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INTRODUCTION
Background

Water eutrophication has become a worldwide environmental problem in recent
decades, it is widespread all over the world and the severity is increasing (Yang et
al., 2008). Eutrophication is mostly described as an over enrichment of bioavailable
nutrients. Within the EU, a common legislation defines eutrophication as “the
enrichment of water by nutrients, especially compounds of nitrogen and phosphorus,
causing accelerated growth of algae and higher forms of plant life to produce an
undesirable disturbance to the balance of organisms present in the water and to the
quality of water concerned” (Council Directive 91/271/EEC concerning urban waste
water treatment, LEX-FAOC013224). Eutrophicated waterbody loses its functions:
primary production is higher than during normal state, water transparency decreases,
oxygen concentration is low or even anoxia develops near the bottom (Finni ef al.,
2001). All that influences economy and development of society. It affects fisheries,
recreation places, birds and animals connected to that eutrophicated waterbody.
Therefore, a lot of attention is turned on finding the ways of preventing eutrophication
(Yang et al, 2008). In quantifying eutrophication, phytoplankton biomass,
commonly measured as chlorophyll a (Chl @) concentration, is most often used to
measure the trophic status of the water body.

Many factors and processes influence phytoplankton growth: human induced
nutrient enrichment, hydrodynamics of waterbody, environmental factors as
temperature, salinity, dissolved gases, balance of nutrients etc. Eutrophication causes
some of the main problems in the Baltic Sea, such as cyanobacterial blooms in
summer, decreased water transparency, and anoxic bottom layers (Baden et al.,
1990). Due to latter, the sediment effluxes of nutrients are one of the major sources
of phosphorous and nitrogen for phytoplankton growth in the Baltic Sea (Lehtoranta
et al., 1997; Gran & Pitkdnen, 1999). Hence, eutrophication in the Baltic Sea is a
consequence of real external anthropogenic loading, and internal loading due to large
resources of organic matter, which, for many decades have been stored into the
sediments (Vahtera et al., 2007).

Cyanobacterial blooms are common features in summer in the Baltic Sea but their
increased intensity in last decades coinciding well with increased anthropogenic
impact on the sea ecosystem (Finni et al., 2001). The ecological importance of
increased intensity of cyanobacterial blooms is through the functioning of ecosystem.
Extreme gradients in the concentrations of cyanobacteria result in strong changes of
the optical properties of water: colour and transparency (Kononen & Leppénen,
1997). Blooms of nitrogen fixing cyanobacteria in the Gulf of Finland are phosphorus
limited (Vahtera et al., 2007). One of the major sources of bioavailable phosphorus
during summer in nutrient depleted upper layer is the internal loading from deeper
layers through coastal upwelling events (Lips et al., 2009). In summer, during
upwelling, the water mass with higher nutrient concentration but low nitrogen to
phosphorus (N: P) ratio is surfacing and can fuel the growth of cyanobacteria (if the



weather is calm and surface layer water temperature is above 16 C° after the collapse
of upwelling event) and other phytoplankton species (Lips & Lips, 2010).

The horizontal and vertical distribution of phytoplankton is very heterogeneous
and influenced, beside anthropogenic stress, by wide range of processes that include
water mass circulation, light and nutrient availability, and biological interactions. In
the World Ocean the circulation is dominated by meso-scale variability, which
generally refers to ocean signals with space scales of 50-500 km and time scales of
10-100 days. The meso-scale processes in the Gulf of Finland is defined like a class
of physical phenomena of spatial scales ranging from about five to ten kilometres and
time scales ranging from a few days to several weeks (Alenius et. al., 2003). Meso-
scale processes, such as coastal upwelling, eddies, jet currents (also dominant
dynamical features of the Gulf of Finland; e.g. Fennel & Neumann, 1996), affect
vertical dynamics of light, nutrients and phytoplankton populations, especially during
periods when water column is strongly stratified (Delgadillo-Hinojosa et al. 1997,
Pavelson et al., 1999). In summer, sub-surface or deep chlorophyll ¢ maxima are
commonly observed in many stratified seas, including Baltic Sea (e.g. Kononen et
al., 1998, 2003; Dekshenieks et al., 2001; Gentien et al., 2005; Weston et al., 2005;
Lund-Hansen et al., 2006). The hydrodynamic processes coupled with migratory
behaviour of phytoplankton species is proposed to be the reason of such layers in the
Baltic Sea (Pavelson et al., 1999; Kononen ef al., 2003) and elsewhere (Dekshenieks
et al.,2001; McManus et al., 2003).

To manage eutrophication in the interested water body, the best understanding of
ecosystem functioning is achieved by combination of different monitoring
approaches complemented with experimental and modelling research. Several
eutrophication indicators are developed to help to assess the state of the sea. For the
Baltic Sea, the indicators based on concentration of nutrients (nitrogen and
phosphorus compounds) and Chl a, water transparency and oxygen conditions in the
near bottom layer are developed (HELCOM, 2011).

Motivation and objectives

Understanding of natural processes, besides human induced, affecting changes in
phytoplankton Chl a concentration leads to better understanding of mechanisms of
water eutrophication. A combination of various approaches to measure
phytoplankton Chl a and nutrient dynamics in the sea (monitoring, field studies using
research vessel, ships-of-opportunity, autonomous buoys, remote sensing, modelling)
enable more precisely register and assess environmental changes, see trends and
make decisions for necessary actions.

The major purpose of this thesis is to verify the influence and importance of
varying meso-scale hydrophysical processes on the dynamics of inorganic nutrients
and Chl ¢ in summer in the Gulf of Finland, Baltic Sea. The objective was to relate
dynamics of Chl a, nutrients and different environmental variables obtained using
high-frequent sampling approach in the Gulf of Finland. Multiparametric data
collected with the autonomous systems were combined with data obtained during
sampling aboard the research vessel within the periods of special interest.
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This work consists of five chapters. Introduction gives an overview of topics
discussed in dissertation and main objectives. The description and map of the study
area illustrating the sampling transects are presented in chapter 1. In chapter 2
different methods and strategies used during present studies are described. The role
of meso-scale hydrophysical processes controlling horizontal and vertical
distribution of Chl ¢ and inorganic nutrients in summer are outlined in chapters 3 and
4. The use of Chl a and Chl a fluorescence for environment assessments is discussed
in chapter 5, followed by conclusions of the studies. The main results of the work are
presented in more detail in four attached papers (denoted by Roman numerals I to
V).
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1. STUDY AREA

Baltic Sea is a semi-enclosed brackish water continental sea. It has a restricted water
exchange with the North Sea through narrow and shallow Danish Straits and due to
that a relatively long water renewal time. Salt water inflow from the North Sea and
large input of freshwater from more than 200 rivers create a south-north salinity
gradient (Fennel & Seifert, 2008).

The Gulf of Finland is an elongated estuarine-like basin. The length of the gulfis
about 400 km, the width varies from 48 to 135 km. The northern part of the gulf is
shallower and the bottom slope is about 2 times lower than at the southern side
(Laanemets et al., 2009). Real bottom topography of the Gulf of Finland is
complicated, especially near coasts, where islands and peninsulas divide coastal area
into small bays.

The gulf has two main sources of water exchange. One is a freshwater runoff from
rivers (mainly River Neva) and the second is saltier water inflow from the northern
Baltic Proper. In general, the inflow of the saltier water occurs along the Estonian
coast and the outflow of the less saline gulf water occurs along the Finnish coast
(Alenius et al., 1998) but the real flow pattern is strongly weather induced.

The field studies discussed in this dissertation were carried out in the central Gulf
of Finland (Fig. 1).
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Figure 1. Map of the study area, the location of autonomous buoy station APS, ferrybox
transect (solid line) and stations visited abroad research vessel (dashed line with stations TH1-
TH27). Ferrybox measurements reach more north compared with research vessel cruises.

1.1 Seasonal changes of physical parameters

Both, temperature and salinity have horizontal and vertical gradients in the Gulf of
Finland. In the western gulf, a permanent halocline exists between depths 60-80 m
preventing vertical mixing down to the bottom. In summer, thermocline exists at 10-
20m depth. It vanishes in late autumn after convective mixing, and temperature of
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waterbody is homogeneous at that time of the year. In winter, the gulf is usually
covered with ice (Bergstrom et al., 2001). In spring, after melting of ice cover, surface
water temperature increases and leads to formation of seasonal thermocline.
Horizontal temperature distribution in the surface layer is quite homogeneous in
summer. The annual maximum surface layer temperature in the Gulf of Finland is
typically as high as 17-22 °C. Horizontal salinity distribution is characterized by
increase in salinity from 1-3 in the east to 6 in the west. Quasi-permanent salinity
(density) front is formed at the entrance of the Gulf of Finland (Leppéranta &
Myrberg, 2009). Front separates the northern Baltic Proper waters with higher
salinity and less saline waters of the Gulf of Finland. The dynamics of the front is
sensitive to wind and its direction. Up- and downwelling events are typical
phenomena in the Baltic Sea, including Gulf of Finland, and have clear effects on
horizontal temperature and salinity fields in summer when water mass is strongly
stratified. During summer coastal upwelling events cold waters from intermediate
layers surfacing (Lips et al., 2009) and are well detectable with satellite remote
sensing (Uiboupin & Laanemets, 2009).

1.2 Seasonal changes in nutrient concentration and biological
parameters

A seasonal variation of inorganic nutrient concentrations is observed in the Baltic Sea
upper layer: minimum values in summer and maximum in winter. Water pool is
mixed down to the bottom or down to the halocline in autumn. In winter,
concentrations of nutrients are high because deep vertical mixing and low light level
prevent phytoplankton growth.

Phytoplankton primary production is highest in spring. The spring bloom
dynamics, heterogeneity and intensity is influenced by winter level of inorganic
nutrients in the surface layer and physical processes, such as prevailing circulation,
development of stratification, upward and downward movement of the seasonal
thermocline (Kahru & Nommann, 1990; Lips et al., 2014).

After the spring bloom, inorganic nutrients are almost depleted in the upper mixed
layer and strong stratification prevents mixing between the nutrient depleted upper
layer and the nutrient rich lower layers. That gives competitive advantages for
cyanobacteria (Lips & Lips, 2008) able to fix molecular nitrogen and dinoflagellates
able to migrate vertically in the water column (Jephson et al., 2009). Filamentous
cyanobacteria in the Baltic Sea have ability to fix molecular nitrogen and to use
phosphates left in the upper water layer after spring bloom (Heiskanen, 1998).
Vertically migrating phytoplankton species are known for the ability to assimilate
necessary nutrients from the lower layer in order to use these in the euphotic layer for
photosynthesis (Hall & Paerl, 2011).

In summer, during thermal stratification, when surface layer is depleted of
inorganic nutrients, coastal upwelling plays an important role in replenishing the
upper euphotic layer with nutrients and supporting the phytoplankton growth. In the
intermediate water layer the N:P ratio is low, and hence, more phosphates in relation
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to nitrates are brought to the surface layer (Lips et al., 2009). Upwelling and
downwelling are coupled in the Gulf of Finland affecting strongly both the horizontal
and vertical pattern of inorganic nutrients and phytoplankton (Lips & Lips, 2010).
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2. MATERIAL AND METHODS

The Baltic Sea is known as one of the most intensively observed marine areas (Fennel
& Neumann, 1996). There are large datasets available from different areas of interest:
physical, chemical, geological, and biological data, which gives us an opportunity to
see long-term tendencies in ecology of the sea. At the same time, the short-term
temporal and spatial heterogeneity is high and to understand the ecosystem
functioning, dynamics of nutrients and phytoplankton in the pelagic ecosystem needs
to be studied using high spatio-temporal approach (Benoit-Bird & McManus, 2012).

In the present study, investigations using different approaches were carried out:
multi-disciplinary meso-scale surveys by research vessel (I, II), autonomous
measurements and sampling on board commercial ferries (I1I), measurements using
an autonomous moored water column profiler (III), and satellite remote sensing (IV).
The combination of different approaches (III, IV) allowed following the high
temporal and spatial heterogeneity and dynamics of nutrients and phytoplankton in
the central part of the Gulf of Finland.

2.1 Multi-disciplinary measurements using research vessel

The main advantage of using research vessel is the possibility to conduct many
measurements simultaneously. At the same time, the processes in the pelagic
environment are often short, lasting only few days or weeks, making it difficult to
organise measurements and sampling in appropriate sea area with the needed spatio-
temporal coverage and resolution to link phenomena of pelagic biology to
hydrophysical features, for instance.

The best strategy, which allows describing short-term changes, is to conduct high
frequent field sampling (I, II) or combined approaches (III, IV). In 2006, seven
surveys from 11 July until 29 August along the Tallinn-Helsinki ferry line were
conducted. Weekly mappings (at 27 stations, distance between stations 2.5 km, Fig.
1) of hydrographical, -chemical and -biological (every second station) fields was
performed along cross-gulf section (I, IT). In July-August 2009 combined approach
of ferrybox, autonomous profiling buoy measurements complemented with weekly
horizontal and biweekly vertical sampling along the cross-gulf section and near the
buoy station, respectively, was used (III). Detailed sampling dates and depths,
together with methods used can be found in papers I-111.

2.2 Ships-of-opportunity

Commercial ferries can be used as carriers of autonomous measurement devices to
enable to follow the high-resolution changes in the sea surface layer. The so called
ships-of-opportunity or ferrybox technique allows to observe the dynamics of
physical, chemical and biological properties in the upper layer in meso- and basin
wide scale with high spatial and temporal frequency and relatively low cost
(Rantajarvi & Leppdnen, 1994). High-resolution transect yield gives much more
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information than point measurements allowing to see the short-term dynamics and
longer-term trends in phytoplankton growth and calculate several phytoplankton
indexes for assessing the sea area (Pulliainen ef al., 2004; Fleming & Kaitala, 2006;
Lips & Lips, 2008; Lips et al., 2014). Obtained high-resolution surface layer data can
be combined with other data to better explain the variability of different parameters
(III). The ferrybox observations are found to be valuable in early warning systems of
cyanobacterial bloom development as cyanobacterial bloom initiation phase is clearly
detectable from ferrybox samples and the probability of formation of intense surface
accumulations can be predicted in advance (Lips, 2005).

High-resolution surface layer temperature and salinity data obtained using
autonomous ferrybox systems are also valuable for modelling. The ferrybox data
have been used to simulate the observed evolution of Chl ¢ on an alongshore transect
in the coastal German Bight (North Sea) and to find out main mechanisms affecting
that evolution of Chl a (Brandt & Wirtz, 2010). Ferrybox systems were used to study
the partial pressure of carbon dioxide in the Baltic Sea (Schneider et al., 2006)
providing valuable validation data for modelling biogeochemical control of the
coupled CO,-0O; system in the Baltic Sea (Omstedt et al., 2014).

Part of the data used in the present thesis were obtained using the ferrybox system
installed aboard the passenger ferry “Baltic Princess” plying between Tallinn and
Helsinki. Ferrybox measurements and sampling in summer (July-August) 2009 were
used (III). The width of the gulf in the study area is less than 80 km, and the
parameters were registered in an approximately 72-km wide area along the ferry route
(excluding an area of approximately 4 km close to each harbour). Water was pumped
through the measuring system as the ferry travelled and the water intake was located
at a depth of approximately 4 m. The temperature (T; PT-100 sensor), salinity (S; FSI
Excell thermosalinograph), and Chl @ fluorescence (SCUFA Turner Design) were
recorded twice a day along the ferry route (Fig. 1) with a time resolution of 20 s,
which corresponds approximately to a spatial resolution of 150 m between each
collected data point. The water sampling from up to 17 locations along the ferry route
was conducted using an automatic refrigerated (4 °C) sampler (Sigma 900 MAX)
(Lips et al., 2014). The collected samples were analysed to determine the
concentration of Chl ¢ and phytoplankton species composition and biomass. Detailed
methods used for sample analysis can be found in paper (III).

2.3 Autonomous moored water column profiler

The time scales of pelagic biological processes are often short and it can be difficult
to arrange surveys using research vessel only to register different processes and
dynamics in the sea. The knowledge of the links between phytoplankton dynamics
and meteorological and oceanographic forcing can be improved by using besides
high-resolution autonomous horizontal in situ observations (e.g. ferrybox) also the
high-resolution vertical in situ observations.

In the frame of present study, the autonomous profiler (Idronaut S.r.l.; surface
buoy designed by Flydog Solutions Ltd.) was deployed close to the ferrybox line in
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sea area with a bottom depth of 86 m (Fig. 1) in July-August 2009 (IIT). The vertical
profiles of temperature, salinity and Chl a fluorescence (OceanSeven 316plus CTD
probe) were registered in the water layer from 2-50 m with predefined time interval
and vertical resolution (in our studies the time interval was 3 hours and vertical
resolution was 10 cm). Additionally an ADCP (acoustic Doppler current profiler,
Teledyne RDI, 300 kHz) was deployed close to the buoy from 27 July to 24™
September in 2009 to measure the flow structure in the whole water column with a
vertical resolution of 2 m.

2.4 Remote sensing

The traditional technique used to study phytoplankton dynamics is either microscopic
examination or laboratory analyses of pigments in water samples. The major
limitation of this methodology is often a temporal and spatial scope due to the amount
of time involved in sample analysis. Spatio-temporal variability of different
environmental parameters (including phytoplankton pigments) is widely studied
using satellite imagery. The distribution patterns of different parameters are mapped
in order to detect changes in either interannual, seasonal or meso-scale (Horstmann,
1983; Siegel et al., 2005; Kahru et al., 2007; Kononen et al., 1997; Laanemets ef al.,
2011). The detection of cyanobacteria surface accumulations in satellite imagery is
probably one of the best tools available to map distributions of cyanobacterial surface
accumulations during cloud-free periods. Satellite remote sensing, complemented
with in situ measurements and wind information, enabled to analyse the spatial
variability of phytoplankton Chl a promoted by upwelling event in 2006 (IV).
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3. HORIZONTAL DISTRIBUTION OF CHLOROPHYLL a
AND INORGANIC NUTRIENTS

The horizontal distribution of phytoplankton in the Gulf of Finland is heterogeneous
and the spatial distribution of phytoplankton Chl a in the euphotic layer is usually
affected by the physical variability of the water body (Kononen & Leppidnen, 1997).
The horizontal distribution of inorganic nutrients and phytoplankton is largely
influenced by hydrophysical processes and structures like estuarine circulation,
meso-scale eddies, fronts and coastal upwelling events in conjunction with life-
strategy (e.g. migration) of plankton and nutrient limitation (Kononen et al., 1996;
Kanoshina et al, 2003; Lips et al, 2005). Due to the hydrophysical forcing
phytoplankton is often transported from one place to another or growth enhancement
may be followed in certain area.

3.1 Estuarine circulation

The intensity or even reversal of the estuarine circulation in the Gulf of Finland,
characterized by an inflow in the deeper layers and an outflow in the surface layer, is
depending on the prevailing winds (Elken et al., 2003; Liblik & Lips, 2011). Usual
circulation in the surface layer consists of inflow of saltier waters from Baltic Proper
along the southern part of the gulf and outflow of less saline waters along the northern
part of the gulf (Alenius et al., 1998). Estuarine circulation is in general controlled
by the inflow of rivers, rainfall, evaporation, and wind.

Estuarine circulation in the Gulf of Finland is intense and upward volume (and
nutrient) transport may support the phytoplankton growth in the surface layer. The
upward volume transport in the gulf is many-fold more intense in case of long-lasting
easterly-north-easterly winds, in comparison to prevailing westerly-south-westerly
winds (Liblik, 2012). In case of intensification of estuarine circulation, salinity in
deep layers is higher, vertical stratification is stronger, and additional amounts of
phosphorus is added into the Gulf of Finland (Lips et al., 2008).

Wind-driven circulation in the Gulf of Finland is highly variable and often
,breaks® the classical estuarine circulation pattern. Several intense meso-scale
features are initiated by variable wind pattern — eddies, upwelling or downwelling,
coastal and frontal jet currents.

3.2 Stratification and vertical mixing

In summer, water column is thermally stratified in the Gulf of Finland and euphotic
upper mixed layer is usually depleted of inorganic nutrients necessary for
phytoplankton growth. Below the seasonal thermocline, inorganic nutrient ratio
(DIN:DIP) is low creating favourable growth conditions to cyanobacteria after the
upward transport of nutrient rich layers (Lips, 2005) as bloom forming filamentous
cyanobacteria in the Baltic Sea are able to fix molecular nitrogen. In the Gulf of
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Finland, any pre-bloom vertical mixing is potentially capable to support the growth
of filamentous cyanobacteria after the re-establishment of vertical stratification. The
other supporting aspect for cyanobacterial growth enhancement is the location of
phosphacline, which is usually at a shallower depth (in the upper part of the seasonal
thermocline; Laanemets et al., 2004) than nitracline, hence vertical mixing will
usually bring up water more rich in phosphates than nitrates and nitrites.

Not only physical and chemical factors affect the distribution of phytoplankton in
the surface layer. Biological capabilities (e.g. vertical migration of phytoplankton)
also play a great role. Many dinoflagellates are known to be capable of vertical
migration (Smayda, 2010) in order to assimilate nutrients (mainly nitrogen) from
lower layers and migrate back to photosynthesise in the well-lit upper layers (e.g.
Fauchot et al., 2005). Hence, keeping nutrient depleted upper layer productive and
phytoplankton biomass high in certain sea areas (III; Lips & Lips, 2014) during
summer stratification conditions.

3.3 Upwelling and downwelling

The overall horizontal distribution of temperature and phytoplankton Chl a in
summer in the Gulf of Finland surface layer is usually quite homogeneous. The
intense horizontal patterns develop during coastal upwelling events when steep
gradients in horizontal temperature and salinity fields have been registered in the sea
surface layer (e.g. Lips et al., 2009) or were visible on satellite remote sensing images
(e.g. Uiboupin & Laanemets, 2009). Coastal upwellings, induced by persistent or
time variable winds, are important in bringing nutrient-rich waters from lower layers
to the euphotic zone, and hence frequently associated with increased biological
productivity (e.g. Maclsaac et al., 1985; Cushing, 1989). Primary production in the
major upwelling areas of the World Ocean is influenced by different factors, such as
upwelling strength, duration and timing; the nutrient concentration of the upwelled
waters, light, and the availability of phytoplankton seed stock (Mann, 2000).
Upwellings in the Baltic Sea are not persistent, but short-time events. They depend
on wind strength and duration.

The coastal upwelling-downwelling events are coupled in the Gulf of Finland
because of the elongated shape of the gulf and relatively short distance (48—135 km)
between northern and southern coasts. In the Gulf of Finland, the upwelling along the
northern coast is induced by south-westerly winds and near the southern coast by
north-easterly winds. Upwellings along the northern coast are more common, because
south-westerly winds are dominating in the area (Soomere & Keevallik, 2003).

Very intense coastal upwelling observed along the southern coast of the Gulf of
Finland in August 2006 had a clear influence to the spatial distribution of
temperature, salinity, inorganic nutrients and phytoplankton (I, II, IV) in the upper
layer. Water temperature in the surface layer along the studied cross-section was
between 18 °C and 21°C at the end of July 2006. After the development of upwelling
along the southern coast at the beginning of August, temperature of the surface layer
in the southern part of the gulf decreased down to 5 °C. Cold and more saline water
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(compared with pre upwelling situation) covered about /5 of the cross-section in the
study area (see Fig. 2 in paper I).

Before an upwelling event (in July 2006), the upper mixed layer was depleted of
nutrients. During the upwelling, phosphate and nitritetnitrate concentrations
increased remarkably in the area covered with upwelled waters. Two weeks after the
initiation of upwelling, by 15™ August, nitrate+nitrite concentrations were already
below the detection limit, while some phosphates were still left. A week later, after
the relaxation of upwelling, concentration of both nutrients in the upper layer was
below the lower detection range (see Fig 3 in paper I).

