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Introduction 
The Baltic Sea is a large brackish inland sea with restricted water exchange with the 
North Sea. The average depth of the Baltic Sea is 52 m, with a surface area of 415 200 km2 
and volume of 21 700 km3 (HELCOM 2009). The Baltic Sea can be considered as a 
strongly stratified estuarine system with remarkably high freshwater flux from the 
rivers and saline water inflow through the Danish Straits (Leppäranta and Myrberg 
2009; Geyer and MacCready 2014). The bottom of the Baltic Sea is one of the largest 
dead zones in the world; the hypoxic water covers up to 20% of the total area (Conley 
et al. 2002; Diaz and Rosenberg 2008).  

The Gulf of Finland is an elongated estuarine basin, located in the northeastern part 
of the Baltic Sea (Fig. 1). The Gulf is about 400-km long, its width varies between 48 and 
135 km, and its depth decreases from the entrance to the easternmost part (Alenius  
et al. 1998). The Gulf has a free water exchange with the Baltic Proper through the 
western border, and freshwater discharge is mainly concentrated to the eastern part of 
the Gulf through the Neva River. Surface layer salinity increases from 0−3 g kg−1 in the 
easternmost area up to 5−7 g kg−1 at the entrance area, while the deep layer salinity 
below the quasi-permanent halocline (60−70 m) exceeds 8−10 g kg−1 (Alenius et al. 
1998). The freshwater input in the east and saltier water in the west create the typical 
estuarine circulation with an inflow in the deep layer and an outflow in the upper layer 
in the Gulf. As the estuarine circulation is intensified by the northeasterly and northerly 
winds (Elken et al. 2003; Liblik and Lips 2012) the alterations or even reversals of the 
estuarine circulation (inflow in the surface layer and outflow in the deep layer) can 
occur in the case of strong westerly winds (Elken et al. 2003). The mean surface 
circulation in the Gulf of Finland is weak and cyclonic, with the eastward flow of the 
northern Baltic Proper water along the southern coast and the westward flow along the 
northern coast (Palmén 1930; Alenius et al. 1998; Andrejev et al. 2004). At shorter 
time-scales, the circulation is more complicated and mainly caused by the changes in 
the wind forcing. 

The thermohaline stratification in the Gulf of Finland is variable and reveals clear 
seasonality. The water body in deep enough areas is well mixed down to  
quasi-permanent halocline during the winter period and has mostly two-layer structure 
(Alenius et al. 1998). However, the wind-induced strong estuarine circulation reversals 
may cause occasional stratification weakening (Elken et al. 2003) and collapse events 
(Elken et al. 2014) in the Gulf, while estuarine circulation results in stronger 
stratification (Elken et al. 2003; Liblik and Lips 2012). The seasonal thermocline 
develops at a depth of 10–20 m from the beginning of May and starts to erode by the 
end of August (Alenius et al. 1998; Liblik and Lips 2011). Therefore, during the summer, 
a three-layer vertical structure appears in the deeper areas of the Gulf of Finland. 

The coastal upwelling and downwelling events remarkably affect the vertical 
thermohaline structure in the Gulf.  Strong enough alongshore wind impulses cause the 
coupled upwelling-downwelling events along southern/northern coasts (Zhurbas et al. 
2008; Lips et al. 2009). Owing to the prevailing south-westerly winds in the region 
(Mietus 1998; Soomere and Keevallik 2003) the upwelling is mainly expected at the 
Finnish coast as it was shown by the model simulations (Myrberg and Andrejev 2003; 
Andrejev et al. 2004). However, the recent studies revealed that the frequencies of 
upwelling events are similar near the northern and southern coast of the Gulf 
(Uiboupin and Laanemets 2009; Lehmann et al. 2012; Kikas and Lips 2016). Both 
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upwelling and downwelling events are usually accompanied by the intense jet-like 
along-shore currents, with speeds reaching 30 cm s−1 (Laanemets et al. 2005). The 
width of downwelling jet can reach up to 12 km (Laanemets et al. 2005) and upwelling 
cross-shore extent can exceed 30 km, with temperature drop of up to 11 °C (Lips et al. 
2009).  

Seiches and inertial oscillations have high contribution to the kinetic energy and 
vertical mixing in the Gulf (Arneborg and Liljebladh 2001; Lorke et al. 2002; Lilover et al. 
2011), while the energy input of tidal forcing is considered to be low (Reissmann et al. 
2009). The energy maxima of current oscillations are usually revealed at a broad semi-
diurnal frequency band (BSD), broad diurnal frequency band (BD) and/or low-frequency 
seiches band (LFS) (Wübber and Krauss 1979; Jönsson et al. 2008; Lilover et al. 2011). 
Wübber and Krauss (1979) revealed presence of seishes with periods of 19 (20) h – 4th 
mode, 24 (22) h – 3rd mode and 28 (26) h – 2nd mode and diurnal tidal constituents  
K1 (23.93 h) and O1 (25.82 h), which are the contributors into the BD frequency band. 
Strong oscillations close to the 2nd and 3rd mode were also observed using model 
simulation by Jönsson et al. (2008). The energy maximum revealed at the seiche period 
of 31 hours belongs to the LFS band. 

Changes in salinity and oxygen conditions in the deep layers of the Baltic Sea are 
influenced by major inflows from the North Sea (Matthäus and Franck 1992). Such 
inflow events transport highly saline oxygen-rich water into the Baltic Proper. However, 
the water coming from the Baltic Proper to the Gulf of Finland originates from the  
sub-halocline layer and induces stronger stratification and increasing hypoxic 
conditions in the deep layers of the Gulf of Finland (Laine et al. 2007; Conley et al. 
2009; Liblik et al. 2018), as well an increase in phosphorus concentration (Lips et al. 
2008). Changes in the near-bottom oxygen concentrations can lead to the release of 
phosphorus from sediments and transportation it to the upper layers (Viktorsson et al. 
2012).  
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1 Motivation and Objectives 
The circulation in the Gulf of Finland is complicated and variable. There are no steady 
currents or permanent dominant forces (such as tides) that would determine the 
current field in the Gulf. Circulation in the Gulf is very sensitive to wind forcing (e.g., 
Elken et al. 2003, Lilover et al. 2011, Liblik and Lips 2012). Therefore, the wind 
variability in various temporal scales presumably has consequences to current fields. 
Previous current profiling experiments in the Baltic Sea (e.g., Liblik and Lips 2012, 
Bulczak et al. 2016) and in other stratified marine areas (e.g., van Haren 2000) indicate 
that current structure is linked to pycnoclines. Variable wind forcing and stratification 
makes the current dynamics difficult to model and predict. On the other hand, 
advective fluxes of physical (e.g., heat, salt, buoyancy), biogeochemical (e.g., nutrients, 
oxygen), biological (e.g., plankton, fish larvae) or anthropogenic pollution (oil, dredging 
caused suspended matter) have a major impact to the conditions in the sea. 
Eutrophication caused consequences, such as hypoxia or harmful algal blooms are still 
actual topics in the Gulf of Finland. Lack of knowledge in the current dynamics is one 
source of uncertainty in the understanding of eutrophication-related processes, e.g.,  
it is difficult to give adequate estimates of nutrient budgets, and it is not clear, what are 
the fluxes between the Gulf of Finland and the Baltic Proper. Prior to the present thesis, 
only a few acoustic current profile measurements in the Gulf are published in literature: 
episodic shipboard measurements (e.g., Pavelson et al. 1999, Laanemets et al. 2005); 
time-series in shallow coastal areas (Suursaar and Aps 2007, Lilover et al. 2011, Rasmus 
et al. 2015), and one time-series in the central, deeper part of the Gulf (Liblik and Lips 
2012). The present work relies on 11 bottom-mounted current profiler deployments in 
the Gulf of Finland. The main aim of the thesis is to investigate temporal variability of 
vertical current structure from hours to months in different stratification conditions 
and seasons.  
 
