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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 I), 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 II, III, IV, V and VI) and its effects to the 
nutrient fields (papers III, 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 km2 
and its volume is 1100 km3. 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 m3 s-1 of river discharge that is mainly concentrated in the 
easternmost part of the Gulf (Bergström 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 Rd = NH/f, where N 
is the mean buoyancy frequency, f is the inertial frequency (Coriolis parameter) 
and H is the depth. Since Rd 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-1, 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 et 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 (Seinä 
and Palosuo 1996) or in the sum of negative-degree-days in the central Gulf of 
Finland (Pärn 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 km2 (Seinä and Palosuo, 1996) and 
49 000 km2 (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 (Matthäus and 
Franck 1992) and baroclinic inflows (Matthäus 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 (Matthäus and Lass 1995; Jakobsen 
1995), which was followed by a weaker event in 1997 (Matthäus 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 



 

13 
 

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-1. 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 μmol l-1 to 0.13-0.26 μmol l-1 of 
phosphate-phosphorus and from 0.04-0.14 μmol l-1 up to 1.4 μmol l-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 µmol l-1 up to 0.32 µmol l-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 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. 
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 a 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 (Rantajärvi 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 et 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 I); 
• 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 II); 
• 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 III);  
• 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 IV); 
• 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 III, V, VI). 
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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: 

• data collected aboard research vessels all around the Gulf of Finland 
before 2006 (used in paper I), 
• data collected aboard the research vessel along the section from Tallinn 
to Helsinki in 2006 (papers I, III, IV and VI) and 2007 (papers I and IV), 
• data collected aboard the research vessel from the other areas in the Gulf 
from 2007 to 2008 (paper I), 
• 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 III 
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 
II, V 01.07-28.08.2009 314 
III, VI 11.07-29.08.2006 189 

IV 11.07-29.08.2006 and 26.04-07.06.2007 378 
 

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

• 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 II and V), 
• wind data from Kalbådagrund 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 I), 
• 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). 
 

 

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: 

• the upper mixed layer (UML) depth, which is equivalent also to the 
shallower border of thermocline (papers I, II, 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-1 (paper I); 
• the depth of the strongest density gradient was defined as the depth of 
maximum Brunt-Väisälä frequency (hmaxN) (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: 

− −=
0

,)(
1

h A gzdz
h

P ρρ  −=
0

;
1

hA dz
h

ρρ
       

(1) 

where ρ(z) is the density profile over the water column of depth h. The 
stratification parameter P (J m-3) 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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,eamb SSSS
dt

dP +++=        (2) 

where the first term on the right Sb is the increase or decrease of stratification 
due to the upper layer heating or cooling, respectively. The second term Sm is the 
decrease of stratification due to wind mixing and the third term Sa 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 Se 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 II. 

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 a 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 (PO4

3¯) or nitrate-nitrite (NOx) 
concentration, respectively, below the lower detection range was measured 
(paper VI).   

The methods of water sample analyses for nutrient, Chl a, 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 µmol l-1 for PO4

3¯ and 0.07 µmol l-1 for 
NOx, 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. 
2006). 

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 



 

24 
 

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.  

 

  

 

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 (t-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.   
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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- 3 (1987-1990) and 2.1 
kg m- 3 (1997, 2006-2008) and between intermediate layer (40 m) and surface 
layer (3 m) 2.8 kg m- 3 and 2.7 kg m- 3. 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 (Matthäus and Lass 1995; Jakobsen 1995) and 
further inflows, as those observed in 1997 (Matthäus et al. 2008) and 2003 
(Feistel et al. 2003a). Also baroclinic inflows (Matthäus 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 (Bergström 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 (r2 = 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 (r2 = 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 (Seinä and 
Palosuo 1996; Vainio and Isemer 2008) and 1986/87 was one of the most severe 
winters (Seinä 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; km2). 

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- 1 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.  

 

 

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. 6c, 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 
easterly 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 km2 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. 6c, 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 (r2 = 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 IV, 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 km3 (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-2). 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 II, 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 
II.  

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 (PO4

3¯) concentrations up to 0.10 µmol l-1 were measured, 
while nitrate+nitrite (NOx) concentrations were below the detection limit (paper 
III). The upwelling event off the southern coast in the beginning of August 
caused a remarkable increase of PO4

3¯and NOx concentrations with the 
maximum values of 0.48 and 0.79 µmol l-1, respectively, observed on 8 August. 
A week later on 15 August, the PO4

3¯ concentrations varied between 0.11 µmol 
l-1 and 0.24 µmol l-1 in the upwelling area while the NOx concentrations had 
dropped below the detection limit again in the whole section. Relaxation of 
upwelling resulted in PO4

3¯ and NOx concentrations below the detection limit 
along the whole transect and re-establishment of upwelling on 29 August caused 
only a slight increase of PO4

3¯ concentrations in the surface layer near the 
southern coast (paper III). 

In July, the nutriclines were located mainly just below the thermocline, and 
PO4

3¯ and NOx 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 PO4

3¯ and NOx 
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 
µmol l-1 of PO4

3¯ and 0.07 µmol l-1 of NOx on 25 July and 0.43 µmol l-1 of PO4
3¯ 

and 0.59 µmol l-1 of NOx 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-PO4

3¯ and 175 tons of N-NOx.  

 

 
Figure 9. Vertical sections of phosphate-phosphorus (µmol l-1) and nitrate-nitrite-
nitrogen (µmol l-1) 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-3) 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-PO4

3¯ and 
175-255 tons of N-NOx. 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-PO4

3¯ and from 350 to 510 tons of N-NOx. 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 IV). 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 µmol l-1 before the 
estuarine flow intensification, were in a range of 3.4-4.2 µmol l-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 al. (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.  

