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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.



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 km” and volume of 405
km® (Leppiranta 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 km?) in the western part and the Suur Strait (sill depth of 5 m and
cross-section of 0.04 km?) 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 Viling 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; Kduts and Hékansson 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 km* and there
are five major rivers discharging into the gulf — Daugava, Lielupe, Gauja, Parnu
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 m® s™' (Kronsell and Andersson 2014). In
addition to the substantial amount of freshwater from rivers, precipitation
exceeds evaporation by 82 m® s (379.4 and 297.4 m’ s™', 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.



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 (Kouts and Hakansson 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 (Leppdranta 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 (ReiBmann 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
Stupsk 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 Leppéranta 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:

e 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);

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

e 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™') 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™ (Paper I) and as potential density anomaly (a
reference pressure of 0 dbar was used; op; kg m™, 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 » 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 (m®s™) of four biggest rivers in Latvia discharging
into the Gulf of Riga — Daugava, Gauja, Lielupe and Salaca (Paper I);

wind data from Sorve, Ruhnu, Kihnu and Parnu meteorological stations
(Papers L, 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 1V);

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 1V);

coastal temperature measurements at Ruhnu, Hiddemeeste, and
Roomassaare (Paper 1V);

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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Latitude

21°0E 22°0E 23°0E 24°0E
Longitude

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:
e the UML depth which also marks the start of the thermocline (Papers L, IV);
e the UML and deep layer (DL) temperature, salinity and density, as well as
their differences between the DL and UML (Paper I);
e relative contributions of temperature (S77) and salinity (S75s) to the vertical
stability (ST) of the water column and UML (Paper 1V);
e intrusion index (/) 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, Ax and Ay, is

varying spatially from Ax = (1/60)° between 21°-24.6°E and Ay = (1/120)°
between 56.933°-59.333°N (or Ax ~ Ay = 0.5 nautical miles = 926 m) in the
Gulf of Riga and its vicinity to Ax = (1/15)° and Ay = (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 Parnu River with the annual mean volume rates of 660
m® s and 48 m® 57!, respectively (Leppéranta 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 m® s™. 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 m® s and 818 m® s 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, sece
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 (Ménnik 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):

e amodel run with modified bottom topography;

e amodel run with zero heat flux;

e a model run with zero atmospheric forcing (no heat flux and no wind
stress);

e 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
I0).

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 I1I):

e intrinsic propagation of the Daugava River plume (spatially uniform density
distribution, no atmospheric forcing);

e propagation of the Daugava River plume driven by buoyant plume
dynamics and thermohaline circulation (real initial fields of temperature and
salinity, no atmospheric forcing);

e Dbasic 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 and 14.5 °C, while those in May were 4.90 g kg™ and 8.0 °C, in
June - 5.14 g kg and 12.5 °C, in July - 5.28 g kg™ and 18.7 °C, in August -
5.38 g kg 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! in the southern part to around 5.4-5.5 g kg' 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™ higher in the eastern part than the western part which is
not evident, for example, in some earlier studies (Berzinsh 1980; Kduts and
Hékansson 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™ and 2.2 °C,
respectively. Monthly mean salinity in May, June, July and August was about
6.0 g kg™ in each month, and it varied only by 0.06 g kg 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 and 2.1 °C in May and 0.20 g kg 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 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™> in years 1993-1995
(Stipa et al. 1999) which is similar, although, a bit lower than we found out (2.2
kg m™) 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).
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Figure 3. Thin curves: time series of the 28.2 hour averages of the current curl,

<curl( 175 )> , wind stress curl, <CU.I'1(Z—'/ Lo )> , and wind stress components, <Z' . / ,00>

and <Ty / ,00>, averaged over a deep part of the Gulf of Riga where H > 20 m, 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).

23



2E-006 <cur|(\75)> gl
1E-006

0
-1E-006
2E-006 : : ,

| | |

‘ % J

4E-010 — (curl(T/py)), m 57
2E-010

0
-2E-010
4E-010 | | | | |
8E-005 <ry/po> m? 52
4E-oog 1 Qe g.;,/:‘lw/‘/\vﬁ A’WDH\/
:25:882 1 N (Tx/Po,), m? 572
2012 ™ g 1

Figure 5. Low-pass filtered (50 day window running mean) time series of <curl( 175 )> ,

<curl(f / p0)>, <Tx / ,00> and <Ty / po> 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
etal. 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
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 I 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! 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™ and 5.63 g kg™, respectively, whereas,
the lowest UML mean salinity was 5.01 g kg™ 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 km?) river runoff
in spring during 1993-2012 which was only slightly less than that observed in
1994 (19.6 km®). 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™ and
1.53 kg m>, respectively) than in other years when density most of the time
fluctuated around 2.5 kg m>. In addition, two salinity peaks observed in the
surface layer in 2003 and 2006 correspond to the lowest river runoff in spring
(7.2 km® and 7.1 km®, 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 and 6.39 g kg™,
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"), 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') but
was absent in May (5.89 g kg'') 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”
(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.
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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 (AS) and density
difference (AD) between the DL and UML and temperature difference (AT)
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 AS was approximately
two times higher (1.38 g kg!) than the average difference between the DL and
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UML during 1993-2012 with AD and AT substantially exceeding (3.46 kg m™
and 20.2 °C, respectively) the average values. In 1994, AD and AT were fairly
similar (3.18 kg m™ and 19.6 °C, respectively) to those values found in 2010,
whereas, AS was substantially lower (0.86 g kg') than in 2010. This
discrepancy in AS 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 AS, AD and AT 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.