The main objectives of the thesis are: 

• To describe the lateral and vertical mean current structure, compare it with 
earlier studies and relate it to the mean wind patterns;  

• To show the linkage between the current shear maxima and the two 
pycnoclines; 

• To describe the effect of wind forcing on the current structure through the 
water column; 

• To relate variability of dominant oscillation frequencies with the presence of 
pycnoclines and wind forcing (or their variability); 

• To relate the changes in the oxygen and nutrient conditions in the near-bottom 
layer to the deep layer current dynamics. 
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2 Material and Methods 
The bottom-mounted Acoustic Doppler current profiler (ADCP) data analysed in the 
present thesis were collected in the Gulf of Finland in the frame of different research 
projects of the Department of Marine Systems at TUT (Tallinn University of Technology) 
from March 2009 until May 2014. Acoustic current profilers apply the Doppler Effect by 
transmitting short pulses (pings) at a fixed frequency and receiving the echoes from 
small particles such as plankton and suspended sediments in the water. While most of 
the sound goes forward, unaffected by scatters, the reflected backscattered sound is 
Doppler shifted expressed as the difference in frequency between the waves the 
profiler sends out and the waves it receives. By measuring the Doppler shift and the 
time series of returning acoustic echoes, the device calculates current velocities at 
many different depths, providing a current profile. Several different companies produce 
ADCPs, and one of them is Teledyne RD Instruments, who produced their first ADCPs in 
1982 (Teledyne RD Instruments 2006). 

One of the first ADCP measurements in the Gulf of Finland was made by Estonian 
and Finnish marine researchers in 1990-s, mainly as a background data for biological 
process studies (Pavelson et al. 1999, Laanemets et al. 2005). Suursaar and Aps (2007) 
made measurements in Estonian coastal waters in summer 2006 and Lilover et al. 
(2011) in summer 2008. Since 2008, approximately 30 measurements using a  
self-contained ADCP were made by the Department of Marine Systems at TUT in the 
different parts of the Gulf (deep areas and coastal areas). Liblik and Lips (2012) 
described the temporal variations of vertical current structure in the central, deeper 
part of the Gulf during summer 2009 (depth 85 m) and showed that a strong outflow 
and inflow could occur in the upper and deeper layers.  

The ADCP data collected in 2009−2014 were used to investigate different aspects of 
the flow pattern and variability: 1) lateral structure of current (Papers II and III),  
2) vertical structure of current (Paper I, III), 3) linkage between stratification and 
vertical current structure (Papers I, IV, V), 4) influence of variable atmospheric forcing 
on flow regime (Papers I, II, III, IV, V) and 5) impact of the deep layer current dynamics 
on biogeochemistry (Papers IV and V).   

The first study (Paper I) analysed the five time-series of bottom-mounted ADCP data 
in the period 2009−2014 (Fig. 1). For the second study (Paper II), the current velocity 
measurements using bottom-mounted ADCP were carried out at the southern coast of 
the Gulf of Finland from 13 March to 30 June 2009 (Fig. 1). For the third study (Paper III), 
multi-monthly current measurements were conducted in different locations in the 
period from 2009 until 2014 (Fig. 1). For the fourth study (Paper IV) two  
bottom-mounted ADCP were located along the thalweg of the Gulf: one in the eastern 
part and the second in the western part of the study area, approximately 100 km apart 
(Fig. 1). Six surveys along the thalweg performed from December 2011 until May 2012 
included ten stations of CTD (conductivity, temperature, depth) profiles and sampling 
for calibration of sensors. For the fifth study (Paper V), two bottom-mounted acoustic 
Doppler current profilers were used: ADCP at the thalweg of the Gulf and RDCP 
(Recording Doppler Current Profiler) in the shallow area near the southern coast of the 
Gulf (Fig. 1). Water samples for nutrient analyses and vertical CTD profiles were 
collected at 12 stations during surveys from December 2013 to May 2014. Additionally, 
water samples were used for quality control of oxygen data.   
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The current velocity data were obtained with a bottom-mounted acoustic Doppler 
current profiler 307.2 kHz broadband ADCP (Workhorse Sentinel, Teledyne RD 
Instruments), except one measurement where the RDCP 600 (Aanderaa) was used. 
Current profilers were deployed on the seafloor with a trawl-resistant platform. The 
profilers were set to collect the measurements with a vertical increment of 2 m depth 
bins and sampling interval from 10 min to 1 h. The echo from the sea surface is much 
stronger than the echo from scatters in the water, therefore, the data from the last 6% 
(transducer beam angles were oriented 20˚ from the vertical) near the surface can be 
contaminated due to the surface side lobe effect (Teledyne RD Instruments 2006) and 
were eliminated from the dataset. Thus, the uppermost reliable measurements were at 
a depth range of 5 m to 10 m from the surface. In the near-bottom layer, the deepest  
5 m were lost due to the blanking distance between the instrument and the first layer 
from which correct data could be used. Velocity accuracy is 0.5 % of the water velocity 
relative to ADCP. The quality of the data at each level was checked using certain criteria 
for the internal quality parameters of ADCP following the procedure developed by Book 
et al. (2007). The location of current profilers and study periods for each publication is 
given in Table 1. 

The time series of currents were filtered with a 1-h moving average filter to get 
hourly values for some descriptive and statistical analysis purposes, such as the vertical 
distribution of current velocity components, polar histograms of currents, rotary 
spectral analysis, average and maximum current velocity values. For the low-frequency 
current analysis in all papers, the time series were filtered with a 36 h cut-off 
Butterworth filter (Butterworth 1930). 

For spectral structure investigations of current oscillations, rotary spectral analysis 
technique introduced by, Emery and Thomson (2004) was applied. The exact 
calculation procedures can be found in Paper I. 
The CTD and oxygen data were collected aboard the research vessel Salme by Idronaut 
S.r.l CTD probe Ocean Seven 320plus. The quality of the salinity data was checked 
against the water sample analyses using a high-precision salinometer 8410A Portasal 
(Guildline). Salinity values were expressed as Absolute Salinity (g kg-1) in the thesis, but 
Practical Salinity Scale (PPS-78) was used in figures 10 and 11. Salinity scale PSS-78 do 
not have units and the values for the Baltic Sea are about 0.1 smaller than in the 
Absolute Salinity scale. The dissolved oxygen sensor was calibrated before each survey 
and the data quality was checked against water sample analyses. The dissolved oxygen 
concentration was measured using the OX 4000 L DO meter (WWR International, LLC). 
The exact calibration procedures can be found in Paper IV and Paper V.  
 
 
 
 
 
 
 
 
 
 
 
 



13 

Table 1. Mooring positions, deployment periods and depth range of ADCP data used in 
presented publications. 
 

Paper ID Latitude 
(N) 

Longitude 
(E) Period 

Depth 
range 

(m) 

Sea 
depth 

(m) 

II, III L3 59°27.40’ 24°09.96' 13.03.2009−
30.06.2009 7−45 50 

III P4 59°41.20' 24°37.40' 23.07.2009−
24.09.2009 8−80 85 

III K8 59°42.10' 26°24.23' 12.01.2010−
27.04.2010 6−58 63 

I*, III P9 59°41.02ˈ 24°37.45ˈ 14.04.2010−
31.08.2010 9−79 84 

I NS11 59°58.80ˈ 26°20.80ˈ 30.09.2010−
28.10.2010 8−62 67 

I, III NS16 59°50.34ˈ 24°49.90ˈ 13.07.2011−
05.09.2011 9−73 78 

I, III, IV RW21 59°29.60ˈ 23°54.10ˈ 21.12.2011−
09.05.2012 10−86 91 

III, IV RE20 59°45.05ˈ 24°27.19ˈ 21.12.2011−
09.05.2012 8−82 87 

III P22 59°41.00' 24°37.50' 28.05.2012−
09.10.2012 8−80 85 

I, III,V R25 59°35.13ˈ 24°15.64ˈ 09.12.2013−
06.05.2014 10−82 87 

III,V** C25 59°28.98ˈ 24°20.82ˈ 09.12.2013−
28.04.2014 7−19 21 

 
*In Paper I, measurements from the period 01.06.2010−31.08.2010 were used 
** RDCP data 
 

Additionally, the following data sets were used in the thesis 
• Wind data from the Kalbådagrund (Paper I, III and IV), Tallinnamadal 

lighthouse (Paper I, II, IV and V) and Utö (Paper III) meteorological stations 
were used.  

