smyth et al. 2001). In the fertile waters of
the southern Baltic, this effect is more complex. According to the autumn
scenario, an increase in Chl a concentration is to be expected, but during the
spring upwelling the area of lower Chl a concentration will increase because
of tongue formation.
In spite of the many difficulties involved in the correct interpretation

of satellite images, especially in the Baltic Sea (Darecki & Stramski 2004)
as these are case 2 waters (Morel & Prieur 1977), the method does permit
the rapid registration of the details of field shape and area as well as Chla
concentration (Joint & Groom 2000). Therefore, in the regions of powerful
water dynamics like upwelling areas, estimating Chla concentration from
satellite images is a very useful and important tool in primary production
studies (Acha et al. 2004, Thomas et al. 2004).

5. Conclusions

The following applies to upwelling plumes along the Polish coast of the
Baltic Sea in the warmer part of the year:

1. The Chl a concentration increases, except in the waters along the Hel
Peninsula.

2. Along the Hel Peninsula two scenarios were observed: Chl a levels fell
in spring but rose in autumn.

3. According to in situ data, each upwelling event is characterised by the
occurrence of a core with a minimum concentration of Chla. In spring
the area of this core is so vast that it is readily identified on satellite
images. In autumn, however, the core area is small and so does not
cause a general rise in the Chl a level in the upwelling plume.
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