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Structure of thesis

The content of the thesis is as follows. In the first chapter, the background and
importance of thermohaline structure in the Gulf of Finland is described.
Subsequently, the motivation and objectives of the thesis are explained and
formulated. In the second chapter, material and methods are described.

The results of the thesis are presented in chapters 3-5. In subsection 3.1 mainly
long term descriptive thermohaline parameters of the Gulf of Finland are under
investigation (paper 1), such as the overall long term mean values, the mean
changes along the Gulf or partial (summer only) seasonal course are presented.
The results regarding long term variations in the Gulf are revealed in subsections
3.2 and 3.3 (paper I). Mesoscale, synoptic and diurnal scale variability is under
consideration in subsection 4 (papers 11, III, IV, V and VI) and its effects to the
nutrient fields (papers II, IV and V), phytoplankton dynamics and vertical
distribution (papers V and VI) are under discussion in chapter 5.

Concluding remarks are given in the chapter 6.
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1. INTRODUCTION

1.1. Background

The Baltic Sea is a semi-enclosed, brackish and non-tidal sea with remarkably
positive fresh water flux. The Gulf of Finland covers approximately 29 600 km®
and its volume is 1100 km®. The Gulf is about 400 km long and 48-135 km wide
basin without sill at the entrance area separating the Gulf from open Baltic Sea.
The maximum cross-sectional depth decreases from >100 m at the entrance to
<30 m in the eastern part of the Gulf. The bottom topography of the Gulf is quite
complicated, especially in the coastal areas, where shoals, peninsulas and islands
subdivide coastal area to smaller bays. There are two main sources that
contribute to water exchange of the Gulf: the freshwater run-off from rivers and
saltier water inflow from the northern Baltic Proper. The Gulf receives on
average 3556 m’ s of river discharge that is mainly concentrated in the
easternmost part of the Gulf (Bergstrém and Carlson 1994). The combination of
large freshwater inflow in the eastern part and saltier water in the western
boundary of the Gulf causes permanent salinity gradient along the Gulf axis —
the horizontal salinity distribution in the surface layer is characterized by an
increase from 1-3 in the east to 6 in the west. Also, a slight increase of salinity
from north to south exists due to the mean (residual) cyclonic circulation in the
upper layer. Since the water can freely exchange through the mouth of the Gulf,
the renewal time of the water is about two years (Elken 2006) and the water age
with respect to exchange with the Baltic Proper is at most two years (Andrejev et
al. 2004).

The thermohaline structure of the Gulf and its features are considerably
dependent on atmospheric forcing, especially on wind. Typically for the Baltic
Sea area SW winds are the most dominant round the year (Mietus 1998;
Soomere and Keevallik 2001). The secondary maximum is from NNW. The
dominance of these two wind directions is distinct, when only stronger winds are
taken into account (Soomere and Keevallik 2001). Additionally to the described
Baltic Sea general wind field, the along-axis winds (from E and NE) have also
notable occurrence, but SE winds are very weak and infrequent in the Gulf of
Finland (Soomere and Keevallik 2003). However, local changes in the wind
field have also been detected (Keevallik and Soomere 2010).

The mesoscale features (mesoscale eddies, fronts etc.) are characterised by the
horizontal scales determined by the baroclinic Rossby radius Ry = NH/f, where N
is the mean buoyancy frequency, f is the inertial frequency (Coriolis parameter)
and H is the depth. Since Ry depends on the vertical stratification and the depth
of the sea, it varies from 50 km (typical scale in the oceans) to a few kilometres
in the Baltic Sea (Pavelson 2005). The typical baroclinic Rossby radius in the
Gulf of Finland was found to vary from 2—4 km in the eastern and central Gulf
to about 5 km in the western part of the Gulf (Alenius et al. 2003).
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Since the width of the Gulf is well larger than the baroclinic Rossby radius, the
meso-scale processes and related changes in the vertical thermohaline structure
are dominant dynamical features of the Gulf of Finland. Coastal coupled
upwelling and downwelling events remarkably affect the spatial distribution of
the sea surface temperature that is well visible on remote sensing images (see
e.g. an analysis by Uiboupin and Laanemets 2009) or in the upper layer
temperature and salinity measured across the Gulf (Lips et al. 2008). Normally
upwelling event along the southern coast is coupled with downwelling event
along the northern coast and vice versa. Upwelling along the northern coast of
the Gulf of Finland is induced by south-westerly winds and near the southern
coast by north-easterly winds. It has been found that winds must usually prevail
for at least 60 hours to generate upwelling; however, required wind impulse
depends on stratification (Haapala 1994). Since south-westerly winds are
dominant in the region, the northern coast of the Gulf of Finland has been
noticed by observations (Kononen and Niemi 1986; Haapala 1994) and
modelling (Myrberg and Andrejev 2003) as one of the main upwelling areas in
the Baltic Sea.

Since the Gulf has remarkable salinity gradients, the area is suitable for the
generation of fronts. The most prominent, quasi-permanent density (salinity)
front is located at the entrance area of the Gulf. The thermohaline structure in
that area has been studied thoroughly (Talpsepp 1993; Pavelson et al. 1997;
Laanemets et al. 2005 and others). The front separates the northern Baltic Proper
more saline waters spreading along the Estonian coast and fresher waters
originating from the Gulf of Finland. The front is highly sensitive to the wind
direction. Easterly winds (parallel to the front) induce offshore movement of
denser water, while with westerly winds, the water mass with lower density
moves onshore and overrides the denser water, thus forming shallower
secondary pycnocline (Pavelson 2005).

The water column in the deeper areas of the Gulf reveals a three-layer vertical
structure in summer — the upper mixed layer (UML), the cold intermediate layer
(CIL), known also as a Baltic Winter Water (e.g. Hagen and Feistel 2007) and a
saltier and slightly warmer near-bottom layer (NBL) can be distinguished. These
layers are separated by thermocline and halocline situated at the depths of 10-20
m and 60-70 m, respectively.

The inter-annual variability of temperature in the upper layer of the Gulf of
Finland is remarkable. Lips and Lips (2008) showed that summer mean upper
layer temperature along Tallinn-Helsinki transect varied in a range 14-18 °C in
1997-2005. On the background of the variability, an increase in average surface
layer temperature has been observed during the last couple of decades (e.g.
Suikkanen et al. 2007). It has been reported that the summer sea surface
temperature of the North and Baltic seas has increased since 1985 at a rate of
0.07-0.08 °C yr', which is 2-5 times faster than that in other seasons
(MacKenzie and Schiedek 2007). Analyses of remote sensing data from 1990-
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2004 (Siegel et al. 2006), 1990-2008 (Lehmann et al. 2011) and 1986-2005
(Bradtke er al. 2010) have revealed a strong positive trend of the sea surface
temperature in the Baltic Sea in summer. However, according to the study by
Voss et al. (2011) the positive trend was not confirmed in the upper layer (0-10
m) in May and August from 1979 to 2005.

The formation of cold intermediate layer (CIL) occurs in autumn-winter, when
convective and wind-induced vertical mixing increases the upper layer thickness
and breaks the sharp vertical temperature gradients formed in summer in the
upper layer. This process leads to the period with thick (from surface to 60 m)
(Haapala and Alenius 1994) mixed layer in winter. Thus, the meteorological
forcing in winter months presumably has a considerable effect to the
characteristics of cold intermediate layer. Hinrichsen et al. (2007) have shown a
remarkable correlation between sea surface temperature in winter months and
cold intermediate layer temperature in summer for several areas of the Baltic Sea
(Gulf of Finland was not investigated in that study), which indicates that winter
severity greatly determines the inter-annual variability of CIL. This variability
can be well seen, for example, in the Baltic Sea maximum sea-ice extent (Seiné
and Palosuo 1996) or in the sum of negative-degree-days in the central Gulf of
Finland (Parn 2011). The range of variability is very large — the Baltic Sea
maximum ice extent in extremely severe winter (1986/1987) and the mildest
winter since 1720 (2007/2008) were 405 000 km?* (Seini and Palosuo, 1996) and
49 000 km® (Vainio and Isemer 2008), respectively. Though large scale
atmospheric forcing in winter appears to be the main influencing factor to the
CIL formation, also local process could considerably contribute — denser
surface water dives from shallow areas during autumn cooling and early spring
heating to the deeper parts of the sea (Chubarenko and Demchenko 2010). In
addition, the mixing intensity in spring and summer, as well the up- and
downwelling events could also influence summer CIL temperature.

Though there is no evidence of summer CIL temperature trend in the Gulf of
Finland, temperature increase was reported (Hinrichsen et al. 2007; Voss et al.
2011) in the southern Baltic Sea basins at the depths of 40-60 m during the last
couple of decades.

The long term changes in temperature and salinity in the deep layers of the
Baltic Sea are largely related to the major barotropic inflows (Matthdus and
Franck 1992) and baroclinic inflows (Matthdus et al. 2008) from the North Sea.
The stagnation period, which occurred since the major inflow in 1976, was
ended with a very strong inflow in 1993 (Matthdus and Lass 1995; Jakobsen
1995), which was followed by a weaker event in 1997 (Matthaus et al. 2008)
and moderate event in 2003 (Meier et al. 2003; Lehmann et al. 2003; Feistel et
al. 2003a). The baroclinic warm water inflows have been documented in
summer-early autumn 2002 (Feistel et al. 2003b; Lehmann et al. 2003), 2003
(Feistel et al. 2004), 2006 (Nausch et al. 2007) and 2009/10 (Nausch et al.
2010). According to the HELCOM monitoring data a decrease of salinity in the
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deep layers of the Gulf of Finland, observed from the late seventies, was
replaced by a salinity increase in the nineties (HELCOM 2002). This could be
related to the end of the stagnation in the deep waters of the Baltic Proper.

According to Elken et al. (2003) also short-term variability exists in the deep
layer temperature and salinity of the Gulf of Finland. They showed that
depending on prevailing wind conditions, an ordinary estuarine circulation may
be altered or even reversed if the south-westerly wind component exceeds the
mean value by at least 4-5.5 m s™'. Reversal of the estuarine circulation resulted
in lower salinity in the deep layer and drastic weakening of the vertical
stratification in the Gulf of Finland in August 1998. Inversely, the prevalence of
north-easterly winds induces stronger estuarine flow, higher salinity values in
the near bottom layer and stronger stratification through the water column.

Meier and Kauker (2003) have found that about half of the decadal variability of
the average salinity of the Baltic Sea is related to the accumulated freshwater
inflow. According to the model results (Graham 1999), no significant annual
runoff trend was found during the period 1950-2009 in the Gulf (Kronsell and
Andersson 2010). The BACC group (BACC 2008) analysed the runoff to the
whole Baltic Sea during 1921-1998 and their outcome was similar — even the
decadal mean values vary in a wide range, no statistical trend can be found.

In the present state, the Gulf of Finland ecosystem is extremely sensitive to
increased sediment effluxes of nutrients (Gran and Pitkanen 1999; Jantti et al.
2011). After the spring bloom, the inorganic nutrients are almost depleted in the
UML, and strong stratification prevents mixing between the nutrient depleted
upper layer and the nutrient rich lower layers. One of the most important
processes, which bring nutrient rich waters from deeper layers to the surface in
summer, is upwelling. Direct measurements of changes of nutrient
concentrations in the surface layer caused by coastal upwelling events are
relatively rare in the Gulf of Finland. Haapala (1994) reported that during
upwelling events in the coastal area near the Hanko Peninsula, the nutrient
concentrations increased from 0.03-0.06 pumol 1" to 0.13-0.26 pmol 1" of
phosphate-phosphorus and from 0.04-0.14 pumol 1" up to 1.4 pmol 1" of
ammonium-nitrogen. The consequences of upwelling along the northern coast in
the western Gulf of Finland were described on the basis of data collected during
an intensive measurement campaign in July-August 1999 (Vahtera et al. 2005).
An increase of phosphate-phosphorus concentration in the surface layer from
0.02 pumol I up to 0.32 pmol 1" was observed. The simulations of this
upwelling event suggested that the total amount of phosphorus and nitrogen
transported and left into the upper 10 m layer of the Gulf as a result of the
upwelling event was 387 and 36 tons, respectively (Zhurbas et al. 2008).

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
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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 distribution 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 ¢) maximum (Klausmeier and Litchman
2001).

The sub-surface Chl ¢ 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.
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 (e.g. “thin layers”), and ecology.
Typical fine-scale layers range in thickness from a few centimetres to a few
metres and are described in literature as “thin layers” (e.g. McManus et al.
2003). Physical processes and vertical stratification can play an important role in
the formation of such layers. A two-layer current, temporal and spatial variation
of pycnocline depth, caused by meso-scale physical processes and estuarine
structure of hydrographic fields, and minimum of turbulent mixing are
conditions favourable for the formation of thin layers (Dekshenieks et al. 2001;
McManus et al. 2003; Lund-Hansen et al. 2006). Vertical stratification
characterized by two strong pycnoclines and a weak, estuarine circulation
pattern superimposed by quite energetic, wind-driven meso-scale motions serve
as pre-requisites for the formation of sub-surface Chl @ maxima and thin layers
in the Gulf of Finland.

1.2. Motivation and objectives

Changes in temperature and salinity and corresponding variations in density are
crucial factors for the physics of the Gulf of Finland. The physical background
and processes, such as stratification or dynamics of the water masses are relevant
for many chemical and biological processes. A number of studies have reported
the importance of thermohaline structure to several processes or components
related to the ecological status/environmental problems of the Gulf of Finland,
such as nutrients distribution (Zhurbas et al. 2008) and -eutrophication,
phytoplankton species composition (Rantajarvi et al. 1998), macrozoobenthos
abundance (Laine et al. 2007), cyanobacteria blooms (Lips and Lips 2008),
distribution of pelagic fish (Stepputtis et al. 2011) or oxygen concentration
(Maximov 2006). Since many environmental problems appear in summer, the
present thesis is focused on the thermohaline variability in that season.
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The general motivation of the thesis is to enhance the present knowledge and
predictability of the Gulf of Finland in different time scales. The data set with
more than 2000 CTD casts collected during a period of twenty years was
analysed to link the long-term changes and respective forcing factors, which
should allow to estimate potential changes of thermohaline structure in case of
different future climate projections, and also, compare the results with already
projected changes in temperature and salinity (BACC 2008). The CTD profiles
collected with high temporal resolution and intensive inter-disciplinary
measurement campaigns gave an opportunity to enlarge the present knowledge
of nutrient and phytoplankton dynamics in relation to changes in thermohaline
structure at time scales from days to months.

The hydrography of the Gulf of Finland was quite thoroughly described by
Alenius et al. (1998 and 2003) using data collected until 1996, but the latest
descriptions of the hydrographic conditions in the Gulf of Finland have been
based (see review paper by Soomere et al. 2008) mainly on modelling (e.g.
Andrejev et al. 2004) or remote sensing (e.g. Uiboupin and Laanemets 2009).

A series of interdisciplinary field studies have been carried out in 1990’s in the
western Gulf of Finland (Kononen et al. 1996; Laanemets et al. 1997; etc.)
resulting in a considerable increase in knowledge regarding the impact of meso-
scale physical processes on nutrients and phytoplankton dynamics at a
mesoscale. There has been growing demand on seasonal forecasts and
continuous assessment of the state of the Baltic Sea, including the Gulf of
Finland. Thus, ship-based interdisciplinary measurements and high-resolution
observations should be extended to have large enough coverage (e.g. covering
the entire cross-section of the Gulf) and long enough duration (seasonal) to
elucidate the role of different mechanisms/processes and typical patterns in the
termohaline structure influencing the nutrients and phytoplankton dynamics.

In comparison to the earlier studies (e.g. Alenius et al. 1998, 2003; Kononen et
al. 1996; Laanemets er al. 1997; etc.), the present analysis includes also the
years after the mid-1990s when according to the HELCOM monitoring data, an
increase of salinity in the deep layers of the Gulf of Finland has occurred.
Intensive interdisciplinary measurement campaigns were also carried out across
the Gulf and vertical CTD measurements were performed with high temporal
resolution at a buoy station in the open Gulf — a technology that allows to
measure diurnal variability in thermohaline structure over a long period.

The main aim of the thesis was to improve the knowledge on the thermohaline
structure of the Gulf of Finland in summer and to identify the main driving
factors and processes causing its variability. Secondly, the influence of these
processes and vertical stratification on the nutrient fields and phytoplankton
dynamics were analysed.
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The main objectives are:

. to describe the vertical structure of temperature and salinity fields and its
inter-annual variations in the Gulf of Finland in summer (June-August) on the
basis of data collected in 1987-2008 (paper I);

. to relate the observed inter-annual changes in thermohaline structure to
changes in atmospheric forcing and suggest possible future changes in the
vertical thermohaline structure of the Gulf of Finland taking into account the
climate change projections (paper 1);

J to define distinct stratification patterns (TS-curves) for the upper mixed
layer and thermocline using CTD-measurements with high temporal resolution
and explain in what conditions these situations/patterns occur (paper I1);

o to specify the influence of upwelling on the changes of thermohaline
structure of the Gulf, focusing on short-term variations at a buoy station (paper
II) and weekly variations at a cross-gulf section (paper I11);

. to show that the dynamics of the whole water column and corresponding
salt and phosphorus fluxes in the deep layer reveal variations in accordance with
variations in wind speed and direction (paper [V);

J to estimate how different patterns in the thermohaline structure and/or
the processes shaping the structure affect the distributions and dynamics of
nutrients and phytoplankton community (papers 111, V, VI).

16



2. MATERIAL AND METHODS

The data analysed in the present thesis were collected in the frames of various
research projects and monitoring programs of the Marine Systems Institute at
Tallinn University of Technology and its predecessors in 1987-2009 (see Fig.

1.).
The CTD data used in the thesis could be divided as follows:

J data collected aboard research vessels all around the Gulf of Finland
before 2006 (used in paper ),

. data collected aboard the research vessel along the section from Tallinn
to Helsinki in 2006 (papers I, 111, IV and VI) and 2007 (papers I and IV),

J data collected aboard the research vessel from the other areas in the Gulf
from 2007 to 2008 (paper 1),

o data collected aboard the research vessel and by autonomous water

column profiler from the central part of the Gulf in 2009 (papers II and V).

The CTD data until 2008 were collected by CTD probes Neil Brown Mark 111
and Sea-Bird SBE 19plus. The data collected aboard the research vessel and at
autonomous buoy station in 2009 were acquired by Idronaut S.r.l CTD probes
Ocean Seven 320plus and Ocean Seven 316plus, respectively. The number of
CTD profiles and study period for each publication is given in table 1.

CTD casts were processed and stored as vertical profiles with a resolution of 0.5
m (1 m corresponds roughly to 1 dbar). The salinity values were calculated using
algorithms from Fofonoff and Millard Jr. (1983) and are presented without units
on the Practical Salinity Scale 1978.

Table 1. The measurement period and the total number of CTD profiles used in each
publication.

Papers Period Total number of
CTD casts

I 1987-2008 2143

I,V 01.07-28.08.2009 314

III, VI 11.07-29.08.2006 189

v 11.07-29.08.2006 and 26.04-07.06.2007 378

Additionally, the following data sets were used in the thesis:

o upper layer (4 m depth) temperature, salinity and Chl a fluorescence
measurements by the Ferrybox system installed aboard the ferry “Baltic
Princess” travelling twice a day between Tallinn and Helsinki (paper V),
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. nutrient concentrations (phosphates and nitrates+nitrites) and Chl a
determined from water samples collected by Ferrybox (paper V),

. current measurements in the central Gulf of Finland (papers Il and V),

. wind data from Kalbadagrund meteostation were used in all papers,

. coastal temperature measurements at Loksa and Pakri (paper III),

. Baltic Sea Index (difference of normalized sea level pressure anomalies

between Szczecin in Poland and Oslo in Norway) — BSI (Lehmann et al. 2002)
(paper D),

. the annual maximum ice extent of the Baltic Sea (paper I),

. Chl a fluorescence and Chl a determined from water samples (papers V
and VI),

. nutrient concentrations (phosphates and nitrates+nitrites) data

determined from water samples collected by the research vessel (papers III, IV,
V, VI),

. phytoplankton biomass and composition determined from water samples
(paper V),
. hydrometeorological data from coastal stations (paper II).

——10m

—20m

I 30m

I 40m

I 50m

60m

......

70m

Ocean Data View_

24°E 25°E 26°E 27°E 28°E

Figure 1. Map of the Gulf of Finland. CTD data collected in 1987-2008 (blue dots),
cross-section sampled at 27 stations in 2006 and 2007 (red line), and autonomous buoy
station in 2009 (yellow diamond).

Historical CTD data were collected as surveys on a horizontal grid of stations,
sections or single stations visited in the frames of monitoring programmes.
Measurements in July-August 2006-2007 were designed as stations of vertical
profiles across the Gulf from Tallinn to Helsinki. Surveys were carried out on a
weekly basis and with the spatial resolution (distance between stations) of about
2.6 km in order to reveal mesoscale variability and to cover the entire cross-
section. For the measurements in July-August 2009, new autonomous systems
with near real time data delivery were applied — a profiling buoy and a Ferrybox
system. Vertical profiles at the buoy station were acquired with a time resolution
of 3 hours in order to reveal the diurnal variability. The average vertical
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resolution of profiles was 10 cm. Such technology — autonomous acquisition of
fine-scale vertical profiles with a time reolution of 3 hours during a 2-months
period — was applied for the first time in the Baltic Sea.

Autonomously collected data using the profiling buoy and Ferrybox were
transmitted near real time after every CTD cast and every evening, respectively.
During a two-month-long study period altogether 314 CTD-profiles were
collected in 2009 by autonomous profiler.

In order to characterize the vertical thermohaline structure the following
parameters were calculated:

J the upper mixed layer (UML) depth, which is equivalent also to the
shallower border of thermocline (papers I, I, V and VI);

. the base of thermocline (BT), the difference between BT and UML is
defined as the thermocline thickness (papers I, II and VI);

. the temperature and depth of the cold intermediate layer (CIL) were
determined as the minimum temperature of the current profile and the depth
corresponding to this minimum record (paper I, III and VI);

. the centre of the halocline was defined using smoothed salinity profiles
(2.5 m moving average) as the maximum salinity gradient below the coldest
point at the current profile. The halocline was determined only in case if the
smoothed salinity gradient exceeded 0.07 m™ (paper I);

J the depth of the strongest density gradient was defined as the depth of
maximum Brunt-Viiséla frequency (%,...v) (paper V).

The exact calculation procedures of parameters can be found in material and
methods chapter in papers I-VI. Slightly different algorithms have been applied
for the detection of the UML depth and base of the thermocline depending on
the used data sets. For instance, since it was not always possible to detect the
CIL temperature and depth for profiles acquired at autonomous buoy station
(due to profiling depth of 45-50 m), the BT was defined simply as the depth of
the isotherm 5 °C. It was checked that for those profiles, where application of
both methods was possible, outcomes of used methods did not differ
significantly.

The potential energy anomaly was calculated following Simpson and Bowers
(1981) and Simpson et al. (1990) as:

1 ¢o 1 o
P=—] (p,=pigadz, p = [ piz M

where p(z) is the density profile over the water column of depth 4. The
stratification parameter P (J m™) is the work required to bring about complete
mixing of the water column under consideration.

The time development of potential energy anomaly was modelled as the sum of
the following four terms:
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d—P:Sb+Sm+Sa+Se, (2)

dt

where the first term on the right S, is the increase or decrease of stratification
due to the upper layer heating or cooling, respectively. The second term S,, is the
decrease of stratification due to wind mixing and the third term S, is the
parameter, which describes the decrease or increase of stratification due to the
wind induced transport in the surface layer. The last term on the right S, is the
parameter describing the mean estuarine flow that always increases the
stratification. The calculation of these terms is shown in material and methods
chapter of paper I1.

For volume transport estimates in the Gulf of Finland in spring-summer
2006-2007, the results of operational oceanographic model HIROMB (High
Resolution Operational Model for the Baltic Sea, Elken et al. 2008) were used.
The model version domain covered the whole Baltic Sea area with grid steps 1’
by latitude and 5/3” by longitude and had 16 vertical layers.

The intensity of sub-surface Chl ¢ maxima was estimated as the difference
between the maximum Chl a value below 10 m depth and the minimum above it
at each vertical profile. The thickness of maximum layer was defined as the
difference between the depth of local minimum and the depth where the Chl a
values below the maximum decreased back to the same (minimum)
concentration (see excact calculation procedure in paper VI). In addition,
phosphacline and nitracline depths were defined on the basis of water sample
analyses (collected in the thermocline with a vertical resolution of 2.5 m) as the
deepest depth at which the phosphate (PO,”) or nitrate-nitrite (NO,)
concentration, respectively, below the lower detection range was measured
(paper VI).

The methods of water sample analyses for nutrient, Chl @, phytoplankton species
composition and biomass are presented in papers III-VI. The lower detection
range for phosphate-phosphorus and nitrate+nitrite-nitrogen was 1 ppb (parts per
billion; with a measurement uncertainty of 20% near the detection limit). It
corresponds to the concentration of 0.03 pmol I for PO, and 0.07 umol I"' for
NO, which were used also in the transport estimates below.
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3. THERMOHALINE STRUCTURE IN THE GULF
OF FINLAND

3.1. Hydrographic characteristics

3.1.1. Upper mixed layer

The overall mean UML depth on the basis of available CTD casts in the Gulf of
Finland in summers 1987-2008 was 12.8 m. On average, the UML depth was the
shallowest in June, slightly deeper in July and the deepest in August. Along the
Gulf, the mean UML depth had relatively uniform distribution— the deepest
UML depth (15.1 m) was found in the westernmost part of the Gulf, between
longitudes 23.2 to 24.2 E, while in the two other regions, the mean UML depth
was close to 13.0 m (Fig. 2). Across the Gulf, the UML depth was on average
deeper near the southern coast than that in the off-shore areas. A remarkably
higher variation of the UML depth was found in the coastal area. The deeper
UML depth near the southern coast could be explained by south-westerly winds
prevailing in the region and corresponding dominance of downward movement
along the southern coast (Myrberg and Andrejev 2003).

The mean UML water temperature and salinity in summer in the Gulf of Finland
were 15.2 °C and 5.2, while those in June were 11.8 °C and 4.9, in July 16.9 °C
and 5.3, and in August 16.9 °C and 5.4. The mean UML temperature did not
reveal any regular changes along the Gulf, however, notably higher average
annual maximum sea surface temperatures have been reported (Alenius et al.
1998) in the eastern part of the Gulf, the area which was not included in the
present study. The mean UML salinity distribution was characterized by an
increase from 4.3 in the eastern part of the study area (25.7-26.2° E) to 5.7 in the
mouth of the Gulf of Finland (Fig. 2).

Cross-gulf changes of the mean UML temperature and salinity were in the
ranges of 15.7-16.4 °C and 5.1-5.3, respectively. The highest variations of the
UML temperature and salinity were found near the coast. Obviously this feature
could be explained by occasional coastal upwelling events, which remarkably
affect the upper mixed layer temperature and salinity in summer.