• The sea level data from Pakri gauge and ADCP’s pressure sensor were used in 
Paper II; sea level data from Kunda coastal station were used in Paper IV. 

• Circulation model HIROMB (High Resolution Operational Model for the Baltic 
Sea) results were used in Paper II. 
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Figure 1. Map of the study area in the Gulf of Finland. Locations of ADCP deployments (Table 1), 
wind measurements locations at Kalbådagrund, Utö, Tallinnamadal Lighthouse and sea level 
stations in Pakri and Kunda are shown. Black dots represent the locations of the CTD stations 
along the thalweg. The western border of the Gulf is defined as the black line from Põõsaspea to 
Hanko.  
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3 Results and Discussion 
 

3.1 Mean lateral flow structure in the upper layer  
The long-term average circulation pattern in the upper layer of the Gulf of Finland is 

cyclonic – with fresher water outflow along the northern coast and saltier water inflow 
along the southern coast (Palmén 1930; Alenius et al. 1998, Stipa 2004, Kikas and Lips 
2016). Such a mean flow scheme is mainly caused by the prevailing wind force, salinity 
gradient and the Coriolis Effect (Alenius et al. 1998). The wind field over the Baltic Sea is 
mostly promoted by eastward moving atmospheric cyclones, with dominant wind 
direction from the southwest (Mietus 1998, Soomere and Keevallik 2001, Keevallik and 
Soomere 2014). The freshwater inflow into the Gulf mostly comes from the Neva River 
which is located in the easternmost part of the basin (the annual freshwater run-off is 
about 114 km3 y−1), while the saline water inflow from the Baltic Proper comes through 
the western border with annual inflow of about 600 km3 (Alenius et al. 1998).  The 
combination of the freshwater run-off from the rivers and saltier water inflow from the 
Baltic Proper has a major impact on the salinity distribution of the Gulf. The presence of 
the westward-directed surface layer current near the northern coast in the entrance 
area of the Gulf can be seen from the recent long-term measurements made by Rasmus 
et al. (2015). The mean flow structure is a mixed result of temporal variability of forcing 
(wind, buoyancy) and spatial variability (e.g., travelling of eddies, meandering of coastal 
currents). The most variable forcing factor, especially for the uppermost layer, in the 
area is wind. Anyhow, it can be expected that the resulting mean of time-series gives an 
estimate of residual currents in the location.  

The observations carried out on the thalweg (Fig. 1, locations RE20, RW21, R25, P22) 
together with historical observations demonstrated well the known cyclonic circulation 
showing eastward current direction (Fig. 2) in the uppermost measured bins (8−10 m 
depth). However, the inflow was located further offshore from the southern coast 
compared to results obtained by Palmèn (1930) and Andrejev (2004). Interesting 
circulation features were found close to the southern coastal slope in the Gulf, mean 
current vectors in three stations showed across-gulf directed flow (Paper II, III) (Fig. 2a). 
Mean offshore current (from the southern coast) component (at C25, Figs. 1−2) and 
onshore current (at L3) were found in the western part of the Gulf while in the eastern 
part (at K8) mean offshore current was revealed in the upper layer. It should be noted, 
that wind conditions during these observations deviated from the climatological mean 
(Fig. 3). Mean wind vector was from the north-west during the observations at station 
L3 while it was from the south during observations at K8 (Fig. 3). Mean air flow 
direction matched with the climatological mean (southwest) at C25, but the magnitude 
of the mean vector was greater during current observations (Fig. 3). However, the 
results obtained at the stations L3 and K8 support simulations of numerical models, 
which suggested the presence of anticyclonic loops in the mean circulation pattern in 
the central and western part of the southern Gulf (Elken et al. 2011, their Fig. 2; 
Lagemaa 2012, his Fig. 12). Mean offshore current component at station C25 was 
present only for the period 2010−2011 (Lagemaa 2012, his Fig. 12a). 
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Figure 2.  Maps of resultant vectors of current at the 10 m depth. (a) New ADCP measurements 
and (b) historical measurements. The exact calculation procedure can be found in Paper III. 
Arrows are centred on the measurements sites. Yellow arrows indicate new measurements along 
the thalweg (4 locations) and the red arrows indicate new measurements along the southern 
coast (3 locations). The historical data are marked by white (years 1923–1927, Palmèn 1930) and 
black (year 1979, Laakkonen et al. 1981) arrows.  
 

3.2 Mean vertical flow structure 
The vertical current structure of the Gulf of Finland is rather complex and depends on 
the wind forcing and stratification.  

Six observations were carried out along the thalweg in different years, three of 
them during the winter period and the other three during the summer period. All 
winter measurements were acquired in various locations, while summer measurements 
had the same location on the thalweg (Fig. 1, locations P4, P9, P22). Vertical profiles of 
mean current vectors revealed nearly unidirectional vertical distribution throughout 
the water column in winter (Paper III) (Fig. 3b). In all three locations, the inflow to the 
Gulf prevailed through the water column. Simultaneously with an inflow at the thalweg, 
an outflow was observed near the southern coast in winter 2013–2014 (Paper V). The 
vertical profiles of mean current vectors had similar two-layer structure with an inflow 
in the upper layer and an outflow in the deep layer in summers 2009 (station P4,  
Fig. 3c) and 2012 (station P22, Fig. 3c), while in summer 2010 the three-layer flow was 
revealed (station P9, Fig. 3c). It must be noted that during 2010 observations, the 
magnitude of the mean wind vector from south-west agreed closely with the long-term 
mean, while during observations made in 2009 and 2012, airflow from the southwest 
was stronger (Fig. 3c, upper panel). Therefore, the mean current profile in 2010 likely 
represents the long-term mean flow regime at thalweg in summer while the years 2009 
and 2012 describe the reversed flow structure in the case of higher (than the climatic 
mean) prevalence of airflow from the southwest (Paper III). The resultant current in the 
coastal zone and northward from the thalweg revealed a multi-layer structure with an 
outflow in the upper layer for all stations (Fig. 3a).  
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Figure 3. The resultant vectors of wind (upper arrows) and currents (a) at coastal stations and 
along the thalweg (b) in winter and (c) in summer. The thin arrows are the means of the 
measurement periods and bold arrows are the long-term (1981−2015) mean wind vectors in the 
same period during the year, respectively. Two time series (RW21 and R25) were measured 
towards the west from central station P (where three series P4, P9, P22 were acquired) and one 
(RE20) towards the east (see Fig. 1).  
 

At all stations located in the western part of thalweg, the mean current speed was 
stronger in the upper (10.7–12.1 cm s−1) and deeper layers (8.9–12.1 cm s−1), while 
station RE20, located in the eastern part of the thalweg, revealed a continuous 
decrease of the mean speed with the depth (from 10.9 cm s−1 in the upper layer to  
7.3 cm s−1 in the deep layer) (Table 2). The maximum average speed values were 
recorded in the near-bottom layer at station P22, being 12.1 cm s−1. At the coastal 
stations L3, C25, K8 as well as the stations located closer to the northern slope NS11 
and NS16, the mean current speed had highest values in the upper layer and decreased 
with the depth (Table 2). Except for the coastal station K8, the mean current speed in 
the upper layer was approximately in the same order (about 11−12 cm s−1) as current 
observations made by Rasmus et al. (2015) at the northern slope of the Gulf.  Stations 
NS11 and NS16 located close to the northern coast had a current speed of about 4 cm s−1 
in the near-bottom layer, which is similar to the values obtained by Rasmus et al. 
(2015). 