 

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 a 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 µg l-1 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 a 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 a maxima coincided well with 
the nutriclines, especially with the nitracline (paper VI) – the concentrations of 
NOx 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 a 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 a 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. 7c). 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 a 
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 hmaxN 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 a 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, c) 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 a maximum was 
moving downward during the night with an approximate speed of 1.6 m h-1. 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 a 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: 

• 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. 
• 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.  
• 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. 
• 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.  
• 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. 
• 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. 
• 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 a 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 a maximum with a speed of up to 1.6 m h-1 were 
observed. 
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V643A-.8;�)?*43.9�67�-?.�;.*4�TUV�-.;<.8*A-,8.�*4/�9*+242-:�>.8.�.9-2;*-./�,9243�-?.�/*-*�786;�-?.�->6�=.9-�)6S.8./�<.826/9q�[\]̂_[\\a�*4/�̀aan_̀aa]0�R?.�*S.8*3.�c,+:_g,3,9-�TUV�-.;<.8*-,8.�*4/�9*+242-:�>.8.�24�[\]̂_[\\a�d;.*4�r�1Xf�[n0è�r�̀0̀̂ �kW�*4/�e0\e�r�a0n]B�8.9<.)-2S.+:�d-?.�/*-*�786;�]ǹ�WRX�)*9-9�>.8.�,9./fB�*4/�24�̀aan_̀aa]�d;.*4�r�1Xf�[n0\[�r�0̀]n�kW�*4/�i0[̂�r�a0̂aB�8.9<.)-2S.+:�d̀ij�WRX�)*9-9f0�g+-?6,3?�*4�24)8.*9.�24�=6-?�-?.�TUV�-.;<.8*-,8.�*4/�9*+242-:�>*9�76,4/B�/,.�-6�-?.�+*83.�9?68-A-.8;�S*82*=2+2-:�67�-?.9.�TUV�)?*8A*)-.829-2)9B�-?.�)*+),+*-./�;.*4�S*+,.9�/2/�46-�/277.8�923425)*4-+:0stDKLuvGMwDR?.�9?*++6>.8�=68/.8�67�-?.�-?.8;6)+24.�>*9�/.54./�-6�=.�.x,*+�-6�-?.�TUV�/.<-?B�>?2)?�>*9�64�*S.8*3.�[̀0]�;�>?2+.�-?.�=*9.�67�-?.�-?.8;6A)+24.�>*9�92-,*-./�64�*S.8*3.�*-�̀̂ 0̀�;y�?.4).B�-?.�-?.8;6)+24.�-?2)m4.99�>*9�[e0e�;0�R?.�;64-?+:�;.*4�/.<-?�67�-?.�=*9.�67�-?.�-?.8;6A

z{ z| z}~������������|�{�
��z����������

��~�������������������������~���������� ��~�������������������~��������� z�
{|
} ��~������������������������~���������

�M����
� ¡¢£�¢�£¤¥¤�¦�§̈¢£¤¡���¦�©̈¡�ª �«���¬«�¢£�®̄��¡�©̈�«�¢��°¡�¢��ª ���¢±£±©²�¢£�®̄��©¡³¥�¡́¢©�́¡�±£�©̈¡�µ�¦��¦�¶±£¢£�±£�©̈¡���³³¡́���¦��·̧(¹º»»̧
���©±³¢©¡��°¡́¡�³¢¡�°±©̈±£�©̈¡�©̈ ¡́¡��£¤±©�±£¢�±£©¡́¼¢���º½
º¹º¾
º¿�«�º¾
º¹ºÀ
º¿��¢£�ºÀ
º¹º�
º¿���°̈ ±¡�¦�́�©̈¡�ª ���¢±£±©²�¢��£¤±©�±£¢��©¡���¦�»
À¿�°¢����¡