3.1.2. Thermocline

The base of the thermocline was situated on average at 27.2 m and, as a result,
an average thickness of the thermocline of 14.4 m was obtained. The monthly
mean depth of the base of the thermocline and corresponding thicknesses of the
thermocline were 23.6 m and 12.2 m in June, 26.5 m and 14.4 m in July, and
31.6 m and 16.7 m in August. The similar seasonal deepening of thermocline
during the summer was well evident also in average seasonal variations of
isotherms (Haapala and Alenius 1994).
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Figure 2. Mean along-gulf changes of the UML depth (solid line with crosses), the base
of the thermocline (solid line with diamonds), the CIL depth (solid line with open
squares), the UML salinity (dashed line with crosses) and the CIL temperature (dashed
line with circles) in the Gulf of Finland in summers 1987-2008. Estimates are made
within the three longitudinal intervals (23.2-24.2° E, 24.2-25.2° E and 25.2-26.2° E
while for the UML salinity a longitudinal step of 0.5° was used).

The base of the thermocline was deeper in the mouth of the Gulf and shallower
in the eastern part of the study area changing from 35.2 to 22.6 m (Fig. 2). Since
the UML depth varied less in comparison with the rise of the base of the
thermocline, the thermocline was remarkably thicker in the mouth area and
thinner in the eastern part of the study area. Thus, similarily to a wind induced
mixing event, a movement of the entire water column above the halocline to the
east (in the southern part of the Gulf, for instance) will also cause the deepening
of the thermocline at a certain measurement site.
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3.1.3. Cold intermediate layer

The mean temperature of the coldest point of temperature profiles (CIL
temperature) and its depth (CIL depth) in the Gulf of Finland in summers 1987-
2008 were 2.5 °C and 42 m, respectively. On average, the CIL temperature rose
during the summer as fast as 0.01 °C per day increasing from 2.0 in June to 2.8
in August. The CIL depth was deepening on average from 35 m depth in June to
47 m depth in August.

The average CIL temperature was 2.9 °C in the mouth of the Gulf and 1.9 °C in
the eastern part of the study area (Fig. 2). The CIL depth was on average 54 m in
the mouth area and 34 m in the eastern part of the study area (Fig. 2). Thus, the
CIL temperature and depth in the western part of the study area are affected by
the northern Baltic Proper water and its distinctive characteristics (Elken et al.
20006).

It has to be mentioned that the CIL depth may vary in a quite wide range during
the summer, but CIL temperature is rather stable. Therefore, the long term mean
profiles such as, for example, presented in Fig. 3, do not show the coldest
temperature of the profile correctly, since the smoothing during averaging
process will result in a CIL temperature (coldest temperature value on the
average profile) which is always slightly warmer than the average of coldest
values at profiles.

3.1.4. Halocline and deep layer

The mean temperature and salinity at the 70 m depth in the Gulf of Finland in
summers 1987-2008 were 3.5 °C and 8.3, respectively. On average, a slight
decrease of salinity from June to August about 0.2 units and a slight increase of
temperature about 0.1 °C were detected. The average along-gulf changes of the
deep layer temperature and salinity were also as low as 0.1 °C for temperature
and 0.3 units for salinity between the mouth area and the eastern part of the
study area. Such small or even hardly distinguishable change along the Gulf in
the deeper layer salinity and temperature comparing to the upper layer can be
well seen in the long term mean TS-diagrams at stations LL3 and LL7 (Liblik
2008; data from the Finnish Institute of Marine Research).

The centre of the halocline defined as the depth of maximum salinity gradient
was on average in the Gulf of Finland in summers 1987-2008 at the depth of 67
m.

3.2. Long-term changes

Two distinct periods with different temperature and salinity distributions — one
with a fresher and the second with saltier deep layer — have been identified on
the basis of data from 1987-2008. Sub-sets of data from both groups — years
1987-1990 and years 1997, 2006-2008 from the geographical area between 23.2
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E and 25.2 E, were extracted. It was done to secure that all summer months in all
years are well covered and the data are collected from the same area within both
periods. The overall scatter plot of the vertical temperature and salinity profiles
available from those summers in the western Gulf of Finland (Fig. 3) revealed a
quite large variability of temperature and salinity throughout the whole water
column, especially in the surface and thermocline layer for temperature and in
the surface and deep layer for salinity. Although a positive UML temperature
trend could be detected (if comparing the years 1987-1990 and 2006-2008)
supporting the earlier results (Siegel et al. 2006; Suikkanen et al. 2007) the
variability of the UML temperature was too large to confirm the increase of the
sea surface temperature.

Temperature (°C) Salinity
5 10 15 20 4 5 8 10

20

20

60 60

Mean (1987-1990)
————— Mean (1997, 2006-2008)

+ Measurements (1987-1990)

+ Measurements (1997, 2006-2008)

80 80

Figure 3. Scatter plots of vertical temperature (a) and salinity (b) profiles in the Gulf of
Finland in summers 1987-2008, between longitudes 23.2 E and 25.2 E. Years 1987-1990
are shown as green dots and years 1997, 2006-2008 are shown as blue dots. The average
vertical profiles for both groups of the years are indicated as solid lines (1987-1990) and
dashed lines (1997, 2006-2008).

The years 1997 and 2006-2008 grouped clearly as the years with saltier and
warmer waters in the deep layer of the Gulf of Finland. The estimated mean
values of temperature and salinity at the 70 m depth in years 1987-1990 were 3.1
°C and 8.0 and in years 1997, 2006-2008 4.9 °C and 9.5. The hypothesis testing
of the difference in means of two samples confirmed (#test, p < 0.05) that the
estimates of the mean deep layer salinity and temperature for these two groups
are statistically different. In addition, the saltier years had a higher CIL
temperature and a shallower CIL depth. The mean values of the CIL depth, CIL
temperature and salinity at the CIL depth in the western Gulf (from 23.2 E to
25.2 E) in the less saline and more saline years were 46 m and 39 m, 2.5 °C and
2.9 °C, and 7.0 and 7.0, respectively.

24



Since statistically not different UML salinity and temperature were observed in
years with a saltier deep layer, the vertical density gradient through the seasonal
thermocline was close or even less during the latter years than in years with a
fresher deep layer. At the same time, a significantly stronger vertical
stratification was present in the deep layer in 1997, 2006-2008. The estimates of
the mean density difference between the deep layer (70 m) and the intermediate
layer (40 m) in these two groups of years were 1.1 kg m > (1987-1990) and 2.1
kg m ? (1997, 2006-2008) and between intermediate layer (40 m) and surface
layer (3 m) 2.8 kg m™* and 2.7 kg m™>. In conclusion, the vertical structure of the
water column in the Gulf of Finland could be approximated mainly as a two-
layer structure in 1987-1990 and as a clearly three-layer structure in the group of
years 1997, 2006-2008. The detected clear difference between the years 1987-
1990 and 1997, 2006-2008 was most probably caused by a major inflow of the
North Sea waters into the Baltic Sea in 1993 that interrupted the stagnation in
the Baltic Proper deep layers (Matthdus and Lass 1995; Jakobsen 1995) and
further inflows, as those observed in 1997 (Matthéus et al. 2008) and 2003
(Feistel et al. 2003a). Also baroclinic inflows (Matthdus et al. 2008) could play
an important role.

By analyzing historical monitoring data and numerical modelling results,
simultaneous temporal changes of salinity have been shown throughout the
whole water column in the Gulf of Finland (Omstedt and Axell 2003) and such
simultaneous changes of salinity are predicted also in the Baltic Sea in case of
the scenario with a salinity decrease (e.g. Meier 2006). We showed that while
large changes were observed in the deep layer, the mean intermediate layer
salinity remained almost unchanged. This feature could be explained by the
different mixing depths in winter in years with a stronger halocline and years
with a weaker halocline. Weaker stratification probably allows winter mixing to
penetrate into the deeper layers causing an upward salt flux and in turn almost
the same salinity in the cold intermediate layer of the Gulf of Finland than that in
the years with more saline deep water and strong stratification (and consequently
a shallower mixing depth in winter). On the other hand, this phenomenon could
also be caused by an increase of accumulated fresh-water discharge from rivers.
However, latter is not supported by the fact, that higher annual fresh-water
inflow volumes, which were observed in eighties (Bergstrom and Carlsson
1994), were replaced by lower river discharge since mid-nineties (Graham 1999;
Kronsell and Andersson 2010).

However, that leads to an important conclusion for the planktonic ecosystem —
the vertical stratification in the seasonal thermocline will not change very much
even if the salinity of deep layers changes remarkably.

The climate change scenarios predict that the Baltic Sea will be most probably
warmer and fresher in the end of this century (Meier 2006; BACC 2008). The
large variability of temperature and salinity fields observed within the last 22
years enables us to assume the possible changes in the vertical thermohaline
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structure. It can be suggested that if the above scenario will be realized then the
Gulf of Finland water column will be mixed down to the greater depths during
winter and it will most likely have the two-layer structure in summer. However,
if the water temperature will rise both in winter and summer (see in BACC
2008), the vertical gradients in the seasonal thermocline will rather increase than
decrease, due to the fact that an increase of the CIL temperature (which is close
to the temperature of maximum density) will influence the density less than that
in the UML.

3.3. Inter-annual changes

Inter-annual variations of the summer UML temperature, salinity and depth were
large, but no significant correlation was found with the BSI (paper I). The result
is similar to the correlation analysis between North Atlantic Oscillation (NAO)
and water temperature along the southern coast of the Baltic Sea — significant
correlation was not found in summer (Girjatowizc 2008).

Large inter-annual variations of the CIL temperature were observed (Fig. 4) in
the Gulf of Finland during the analyzed period 1987-2008. The lowest summer
mean CIL temperature (1.3 °C) was observed in 1987 and the highest in 1990
and 2008 (3.6 and 3.4 °C, respectively).

Summer CIL temperature depends strongly on the severity of the previous
winter. The correlation between the summer CIL temperature and the winter BSI
was positive, and the best correlation (r* = 0.81, p <0.01) was found if the mean
BSI from January to February was used. The summer CIL temperature and the
maximum ice extent of the Baltic Sea had a similar (as expected), but negative
correlation (* = 0.72, p <0.01). A similar relationship between the winter
atmospheric forcing and the CIL temperature in the Baltic Sea basins (but not
the Gulf of Finland) was described by Hinrichsen et al. (2007). Considering the
strong relationship between winter severities and CIL temperature and the fact
that winters 1988/89, 1989/90 and 2007/08 were among the mildest (Seind and
Palosuo 1996; Vainio and Isemer 2008) and 1986/87 was one of the most severe
winters (Seind and Palosuo 1996) since 1720 according to the Baltic Sea
maximum ice extent, it could be expected that the mean summer CIL
temperature will vary between the minimum and maximum temperature values
found within the period under investigation 1987-2008: 1.25 °C (1987) and 3.58
°C (1990).
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Figure 4. Inter-annual variability of the summer CIL temperature (diamonds; °C), the
(January-February) BSI (dashed line with crosses) and the annual maximum Baltic Sea
ice extent (bars; km?).

Inter-annual variability of the deep layer (70 m) temperature and salinity was
quite high (Fig. 5). As noted above, a group of years — 1997, 2006 and 2008 —
with a higher summer mean salinity in a range of 9.1-9.8 and temperature in a
range of 3.9-5.0 °C can be distinguished. Fresher and colder years with a
summer mean salinity in a range of 7.7-8.2 and temperature in a range of 2.2-3.9
°C were 1987-1990 and 1994. The highest mean deep layer salinity and the
strongest mean vertical salinity gradient were recorded in 2006. In years
described above as the years with fresher deep layer waters, the centre of the
halocline was found on average at the 71 m depth and in years 1997-2008 on
average at the 64 m depth. It has to be mentioned also that at 22 % of analyzed
profiles in the years before 1997, the maximum vertical salinity gradient was
<0.07 m ' and the halocline was not detected at all, while in years 1997, 2006
and 2008 the halocline was present at all profiles.

The changes in the deep layer temperature and salinity are related to two
processes/reasons. First, the detected clear difference between the years 1987-
1990 and 1997, 2006-2008 was mainly caused by major inflows described
already in previous subchapter. On the other hand, Elken et al. (2003) described
a relationship between the deep layer salinity changes and the wind-driven
circulation in the Gulf of Finland. In 2006, when the northerly and easterly
winds dominated for a long period, a large inflow of saltier waters into the Gulf
of Finland deep layer has been revealed, which is well in accordance with the
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detected correlation (described in subchapter 4.2) between the prevailing wind
direction and salinity gradients between surface and bottom layer.
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Figure 5. Inter-annual variation of the mean salinity at the 3 m (solid line with crosses),
40 m (solid line with squares) and 70 m (solid line with circles) depth in the Gulf of
Finland in summers 1987-2008.

It has to be noted that the intermediate layer salinity (shown in Fig. 5 as the
mean salinity at 40 m depth) had much lower inter-annual variations than those
in the surface layer and, especially, in the deep layer.
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4. WIND-DRIVEN CIRCULATION PATTERNS AND THEIR
CONSEQUENCES TO THE THERMOHALINE STRUCTURE

4.1. Up- and downwelling events

The consequences of coastal upwelling events on physical and chemical patterns
were studied in the Gulf of Finland by weekly mapping of hydrographical and -
chemical (described in chapter 5) fields across the gulf between Tallinn and
Helsinki in July-August 2006 (paper III). Subsequently, the formation and
relaxation of a major upwelling event is described, starting from the pre-
upwelling situation.

Before the upwelling event, on 25 July, a typical thermohaline structure with the
seasonal thermocline at the depths of 10-20 m was observed (Fig. 6a, b). The
cold intermediate water mass laid between the depths of 20 and 40 metres in the
southern part and of 30 and 50 metres in the northern part of the study transect.
The vertical structure of salinity field was characterised by low values in the
surface layer — from 4.5 to 5.1 — and by a continuous increase of salinity in the
seasonal thermocline and below it. The halocline was situated at the depths of
50-70 m.

An intense upwelling of cold and more saline waters from below the
thermocline, induced by dominated easterly winds, was observed on 8 August
off the southern coast of the Gulf (Fig. 6¢c, d). Sea surface temperature and
salinity in the southern part of the cross-section changed from 19.1-19.4 °C and
4.5-5.1 to 5.3-8.0 °C and 6.2-6.6, respectively. The upwelling front, which
consisted of the sloping thermocline and an associated salinity rise, was situated
18-20 km off the southern coast near the sea surface and about 35 km off shore
at the depth of 20 m. A coupled downwelling was developing off the northern
coast where the thermocline was located below the 20-m depth — about 5-10 m
deeper than during the previous survey. A low salinity surface water mass
appeared just above the sloping upwelling front obviously due to the along-front
(along-gulf) westward advection.

On 15-16 August, the upwelling zone broadened, and the front moved northward
to more than 30 km off the southern coast (Fig. 6e, f), most likely due to the
casterly wind pulse observed before the survey. A week later when the
relaxation of the upwelling event took place the thermocline was established
along the whole study transect (Fig. 6g). On 29 august, upwelling was re-
established along the Estonian coast and the upwelling front bordered by very
fresh upper layer water was situated even more northward.
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Figure 6. Vertical sections of temperature (°C) and salinity on 25 July (a, b), 8 August (c,
d), 15-16 August (e, f) and 22 August (g, h) 2006. Values on x-axis are distance from the
southernmost station (TH1, see paper III Fig. 1).

The most expressive feature of the coastal upwelling is the uplifted colder and
saltier water along the coast. The upwelling formation in August 2006 was well
seen in the data from the coastal stations Pakri and Loksa situated about 100 km
apart (paper III) and it was observed also by Suursaar and Aps (2007) near
Kunda (about 100 km to east from the study area). Uiboupin and Laanemets
(2009) showed that the concerned upwelling event was the most extensive
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upwelling along the southern coast among all observed upwelling events in
2000-2006. On 9 August 2006, it covered 6480 km® or about 20% of the total
area of the Gulf.

The upwelling waters in the surface layer were bordered (Fig. 6d) with very
fresh and warmer surface waters flowing to westward along the front. This
phenomenon has not been observed in the case of upwelling along the northern
coast. Thus, upwelling along the southern coast creates considerably steeper
horizontal density gradients across the Gulf than those in the upwelling along the
northern coast. The latter is in accordance with the results of horizontal
temperature and salinity measurements in the surface layer carried out in 2007
using the Ferrybox system between Tallinn and Helsinki (Lips et al. 2008).

On the basis of TS-analysis (paper III), mixing of water masses during the
upwelling event was estimated. The point corresponding to the TS-
characteristics of upwelled water (5.41 °C and 6.47) was located quite exactly
along a straight line connecting TS-values of the cold intermediate water and
UML water at the southern stations before the initiation of upwelling. This is
considered as evidence that the upwelling water could have been formed from
these two water masses observed in the area before the upwelling event.
According to this analysis the share of initial water masses mixed into the
upwelling water was 15 % of the UML water and 85 % of the cold intermediate
water. In addition, markedly weaker vertical gradients of salinity and density
(Fig. 6¢, d) were observed during the upwelling event in the southern part of the
study transect if compared to those in the northern part. This weak stratification
could favor vertical mixing in the layer below upwelling water.

The relaxation of upwelling comprises mixing of the water masses as well— it is
evident from the TS-curves in and above the cold intermediate layer, which were
almost straight lines after the relaxation of the upwelling on 22 August 2006
(paper III). As a conclusion, upwelling events contribute remarkably to the
vertical mixing in the Gulf of Finland.

4.2. The consequences of wind-driven circulation in the
deeper layers

Deepening of the halocline near the southern slope clearly seen on 15 August
2006 (Fig. 6f) suggests that within the halocline the cross-shore flow was
directed northwards (offshore). Consequently, the onshore flow was
concentrated in the intermediate layer which corresponds to the upwellings in
the regions with strong stratification (Lentz and Chapman 2004). The changes of
the shape of halocline and salinity of deep layers suggest also that inflow to the
Gulf occurred in the deep layer of the northern part of the gulf during upwelling
event (paper III). The latter shows that the upwelling favourable winds influence
the dynamics of the whole water column of the Gulf of Finland. This finding
does not agree with the Baltic-wide statement that the vertical extension of the
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Ekman compensation below the mixed layer is restricted due to the existence of
the halocline (Lehmann and Myrberg 2008).

The importance of the prevailing winds to the whole water column could be well
seen in weekly hydrographical mapping in summer 2006 and spring, early
summer 2007 (paper IV). Elken et al. (2003) showed that in the entrance of the
Gulf north-easterly winds support the standard estuarine circulation and south-
westerly winds work against the density-driven and riverine flow. Measurements
in 2006-2007 showed that also north-westerly winds are favorable for the
estuarine circulation. Obviously north-westerly winds directly initiate an outflow
in the upper layer, which is compensated by the landward (eastward) flow in the
deep layer. Northeasterly winds create a sea level difference which in turn
causes an inflow in the lower layer.

Correlation analysis between the deep layer and surface layer salinity difference
at individual CTD profiles and the average wind speed and direction from the
period preceding the measurement was conducted (paper I). A significant
correlation between the wind forcing and the salinity gradients was obtained if
an average wind speed from a period of three weeks or longer (until a period of
six weeks) before the CTD measurement was taken into account. The best
(positive) correlation (+* = 0.33, p < 0.01) was found with the average wind
component from north-north-east (20 degrees).

In order to estimate quantitatively the influence of prevailing wind
conditions to the salt budget in spring-summer 2006-2007, the results of
HIROMB were used. Cumulative volume transports through two cross-sections
of the Gulf (see Fig. 1, paper 1V, sections W and E), separately for layers
above and below 30 m, were estimated using modeled current velocities,
extracted daily from the model outputs. Estimates of cumulative upward
transport of waters from below the 30 m depth to the surface layer were obtained
for the 6 week period in July-August 2006 as high as 90 km® (paper IV). Similar
estimates for summer 2007 resulted in much smaller volumes of vertical
transport. The latter and the correlation analysis described above, gave rise to an
important suggestion. Since lateral estuarine circulation is intensified and
upward transport is many-fold more intense in case of long-lasting easterly—
north-easterly winds, in comparison to usually prevailing westerly—south-
westerly winds, these processes under described conditions could contribute
significantly to the ventilation of deep layers of the northern Baltic Proper.

4.3. Short-term variations

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. 7). 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
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changes) of temperature and salinity fields (paper II and V). 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 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 m 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 was 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) accompanied 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.

By analysing of vertical thermohaline structure and current velocity profiles, five
periods were selected according to their characteristic TS-curves (Fig. 8), were
selected (see paper II, table 2 and Fig. 2.). These identified quasi-stationary
stratification patterns lasted from 4 to 15 days and were dominated by distinct
hydrophysical processes — upwelling, relaxation of the upwelling, reversal of the
estuarine circulation, ordinary estuarine circulation, and downwelling. It is
suggested that these patterns appear for long enough time periods to influence
the phytoplankton dynamics in this stratified estuary.

First period was dominated by upwelling event, which is well seen in a rapid sea
surface temperature drop, although the period’s average heat flux into the sea
was positive (131 W m™). However, three groups (TS-dots were grouped into
three clouds) with characteristic TS-distribution were visible in the temperature
and salinity scatter plots during the period (Fig. 8A). These groups can be
regarded as the three phases in the development of the upwelling event or
movement of upwelling waters into the study area. The TS-curves indicate a
slightly larger salinity increase (at a fixed temperature) at the thermocline depths
than that in the upper layer.

The thermohaline structure during the second period was determined by
prevalation of south-easterly and south-westerly winds which caused upwelling
relaxation. TS-curves (Fig. 8A) were mostly straight lines during this period; it
supports the hypothesis that the relaxation of the upwelling could contribute to
the vertical mixing of the Gulf of Finland waters (see also 4.1). Another feature
in the second period’s TS-curves is a remarkable shift of curves to the right
(saltier), which indicates that south-westerly winds have induced eastward
movement in the upper layer and thermocline. At the same time, the base of
thermocline located clearly deeper than during the first period, which indicates
that eastward transport could cause deepening of thermocline (see also 3.1.2).
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Figure 7. Variations of the vertical distribution of temperature (a, °C), salinity (b) and
Chl a (c, 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.
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It is seen in the third period TS-diagrams and vertical profiles (Fig. 8B and 8C)
that the upper layer salinity has increased remarkably while the salinity at the
thermocline depths has decreased if comparing to the earlier period. These
changes are in accordance with the eastward flow in the upper layer and
westward flow in the thermocline and below it (see paper 11, Fig. 2). This flow
pattern is known as the reversal of the estuarine circulation (Elken et al. 2003;
subchapter 4.2).

The fourth period was characterized by weak winds from north and north-east
and positive heat flux. This combination resulted in estuarine circulation —
westward flow in the upper layer and eastward flow below the thermocline, and
surface warming. The characteristic TS-curve (Fig. 8C and 8D) was close to a
straight line due the increase of salinity at the thermocline depths and formation
of a fresher and warmer near surface layer due to the calm conditions. The shift
from the reversed to estuarine circulation is more thoroughly decribed in paper
1L

The fifth period characteristic TS-curve (Fig. 8D) is strongly influenced by the
occurred downwelling event. Due to the eastward transport in the upper layer
and vertical mixing (TS-curve is nearly a straight line from surface to 40
metres), the upper layer salinity is relatively high and salinity gradient through
the thermocline is relatively weak.

A comparison of the observed (calculated according to Eq. 1) and modelled
changes of upper layer temperature and potential energy anomaly (Eq. 2)
suggests that the upper layer dynamics and vertical stratification conditions in
the Gulf of Finland can be simulated reasonably well when the surface transport
along the Gulf prevails (see Figs. 4 and 6, paper II). The largest mismatches
between the modelled and measurement-based changes of potential energy
anomaly and upper layer temperature were found during the upwelling event,
when the upwelling waters reached the study site (buoy station).

Thus, it is suggested that, in certain cases, the vertical stratification depends
strongly on the water movement across the Gulf and associated vertical
displacement of isopycnals. To advance the simple model presented in the paper
II, an additional term should be added to the existing model (see Eq. 2). This
term has to account for the wind induced drift of surface waters across the Gulf
and resulting convergence or divergence of waters and vertical movement of
isopycnals. If the wind impulse or cumulative along-gulf wind stress is strong
enough for the surfacing of the thermocline (see e.g. Haapala 1994; Uiboupin
and Laanemets 2009), the formation and behavior of the upwelling front has to
be taken into account as well. Since these processes depend on the along-gulf
wind stress, it is reasonable that the largest mismatches between the model and
measurements were found in case of easterly winds (paper II).
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Figure 8. TS-diagrams. Temperature and salinity scatter plots, mean TS curves and mean
temperature and salinity profiles in five periods: first and second period (A), second and
third period (B), third and fourth period (C) and fourth and fifth period (D). In panel A,
the three phases of the first period are indicated with black thin curves, in panel C
transition period between third and fourth period is drawn out with blue dots and lines.
Black curves and grey dots represent the earlier period and green curves and dots
represent the later periods in each plot. In the panels of mean vertical profiles, the solid
curves represent salinity and dashed curves represent temperature.
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5. CONSEQUENCES OF THERMOHALINE VARIABILITY
ON NUTRIENT PATTERNS AND PHYTOPLANKTON
COMMUNITY

5.1. Nutrient patterns and transport estimates

Simultaneously with the temperature and salinity mapping described in chapter
4.1, vertical distribution of nutrients (phosphates, nitrates+nitrites) was
investigated by weekly sampling across the Gulf of Finland in July-August
2006. In July, the nutrient concentrations were typically low in the surface layer
where the phosphate (PO,>") concentrations up to 0.10 pmol "' were measured,
while nitrate+nitrite (NOy) concentrations were below the detection limit (paper
IIT). The upwelling event off the southern coast in the beginning of August
caused a remarkable increase of PO, and NO, concentrations with the
maximum values of 0.48 and 0.79 pmol 17, respectively, observed on 8 August.
A week later on 15 August, the PO,>™ concentrations varied between 0.11 pmol
I and 0.24 pmol I'' in the upwelling area while the NO, concentrations had
dropped below the detection limit again in the whole section. Relaxation of
upwelling resulted in POs>~ and NO, concentrations below the detection limit
along the whole transect and re-establishment of upwelling on 29 August caused
only a slight increase of PO,’” concentrations in the surface layer near the
southern coast (paper I1I).

In July, the nutriclines were located mainly just below the thermocline, and
PO,’” and NO, vertical distributions coincided well with the density distribution
(Fig. 9a, b). The nitracline and phosphacline were clearly separated off the
northern coast but coincided in the open sea area and southern part of the study
transect. Nutrient rich waters surfaced near the southern coast on 8 August (Fig.
9c, d). The border between the nutrient rich and nutrient depleted water masses
coincided well with the upwelling front (exposed in Fig. 9c-f as a set of sloping
isopycnals) on 8 and 15 August. After the upwelling relaxation, the nutriclines
coincided in the open gulf but, in the Tallinn Bay, a clear separation of nitracline
and phosphocline of about 7.5-10 m was observed (paper III). It shows that
upwelling events contribute to the separation of the nitracline and phosphacline,
often observed in the Gulf of Finland in summer and suggested being related
mainly to the mixing depth during the spring bloom (Laanemets et al. 2004).

