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1 Introduction  

The transition area between river and ocean, which have often been referred to as an 
estuary, offers a wide range of natural opportunities for different ecosystems to flourish 
and form one of the most productive and versatile habitats on Earth (Hansen and Rattray 
1966, Aubrey and Friedrichs 1996, Kaiser et al. 2001). Urban habitats have been 
established near the large estuarine systems benefitting from their favorable conditions 
for fisheries, trading ports and agriculture where fertile plains are available (Barbier et al. 
2011, Zapata et al. 2018). The mixing of riverine freshwater with underlying circulation 
creates a natural pathway for nutrients to reach offshore areas. Contrarily, strong 
stratification can suppress the mixing of oxygen to the bottom layers of the productive 
sea areas, creating vast zones of oxygen depletion. Therefore, estuarine ecosystems 
depend on the governing physical processes which may be distinctive for each estuary 
(Kaiser et al. 2001).  

The basic concept of tidally averaged (also referred to as residual) estuarine 
circulation lies in the gravitational circulation of buoyant and dense water on the estuary 
head and mouth, respectively (Pritchard 1952, Hansen and Rattray 1965, MacCready and 
Geyer 2010, Geyer and MacCready 2013). The river inflow to the estuary head creates a 
barotropic pressure gradient towards the estuary mouth and increases longitudinal 
salinity gradient towards the estuary head, which results in barotropic net outflow from 
the estuary. The balance between the baroclinic pressure gradient from the longitudinal 
salinity gradient and vertical friction from the bidirectional flow system results in an 
exchange flow between the head and mouth of the estuary, where buoyant freshwater 
flows in the surface layer towards the estuary mouth and salty water in the lower layer 
towards the estuary head along the main axis of the estuary (Pritchard 1952, Hansen and 
Rattray 1965). Based on the strength and extent of the vertical stratification, four types 
of estuaries are recognized: salt wedge, partially mixed, vertically homogeneous and 
strongly stratified estuaries (Pritchard 1955). Recent findings of Burchard and Hetland 
(2010) and Burchard et al. (2011) challenge the assumption that forcing of the estuarine 
circulation arises from gravitational circulation by showing that tidal straining circulation 
is the dominant contributor to the classical estuarine circulation in tidally energetic 
estuaries (Geyer and MacCready 2014, Dijkstra et al. 2017). Cheng et al. (2013) suggested 
that the ratio between tidal excursion and salinity intrusion control whether the baroclinic 
or tidal forcing dominates the estuarine circulation.  

The extent of saline water intrusion into the estuary sets the scale for longitudinal 
estuarine exchange (Geyer and MacCready 2014). The intrusion is often characterized as 
a salt wedge which is formed under the presence of a steady outflow which is gradually 
shrinking towards the estuary mouth above the inflow in a deeper layer towards the 
estuary head (Hansen and Rattray 1966). The intrusion length of the frictionally arrested 
salt wedge has been shown to be dependent on river discharge (Schijf and Schönfeld 
1953) and estuarine convergence (Poggioli and Horner-Devine 2015); however, the realistic 
extent of salty water intrusion is greatly modified by tidal currents, prevailing wind forcing 
and the density structure of a particular estuary (Geyer and MacCready 2014).  

The theory of a 2-dimensional (2D) estuarine circulation has shown to be applicable 
in many well-known estuaries eg. Columbia River, Juan de Fuca Strait, Mersey Narrows, 
James River (Hansen and  Rattray 1965), Hudson River (Ralston et al. 2008), Merrimack 
river (Cheng et al. 2013), San Francisco Bay (Walters and Gartner 1985, Monismith et al. 
1996, McCready 2004), Chesapeake Bay (Goodrich and Blumberg 1998), Mersey Estuary 
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(Bowden 1963, Bowden and Din 1966), Willapa Bay (Banas et al. 2004).  
The rotational effects of the Earth become important when the width of the estuary 

becomes comparable with the internal Rossby radius and weak friction (Gill 1982, Winant 
2004). The Kelvin number Ke, as a measure for Coriolis force in the estuary, is defined as 
the ratio between basin width W and internal Rossby deformation radius Rd, Ke=W/Rd, 
where Rd= (g’ D)0.5/f, where g’ is reduced gravity, D is the thickness of the upper layer 
and f is the Earth’s rotation frequency. In wide estuaries (Ke>1), the effect of Earth 
rotation causes a significant lateral shear with inflow along the left hand side and outflow 
along the right hand side of the estuary (Valle-Levinson 2008). This results in cyclonical 
(i.e anticlockwise) horizontal water circulation in the northern hemisphere (Valle Levinson 
et al. 2011). The inclusion of frictional effects accounted for the vertical Ekman number, 
Ek= Az/fH2, where Az is vertical eddy diffusivity, f is Earth rotation frequency and H is 
characteristic water depth, results in a laterally sheared flow pattern with outflows along 
the coasts and an inflow along the central part of the estuary in case of moderate and 
high Ek (Kasai et al. 2000, Valle-Levinson 2008). Such a scheme in a shallow shoaling 
estuary head should result in an anticyclonic (i.e. clockwise) shear flow along the left 
hand side and a cyclonic shear along the right hand side of the estuary (e.g. Fischer 1972, 
Wong 1994, Wei et al. 2017). Several studies have demonstrated the existence of a 
persistent anticyclonic (AC) circulation gyre in the head of the wide estuary or the region 
of freshwater influence (ROFI) (James 1997, Johnson et al. 1997, Fujiwara et al. 1997, 
Kasai 2000, McClimans et al. 2000, Fujiwara 2003, Nielsen 2005, Panteleev et al. 2007, 
Malačič and Petelin 2009, Nakayama et al. 2014, Soosaar et al. 2014 , Lips et al. 2016a, 
Itoh et al. 2016, Yoon and Kasai 2017).  

Freshwater outflow in the head of the wide estuary or ROFI typically forms a coastally 
trapped buoyant current along the right hand coast (Griffiths and Lenden 1981, Garvine 
1987, Chapman and Lentz 1994, Horner-Devine et al. 2015). Under the geostrophic 
balance of pressure terms and favorable conditions, the fresh water can reach distances 
over hundreds of km, influencing coastal current systems of other estuaries (Geyer et al. 
2004, Giddings and McCready 2017). The coastal current may be modified by external 
factors such as fluctuations of river discharge (Avicola and Huq 2003, Yankowski and 
Chapman 2005), winds (Geyer et al. 2004, Whitney and Garvine 2005, Choi and Wilkin 
2007, Jurisa and Chant 2012), waves (Gerbi et al. 2013), tides (Halverson and Pawlowicz 
2008) or ambient currents (Fong and Geyer 2002). It is shown in Soosaar et al. (2016) 
how external factors affect the coastal current and how ambient AC circulation causes 
river water to be transported along the left hand coast. Fujiwara et al. (1999) developed 
an analytical framework based on vorticity balance to study persistent AC circulation in 
Ise Bay (Japan). They showed that constant upward entrainment is the source of negative 
vorticity in the surface layer. The steady state cross-sectional model applied by Kasai et 
al. (2000) was able to explain the baroclinic inflow in the deep layer of Ise Bay, but the 
strong coastal current, which was part of the observed AC circulation, was absent in the 
model results. Thus, there are evidence of the AC circulation and coastal current at the 
left hand coast in natural marine systems, but no solid dynamical explanation is available. 

The effect of wind has been found to either enhance or hinder estuarine circulation due 
to the additional surface momentum flux (Reyes-Hernandez and Valle-Levinson 2010, Li 
and Li 2011) and to induce barotropic pressure gradients (Gibbs et al. 2000, Elken et al. 
2003). The effects of far-field processes have been shown to set up favorable conditions 
for reversals of the estuarine circulation by altering stratification in the mouth of the 
estuary (Giddings and MacCready 2018) or forcing ambient water inflows to the estuary 
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(Alvarez-Salgado et al. 2000, Lopez et al. 2001). There are many other indirect drivers for 
estuarine circulation like asymmetry of tidal currents and nonlinearities in momentum 
transport due to geometry of estuaries (Schultz et al. 2014, Beckerer et al. 2015). 

The microtidal Baltic Sea (BS) offers a unique opportunity to study residual circulation 
of wide ROFIs and the underlying estuarine physical processes. The small tidal impact on 
hydrodynamical conditions of the BS enables research of the processes governing low 
frequency motions that are less contaminated with short-term variability of the currents 
and hydrography than in the tidally energetic estuaries. The depth of the BS sub-basins 
and their spatial temperature and salinity distributions are sufficient to manifest 
thermohaline circulation with a strong estuarine circulation component. 