The strongest (1-hour mean) current in the upper layer (64.6 cm s−1) was registered 
during winter 2011/2012 and in the deep layer (58.5 cm s−1) during winter 2013/2014 
measurements (Table 2).  

It has to be noted that the present results miss the measurements in the uppermost 
7−10 m layer, therefore the currents in the surface layer could not be described in the 
present study. However, the measurements made by Alenius et al. (1998) in the upper 
layer showed higher current speeds in the range of 10−20 cm s−1. A recent study carried 
out in the Gulf of Finland using drifters (Tuomi et al. 2018) and the model simulations 
(Alari et al. 2016) suggested even higher current speeds due to the surface Stokes drift 
contribution.  
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The measurements in the closest 4 meters above the seabed were also not 
performed; therefore, the flow conditions in the bottom boundary layer are not known. 
To describe current velocities in the bottom boundary layer the Ekman theory is widely 
used in physical oceanography based on the balance of the frictional and the Coriolis 
forces. The dynamics of the bottom boundary layer also depends on the bottom 
roughness, strength of the flow and stratification. Measurements made in the waters of 
Lake Michigan had a median current speed of 2.7 cm s−1 at 1 m above the bottom  
(Troy et al. 2016). The results revealed by the observations (Rasmus et al. 2015) for the 
western and eastern Gulf of Finland had slightly higher values showing that the mean 
current speed at 2 m above bottom was in the range of 4.5–5 cm s−1.  
 
Table 2. Average and maximum values (1 h average) of current speed (cm s−1) for the selected 
depth range: near-bottom layer, intermediate layer (20−50 m) and upper layer (8−11 m) at the 
eleven locations and average wind speed (m s−1) during the measurement periods.  
 

  
Mean speed (cm s−1) 

  

Maximum speed 
(cm s−1 ) 

  
Wind 
speed 
(m s−1) 

ID 
Deep layer     (m) 20−50 

m 8−11m 

 

Deep 
layer 

20−50 
m 8−11m  

10 m 
height 

L3 - (max depth 45m) 7.7 11.4 
 

- 33.5 39.5  6.1 
P4 11.3 (72−80) 9.2 12.1 

 
44.7 44.4 51.4  6.0 

K8 3.5 (50−58) 4.5 8.8 
 

21.2 26.5 51.8  5.8 
P9 8.9 (71−79) 8.0 11.5 

 
34.9 39.7 55.4  6.1 

NS11 5.6 (54−62) 8.4 10.7 
 

25.8 41.7 35.0  7.3 
NS16 5.0 (65−73) 7.3 11.1 

 
29.3 23.2 41.3  5.7 

RW21 11.2 (78−86) 9.8 12.0 
 

36.7 48.9 64.6  8.5 
RE20 7.3 (74−82) 8.7 10.9 

 
34.8 44.5 49.4  8.5 

P22 12.1 (72−80) 9.6 11.1 
 

46.2 48.8 41.5  6.6 
R25 11.9 (74−82) 9.7 10.7 

 
58.5 50.6 55.1  8.6 

C25 - (max depth 19m) - 11.7   - - 53.1   8.5 
 

3.3 Linkage between stratification and vertical current structure 
The vertical current structure is dependent on the presence of stratification. There 

are several studies, which show the coincidence in the vertical location of pycnoclines 
and current shear maxima (e.g. van Haren 2000, Janout et al. 2013, Li et al. 2016,  
Pu et al. 2017). Barotropic flow exists in the vertically mixed water column (Koue et al. 
2018; Allahdadi and Li 2017; Lilover 1989). Hence, the presence or absence of 
stratification and location of pycnoclines determine the vertical current structure 
(Csanady 1973; Saenko 2006; Shivaprasad et al. 2013).  

Vertical stratification in the Gulf of Finland is variable and has a highly seasonal 
character. In winter, the water body is rather well mixed down to the halocline at the 
depths of 60−80 m (Haapala and Alenius 1994, Alenius et al. 2003). Starting from May, 
the solar heating and wind mixing form a sharp seasonal thermocline at the depths of 
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10−20 m, it develops during summer and starts to erode by the end of August (Alenius 
et al. 1998; Liblik and Lips 2011). Therefore, in deep enough areas, mostly two-layer 
structure exists in winter and three-layer structure during summer.  

Two winter measurements located in the western part of the Gulf (RW21, R25) had 
a similar pattern of the vertical flow structure with the current shear remaining weak 
until the first half of January (Fig. 4d and 4e). During both measurements, the reversed 
estuarine circulation (inflow in the upper layer and strong outflow in the deeper layer) 
was a result of strong SW winds. The reversal of estuarine circulation destroyed the 
stratification (because this layered transport caused a density increase in the upper 
layer and decrease in the deep layer), and as a consequence, a barotropic flow system 
formed in the weakly stratified conditions. Such events can weaken stratification also in 
the Northern Baltic Proper (Elken et al. 2006). Starting from 1990, the breakdowns of 
stratifications during the winter periods occur more commonly due to the shift in the 
wind regime: increase of the westerly-southwesterly wind impulses (Elken et al. 2014; 
Lehtoranta et al. 2017). At the beginning of January 2012 and 2014, the wind force 
weakened and changed direction creating favourable conditions for re-establishment of 
estuarine circulation. Starting from the second half of January, a strong current shear 
near the bottom was associated with saltwater wedge intrusion into the Gulf, which 
resulted in the re-establishment of the halocline (Paper IV, V). The shear maximum in 
the upper 10-20 m layer during the period when the seasonal thermocline did not exist 
was associated with the secondary halocline, which developed due to the westward 
transport of fresher water (Paper I, IV). Thus, both two-layer and three-layer flow 
regimes occur during winters in the Gulf.  

During the first half of the observation period in autumn 2010, a strong shear 
maximum was observed at around 25 m depth and it deepened down to 40 m by the 
end of October (Fig. 4c). The current shear maxima coincided with the location of the 
seasonal thermocline, which deepened due to autumn convection (Paper I). Deepening 
of the seasonal thermocline during the summer periods in the Gulf is on average from 
24 m in June down to 32 m in August (Liblik et al. 2011; Liblik and Lips 2017). Deepening 
and weakening of the seasonal thermocline continue in autumn until it is vanished 
(Lehtoranta et al. 2017).  

Summer measurements acquired at the central station P9 and the station N16, 
northward from the thalweg, revealed the strongest current shear in the seasonal 
thermocline. The other maximum was occasionally observed at the depth of halocline 
around 60 m, which implies the existence of a three-layer flow in the water column 
during both summer measurements (Fig. 4a and 4b). Thus, the flow structure is closely 
related to stratification and one-, two- or three-layer vertical structure may occur in the 
Gulf depending on the presence of the pycnoclines.  
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Figure 4. Low-pass filtered time series of the current shear square (in 10−4 s−2): a) in summer 2010 
(P9), b) summer 2011 (NS16), c) autumn 2010 (NS11), d) winter−spring 2011/12 (RW21), and  
e) winter−spring 2013/14 (R25). The vertical dashed lines indicate the selected periods, which 
were analysed in more detail. 