The simplest way to get a rough estimate of amounts of nutrients transported
into the surface layer by an upwelling event is to multiply the average increase
of nutrient concentrations and the volume of the upwelled water. The thickness
of the surface layer in the estimates related to the upwelling event in August
2006 (paper III) was taken 12 metres. It corresponds to the average thickness of
the UML water mass at the southernmost stations where the PO,*~ and NO,
concentrations were below the detection limit before the upwelling initiation.
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According to the CTD survey on 8 August, the seaward extension of the
upwelling was ca 20 km. Taking into account the detection limits, the following
average concentrations were obtained for the 20-km wide coastal area: 0.04
pmol 1" of PO,*™ and 0.07 pmol 1" of NO, on 25 July and 0.43 pmol I of PO,
and 0.59 pumol 1" of NO, on 8 August. Thus, the estimated nutrient amounts
introduced into a 12 m thick, 20 km wide and 100 km long coastal stretch were
equal to 290 tons of P-PO,*" and 175 tons of N-NO,.
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Figure 9. Vertical sections of phosphate-phosphorus (umol 1) and nitrate-nitrite-
nitrogen (umol I'') in layer 0-40 m on 25 July (a, b), 8 August (c, d), 15 August (e, f) and
22 August (g, h) 2006. Dots indicate sampling points, values on x-axis are distance from
the southernmost station (TH1, see paper III Fig. 1). Corresponding density anomaly
distribution (density-1000 kg m™) is shown by black contour lines.
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An alternative method used for the estimation of vertical nutrient transport by
the upwelling event was based on the average nutrient concentrations in the
water masses below and above the thermocline before the upwelling event and
the estimated mixing ratio (paper III). Taking into account possible different off-
shore extensions of the water masses under consideration (from 18 to 28 km),
the estimated nutrient amounts introduced into a 12 m thick, 20 km wide and
100 km long coastal stretch were varying between 238-268 tons of P-PO,>™ and
175-255 tons of N-NO,. A characteristic along-shore extent of the upwelling
event in  August 2006 was about 200 km (see e.g.
http://wwwi4.ymparisto.fi/i4/eng/sst/ 2006/ sst_sat 2006 _eng.html). Thus, both
methods gave similar estimates of amounts of upwelled nutrients ranging from
480 to 580 tons of P-PO,’” and from 350 to 510 tons of N-NO. In conclusion,
the major upwelling event observed in August 2006 along the Estonian coast,
brought phosphate-phosphorus into the surface layer in amounts equal to the
monthly riverine load of total phosphorus to the Gulf of Finland (about 500 tons,
see HELCOM 2004).

It was shown that dramatic alteration of vertical nutrient distribution can (may)
occur in connection to changes in thermohaline structure during an upwelling
event. As described in subchapter 4.2, the intensification or reversal of the
estuarine flow could remarkably affect the thermohaline structure in the sub-
surface and deep layers. The described changes in thermohaline structure and
modelled volume transports through the selected cross-sections of the Gulf have
indicated that the estuarine flow was clearly more intensive in late July and
August 2006 than before (from May to mid July) and during the summer 2007
(paper 1V). Since the northern Baltic Proper deep waters are oxygen depleted
and phosphate rich (Lehtoranta 2003), such a strong inflow in the deep layer
could potentially lead to a remarkable source of extra phosphorus for the Gulf of
Finland. The measured deep layer phosphate concentrations indicated that
phosphate rich deep layer water reached the study area in August — the near-
bottom phosphate concentrations, which had been 2.6-2.7 pmol I"' before the
estuarine flow intensification, were in a range of 3.4-4.2 pmol 1" during the
entire August 2006 (see paper IV, Fig. 6). Thus, the intensification of estuarine
circulation leads to higher salinity in the deep layers and stronger vertical
stratification as well as supplies additional amounts of phosphorus into the Gulf
of Finland.

5.2. Phytoplankton distribution and vertical dynamics

Phytoplankton dynamics affected by changes in the thermohaline structure is
studied based on mapping in July-August 2006 and high-frequency
measurements at autonomous buoy station in July-August 2009. The
phytoplankton dynamics related to the major upwelling event is described by
Lips and Lips (2010) and Kuvaldina et a/. (2010). In the present thesis, the main
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emphasis is on links between vertical distribution and dynamics of
phytoplankton and thermohaline structure and physical processes forming it.
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Figure 10. 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 (TH 1, see paper III Fig. 1); station numbers are shown above. Observed sub-
surface Chl ¢ maxima are indicated as red circles scaled proportionally to the intensity of
maxima; the base of thermocline is shown by yellow dashes (the base of thermocline
was not determined if the profile did not reach the minimum temperature).
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During three surveys in July 2006 sub-surface maxima of chlorophyll a (Chl a)
with intensities >0.5 pg I' were observed at 37 vertical profiles out of measured
80 profiles (paper VI). As seen from the vertical cross-sections of temperature
(Fig. 10) the Chl ¢ maxima followed almost precisely the base of thermocline.
On 11 July, the maxima were situated just above the base of thermocline and
were related to the isotherm 5 °C. On 19 July, the most intensive maxima were
observed in the thermocline in the downwelling area. The initial pattern of
maxima distribution was re-established on 25 July when those were registered
almost precisely at the base of thermocline and at slightly lower temperatures
than on 11 July. The registered sub-surface Chl ¢ maxima coincided well with
the nutriclines, especially with the nitracline (paper VI) — the concentrations of
NO, 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.

In order to determine the stratification conditions favourable for the formation of
sub-surface Chl ¢ maxima, the vertical profiles were analysed in detail. The
UML depth was on average 7 m on 11 July and 8 m on 25 July while the base of
thermocline was situated at 24 m on 11 July and 21 m on 25 July. In comparison
with the long-term mean characteristics of the UML and thermocline, the
estimated values indicate that in 2006 the UML was thinner and the base of
thermocline was at shallower depths. At the same time, the most intensive
maxima were observed in areas where the base of thermocline was locally
situated at deeper positions.

Cross-section geostrophic velocity distributions were calculated relative to the
reference depth of 40 m (assumed level of no motion). The found distribution of
alternating flow directions along the study transect (see Fig. 6, paper VI) could
be interpreted as a sequence of meso-scale eddies or as a sequence of cyclonic
and/or anti-cyclonic circulation cells. According to the location of Chl ¢ maxima
in relation to the geostrophic current distribution, it is concluded that the
formation of pronounced maxima or “thin layers” are favoured by accumulation
of phytoplankton along the depressed isopycnals at the base of anti-cyclonic
circulation cells (paper VI).

High-frequency profiling at the autonomous buoy station in the Gulf of Finland
(see location in Fig. 1) in July-August 2009 revealed three periods with deep
distribution patterns of Chl a related to the deepening of the UML after 12 July,
25 July and 16 August. These periods of relatively high Chl a concentration in
the sub-surface layer differed from each other regarding the depths of Chl a
penetration and the concurrent UML depth and depth of the strongest density
gradient (Fig. 7¢). 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 thermocline. On 26-31 July, relatively high Chl «
concentrations were observed in the UML while patches of very high Chl a were
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detected also in the sub-surface layer below the depth of the strongest density
gradient. 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 4,y was located close to the UML depth. The
analysis of stratification parameters and TS-characteristics of the water column
(paper II and V) showed that the periods with different Chl @ dynamics differed
also regarding to the thermohaline structure. Thus, it is suggested that the
conditions caused by the prevailing atmospheric and oceanographic forcing
(including vertical stratification) explain the vertical dynamics of phytoplankton.

In order to verify whether the observed short-term variations in Chl a
distribution in July-August 2009 were consistent with a diurnal vertical
migration pattern of phytoplankton, the average daily courses of Chl a were
constructed for the entire deployment period and several distinct periods of
atmospheric-oceanographic forcing, and species composition (paper V). Due to
the high variability at other time scales, the amplitude of the diurnal cycle
revealed using data from the entire deployment period was low in comparison to
the overall variability. Clear diurnal patterns in the Chl a dynamics were
detected in the period of dominance of euglenophytes (Eutreptiella spp.) at the
beginning of July, and in the period of dominance of the dinoflagellate
Heterocapsa triquetra in late July-early August (Fig. 11).

The observed Chl a dynamics can be interpreted as diurnal vertical migration of
phytoplankton with a clear downward migration at night. In late July-early
August the maximum Chl a concentrations at the surface were observed between
noon and 6 p.m., and the minimum at 3 a.m. (Fig. 11c). 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. It suggests 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 sinking was faster in the almost mixed upper layer (see vertical
density distribution in Fig. 11d). After 3 a.m. 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. 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.
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Figure 11. The daily average variations of Chl a and devations 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 (c, d). Both Chl a scales are in milligram per cubic metre. Average
temperature (°C; a, ¢) and density anomaly (kilogram per cubic metre; b, d) distributions
are shown by solid lines.

Downward migration of phytoplankton can be characterised also by a series of
consecutive vertical profiles of Chl a (see Fig. 7, paper V). According to this
example from noon on 26 July to 6 p.m. on 27 July, the Chl ¢ maximum was
moving downward during the night with an approximate speed of 1.6 m h™. The
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splitting of the community into two at 9 a.m. could indicate that part of the
community returned to the sea surface and the other part continued downward
migration until getting below the thermocline.

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. The results
presented in this study indicate that the sub-surface maxima of H. triquetra were
fuelled by synchronous downward migration of cells at night. It is suggested that
this migration pattern occurs as an adaptation of phytoplankton to migrate to the
deeper nutrient resources at low irradiances. On the other hand, the success of
this strategy depends on physical background — vertical stratification and
mesoscale processes. Similar suggestions on the importance of mesoscale
processes were made also in earlier studies, e.g. by Kononen et al. (2003).
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6. CONCLUSIONS

The main aim of the thesis was to improve the knowledge on the thermohaline
structure of the Gulf of Finland in summer and to identify the main driving
factors and processes causing its variability. Secondly, the influence of these
processes and vertical stratification on the nutrient fields and phytoplankton
dynamics were analysed. In comparison to other studies, three main advantages
in used data and methods could be stressed: first, a quite long and extensive
historical data set of CTD profiles collected in the Gulf of Finland was available
from 1987 until 2009; secondly, new technologies were applied to measure
vertical temperature, salinity and chlorophyll @ profiles with high resolution in
time, this type of autonomous buoy profiler was used for the first time in the
Gulf of Finland; and the field measurements carried out in 2006-2009 included
also sampling and analyses of nutrients as well as phytoplankton species
composition and biomass — thus, the measurements had interdisciplinary
character.

Parameters of vertical thermohaline structure and stratification were defined, and
methods for their estimates were developed in the present thesis. Changes in
UML temperature, salinity, and depth are mainly related to the short-term
variability of local wind. Wind-induced movements of water masses along and
across the Gulf, upward or downward movements of isopycnals, occurrence of
up- or downwelling events along the coasts and vertical mixing can remarkably
affect UML water characteristics (papers II-VI). The most rapid changes in
UML temperature, salinity and stratification are related to the upward-downward
movements of isopycnals related to up- and downwelling events. However, if
such movements across the Gulf are not dominant, upper layer temperature and
stratification can be simulated reasonably well with a simple model (paper II).
Although upper layer thermohaline structure is mainly determined by the
synoptic scale variability in summer, still seasonal warming in UML and
deepening of its depth from June to August are evident (paper I). Furthermore,
inter-annual variability can be detected both in UML temperature (Lips and Lips
2008) and salinity (paper I).

Changes in summer CIL temperature are mainly related to the inter-annual
variability of winter severity (paper I). However, other processes (Chubarenko
and Demchenko 2010) could also contribute to this inter-annual variability.
Regarding spatial variability of CIL temperature and depth, the along-gulf
gradients are evident (paper I). The changes in the deep layer temperature and
salinity are related to two processes/reasons. First, the occurrence/absence of
major inflows from North Sea to the Baltic Sea greatly determines deep layer
salinity and temperature in the Gulf (paper I). Secondly, intensification or
reversal of estuarine circulation (Elken et al. 2003, paper IV) could also
remarkably influence deep layer thermohaline characteristics.
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In the future studies of long-term changes, inclusion of fresh water inputs could
be useful for a better understanding of the observed changes and possible future
trends of the thermohaline structure of the Gulf of Finland. For instance, Meier
and Kauker (2003) have found that about half of the decadal variability of the
average salinity of the Baltic Sea is related to the accumulated freshwater inflow.
Omstedt and Axell (2003) have suggested that simultaneous temporal changes of
salinity occur throughout the whole water column in the Gulf of Finland, and
such simultaneous changes of salinity are predicted also in the Baltic Sea in case
of the scenario with a decrease in salinity (e.g. Meier 2006). In the present
thesis, it is shown that the thermohaline structure at certain depth ranges (UML,
thermocline, CIL, halocline, deep layer) is influenced by different factors or
their combination, and simultaneous shifts in the same direction (e.g. decrease in
salinity throughout the entire water column) are not obvious.

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

J The vertical structure of the water column in the Gulf of Finland could
be approximated mainly as a two-layer structure in 1987-1990 and clearly as a
three-layer structure after mid-nineties. The latter was most probably caused by
a major inflow of the North Sea waters into the Baltic Sea in 1993 that
interrupted the stagnation in the Baltic Proper deep layers.

o The temperature of cold intermediate layer in the Gulf of Finland in
summer depends strongly on the severity of the previous winter in the Baltic Sea
area — the summer CIL temperature had significant correlation with the Baltic
Sea Index in January-February and maximum ice extent of the Baltic Sea in
winter.

J In case of climate change towards warmer and fresher Baltic Sea, the
Gulf of Finland water column will most likely have the two-layer structure in
summer, but the vertical gradients in the seasonal thermocline will rather
increase than decrease.

J Estuarine circulation is intensified and upward volume transport in the
Gulf is many-fold more intense in case of long-lasting easterly—north-easterly
winds, in comparison to usually prevailing westerly—south-westerly winds. The
intensification of estuarine circulation supplies additional amounts of
phosphorus to the Gulf of Finland.

J The upwelling events cause vertical mixing and enlarge the vertical
separation of the nitracline and phosphacline in the Gulf of Finland in summer.
The share of initial water masses mixed into the upwelling water near the
Estonian coast in August 2006 was determined as 15 % of the upper mixed layer
water and 85 % of the cold intermediate water.

J The upwelling event observed in August 2006 along the Estonian coast
brought phosphate-phosphorus into the surface layer in amounts equal to the
monthly riverine load of total phosphorus to the entire Gulf of Finland.

o Distinct quasi-stationary stratification patterns, which lasted from 4 to
15 days and were dominated by certain hydrophysical processes — upwelling,
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relaxation of the upwelling, wind induced reversal of the estuarine circulation,
estuarine circulation, and downwelling, were distinguished in the Gulf of
Finland in July-August 2009.

. A simple model for potential energy anomaly, where the heat flux
through the sea surface, wind mixing, wind induced transport (parallel to the
horizontal salinity gradient) in the upper layer and estuarine circulation were
taken into account, simulated the observed changes in the vertical stratification
reasonably well. The largest discrepancies between the observations and model
results were found when water movement across the Gulf and associated vertical
displacement of isopycnals (upwelling or downwelling) were dominant
processes.

. The sub-surface maxima of Chl a almost precisely follow the base of
thermocline and coincide with the nutriclines in the stratified Gulf of Finland in
summer. It is suggested that the formation of pronounced Chl ¢ maxima layers is
favoured by meso-scale processes.

. Clear diurnal patterns in the Chl a dynamics were detected in the periods
with certain vertical stratification. During the period of dominance of the
dinoflagellate H. triquetra, the splitting of the community into two and
downward movement of Chl ¢ maximum with a speed of up to 1.6 m h™" were
observed.
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Vertical profiles of temperature and salinity collected in the summers of 1987-2008 were
analyzed in order to describe the mean characteristics and variability of the vertical termo-
haline structure in the Gulf of Finland. Quantitative estimates of the mean characteristics
of the upper mixed layer, seasonal thermocline, cold intermediate layer, halocline and deep
layer as well as their along-gulf changes were obtained. Both the long-term (inter-annual)
and short term variations in the thermohaline structure were related to the changes in the
atmospheric forcing. Two distinct periods with statistically different mean temperature and
salinity in the deep layer were detected among the analyzed 22 years. The overall vertical
salinity (and density) gradient was much stronger and the halocline was sharper in the recent
years than in the years 1987-1990. However, the summer mean vertical salinity and density
gradients in the seasonal thermocline did not reveal large inter-annual variations. We sug-
gest that a possible shift towards fresher waters in the Baltic Sea due to the climate change
would result in the two-layer structure of water column in the deeper areas of the Gulf of
Finland in summer. At the same time, a possible increase of sea surface temperature could
lead to a strengthening of the vertical density stratification in the seasonal thermocline.

Introduction

The Gulf of Finland is a 400-km-long and
48-135-km-wide, elongated sub-basin of the
Baltic Sea. It covers approximately 29 600 km?
and its volume is 1100 km? (Alenius et al. 1998).
It has no sill at the entrance area separating the
Gulf from the open Baltic Sea and its maximum
cross-section depth decreases from > 100 m at
the entrance to < 30 m in the eastern part. The
Gulf receives 3556 m? s! (70-year average) of
river discharge (annually 10% of the volume of
the Gulf) that is mainly concentrated in the east-
ernmost part of the Gulf (Bergstrom and Carls-

son 1994). Therefore, the salinity distribution in
the surface layer is characterized by an increase
from 1-3 in the east to 6 (on the Practical Salin-
ity Scale) in the west. Also a slight decrease
across the Gulf from south to north exists.

The characteristics and seasonal develop-
ment of vertical stratification in the Gulf of Fin-
land was quite thoroughly described by Alenius
et al. (1998) using data collected until 1996. The
water column in the deeper areas of the Gulf
reveals a three-layer vertical structure in summer
— the upper mixed layer, the cold intermediate
layer and the near-bottom layer, which is saltier
and slightly warmer, can be distinguished. These
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layers are separated by the two pycnoclines —
the seasonal thermocline usually situated at the
depths of 10-20 m and the permanent halocline
at the depths of 60—70 m.

According to the HELCOM monitoring data,
a decrease in salinity of the deep layers of the
Gulf of Finland, observed from the late 1970s,
was replaced by a salinity increase in the 1990s
(HELCOM 2002). During the same monitor-
ing period an average surface layer temperature
increase was observed (e.g. Suikkanen er al.
2007). It has been reported that the summer sea
surface temperatures of the North and Baltic
Seas have increased since 1985 at a rate equal-
ling 3 times the global rate, and 2—5 times faster
than in other seasons (MacKenzie and Schiedek
2007). An analysis of the remote sensing data
from 1990-2004 has revealed strong positive
trends in the sea surface temperature in the
Baltic Sea in July and August as well (Siegel et
al. 2006). These long-term salinity and tempera-
ture trends are superimposed by relatively large
inter-annual variations in the Gulf of Finland,
which are well visible, for instance, as variations
in the ice conditions (Jaagus 2006) and deep
layer salinity (Alenius et al. 1998). Both the
long-term trends and inter-annual variations in
hydrographic conditions affect the Gulf of Fin-
land’s ecosystem through, for instance, changes
in inorganic phosphorus pool due to the benthic
release of phosphorus (Pitkdnen et al. 2001),
changes in phytoplankton community composi-
tion (Suikkanen et al. 2007) or high inter-annual
variability of the late-summer cyanobacteria
blooms (e.g. Lips and Lips 2008).

Due to the variable wind forcing and the
width of the Gulf, well greater than the inter-
nal Rossby radius (Alenius ef al. 2003), the
meso-scale processes and related changes in
the vertical thermohaline structure are dominant
dynamical features of the Gulf of Finland. Fre-
quent coastal upwelling events affect remark-
ably the spatial distribution of the sea surface
temperature that is visible on remote sensing
images (see e.g. an analysis by Uiboupin and
Laanemets 2009), and the vertical thermohaline
structure (e.g. Lips et al. 2009). It has also been
shown that, depending on prevailing wind con-
ditions, an ordinary estuarine circulation may
be altered or even reversed if the southwesterly
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wind component exceeds the mean value by at
least 4-5.5 m s7! (Elken er al. 2003) resulting in
a drastic weakening of the vertical stratification
in the Gulf of Finland. Thus, the wind induced
circulation and mixing modify the thermohaline
structure in both a short-term (synoptic) and a
long-term (from a month to a season) scale. We
assume that similarly to the inter-annual varia-
tions in the atmospheric forcing defined as the
North Atlantic Oscillation (NAO) index (Jones
et al. 1997) or the Baltic Sea Index (hereafter
BSI) (Lehmann et al. 2002) it could be possible
also to indicate related inter-annual variations in
the vertical stratification of the Gulf of Finland
water column.

The main aim of the present study was to
describe the vertical structure of temperature and
salinity fields and its inter-annual variations in
the Gulf of Finland in summer (June—August)
using the data collected in 1987-2008. The latest
descriptions of the hydrographic conditions in the
Gulf of Finland have mainly been based on mod-
eling studies [see e.g. a paper by Andrejev et al.
(2004) and a review by Soomere et al. (2009)].
In comparison with the study by Alenius et al.
(1998), the present analysis includes also the
years after the mid-1990s when according to the
HELCOM monitoring data (HELCOM 2002) an
increase of salinity in the deep layers of the Gulf
of Finland has occurred. Based on the results we
suggest possible changes in the vertical thermo-
haline structure of the Gulf of Finland taking into
account the projections of future anthropogenic
climate change (BACC 2008).

Data and methods

The data analyzed in the present paper were
collected in 1987-2008 during various research
projects and monitoring programs run by the
Marine Systems Institute at Tallinn University
of Technology and its predecessors. Vertical pro-
files of temperature and salinity were obtained
using Neil Brown Mark IIT and Sea-Bird SBE-19
CTD (conductivity, temperature, depth) profil-
ers. The salinity values were calculated using
algorithms from Fofonoff and Millard (1983)
and are presented without units on the Practical
Salinity Scale 1978.



BOREAL ENV. RES. Vol. 16 (suppl. A)

60°30°
[}
b
2 60°
3
o |

Fig. 1. Map of the Gulf
of Finland. CTD cast loca-
tions are indicated with
crosses and the reference
line with a dashed line.

Altogether, the data from 2143 CTD casts,
processed and stored as vertical profiles with a
resolution of 0.5 m (1 m corresponds roughly
to 1 dbar), were analyzed. A higher number of
CTD casts was available from the south-western
part of the Gulf of Finland (Fig. 1). The number
of available profiles varied greatly from year
to year (Table 1). We used only deep enough
CTD casts in the analysis, whereas different
depth limits were defined for different estimates.
Profiles deeper or equal to 40 m were used in
estimating the upper mixed layer (UML) depth,
> 60 m in estimating the base of thermocline
and the cold intermediate layer parameters, = 70
m in estimating the deep layer temperature and
salinity and = 80 m in estimating the gradients in
halocline (and halocline presence).

We estimated the UML depth using smoothed
(2.5 m moving average) vertical profiles of den-
sity. The UML depth was defined at each profile
as the smallest depth where the density gradient
exceeded a criterion defined on the basis of the
density difference between the cold intermedi-
ate layer (CIL) and the UML (an example of the
vertical temperature and density profiles and the
corresponding estimates are shown in Fig. 2).
This criterion (critical value) was calculated as
follows:

Crup = (pcold - pmin)Cup’ (1)

where p_  is the density in the CIL at the depth
of minimum temperature, p . is the minimum
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Longitude

density in the UML and C,= 1/30 m™'. The latter
is a constant, which was determined empirically
in order to obtain the best performance of the
criterion. In case of the characteristic density dif-
ference between the UML and CIL of 3 kg m~,
Crup equals 0.1 kg m™. Thus, the used criterion

Table 1. The number of available CTD casts by year
and depth.

Depth range (m)

Year Total <40 40-60 60-70 70-80 =80

1987 402 68 122 82 88 42
1988 78 23 27 12 10 6

1989 388 78 74 87 111 38
1990 448 89 139 106 86 28
1991 0 0 0 0 0 0
1992 0 0 0 0 0 0
1993 32 20 5 1 3 3
1994 142 91 19 13 8 1
1995 33 19 6 4 1 3
1996 18 11 1 2 2 2
1997 138 16 78 31 1 2
1998 4 0 0 0 4 0
1999 9 4 5 0 0 0
2000 18 12 3 0 3 0
2001 57 47 4 1 1 4
2002 16 14 2 0 0 0
2003 0 0 0 0 0 0
2004 0 0 0 0 0 0
2005 0 0 0 0 0 0
2006 187 32 84 28 36 7
2007 45 7 37 0 0 1
2008 128 17 23 8 59 21

Total 2143 548 629 375 423

—_
)]
(o]




76

Temperature (°C)
8

Depth (m)

I I I
1004 1006 1007

1005
Density (kg m—3)
Temperature —----— Density

Fig. 2. An example of the vertical temperature and
density profiles with the estimated characteristics of the
termohaline structure: UML = upper mixed layer, BOT =
base of the thermocline, CIL = cold intermediate layer,
and HAL = center of the halocline.

was 3-10 times greater than that usually applied
in estimating the open-ocean mixed-layer depth
[see an overview by Thomson and Fine (2003)].
The base (lower border) of the thermocline was
determined as the smallest depth where the tem-
perature was below a critical value. The critical
value was calculated as follows:

Cr, =T+, —T.)C,. 2)
where T . is the minimum and 7, the maxi-
mum temperature at the current profile, and C i
= 0.1. The latter constant was also determined
empirically in order to obtain the best perform-
ance of the criterion.

The CIL temperature and depth were deter-
mined as the minimum temperature at the current
profile and the depth corresponding to this mini-
mum temperature record. Non-smoothed tem-
perature profiles were used. The deep layer tem-
perature, salinity and density were estimated at
each profile as average temperature, salinity and
density in the layer between 68 and 70 meters.

The center of the halocline was defined using
smoothed salinity profiles (2.5-m moving aver-
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age) as the maximum salinity gradient below the
coldest point at the current profile. The halocline
was determined only in case if the smoothed
salinity gradient exceeded 0.07 m™'.

The wind data were obtained from the
Kalbddagrund meteorological station (Finnish
Meteorological Institute) located in the central
part of the Gulf. To characterize the large-scale
meteorological forcing conditions in the region,
we used the monthly-averaged BSI values cal-
culated as the difference of normalized sea level
pressure anomalies between Szczecin in Poland
and Oslo in Norway (Lehmann et al. 2002;
values provided by Andreas Lehmann).

Mean values of studied parameters were
calculated stepwise as follows: first, monthly
mean values of parameters as simple arithmetic
means in a month in each year were found, sec-
ondly, monthly mean values for the whole study
period were calculated taking into account only
years with sufficient number of measurements
and, finally, an overall mean was calculated on
the basis of the obtained three monthly mean
values. The sufficient number of measurements
was defined as from >7 CTD casts for the
UML characteristics to > 3 CTD casts for the
deep layer characteristics. Along-gulf and cross-
gulf spatial variations were estimated using the
above-mentioned procedures, respectively, for
three longitudinal intervals (23.2-24.2°E, 24.2—
25.2°E and 25.2-26.2°E, while for the UML
salinity a longitudinal step of 0.5 was used) and
for four distance intervals (0-10, 10-20, 20-30
and 30-40 km) where the distances were calcu-
lated from a reference line shown in Fig. 1.