This study is focused on the two wide easternmost basins of the BS — the Gulf of Riga 
(GoR) and the Gulf of Finland (GoF). Those ROFIs differ by their unique basin 
morphologies, but share similar climatology of atmosphere and ambient boundary 
conditions from the Baltic Proper (BP). Large freshwater supply and exchange flow in the 
mouth in those gulfs sets the longitudinal density gradients which in turn give rise to 
baroclinicity of the currents. The large Kelvin number of those sub-basins suggest that the 
transversal currents are an important component in the prevailing circulation patterns.  
The results of the study are comparable to the circulation dynamics of any wide estuary. 

The main goal of the thesis is to provide scientific evidence and build up a solid 
justification that AC, prominent coastal current at the left hand side of the estuary and 
estuarine exchange flow are essential components of the general circulation of the two 
easternmost ROFIs of the BS — GoF and GoR.  

The following specific objectives are met: 

 validity of long-term model simulation results is proven through comparison of the 
model results with the measurements (Paper I, II); 

 simulated long-term mean surface current field and thermohaline fields suggested 
that seasonal variations of the surface layer currents and estuarine exchange along 
the thalweg are prevalent in the GoF (Paper I); 

 basinwide AC circulation patterns are essential features in the GoF and GoR as derived 
from the validated and state-of-art long-term numerical model simulations (Paper I, II, III); 

 realization of the AC gyres, the intensity of the left-hand coastal current and estuarine 
exchange flow is dependent on the strength of the zonal wind component until the 
generation of stratification collapses (Paper I, III, IV); 

 possible mechanisms behind the dynamics of the LHCC and AC circulation is 
geostrophic baroclinic adjustment and upward entrainment of the salty water into 
the less saline upper layer (Paper I, III); 

 salt wedge dynamics, LHCC and AC circulation are interrelated and affected by MBIs 
(Paper I). 
The research is based on the numerical model simulations, where the validation of 

the model results is emphasised in Paper II. The results from the long-term model 
simulations are presented in Papers I and III. The long-term processes (Paper III and I) 
and short-term processes (Paper IV) are put in the context of the far field forcing via 
Major Baltic Inflows in the BP (Paper V). 

The overview of study areas is given in Chapter 2. The description of GETM model and 
setups is presented in Chapter 3. The main results from the long-term mean and 
interannual investigations of different circulation features is presented in Chapter 4.  
In Chapter 5 discussion focuses on the underlying dynamics which force the water 
circulation in particular ROFIs. Conclusions in Chapter 6 summarize the main findings. 



 

12 
 

2 Study areas 

2.1 The Baltic Sea 

The Baltic Sea (BS) has been characterized as a shallow semi-enclosed intracontinental 
sea with a strong permanent stratification (Elken and Matthäus 2008, Leppäranta and 
Myrberg 2009). The surface area of the BS (including Kattegat) is 415 000 km2 and the 
average depth is 55 m (Elken and Matthäus 2008). The extensive runoff from its vast 
catchment area, extending over 1 720 000 km2, and inflows of saline water through the 
narrow Danish Straits in the west, create a strong vertical stratification with halocline 
extending into depths of 80—100 m. Geographically the BS is divided into multiple  
sub-basins that differ by their unique hydrographical and topographical peculiarities. 
They are connected to the BP via straits and sills where exchange flows form complicated 
horizontal fronts (Elken 1994, Pavelson et al. 1997, Lilover et al. 1998, Mattias et al. 
2006).  

The physical conditions can be related to the fjord type of estuary due to low mixing 
and occasional inflows of dense water over the shallow Danish Straits, which can be 
viewed as a sill between the North Sea and the Baltic Sea. However morphological 
description of a fjard [sic] (Perillo 1995) is better suited to describe the BS as it is a wide 
and shallow submerged glacial valley with low relief. According to Geyer and McCready 
(2014) the BS has been classified as a transition between a strongly stratified and fjord 
type estuary in scales of tidal mixing and freshwater velocity.  

Döös et al. (2004) suggested the concept of a Baltic haline conveyor belt to 
characterize water circulation as a great meridional overturning cell extending from the 
Kattegat to the Bay of Bothnia. According to that the vertical circulation of the BS is 
described as a pathway of a dense water mass entering from the North Sea and extending 
to the depths of the BS sub-basins, where it is gradually mixed to the surface. 

An important feature of the hydrographical conditions of the BS are the sporadic 
occurrences of the Major Baltic Inflows (MBI), which shape the thermohaline conditions 
and intensify stratification in all sub-basins (Matthäus and Franck 1992, Mohrholz 2018). 
The favorable conditions for MBI’s occur when easterly winds have lowered the total 
volume of the BS and the following prevailing westerly winds force a large volume of salty 
water into the Arkona Basin (Lass and Matthäus 1996, Schinke and Matthäus 1998). 
Following the gravitational spread of dense water into the depths of the BP forces old 
brackish water to flush downstream or entrain into the surface layer, hence shifting the 
vertical isohalines in almost every sub-basin. Even intermediate inflows, which occur 
almost every winter (Mätthäus and Franck 1992, Lehmann et al. 2017), enhance 
transport within the halocline and influence the haline conditions of the downstream 
basins. Recent occurrences of dense water inflows to the BS have been described in 
Mohrholz et al. (2015) and Gräwe et al. (2015). In the Paper V of this study it was found 
that the recent MBI at the end of 2014 set favorable conditions for the following smaller 
inflows to reach the Gotland Deep. 

A number of numerical model results show the dominance of the cyclonic mean 
horizontal water circulation in the BS (eg. Lehmann and Hinrichsen 2000, Lehmann et al. 
2002, Meier 2007, Jedrasik 2008, Jedrasik and Kowalewski 2019). Lehmann et al. (2002) 
suggested that the geostrophic barotropic currents are topographically steered and form 
cyclonic circulation gyres around the deeps of the BP and in the Sea of Bothnia.  
The largest transports are found around the Gotland Basin and in the Gulf of Bothnia  
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(i.e the Sea of Bothnia and the Bay of Bothnia combined, see Fig. 1), while currents in the 
GoF and GoR show lower stability and strength (Meier 2007). Väli et al. (2013) showed 
that the volume transports in the BP undergo large interannual variations.  

The surface currents averaged over the 40-year model run (Paper I) show average 
cyclonic circulation with strong boundary currents near the coasts in the BP and the Gulf 
of Bothnia (Fig. 1). There are several local scale circulation cells embedded in the main 
flow, which recirculate the inflowing and outflowing water. In the GoF and GoR the 
current field shows an anticyclonic tendency and extensive coastal currents near the 
southern and western coast, respectively. The currents have a higher persistency and 
velocity near the shoals compared to the open sea. 
The tides are found to be negligible in the BS, remaining within a range of a few cm,  
due to shallowness and low connectivity with the ocean (Witting 1911, Magaard and 
Krauss 1966, Medvedev et al. 2013). Only in the GoF diurnal tidal currents may reach 
velocities up to 8 cm/s in the eastern part (Evdokimov et al. 1974) and 9.5 cm/s in the 
western part (Lilover 2012). Generally, other periodic processes, such as seiches and 
short term sea level variations, surpass the influence of tides (Alenius et al. 1998). 
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Figure 1. The mean surface (0—10 m) current field redrawn from the vector field of long-term model 
simulation (Paper I, II). The stability of currents is underlaid in grayscale. Distribution of the mean 
sea level is shown in the upper-right inset. 
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2.2 The Gulf of Finland  

The Gulf of Finland (GoF) is a large (29 751 m2 according to Alenius et al. (1998)) 
elongated sub-basin in the eastern part of the BS. It has an unrestricted connection with 
the BP without any sills in the western part of the gulf. The depth at the entrance to the 
GoF (at the 23o E) reaches over 100 m meaning that the deep water of GoF is formed 
below the halocline in the BP. The southern slope is slightly steeper than the northern 
slope and therefore the thalweg is shifted southward from the main axis of the gulf.  
The coastline is irregular and characterized by many embayments and peninsulas at the 
southern coast and with many small islands at the northern coast.  