Phytoplankton Chl @ in the surface layer of investigation area was strongly
influenced by the observed upwelling event and circulation pattern (Fig. 2). The
lowest Chl a values (below 2 mg m™) were measured in the upwelling water near the
southern coast and highest (average 13 mg m™) near the northern coast, in zone of
downwelling. The increase in Chl a concentration in the northern part of the study
area was mostly due to the northward Ekman transport in the surface layer. However,
possible influence of the along shore transport from adjacent coastal areas and growth
enhancement stimulated by a smaller upwelling event in late July near the northern
coast (II) cannot be ignored.
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Figure 2. Horizontal distribution of total Chl @ concentration (mg m; A), Chl @ in >20 um
size fraction (B) and Chl a in <20 pm size fraction (C) in the upper mixed layer during the
study period in July—August 2006. On the x-axis days from the beginning of the study are
shown, and on the y-axis distance from the first (TH1) station is shown in kilometres. Circles
on the map indicate sampling points.

After the relaxation of observed upwelling (by 22™ August), Chl a concentrations in
the upper mixed layer were nearly similar as measured before the upwelling event.
The fluctuations in Chl a concentration during the strong coastal upwelling indicate
the advection of pre-upwelling communities away from the upwelling area and the
time lag in increase of phytoplankton growth in the same area. As during upwelling
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event water is brought from cold intermediate layers into the euphotic zone, the
summer phytoplankton communities responds to changed light conditions and
increased nutrient concentrations with small lag period (e.g. Vahtera et al., 2005)
which length is temperature and light dependant (Ishizaka et al., 1983).

Chlorophyll @ was mainly found in the <20-um size fraction which also had faster
response to changed nutrient conditions. From the results of this study, the increase
in bigger phytoplankton size fraction after the upwelling relaxation due to the
enrichment of nutrients during the upwelling event cannot be stated with very high
confidence. We noticed, that the increase of Chl ¢ in the >20-um fraction in the area
previously affected by upwelling equals with the decrease in concentration in this
size fraction near the opposite coast (I). The temporal changes in smaller size fraction
were similar to the changes of total Chl a content. It is also important to note, that the
phytoplankton species composition of major upwelling areas worldwide are
characterized by chain-forming and colonial diatoms, in the Baltic Sea, small-sized
phytoplankton species (mainly nanoflagellates) benefit.
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4. VERTICAL DISTRIBUTION OF CHLOROPHYLL a
AND INORGANIC NUTRIENTS

Vertical gradients of nutrients and phytoplankton are often stronger than horizontal
ones and are very much dependent on the water column stratification. Vertical
distribution of phytoplankton is determined by availability of major resources (light
and nutrients), grazing, divergence/convergence areas, buoyancy (Fennel & Boss,
2003). In summer, the strong thermal stratification develops in the Gulf of Finland.
The upper mixed layer above the thermocline is usually exhausted of inorganic
nutrients after the spring bloom while there are enough nutrients left below the
thermocline but low light levels do not support the phytoplankton photosynthetic
growth there.

In the stratified water column, when light is added from above and nutrients can
be supplied from below, the sub-surface Chl ¢ maxima may form (Klausmeier &
Litchman, 2001). The sub-surface and deep Chl ¢ maxima are quite often observed
in the Baltic Sea (Kahru ez al., 1982; Kuosa, 1990; Kononen et al., 1998; Pavelson et
al., 1999; 11, III). Several mechanisms and processes, such as a two-layer current,
temporal and spatial variation of pycnocline depth, estuarine structure of
hydrographic fields, minimum of turbulent mixing, play an important role in the
formation and dynamics of these Chl a layers (Dekshenieks et al., 2001; McManus
etal., 2003).

The intensity and thickness of sub-surface Chl ¢ maxima during present studies
were detected as shown in Fig. 3. The difference between the sub-surface maximum
of Chl @ (Chlmax) and local minimum of Chl a above it (Chl;), and the difference
between the depth of local minimum (h;) and the depth h, where Chl @ values below
the maximum decreased back to the same concentration (Chl;) were estimated
respectively.
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Figure 3. Sketch used to define the parameters of sub-surface Chl ¢ maxima.
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In July 2006 the sub-surface Chl « maxima with intensities >0.5 pg 1" were registered
at 37 stations out of 80 stations visited. The highest observed Chl a values in these
layers were 10.5 pg I on 11 July, 12.2 ug 1" and 11.4 pg 1" on 19-20 July, and 8.2
ng 1" on 25 July. At the same time, the Chl @ values at the surface layers were on
average between 6-8 pg I''. The depth of Chl ¢ maxima varied between 14.5 and 35
m and the average depth of maxima was 23 + 4.6 m.

4.1 Stratification and vertical mixing

Processes, which lead to vertical transport and mixing, are very important in the
strongly stratified sea to the whole phytoplankton community, including the
formation of sub-surface and deep phytoplankton biomass maxima (I, III).

Several studies have confirmed that phytoplankton sub-surface Chl ¢ maximas are
common in summer in stratified Gulf of Finland (II, III, Lips & Lips, 2014). These
maxima usually locate at the base of thermocline and coincide well with the depth of
nutriclines. The study in July 2006 revealed that these maxima were located an
average at depth of 23 m. The concurrent light measurements allowed to show that
these maxima were observed significantly below the photic depth (II). Several
estimates based on the field measurements indicate that in certain conditions the
upward nutrient fluxes may support formation and maintenance of sub-surface Chl a
maxima (Sharples et al., 2001; Lund-Hansen et al., 2006; Hales et al., 2009). During
our study, the upward transport of nutrients seemed not to be the only mechanism to
maintain the observed sub-surface maxima along the entire studied cross-section and
hence, other processes responsible for development and maintenance of these
maxima had to be analysed. The cross-transect geostrophic velocity distributions
revealed that the sub-surface Chl ¢ maxima layers detected in the Gulf of Finland in
July 2006 were located mostly at the base of anti-cyclonic circulation cells where the
isopycnals were depressed (Fig. 4).

The patchy distribution of Chl a in sub-surface and deep layers could be favoured
by the combination of physical, chemical and biological processes. The ability of
cells to migrate to deeper depths and maintain in these depths (the shallowest depth
where high enough nutrient concentrations were available for growth, see Fig. 6 in
paper II) together with horizontal convergence of waters along the depressed
isopycnals at the base of anti-cyclonic circulation cells could have supported these
maxima studied in 2006. A clear weakening of the stratification with the depth just
below observed maxima could be considered as an indirect indication of vertical
mixing and concurrent nutrient fluxes supporting the possible nutrient uptake there.

To confirm the hypothesis, that some species in summer phytoplankton
community are able to perform such deep vertical migrations, the downward/upward
migration of phytoplankton community dominated by dinoflagellate Heterocapsa
triguetra Ehrenberg (Stein) in the Gulf of Finland in July 2009 was registered using
the autonomous profiling buoy system complemented with vertical sampling abroad
research vessel (III).
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Figure 4. Vertical sections of cross-transect geostrophic current velocity on 11(a), 19-20 (b)
and 25 (¢) July 2006. The reference level of no motion was chosen at 40 dbar in the open gulf
and at the seabed in the shallow areas. Corresponding density anomaly distribution (density —
1000 kg m) is shown by black contour lines. Dotted lines indicate profiles; values on x-axis
are distance from the southernmost station (THI1); station numbers are shown above.
Observed sub-surface Chl @ maxima are indicated as black circles scaled proportionally to the
intensity of maxima.

24



High-resolution vertical profiling revealed remarkable diurnal and bi-diurnal
variations of the vertical distribution and temporal evolution of temperature, salinity
and Chl a (see Fig. 2 in Paper III). It is showed by earlier studies that swimming
enables nutrient deficient dinoflagellate cells to migrate to the deeper layers where
they are able for dark-assimilation of nitrates (e.g. Fauchot et al., 2005), including H.
triquetra as observed by Paasche et al., 1984). The diurnal (and possible bi-diurnal)
vertical migration pattern was illustrated by a series of consecutive vertical profiles
of Chl a registered by autonomous profiling buoy station with 3 h time interval within
30 h on 26-27 July 2009 (Fig. 5). The downward migration of phytoplankton was
measured after 6 p.m. reaching the depth of 20 m 12 h later. During next 6 hours two
maxima — one at 3 m depth (near the surface), the second at 27 m — developed.
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Figure 5. Changes in the vertical distribution of Chl a at the buoy station AP5 from noon on
26 July until 9 p.m. on 27 July 2009. Values on the x-axis are correct for the first profile. Each
subsequent profile is shifted to the right by 3 mg m in relation to the preceding one.

The thermocline was at the depth between 13 and 23 m. It was calculated that Chl a
maximum moved downward during the night with an approximate speed of 1.6 m h°
!. The detectable amount of nutrients were measured below the strongest density
gradient at depths >25 m (III). The depths of 28-34 m, where phytoplankton biomass
maxima were observed in July 2009, are in principle reachable by diurnal migratory
behaviour. However, the observed swimming speed of 1.6 m h™! is not enough for
cells to migrate to a depth >25 m, assimilate nitrogen, and swim back to the surface
within 24 h. As many profiles with two vertically separated maxima of Chl a were
registered during our study, the migration cycle >24 h and the bimodal vertical
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distribution as a consequence of asynchronous migration pattern was suggested (part
of the community is migrating downwards and part is returning to the sea surface).
Our results indicate that the downward migration is clearly synchronous while the
upward migration could be asynchronous and depend on the time period needed to
reach the nutrient rich layer and uptake enough nitrogen (see Fig. 6 in Paper III).

4.2 Upwelling and downwelling

Coastal upwellings can significantly contribute to the vertical mixing of the Gulf of
Finland waters. Hence, being an important processes bringing nutrient rich waters
from deeper layers to the surface during strong summer stratification period, and
influencing the phytoplankton dynamics in the upper layer and in the whole water
column (Vabhtera et al., 2005; Lips et al., 2009; Lips et al., 2010; 1, II).

Coastal upwellings are frequent events in the Gulf of Finland and in the whole
Baltic Sea (e.g. Myrberg & Andrejev, 2003). According to earlier studies, summer
upwelling events usually transport nutrients from lower layers with excess of
phosphorus in relation to the Redfield ratio (N: P of 16:1; Redfield et al., 1963) into
the surface layer in the Gulf of Finland (Haapala, 1994; Kononen ef al., 2003, Vahtera
et al., 2005, Lips et al., 2009). Due to this, upwellings are one of the mayor internal
sources of phosphorus for nitrogen fixing cyanobacterial blooms (Vahtera et al.,
2005; Lips & Lips, 2008). The major upwelling event observed in August 2006 along
the southern (Estonian) coast brought phosphorus into the surface layer in amounts
which is equal to the riverine load of total phosphorus to the entire Gulf of Finland
during one month (HELCOM, 2004; Lips et.al., 2009).

A smaller upwelling event near the northern coast of study area was observed in
mid July 2006 (II). Vertical profiles registered on 19-20 July demonstrate well the
influence of coupled upwelling-downwelling event on the vertical distribution of
temperature and Chl a along the cross-section (see paper II; Fig. 4 and 5). Vertical
profiles of Chl a also revealed the occurrence of sub-surface maximum layers of
phytoplankton at several sampling stations in the central part of the gulf cross-section
in the beginning and end of July (Fig. 6) characterised with strong thermal
stratification. After the development of small upwelling event near the northern coast
of the gulf (registered on 19-20 July 2006), coupled with downwelling near the
southern coast, the most intensive deep Chl a maxima were registered in the
thermocline in the downwelling area. In this downwelling area, the thermocline had
its deepest position but the horizontal convergence of waters could be expected.
Therefore, it was concluded that intense Chl ¢ maxima could be formed due to the
accumulation of downward migrated phytoplankton near the base of the meso-scale
features (II).
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Figure 6. Vertical sections of Chl a on 11(a), 19-20 (b) and 25(c) July2006. Dotted lines
indicate profiles; values on x-axis are distance from the southernmost station (TH1); station
numbers are shown above.

27



5. CHLOROPHYLL a AND CHL a FLUORESCENCE FOR
ENVIRONMENT ASSESSMENT

Countries surrounding the Baltic Sea being Contracting Parties to the Helsinki
Convention have agreed to implement the Baltic Sea Action Plan (BSAP), first
adopted in 2007 and updated in 2013 (www.helcom.fi/ baltic-sea-action-plan). One
of the main environmental problems tackled by the BSAP is eutrophication of the
Baltic Sea. A number of measures to reduce external inputs of nitrogen and
phosphorus to the sea were taken, however, the concentrations of nutrients have not
declined proportionally yet. According to the model prediction, if nutrient reduction
targets (agreed by HELCOM) are fulfilled, concentrations of nutrients will decline
and the Baltic Sea ecosystem will recover. Due to the restricted water exchange and
accumulation of nutrients in the system, it will take long time to reach the target levels
of eutrophication status. Thus, nutrient reduction measures should be implemented
as fast as possible.

Phytoplankton growth increases along with increased eutrophication, as a result
of increased nutrient concentrations in the water body. Chlorophyll a concentration
is often used as a proxy of phytoplankton biomass. Assessment of eutrophication
status of the open sea areas of Baltic Sea is based on an integration of commonly
agreed core indicators (HELCOM, 2014): inorganic nitrogen (DIN) concentration,
inorganic phosphorus (DIP) concentration, Chl a concentration, water transparency
(Secchi depth) and oxygen concentration (oxygen debt). Core indicators are
developed to assess whether the agreed ecological objectives are achieved or not.
According to the BSAP the ecological objectives under the eutrophication topic are:
clear water, concentrations of nutrients (DIN, DIP) in the surface layer close to
natural levels, natural level of algal blooms and natural oxygen levels.

Special attention in present thesis is paid on horizontal and vertical distribution of
Chl a influenced by processes other than direct anthropogenic nutrient loading. Like
pointed out above, the concentration of Chl « is used as an indicator in the assessment
of the state of the marine environment. Analyses of Chl a are relatively cheap and
fast, compared to the analyses of phytoplankton biomass and species composition.
Hence, the number of samples to be taken and analysed is large, thereby the reliability
of assessments is increased. However, one should have knowledge of possible
hydrophysical processes affecting the Chl a dynamics. Low Chl a in the upwelling
area is not a result of successful measures to tackle with eutrophication. Similarly,
the high Chl a values in the downwelling area are not caused by the intensified
external nutrient loading. Hence, in assessing the environmental status of the sea area,
it is very important to understand and explain processes influencing the spatial pattern
of phytoplankton. Measurements using satellite radiometers of water-leaving
radiance in the visible range (ocean colour), are also widely used to determine the
Chl a concentration in the sea surface layer and to register the spatial coverage of it.
The satellite images obtained during cloud free periods significantly increase the
understanding of Chl a dynamics. Hence, further development of algorithms specific
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for different regions in the Baltic Sea, should be continued in order to use satellite
remote sensing as one reliable tool in marine monitoring.

Measurements of Chl a are included in most eutrophication monitoring
programmes, and Chl a represents the biological eutrophication indicator with the
best geographical coverage at the European level (EEA, 2011). The present study
demonstrates well that phytoplankton vertical distribution is not homogeneous and
very high Chl a concentrations often exist at depths far lower compared where the
water samples are collected during environmental monitoring. Using advanced
monitoring technologies (e.g. measurements by ferrybox or autonomous buoy
stations), high temporal and/or spatial measurements of Chl a fluorescence are
performed. If fluorescence measurements are used to estimate Chl a content, we need
to take into consideration that the relationship between fluorescence yield and Chl a
concentration may differ depending on species composition and physiological
condition of the phytoplankton, nutrient limitation, and photoquenching (Kelly-
Gerreyn et al., 2004). Photoquenching is dependent on the daily illumination history.
When exposed to daylight, phytoplankton fluoresces is less in comparison to evening
and night. It is suggested by Kelly-Gerreyn et al. (2004) that error, which may arise
due to the photoquenching effect of sunlight, can be minimised by making
measurements during darkness. So, how time of the day affects the fluorescence data?
Are the results affected significantly by solar radiation during the day time, and what
would be the difference in the results in comparison with the Chl a estimates based
on evening or night measurements when the solar activity is not high?

In order to assess how time of the measurements affects the estimates of Chl a
concentration, a study was conducted in summer 2012. Ferrybox system on board of
the passenger ferry Baltic Princess made measurements of fluorescence twice a day
— in early afternoon, from 1.30 p.m. until 5 p.m. and evening, from 6.30 p.m. until
10.00 p.m. Thus, the fluorescence data along the same transect were recorded under
conditions of different solar activity. Chl a concentrations were measured from the
water samples collected during the both trips by the flow-through system of Ferrybox.
Chl a fluorescence values obtained in the early afternoon were significantly lower at
times of high solar radiation compared the ones obtained during lower solar radiation
(Stoichescu et al., unpublished data). As the use of autonomous devices in purpose
of marine environment are increasing, the special conversion factors for different
solar radiation conditions needs to be determined in order to use fluorescence data
for marine monitoring purposes.

In conclusion, Chl a concentrations can be used to assess the effects of measures
taken to reduce eutrophication and improve the ecological status of the water body.
However, one have to be aware that due to variations in freshwater run-off, light
climate, and internal cycling processes, trends in Chl a concentrations as such cannot
be directly related to measures, but must be evaluated in a broader context.
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CONCLUSIONS

This thesis investigated the influence and importance of varying meso-scale
hydrophysical processes on the spatio-temporal dynamics of inorganic nutrients and
phytoplankton chlorophyll a in the vertically stratified Gulf of Finland. In order to
assess the anthropogenic influence to the marine ecosystem and take measures to
control eutrophication, natural processes and climatic fluctuations need to be well
understood. Today, Chl a is the most widely used phytoplankton metric providing
high confident information for the ecological classification of the Baltic Sea waters.

This study is based on combination of different approaches, including traditional
measurements aboard research vessel coupled with latest technological capabilities
using autonomous horizontal and vertical high-resolution measuring devices. The
interdisciplinary data collected in summer 2006 and 2009 in the central part of the
Gulf of Finland are presented.

The horizontal and vertical dynamics of inorganic nutrients and Chl a influenced
by different meso-scale hydrophysical processes were registered with high temporal
and spatial resolution. The data were collected in vertical resolution from 10 cm up
to 10 m with temporal resolution from 3 h up to 2 weeks, and horizontal resolution
along the gulfs cross-section from approximately 150 m up to 5 km with temporal
resolution from 1 day up to 1 week.

In summer, when the water column in the Gulf of Finland is thermally stratified
and euphotic layer is mostly nutrient limited, phytoplankton growth and spatial
distribution is highly influenced by prevailing hydrophysical features caused by
variable wind impulses. Wind induced processes, like upwelling/downwelling,
eddies, coastal currents and jets, in the background of estuarine circulation cause
movements of water-masses (and substances in it) both horizontally and vertically.
Besides physical, and connected chemical factors, the dynamics and distribution of
phytoplankton communities is largely influenced by species-specific biological
adaptations, like fixation of molecular nitrogen, storage of limiting nutrients in cells
for later use, extensive vertical migration, dark assimilation of nutrient, fast response
to short nutrient impulses etc.

The main results of the present thesis can be summarised as follows:

e As coastal upwelling and downwelling are coupled in the Gulf of Finland,
the dramatic simultaneous changes in the inorganic nutrient field and
distribution of phytoplankton communities in the surface layer near the
northern and southern coast appear.

e During intensive upwelling events the horizontal Ekman transport is the
major process shaping the distribution of phytoplankton biomass in size-
fraction >20 pm. The warmer surface layer is transported towards the
opposite coast off from the upwelling region, concentrating pre upwelling
phytoplankton communities in the downwelling area. At the same time, the
upwelled waters have low Chl a concentration.
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The summer phytoplankton communities respond to the nutrient inputs
induced by coastal upwelling with certain time lag, and, unlikely from major
World Ocean coastal upwelling areas, nanoflagellates show the fastest
response to upwelled nutrients in the Gulf of Finland.

In summer, strong thermal stratification inhibits the mixing between nutrient
depleted surface layer and nutrient rich lower layers, hence separates the light
and nutrients, necessary for phytoplankton growth. Under these conditions
the ability to migrate vertically and assimilate nutrients in the dark, will make
some phytoplankton species more competitive.

Phytoplankton sub-surface or deep maxima are common features in summer
in the stratified Gulf of Finland. The formation of sub-surface phytoplankton
layers in the Gulf of Finland is not only due to the ability of some species to
migrate vertically, but is the combination of physical, chemical and
biological processes. Certain vertical mixing-stratification features are
prerequisite for development and maintenance of such layers. Sub-surface
maxima of Chl a are almost always found at the base of thermocline and
coincide well with the depth of nutriclines. The thin layers of high Chl a
concentration are often found at the base of anti-cyclonic circulating cells
with horizontal convergence of water along the depressed isopycnals.

The most prominent migrations through the strongest vertical density
gradients towards nitracline, even below 30 m depth, were registered when
dinoflagellate Heterocapsa triquetra (phytoplankter with cell size of 20-25
um) dominated in the phytoplankton community.

The diurnal and bi-diurnal migration patterns of H. triquetra with downward
migration of 1.6 m h™' were estimated on the basis of vertical dynamics of
Chl a. This is the first documented migration speed record for this species in
the field. The asynchronous migration patterns often create the bimodal
distribution of Chl a.

The ability to migrate in deep layers, assimilate nutrients in the dark followed
by migration back to the surface layer will also act as “biological nutrient
pump”’, and will help to keep nutrient limited surface layer productive also
during summer thermal stratification.

High-resolution measurements and sampling revealed the high spatial and
temporal variability in summer phytoplankton community. The spatio-
temporal variability of Chl a estimated from MERIS data confirmed the
strong influence of meso-scale processes to the spatial variability of
phytoplankton Chl a.
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Abstract Temporal variation and distribution of
chlorophyll a and nutrients concentration was eval-
uated on the basis of field observations in August
2006 in the Gulf of Finland. Strong easterly winds in
August 2006 generated an upwelling event along the
Estonian coast of the Gulf of Finland. It caused a drop
of the water-surface temperature and nutrient enrich-
ment of the upper layer. At first, the chlorophyll a
declined in the area affected by the upwelled water
due to the strong advective transport of the chloro-
phyll a rich waters towards the northern coast and
due to the intensive water mixing and low seed
population in the upwelling waters. After stabiliza-
tion of the upwelling, nutrients from the upper mixed
layer were consumed fast: there were no nitrites +
nitrates left one week later, and phosphate concen-
tration was under the detection limit 2 weeks later.
The smaller phytoplankton size fraction showed
faster response to the upwelled nutrients compared
with the bigger size fraction, showing the increase in
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chlorophyll a content already during the stabilization
of the upwelling. The increase in chlorophyll «
concentration in >20-pm size fraction at stations
influenced by upwelling was observed only after
the relaxation of the upwelling and formation of
stratification.

Keywords Upwelling - Nutrients - Chlorophyll a -
Gulf of Finland - Baltic Sea

Introduction

The availability of nitrogen and phosphorus is one of
the factors regulating phytoplankton growth (Hecky
& Kilham, 1988). The nutrient balance of the Gulf of
Finland is governed by inputs from the catchment
area, exchange between the Gulf and the Baltic
Proper, as well as exchange between sea bed
sediments and the water column (Pitkdnen et al.,
2001). There is a seasonal difference in the upper
layer inorganic nutrient concentration in the Gulf of
Finland: maximum values are observed in winter and
minimum in summer. The summer period is charac-
terized by the development of a strong thermocline
which prevents mixing between the nutrient depleted
upper layer and the nutrient-rich lower layers. Wind-
induced vertical mixing and upwelling are important
processes during this period in bringing nutrient-rich
waters from deeper layers to the surface (Haapala,
1994; Lilover et al., 2003).
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In the world’s oceans equator-ward winds along
their eastern boundaries drive offshore surface Ekman
transport and the upwelling of cold, nutrient-rich water
into the euphotic zone, stimulating high phytoplankton
production near the coast (Pauly & Christensen, 1995).
Examples of such quasi-persistent phenomena include
the California Current, the Humboldt Current, the
Benguela Current and the Canary Current. Wind-
induced coastal upwellings can also be temporary
events forced by variable winds with time scales from a
few days to a week. The consequences for the biota in
such rapidly fluctuating regions are likely to be
different to consequences of quasi-persistent upwell-
ing systems, where more time is available for plankton
blooms to develop transported persistently offshore. In
a short-period oscillating system, the plankton com-
munity may not be moved far before being brought
back again into the coastal area (Schumann, 1999).
Also in short-period oscillating systems, the response
of small- and bigger-sized phytoplankton community
differs from the response in the major upwelling areas
of the world (Wilkerson et al., 2006). Owing to the
prevailing south-westerly winds, time variable upwell-
ing events are relatively frequent along the northern
coast of the Gulf of Finland (Myrberg & Andrejev,
2003). However, the high variability of atmospheric
forcing in the Baltic region could often generate a
series of variable, coupled upwelling—downwelling
events in the elongated Gulf of Finland (Talpsepp,
2008).

