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INTRODUCTION 
 
The Baltic Sea is a semi-enclosed and brackish sea consisting of several sub-
basins, including the Gulf of Riga which is connected to the open Baltic Sea 
through two shallow straits – Irbe Strait and Suur Strait. Thus, the thermohaline 
structure and internal dynamics of the basins are of great importance for the 
biogeochemical processes responsible for the ecosystem functioning in the 
Baltic Sea and its sub-basins. 

The present knowledge about the characteristics of the thermohaline 
structure of the Gulf of Riga is based on the previous studies which mostly 
cover the period until mid-nineties. Although the main principles are well 
known, there is still a gap of knowledge regarding the hydrography and 
thermohaline dynamics of the gulf. The whole-basin circulation patterns in the 
Gulf of Riga have not been studied yet, and the existence and characteristics of 
these circulation patterns have been suggested or predicted based on a few 
available case studies. Similarly as with the whole-basin circulation patterns, 
there is a gap of knowledge regarding the mesoscale features and variability to 
which a proper attention has not been devoted before. Moreover, the variability 
of the thermohaline characteristics during the last 20 years has not been 
described although the regular monitoring has been in place in the gulf.  

In this thesis, the thermohaline structure was described on both the long-term 
and short-term scale using the available CTD (conductivity, temperature, depth) 
profiles collected during research and monitoring cruises since 1993 and by an 
autonomous buoy profiler in summer 2015. Numerical models nowadays 
provide a valuable tool to study different processes with high-resolution in cases 
where spatial and temporal distribution of observations is not sufficient to come 
up with meaningful analysis and conclusions. Such a model approach was also 
used in the present thesis to study the main circulation patterns as well as 
characteristics of the mesoscale features in the Gulf of Riga. 

The main scientific questions studied in the present Ph.D. thesis were related 
to the hydrography of the Gulf of Riga during a period of 20 years – 
characteristics and variability of the vertical thermohaline structure, whole-
basin circulation and mesoscale features. The main results include the 
significant influence of river runoff in spring to the stratification strength in 
summer (August); the change of the whole-basin circulation pattern from 
cyclonic in the cold period of the year to anticyclonic in the summer; the 
existence of well detectable sub-surface salinity intrusions and mesoscale 
features like meanders and eddies related to the Daugava River plume and 
thermohaline circulation. 
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1. BACKGROUND 
 
1.1 Knowledge on the Gulf of Riga hydrography 
 
The Gulf of Riga is an almost regularly shaped basin in the eastern part of the 
Baltic Sea with the surface area of approximately 17913 km2 and volume of 405 
km3 (Leppäranta and Myrberg 2009). It is rather isolated from the open Baltic 
Sea as it has two shallow straits – the Irbe Strait (sill depth of 25 m and cross-
section of 0.4 km2) in the western part and the Suur Strait (sill depth of 5 m and 
cross-section of 0.04 km2) in the northern part of the gulf (Berzinsh 1995). The 
majority (70-80%) of the water exchange occurs via the Irbe Strait (Petrov 
1979). The mean depth of the Gulf of Riga is 26 m which is about two times 
less than in the Baltic Sea. The deepest regions (depth reaches 56 m) of the gulf 
are located near the Ruhnu Island but the deepest spot in the whole Gulf of Riga 
reaches 66 m (Stiebrins and Väling 1996). 

The overall hydrography of the gulf during 1920-1990 was thoroughly 
described by Berzinsh (1995). Several studies have been performed on the 
shorter time scales describing, for example, stratification characteristics (Stipa 
et al. 1999), hydrographic structures and characteristics in specific years (Lips 
et al. 1995; Kõuts and Håkansson 1995) or inter-annual and seasonal variations 
of temperature and salinity (Berzinsh 1980; Raudsepp 2001). 

The catchment area of the Gulf of Riga consists of 134000 km2 and there 
are five major rivers discharging into the gulf – Daugava, Lielupe, Gauja, Pärnu 
and Salaca with approximately 86% of all river runoff discharging into the 
southern part of the gulf (Berzinsh 1995). Annual mean runoff to the gulf in 
1950-2012 has been stated as 1013.5 m3 s-1 (Kronsell and Andersson 2014). In 
addition to the substantial amount of freshwater from rivers, precipitation 
exceeds evaporation by 82 m3 s-1 (379.4 and 297.4 m3 s-1, respectively) based on 
the data from 1981-1994 (Omstedt et al. 1997). Due to the specific distribution 
of the freshwater inputs and limited water exchange through the shallow straits, 
the surface water salinity decrease from the Irbe Strait (6.0 PSU – units 
according to the Practical Salinity Scale 1978) to the southern part of the gulf 
(2.0 PSU) close to the mouth of Daugava and Lielupe exists (see e.g. Berzinsh 
1980; Berzinsh 1995; Stipa et al. 1999). A slight surface salinity difference 
(about 1.0-1.5 PSU) has also been acknowledged across the gulf from west 
(saltier) to east (fresher) in April (Stipa et al. 1999) as spring is the season when 
river discharge is at its maximum in the Gulf of Riga. Regarding the long-term 
salinity trends in the Gulf of Riga two periods with opposite tendencies have 
been detected – from the beginning of the 1960s till 1977 average salinity 
increased (average rate of 0.035 PSU per year), whereas, from 1977 till the 
early 1990s salinity decreased (0.041 PSU per year). It has been suggested that 
these changes were mainly related to the dynamics of long-term river runoff. 
Raudsepp (2001) concluded that the corresponding decline of salinity was 
observed in the whole water column as well. 
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Water temperature in the Gulf of Riga has a seasonal pattern with cooling 
phases occurring during September-October (starting from surface layers) and 
November-February (whole water column) and warming phases in spring-
summer with the maximum surface layer temperature in August (Berzinsh 
1995). Seasonal changes in thermal stratification are consistent with the annual 
cycle of air-sea heat exchange (Raudsepp 2001). Due to this cycle, the whole 
water column in the Gulf of Riga is thermally well mixed during December-
March, whereas, seasonal thermocline starts to develop in April with the 
strongest stratification observed in August (see e.g. Stipa et al. 1999; Raudsepp 
2001). Based on the remote sensing data from 1990-2008, an increase in the sea 
surface temperature (SST) of about 0.8-1.0 °C per decade was indicated in the 
Gulf of Riga. The temperature increase was similar or slightly higher only in 
two other basins of the Baltic Sea – the Gulf of Finland and Bothnian Bay 
(BACC 2015). 

Since the Irbe Strait has a vital role in the water exchange between the gulf 
and the Baltic Proper it has been a center of attention in different studies 
describing, for example, the flow regime (Lilover et al. 1998; Laanearu et al. 
2000), water exchange and its volumes (Kõuts and Håkansson 1995; Otsmann 
et al. 1997; Raudsepp 2001) or hydrographic structures and characteristics (Lips 
et al. 1995) in it. More recently the numerical models have been used to study 
the Daugava River plume dynamics in the southern part of the Gulf of Riga 
(Soosaar et al. 2014; Soosaar et al. 2016) which is heavily affected by the 
freshwater discharge. 

The general circulation in the surface layers of the Baltic Sea and its main 
basins has a cyclonic pattern (Leppäranta and Myrberg 2009), although, a 
possible anticyclonic circulation pattern has been suggested in the Gulf of Riga 
in summer based on salinity measurements (Lips et al. 1995). Circulation in the 
deep layers of the Gulf of Riga is different from that observed in the Baltic Sea 
as the gulf is rather isolated from the open part of the Baltic Sea and water 
masses from the lower layer of the Baltic Sea cannot enter the gulf through the 
Irbe Strait. Instead, waters from the surface layer of the Baltic Sea enter the gulf 
and penetrate into the lower layer of the Gulf of Riga due to the increased 
salinity and corresponding density if compared to the ambient water in the gulf. 
More saline and dense waters flow further in the Gulf of Riga deep layers along 
the western coast (Lilover et al. 1998) suggesting that cyclonic circulation could 
be evident in the deep layers as well. Whole-basin circulation patterns in the 
Gulf of Riga have also been studied based on the basin-scale topographic wave 
analysis (Raudsepp et al. 2003). 

The knowledge of mesoscale processes and features in the Gulf of Riga is 
rather limited. Karimova (2012) reported of eddies in the Gulf of Riga captured 
by the satellite radar data in 2009-2010. To study the dynamics in the Irbe Strait 
a model experiment was carried out by Raudsepp and Elken (1999) although the 
authors concluded that the resolution of the model was not good enough to 
reproduce the mesoscale variability. Nevertheless, the mesoscale features in the 
Baltic Sea have been studied since the 1970s with the start of CTD 
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measurements at a high enough resolution (Aitsam and Elken 1982). Since then 
many mesoscale features have been described throughout the Baltic Sea e.g. 
intrapycnocline anticyclonic lenses, sub-surface cyclonic eddies or surface layer 
cyclonic and anticyclonic eddies (Reißmann 2005, 2006). These mesoscale 
features have been found in many parts of the Baltic Sea like the Eastern 
Gotland Basin (e.g. Elken 1996; Zhurbas and Paka 1997), Bornholm Basin and 
Słupsk Furrow (Piechura 2007), Arkona Basin (Lass and Mohrholz 2003) and 
Gulf of Finland (Zhurbas et al. 2008; Laanemets et al. 2011). More detailed 
insight and a list of numerous studies regarding the mesoscale eddies in the 
Baltic Sea region can be found in an overview by Leppäranta and Myrberg 
(2009). 
 
1.2 Motivation and objectives 
 
Changes in temperature, salinity and corresponding variations in density 
together with the main circulation patterns and mesoscale dynamics are factors 
of great importance influencing the hydrography of the Gulf of Riga and 
consequently having a potential to affect the whole ecosystem of the gulf. For 
example, it has been reported that the temperature increase would affect the 
phytoplankton community in the Gulf of Riga suggesting a shift from 
dinoflagellates to chlorophytes in summer (Jurgensone et al. 2011). The 
reduction in salinity has had negative consequences for most of the benthic 
invertebrate species referring to their salinity tolerance (Kotta et al. 2009). In 
general, the dynamics of zooplankton, zoobenthos, and fish in the Gulf of Riga 
primarily relies on climatic conditions. 

The general motivation of the thesis is to improve the present knowledge of 
the Gulf of Riga in different time scales. The collected CTD dataset over 20 
years was used and analyzed to link the long-term and inter-annual changes to 
different forcing factors in order to characterize the thermohaline structure, 
compare it to the previously observed results and describe the present state of 
the Gulf of Riga. The CTD profiles with high temporal resolution gave an 
opportunity to look into details of the vertical thermohaline structure in summer 
and to determine the main factors influencing it. Finally, numerical experiments 
revealed the main whole-basin circulation patterns which were linked to the 
observation data and the simulated mesoscale features allowed to understand the 
dynamics related to the freshwater discharge in the southern part of the gulf. 