21 

The vertical location and strength of the two pycnoclines vary a lot. The seasonal 
thermocline is at 10–30 m depth during the spring and summer period; it deepens and 
weakens during autumn until it vanishes (Alenius et al. 2003; Liblik and Lips 2011).  
The quasi-permanent halocline is present during the whole year (except the reversal 
events, when stratification is destroyed) at the depths of 60–80 m, being the weakest in 
the winter period (Alenius et al. 1998; Lehtoranta et al. 2017). Liblik and Lips (2011) 
concluded that starting from the mid-1990s, the halocline became much stronger 
compared to the previous years, which could be explained by the major Baltic inflows 
during the last decade of the 20th century (Mohrholz et al. 2015). The strength and 
location of the pycnoclines across the Gulf strongly depend on the wind forcing and the 
pycnoclines have variations in inclination associated with upwelling/downwelling 
events (Liblik and Lips 2017). During the upwelling events in the southern part of the 
Gulf, pycnoclines have shallower position compared to the northern part and vice versa 
during the downwelling events (Talpsepp et al. 1994; Laanemets et al. 2005; Lips et al. 
2009; Liblik and Lips 2017). For instance, the core of the seasonal thermocline was 
observed at the depth of 46 m during downwelling at the southern coast on 20 July 
2012 (Liblik and Lips 2017).  

For further analysis of vertical current profiles during different stratification 
conditions, selected periods (10−17 days) of time-series were chosen in the following 
measurement sites: P9 and NS16 (three-layer flow), NS11 (two-layer flow), and RW21 
and R25 (one-layer flow) (Paper I). Relaying on stratification and current shear maxima 
time-series, three depth horizons were selected for describing the currents during the 
selected periods. 

Wind conditions during the selected winter periods were characterized by the 
strong air flow from the southwest. Polar histograms of current direction (Paper I, Fig. 9) 
showed that the barotropic up-wind flow directed to the SW was present in the whole 
vertical range of measurements during the selected winter periods in winters 
2011−2012 and 2013−2014.  

During the selected period of the two-layer flow in autumn 2010, the northwesterly 
and southerly winds prevailed. The flow in the upper layer had a uniform distribution 
while in the deep layer, the flow was dominated by southwesterly currents.  

The summer periods were characterized by weaker and variable along-gulf winds. 
The flow in the upper layer and deep layer during the selected period in summer 2010 
was directed to the northwest and northeast, respectively, while the intermediate layer 
was characterized by weak currents to the ESE or WNW. Polar histograms of currents 
during the selected period in summer 2010 were rather dissimilar in all three depth 
horizons (Paper I, Fig. 9). Upper layer revealed a uniform directional distribution, while 
the flow in the intermediate layer and the deep layer was dominated by westward and 
northward currents, respectively. 
 

3.4 Alterations of flow regime by atmospheric forcing 
3.4.1 Current spectra 
 
To estimate the vertical distribution of kinetic energy throughout the water column 
during one- (two winter periods), two- (one autumn period) and three-layer (two 
summer periods) flow regimes, five current velocity time series were selected 
depending on the stratification conditions. Kinetic energy spectra of non-smoothed 
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current velocity time series revealed that the presence of kinetic energy maxima could 
differ depending on the stratification and external forcing.  

The prominent spectral peaks with periods from 14 h to 31 h (winter 
measurements) and 12.4 h to 26 h (summer measurements), which comprise the 
current oscillations due to seiches, tides, and inertial currents were present in the 
water column. These peaks correspond well to the local inertial period (13.9 h), 
semidiurnal (12.42 h) and diurnal (25.8 h) tidal period (Lilover 2012), as well as  
seiches-driven current oscillation periods of 16 h (Lilover 2011), 23 h (Jönsson 2008), 
26.4 h, and 31 h (Wübber and Kraus 1979). 

Two periods with barotropic flow structure were selected for further spectral 
analysis (Paper I). In winter 2011/12, significant peaks close to the periods of the 1st and 
3rd mode seiche were revealed, while in 2013/14, the periods of the 2nd and 3rd mode 
seiche were present (Fig. 5). During both periods, significant peaks were observed 
throughout the water column with the highest energy level recorded in the upper layer 
with the amplitude of 5.6 cm s−1 for the 1st seiche mode (2011/12) and 7.2 cm s−1 for 
the 2nd seiche mode (2013/14). Strong wind events and weak stratification (Paper IV, V) 
created favourable conditions for seiches (Simpson et al. 2014, Breaker et al. 2010).  

 

 
 
Figure 5. (Left panels) Vertical distributions of kinetic energy spectra during one-layer flow (RW21, 
R25). (Right panels) Depth-averaged kinetic energy density for the upper, intermediate, and  
near-bottom layer. Vertical white lines (left panels) and dashed lines (right panels) indicate the 
oscillation periods of 28.6 h, 25.6 h, 13.9 h, and 12.42 h. 
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Higher spectral energy was concentrated close to the local inertial period (13.9 h) 

during the selected two-layer flow structure in October 2010 (Fig. 6). Kinetic energy 
spectra revealed stronger current oscillations in the upper and intermediate layers with 
an amplitude of 8.5 cm s−1 and 5.5 cm s−1, respectively. The presence of the  
near-inertial frequency could be associated to the pycnocline, which caused the 
baroclinic flow (Maas and van Haren 1987). Baroclinic flow was also seen from the 
phase shift of current oscillations between the upper and intermediate layer at the 
pycnocline. Lass et al. (2003) showed that the phase shift of current oscillations was 
caused by stratification in the water column that separates different layers. 
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Figure 6. (Left column) Vertical distributions of kinetic energy spectra during three-layer flow  
(P9, NS16) and two-layer flow (NS11). (Right column) Depth-averaged kinetic energy density for 
the upper, intermediate, and near-bottom layer. Vertical white lines (left column) and dashed 
lines (right column) indicate the oscillation periods of 28.6 h, 25.6 h, 13.9 h, and 12.42 h. 
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Current spectra were influenced by inertial oscillations, seiches and tides during 
summer periods. The vertical distribution of kinetic energy in summer periods revealed 
the same energy peaks, but in different depth ranges. BD and BSD frequencies had 
almost equal energy in the upper 20 m layer, with a maximum current oscillation 
amplitude of 5.5 cm s–1 and 5.1 cm s–1 respectively in summer 2010 (Fig. 6).  
A prominent BD frequency peak was present in the intermediate layer, while at the 
same time, the BSD band energy peak was present in the entire water column, but with 
lower energy in the intermediate layer. In summer 2011, the BSD frequencies had 
higher energy in the upper 20 m depth and BD frequencies had their maximum in the 
near-bottom layer with the current oscillation amplitude of 4.8 cm s–1 and 6.1 cm s–1, 
respectively. Both frequency bands were present in the depth range from 21 m to 51 m, 
but had lower energy.  

The spectra calculated from the data sets during stratified periods show that the 
vertical distributions of kinetic energy spectra are linked to the locations of pycnoclines 
in the water column and highly influenced by inertial oscillations and seiches.  
In contrast to the open ocean and many seas in the world, tides are generally small and 
do not play an important role in the Baltic Sea dynamics (Alenius et al. 1998; 
Leppäranta and Myrberg 2009). Inertial waves generated by the inertial oscillations 
over an inclined bottom together with near-internal waves and topographic waves are 
suggested being the main contributors to vertical mixing in the bottom boundary layer 
in the Baltic Sea (Lass et. 2003; Meier et al. 2006; Holtermann et al. 2012; Lappe and 
Umlauf 2016). The generated kinetic energy of internal waves may be transported to 
deeper layers, but can be lost against stable stratification (Lass et al. 2003). 
 
 

3.4.2 Prominent wind-driven processes 
 
The shorter time scale currents are more complex and to a great extent driven by the 
changes in the wind field. The upwelling and downwelling events in the coastal zones 
develop as a response to alongshore wind impulses and can impact the long-term mean 
circulation (Paper II). Uiboupin and Laanemets (2009) found that along-gulf cumulative 
wind stress larger than 0.1 N m–2 d is needed for generating the upwelling events.  