o
o

12

-
£ -~
& " M B ASulily
iss—&oioiofi ﬁ‘owﬁi_oa' o 10 N
=i .g‘ = ] l= ]
= 45 : —r— g 03
= g
coaeseesese a WL Ll
eeas“@«&“x@w@x@@\ oo ML LILLIRAI
S oA D DD O A
—=O= UML =——DL @8“8"'@@@’@'@'&'@
/;6.0\ ~40 7 ADensi
@ ensi
§D4.0 eee 8 pewterettTws € 3.0 < I
}’,z.oJ aﬁ’ O o-0Pvo®eea 0 <50 e e
%0 | g i
g0.0 ‘V",\v'rv'rv'v';\rv'v:' %"0
PP PSS S R
R I S S O S Roo MUN N NNNNNNNANEE
°| N N
—om L —m= S E S LSO
5 25.0 ~ 25.0
<, 20.0 —Qb 0-050® & o~ & ATemperature
v 15.0 o & © & 20.0
2 100 g I
I e — _
‘é‘go Fea 8 e g See w150
b3 S H NP OO D @
(= qqqq@x@@»@x@.@ '-'10,()I,,,l‘lv
> & &\ N o o n
—=0= UML —@—DL &> Sq\“ﬁ'f‘&'@'\,@'@'@'@q'\?\

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 km® (Bergstrom et al. 2001; Kronsell and Andersson 2014) while
during the study period of 1993-2012 it was 27.7 km® based on only four
biggest Latvian rivers (Parnu in Estonia and smaller rivers were left out). By far
the largest river runoff occurred in spring (12.2 km®, March-May) almost
doubling the observed river runoff in winter (6.5 km®, December-February),
whereas, the river runoff in summer (June-August) and autumn (September-
November) was rather similar — 3.9 km® and 4.5 km®, respectively. The seasonal
pattern of the river runoff during 1993-2012 is similar to what has been reported
earlier in the Gulf of Riga (Leppéaranta 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 I1I), 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 (AS, AD and AT)
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
D).

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 I1I) due to the salinity difference
between the Baltic Proper and the Gulf of Riga (approximately 1.5 g kg'). 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 (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 (7, =10 °C and S, =

5.6 g kg") 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 y. (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 ¥V, e / Opugava =

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 4 =12—15 km (Fig. 9b). Rossby

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

the meanders since R, was found to be approximately 5 km in the meanders
(Paper III) indicating that the prevailing wavelength of meanders (
=(2.4+3)R,,) 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 I1I). 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™ (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.
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Figure 10. Time series of a) temperature (°C) and b) absolute salinity (g kg!) 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™
and it was situated between the upper layer with the salinity of 5.75-5.80 g kg
and deep layer with the salinity of 5.95 g kg'. 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™ 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"'. 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™, b) and respective
temperature-salinity diagram with density anomaly (kg m™, 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™') 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.

Temperature (°C)

7% 0g 2%

Longitude

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™"), deep layer (4.70 °C and 5.95 g kg™') and salt
maximum layer (12.15 °C and 6.35 g kg') 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. 13¢ 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') 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 1V). 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).
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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~, whereas, water density at the 32-38 m
depth in the Gulf of Riga was mostly below 5.0 kg m™ 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' (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™ (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 [op; kg m™] 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
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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') at the buoy
location in the present study.

The apparent oxygen utilization (AOU) and salinity curves (see Paper 1V)
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 (Seppéld 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:

e 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™' and
18.6 °C in the UML, 6.0 g kg™ and 3.2 °C in the DL, and resulting overall
vertical density difference between the UML and DL of 2.2 kg m™.

e 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.

e 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.

e 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.

e [t 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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1. Introduction

The Gulf of Riga (GoR) is a relatively closed basin in the
eastern part of the Baltic Sea with surface area of 17,913 km?
and volume 405 km?® (Leppéranta and Myrberg, 2009). It has
two openings — the Irbe Strait (sill depth of 25 m and cross-
section of 0.4 km?) in the western part and the Suur Strait (sill
depth of 5m and cross-section of 0.04 km?) in the northern
part of the gulf with 70—80% (Petrov, 1979) of the water
exchange occurring through the Irbe Strait. The mean depth
of the GoR is 26 m which is about two times less than in the
Baltic Sea. The deepest regions of the gulf are situated to the
east and southeast from Ruhnu Island where depth reaches
about 56 m, although, the deepest spot in the whole GoR is
Mersraga Trough (width about 50 m and length 4.5 km) with
the depth of 66 m (Stiebrins and Valing, 1996) situated
approximately 13 km to the north from the village of Mers-
rags.

The catchment area of the GoR consists of 134,000 km?
with five major rivers discharging into the GoR — Daugava,
Lielupe, Gauja, Parnu and Salaca. First three are located in
the southern part of the gulf where approximately 86% of all
river run-off occurs (Berzinsh, 1995) and latter two in the
eastern part. Annual mean run-off to the gulf in 1950—2012
has been stated as 1013.5m>s™" (Kronsell and Andersson,
2014) or approximately 32 km* which is about 7.9% of the
volume of the gulf. It has been showed that river run-off
together with the limited water exchange are the main
reasons for the observed horizontal salinity difference in
the surface layer — salinity decreases from the Irbe Strait
to the southern part of the gulf (see e.g. Berzinsh, 1980,
1995; Stipa et al., 1999). The strongest difference can be
observed in April and May when the influence of the river
discharge is at its maximum and salinity decreases from about
6.0 PSU (Practical Salinity Scale) in the Irbe Strait to 2.0 PSU
and less close to the mouths of Daugava and Lielupe. Slight
surface salinity difference (about 1.0—1.5PSU) can be
observed also across the gulf from west to east during April
(Stipa et al., 1999).

Water temperature in the GoR has a seasonal pattern —
during November—February cooling of the whole water col-
umn occurs, March—April marks the start of the water column
warming from surface layers which intensifies and reaches
maximum during May—August and is again followed by a
steady cooling during September—October. Data analysis
during 1963—1990 revealed that mean temperature for the
whole water column in winter, spring, summer and autumn
was 0.0, 2.8, 12.0 and 9.0°C, respectively (Berzinsh, 1995). It
was reported (Raudsepp, 2001) that seasonal changes in
thermal stratification are consistent with the annual cycle
of air-sea heat exchange. Due to these seasonal character-
istics the whole water column in the GoR is thermally well
mixed during December—March, whereas, seasonal thermo-
cline starts to develop in April and the strongest stratification
can be observed in August. More detailed analysis on strati-
fication in the GoR is described in the research by Stipa et al.
(1999).