Inter-annual variations of estimated param-
eters are presented and analyzed using the cal-
culated, yearly (summer) mean values taking
into account only these years where measure-
ments from at least two summer months were
available. The missing monthly-mean values
were found by interpolation (extrapolation)
using the existing monthly mean values from
the same year and the average temporal evolu-
tion during the summer months (constructed for
each parameter as described above). In order to
relate the observed inter-annual changes to the
atmospheric forcing, simple linear correlation
coefficients between the characteristics of the
vertical thermohaline structure and the BSI were
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calculated. Significance of diferences in salinity
and temperature between years was tested with
a r-test, under an assumption that data are nor-
mally distributed.

Results
Upper mixed layer

The overall mean UML derived from the availa-
ble CTD casts in the Gulf of Finland in the sum-
mers of 1987-2008 was 12.8 m. On average, the
UML depth was the smallest in June (11.4 m),
slightly greater in July (12.1 m) and the greatest
in August (14.9 m). Along the Gulf, the mean
UML depth had relatively uniform distribution
— the greatest UML depth (15.1 m) was found
in the westernmost part of the Gulf between
longitudes 23.2°E and 24.2°E, while in the two
other regions the mean UML depth was close to
13.0 m (Fig. 3). Across the Gulf, the UML depth
was on average greater near the southern coast
than in the off-shore areas changing from 14.1
to 10.7 m. A remarkably higher variation of the
UML depth was found in the coastal area — the
standard deviation of the UML depth there was
7.4 m while in the off-shore areas (30—40 km
from the reference line) it was 5.1 m.

The mean UML water temperature and salin-
ity in summer in the Gulf of Finland were
152 °C and 5.2, respectively, while those in
June were 11.8 °C and 4.9, respectively, in July
169 °C and 5.3, respectively, and in August
169 °C and 54, respectively. The mean UML
temperature did not reveal any regular changes
along the Gulf, but the mean UML salinity dis-
tribution increased from 4.3 in the eastern part
of the study area (25.7-26.2°E) to 5.7 in the
mouth of the Gulf of Finland (Fig. 3). Cross-
gulf changes of the mean UML temperature and
salinity were in the ranges of 15.7-16.4 °C and
5.1-5.3, respectively. The highest variations of
the UML temperature and salinity were found
near the coast where within the first distance
interval of 0—10 km the corresponding standard
deviations were 3.1 °C and 0.8, respectively.

Inter-annual variations in the UML tempera-
ture, salinity and depth were large, but no sig-
nificant correlation was found with the BSI.
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Fig. 3. Mean along-gulf changes of the UML, BOT,
and CIL depths, as well as UML salinity and CIL tem-
perature in the Gulf of Finland in the summers of
1987-2008. Estimates were made within the three
longitudinal intervals (23.2-24.2°E, 24.2-25.2°E and
25.2-26.2°E) while for the UML salinity a longitudinal
step of 0.5° was used.

Long-term changes of the mean UML tempera-
ture and salinity were estimated using the data
from the two best covered periods: 1987-1990
and 2006-2008. The average July—August UML
temperature and salinity were in 1987-1990
(mean + SD) 1642 + 2.27 °C and 4.94 + 0.68,
respectively (the data from 862 CTD casts were
used), and in 20062008 (mean += SD) 1691 +
2.86 °C and 5.17 + 0.70, respectively (253 CTD
casts). Although an increase in both the UML
temperature and salinity was found, due to the
large short-term variability of these UML char-
acteristics, the calculated mean values did not
differ significantly.

Thermocline

The shallower border of the thermocline was
defined to be equal to the UML depth, which was
on average 12.8 m while the base of the thermo-
cline was situated on average at 27.2 m; hence,
the thermocline thickness was 144 m. The
monthly mean depth of the base of the thermo-
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cline and corresponding thicknesses of the ther-
mocline were in June 23.6 m and 12.2 m, respec-
tively, in July 26.5 m and 14.4 m, respectively,
and in August 31.6 m and 16.7 m, respectively.
The base of the thermocline was at a greater
depth in the mouth of the Gulf and smaller in the
eastern part of the study area changing from 35.2
to 22.6 m (Fig. 3). Since the UML depth varied
less in comparison with the rise of the base of
the thermocline, the thermocline was remarkably
thicker in the mouth area and thinner in the east-
ern part of the study area.

In order to quantify the variability of the ther-
mocline characteristics, the probability distribu-
tions for some selected parameters were con-
structed. With a 75% probability, the UML depth
was between 5 and 19 m, the base of the thermo-
cline in a depth range of 17-37 m and the thick-
ness of the thermocline between 6 and 22 m. For
some thermocline parameters, clear maximum
frequency ranges existed in probability distribu-
tions in a specific month (June, July or August)
but in some other cases the distributions were
more uniform and the variability was higher.
For instance, the most frequent depth interval,
where the base of the thermocline was detected,
was in June 18-21 m (25% of cases) and in July
21-24 m (26% of cases) while in August no dis-
tinct maximum in the frequency distribution was
observed. The thickness of the thermocline was
in June in 83% of the cases between 4 and 16 m,
but in July and August the variability of the ther-
mocline thickness was much higher.

The mean vertical temperature gradient in
the thermocline was —0.99 °C m™" and the mean
vertical salinity gradient 0.09 m™. In more than
70% of the cases, the absolute values of mean
gradients in the thermocline were < 1.5 °C m™' for
temperature and < 0.2 m™' for salinity. The mean
vertical salinity gradient in the thermocline was
stronger in June (0.12 m™) and weaker in July
(008 m™) and August (0.07 m™). Although the
smoothed density profiles revealed stable strati-
fication, the negative vertical salinity gradients
could be observed locally. At 5.5% of the profiles,
inverse local salinity gradients exceeding 0.5 m™!
were detected. The steepest temperature gradient
in the thermocline was most probably situated in
a depth range of 12-21 m (52%). The steepest
temperature gradients in each profile were mostly
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(75%) between 1 and 5 °C m™'. The gradients
> 8 °C m™! were detected at < 5% of profiles.

Cold intermediate layer

The mean temperature of the coldest point of
temperature profiles (CIL temperature) and its
depth (CIL depth) in the Gulf of Finland in the
summers of 1987-2008 were 2.5 °C and 42 m,
respectively, whereas remarkable seasonal and
inter-annual variations were detected. On aver-
age the CIL temperature rose during the summer
as fast as 0.01 °C per day increasing from 2.0
in June to 2.8 in August. The CIL depth was
increasing on average from 35 m in June to 47 m
in August. The average CIL temperature was
2.9 °C in the mouth of Gulf and 1.9 °C in the
eastern part of the study area (Fig. 3). The CIL
depth revealed on average a similar trend: it was
54 m in the mouth area and 34 m in the eastern
part of the study area (Fig. 3).

Large inter-annual variations in the CIL tem-
perature were observed (Fig. 4) in the Gulf of
Finland during the analyzed period 1987-2008.
The lowest summer mean CIL temperature
(1.3 °C) was measured in 1987 and the highest in
1990 and 2008 (3.4 and 3.6 °C, respectively). It
could be expected that the summer CIL tempera-
ture depends strongly on the severity of previous
winter. The correlation between the summer CIL
temperature and the winter BSI was positive and
the best correlation (n = 8, > = 0.81, p < 0.01)
was found if the mean BSI from January to Feb-
ruary was used. The summer CIL temperature
and the maximum ice extent in the Baltic Sea
were (as expected) also correlated, but the cor-
relation was negative (n=8,r*=0.72,p <0.01).

Halocline and deep layer

The mean temperature and salinity at the 70
m depth in the Gulf of Finland in summer in
1987-2008 were 3.5 °C and 8.3, respectively.
On average, a slight decrease in salinity from
June to August of about 0.2 units and a slight
increase in temperature of about 0.1 °C were
detected. The average along-gulf changes in the
deep layer temperature and salinity were also as
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Fig. 4. Variability of the summer CIL temperature, BSI,
and the annual maximum Baltic Sea ice area.

low as 0.1 °C and 0.3, respectively, between the
mouth area and the eastern part of the study area.

Inter-annual variability of the deep layer
(70 m) temperature and salinity was quite high
(Fig. 5). A group of years (1997, 2006 and 2008)
with a higher summer mean salinity in a range of
9.1-9.8 and temperature in a range of 3.9-5.0 °C
could be distinguished. On the other hand, in
1987-1990 and 1994 summer mean salinity was
in a range of 7.7-8.2 and temperature in a range
of 2.2-39 °C. Inter-annual variability of the
salinity difference between the upper and deeper
layers was in accordance with the mean deep
layer (70 m) salinity changes (Fig. 5) although a
slight increase in surface layer salinity between
the years with a fresher and saltier deep layer
could be noticed as well. The highest mean
deep-layer salinity and the strongest mean ver-
tical salinity gradients were recorded in 2006.
However, it has to be noted that the intermedi-
ate-layer salinity (shown in Fig. 5 as the mean
salinity at the 40-m depth) had much lower inter-
annual variations than those in the surface layer
and especially in the deep layer.

In order to elucidate the possible dependence
of salinity gradients on the wind conditions, a
correlation analysis between the deep layer and
the surface-layer salinity difference at individual
profiles, and the average wind speed and direc-
tion in the period preceding the measurement
was performed. A significant correlation between
the wind forcing and the salinity gradients was
obtained if an average wind speed from a period
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Fig. 5. Variation of the mean salinity at 3 m, 40 m and
70 m depths in the Gulf of Finland in the summers of
1987-2008.

of three weeks or longer (until a period of six
weeks) before the CTD measurement was taken
into account. The best (positive) correlation (n =
586,r*=0.33, p <0.01) was found with the aver-
age wind component from N-NE (20°).

The halocline was detected only if the
smoothed vertical salinity gradient exceeded the
value of 0.07 m™'. The center of the halocline
defined as the depth of the maximum salinity
gradient was in the Gulf of Finland in the sum-
mers of 1987-2008 on average at the depth of
67 m. In the years described above as those
with fresher deep layer waters, the center of
the halocline was found on average at the 71-m
depth, and in the years 1997-2008 on average
at the 64-m depth. It has to be mentioned that
also at 22% of analyzed profiles in the years
before 1997, the maximum vertical salinity gra-
dient was < 0.07 m™!, and the halocline was not
detected at all, while in the years 1997, 2006 and
2008, the halocline was present at all profiles.

Vertical structure
In order to compare the vertical temperature

and salinity distribution in the two distinct peri-
ods (fresher and saltier deep layer in the Gulf
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of Finland) we extracted sub-sets of data from
both groups (years 1987-1990 and years 1997,
2006-2008), and restricted the geographical area
to the longitudes between 23.2°E and 25.2°E. It
was done to be sure that all summer months are
well covered and the data are collected from the
same area within both periods. The overall scatter
plot of the vertical temperature and salinity pro-
files available from those summers in the western
Gulf of Finland (Fig. 6) revealed a quite large
variability of temperature and salinity throughout
the entire water column, especially in the surface
and thermocline layer for temperature and in
the surface and deep layer for salinity. Although
the variability was high in the surface layer, the
profiles did not form two separate groups in the
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Fig. 6. Scatter plots of (a) vertical temperature, (b)
salinity and (¢) density profiles in the Gulf of Finland
in the summers of 1987-2008 between 23.2°E and
25.2°E.

upper layers down to the CIL depth. At the same
time, the years 1997 and 2006-2008 grouped
clearly as those with saltier and warmer waters in
the deep layer of the Gulf of Finland.

The mean vertical profiles showed a clear
difference in the temperature and salinity distri-
bution in the deep layer as well (Fig. 6). The esti-
mated mean values of temperature and salinity
at the 70 m depth in the years 1987-1990 were
3.1 °C and 8.0, respectively, and in the years
1997, 2006-2008, 4.9 °C and 9.5, respectively.
The mean deep-layer temperature and salinity for
these two groups are statistically different (#-test:
df = 544, p < 0.05). In addition, in the years with
saltier waters, the CIL temperature was higher
and the CIL depth lower. The mean values of the
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CIL depth, CIL temperature and salinity at the
CIL depth in the western Gulf (from 23.2°E to
25.2°E) in the years with less-saline and more-
saline waters were 46 m and 39 m, 2.5 °C and
2.9 °C,and 7.0 and 7.0, respectively.

Since UML salinity and temperature observed
in the years with a saltier deep layer did not differ
statistically, the vertical density gradient through
the seasonal thermocline during those years was
close to or even smaller than that in the years
with a fresher deep layer. At the same time, a
significantly stronger vertical stratification was
present in the deep layer in 1997, 2006-2008
(Fig. 6¢). The estimates of the mean density dif-
ference between the deep layer (70 m) and the
intermediate layer (40 m) in these two groups
of years were 1.1 kg m= (1987-1990) and 2.1
kg m (1997, 2006-2008), and between the inter-
mediate layer (40 m) and the surface layer (3 m)
2.8 kg m (1987-1990) and 2.7 kg m™ (1997,
2006-2008). In conclusion, the vertical structure
of the water column in the Gulf of Finland could
be approximated in 1987-1990 mainly as a two-
layer structure, and in the years 1997, 2006-2008
clearly as a three-layer structure.

We also divided the years into two groups on
the basis of the CIL temperature. The years 1989,
1990, 1997 and 2008 were classified as those
with a higher CIL (2.8-3.6 °C), and the years
1987, 1988, 1994 and 2006 as those with a lower
CIL (1.3-2.1 °C). Vertical profiles of temperature
did not form clear groups in the scatter plot but
the mean CIL temperature differed statistically
between the warmer (3.2 °C) and colder years
(1.5 °C), and in the colder years the mean tem-
perature was lower throughout the entire water
column.

Discussion and conclusions

Inter-annual variations in the UML tempera-
ture and salinity in the Gulf of Finland were
estimated using the available CTD casts from
1987-2008. Although a positive UML temper-
ature trend could be detected supporting the
earlier results (Siegel et al. 2006, Suikkanen et
al. 2007), the variability in the UML tempera-
ture within the groups of years (1987-1990 and
2006-2008) was too large to unequivocally con-
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firm the increase in the sea surface temperature.
Thus, the CTD casts collected during different
programs and projects could not serve as a basis
for long-term trend estimates (if used alone) due
to high variability in the UML characteristics.

The inter-annual variations in CIL tempera-
ture agreed quite well with severity of a preced-
ing winter and the BSI in January—February.
According to the classification of the maximum
annual extent of ice cover in the Baltic Sea
(Seind and Palosuo 1996), the winter 1986/1987
was extremely severe and the winters 1988/1989
and 1989/1990 were extremely mild. These
extremes resulted in the lowest CIL temperature
in summer 1987 and much higher CIL tempera-
tures in 1989 and 1990. The highest CIL tem-
perature was observed in 1990 probably due to
the two preceding consecutive mild winters. A
similar relationship between the winter atmos-
pheric forcing and the CIL temperature in the
Baltic Sea basins (except the Gulf of Finland and
the Gulf of Bothnia) was described by Hinrich-
sen et al. (2007).

The changes in deep-layer temperature and
salinity depend on two processes. The detected
clear difference between the years 1987-1990
and 1997, 2006-2008 was most probably caused
by a major inflow of the North Sea waters into
the Baltic Sea in 1993 that interrupted the stag-
nation in the Baltic Proper deep layers (Matthius
and Lass 1995) and further inflows, as that
observed in 2003 (Feistel et al. 2003). On the
other hand, Elken er al. (2003) described a rela-
tionship between the deep-layer salinity changes
and the wind-driven circulation in the Gulf of
Finland. They showed that the wind-induced sur-
face transport out of the Gulf is most intensive
in case of the winds from NE while the reaction
time is about 15 hours. In 2006, when the north-
erly and easterly winds dominated for a long
period, a large inflow of saltier waters into the
Gulf of Finland deep layer took place (Lips et
al. 2008). In accordance with those findings, we
showed that a linear correlation exists between
the average wind component from N-NE and the
salinity difference between the deep layer and
the surface layer. This relationship was signifi-
cant when the averaging period longer than three
weeks was used indicating that the wind forcing
effect is seen in the vertical salinity distribution
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after a relatively long period of winds supporting
or working against the ordinary estuarine circu-
lation with an inflow in the surface layer and an
outflow in the deeper layers.

The most evident difference in the vertical
temperature and salinity distributions between
the years 1987—1990 and 1997, 20062008 was
observed in the deep layer: in the earlier period,
the halocline was weak or absent, while in the
latter one the halocline was much stronger. By
analyzing historical monitoring data and numeri-
cal modeling results, simultaneous temporal
changes of salinity have been shown to take place
throughout the entire water column in the Gulf
of Finland (Omstedt and Axell 2003), and such
simultaneous changes of salinity are predicted
also in the Baltic Sea in case of the scenario with
a salinity decrease (e.g. Meier 2006). We showed
that while large changes were observed in the
deep layer, the intermediate-layer mean salinity
remained almost unchanged. This feature can
be explained by the different mixing depths in
winter in the years with a strong halocline and in
the years with a weak halocline. Weak stratifica-
tion allows for winter mixing to penetrate into
deeper layers causing an upward salt flux and in
turn almost the same salinity in the cold inter-
mediate-layer of the Gulf of Finland than that in
the years with more saline deep water and strong
stratification (and consequently a shallower
mixing depth in winter). It leads to an important
consequence for the planktonic ecosystem: the
vertical stratification in the seasonal thermocline
will not change very much even if the salinity of
deep layers changes remarkably.

The climate change scenarios predict that the
Baltic Sea will be most probably warmer and
fresher at the end of this century (Meier 2006,
BACC 2008). The large variability of the tem-
perature and salinity fields observed within the
last 22 years enables us to foresee the possible
changes in the vertical thermohaline structure.
We suggest that if the above scenario realizes,
the Gulf of Finland water column will be mixed
down to the greater depths during winter and it
will have most likely the two-layer structure in
summer. However, if the water temperature rises
both in winter and summer (see BACC 2008), the
vertical gradients in the seasonal thermocline will
rather increase than decrease, due to the fact that
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an increase of the CIL temperature (which is close
to the temperature of maximum density) will
influence the density less than that in the UML.

In conclusion, we showed that the vertical
structure of temperature and salinity fields has
experienced large variations. The years under
consideration (1987-2008) can be divided into
two distinct groups of years with the statisti-
cally different mean temperature and salinity in
the deep layer (1987-1990: fresher and colder
deep layer; 1997, 2006-2008: saltier and warmer
deep layer). While the overall salinity (and den-
sity) gradient in 1997, 2006-2008 was much
stronger as well as the halocline was sharper,
the intermediate layer salinity and consequently
the vertical salinity (density) gradient in the sea-
sonal thermocline did not reveal large changes
between these two periods. We suggest that a
possible change towards fresher waters in the
Baltic Sea will lead to a weakening of the halo-
cline in the Gulf of Finland deeper areas and
the water column (and flow pattern) will have a
two-layer structure in summer. At the depths of
the seasonal thermocline, the vertical gradient
of salinity will not decrease simultaneously and
a possible increase of sea surface temperature
could lead to a strengthening of the vertical den-
sity stratification in the thermocline.
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Abstract

We present and analyze high-frequency observational data of thermohaline structure
and currents acquired in the Gulf of Finland (Baltic Sea) using an autonomous buoy
profiler and a bottom mounted acoustic Doppler current profiler in July—August 2009.
Vertical profiles of temperature and salinity were measured in the upper 50-m layer
with a time resolution of 3h and vertical profiles of current velocity and direction were
recorded with a time resolution of 10 min. Although high temporal variations of the
vertical temperature and salinity distributions were revealed, it was possible to de-
fine several periods with quasi-stationary vertical thermohaline structure. These quasi-
stationary stratification patterns lasted from 4 to 15 days and were dominated by certain
hydrophysical processes — upwelling, relaxation of the upwelling, wind induced rever-
sal of the estuarine circulation, estuarine circulation, and downwelling. Vertical profiles
of current velocities supported the concept of synoptic-scale quasi-stationary periods
of hydrophysical fields. The periods with distinct layered flow structures and current
oscillations with the prevailing period of 26 h were revealed. A simple model, where the
heat flux through the sea surface, wind mixing, wind induced transport (parallel to the
horizontal salinity gradient) in the upper layer and estuarine circulation were taken into
account, simulated the observed changes in the vertical stratification reasonably well.
The largest discrepancies between the observations and model results were found
when water movement across the Gulf and associated vertical displacement of isopy-
cnals (upwelling or downwelling) were dominant processes.

1 Introduction

The vertical stratification of the water column in the oceans and seas is a key factor
shaping the distribution and transport of substances. The Gulf of Finland, a 400-km
long and 48—135-km wide sub-basin of the Baltic Sea, is dominated by the fresh water
discharge at the eastern end and free water exchange with the Baltic Proper through
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its western border (Alenius et al., 1998). This creates both horizontal and vertical gra-
dients of salinity. The surface layer salinity varies from 1-3 in the east to 6 (on the
Practical Salinity Scale) in the west whereas also a slight decrease across the Gulf
from south to north exists. The water column in the deeper areas of the Gulf consists
of the three layers — the upper mixed layer (UML), the cold intermediate layer (CIL)
and a saltier and slightly warmer near-bottom layer, separated by two pycnoclines —
the thermocline at the depths of 10—20 m and the permanent halocline at the depths of
60-70m.

Based on analysis of vertical profiles of temperature and salinity collected in the
Gulf of Finland in 1987—2008, the long-term average parameters of the vertical ther-
mohaline structure have been estimated (Liblik and Lips, 2011). The average UML
depth, temperature and salinity were 12.8 m, 15.2°C and 5.2, respectively. The base
of the thermocline (BT) was situated on average at 27.2m, and the thickness of the
thermocline was 14.4m. The mean temperature of the coldest point of temperature
profiles (CIL temperature) and its depth (CIL depth) were 2.5°C and 42m. The center
of the halocline defined as the depth of maximum salinity gradient was on average at
the depth of 67 m. It has been shown that all stratification parameters reveal tempo-
ral variations influenced by different factors (Liblik and Lips, 2011). For instance, CIL
temperature depended strongly on the preceding winter severities and the Baltic Sea
Index in January—February, although it has been shown that denser surface waters
diving from shallow areas during autumn and spring could also influence CIL temper-
ature next summer (Chubarenko and Demchenko, 2010). A clear difference between
the deep layer salinity in the years until and after the mid-1990s was suggested to be
mostly caused by a major inflow of the North Sea waters into the Baltic Sea in 1993
that interrupted the stagnation in the Baltic Proper deep layers (Matthaus and Lass,
1995) and further inflows, as that observed in 2003 (Feistel et al., 2003).

Due to the variable wind forcing and the width of the Gulf of Finland, well larger
than the internal Rossby radius (Alenius et al., 2003), the mesoscale processes are
dominant dynamical features of the Gulf. The intensity or even reversal of the estuarine
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circulation, characterized by an inflow in the deeper layers and an outflow in the surface
layer, is depending on the prevailing winds as well (Elken et al., 2003; Liblik and Lips,
2011). Thus, the wind induced changes in the vertical thermohaline structure are visible
throughout the entire water column.

Simpson et al. (1990) have introduced a model to describe the vertical stratification
in a tidal estuary by adapting the energy considerations used in the surface heating
problem to describe the competition between the stabilizing effect of fresh water and
the vertical mixing by tidal and wind stirring. A simulation of the monthly cycle based on
this model including straining, stirring, and the estuarine circulation was in qualitative
agreement with the main features of the observations in the Liverpool Bay. Although
the tidal stirring is not an issue in the Gulf of Finland, predicting the development of
stratification is even more difficult problem since the stratification at a certain point is
depending very much also on the across Gulf movements of water masses. The latter
leads often to pronounced upwelling or downwelling events along the coasts (Lips et al.,
2009) while in some cases in up to 38 % of the surface area of the Gulf of Finland the
surface waters are replaced by the upwelled waters (Uiboupin and Laanemets, 2009).

The simulations of the vertical stratification using 3-D numerical models are not so
reliable yet (Myrberg et al., 2010). However, a number of studies have reported the
importance of the vertical thermohaline structure to the ecosystem components of the
Gulf of Finland, such as phytoplankton species composition (Rantajarvi et al., 1998)
and sub-surface maxima of phytoplankton biomass (Lips et al., 2010), cyanobacte-
ria blooms (Lips and Lips, 2008), distribution of pelagic fish (Steppulttis et al., 2011),
macrozoobenthos abundance (Laine et al., 2007) or oxygen concentrations in the near
bottom layer (Maximov, 2006). Thermohaline structure and related processes in the
Gulf of Finland have been mainly studied using classical observations aboard research
vessels. The remote sensing methods and Ferrybox systems do not reveal the vertical
structure of water column. Because of the narrow width and high marine traffic intensity
widespread technologies for water column profiling (like ARGO floats) have not been
applied here. An autonomous profiling buoy station was first used in the Gulf of Finland
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in summer 2009. An analysis of autonomously collected data together with phytoplank-
ton sampling and counting results suggested that the phytoplankton dynamics was to
a large extent determined by stratification conditions (Lips et al., 2011).

In this study, we present and analyze high-frequent observational data of thermo-
haline structure and currents in the Gulf of Finland (Baltic Sea). The main aim of the
paper is to define distinct stratification patterns in the water layer from the sea surface
until to the 40-50m depth, including the seasonal thermocline and to explain in what
conditions these patterns occur.

2 Data and methods
2.1 Observations

The CTD-data analyzed in the present paper were collected by an autonomous ver-
tical water column profiler (Idronaut s.r.) mounted on the specially designed surface
buoy (Flydog Solutions Ltd.). The buoy was anchored in the central part of the Gulf of
Finland, between Tallinnamadal and Uusmadal shoals at the depth of 85 m (Fig. 1).

Vertical temperature and salinity profiles were obtained using Idronaut s.r.l OS316
CTD probe. The salinity values were calculated using algorithms from Fofonoff and
Millard Jr. (1983) and are presented without units on the Practical Salinity Scale 1978.
The autonomously collected salinity data were compared with the data collected by
0S320plus CTD probe (ldronaut s.r.l) aboard the research vessel and the quality of
salinity data was checked against the water sample analyses by a high precision sali-
nometer AUTOSAL (Guildline). Altogether 314 CTD profiles in the water layer from 2 (3)
to 50 (45) m were collected from 30 June until 28 August 2009. Data acquired with a
vertical resolution of about 10cm were processed and stored for further analysis as
vertical profiles of temperature, salinity and density with a resolution of 0.5m.

CTD profiles were collected with a time resolution of 3 h, but due to maintenance and
technical problems some longer breaks occurred. Data on current velocity and direction
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were collected by acoustic Doppler current profiler (ADCP, Teledyne RD Instruments).
The ADCP was mounted close to the buoy profiler and was set to separate 36 vertical
bins by 2 m step. The shallowest bin was at the depth range of 9—11 m and the deepest
bin at the depth range of 79-81.