��� �������	���
�������������������������������������� !"#$�%#&� '(($)*'#&"#+�,-" .#$))$)�'/�,-$�,-$(01' !"#$�2$($�"#�34#$�5678�1�%#&�9575�1:�($)*$ 0,";$!<:�"#�34!<�587=�1�%#&�9>7>�1:�($)*$ ,";$!<:�%#&�"#�?4+4),�6978�1�%#&�987@�1:�($)*$ ,";$!<7�A-$�B%)$�'/�,-$�,-$(1' !"#$�2%)�%,�%�+($%,$(�&$*,-�"#�,-$�1'4,-�'/�,-$�C4!/�%#&�)1%!!$(�"#�,-$�$%),$(#�*%(,�'/�,-$�),4&<�%($%� -%#+"#+�/('1�6=75�,'�5578�1�DE"+7�6F7�G"# $�,-$�HIJ�&$*,-�;%("$&�!$))�"#� '1*%(")'#�2",-�,-$�(")$�'/�,-$�B%)$�'/�,-$�,-$(1' !"#$:�,-$�,-$(1' !"#$�2%)�($1%(.%B!<�,-" .$(�"#�,-$�1'4,-�%($%�%#&�,-"##$(�"#�,-$�$%),0$(#�*%(,�'/�,-$�),4&<�%($%7K#�'(&$(�,'�L4%#,"/<�,-$�;%("%B"!",<�'/�,-$�,-$(01' !"#$� -%(% ,$(")," ):�,-$�*('B%B"!",<�&"),("B40,"'#)�/'(�)'1$�)$!$ ,$&�*%(%1$,$()�2$($� '#0),(4 ,$&7�M",-�%�@=N�*('B%B"!",<:�,-$�HIJ�&$*,-�2%)�B$,2$$#�=�%#&�9O�1:�,-$�B%)$�'/�,-$�,-$(1'0 !"#$�"#�%�&$*,-�(%#+$�'/�9@P6@�1�%#&�,-$�,-" .0#$))�'/�,-$�,-$(1' !"#$�B$,2$$#�8�%#&�55�17�E'(�)'1$�,-$(1' !"#$�*%(%1$,$():� !$%(�1%Q"141�/($L4$# <�(%#+$)�$Q"),$&�"#�*('B%B"!",<�&"),("B40,"'#)�"#�%�)*$ "R �1'#,-�D34#$:�34!<�'(�?4+4),F�B4,�"#�)'1$�',-$(� %)$)�,-$�&"),("B4,"'#)�2$($�1'($�4#"/'(1�%#&�,-$�;%("%B"!",<�2%)�-"+-$(7�E'(�"#),%# $:�,-$�1'),�/($L4$#,�&$*,-�"#,$(;%!:�2-$($�,-$�B%)$�'/�,-$�,-$(1' !"#$�2%)�&$,$ ,$&:�2%)�"#�34#$�9SP59�1�D5=N�'/� %)$)F�%#&�"#�34!<�59P5>�1�D58N�'/� %)$)F�2-"!$�"#�?4+4),�#'�&")0,"# ,�1%Q"141�"#�,-$�/($L4$# <�&"),("B4,"'#�2%)�'B)$(;$&7�A-$�,-" .#$))�'/�,-$�,-$(1' !"#$�2%)�"#�34#$�"#�S6N�'/�,-$� %)$)�B$,2$$#�>�%#&�98�1:�B4,�"#�34!<�%#&�?4+4),�,-$�;%("%B"!",<�'/�,-$�,-$(01' !"#$�,-" .#$))�2%)�14 -�-"+-$(7A-$�1$%#�;$(," %!�,$1*$(%,4($�+(%&"$#,�"#�,-$�,-$(1' !"#$�2%)�PT7OO�UV�1P9�%#&�,-$�1$%#�;$(," %!�)%!"#",<�+(%&"$#,�T7TO�1P97�K#�1'($�,-%#�@TN�'/�,-$� %)$):�,-$�%B)'!4,$�;%!4$)�'/�1$%#�+(%&"$#,)�"#�,-$�,-$(1' !"#$�2$($�W�97=�UV�1P9�/'(�,$1*$(%,4($�%#&�W�T75�1P9�/'(�)%!"#",<7�A-$�1$%#�;$(," %!�)%!"#",<�+(%&"$#,�"#�,-$�,-$(1' !"#$�2%)�),('#+$(�"#�34#$�DT795�1P9F�%#&�2$%.$(�"#�34!<�DT7TS�1P9F�%#&�?4+4),�DT7T@�1P9F7�?!,-'4+-�,-$�)1'',-$&�&$#)",<�*('R!$)�($;$%!$&�),%B!$�),(%,"0R %,"'#:�,-$�#$+%,";$�;$(," %!�)%!"#",<�+(%&"$#,)� '4!&�B$�'B)$(;$&�!' %!!<7�?,�=7=N�'/�,-$�*('R!$):�"#;$()$�!' %!�)%!"#",<�+(%&"$#,)�$Q $$&"#+�T7=�1P9�2$($�&$,$ ,$&7�A-$�),$$*$),�,$1*$(%,4($�+(%&"$#,�"#�,-$�,-$(1' !"#$�2%)�1'),�*('B%B!<�)",4%,$&�"#�%�&$*,-�(%#+$�'/�95P59�1�D=5NF7�A-$�),$$*$),�,$1*$(%,4($�+(%&"$#,)�"#�$% -�*('R!$�2$($�1'),!<�

D@=NF�B$,2$$#�9�%#&�=�UV�1P97�A-$�+(%&"$#,)�X�S�UV�1P9�2$($�&$,$ ,$&�%,�W�=N�'/�*('R!$)7YZ[\�]̂_̀ab \̀]c_̀�[cd̀aA-$�1$%#�,$1*$(%,4($�'/�,-$� '!&$),�*'"#,�'/�,$1*$(%,4($�*('R!$)�DVKJ�,$1*$(%,4($F�%#&�",)�&$*,-�DVKJ�&$*,-F�"#�,-$�C4!/�'/�E"#!%#&�"#�,-$�)411$()�'/�9OS@P5TTS�2$($�57=�UV�%#&�>5�1:�($)*$ ,";$!<:�2-$($%)�($1%(.%B!$�)$%)'#%!�%#&�"#,$(0%##4%!�;%("%,"'#)�2$($�&$,$ ,$&7�e#�%;$(0%+$�,-$�VKJ�,$1*$(%,4($�(')$�&4("#+�,-$�)411$(�%)�/%),�%)�T7T9�UV�*$(�&%<�"# ($%)"#+�/('1�57T�"#�34#$�,'�57S�"#�?4+4),7�A-$�VKJ�&$*,-�2%)�"# ($%)"#+�'#�%;$(%+$�/('1�6=�1�"#�34#$�,'�>@�1�"#�?4+4),7�A-$�%;$(%+$�VKJ�,$1*$(%,4($�2%)�57O�UV�"#�,-$�1'4,-�'/�C4!/�%#&�97O�UV�"#�,-$�$%),$(#�*%(,�'/�,-$�),4&<�%($%�DE"+7�6F7�A-$�VKJ�&$*,-�($;$%!$&�'#�%;$(%+$�%�)"1"!%(�,($#&f�",�2%)�=>�1�"#�,-$�1'4,-�%($%�%#&�6>�1�"#�,-$�$%),$(#�*%(,�'/�,-$�),4&<�%($%�DE"+7�6F7J%(+$�"#,$(0%##4%!�;%("%,"'#)�"#�,-$�VKJ�,$10*$(%,4($�2$($�'B)$(;$&�DE"+7�>F�"#�,-$�C4!/�'/�E"#!%#&�&4("#+�,-$�%#%!<g$&�*$("'&�9OS@P5TTS7�A-$�!'2$),�)411$(�1$%#�VKJ�,$1*$(%,4($�D976�UVF�2%)�1$%)4($&�"#�9OS@�%#&�,-$�-"+-$),�"#�9OOT�%#&�5TTS�D67>�%#&�678�UV:�($)*$ ,";$!<F7�K,� '4!&�B$�$Q*$ ,$&�,-%,�,-$�)411$(�VKJ�,$1*$(%0,4($�&$*$#&)�),('#+!<�'#�,-$�)$;$(",<�'/�*($;"'4)�2"#,$(7�A-$� '(($!%,"'#�B$,2$$#�,-$�)411$(�VKJ�,$1*$(%,4($�%#&�,-$�2"#,$(�hGK�2%)�*')",";$�%#&�,-$�B$),� '(($!%,"'#�Di�j�S:�k5�j�T7S9:�l�W�T7T9F�2%)�/'4#&�"/�,-$�1$%#�hGK�/('1�3%#4%(<�,'�E$B0(4%(<�2%)�4)$&7�A-$�)411$(�VKJ�,$1*$(%,4($�%#&�,-$�1%Q"141�" $�$Q,$#,�"#�,-$�h%!," �G$%�2$($�D%)�$Q*$ ,$&F�%!)'� '(($!%,$&:�B4,�,-$� '(0($!%,"'#�2%)�#$+%,";$�Di�j�S:�k5�j�T7@5:�l�W�T7T9F7mc[Zn[]̂ �̀ĉ\�\̀ ò�[cd̀aA-$�1$%#�,$1*$(%,4($�%#&�)%!"#",<�%,�,-$�@T�1�&$*,-�"#�,-$�C4!/�'/�E"#!%#&�"#�)411$(�"#�9OS@P5TTS�2$($�67=�UV�%#&�S76:�($)*$ ,";$!<7�e#�%;$(%+$:�%�)!"+-,�&$ ($%)$�"#�)%!"#",<�/('1�34#$�,'�?4+4),�'/�%B'4,�T75�4#",)�%#&�%�)!"+-,�"# ($%)$�"#�,$1*$(%,4($�'/�%B'4,�T79�UV�2$($�&$,$ ,$&7�A-$�%;$(%+$�%!'#+0+4!/� -%#+$)�"#�,-$�&$$*�!%<$(�,$1*$(%,4($�%#&�)%!"#",<�2$($�%!)'�%)�
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�������"������������������������?2������22����"�����#���������2����������,1��������"#�����+�>�����"����$*/���������������"����������������#�0���"+2����"+?���+������2��������2������������������������������"�����+��������������"�����0�����������"�#�������"+���������"���������������+���2����"���2��"�����������������������������#"��#����������� !����$'��$%= /�����,J����"���������G����������"��2��#���������"�����2����������������������20����+���?��#����"���������2��"�����������������"�#����"6���I��,)��"4�0>��)8+���2�2���">�������"��������������"�������#��2�����5$(�#�������+)(����K�����������#�������+9(���"��"�2�"����������������������2��2�������+.(AB ���������2��2�������+��"7("����������,LMNMO PQRSRTUVSWXRUWYZY[UQV\V]VTUV̂ _VSWŶ\_̀aV]]WZbMc����?���#����"+�������������������2��������F�2��">��#�������+����������������+2��"��"�������� !��"�������>��������������2����634d���4�>��)8,4������� !��"34"�#���+��"������2<���������������2��������A= &,.�+$.,9���"7,%�+���#�2������,c�������#���������"���������2�����#����������?�������2��"#����"6I��,9�8+���������#�����2����2�������2410"�����>�������������>��6410"�����������#�"���������2���"�8,4��������#�2��>������"�"����������#����������"�����#����������#�������������������������#�����������������������"�����,4��4102�������"�2����������������������������2�����6��HB �?K�"���#�������8�����������2����"�#�����������������##�������,e��������#������������+�����������2����#�������"��##�""��������#����"6I��,.8+��0���������#����"f������������C�K�������������#�������6$9$g�@)8,4���������#�����������������2��������������������"2����G������������#����������0"�������������������2�����6"�F����2���9��".*�8��������������6%,%hJ8���H= �����?��#����"�+>�����"������"�F����2���������9,*<��@9,4�����������"���������������������.*�"�#��+���2��������"������������������������"�����������&&&



�����������	
�������������	
�������������	
�������������	
��
���������������������������������������������������� ��!��"������#������������$���������"�� ���%�������"������&'�(������!��� ������)*+,--./01,-2324.5/67���������� �����%���������������������������"�������������8��9��������� �����$�����:#;<&'=>�?@A���������$���������"����������#��B"���%���#������������������"��� #����������#��B�������#������C "���������#��B"�������"������#�������;����������# "�������������������D��� ���������9�������������"����EFG�� ���$��9������������������������#����� ���������EFG�� ��$���������������H�IJ&H����D�����������@@�IJKI�"�����������$��#��"��������������&&�'����@=�L�%��� ����$���%��������������M��������������������"��&N�L��OP �������#�������� ����#��%$�����������������&L�(J&H�NQR%"����������������������������!��� ����������������%$�����������������L�HJL�N%"��������������$��#�������!��� ������S���������� ����#��������������#�����"�������#��<&@�IQRT��U��������K���L'�A"��������������������������������<@�@A"��M�����������!��� �����%������������������<K�'M��?KA"��������������# "������OC  ��������������� �����V��SB��������<W���K����9A���"%�������������#����������!������"����B����9�����������������SB�#�$��"���������������������������� �����%"������#���������������������;����������# "������������9#���"��������$���������;��������X#����W������"�����<G� ������%@''=A�Y,Z,1[,\].1]̂-24.5/6F����������������"����������������#�����"��� ��B_P $��������������� ������������� B̀> "������ �����"��I�H��?&%aBS���B �����&�=��?&����������� ���H�(��?&������������������������"�������9���$��:�" ������<W���@Ab����"���:�"���#���������#  ������������������#�:�"�������X#���������� �����<W���@A������������:#;����������"��=&>�?@������������������ �������#������������� ����#�����������#�������_C  ����������#������������� ����#�������������$���������&H�(��&(�(�������L�=��I�@%��� ����$�������������������������������#�����"�������#��������  ����&�H%�������������������� ����#����������<&@�NQRA"�����������������������������������<@�HM��?KA����������������EFG���D��� ��$�������������NN= �����������	
�������������	
�������������	
�������������	
��

&IJ&=�I���KLJK=�I����"������$�����&N�L���KH�%��� ����$����c����D����#������� �������� ������%�����������M�������������������"����������&(�H��7�������������SB���������������$������� ��!���<W���K9����A�������#  ��������������������������������M�9��"��������������������������������� ������C �������������� ����������������� ���������������������������������"����������"���:�"�����#  ����������"���"���:�"�������������������9���"��<W���@A�����:�" ������%M��"��������$�������������#���������#������<̀�M�������%@''KTG� ������%@''NA%��#����������� ��9�9������9���$����� ����������9�������������������<W����@���K9A�OP d[4̂21./,].1]̂-24.5/6�����#��� �����"������������8��9�"��M"���������������������B�����e��$�����%��� B̀>"������ �����"��&�I��?&%aBS"������ �����"��'�H��?&����������"���� ���<L�N��?&A"����"��������!$� ������������������:#;"��LN>�?@����������������������:#;��# ��&@N>�?@"�����#�������� ����������#������"�������������������������#�OC �������X#�������#  �����������������X#���������� �������<W���@A�f�����$�������"���������������� �����$�����:#;���#�����������#  ����;�����������#�������������$��������#�������#�� �������$���������<L�IJI�'A%�������#�������� ����#��"���������������������!$� ������$����������&(�L��&=�=����EFG�� ��"������"��(�IJ&'��#���������������� ���������D�_P �� ��"���������L'��#�������!������������ �����%9#�����#������$�������������"�� �������# ��@I��� ���c�����#��%��������������%"����"������M������@'������9��������%9����������������&'������� �����#������� ������S���������� ����#����������<&L�(QRA����#�����"�������#��"���������������������!$� �������#������"����#����������%������������������<K�@M��?KA_C "����������������"������������������������SB�������<W���K�����A���9��; ������9������B:#���������#���������#������J"���"���:�"�����#  ��������������"���:�"9���"��������������%����#�����"�������������������������SB�#�$�"���������N='



�����������	
�������������	
�������������	
�������������	
��
�������������������������������������������������������������������������������������� �������������������������������������������!"#$%$&''(%)*+��������������,��������� ������������-��.������� ���������.�� ���������������� ������ ���������� ����������/!0��12!3���������������4�5��6��������������-���7.�����6������������4�5 ����������8 ������6�912:+�1;<!3�������� ����������� ����������� � �������������=������������������������7�������>?@���A3 ������������,6��������B;0!C���DC!E�7��������6���!3��������������5������������������� ������������6�������DF!2������!G������������� ����������7������������������ ������������HDF���12������������������� ����������!3�������������I���5�JKL �����������������MC���12 ���������������.��������������������!N����������������� ���������������.��� � ������7��������������������J������������� �������������7���������7����������������� ���7 ����� �����,6��������O2!F���;!;P��1D7��������6���!3��,�����������������������3NJ���6�9Q��!D�<������������4������.�������������� � �������6���!G����������� ���K8 ���������������������������6���������5���93NJ���6�����������������������������������MF�<7�����������������������������6�������������������������������������������������������6��� ��P!R*S*R TU(VWVX#YX&Z&X[&\W#&[W]̂X(%&_(X_]'̂W(#%3��������,��������������������������������� ����4������.��������������4� L̀ ������������������������������������������������ �������������������J����������3NJ���6�9Q��!D.< ������������������ ���������������������.���������������� �����������������������!3�� ����������������������������������������a�������������������3NJ���6�7 ���� ��������������������������3NJ����!3��������������������������������������.���,�����a�������.������8̀ 3NJ������������������4� ���������!b����������3NJ����9Q��!D�<7�������� ������������������������������������������������9����������;FO;0�c���P����d����������������e��Q��!D�<������������������� �����������������������C:2 �����������	
�������������	
�������������	
�������������	
��

9DFOD0�<����������������!3����������� ��� ��������������� ������6����J���������.��������������6������B������ ���4� ��������������������������� ��� ���4� ������� ����������������������!3��������������� ���������� ���.���6���5�����.�� ��������������������9;FO;0�<7 ����������������������� ����������������!8 3��4� ���������9Q��!0<������������������������� ��6���6����.������������/FJ������7.������������������ �������������������������������������J �����������������9.��� /F������<7���������������������������������������6����������������!3��4� ��������������� ���a�����.�������������������������7 ����������6������������������������������F��20���12!3��4� ����������������KL ������ ��������������������.��������������������������������9�����;0�<7.�� ��P���6����.���������������������������������9;0OMF�<!3�����������.���6����������������������� ��� �������������������������������P����� ���������������O;/�!b�������������������4� �������������������D2f���O2b�����O����������4�  ���������� ��������� ����������7�������������K8 ���������������������������/F������������ ��� ���4� ��������������������!Q��������7���������������������������������� ������.��������������� ���� ��� ���4� ���������������������� ��������������������9���Q��!;<!b��������7���3NJ���6� ��������������9Q��!D�<7���������������� �������� ��������������������������������������������;b�����!L̀ R*g h#YîX([#%j&W$&&%#j[&XZ&\ %̂\Y#\&'&\]ii&X'̂k&X\k%̂Y(_[l�������������.�������7 �������������������.�� ��������������������J����������������������,������������������������������!m����������������n��� ���������.��������������N���!;!;O;!D!Q�������������������������7�����J�������� �����������.�2C�����P!3��������� ��.���������.������������8̀ .�� �������.���6������������������������������7������������6���� �������������.���6������>?@�������b�����92E!M�<!C:;
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Paper V 