Vertically the water column is stratified by the salinity, except for the summer months 
when seasonal thermocline has developed in the upper 15—20 m layer. The mean  
depth of quasi-permanent halocline was approximately 67 m during the summers of  
1987—2008 (Liblik 2012). However, the halocline depth varies substantially near the 
entrance of the GoF (Elken et al. 2006). Over the longitudinal length of 400 km the salinity 
increases from 3—4 g/kg at the eastern part and up to 6—7 g/kg in the western part.  
The horizontal salinity gradient is maintained by the voluminous freshwater runoff in the 
eastern part of the GoF and the saline water transport to the gulf in the western part. 
During enhanced estuarine circulation saline water inflows to the gulf can increase 
salinity up to 10—11 g/kg below the halocline at the entrance of the gulf (Alenius et al. 
1998, Liblik et al. 2018). The high-saline salt wedge has shown sensitivity to the westerly 
impulse which could result in a reversal of the estuarine circulation (Elken et al. 2003). 
Wind mixing and current-induced straining have shown to reduce vertical stratification 
significantly and even bring a water column to a mixed state during strong westerly wind 
impulses (Elken et al. 2003, Liblik and Lips 2012, Liblik et al. 2013). The wind has also been 
found to be responsible for the transverse variability of the pycnoclines (Liblik and Lips 
2017) and the variability of the general flow field (Lilover et al. 2017). The ice is present 
in the GoF during winter time from December to April and covers the whole gulf during 
a severe winter (Sooäär and Jaagus 2007. 

The earliest studies on the long-term average circulation in the GoF were made by 
Witting (1910) who introduced the concept of general cyclonic circulation (Fig. 2a).  
The following study by Palmèn (1930) and Hela (1952) analyzed multi-year observations 
from light-ships across the GoF conducted during ice free seasons. Although surface 
currents showed low stability, the mean cyclonic circulation was suggested (Fig. 2b).  
Later modelling studies of Andrejev et al. (2004) and Elken et al. (2011) confirmed the 
general cyclonic circulation and suggested a persistent Finnish coastal current on the 
northern flank of the GoF (Fig. 2 c-d).  
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Figure 2. Historical view of a mean circulation from fundamental studies of Witting (1912) a)  and 
Palmèn (1930) b). Surface circulation as shown in studies of Andrejev et al. (2004) c) and Elken  
et al. (2011) d). c) and d) are reprinted from corresponding papers with the permission from the 
Boreal Environment Research Publishing Board. 

There have been studies based mainly on numerical model simulations, showing 
contradicting results with the main idea of cyclonic circulation. The anticyclonic mean 
circulation and indications of the persistent outflow on the southern flank of the GoF 
have been suggested in the modelling studies (Fig. 3) by Maljutenko et al. (2010), 
Soomere et al. (2011), Lagemaa (2014), Suhhova et al. (2015), Westerlund et al. (2018) 
and in Paper I of current study. Only a few studies based on measurements confirm the 
existence of a strong outflowing coastal current on the southern flank of the GoF 
(Raudsepp 1998, Suursaar 2010, Suhhova et al. 2015). 

Figure 3. Model studies of various authors depicting average surface layer circulation in the GoF. 
Plots replicated from corresponding studies are shown as Maljutenko et al. (2010)  a), Soomere  
et al. (2011) b), Westerlund (2018) c)  and Lagemaa (2012) d). b) is reprinted from corresponding 
papers with the permission from the Boreal Environment Research Publishing Board. a)  is reprinted 
with permission from author (©2010, IEEE). c) and d) are reprinted from corresponding studies 
with permission from author. 
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2.3 The Gulf of Riga 

The Gulf of Riga (GoR) is a circular shallow semi-enclosed basin in the eastern BS. It is 
connected with the BP via the shallow Irbe Strait, where the sill depth is 23 m, and with 
the Estonian Archipelago Sea via the Suur Strait with a sill depth of 5 m (Stipa et al. 1999). 
Therefore, only the surface water of the BP reaches the GoR under favorable conditions 
(Berzinsh 1995, Lilover et al. 1998). The basin is bowl-shaped with an average depth of 
26 m and maximum depth of 66 m near the western coast (Stiebrins and Valing 1996). 
The deeper eastern part is separated from the shallower western part of the gulf by 
Ruhnu Island located in the central part of the GoR. 

Relatively strong vertical stratification is maintained by the seasonal thermocline 
during summer by the buoyant freshwater flow from the rivers during springs and 
increased salinity below 20 m in summer (Stipa et al. 1999, Raudsepp 2001). During the 
period from December to March the thermal stratification is absent in the gulf.  
The longitudinal salinity gradient from the southern coast toward the northwestern Irbe 
strait is maintained by the runoff from the Daugava river and inflowing water from the 
BP. Ice is present in almost every winter, forming in December and lasting until April 
(Soosaar et al. 2010). The contribution of tides to the dynamics of currents and mixing is 
small as the largest tidal amplitudes of most energetic O1 constituents have been 1.6 cm 
(Haritonova 2016). 

Occasional inflow events into the GoR from the BP have been identified, both in 
measurements and modelling studies (Lilover et al. 1998, Raudsepp and Elken 1999). 
However, such inflow events could last over a considerable period of time. Lilover et al. 
(1998) suggests that on average the multilayer water exchange in the Irbe Strait is 
consistent with estuarine circulation. Further, they argue that the seasonal thermocline 
enhances the formation of dense bottom flows by reducing the wind mixing. 

The circulation of the GoR has been predicted as cyclonic from the classical theory 
(Leppäranta and Myrberg 2008). However, several studies on salinity distributions and 
current measurements have revealed the anticyclonic nature of the surface circulation in 
the GoR (Lips et al. 1995, Paper III, Lips et al. 2016a). The new findings based on  
multi-year model simulations by Paper III and Lips et al. (2016a, 2016b) suggest that the 
mean circulation pattern can be characterized by basin-wide anticyclonic gyres with a 
northward current along the western flank of the GoR. Based on the vorticity 
conservation equation Lips et al. (2016a) drew the conclusion that a negative wind curl 
along with the bathymetry variations is responsible for the anticyclonic tendency in the 
GoR. The dynamics of basin scale topographic waves with characteristic double gyre 
circulation has been studied by Raudsepp et al. (2003). 

The voluminous freshwater discharge of the Daugava River in the southern coast of 
the GoR creates a buoyant coastal current along the eastern coast of the GoR  
(Stipa et al. 1999, Lips et al. 2016a, Paper III). The coastal current is evident during the 
spring, but indistinguishable from ambient water in the late-summer (Stipa et al. 1999).  
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3 Model description and setups 

The current study is based on a 3-dimensional hydrodynamic model, the General 
Estuarine Transport Model (GETM, Burchard and Bolding 2002). The model solves 
advection-diffusion equations for momentum, salinity and temperature. The sub-grid 
turbulence is parametrized by means of constant horizontal eddy viscosity and dynamic 
vertical eddy viscosity, which is calculated using two-equation ⲕ-ε model via 
implementation of GOTM (General Ocean Turbulence Model, Umlauf and Burchard 
2005). Arakawa-C grid is used for horizontal discretization. Adaptive bottom-following 
coordinate system is used for vertical discretization. Model is split into barotropic and 
baroclinic mode using the mode splitting technique. For the advection total variation the 
diminishing (TVD) scheme is used with directional split and P2-PDM limiter (Lax and 
Wendroff 1964, Pietrzak 1999, Klingbeil et al. 2014). Internal pressure has been 
parameterized according to Shchepetkin and McWilliams (2005). Ice cover, which limits 
heat and momentum fluxes at the surface, is assumed from when the water temperature 
reaches freezing temperature. 

3.1 Long-term model setup 

The GETM model (Paper I and II) with one nautical mile (nml) horizontal resolution was 
set up for the whole BS. Digital bathymetry of the BS was adopted from Seifert et al. 
(1995). We have used a simple 3x3 boxcar filter in order to smooth steep slopes, and 
adjusted water depths at the Danish Straits (Great Belt, Darss Sill). In the vertical 
direction, 40 bottom-following adaptive layers with adjustments parameters of 
alpha=0.2 and c_d=0.2 (Hofmeister et al. 2013) have been defined. Jerlov coastal water 
type 3 (Jerlov 1976) has been chosen for double exponential light attenuation 
parametrization following the adjustment of parameters by Stips (2010). The timestep 
for the barotropic mode of the model is  20 s and for the baroclinic mode 400 s.  

The model was initialized from the average summertime salinity and temperature 
fields and constructed using the Data Assimilation System coupled with the Baltic 
Environmental Database (Wulff et al. 2013). Only a short spin-up period of a few weeks 
was possible from the zero velocity and sea level fields, otherwise a large-scale 
gravitational adjustment was beginning to cause unrealistic salinity and temperature 
conditions in the Southern BS. Atmospheric forcing for the BS region was prepared from 
the BaltAn65+ dataset, which is a dynamical downscaling of the ERA40 reanalysis using 
the HIRLAM model (Luhamaa et al. 2011). The atmospheric parameters were available 
on a spatial grid with a resolution of 0.1o and at a temporal resolution of 6 hours. Monthly 
river runoff data of the 37 largest rivers from the Baltic catchment was adopted from the 
hindcast simulation of the E-HYPE hydrology model (Donnelly et al. 2016). The sea level 
at the open boundary in the Kattegat was prescribed using daily measurements from the 
Smøgen gauge station.  