Wind data from June to August were obtained from the Kalbadagrund meteorological
station (Finnish Meteorological Institute) located in the central part of the Gulf and
other hydrometeorological data (cloudiness, partial pressure of water vapor, relative
humidity, air temperature, solar irradiation) at Harku meteostation in Estonia (Estonian
Meteorological and Hydrological Institute).

Information on the data sets used in the present paper is summarized in Table 1.

2.2 Definitions

In order to characterize the vertical thermohaline structure measured by the buoy pro-
filer in the upper 50-m layer, the following parameters were defined and estimated:
upper mixed layer depth (UML depth), the base of the thermocline (BT), the thickness
of the thermocline and the depth of the strongest density gradient. The UML depth was
defined as the minimum depth, where the criterion p, > o, + 0.25kg m~3 was satisfied
(o, is the density at the depth z and p, is the density at the 4 m depth). The base of the
thermocline was defined as the maximum depth, where the temperature was > 5°C.

The thermocline thickness was defined as the difference between the BT and UML
depth and the depth of the strongest density gradient was defined as the depth where
the greatest density increase between the consecutive horizons, calculated over the
0.5m depth step, was observed.

The periods characterizing dominance of a few distinct processes were selected
qualitatively on the basis of the observed variations in the vertical temperature and
salinity distributions (Fig. 2) and TS-diagrams (Fig. 3). The mean values of parameters
for a certain period were estimated as arithmetic averages over all profiles within the
period while the wind characteristics presented in Sect. 3.1 were calculated with ad-
vanced time lag of 15 h (Elken et al., 2003). A number of criteria and parameters, such
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as the UML depth, BT depth and depth of a certain isohaline were tested to define the
limits of the periods with specific quasi-stationary stratification patterns described in
Sect. 3.1. Finally, the similarity of TS-curves was chosen as a qualitative criterion for
separating the periods. Although, depending on the chosen criterion, the periods and
estimated mean parameters in each period varied slightly, it does not affect the basic
idea of the study — to show that it is possible to detect a number of quasi-stationary
stratification patterns in the Gulf of Finland. However, some time slots between the de-
tected periods were not assigned to any of them to keep the similarity of TS-curves
within each period. A shift between the periods is discussed separately in Sect. 3.1.3.

Vertical stratification was described by the potential energy anomaly P (Simpson and
Bowers, 1981; Simpson et al., 1990) calculated as:

0 0
P [oa-plgzdz, on=1 [ pdz (1)
-h ~h

where p(z) is the density profile over the water column of depth A. The stratification
parameter P (Jm™3) is the work required to bring about complete mixing of the water
column under consideration. The stratification parameter in the estuaries has been
estimated usually over the entire water column. In the present study, the integration
was conducted until the depth of 40 m. This choice was defined by the aim to study
the changes in the stratification pattern at the depths of the seasonal thermocline.
The water column, characterized by the three-layer structure in the Gulf of Finland in
summer (see e.g., Alenius et al., 1998), was divided into two. The calculations were
restricted to the upper 40 m, that is close to the long-term mean depth of the cold
intermediate layer (coldest point at the vertical temperature profile) of 42 m (Liblik and
Lips, 2011).
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2.3 Model setup

The time development of P was modeled in the present study as the sum of the follow-
ing four terms:
%=Sb+sm+sa+se, 2)
where the first term on the right S, is the increase or decrease of stratification due to
the upper layer heating or cooling, respectively. The second term S,, is the decrease
of stratification due to wind mixing and the third term S, is the parameter, which de-
scribes the decrease or increase of stratification due to the wind induced transport in
the surface layer. The last term on the right S, is the parameter describing the mean
estuarine flow that always increases the stratification.

The first two terms on the right S, and S,;, were calculated as suggested by Simpson
et al. (1990):

_ agQror
Sy = 20, (3)
we
Sm = —6k5paT (4)

These terms are dependent on the surface heating/cooling rate Qot (see below) and
wind speed W, respectively. In the calculations, the depth h = 40 m was considered
and the following constants were used: thermal expansion coefficient a = 1.5 x 107,
specific heat of seawater ¢, = 4000J (kg C)'1, air density p, = 1.3kg m~3, effective
drag coefficient kg = 1072 and efficiency of mixing § = 1073,

The third term S, was calculated using the equation given by Oey et al. (1987) and
applied earlier by Pavelson et al. (1997) in the Gulf of Finland:

gp, ™" h
&t 2fpy

)
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where p, is the reference density of seawater — 1003 kg m~3 and f is the Coriolis

parameter. S, depends on wind stress 7,, which can increase the seaward flow in
the surface layer and, thus, stratification or vice-versa. The following assumptions and
choices of parameters were made: the most appropriate wind direction for seaward
flow intensification was 25° (see Elken et al., 2003; Lips et al., 2008), the along-gulf
horizontal density gradient was p, = 5 x 1078 kg m™* (Alenius et al., 1998) and the
upper mixed layer depth h was 15m (Liblik and Lips, 2011).

The fourth term S, was considered as a constant over the study period — 5.5 x>
Jm3 1t corresponds to a permanent outflow at the rate of 2cm s inthe upper 15-m
layer.

Without taking into account the advective heat fluxes, we can represent the total heat
flux as it follows:

Qror = Qsw + Quw + Qs + Qy, (6)

where Qg is the short wave radiation, Q,y is the net long-wave radiation, Qg is the
sensible heat flux and @, is the latent heat flux.

Short-wave radiation was roughly considered as 90 % (constant sea surface Albedo
of 10 % was assumed) of measured solar irradiation at Harku meteostation.

The outgoing long-wave radiation is calculated by Stefan Boltzmann law and incom-
ing long-wave radiation as Omstedt (1990) whereby following input data were used: air
temperature, sea surface temperature, cloudiness and partial pressure of water vapor.

Sensible heat flux was calculated by bulk formula:

Qs = PaCpaCanlW (T~ T), (7
Cpa Is the specific heat of air (J kg™ K™, c2" is the Stanton number, T, is the air
temperature and T,, is the sea surface temperature. Stanton numbers for stable (7, >
T,) and unstable (T, < T,,) atmospheric boundary layer are 0.66 and 1.13, respectively
(Large and Pond, 1982).
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The latent heat flux was calculated as it follows:
QL=LaE, ®)

where L, is the specific heat of evaporation and E is evaporation.

Evaporation was calculated from the specific humidity difference at the 2m height
and just above the sea level. Specific humidity values were calculated as by Maykut
(1986) and input variables such as air temperature, sea surface temperature and rela-
tive humidity were used.

Considering strong stratification in summer and assuming that the heat exchange
between the upper mixed layer and lower layers is not as important we can express the
temporal change in temperature as it follows:

ar 1

v CPWOTOP ©)

where H is the upper mixed layer depth (m).

3 Results
3.1 Temperature and salinity distribution
3.1.1 General description

The UML depth, its temperature and salinity, as well the seasonal thermocline, revealed
very high variability over the study period (Fig. 2). The overall mean temperature in the
surface layer (3m) in July—August 2009 was close to the long-term average, while
salinity was lower than on average in July—August 1987-2008: 16.9°C and 4.9, re-
spectively. The monthly mean surface layer temperature and salinity were lower in July
(15.7°C and 4.7) and higher in August (18.1°C and 5.2). The mean UML was con-
siderable thinner in July (10.3 m) than that in August (17.4 m). When comparing these
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estimates with the average monthly values of the UML depth in 1987-2008, 12.1 m in
July and 14.9m in August, the UML was shallower in July and deeper in August than
the long-term mean. Similar tendencies were revealed in the mean BT depths: it was
slightly shallower in July (25.1 m) and deeper in August (34.9 m) than the mean values
in 1987-2008 (respectively 26.5 and 31.6 m). Nevertheless, the thicknesses of thermo-
cline in both months (14.8 and 17.5 m) were similar to the long-term mean values (14.4
and 16.7m).

The strongest density gradient was situated on average at 15m depth in July and
at 26 m depth in August, as the mean of the strongest gradient at profiles was in July
0.38kg m™* and in August 0.39 kg m™.

The average flow pattern of the study period was characterized with the movement to
the north-east and east in the upper 60 m and to the north-west below that depth. The
average current speed varied in a range of 7.3-12.6 cm s™', whereasitwas > 10cms™"
in the upper layer, above 20 m and in the deep layer, below 62 m depth.

The observed variations in the vertical distribution of temperature, salinity and current
velocity can be interpreted as a result of influence of different hydrophysical processes.
A qualitative description of the processes in response to the atmospheric forcing was
presented by Lips et al. (2011) and can be summarized as the following. South-easterly
winds, which are favourable for upwelling near the southern coast, caused an upwelling
event near the southern coast on 7—13 July, and the upwelling waters reached the buoy
station on 10 July resulting in a temporal temperature decrease and salinity increase
measured by the profiler on 10—12 July (Fig. 2). Mainly westerly-south-westerly winds
prevailed in the area from 15 July until the end of July and caused the deepening of the
thermocline and south-eastward flow in the 20 m upper layer and north-westward flow
below the thermocline. The appearance of more saline water in the UML on 26 July
was 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. The temperature increase in the surface
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layer and the strengthening of stratification occurred in response to the calm weather.
Strong wind pulses, observed from 10 August until the end of the measurement pe-
riod, caused, first, strong current oscillations in the whole water mass and later, when
westerly and north-westerly winds prevailed, an intense downwelling event, which was
detected at our measurement site as the sharp deepening of the UML from 17 to 19
August.

Considering this qualitative description of the dynamics of the thermohaline struc-
ture, the five periods were selected within the whole study period (see Fig. 2 and Ta-
ble 2), which could be related to the following dominant processes: 1 — upwelling, 2 —
relaxation of the upwelling, 3 — wind induced reversal of the estuarine circulation, 4 —
estuarine circulation, and 5 — downwelling.

3.1.2 Characterization of the selected periods

Upwelling. In the first period, the thermohaline structure was affected by upwelling,
resulting in a thin, cold and saltier UML and shallow base of the thermocline (BT; see
Table 2). The mean UML and BT depths, and the thickness of the thermocline were
8.4m, 14.3m and 5.9 m, respectively. In the temperature and salinity scatter plots for
the first selected period (Fig. 3a), three groups with characteristic TS-distribution were
visible (TS-dots were grouped into three clouds). These groups can be regarded as
the three phases in the development of the upwelling event or movement of upwelling
waters into the study area. The TS-curves indicate a slightly larger salinity increase (at
a fixed temperature) at the thermocline depths than that in the upper layer. Due to the
upwelling event, the sea surface temperature dropped during the period (Fig. 4), al-
though the period’s average heat flux into the sea was positive (131 W m'2). The mean
temperature in the surface layer was the lowest and consequently the temperature gra-
dient through the water column (difference at 3 and 40 m) was the smallest (9.9 °C) out
of the five periods, but the density difference was still 3.0 kg m~3. The latter was due to
the high salinity at 40 m depth, which resulted in a very strong salinity gradient through
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the thermocline. The strongest density gradients of the each profile were situated at
relatively shallow depths, the mean was only 10.7 m in the first period.

Upwelling relaxation. In the second period, the meteorological conditions were
characterized by a clearly positive heat flux (109Wm‘2) and relatively strong winds
from south-west, though occasional strong wind pulses from south-east occurred as
well. The south-westerly winds caused relaxation of the upwelling and thereafter BT
depth shortly began to decline while UML depth even became slightly thinner through
the period. The UML depth varied in a range of 6.5-16 m and BT in a range of 22.5—
35 m while the mean values were estimated at 11.0m and 29.4 m, respectively, and the
mean thickness of the thermocline was 18.4m.

The sea surface temperature, varying in the ranges 14.7-16.8 °C, was clearly higher
than that in the first period and salinity, varying in the ranges 4.6—4.8, was close to those
values in the first period. Since the temperature gradient through the water column
(12.5°C; difference at 3 and 40 m) was stronger and the salinity gradient (2.2) weaker
than in the first period, the density gradient (3.0kg m'3) was similar to the upwelling
period. The second period’s TS-diagrams (Fig. 3a and b) show, that ordinary summer
stratification was re-established in the area. TS-curves were mostly straight lines in this
period, which could indicate that the relaxation of the upwelling contributes well to the
vertical mixing of the Gulf of Finland waters (Lips et al., 2009).

Reversed circulation. Moderate and strong winds mostly from south and west pre-
vailed in the third period. The mean E-W wind component was 56ms”', N-S com-
ponent 1.9ms™" and the mean speed 6.7ms"". The latter is in accordance with the
observed flow pattern (Fig. 2): eastward flow occurred in the upper layer and a strong
outflow from the Gulf in the deep layer (Fig. 2). The mean heat flux into the sea was
91 Wm™2 that led to the corresponding surface layer temperature increase during the
period. The surface layer temperature and salinity varied from 16.7 to 17.7 and from 4.9
to 5.2, respectively. The mean salinity gradient through the water column had dropped
to 1.6, a slightly stronger temperature gradient (12.8°C) was detected and the mean
density gradient (2.6 kg m's) had decreased. The UML and BT depth varied in ranges
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15-19.5 and 34-39.5m and were on average 18.4 and 36 m, respectively. As the BT
situated deeper than typically, the mean thickness of the themocline was as high as
17.6m.

It is seen in the TS-diagrams and mean vertical profiles (Fig. 3b and c) that the upper
layer salinity has increased remarkably while the salinity at the thermocline depths has
decreased if comparing to the earlier period. These changes are in accordance with
the eastward flow in the upper layer and westward flow in the thermocline and below
it (Fig. 2). This flow pattern, known as the reversal of the estuarine circulation (Elken
et al., 2003; Lips et al., 2008), caused also most probably the observed deepening of
the base of the thermocline (Figs. 2 and 3b).

Estuarine circulation. The fourth period was characterized by weak winds from
north and north-east. On average, the E-W wind component was 1.5m s™', N-S wind
component was 0.6 m s~" and the mean wind speed (4.8 ms_1) was lowest of the five
periods. The mean heat flux was 48Wm™2 and the highest daily heat fluxes up to
128 Wm™2 were found in this period. The currents were directed most of the time out
from the Gulf in the upper layer and into the Gulf in the deeper layer (Fig. 2).

Relatively calm wind conditions and positive heat flux resulted in a thin upper mixed
layer. Though the salinity varied around the study periods overall mean (4.5-5.0), the
sea surface temperature was clearly the highest of five periods varying from 17.4 to
19.9. The UML depth was as low as 7.5-10 m during the most of the period. The BT
depth was close to 40 m during the first days of the period, but gradually moved to the
shallower position up to 25m depth. As a result, the thermocline, which was thicker
than 20 m in the beginning, became thinner than 10 m at some point during the period.
Since the temperature gradient (14.7°C) through the water column was clearly the
largest of five periods due to the warm surface layer, the density gradient (3.2kg m‘3)
was the strongest as well.

The changes seen in the TS-diagram (Fig. 3c and d) can be explained by the in-
fluence of estuarine circulation — westward flow in the upper layer and eastward flow
below the thermocline, and surface warming. The characteristic TS-curve was close to
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the straight line due the increase of salinity at the thermocline depths and formation of
a fresher and warmer near surface layer due to the calm conditions.

Downwelling. Wind regime in the final period was characterized by strong wind
pulses blowing mainly from the west and with the mean wind speed of 6.5m s~ The
daily mean heat fluxes varied around the zero, but on average the heat flux was slightly
negative (—19Wm'2). The strong winds from the west caused downwelling near the
Estonian coast and as a result, the mean UML and BT were deepest of five periods:
25.8 and 38.7 m, respectively. The depth of the maximum density gradient was located
on average at 30.1 m depth. Due to changes in wind forcing, strong oscillations with
amplitude > 30cm s™" occurred in the entire water column. The study period’s maxi-
mum current speed of 48cm s~" was measured in the beginning of this period.

Since the isopycnals were forced deeper by downwelling, the mean salinity gradi-
ent through the water column and, therefore, density gradient as well, were lowest of
five periods — 1.0 and 2.2 kg m~3, respectively. The fifth period characteristic TS-curve
(Fig. 3d) is strongly influenced by the occurred downwelling event. Due to the eastward
transport in the upper layer and vertical mixing (TS-curve is nearly a straight line from
surface to 40 m), the upper layer salinity is relatively high and salinity gradient through
the thermocline is relatively weak.

3.1.3 Shift from reversed to estuarine circulation

The stratification pattern during the third period was influenced by the dominating flow
in the upper layer to the east and in the thermocline to the west resulting in a char-
acteristic TS- curve (Fig. 3b) with slightly fresher waters in the thermocline beneath
the saltier water mass in the upper layer. The water column in the fourth period had
a clearly different characteristic TS-curve, which was almost a straight line in the TS-
plot. The shift from the third to fourth period could be defined differently based on
TS-characteristics and flow structure. As seen in the TS-plot (Fig. 3c), a saltier water
masses appeared in the upper part of the thermocline (depth range 20-25 m; marked
as “transition period” in Fig. 3c) and a slightly fresher water mass in the deeper part
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(30—-35m) of the thermocline. These changes were well in accordance with the verti-
cal distribution of current vectors: an eastward flow dominated in the upper part and
a westward flow in the lower part of the thermocline. The strongest eastward current
was observed exactly between the same depth range (2025 m), where the mentioned
saltier water mass appeared.

The flow structure (Fig. 5) during the transition period was very variable in the upper
60-m layer, but the strong current was almost permanently directed to the north-west in
the deep layer (below 60 m depth), similarly to that during the third period of reversed
circulation. The flow in the upper layer was affected by anticyclonic oscillations, which
caused variations of the current speed from 0 to 15¢cm s~'. The flow in the thermocline
depths was stronger and more stable in the upper part of the thermocline (upper 25 m),
but weak and variable in the deeper part of the thermocline (25-40 m). The period of
observed oscillations coincided well with the most pronounced spectral peak in the
whole study period — 26 h. A fast transition of the flow structure occurred on 31 July—
1 August — the layered flow was replaced with an eastward current, synchronously
oscillating in the entire upper 60 m layer and the westward flow ceased in the deep
layer. Further on, a typical estuarine circulation scheme was established gradually with
a westward flow in the upper layer and eastward in the deeper layers (see Fig. 2). As
a result, the TS-curve was straightened (Fig. 3c), although a saltier water mass was
appearing occasionally in the thermocline until 2 August.

3.2 Comparison between observed and modeled upper layer dynamics

In the present subchapter, we present a comparison between the measured and mod-
eled changes in the stratification and upper layer temperature. Calculation techniques
were described in the methods Sect. 2.2—-2.3. For the temperature estimates, the up-
per layer was assumed to be 18 m thick. This choice was based on the best agreement
between the observed and modeled temperature changes, and the chosen value was
close to the observed mean UML depth in August (17.4 m).
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The observed temperature was clearly more variable than the modeled one (Fig. 4),
especially in the first half of July when the upwelling waters caused a considerable
decrease of temperature followed by a rapid temperature increase related to the up-
welling relaxation. The dynamics of the modeled temperature was defined by the heat
flux through the sea surface — an increase continued until the heat flux into the sea
was positive. Coincidence between the modeled and measured temperature was bet-
ter when the upper mixed layer depth according to the observations was close to the
assumed upper layer depth in the calculations (18 m). The largest discrepancies were
found when the advective heat exchange, which was not taken into account in the es-
timates, was dominating in the temperature variations, e.g. during the upwelling event
in the beginning of the study period.

The stratification parameter (potential energy anomaly P) estimated on the basis of
vertical profiles of density varied during the study period as it could be expected in-
tuitively (Fig. 6). Both, upwelling and downwelling caused a decrease of stratification.
The reversed circulation and estuarine circulation, which dominated during the third
and fourth period, respectively, caused the observed stratification decrease in the third
period and increase in the fourth period. The modeled stratification was relatively well
in accordance with the measurements during these two periods — a decrease in strat-
ification in the middle of the study period, followed by an increase due to the upper
layer heating and estuarine circulation, is clearly detectable in the modeled time-series
of stratification.

The largest discrepancies between the modeled and measurements-based changes
of stratification parameter were found during the upwelling event. Although the positive
heat flux and easterly winds should increase the stratification according to Egs. (3)
and (4), most probably, the passage of the upwelling front through the measurement
site caused a rapid decrease of stratification. The other inconsistency is related to the
transition between the fourth and fifth periods — the observed stratification decrease
was much larger than the modeled one. Partly it is related to an underestimate of the
stratification increase during the fourth period (estuarine circulation) when according to
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the measurements the secondary thermocline was established. But mostly, the strati-
fication decrease caused by the downwelling was not reproduced by the model since
the downward and upward movements of isopycnals (and pycnoclines) due to the near
shore convergence/divergence were not included into the model.

4 Discussion and conclusions

High-resolution vertical profiling has revealed remarkable variations of the vertical dis-
tribution of temperature and salinity in the Gulf of Finland in July—August 2009. Based
on the known synoptic scale variability in the atmospheric forcing, we assumed that the
variations in the vertical thermohaline structure could also reveal the variability charac-
terized with some quasi-stationary stratification patterns occurring for the time periods
with the same length of several days. Five periods with characteristic vertical temper-
ature and salinity distributions (and TS-curves) were selected and mean parameters
of thermohaline structure in each period were estimated. While the mean temperature
and salinity in the upper layer, UML and BT depths for the entire study period differed
only slightly from the long-term mean values (estimated by Liblik and Lips (2011) on the
basis of data from 1987—2008), the average parameters for a certain selected period
could differ from each other and the long-term average considerably. It shows that the
prevailing synoptic scale forcing and related processes alter the vertical stratification
significantly, which in turn could lead to the certain vertical dynamics of phytoplankton
community in this stratified estuary (Lips et al., 2011).

The selected quasi-stationary stratification patterns lasted from 4 to 15 days and
were dominated by distinct hydrophysical processes — upwelling, relaxation of the up-
welling, reversal of the estuarine circulation, ordinary estuarine circulation, and down-
welling. Some of these mentioned processes occur in mesoscale while some are re-
lated to the estuarine (basin-scale) circulation pattern, which can be reversed depend-
ing on the prevailing wind forcing (Elken et al., 2003). In case of the reversed circu-
lation scheme, the thickness of the thermocline was increasing and the stratification
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decreasing, and a clear change of the direction of current velocity was observed in
the thermocline. Although the layered flow structure was superimposed by remarkable
current oscillations, this observational result supports the suggestion that the winds,
which generate along-gulf flow in the upper layer, cause in turn opposite flow beneath,
and changes in stratification can be modeled as proposed by Simpson et al. (1990).
We note that the sub-surface biomass maxima in the vertical distribution of phytoplank-
ton were detected during this period at the same depths in the thermocline (Lips et al.,
2011) as the change in current direction. Similar links between the vertical structure of
hydrophysical fields and occurrence of sub-surface maxima of phytoplankton biomass
have been observed also in other regions (e.g., Velo-Suarez et al., 2010).

Temporal changes of TS-curves give indications about the circulation pattern in the
Gulf of Finland bearing in mind the existing horizontal gradients of salinity (Lips et al.,
2009). If a section of the TS-curve was shifted to lower (higher) salinities in compar-
ison with that recorded at the same location and density range earlier, a movement
of waters from east to west (from west to east) should have been occurred. The ob-
served changes of TS-curves have demonstrated the sensitivity of stratification (ver-
tical thermohaline structure) to the prevailing wind events, especially when estuarine
circulation or its reversal were dominant processes. This is another approval for using
wind-dependent term in the stratification model in the form of Eq. (5), where the flow
in the upper layer along the Gulf (parallel to the average salinity gradient) is taken into
account.

Vertical profiles of current velocities supported the concept of synoptic-scale quasi-
stationary periods of hydrophysical fields. Strong in- and outflow events, with speed up
to 48cms™" from/to the Gulf both in the upper and deeper layer alternated during peri-
ods of dominance of different quasi-stationary stratification patterns. The flow structure
in shorter time-scales was often affected by oscillations with most pronounced spectral
peak at 26 h that is close to 27 h, which is one of the dominating oscillation periods in
the Gulf of Finland suggested by Jonsson et al. (2008), and revealed also during earlier
field studies, e.g. by Lilover et al. (2011).
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A comparison of the observed and calculated changes of upper layer temperature
and potential energy anomaly suggests that the upper layer dynamics and vertical strat-
ification conditions in the Gulf of Finland can be simulated reasonably well when the
surface transport along the Gulf prevails. The largest mismatches between the modeled
and measurement-based changes of potential energy anomaly and upper layer tem-
perature were found during the upwelling event, when the upwelling waters reached the
study site (buoy station). However, according to the Ferrybox data (Lips et al., 2011),
the upwelling front extended a couple of kilometers to the north from the buoy station.
Thus, it could be expected that in the central part of the Gulf, the accordance between
the model and measurements would be still relatively good. Nevertheless, during major
upwelling events, such as has occurred in August 2006 (Lips et al., 2009), the model
would still miss the significant decrease in stratification and upper layer temperature.

Thus, we suggest that in certain cases the vertical stratification depends strongly on
the water movement across the Gulf and associated vertical displacement of isopyc-
nals. To advance the simple model presented in the present paper, an additional term
should be added to the existing model (Eq. 2). This term has to account for the wind
induced drift of surface waters across the Gulf and resulting convergence or diver-
gence of waters and vertical movement of isopycnals. If the wind impulse or cumulative
along-gulf wind stress is strong enough for the surfacing of the thermocline (see e.g.,
Haapala, 1994; Uiboupin and Laanemets, 2009), the formation and behavior of the up-
welling front has to be taken into account as well. Since these processes depend on the
along-gulf wind stress, it is reasonable that the largest mismatches between the model
and measurements were found in case of easterly winds (see Figs. 4 and 6). A series
of high-resolution CTD sections across the Gulf, such as those presented by Lips et al.
(2009), are needed for the parameterization of the influence of upwelling/downwelling
to the stratification depending on the along-gulf wind stress and distance of the site
from the shore.

Although the movements across the Gulf seem to be the main reason of inconsis-
tency, other sources, such as spatial variability in atmospheric forcing, irregularity of
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advective heat and salt transport or parameterization errors could also contribute to
the mismatches. For instance, the meteorological data for heat flux estimates were
obtained from the on-shore station and the sea surface temperature was taken from
a single site (buoy station). Furthermore, we mostly described the processes at the
thermocline depths knowing that in the deeper parts of the Gulf the water column
has three-layer structure and the dynamics should be more complicated. However, we
showed that in certain conditions the simple stratification model is able to simulate the
observed changes.