In comparison to the earlier studies about the hydrographic conditions in the 
Gulf of Riga (e.g. Berzinsh 1995; Stipa et al. 1999; Raudsepp 2001 etc.), the 
present work also includes the years after mid-nineties. The collected dataset is 
a valuable source to characterize the overall thermohaline structure and its 
features as well as describe the changes in the Gulf of Riga over the last two 
decades. 

The main objectives of the study are: 
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 to describe the vertical structure of salinity, temperature and density in the 
Gulf of Riga in summer (May-August) based on the CTD data collected in 
1993-2012;  

 to relate the inter-annual variations of salinity, temperature, density and 
stratification strength to the atmospheric forcing (Baltic Sea Index - BSI) 
and river runoff; 

 to describe the main circulation patterns and their governing factors in the 
Gulf of Riga using numerical experiments; 

 to describe the freshwater transport pathways in the gulf; 
 to characterize mesoscale features in the Gulf of Riga, including their scales 

and occurrence associated with the Daugava River plume and main 
currents; 

 to show the dynamics of vertical thermohaline structure in the Gulf of Riga 
using high-resolution autonomous profiler; 

 to reveal the possible mechanisms and origin of the sub-surface salinity 
intrusions observed in the Gulf of Riga in summer; 

 to suggest the possible future changes in the vertical thermohaline structure 
due to the climate change and their consequences. 
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2. MATERIAL AND METHODS 
 
2.1 Observational data and calculations 
 
Present thesis analyzed the CTD data collected in 1993-2015 during various 
monitoring programs and research projects conducted by Latvian Institute of 
Aquatic Ecology, Marine Systems Institute at Tallinn University of Technology 
and Institute of Food Safety, Animal Health and Environment (Latvia) and their 
predecessors. Vertical profiles of different parameters were acquired with 
multiple CTD profilers – AROP 500, SBE 19plus SeaCAT, SBE 19 SeaCAT, 
Neil Brown Mark III, Idronaut OS316plus and Idronaut OS320plus. 

The CTD profiles used in the thesis can be divided into three sub-sets: 
 profiles collected onboard different research vessels throughout the Gulf of 

Riga (Paper I); in total 3558 CTD casts were processed and 863 CTD casts 
were used from the period of May-August, 1993-2012; the Gulf of Riga 
borders were set along 58°N latitude and 22.6°E longitude and only stations 
with depth > 20 m were used (Fig. 1); 

 profiles collected by an autonomous vertical profiler (12 h profiling 
interval) in the western part of the Gulf of Riga (Paper IV); in total 202 
CTD casts were processed and used from the period of May-September, 
2015 (Fig. 1); 

 profiles collected throughout the Gulf of Riga from May to August 2012 
were used to compare and validate the model output regarding the vertical 
distribution of temperature and salinity (Paper II). 

CTD profiles were processed and analyzed with the vertical resolution of 0.5 
m (constant for all profiles). The salinity values were expressed as absolute 
salinity (g kg-1) and derived from CTD measured salinity values (on Practical 
Salinity Scale) following TEOS-10 (Thermodynamic Equation Of Seawater - 
2010) guidelines and Feistel et al. (2010). Density values were expressed as 
density anomaly in kg m-3 (Paper I) and as potential density anomaly (a 
reference pressure of 0 dbar was used; σ0; kg m-3, Paper IV). 

Mean values of studied CTD parameters in May-August, 1993-2012 were 
estimated as simple arithmetic means of every month in each year. These values 
were further used to obtain the monthly mean values for the whole research 
period of 1993-2012, from which finally one mean value was derived for each 
parameter. For a more detailed analysis, only data from May and August with 
the number of CTD casts equal or exceeding 5 casts with acceptable spatial 
distribution were used. The estimates of the upper mixed layer (UML) from 
August 1993, 1994 and 2008 should be regarded with caution regarding the 
mean conditions in the gulf because the spatial distribution of the stations in 
these years was not homogeneous - in 1993 and 1994 the data only from the 
northern and northwestern part and in 2008 only from the southern part of the 
Gulf of Riga were available. The same principle applies to the deep layer (DL) 
results from May 1993 with stations available only in the northwestern part 
(Paper I). 
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The correlation coefficient r and only significant correlations (p<0.05) are 
provided throughout the thesis. In order to analyze the dynamics of various 
parameters in different parts of the Gulf of Riga ten “main” stations (102A, 135, 
142, 111, 119, 120, 121, 137A, 121A, 107) were chosen determined by the data 
availability (Fig. 1). 

In addition, the following data sets were used in the thesis: 
 monthly mean flow rates (m3 s-1) of four biggest rivers in Latvia discharging 

into the Gulf of Riga – Daugava, Gauja, Lielupe and Salaca (Paper I); 
 wind data from Sõrve, Ruhnu, Kihnu and Pärnu meteorological stations 

(Papers I, IV); 
 monthly-averaged Baltic Sea Index (BSI), which is the difference of 

normalized sea level pressures between Szczecin in Poland and Oslo in 
Norway (Lehmann et al. 2002); values provided by Andreas Lehmann 
(Paper I); 

 temperature and salinity data from thermosalinograph (SBE45 MicroTSG, 
Sea-Bird Electronics; included in the flow-through system) installed on 
board the RV “Salme” (Paper IV); 

 HELCOM data (http://ocean.ices.dk/helcom, 25 February 2016) was used to 
evaluate the occurrence of the sub-surface salinity maxima in the past 
(Paper IV); 

 coastal temperature measurements at Ruhnu, Häädemeeste, and 
Roomassaare (Paper IV); 

 the level 3 SST (sea surface temperature) product over European Seas by 
Copernicus Marine Environment Monitoring Service 
(http://marine.copernicus.eu/) (Paper IV). 
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Figure 1. Bathymetric map of the Gulf of Riga with CTD cast locations indicated with 
black dots (all stations) and white dots (10 main stations with station labels). Yellow 
rectangle shows the location of the autonomous vertical profiler (buoy station). 
 

In order to characterize the vertical thermohaline structure in the Gulf of 
Riga the subsequent parameters were defined or calculated: 
 the UML depth which also marks the start of the thermocline (Papers I, IV); 
 the UML and deep layer (DL) temperature, salinity and density, as well as 

their differences between the DL and UML (Paper I); 
 relative contributions of temperature (STT) and salinity (STS) to the vertical 

stability (ST) of the water column and UML (Paper IV); 
 intrusion index (I) was calculated in order to estimate the intensity of 

interleaving (Paper IV). 
The exact calculation process of the respective parameters is provided in 

material and methods section in Papers I and IV, respectively. 
 

2.2 Model setup and numerical experiments 
 

To simulate hydrodynamics of the Gulf of Riga the Princeton Ocean Model, 
POM (Blumberg and Mellor 1983) was used. The POM is a sigma co-ordinate, 
free surface, hydrostatic model equipped with a 2.5 moment turbulence closure 
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scheme by Mellor and Yamada (1982). It uses a traditional central differencing 
advection scheme; the time step was 6 and 180 sec for the external and internal 
modes, respectively. The model domain includes the whole Baltic Sea closed at 
the Danish Straits, and digital topography is taken from (Seifert and Kayser 
1995). The grid cell size along the latitudes and longitudes, x  and y , is 

varying spatially from x  (1/60)° between 21°–24.6°E and  y  (1/120)° 

between 56.933°–59.333°N (or  yx 0.5 nautical miles = 926 m) in the 

Gulf of Riga and its vicinity to x  (1/15)° and  y  (1/30)° elsewhere. 
There are 20 sigma layers in the vertical direction. The model is eddy resolving 
in the region under investigation since the baroclinic Rossby radius of about 2–
5 km (e.g. Fennel et al. 1991) is well above the grid cell size. The model setup 
does not include any sea-ice module. 

Two rivers inflowing to the Gulf of Riga were included in the model - the 
Daugava River and the Pärnu River with the annual mean volume rates of 660 
m3 s-1 and 48 m3 s-1, respectively (Leppäranta and Myrberg 2009). Since the 
Lielupe and Gauja (second and third largest rivers) that contribute to the Gulf of 
Riga freshwater inflow, have their mouths within a 20–km vicinity of the 
Daugava mouth, the three rivers can be considered as a single source with the 
volume rate of 818 m3 s-1. The latter volume rate is the mean runoff of Latvian 
rivers into the Gulf of Riga for 1921-1990, May–October, taken from 
http://www.modlab.lv/publications/1998/publ3.htm. Therefore, one may 
consider 660 m3 s-1 and 818 m3 s-1 as the lower and upper limits for the Daugava 
River mean flow rate. The seasonal variations of river runoff were not 
considered in the model setup and each river was incorporated into the model 
using an addition of some amount of freshwater to a grid cell corresponding to 
the position of the river mouth at each time step. Freshwater supply related to 
the precipitation and rivers inflowing to the Baltic Sea outside the Gulf of Riga 
were not included in the model. 

The basic model run comprised a one-year period from May 1, 2012 to April 
30, 2013. For the initial temperature conditions, a 1 n.m. grid output of the High 
Resolution Operational Model for the Baltic (HIROMB, see 
http://www.smhi.se/en/Research/Research-departments/Oceanography/hiromb-
1.8372) was interpolated to the spatially-varying grid, whereas, the initial 
salinity fields were constructed from the measurement data collected in the Data 
Assimilation System (DAS) coupled with the Baltic Environmental Database 
(see http://nest.su.se/das) and supplemented with the CTD data collected in the 
Gulf of Riga during 1996-2013 (788 CTD profiles from April 15 to May 15). 

Atmospheric forcing parameters (wind stress and total heat fluxes) were 
formulated based on the output of the numerical weather prediction forecast 
system HIRLAM (High Resolution Limited Area Model; see www.hirlam.org). 
The output data from a version of HIRLAM applied at the Estonian 
Meteorological and Hydrological Institute (Männik and Merilain 2007) 
providing meteorological parameters on an approximately 10 km horizontal grid 
with 3 h time step were used by bilinear interpolation to the model grid. 
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To estimate the relative importance of various mechanisms responsible for 
the formation of large-scale circulation patterns in the Gulf of Riga, the basic 
one-year model run was complemented with a number of scenario studies or 
numerical experiments (Paper II): 
 a model run with modified bottom topography; 
 a model run with zero heat flux; 
 a model run with zero atmospheric forcing (no heat flux and no wind 

stress); 
 a model run with uniform initial temperature/salinity distribution with no 

atmospheric forcing. 
The basic one-year model run was extended to the three-year period (May 1, 

2012 to April 30, 2015) with modified initial temperature-salinity fields outside 
the Gulf of Riga to study the reliability of revealed circulation patterns (Paper 
II). 

In order to separate the intrinsic buoyant plume dynamics and the effects 
related to the thermohaline circulation and atmospheric forcing, three numerical 
experiments were performed (Paper III): 
 intrinsic propagation of the Daugava River plume (spatially uniform density 

distribution, no atmospheric forcing); 
 propagation of the Daugava River plume driven by buoyant plume 

dynamics and thermohaline circulation (real initial fields of temperature and 
salinity, no atmospheric forcing); 

 basic model run (real initial fields of temperature and salinity and real 
atmospheric forcing). 