There have only been a small number of direct field
observations of coastal upwellings in the Gulf of
Finland (e.g. Kononen & Niemi, 1986; Haapala,
1994). The influence of such upwelling events on the
phytoplankton growth and distribution were investi-
gated 20 years ago under different nutrient limitation
situation (phosphorus was suggested to be the limiting
nutrient; Talpsepp et al., 1994). In later investigations,
the impacts on the phytoplankton growth, distribution
and community composition were analysed mainly in
relation to the temperature variations and horizontal
advection associated with the upwelling events (e.g.
Kanoshina et al., 2003). Chemical parameters have
been included in the analysis only on a short term—
during the upwelling and few days after (Vahteraet al.,
2005). Longer term impacts of upwelling events on
the nutrient content in the upper layer are based
on modelling exercises (Zhurbas et al., 2008). The
influence of the upwelled inorganic nutrients on
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phytoplankton growth during and after the upwelling
events have not been measured directly in the field,
because there are only short periods, in which the wind
conditions are favourable for development of upwell-
ing events, and it is difficult to maintain the necessary
readiness to take advantage of such wind conditions
when they occur.

The objective of the present article is to describe the
temporal variation and spatial distribution of nutrient
concentrations and evaluate the consequent adjustment
of phytoplankton expressed as chlorophyll a content on
the basis of field observations before, during and after
the major upwelling event in late summer 2006 in the
Gulf of Finland (Baltic Sea).

Materials and methods

Weekly mappings of hydrographical, -chemical and
-biological fields were done across the Gulf of Finland
between Tallinn and Helsinki during the period in
July—August 2006 (11 July, 19-20 July, 25 July,
8 August, 15-16 August, 22 August and 29 August).
Vertical profiles of temperature, salinity and chloro-
phyll a fluorescence were recorded at 27 stations.
Distance between stations was 2.6 km. Measurements
were carried out using a NBIS Mark III CTD
(conductivity, temperature and depth) probe and
Seabird CTD probe (SBE 19) equipped with a Wetstar
fluorimeter. Salinity data quality was checked on the
basis of water sample analyses by a high precision
salinometer AUTOSAL (Guildline).

Water samples for chemical analyses (PO,
NO,™ + NO;7) were collected at 14 stations (every
second station, distance between stations 5.2 km;
except on 19-20 July when sampling was made only
at the northernmost stations TH19-27). A rosette with
8 Niskin water samplers (volume 1.7 1) was used for
sampling. Analyses were made from the pooled
samples to represent the upper mixed layer (UML).
The samples were prepared at all stations by pooling
three water samples taken at different depths from the
surface down to the seasonal thermocline, the depth
of which was determined from the CTD casts.
Nutrient analyses were carried out according to the
guidelines of American Public Health Association
(APHA, 1992), methods 4500-NO3 F and 4500-P F.
Samples for phosphates (PO,°>") were mostly ana-
lysed immediately after sampling onboard research
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vessel ‘Kake’, and samples for dissolved inorganic
nitrogen compounds (NO,~ + NO;™) determination
were deep-frozen after collection and analysed later
in the laboratory. Phosphates and nitrites + nitrates
were analysed using automatic nutrient analyser
pMac 1000 (Systea S.rl.). The lower detection
range for phosphate-phosphorus and nitrate + ni-
trite-nitrogen was 2 ppb (corresponds to 0.06 and
0.14 pmol 17, respectively).

The pooled water samples from the UML, prepared
as described above, were analysed for chlorophyll a
(Chl a) content in two size fractions—the separation of
the >20-um size fraction was made to assess the
growth of filamentous cyanobacteria, bigger dinofla-
gellates (e.g. Heterocapsa triquetra, Dinophysis spp.)
and photosynthetic ciliates (Mesodinium rubrum). The
size fractionated chlorophyll a was achieved by
pouring the pooled sample through a 20-um mesh.
The Chl a concentration in the pooled sample (total Chl
a concentration) and in the <20-pm size fraction were
determined on Millipore APFF glass-fibre filters
following the extraction at the room temperature in
dark with 96% ethanol for 24 h. Chlorophyll @ content

from the extract was measured spectrophotometrically
(Thermo Helios y; photometric accuracy: £0.005 A at
1 A) in laboratory (HELCOM, 1988). In order to
obtain the Chl a concentration in >20-pm size fraction
the concentrations of <20-um size fraction were
subtracted from the total concentration.

Additional water samples for Chl a analyses were
collected at each station from different depths to
validate the fluorescence measurements conducted
using SBE 19 equipped with Wetstar fluorimeter. In
total 85 Chl a values were obtained and used to get a
calibration line for converting measured fluorescence
(F1) values to Chl a. One calibration line Chl
a=0.50 x FI + 1.71 (r2 = 0.49; P < 0.01) for the
whole data set was used. All fluorescence measure-
ments described in this article were made during
daylight hours (Fig. 1).

Results

At the end of July, the vertical temperature and
salinity distribution was characteristic for the summer

Fig. 1 The map of the 60°15' N
study area in the Gulf of
Finland and the locations of
sampling stations
(TH1-TH27)
60°00" N
[N
S
£ 59°45' N
©
-
59°30" N
59°15'N
24°00'E

T T
25°00' E 25°30' E 26°00'E

Longitude

|
24°30'E

@ Springer



224

Hydrobiologia (2010) 639:221-230

8 August

Depth (m)

Depth (m)

Depth (m)

10 20 30 40 50
Distance (km)

Distance (km)

22 August

40
Distance (km)

Fig. 2 Vertical section of temperature (°C; A-C), salinity (%o D-F) and chlorophyll a (mg m; G-I) on 25th July, 8th and 22nd
August 2006. On the x-axis distance is shown in kilometers starting from the first (TH1) station

period in this region of the Baltic Sea. The thermo-
cline was mostly situated at depths of 10-20 m
(Fig. 2A). A nearly linear downward increase of
salinity (Fig. 2D) in the thermocline strengthened
the stratification. The thermocline was narrower in
the southern part and wider in the northern part of the
cross-section. Water temperature in the upper 10 m
layer was between 15 and 21°C. At the beginning of
August, after the development of an upwelling along
the southern coast of the Gulf of Finland (close to the
Estonian coast), low temperature values were
recorded in the surface waters of the southern part
of the cross-section (down to 5°C; Fig. 2B). The cold
water covered about 1/3 of the cross-section during
the upwelling event. Higher surface water tempera-
tures, with maximum of 21°C, and downward shifted
thermocline were observed in the central and north-
ern part of the Gulf (Fig. 2B). Two weeks later the
upwelling vanished. At this time, a narrower warm
surface layer (temperatures between 15 and 19°C and
depth between 3 and 12.5 m) together with wider
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thermocline compared with pre-upwelling time had
been formed (Fig. 2C).

Salinity distribution in the UML along the mea-
sured transect was quite even at the end of July
(Fig. 2D). An increase in salinity from 4.6—4.8%o to
6.2-6.4%0 near the southern coast was measured
during the upwelling event on 8th August 2006
(Fig. 2E) and low salinity surface water mass was
observed in the second half of August in the northern
part of the cross-section (Fig. 2F) after the relaxation
of the upwelling.

Chlorophyll a values obtained by converting
fluorescence data using the found calibration equation
showed concentrations near the surface of up to
6.5 mg m~" in the northern part of the Gulf on 25th
July (Fig. 2G). There were some patches of subsur-
face Chl a maxima observed in the lower part of the
thermocline before the upwelling event. During the
upwelling, the Chl a concentrations in the upwelled
colder water were below 2 mg m ™ and at the same
time, high Chl a concentrations (average 13 mg m™>)
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were measured near the northern coast (Fig. 2H). By
22nd August, after the relaxation of observed
upwelling, the Chl a concentrations in the upper
layer were more or less evenly distributed along the
cross-section, and were in the same range, with
concentrations measured before the upwelling event
(Fig. 2I).

At the beginning of the study, the UML was
depleted of both nitrites + nitrates and dissolved
inorganic phosphorus (DIP; Fig. 3), and nutriclines
were located just below or in the lower part of the
thermocline (Lips et al., 2009: Fig. 5a, b). During the
upwelling event (measurements on 8th August), high
nutrient concentrations were measured in the upwell-
ing region—0.7 and 0.4 pmol 17! for nitrites + ni-
trates and DIP, respectively. By 15th August all
nitrites + nitrates were depleted from the surface
layer (Fig. 3A), while there was still DIP left
(Fig. 3B). On 22nd August, both nitrites 4 nitrates
and DIP concentrations in the UML were below the
lower detection range. The higher DIP values in the
southern part of the Gulf on 29th August are due to
the development of a next upwelling event.

Total Chl a concentrations measured in the pooled
samples from the UML in July before the upwelling

TH27
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= =
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Fig. 3 Horizontal distribution of dissolved inorganic nitrogen
compounds (A; NO,  + NO;; pmol 1_') and dissolved
inorganic phosphorus (B; pmol 17" in the upper mixed layer
during the study period in July—August 2006. On the x-axis

Distance (km)

event were between 3.4 and 7.1 mg m~> (Fig. 4A).
On 11th and 19th July higher values of Chl a were
measured in the southern and central part of the
cross-section, while lower values were detected in
the northern part. The distribution of Chl a concen-
tration measured at the end of July was opposite to
the previous period—higher concentrations were
measured at the northern part of the cross-section.
Chlorophyll a was found mainly in the <20-pm size
fraction before the upwelling (between 2.3 and
49 mgm~> on 11th July and between 3.3 and
4.7 mg m™ on 25th July; Fig. 4C) forming a slightly
higher (84% of total) portion on 25th July in the
seven southernmost stations compared with concen-
trations on 11th July at the same region (71% of
total). The highest concentrations of the >20-um
fraction before the upwelling were measured on 11th
July at stations THI and TH3 (2.9 and 2.8 mg m~>,
respectively; distance 0-5.2 km on Fig. 4B) forming
40% of the total Chl a concentration.

During the upwelling, the total Chl a concentra-
tions in the UML along the cross-section changed
considerably (1.6-15.5 mg m>; Fig. 4A). It remained
below 2 mg m™> in the area affected by the upwell-
ing (stations TH1-TH7, distance 0-15.6 km) and

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Stations

11.07.

dates of the study are shown, and on the y-axis distance from
the first (THI1) station is shown in kilometers. Circles on the
map indicate sampling points
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Fig. 4 Horizontal distribution of total chlorophyll a concen-
tration (mg m; A), chlorophyll @ in >20 pm size fraction (B)
and chlorophyll @ in <20 pm size fraction (C) in the upper
mixed layer during the study period in July—August 2006. On

showing the highest values at the northern end of the
cross-section (Fig. 4A). The Chl a concentrations in
the >20-pum size fraction in the upwelling water were
very low (0.02-0.6 mg m—) and still low, but on
average 2.5 times higher in the central part of the
cross-section (0.7-1.5 mg m~; Fig. 4B). Even the
total concentration of Chl a was low in the area
affected by upwelling, the proportion of >20-um size
fraction was surprisingly high at station TH7 (80%)
when compared with the average contribution of this
size fraction to the total value (31%; contribution
range between 1 and 80%) in the upwelling region.
After the stabilization of the upwelling on 15-16th
August, the total Chl a values near the southern
coast (stations THI-TH7, distance 0-15.6 km from
the southern coast) reached to the same level
compared with the pre-upwelling concentrations
(3.3-4.4 mg m~%; Fig. 4A). On average only 3% of
total Chl a concentration was formed by >20-pum
size fraction (0-0.3 mg m~>). In the central part
of the cross-section (stations TH9-TH19, distance
20.8—46.8 km), the total Chl a concentrations were in
the similar range (3.3—4.9 mg m ™), but the contri-
bution of the >20-um size fraction to the total
(Fig. 4A, B) was higher (on average 12% of the total
concentration compared with the 3% at stations TH1-
TH7) and a noticeable rising gradient towards north
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was detected (values between 0 and 1.1 mg m73). At
the northern end of the cross-section, the total Chl a
values were between 4.5 and 8.5 mg m~> of which
on average 28% was formed by the >20-pum size
fraction.

On 22nd August, the highest values (4.6-5.9
mg m ) of total Chl a during the whole study period
in July—August were measured at stations TH1-TH7.
The northern part of the cross-section (stations
TH21-TH27) was characterized with more or less
even and slightly higher total Chl a concentrations
(5.3-5.6 mg m™>) compared with more patchy central
part (stations TH9-TH19; 3.9-4.6 mg m>). The
contribution of >20-um size fraction to the total
concentration was low (0.2-1.5 mg m™>) forming on
average 16, 18 and 20% of the total Chl a concentration
at southern, central and northern part, respectively, on
that day.

The 29th August is characterized by lowest total
Chl a concentrations (2.2-4.8 mg m~>) during the
measurements period. A continuous increase in
concentrations towards north due to the development
of a next upwelling event along the southern coast of
Gulf of Finland was observed, but the contribution of
bigger size class was the lowest for the entire study
period (on average 12% of the total with concentra-
tions below 1 mg m™>).
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There was a clear difference in the growth
response to the upwelled nutrients and stabilization
of water column observed in smaller and bigger size
fractions. The Chl a concentration in smaller size
fraction increased already during the stabilization of
observed upwelling on 15th August (Fig. 5b), while
the increase in bigger size fraction was observed after
the relaxation of upwelling on 22nd August (Fig. 5a).
At the same time, the temporal variations of Chl a
concentrations in the smaller and bigger size fractions
were similar to each other in the northernmost part of
the cross-section (Fig. 5S¢, d). The highest Chl a
concentration was observed on 8th August, when a
coupled downwelling was developed near the north-
ern coast.

Discussion

Coastal upwellings, induced by persistent or time
variable winds, bring nutrient-rich water up into the
euphotic zone, and thus are frequently associated
with increased biological productivity (e.g. Maclsaac
et al., 1985; Cushing, 1989). The effect of time-
variable upwelling on summer phytoplankton in the
Baltic Sea depends on the duration of the upwelling/
relaxation cycle, the phytoplankton species composi-
tion before the upwelling both in the upper layer and
in the thermocline, and the nutrient ratios and
temperature of the upwelled water. During the coastal
upwelling described in the present article, the
consecutive surface temperature and salinity values
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Fig. 5 Average concentrations and standard deviations of
chlorophyll a (mg m™>) in >20-pum size fraction at stations
TH1-TH7 (a) and TH21-TH27 (c), and average concentrations

and standard deviations of chlorophyll @ in <20-um size
fraction at stations THI-TH7 (b) and TH21-TH27 (d; note the
different scale) during the study period in summer 2006
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as well as concentrations of dissolved inorganic
nutrients and phytoplankton chlorophyll a revealed
large changes in only a few weeks. Answers to the
key question on the consequences of an upwelling
event seem to depend on the temporal and spatial
scales of the processes involved.

According to Myrberg (1998), the overall hori-
zontal distribution of the surface water temperature in
the Gulf of Finland during summer is usually quite
homogeneous. In July 2006, before the upwelling
event, a warm surface layer (around 20°C) was
observed along the whole cross-section (Fig. 2A).
During the upwelling, strong horizontal gradients
developed (Fig. 2B), while quite homogeneous tem-
perature distribution along the cross-section was
measured again 2 weeks later (Fig. 2C). It has been
shown in earlier studies (Haapala, 1994; Alenius
et al., 1998) that the surface-layer water temperature
may drop more than 10°C within hours and nutrient
concentrations may increase markedly during coastal
upwellings in the Gulf of Finland. During this study,
the surface-layer temperature dropped from 20°C to
5-11°C (Fig. 2A, B). At the same time, the concen-
trations of inorganic nutrients increased remarkably:
before the upwelling the concentrations of phosphates
(DIP) and nitrites + nitrates in the surface layer were
below the lower detection range, while during the
upwelling the values as high as 0.3-0.8 pmol 17! for
nitrites + nitrates (Fig. 3A) and 0.3-0.5 umol 17! for
DIP (Fig. 3B) were measured.

The response of phytoplankton growth to
the observed meso-scale processes is described on
the basis on Chl a data. Phytoplankton Chl a in the
investigation area was strongly influenced by the
observed upwelling event and circulation pattern by
two means: new nutrient input enhancing growth and
by passive advection/accumulation of the existing
phytoplankton biomass. In open ocean upwelling
systems, phytoplankton move offshore and concen-
trate at some distance from the coast (Dugdale et al.,
1990), while in the relatively narrow Gulf of Finland
coastal upwelling events are coupled with downwel-
ling near the opposite coast.

In the beginning of August, the observed upwell-
ing caused a clear decrease in Chl a concentration in
the UML near the southern coast and an increase in
Chl a near the northern coast of the Gulf of Finland
(Figs. 4, 5). We suggest that the increase near the
northern coast was mostly due to the northward
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Ekman transport in the surface layer and accumula-
tion of the phytoplankton biomass in the convergence
zone built up there. However, possible influence of
the along shore transport from adjacent coastal areas
and growth enhancement stimulated by a previous
relatively weak upwelling event near the northern
coast in the mid-July cannot be excluded.

The fluctuations in nutrient and Chl a concentra-
tion in the upwelling area indicate that in the
beginning of the upwelling, the pre-upwelling phy-
toplankton community was advected out from the
area, and was not able to take advantage of upwelled
nutrients. At the same time, the upwelled phyto-
plankton community had low biomass and needed
some time to adapt to the well-lighted conditions in
the near surface layer, but still in cold waters. As the
water is brought into the euphotic zone, algae respond
to high light and nutrients by switching on nutrient
uptake mechanisms and starting to photosynthesize
(e.g. Largier et al., 2006). During simulated upwell-
ing condition experiments in the laboratory Ishizaka
et al. (1983) have observed that there is a lag period
preceding the increase of phytoplankton Chl a, and
that the length of the time lag is temperature and light
dependant. It has been shown in several coastal shelf
field and modelling studies that the upwelled nutri-
ents are taken up fast after the relaxation of the
system (within 3-9 days; e.g. Dugdale et al., 1990;
Wilkerson et al., 2006). During this study, the low
Chl a period in the beginning of August was followed
by phytoplankton growth after stabilization of
upwelling by 15th August when an increase of Chl
a, and a decrease of nutrient concentrations in the
upwelling water were observed. The nutrients were
consumed from the upper layer quite fast—there were
no nitrites + nitrates left one week later, and the DIP
concentrations were under the lower detection range
2 weeks later in the UML (Fig. 3). Nitrogen was
depleted faster because the nitrites + nitrates to DIP
ratio in the upwelling water (molar ratio being about
2) was much lower than the Redfield optimum. This
is compatible with previous conclusions of Kivi et al.
(1993) that phytoplankton growth in the western and
central Gulf of Finland is nitrogen limited.

Chlorophyll a was found mainly in the <20-pm
size fraction, and the temporal changes in this size
fraction were similar to the changes of total Chl a
content (Fig. 4). Chlorophyll a concentrations were
relatively low and variable in upwelling waters on
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8th August in both size fractions (Fig. 5a, b). The
higher Chl a concentration in >20-um size fraction
and lower in <20-pum size fraction at station TH7
(Fig. 4B, C) compared with other stations in the
upwelling area (TH1-THS5) was most probably due to
the effect of an upwelling front (see salinity front in
Fig. 2E). A similar pattern in Chl a concentrations in
different size fractions can be noticed in the second
frontal area near the northern coast at station TH21
(Figs. 2E and 4B, C). During the upwelling, the
initial phytoplankton community in the surface
waters was replaced by the community above, in
and below the thermocline and lower concentrations
measured in >20-um size fraction compared with
higher concentrations measured in <20-pm size
fraction on 15th August is a clear sign that bigger
size fraction needed longer ‘response time’ to
the increased nutrient concentrations and more
stable growth environment (stronger stratification)
compared with the smaller size fraction.

As nitrites + nitrates were depleted from the UML
already by 15th August (when also lowest Chl a
concentrations in >20-um size fraction were
measured) and DIP by 22nd August, the increase in
>20-pm size fraction could have been obtained
either using the accumulated intracellular nutrient
reserves or depending on regenerated nutrients. It has
been shown in previous studies that a significant
proportion of nutrients used in primary production
after an upwelling pulse may be supplied by the
regeneration of the phytoplankton biomass in the
same area where upwelling occurs (review by Bode
et al., 1997). The studies in the Gulf of Finland have
shown that the typical summer bloom communities
dominated by cyanobacteria will be changed by the
ones dominated by euglenophytes and the autotrophic
ciliate Mesodinium rubrum (Kanoshina et al., 2003;
Vahtera et al., 2005) during the upwelling event.
Studies of Wilkerson & Grunseich (1990) in the Peru
upwelling system have shown the capability of M.
rubrum to take up nitrate and to develop large
blooms. Eutreptiella spp. has been noted to be an
opportunistic bloom species adapted to decaying
turbulence and high nutrient conditions, and it can
form almost unialgal blooms in the Baltic Sea (Olli
et al., 1996).

The separation of the >20-um fraction was
mainly done because the filamentous cyanobacteria

(dominating in the summer phytoplankton commu-
nity) have been demonstrated to retain on the 20-um
plankton net (Kononen et al., 1999), and hence the
dynamics in this size fraction could give an indication
about the response of filamentous cyanobacteria to
the upwelled nutrients. From the results of this study
based on Chl a measurements, we cannot be confi-
dent that the increase in Chl a concentration in the
>20-um fraction was due to the enrichment of
nutrients during the upwelling event as one can also
notice that the increase of Chl a in the >20-pm fraction
in the upwelling area on 22nd August (Fig. 5a) equals
with the decrease in concentration in this size fraction
near the opposite coast (Fig. Sc; stations TH21-
TH27). Hence, the increase in the upwelling water
might have resulted from the relaxation of upwelling
and homogenization of the water masses along the
cross-section. A further increase of Chl a concentration
did not take place most probably due to the next
upwelling event observed near the southern coast on
29nd August. This is in accordance with previous
suggestions that a cyanobacterial bloom would
develop in 2-3 weeks after the upwelling (e.g. Vahtera
et al., 2005). The time span between two upwelling
events in August 2006 was less than 10 days.

Upwelling is one of the most important sources of
nutrients in the Gulf of Finland. The importance of
vertical transport of nutrients from the deeper water
layers and its role in the nutrient budget of the
eutrophicated Baltic Sea and its sub-basins needs
further studies. The studies in summer 2006 with high
temporal and spatial resolution gave new information
for understanding the functioning of the ecosystem
compared with maximum 2-week studies usually
conducted in this sea area. Still further high-resolu-
tion in situ measurements of biological, chemical and
physical parameters are needed to provide a compre-
hensive synoptic picture of the highly variable near-
shore processes in the Gulf of Finland.
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ABSTRACT

Vertical cross-sections of temperature, salinity and Chl a fluorescence distributions in the Gulf of Finland
were mapped on 11, 19—-20 and 25 July 2006. The sub-surface Chl @ maximum layers with thickness
varying between 1.5 and 9 m and intensity up to 7.6 pg 1! were observed in the lower part of the
seasonal thermocline within the depth range of 14.5—35 m. Nutrient (PO4>~, NO2~ + NO3~) analyses of
water samples collected from the thermocline revealed the coincidence of the location of Chl a maxima
and nutriclines. We suggest that the observed Chl a maxima were formed by dinoflagellate Heterocapsa
triquetra capable for vertical migration and nutrient uptake in dark. The upward flux of nutrients caused
by estuarine circulation and vertical turbulent mixing created favourable conditions for the formation
and maintenance of sub-surface Chl a maxima. We explain the observed horizontal patchiness of sub-
surface Chl @ maxima by meso-scale processes — by the accumulation of phytoplankton along the
depressed isopycnals at the base of anti-cyclonic circulation cells and by the horizontal convergence of

waters in the downwelling area.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The distribution of phytoplankton in water bodies (including the
Baltic Sea) is highly heterogeneous, both horizontally and vertically.
Horizontal distribution of phytoplankton in the euphotic layer is
often related to the meso-scale hydrophysical processes and
structures — meso-scale eddies, fronts and coastal upwelling events
(in the Gulf of Finland e.g. Talpsepp et al., 1994; Kononen et al.,
1996; Kanoshina et al., 2003; Lips et al., 2005). Vertical distribu-
tion of phytoplankton is determined by availability of major
resources — light and nutrients — as well as grazing and divergence/
convergence of sinking and buoyancy (see e.g. Fennel and Boss,
2003). In a stratified water column the contrasting gradients of
resources — light that is supplied from above and nutrients that are
often supplied from below — will lead to the development of a sub-
surface biomass/chlorophyll (Chl a) maximum (Klausmeier and
Litchman, 2001).