In conclusion, on the basis of the high-resolution profiling of the water column in July—
August 2009, the quasi-stationary stratification patterns, which lasted from 4 to 15 days
and were dominated by certain hydrophysical processes — upwelling, relaxation of the
upwelling, wind induced reversal of the estuarine circulation, estuarine circulation, and
downwelling, were distinguished. Vertical profiles of current velocities supported the
concept of synoptic-scale quasi-stationary periods of hydrophysical fields. The periods
with distinct layered flow structures and current oscillations with the prevailing period
of 26 h were revealed. The layered flow structures as well as sub-mesoscale intrusions
of waters with different temperature and salinity along the isopycnals were principal
features in the period of reversed estuarine circulation and its transformation back to
the ordinary scheme. A simple model, where the heat flux through the sea surface,
wind mixing, wind induced transport (parallel to the horizontal salinity gradient) in the
upper layer and estuarine circulation were taken into account, simulated the observed
changes in the vertical stratification reasonably well. The largest discrepancies be-
tween the observations and model results were found when water movement across
the Gulf and associated vertical displacement of isopycnals (upwelling or downwelling)
were dominant processes.
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Table 1. Measurement information.

Table 2. Mean upper mixed layer depth and the base of thermocline depth in different periods.

Data type Data availability Measuring
From To interval
CTD profiler 30 Jun 2009 28 Aug 2009 1or3h
Current profiler 23 Jul 2009 31 Aug 2009 10 min
Wind data 1Jun 2009 31 Aug 2009 3h
Cloudiness 1Jun 2009 31 Aug 2009 3h
Other meteorological data 1 Jun 2009 31 Aug 2009 1h
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Period Period The state and/or
number development

of thermohaline structure

Mean Mean BT

g wWwN =

5Jul-12Jul  Upwelling
20 Jul-25 Jul  Upwelling relaxation

25 Jul-28 Jul Estuarine circulation reversal

31 Jul-15 Aug  Estuarine circulation
18 Aug—29 Aug Downwelling

UML depth
depth (m) (m)
8.4 14.3
11.0 29.4
18.4 36.0
11.3 315
25.8 38.7
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Fig. 1. Locations of the buoy profiler and ADCP mooring, Kalbadagrund and Harku meteoro-
logical stations.
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Fig. 2. Wind vectors in Kalbadagrund, E-W component of horizontal current velocity, tempera-
ture and salinity at the buoy station (see location in Fig. 1) in summer 2009.
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Fig. 3. TS-diagrams. Temperature and salinity scatter plots, mean TS curves and mean tem-
perature and salinity profiles in five periods: first and second period (A), second and third period
(B), third and fourth period (C) and fourth and fifth period (D). In panel (A), the three phases
of the first period are indicated with black thin curves, in panel (C) transition period between
third and fourth period is drawn out with blue dots and lines. Black curves and grey dots rep-
resent the earlier period and green curves and dots represent the later periods in each plot.
In the panels of mean vertical profiles the solid curves represent salinity and dashed curves
represent temperature.
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Fig. 4. Development of calculated and measured temperature, along-gulf (70°) wind stress and

total heat flux. Total heat flux and temperature are presented as 1-day mean values and wind
stress as 3-day running mean.
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Fig. 5. Vertical distribution of vectors of horizontal current from 28 July to 2 August. Current
vectors are averaged with the time step of 1 h.
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Fig. 6. Development of potential energy anomaly (P). Potential energy anomalies, modeled
(Eq. 2) and calculated from CTD data (Eq. 1), are presented as 1-day mean values. Modeling
started from zero and the first value was subtracted from the whole CTD-based dataset to
synchronize both time-series.
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The consequences of a coastal upwelling event on physical and chemical patterns were studied in the
central Gulf of Finland. Weekly mapping of hydrographical and -chemical fields were carried out across
the Gulf between Tallinn and Helsinki in July-August 2006. In each survey, vertical profiles of
temperature and salinity were recorded at 27 stations and water samples for chemical analyses (PO3~,
NO3+NO3) were collected at 14 stations along the transect. An ordinary distribution of hydrophysical
and -chemical variables with the seasonal thermocline at the depths of 10-20 m was observed in the
beginning of the measurements in July. Nutrient concentrations in the upper mixed layer were below
the detection limit and nutriclines were located just below or in the lower part of the thermocline. In
the first half of August, a very intense upwelling event occurred near the southern coast of the Gulf
when waters with low temperature and high salinity from the intermediate layer surfaced. High
nutrient concentrations were measured in the upwelled water—0.4umoll~! of phosphates and
0.6 umol 1! of nitrates+nitrites. We estimated the amount of nutrients transported into the surface
layer as 238-290 tons of phosphorus (P)-PO3~ and 175-255 tons of N-NO, for a 12 m thick, 20 km wide
and 100km long coastal stretch. Taking into account a characteristic along-shore extension of the
upwelling of 200 km, the phosphate-phosphorus amount is approximately equal to the average total
monthly riverine load of phosphorus to the Gulf of Finland. It is shown that TS-characteristics of water
masses and vertical distribution of nutrients along the study transect experienced drastic changes
caused by the upwelling event in the entire studied water column. TS-analysis of profiles obtained
before and during the upwelling event suggests that while welled up, the cold intermediate layer water
was mixed with the water from the upper mixed layer with a share of 85% and 15%. We suggest that the
coastal upwelling events contribute remarkably to the vertical mixing of waters in the Gulf of Finland.
Intrusions of nutrient-rich waters along the inclined isopycnal surfaces in the vicinity of upwelling front
were revealed. The upwelling event widened the separation of phosphocline and nitracline which in
turn prevented surfacing of nitrate+nitrite-nitrogen during the next upwelling event observed a week
after the upwelling relaxation. A suggestion is made that such widening of nutricline separation caused
by similar upwelling events in early summer could create favourable conditions for late summer
cyanobacterial blooms.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

dissolved inorganic phosphorus (DIP) concentrations increased
rather than decreased at the monitoring stations during the same

Eutrophication, i.e. an excess supply of nutrients leading to  period (Lips et al., 2002; Fleming-Lehtinen et al.,, 2008). There are

increased biological productivity, is considered one of the main
problems in aquatic environments (e.g. Smith et al., 1999). The
Gulf of Finland is one of the most eutrophied parts of the Baltic
Sea (HELCOM, 2002). Relative to the surface area of the Gulf of
Finland, its external nutrient load is 2-3 times the average for the
Baltic (Pitkdnen et al., 2001). Although the external phosphorus
(P) load to the Gulf declined by about 30% during the 1990s, water

* Corresponding author. Tel.: +3726204303; fax: +372 6204301.
E-mail address: inga@sea.ee (1. Lips).

0278-4343/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cs1.2009.06.010

two main reasons for the poor correlation between the external P
loading and the DIP concentration observed in water: first, the
benthic flux of DIP in the Gulf has increased in the late 1990s and,
second, the inflow of saline water rich in DIP has brought a
large amount of this nutrient from the Baltic Proper to the Gulf
(Lehtoranta, 2003).

In the present state, the Gulf of Finland is very sensitive to
increased sediment effluxes of nutrients. The DIN:DIP ratio in the
near-bottom water is about 2 by mass in late summer (Lehtoranta,
2003), which is well below the Redfield ratio of 7 by mass, the
optimum for phytoplankton production. It suggests that the
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intensified sediment efflux of P is probably responsible for the
observed extensive cyanobacterial blooms in the Gulf from the
late 1990s (Lips, 2005). Therefore, it is necessary to investigate
more closely the hydrophysical processes responsible for nutrient
fluxes into the upper mixed layer (UML) to be able to differentiate
and demonstrate the importance of internal loading to the Gulf's
ecosystem.

During autumn-winter the water column in the Gulf of
Finland is mixed down to the bottom in shallow areas or down
to the permanent halocline (at depth 50-70m) in deeper
areas. This process is responsible for transporting large
amounts of nutrients from the deep layers to the near-surface
layer. The winter level of inorganic nutrients directly controls
the intensity of the spring phytoplankton bloom following the
formation of stratification. After the spring bloom the inorganic
nutrients are almost depleted in the UML and strong stratification
(formation of seasonal thermocline) prevents mixing between
the nutrient-depleted upper layer and the nutrient-rich lower
layers.

Important processes which bring nutrient-rich waters from
deeper layers to the surface in summer are wind-induced
vertical mixing and upwelling events (both coastal and off-shore).
Upwelling near the northern coast of Gulf of Finland is associated
with along-shore south-westerly winds and near the southern
coast with along-shore north-easterly winds. Haapala (1994)

have found that the wind events must usually prevail for at
least some 60h in order to generate upwelling and that the
required wind impulse depends of the stratification of the water
column. Studies at the Gulf of Finland entrance area (Laanemets
et al,, 2004) have shown that the seasonal nutricline depths in
summer in the Gulf of Finland decrease from south to north
which point to the higher probability of nutrient transport from
lower layers to the UML by different hydrophysical processes
(upwelling, turbulent mixing) near the northern coast. This area
is suggested also as one of the main wind-driven upwelling areas
in the Baltic Sea as follows from the observational results
(Kononen and Niemi, 1986; Haapala, 1994), model simulations
(Myrberg and Andrejev, 2003), and can be expected from the
mean wind direction in the Baltic Sea area in summer (Leppdranta
and Myrberg, 2009). The southern coast is, respectively, one of the
main downwelling areas (Laanemets et al., 2004). However, it is
estimated on the basis of wind data from 2000 to 2005 that on an
average about two north-westerly wind events in June-September
with large enough cumulative wind stress might generate
upwellings along the Estonian coast (Uiboupin and Laanemets,
2009).

Direct measurements of changes of nutrient concentrations in
the surface layer caused by coastal upwelling events are relatively
rare in the Gulf of Finland. Haapala (1994) reported that during
upwelling events in the coastal area near the Hanko Peninsula
the nutrient concentrations increased from 0.03-0.06 to
0.13-0.26 umol I~! of phosphate-phosphorus and from 0.04-0.14
up to 1.4 pumoll~'of ammonium-nitrogen. The consequences of
upwelling along the northern coast in the western Gulf of Finland
were described on the basis of data collected during an intensive
measurement campaign in July-August 1999 (Vahtera et al.,
2005). An increase of phosphate-phosphorus concentration in the
surface layer from 0.02 up to 0.32umoll~! was observed. The
simulations of this upwelling event by applying the Princeton
Ocean Model suggested that the total amount of phosphorus and
nitrogen transported and left into the upper 10m layer of the
Gulf as a result of the upwelling event was 387 and 36 tons,
respectively (Zhurbas et al., 2008).

The main goal of studies in summer 2006 was to map the
spatio-temporal variability of nutrient concentrations in the
central Gulf of Finland and to relate the observed patterns and

changes to the overall hydrographic and meteorological regime in
the area and to occurred mesoscale processes. The main aim of the
present paper is to demonstrate the consequences of an observed
intense costal upwelling event on physical and chemical patterns
and to estimate the related amounts of nutrients transported into
the surface layer.

2. Study area

The study was conducted in the Gulf of Finland. It is the
easternmost elongated and narrow basin of the Baltic Sea and has
no sill towards open Baltic Proper. The Gulf of Finland becomes
shallower toward its eastern end. The deepest areas (>80m)
are located in the western and southern parts of the Gulf
(the maximum depth being 123 m).

The sampling transect was located in the central part
of the Gulf between Tallinn and Helsinki (Fig. 1). The
southernmost sampling station TH1 was located <2km off
the coast in the Tallinn Bay and the northernmost station TH27
about 5km from the archipelago area off Helsinki. The width of
the gulf in the study area is <80km. The water depths are
25-40m in the inner Tallinn Bay followed by a steep bottom slope
to about 90 m in the southern part of the open gulf and a general
northward rise of the bottom with remarkable irregularities of
the sea bed.

About 75% of the total freshwater inflow into the Gulf of
Finland comes from the River Neva in the easternmost end of the
Gulf (Pitkdnen et al., 2008). Due to the estuarine character of the
Gulf of Finland and the residual cyclonic circulation (Alenius et al.,
1998), the salinity increases from east to west along the gulf and
from north to south across the Gulf. The vertical structure of
temperature and salinity fields in the study area in July-August is
characterised by a warm and less saline upper mixed layer, a
strong seasonal thermocline at the depths of 10-20m, a cold
intermediate layer at the depths of 20-50m and a permanent
halocline below the depth of 50-60 m. The nutrient concentra-
tions in the UML are usually under the detection limit in
July-August while below the seasonal thermocline high reserves
of nutrients are present.

60°15'N

58°45'N - -

Latitude

59°30' N -

59°15'N

24°00'E 24°30'E 25°00'E

Longitude

25°30'E 26°00'E

Fig. 1. Map of the study area. Location of sampling stations TH1-TH27. Location of
Kalbadagrund meteorological station and coastal stations Pakri and Loksa are
shown by filled circle.
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3. Materials and methods
3.1. Meteorological information

Meteorological conditions during the study period are char-
acterised by wind data from the Kalbadagrund meteorological
station (see Fig. 1) provided by the Finnish Meteorological
Institute. Ten-minute average wind speed and direction measured
every 3 h at the level of 32 m above the sea surface in July-August
2006 were analysed.

Along-gulf wind stress was estimated by standard quadratic
formula, where the values of drag coefficient ¢, = 1.2 x 10~> and
air density p, = 1.2 kg m~> were used. The positive direction of the
chosen axis had an azimuth of 70°. Thus, positive values of wind
stress correspond to the Ekman drift in the surface layer toward
the southern coast and negative values toward the northern coast.

3.2. Surveys and sampling

Seven surveys along a transect of 27 stations were conducted
in the sea area between Tallinn and Helsinki (Fig. 1) from 11 July
up to 29 August 2006 -on 11 July, 19-20 July, 25 July, 8 August,
15-16 August, 22 August and 29 August. Each survey to map
the hydrophysical and -chemical fields was completed within
12-16h.

At all stations (distance between stations ca 2.6 km) vertical
profiles of temperature and salinity were recorded using a NBIS
Mark III probe and a Sea-Bird SBE 19 CTD probe. The salinity
values were calculated using algorithms from Fofonoff and Millard
Jr. (1983) and are presented in the paper without units. Salinity
data were quality checked against the water sample analyses by a
high precise salinometer AUTOSAL (Guildline).

Water samples for chemical analyses were collected at every
second station (distance between measurement points ca 5.2 km)
using Niskin water samplers (volume 1.71). To represent the UML,
the samples were prepared by pooling three (in case of a shallow
UML - two) samples taken from the surface layer from the 1m
depth down to the seasonal thermocline, the depth of which was
determined from the CTD casts. In addition to the samples from
UML the water samples for nutrient analyses were collected from
the thermocline with a vertical resolution of sampling of 2.5-5m
and from the near-bottom layer.

3.3. Nutrient analyses

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 r/v Kake
and samples for dissolved nitrogen compounds (NO3+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 analyser pMac 1000 (Systea S.r.l.). The detection limits
for phosphate-phosphorus and nitrate+nitrite-nitrogen were 0.06
and 0.14 umol 1, respectively.

3.4. Data analysis methods

CTD data are presented as vertical sections of temperature
and salinity over the entire water column along the transect.
TS-diagrams from successive surveys are used to define the
original water masses along the transect in ordinary conditions,
transport of water masses with different TS-characteristics into
the study area and the origin of or relative amount of upper and

lower layer waters in an upwelled water mass with observed
characteristics. For these estimates. it has been assumed that the
spatial variation of TS-characteristics of water masses in the
vicinity of the study area corresponded to the ordinary structure
where salinity gradually increases from east to west along the gulf
and from north to south across the gulf. We also assumed that to
some extent temperature and salinity can be treated as con-
servative tracers although some heating of the surfaced cold water
was obvious and its effects are discussed.

Distributions of nutrient concentrations with depth and versus
density are presented and the reasons for observed changes are
discussed. The phosphocline (nitracline) depth was defined as the
shallowest depth where PO3~ (NO,) concentration was above
the detection limit. Estimates of vertical nutrient transport into
the upper layer caused by the upwelling event were obtained in
two different ways. The first estimate was obtained on the basis of
the direct measurements of nutrient concentrations in the upper
layer before and during the upwelling event. The second approach
was based on the estimated mixing ratio of upper and lower layer
waters obtained from the TS-analysis. An attempt was made to
explain discrepancies between the two estimates by an initial
inhomogeneous distribution of nutrients and by the uptake of
nutrients by phytoplankton.

4. Results
4.1. Wind forcing

A number of periods with distinctly different wind conditions
were identified in July-August 2006 (Fig. 2a and b). In the first
half of July the south-westerly winds with a moderate speed of
3-8ms~! prevailed. From 14 July to 21 July a period with north-
westerly winds of 5-10ms~' speed can be distinguished. Later,
weak winds from variable directions followed by moderate
westerly winds were observed. Starting from 29 July until the
end of the study period mainly easterly winds prevailed. An
exception was the period from 16 to 20 August when south-
westerly winds were observed.

Three stronger wind pulses, which were responsible for the
initiation and development of the observed upwelling event, are
evident from 29 July to 3 August, from 12 to 15 August and from
22 to 26 August. A characteristic wind speed within these periods
was from 6 to 12ms~".

According to the wind stress estimates southward cross-gulf
Ekman drift prevailed in July and northward cross-gulf Ekman
drift prevailed in August (with an exception from 15 to 20 August)
in the surface layer of the Gulf of Finland. The mentioned three
periods of stronger wind pulses in August are also clearly seen
from the time series of wind stress. Therefore, the physical
patterns in July and August should be different and the coastal
upwelling should be a dominating feature near the southern coast
of the gulf almost throughout the entire August.

4.2. Temporal variations in the surface layer

The temporal variations of surface layer temperature along the
transect were consistent with the variations in the wind
characteristics. The sea surface temperature was over 20°C at
almost all stations on 11 July and a slight temperature decrease in
the surface layer along the whole transect as well as an upwelling
event off northern coast observed on 19 July (Fig. 3a) could be
explained by a relatively strong north-westerly wind pulse on
14-21 July. The former was most likely caused by more intense
vertical mixing and the latter by off-shore Ekman drift near the
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Fig. 2. Wind speed (a, dashed line) and direction (b) at Kalbadagrund
meteorological station and estimated along-gulf wind stress (c, dashed line) in
July-August 2006. Daily average wind speed and wind stress are indicated as solid
lines. Vertical grey areas on panels indicate the periods of hydrographic sampling.

northern coast. On the basis of measurements on 25 July the
temperature distribution in the surface layer was almost uniform
along the transect. A drastic temperature decline up to 6-8°C
observed off the southern coast on 8 August was caused by the
strong easterly wind pulse on 29 July-3 August, which led to a
coastal upwelling in this sea area. A widening of the low-
temperature area observed on 15 August, a temporal increase of
temperature recorded on 22 August and re-establishment of low-
temperature surface layer on 29 August could all be explained by
the Ekman drift in the surface layer and the related compensating
circulation. The relaxation of the upwelling event was forced by
the south-westerly winds that prevailed on 16-20 August and due
to the next easterly wind pulse on 22-26 August the upwelling

intensified again. However, according to the survey on 29 August
in the latter case the surface water temperature did not drop
below 10°C.

The most pronounced temporal variations of salinity along the
study transect were also related to the wind-forced coastal
upwelling event off the southern coast where salinity rose from
about 5 to 6.3-6.5. A more saline surface layer, which was
separated from the less saline waters by a narrow area of strong
salinity gradients (later referred as upwelling front) and extended
about 20 km off-shore on 8 August and over 30km on 15 august
(Fig. 3b), was observed in the southern part of the transect.
Although the upwelling event was detected near the northern
coast on 19 July on the basis of temperature recordings, no
changes were detected in the salinity field. A low-salinity water
mass (salinity as low as <4.4) appeared in the study area close to
the upwelling front as revealed by the measurements on 8 August.
Later this low-salinity water mass occupied the entire northern
half of the transect. After relaxation of the upwelling (observed on
22 August) the next event led to an increase in surface layer
salinity in the southern part of the study transect but according to
the survey on 29 August the salinity values exceeded 5.8 units
only at the southernmost station in the Tallinn Bay.

In the beginning of the study period the phosphate (PO3™)
concentrations were below the detection limit in the coastal
areas and varied between 0.06 and 0.10 umol1~! in the open gulf
(Fig. 3¢). Similar low, but detectable values were observed at the
northernmost stations starting from the second survey almost
throughout the whole study period. The upwelling event off the
southern coast affected significantly the PO3~ distribution in the
surface layer of the study area. The highest concentrations of PO3~
were measured on 8 August-maximum of 0.48 umoll~! at
Station TH1 and the average value of 0.41pumoll~' in the
upwelling area at Stations TH1-TH7. A week later PO}~ concen-
trations varied between 0.11 and 0.24 umol1~! in the upwelling
area at Stations TH1-TH15 with a maximum at Station THO.
Northward from the upwelling front the surface layer was
depleted of phosphate-phosphorus except at the northernmost
station where a concentration of 0.13 pmoll~' was measured.
Relaxation of upwelling resulted in PO3~ concentrations below
the detection limit along the whole transect on 22 August. After
re-establishment of upwelling on 29 August the concentrations
exceeding the detection limit were observed at the southernmost
stations and at Stations TH15 and TH17.

The nitrates+nitrites (NO,) concentrations were below the
detection limit in the surface layer throughout the whole study
period except the southernmost 18 km of the transect on 8 August
and at Station TH17 on 29 August (Fig. 3d). The maximum
concentration of 0.79 umoll~! was measured on 8 August at
Station TH3 and the average value at Stations TH1-TH7 in the
upwelling waters was 0.52 pmol1~'. Although on 15 August the
upwelling area widened and was clearly seen in the temperature
and salinity distributions, the NO, concentrations dropped below
the detection limit again. After relaxation and re-establishment of
upwelling on 29 August, the NO, concentrations remained under
the detection limit at the southernmost stations.

4.3. Vertical temperature and salinity distribution

An ordinary cross-gulf vertical structure of temperature,
salinity (Fig. 4a and b) and density fields (Fig. 5a and b) was
observed on 25 July, 2006. The seasonal thermocline was
relatively sharp and it was located at the depths of 10-20m.
The cold intermediate water mass laid between the depths of 20
and 40 m in the southern part and of 30 and 50 m in the northern
part of the study transect. The vertical structure of salinity field
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Fig. 3. Temporal changes of temperature (a, °C), salinity (b), phosphate-phosphorus (c, pmol1~!) and nitrate+nitrite-nitrogen (d, pmol1~') concentration in the upper
mixed layer along the study transect from 11 July to 29 August 2006. Dots indicate measurement (a,b) or sampling (c,d) points, values on y-axis are distance from the
southernmost station (TH1), hydrographic sampling dates are indicated on x-axis.

was characterised by low values in the surface layer - from 4.5 to
5.1 - and by a continuous increase of salinity in the seasonal
thermocline and below it. The halocline was situated at the depths
of 50-70m. The isotherms and isohalines under the seasonal
thermocline had generally a shallower position in the southern
part and a deeper position in the northern part of the study
transect. It resulted in a stronger vertical gradient of salinity and
density in the Tallinn Bay compared to that along the rest of the
transect and in a horizontal salinity and density gradient in the
intermediate layer of the open gulf.

An intense upwelling of cold and more saline waters from
below the thermocline was observed on 8 August off the southern
coast of the Gulf (Fig. 4c and d). The upwelling front, which
consisted of the sloping thermocline and an associated salinity
rise, was situated 18-20km off the southern coast near the sea
surface and about 35 km off-shore at the depth of 20 m. A coupled
downwelling was developing off the northern coast where the
thermocline was located below 20 m depth - about 5-10 m deeper
than during the previous survey. Low-salinity surface water mass
appeared just above the sloping upwelling front obviously due
to the along-front (along-gulf) westward advection. Markedly

weaker vertical gradients of salinity and density (Fig. 5c and d)
were observed in the southern part of the study transect if
compared to those in the northern part.

On 15-16 August the upwelling zone broadened and the front
moved northward to more than 30km off the southern coast
(Fig. 4e and f) most likely due to the easterly wind pulse observed
before the survey. The shape of the upwelling front was influenced
by the presence of a patch of colder and more saline water -
probably an upwelling filament. Thus, the upwelling front
consisted of two branches and the northern one which separated
the filament and the low-salinity surface water was sharper
and very steep. The downwelling was further deepened in the
northernmost part of the study transect. The halocline slope was
opposite to that observed on 25 July and as a result, the vertical
stratification in the intermediate and halocline layer was very
weak in the southern part and strong in the northern part of the
study transect.

A week later when the relaxation of the upwelling event took
place the thermocline was established along the whole study
transect (Fig. 4g). It had the shallowest position in the southern
part of the open gulf whereas its depth was between 10 and 20 m
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southernmost station (TH1).

in the southernmost section of the study transect. The inclination
of the halocline was steepened - compared to the previous survey
the halocline had fallen deeper in the southern part and risen up
in the northern part (Fig. 4h).

4.4. Vertical distribution of nutrients

According to the survey on 25 July the nutriclines were located
mainly just below the thermocline and both PO~ and NO, vertical
distributions below the thermocline coincided well with the
density distribution in the open gulf section of the study transect
(Fig. 5a and b)-simultaneous upward shift of thermocline,
isopycnal surfaces and nutriclines were observed at certain
locations. However, in the lower layers in the Tallinn Bay the
nutrient concentrations were lower than at the same isopycnals in

the central gulf. It resulted in PO3~ and NO, gradients along the
isopycnals between the Tallinn Bay and the open gulf. A similar
zone of along-isopycnals gradients was observed in the northern
half of the open gulf-from 40 to 50 km. At the northernmost
stations opposite gradients along the isopycnals were evident,
especially for NO, - the nitracline was observed as deep as at the
35m depth. Thus, the separation of nutriclines was clear off the
northern coast but could not be identified for the open sea area on
the basis of our measurements with 2.5 m vertical resolution of
sampling on 25 July. Off southern coast a detectable POz~
concentration was measured in the UML at Station TH1 and a
separation of nutriclines was found also at Station TH7 where
PO}~ concentration of 0.20umoll~! was measured at 12.5m
depth while NO, concentration was still below the detection limit.

Nutrient-rich waters surfaced in the upwelling area on 8
August (Fig. 5¢ and d). The border between the nutrient-rich and
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nutrient-depleted water masses coincided well with the upwel-
ling front exposed in Fig. 5c and d as a set of sloping isopycnals. In
the intermediate layer between the depths of 10 and 40 m the
distribution of nutrients was relatively patchy in the Tallinn Bay
and in the open gulf under the sloping upwelling front. In the
northern part of the study transect the nutrient-depleted layer
reached the depths of 30-40m although in the northernmost
stations low but detectable concentrations of PO3~ were observed.
It has to be noted also that under the low-salinity surface water
mass in the frontal zone relatively high nutrient concentrations,
especially of NO,, were observed in comparison with the other
areas within the same density interval.

Although both PO~ and NO, distributions were quite patchy, a
general coincidence of the border between nutrient-rich and
nutrient-depleted water masses and the upwelling front was
exposed also on 15 August (Fig. 5e and f). An extraordinary patch
of water with high nutrient concentrations - NO, up to 3.15 pmol
1! and PO3~ up to 1.07 umoll~! - was observed in the sloping
frontal zone at the depth of 17.5-25 m between isopycnals 4.6 and
5.4 below the low-salinity water mass confined between the front
and the filament.