The full details of the model setup and numerical experiments are provided 
in material and methods section in Papers II and III, respectively. 
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3. RESULTS AND DISCUSSION 
 
3.1 Thermohaline structure and general circulation in the Gulf of 
Riga 
 
3.1.1 General thermohaline characteristics and stratification 
 
The overall UML mean depth based on the all available CTD casts in the Gulf 
of Riga during 1993-2012 (May-August) was 10.7 m. On average, the 
shallowest UML depth was in May, it was deeper in June and July and the 
deepest in August (Paper I). The spatial distribution of the UML mean depth in 
August was not uniform throughout the gulf – the shallowest UML mean depth 
(12.3-13.3 m) was found along the western part of the Gulf of Riga, whereas, 
the deepest UML mean depth – along the eastern part of the gulf (14.6-15.4 m). 
Consequently, there is a thermocline slope and corresponding sea level slope 
between the two coasts which is, most probably, determined by the prevailing 
WSW winds in the study period and mutual relationship between the wind 
stress and sea level fluctuations in the region (Suursaar et al. 2002). Slightly 
higher mean sea level in the eastern part than that of the western part of the Gulf 
of Riga was observed during 1978-1982 (Raudsepp et al. 1999). 

The UML mean salinity and temperature in the whole period (May-August) 
were 5.17 g kg-1 and 14.5 °C, while those in May were 4.90 g kg-1 and 8.0 °C, in 
June - 5.14 g kg-1 and 12.5 °C, in July - 5.28 g kg-1 and 18.7 °C, in August - 
5.38 g kg-1 and 18.6 °C, respectively. The spatial distribution of the UML mean 
temperature in August did not reveal any notable differences between various 
parts or north-south/west-east directions of the Gulf of Riga and temperature 
mainly varied around 19.0 °C. On the contrary, the spatial distribution of the 
UML mean salinity in August was not uniform and salinity increased from 5.10 
g kg-1 in the southern part to around 5.4-5.5 g kg-1 in the northern part of the 
gulf (Paper I). The freshwater influence on the surface salinity in the southern 
part of the Gulf of Riga has been acknowledged in many previous studies (e.g. 
Berzinsh 1980; Stipa et al. 1999; Raudsepp 2001). In addition, the UML mean 
salinity (August) in the Gulf of Riga during the whole study period was found 
to be about 0.1 g kg-1 higher in the eastern part than the western part which is 
not evident, for example, in some earlier studies (Berzinsh 1980; Kõuts and 
Håkansson 1995). Nevertheless, a case study by Lips et al. (1995) also noted 
lower salinity in the western part of the gulf and suggested that it was due to the 
anticyclonic circulation during August 1994. This observational feature is in 
accordance with the model simulation (Paper II) suggesting that the existing 
anticyclonic circulation in the Gulf of Riga during summers could transport 
fresher waters from the southern gulf along the western shore of the gulf. 

The DL mean salinity and temperature based on the all available CTD casts 
in the Gulf of Riga during 1993-2012 (May-August) was 5.99 g kg-1 and 2.2 °C, 
respectively. Monthly mean salinity in May, June, July and August was about 
6.0 g kg-1 in each month, and it varied only by 0.06 g kg-1 between the months, 
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whereas, DL mean temperature increased almost linearly from 1.4 °C in May to 
3.0 °C in August (Paper I). On average, the DL mean salinity and temperature 
during 1993-2012 slightly increased in May and August from the southern part 
of the gulf towards the Irbe Strait along the western coast of the gulf (by about 
0.35 g kg-1 and 2.1 °C in May and 0.20 g kg-1 and 2.6 °C in August) which is 
the main pathway how the more saline and warmer water from the Baltic Proper 
enters the Gulf of Riga through the Irbe Strait (Berzinsh 1995; Lilover et al. 
1998; Laanearu et al. 2000). A high correlation (r = 0.88) was detected between 
the DL mean salinity in the Irbe Strait and the DL mean salinity in the Gulf of 
Riga in August 1993-2012. The highest correlation was near the Irbe Strait and 
in the western part of the gulf (r = 0.93-0.95), whereas, towards the southern, 
southeastern part the correlation steadily decreased and was the lowest (in some 
cases not significant) in the central and eastern parts of the gulf. Due to the 
partially developed stratification in May, the same correlation between the DL 
mean salinity in the Irbe Strait and the DL mean salinity in the Gulf of Riga was 
significant (r = 0.67-0.70) only in the region close to the Irbe Strait and the 
correlation was not significant elsewhere in the gulf. 

Based on the UML mean depth in the Gulf of Riga the weakest stratification 
was in the May during the whole study period. The whole gulf was partially 
stratified in May as only 1/3 of the CTD casts had distinctly developed UML. 
During June and July, the stratification strengthened and reached its maximum 
in August when the deepest UML mean depth was observed (Paper I). This 
result is in accordance with the previous studies in the Gulf of Riga (Stipa et al. 
1999; Raudsepp 2001) and other sub-basins of the Baltic Sea (Omstedt and 
Axell 2003; Liblik and Lips 2011). In August, when the strongest stratification 
was observed, the mean salinity and temperature difference between the UML 
and the DL was 0.62 g kg-1 and 15.5 °C, respectively, whereas, the mean 
vertical structure of temperature showed typical two-layer formation with 
thermocline situated approximately at 10-30 m depth (Fig. 2). In some cases, 
three-layer stratification can occur in the western region of the Gulf of Riga 
caused by the strong water inflow from the Baltic Proper (denser and warmer 
water) in the bottom layers (Berzinsh 1995). 
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Figure 2. Scatter plot of vertical profiles of salinity and temperature in August 1993-
2012. The red line represents the mean vertical profile for the whole period. 
 

It has been reported earlier that the mean salinity difference between the 
surface and the bottom layers in the Gulf of Riga in 1973-1995 was 1 PSU 
(Raudsepp 2001) which is considerably higher than we obtained despite 
analyzing only the period of the strongest stratification. The explanation for this 
is most probably the DL salinity which was higher in 1973-1995 than in 1993-
2012. The mean density difference between the surface and deep waters in the 
middle of the summer has been reported as 1.5-2 kg m-3 in years 1993-1995 
(Stipa et al. 1999) which is similar, although, a bit lower than we found out (2.2 
kg m-3) using considerably longer period of 1993-2012 (August). 
 
3.1.2 General circulation, main currents and governing factors 
 
To determine the possible causes that form large-scale circulation pattern in the 
Gulf of Riga a vorticity balance equation (e.g. Ezer and Mellor 1994; Schwab 
and Beletsky 2003) was used highlighting the effects of wind stress curl and 
bottom topography on the current vorticity generation (Paper II). From the 
equation, it follows that positive or clockwise (negative or counter-clockwise) 
wind stress curl generates the positive (negative) current curl. As for the 
topography effect, equation states that in the case of uniform wind stress the 
positive (negative) current curl is generated when the sea depth increases to the 
left (right) when looking downwind. Regarding the topography effect, in the 
Gulf of Riga case (northern part), the negative current curl should be generated 
by a westerly wind blowing over a water area whose depth increases to the 
south. 

Time series of current curl, wind stress curl and wind stress components 
from May 1, 2012 to April 30, 2013 (Fig. 3) showed that current curl changes 
the sign from negative in the summer season to mostly positive in the rest of the 
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year (except for a calm period from mid-February to mid-April, 2013). 
Similarly as current curl the wind stress curl also was negative for the summer 
period and positive for the fall–early winter period and there was an increase of 
positive correlation between current curl and wind stress curl in the fall–early 
winter period from September 15, 2012 to January 15, 2013 when winds were 
relatively strong (Paper II). 

 

 
 
Figure 3. Thin curves: time series of the 28.2 hour averages of the current curl, 

)curl( 5V


, wind stress curl, )/curl( 0 , and wind stress components, 0/  x  

and 0/  y , averaged over a deep part of the Gulf of Riga where m 20H , for 
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the modeling period from May 1, 2012 to April 30, 2013. Bold curves are the same as 
thin ones but low-pass filtered (50 day window running mean). 
 

For the entire modeling period of one year, the correlation coefficient 
between the current curl and wind stress curl was relatively high (r = 0.72) 
which suggests that the wind stress curl is the main contributor to the current 
curl in the Gulf of Riga. Moreover, the correlation was even higher (r = 0.79) in 
the fall–early winter season. Nevertheless, the correlation between the current 
curl and wind stress curl decreased (r = 0.61) and the regression coefficient 
(intercept) was negative and relatively far from zero in summer (Paper II) 
which implies that in the summer season, a relatively large negative value of the 
current curl in the Gulf of Riga was observed at zero wind stress curl. 
Consequently, this means that some other effect besides the wind stress curl 
contributed to the current vorticity generation in the summer. Conducting 
several additional model runs besides the basic model run (see Paper II) 
allowed us to conclude that stratification contributes substantially to 
anticyclonic circulation in the Gulf of Riga during summer. As summer was the 
only season within the modeling period when the westerly winds prevailed, the 
topographic characteristics of the gulf also had a role in the generation of 
negative values of the current curl in summer in the Gulf of Riga. The model 
run with no atmospheric and heat flux showed that the value of current curl for 
a one-year period was negative (Paper II) which might partially explain the 
appearance of anticyclonic circulation (negative current curl) in the Gulf of 
Riga during calm weather from mid-February to mid-April 2013. 

To acquire the mean circulation patterns in the different seasons the main 
model run output was averaged in time over the periods from June 15 to 
September 15, 2012 when the seasonal thermocline was present in the Gulf of 
Riga and from November 1 to December 31, 2012 when the seasonal 
pycnocline was already destroyed by the fall/winter convective mixing but the 
sea was still ice free (Paper II). The overall circulation pattern during summer 
in the Gulf of Riga (in the presence of stratification and prevalence of westerly 
winds) was characterized by a whole-basin anticyclonic gyre with enhanced 
intensity of currents in the western half-basin where a jet-like alongshore 
northward current was clearly identified (Fig. 4a). The map of surface salinity 
shows two low salinity tongues originated from the Daugava River mouth – one 
is extended along the western shoreline of the Gulf of Riga and the other is 
attached to the eastern coast of the gulf representing the two pathways of 
riverine water transport during the summer season. On contrary, the cold period 
of the year, when stratification was absent and southerly winds prevailed, was 
characterized by a cyclonic gyre with more intense currents in the eastern half 
of the gyre (Fig. 4b). 
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Figure 4. (a) The mean summertime circulation and salinity in the surface layer of the 
Gulf of Riga (an average of the simulation results over a period from June 15 to 
September 15, 2012 interpolated to 5 m depth). (b) The same as in (a) but for the late 
fall–early winter period of November 1–December 31, 2012. 
 