For realistic salinity data, we prescribed boundary conditions based on recorded 
salinity measurements made on Danish Lightships in Kattegat (Madsen et al. 2009) and 
used local wind conditions from BaltAn65+ to describe the tendency toward oceanic 
salinities during westerly wind impulses Gustafsson (1999). Detailed description of 
constructing boundary data is in Paper II. The monthly mean air temperature from the 
Kattegat was used as the surface water temperature boundary condition. When negative 
air temperatures occurred, 0oC was used.  
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3.2 Process oriented setup 

In the more process oriented studies of Paper III and IV we applied the 2 nml GETM model 
setup for period of 1997—2006 which was developed prior to 1 nml setup and therefore 
differs substantially by forcing and implementation of GETM model. In the vertical  
25 sigma layers were defined. Extensive vertical mixing was suppressed by using the TVD 
advection scheme with Superbee limiter (Roe 1986, Pietrzak 1999, Klingbeil et al. 2014). 
For the open boundary, climatological monthly mean salinity and temperature profiles 
(Janssen et al. 1999) were used. The atmospheric forcing was adopted from the RCAO 
ERA40 reanalysis (Höglund et al. 2009, Meier et al. 2011). 

 

3.3 Validation 

The Landsort station at Sweden’s eastern coast (Fig. 1) characterizes the overall mean 
sea level and the whole volume of the BS (Lehmann et al. 2017). The simulated sea level 
variations followed measurements with a correlation of 0.94 and RMSD of 7.4 cm. 
Recently, it was shown that the mean sea level derived from satellite altimetry is a good 
indicator for the inflows of saline water into the southern basins of the BS (Paper III). 
Therefore, simulated sea level quality also indicates the model’s ability to reproduce  
in- and outflow events through the Danish straits and thermohaline conditions in the 
downstream basins. 

The modelled profiles of the salinity and temperature comparison with the measured 
profiles for the period of 1993—2006 (Major Baltic Inflow Ocean Monitoring Indicator 
(MBI OMI), Paper V) show a good coherence of inflow signals in space and time (Fig. 4). 
For the overlapping period from 1993 to 2006 four deepwater inflows to the Gotland 
Deep are seen in the simulated and observed salinity and temperature data (Fig. 4).  
The inflowing saltier water increases bottom salinity from 11 g/kg close to 13 g/kg by the 
end of 2003. The temperature distributions also show inflows to the intermediate layer 
between depths of 80—150 m. These occasional inflows are crucial for the further 
spreading of the water masses into the GoF (Fig. 4bd). The model is a bit too sensitive to 
the inflows showing similar inflow patterns, but slightly overestimating the temperature 
values. For example, the inflow in 1997 is a prominent event in the model results, but is 
hardly seen in observations. In the surface layer, seasonal temperature cycle, interannual 
variations of salinity, upper mixed layer depth and cold intermediate layer are well 
reproduced by the model. 

A detailed validation of the model results for physical parameters in various locations 
in the BP, GoR and GoF is provided in Paper II. Different aspects of the model results and 
observational data comparison are presented in Paper V.  
 
 



20 

Figure 4. Temporal evolution of vertical salinity and temperature profiles in the Gotland Deep (BY15 
station). Results from long-term simulation are shown on the upper row a,b) and observation on 
bottom row c,d). 
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4 Results  

4.1 Mean fields 

The time-averaged salinity distributions show longitudinal asymmetry with a remarkable 
transversal gradient (Fig. 5a). In the western GoF a high salinity region can be seen at the 
southern coast, while at the northern coast approximately 1 g/kg lower salinities are 
evident. In the central part, the cross-shore salinity difference almost vanishes.  
The longitudinal gradients are higher in the eastern part of the gulf where major 
freshwater sources are located. Remarkable westward freshwater intrusions are evident 
on both the southern and the northern coast. 

The average circulation field from the 40-year long-term model simulation reveals low 
average velocities in the major part of the GoF, except for the southern coast where the 
westward coastal current, which we call the Left-Hand Coastal Current (LHCC), stands out 
(Fig. 5b) (Paper I). The LHCC extends from the eastern part to the western part of the 
GoF, where the LHCC merges with the north-eastern loop of the cyclonic gyre of the BP. 
LHCC has multiple meanderings across the numerous peninsulas at the southern coast 
and forms multiple cross-shore extensions, which can be interpreted as anticyclonic 
circulation cells. The instabilities of the LHCC feed the weak eastward flow along the main 
axis of the gulf and therefore explain the eastward salinity intrusion in the central part of 
the GoF (Fig. 5a). 

The general low persistency of the average current field (average of 0.28) indicates 
that the mean horizontal circulation pattern is more a statistical property, suggesting 
significant seasonality in current patterns. Higher persistency is evident over the whole 
span of the LHCC and in the eastern GoF where freshwater from the Neva Bay splits into 
the northward and southward branch. 

The mean springtime circulation in the GoR (Paper III) has revealed an anticyclonic 
gyre on the left hand coast near the freshwater source along with a cyclonic gyre in the 
central part of the basin (Fig. 5c). The 40-year mean currents provide evidence of a  
well-developed LHCC and an AC gyre in the GoR (Fig. 1). Weak southward flow together 
with a narrow northward coastal current is evident on the eastern coast. 

Sequential transects of zonal velocity show that the LHCC is associated with the  
bi-directional flow on the southern flank of the GoF (Fig. 6a). Such bi-directional flow is 
evident over the whole span of the LHCC system. The vertical extent of the westward 
flow extends to 20—30 m in the eastern part and up to 50 m in the western part of the 
GoF, where the current is shifted offshore. The salinity transects (Fig. 6b) do not show a 
strong freshwater intrusion along the LHCC, indicating that the LHCC has a significant 
source from the underlying salty water inflow, which is also confirmed from the pattern 
of average vertical advective flux (Paper I). 
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Figure 5. Time averaged upper-layer salinity a) and currents b) from the long-term simulation for 
the GoF. Mean velocity distribution at 5 m depth for the GoR c) averaged over the spring months 
from March to June from the 10-year simulation (1997—2006). 

Figure 6. Sequential meridional transects of a 40-year mean zonal current a) and salinity field b). 
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4.2 Seasonality of the LHCC and AC gyre 

Monthly climatology of the average current field in the GoF calculated from the  
long-term simulation shows a large seasonal variability in the upper layer of 0—10 m 
(Paper I). The series of monthly mean surface velocity patterns show that the strength of 
the LHCC varies within the year, being a dominant current feature during the spring 
months (Fig. 7a) and weakening in the second half of the year. During the period of 
February to May the westward current is also evident on the northern coast, where it is 
creating transversal salinity gradient between coastal and offshore regions. After July the 
cross-shore currents in the central part along with the eastward flow on the northern 
coast and the westward current on the southern coast form two basinwide AC gyres in 
September (Fig. 7b). The third, smaller gyre, is evident in the Narva Bay for most of the 
year. The AC gyre in the eastern part of the GoF diminishes in October due to the 
disappearance of LHCC, while the eastward current and southward cross-shore current 
in the central part maintain the western AC gyre. In November eastward velocities 
dominate the surface current field, without any distinctive gyre-system.   

The visual inspection showed frequent occurrences of AC gyres and LHCC during the 
whole simulation period (Table 1). The development of LHCC during the spring months 
was less frequent during the periods of 1972—1982 and 1999—2003, but was 
continuously present over the period of 1983—1998. The development of AC gyres was 
less clear in the beginning of the simulation from 1966—1976, when the AC gyre 
dominated either in one or another part of the GoF. There are periods when 
development of AC gyres is not present (e.g 1982—1988, 1991—1992) and periods when 
a well-developed AC system could be identified in both the western and eastern part of 
the GoF (e.g 1980—1981, 1994—1997). The development of AC gyres is more frequent 
after 1993.  