According to the previous studies (Berzinsh, 1980, 1995)
there have been two periods with opposite tendencies
regarding salinity — from beginning of 1960s till 1977 average
salinity increased (average rate of 0.035PSU per year),
whereas, from 1977 till early 1990s salinity decreased

(0.041 PSU per year) which was mainly related to the
dynamics of long-term river run-off. Similar decline of sali-
nity was also observed within different layers (expressed as
mean values at 0, 10, 20, 30, 40 and 50 m) of the GoR
(Raudsepp, 2001). Remote sensing data for 1990—2008 has
showed a strong increase of the sea surface temperature
(SST) in the GoR — about 0.8—1.0°C per decade with similar
or slightly higher values only in the Gulf of Finland and
Bothnian Bay (BACC, 2015). Long-term changes in both,
temperature and salinity, not only influence the physical
characteristics of the GoR but they can have an impact to
the whole ecosystem of the gulf. For example, Jurgensone
et al. (2011) reported that the temperature increase would
affect the phytoplankton community in the GoR suggesting a
shift from dinoflagellates to chlorophytes in summer. Kotta
et al. (2009) stated that the reduction in salinity had negative
consequences for most of the benthic invertebrate species
referring to their salinity tolerance. In general, the dynamics
of zooplankton, zoobenthos and fish in the GoR primarily
relies on climatic conditions.

The main goal of the present study was to describe the
vertical characteristics of temperature, salinity and density
fields and their inter-annual variability in the GoR based on
the CTD data collected during 1993—2012 (May—August) as
well as possible connection of revealed changes with differ-
ent forcing factors. Previous studies have mainly focused on
short-term analysis of temperature and salinity data (Kouts
and Hakansson, 1995; Stipa et al., 1999) and/or covered only
the time period until 1995 (Raudsepp, 2001). In addition,
present research aimed to estimate the baroclinic Rossby
radius on the basis of the existing CTD profiles with a similar
approach as used by Alenius et al. (2003) for the Gulf of
Finland. Based on the results of this analysis and taking into
account the latest climate change predictions we also sug-
gest what could happen in the future.

2. Material and methods

Present paper analyzed the CTD data collected in 1993—2012
during various monitoring programmes 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 following CTD profilers —
AROP 500, SBE 19plus SeaCAT, SBE 19 SeaCAT, Neil Brown Mark
Ill and Idronaut 0S320plus.

In total 3558 CTD casts were processed and 863 CTD casts
were used in the present study from the period of May—
August, 1993—2012 with Gulf of Riga borders set along 58°N
latitude and 22.6°E longitude (Fig. 1). CTD profiles were
processed and analyzed with vertical resolution of 0.5 m
(constant for all profiles) and only stations with depth over
20 m were used. Availability of CTD profiles differed widely
between the years and months (Table 1).

Upper mixed layer (UML) depth was estimated using
smoothed (2.5 m moving average) vertical profiles of density
and the UML depth was defined at each vertical profile as the
shallowest depth where the density difference between
consecutive data points was equal or exceeded
0.05 kg m~3. The latter value was derived empirically as a
value which best reflects the start of pycnocline and, thus,
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Table 1 The available CTD casts by year and month.
Year May June July August Total
1993 15 — — 11 26
1994 6 5 10 12 33
1995 19 17 15 15 66
1996 15 — — 3 18
1997 - 3 - - 3
1998 4 3 - 12 19
1999 2 - 9 — 11
2000 - — - 18 18
2001 29 — 8 20 57
2002 31 7 17 19 74
2003 31 9 10 30 80
2004 23 5 3 13 44
2005 11 9 - 12 32
2006 14 — 10 18 42
2007 29 — 17 23 69
2008 31 4 6 9 50
2009 28 — 3 24 55
2010 40 — 6 31 77
2011 20 - 6 15 41
2012 7 10 5 26 48
Total 355 72 125 311 863

the depth of UML. Smoothed vertical profiles of density were
used to avoid possible fluctuations which might mislead the
correct distinction of the UML by exceeding the selected
density difference (0.05 kg m~3) between consecutive data
points. Deep layer (DL) was defined as a layer with depth
>35 m and all estimated parameter characteristics of DL were

obtained only from profiles deeper than 35 m. The salinity in
the present study was expressed as absolute salinity [g kg™"]
and derived from CTD measured salinity values (on Practical
Salinity Scale) using freely available software “Ocean Data
View” (Schlitzer, 2010) and following TEOS-10 (Ther-
modynamic Equation Of Seawater — 2010) guidelines and
Feistel et al. (2010).

River run-off data were calculated from monthly mean
flow rates [m* s~'] of four biggest rivers in Latvia discharging
into the Gulf of Riga — Daugava, Gauja, Lielupe and Salaca
(data provided by Latvian Environment, Geology and Meteor-
ology Centre). The mouths of Daugava, Gauja and Lielupe are
located in southern part, whereas, the mouth of Salaca in
eastern part of the Gulf of Riga.

Available wind data were acquired from Sorve (1995—
2012), Ruhnu (2003—2012), Kihnu (1993—2011) and Parnu
(1993—2012) meteorological stations provided by Estonian
Environment Agency. To characterize the atmospheric for-
cing conditions over the Gulf of Riga we analyzed the
monthly-averaged Baltic Sea Index (BSI), which is the differ-
ence of normalized sea level pressures between Szczecin in
Poland and Oslo in Norway (Lehmann et al., 2002; values
provided by Andreas Lehmann).

Mean values of studied CTD parameters in May—August
were estimated at the beginning as a 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 more detailed CTD
parameter analyses we used only data from May and August
and only those monthly mean values where available amount
of CTD casts was equal or exceeded 5 casts in a month.

58°30'N

58°0'N

57°30°N

57°0'N

%,

Figure 1
stations with station labels).

24°0°E

Bathymetric map of the Gulf of Riga with CTD cast locations indicated with black dots (all stations) and white dots (10 main
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Rossby radius was calculated numerically solving eigen-
value problem using Runge—Kutta scheme combined with
trial-and-error approach. See Chelton et al. (1998) for more
detailed information about definition and calculation of
Rossby radius.