As it was mentioned before the change of the mean surface circulation in the 
Gulf of Riga from anticyclonic in summer to cyclonic in late fall–early winter 
(during the basic model run of one year) was primarily caused by the respective 
change of the mean wind stress curl in the area. Nevertheless, the extended 
three year model run (1 May 2012–30 April 2015) demonstrated that the 
alteration between the cyclonic and the anticyclonic gyre was not a consistent 
feature observed every year, and it could be violated due to the inter-annual 
variability of wind forcing. The anticyclonic circulation in summer was 
observed in 2012, it was less pronounced in 2013, but it was not observed in 
2014 (Fig. 5). Such outcome is correspondent with the wind stress curl time 
series – wind stress curl was negative in summer 2012, mostly negative in 
summer 2013 (for a shorter period from mid-June to mid-August) and close to 
nil in summer 2014. Despite the changes in anticyclonic circulation during 
2012-2015, cyclonic circulation in the Gulf of Riga was observed in every cold 
season accompanied with positive (cyclonic) wind stress curl. 

On the longer time scales (2006-2014) the annual cycle of monthly mean 
wind forcing confirms that negative wind stress curl under prevailing westerly-
south-westerly wind stress in the warm season (May-September) changes for 
positive wind stress curl under prevailing southerly wind stress in the cold 
season (November-March), thus, we can conclude that the mean seasonal cycle 
of the wind stress curl contributes to the prevailing anticyclonic circulation 
pattern in the summer and prevailing cyclonic pattern in the cold season, but in 
some years this might change due to the inter-annual variability of wind forcing 
(see Paper II). 
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Figure 5. Low-pass filtered (50 day window running mean) time series of )curl( 5V


, 

)/curl( 0 , 0/  x  and 0/  y  for the extended modeling period from 

May 1, 2012 to April 30, 2015. 
 

The existence of an anticyclonic gyre in the southern Gulf of Riga in spring 
driven, primarily by the estuarine type density field and strongly affected by 
wind forcing was reported based on a model study by Soosaar et al. (2014). 
Nevertheless, it might also be considered as a river plume bulge during the 
season of large runoff modified by wind forcing. Taking into account that the 
mean value of wind stress curl in April was close to zero, it could explain why 
Soosaar et al. (2014) found neither cyclonic nor anticyclonic whole-basin gyre 
in the Gulf of Riga but a double gyre pattern instead. The suggestion of the 
present study that the whole-basin circulation pattern in the Gulf of Riga is 
mainly determined by a combined effect of wind stress curl, seasonal 
stratification and bottom topography is in accordance with the large-scale 
circulation results in the Lake Michigan (Schwab and Beletsky 2003). 

In a recent overview of the Baltic Sea physical oceanography (Omstedt et al. 
2014) it was concluded that strong and stable cyclonic gyres exist in the Baltic 
Proper and Bothnian Sea (e.g. Meier 2007), whereas, in the Gulf of Riga, Gulf 
of Finland and Bothnian Bay the strength and persistence of currents are lower. 
The recent results in the Gulf of Riga (Soosaar et al. 2014; Paper II) show that 
the circulation pattern is mainly influenced by the wind forcing and its seasonal 
and inter-annual variations. Several model studies in the Gulf of Finland have 
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shown that the classical cyclonic circulation pattern (e.g. Andrejev et al. 2004) 
may differ depending on the chosen study period (e.g. Elken et al. 2011; 
Soomere et al. 2011). Also the current measurements in the surface layer of the 
Gulf of Finland have shown the existence of average westward flow at the 
southern slope (Suhhova et al. 2015) suggesting the occurrence of anticyclonic 
circulation cells predicted by the numerical experiments (Lagemaa 2012; Elken 
et al. 2011). 

From the model output some major currents were detected in relation to the 
whole-basin circulation gyres in the summer and late fall-early winter periods 
(Paper II). First of all, a coastal jet-like current along the eastern shore of the 
Gulf of Riga was observed in both seasons (Fig. 4). This buoyant coastal current 
can also be distinguished as a reduced salinity along the eastern coast as it 
transports the freshwater from the southeastern part of the gulf where an 
excessive amount of freshwater is supplied by rivers (especially, Daugava 
River). Due to the cyclonic circulation during the cold period of the year, the 
buoyant coastal current is more pronounced if compared to the anticyclonic 
circulation during the summer (Fig. 4). The buoyant coastal current along the 
eastern shore has also been detected in other recent model studies about 
Daugava River plume evolution and dynamics (Soosaar et al. 2014; Soosaar et 
al. 2016). 

During summer when anticyclonic circulation pattern is dominating another 
major current was detected – a jet-like alongshore northward current (NLC – the 
Northward Longshore Current) which can be regarded as a manifestation of the 
anticyclonic gyre in the Gulf of Riga (Fig 4a). Similarly to the buoyant coastal 
current along the eastern shore, the NLC can also be seen as extended low-
salinity tongue originated from the southeastern part of the gulf. Note that due 
to the alteration of the whole-basin gyres, the NLC was not detected in the cold 
period of the year when cyclonic gyre is prevailing in the Gulf of Riga. The 
existence of the anticyclonic circulation and NLC in summer was also 
confirmed by the observation data from August (see sub-chapters 3.1.1, 3.1.4 
and Paper I). The two vertical sections (see Paper II) displayed the NLC as a 
narrow, 10–km wide flow with the maximum surface velocity of 0.08-0.13 m s-

1. 
The NLC and coastal buoyant current along the eastern coast are surface 

currents which can be easily detected in the map of mean surface circulation 
(Fig. 4). Nevertheless, the vertical sections (see Paper II) showed the existence 
of a sub-surface jet-like southward current along the eastern shore of the Gulf of 
Riga with the maximum value of the seasonally averaged velocity of 0.06 m s-1 
at approximately 15 m depth (hereafter the SSLC – Southward Sub-surface 
Longshore Current). The SSLC was more pronounced in summer and the 
submergence of it is likely caused by the influence of the above-lying coastal 
buoyant plume of riverine waters, which has a tendency to flow northwards 
along the eastern coast of the gulf. More detailed information regarding the 
vertical structure with sections of the currents is provided in Papers II and III. 
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3.1.3 Inter-annual changes of thermohaline characteristics in summer 
 
Apart from 1993 and 1994 when the maximum and minimum values of UML 
mean depth were observed the UML mean depth during 1993-2012 varied 
mostly between 10-20 m in the Gulf of Riga (Fig. 6). The UML mean salinity 
during 1993-2012 varied between 5.0-5.5 g kg-1 and three years stood out from 
the whole period. Two salinity peaks were observed in years 2003 and 2006 
when UML mean salinity was 5.58 g kg-1 and 5.63 g kg-1, respectively, whereas, 
the lowest UML mean salinity was 5.01 g kg-1 in 2010 (Paper I). Salinity in the 
Gulf of Riga depends strongly on the river runoff as well as water exchange 
through the straits (Irbe and Suur straits). The lowest UML mean salinity 
observed in 2010 corresponds well to the second largest (19.0 km3) river runoff 
in spring during 1993-2012 which was only slightly less than that observed in 
1994 (19.6 km3). Nevertheless, there was no reduced salinity detected in 1994 
one would expect based on the highest river runoff in this year, most probably, 
since in 1994 only the data from northern part of the gulf were available. The 
influence of freshwater can also be seen in inter-annual variations of density 
where density in years 1994 and 2010 was considerably lower (1.68 kg m-3 and 
1.53 kg m-3, respectively) than in other years when density most of the time 
fluctuated around 2.5 kg m-3. In addition, two salinity peaks observed in the 
surface layer in 2003 and 2006 correspond to the lowest river runoff in spring 
(7.2 km3 and 7.1 km3, respectively) during the study period. Years 1994 and 
2010 stood out again when looking at inter-annual variations of the UML mean 
temperature (Fig. 6). During 1993-2012 the temperature mainly varied between 
17.5-20.0 °C, whereas, in 1994 and 2010 it was considerably higher – 22.4 °C 
and 21.8 °C, respectively. Although, the data distribution from 1994 was not 
homogeneous in our study, a considerably higher surface layer temperature in 
August 1994 (23 °C) was reported in the Gulf of Riga earlier (Raudsepp 2001) 
which was, by far, the highest during 1970-1998. The reason for elevated 
temperatures in 1994 and 2010 might be the combined effect of previously 
mentioned increased river runoff in these years and following intensification of 
stratification (described further below) enabling an excessive warm up of the 
thin surface layers. 

The estimated UML mean parameters (depth, salinity, temperature and 
density) in August were correlated with the BSI to explore the possible 
influence of atmospheric forcing (see sub-chapter 3.1.4 and Paper I). 
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Figure 6. Inter-annual variability of mean characteristics of upper mixed layer in 
August, 1993-2012. 
 

Despite the considerable inter-annual variations of UML mean depth, 
salinity, temperature, and density in August no clear tendency or trend was 
detected in the period 1993-2012 which is in contrast to what has been observed 
and reported earlier, for example, about the salinity increase during 1960-1977 
(e.g. Berzinsh 1980; Berzinsh 1995) and decrease from the end of 1970s till the 
start of 1990s (Raudsepp 2001; Berzinsh 1995). Moreover, Jurgensone et al. 
(2011) reported a general increase in water temperature in the central and 
southern part of the Gulf of Riga during 1976-2008 (summer). The satellite data 
during 1990-2004 showed a positive trend in the yearly mean SST of the Baltic 
Sea with summer and autumn dominating this trend and positive summer trend 
being highest in the northern Baltic Sea (Siegel et al. 2006) and remote sensing 
data during 1990-2008 showed an increase of SST specifically in the Gulf of 
Riga by about 1.0 °C per decade (BACC 2015). 

The inter-annual variability of the DL mean salinity in May and August is 
somewhat similar (Fig. 7). The highest salinity in May and August was 
observed in 2010 when the DL mean salinity was 6.48 g kg-1 and 6.39 g kg-1, 
respectively. Similar but fairly lower salinity peak in both months was observed 
in 2006. In May an additional salinity peak was also observed in 1996 (6.40 g 
kg-1), whereas, in August there was no data from 1996. The DL salinity peaks 
are usually associated with the more saline water inflow through the Irbe Strait 
along the western coast of the gulf (Berzinsh 1995; Lilover et al. 1998). It has to 
be noted that the salinity peak in 2003 was evident in August (6.20 g kg-1) but 
was absent in May (5.89 g kg-1) suggesting of more saline water inflow at some 
point between these two months, whereas, in 2006 and 2010 the more saline 
water inflow happened already in May or before that. The inter-annual 
variations of the DL mean density followed the salinity pattern in both 
respective months and density most of the time varied between 4.5-5.0 kg m-3 
(Fig. 7). Finally, the inter-annual variations of the DL mean temperature in May 
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and August were also rather high and temperature was different in both months, 
although, there were also some similarities in the pattern of the temperature 
variations. In May during 1993-2012 the DL mean temperature varied mostly 
between 0.0-2.0 °C, whereas, in August – between 2.0-4.0 °C. The more saline 
water inflow at some point before May in 1996, 2006 and 2010 was probably 
the reason for the lowered DL mean temperatures in May also observed in these 
years. It has to be noted that the DL mean temperature in August was still 
remarkably low in 2010 (1.6 °C) if compared to 2006 when temperature reached 
3.6 °C (Paper I). The reason behind this feature could be explained by a strong 
stratification observed already in May 2010 which is not typical in the Gulf of 
Riga. 