The sub-surface Chl a maxima have been observed in the Baltic
Sea quite often (e.g. Kahru et al., 1982; Kuosa, 1990; Kononen et al.,
1998; Pavelson et al., 1999) and a variety of mechanisms of their
formation has been suggested. It is known that the sub-surface Chl

* Corresponding author.
E-mail addresses: urmas.lips@phys.sea.ee (U. Lips), inga@sea.ee (1. Lips), taavi.
liblik@phys.sea.ee (T. Liblik), natalja.kuvaldina@phys.sea.ee (N. Kuvaldina).

0272-7714/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
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a maxima are located just above the nutricline(s) which could be
developed by an intrusion of nutrient rich water into the sea area
under consideration (Lund-Hansen et al., 2006). In some cases the
sub-surface Chl a maxima are observed well below the euphotic
layer (e.g. Kononen et al., 2003). As mechanisms of the formation of
such deep maxima, the hydrodynamic processes (Pavelson et al.,
1999) and changing migratory behavior of Heterocapsa triquetra
after an upwelling event (Kononen et al, 2003) have been
proposed.

Sub-surface Chl a maxima are commonly observed in the
summer stratified North Sea (Weston et al., 2005) and in the Celtic
Sea (Hickman et al., 2009). It has been argued that accumulated
new production in these layers in summer may be greater than that
occurring in the spring bloom in the same regions (Richardson
et al., 2000). No estimates of the role of sub-surface maxima in
the total primary production during summer months are available
yet for the Baltic Sea.

Development of measuring equipment in the last years has
triggered an enhanced interest to sub-surface maximum layers of
phytoplankton and zooplankton biomass, their fine-scale structure
and ecology. Typical fine-scale layers range in thickness from a few
centimetres to a few meters and they are described in the literature
as “thin layers” (e.g. McManus et al., 2003). Physical processes can
play an important role in the formation and dynamics of thin layers
of phytoplankton and zooplankton (Dekshenieks et al., 2001;
McManus et al., 2003). The measurements in the East Sound
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revealed that over 71% of thin layers where located in the base of, or
within, the pycnocline (Dekshenieks et al., 2001). The regions of
occurrence of thin layers are relatively sheltered bays or straits with
two-layer vertical structure. A two-layer current, temporal and
spatial variation of pycnocline depth, caused by meso-scale
hydrophysical processes and estuarine structure of hydrographic
fields, and minimum of turbulent mixing are conditions favourable
for formation of thin layers (McManus et al., 2003; Lund-Hansen
et al,, 2006). Recent observations have shown that thin layers of
Chl @ maxima can exist in both weak and strong turbulent condi-
tions, however, under strong turbulence a weakening of the thin
layer was evident (Wang and Goodman, 2010).

The Gulf of Finland as an elongated basin has a weak, charac-
teristic to an estuary, circulation pattern superimposed by quite
energetic, wind-driven meso-scale motions. In summer, the upper
layer of the gulf is nutrient depleted while in the layers below the
seasonal thermocline high nutrient reserves are available. Meso-
scale processes cause vertical movements and mixing of water
masses — upwelling events bring water from below the thermo-
cline into the upper layer (e.g. Lips et al., 2009) and downwelling
events generate downward transport of upper layer waters con-
taining phytoplankton (Pavelson et al., 1999; Laanemets et al.,
2005). Vertical stratification characterised by two strong pycno-
clines serves as a pre-requisite for formation of layered current
structure in the gulf. Thus, we can assume that a coincidence of
certain factors could lead to favourable conditions for the formation
of sub-surface Chl @ maxima and thin layers in the Gulf of Finland.

The aim of the present paper is to define the pre-conditions and
physical processes responsible for the formation and maintenance
of sub-surface Chl a maxima observed in the Gulf of Finland in July
2006. We show that similarly to the horizontal distribution of
phytoplankton in the euphotic layer, the distribution pattern of
sub-surface Chl a maxima and occurrence of maxima complying
with the “thin layer” definition are affected by the meso-scale
processes.

2. Material and methods

Three surveys of hydrographic, -chemical and -biological fields
were carried out in the central part of the Gulf of Finland in July
2006 — on 11, 19—20 and 25 July. Vertical profiles of temperature,
salinity and Chl a fluorescence were recorded at 27 stations (Fig. 1,
distance between stations 2.6 km) and water samples for inorganic
nutrient (PO?{. NOz + NO3) analyses were collected at 14 stations
(distance between stations 5.2 km) from the upper mixed layer and
from the thermocline with a vertical resolution of 2.5—5 m. In order
to convert fluorescence values to Chl a content, the water samples
at 6 to 10 stations per survey were collected from different depths.
Full sampling program was completed on 11 and 25 July while on
19—-20 July we were able to take water samples only at the north-
ernmost stations (TH19-TH27). Samples for phytoplankton analyses
were collected mainly from the upper mixed layer, except a few
samples collected in the thermocline on 11 and 25 July.

Vertical profiles of temperature, salinity and Chl a fluorescence
in the upper 50-m layer were recorded using an SBE 19 CTD probe
(Sea-Bird) equipped with a WETStar flourometer (WET Labs).
Sampling rate and lowering speed of the probe were 2 Hz and
0.5—1 m s, respectively. In data processing, standard software
package SEASOFT (Sea-Bird) was used where constant time shifts of
0.5 s for conductivity sensor, 1.0 s for temperature sensor and 2.5 s
for Chl a fluorescence sensor were applied in order to compensate
the time constant differences and different location of sensors
while water was pumped through the sensors. The time shifts used
in data processing were defined as the values ensuring the best
conformity between downcast and upcast profiles (by visual

comparison of them). Salinity data were quality checked against the
water sample analyses by a high precise salinometer AUTOSAL
(Guildline). In order to assure that the measured fluorescence peaks
reflect the stable structures, the downcast and upcast profiles were
both taken into account and an average profile at every station was
analysed.

Nutrient analyses were carried out according to the guidelines
of American Public Health Association (APHA, 1992; methods 4500-
NO3 F and 4500-P F). Samples for phosphates (PO3~) were mostly
analysed immediately after the sampling onboard research vessel
and samples for dissolved nitrogen compounds (NO; + NOs3;
henceforth called as NO) determination were deep-frozen after
collection and analysed later in the on-shore laboratory. Phos-
phates and nitrates + nitrites were analysed using automatic
nutrient analyzer pMac 1000 (Systea S.r.l.). The lower detection
range for phosphate-phosphorus and nitrate + nitrite-nitrogen was
2 ppb (parts per billion; 0.06 mmol m~> and 0.14 mmol m~3,
respectively).

Chl a concentration in the water samples was determined on
Millipore APFF glass-fibre filters following the extraction at the
room temperature in dark with 96% ethanol for 24 h. Chl a content
from the extract was measured spectrophotometrically (Thermo
Helios y) in laboratory (Helsinki Commission, 1988). Results of
analyses of 16 water samples collected on 11 and 25 July were used
to get a calibrations line for converting measured fluorescence
values to the Chl a content. The corresponding fluorescence values
were obtained as 2-m average values around the water sampling
depth. We applied only one calibration line for the whole data set:
Chl = 0.58 x F + 1.37 (> = 0.75, where F is fluorescence in arbitrary
units and Chl a content (Chl) is obtained in pg 1-1).

Phytoplankton samples were preserved with acid Lugol solution
and analysed using the Utermdhl (1958) technique and PhytoWin
software by Kahma Ky. Cyanobacterial filaments were counted as
100-um segments and other phytoplankton species as single cells
or colonies.

The intensity and thickness of sub-surface Chl a maxima were
detected as shown in a sketch in Fig. 2. The maximum Chl a value
(Chlmax) below 10 m depth and the minimum above it (Chl;) were
defined at every profile. The intensity of Chl a maximum was
estimated as the difference between the values of Chln,x and Chl;.
The thickness of maximum layer was defined as the difference
between the depth of local minimum Chly (hy) and the depth hy
where the Chl a values below the maximum decreased back to the
same concentration (Chly). The depth, temperature, salinity and
density values associated to the maximum were recorded as these
values at the depth of Chlpnax (hmax). Only Chl @ maxima with an
intensity of >0.5 ug 1~ ! were taken into account.

The upper mixed layer (UML) depth at each station was deter-
mined using smoothed (2.5 m moving average) vertical density
profiles. First, the density difference (Adi) between the cold
intermediate layer and the surface layer was estimated as the
density at the depth of minimum temperature minus the minimum
density value in the surface layer. The UML depth was defined as
the shallowest depth at which the vertical density gradient
exceeded a criterion calculated as Cyp x Adgor, Where Cyp = 1/
30 m~. In order to determine the base of thermocline, the
temperature difference between the UML and the cold interme-
diate layer was found. The shallowest depth, at which the
temperature differs from the maximum value in the UML more
than 90% of this difference, was defined as the base of thermocline.

The upper boundary of phosphacline and nitracline was defined
as the deepest depth at which the nutrient (PO3~ or NO, respec-
tively) concentration below the lower detection range was
measured. When comparing the depths of Chl a maximum, ther-
mocline and nutriclines it has to be kept in mind that the water
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Fig. 1. Map of the study area and location of stations.

samples were collected with a vertical resolution of 2.5 m while the
analysed temperature, salinity and fluorescence profiles had
a vertical resolution of 0.5 m.

A primitive equation, sigma coordinate, free surface, hydrostatic
model with a second moment turbulent closure sub-model
embedded — Princeton Ocean Model (POM; Blumberg and Mellor,
1983) — was used with the aim to simulate the hydrophysical
processes and related nutrient transport in the Gulf of Finland from
10 July until 31August 2006 (Laanemets et al., in press). Since the
nutrient uptake by phytoplankton was not taken into account in the
model calculations, the difference between the modelled and
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Fig. 2. Sketch used to define the parameters of sub-surface Chl a maxima (vertical
profile is obtained at station TH8 on 11 July). Chlmax, hmax — maximum Chl a value
below 10 m depth and depth of this maximum; Chl;, h;— minimum Chl a value above
hmax and depth of this minimum; h, — depth where the Chl a values below the
maximum decrease back to Chl.

measured changes of nutrient concentrations in the upper water
layer (comprising UML and thermocline) was taken as an estimate
of the amount of consumed nutrients.

Fine structure of vertical stratification related to the observed
Chl a maxima was analysed using vertical profiles of Brunt—Vdisala
frequency estimated as N2 = —g/p-9p/0z, where g is acceleration
due to gravity, p is density and dp/dz is vertical density gradient. The
flow structure in the study area at the time of surveys was char-
acterised by vertical profiles of relative cross-transect geostrophic
velocity, which were estimated on the basis of CTD data as:
u= 1/flf 0p,i+2)dp, where f is the Coriolis parameter, L —
the dlstance between the stations i and i + 2 (about 5.2 km) and dp,;
and 0y, — vertical profiles of specific volume anomaly at stations i
and i + 2. The reference level of no motion (pyes) was chosen at
40 dbar in the open gulf and at the seabed in the shallower areas.

0.3

Eastward wind stress (N m?)

1-Jul 6-Jul 11-Jul 16-Jul 21-Jul 26-Jul 31-Jul
Date

Fig. 3. Eastward wind stress (dashed line) in July 2006 estimated using wind data from
Kalbadagrund meteorological station. Daily average wind stress is shown as solid line
and vertical grey areas indicate the periods of sampling.
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3. Results

According to the wind stress estimates southward cross-gulf
Ekman drift (due to the eastward wind stress; Fig. 3) prevailed in
the surface layer of the Gulf of Finland in July 2006. The surveys on
11 July and on 25 July were conducted after the periods of relatively
weak winds from varying direction. The survey on 19—20 July was
conducted when moderate westerly winds have been prevailed for
a week. It resulted in an upwelling near the northern coast and
a downwelling near the southern coast of the gulf. A more detailed
description of upwelling and downwelling events in the Gulf of
Finland in summer 2006 is given by Lips et al. (2009).

Pressure (dbar)

Pressure (dbar)

Pressure (dbar)

0 10 20 30

Distance (km)

Fig. 4. Vertical sections of Chl a on 11 (a), 19—20 (b) and 25 (c) July 2006. Dotted lines indicate profiles;

numbers are shown above.
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Vertical profiles of Chl a registered in July 2006 in the Gulf of
Finland revealed the occurrence of sub-surface maximum layers of
phytoplankton at many sampling stations (Fig. 4). Even if in most
cases the maximum Chl a values were observed in UML, local
maxima in the thermocline layer were quite common on the vertical
profiles during all surveys. The Chl a content in UML on 11 July was
higher in the open gulf — up to 6—8 ug 1= — than that in the coastal
areas. On 19—20 July, the UML Chl a content was <6 pg 1~ except in
the upwelling front at the northernmost part of the study transect
where the maximum values exceeded 10 pg 1. On 25 July, higher
Chl a values were observed in the northern part — reaching
7—8 ug 1~ and lower values in the southern part — mostly <6 g1~

Chl a (ug/l)

40 50 60

values on x-axis are distance from the southernmost station (TH1); station
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In total the sub-surface Chl @ maxima with intensities >0.5 ug 1~!
were observed at 37 stations out of analysed 80 stations, > 1.0 ug 1~ at
19,>2.0ug 1"'at7 and >5.0 g1~ at 4 stations. The characteristics of
observed sub-surface Chl a maximum layers are summarised in Table
1. The highest observed Chl a values in these maximum layers were
10.5 pg 1" on 11 July (at station TH10),12.2 pg 1"' and 11.4 pg 1" on
19—20]July (at stations TH1 and TH5, respectively)and 8.2 pg 1~ on 25
July (at station TH19). If excluding the sub-surface Chl a maximum
observed close to the seabed at the shallowest station (TH1) on 19—20
July, all other three most intense maximum layers comply with the
“thin layer” definition in regard of the optical signal (Dekshenieks
et al., 2001). While their intensities estimated as shown in Fig. 2
were 7.6 ug 17!, 69 pg 1! and 5.1 pg 1, the Chl a fluorescence
values measured in maxima where at least three times greater than
the background Chl a fluorescence level. The depth of maxima varied
between 14.5 and 35 m while the average depth of maxima was
23.0 + 4.6 m (arithmetic mean and standard deviation are given,
median was 23.5 m). Average values of temperature, salinity and
density anomaly (density minus 1000 in kg m~—3) in the observed
maxima were 4.73 + 1.75 °C (median 4.46 °C), 5.85 + 0.30 (median
5.86) and 4.61 + 0.28 kg m~> (median 4.65 kg m~>), respectively.

The occurrence of Chl a maximum layers was found to be very
well related to the registered vertical temperature structure (Fig. 5).

Table 1
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An ordinary vertical distribution of temperature was observed on 11
July 2006 with sea surface temperature >20 °C at almost all stations
and the seasonal thermocline situated at the depths of 10—20 m.
Eight days later an upwelling event was observed near the northern
coast and downwelling in the southernmost part of the study
transect. On 25 July, the sea surface temperature was between 19 and
20°Cand the thermocline was steeper than in the beginning of study
period. The UMLdepth was on average 7 mon 11 July, 12 m on 19-20
Julyand 8 m on 25 July. The base of thermocline was situated at 24 m
on 11 July, 23 m on 19—20 July and 21 m on 25 July. While on 19—20
July the thermocline characteristics were affected by a coupled
upwelling-downwelling event, on 11 and 25 July the observed
thermocline characteristics could be considered as typical ones in
July in the Gulf of Finland. According to these two surveys the UML
was shallower in the northern gulf than that in the southern part. In
contrary, the base of thermocline was shallower in the southern gulf.
As a consequence a very pronounced (steep) thermocline with
vertical temperature and density gradients up to 2.43 °C m~! and
0.48 kg m~* was observed in the southern gulf while thermocline
was thicker in the northern gulf.

As seen from the vertical cross-sections of temperature (Fig. 5)
the Chl a maxima followed almost precisely the base of thermo-
cline. On 11 July, the maxima were situated just above the base of

Characteristics of sub-surface Chl a maximum layers with intensities >0.5 pg 1-! observed in the Gulf of Finland in July 2006. The maxima with fluorescence signal more than

three times greater than the background signal are indicated in bold.

Date Station Chl a fluores. Chla Depth (m) Intensity fluores. Intensity Chl a Thickness (m) Temp. (°C) Salin. Density anomaly
(aw) (ngl™) (au) (ngl™) (kg m~3)
11/07 TH6 4.3 3.8 14.5 0.9 0.5 25 6.67 5.58 4.34
11/07 TH7 4.8 4.1 15.0 1.5 0.8 25 5.77 5.66 4.44
11/07 TH8 8.1 6.0 18.0 438 2.8 4.5 4.39 5.52 4.38
11/07 TH9 438 4.1 20.0 1.7 1.0 4.0 535 5.74 4.53
11/07 TH10 159 105 235 13.2 7.6 25 4.38 5.99 4.75
11/07 TH11 6.0 4.8 20.5 3.1 1.8 5.5 5.36 5.69 4.48
11/07 TH12 4.8 41 220 1.5 0.9 45 5.68 539 4.24
11/07 TH14 37 35 22.0 1.0 0.6 35 543 5.53 4.35
11/07 TH16 5.7 4.6 245 2.8 1.6 4.5 4.79 5.60 443
11/07 TH18 35 34 225 0.9 0.5 6.0 6.19 5.36 419
11/07 TH19* 3.7 35 25.0 1.1 0.6 25 5.02 5.84 4.61
11/07 TH19* 5.0 43 29.0 2.8 1.6 3.0 3.73 6.13 4.88
11/07 TH26 3.0 31 245 1.0 0.6 4.0 3.87 5.88 4.68
11/07 TH27 44 39 235 1.6 0.9 6.5 3.81 5.95 473
19/07 TH1 189 12.2 25.0 11.0 6.4 5.0° 11.81 5.73 3.97
19/07 TH4 8.9 6.5 26.0 3.9 22 20 5.67 6.08 4.78
19/07 TH5 174 114 245 119 6.9 3.0 6.52 6.01 4.68
19/07 TH8 53 4.4 19.0 12 0.7 1.5 8.19 5.80 4.40
19/07 TH14 34 33 255 12 0.7 6.0 254 6.31 5.03
19/07 TH15 4.5 4.0 240 24 14 3.0 279 6.21 4.95
19/07 TH16 2.9 3.0 25.0 1.0 0.6 5.5 299 6.20 4.94
19/07 TH24 41 3.7 155 0.9 0.5 4.0 6.39 5.15 4.01
19/07 TH26 43 3.8 20.5 1.0 0.6 4.0 4.5 5.81 4.60
19/07 TH27% 6.5 5.1 25.5 12 0.7 7.0 3.58 5.99 477
19/07 TH27° 59 4.7 320 1.4 0.8 5.0 3.04 6.19 493
25/07 TH7 54 4.4 14.5 22 13 25 4.42 6.32 5.02
25/07 TH10 6.2 4.9 185 32 1.8 6.5 4.09 591 4.69
25/07 TH14 4.6 4.0 20.5 1.6 0.9 35 4.83 5.71 4.52
25/07 TH15 43 38 225 2.0 1.1 4.5 4.61 5.76 4.57
25/07 TH16 4.0 3.7 19.5 1.1 0.6 7.0 6.67 5.56 4.31
25/07 TH17 6.7 52 255 34 20 5.0 3.29 6.03 4.81
25/07 TH18 6.8 53 26.0 35 20 5.0 3.53 5.95 4.73
25/07 TH19 11.9 8.2 235 89 5.1 5.5 3.52 5.88 4.68
25/07 TH21 4.1 3.7 20.5 13 0.8 5.0 434 5.68 4.51
25/07 TH22 58 4.7 19.5 3.0 1.7 55 4.80 5.49 4.35
25/07 TH23 4.9 42 225 1.8 1.0 8.0 4.63 5.66 4.48
25/07 TH24* 42 3.8 26.0 1.0 0.6 7.0 3.97 5.93 4.71
25/07 TH24* 3.6 34 33.0 1.0 0.6 4.5 227 6.46 5.15
25/07 TH25 3.6 34 35.0 14 0.8 5.0 241 6.47 5.16
25/07 TH27 6.1 4.9 275 22 13 9.0 3.53 6.02 4.79

2 Two sub-surface Chl a maxima were found on the profile.

b Lower border of Chl @ maximum layer was defined as the deepest measurement point on the profile.
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thermocline and were related to the isotherm 5 °C (average
temperature at maxima was 5.0 + 0.9 °C), except a secondary
maximum at station TH19. On 19 July, the most intensive maxima
were observed in the thermocline in the downwelling area and
less pronounced maxima in the central part of the study transect
below the thermocline. The initial pattern of maxima distribution
was re-established on 25 July; however, the maxima were less
pronounced and they were registered almost precisely at the base
of thermocline and at slightly lower temperatures than those on
11 July (average temperature at maxima on 25 July was
41 £ 11 °C).
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The vertical structure of salinity field was characterised by low
values in the surface layer — from 4.5 to 5.3 on 11 July, from 4.7 to
52 on 19-20 July and from 4.5 to 5.1 on 25 July — and by
a continuous increase of salinity in the seasonal thermocline and
below it. The Chl @ maxima were mostly observed in the salinity
range from 5.8 to 6.2.

The vertical sections of nutrients on 11 and 25 July revealed low
nutrient concentrations in the upper layer — UML and upper part of
the thermocline — and higher values with relatively patchy distri-
bution in the deeper layer below the thermocline (Fig. 6). According
to both surveys the nitrates + nitrites were completely consumed

Pressure (dbar)
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TH21 TH26

Pressure (dbar)
2
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Fig. 5. Vertical sections of temperature on 11 (a), 19—20 (b) and 25 (c) July 2006. Dotted lines indicate profiles; values on x-axis are distance from the southernmost station (TH1);
station numbers are shown above. Observed sub-surface Chl a maxima are indicated as black circles scaled proportionally to the intensity of maxima; the base of thermocline is
shown by yellow/light dashes (the base of thermocline was not determined if the profile did not reach the minimum temperature).
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Fig. 6. Vertical sections of nutrient concentrations: (a) — NOy on 11 July, (b) — PO on 11 July, (c) — NOx on 25 July and (d) — PO4 on 25 July. Dots indicate the sampling points; values
on x-axis are distance from the southernmost station (TH1); station numbers are shown above. Observed sub-surface Chl a maxima are indicated as black circles scaled pro-
portionally to the intensity of maxima; the depth of nutriclines (nitracline and phosphacline, respectively) is shown by yellow/light dashes.

from the UML while detectable concentrations of phosphates were
measured at some stations in the central part on 11 July and at some
stations in the coastal areas on 25 July. A comparison of corre-
sponding nutrient distributions in the deeper layer on 11 and 25
July shows that slightly higher concentrations, especially in the
southern part and for nitrates + nitrites, were observed during the
latter survey. The registered sub-surface Chl a maxima coincided
well with the nutriclines, especially with the nitracline. Since the
vertical resolution of water sampling was 2.5 m or more and the
samples were taken not at all stations it is not possible to indicate
the exact nutrient concentrations in the maximum layers. However,
at most of the stations with sub-surface maxima the concentrations
of NOy were below the lower detection range in the samples taken
above the Chl a maximum layer and detectable concentrations
were measured in the samples taken just below the maxima.