In order to analyze the dynamics of various parameters in
different parts of the GoR ten “main” stations (102A, 135,
142, 111, 119, 120, 121, 137A, 121A, 107) were chosen
determined by the data availability from these stations
(Fig. 1).

3. Results
3.1. Upper mixed layer

From analyzed 863 CTD casts we were able to define UML in
533 of them. Regarding monthly distribution of defined UML,
from 356 CTD casts in May we defined UML in 133 (37%) of
them and from 75 (June), 125 (July) and 311 (August) casts
we defined UML in 35 (48%), 98 (78%) and 267 (85%) of them,
respectively.

The mean UML depth derived from all available CTD casts
in the Gulf of Riga in the period of 1993—2012 (May—August)
was 10.7 m. The shallowest mean UML depth in the research
period was found in May (8.7 m), it was deeper in June
(9.0 m) and July (11.5 m) but the deepest UML was detected
in August (13.7 m) (Fig. 2).

The UML mean salinity and temperature in the whole
period were 5.17gkg™" and 14.5°C, whereas density
(expressed as sigma-t which is seawater density, where
density value of 1000 kg m—> has been subtracted) —
2.95kgm™3. Salinity and temperature increased from
4.90 gkg™" and 8.0°C in May to 5.14gkg™' and 12.5°C in
June, to 5.28 g kg™ and 18.7°C in July and 5.38 gkg™" and
18.6°C in August, respectively. Mean UML density in May,
June, July and August was 3.59, 3.32, 2.39 and 2.48 kg m >,
respectively (Fig. 2).

3.1.1. August

Greater amount of CTD casts in August allowed us to make
more detailed inter-annual and long-term analysis of UML
characteristics and suggest probable factors which may have
impact on different UML parameters. The mean vertical
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structure of salinity in the GoR during 1993—2012 showed
that salinity was about 5.3 g kg~" at the surface and around
6.0g kg’1 in the bottom layer, whereas, the mean vertical
structure of temperature showed typical two-layer formation
with thermocline situated approximately at 10—30 m depth
(Fig. 3).

During the period of 1993—2012, the UML mean depth
varied between different parts (10 main stations) of the GoR.
Results showed that the UML mean depth was shallower in the
western (W) part of the gulf ranging between 12.3and 13.3 m
(stations 111, 142, 135 and 102A), whereas, in the eastern (E)
part the UML mean depth was deeper ranging between
14.6 and 15.4 m (stations 107, 121A and 137A). When looking
at the section from the W to the E part of the GoR (stations
142-121-121A), an increase of the UML mean depth (start of
the thermocline) can be observed (12.3, 14.2 and 14.6 m,
respectively), thus, suggesting occurrence of differences
between the two coastal areas in the gulf. The UML mean
salinity also varied spatially during the research period.
Results from 10 main stations revealed that on average the
UML mean salinity was higher in the E part of the GoR (5.53,
5.42 and 5.37 g kg~ at stations 107, 121A and 137A, respec-
tively) and slightly lower values were observed in the W part
of the gulf (5.36, 5.31, 5.31 and 5.29 g kg~ at stations 111,
142, 135 and 102A, respectively). As expected, the UML mean
salinity decreased towards the southern (S) part of the GoR
where influence of river run-off is more pronounced than in
the northern (N) part of the gulf.

The inter-annual variations of UML mean depth, tempera-
ture, salinity and density in August were noticeable but no
clear tendency or trend could be detected in the period
1993—-2012 (Fig. 4). Results from years 1993, 1994 and
2008 should be regarded with caution regarding the mean
conditions in the gulf because of spatial distribution of
stations in these years — in 1993 and 1994 the data only
from the N and northwestern (NW) part and in 2008 only from
the S part of the Gulf of Riga were available. This circum-
stance might explain rather big peaks in 1993 (UML mean
depth) and 1994 (UML mean depth, temperature, density).
Apart from that, the UML mean depth varied mainly between
10 and 20 m in the whole study period. Regarding the mean
salinity, temperature and density, years 2003, 2006 and
2010 stand out from the whole period of inter-annual varia-
bility. Two salinity peaks were observed in 2003 (5.58 g kg™")
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Figure 2 Mean characteristics of upper mixed layer between 1993 and 2012 (May—August) with standard deviations.
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and 2006 (5.63gkg™"), respectively. However, vyear

2010 stood out as a year with the lowest salinity (5.01 g kg™")
and density (1.53 kg m—3) as well as with the second largest
UML mean temperature (21.8°C) in the whole period. In
addition, correlation was found between the UML mean
temperature and UML mean depth (r=-0.84, n=17,
p < 0.05). Correlation remained significant (r values ranging
from —0.58 to —0.8, p < 0.05) throughout the GoR when
looking at specific parts (ten main stations).

A rather high correlation (r=-0.66, n=17, p <0.05)
during 1993—2012 was found between the UML mean salinity
(August) and mean river run-off in spring (March—May).
Correlation increased even more (r=-0.82, n=14,
p < 0.05) when years 1993, 1994 and 2008 were taken out
of calculations due to the insufficient data in regard of their
spatial distribution. The above mentioned correlation
remained high almost throughout the whole GoR when look-
ing at specific parts/stations (Table 2) — the highest correla-
tion was found in the S and southwestern (SW) part of the GoR
at stations 119 (r=—0.85, n =13, p < 0.05), 102A (r = —0.80,
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Inter-annual variability of mean characteristics of upper mixed layer in August, 1993—2012.

n=15, p<0.05) and 135 (r=-0.81, n=13, p<0.05),
respectively. The lowest correlation was found in the E part
of GoR at the stations 137A (r=-0.66, n=15, p <0.05),
121A (r=—0.63, n =14, p < 0.05) and 107 (r = —0.49, n = 14,
p > 0.05), respectively, with correlation decreasing further
away from the S part of the GoR. A remarkably high correla-
tion was still observed at the stations 121 (r= —0.77, n =17,
p<0.05), 142 (r=-0.77, n=14, p<0.05) and 111
(r=-0.76, n=18, p <0.05), respectively, despite being
relatively far away from the freshwater sources mostly
located in the S part of the GoR.