Similarly to the UML dynamics, inter-annual variations of mean 
temperature, salinity and density were evident but no clear tendency or trend 
could be detected in May or August during 1993-2012. 

 
 

 
 
Figure 7. Inter-annual variability of mean characteristics of the deep layer in May (left 
column) and August (right column), 1993-2012. 
 

The strongest stratification (expressed as salinity difference (∆S) and density 
difference (∆D) between the DL and UML and temperature difference (∆T) 
between the UML and DL) during the study period was observed in years 1994 
and 2010 (Fig. 8). In 2010, it was slightly stronger and ∆S was approximately 
two times higher (1.38 g kg-1) than the average difference between the DL and 
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UML during 1993-2012 with ∆D and ∆T substantially exceeding (3.46 kg m-3 
and 20.2 °C, respectively) the average values. In 1994, ∆D and ∆T were fairly 
similar (3.18 kg m-3 and 19.6 °C, respectively) to those values found in 2010, 
whereas, ∆S was substantially lower (0.86 g kg-1) than in 2010. This 
discrepancy in ∆S was due to the spatial distribution of the data in 1994 (see 
material and methods). The main reasons for the strong stratification in 1994 
and 2010 were the increased river runoff in spring and substantially higher 
UML mean temperature in both years as was already described before. 

BSI and river runoff was used to see whether any correlation could be found 
between the inter-annual changes in vertical stratification and forcing factors 
(Paper I). There was no significant correlation between BSI mean values and 
stratification parameters (see sub-chapter 3.1.4 and Paper I). On the contrary, 
significant positive correlation was found between the river runoff in spring 
(March-May) and corresponding ∆S, ∆D and ∆T with coefficient r = 0.52, 0.62 
and 0.65, respectively (n = 17, p < 0.05). This positive correlation supports the 
suggestion that elevated UML temperatures (August) in 1994 and 2010 might 
be the combined effect of increased river runoff and following intensification of 
stratification. 
 

 
 
Figure 8. Mean salinity, density (sigma-t) and temperature in the upper mixed layer and 
deep layer in August 1993-2012 (left column) and their differences between the two 
layers (right column). Differences are given as deep layer minus upper mixed layer for 
salinity and density, and opposite for temperature; solid line represents the mean 
difference during 1993-2012. 
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Latest projections of the future climate change (BACC 2015) continue to 
predict a significant water temperature increase in the Baltic Sea region 
similarly as it was stated before (BACC 2008). Based on the results from long-
term CTD data (Paper I) it can be suggested that if the water temperature will 
continue to increase then the warming would generate stronger stratification 
conditions in the Gulf of Riga in summer. Furthermore, stronger stratification is 
likely to favor the oxygen depletion in the deeper parts of the gulf. Thus, the 
previously detected parts with low oxygen concentration or no oxygen at all 
(Hansson et al. 2009) in the Gulf of Riga could expand in wider areas. It has 
been stated before that the temperature increase by itself will worsen the oxygen 
conditions throughout the Baltic Sea area as elevated nutrient levels will 
amplify this effect due to elevated primary production (Skogen et al. 2014). The 
same source predicted that eutrophication status in the Gulf of Riga would 
change from potential problem area to problem area in the future due to the 
declining oxygen conditions and increasing phytoplankton biomass. 

While precipitation and evapotranspiration were projected to increase in the 
Gulf of Riga region, the mean annual river runoff was projected to decrease. 
However, strong seasonal changes with a shift of the maximum river runoff 
from spring to winter were also projected (BACC 2015). Due to the factors 
mentioned above, the salinity minimum usually observed (in the surface layers) 
starting from the spring in the southern part of the gulf could also shift in 
accordance with the changes in the river runoff seasonal dynamics. An earlier 
maximum of river runoff together with water temperature increase could benefit 
for the faster development of the seasonal stratification in the Gulf of Riga. 
Strong stratification could be observed already in May or even earlier 
 
3.1.4 Influence of freshwater and atmospheric forcing 
 
The average yearly river runoff in the Gulf of Riga during 1950-2012 was 
reported as 32 km3 (Bergström et al. 2001; Kronsell and Andersson 2014) while 
during the study period of 1993-2012 it was 27.7 km3 based on only four 
biggest Latvian rivers (Pärnu in Estonia and smaller rivers were left out). By far 
the largest river runoff occurred in spring (12.2 km3, March-May) almost 
doubling the observed river runoff in winter (6.5 km3, December-February), 
whereas, the river runoff in summer (June-August) and autumn (September-
November) was rather similar – 3.9 km3 and 4.5 km3, respectively. The seasonal 
pattern of the river runoff during 1993-2012 is similar to what has been reported 
earlier in the Gulf of Riga (Leppäranta and Myrberg 2009). 

The most evident freshwater influence is the reduced salinity in the surface 
layers in the southern part of the gulf. Despite the fact that the strongest 
freshwater influence was observed in spring, a correlation between the UML 
mean salinity in August and the mean river runoff in spring (March-May) was 
detected in the Gulf of Riga during 1993-2012. The correlation was rather high 
(r = -0.66, n = 17, p < 0.05) using all available data but it increased even more (r 
= -0.82, n = 14, p < 0.05) when three years were excluded from the calculations 
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due to the unsatisfactory spatial data coverage (Paper I). As expected, the 
highest correlation was observed in the southern, southwestern part of the gulf. 
Despite the persistent but relatively narrow coastal current carrying the fresher 
waters from the southern part along the eastern coast of the gulf (Soosaar et al. 
2016; Papers II and III), the lowest correlation was observed in the eastern part 
of the gulf and it steadily decreased further away from the southern shore. More 
surprising was the fact that correlation between the UML mean salinity in 
August and the mean river runoff in spring stayed high in the central part as 
well as western and northwestern parts of the gulf close to the Irbe Strait (r was 
between -0.76 and -0.77). This feature could be explained by the previously 
mentioned anticyclonic circulation in the Gulf of Riga during summers (see Fig. 
4a and Paper II). 

Atmospheric forcing was characterized by monthly-averaged Baltic Sea 
Index (BSI) during 1993-2012, which is the difference of normalized sea level 
pressures between Szczecin in Poland and Oslo in Norway (Lehmann et al. 
2002). The changes in BSI were related to the inter-annual variations of UML 
and DL mean parameters as well as stratification strength during the same 
period. 

No significant correlation was found between the UML mean salinity, 
temperature and density and BSI. Nevertheless, a bit surprisingly significant 
positive correlation was found between the inter-annual changes in the UML 
mean depth in the Gulf of Riga and BSI in 1993-2012 (Paper I). The best 
correlation (r = 0.71, n = 14, p < 0.05) was found using mean BSI values from 
the period of June-August. With the increase in the BSI, the westerlies are 
dominating over the Baltic Sea (Lehmann et al. 2002) and becoming stronger 
which would benefit the mixing of the surface layers, thus, increasing the UML 
mean depth in the gulf. 

The DL mean parameters in May and August, as expected, did not reveal 
any significant correlation with BSI. Nevertheless, at some special occasions in 
May the correlation was evident when using BSI averaged over May and 
March-May (Paper I). A similar absence of significant correlation was detected 
between BSI and mean parameters characterizing stratification (∆S, ∆D and ∆T) 
despite the fact that BSI values from August, June-August and July-August 
were tested (Paper I). 
 
3.2 Mesoscale features and freshwater transport pathways 
 
3.2.1 Mesoscale features and formation of eddies 
 
The water balance of the Gulf of Riga is determined by the saltwater inflow 
from the Baltic Proper mainly through the Irbe Strait in the northwestern part, 
freshwater inflow mainly in the southeastern part and compensating mixed 
water outflow mainly through the Irbe Strait. These processes and variable wind 
forcing have a potential to form mesoscale structures such as cyclonic eddies 
related to the saltwater inflow, freshwater plumes, intrusions and buoyant 
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coastal jets. The model used (POM) to study these mesoscale features is eddy 
resolving as the grid size of the model is below the mean Rossby radius in May 
(1.6 km) and August (3.2 km) calculated from the available CTD casts (Paper 
I). 

The model run of thermohaline circulation (no atmospheric forcing) in the 
Gulf of Riga revealed the formation of salinity front and a gravitational 
(density) current in the Irbe Strait (see Paper III) due to the salinity difference 
between the Baltic Proper and the Gulf of Riga (approximately 1.5 g kg-1). The 
gravitational flow that transports saltwater eastward from the Baltic Proper to 
the Gulf of Riga is attached to the southern shore between the Irbe Strait and the 
Cape Kolka as geostrophic flow. The flow is highly unstable and creates a chain 
of mesoscale cyclonic eddies with a core of increased salinity/density. Eddies 
are generated at the Irbe Strait sill and move eastwards along the southern shore 
to the Cape Kolka with translation velocity of ~0.03 m s-1 (Paper III). While 
propagating along the Irbe Strait towards the Cape Kolka, the eddy size 
(diameter) increased from approximately 10 km to 15 km which is in 
accordance to what has been reported before regarding the size of the eddies in 
the Baltic Sea and the Gulf of Riga based on the satellite data (Karimova 2012). 
On the beam of the Cape Kolka, the cyclonic eddy splits into two smaller 
cyclonic eddies with one eddy moving to northeastern and the other to 
southeastern part (Paper III). 

As it was discussed before the anticyclonic gyre dominates the general 
circulation in the Gulf of Riga in summer (Paper II). This circulation pattern is 
determined by a combined effect of the prevailing negative wind curl, 
thermohaline stratification and bottom topography. Note that similar conclusion 
about the anticyclonic circulation in the upper layer in the southern Gulf of Riga 
due to the three-dimensional estuarine type density field was drawn by Soosaar 
et al. (2014). Thus, such general thermohaline circulation in the gulf could 
cause substantial modification of the Daugava River plume. As a result, the low 
saline riverine water from the anticyclonic bulge can propagate along the shore 
to the left as far as two-thirds of the alongshore distance from the Daugava 
mouth to the Cape Kolka (see Paper III). At that point, the low saline riverine 
water meets the high saline water that came from the Baltic Proper in the form 
of cyclonic eddies. Due to the convergence of water masses, the water mass of 
riverine origin turns right to the open sea and ultimately finds its way further to 
the north in the form of multiple low-saline squirts leaking between the high-
saline cyclones. Note that along with the left-hand propagation of riverine 
waters, some fraction of Daugava River runoff is still involved in the right-hand 
coastal jet caused by intrinsic buoyant plume dynamics in rotating media. 
 