According to the model results the average NOy concentration in
the upper 0—25 m layer increased in a two-week period from 11 to
25 July by 0.16 mmol m~> (Laanemets et al., in press), which
corresponds to an average nitrate flux at the 25 m depth level of
0.3 mmol N m~2 d~". On the basis of measurements, the increase of
NO, concentration in the upper 0—25 m layer between surveys on
11 and 25 July was only 0.04 mmol m™>, If assuming that this
discrepancy between measurements and model might be related to
the nutrients transported upward and taken up by phytoplankton
in the thermocline one can suppose that about 3/, of nitrates was
consumed. Given that the local wind forcing before 11 July was
similar to that within the period from 11 to 25 July (see Fig. 3) we
may assume that an upward nutrient flux of similar intensity
(0.3 mmol N m2 d™") occurred also before our first survey on 11
July.

Filamentous cyanobacteria species/groups and dinoflagellate H.
triquetra (Ehrenberg) Stein were dominating in the UML phyto-
plankton community in the Gulf of Finland in July 2006 (more
detailed description of phytoplankton dynamics in the UML can be
found in (Lips and Lips, 2010)). Wet weight biomass up to

1039 mg m > (54% of total phytoplankton biomass) on 11 July, up to
1013 mg m~ (56%) on 19—20 July and up to 542 mg m > (39%) on
25 July of the latter species known to be forming sub-surface
maxima was observed. Only one quantitative phytoplankton
sample from a sub-surface Chl a maximum was analysed. The
sample was collected at station TH19 on 25 July from 22.5 m depth
where the Chl a fluorescence value was a half of that at the fluo-
rescence peak registered at 23.5 m depth (see Fig. 7a; relative depth
1 m). The phytoplankton community at this sampling point was
dominated by H. triquetra (288 mg m >, 33%), Aphanizomenon sp.
(L.) Ralfs (203 mg m~, 23%) and Dinophysis acuminata Claparéde
and Lachmann (147 mg m 3, 17%). The two former species had
a similar share while the latter species was absent in the UML
community at the same station.

Vertical profiles of Brunt—Vdisdld frequency estimated over 2 m
intervals and presented as functions of the relative depth (calcu-
lated as the distance from the depth of maximum Chl a value —
hmax) revealed a quite high variability (Fig. 7b). Nevertheless, an
average profile indicates a clear weakening of stratification with the
depth in the vicinity of hyax. The two most intense Chl a maxima
were associated with the weakest stratification in the water layer
from 1 to 3 m below hp,x. While a sharp drop of Chl a values below
hmax Was observed at almost all stations (Fig. 7a) the profiles were
more variable above hpax. At some stations, where the stratification
was stronger just above hpmax, the Chl @ maximum layers were
thicker (station TH19 on 25 July as an example) and at stations with
a weaker stratification above hpay, thinner Chl a maximum layers
were observed (among them the most intense sub-surface Chl
a maximum sampled at station TH10 on 25 July).

According to the cross-transect geostrophic velocity distribu-
tions in the upper 40-m layer (Fig. 8), an outflow prevailed in the
central part of the gulf and an inflow in the southernmost and
northernmost areas on 11 July. Next survey on 19—20 July revealed
a cross-transect jet current associated with the upwelling front in
the northern part of the study transect and another jet current
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Fig. 7. Vertical profiles of Chl a fluorescence (a) and Brunt—Viisdld frequency (b) at
selected stations (TH8-TH12 on 11 July and TH17-TH19, TH21-TH22 on 25 July) as
functions of the relative depth (calculated as the vertical distance from the depth of
maximum Chl a value — hp,y). Brunt—Viisild frequency was estimated over 2 m
intervals. Average profiles are shown as thick solid lines, profiles at station TH10 on 11
July as thin solid lines with filled circles and at station TH19 on 25 July as thin solid
lines with empty circles.

coupled with the downwelling in the southern gulf. Only a narrow
outflow region in the central gulf was evident on 19—20 July. The
geostrophic current structure was characterised mainly by an
outflow in the upper layer except narrow inflow regions in the
northernmost, southernmost and central parts of the study transect
on 25 July.

Presented geostrophic velocity distributions with alternating
flow directions along the study transect could be interpreted as
a sequence of meso-scale eddies or as a sequence of cyclonic and/or
anti-cyclonic circulation cells. On 11 July, two of such anti-cyclonic
circulation cells were evident — first in the southern part between
15 and 30 km and second in the central part within the thermocline
between 33 and 48 km. On 25 July a similar to the latter circulation
cell with higher velocities in the thermocline was observed
between 33 and 48 km. As seen in Fig. 8, most of the detected sub-
surface maximum layers, especially those with the highest inten-
sities, were located at the base of the described meso-scale features
(anti-cyclonic circulation cells). On 19—20 July, the Chl a maxima
were observed mainly in the downwelling area which could be also
characterised as an anti-cyclonic circulation cell with horizontal
convergence of water masses.

4. Discussion

Our measurements in July 2006 along the study transect Tal-
linn-Helsinki in the Gulf of Finland confirm that the sub-surface Chl

a maximum layers can exist in a stratified water column in summer
when the upper layer is depleted of nutrients while high reserves of
nutrients are available below the seasonal thermocline. The
detected maxima were almost all located at the base of thermocline
and coincided well with the depth of nutriclines. The former indi-
cates that the vertical stratification and related hydrodynamic
conditions, such as mixing and/or current shear, could play an
important role in formation of the observed Chl a maxima. The
latter points either to the nutrient availability as a major factor
controlling the formation of sub-surface Chl a maximum layers or
to the nutrient uptake by the phytoplankton in the Chl a maxima at
the base of thermocline that maintained the nutriclines exactly at
these depths.

The Chl a maxima were located at the depths between 14.5 and
35 m with an average of 23 m. Since the Secchi disk depth in the
study area during all surveys did not exceed 5 m, very low irradi-
ances could be assumed at the depths of the observed maxima. We
estimated PAR attenuation coefficient K4 on the basis of optical
measurements in the upper 3 m layer in the study area on 11 July (T.
Kutser and L. Metsamaa, personal communication). According to
these estimates of Ky (from 0.33 to 0.55 m!) the photic depth
varied between 8.4 and 13.9 m, which are clearly less than the
average depth of observed sub-surface maxima. Similar relatively
deep Chl a maxima observed in the Gulf of Finland in July 1998 at
low irradiances (<0.1% of the sea surface irradiance) were formed
by H. triquetra (Kononen et al., 2003). Phytoplankton community
data suggest that the Chl a maximum layers observed in July 2006
were also dominated by H. triquetra, as it was the dominating
species in the sample collected close to a sub-surface Chl a fluo-
rescence peak and one of the dominant species in the UML in our
study area. Since the Chl a maximum layers were observed during
all three surveys conducted within two weeks in July 2006, the
favourable conditions should have existed for a relatively long
period to support their formation and maintenance. Among these
favourable conditions the hydrodynamic processes producing
upward flux of nutrients and/or the nutrient conditions or hydro-
dynamic processes triggering downward migration of phyto-
plankton could be referred.

Several estimates based on the field measurements are available
indicating that in certain conditions the upward nutrient fluxes
may support formation and maintenance of sub-surface Chl
a maxima. In the studies by Sharples et al. (2001) and Hales et al.
(2009) the vertical turbulent nitrate fluxes were estimated at
0.8—5.2 mmol N m~2 d~" which could support a net phytoplankton
productivity of 64—360 mg C m~2 d~. In the southwest Kattegat,
Baltic Sea where a sub-surface Chl a maximum was observed in
October 2003 the nitrate flux as high as 17 mmol N m~2 d~' was
estimated (Lund-Hansen et al., 2006). One of the favourable
conditions supporting the development of sub-surface maxima is
the functioning of estuarine circulation with opposite flow direc-
tions in the layers above and below the thermocline resulting in an
upward volume (and nutrient) flux in the gulf interior (Elken et al.,
2003; Lips et al., 2008). A modelling study (Laanemets et al., in
press) gave an estimate of average nitrate flux of
0.3 mmol N m 2 d~! at the 25 m depth level in the central Gulf of
Finland in July 2006, which according to our assumption was in
a large extent consumed by phytoplankton in the sub-surface layer.
This estimate of nitrate flux is one order of magnitude lower than
those referred above. It has to be noted that the contribution of
vertical ammonium flux (ammonium was not measured in our
study) could double the flux of available dissolved inorganic
nitrogen due to the high concentrations of ammonium in the Gulf
of Finland deep layers (e.g. Pitkdnen et al, 2008). However, it
appears that the upward nutrient flux was still not large enough to
maintain the sub-surface Chl a maxima along the entire study
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Fig. 8. Vertical sections of cross-transect geostrophic current velocity on 11 (a), 19—20 (b) and 25 (c) July 2006. The reference level of no motion was chosen at 40 dbar in the open
gulf and at the seabed in the shallower areas. Corresponding density anomaly distribution (density — 1000 kg m~3) is shown by black contour lines. Dotted lines indicate profiles;
values on x-axis are distance from the southernmost station (TH1); station numbers are shown above. Observed sub-surface Chl a maxima are indicated as black circles scaled

proportionally to the intensity of maxima.

transect at all three surveys in July 2006. As a result the sub-surface
maxima were observed at about 50% of stations and only a few of
them revealed at least three times greater optical signal than the
background level. Thus, it needs to be analysed what processes
were responsible for the observed patchiness of horizontal distri-
bution of sub-surface maxima.

Many earlier studies have revealed evidences that the meso-
scale processes shape the horizontal distribution of phytoplankton
both in the surface layer and in the sub-surface layer whereas pure
advection of biomass as well as local growth enhancement might

cause the observed patchiness. It is well documented that eddy/
wind interactions can generate high sub-surface diatom biomass in
mode-water eddies (McGillicuddy et al, 2007). The tracer
measurements were used to estimate the vertical advection and
turbulent diffusion of deep-water nutrients into a sub-surface Chl
a layer and the flux of dissolved inorganic nitrogen was found to be
large enough to maintain the observed high diatom biomass
(Ledwell et al., 2008). On the other hand, Johnston et al. (2009)
related the appearance of thin layers in a coastal upwelling zone
to the advection and current shear and argued that initially thick
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sub-surface Chl a maxima were transformed into thin layers by
current shear on the flanks of the eddies, filaments, and fronts. The
peak values in the observed thin layers exceeded concentrations in
the upwelled source waters and stayed unexplained by the avail-
able data.

The cross-transect geostrophic velocity distributions revealed
that the sub-surface Chl a maximum layers detected in the Gulf of
Finland in July 2006 were located mostly at the base of anti-
cyclonic circulation cells. Although the highest Chl a maxima
observed on 11 and 25 July were related to the meso-scale circu-
lation cells similar to mode-water eddies, our results differ from
those referred above (McGillicuddy et al., 2007; Ledwell et al.,
2008), first, the scales are non-comparable and, secondly, the
maxima were found at the base of circulation cells where the iso-
pycnlas were depressed (not at the domed isopycnals above, see
Fig. 8). On 19—20 July, the most intense sub-surface Chl a maxima
were found in the downwelling area where the thermocline had
the deepest position but the horizontal convergence of waters
could be expected. Therefore, we conclude that the most intense
maxima could be formed due to the accumulation of downward
migrated phytoplankton cells near the base of the meso-scale
features.

The formation of such patches of high biomass of phytoplankton
could be favoured both by the ability of cells to reach and maintain
these depths (the shallowest depth where high enough nutrient
concentrations were available for the growth) and by the horizontal
convergence of waters along the depressed isopycnals at the base of
anti-cyclonic circulation cells. It has been reported that the swim-
ming speed of H. triquetra in a turbulent environment could be as
high as 0.5-0.75 m h~! (Anderson and Stolzenbach, 1985). We have
recorded downward migration of phytoplankton community
dominated by H. triquetra in the Gulf of Finland in July 2009 of
about 20 m during a 24 h period (unpublished data). Thus, the
phytoplankton can reach the observed depths of Chl a maxima
within a day. A clear weakening of stratification with the depth just
below the observed maxima could be considered as an indirect
indication of vertical mixing and nutrient fluxes supporting the
possible nutrient uptake there. Unlike to many other dinoflagellates
H. triquetra might assimilate nitrate in the dark as efficiently as in
the light (Paasche et al., 1984) and that explains the coinciding
depth of Chl @ maxima and nitracline.

5. Conclusions

Our measurements in July 2006 showed that the sub-surface Chl
a maximum layers are common in the Gulf of Finland stratified
water column in summer. The Chl a maxima were mostly located at
the base of thermocline and coincided well with the depths of
nutriclines. We suggest that downward migration of phytoplankton
capable for nutrient uptake in dark and upward flux of nutrients
caused by estuarine circulation and vertical turbulent mixing
created favourable conditions for the formation and maintenance
of sub-surface Chl a maxima. The observed horizontal patchiness of
sub-surface Chl a maximum layers could be related to the meso-
scale processes. The accumulation of phytoplankton was observed
along the depressed isopycnals at the base of anti-cyclonic circu-
lation cells and in the downwelling area characterised by the
horizontal convergence of waters.
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Abstract We present the results of multiparametric obser-
vations designed to follow the phytoplankton dynamics and
interrelated physical, chemical and biological processes in
the Gulf of Finland (Baltic Sea). Data were acquired by an
autonomous moored water column profiler, an acoustic
Doppler current profiler, a flow-through system installed
aboard a ferry and by profiling and discrete water sampling
aboard research vessels in July and August 2009. The main
aim of the study was to investigate the processes respon-
sible for the formation and maintenance of sub-surface
maxima of phytoplankton biomass. We suggest that the
environmental conditions caused by the prevailing atmo-
spheric and oceanographic forcing (wind; vertical stratifi-
cation; basin-wide, mesoscale and sub-mesoscale
processes) are preferred by certain species/taxonomic
groups and explain the migration patterns of phytoplankton.
Nocturnal downward migration of phytoplankton with a
swimming speed up to 1.6 mh ' occurred when the
community was dominated by the dinoflagellate Heterocapsa
triquetra. The observed splitting of the population into two
vertically separated biomass maxima suggests that the
H. triquetra cells, which reached the sub-surface layers with
high nutrient concentrations, experienced bi-diurnal or asyn-
chronous (when swimming upwards) vertical migration. The
most intense sub-surface biomass maxima, on some occa-
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sions with the biomass much higher than that in the surface
layer, were detected in connection to the sub-mesoscale
intrusions below the depth of the strongest vertical density
gradient.

Keywords Phytoplankton dynamics - Stratification -
Heterocapsa triquetra - Vertical migration - Autonomous
profiler - Gulf of Finland

1 Introduction

The Gulf of Finland is a stratified and wide estuary with
considerable fresh water inflow at the eastern end and
relatively open water exchange with the Baltic proper
through the gulf’s western boundary. In April-May, a
seasonal thermocline begins to form, and during the
productive season, the Gulf is strongly stratified. The upper
mixed layer depth is typically 10-20 m, and temperature
drops in summer from about 15-20°C at the top of the
thermocline to about 2-4°C in the cold intermediate layer.
Estuarine circulation is characterized by an inflow into the
Gulf in the deeper layers and an outflow in the surface
layer; however, depending on the prevailing winds, the
circulation pattern might be reversed (Elken et al. 2003).
Residual circulation in the surface layer consists of an
outflow of gulf water in the northern part and an inflow of
open Baltic Sea water to the southern part of the Gulf
(Alenius et al. 1998).

The seasonal dynamics of nutrient concentrations in the
surface layer of the Gulf of Finland is characterized by a
maximum in winter and a minimum in summer. After the
spring bloom, in the middle of May, the euphotic layer
becomes depleted of dissolved inorganic nitrogen (DIN).
Dissolved inorganic phosphorus (DIP) concentration usu-
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ally reaches a minimum in late June—early July before the
late summer bloom that is dominated by cyanobacteria or,
in some years, by the dinoflagellate Heterocapsa triquetra
(Ehrenberg) Stein (Kononen et al. 1996; HELCOM 2002).

The wind-driven circulation in the Gulf of Finland is
highly variable and characterized by intense mesoscale
features—eddies, upwelling/downwelling and coastal and
frontal jet currents. Upwelling events cause substantial
vertical nutrient transport (Zhurbas et al. 2008; Lips et al.
2009) and influence the phytoplankton dynamics in the
upper layer in the Gulf of Finland (Vahtera et al. 2005; Lips
and Lips 2010). The upward transport of nutrients from
below the seasonal thermocline could create favourable
conditions for the growth of nitrogen-fixing cyanobacteria
due to the low DIN/DIP ratio in the upwelled waters.
Furthermore, any vertical mixing could support the growth
of cyanobacteria, since the phosphacline is usually located
in the upper part of the seasonal thermocline (Laanemets
et al. 2004). Less attention has been paid to downwelling
events, although they are associated with the horizontal
convergence of waters and substances that could lead to
vertical transport and mixing and, for instance, to support
the formation of sub-surface phytoplankton biomass
maxima (Lips et al. 2010).

Earlier studies in the Gulf of Finland carried out during
the late summer phytoplankton bloom have mostly dealt
with cyanobacteria (Kononen et al. 1996; Kanoshina et al.
2003; Lips and Lips, 2008). A few studies only have
investigated the dynamics of communities dominated by
cyanobacteria/dinoflagellates (e.g. Kononen et al. 2003) or
the dynamics of the whole phytoplankton community
(e.g. Lips and Lips 2010). The co-dominance of functionally
different phytoplankton species (Aphanizomenon sp. (L.)
Ralfs and H. triquetra) in the summer community in the
upper layer has been explained by Kononen et al. (2003)
by the dynamic hydrographic field and species-specific
adaptation to water movements.

The sub-surface maxima of phytoplankton biomass,
among them the relatively deep biomass maxima of
H. triquetra, have been observed in the Gulf of Finland in
summer (e.g. Pavelson et al. 1999; Kononen et al. 2003). In
July 2006, sub-surface chlorophyll a (Chl @) maximum
layers with thicknesses varying between 1.5 and 9 m and an
intensity up to 7.6 mg m > were observed in the lower part
of the seasonal thermocline within the depth range of 14.5 to
35 m (Lips et al. 2010). Nutrient analyses of water samples
collected from the thermocline revealed the coincidence
of the location of Chl ¢ maxima and nutriclines.
However, until 2009, continuous/high-resolution vertical
profiling data were not available for the Gulf of Finland,
and we did not have observational evidence of the
formation of sub-surface biomass maxima by vertical
migration of phytoplankton.

@ Springer

Studies of sub-surface maxima of phytoplankton bio-
mass or “thin layers” have been carried out in many coastal
regions of the world, for example, in Monterey Bay
(e.g. Sullivan et al. 2010) and in Ria de Pontevedra
(Velo-Suarez et al. 2010). The conditions in these coastal
ocean regions and in our study area differ due to the relatively
turbid waters in the Gulf of Finland and occurrence of sub-
surface phytoplankton maxima (dominated by H. triquetra)
in the water layer below the euphotic depth. However, many
questions are common to the studies of sub-surface biomass
maxima at all sites, such as, is it possible to explain the
formation and maintenance of maxima mainly by physical
processes, and what is the role of vertical migration due to
different physiological states of the phytoplankton cells?

The main motivation of the present study was to show
that knowledge of the links between phytoplankton
dynamics and meteorological and oceanographic forcing
can be improved by using high-resolution autonomous in
situ observations. We aimed to define more precisely the
physical, chemical and biological processes responsible
for the formation of sub-surface maxima of phytoplank-
ton biomass in the Gulf of Finland.

2 Materials and methods

A multiparametric observation program was designed to
follow the phytoplankton dynamics and interrelated phys-
ical, chemical and biological processes in the Gulf of
Finland (Baltic Sea) in the summer, 2009. The measure-
ments were performed using an autonomous moored water
column profiler, a bottom mounted acoustic Doppler
current profiler (ADCP), an autonomous system installed
aboard a ferry (Ferrybox system) and measurement and
sampling devices aboard the research vessel SALME and
hydrographic vessel EVA-318. The data collected with the
autonomous systems were transferred via mobile phone
network immediately after every profiling from the buoy
station and once a day from the ferry. The operational data
gathering enabled us to perform additional measurements
and sampling aboard the research vessel within the periods
of special interest.

The autonomous profiler (Idronaut S.r.l; surface buoy
designed by Flydog Solutions Ltd.) was deployed in the
Gulf of Finland from 30 June to 28 August in a sea area
with a bottom depth of 86 m (see location in Fig. 1).
Vertical profiles of temperature, salinity and Chl a
fluorescence in the water layer from 2 to 45 (50) m were
acquired with a time resolution of 3 h and a vertical
resolution of 10 cm. Measurements were conducted using
an Ocean Seven 316plus CTD probe (Idronaut S.r.l.)
equipped with a Seapoint Chl a fluorometer. An ADCP
(Teledyne RDI, 300 kHz) was deployed close to the buoy
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Fig. 1 Map of the Baltic Sea (a) and observation sites in the Gulf of
Finland (b) where locations of moored profiler and ADCP (green
cross), ferry track from Tallinn to Helsinki and back (solid curves) and

profiler from 23 July until 24 September to measure flow
structure in the whole water column with a vertical
resolution of 2 m.

The Ferrybox system installed aboard the passenger
ferry “Baltic Princess” (AS Tallink Group) travelling
between Tallinn and Helsinki was used for measurements
and sampling in the surface layer. Water intake was located
approximately at 4 m depth. Temperature, salinity and Chl a
fluorescence were recorded along the ferry route (Fig. 1)
twice a day with a time resolution of 20 s corresponding
approximately to a spatial resolution of 150 m. Water
sampling at 17 locations distributed evenly along the ferry
route was conducted on 5, 12 and 19 July and 2, 9 and 23
August. The collected water samples were analysed for Chl a
content and phytoplankton species composition and biomass.

CTD measurements using an Ocean Seven 320plus CTD
probe (Idronaut S.r.l.) equipped with a Seapoint Chl «
fluorometer and water sampling aboard the research vessel
were performed on 28 July, 31 July and 11-12 August. The
locations of stations and the sampling depths were defined
on the basis of autonomously acquired data and vertical
profiles of Chl a fluorescence at each sampling station.
Vertical resolution of water sampling was from 2 to 5 m.
Water samples were analysed for inorganic nutrient (PO4>"
and NO, +NO; ) concentrations, Chl a content and
phytoplankton species composition and biomass.

Nutrient analyses were carried out according to the
guidelines of the American Public Health Association
(APHA 1992; methods 4500-NO3 F and 4500-P F). The
samples were deep-frozen after collection and analysed at

59°N
23.5°E 24°E

24.5°E 25°E 25.5°E 26°E

Kalbadagrund meteorological station (blue cross) are shown. Maps are
created using ODV software (Shlitzer 2010)

the on-shore laboratory using an automatic nutrient analyser
(uMac 1000, Systea S.r.l.). The lower detection range for
phosphate—phosphorus and nitrate + nitrite—nitrogen was
1 ppb (parts per billion; 0.03 and 0.07 uM, respectively;
with a measurement uncertainty of 20% near detection
limit).

Chl a concentration in the water samples was determined
on Whatman GF/F glass fibre filters following extraction at
room temperature in the dark with 96% ethanol for 24 h. Chl a
content from the extract was measured spectrophotometri-
cally (Thermo Helios ) in the laboratory (HELCOM 1988).
Phytoplankton samples were preserved with acid Lugol’s
solution and analysed using the Utermdhl (1958) technique
and PhytoWin software by Kahma Ky. Cyanobacterial
filaments were counted as 100-pum segments and other
phytoplankton species as single cells or colonies. All
biomass data are given in wet weight concentrations.

Fluorescence data were calibrated against Chl a mea-
sured in the water samples collected aboard the research
vessel on 28 July, 31 July and 11-12 August. Sixty data
pairs were used to find the best linear fit (using least mean
square criteria) between fluorescence and Chl a: Chl
a=2.11xF+0.63 (+*=0.69, where F is fluorescence in
arbitrary units and Chl a content is obtained in milligram
per cubic metre). The applicability of the same equation to
convert the fluorescence values measured by another
Seapoint fluorometer attached to the moored profiler was
confirmed by very good agreement between the simulta-
neous vertical Chl a fluorescence profiles obtained by the
moored profiler and the profiler aboard the research vessel.
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Two stratification parameters were calculated for each
vertical density profile measured at the buoy station—upper
mixed layer (UML) depth (4ymr) and depth of the strongest
density gradient (depth of the maximum Brunt-Viisild
frequency—/maxn). Profiles with a vertical resolution of
0.5 m were used, and only those profiles were taken into
account where the profiling depth was >30 m. The UML
depth was derived as the depth at which the density
exceeded the surface density (taken at 4 m depth) by
0.25 kg m >

Wind data with a time resolution of 3 h obtained from
the Kalbadagrund meteorological station (Finnish Meteo-
rological Institute; see location in Fig. 1) were used to
characterize local atmospheric forcing.