The estimated UML parameters in August were correlated
with the Baltic Sea Index and significant correlation was
found between inter-annual changes of the UML mean depth
and BSI in 1993—2012. The best correlation (r=0.71, n = 14,
p < 0.05) was found using mean BSI values from the period of
June—August and excluding years 1993, 1994 and 2008 from
the calculations as it was done before. Correlation was
somewhat scattered when looking at specific parts/stations
of the GoR (Table 2) — the highest correlation was found along
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Table 2 Correlation between the upper mixed layer characteristics and various forcing factors in the Gulf of Riga during 1993—
2012. Bold numbers indicate significant correlation (p < 0.05), n shows the number of years used in the analysis and “All stations”
row shows the correlation between the average upper mixed layer characteristics over all stations and forcing factors.

Station n UML salinity (August) and UML depth (August) and Baltic UML depth (August) and
river runoff (March—May) Sea Index (June—August) wind speed (August)
111 18 —0.76 0.71 0.64
142 14 -0.77 0.43 0.51
135 13 —0.81 0.88 0.37
102A 15 —0.80 0.74 0.51
119 13 —0.85 0.56 0.34
120 13 —0.71 0.18 0.13
121 17 —-0.77 0.41 0.37
137A 15 —0.66 0.40 0.41
121A 14 —0.63 0.66 0.56
107 14 —0.49 0.55 0.01
All stations 14 —0.63 0.71 0.59

SW and W part of the GoR at stations 102A (r=0.74, n =15,
p <0.05), 135 (r=0.88, n=13, p <0.05) and 111 (r=0.71,
n=18, p<0.05), respectively. Lower correlation was
obtained at stations 107 (r=0.55, n=14, p <0.05) and
121A (r=0.66, n=14, p < 0.05) in the E part of the GoR
and at station 119 (r =0.56, n = 13, p < 0.05) in the S part of
the gulf but no significant correlation was found in the
remaining stations — 137A, 120, 121 and 142. In addition,
a probable link between the UML mean depth and wind speed
(measured at the Sorve meteorological station) was searched
from the same period. Significant correlation was found
(r=0.59, n=14, p <0.05) between the UML mean depth
in August and average wind speed (August). However, if we
look at the specific parts/stations of the GoR then significant
correlation was obtained only at two stations — 111 (r = 0.64,
n=16, p <0.05) in the NW part and 121A (r=0.56, n =14,
p < 0.05) in the E part of the GoR (Table 2).

3.2. Deep layer
Altogether, 558 CTD casts during the period of May—August,

1993—2012 with depth >35 m were available for deep layer
analysis. The mean salinity, temperature and density derived

6.5
™
x
260
2
£
T
7]
5.5
May June July August
5.0
@
£
o 48
=
2
% 46
c
]
[a]
44
May June July August
Figure 5

for the whole period was 5.99 g kg™, 2.2°C and 4.68 kg m 3,
respectively.

Monthly mean salinity and density for the whole period
showed negligible variations in the DL during May—August
when the mean salinity and density fluctuated only by
0.06 gkg™ ' and 0.04 kg m—3 between the months. Monthly
mean DL temperature increased steadily from 1.4°C (May) to
1.9°C (June), 2.5°C (July) and 3.0°C (August), respectively
(Fig. 5).

Greater amount of CTD casts in May and August allowed us
to make more detailed inter-annual and long-term analysis
about DL characteristics. Similarly to 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 the period of 1993—2012
(Fig. 6). Results from years 1993 (stations only in NW part) in
May and 1993, 1994 and 2008 in August should be regarded
with caution regarding the mean conditions in the gulf
because of spatial distribution of stations in these years
(see Section 3.1.1). This might explain rather big salinity
peak in 1994 (August). Apart from 1994, the peaks of DL mean
salinity in August, 2006 and 2010 coincided well with similar
peaks in May (seen also in density), whereas, the salinity peak
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Mean characteristics of deep layer between 1993 and 2012 (May—August) with standard deviations.
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Figure 6

in 2003 was more pronounced in August (6.20 g kg~ ") than in
May (5.89 g kg™") suggesting of more saline water inflow
sometime between May and August. In May 1996 the second
largest (6.40 g kg™") mean salinity was observed from the
whole study period, whereas, in August only data from one
station (121) was available with mean salinity of 6.46 g kg™
As majority of water exchange between the GoR and Baltic
Sea takes place through the Irbe Strait a possible connection
was expected between DL characteristics in the Irbe Strait
and DL in the GoR. High correlation (r=0.88, n=12,
p < 0.05) during 1993—2012 was found in August between
DL mean salinity in the Irbe Strait and DL mean salinity in the
GoR. Similar correlation (r=0.84, n=12, p <0.05) was
observed regarding the DL mean density in both locations.
Correlation between the previously mentioned DL mean
salinity in the Irbe Strait and GoR was slightly different when
looking at specific parts/stations of the GoR — the highest
correlation was observed at the stations near the Irbe Strait
and along the W coast of the gulf (stations 111, 142 and
135 with r=0.94, 0.95 and 0.93, respectively, p < 0.05).
Towards the S and southeastern (SE) part of the GoR correla-
tion steadily decreased (r=0.83, 0.76 and 0.71 at stations
102A, 119 and 137A, respectively, p < 0.05) whereas correla-
tion was even lower in the central and E part of the gulf
(stations 120, 121 and 121A with r=0.68, 0.49 and 0.59,
respectively, correlation not being significant at latter 2 sta-
tions). Analyzing all the data from May, the previously
described connection between the DL mean parameters in
the Irbe Strait and GoR was not significant regarding salinity
and density. Nevertheless, when looking at specific stations
significant correlation was still observed regarding salinity at
2 stations closest to the Irbe strait (111 and 142 with
r=0.70 and 0.67, respectively, n=10, p < 0.05). Regarding

5D O A O NN D L Ao N
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Inter-annual variability of mean characteristics of deep layer in May (left column) and August (right column), 1993—2012.

density, the correlation was significant (r=0.72, n=10,
p < 0.05) only at station 111.