3.2.2 Daugava river plume and meandering of coastal buoyant jet 
 
To simulate intrinsic propagation of the Daugava River plume, a model run with 
spatially uniform initial fields of temperature and salinity ( 0T 10 °C and 0S
5.6 g kg-1) and without atmospheric forcing was performed (Fig. 9a). 
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The Daugava River plume consists of an anticyclonic bulge of riverine water 
attached to the river mouth and a coastal jet-like current carrying part of the 
riverine waters to the north along the eastern coast of the Gulf of Riga. A 
transition zone between the bulge and the northward coastal jet displayed wave-
like disturbances with a wavelength of approximately 8 km (Fig. 9a). The shape 
of the observed plume confirms the diagnostics made based on the conceptual 
model by Yankovsky and Chapman (1997) – the Daugava River plume is the 
surface-advected plume. Note that the observed offshore extension of the bulge 
of 20-25 km (Paper III) is somewhat larger than the theoretical estimate of it 
(14.9 km). The discrepancy is not surprising because the theoretical expression 
for sy  (offshore extension) was derived by assuming that the plume is in a 

steady state. However, in the present model experiment, the bulge appeared to 
grow in time as it has also been shown in several other studies, e.g. by Fong and 
Geyer (2002). 

Results from freshwater transport of the coastal jet-like current across a 
zonal section (see Paper III for details) showed that the ratio of the freshwater 
transport by the coastal jet to the Daugava River volume flux, after 
approximately 80-day transition period, was established at Daugavafreshwater QV /  

0.4–0.5 with the mean value of 0.46. The last estimate coincides with the 
estimates by Fong and Geyer (2002) who reported 0.40–0.48 for the ratio of 
freshwater transport by the coastal jet to the river volume flux in their model 
experiments. It shows that, in the case of the absence of other forcing 
components like atmospheric forcing and saltwater inflows, more than half of 
the river discharge would feed the growing anticyclonic bulge. 
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Figure. 9. Plan views of simulated salinity and current velocity in the surface layer (at 1 
m depth) of the south-eastern part of the Gulf of Riga: (a) – a numerical experiment 
with uniform initial temperature and salinity fields and no atmospheric forcing, results 
after 69 days from the model run onset; (b) – the basic run on 20.05.2012 at 9:35. 
 

Despite the anticyclonic circulation pattern in summer when the NLC 
transports a significant part of the riverine water along the western coast (see 
Fig. 4a and Paper II) a buoyant coastal current is still persistent transporting the 
freshwater to the north along the eastern coast. Being adjoined to the lateral 
boundary, such a current is expected to be stable (Zhurbas et al. 2006). 
However, at some circumstances due to the wind forcing this jet-like current 
and related salinity front can detach from the shore and fall into baroclinic 
instability where the buoyant coastal plume being relatively wide displays 
vigorous meandering with a wavelength of  12–15 km (Fig. 9b). Rossby 

radius ( bcR ) calculations confirmed baroclinic instability as a possible cause for 

the meanders since bcR was found to be approximately 5 km in the meanders 

(Paper III) indicating that the prevailing wavelength of meanders (

bcR)34.2(  ) is in accordance with the expression for the wavelength of 

the fastest growing mode (Eady 1949). Similar meandering pattern was 
previously modeled and also observed on infrared images of the Po River plume 
(Cushman-Roisin et al. 2007), whereas, Magaldi et al. (2010) showed that the 
meandering of the current could be related to the baroclinic instability. Thus, the 
wind forcing influences both, the bulge and the coastal current jet and plays a 
major role in mixing and transport of the river discharge (see also Jurisa and 
Chant 2012; Horner-Devine et al. 2008). 
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3.2.3 Convergence of water masses 
 
As mentioned above the summer season is characterized by a whole-basin 
anticyclonic circulation in the Gulf of Riga (Paper II) which means that the 
Daugava River plume water can be partially involved in the anticyclonic 
circulation and transported to the north along the western coast by the NLC. In 
some cases, the related tongue of reduced salinity of riverine origin can be 
identified as far as at 58°N (almost reaching the Saaremaa Island) due to the 
intensification of the NLC resulting from favorable winds (Paper III). The NLC 
is associated with a baroclinic (density) front, which is supposed to be a zone of 
flow convergence (e.g. Fedorov 1986). Due to the convergence, the low salinity 
riverine water sinks and spreads seaward occupying an intermediate layer and 
forming an intrusion with salinity inversion of approximately 0.1 g kg-1 (Paper 
III). This circumstance might explain the reduced salinity in the sub-surface 
layers registered by the autonomous buoy profiler (see Fig. 10b and Paper IV). 
Transport of riverine waters by the NLC, their sinking and spreading within an 
intermediate layer ultimately works for effective mixing of the river runoff with 
the Gulf of Riga waters. 
 
3.3 Features of vertical stratification related to lateral water 
exchange 
 
3.3.1 High-resolution view on the vertical thermohaline structure in 
summer 
 
A high-resolution view on the vertical structure of the water column was 
obtained using autonomous buoy profiler located to the west from the Ruhnu 
Island during May-September 2015 (Fig. 10) 

In general, the obtained high-resolution temperature data during May-
September 2015 revealed the well-known seasonal pattern of temperature 
described before in the Gulf of Riga (Raudsepp 2001) as well as in other basins 
of the Baltic Sea (Liblik and Lips 2012). Nevertheless, the high-resolution 
salinity data from autonomous profiler captured the fresher (e.g. first week of 
the July) and more saline sub-surface water patches (e.g. end of July) which 
cannot be detected analyzing the mean monthly characteristics of salinity. 

Time series of the water column stability (see Paper IV) showed that the 
pycnocline is situated deeper starting from the August than in the first part of 
the study period. The existence of the strongest stratification in the Gulf of Riga 
in August has been shown earlier for 1973-1995 (Raudsepp 2001) and 1993-
2012 (Paper I). 

The seasonal thermocline was the main contributor to the stability of the 
water column if compared to the salinity contribution (Paper IV). Negative 
stability values occurred in July and August (especially in the second part of 
July) due to the vertical salinity gradient. Those layers were located in the 
thermocline and were connected to the existence of sub-surface buoyant saltier 
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water intrusions. Nevertheless, the layer with the inversed salinity gradient was 
always situated between the layers with common salinity gradient when salinity 
increased with the depth. 

The integrated stability over the whole water column (Paper IV) showed that 
the thermal buoyancy dominated while salinity had a minor importance in the 
strength of stratification at the buoy location. Similarly, the UML was also 
mainly stabilized by the temperature, but occasionally salinity (at the beginning 
of July) had an opposite effect while at the beginning of August salinity and 
temperature had a similar contribution to the stability of the UML. 
Nevertheless, it was showed that river runoff in the Gulf of Riga also plays an 
important role creating the vertical stratification in spring, mostly in the 
southern part with high freshwater influence (Stipa et al. 1999). Moreover, it 
was found that there is still a significant correlation between the river runoff in 
spring and stratification in August (see sub-chapter 3.1.3 and Paper I), thus, 
emphasizing the influence of river runoff to the stratification dynamics in the 
Gulf of Riga. 
 

 
 
Figure 10. Time series of a) temperature (°C) and b) absolute salinity (g kg-1) at the 
buoy station from 30 May 2015 to 18 September 2015. 
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3.3.2 Sub-surface intrusions of saltier waters and their possible origin 
 
It is interesting that just before the first notable appearance of saltwater patches 
a clear signature of fresher water was registered at the 15-20 m depth (Fig. 11, 
19 Jul 12:00). The core of this fresher layer had the salinity of 5.55-5.60 g kg-1 

and it was situated between the upper layer with the salinity of 5.75-5.80 g kg-1 

and deep layer with the salinity of 5.95 g kg-1. Further on, the fresher water in 
the sub-surface layer was replaced by the salinity maximum in 12 h (the 
profiling interval; Fig. 11, 20 Jul 00:00). This saltier sub-surface layer was 
located in the depth range of 11 to 25 m and its core with the salinity of 6.45 g 
kg-1 was located at 17 m depth. The sub-surface salinity maximum disappeared 
on 22 July (Paper IV). 

The saltier water reappeared in the sub-surface layer on 29 July (Fig. 11, 29 
July 12:00). The core of the sub-surface layer was located at 22 m depth and 
had salinity of 6.30 g kg-1. The sub-surface salinity maximum also occurred 
until the end of August, although, it was much weaker than events described 
before (Fig. 10b). 

The spatial distribution of previously mentioned sub-surface salinity 
maximum layers is difficult to determine due to the sparse dataset. Despite that, 
three available CTD profiles (not shown here) from July to August revealed the 
occurrence of salt maxima in the Ruhnu Deep which means that sub-surface 
salinity maximum can reach at least the central part of the gulf and, based on the 
rapid disappearance of maximum layer, this is a result of the advection process. 
Thus, it can be assumed that the patches of sub-surface salt maxima only 
occasionally reached or passed the profiling station. 

The only evidence of similar sub-surface salt maximum in the Gulf of Riga 
has been reported at two stations in the eastern part of the Irbe Strait on 29 
August–1 September 1993 (Stipa et al. 1999), whereas, the existence of fresher 
sub-surface waters found at the buoy station has also been predicted by the 
numerical modeling (see sub-chapter 3.2.3 and Paper III). Regarding the Baltic 
Sea exceptionally warm and saline inflows embedded in the halocline of the 
Bornholm Basin were reported in 2002 and 2003 (Mohrholz et al. 2006). 
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Figure 11. Selected profiles of temperature (°C, a) and salinity (g kg-1, b) and respective 
temperature-salinity diagram with density anomaly (kg m-3, c) as contour lines in 
profiling station (the location is shown as a yellow rectangle in Fig. 1). 

 
Based on the configuration of the Gulf of Riga there are two ways how more 

saline waters from the Baltic Proper can enter the gulf – either through the Suur 
Strait in the northern part or Irbe Strait in the western part. Unfortunately, there 
were no continuous measurements available in the straits to be able to capture 
the entering process of the saltier waters directly. Despite the fact that majority 
of the water exchange occurs through the Irbe Strait (Petrov 1979) the sub-
surface salt maximum formation via the Suur Strait cannot be excluded, 
although it is very unlikely as very strong and long-lasting northerly wind 
impulse is needed (see Otsmann et al. 2001 and Paper IV). 

Using a few available shipborne CTD profiles in the Irbe Strait as well as 
autonomously recorded temperature and salinity by thermosalinograph during 
the surveys conducted on 14-15 July and 7-9 August surprisingly cold water in 
the upper layer of the Irbe Strait was observed during the former survey. The 
temperature of the upper layer was around or exceeding 17 °C in the Baltic 
Proper and the gulf, but below 13 °C inside of this cold patch (Paper IV). Such 
a feature in the surface layer suggests of the upwelling event. During the period 
from 5 to 10 July strong SW winds (>10 m s-1) prevailed which is a good 
precondition for the upwelling in the Gulf of Riga along the coast of the 
Saaremaa Island. The satellite-derived sea surface temperature complemented 
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with temperature measurements at the coastal stations and by the onboard 
thermosalinograph indicated that, indeed, the upwelling occurred in the NW 
part of the Gulf of Riga in mid-July (Fig. 12). Results from the statistical 
analysis based on three-dimensional modeling during the summers of 1979-
1988 (Myrberg and Andrejev 2003) and analysis of satellite data for 1990-2009 
(Lehmann et al. 2012) also approved that NW part (along the coast of the 
Saaremaa Island) is one of the main upwelling regions in the Gulf of Riga. 
 