3 Results
3.1 Vertical temperature, salinity and Chl a distribution

High-resolution vertical profiling at the buoy station
revealed remarkable temporal variations of the vertical
distributions of temperature and salinity in the Gulf of
Finland in July—August 2009 (Fig. 2a, b). Although the
general temporal pattern was superimposed by short-time
variations, the deployment period could be divided into
several sub-periods with distinct vertical structure (and/or
changes) of temperature and salinity fields. At the beginning
of July, the UML temperature and depth were 13-15°C and
5-9 m, respectively. Surfacing of colder and more saline sub-
surface layer water was observed in the first half of July. Later,
a less saline water mass with temperature and salinity ranging
from 14°C to 15.5°C and from 4.2 to 4.5 m, respectively,
appeared in the UML at the measurement site. A fast
deepening of the UML from 7-9 to 16-18 m occurred on 25
July and a more saline water mass occupied the UML on 26
July—the UML salinity increased up to 5.0. After 31 July,
considerable warming of the sea surface and formation of a
secondary thermocline at 7-10 m depth were observed. It was
followed by a drastic deepening of the UML from 13—15 m
(on 15-16 August) to 26-30 m (on 20-21 August) accompa-
nied by an increase of the UML salinity up to 5.7. While in
most cases the depth of the strongest density gradient
followed the temporal evolution of the UML depth, separation
of about 10 m between these depths occurred from 29 July to
12 August.

The general dynamics of Chl a were characterized by an
interchange of periods with different Chl a distribution
patterns (Fig. 2c). Three periods with deep distribution
patterns of Chl a were related to the deepening of the UML
after 12 July, 25 July and 16 August. The highest Chl a
concentrations in the UML were observed on 3—10 August
when the highest UML temperature (up to 19.2°C) and
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Fig. 2 Variations of the vertical distribution of temperature (a, degree
Celsius), salinity (b) and Chl @ (e, milligram per cubic metre) as
measured by autonomous profiler in the Gulf of Finland from 30 June
to 28 August 2009. Blanked areas correspond to the periods when
vertical profiles were not available for 24 h or more. Black dashes
indicate the UML depth and red dashes the depth of the strongest
density gradient

secondary thermocline occurred. The three mentioned
periods of relatively high Chl a concentration in the sub-
surface layer differ from each other regarding the depths of
Chl a penetration and the concurrent UML depth and depth
of the strongest density gradient (Fig. 2c). In the period
after 12 July, the highest Chl a values were observed
mainly in the thermocline between the UML depth and the
depth of the strongest density gradient, i.e. the Chl a
concentrations in the UML were lower than those in the
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thermocline. On 26-31 July, relatively high Chl a concen-
trations were observed in the UML, while patches of very
high Chl a were detected also in the sub-surface layer
below the depth of the strongest density gradient. The
overall Chl a concentration maximum, measured by the
buoy profiler, was registered also within this period in the
sub-surface layer (19.8 mg m > at 32 m on 28 July). During
the third period of deep Chl a distribution (after 16
August), high Chl a concentrations were observed only in
the UML (however, the UML was deep), and no patches of
elevated Chl a content were detected below the depth of the
strongest density gradient. Relatively high Chl a values
were measured below the depth of the highest density
gradient on 5-9 July when the UML was very shallow and
hmaxy Was located close to the UML depth. It has to be
pointed out that the described general Chl a dynamics was
superimposed with short-term variations, often having a
diurnal signal in the whole water column where noticeable
Chl a concentrations were measured.

3.2 Atmospheric and oceanographic forcing

Wind measurements at the Kalbddagrund meteorological
station (see location in Fig. 1) revealed high variability of
the wind but some periods with characteristic wind forcing
(Fig. 3) leading to certain current patterns (data available
since 23 July) or coastal upwelling/downwelling events.
South-easterly winds, which are favourable for upwelling
near the southern coast, prevailed in the Gulf of Finland
area from 6 to 12 July. The temperature and salinity data
collected in the surface layer along the Tallinn—Helsinki
ferry route confirmed that an upwelling event occurred near
the southern coast on 713 July (Fig. 4) and that upwelling
waters reached the buoy station on 10 July resulting in a
temporal temperature decrease and salinity increase mea-
sured by the profiler on 10-12 July. Mainly westerly—south-

40

10 Aug  20Aug 30 Aug
Date

1Jduly  11Jduly  21July 31 July

Fig. 3 Daily mean wind velocity measured at the Kalbadagrund
meteorological station from 30 June to 28 August 2009 (upper row of
vectors) and daily mean currents at the depths of 10, 20, 30 and 40 m
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Fig. 4 Variations of temperature (a, degree Celsius) and salinity (b) in
the surface layer along the ferry route Tallinn—Helsinki from 30 June
until 28 August 2009. Distance in kilometres from a fixed starting
point of Ferrybox measurements near Tallinn is shown on the y-axis.
Simultaneous data acquired at the buoy profiler (at the depth of 4 m)
are shown at the distance of 22-23 km

westerly winds prevailed in the area from 15 July until the
end of July. This period was characterized by deepening of
the thermocline (faxn, see Fig. 2a). South-eastward flow
in the 20-m upper layer and north-westward flow below the
thermocline were observed from 24 July (Fig. 3). The
appearance of more saline water in the UML on 26 July
(Figs. 2b and 4b) could be related to this flow structure.
A period of weak winds was observed during the first
10 days of August. The flow structure was characterized by
a northward (north-westward) flow in the surface layer and
an eastward flow below the thermocline (30 and 40 m in
Fig. 3). Strong wind pulses from variable directions were
observed from 10 August until the end of the measurement
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period. First, simultaneous diurnal current oscillations
occurred in the whole water mass (not seen in Fig. 3 where
daily mean velocities are presented). Later, a clear two-
layer flow structure was established with similar changes of
current speed and direction in the upper 30 m layer and
mostly opposite flow below. Strong westerly and north-
westerly winds on 15-20 August caused downwelling near
the southern coast of the Gulf, which was detected at our
measurement site as the sharp deepening of the UML from
17 to 19 August. According to the Tallinn—Helsinki
Ferrybox data, an intensive upwelling event developed
simultaneously near the northern coast (Fig. 4).

3.3 Phytoplankton dynamics in the surface layer

Phytoplankton biomass and species composition in the
surface layer changed during the study period and,
according to the sampling using the Ferrybox system, differed
between the regions along the ferry route. On the basis of
combined Ferrybox and research vessel data collected near the
buoy profiler (Fig. 5), phytoplankton biomass values were
relatively low (420-880 mg m >, expressed as total wet
weight concentrations) at the beginning of July. Eugleno-
phytes Eutreptiella spp. de Cunha (16-30% of total wet
weight biomass), the filamentous cyanobacterium Aphanizo-
menon sp. (13-26%) and the dinoflagellate Dinophysis
acuminata Claparéde and Lachmann (19-27%) were the
dominant species in the phytoplankton community. In the area
influenced by a coastal upwelling near the southern coast,
Eutreptiella spp. were most prominent (28-58%) on 12 July,
and the community was dominated by Aphanizomenon sp.
(32-50%) and D. acuminata (12-27%) on 19 July. At the
same time, the three Ferrybox samplings in July revealed that
the dinoflagellate H. triquetra dominated at most of the
stations in the northern Gulf (10-53% of total wet weight

biomass). According to the research vessel data (used to fill in
the gap in the Ferrybox data) collected from the upper layer
(1-5 m) in the vicinity of the buoy profiler on 28 and 31 July,
the community was clearly dominated by cyanobacteria and
dinoflagellates (Fig. 5) in late July. Dominant species on both
days were Aphanizomenon sp. (37% and 29%, respectively)
and H. triquetra (32% and 27%). The biomass increase on 31
July was mainly due to the appearance of Nodularia
spumigena Mertens and higher biomass of D. acuminata in
the whole community.

On 2 August, Aphanizomenon sp. and H. triguetra were
dominant in the southern Gulf (21-32% and 27-57% of total
wet weight, respectively; Ferrybox data). The more saline
water mass just northward from the buoy station (see Fig. 4b)
was characterized by a lower Aphanizomenon sp. contribu-
tion (below 10%) and high dominance of H. triquetra (58—
72%). One week later, on 9 August, Aphanizomenon sp. and
H. triquetra were more or less evenly distributed across the
Gulf (11-44% and 10-32%, respectively). The cyanobacte-
rium N. spumigena had a significant share in the total
biomass in the whole sampling area (6-46%). On 11 August,
the samples collected aboard the research vessel showed an
overall decrease in phytoplankton biomass and the domi-
nance of filamentous cyanobacteria in the community. On 23
August, Aphanizomenon sp. continued to dominate in the
southern part of the Gulf (40-50%); however, the total
phytoplankton biomass was clearly lower than that of
previous sampling days (Fig. 5).

3.4 Vertical migration of phytoplankton

To verify whether the observed short-term variations in Chl
a distribution (Fig. 2) were consistent with a diurnal vertical
migration pattern of phytoplankton, the average daily
courses of Chl @ were constructed for the entire deployment

Fig. 5 Temporal dynamics of
phytoplankton in the Gulf of
Finland in summer 2009 in 2000
the vicinity of the buoy profiler.
Ferrybox data collected from
the depth of 4 m in the evening ”g 1500
are complemented by research >
vessel data (marked as shaded E
areas) collected from the ﬁ 1000
surface layer 1-5 m during £
daytime o
500
0
28June 5 July
= Nostocophyceae
® Prymnesiophyceae
= Euglenophyceae

12July  19July  28July 31 July 2 Aug 9 Aug 11Aug 23 Aug
Date
Cryptophyceae = Dinophyceae = Diatomophyceae
u Chrysopl Prasi = Chlorophyceae
u Others u Cliophora
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period and for several distinct periods of atmospheric—
oceanographic forcing and species composition. Due to the
high variability at other time scales, the amplitude of the diurnal
cycle, revealed using the data from the entire deployment
period, was low in comparison to the overall variability
(calculated as the standard deviation of Chl a at a fixed depth).
Clear diurnal patterns in the Chl a dynamics were detected in
the period of dominance of euglenophytes (Eutreptiella spp.)

Fig. 6 The daily average varia-
tions of Chl a and deviations
from the mean Chl a at each
depth in the layer 3—40 m

from 5 July to 9 July (a and b,
respectively) and from 25 July
to 2 August (¢, d). Both Chl a
scales are in milligram per cubic
metre. Average temperature
(degree Celsius; a, ¢) and
density anomaly (kilogram per
cubic metre; b, d) distributions
are shown by solid lines

Depth (m)

Depth (m)

6 9

12
Hour
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at the beginning of July and in the period of dominance of the
dinoflagellate H. triquetra in late July—early August (Fig. 6).
In the former period, the Chl a values were relatively low
(mainly <5 mg m>), the maximum at the surface (3 m) was
observed at 3 p.m. and the maximum at 15-17 m depth at 3 a.
m. The changes in the Chl a distribution were restricted to the
upper 20 m layer where the water temperature and density
anomaly were >4°C and <5 kg m >, respectively. We

18 21 24
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interpret the observed Chl a dynamics as diurnal vertical
migration of phytoplankton with a clear downward
migration at night. Two features of the Chl a dynamics
in the time—depth plot (Fig. 6a, b) are consistent with the
upward migration of phytoplankton—the upward directed
branches of slightly higher values with the starting points
at 3 am., 810 m and at 6 am., 15 m (Fig. 6a, b).
However, we note that the related temporal changes were
statistically not significant due to the high day-to-day
variability and too short period with this migration pattern
observed at the buoy profiler.

In late July—early August, the maximum Chl a concen-
trations at the surface were observed between noon and 6 p.m.
and the minimum at 3 a.m. (Fig. 6c, d). Clear diurnal cycles,
but with the daily maximum and minimum at the different
times of day, occurred also in the sub-surface layer, while
below the depth of the strongest density gradient (on average
at 21-23 m), a possible cyclical migration pattern was masked
by occasionally observed patches of high Chl a. It has to be
noted that the daily maximum and minimum Chl a values
were significantly different only in the upper 12-m layer. Due
to a relatively strong vertical gradient of average Chl a in the
upper 20 m layer (Fig. 6¢), the diurnal cycle can be better
examined with a graph of Chl a deviations (calculated against
the daily averages at each depth) in a time—depth plot
(Fig. 6d). The maximum Chl a values at 6-12 m were
observed at 9 p.m. and the minimum at 3 p.m., while the
maximum and minimum at 14-20 m were observed at 3 a.m.
and 6-9 p.m., respectively. On the basis of the described Chl
a dynamics, we suggest that, on average, after accumulation
at the very surface at 3 p.m. the phytoplankton experienced
downward migration reaching 20 m at 3 a.m., whereas

Fig. 7 Changes in the vertical
distribution of Chl a at the
buoy station from noon on 26
July until 9 p.m. on 27 July
2009. Values on the x-axis are
correct for the first profile.
Each subsequent profile is
shifted to the right by 10
3 mg m ™ in relation to the
preceding one

o

Depth (m)
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sinking was faster in the almost mixed upper layer (see
vertical density distribution in Fig. 6d). After 3 am., some
part of the community continued downward migration and
penetrated into the water layer below the strongest density
gradient while some part returned, reaching the surface at
noon. Although we do not have clear evidence that
phytoplankton appearing below the thermocline returned, it
can be assumed that part of the deep population could join the
maximum at about 20 m depth at 3 a.m. the next day and thus
could have a bi-diurnal migration pattern.

To illustrate the described diurnal (and possible bi-diurnal)
migration pattern, a series of consecutive vertical profiles of
Chl a collected from noon on 26 July to 6 p.m. on 27 July is
presented (Fig. 7). According to this example, at 9 p.m., the
maximum in the vertical profile of Chl ¢ was measured at
4.6 m. During the night, the Chl ¢ maximum was deeper and
was at 10.4 m at midnight and 14.3 m at 3 a.m. Three hours
later, Chl a was distributed almost evenly in the whole water
layer from 3 to 25 m with local maxima at 5.5 and 19.2 m.
Within the next 6 h, two clear maxima developed—one near
the surface (at 3 m) and the other at 27 m. At the same time,
Chl a concentration decreased in the water layer between 13
and 23 m. The strongest density gradient during the
described period was at 21-23 m. The presented evolution
of Chl a distribution showed that the Chl ¢ maximum moves
downward during the night with an approximate speed of
1.6 mh™". The splitting of the community into two at 9 a.m.
could indicate that part of the community returns to the sea
surface and the other part continues downward migration
until getting below the thermocline.

On 11-12 August, vertical sampling was performed in
the vicinity of the buoy profiler aboard the research vessel
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SALME—from 5 p.m. until 9 a.m. with a time resolution of
2-3 h. No Chl a fluorescence maxima were found below
the seasonal thermocline and no temporal changes of
profiles, which could be related to the vertical migration
of phytoplankton, were observed. The contribution of
cyanobacteria and dinoflagellates to the phytoplankton total
wet weight biomass at 2 m was 53-87% and 6-27%,
respectively, while H. triquetra biomass was low—it
formed only 2-13% of phytoplankton biomass. However,
the temporal changes in the vertical distribution of
H. triquetra were in accordance with a diurnal migration
pattern—the biomass maximum was at a depth of 2 m in
the evening, at 10—15 m at midnight and at 3 a.m. and in
the upper 5 m layer by 6 a.m. It has to be noted that
although fluorescence profiles did not show maxima in the
thermocline, we observed relatively high biomass of
heterotrophic dinoflagellates at 20 m depth in all samples.
The phytoplankton biomass was between 600 and
1,400 mg m > and the heterotrophic dinoflagellates formed
84-99% of the total wet weight.

3.5 Sub-surface patches of high phytoplankton biomass

On 28 July, when the maximum Chl @ concentration was
recorded by the autonomous profiler in the sub-surface
layer (at 32 m at 9 a.m.), a north—south-oriented transect of
four stations close to the mooring was sampled twice—2—
3.5 h later and 5.5-7 h later. Extremely layered vertical
distributions of temperature, salinity and Chl a with

Fig. 8 Vertical sections of Chl a
and temperature (a; colour
scale, milligram per cubic metre
and solid lines, degree Celsius,
respectively), and salinity and
density anomaly (b; colour
scale, without units and solid
lines, kilogram per cubic metre,
respectively) along a north—
south transect in the vicinity

of the buoy profiler (station 5
was located close to the buoy)
sampled on 28 July. Distance
in kilometres corresponding to
the distance in Fig. 4 is shown
on the x-axis and station numb-
ers are indicated above the plots
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24

substantial horizontal gradients of all parameters in the
thermocline were recorded (Fig. 8). Isopycnals below the
thermocline (below the depth of the strongest density
gradient) had a shallower position in the northern part of
the section and a cold intrusion extended from the north
towards the buoy profiler. There was a less saline layer
(well visible at station 5) in the upper part of the
thermocline beneath the more saline surface layer
(Fig. 8b). A relatively intense sub-surface Chl ¢ maximum
layer, which was thinner and more intense in the northern
part and thicker (consisting of a few sub-layers) near the
buoy profiler (station 5), was detected. At the two
northernmost stations, the maximum Chl & concentration
and thickness of the layer (determined as described by Lips
et al. (2010)) were 9.9 mg m > and 3.9 m and 9.2 mg m >
and 5.0 m, respectively. The sub-surface Chl ¢ maximum
layer coincided with the cold intrusion. The vertical
distribution of nutrients revealed that nitrates—nitrites were
depleted (concentration <0.1 pM) and only low concen-
trations of phosphates were measured (0.15 puM) in the
water column above the Chl ¢ maximum layer while
relatively high concentrations were measured in it (0.5 uM
of NO; +NO, ™ and 0.54 uM of PO,>).

Phytoplankton had the highest total biomass (2,300 mg m™>)
in the surface layer at the northernmost station (station 3),
where at a depth of 2 m, 75% of the biomass was
dinoflagellates (69% of total wet weight was formed by
H. triquetra) and 20% cyanobacteria. At 28 m depth, in the Chl
a maximum layer, a phytoplankton biomass of 1,700 mg m
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was measured. About 90% of biomass in this layer was
formed by dinoflagellates—half of it by H. triquetra and the
other half by larger heterotrophic species. By microscopic
examination, it could be seen that heterotrophic species were
feeding on H. triquetra. At the next station (located 2.2 km
southward), the total biomass at 28 m depth was slightly
lower (1,200 mg m>), but it was mostly (96%) formed by
dinoflagellates with a clear dominance of H. triquetra (90%).
Near the buoy profiler (station 5), the biomass maximum was
thicker and the biomass values at the sampling depths of
25-31 m were lower (340-600 mg m ™). H. triquetra formed
50-83% of total wet weight biomass. At the same time in the
surface layer, the biomass (1,600 mg m>) was dominated by
cyanobacteria (51%) while the contribution of dinoflagellates
to the total wet weight biomass was 43% (H. triquetra
formed 29% and D. acuminata 10%).

Similar to that described above, a layered structure of
vertical temperature, salinity and Chl @ distribution was
observed during the second sampling on 28 July. A very
intense sub-surface phytoplankton biomass maximum was
detected at 33 m (at station 9, which was close to station 4
in Fig. 8). The maximum Chl @ concentration and thickness
of the layer detected at the measured vertical Chl a profile
were 26.6 mg m > and 1.3 m, respectively. This Chl a
maximum layer coincided with a warm intrusion, which
occurred below the cold intrusion where the Chl a
maximum at stations 3 and 4 was detected 4 h earlier
(Fig. 8). Phytoplankton counting gave a very high
abundance and biomass of H. triquetra in the water sample
collected from the maximum layer at station 9—2,523,000
cells I"' and 3,390 mg m™> (forming 95% of the total
phytoplankton biomass). The Chl a fluorescence value
measured when the water bottle was closed corresponded to
a Chl a value of 42.8 mg m °.

On 31 July, the transect consisting of four stations was
sampled again. In the surface layer, dinoflagellates and
cyanobacteria formed an equal share (close to 50%) of the
total phytoplankton biomass at all stations. Only moderate
sub-surface maxima were observed with a H. triguetra
biomass of up to 300 mg m . In most samples from 25 to
32 m, the heterotrophic dinoflagellates were dominant in
the phytoplankton community with biomasses of between
500 and 600 mg m >,

4 Discussion

High-resolution vertical profiling has revealed remarkable
variations of the vertical distribution of temperature,
salinity and Chl a in the Gulf of Finland in July—August
2009. Vertical dynamics of phytoplankton was described to
a large extent using Chl a fluorescence data. It is well
known that the fluorescence quenching effect can influence
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the results at high daytime irradiances (Sackmann et al.
2008), even up to 30%. During our study, the daily
maximum Chl a values near the sea surface were recorded
at daytime and the minimum values at night (Fig. 6). Thus,
if the quenching effect could influence the fluorescence
data, the amplitude of diurnal variation at the sea surface
could be underestimated, rather than overestimated. In
addition, the Secchi depth measured aboard the research
vessel on 28 July, 31 July and 11-12 August did not exceed
4 m. Consequently, the euphotic depth in the study area was
about 12.8 m (or less) in late July—early August 2009. It
allows us to assume that the quenching effect could not
affect the Chl a fluorescence measurements in the sub-
surface layer where, on average, the Chl ¢ maximum was
observed at 3 a.m. and the minimum at 3 p.m.

We explain the observed changes in vertical dynamics of
phytoplankton by prevailing meteorological and oceano-
graphic forcing and related shifts between dominant species/
taxonomic groups of phytoplankton. The most prominent
variations in the vertical Chl a distribution were observed in
late July—early August when the phytoplankton community
was dominated by H. triquetra. While at our measurement
site this period was relatively short, H. triguetra was the
dominant species in the community in the northern Gulf by
early July and in the central Gulf by mid-July. Thus, similar
migration patterns of phytoplankton as observed in the
southern Gulf in late July—early August and formation of
sub-surface layers of high phytoplankton biomass could
have occurred in those areas for a longer period. This
suggestion has to be taken into account when extrapolating
our observational results over the larger area in the Gulf of
Finland, e.g. when estimating the role of sub-surface
biomass maxima in summer phytoplankton assemblages.
One question to be answered is why the dominance of
H. triquetra in the phytoplankton community at our
measurement site was restricted only to late July and first
days of August. Vertical migration of phytoplankton was
evident also in the first half of July when euglenophytes
(Eutreptiella spp.) dominated the phytoplankton community
in the UML. Although we did not collect samples for
phytoplankton counting from the sub-surface layer to
confirm that Eutreptiella spp. were dominating there as well,
the revealed diurnal migration pattern is in accordance with
earlier findings on migration behaviour of these species.
Figueroa et al. (1998) have shown that Eutreptiella sp.
aggregated at the surface in maximum numbers at noon and
migrated through the pycnocline (at depth of 6 m) at night.
The winds favourable for the development of upwelling
events near the southern coast of the Gulf of Finland
prevailed, and the seasonal thermocline had a quite shallow
position in early July. Most probably, the latter and related
shallow position of nutriclines (e.g. Laanemets et al. 2004)
created favourable conditions also for smaller sized species,
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which should have lower swimming speeds than bigger
sized species (e.g. Smayda 2010), to undertake nutrient-
gathering migrations to nutrient-rich layers.

In the beginning of August, a secondary thermocline
developed close to the sea surface and the UML temper-
ature increased to 19.2°C. It resulted in the dominance of
cyanobacteria and appearance of N. spumigena in the
community. This observational result confirms that the
vertical stratification in the surface layer is favourable for
cyanobacteria, especially for N. spumigena (e.g. Kanoshina
et al. 2003). Thus, the nitrogen uptake strategy of
dinoflagellates by vertical migration through the secondary
and seasonal thermoclines seems to be less competitive
than the nitrogen fixation by cyanobacteria in warm
stratified surface waters. Deepening of the UML, observed
after 16 August at the buoy station due to the development
of downwelling near the southern coast, did not result in
H. triquetra dominance and related migration pattern. Most
probably, in this case, the nutrient-rich waters were pushed
too deep, to depths >35-40 m. A reason for the observed
overall decline in phytoplankton biomass in the second half
of August (Fig. 5) could be the deep UML as well; the
UML depth was about two times deeper than the estimated
euphotic depth.