The surface layer was nutrient depleted down to at least 7.5 m
depth along the whole transect on 22 August (Fig. 5g and h),
except for PO3~ at the southernmost station. After the relaxation
of the upwelling event the nutriclines had quite shallow position
(7.5-10m) and coincided in the open gulf. However, in the Tallinn
Bay a clear separation of nitracline and phosphocline of about
7.5-10 m was observed. The nutriclines were separated by 2.5-5m
also in the northern part of the transect at Stations TH19TH23.

4.5. TS-analysis

Two distinct water layers exist in the central Gulf of Finland
above the halocline—the warm UML and the cold intermediate
layer. The water masses in both layers are characterised by a
general salinity decrease from west to east and from south to
north. The shapes and the temporal changes of TS-curves give
indications about the mixing and circulation patterns in the area.
If a TS-curve differs from the straight line, the observed water
masses above and below the thermocline cannot form the
thermocline water and consequently those water masses originate
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from different areas of the gulf or some heating (or cooling) of the The TS-characteristics of the UML water and the cold
UML water has occurred. If a TS-curve is shifted to lower (higher) intermediate water estimated on the basis of measurements
salinities in comparison with that recorded at the same location along the entire study transect on 25 July were 17.74°C, 4.92
earlier, a general movement of waters from east to west (from and 3.38°C, 6.52, respectively. The average thickness of the UML
west to east) occurs in the area under consideration. water mass was 16m and the cold intermediate water was

To characterise the water masses in the study area in situated between the depths of 16 and 45m. If only the 7
July-August 2006 as well as their transformations in relation to southernmost stations were taken into account, the correspond-
the initiation, development and relaxation of the observed coastal ing TS-characteristics 18.04 °C, 4.97 and 3.19 °C, 6.75, the thickness
upwelling event, the TS-diagrams of surveys on 25 July, 8 August, of the UML water of 12m, and the depth range of the cold
15-16 August and 22 August were analysed (Fig. 6a-d). To intermediate water of 12-39 m were obtained. The shapes of the
estimate the initial TS-characteristics of the two water masses, we TS-curves differ from a straight line in a manner indicating that
placed the border between the UML water and the cold the water mass above the thermocline had more westward origin
intermediate water along the isotherm of 11°C which than the water mass below the thermocline (Fig. 6a). At the
corresponded to the sharpest part of the thermocline on 25 July. southernmost stations TH1-TH7 the salinity values in the
The deeper border of the cold intermediate water was chosen as thermocline were approximately 0.5 units higher than those
the depth of the isotherm of 3°C below the temperature (at the same temperatures) at the other stations and the TS-curves

minimum. were closer to straight lines.
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Fig. 6. TS-diagrams on 25 July (a), 8 August (b), 15-16 August (c) and 22 August (d) 2006. Stations TH1-TH7 are marked by blue circles, TH8-TH13 by green crests, TH14-
TH21 by red diamonds and TH22-TH27 by cyan squares. The initial upper mixed layer water mass (0-12 m) and the water mass below the thermocline (12-40 m) in the
southern part of the study area - Stations TH1-TH7 - are indicated as pentagrams connected with a solid line. Temperature in °C. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)



1844 I. Lips et al. / Continental Shelf Research 29 (2009) 1836-1847

TS-characteristics of water masses observed on 8 August after
the initiation of the upwelling event in the study area were much
more diverse than those two weeks earlier (Fig. 6b). TS-curves of
Stations TH1-TH7, which were influenced by the upwelling event,
were located quite exactly along a straight line connecting
TS-values of the cold intermediate water and of the UML water
at the southern stations before the initiation of upwelling. This is
an evidence that the upwelling water with the estimated average
TS-characteristics in the upper 12 m layer of 5.41 °C and 6.47 could
have been formed from these two water masses observed in
the area before the upwelling event. On the basis of these
estimates, the share of initial water masses mixed into the
upwelling water was obtained as: 15% of the UML water and 85%
of the cold intermediate water.

At Stations TH8TH12, TS-curves were shifted to far lower
salinities than at the other stations on 8 August and at all stations
two weeks earlier. This fact indicates that a less saline water mass
was transported into the study area from east most probably
along the upwelling front. At the stations in the northern half of
the open gulf, the TS-curves were similar to the curves observed
on 25 July with an exception of a low-salinity water mass at high
temperatures.

On 15 August a similar pattern was revealed in the
TS-diagram - the curves characterising upwelling waters at
Stations TH1TH13, the curves shifted to the lower salinities at
Stations TH14TH20, and the curves comparable to the initial ones
but with a low-salinity water mass at high temperatures at the
northernmost stations. In comparison with the previous survey,
the upwelling front and the described pattern has moved
northwards. At some stations in the upwelling region the points
of the TS-curves in the surface layer were relocated to the right
from the mentioned straight line connecting the TS-values of
initial water masses. It could indicate some heating of the
upwelling waters near the sea surface. At the same time at some
stations near the upwelling front the upwelling waters had lower
salinity suggesting that these waters had mixed with waters of
more eastward origin.

The relaxation of the upwelling event led to the more uniform
TS-curves along the whole study transect (Fig. 6d). The curves are
in general almost straight lines with slightly higher position of
curves representing southernmost stations. The main difference
between the results of this survey and that of four weeks earlier
was that the surface layer in the northern part of the study area
got remarkably less saline after upwelling relaxation.

4.6. Estimates of vertical transport of nutrients

The simplest way to get a rough estimate of amounts of
nutrients transported into the surface layer by an upwelling event
is to multiply the average increase of nutrient concentrations and
the volume of the upwelled water. The thickness of the surface
layer in the estimates was taken 12 m which corresponds to the
average thickness of the UML water mass at the southernmost
stations where the PO3~ and NO, concentrations were below the
detection limit before the upwelling initiation on 25 July.
According to the vertical section of temperature on 8 August the
upwelling event occupied seven southernmost stations; hence,
the seaward extension of the upwelling was ca 20 km. To get the
average concentrations of PO3~ and NO, in the initial water
masses and in the upwelling water, first the interpolation of
measured values onto a regular grid was carried out (method of
interpolation was Kriging; graphical presentation see in Fig. 5).
Before the interpolation the values below the detection limit were
replaced by the values equal to the 1 of the detection limit-0.03
pmol 1! of PO3~ and 0.07 pmol =" of NO,.

The following average concentrations were obtained for the
southernmost 18 km of the transect (corresponds to 20 km wide
coastal area): 0.04 pmoll~! of PO3~ and 0.07 umoll~! of NO, in
the UML water with an average thickness of 12m on 25 July and
0.43 pmolI~! of PO3~ and 0.59 umol1~! of NO, in the upper 12m
layer on 8 August. On the basis of the obtained increase of
concentrations, the estimated nutrient amounts introduced into a
12 m thick, 20 km wide and 10 km long coastal stretch were equal
to 290 tons of P-PO3~ and 175 tons of N-NO,. Thus, for a 200 km
coastal stretch corresponding to a characteristic along-shore
extent of the upwelling event in August 2006 (see e.g. http://
wwwid.ymparisto.fi/i4/eng/sst/2006/sst_sat_2006_eng.html) the
estimates of amounts of upwelled nutrients were 580 tons of
P-PO3~ and 350 tons of N-NO,.

An alternative method used for the estimation of vertical
nutrient transport by the upwelling event was based on the
mixing estimate obtained from the TS-analysis and related
calculations of average nutrient concentrations in the identified
water masses. Average values of PO3~ and NO, concentration in
the cold intermediate water at the seven southernmost stations
corresponding to 18 km of the study transect on 25 July were
0.41 umol 1-! of PO3~ and 0.70 umol 1-! of NO,. As it was pointed
out above, an along-isopycnal gradient of nutrient concentrations
was observed outside the Tallinn Bay. Thus, the estimates of
nutrient content in the initial water masses which formed the
upwelling water mass could be different, if a wider area is
taken into account. The following characteristics of the cold
intermediate water mass were obtained for a 23 km wide area
(corresponding to 9 stations) and for a 28km wide area
(11 stations): 3.16°C, 6.74, 0.86pumoll~!, 0.44umoll~' and
3.16°C, 6.71, 0.96 umol 1!, 0.46 umol 1-! for temperature, salinity,
P03~ and NO,, respectively.

Assuming that the two initial water masses were mixed as
estimated above - 15% and 85% - the nutrient content in the
upwelling water should be 0.36 pmoll~! of PO}~ and 0.60 umol
11 of NO, (in case the initial cold intermediate water character-
istics corresponded to those of waters from southernmost 18 km);
0.38 umol1~! of PO3~ and 0.74 umoll~" of NO, (southernmost
23km) and 0.40pmoll~" of PO3~ and 0.83pmoll~! of NO,
(southernmost 28 km). These estimated values are close to the
average concentrations in the upwelling water calculated on the
basis of water samples analyses on 8 August - 0.43 and 0.59 pumol
1-1. However, slightly lower values for PO3~ and equal to the
average or higher values for NO, were obtained. As a result, the
estimated nutrient amounts introduced into a 12m thick, 20km
wide and 100km long coastal stretch varied between 238-268
tons of P-PO3~ and 175-255 tons of N-NO,.

5. Discussion

A very intense upwelling event was observed along the southern
coast of the Gulf of Finland in August 2006. According to the data
from the coastal stations Pakri and Loksa situated about 100 km
apart (see Fig. 1; data of the Estonian Meteorological and
Hydrological Institute) the near coast water temperature dropped
from about 19 to 5-8°C simultaneously at both locations within
three days from 31 July up to 3 August (Fig. 7). Suursaar and Aps
(2007) estimated a maximum along-shore extension of upwelling
as 360 km and cross-shore extent as 25 km. On the basis of available
satellite images from years 2000 to 2006 this event was considered
as the most extensive upwelling along the southern coast which on
9 August 2006 covered 6480 km? or about 20% of the total area of
the Gulf (Uiboupin and Laanemets, 2009). According to our
measurements the cross-shore extent of the upwelling was about
20km on 8 August and exceeded 30 km on 15 August.
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Fig. 7. Surface water temperature at coastal stations Pakri and Loksa (Estonian
Meteorological and Hydrological Institute) from 25 July up to 29 August, 2006.

The most pronounced signal of the upwelling in the thermoha-
line fields is surfacing of cold and more saline waters from below
the seasonal thermocline. This very dynamic process involves
both the vertical advection of the lower layer water mass as a
compensation of off-shore Ekman drift of the surface layer water
mass and mixing of these water masses. On the basis of our data
and applied approximations we estimated that the upwelling
water consisted of 85% of the cold intermediate water mass and
15% of the initial upper mixed layer water mass. Vertical mixing
could be also important in the layer below the upwelling water
where very low vertical gradients of density were observed,
especially on 15 August (note southernmost 20km in Fig. 5c-f).
The relaxation process comprises mixing of water masses as
well - it is evident from the TS-curves which were almost straight
lines on 22 August. As a conclusion, we suggest that the coastal
upwelling events contribute remarkably to the vertical mixing of
waters in the Gulf of Finland.

Coastal upwelling is associated with intense jet-like along-
shore currents. We have observed a low-salinity water mass close
to the upwelling front on the basis of both surveys during the
upwelling event on 8 and 15 August (Figs. 3b and 4d and f). The
successive TS-curves at Stations TH8-TH13 (Fig. 6a and b) and at
Stations TH14-TH21 (Fig. 6b and c) indicate that the westward
movement of waters close to the upwelling front prevailed in the
whole water column at least down to the temperature minimum.
Deepening of the halocline near the southern slope clearly seen on
15 August (Fig. 4f) suggests that within the halocline the cross-
shore flow was directed northwards (off-shore). Consequently
the on-shore flow was concentrated in the intermediate layer
which corresponds to the upwellings in the regions with strong
stratification (Lentz and Chapman, 2004).

As a response of a stratified elongated basin to constant along-
axis wind, also an along-shore jet in the downwelling area and a
slow return flow in the central basin should appear (Krauss and
Briigge, 1991). In case of the intense upwelling event observed in
August 2006 the vertical cross-sections of density (Fig. 5c-f) and
variations of TS-characteristics (Fig. 6b and c) indicate that the
return flow in the surface layer was relatively narrow on 8 August
and totally absent on 15 August. At the same time the changes of
the shape of halocline and salinity of deep layers suggest that a
return flow could occur in the deep layer of the northern part of
the gulf. The latter shows that the upwelling favourable winds
influence the dynamics of the whole water column of the Gulf of
Finland and it is not restricted to the water layer above the
halocline where the Ekman compensation flow exists (Lehmann
and Myrberg, 2008).

We estimated amounts of nutrients transported into the
surface layer by means of two methods as 290 or 238-268 tons

of P-PO3~ and 175 or 175-255 tons of N-NO, for a 12m thick,
20km wide and 100km long coastal stretch. Taking into
account a characteristic along-shore extension of the upwelling
of 200 km, the phosphate-phosphorus amount is approximately
equal to the average total monthly riverine load of phosphorus of
500 tons to the Gulf of Finland (HELCOM, 2004). Discrepancies
between the two estimates which were <20% for P-PO3~ and
<40% for N-NO,, could be explained by high patchiness of
nutrient distribution and by differences in assumptions made. The
average PO3~ concentration in the initial cold intermediate waters
mass could be higher than obtained by the measurements on 25
July-we did not have data from the deeper areas of the Tallinn Bay
where below our deepest sampling points of 25-35m POz~
concentrations could be higher. Similarly, on 11 July just outside
the Tallinn Bay below 30-40m depth the POz~ concentrations
rose remarkably while NO, concentrations did not. As an
indication of this for POz~ is a patch of higher concentrations
observed at Stations TH1-TH9 between the depths of 15 and 20
(22.5)m on 8 August. The higher estimates of N-NO, when using
mixing arguments if compared to the estimates when actual
measured concentrations were used can be explained by some
uptake of nutrients. Our primary survey of the upwelling was
conducted on 8 August, thus during five days from 3 to 8 August
some amount of nutrients could have been used for the
phytoplankton growth and if we assume the uptake was in
accordance with the Redfield ratio, it should be seen more clearly
in changes of N-NO, amounts.

The uptake of nutrients is responsible also for a drop of NOy
concentrations below the detection limit and a decrease of PO3~
concentrations in the upwelling water within a week between
surveys on 8 and 15 August (Figs. 3c and d and 5c-f). After the
relaxation of the upwelling the surface water is depleted of
inorganic nutrients. However, the question stays open: How much
nutrients was left (consumed) in the upper layer and what
amount was transported back down? Zhurbas et al. (2008)
estimated by a model simulation of an upwelling observed in
1999 along the northern coast of the Gulf of Finland that as a
result of the event 387 tons of P-PO3~ and only 36 tons of N-NO,
was introduced into the upper 10 m layer of the gulf. No nutrient
uptake was included in the model and the mechanical mixing
alone was responsible for nutrient retention in the upper layer.
Our data suggest that for a realistic estimate of nutrient amounts
channelled to the food web in the euphotic layer also nutrient
uptake during the upwelling, especially for such a long event as
observed in August 2006, has to be taken into account.

When estimating amounts of upwelled inorganic nitrogen
compounds we have to keep in mind that only the N-NO,
measurements were included in our study as well as in the
estimates by Zhurbas et al. (2008). Haapala (1994) measured NHy
concentrations up to 143 pmoll~! in the upwelling water.
According to the marine monitoring data the NH; concentrations
in the lower layers of the Gulf of Finland are comparable to the
NO, concentrations and did have an increasing trend during last
decades in the near-bottom layer (Pitkdnen et al., 2008). Hence, in
the above calculations the amounts of dissolved inorganic
nitrogen brought from the lower layers during the observed
upwelling event were underestimated. The fact that we did not
consider NHZ content could also serve as a reason why a relatively
larger decrease of inorganic phosphorus than that of nitrogen in
relation to the Redfield ratio was observed in the upwelling water
between 8 and 15 August, respectively, from 0.43 to 0.24 umol 1!
and from 0.59 to 0.14 umol 1~ on the basis of average concentra-
tions in the upper 12 m layer at Stations TH1-TH7.

Relatively more inorganic phosphorus than nitrogen is trans-
ported into the surface layer first of all due to the low inorganic
nitrogen to inorganic phosphorus ratio in the lower layer waters
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of the Gulf of Finland. The separation of phosphocline and
nitracline depth (Laanemets et al., 2004) is also responsible for
that and in cases when upwelling waters are mostly from the
layer with some PO3~ content but almost depleted of inorganic
nitrogen, amounts of nutrients brought into the upper layer differ
drastically (Zhurbas et al., 2008). In our study, the depths of
nutriclines were only slightly separated in the southern part of the
transect and the NO, to POZ~ ratio in the upwelling water on 8
August was somewhat less than that observed below the
thermocline on 25 July. After the relaxation of the upwelling
event much wider separation of nutriclines at the southernmost
stations was observed. The latter was a quite expected result
because a week earlier the surface layer was NO, depleted while
PO3~ concentrations were still above the detection limit. Taking
into account the observed separation of nutriclines on 22 August
the lack of NO, in the surface layer on 29 August when the next
but less intense upwelling event has occurred was also pre-
dictable. As a conclusion, we suggest that upwelling events could
markedly widen the separation of nutriclines which initially
would be formed due to a difference between the spring bloom
depth and the seasonal thermocline depth as proposed by
Laanemets et al. (2004). Thus, a positive impact of early summer
upwelling events on the development of late summer cyanobac-
terial blooms in the Gulf of Finland as showed by Lips and Lips
(2008) could be caused by the widening of separation of
nutriclines after these upwelling events which in turn will lead
to relatively larger amounts of inorganic phosphorus brought into
the surface layer either by vertical turbulent mixing or any
transport of waters along sloping isopycnals.

Finally, we would like to stress the relatively high patchiness of
nutrient distribution in the thermocline and below it (Fig. 5). The
most pronounced patches were observed in the vicinity of the
inclined upwelling front and they were tracked by a few water
samples at 2-3 neighbouring stations between the same isopycnal
surfaces while at different depths. Thus, these patches of nutrient-
rich waters obviously had origin from lower layers and were
brought into the study area along the sloping isopycnals. Our
extensive data set confirms the suggestion by Laanemets et al.
(2004) that colder and nutrient-rich waters transported along the
inclined isopycnal surfaces in the northern part of the gulf could
spread into the gulfs interior as intrusions due to the flow
instability at the front.

6. Conclusions

The long-lasting easterly winds led to a very intense upwelling
event along the southern coast of the Gulf of Finland in
August 2006. We have mapped vertical distributions of tempera-
ture, salinity and nutrient concentration before, during and
after the event which gave us a valuable data set to study the
consequences of the upwelling on physical and chemical patterns
in the Gulf of Finland. The off-shore extent of upwelling of 20
and >30km a week later as well as its coupling with the
downwelling along the opposite coast was documented. TS-
analysis of profiles obtained before and during the upwelling
event suggests that while welled up the cold intermediate water
was mixed with the water from the upper mixed layer with a
share of 85% and 15%. High nutrient concentrations were
measured in the upwelled water-0.4pumoll~! of phosphates
and 0.6 umol 1! of nitrates+nitrites. We estimated the amount of
nutrients transported into the surface layer as 238-290 tons of
P-PO3~ and 175-255 tons of N-NO, for a 12 m thick, 20 km wide
and 100 km long coastal stretch. Taking into account a character-
istic along-shore extension of the upwelling of 200km, the
phosphate-phosphorus amount is approximately equal to the

average total monthly riverine load of phosphorus to the Gulf of
Finland. The signs of intense vertical mixing caused by the
upwelling and transport of nutrient-rich waters along the inclined
isopycnal surfaces in the vicinity of the upwelling front were
revealed. The upwelling event widened the separation of
phosphocline and nitracline which in turn prevented surfacing
of nitrate+nitrite-nitrogen during the next upwelling event
observed a week after the upwelling relaxation.
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Abstract- Weekly mapping of vertical temperature and
salinity fields was carried out across the Gulf of Finland in
summer 2006 and spring 2007. Using successive cross-gulf
vertical sections of salinity and wind data from the region the
variations of estuarine and transverse circulation are described.
Changes of deep layer phosphate-phosphorus concentrations are
found to be related to the described variations in circulation
patterns in a season with strong vertical stratification of water
column. Cumulative volume transport estimates were obtained
using the results of a 3D baroclinic circulation model (HIROMB).
We suggest that the north-easterly winds, which intensify the
estuarine circulation and lead to the upwelling events along the
southern coast of the Gulf of Finland, could have a major impact
to the Gulf’s ecosystem by importing more saline and
phosphorus rich waters. These events with many-fold more
intense upward movement and mixing of deep waters (upward
diapycnal transport) could contribute significantly to the
ventilation of deep layers of the northern Baltic Proper.

INTRODUCTION

The Gulf of Finland is a 400-km long and 80-120-km wide
elongated sub-basin of the Baltic Sea. It has no sill at the
entrance area separating the Gulf from the open Baltic Sea and
its maximum cross-section depth decreases from > 100 m at
the entrance to < 30 m in the eastern part. Since the main
fresh-water source — the Neva River — is located in the
easternmost end of the Gulf the salinity distribution in the
surface layer is characterized by an increase from 1-3 in the
east to 6 (psu) in the west [1,2]. Below the seasonal
thermocline salinity increases slowly with the depth and the
permanent halocline exists at the depths of 60-70 m in the
deeper areas of the Gulf. Seasonal thermocline develops in
spring-summer at the depths of 10-20 meters.

General residual circulation in the Gulf of Finland is typical
for stratified and wide estuaries. Landward flow dominates in
the lower layer and along the southern coast while seaward

flow dominates in the upper layer and along the northern coast.

[3]. Along-gulf (along-channel) winds force a cross-gulf flow
in the upper layer that leads to coupled upwelling-
downwelling events in the coastal areas and associated vertical
movements of thermocline and halocline as well as vertical
mixing of water masses.

Eutrophcation is considered as one of the most important
environmental problems of the Gulf of Finland. To be able to
suggest adequate measures for reduction of nutrient inputs

978-1-4244-2268-5/08/$25.00 ©2008 IEEE

from land the governing processes and fluxes in the sea itself
must be understood and modeled. Nutrient budgets of seven
sub-basin of the Baltic Sea, including Gulf of Finland, have
been constructed by Shavchuk [4]. It has been estimated that
about 14.0 * 10 tons of phosphorus (P) is imported to the
Gulf from the Baltic Proper and 12.7 * 10° tons of P is
exported annually. However in that study internal load from
the bottom sediments in the Gulf of Finland [5,6] was not
taken into account. Some other studies (e.g. [6,7]) have
estimated much higher net import of phosphorus from the
open Baltic Proper — up to 7800 tons annually. These very
different estimates show that understanding of dynamics of
estuarine circulation and quantification of related nutrient
transports is one of the keys for building the nutrient budget of
the Gulf of Finland.

Wind-dependent variation of estuarine transport in the Gulf
of Finland has been studied by Elken et al. [8]. A simple
formula for estimating volume transport in the layer below 40
m on the basis of wind data has been introduced and a reversal
of estuarine circulation caused by strong south-westerly winds
was reported. Similar effects of reversal of estuarine transport
has been documented or modeled by other authors [9]. The
role of vertical turbulent mixing mainly related to tides and
related fortnightly fluctuations in residual estuarine circulation
has been shown in several studies (e.g. [10]). In many cases
the estuarine circulation reveals seasonal variation caused by
seasonality in wind field, fresh water inflow from rivers or
buoyancy flux through the sea surface (e.g. [11]).

The main aim of the present paper is to show that the
volume transport and corresponding salt and phosphorus
fluxes in the deep layer reveal variations in accordance with
the variations in wind speed and direction. Our main
hypothesis is that the north-easterly winds, which intensify the
estuarine circulation and lead to the upwelling events along
the southern coast of Gulf of Finland, have a major impact to
the pelagic ecosystem of the Gulf as well as to the water and
material transport in the whole Baltic Sea. These processes
transport more saline and phosphorus rich waters to the Gulf,
and due to the many-fold more intense upward movement and
mixing of deep waters (upward diapycnal transport) ventilate
the deep layers of the northern Baltic Proper.
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MATERIAL AND METHODS

A.  Measurements

Field measurement campaigns were conducted in two
successive years — 2006 and 2007 — in the sea area between
Tallinn and Helsinki (see Fig. 1). In 2006 six surveys along a
transect of 27 stations were carried out from 11 July until 29
August. In 2007 the measurements were conducted 7 times
along the same transect with some westward positions of
Stations TH24-TH27 in spring from 26 April to 7 June. At all
stations vertical profiles of temperature, salinity and
chlorophyll a fluorescence (not presented here) were recorded.
Water samples for phytoplankton chlorophyll a content,
biomass and species composition (not presented here), and
chemical analyses were collected at every second station. One
survey consisting of 27 stations was completed within 12-16
hours.

Latitude

CTD measurments area

94

5030
204 206 248 25 262 254
Longitude

2;22,5 23 235 24 245 25 255 26 265 27 275 28 285 29
Longitude
Figure 1. Map of the study area, location of sampling points, Kalbadagrund
meteorological station and cross-sections for volume transport estimates E
and W.

Temperature and salinity profiles were recorded using Neil
Brown Mark III CTD probe and SeaBird Electronics Ltd CTD
probe SBE 19. Temperature and salinity values obtained using
both probes were compared, and water samples were taken
and analyzed using high precision salinometer to control the
performance of temperature and conductivity sensors of
probes. In this study mainly Neil Brown Mark III data
preliminary processed and interpolated into profiles with a
vertical resolution of 0.5 m are used.

Samples for analyses of phosphate-phosphorus content
were collected from the near bottom layer. Because of
complicated bottom topography in the study area and drifting
of research vessel while working at the stations and taking
water samples the sampling depths were not constant at a
particular station throughout the study period and water depths
as well as distances from the bottom for samples have to be
taken into account when analyzing the results. Analyses of
phosphate-phosphorus concentration were conducted with
MicroMAC 1000 (Systea S.r.l.) partly onboard and partly in

on-shore laboratory. In latter case, the samples were kept deep
frozen.

Wind data from Kalbadagrund meteorological station
located in the northern part of the Gulf, eastward from the
cross-section (Fig. 1), were obtained from the Finnish
Meteorological Institute. Wind speed and direction with a time
step of 3 hours were used for calculations within this study.

Estimates of the wind induced Ekman drift in the surface
layer were obtained by standard quadratic formula. The
following values of drag coefficient ¢, = 1.2 107 and air
density p, = 1.2 kg m” were used. Direction of the Ekman
transport in the surface layer was obtained by rotating wind
stress vector 90 degrees to the right.

Wind-dependent landward volume transport in the deep
layer below 40 m depth was estimated using a formula derived
by Elken et al. [8]. It was assumed that the deep layer flow is
driven by the cross-gulf sea level difference, which was
created by the north-easterly or south-westerly winds. We
note that in [8] wind data from Ut6 meteorological station
were used to get the best fit between estimates by this simple
formula and 3D model results. Ut6 is located in the entrance
area to the Gulf of Finland but in the present study the data
from Kalbadagrund were used.