 
 
Figure 12. Satellite-derived sea surface temperature; upper layer temperature registered 
along the RV SALME track by thermosalinograph, at the buoy station and selected 
coastal stations on 15 July 2015. 
 

The only available profile in the Irbe Strait on 14-15 July was acquired 
eastward from the core of the upwelling and it revealed three layers - upper 
layer (15.00 °C and 5.90 g kg-1), deep layer (4.70 °C and 5.95 g kg-1) and salt 
maximum layer (12.15 °C and 6.35 g kg-1) between the former two. Similar 
structure of salt intrusion was found in the central part of the Irbe Strait on 9 
August as well (Figs. 13c and 13d) and the structure of the salt maximum in 
July and August was similar to the one observed at the buoy station, which 
suggests that the salt impulse entered the gulf via the Irbe Strait. Moreover, the 
most recent profile from the central part of the Irbe Strait on August 2016 also 
had a sub-surface salinity intrusion. 

On 9 August high saline (> 6.7 g kg-1) and warm water was observed in the 
upper layer in the southern part of the strait (see the green curve in Fig. 13d and 
Paper IV). The temperature-salinity curves suggest that the salt maximum layer 
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observed in the central part of the strait was a mixture of high saline warm 
water and thermocline water of the Gulf of Riga. The process that could initiate 
such a mixing event was the downwelling along the southern coast of the Irbe 
Strait which appeared simultaneously with the upwelling along the coast of the 
Saaremaa Island promoted by the SW winds. Moreover, the SW wind likely 
creates a coastal boundary current along the eastern coast of the Baltic Proper. It 
can be seen that at the station marked in green in Fig. 13d, this warm, salty 
water has pushed over the fresher water probably causing some vertical mixing 
as well. 

Since the Irbe Strait is relatively narrow and shallow, the downwelled waters 
(originated from the Baltic Proper) reached the seabed quite fast. We suggest 
that the upwelled water was (at least partly) compensated by this warm and 
saltier downwelling water in the Irbe Strait. This hypothesis is supported by the 
TS-curves - one source water (see the green curve in 13d and Paper IV) for the 
salt maximum layer observed in the central strait on 9 August (blue curve in 
Fig. 13d) had almost the same TS-characteristics as the warm and saltier water 
more to the east along the southern part of the Irbe Strait (see the magenta curve 
in Fig. 13d and Paper IV). 
 

 
 
Figure 13. Temperature-salinity (TS) curves on 14-15 July and 7-9 August. TS curves 
along the vessel track acquired by the thermosalinograph (a, b) and at selected CTD 
stations (c, d) during the two analyzed surveys. The thermosalinograph tracks and 
locations of CTD stations are shown in Paper IV (station dots on the map have same 
colors as TS dots here). Color bars in the uppermost panel show the longitude. 
 

The period of upwelling coincided with the period of strongest salt maxima 
observed at the buoy station (see intrusion index in Paper IV). This coincidence 
supports the suggestion that the salt intrusions entered the gulf during the 
simultaneous upwelling in the northwestern gulf (along the shore of the 
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Saaremaa Island) and downwelling along the southern coast of the Irbe Strait. 
Similar suggestion was made by Stipa et al. (1999) stating that downwelling 
depresses the seasonal pycnocline on the Baltic Proper side of the strait and 
creates a baroclinic pressure gradient along the strait, which might drive the 
Baltic Sea surface water, instead of the water below the seasonal pycnocline, 
into the Gulf of Riga. It was suggested that downwelling occurred in the Baltic 
Proper along the Latvian coast in 1993 (Stipa et al. 1999) when the salinity 
maxima in the area were registered. More frequent water column profiling 
should be carried out in order to check if only the baroclinic pressure gradient is 
needed (Stipa et al. 1999) for the maxima layer generation, or also the cross-
strait downwelling plays a significant role as suggested in the present study. 
 
3.3.3 Water exchange regimes and their impact 
 
In the previous sub-chapter, it was suggested that the sub-surface saltwater 
maxima originated from the upper layer of the Baltic Proper and likely entered 
the gulf via the Irbe Strait. For the sub-surface saltwater intrusions to originate 
from the upper layer of the Baltic Proper and enter the Gulf of Riga through the 
Irbe Strait, specific conditions are required regarding the water density in the 
two basins. The inflowing saltier water must be lighter than the deep layer water 
and denser than the upper layer water in the gulf to locate in between them 
(Paper IV). The upper layer density in the Baltic Proper in January-April (1979-
2014) was in a range of 5.5-6.0 kg m-3, whereas, water density at the 32-38 m 
depth in the Gulf of Riga was mostly below 5.0 kg m-3 throughout the year (Fig. 
14a). As the water cools down to the temperature of maximum density (2.6-2.7 
°C) every winter in the Gulf of Riga, the salinity over 6.9 g kg-1 (at the 
temperature of 2.6-2.7 °C) would be necessary to reach the density of 5.5 kg m-

3. Despite that, salinity in the deepest layers of the gulf does not typically 
exceed 6.5 g kg-1 (Raudsepp 2001) which means that if the Baltic Proper water 
enters the Gulf of Riga in January-April, it must sink to the near-bottom layer of 
the gulf and cannot form a sub-surface salinity maximum during this period. In 
Autumn and early winter the situation is rather similar - although during the 
autumn-winter cooling period the temperature in the Gulf of Riga drops faster 
than in the Baltic Proper, the Baltic Proper still has heavier upper layer water 
which means that it cannot lie above the Gulf of Riga water and form any salt 
intrusions in the sub-surface layer. 
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Figure 14. (a) Annual cycle of average density anomalies [σ0; kg m-3] in the 0-5 m layer 
of the Baltic Proper (1979-2014) and at the 32-38 m depth in the Gulf of Riga. (b) 
Intrusion index in the Gulf of Riga at ≥35 m deep stations (1993-2015); only high-
resolution profiles were included. The blue box indicates the location of the analyzed 
profiles from the Baltic Proper. In the Gulf of Riga, all available deep enough 
measurements were included. 

 
Nevertheless, the upper layer water in the Baltic Proper tends to be lighter 

than water in the Gulf of Riga at 32-38 m depth from mid-July to the beginning 
of September (Fig. 14a). Thus, if the Baltic Proper water flows into the gulf 
during that time, it likely does not reach the bottom layers of the gulf and can 
potentially form sub-surface salinity maxima. The temporal variability of the 
intrusion index (based on the CTD casts during 1993-2014) confirms latter and 
shows that the saltwater intrusions have been observed from mid-July to mid-
September (Fig. 14b). Moreover, it has to be noted that at the autonomous buoy 
location the saltwater intrusions, as well as higher intrusion index, were also 
detected during this time of the year (see Paper IV). 

Buoyant intrusions of inflowing waters are well-known features in the 
Western Baltic Sea. It is the water that has flown through the Danish Straits to 
the Baltic and which is not dense (light) enough to reach the bottom layers (to 
stay in the surface layer) of the Baltic. If the baroclinic inflows occur during 
summer in the Western Baltic (Feistel et al. 2004), buoyant temperature maxima 



43 

can develop at the depths of the halocline. Since maxima formation can be 
influenced by wind forcing, one might expect that the salt and water balance in 
the gulf could be impacted by the suggested wind regime changes in the future 
(Christensen et al. 2015). 

Previously described buoyant inflow regime might occur in many semi-
enclosed basins where a sill restricts the water exchange with the neighbouring 
water basin which has higher salinity/density. For now, such regime is well 
known only in fjords (e.g. Belzile et al. 2016). In summer when the seasonal 
thermocline is present, certain forcing conditions could cause deepening of the 
upper mixed layer and the inflowing water originating from the surface (or 
thermocline) layer forms a buoyant salinity maximum in a basin. 

To ascertain the possible role of the sub-surface salinity maxima, for 
example, in the salt balance of the Gulf of Riga, more frequent and dense 
measurements should be carried out also involving the advantages of the high-
resolution modeling. Nevertheless, it seems that it is not an easy task for the 
operational models to detect the sub-surface salinity maxima as, for example, 
the existing operational model HIROMB-EST (Lagemaa 2012) and the HBM 
(Berg and Poulsen 2012) did not capture the salt maxima formation and 
constantly underestimated salinity (on average by 0.6 g kg-1) at the buoy 
location in the present study. 

The apparent oxygen utilization (AOU) and salinity curves (see Paper IV) 
suggested that source water for the salt intrusion had almost saturated oxygen 
content as the water was originating from the upper layer of the Baltic Proper. 
The Gulf of Riga has a high production (Seppälä and Balode 1999) and high 
oxygen consumption (HELCOM 2009) due to decomposition of organic 
material in the near-bottom layer. Lateral advection might be an important 
source of oxygen for the deep layers in the gulf, especially in summer, when 
strong stratification impedes vertical mixing. However, if the inflowing saltier 
water does not reach the deeper bottom layers, the bottom remains isolated from 
this lateral advection of oxygen. Thus, the oxygen conditions in the near-bottom 
layer of the gulf strongly depend on the water exchange regime in the Irbe 
Strait. In summer 2015, the regime resulting in buoyant sub-surface saltwater 
intrusions prevailed, and the near-bottom layer of the gulf did not receive 
additional oxygen through the lateral advection. This suggestion can be 
confirmed by dissolved oxygen content and AOU profiles (see Paper IV) 
acquired from the Ruhnu Deep from April to August 2015. 

In conclusion, it can be suggested that two types of Baltic Proper inflow 
regimes exist in the gulf. The near-bottom layer salt wedge regime is the only 
inflow pattern from October to May/June. In summer, from June/July to 
September, the regime leading to the formation of the buoyant salt intrusion (or 
saltier water patches) if the inflowing water originates from the upper layer or 
the regime resulting in the near-bottom salt wedge if the inflowing water 
originates from the layer beneath the seasonal thermocline can occur. 
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CONCLUSIONS 
 
The main aim of the thesis was to improve the present knowledge about the 
thermohaline structure in the Gulf of Riga in summer and ascertain the main 
factors and processes influencing it. Additional attention was devoted to the 
characterization and description of the vertical thermohaline structure based on 
the shorter and longer time scales. Important role was allocated to the mesoscale 
processes and circulation in the Gulf of Riga using the approach of numerical 
experiments. 

In comparison with other studies in the Gulf of Riga, the present thesis 
provided the long-term results based on rather long historical CTD dataset 
obtained from 1993 to 2012. Together with different forcing factors this dataset 
allowed to describe the recent state of the Gulf of Riga regarding thermohaline 
variability and compare it to what has been observed and suggested before. 
Autonomous buoy profiler was used for the first time in the Gulf of Riga in 
order to acquire a high temporal resolution profiles which allowed to detect the 
sub-surface salinity intrusions which were just suggested and not thoroughly 
described before due to the limited resolution of the data. Until now, there have 
been only a few model studies devoted particularly to the Gulf of Riga, but not 
much attention has been paid to describe both the whole-basin circulation 
patterns and mesoscale features like eddies and meanders. 