The DL characteristic parameters in May and August were
also correlated with the Baltic Sea Index. As expected,
neither in May nor in August significant correlation was
detected between BSI and any parameter characterizing
DL when analyzing mean values from the whole GoR. Never-
theless, at some occasions in May the correlation was evident
when using BSI averaged over May and March—May. In both
cases significant negative correlation was found in S part of
the gulf (station 119) between BSI (May and March—May) and
salinity (r = —0.55 and —0.61, respectively) as well as density
(r=—0.58 and —0.65, respectively, n = 16, p < 0.05). Similar
negative correlation was observed at station 137A between
averaged BSI (March—May) and salinity as well as density
(r=-0.57 and —0.59, respectively). This negative correla-
tion tendency between BSI and salinity and density was
evident in other stations as well, although, it was not sig-
nificant (p > 0.05).

3.3. Vertical stratification in August

Inter-annual and long-term variability of different para-
meters in May and August was analyzed in previous sections.
To study the vertical stratification and its variability we used
the month of August which had the best data coverage during
the whole study period (Fig. 7). The average salinity, density
(sigma-t) and temperature difference between the UML and
DL during 1993—2012 was 0.62gkg™", 2.22kgm~> and
15.5°C, respectively. Year 2010 remarkably stood out as a
year where difference between the UML and DL character-
istics was the greatest — difference in salinity, density and
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Figure7 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.

temperature was 1.38gkg™', 3.46kgm~3 and 20.2°C,
respectively. Salinity in the UML was the lowest (5.01 g kg™"),
whereas, in DL the highest (6.39 gkg™ ') from the whole
period. Similar situation was observed regarding density —
UML was characterized with the lowest (1.53 kg m~3) and DL
with the highest density (4.99 kg m~3) in the whole period.
The lowest DL mean temperature (1.6°C) was also observed
in 2010 but the highest UML mean temperature (22.5°C) was
observed in 1994 with the UML mean temperature in
2010 slightly lower at 21.8°C. In 1994 there was also observed
rather high difference in mean salinity and density between
UML and DL but this result should be treated with caution as
in 1994 the data was available only from the N and NW part of
the GoR.

Baltic Sea Index and river run-off was used to see whether
any correlation could be found between the inter-annual
changes of vertical stratification (expressed as salinity dif-
ference (AS) and density difference (AD) between the DL and
UML and temperature difference (AT) between the UML and
DL) and forcing factors. Results showed that there was no
significant correlation between BSI mean values (values from
August, June—August and July—August were tested) and any
mentioned parameters (AS, AD and AT). On contrary, sig-
nificant positive correlation was found between the river run-
off in spring and corresponding AS, AD and ATwith coefficient
r=0.52, 0.62 and 0.65, respectively (n=17, p < 0.05).

3.4. Rossby radius

To estimate the characteristic values of Rossby radius in the
GoR and, thus, corresponding scales of mesoscale features
(eddies etc.) and to see whether there are some trends
evident, we calculated Rossby radius in May and August using

all available CTD profiles from ten main stations during 1993—
2012.

The overall mean Rossby radius in May was roughly 2 times
less than in August — 1.6 and 3.2 km, respectively. Inter-
annual variability of mean Rossby radius was characteristic
for both months but no conclusive trend could be observed in
neither of them (Fig. 8). Although in August, in the beginning
of 1990s the two lowest values of Rossby radius were
observed (1993 and 1996), data only from 3 out of 10 stations
were available and, thus, these results should be treated
with caution. Similar situation was in August 1994 and in May
1993, 1994, 1998 and 1999. Nevertheless, August 2001,
2005 and 2010 stood out as years with the highest Rossby
radius with values exceeding 3.5 km, whereas, in May, on the
contrary, the lowest Rossby values in 2003 (0.9 km) and 2007
(1.2 km) were more distinguishable from the whole period.

During 1993—2012 the mean Rossby radius in May varied
from 0.9—1.9 km, whereas, in August from 2.2—3.9 km.
Although the mean Rossby radius is definitely higher in August
than in May also some similarities and differences can be
detected when looking at the spatial distribution of mean
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Figure 8 Mean Rossby radius in May and August during 1993—
2012.
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Figure 9 Mean Rossby radius in May (left) and August (right) at 10 main stations in the Gulf of Riga during 1993—2012.

Rossby radius in both months (Fig. 9). The lowest mean Rossby
radius values can be observed at stations 111, 142 and 107 in
both months — 1.3, 1.5and 1.3 in Mayand 2.9, 3.2 and 2.3 km
in August, respectively. In May the highest mean Rossby radius
values can be seen in the S part of the GoR at stations 102A
and 119 (2.0 and 1.8 km, respectively), whereas, in August
the maximum value was found in the central part of the gulf
at station 121 (3.6 km). In August the mean Rossby radius in
the E part (3.4 km at stations 121A and 137A) and SW part
(3.4 km at station 102A) was also somewhat lower (0.1 km on
average) than at other stations situated more in the central
(120 and 119) part of the GoR.

4. Discussion

Estimation of UML depth from CTD profiles, to our knowl-
edge, has not been done before in the GoR with similar
approach as in the present study. Although Stipa et al.
(1999) and Tamminen and Seppala (1999) concluded before
that mixed layer depth increases from spring to late summer,
both studies relied on the data from 4 surveys during 1993—
1995 and referred to the data from one section when talking
about mixed layer depth. Consequently, we needed to com-
pare our findings with some other regions than GoR. Resem-
bling research in the Gulf of Finland (GoF) by Liblik and Lips
(2011) using CTD profiles and analyzing the vertical structure
of the water column showed that the UML mean depth in the
GoF (12.8 m) during 1987—2008 (June—August) is about 1.4 m
deeper than in our findings about the GoR (using also June—
August). The UML mean salinity in the GoR during 1993—2012
(May—August) was practically identical to those findings in
the GoF (although they used Practical Salinity Scale as
opposed to Absolute Salinity in our case), whereas, the
UML mean temperature in June, July and August was about
0.7—1.8°C higher in the GoR, probably, due to the fact that
the GoR is a shallower water basin accumulating and releas-
ing the heat more rapidly. If the UML characteristics are quite
similar in both water basins mentioned before, then sub-
stantial differences can be seen in the DL characteristics,
mainly, due to the fact that both water basins are hydro-
graphically diverse — GoR is a rather shallow, semi-enclosed
sub-basin of the Baltic Sea as opposed to the GoF which is
much more deeper and has an open access to the Baltic Sea.