The existence of AC circulation in the GoR during the spring months has been analyzed 
using Principal Component Analysis (PCA) in Paper III (Fig. 8). The first mode, which 
embodied double gyre circulation with AC gyre in the southern part of the GoR, explained 
46% of variability. For instance, the resemblance of the first PC with circulation pattern 
in April 1998 was 89%. The second mode, which explained 14% of variability, describes 
the occurrence of general cyclonic circulation embodying the strong coastal current on 
the right-hand coast. Third mode describes 10% of variability with basin wide anticyclonic 
circulation pattern. As the PCs describe symmetric flow schemes, depending on the sign 
of the PC amplitude, then the anticyclonic circulation pattern emerges for the positive 
1st mode, negative 2nd mode and positive 3rd mode. The interannual occurrence of AC 
patterns is evident during the spring of all years, but most pronounced during the period 
from 1998 to 2005. 
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Figure 7. Mean circulation of the upper surface layer (0—10 m) for April a) and September b). LHCC 
and AC gyres are highlighted with red arrows. The contour lines correspond to the monthly mean 
upper layer salinity isohalines.  
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Table 1. The prevalence/occurrences of LHCC in the period from April to June and two basin scale 
anticyclonic (AC) gyres in the western (W) and eastern (E) part of the GoF during the period from 
July to September. The detection of LHCC and AC gyres is based on visual inspection of monthly 
mean circulation patterns. 1 - fully developed LHCC/AC; 2 - partially developed LHCC/AC; 3 - no 
WCC/AC has been identified. The last two digits of the years from 1966—2005 are shown in the first 
row. 

Y  A 
E  R 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 

AMJ LHCC 1 2 3 1 1 1 3 3 1 2 1 2 1 3 1 2 3 1 1 1 

JAS W-AC 1 2 3 1 1 2 3 2 3 2 2 1 2 3 1 1 2 3 3 3 

JAS E-AC 2 2 2 1 3 2 1 1 3 3 1 1 2 3 1 1 2 3 3 3 

Y  A 
E  R 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 

AMJ LHCC 2 1 1 1 1 2 1 1 2 1 1 1 1 2 2 1 1 3 2 2 

JAS W-AC 3 2 3 1 3 3 3 3 3 1 1 1 2 1 1 3 1 2 3 2 

JAS E-AC 3 3 3 2 1 3 3 1 1 1 1 1 3 2 1 2 1 1 3 2 

Figure 8.   First three PCA modes of spring time  circulation variability in the GoR. a), b) and c) 
correspond to first, second and third mode respectively. Timeseries of amplitudes of first, second 
and third mode are shown on d), e) and f) respectively. 
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4.3  Salt wedge dynamics 

Monthly mean salinity transect along the thalweg (definition in Paper I) shows annual 
longitudinal variability of the estuarine circulation in the GoF (Paper I, Fig. 9). Longitudinal 
co-alignment of the isohalines 6.5 g/kg and 8 g/kg describes a winter situation in the GoF, 
which is characterised by strong convective and wind-induced mixing, which penetrates 
down to 50—60 m depth (Fig. 9a). The bottom-located isohaline of 8 g/kg is selected to 
describe the salt wedge’s (SW) longitudinal movement and the surface isohaline of 
6.5 g/kg is selected as the boundary for the low saline upper layer water (LSULW). 
The most inward (from west to east) location of SW and the most outward (from east to 
west) location of LSULW in July resemble the result of dominant estuarine circulation, 
where the upper layer and lower layer water have moved in the opposite directions. 
The climatological monthly variability of the longitudinal salinity distribution, as well as 
the locations of the 6.5 g/kg and 8 g/kg isohalines, is described in detail in Paper I. 
Two extreme positions of SW and LSULW are depicted on Fig. 9, showing the highest 
(Fig. 9b) and lowest (Fig. 9a) longitudinal separation. 

Figure 9. The monthly mean salinity distribution along the thalweg of GoF for January a) and July b). 
The bold blue lines represent boundaries for the less-saline upper layer and salt wedge.  

Temporal evolution of vertical salinity distribution at the location of 23 oE on the 
thalweg confirms the seasonal evolution of SW and LSULW (Fig. 10). The 8 g/kg isohaline 
reached up to 40—50 m during its shallowest position in the summer of 1969. 
The interannual course of salt wedge height is declining after the 1960s reaching its 
minimum in 1992. Since that more saline water reaches GoF and increases the height of 
the salt wedge until 2004. The seasonal destratification during the autumns often results 
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with the stratification collapse events during the winters of 1975/1976, 1977/1978, 
1980/1981, 1991/1992, 1994/1995, 1999/2000 and 2004/2005, which are also evident 
in the measurements (Fig. 10b). The collapse in 1999/2000 was investigated in Paper IV, 
using the results from the process study model. 

The salinity inflows to the GoR are intermittent due to the shallow sill, which hinders 
the saltier surface water of BP reaching the interior of the gulf (Lilover et al. 1998). 
In Paper III the sensitivity between zonal wind and salt flux through the Irbe strait was 
evaluated. The inflow of saltier water into the gulf was evident in case of negative and 
low positive zonal wind forcing. The inflows to the gulf were shown to increase the 3D 
stratification along the main axis of the gulf. Two components together, stronger density 
gradient and lower wind forcing, were shown to increase the anticyclonic shear in the 
head of the gulf. 

Figure 10. Temporal evolution of vertical salinity profiles at the western part of the GoF (station M) a)
and  density difference  between the surface and bottom layers at LL7  station b). Black  isohalines
show 6.5 and 8 g/kg salinities which defines less saline upper water and salt wedge in the current 
study. 

4.4 The effect of wind on LHCC, AC and SW 

The mean zonal wind calculated from observations at Kalbådagrund shows weak, 
north-eastward airflow of 2 m/s (Paper I). The positive zonal wind  flow is consistent with 
the mean current speed at northern coast where the mean flow is eastward, however, 
the mean airflow is opposite to the westward waterflow on the southern coast. 
Annual climatology of the zonal wind is in the range of 0.5—1.5 m/s with the lowest 
values in April—May. The intensification of zonal wind is evident during the period from 
May to July, after which airflow reaches the maximum value of 1.5 m/s. Such conditions 
prevail from July until February and after that the wind speed starts to decrease toward 
its springtime minimum. 
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The seasonal intensification of the LHCC is simultaneous with decreasing zonal wind 
velocity in the beginning of the year. During the period of April—May, when the zonal 
wind is the weakest, the intensity of the LHCC is the highest. After June the positive zonal 
wind increases simultaneously with an increasing eastward current on the northern 
coast. This forms northern loops of two basin wide AC gyres which share extensive  
cross-shore bi-directional exchange in the center of the GoF.  

The wind also has important influence on the interannual variability of the intensity 
of LHCC, development of the AC gyres and intensity of estuarine circulation (Paper I). 
During the years when zonal airflow is stronger, mean zonal currents are weaker along 
the southern coast, indicating weaker LHCC. However, weak zonal wind in the summer 
period does not completely destroy LHCC, while it enhances currents on the northern 
coast and development of AC gyres. Strong positive zonal wind suppresses both LHCC 
and AC systems. During the longer periods of relatively low zonal wind in spring  
(e.g. 1983—1989), the LHCC is well-developed each year. 

The estuarine circulation is enhanced by down-estuary wind forcing (Li and Li 2002), 
therefore, larger separation of LSULW and SW in July has a high correlation with low 
annual positive zonal wind speed (Paper I). The most intensive separation of LSULW and 
SW takes place during the period when the zonal wind has its annual minimum in April. 
The retreat of the SW takes place during the second half of the year when zonal wind 
gains strength. In the interannual scale the maximum separation distance between 
LSULW and SW shows a negative correlation with the annual zonal wind speed as the 
intensity of estuarine circulation is hindered with a stronger up-estuary wind speed.  
In Paper IV it is shown that wintertime up-estuary wind impulses have increased since 
the 1990s and have further caused an increase in the number of stratification collapse 
events.  

The position and shape of the GoR results in a slightly different wind/SW relationship. 
The inflow of saline water from BP is enhanced with negative and low zonal winds  
(Paper III). Such conditions are also favorable for the AC circulation pattern in the 
southern part of the GoR. Moreover, the sensitivity study showed that the negative zonal 
wind favors cyclonic circulation in the north-western part of the GoF, which transports 
saltier water further toward the southern part of GoR. In the study of Paper III, the mean 
circulation of April 1998, which showed AC gyre in the southern part of GoR, was 
investigated and sensitivity study was conducted using four forcing functions.  
The monthly mean zonal wind, which was negative in April 1998, resulted in a similar 
circulation pattern as was obtained using full forcing. The wind forcing alone did not 
produce the full extent of the LHCC and AC gyre. Therefore, it was suggested that the 
characteristic velocity field for April 1998 was a combination of density-driven and  
wind-induced circulation patterns.  
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5 Discussion 