Using the combination of an along-isobath wind and current pulses with modelled 
temperature contours, the four upwelling events and four downwelling events were 
identified during spring/summer measurements 2009 (Fig. 7). Only few sufficiently 
clear sky SST images reflecting upwelling events in the region of our interest were 
found during the study period. Two events on 17 May and 29 June were found in the 
southern coast of Gulf. Based on available data, two upwelling events (14–24 May and 
21–30 June) and one downwelling event (15–20 June) were chosen to estimate the 
displacements of fronts from the coast.  
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Figure 7. (a) Hourly time series of along-coast (black line) and cross-coast (blue line) wind stress 
components. Time series of the low-pass filtered along-isobaths (b) and cross-isobaths  
(c) current velocity components. Positive velocities (red) display the inflow into the Gulf  
(along-isobaths component) or offshore flow (across-isobaths component), and negative 
velocities (blue) display the opposite flow respectively. (d) Time series of the modelled 
temperature.  

 
Strong, downwelling-favourable alongshore wind stress (cumulative wind stress  

0.6 N m–2 d) created the eastward flow throughout the whole water column from  
15 until 20 June 2009. The estimated displacement of the centre of downwelling front 
from the coast was calculated according to Austin and Lenz (2002) and was 
approximately 11 km. The displacement of the upwelling-associated front was 
calculated using a non-linear model with impulsively exerted wind stress introduced by 
Csanady (1977). The result obtained from the data gave the outcrop of pycnocline 
(position of the front center) approximately 10 km and 6 km from the coast for the 
upwelling event of 21–30 June and 14–24 May, respectively. According to 
measurements made by Lips et al. (2009), the cross-shore upwelling front in the surface 
layer may extend more than 30 km off-shore in the southern part of the Gulf. Very 
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intense upwelling events were also seen from satellite data during different years in the 
Gulf of Finland (Uiboupin and Laanemets 2009). 

The upwelling/downwelling jet width is scaled by a few baroclinic Rossby 
deformation radii, which for the Gulf of Finland is about 2–4 km (Alenius et al. 2003); 
therefore, the width of the jet is expected to be around 10 km, what coincides well with 
our calculations and earlier observations made by Laanemets et al. (2005).  

Wind forcing also plays an important role in modifications of estuarine circulation in 
the Gulf. Elken et al. (2003) concluded that northeasterly and northerly winds support 
estuarine circulation, while stronger southwesterly wind forcing causes the reversal of 
estuarine circulation in the Gulf (the surface layer flows into the estuary and the deep 
layer flows out). During the earlier observations based on velocity measurements  
(Liblik and Lips 2012) and  CTD measurements together with model simulations (Elken 
et al. 2003), the estuarine circulation reversal events were examined in the summer 
period. In this study we analysed well-developed reversals of estuarine circulation 
(Paper IV, V) observed in two winter periods (2011/12 Fig. 8 and 2013/14 Fig.9) using 
bottom-mounted ADCP data at locations RE20, RW21 and R25 (see Fig. 1) 
complemented with CTD and oxygen, wind and nutrient data. The estuarine circulation 
reversals as a response to the strong southwesterly wind impulses lasted from 0.5 to 
1.5 month. The cumulative wind stress for the 1.5-month long reversal event was 
approximately 11 N m–2 d while for the shorter period reversals, the cumulative wind 
stress was much weaker – 2 N m–2 d. Westerly winds, which cause reversal events, are 
positively correlated with the NAO (North Atlantic Oscillation) index in the Baltic Sea 
region. The historical wind and NAO index data analysis showed that the 1.5-month 
long, strong reversal events are rather extraordinary and do not occur every winter. 
Though, stratification collapse events have become more frequent in recent decades 
(Elken et al. 2014). Shorter reversal events and consequent temporary weakening of 
the halocline are common and occur every year.  
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Figure 8. (a) Temporal course of vertical distribution of low-pass filtered along-gulf current 
velocity component (u) and (c) cross-gulf current velocity component (v) in cm s−1 at the location 
of mooring station A3/RW21 from 21 December 2011 to 9 May 2012. Positive velocities (red) 
display the inflow into the Gulf or northward flow, and negative velocities (blue) display the 
opposite flow, respectively. (b) Temporal course of along-gulf current velocity component (u) at 
the depth of 85 m. The shaded areas mark the time intervals when developed estuarine 
circulation reversals were observed at location A3/RW21. 
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Figure 9. (a) Time series of along-gulf component of wind stress (black curve, positive eastward) 
and cumulative along-gulf wind stress (red curve) based on wind data from 1 November 2013 to  
9 May 2014 at Tallinnamadal Lighthouse in the Gulf of Finland. Time series of vertical distribution 
of low-pass filtered (b) along-thalweg and (c) cross-thalweg current velocity component at station 
A6/R25 from 9 December 2013 to 6 May 2014 and (d) along-coast and (e) cross-coast current 
velocity component at station C25 from 9 December 2013 to 28 April 2014. Positive values (red) 
display the inflow to the Gulf for the along-gulf component and north-northwestward flow for the 
cross-gulf (cross-coast) component. 
 

Barotropic flow regimes were observed during the winter-spring 2013/14 and it can 
be divided into two periods: from 9 December 2013 until 10 January 2014 and from  
11 January until 31 January (Fig. 9). Within the first period, the formed barotropic flow 
consisted first of an outflow (up-wind flow) in the central Gulf and an inflow  
(down-wind flow) along the coasts, which is similar to the wind-driven circulation in the 
lakes (Bennet 1974; Winant et al. 2014). Thus, the barotropic inflow along the coast 
should create simultaneous upwind barotropic flow along the thalweg, which is 
common for the semi-enclosed homogeneous basins (Sanay and Valle-Levinson 2005). 
During the second period, when wind weakened and changed direction from the 
southwest to the east, the barotropic inflow occurred in the central Gulf and outflow 
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along the coast (Paper V) (Fig. 9); this flow pattern is similar to the weakly stratified 
estuarine dynamics (Burchard et al. 2011). Highest values of inflow/outflow events 
were recorded mainly in the deep layers below the 70 m depth during the alternation 
of estuarine and reverse circulation. Current speed maxima recorded during this events 
were 58.5 cm s-1 for outflow case and 38.3 cm s-1 for inflow case. In the coastal area, 
the current speed maximum in the near-bottom layer was 35.9 cm s-1 during the first 
period  and 23.6 cm s-1 during the second period.  

Flow in the coastal area was mostly two-layer in summer 2009, with stronger 
currents in the upper 15 m layer (Paper II). A pronounced up-wind current event below 
the seasonal thermocline occurred during the easterly winds in the first half of June 
2009. Westward winds raised the sea level on the northern coast and dropped on the 
southern coast of the Gulf creating the downwind jet-like currents at both coasts and 
upwind flow in the central area of the Gulf (Paper II). Such an upwind flow is common 
for the elongated basins and estuaries (e.g., Csanady 1973). 
 

3.5 Influence of the deep layer current dynamics on biogeochemistry 
 
The Baltic Sea has one of the largest hypoxic areas in the world that has been 
systematically observed over the decades (Diaz 2001; Diaz and Rosenberg 2008). 
Salinity stratification in the Baltic Sea (Lepäranta and Myrberg 2009) prevents the direct 
ventilation of the deep layers below the quasi-permanent halocline. Replenishment of 
the oxygen conditions in the deep water of the Baltic Proper mainly occurs by 
spreading of oxygen-rich, dense waters of saline inflow events from the North Sea 
(Matthäus and Franck 1992). The Gulf of Finland receives its sub-halocline water from 
the northern Baltic Proper (Liblik et al. 2018). 