Many dinoflagellates are known to be capable of vertical
migration, and the measured maximum swimming speeds
of different phytoplankton species range from 139 to
1,667 pum s (Smayda 2010). Swimming enables
nutrient-deficient cells to migrate to the deeper layers
where they dark-assimilate NO;~ for photosynthetic incor-
poration upon swimming back up into the euphotic zone
(Fauchot et al. 2005). The ability of H. triquetra to uptake
nitrate in the dark was shown by Paasche et al. (1984). The
maximum swimming speed of H. triquetra, as measured by
laboratory experiments, is as high as 467 um s ' (average
370 um s '; Jeong et al. 2002). We presented in situ
evidence that the summer phytoplankton dominated by the
dinoflagellate H. triquetra in the stratified Gulf of Finland
experiences vertical migration, and the speed of downward
migration could be as high as 1.6 mh™' (equal to
444 um s'). During mesocosm experiments conducted
by Olli and Seppéléd (2001), clear diurnal vertical migration
of H. triquetra was detected in the 11-m water column in
24 h. We observed a similar diurnal migration pattern by
direct measurements on 11-12 August in a situation when
H. triquetra had low biomass in the community dominated
by cyanobacteria, and the vertical migration range of cells
was only 15 m.

During the period of dominance of H. triquetra in late
July—early August, the detectable amounts of nutrients
were measured below the strongest density gradient at
depths >25 m. The estimated mean spherical diameter of
H. triguetra in the sub-surface biomass maxima layers was

21.5 pm. As motility progressively increases with cell size
up to a threshold of 35 um (Kamykowski et al. 1992), the
depths of 28-34 m, where phytoplankton biomass maxima
were observed, are in principle reachable by diurnal migratory
behaviour. However, the observed swimming speed of
1.6 mh™! is not enough for cells to sink to a depth >25 m,
uptake nitrogen, and swim back to the surface in 24 h.
Furthermore, we have measured many profiles with two
vertically separated maxima of Chl « during daytime.
Therefore, we suggest that the migration cycle for those
cells of H. triquetra which reach the high nutrient
resources below the thermocline could be longer, e.g. bi-
diurnal. Ralston et al. (2007) have shown in their
modelling exercise that asynchronous vertical migrations
in cases when the migration cycle cannot be completed in
24 h could result in a bimodal vertical distribution of
phytoplankton cells. As suggested by Townsend et al.
(2005), the cells that swim downward would most likely
stop upon encountering the nitracline, and likewise, those
swimming upwards would concentrate near the surface.
Our results indicate that the downward migration is clearly
synchronous while the upward migration could be asyn-
chronous and depend on the time period needed to reach
the nutrient-rich layer and uptake enough nitrogen.

Dortch and Maske (1982) have proposed that only part
of the population migrates to the full depth necessary to
reach the nitracline in response to the depletion of internal
stores of nitrogen. We also showed the splitting of the
community into two. One half stayed in the upper mixed
layer and was moving to the surface by noon, while the
other half continued downward migration (Fig. 7). The
downward migrating phytoplankton cells did not stop at the
depths with the strongest density gradient and formed
patches of high biomass just a few metres below /,,,n. The
presence of phytoplankton maxima below /. has been
shown in the Adriatic Sea (Revelante and Gilmartin 1995),
indicating that the formation of these maxima are not
connected to the accumulation of organisms at a marked
density gradient as it has been reported in many other
studies (e.g. Velo-Suarez et al. 2010). The latter and the fact
that in these layers high enough nutrient concentrations
were measured support the suggestion that the downward
migration was caused by physiological needs of phyto-
plankton. The split of one species community during
migration and the formation of a double peak in vertical
profiles was demonstrated by Olli and Seppéld (2001) in
their mesocosm experiment and found by Holligan et al.
(1984) in field measurements. The downward movement of
dinoflagellates has been suggested to be triggered by
inorganic nutrient depletion in the surface layers. However,
laboratory experiments (Olli and Seppéld 2001; Jephson
and Carlsson 2009) have shown downward migrations to be
present also in nutrient-sufficient conditions.
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In many studies, it has been argued that physical
processes are able to shape the vertical distribution of
phytoplankton into thin layers of high biomass (e.g. Velo-
Suarez et al. 2010). Sullivan et al. (2010) have concluded
that even though physical forcing affects the spatial—
temporal dynamics of thin phytoplankton layers, biological
processes and behaviour can be equally, if not more
important. Ross and Sharples (2007) showed that motility
could give an advantage to the phytoplankton in competing
for the nutrients in the thermocline. Our results indicate that
the sub-surface maxima of H. triquetra are fuelled by
synchronous downward migration of cells at night. Since
the physical processes in the tideless Gulf of Finland do not
reveal a diurnal cycle, we suggest that this migration pattern
occurs as an adaptation of phytoplankton to migrate to the
deeper nutrient resources at low irradiances (when photo-
synthesis rate is low) in response to the inorganic nutrient
depletion at the surface. On the other hand, we suggest that
the success of this strategy depends on hydrophysical
background, mostly at a mesoscale, e.g. the appearance of a
more saline water mass, which could be interpreted as an
anticyclonic eddy, at the study site coincided with the clear
vertical migration of phytoplankton and formation of biomass
maxima in the sub-surface layer. Similar suggestions on the
importance of mesoscale processes were made in the earlier
studies by Kononen et al. (2003) and Lips et al. (2010).

The most intense sub-surface maxima observed in our
study area were associated with the intrusions (with both,
warm and cold ones) indicating that physical processes at a
sub-mesoscale are also important. However, since on some
occasions the biomass is much higher in the sub-surface
maxima than that in the surface layer, it is not possible to
explain the phenomenon by physical processes alone. The
question in this context is why the downward migration of
cells stops at a very restricted depth range? Thus, we still do
not know the exact mechanisms of formation of these very
thin layers with a very high biomass. We have not discussed
the possible influence of grazing, although direct evidence of
feeding of large heterotrophic dinoflagellates on H. triquetra
was found. A topic which has to be studied in more detail in
the future is related to the heterotrophic communities in the
sub-surface layers in general. Local biomass maxima of
heterotrophic phytoplankton at most sampling stations were
detected in the thermocline, but the observed biomasses were
not as high as for H. triquetra. Equipment suitable to locate
similar layers of very high biomass of heterotrophic
phytoplankton has to be used in these studies.

5 Conclusions

We have observed pronounced oceanographic processes
and related changes in the horizontal and vertical distribu-
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tions of temperature; salinity; and Chl @ in the Gulf of
Finland in July and August 2009. Based on our observa-
tions, we suggest that the conditions caused by the
prevailing atmospheric and oceanographic forcing (wind,
dynamics of vertical stratification, basin-wide, mesoscale
and sub-mesoscale processes) are preferred by certain
species/taxonomic groups (small flagellates, dinoflagellate
H. triquetra or cyanobacteria) and explain the migration
patterns of phytoplankton. Downward migration of H.
triguetra with a speed up to 1.6 mh™' and splitting of the
community into two, resulting in a bimodal vertical
distribution of organisms were documented. The areas and
periods where and when this migration pattern and the sub-
surface biomass maxima occur are suggested to be defined
by mesoscale processes and vertical stratification of the
water column. To understand the role of the sub-surface
phytoplankton biomass maxima in the total primary
production and internal nutrient cycling in stratified
estuaries, further studies are needed.
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Abstract

The spatio-temporal variability of chlorophyl a (Chl a) caused by a sequence of
upwelling events in the Gulf of Finland in July—August 2006 was studied using
remote sensing data and field measurements. Spatial distributions of sea surface
temperature (SST) and Chl a concentration were examined using MODIS and
MERIS data respectively. The MERIS data were processed with an algorithm
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developed by the Free University of Berlin (FUB) for case 2 waters. Evaluation
of MERIS Chl a versus in situ Chl a showed good correlation (r? = 0.67), but the
concentration was underestimated. The linear regression for a 2 h window was
applied to calibrate MERIS Chl a. The spatio-temporal variability exhibited the
clear influence of upwelling events and related filaments on Chl a distribution in
the western and central Gulf. The lowest Chl a concentrations were recorded in the
upwelled water, especially at the upwelling centres, and the highest concentrations
(13 mg m~3) were observed about two weeks after the upwelling peak along the
northern coast. The areas along the northern coast of upwelled water (4879 km?)
on the SST map, and increased Chl a (5526 km?) two weeks later, were roughly
coincident. The effect of upwelling events was weak in the eastern part of the Gulf,
where Chl a concentration was relatively consistent throughout this period.

1. Introduction

Remote sensing data have been widely used for monitoring the ecological
and physical state of the Baltic Sea. Satellite imagery has been used for
detecting interannual, seasonal and mesoscale variability of the sea surface
temperature (SST) (Horstmann 1983, Gidhagen et al. 1987, Siegel et al.
1994, Krezel et al. 2005a, Siegel et al. 2006, Bradtke et al. 2010). Previous
studies have demonstrated that remote sensing imagery can be used for
the systematic monitoring of the chlorophyl a (Chl @) distribution and
variability (Krezel et al. 2005b, Koponen et al. 2007, Kratzer et al. 2008).
Coastal upwelling is an important process that brings cold, nutrient-rich
deep water to the surface layer, and can be monitored using different remote
sensing data (Krezel et al. 2005a, Lass et al. 2010). The combined use
of SST and Chl a imagery, complemented by in situ measurements and
wind information, provides a basis for describing and analysing the spatial
variability of phytoplankton blooms promoted by upwelling.

The Gulf of Finland is an area of the Baltic Sea well known for frequent
upwelling events (Kahru et al. 1995, Myrberg & Andrejev 2003, Lehmann
& Myrberg 2008, Myrberg et al. 2008). Satellite SST data have shown
that during the strongest upwelling events along the northern and southern
coasts of the Gulf of Finland, the upwelled water can cover remarkably
large areas, corresponding to about 40% and 20%, respectively, of the total
surface area of the Gulf (which is about 29 500 km?) (Uiboupin & Laanemets
2009). During upwelling events the surface phytoplankton community is
transported offshore and replaced by species normally resident in the upper
part of the thermocline (Kanoshina et al. 2003, Vahtera et al. 2005,
Lips & Lips 2010). Numerical simulations by Zhurbas et al. (2008) and
field measurements by Lips et al. (2009) have shown that in the narrow,
elongated Gulf of Finland, upwelling along one coast is accompanied by
downwelling along the opposite coast, i.e. two longshore baroclinic jets and
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their related thermohaline fronts develop simultaneously. The instability of
a longshore baroclinic jet leads to the increasing development of filaments
and eddies, and thus coastal offshore mixing, resulting in a substantial
horizontal variability of the surface layer temperature, upwelled nutrients
and phytoplankton /chlorophyll.

The spatio-temporal variability of hydrographic and biological-chemical
parameters can be regularly monitored from autonomous ship-of-opportunity
measurements that collect temperature, salinity and chlorophyl a fluores-
cence data, as well as water samples for nutrient and phytoplankton analysis,
along fixed transects in the Baltic Sea (Rantajérvi et al. 1998, Lips & Lips
2008, Petersen et al. 2008). However, for obtaining information about the
phytoplankton abundance/biomass, and surface distribution over large sea
arecas, remote sensing imagery is invaluable. The Baltic Sea (including
the Gulf of Finland) comprises optically complex case 2 waters that are
dominated by coloured dissolved organic matter, and it is therefore a consid-
erable challenge to produce accurate estimates of water quality parameters
from remote sensing imagery (Schroeder et al. 2007a, Sorensen et al. 2007,
Kratzer et al. 2008). This optical complexity affects satellite Chl a retrievals,
so it is important to validate the algorithm using in situ measurements.
Satellite imagery with sufficient temporal resolution is regularly available
from MERIS (Medium Resolution Imaging Spectrometer) and MODIS
(Moderate Resolution Imaging Spectroradiometer) for the Baltic Sea region.
MERIS was designed to monitor coastal waters (Doerffer et al. 1999), and
it therefore has sufficient spectral resolution in the visible range to monitor
turbid waters like the Baltic Sea. In principle, MERIS operates in a range
enabling the detection of pigments like phycocyanin (cyanobacteria), which
have specific absorption minima near wavelength 630 nm and local maxima
at wavelength 650 nm (Kutser et al. 2006).

A series of upwelling events along the northern and southern coasts of
the Gulf of Finland occurred in July—August 2006. Westerly winds were
dominant in July, generating moderate upwelling along the northern coast
of the Gulf. Easterly winds then prevailed during the whole of August,
and as a result, very intense upwelling was observed along the southern
coast. The upwelling events were well documented by several studies based
on in situ measurements of physical, biological and chemical parameters
(Suursaar & Aps 2007, Lips et al. 2009, Lips & Lips 2010). In addition,
remote sensing data (MERIS and MODIS) are available from that period
to monitor the variability of SST and phytoplankton chlorophyll a fields.

The objectives of this study were: (1) to validate the MERIS chlorophyll
product retrieved with the Free University of Berlin (FUB) case 2 waters
processor using in situ measurements of Chl a, and (2) to assess the spatial
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and temporal variability of the Chl a field caused by consecutive upwelling
events using MERIS data.

This paper is structured as follows: section 2 describes the in situ,
remote sensing and wind data, as well as the methodology; in section 3,
the comparability of in situ and satellite chlorophyl a data is evaluated,
the sequence of upwelling events is described on the basis of MODIS
SST, MERIS chlorophyll is compared with in situ chlorophyl a, and the
upwelling-related variability of the chlorophyl a field from MERIS data is
described; section 4 discusses the results of the SST and chlorophyl a surface
distributions; the final conclusions are drawn in section 5.

2. Data and methodology
2.1. In situ data

The in situ data were obtained during five surveys (Table 1) conducted
along the same transect between Tallinn and Helsinki (Kuvaldina et al.
2010). Water samples for phytoplankton and Chl a analysis were collected
from 14 stations, each about 5.2 km apart (Figure 1). Three (but two
in the case of the shallow upper mixed layer) water samples were taken
from the upper mixed layer (UML, from a depth of 1 m down to the
seasonal thermocline) to form a pooled sample for each station. The depth
of the UML was determined from the CTD profile, which preceded water
sampling. Chl a content was measured spectrophotometrically (Thermo
Helios ~y; photometric accuracy: £0.005 A at 1 A) from the pooled samples
in the laboratory (HELCOM 1988). On 19-20 July, two (TH19, TH21) out
of five pooled samples were cloud-free on the satellite imagery. Because of
inclement weather conditions, only surface samples (n= 8) were collected
at stations TH1-TH15.

Phytoplankton species composition and biomass were analysed for each
survey from pooled samples (Lips & Lips 2010).

Table 1. In situ sampling and MERIS acquisition dates, times (UTC) and number
of samples used (N) in July—August 2006. The figures in brackets indicate the
number of samples collected within the 2 h interval from the satellite overpass. On
19-20 July, 2 pooled samples and 8 surface samples were collected

Sampling date N MERIS date MERIS time

11 Jul. 14 (3) 11 Jul. 9.35
19-20 Jul. 10 18 Jul. 9.15
25 Jul. 14 (4) 25 Jul. 8.55
8 Aug. 12 7 Aug. 8.46

15-16 Aug. 9 16 Aug. 9.03
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Figure 1. Map of the study area in the Gulf of Finland. The solid circles (e)
represent the locations of the in situ sampling stations (TH1-TH27) and the
locations of the MERIS chlorophyll time series (CHL1-CHL10, TH7 and TH27).
The solid square (w) represents the location of the HIRLAM grid point where wind
data were extracted. The bottom topography is drawn from the gridded topography
in metres (Seifert et al. 2001)

2.2. MERIS data

MERIS reduced-resolution (about 1x 1 km) images from 10 July to
18 August 2006 (altogether 31 sufficiently cloud free images) were used
to analyse the spatio-temporal variability of the Chl a field. The MERIS
images were processed using an algorithm developed by FUB for case 2
waters (Schroeder et al. 2007a,b) to apply an atmospheric correction and
to obtain the reflectance values used to calculate the Chl a concentration.
For the purposes of comparison, we also calculated Chl a and reflectance
values using the case 2 regional water (C2RW) processor (Doerffer & Schiller
2007).

To compare the MERIS and in situ Chl a data, two time frames were
selected at 24 h and 2 h intervals (before, or after) from the satellite overpass
(Table 1). According to Kratzer et al. (2008) a 2 h window is sufficient for
validating satellite Chl a measurements with in situ data. The MERIS
image pixel covering the location of the sampling station within the given
time window was extracted.

To evaluate the suitability of MERIS data for the detection of moderate
concentrations of cyanobacteria, the normalized reflectance spectra were
calculated according to Wu (2004).
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For the detection of surface phytoplankton accumulations a Maximum
Chlorophyll Index (MCI) was calculated for each MERIS image using the
algorithm provided in Gower et al. (2008).

2.3. MODIS data

To determine the extent of the upwelling zone and to describe the
temporal course of SST at selected locations, MODIS data (standard
level 2 MODIS SST products) from 10 July to 18 August 2006 were
used (http://oceancolor.gsfc.nasa.gov). Altogether 200 MODIS /Terra and
MODIS/Aqua images (1 x 1 km pixel spacing) were examined in order
to extract the SST data from 60 images that were sufficiently cloud-
free.

2.4. Wind data

Wind-induced mixing largely determines the distribution of phytoplank-
ton in the upper layer. To evaluate the comparability of satellite and
in situ Chl @ measurements, wind data from the version of HIRLAM
(High Resolution Limited Area Model) of the Estonian Meteorological and
Hydrological Institute (Méannik & Merilain 2007) were interpolated to the
location (25°7.5'E, 59°51.9’N) close to the measurement transect in July—
August 2006 (Figure 1). The spatial resolution of HIRLAM is 11 km, and
the forecast interval of 1 h ahead of 54 h is recalculated after every 6 h.
To characterize wind-induced mixing we used the depth of the turbulent
Ekman boundary layer estimated by the formula A = 0.1u,/f (Csanady
1982), where u, = (7/pw)"/? is the friction velocity, 7 = p,Cou? is the wind
stress, p, = 1.3 kg m ™3 is the air density, C,, = 1.2 x 1073 is the dimensionless
wind drag coefficient, v is the wind speed, p,, = 1005 kg m~? is the water
density, and f = 1.25 x 1074 s7! is the Coriolis parameter.

3. Results
3.1. Comparability of in situ and satellite Chl a

Generally speaking, remote sensing imagery represents the situation at
the sea surface. Variable wind conditions prevailed during July and August,
whilst wind speeds were mainly moderate but with some gusts over 10 m s~!
(Figure 2b). In this study, the pooled sample represents the UML, and
therefore we suggest that these two datasets are comparable if the depth of
the turbulent Ekman boundary layer largely persists during the time interval
between the acquisition of the MERIS image and the collection of the water
samples. The average UML depths estimated from the CTD profiles within
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Figure 2. Wind direction (a), wind speed derived from HIRLAM data in July—
August 2006 (b), depth of turbulent Ekman boundary layer (c). The grey rectangles
mark the time of in situ measurements and the bold lines mark the times of MERIS
image acquisition. The black dots represent the UML depths estimated from CTD
measurements during the 2 h window on 11 and 25 July

the 2 h windows on 11 July (5.5 m) and 25 July (7.5 m) coincided well with
the UML depths estimated from HIRLAM wind data (Figure 2c).

Comparability of in situ and MERIS Chl a data is also supported by
the MCI calculated from all the MERIS data used. The MCI showed that
no surface algal accumulations were observed during the study period. The
highest MCI values were observed on 6 August 2006, when a maximum MCI
value of 0.9 mW /(m? sr nm) was recorded at the location of a filament at
the entrance to the Gulf of Finland. The MCI index was close to zero most
of the time.
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3.2. Upwelling events in July—August

Westerly winds dominated in the Gulf area from 10 to 29 July
(Figure 2a). The development of upwelling along the northern coast of the
Gulf was observed from 10 July (Figures 3 and 5a), and the temperature
difference between the upwelling and the surrounding water was around
5°C for most of the time, according to the MODIS SST data. However, the
temperature difference was larger for the upwelling centres because of the

11 July

Figure 3. MODIS SST maps of upwelling
along the northern coast on 11, 12, 18, 19,
25, 27 and 29 July 2006. Colour scale in °C.
The letters a, b and ¢ indicate the locations
80 100 120 140 160 180 200 220 of filaments
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4 August ¢ 7 August

Figure 4. MODIS SST maps of stronger
upwelling along the southern coast on 4, 7,
9, 17 and 18 August 2006. Colour scale
in °C. The letters d, e and f indicate the

- - e - locations of filaments. Note that the colour

60 80 100 120 140 160 180 200 220 scale is different from the one in Figure 3

significantly lower temperature in the upwelled water. On 12 July the water
temperature in the upwelling centre near the Porkkala Peninsula dropped to
8°C (Figure 3b). At the peak of upwelling on 19 July, the upwelling centre
was near the Hanko Peninsula (due to the NW wind), and the temperature
dropped to 6°C (Figures 3d and 5a), whilst in the middle of the Gulf the
temperature was around 16°C, and near the southern coast it was over
18°C (Figure 3d). In the Porkkala region, where the upwelling centre was
located on 12 July, the temperature rose to 13°C by 19 July. Relaxation
of upwelling along the northern coast started after 20 August as a result of
a change in wind forcing (Figure 2). The temperature in the upwelling zone
on 25 and 27 July was then in the 14-16°C range, and the surrounding arca
had temperatures of around 19°C (Figures 3e and f). Because of the start
of the upwelling relaxation after 20 July, cold filaments developed off the
Hanko and Porkkala Peninsulas, and off the Porvoo Archipelago during the
upwelling along the northern coast (Figure 3c).
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After 29 July, easterly winds were dominant in the Gulf of Finland area
until 16 August (Figure 2a), and as a result, a zone of upwelling formed along
the southern coast (Figure 4). The strongest such zone developed along the
NW coast of Estonia, from Vormsi Island to Aegna Island, with several
upwelling centres near the Pakri Islands, Vormsi Island and off the coast
of the Suurupi Peninsula, where the minimum temperature of the upwelled
water was about 2°C (Figure 4 and 5b). The temperature difference between
the upwelled and the surrounding water was as much as 18°C (Figures 4
and 5b), and the upwelled water covered 31% of the western Gulf area

257 a
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Figure 5. Temporal courses of surface layer temperature (MODIS SST) from 10
July to 16 August 2006 at stations CHL4, CHL5, CHL6 and TH27 (northern part
of the Gulf) (a) and at stations CHL8, CHL9, CHL10 and TH7 (southern part of
the Gulf) (b). The in situ surface temperature (bold cross) is given for stations
TH7 and TH27
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(22-26°E) on 9 August. After 16 August, the wind turned to the S and
SW (data not shown), thus causing the upwelling to relax. Several cold
upwelling filaments developed along the southern coast between longitudes
23 and 27°E, and a few of them transformed into eddies (Figure 4). The
filaments were persistent at three locations: north of Hiilumaa, and off Pakri
and Tallinn (Figure 4b).

3.3. Evaluation of the FUB Chl a processor using in situ Chl «

In situ Chl a concentrations along the transect varied in a wide range
from 1.57 to 15.54 mg m™3 during the period of field measurements
(Figure 6). Low Chl a values were observed during the first half of
July in the upwelling region along the northern coast. From 25 July,
when upwelling along the northern coast was in the relaxation phase, the
Chl a concentrations increased off the northern coast, and decreased off the
southern coast. The highest (15.5 mg m—) and lowest (1.6 mg m~3) Chl ¢
concentrations were observed on 8 August off the northern and southern
coasts respectively.