Basin-scale cyclonic circulation has been considered natural for stratified wide estuaries 
in terms of Kelvin and Ekman numbers (Valle-Levinson 2008). Dynamically cyclonic 
circulation pattern is explained by the balance between baroclinic and barotropic 
longitudinal pressure gradient, vertical friction and Coriolis’ force (Valle-Levinson et al. 
2003). The influence of longitudinal wind forcing has been found to either enhance, 
reduce or inverse density-driven flows (Reyes-Hernandez and Valle-Levinson 2010). 
Emery and Csanady (1972) have argued that the residual wind stress curl has to be 
positive in order to generate cyclonic mean circulation in a closed basin. In the steady 
state, cyclonic circulation could become a statistical property if seasonal variability of the 
circulation system prevails. In the basins of BS, cyclonic circulation has been shown to 
dominate in the BP, the Sea of Bothnia and the Bay of Bothnia (Lehmann and Hinrichsen 
2000, Meier 2007, Jedrasik and Kowalewski 2019). In the GoF, the cyclonic circulation has 
been assumed, although already Witting (1912), Palmen (1930) and Hela (1952) 
emphasised that this could be only a statistical property. In the GoR the generalization of 
cyclonic circulation is suggested, based on the same early observations described in 
Witting and Palmen (Leppäranta and Myrberg 2008), however, recent investigations 
have shown that the cyclonic circulation is prevailing only during the cold seasons (Lips 
et al. 2016a). More recently, Westerlund et al. (2018) have questioned the dominance of 
the cyclonic circulation in the GoF and Lips et al. (2016a) have shown the dominance of 
cyclonic/anticyclonic circulation in the GoR during the cold seasons/calm periods 
respectively. 

The AC circulation in the GoF has been found to be prevailing in the monthly average 
current field during the summertime (Paper I) and in GoR during spring and summer 
(Paper III, Lips et al. 2016a). In both cases, the AC gyres are well-developed in the estuary 
head. In the GoF the second AC gyre has formed in the mouth part of the estuary, but is 
less developed, has a shorter life-time and is inter-annually present less frequently.  
AC circulation has been reported in several wide gulf type ROFIs worldwide (e.g Fujiwara 
et al. 1997, Panteleev et al. 2007, Malačič and Petelin 2009). The dynamics of the AC 
gyres in the estuary/ROFI head have been explained by Fujiwara et al. (1997).  
Their two-layer vorticity balance theory suggests that the steady upward entrainment 
velocity generates negative vorticity tendency in the upper layer. Such vertical flux is 
maintained by longitudinal estuarine circulation. Similar mechanism for the formation 
and maintenance of the AC gyres has been suggested for the GoF and GoR (Paper I, III). 

The GoF and GoR are strongly influenced by the freshwater inflow from Neva and 
Daugava rivers. It is well documented that an anticyclonically rotating bulge is formed in 
the close vicinity of the river outflow. Configuration of the GoR is very suitable for the 
formation of the Daugava River bulge compared to the Neva estuary. Development of 
the Daugava River bulge was well seen in the satellite remote sensing imagery and 
reproduced by the numerical model (Soosaar et al. 2016). The river bulge can contribute 
to the overall AC circulation in the estuary head, but the horizontal dimensions of the AC 
river bulge are much smaller and the dynamics are rather different than for the AC gyre. 
The sensitivity study by Westerlund et al. (2018) showed that increasing river runoff in 
GoF produced a larger river bulge and stronger velocities across the gulf, but did not 
change the pattern of dominant basinwide anticyclonic circulation. 

In the GoR, the existence of the AC gyre has been explained by the negative wind curl 
(Lips et al. 2016b) and in relation to the 3D density difference (Paper I), which is more 
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consistent with the theory by Fujiwara et al. (1997). In Paper III it was shown that 
negative zonal wind enhances AC circulation in the GoR. It has been shown that 
wind-induced topographic waves could also generate basinwide AC gyres (Raudsepp 2001). 
In the GoF the existence of anticyclonic gyres is consistent with lower zonal wind speed. 
Negative zonal wind enhances the strength of the AC circulation, while strong positive 
zonal wind could destroy the anticyclonic circulation pattern. 

The Left Hand Coastal Current (LHCC) has been obtained as a characteristic current 
feature for both the GoF and GoR (Fig. 1, 5). In the GoF, LHCC prevails during most of the 
months and has high persistency (Paper I). During the spring months, LHCC is the 
dominant current system in the GoR (Paper III). It is also an essential source of AC shear, 
which eventually develops into basinwide AC gyres in both gulfs. The LHCC has been 
shown in multiple model studies (Andrejev et al. 2010, Soomere et al. 2011, Lagemaa 
2012, Lips et al. 2016a, Westerlund et al. 2018) and also in observations (Raudsepp 1998, 
Suursaar 2010, Suhhova et al. 2015). 

The possible mechanism behind the LHCC could be geostrophic baroclinic density 
adjustment (Wake et al. 2004). The rotating lock-exchange experiment conducted by 
Wake et al. (2004) created a horizontal density jump in a rotating circular tank (Fig. 11). 
The advection of dyed water showed two coastal currents at the right hand and left hand 
sides of the tank and geostrophic flow along the front in the center of tank. Similar 
pattern is evident in the salinity distribution in April in the GoF (Fig. 4a), where there were 
strong coastal currents with northward cross-shore flow in the central part. The tank 
experiments are consistent with the numerical model experiments conducted for the 
GoR as LHCC prevails during the adjustment of the 3D density field both in experiments 
of Paper III and Lips et al. (2016b).  

Figure 11. The scheme of lock-exchange experiment in a rotating tank with height H and rotation 
period f as conducted in the study of Wake et al. (2005) a) and the dye pattern and the location of 
potential vorticity (PV) front after 1 rotation period of density adjustment b). The lower density ⍴1 
water and higher density water with density ⍴2 forms an initial spatial density gradient due to a 
sharp density jump with interface displacement of ΔH and he dye was injected along the PV front. 
b) is reprinted from Wake et al. (2005) with permission from Elsevier.

Both seasonal and inter-annual intensity of the LHCC in the GoF have shown to be 
dependent on the intensity of westerly winds (Lagemaa 2012, Paper I). The positive zonal 
wind reduces the LHCC by either suppressing the longitudinal flow in the GoR and/or 
enhancing wind circulation (Paper III). The negative zonal wind could also enhance the 
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LHCC due to development of the upwelling and following geostrophic adjustment on the 
southern coast of the GoF (Suursaar 2010, Laanemets et al. 2011). The sensitivity study 
in Westerlund et al. (2017) showed that increased river runoff in the GoF enhanced LHCC 
and related anticyclonic circulation patterns. 

In the study of Kasai et al. (2000) and Fujiwara et al. (1997), a similar LHCC system is 
evident and is characterized as part of AC surface layer circulation in the Ise Bay.  
The observed current structure was similar to the ones obtained as long-term averages 
in GoF (Fig. 6a) where the bi-directional current structure was evident along the left-hand 
coast. The LHCC dynamics seems to be consistent with the longitudinal divergent flow in 
the surface layer (e.g Fujiwara et al. 1997). The vertical extent of the LHCC is smaller on 
the eastern side of the GoF (about 20 m), but extends up to 50 m in the western boundary 
of the GoF. The divergence in the surface layer is consistent with the positive vertical 
velocities on the southern coast of the GoF. During the period of strong estuarine 
circulation, the deep water inflow to the gulf is enhanced, which means that also the 
divergence in the upper layer is large. This results in stronger LHCC during the spring 
period or in the years when mean zonal wind is weaker. Low and negative zonal wind 
enhances also inflows to the GoR which in turn enhance LHCC along the western coast. 

The seasonality of the LHCC has concurrent timing with the development of the 
seasonal thermocline, but also with decreasing mean sea levels across the GoF and GoR 
(Raudsepp et al. 1999). Development of the seasonal thermocline could suppress 
convection and wind-induced mixing allowing up-estuary advancement of the SW. 
Decreasing sea level creates a longitudinal sea-level gradient, which results in barotropic 
outflow and baroclinic water exchange enhancing estuarine circulation. 

The SW shows a non-stationary position in the GoF through the full annual course. 
The dynamics of the halocline variability and thus SW mobility follow the dynamics 
described in Elken et al. (2006), which suggested that the deep water in- and outflow is 
associated with the baroclinic exchange, rising from the rapid volume changes in the GoF. 
The sea level variations have a detectable seasonal cycle (Raudsepp et al. 1999), thus it 
is straightforward that the barotropic water exchange has a similar seasonal cycle with 
an impact on the baroclinic component. In case of GoF the SW advancement toward the 
head is simultaneous with reducing mean sea level in the eastern BS (Raudsepp et al. 
1999). The seasonal sea level variability in BS has been shown to be forced externally by 
the sea level variations in the North Sea, which in turn depend on the intensity of 
westerlies and the strength of the zonal air pressure gradient (Matthäus and Franck 
1992). The invariant/steady variability of seasonal sea level variations as a driving force 
for seasonal SW extent could explain why the SW/LSULW maximum separation is not 
sensitive to salinity conditions. In the Irbe Strait, easterly wind impulses drive inflows of 
more saline BP surface water to the GoR, which subducts below buoyant surface water, 
when reaching the interior of GoR (Lilover et al. 1998, Raudsepp and Elken 1999, Paper III, 
Lips et al. 2016a). Such a gravitational current strengthens estuarine circulation in the 
southern part of the GoR.    