Winter measurements 2011/2012 (Paper IV) and 2013/2014 (Paper V) showed that 
oxygen concentration in the near-bottom layer is highly influenced by the alternation 
between the stratified and mixed conditions. Present study showed that the reversal 
events during winter destroy stratification and temporary improve the near-bottom 
oxygen conditions (Fig. 10). The deep layer along the thalweg in the western and 
central part of the Gulf had an average oxygen concentration of 11.7 mg l–1 during the 
largest reversal event in December 2011. This reversal event created favourable 
conditions for complete mixing of the water column. At the easternmost stations, the 
water was completely mixed even at the end of January, while in the western and 
central part of the Gulf, the hypoxic conditions were already again well developed.  
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Figure 10. Vertical sections of temperature, salinity (in PSS-78 scale), density anomaly, and 
dissolved oxygen concentration on 9–10 December 2013 and 9–10 January, 3–4 February,  
4–5 March, 3–4 April and 5–6 May 2014 along the thalweg of the Gulf of Finland from station A1 
to station A12 (see Fig. 1, Paper V). Colour scales are shown in the lower panels. A black bold 
contour line (panels in the right column) marks the dissolved oxygen concentration of 2.9 mg l–1 
(threshold concentration for hypoxia). Concentrations of PO4–3 and NOx are indicated as black 
dots and concentrations of NH4+ as red dots varying in size; scales are shown in the upper panels. 
Note that concentrations of NH4+ were not measured on 9–10 December 2013. Values on the  
x-axis indicate the distance from the westernmost station A1. 
 

The re-establishment of strong haline stratification and hypoxia may occur very 
rapidly after the reversal events at the western end of the Gulf, within 12 h (Paper IV). 
A strong link between dynamics of saltwater wedge intrusion to the Gulf and 
disappearance of oxygen in the near-bottom layer was found for winter 2013/2014 
using linear regression between salinity and oxygen (r2=0.86) (Fig. 11). As a result of 
saltwater wedge intrusion, hypoxic conditions were observed approximately 130 km 
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eastward from the western border of the Gulf in March and May 2012 (Paper IV).  
The saltwater wedge had even larger horizontal (~170 km) and vertical extent, resulting 
in hypoxic conditions at a depth of about 60 m in May 2014 (Fig. 10). The hypoxic area 
formed by May 2014 was estimated as large as 2620 km2 and oxygen depletion below 
the 60–70 m depth remained in the Gulf until the beginning of November 2014 (Paper V). 
Unusually to the most estuarine marine systems (where deep layer circulation brings 
water with higher oxygen concentrations from open sea/ocean to estuary), the 
intensification of estuarine circulation transports hypoxic water from the deeper  
sub-halocline layers of the Northern Baltic Proper into the Gulf. A similar estuarine 
process was found by Gilbert et al. (2005) in St. Lawrence estuary. 

The increase of hypoxic conditions enhances phosphorus release from the sediment 
and decreases nitrogen removal (Vahtera et al. 2007; Tamminen and Andersen 2007). 
The high correlation (r2=0.83) between oxygen and phosphate concentration (Fig. 11) 
and between salinity and oxygen indicated that the movement of hypoxic saltwater 
wedge had high influence on the phosphorus level in the near-bottom layer of the Gulf 
(Paper V). However, the long-term measurements during the period 1992–2014 at the 
depth of 70 m indicated that the concentrations of the phosphate were markedly 
higher in the Gulf than in the Northern Baltic Proper (Lehtoranta et al. 2017). This 
indicates that the bottom of the Gulf continues to consume oxygen and releases 
additional phosphorus into the water that comes from the Northern Baltic Proper 
(Lehtoranta et al. 2017). Taking into account that during winter periods the reversal of 
estuarine circulation could temporarily lead to intensive vertical mixing (Elken et al. 
2014; Paper IV, V), the phosphorus released from the sediment will be transported to 
the upper layers (Paper V). Lehtoranta et al. (2017) found that the major locations for 
delivering the phosphorus released from the sediment and import to the surface layer 
during winter mixing are the shallower, eastern and central areas of the Gulf. Increased 
phosphorus concentration in the water column will stimulate primary production and 
probability of occurrence of cyanobacteria blooms, which leads to even higher 
depletion of oxygen (Pitkänen et al. 2001; Vahtera et al. 2007). The surveys along the 
thalweg (Paper V) revealed that NOx concentrations were related to the extent of the 
hypoxic saltwater wedge (Fig. 10). NOx concentrations were very low in the hypoxic 
water and were highest in the eastern part of the Gulf and the water column above  
75 m in the well-oxygenated areas. In addition, Jäntti and Hietanen (2012) found that in 
hypoxic conditions, the nitrogen instead of being removed from the system is recycled 
into a bioavailable form, which intensifies eutrophication. Therefore, the lateral 
transport of the salt wedge in conjunction with increased frequency of complete 
vertical mixing events (Elken et al. 2014) have a major impact on the environmental 
conditions in the Gulf.  
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Figure 11. (a) Near-bottom oxygen concentration versus salinity (in PSS-78 scale) and  
(b) near-bottom phosphate concentration versus salinity with corresponding linear regression 
lines based on the measurements at stations A1–A12 (see Fig. 1, Paper V) in the Gulf of Finland 
during six surveys from December 2013 to May 2014. 
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4 Conclusions 
 
The main aim of the present work was to improve the knowledge on the variability of 
the vertical structure of currents in the Gulf of Finland and relate it to the wind forcing 
and stratification conditions. Influence of current dynamics to the biogeochemical fields 
in the deep layer of the Gulf was analysed as well. There is a lack of current-
measurement time-series in the Gulf of Finland, particularly in the deeper part of the 
water column. The present thesis is the first rigorous investigation that deals with the 
vertical structure of currents through both pycnoclines in the Gulf of Finland. The main 
data source of the thesis was 11 time-series of acoustic current measurements in  
2009-2014, which were supported by thermohaline structure and wind measurements. 
The obtained results showed that a strong interplay between the currents and 
stratification exists in the Gulf, resulting in the different vertical structure of the 
currents depending on the season and wind forcing.  
The main results of the present thesis can be summarized as follows: 

• General mean cyclonic circulation occurs in the upper layer in the Gulf, but 
local loops in the mean circulation might exist as suggested by recent 
modelling studies.  

• Mean vertical current structure at the thalweg revealed typical estuarine 
circulation in summers when wind forcing was similar to the climatic average – 
westward current (outflow from the Gulf) in the upper layer and eastward 
flow (inflow to the Gulf) below the seasonal thermocline. Reversed mean 
vertical flow structure (inflow in the upper layer, outflow in the deep layer) 
was revealed in summers when airflow from the southwest was stronger than 
the climatic average.  

• The mean current speed of all time-series was in the range of 9–12 cm s–1 in 
the upper layer and below 70 m depth. The flow was weaker in the 
intermediate layer.  

• One-, two- or three-layer current structure might occur in the Gulf of Finland, 
realization of the regime depends on the presence of pycnoclines. Pycnoclines 
determine the vertical locations of current shear maxima and separation of the 
layers with different kinetic energy spectra of currents. 

• Estuarine circulation reverses and the halocline weakens during strong 
westerly-southwesterly wind events. In extreme cases, this process led to the 
collapse of vertical stratification during winters and the creation of the 
barotropic flow system, consisting of the mean upwind flow in the central, 
deep area of the Gulf and opposite flow near the southern coast. 

• Strong reversal events that destroy stratification for weeks are rather 
extraordinary and do not occur every winter. Shorter reversal events and 
consequent temporary weakening of the halocline are common in the Gulf. 

• The energy maxima of current oscillations occurred at a broad semi-diurnal 
frequency band, broad diurnal frequency band and/or low-frequency seiches 
band. The frequency composition differed between the seasons as well as 
between the layers. 

• The kinetic energy spectra of currents in the periods of strong wind forcing and 
weak stratification were dominated by current oscillations coinciding with 
different modes of seiches.  
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• During the periods of the two- or three-layer mean flow, also inertial 
oscillations and probably tides contribute remarkably to the kinetic energy 
spectrum. In summer, the inertial oscillations were dominating in the upper 
layer from the surface to either the thermocline or the halocline. 

• Reversal events cause movement of the hypoxic salt wedge out from the Gulf. 
Complete mixing of the water column and saturated oxygen conditions occur 
in the deep layer during strong reversal and consequent stratification collapse 
events. 

• Hypoxic salt wedge intrusion extending up to 170 km eastward from the 
entrance of the Gulf was observed during recurrence of estuarine circulation in 
the Gulf.  