Thus, the DL mean salinity is about 2.5 g kg~" higher in the
GoF than in the GoR and mean temperature is lowest in the
cold intermediate layer (as opposed to the DL) which, on the
other hand, is not typical in the GoR where the lowest
temperatures occur in the DL itself.

Analyzing the temperature and salinity values in the GoR
at standard depths from 1973—1995 Raudsepp (2001) con-
cluded that the mean salinity difference between surface
and bottom is about 1 PSU which is substantially higher than
what we obtained (0.62gkg™") analyzing the month of
August when the strongest stratification is expected. Com-
paring both studies we suggest that this difference between
the surface and bottom layers is basically due to the
increased bottom layer salinity during 1973 to 1995. In our
study we had almost identical mean salinity (6.0 g kg™") in
the DL (average from 35 m till bottom of the profile) from May
to August in 1993—2012, whereas, in the results reported by
Raudsepp (2001) at approximately 35 m depth salinity was
around 6.1 PSU and increased more in the DL (about 6.5 PSU
at the bottom). In addition, Raudsepp (2001) used Practical
Salinity Scale for salinity, so each salinity value in his work is
even higher if compared to Absolute Salinity, which is used in
the present study. On the other hand, Stipa et al. (1999)
reported of the density difference between the surface and
deep waters in the middle of the summer being 1.5—2 kg m3
using years 1993—1995 in their study. This is somewhat
similar, although, a bit lower than we found out (2.2 kg m~3)
in our research during 1993—2012 (August).

Obtained mean Rossby radius values in May during 1993—
2012 (0.9—1.9 km) were on average 2—2.5 times smaller than
in the study where Rossby radius values from the model
results were presented (Lips et al., 2016b). Such a discre-
pancy is caused by the different approaches used to calculate
the Rossby radius. It has been showed before that in the
whole Baltic Sea (Fennel et al., 1991) as well as in specific
parts as the Gulf of Finland (Alenius et al., 2003) the Rossby
radius has seasonal characteristics with minimum values
during the autumn and winter and maximum values occurring
in the summer mainly due to the strong stratification. Our
results from the August correspond to these maximum Rossby
radius values quite well exceeding the values in May almost
two times. The stratification is strongest during the August in
the GoR and the highest UML mean depth in August served as
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a good indicator for this in our research. In May, on the other
hand, the GoR is partially stratified with mainly shallow UML
but in approximately 2/3 of the CTD casts we were not able to
detect distinctly developed UML in May. Strength of the
stratification in the GoR is the main reason for Rossby radius
differences in May and August. In August the Rossby radius
was larger in the deeper parts (smaller in shallower parts) of
the GoR which is in accordance to what has been found in the
GoF (Alenius et al., 2003) and worldwide (Chelton et al.,
1998). Nevertheless, in May the largest Rossby radius was
observed in the S part of the gulf rather than in the central,
deeper part. We suggest that this could be related to max-
imum river run-off occurring in spring and strongly influen-
cing the surface layers starting from the S part of the gulf,
thus, promoting stratification as well.

Seasonal changes in the UML mean depth in the GoR (May—
August) showed similar characteristics as reported by Tam-
minen and Seppala (1999) on the basis of data from 1993—
1995 in the GoR and by Liblik and Lips (2011) using long-term
data in the GoF, with depth increasing with each consecutive
month. Estimated UML mean depth in the GoR in summer was
shallower and mean temperature was warmer than that of
the GoF, mainly because GoR is a shallower water basin than
the GoF. The UML mean temperature also increased during
May—August following the air temperature raise and, in
general, this temperature dynamics corresponds well with
previous studies (e.g. Berzinsh, 1995; Raudsepp, 2001) about
seasonal variations of temperature in the GoR. Finally, the
UML mean salinity during May—August increased steadily as
well in the GoR and this dynamics is in accordance with
previously mentioned study by Raudsepp (2001) where it
was described that lower surface salinity in May is due to
the maximum river run-off in the spring. A bit older studies by
Berzinsh (1980, 1987) covering the periods 1963—1976 and
1971—1982, respectively, showed that mean salinity in June
can be as low as in May and that the surface layer (0—10 m)
mean salinity continued to slightly decrease also after May in
June and the following increase started again from July. In
these last two studies one can observe that the mean surface
salinity is about 1.0 g kg™ higher than we found in our results
during 1993—2012. Seasonal changes in the DL characteristics
are minor mainly due to the fact that there is no direct
influence from the atmosphere.

Inter-annual variability dominated in our results during
1993—-2012 and they did not reveal any unequivocal trends or
tendencies in the UML or DL characteristics as opposed to
previous studies where it was reported, for example, that
salinity increased during 1960—1977 (e.g. Berzinsh, 1980,
1995) and decreased from the end of 1970s till the start of
1990s (Berzinsh, 1995; Raudsepp, 2001). Based on the data
from 1976—2008 at four monitoring stations (standard
depths) in the central and S part of the GoR, Jurgensone
et al. (2011) reported about general increase of water tem-
perature in the summer (June—September). Based on the
satellite data during 1990—2004, Siegel et al. (2006) 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.
Similar analysis of remote sensing data from 1990—2008
(BACC, 2015) showed an increase of SST specifically in the
GoR by about 1.0°C per decade. However, our results based
on the CTD data in August did not show similar pattern with

unequivocal temperature increase in the GoR during 1993—
2012, although, apart from 1994, in general the UML mean
temperature has increased from 1993—2010. Jurgensone
et al. (2011) also noticed a salinity decrease before
1993 and a slight increase afterwards, whereas, there was
no apparent trend in the stratification strength expressed as
density difference between the surface (0—10 m) and subsur-
face layer. The latter corresponds well to our findings about
the stratification strength (expressed as difference between
the UML and DL) in August, whereas, we did not find any
pronounced increase (or decrease) in the mean salinity in
August during 1993—2012. Nevertheless, our results from
August show that the mean salinity in last 3 years of the
research period has been fairly lower compared with the
values from the beginning of the 1990s.