B, Model results

The time series of vertical profiles of temperature and
salinity at a grid point closest to the monitoring station F3
(close to the Station 18, see Fig. 1) have been extracted daily
from the operational oceanographic model HIROMB (High
Resolution Operational Model for the Baltic Sea). The core of
the model system is a 3D baroclinic circulation model that
calculates currents, temperature, salinity and turbulence in the
water column. The model domain covers the whole Baltic Sea
area with grid steps 1’ by latitude and 5/3” by longitude and
has 16 vertical layers [12].

Cumulative volume transports through 2 different cross-
sections of the Gulf (see Fig. 1; sections W and E) were
estimated using modeled currents, separately in the surface
layer (from sea surface to 30 m depth) and in the deep layer
(below 30 m).
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RESULTS

A. Vertical sections of salinity in July-August 2006

Vertical structure of temperature, salinity and density fields
were quite variable in the central part of the Gulf of Finland in
July-August 2006 depending on the wind forcing. An ordinary
temperature distribution with the seasonal thermocline at the
depths of 10-20 m was observed in July while a major
upwelling event caused by long-lasting easterly winds was
observed near the southern coast in August [13]. In the
beginning of the study period, the salinity distribution was
characterized by salinity values of 4.5 to 5.5 in the upper 20-m
layer and with a continuous increase of salinity with the depth
below that (Fig. 2a). Halocline was situated at the depths
below 60 meters on 11 July.

A remarkable increase of salinity in the deep layers of the
gulf was observed in the second half of July when northerly —
north-westerly winds prevailed (Fig. 2b) and during the
pronounced and dynamic upwelling event in August (Fig. 2c).
The observed changes of salinity in the deep layer had a
distinguished transverse structure — between surveys on 11
and 25 July an upward shift of halocline occurred in the
southern and central parts of the cross-section while during the
upwelling event the halocline rose near the northern slope and
dropped near the southern slope. In the surface layer the most
pronounced transverse structure was observed in August when
more saline waters occupied the southern part of the Gulf and
low salinity waters were pushed toward the northern shore and
the layer itself was deepened. This structure corresponds to the
upwelling along the southern coast and associated
downwelling along the northern coast.

B.  Vertical sections of salinity in April-June 2007

Vertical structure and variations of temperature, salinity and
density fields in the study area in April-June 2007 were typical
for the spring season. Salinity distribution was characterized
by a low salinity surface layer with the thickness of about 30
meters, a continuous increase of salinity with the depth below
30 m and a relatively sharp halocline at the depths of 60-70
meters (Fig. 3). If compared with the vertical salinity
distribution in July-August 2006, then significantly thicker
surface layer with clearly higher salinity values was observed
in spring 2007. A relatively thick high-salinity deep layer
observed on 10 May (Fig. 3a) was lowered and halocline was
weakened before the survey on 24 May (Fig. 3b).

An upwelling event caused by easterly winds was observed
near the southern coast on 7 June 2007 (Fig. 3c). The
transverse structure in the surface and intermediate layer was
characterized by more saline waters reaching the sea surface
and elevated positions of isolines in the southern part of the
Gulf. A low salinity water jet appeared close to the salinity
front separating the upwelled waters from the surface layer
waters. A downwelling was observed near the northern coast
of the Gulf.

Salinity distribution in the deep layer on 7 June was
characterized by the transverse structure as well but with an
opposite horizontal salinity gradient. The halocline was
elevated near the northern slope while the vertical salinity
gradient was significantly decreased in the southern part of the
deep region.

C. Wind-dependent transport estimates and observed
temporal changes of salinity and phosphate-phosphorus
content
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Figure 4. Estimates of surface layer Ekman transport using Kalbddagrund
wind data in July-August 2006 and April-June 2007. Wind stress vector is
turned 90° to the right; positive direction of x-axis corresponds to the eastward
and positive direction of y-axis to the northward Ekman transport.

Cumulative wind stress estimates rotated by 90° to the right
(to point to the direction of the Ekman transport in the surface
layer; see Fig. 4) indicate that cross-gulf (cross-channel) drift
flows occur in the study area more frequently than along-gulf
flows, at least according to wind data from Kalbadagrund.
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Figure 5. Temporal changes of vertical temperature and salinity distribution at
Station TH18 (see Fig. 1) in July-August 2006 and April-June 2007.

In July-August 2006 periods with a southward drift flow in
the surface layer were observed in the beginning of July until
14 July and from 15 August to 20 August. A two-week period
in the second half of July from 14 July to 29 July was
characterized by outflow favorable winds. In the rest of study
period a northward Ekman flow was dominating with a very
strong cross-gulf surface layer transport within two weeks
starting from 29 July.

During the study period in 2007 mainly southward drift
flow dominated in the area. Only two shorter periods with
different flow directions were observed. Wind induced
outflow occurred in the surface layer from 27 April to 4 May.
A northward Ekman transport in the surface layer favorable
for upwelling along the southern coast occurred from 27 May
until 5 June 2007.

Vertical temperature and salinity distributions at Station
TH18 in the central gulf (Fig. 5) revealed temporal changes
well corresponding to the described wind dependent flow
structure in the area. In July-August 2006 salinity (and
temperature) started to increase in the deep layer during the
period of dominating outflow in the surface layer when north-
westerly winds prevailed (after 14 July). During the upwelling
event, when easterly and north-easterly winds prevailed
salinity and temperature continued to increase. In the surface
layer of the central gulf a water mass with very low salinity (<
4) appeared indicating to an outflow jet there. An exception
was the survey on 15 August when an upwelling filament was
observed at Station 18.

In 2007 salinity in the deep layer increased during
mentioned two periods when outflow occurred in the surface
layer in the beginning of May and during the upwelling event
along the southern coast in the beginning of June. In between
salinity in the deep layer dropped slightly in accordance to
suggested reversal of estuarine circulation due to prevailing
westerly — south-westerly winds.
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Figure 6. Temporal changes of phosphate-phosphorus content in the deep
layer of the central Gulf of Finland in July-August 2006 and April-June 2007



Phosphate-phosphorus concentrations in the deep layer
followed generally the described flow structure in July-August
2006. When estuarine circulation was intensified due to the
favorable winds the average PO, concentration rose
simultaneously with increase of salinity. In spring 2007 when
summer stratification was not well developed yet the
variations of phosphate-phosphorus concentration were not
well correlated to the changes of deep layer salinity.
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Figure 7. Temporal changes of vertical temperature and salinity
distribution in the central gulf (station F3, see Fig. 1) in the basis of 3D
modeling results in May-September 2006 and 2007.
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D. Model results: temporal changes in salinity field and
transport estimates

Variations of vertical profiles of temperature and salinity in
the central area of the Gulf of Finland according to model
results (Fig. 7) showed a quite well coincidence with the
measurement results (Fig. 5). The same increase of salinity in
the deep layer was evident from the model in the second half
of July and August 2006. Lower absolute values of salinity
comparing to the measurements were obtained in the deep
layer of the Gulf in April-June 2007 from the model output.
However the changes — an increase of salinity in the beginning
of May followed by a decrease and next increase in the
beginning of June — were qualitatively coinciding with the
measurement results.

Cumulative volume transports through two cross-sections of
the Gulf of Finland (see Fig. 1) were estimated on the basis of
current velocities extracted from the model outputs daily.
These results show very clearly that a major event of
intensification of estuarine circulation occurred in the study
area in the second half of July — August 2006 (Fig. 8).
Cumulative volume transport through the western section was
estimated up to 200 km’ during this 6-week period. Since
transport values through the eastern section were much lower
(but still quite high) the rest of the volume had to be
transported back to the Baltic Proper as a surface layer flow.
Estimates of cumulative upward transport of waters from
below 30-m depth to the surface layer were obtained for this
6-week period as high as 90 km’ — cumulative transport
increased from 40 km” to 130 km”.

Similar estimates for the study period in 2007 revealed
much lower volume transport values. Cumulative volume
transport curve revealed a maximum of 130 km® in June but
for the period from 1 May to 31 August the resulting value
was only 80 km®. For comparison the same period in 2006 had
a cumulative volume transport in the deep layer about 320
km3. Cumulative upward transport for the whole season in
2007 was close to zero. The upwelling event in the beginning
of June gave an upward volume flux of 40 km”.

DISCUSSION AND CONCLUSIONS

Time series of vertical sections of salinity in general and
time series of vertical profiles at a central station were in a
good agreement with the estimates of Ekman transport in the
surface layer and directions of associated compensating flow
in the deep layer of the Gulf of Finland. However, estimates of
Ekman transport indicated that cross-gulf (cross-channel) drift
flows occur more frequently than along-gulf flows that is in
accordance with earlier studies in regard of upwelling
statistics [14]. Since the cross-channel wind stress creates also
cross-channel sea level gradients, the resulting flow patterns
relative to wind direction and Ekman transport are more
complex. For the section at the Gulf of Finland entrance,

Elken et al. [8] have estimated that maximum inflow takes
place in deep layers during northeasterly winds but in the
central gulf such estimates are missing. We have showed that
both north-westerly and north-easterly winds lead to the
increase of salinity in the deep layer of the central gulf, and
suggest that this is because of intensified estuarine circulation
under these conditions. North-easterly winds initiate directly
the seaward drift flow in the upper layer, which is
compensated by the landward flow in the deep layer. North-
easterly winds create a sea level difference which in turn
causes an inflow in the lower layer.

Vertical sections of salinity revealed also that distinct
transverse structures exist in the salinity distribution when
cross-gulf drift flows dominate in the surface layer. Northward
Ekman transport force an upwelling to appear along the
southern coast and downwelling along the northern coast.
Halocline behaves in an opposite manner — it lifts up near the
northern slope and goes deeper near the southern slope. Our
conclusion is that the deep layer has a very clear opposite
response to the wind forcing and distinct vertical separation of
flows should exist in the Gulf of Finland.

The present study supports the earlier findings that wind
forcing is a very important factor affecting the estuarine
circulation in stratified wide estuaries (e.g. [11]). The results
suggest that intensification of estuarine circulation due to the
long-lasting north-easterly winds could have a major influence
on the pelagic ecosystem in the Gulf of Finland. Imported
more saline water in the deep layer has higher phosphorus
concentration than the waters flowing out of the gulf in the
surface layer.

Estimates of cumulative volume transport through two
cross-sections in the gulf and resulting upward volume
transport (by upwelling and associated vertical mixing)
between these cross-sections gave rise to the other important
suggestion. Since upward transport is many-fold more intense
in case of long-lasting easterly—north-easterly winds, in
comparison to usually prevailing westerly—south-westerly
winds, these processes under described conditions could
contribute significantly to the ventilation of deep layers of the
northern Baltic Proper.
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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.
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Heterocapsa triquetra - Vertical migration - Autonomous
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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 a) 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 320p/us CTD
probe (Idronaut S.r.l.) equipped with a Seapoint Chl a
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 (PO,
and NO, +NO;3 ) 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 26.5°E

Kalbddagrund 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 vy) in the laboratory (HELCOM 1988).
Phytoplankton samples were preserved with acid Lugol’s
solution and analysed using the Uterméhl (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. All
biomass data are given in wet weight concentrations.

Fluorescence data were calibrated against Chl ¢ 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 @ 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 (4ypr) and depth of the strongest
density gradient (depth of the maximum Brunt-Viisild
frequency—7/man). 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 « 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 @ 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 @ (¢, 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
hmaxn 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 Kalbadagrund 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 7-13 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-

g _,2}\{&\\\1

20 s

Depth (m)

41;
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TJduly  11July 21 July 31 July 10Aug 20Aug 30 Aug
Date

Fig. 3 Daily mean wind velocity measured at the Kalbddagrund
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

Distance (km)

Distance (km)

[

Tduly  A1duly 21 July  31July 10 Aug
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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 (/,.xn, 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. triguetra 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. triquetra 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 a were constructed for the entire deployment

Fig. 5 Temporal dynamics of

hytoplankton in the Gulf of
phytoplankton in the Gulf o 2000

Finland in summer 2009 in
the vicinity of the buoy profiler.
Ferrybox data collected from

-3y

the depth of 4 m in the evening 7~ 1500
are complemented by research
vessel data (marked as shaded
areas) collected from the

surface layer 1-5 m during
daytime
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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 @ 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
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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
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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., 8-10 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. 6¢, 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 « 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 am., whereas

Fig. 7 Changes in the vertical
distribution of Chl g 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

Depth (m)
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sinking was faster in the almost mixed upper layer (see
vertical density distribution in Fig. 6d). After 3 a.m., 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 a 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 a 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 5
and solid lines, degree Celsius,

respectively), and salinity and

density anomaly (b; colour 10
scale, without units and solid
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respectively) along a north— 15
south transect in the vicinity

of the buoy profiler (station 5 ’é‘
was located close to the buoy) Z 20
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the distance in Fig. 4 is shown
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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 a 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 uM) in the
water column above the Chl ¢ maximum layer while
relatively high concentrations were measured in it (0.5 pM
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 >

6.8
6.6
6.4
6.2
6.0
58

Depth (m)

56
54
52
50

4.8

2 2 24 2
Distance (km)

@ Springer



912

Ocean Dynamics (2011) 61:903-915

was measured. About 90% of biomass in this layer was
formed by dinoflagellates—half of it by H. triguetra 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. triguetra (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 a 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 a 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 1" 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. triquetra
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. triguetra. 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 um s ' (Smayda 2010). Swimming enables
nutrient-deficient cells to migrate to the deeper layers
where they dark-assimilate NO3~ for photosynthetic incor-
poration upon swimming back up into the euphotic zone
(Fauchot et al. 2005). The ability of H. triguetra to uptake
nitrate in the dark was shown by Paasche et al. (1984). The
maximum swimming speed of H. triguetra, as measured by
laboratory experiments, is as high as 467 pm 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 Seppild (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. triguetra 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. triquetra in the sub-surface biomass maxima layers was

21.5 um. 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 /,,xn- The
presence of phytoplankton maxima below /A, 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. triguetra. 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-

@ Springer

tions of temperature; salinity; and Chl a 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.
triquetra 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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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 a maximum layers with thickness
varying between 1.5 and 9 m and intensity up to 7.6 pug I-! 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 a 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.
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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 @ 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 (PO77, NO2 + 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 (NO2; + NOs3;
henceforth called as NOy) 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~3 and 0.14 mmol m3,
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 v) 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 Utermohl (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 (Chly) were
defined at every profile. The intensity of Chl a maximum was
estimated as the difference between the values of Chlnax and Chly.
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 (Chl;). The depth, temperature, salinity and
density values associated to the maximum were recorded as these
values at the depth of Chlphax (hmax). Only Chl a 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 (Adiy:) 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 Adyo, Where Cyp = 1/
30 m L 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; Chly, hy— 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—Vdisdld
frequency estimated as N> = —g/p-dp/dz, 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/ﬂ.f§mj (6p,i — 0p i2)dp, where fis the Coriolis parameter, L —
the distance between the stations i and i + 2 (about 5.2 km) and i
and 0,2 — vertical profiles of specific volume anomaly at stations i
and i + 2. The reference level of no motion (pref) was chosen at
40 dbar in the open gulf and at the seabed in the shallower areas.
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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)
[
o

30

Pressure (dbar)

Pressure (dbar)

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 pg 1! — than that in the coastal
areas. On 19—20 July, the UML Chl a content was <6 ug 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 pg 1~

6

Chl a (pg/l)

40 50 60

Distance (km) 1

Fig. 4. Vertical sections of Chl a 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.
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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,>2.0 gl 'at7and >5.0 pg1~! 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 pug 1= on 11 July (at station TH10),12.2 ng 1" and 114 pg 1! on
19—20]uly (at stations TH1 and TH5, respectively) and 8.2 ugl~ 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 pg 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—3), respectively.

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

Table 1

343

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 UML depth was on average 7 m on 11 July, 12 mon 19—20
July and 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 @ maximum layers with intensities >0.5 ug 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
(au) (ng1™) (a.u.) (ng1h) (kg m3)
11/07 TH6 43 3.8 14.5 0.9 0.5 25 6.67 5.58 4.34
11/07 TH7 4.8 41 15.0 1.5 0.8 25 5.77 5.66 4.44
11/07 TH8 8.1 6.0 18.0 4.8 2.8 4.5 4.39 5.52 4.38
11/07 TH9 4.8 41 20.0 1.7 1.0 4.0 5.35 5.74 4.53
11/07 TH10 159 10.5 235 13.2 7.6 25 4.38 5.99 4.75
11/07 TH11 6.0 4.8 20.5 31 1.8 5.5 5.36 5.69 4.48
11/07 TH12 48 4.1 220 1.5 0.9 4.5 5.68 539 4.24
11/07 TH14 3.7 35 22.0 1.0 0.6 35 5.43 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 4.19
11/07 TH19* 3.7 3.5 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 3.1 245 1.0 0.6 4.0 3.87 5.88 4.68
11/07 TH27 4.4 39 235 1.6 0.9 6.5 3.81 5.95 4.73
19/07 TH1 18.9 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 1.2 0.7 1.5 8.19 5.80 4.40
19/07 TH14 34 33 255 1.2 0.7 6.0 2.54 6.31 5.03
19/07 TH15 45 4.0 24.0 24 14 3.0 2.79 6.21 4.95
19/07 TH16 28 3.0 25.0 1.0 0.6 5.5 299 6.20 4.94
19/07 TH24 4.1 3.7 15.5 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 5.1 255 1.2 0.7 7.0 3.58 5.99 4.77
19/07 TH27* 59 4.7 32.0 14 0.8 5.0 3.04 6.19 4.93
25/07 TH7 5.4 4.4 14.5 22 13 25 4.42 6.32 5.02
25/07 TH10 6.2 4.9 18.5 3.2 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 4.3 3.8 225 20 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 119 8.2 235 8.9 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 5.8 4.7 19.5 3.0 1.7 55 4.80 5.49 4.35
25/07 TH23 4.9 4.2 225 1.8 1.0 8.0 4.63 5.66 4.48
25/07 TH24? 4.2 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 +£ 1.1 °C).

THG6 THI1

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
5.2 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 a 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
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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) — PO4 on 11 July, (c) — NOy 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 NO, 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 NO, 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 m~2 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 3 (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~>, 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—Vdisila 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 hpax. While a sharp drop of Chl a values below
hmax was observed at almost all stations (Fig. 7a) the profiles were
more variable above hp,ax. At some stations, where the stratification
was stronger just above hmax, the Chl a maximum layers were
thicker (station TH19 on 25 July as an example) and at stations with
a weaker stratification above hpax, 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—Vdisild 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 @ 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 @ 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 a 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 @ 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

The main aim of the thesis was to improve the present knowledge on the
thermohaline structure of the Gulf of Finland in summer — on its variability and
driving factors, and to reveal the consequences of processes shaping the
thermohaline structure as well as the vertical stratification on the nutrient
distribution and phytoplankton community dynamics.

Long-term changes in the thermohaline structure are related to the variations in
the large-scale atmospheric circulation patterns. Such long-term changes were
revealed on the basis of data from 1987-2009 in the deep layer and the cold
intermediate layer. The increase of salinity and temperature in the deep layer of
the Gulf of Finland is connected to the more intense water exchange between the
North Sea and the Baltic Sea. An important feature for the pelagic primary
production has been shown — the significant shift in vertical stratification at the
halocline depth was not accompanied by similar changes in the intermediate and
upper layer. The temperature of cold intermediate layer in the Gulf of Finland in
summer depends strongly on the severity of the previous winter in the Baltic Sea
area, whereas the temperature increases slowly in summer from June to August.

The Gulf of Finland as a typical estuary is stratified water body, and estuarine
circulation scheme is prevailing here in the long-term. The most intense
estuarine circulation and the strongest stratification of the water column exist in
the Gulf when north-easterly, northerly and north-westerly winds are dominating
in the region. For the Gulf’s ecosystem, it is important that intensified estuarine
circulation causes a considerable flux of nutrients (especially phosphorus) into
the near bottom layer of the Gulf. Local, along-axis winds generate also coastal
upwelling events, which besides redistributing of heat and salt, transport
nutrients into the upper layer. In summer, when the nutrient concentrations are
mostly below the detection limit in the surface layer, these events can supply
additional resources for phytoplankton growth. For instance, the major
upwelling event observed along the Estonian coast in August 2006 created flux
of phosphate-phosphorus equal to the total monthly phosphorus load into the
Gulf of Finland. In addition, the observations revealed that upwelling events are
associated with remarkable vertical mixing of waters and could enlarge the
separation of nitracline and phosphacline in the Gulf of Finland.

Vertical profiles of temperature, salinity and Chl a collected with high temporal
resolution using an autonomous buoy profiler showed that atmospheric forcing
at a synoptic scale leads to distinct prevailing physical processes and
stratification patterns, which clearly differ from each other. The analysed data
set revealed stratification patterns dominated by the following processes in
summer 2009: upwelling, relaxation of the upwelling, reversal of the estuarine
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circulation, ordinary estuarine circulation and downwelling. The changes of
vertical stratification were simulated reasonably well by a simple model, where
the heat flux through the sea surface, wind mixing, wind induced transport
parallel to the horizontal salinity gradient and estuarine circulation were taken
into account. The largest discrepancies between the observations and model
results were evident when water movement across the Gulf and associated
vertical displacement of isopycnals (upwelling or downwelling) prevailed.

The dominant physical processes and related thermohaline structures directly
influenced the summer phytoplankton vertical dynamics. It was shown that the
formation and maintenance of sub-surface chlorophyll a maxima layers were
dependant on the vertical stratification — the maxima followed the base of
thermocline and coincided with the nutriclines in the stratified Gulf of Finland in
summer. Clear diurnal patterns in the vertical dynamics of phytoplankton were
detected in certain periods. Autonomous profiler enabled measuring the
downward movement of Chl ¢ maximum with the speed of up to 1.6 m h™' in the
period of dominance of the dinoflagellate Heterocapsa triquetra.
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RESUMEE

Kéesoleva uurimustod eesmirgiks oli kirjeldada Soome lahe termohaliinsete
véljade struktuuri suvekuudel ning méarata kindlaks peamised seda kujundavad
ja selle muutlikkust pdhjustavad protsessid. Teiseks, t06s on piititud hinnata
termohaliinsete viljade ja nende varieeruvuse moju toitainete vertikaalsele
jaotusele veesambas ja toitainete voogudele ning fiitoplanktoni koosluste
diinaamikale. To0s on kasutatud aastatel 1987-2009 kogutud temperatuuri ja
soolsuse vertikaalsete profiilide andmeid, aastatel 2006, 2007 ja 2009 teostatud
interdistsiplinaarsete = moddistuste andmeid ja veesamba autonoomse
profileerijaga suure ajalise lahutusega juulis-augustis 2009 kogutud andmeid
Soome lahest.

To66 tulemusena on ndidatud, et termohaliinsete véljade pikaajalised muutused
on seotud suuremastaabiliste tsirkulatsioonimustrite varieeruvusega atmosfaaris.
Soome lahes on need muutused selgelt ndha pohjaldhedases veekihis ja kiilmas
vahekihis. Pohjaldhedase kihi soolasemaks ja soojemaks muutumine alates
tiheksakiimnendate keskpaigast on seotud intensiivsema veevahetusega
La&nemere ja POhjamere vahel. Pelagiaali 6kosiisteemi seisukohalt on oluline, et
sellise nihkega stratifikatsioonis halokliini siigavusel ei kaasnenud olulist
muutust (t66s kasutatud andmestiku pohjal aastatest 1987-2009) iilemises
veekihis ja kiilmas vahekihis, kuigi mdlemas nimetatud kihis esines
mirkimisvédrne aastatevaheline muutlikkus. Vahekihi suvised temperatuurid
soltuvad suures osas eelnenud talve karmusest, kuigi ka suve viltel leiab seal
aset vee aeglane soojenemine.

Soome lahes esineb stratifitseeritud estuaaridele iseloomulik voolamine, kus
iilemises kihis liigub vesi lahest vilja ja siigavamtes kihtides lahte sisse. Enim
estuaari tiilipi voolamist intensiivistavateks ja see ldbi ka stratifikatsiooni
tugevdavateks tuulteks on kirde-, pohja- ja loodetuuled. Oluline on, et
intensiivse estuaari tiilipi voolamisega kantakse Soome lahe pohjakihti
Ladnemere avaosast tavalisest enam toitaineid (eelkdige fosfaate). Nimetatud
tuuled kutsuvad esile ka siivaveekerkeid, mis lisaks soojuse ja soolade
timberjaotamisele lahes, tOstavad {lilemisse kihti toitaineid. Kesksuvisel ajal, kui
toitainete vaartused on mere pinnakihis sisuliselt langenud alla mdaramispiiri, on
selline voog mirkimisvéddrne lisaressurss fiitoplanktoni kasvuks. 2006. aastal
moddistatud massiivne apvelling tdi pinnakihti ligikaudu samaviérse hulga
toitaineid, mis saabub lahte kdikidest jogedest kokku iihe kuu jooksul. Lisaks
nditasid vaatlused apvellingu tekkimisest kuni tavapirase stratifikatsiooni
taaskujunemiseni, et slivaveekerked soodustavad vertikaalset segunemist ning
nitrakliini ja fosfokliini vertikaalse eraldatuse suurenemist.

Veesamba autonoomse profileerija abil suure ajalise lahutusega teostatud
mootmised nditasid, et atmosfadri mdjud siinoptilises ajamastaabis pohjustavad
teatud fiilisikaliste protsesside domineerimise meres, mille tulemusena

142



eksisteerivad selgelt iiksteisest erineva vertikaalse stratifikatsiooniga perioodid.
Juulis-augustis kogutud andmete pohjal olid domineerivateks fiiiisikalisteks
protsessideks apvelling, apvellingu taandumine, estuaari tiilipi tsirkulatsiooni
imberpooramine, estuaari tiilipi tsirkulatsioon ja daunvelling. Muutusi
vertikaalses stratifikatsioonis on vodimalik modelleerida suhteliselt tépselt
kasutades selleks loodud lihtsat mudelit, kus on arvesse voetud soojusvood mere
pinnal, tuule poolt pohjustatud vertikaalne segunemine, soolsuse horisontaalse
gradiendiga samas sihis toimuv tuulest tingitud vee litkumine pinnakihis ja
estuaarne tsirkulatsioon. Suurimad erinevused moddetud ja modelleeritud
stratifikatsiooni muutuste vahel esinesid, kui valdavaks protsessiks oli risti lahte
liikumine pinnakihis ja sellega kaasnevad tiheduse samajoonte vertikaalsed
nihked (apvelling vdi daunvelling).

Erinevad domineerinud flilisikalised protsessid avaldasid olulist mdju
fiitoplanktoni vertikaalsele jaotusele. On niidatud, et pinna-aluste klorofiilli
maksimumide teke ja jaotus on tihedalt seotud vertikaalse stratifikatsiooniga —
maksimumid paiknevad termokliini alaosas ja iihtivad nitrakliiniga.
Fiitoplanktoni vertikaalses migratsioonis domineerib teatud fiilisikaliste
tingimuste puhul 66pdevane tsiikkel. Dinoflagelladi Heterocapsa triquetra
domineerimise perioodil Onnestus autonoomse profileerija abil registreerida
klorofiilli maksimumi liikumist siigavamale kiirusega kuni 1,6 m h™.
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