• The hypoxic salt wedge water had high phosphate and very low nitrate/nitrite 
concentrations. Wind-driven circulation modifications in the deep layer cause 
remarkable fluxes of nutrients between the Gulf of Finland and Northern Baltic 
Proper.    
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Abstract 
Structure and variability of currents in the stratified Gulf of 
Finland 
The Gulf of Finland is an elongated stratified estuary in the brackish Baltic Sea. Currents 
are sensitive to wind and play important role in shaping the physical, biogeochemical 
and biological conditions in the Gulf. The main aim of the present work was to relate 
observed variability in the vertical structure of currents in various time-scales to the 
wind forcing and stratification conditions in the Gulf. Secondly, influence of current 
dynamics on the selected key biogeochemical variables in the deep layer of the Gulf 
was investigated. 

The present work, based on data of 11 ADCP deployments, supports earlier 
modelling studies, which have suggested that local loops in the mean circulation might 
exist while the basin-wide residual circulation is cyclonic in the upper layer. The mean 
current speed was in the range of 9-12 cm s-1 in the upper layer and below 70 m depth; 
flow was weaker in the intermediate layer. Mean vertical current structure at the 
thalweg revealed that if airflow from south-west was stronger than the climatic average 
an ordinary estuarine circulation could be reversed. During the winter period, in 
extreme cases, strong estuarine circulation reversals led to the vanishing of vertical 
stratification and creation of the barotropic flow system consisting of an outflow in the 
open part and inflow along the coast.  

The current shear maxima were strongly linked to the seasonal thermocline and 
halocline. Thus, depending on the presence of the pycnoclines one-, two- or three-layer 
current structure might occur in the Gulf of Finland. The kinetic energy spectra revealed 
the energy maxima at a broad semi-diurnal frequency band, broad diurnal frequency 
band and low-frequency seiches band. During the period of weak stratification and 
strong wind forcing, different modes of seiches prevailed in spectra. In cases of two- or 
three- layer flow, the inertial oscillations were dominating from the surface to either 
thermocline or halocline. Likewise, tides contributed to the kinetic energy of current 
oscillations during the periods of stratified water column.  

The estuarine circulation and associated saltwater wedge intrusion from the Baltic 
Proper strengthened the vertical stratification and increased remarkably the amount of 
hypoxic water in the Gulf. The hypoxic saltwater wedge had high phosphate and low 
nitrate/nitrite concentrations, creating remarkable fluxes of nutrients from the 
Northern Baltic Proper to the Gulf. Estuarine circulation reversal events caused 
movement of the hypoxic saltwater wedge out from the Gulf. Thus, wind-driven 
circulation modifications in the deep layer have strong impact on biogeochemical 
variables in the Gulf. 
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Lühikokkuvõte 
Hoovuste muutlikkus ja struktuur stratifitseeritud Soome 
lahes 
Soome laht on välja venitatud, stratifitseeritud estuaar riimveelises Läänemeres. Soome 
lahe hoovused on tundlikud tuule mõjule ning mängivad olulist rolli füüsikaliste, 
biogeokeemiliste ja bioloogiliste tingimuste kujundamisel. Käesoleva uuringu peamiseks 
eesmärgiks oli seostada hoovuste vertikaalse struktuuri muutlikkus erinevates 
ajamastaapides tuule mõju ning stratifikatsiooni tingimustega lahes. Teiseks, uuriti 
hoovuste dünaamika mõju biogeokeemiliste parameetritele põhjalähedastes kihtides.  

Käesolev töö, mis põhineb 11 ADCP mõõtmise aegreal, toetab varasemaid 
modelleerimisuuringuid, mis on näidanud, et ülemise kihi keskmises tsirkulatsioonis 
võivad esineda väiksemad tsirkulatsioonipesad, samas kui basseini üldine 
jääktsirkulatsioon on tsüklonaalne. Keskmine hoovuse kiirus ülemises kihis ja allpool  
70 m sügavust oli vahemikus 9-12 cm s-1; aeglasemad kiirused esinesid vahekihis. 
Hoovuste keskmine vertikaalne struktuur voolunõval näitas, et kui õhuvool edelast oli 
tugevam kui klimaatiline keskmine, siis tavaline estuaarne tsirkulatsioon võis olla 
ümberpööratud. Erakordsetel juhtudel talvel võib tugev estuaarse tsirkulatsiooni 
ümberpöördumine viia vertikaalse stratifikatsiooni kaoni ja tekitada barotroopse 
hoovuste süsteemi, mis koosneb väljavoolust lahe keskosas ja sissevoolust piki 
rannikuid.  

Hoovuse kiiruse nihke maksimumid olid tihedalt seotud sesoonse termokliini ja 
halokliiniga. Sõltuvalt püknokliinide olemasolust võib Soome lahes esineda ühe-, kahe- 
või kolmekihiline voolamise struktuur. Hoovuste kineetilise energia spektrite 
maksimumid esinesid perioodidel pool ööpäeva ja ööpäev ning madalsageduslike 
seiššide perioodidel. Nõrga stratifikatsiooni ja tugeva tuule korral prevaleerisid spektris 
erinevate perioodidega seišid. Kahe- või kolmekihilise hoovuse struktuuri puhul 
domineerisid inertsvõnkumised veesamba ülemisest kihist kuni termokliini või 
halokliini sügavuseni. Stratifitseeritud perioodidel panustasid hoovuste kineetilisse 
spektrisse ka looded. 

Estuaarne tsirkulatsioon ja sellega seotud soolase vee kiilu tungimine  
Ava-Läänemerest Soome lahte tugevdas stratifikatsiooni ja suurendas hüpoksilise vee 
kogust lahes märkamisväärselt. Hüpoksilise ja soolase vee kiil oli fosforirikas ja 
nitraatide/nitrititevaene. Ümberpööratud estuaarse tsirkulatsiooni sündmused 
põhjustasid hüpoksilise soolase vee kiilu välja surumise lahest. Seega tuule poolt 
tekitatud tsirkulatsiooni muutused omavad olulist mõju biogeokeemilistele 
parameetritele Soome lahe süvakihtides.  
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Paper I 
Suhhova, I., Liblik, T., Lilover, M.-J. and Lips, U. 2018. A descriptive analysis of the 

linkage between the vertical stratification and current oscillations in the Gulf 
of Finland. Boreal Env. Res. 23: 83–103. 
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Paper II 
Suhhova, I., Pavelson, J. and Lagemaa, P. 2015. Variability of currents over the southern 

slope of the Gulf of Finland. Oceanologia, 57, 132–143.  
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GHFZGF�sM[ZJUWHMZ��PUZW�Xc�R�UZJ�HZtWHW[WHMZÛ�PFtFUPGq�r[ZJHZ_��mRXn��Mr�WqF�	tWMZHUZ�xHZHtWP\Mr� 	J[GUWHMZ� UZJ� �FtFUPGqz�� �MPPFtVMZJHZ_� U[WqMP� UW�� xUPHZF� 
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Paper III 
Lilover, M.-J., Elken, J., Suhhova, I., Liblik, T. 2017. Observed flow variability along the 

thalweg, and on the coastal slopes of the Gulf of Finland, Baltic Sea. 
Estuarine Coastal and Shelf Science, 195, 23–33.  
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Paper IV 
Liblik, T., Laanemets, J., Raudsepp, U., Elken, J., Suhhova, I. 2013. Estuarine circulation 

reversals and related rapid changes in winter near-bottom oxygen conditions 
in the Gulf of Finland. Baltic Sea. Ocean Science, 9, 917–930. 
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Paper V 
Lips, U., Laanemets, J., Lips, I., Liblik, T., Suhhova, I., Suursaar, Ü. 2017. Wind-driven 

residual circulation and related oxygen and nutrient dynamics in the Gulf of 
Finland (Baltic Sea) in winter. Estuarine Coastal and Shelf Science, 195, 4–15.  
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