The interannual SW extent in the GoF shows sensitivity to the salinity conditions in 
the BP. The MBIs in 1969, 1971, 1993, 1998 and 2003 have risen the mean depth of the 
halocline in BP. Since the depth range of thalweg in the entrance of the GoF coincides 
with the depths of the long-term halocline variability, the large variations in longitudinal 
SW extent can also be due to relatively small changes in halocline depth. 

The maximum separation distance of SW and LSULW in July was shown to be sensitive 
to the mean annual zonal wind speed, although no long-term trends similar to salinity 
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trends were evident. This suggests that the MBIs set the longitudinal location for the 
LSULW/SW system, but do not influence the separation of LSULW/SW system or the 
general estuarine circulation. 

Lower zonal winds have been shown to favor the inflow of saline water to the GoR 
(Lilover et al. 1998, Paper I). The inflows through the Irbe Strait have shown to occur 
when the sea level in the BP is higher than in GoR, which occurs during the easterly winds 
(Lilover et al. 1998). This is in accordance with the calculated salt flux relationship with 
zonal wind impulse (Paper III). Further propagation of dense water towards the head of 
the estuary as a geostrophic gravity current intensifies the estuarine circulation in the 
southern part of the GoR.  

Both the LHCC and AC circulation have been shown to be an integral part of the 
normal/positive estuarine circulation. The intensification of the estuarine circulation has 
been evident in the seasonal course of SW and LSULW separation. The estuarine 
circulation inflicts natural upward entrainment/ divergence which was shown to 
dominate the left hand coast in the GoF (Paper I). All three circulation features - AC gyres, 
LHCC, SW - have shown similar sensitivity to the zonal-wind forcing, but are also essential 
parts of the dynamics described by both Fujiwara et al. (1997) and Wake et al. (2004). 
The important premise for AC circulation development is a strong LHCC, which forms 
southern loops of the AC gyres. Later development of the eastward current and cross 
shore exchange closes the loops and forms basin-wide gyres. The development of the 
LHCC is initiated simultaneously with advancement of SW towards the head since 
February. The location of the LHCC is consistent with the mean divergence pattern 
described in Paper I. The upward water/entrainment is necessary for development of 
both LHCC and the basinwide anticyclonic circulation (Fujiwara et al. 1997). In the GoF 
and GoR such entrainment could be either advective as a SW intrusion or related to 
mixing of deep water to the surface layer through boundary-, wind- and internal wave 
mixing. 

The results of the current study rely on the results of multi-year simulations using the 
state of the art 3D numerical model, which enables to study the temporal dynamics of 
multidimensional processes. Moreover, application of 3D modelling has shown multiple 
advantages over simplified 1D or 2D models, which are unable to predict spatial density 
gradients and consequent baroclinic dynamics (e.g Kasai et al. 2000). Many features of 
the applied GETM model are necessary to simulate the estuarine dynamics in the GoF 
and GoR. The vertical discretization using temporarily varying stratification-adaptive and 
bottom-following coordinates is necessary for realistic propagation of the SW along the 
longitudinally varying slopes. The provided higher on-demand vertical resolution 
improves accuracy in the development of seasonal upper-layer stratification. Moreover, 
the higher-order advection schemes and state of art pressure gradient parametrization 
help to reduce both the numerical mixing and numerical scheme errors (Gräwe et al. 
2013, Klingbeil et al. 2018).  

It is important to note that the AC circulation patterns cannot be simulated using 
steady-state process models with reduced dimensionality (e.g. Valle-Levinson 2008, Kasai 
et al. 2000), but are evident in numerous simulations with 3D numerical models (Yanagi 
et al. 1998, Soomere et al. 2011, Lagemaa 2012, Westerlund et al. 2018). Multiple model 
studies have shown different circulation patterns in the GoF. In case of a too coarse 
vertical resolution resulting in a too shallow halocline, the SW would lose its longitudinal 
mobility and vertical entrainment would inflict AC circulation gyres in different locations, 
where the vertical estuarine circulation shows non-stationarity. 
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The validation of the model results show good agreement with observations and are 
comparable with other recent model studies (Placke et al. 2018, Jedrasik and Kowalewski 
2019). The complexity of the simulations include also numerous uncertainties which are 
discussed in Paper I. The largest discrepancies between model and observations were 
due to the occasionally overestimated inflows to the BP and the following intensification 
of estuarine circulation. 

Westerlund (2018) raises justified doubt in the accuracy of the numerical models as 
some of the processes have been included with the first order accuracy or through robust 
parametrizations. For example, the coupling of atmosphere-ice-water is absent in many 
of the studies and therefore, the momentum flux from the wind could have a higher 
uncertainty. 

In the current thesis the momentum flux of long-term model simulation was limited 
using seawater freezing temperature. With a more realistic ice model, taking also into 
account ice volume, the momentum flux could be limited for a longer period in the spring 
resulting in a more realistic estuarine circulation. The results could be biased due to the 
uncoupled windwave and atmosphere effects, unresolved bathymetry (Andrejev et al. 
2010) and ice-ocean dynamics (Roy et al. 2015).  
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6 Conclusions 

This work emphasizes the importance of AC circulation, down-estuary LHCC and 
estuarine exchange flow along the thalweg during the annual course of the GoF. In the 
GoR, similar features are apparent or indicative in the multi-year study of the 
hydrography and the circulation. These sub-basins of the BS are both wide enough 
compared to the internal Rossby deformation radius, so that Coriolis force plays a 
significant role in the water circulation and shapes the hydrographic fields. Nonetheless, 
different morphology of these two basins has a significant role regarding how the 
considered features and underlying dynamics are realized. The GoF has an elongated 
shape and unrestricted connection to the BP, making it more an example of a  classical 
wide estuary. The GoR has almost a circular shape and the water exchange with the BP 
is limited through the narrow Irbe Strait with a shallow sill, making it more like a gulf-type 
ROFI.  

In both basins the mean climatological surface layer currents (residual circulation) are 
weak, <2 cm/s, but still the down-estuary coastal current at the left hand side with 
persistency up to 0.5 emerges. In the GoF the current extends to the central area of the 
gulf (24 oE), while it spans along the entire western coast in the GoR. The AC circulation 
gyre covers the southwestern part of the GoR, but is hardly seen in the south-eastern 
GoF. Seasonal variations of the surface layer circulation are shown to overwhelm mean 
circulation, emphasizing a highly energetic coastal current system and two AC circulation 
gyres in the GoF in spring and summer, respectively. In the GoR the dominance of AC 
circulation is presumed during spring and proven accordingly with a hint that this 
circulation feature can be more common in summer. 

Zonal wind has shown to have a decisive effect on the coastal current and AC 
circulation in both sub-basins. Negative zonal wind component enhances the coastal 
current and AC circulation. Zero and even weak positive zonal wind enables the existence 
of the circulation patterns, but a stronger positive zonal wind destroys them. 

Free connection between the GoF and BP enables the two-layer estuarine circulation 
to fully develop. During the first half of the year, SW in the bottom layer and less saline 
upper layer water are advancing up-estuary and down-estuary, respectively. During the 
second half of the year, the SW retreats and upper layer water is mixed down to the 
halocline. In case of favourable wind conditions, i.e. relatively strong positive zonal wind 
component, estuarine circulation reversals cause a collapse of the vertical stratification, 
the frequency of which has increased since the 1990s. Free estuarine circulation is 
hampered in the GoR due to the shallow sill in the Irbe Strait and saline water inflows to 
the gulf are intermittent. Still, the increase in the bottom layer salinity in the 
northwestern GoR and anticyclonic vorticity in the southern gulf are positively correlated. 
Negative zonal wind strengthens AC circulation in the southern GoR by itself, but forces 
inflow to the GoR through the Irbe Strait, which in turn drives AC vorticity tendency. 