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

 The vertical thermohaline structure in the Gulf of Riga in summer (August) 
is characterized by the average salinity and temperature of 5.38 g kg-1 and 
18.6 °C in the UML, 6.0 g kg-1 and 3.2 °C in the DL, and resulting overall 
vertical density difference between the UML and DL of 2.2 kg m-3. 

 During summer, a whole-basin anticyclonic gyre with enhanced intensity of 
currents in the western half-basin was dominating governed by a combined 
effect of the wind stress curl, seasonal stratification and bottom topography, 
whereas, during the cold period of the year, a whole-basin cyclonic gyre 
with enhanced intensity of currents in the eastern half-basin was dominating 
primarily governed by the wind stress curl and bottom topography.  

 The anticyclonic circulation pattern in summer was confirmed by the long-
term observational data (lower salinity in the western part of the gulf) 
during August. 

 River runoff in spring proved to be a major driving force for the salinity 
dynamics in the UML and a substantial contributor to enhancing the 
strength of the stratification in summer (August). The strongest 
stratification in 2010 was related to the highest river runoff in spring and 
second largest temperature during 1993-2012. 

 It is shown that the Daugava River discharge forms a freshwater plume 
consisting of an anticyclonic bulge and buoyant jet along the eastern coast. 
In summer, a substantial fraction of freshwater can be involved into the 
anticyclonic whole-basin circulation leading to the bimodal freshwater 
transport pathways. 
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 Multiple mesoscale features, with the horizontal scales consistent with the 
Rossby radius estimates, were detected. Due to the wind forcing, the coastal 
buoyant current and related salinity front fell into baroclinic instability and 
displayed meanders along the eastern coast. 

 Thermohaline circulation (the no atmospheric forcing case) revealed the 
formation of the chain of mesoscale cyclonic eddies generated in the Irbe 
Strait (with a core of increased salinity/density). 

 Occasionally (during summer), the intrusions with strong salinity maxima 
were observed in the sub-surface layer of the Gulf of Riga originating from 
the Baltic Proper and formed, likely, through simultaneous upwelling and 
downwelling events along the two opposite coasts of the Irbe Strait. 

 Due to the density characteristics in the Gulf of Riga and Baltic Proper, the 
sub-surface salinity maxima existence/creation is feasible only in summer. 
Such a water exchange regime might isolate the near-bottom layer of the 
Gulf of Riga from the lateral flows (containing more saline and oxygen rich 
waters from the Baltic Proper). 

 The increase of water temperature and earlier occurrence of maximum river 
runoff as suggested by the climate change scenarios would generate a 
stronger stratification conditions in the Gulf of Riga in summer which, in 
turn, might lead to the increase of the hypoxic areas in the bottom layers of 
the Gulf of Riga. 
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Paper III 
 
Lips, U., Zhurbas, V., Skudra, M., Väli, G. (2016). A numerical study of 
circulation in the Gulf of Riga, Baltic Sea. Part II: Mesoscale features and 
freshwater transport pathways. Continental Shelf Research, 115(1), 44–52, doi: 
10.1016/j.csr.2015.12.018. 
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Paper IV 
 
Liblik, T., Skudra, M., Lips, U. (2016). On the buoyant sub-surface salinity 
maxima in the Gulf of Riga. Oceanologia, in press, doi: 
10.1016/j.oceano.2016.10.001. 
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ABSTRACT 
 
The main aim of the thesis was to describe the thermohaline structure and its 
variability and the main circulation patterns in the Gulf of Riga under different 
forcing factors. The Gulf of Riga is a sub-basin in the eastern part of the Baltic 
Sea with a limited water exchange due to the shallow straits that connect it to 
the open sea and with a substantial amount of freshwater entering the southern 
part of the gulf. 

The present study is based on the long-term CTD data (May-August, 1993-
2012) which were analyzed to study inter-annual and long-term changes in 
temperature, salinity and density in relation to river runoff and atmospheric 
forcing (e.g. Baltic Sea Index). High-resolution data obtained from the 
autonomous buoy profiler were used to analyze the vertical thermohaline 
structure and its features. Finally, the Princeton Ocean Model was applied to the 
Gulf of Riga in order to study the whole-basin circulation patterns as well as 
mesoscale features related to the freshwater discharge, currents and 
thermohaline circulation. 

Long-term data revealed that river runoff in spring is a major driving force 
for the salinity dynamics in the UML and a substantial contributor to enhancing 
the strength of the stratification later in the year (August). The strongest 
stratification occurred in years with the highest temperature and river runoff in 
spring. In comparison to some earlier studies no clear trend was detected 
regarding the long-term temperature and salinity changes in the gulf.  

One of the main scientific questions was related to the whole-basin 
circulation patterns. The model simulations showed the existence of whole-
basin gyres – cyclonic in the cold period of the year and anticyclonic in 
summer. Observations of lower salinity in the western part of the gulf 
confirmed the modeled results about the anticyclonic circulation during summer 
in the Gulf of Riga. Analysis of the mesoscale processes showed the existence 
of different mesoscale features like eddies and meanders related to the 
thermohaline circulation and freshwater pathways. The model output showed 
that Daugava River discharge consists of the freshwater plume with an 
anticyclonic bulge and the buoyant jet along the eastern coast. A substantial 
fraction of this freshwater can be involved into the anticyclonic whole-basin 
circulation in summer seen as reduced salinity along the western coast of the 
Gulf of Riga. 

Autonomous buoy profiler proved the existence of the sub-surface salinity 
intrusions as well as fresher water patches in the Gulf of Riga. Salinity 
intrusions, most likely, are formed through simultaneous upwelling and 
downwelling events along the two opposite coasts of the Irbe Strait. These 
saline water intrusions can occur only in summer due to the density 
characteristics between the gulf and the open Baltic Sea. In such case, during 
summers saline water from the Baltic Proper does not reach the bottom layers of 
the gulf which might lead to the oxygen depletion in these regions. 
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Climate change scenarios also confirm the possibility of the increase of 
oxygen-depleted areas in the Gulf of Riga as they are predicting an increase of 
water temperature and earlier occurrence of maximum river runoff. In such 
case, stratification could occur earlier and become stronger in the Gulf of Riga. 
With the intensification of stratification, the vertical mixing would be reduced 
even more, and this might lead to the increase of the hypoxic areas in the 
bottom layers of the Gulf of Riga. 
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RESÜMEE 
 
Doktoritöö peamiseks eesmärgiks oli Liivi lahe termohaliinse struktuuri ja selle 
muutlikkuse ning üldtsirkulatsiooni kirjeldamine sõltuvalt erinevatest 
mõjutavatest teguritest. Liivi laht on Läänemere alam-bassein mere idaosas, mis 
omab piiratud veevahetust tänu kitsastele ja madalatele väinadele ja suhteliselt 
suurt magevee juurdevoolu jõgedest lahe lõunaosas. 

Doktoritöö aluseks on sondidega kogutud mõõtmiste andmed (mai-august 
1993-2012), mille abil on uuritud temperatuuri, soolsuse ja tiheduse jaotuse 
pikaajalisi muutusi ja aastate-vahelist muutlikkust ning selle sõltuvust jõevee 
juurdevoolust ja atmosfääri mõjudest (näiteks, Läänemere indeksi muutustest). 
Kõrge lahutusega mõõtmisi profileeriva poijaamaga on kasutatud vertikaalse 
termohaliinse struktuuri lühiajalise muutlikkuse ja sellega seotud nähtuste 
kirjeldamiseks. Numbrilist mudelit POM (Princeton Ocean Model) on 
rakendatud Liivi lahele, et uurida basseini-mastaapi tsirkulatsioonimustreid ja 
mesomastaapseid nähtusi, mis on seotud magevee juurdevoolu, hoovuste 
ebastabiilsuse ja termohaliinse tsirkulatsiooniga. 

Pikaajaliste andmeridade analüüsi põhjal on leitud, et jõgedest pärinev 
magevee juurdevool on peamine tegur, mis määrab soolsuse muutlikkuse 
ülemises segunenud kihis ja mis tugevdab vertikaalset stratifikatsiooni suvel. 
Tugevaim vertikaalne stratifikatsioon esines aastatel, mil oli kõrge temperatuur 
ja maksimaalne jõgede vooluhulk kevadel. Erinevalt varasematest uuringutest ei 
näidanud mõõtmisandmed olulist ühesuunalist soolsuse ja temperatuuri trendi 
lahes. 

Üks peamisi ülesandeid oli seotud lahe üldise tsirkulatsiooni mustritega. 
Mudelsimulatsioonid näitasid, et basseini-mastaapi tsirkulatsioonimustrites 
valitseb tsüklonaalne tsirkulatsioon külmal aastaajal ja antitsüklonaalne 
tsirkulatsioon suvel. Mõõtmiste põhjal määratud madalam soolsus lahe 
lääneosas suvekuudel toetab mudeliga saadud tulemusi antitsüklonaalse 
tsirkulatsiooni esinemisest suvel. Mesomastaapsetest protsessidest esinesid 
pöörised ja hoovuste meandrid, mis olid seotud nii veevahetusega 
(termohaliinse tsirkulatsiooniga) kui jõevee levikuga lahe pinnakihis. Daugava 
jõe sissevoolust moodustus jõevee antitsüklonaalne pööris lahe lõunaosas ja piki 
idarannikut kulgev magedama vee jugahoovus. Oluline osa jõeveest kanti suvel 
kogu lahte hõlmava antitsüklonaalse tsirkulatsiooniga põhja poole piki lahe 
läänerannikut. 

Veesamba autonoomse profileerijaga kogutud andmetest on tuvastatud 
pinna-aluste soolsuse maksimumide ja madala soolsusega intrusioonide 
esinemine Liivi lahes. Soolasema vee intrusioonid moodustusid tõenäoliselt 
samaaegselt esinevate apvellingu ja daunvellingu tulemusena Irbe väina põhja- 
ja lõunaosas. Taolised pinna-alused soolase vee intrusioonid saavad tekkida 
ainult suvekuudel, kui Läänemere avaosa pinnakihi vee tihedus on piisavalt 
madal. Sellise veevahetuse režiimi puhul ei jõua Läänemere avaosa vesi lahe 
põhjakihti, mis võib viia hilissuveks hapnikutingimuste halvenemiseni lahe 
sügavamates piirkondades. 
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Kliimamuutuste stsenaariumid toetavad samuti Liivi lahe põhjalähedase kihi 
hapnikutingimuste halvenemise tõenäosust tulevikus, kuna näevad ette vee 
temperatuuri kasvu ja jõevoolu kevadise maksimumi nihkumist varasemale 
ajale. Selliste muutuste puhul areneb veesamba stratifikatsioon lahes varem ja 
on tugevam. Tugevnenud stratifikatsiooni tingimustes on vertikaalne 
segunemine veel rohkem pärsitud, mis võib viia hüpoksiliste alade laienemisele 
Liivi lahe põhjas. 
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