Lips, Urmas; Lips, Inga; Liblik, Taavi; Kikas, Villu; Altoja, Kristi; 

Buhhalko, Natalja; Rünk, Nelli (2011). Vertical dynamics of 

summer phytoplankton in a stratified estuary (Gulf of Finland, 

Baltic Sea). Ocean Dynamics, 61, 903 - 915.
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l��	?>L4C3A=DM4CD.LD=5,+BT247=4,J,+=4,CDT_̀àbcdefgeabhij̀abeTH*74,+=A5,F7=4,CDT;@4CDC5C@B37CJ,A*7TO@AJCJP,DA=D.m�����	������Y>*O@AJCJP,DA=D.,B=B47=4,J,*.=D.K,.**B4@=7LK,4>+CDB,.*7=6A*J7*B>K=4*7,DJACK=44>**=B4*7D*D.=D.7*A=4,-*ALC3*DK=4*7*Z+>=DF*K,4>4>*R=A4,+37C3*74>7C@F>4>*F@AJnBK*B4*7D6C@D.=7LToD;37,Ap<=LN=B*=BCD=A4>*75C+A,D*6*F,DB4CJC75N=D..@7,DF4>*37C.@+4,-*B*=BCDN4>*O@AJ,BB47CDFALB47=4,J,*.TY>*@33*75,Z*.A=L*7.*34>,B4L3,+=AAL91p815N=D.4*53*7=4@7*.7C3B,DB@55*7J7C5=6C@49qp81rs=44>*4C3CJ4>*4>*75C+A,D*4C=6C@48ptrs,D4>*+CA.,D4*75*.,=4*A=L*7TuB4@=7,D*+,7+@A=4,CD,B+>=7=+4*7,v*.6L=D,DJACK,D4C4>*O@AJ,D4>*.**3*7A=L*7B=D.=DC@4JACK,D4>*B@7J=+*A=L*7[>CK*-*7N.*3*D.,DFCD4>*37*-=,A,DFK,D.BN4>*+,7+@A=4,CD3=44*7D5,F>46*7*-*7B*.QuAM*D*4=AT8110ST)*B,.@=A+,7+@A=4,CD,D4>*B@7J=+*A=L*7+CDB,B4BCJ=DC@4JACKCJF@AJK=4*7,D4>*DC74>*7D3=74=D.=D,DJACKCJC3*DR=A4,+2*=K=4*74C4>*BC@4>*7D3=74CJ4>*O@AJQ;A*D,@B*4=AT9XXwSTY>*B*=BCD=A.LD=5,+BCJD@47,*D4+CD+*D47=4,CDB,D4>*B@7J=+*A=L*7CJ4>*O@AJCJP,DA=D.,B+>=7=+4*7,v*.6L=5=Z,5@5,DK,D4*7=D.=5,D,5@5,DB@55*7T;J4*74>*B37,DF6ACC5N,D4>*5,..A*CJ<=LN4>**@3>C4,+A=L*76*+C5*B.*3A*4*.CJ.,BBCA-*.,DC7F=D,+D,47CF*DQUo\STU,BBCA-*.,DC7F=D,+3>CB3>C7@BQUo?S+CD+*D47=4,CD@B@G)*B3CDB,6A*u.,4C7/;,.=;A-*7=G;v+x7=4*Y>,B=74,+A*,B3=74CJ4>*YC3,+=AsCAA*+4,CDCDyjzahfebe{̀abhdc|g̀b}eahc~e~�e~ez�ghgc�a�̀ �̀e�T�,3BQ�S�oT�,3B�YT�,6A,M�HT�,M=B��T;A4C�=�\TR@>>=AMC�\T)�DM<=7,D*2LB4*5BoDB4,4@4*NY=AA,DD�D,-*7B,4LCJY*+>DCACFLN;M=.**5,=).T9q;N989]wY=AA,DDNuB4CD,=*G5=,A/@75=BTA,3B�3>LBTB*=T**

�+*=DULD=5,+BQ8199S]9/X10�X9qU�o91T911�:B9180]G199G1t89Gw



������������	
�
	�	
�������������������������������		������	��
���	
����������������
����
���	������������
������������������������� !����"#��������$%�
�"&���������'())*+,#-./01221$'3��4
��5��
6���
�����
��
���7�����8
�����
��
����6��
���������������
9����
�����	���������������:���
����;4���
��<��4�4���
��������������������=��������'>;4���
���6��������������
��6��
������
������;��"?���������'122@+-
;����'122)$���
����������;���;���A������	
��
����;;�������
���7�����8
�����"B��������'122C+-
;����-
;�12(2$'3���;4�������;�������
������	����4�������������	���
��������������6�����������

�����������4����
�����5�
D
������������
���������4EFG<EFH��
�
����;4�����4����'8�����	�������6��
���	
D
���������;;�������4�������������
���
�����;���;����
��
��������������
����;;��;�����������������	���
��"-����	�����'122I$'-������
���������;�
����4�4���
���6����������������������
���4
������
9�������6���������4����������������������������6��
�������;�����	
D
���������
����������;;�������	�
�������5�������;���;���A���
�	���	�D
	�"-
;����'12(2$'#���
�����
��
���7�����8
���������
�������
���������		��;���;���A������	��6�	��������4
�����������
�"&���������'())*+&�����
�����'122J+-
;����-
;��122@$'K ��4 ���
��������6�
�6��
����������	
������		��

����	
����������������
�<�
������������"�'�'&���������'122J$��������	
������4����;���;���A����		��
�"�'�'-
;����-
;�12(2$'3����5��	
�����������
�������
������;���;���A���;��
��"L�M�N�O�P�N�N�;'"-'$Q��������'��� !����$
�����		����		��
�
����;;���������������D;��
�����&���������'"122J$��������	
���������;�
��
�������;��
��5�;��
�
����;�
���4���	�6�	���'3�����5�������	�D
	���;���;���A���
�	�����	�����	 ������
6������;�
�	���	�D
	����R��� !�������6����������6��
���7�����8
�����
���		��"�'�'H�6��������'()))+&���������'122J$'F�����122*����5�������������;�����".���$	�D
	�	������4
��
�A������6���
����4���('C���)	�����
����
��;�S'*	�	TJ4��������6��
�����4��;�����������������	���
��4
�
�����;��������(I'C�JC	"-
;����'12(2$'G��
������������4�����	;��������������	�����	���
����6���������
��
�������������
����.���	�D
	�������
��
���',�4�6�����
�122)����
�����<�
��5������
��6��
���;���
�
�����4������6�
����������7�����8
���������4��
�����6������6�
�����6
������������	�
�������5��������
�	���	�D
	���6��
���	
���
����;���;���A��'

%��
�������5�������	�D
	���;���;���A���
�5	�����U�
�������V��6���������
����
�	������������
�������4���������D�	;���
�0������W��"�'�'%���
6�����'12(2$���
�Q
���H���6����"B���5%����9���'12(2$'3������

���
�������������������
������
�������������
��������������
6������
�4����
���7�����8
�����������������������5�������;���;���A��	�D
	�"��	
�������R��� !����$
���4������������4����;��
���;�',�4�6���	���X���
��������		��������
�������5��������
�	���	�D
	������
����������
�
;���
�����D;��
������	�
�����	�
���������	�D
	�	�
�����;���
���;������������4��
���������6��
���	
���
�������
������;���
����
�����������;���;���A�������Y3��	�
�	�
6�
������;���������4������4��A��4����������
�A���4���;���;���A������	
�����	��������
���������������;�
�����
�������
	;��6������
���
��5������
�������	���
��
������6�
���'Z��
	������
��	���;���
������;���
�������	
�������
����
���;�����������;���
�����������	�
�������5�������	�D
	���;���;���A5���
�	���
���7�����8
�����'[\]̂_̀a]bc]def_̂ghecK	��
;���	��
������6�
��;�����	4�����
����������4��;���;���A������	
�����
���������;���5
�������	
�������
����
���;��������
���7�����8
�����"W��
�%��$
�����		���122)'3��	������5	���4���;�����	����
���������	���	�����4�������	�;���
��������	 	����������
�E�;;���������;���
���"KE.H$��������	�������	
�������������������"8������D����	$���	������	�������	;�
����6
�������������������6�����%K-0#�����������;�
�6�����#BK5J(@'3�������������4
��������	�������	�4�������������6
�	��
��;������4��A
		��
���������6���;���
�
�����	��������
����������������	�������'3���;���
������������
������������;�����	���

����	������	��������	;�
������������������6�����4
�
���;��
������;��
��
�����'3�������	���;���
���"F������%'�'�'+��������������
������8�����%���
���-�'$4����;�����
���7�����8
��������	J2�����1@K����
���������4
�����	 ��;���@*	 "�������
��
�8
�'($'B��
���;���
������	;����������
�
����.���������������
���4�����������	1�IC"C2$	4�����X�
���4
��
	�������
����J�����6��
���������
����(2�	'0������	���4�������������
����/����%�6��J(*�i!�.3E ;����"F������%'�'�'$�X�
;;��4
��%��;�
�.���������	���'K�KE.H"3�������QEF�J22A,9$4����;�����������������

)2I /����E���	
��"12(($*(j)2Jk)(C



������������	
��������	������������������������������������������������������������������������������	����������������� �������������������������������� �����!�������"#$�������%&����'���������������������������(�����%���������������������������������������������������)��������%��������������������������������������������*����������+��,�����������������������������������������#����-'�����������������������������	.������������������������������������������������-/.��)��������������-0��������������������������������������������������������/*-	���-1������	*1���	
$��������������������������������������������+��,������������������%��������������������������������+�2�������������������3���������
	.4567+�2�����#8�������������'�9�������������������+��,�����������������������������������������������������������������	:���*
-������--;-	$������������������������������������������������������������������������������������9������������������������������+��,����������������������������������<���������������������������������������	��/��)������������������������������������������#!3�
=���>3	?@>3
?'��������������*+��,������������������%��������������������������������>���������������������������������������������������������$�������!�����(�����$����������#$!($-11	A��������/..=>3
�����/..=!�'�������������������=���B�����������������������������

�����=���������������������������������������������#CD��-...*�����������'�����������������������������������;��������������������@�������;�����������-���#���������������A.�.
���.�.0CD*�����������A����������������������������	.E ������������������'�+��,���������������������������������������������)������&�F��������������������������������������������������������������%����1GE����������	���+��,�������������������������������������������������=����#������(�����H'��������������#(IJ+3D-1::'�!�������%�������������������������������J����K���������������������������L����M��#-1/:'������9�����!���)�����������N����N�+����������������������������������-..=C� ������������������������%����������������������������������$������������������������������������������������������������������������������������+��,���=��������������������������������������������������������	:���*
-������--;-	$�������������������������������������������������#���������������9������������'����������������������+��,O+��,P	�--QR@.�G
#S	P.�G1*�����R��������������������������������+��,�����������������������������������������'��������������������������9������������������������������������������������������������������������������������������������������������������������������������������������=�������������+��,������������������������������������������������������������������������������������
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Paper VI 

Lips, Urmas; Lips, Inga; Liblik, Taavi; Kuvaldina, Natalja. (2010). 