15

® 11.07.2006
® 19.07.2006
® 25.07.2006
© 08.07.2006
® 15.07.2006

—_
(=1

Chlorophyll a [mg m™]

station number

Figure 6. In situ Chl a distribution along the sampling transect on 11, 19 and 25
July, and 8 and 15 August 2006

The Chl a concentrations calculated with the FUB processor from the
MERIS data was correlated with in situ Chl a for two time windows: 24 h
and 2 h intervals (before or after) from the satellite overpass. A scatterplot
of selected data pairs is shown in Figure 7. A total of 7 data pairs fulfilled
the 2 h criterion: 3 samples (TH9, TH11 and TH13) from 11 July and 4
samples (TH11, TH13, TH15 and TH17) from 25 July (Table 1). For the
2 h window the FUB processor underestimated Chl a compared with in
situ Chl a (Figure 7); the average underestimation was 25% (1.3 mg m™3),
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Figure 7. Scatterplot of in situ Chl a and MERIS Chl a derived by the FUB
processor. Black dots represent all data pairs from 11, 18 and 25 July, and 7 and
16 August 2006 (24 h window), and red dots represent data pairs from 11 and 25
July 2006 (2 h window). The data corresponding to the 2 h window were used to
estimate bias and to calibrate the FUB Chl a processor. The correlation (r?) for
24 h window data points was 0.56 and for the 2 h window it was 0.67

which is of the same magnitude as in previous studies in the Baltic Sea
(Kratzer et al. 2008). The correlation (r?) for data points within the 2 h
window was 0.67 and for the 24 h window was also relatively high at 0.56.
The linear regression for the 2 h window with 95% confidence limits was
Chl a=0.48(£0.39) x X +3.6(+1.8), where X is the FUB processor output.
The standard deviation of the residuals (i.e. standard error of the estimation
—SEE) was 0.51. For the 24 h window the slope and y-intercept of the linear
regression were 0.44 (£0.097) and 2.9 (£0.60) respectively. The standard
deviation of the residuals for the 24 h window was 1.43.

In addition to the FUB processor we also evaluated the case 2 regional
water processor (C2RW) for Chl a (data not shown). The correlation for the
FUB processor (0.67) was much higher compared to the C2RW processor
(0.17). Also, the Chl a overestimation of C2RW by 52% is poorer compared
with the underestimation (25%) by the FUB processor.

On the basis of the above analysis, the FUB algorithm was used to
calculate Chl a from MERIS data in the Gulf of Finland. The equation

obtained with linear regression for the 2 h window was applied to calibrate
MERIS Chl a data.
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Figure 8. Normalized reflectance spectra calculated according to Wu (2004) on
11, 19 and 26 July; 8 and 16 August 2006 at location TH25

In order to assess the suitability of MERIS data (processed with the FUB
algorithm) for detecting cyanobacteria, we analysed the temporal changes
of reflectance spectra at the location of the largest increase in Chl a off
the northern coast (Figure 6). We used MERIS images with the smallest
time displacement from the time of the in situ measurements (Table 1).
The distinct peak around wavelengths 620-650 nm, which is related to
phycocyanin, was not detected on any of the normalized spectra (Figure 8).

3.4. Upwelling-related Chl qa variability from MERIS imagery

To describe the spatio-temporal variability of the Chl a field, we used
maps (Figures 9 and 10) and time series (Figure 11) at selected locations
(Figure 1) formed from calibrated MERIS Chl o data. Different locations
were selected to describe the temporal variability of Chl a along the northern
and southern coasts, and along the axis of the Gulf (open sea area).

In July—August the Chl a concentrations were generally higher along
the northern coast compared with those in the open sea area, and along
the southern coast (Figure 11). In July the Chl a concentrations along
the northern coast varied in the range of 49 mg m™* (Figure 11a). After
the relaxation of upwelling along the northern coast, Chl a concentrations
reached high values of up to 13-14 mg m~3 at locations CHL5 and TH27
on 7 August. The increase in Chl a was also observed at other locations
along the northern coast, reaching values of up to 8.5 mg m—3. Elevated
Chl a along the northern coast and in the filaments was observed starting
from 23 July and peaked on 6-7 August (Figures 9e, 10b and c¢). By 6
August, 26% of the area between longitudes 23-27°E was covered by Chl a
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11 July

16 July

23 July

Figure 9. MERIS Chl a maps derived by

the FUB processor on 11, 15, 16, 18, 23, 25

and 28 July 2006. Colour scale in mg m~—3.

The letters a, b and ¢ indicate the locations
of filaments on Chl a maps coincident with
20 3.0 40 50 60 7.0 80 90 100 120 filaments on the SST maps (see Figure 3c)

concentrations above 7 mg m~> (Figure 10b and c). The development of
the Chl a field was characterized by high spatial and temporal variability;
standard deviations were 2.1 and 2.4 mg m™> at locations CHL5 and
TH27 respectively. Chlorophyll-rich filaments were observed off the Hanko
and Porkkala Peninsulas and the Porvoo Archipelago after 23 July, when
upwelling along the northern coast was in the relaxation phase. Relatively
high and persistent Chl a concentrations were observed in the easternmost
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6 August

20 30 40 50 60 7.0 80 9.0 100 12.0

Figure 10. MERIS Chl a maps derived by the FUB processor on 5, 6, 7, 9, 11
and 16 August 2006. Colour scale in mg m~3. The letters d, e and f indicate the
locations of filaments on Chl ¢ maps coincident with filaments on SST maps (see
Figures 4b and 4c)

part of the study area (CHL7, mean=5.9 mg m™3, SD=1.1 mg m™?)
throughout the period.

Along the southern coast, Chl a concentrations varied between 4 and
8.5 mg m~? in July-August (Figure 11c). Higher Chl a concentrations
(up to 8.5 mg m™?) were observed in the western part of the Gulf (CHLS
and THT7) during the upwelling along the northern coast between 11 to 18
July. In early August, when upwelling developed along the southern coast,
the temperature dropped below 12°C (Figure 4b), and measured Chl a
concentrations were below 5 mg m™ (Figure 10c) in a narrow area along
the southern coast. The temporal course of Chl a along the southern coast
was less variable compared with the northern coast during the whole study
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period (Figure 11c). By 16 (and 18) August, when upwelling started to relax
(Figure 4e), the Chl a concentrations increased slightly in the upwelling
region (Figure 9c, CHL8 and THT). Again, relatively high and persistent
Chl a concentrations were found in the easternmost part of the study area
(CHL10, mean = 5.7 mg m~3, SD = 0.8 mg m~3).

During the whole study period the temporal course of Chl a along the
Gulf axis (Figure 11b) displayed less variability, mainly between 4 and
8 mg m~3, compared with the northern coast. Chl a variations were larger
between 11 and 18 July (Figures 9 and 11b), when the upwelling front and
related filaments with low chlorophyll contents (Figures 3a—d) reached the
open part of the Gulf. The high variability of Chl a at locations along the
Gulf axis observed in August (Figure 11b, CHL1, CHL2 and TH19) was
a result of chlorophyll-rich filaments from the northern, and chlorophyll-
poor filaments from the southern, coastal sea areas (Figure 10).

4. Discussion

July—August 2006 was characterized by quite a rare wind regime in the
Gulf of Finland: westerly winds prevailed until 29 July, whereas after 30
July easterly winds remained dominant for quite a long time. In the long,
narrow Gulf of Finland, westerly winds cause upwelling along the northern
coast, and downwelling along the southern coast, and vice versa when winds
are blowing from the east. A high-resolution numerical study showed that
the instability of the longshore baroclinic jet and related thermohaline
fronts, caused by coupled upwelling and downwelling events, leads to the
development of cold and warm mesoscale filaments and eddies contributing
to coastal offshore exchange (Zhurbas et al. 2008). The maps of mean
mesoscale (eddy) kinetic energy in the surface layer (simulation for July—
August 2006), showed that the coastal offshore exchange caused by filaments
and eddies is larger in the narrow western and the central parts of the Gulf
(Laanemets et al. 2011).

Spatio-temporal variability of the Chl a field observed from MERIS
imagery in July—August 2006 clearly reflected the influence of mesoscale
physical processes, coupled upwelling/downwelling events and related fila-
ments. Wind mixing may also decrease the surface Chl a concentration by
mixing phytoplankton deeper into the water column. Chl a concentrations
varied in a wide range, from 4 to 14 mg m~>, which is also expressed in the
variations of mean concentrations (5.2-7.0 mg m~?) and standard deviations
(SD=1.4-2.4 mg m~3) (Figures 9, 10 and 11). Chl a concentrations were
the lowest in the upwelling zones along both coasts. The highest mean
Chl a and standard deviation were recorded along the northern coast: up to
7.0 and 2.4 mg m~3 respectively. In this region the upwelling and possible
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upwelling-related nutrient input to the surface layer occurred earlier, during
the first half of July, and therefore most likely promoted phytoplankton
growth after the relaxation of the upwelling and the warming of the surface
layer.

At locations along the Gulf axis in the western and central Gulf
of Finland, the variability of the surface Chl a field (Figure 11b) was
related to mesoscale activity. In July, when upwelling was taking place
along the northern coast, filaments carried cold water with low chlorophyll
concentrations offshore. In August, filaments carried chlorophyll-poor water
from the southern upwelling zone and chlorophyll-rich water from the
northern downwelling zone, into the central part of the Gulf.

In the shallower eastern part of the Gulf, the mesoscale activity
estimated from SST imagery (Kahru et al. 1995, Uiboupin & Laanemets
2009) and numerical simulations (Laanemets et al. 2011) was lower. This
was also reflected by the MERIS Chl a data, as concentrations were
relatively persistent (mean 5.7-5.9 mg m~?) with small standard deviations
(0.8-1.1 mg m™3).

The largest increase in Chl a was observed from 4 to 8 August along the
northern coast (Figures 11a and 12) after the decrease of the surface Chl a
concentration from 31 July to 4 August (Figures 11a and b), which was most
likely caused by a strong wind event increasing the UML depth (Figures 2b
and c) and mixing the phytoplankton deeper. There are probably two
reasons for the increase of Chl a concentration in the narrow northern coastal
zone and the cold filaments (Figure 9e¢) starting after the peak of upwelling
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Figure 12. Temporal course of average (CHL4, CHL5 and CHL6) Chl «
concentration (red line), and SST (black line) on the northern coast in July—August
2006
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on 20 July (Figure 12). One reason could be the phytoplankton growth
promoted by nutrient input during the upwelling in July along the northern
coast. The numerical simulation of nutrient transport during upwelling
events in summer 2006 showed that the main area along the northern coast
of the Gulf, where nutrients (nitrogen and phosphorus) were brought to
the surface layer, was from the Hanko Peninsula to the Porvoo Archipelago
region (Laanemets et al. 2011). By 20 July most of the nitrogen and
phosphorus (about 325 and 400 tonnes respectively) had been brought into
the upper layer (Laanemets et al. 2009). This area coincided with the area
of intensive upwelling along the northern coast depicted on the SST maps
(Figures 3b and c¢). After the upwelling began to relax, the temperature in
the northern coastal zone rose to above 15°C by 23 July (Figures 5a and
12). Previous studies have shown that phytoplankton growth is promoted
in an area covered by upwelled nutrient-rich water (Vahtera et al. 2005).
To confirm this assumption, we also compared the upwelled water area and
the extended Chl a area along the northern coast. The area where the
temperature was < 14°C, i.e. the narrow area along the northern coast
where nutrients were probably brought to the surface layer, was 1317 km?
(about 7% of the study area) on 18 July. Moreover, the area along the
coast of water with a temperature < 17°C due to offshore transport and also
covering the filaments was 4879 km? (about 25%). The upwelling-induced
area with a slightly increased Chl a (concentrations over 7 mg m™3) on
25 July was 5507 km?. This arca remained approximately the same until
6 August (the bloom peak) — 5526 km?. This suggests that the observed
phytoplankton increase occurred mainly in the region of possible nutrient
input by upwelling with a two week lag. Of course, some differences in
the spatial distribution were due to the development of upwelling along the
southern coast (Figures 4a and b).

The second possible reason responsible for the higher Chl a concentra-
tions and variability along the northern coast could be the Ekman transport
of phytoplankton biomass in the surface layer from the open sea area towards
the northern coast during the upwelling event along the southern coast and
the simultaneous downwelling along the northern coast in early August.
Surface transport and a higher Chl a concentration in the downwelling zone
were also observed in previous studies (Pavelson et al. 1999, Kanoshina et al.
2003, Lips & Lips 2010). In addition, Lips & Lips (2010) found a relationship
between high phytoplankton biomass and a mesoscale anticyclonic feature
in the northern part of the study area on 8 August. This corresponds
to Zhurbas et al. (2006), who showed that instability of the longshore
baroclinic jet, associated with downwelling, results in the formation of an
anticyclonic eddy. The highest biomass values in the same area coincided
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with this mesoscale feature, where domed isopycnals caused shallowing of
the UML to only 5 m, against the background of a relatively deep UML
in the remainder of the downwelling area on the transect. The northward
surface transport of cold upwelled water and the spreading of filaments
with low chlorophyll content are clearly visible on the SST and Chl a maps
(Figures 4a,b,c and 10a, b, c,d).

The distinct feature (the peak around 630 nm) in the red part of the
reflectance spectrum can be used to detect phycocyanin (cyanobacteria)
(Dekker 1993, Dekker & Peters 1993, Reinart & Kutser 2006, Kutser et al.
2006). Bio-optical modelling results by Metsamaa et al. (2006) showed that
MERIS bands 6 and 7 can be used to separate cyanobacteria and green
algae if the concentration of Chl @ in the cyanobacteria is 8-10 mg m™3.
The calculated reflectance spectra showed that despite the dominance of
phycocyanin-containing cyanobacteria (Chl a about 9 mg m™3) off the
northern coast on 8 August (Lips & Lips 2010), the peak around 630 nm was
not detected (Figure 8). Thus, our estimates based on in situ data confirmed
the bio-optical modelling result. Previous field measurements have shown
that Chl @ in cyanobacteria during blooms were usually 10 mg m™ in
the Gulf of Finland area (Kononen et al. 1996, Vahtera et al. 2005,
Suikkanen et al. 2007), i.e. cyanobacteria blooms are not detectable on
MERIS imagery before the appearance of surface accumulations.

5. Conclusions

Upwelling events along the northern (southern) coast of the Gulf
of Finland led to a minimum temperature of around 6°C (2°C) with
a temperature difference between the upwelled and surrounding water of
up to 12°C (18°C).

The Chl a concentration obtained from MERIS data using the FUB
processor was well correlated with in situ measurements (r?>=0.67), but
was underestimated on average by 25%. The Chl a concentration in
cyanobacteria was not high enough to detect the characteristic feature of
phycocyanin around wavelengths 620-650 nm in the reflectance spectra.

The spatio-temporal variability of Chl a estimated from MERIS data
showed the evident influence of upwelling events and related filaments. The
variability of Chl a was largest in the western and central parts of the Gulf,
where mesoscale activity was the highest.

The highest Chl a concentrations (up to 14 mg m?) along the northern
coast were observed about two weeks after the upwelling peak. The high
Chl a was induced by (1) growth of phytoplankton promoted by nutrient
input, and (2) the northward Ekman transport of surface waters caused by
easterly wind forcing at the beginning of August.
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Comparison of the upwelling areas on the SST images and high Chl a
areas on MERIS images showed structural similarities. The upwelling area
along the northern coast (4879 km?) and the high Chl a area (5526 km?)
about two weeks later were roughly coincident. Also, the filaments with
high Chl a coincided with the locations of cold filaments extending from the
upwelling front along the northern coast. In the case of intensive upwelling
along the southern coast, the low Chl a regions coincided with the cold
filaments.

Upwelling events had only a minor influence in the eastern part of the
study area, where Chl a concentrations were relatively high and persistent
throughout the study period.
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ABSTRACT

The aim of this thesis was to verify influence, and importance of varying meso-scale
hydrophysical processes on the dynamics of nutrients and phytoplankton chlorophyll
a in summer in stratified Gulf of Finland, Baltic Sea. The study was based on
combination of different approaches, including traditional measurements aboard
research vessel coupled with latest technological capabilities using autonomous
horizontal and vertical high-resolution measuring devices. In summer, when the
water column in the Gulf of Finland is thermally stratified and euphotic layer is
exhausted of inorganic nutrients necessary for phytoplankton growth, the spatial
distribution of phytoplankton is highly influenced by prevailing hydrophysical
features caused by wvariable wind impulses. Wind induced processes, like
upwelling/downwelling, eddies, coastal currents and jets, in the background of
estuarine circulation cause movements of water-masses (and substances in it) both
horizontally and vertically.

Major upwelling and coupled downwelling created drastic simultaneous changes
in the horizontal and vertical distribution of inorganic nutrient field and
phytoplankton communities along the entire cross-section in the central part of Gulf
of Finland in 2006. During the observed upwelling event the horizontal Ekman
transport was the major process shaping the distribution of phytoplankton biomass in
size-fraction >20 um. The warmer surface layer was transported towards the opposite
coast off from the upwelling region, concentrating pre upwelling phytoplankton
communities in the downwelling area, whereas, the upwelled waters had low Chl a
concentration. At the stabilization and relaxation of upwelling nanoflagellates
responded faster to the upwelled nutrients compared with phytoplankton in size-
fraction >20 pum.

Phytoplankton sub-surface or deep maxima are common features in summer in
thermally stratified Gulf of Finland. The formation of sub-surface phytoplankton
layers in the Gulf of Finland is the combination of physical, chemical and biological
processes. These maxima usually locate at the base of thermocline and coincide well
with the depth of nutriclines. Clear diurnal and bi-diurnal vertical patterns of
chlorophyll @ were observed when dinoflagellate Heterocapsa triquetra was
dominating in the community. The descend speed of this species, estimated on the
basis of vertical dynamics of chlorophyll a, was 1.6 m h™'. This is the first documented
migration speed record for this species in the field. The asynchronous upward
migration pattern often created bimodal distribution of chlorophyll « in the stratified
water column.

Chl a concentrations can be used with high confidence to assess the effects of
measures taken to reduce eutrophication and improve the ecological status of the
water body. However, due to variations in freshwater run-off, light climate, and
internal cycling processes, trends in Chl a concentrations as such cannot be directly
related to measures, but must be evaluated in a broader context.
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RESUMEE

Kéesoleva doktoritd raames uuriti erinevate mesomastaapsete hiidrofiilisikaliste
protsesside mdju anorgaaniliste toitainete ja fiitoplanktoni ajalis-ruumilisele jaotusele
vertikaalselt kihistunud Soome lahes. Okosiisteemile avalduva antropogeense mdju
hindamisel ja eutrofeerumise vidhendamiseks kohaldatavate meetmete rakendamisel
on oluline moista looduslikku varieeruvust ja klimaatiliste tegurite moju
hinnatavatele parameetritele.

Doktorit6o kdigus kasutati andmete kogumiseks erinevaid tehnilisi lahenemisi, sh
modtmised ja proovikogumised uurimislaeva pardalt ning horisontaalsete ja
vertikaalsete jaotuste kaardistamised kasutades autonoomseid platvorme (ferrybox ja
profileeriv poijaam). T66s on kisitletud andmeid, mis koguti 2006. ja 2009. aasta
suvel Soome lahe keskosas erineva ruumilise lahutuse ja ajalise sammuga.
Vertikaalsed jaotused registreeriti diskreetsusega 10 cm kuni 10 m ja ajalise
sammuga 3 h kuni 2 nddalat. Horisontaalsete jaotuste kaardistamisel oli ruumiline
lahutus 150 m kuni 5 km ja ajaline samm 1 péaev kuni 1 nédal.

Veesamba tugev termiline kihistus suveperioodil loob fiitoplanktoni kasvuks
vajalike ressursside vertikaalse eraldatuse — iilemine valguskiillane kiht on
toitainetevaene, alumises toitainerikkas kihis aga pole piisavalt valgust
fotosiinteesimiseks. Taolise ressursside jaotuse puhul muutuvad ilioluliseks
hiidrofiiiisikalised protsessid, mis toovad toitaineid alumistest kihtidest iiles ja loovad
seeldbi fiitoplanktoni kasvuks soodsad tingimused. Ida-ldéne sihis véljavenitatud
Soome lahes on lisaks estuaarsele veelitkumisele olulised vee ja selles olevate ainete
transporti ja segunemist soodustavad mesomastaapsed protsessid: tuule tekitatud
rannikumere apvelling/daunvelling, podrised, rannikumere jugahoovused. Lisaks on
peale fiilisikaliste protsesside ning nendega seotud toitainete voogude olulised ka
suvise flitoplanktoni koosluse liigispetsiifilised kohastumused nagu vdoime omastada
molekulaarset ldmmastikku, migreeruda vertikaalselt kihistunud veesambas,
talletada toitaineid nende ainete poolt limiteeritud tingimustes kasutamiseks,
omastada toitaineid pimedas.

Kéesoleva doktoritdo peamised tulemused voib kokku votta jargnevalt:

e Soome lahes esinevad rannikumere apvellingud toovad kaasa laiaulatuslikke
muutusi temperatuuri, soolsuse ja klorofiill a sisalduse horisontaalses ja
vertikaalses jaotuses ning on véga olulised protsessid toitainete transpordil
alumistest kihtidest iilemisse toitainevaesesse eufootsesse kihti.

e Intensiivse rannikumere apvellingu ajal on suuremddtmelise (> 20 pm)
fiitoplanktoni jaotus pinnakihis maératud peamiselt horisontaalse Ekmani
transpordiga ja vihem vertikaalse toitainete vooga. Soe pindmine veekiht
koos pinnakihi fiitoplanktoni kooslustega transporditakse apvellingu
piirkonnast vastas ranniku suunas ning altpoolt iiles liikkuvad veemassid on
vahese klorofiilli sisaldusega.

e Erinevalt Maailmamere piisivate apvellingu alade fiitoplanktoni kooslustest,
kus domineerivad suuremdotmelised rénivetikad, saavad Léadnemeres
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apvellingu stabiliseerumise jargselt esmalt eelise nanoflagellaadid, kes
reageerivad kiiremini iilemisse kihti transporditud toitainetele.

Tugev termaalne kihistumine suvel takistab iilemise toitainetevaese
pinnakihi ja termokliini all asuva toitainerikka kihi segunemist. T66s on
ndidatud, et suvises toitainete poolt limiteeritud pinnakihis saavad
fiitoplanktoni koosluses konkurentsieelise liigid, mis on vdimelised
vertikaalselt migreeruma ja assimileerima pimedas toitaineid.

Fiitoplanktoni pinnaaluste ja siigavate maksimumide esinemine on suvel
tavapdrane nahtus tugevalt kihistunud Soome lahes. Pinnaaluste klorofiilli
maksimumide teke ja jaotus on tihedalt seotud vertikaalse stratifikatsiooniga
— maksimumid paiknevad termokliini alaosas ja tihtivad nitrakliiniga.

Juulis Soome lahes esinevates pinnaalustes ja siligavates fiitoplanktoni
maksimumides domineerib  dinoflagellaat  Heterocapsa  triquetra.
Esmakordselt hinnati looduses, antud liigi poolt domineeritud koosluse
klorofiilli sisalduse GOpdevaseid diinaamikaid kaardistades, H. triguetra
laskumiskiirus. H. triquetra migreerub siigavamatesse kihtidesse
hinnanguliselt 1.6 m h', mis on mérkimisvidrne arvestades antud liigi
suurust (20-25 pm).

Fiitoplanktoni vertikaalses migratsioonis domineerib teatud
hiidrofiiiisikaliste tingimuste puhul 66pdevane tsiikkel. Samas voib sageli
tdheldada silinkroonset allapoole migreerumist ja aslinkroonset pinnakihti
migreerumist, mille tagajirjel tekib veesambas fiitoplanktoni bimodaalne
jaotus.

Fiitoplanktoni liikide v6ime migreeruda sligavamatesse kihtidesse, omastada
pimedas vajalikke toitaineid ja kasutada neid peale iilemisse kihti tagasi
joudmist fotosiinteesis on oluline ka sellepoolest, et nii piisib iilemine
segunenud veekiht produktiivsena ka toitainete ammendumisel eufootsest
kihist.

Suure ajalis-ruumilise lahutusega teostatud proovikogumised ja mdotmised
vOimaldasid usaldusviérsemalt hinnata hiidrofiiiisikaliste protsesside mdju
fiitoplanktoni ja selle kasvuks vajalike toitainete vertikaalsele ja
horisontaalsele jaotusele.
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