Salinity stratification in the BP is the far-field driver of the estuarine exchange flow in 
the GoF. The MBIs, which increase the stratification in and below the halocline, shift the 
estuarine exchange flow pattern towards the estuary head, while the estuarine exchange 
flow system is shifted towards estuary mouth during the stagnation period. Inside the 
gulf, the longitudinal travelling distance of the LSULW and SW are independent on the 
stratification in the BP, but affected by the strength and a sign of the zonal wind 
component. Dynamically, but so far speculatively, rapid advancement of the SW in the 
GoF and intermittent inflows to the GoR force LHCC through the baroclinic geostrophic 
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adjustment. In more steady estuarine circulation conditions, vertical entrainment of 
saline bottom layer water into the buoyant surface layer water and earth rotation drive 
AC circulation in the surface layer of the gulfs. 

Although the analyses of this thesis are mainly based on the numerical model 
simulations, thorough validation of the model results and consistency with other 
published studies provide confidence that the conclusions of this study are valid for the 
GoF and the GoR, and could be exported to the other wide estuaries and gulf type ROFIs.  
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Abstract 

Water Circulation in Gulf Type Regions of Freshwater Influence 
— the Gulf of Finland and Gulf of Riga 

The thesis questions the validity of the cyclonic surface layer circulation in the Gulf of 
Finland and in the Gulf of Riga. The prevailing cyclonic circulation scheme proposed by 
Witting (1912), Palmèn (1930) and Hela (1952) as a statistical property has been picked 
up as a fact by a number of researchers. Still, there have been new measurements and 
modelling studies that do not agree with this circulation scheme that has been used for 
the past century. This study relies on a long-term numerical simulations of 40-years, 
which have been conducted by using the 3-dimensional hydrodynamical model. 
Numerous state of the art parametrization and numerical techniques have made it 
possible to perform long-term model simulations with reasonable quality without data 
assimilation. The comparison with measurements has shown that model has reproduced 
the main characteristics of the short-term and long-term thermohaline variability.  

The current thesis provides scientific evidence that a seasonal cycle of the surface 
layer circulation and the salt wedge dynamics are prevalent over the mean climatology 
in the Gulf of Finland. Basinwide anticyclonic circulation patterns are evident in the 
seasonal climatology as well as in yearly realizations in the Gulf of Finland. In the Gulf of 
Riga anticyclonic circulation emerges in the southwestern part in the climatological mean 
fields and monthly realizations in spring and summer. A new unrecognized feature of the 
surface layer circulation, down-estuary directed left hand coastal current, is proven to 
exist in the Gulf of Finland and Gulf of Riga. This current has a higher persistency than the 
anticyclonic gyres and it exists at the estuary head throughout the year. Seasonal cycle 
of estuarine exchange flow comprises down-estuary transport of less saline upper layer 
water and up-estuary transport of the salt wedge in summer and retreat in winter. Under 
favourable wind conditions, reverse estuarine circulation may culminate with 
stratification collapse in the central Gulf of Finland. Wind forcing, especially zonal wind 
component, can enhance or destroy anticyclonic circulations, left hand coastal current 
and estuarine exchange flow. In the Baltic Sea scale, the Major Baltic Inflows shift less 
saline upper layer water and salt wedge system towards the estuary head, while the 
system is shifted towards the estuary mouth during the stagnation period. It is suggested 
in the thesis that the left hand coastal current and anticyclonic circulation are driven by 
salt wedge transport. The dynamics could be explained by baroclinic geostrophic 
adjustment and the mutual effect of vertical entrainment of the saline bottom layer 
water into buoyant surface layer water and earth rotation. Still, solid scientific 
justification remains the subject of forthcoming research.  
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Lühikokkuvõtte 

Vee tsirkulatsioon poolsuletud magevee mõjualas — Soome 
lahes ja Liivi lahes 

Käesolev töö seab kahtluse alla tsüklonaalse tsirkulatsiooni kehtivuse Soome- ja Liivi lahe 
pinnakihis. Tsüklonaalset tsirkulatsiooni, mis on varasemalt esitatud Wittingi (1912), 
Palmèni (1930) ja Hela (1952) töödes kui statistilist hoovusvälja karakteristikut, on 
paljudes uuringutes käsitletud kui püsivat vee horisontaalset liikumist. Siiski on paljud 
mõõtmised ja mudeluuringud näidanud vastuolu juba sajand tagasi pakutud 
tsirkulatsiooni skeemiga. Ka käesolev töö on tugineb pikaajalisel simulatsioonil kasutades 
numbrilist kolmemõõtmelist hüdrodünaamika mudelit GETM. Mudelis on kasutatud 
mitmeid uusi parametriseeringuid ja uuenduslike numbrilisi võtteid, mis võimaldavad 
teostada pikkaajalisi simulatsioone rahuldava kvaliteediga, samas kasutamata 
mõõtmisandmete assimileerimist. Mudel näitas võrdluses mõõtmistega head kooskõla 
vaadeldud termohaliinsete väljade lühi- ja pikaajalise muutlikuses. 

Käesolev töö pakub teaduslike tõendeid, et sessoonne käik domineerib pinnakihi 
tsirkulatsioonis ning vertikaalses estuaarses veevahetuses/soolakeele dünaamikas. 
Mudeli tulemustest selgub, et sesoonne hoovuste ja soolsuse muutlikkus on Soome lahes 
olulisem kui vastavad pikaajalised keskmised. Antitsüklonaalne tsirkulatsioon ilmneb 
Soome lahes nii kuude keskmistatud klimatoloogias kui ka erinevate aastate hoovusvälja 
mustrites. Liivi lahes domineerib antitsüklonaalne tsirkulatsioon lahe lõunaosa pinnakihis 
nii kevad-suvisel ajal kui ka pikaajalistes keskmistes hoovusväljades. Oluliseks 
hoovusvälja iseärasuseks Soome ja Liivi lahes ilmnes püsiv päri-estuaari suunatud vasema 
kalda hoovus. See hoovustesüsteem näitas suuremat püsivust kui antitsüklonaalne 
tsirkulatsioon ning eksisteeris jõe suudme aladel aasta ringi. Sesoonne estuaarne 
veevahetus kujutab endast magedama veemassi liikumist estuaari suudme suunas ja 
soolakeele tungimist jõe suudme poole suvel samas kui sügis-talvel on need liikumised 
vastupidised. Tugevamate püsivate lääne-tuulte korral võib Soome lahe keskosas 
estuaarse voolu pöördumisega kaasneda ka veesamba täieliku segunemist. On näidatud, 
et tuul ning eriti selle tsonaalse komponendi tugevus, soodustab või lõhub 
antitsüklonaalset tsirkulatsiooni, vasema kalda hoovust ja estuaarset veevahetust. 
Suuremas pildis, suured soolase vee sissevoolud Läänemerde nihutavad soolakeelt ja 
magedaveelist ülakihti jõgede suudmete suunas ning stagnatsiooni perioodide korral 
estuaari suudme poole. Töös on küll pakutud, et kujunenud antitsüklonaalsust ja vasema 
kalda hoovust võiksid tekitada tihedusvälja barokliinsest geostroofilisest kohanemisest ja 
alumise kihi vertikaalsest kaasa hardest tingitud negatiivse pööriselisuse kasv ülemises 
veekihis, kuid täpsema teadusliku põhjenduse peavad välja selgitama tulevased 
uuringud. 
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Paper I  
Maljutenko I, Raudsepp U. 2019. Long-term mean, interannual and seasonal 
circulation in the Gulf of Finland — The wide salt wedge estuary or gulf type ROFI. 
J Mar Syst 195:1–19. Elsevier. doi:10.1016/J.JMARSYS.2019.03.004 (1.1) 
© 2019 The Authors. Published by Elsevier B.V. 
Reprinted under the Creative Commons CC BY 4.0. 

Dataset used to prepare Paper I  
Maljutenko I, Raudsepp U. 2018. Dataset from long-term model simulation of the Gulf 
of Finland, the Baltic Sea, v2 
http://dx.doi.org/10.17632/b3my8b4dwc.2 
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Paper IV   
Elken J, Raudsepp U, Laanemets J, Passenko J, Maljutenko I, Pärn O, Keevallik S.  
2014. Increased frequency of wintertime stratification collapse events in the  
Gulf of Finland since the 1990s. J Mar Syst 129:47–55. Elsevier B.V. 
doi:10.1016/j.jmarsys.2013.04.015  (1.1) 
© 2013 Elsevier B.V. All rights reserved. 
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Paper V   
Raudsepp U, Legeais J-F, She J, Maljutenko I, Jandt S. 2018. Baltic Inflows.  
In: von Schuckmann K, Pierre-Yves Le T, Smith N, Pascual A, Brasseur P, Fennel K, 
Djavidnia S, editors. Copernicus Marine Service Ocean State Report, Issue 2. Journal 
of Operational Oceanography. p. 107–111.  (1.1) 
© 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis 
Group. 
Reprinted under the Creative Commons CC BY-NC-ND 4.0 . 
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