Processes responsible for the formation and maintenance of sub-

surface chlorophyll maxima in the Gulf of Finland. Estuarine, 

coastal and shelf science, 88, 339 - 349.
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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 a maximum with the speed of up to 1.6 m h-1 in the 
period of dominance of the dinoflagellate Heterocapsa triquetra. 
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RESÜMEE 
 

Käesoleva uurimustöö eesmärgiks oli kirjeldada Soome lahe termohaliinsete 
väljade struktuuri suvekuudel ning määrata kindlaks peamised seda kujundavad 
ja selle muutlikkust põhjustavad protsessid. Teiseks, töös on püütud hinnata 
termohaliinsete väljade ja nende varieeruvuse mõju toitainete vertikaalsele 
jaotusele veesambas ja toitainete voogudele ning fütoplanktoni koosluste 
dünaamikale. Töös on kasutatud aastatel 1987-2009 kogutud temperatuuri ja 
soolsuse vertikaalsete profiilide andmeid, aastatel 2006, 2007 ja 2009 teostatud 
interdistsiplinaarsete mõõdistuste andmeid ja veesamba autonoomse 
profileerijaga suure ajalise lahutusega juulis-augustis 2009 kogutud andmeid 
Soome lahest.   

Töö tulemusena on näidatud, et termohaliinsete väljade pikaajalised muutused 
on seotud suuremastaabiliste tsirkulatsioonimustrite varieeruvusega atmosfääris. 
Soome lahes on need muutused selgelt näha põhjalähedases veekihis ja külmas 
vahekihis. Põhjalähedase kihi soolasemaks ja soojemaks muutumine alates 
üheksakümnendate keskpaigast on seotud intensiivsema veevahetusega 
Läänemere ja Põhjamere vahel. Pelagiaali ökosüsteemi seisukohalt on oluline, et 
sellise nihkega stratifikatsioonis halokliini sügavusel ei kaasnenud olulist 
muutust (töös kasutatud andmestiku põhjal aastatest 1987-2009) ülemises 
veekihis ja külmas vahekihis, kuigi mõlemas nimetatud kihis esines 
märkimisväärne aastatevaheline muutlikkus. Vahekihi suvised temperatuurid 
sõltuvad suures osas eelnenud talve karmusest, kuigi ka suve vältel leiab seal 
aset vee aeglane soojenemine.  

Soome lahes esineb stratifitseeritud estuaaridele iseloomulik voolamine, kus 
ülemises kihis liigub vesi lahest välja ja sügavamtes kihtides lahte sisse. Enim 
estuaari tüüpi voolamist intensiivistavateks ja see läbi ka stratifikatsiooni 
tugevdavateks tuulteks on kirde-, põhja- ja loodetuuled. Oluline on, et 
intensiivse estuaari tüüpi voolamisega kantakse Soome lahe põhjakihti 
Läänemere avaosast tavalisest enam toitaineid (eelkõige fosfaate). Nimetatud 
tuuled kutsuvad esile ka süvaveekerkeid, mis lisaks soojuse ja soolade 
ümberjaotamisele lahes, tõstavad ülemisse kihti toitaineid. Kesksuvisel ajal, kui 
toitainete väärtused on mere pinnakihis sisuliselt langenud alla määramispiiri, on 
selline voog märkimisväärne lisaressurss fütoplanktoni kasvuks. 2006. aastal 
mõõdistatud massiivne apvelling tõi pinnakihti ligikaudu samaväärse hulga 
toitaineid, mis saabub lahte kõikidest jõgedest kokku ühe kuu jooksul. Lisaks 
näitasid vaatlused apvellingu tekkimisest kuni tavapärase stratifikatsiooni 
taaskujunemiseni, et süvaveekerked soodustavad vertikaalset segunemist ning 
nitrakliini ja fosfokliini vertikaalse eraldatuse suurenemist. 

Veesamba autonoomse profileerija abil suure ajalise lahutusega teostatud 
mõõtmised näitasid, et atmosfääri mõjud sünoptilises ajamastaabis põhjustavad 
teatud füüsikaliste protsesside domineerimise meres, mille tulemusena 
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eksisteerivad selgelt üksteisest erineva vertikaalse stratifikatsiooniga perioodid. 
Juulis-augustis kogutud andmete põhjal olid domineerivateks füüsikalisteks 
protsessideks apvelling, apvellingu taandumine, estuaari tüüpi tsirkulatsiooni 
ümberpööramine, estuaari tüüpi tsirkulatsioon ja daunvelling. Muutusi 
vertikaalses stratifikatsioonis on võimalik modelleerida suhteliselt täpselt 
kasutades selleks loodud lihtsat mudelit, kus on arvesse võetud soojusvood mere 
pinnal, tuule poolt põhjustatud vertikaalne segunemine, soolsuse horisontaalse 
gradiendiga samas sihis toimuv tuulest tingitud vee liikumine pinnakihis ja 
estuaarne tsirkulatsioon. Suurimad erinevused mõõdetud ja modelleeritud 
stratifikatsiooni muutuste vahel esinesid, kui valdavaks protsessiks oli risti lahte 
liikumine pinnakihis ja sellega kaasnevad tiheduse samajoonte vertikaalsed 
nihked (apvelling või daunvelling).       

Erinevad domineerinud füüsikalised protsessid avaldasid olulist mõju 
fütoplanktoni vertikaalsele jaotusele. On näidatud, et pinna-aluste klorofülli 
maksimumide teke ja jaotus on tihedalt seotud vertikaalse stratifikatsiooniga – 
maksimumid paiknevad termokliini alaosas ja ühtivad nitrakliiniga. 
Fütoplanktoni vertikaalses migratsioonis domineerib teatud füüsikaliste 
tingimuste puhul ööpäevane tsükkel. Dinoflagelladi Heterocapsa triquetra 
domineerimise perioodil õnnestus autonoomse profileerija abil registreerida 
klorofülli maksimumi liikumist sügavamale kiirusega kuni 1,6 m h-1. 
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