Spatial distribution of the UML mean salinity from ten
main stations in August showed higher salinity in the E coast
than the W coast. In addition, the UML mean depth in August
showed shallower UML depth in the W coast than in the
central and E part of the gulf (UML mean depth in E part
only slightly exceeded that in the central part). Therefore, it
allows us to suggest that in the summer there is evident
thermocline slope and corresponding sea level slope (oppo-
site to the thermocline slope) between the two coasts and it
is steeper in the W part of the GoR. Prevailing winds from
WSW during the research period also indicate higher sea level
in the E coast of the GoR. Thus, due to the average sea level
gradient the general northward flow is dominating in the
western part of the open gulf. This type of water flow is in
accordance with the recent model results (Lips et al., 2016a)
where it was reported that anticyclonic circulation exists in
the GoR during summer forming a water tongue with lower
salinity in the W part of the GoR.

High correlation found between the UML mean salinity
(August) and the river run-off in spring during 1993—2012
confirmed the results of previous studies in the GoR (e.g.
Berzinsh, 1995; Raudsepp, 2001) where it was shown that
river run-off is the main factor for the salinity variations. A
bit unexpected was the fact that high connection between
these two factors was found not only in the S part of the gulf
(majority of the freshwater discharges in this part) but,
basically, throughout the gulf (10 main stations) and, espe-
cially, in the stations near the Irbe Strait. However, the
mentioned model study by Lips et al. (2016a) also showed
that during summer the anticyclonic (clockwise) circulation
pattern dominates in the GoR, thus, transporting fresher
surface waters from the south to north along the W coast
of the gulf. Taking into account that our results showed also
weaker correlation between the UML mean salinity and river
run-off in spring on the E coast of the gulf, we feel that this
general anticyclonic circulation (in the summer during stra-
tified conditions) fits well with our findings and helps to
explain them.

During the research period BSI (June—August) was found
to berelated (r = 0.71) to the UML mean depth (August) in the
GoR. A positive BSI corresponds to an anomalous sea level
pressure difference between Szczecin in Poland and Oslo in
Norway (north-south distance of approximately 600 km)
which means that the westerlies are prevailing over the
Baltic Sea. If the BSI increases the winds from west are
dominating and becoming stronger and, in general, stronger
influence from the atmosphere should initiate more mixing in
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the UML and, thus, make it deeper. Obtained significant
correlation between the average wind speed (August) and
UML mean depth (r=0.59) also adds up to this relation.
Nevertheless, the results from 10 main stations showed that
not always this correlation between the BSI and UML mean
depth (as well as wind speed and UML mean depth) is sig-
nificant and that it varies in different parts of the gulf which
might be due to, for example, upwelling and downwelling
events (e.g. Lehmann and Myrberg, 2008; Lehmann et al.,
2012; Lips et al., 2009) or other factors which might have local
influence on the water masses (mesoscale structures like
eddies, filaments etc.). We suggest that, although atmospheric
forcing undoubtedly plays an important role affecting the UML
depth, it is only a part of explanation and more detailed
research should be carried out in this direction to come up
with more justified conclusions which are based on the data
with better spatial and temporal resolution as we had.

At some occasions in May a connection (negative correla-
tion) was found between the BSI (March—May) and DL mean
salinity and density. We suggest that this is caused by the
stronger winds and corresponding more intense vertical mix-
ing. Although this negative correlation was not significant in
all parts of the GoR (the overall correlation and correlation at
some main stations was just over the chosen significance
level of p < 0.05), it still was evident as a common tendency
in all main stations. Taking into account that in May, on
average, the GoR is not characterized by fully developed
and permanent stratification, this might as well serve as a
factor favouring water column mixing and transferring the
impact of the atmosphere to the deep layers.

Inter-annual variations of the DL mean salinity in the GoR
(August) are related to the DL mean salinity in the Irbe Strait
(August). Best correlation was found in the W part of the gulf
close to the Irbe Strait with correlation steadily decreasing
towards the S part of the GoR, thus, suggesting that the
inflow through the Irbe Strait continues anticlockwise along
the W coast and penetrating deeper in the GoR. This corre-
sponds well to what was previously reported regarding saline
water inflow through Irbe Strait and further movement of the
saline deep waters into the GoR (e.g. Berzinsh, 1995; Lilover
et al., 1998).

For numerical modelling purposes in order to resolve
mesoscale processes it is important to estimate the Rossby
radius in the GoR. Our estimates of the Rossby radius in May
and August showed that numerical models with horizontal
grid spacing 1 km or less should be applied. Nevertheless, our
temporal and spatial resolution of the CTD data did not allow
us to determine Rossby radius in winter when the Rossby
radius values are usually the lowest. Alenius et al. (2003)
showed that the Rossby radius summer values are approxi-
mately 1.75 times the winter values in the centre of the Gulf
of Finland. However, they also emphasized that the analysis is
somewhat biased due to temporal distribution of the obser-
vations. Taking into account that the GoR is a shallower water
basin than GoF and the water column is usually thoroughly
mixed from the end of autumn till early spring, we speculate
that Rossby radius in winter and early spring should be even
lower than 1 km.

As previously discussed river run-off plays a major role
affecting the salinity dynamics in the whole GoR. In addition
to that, we also found a significant connection (positive
correlation) between the mean river run-off in spring and

stratification in August (expressed as difference between the
temperature, salinity and density in the UML and DL) during
1993—-2012. As river run-off increases it increases not only
the salinity difference between the UML and DL but strength-
ens temperature and density difference as well. It means that
river run-off in the GoR serves as instantaneous source of
changes but it can also have further impact on the whole
water column after some time. Maximum stratification found
in 2010 serves as a good example for previously mentioned
connection — in 2010 the second largest (after 1994) river
run-off in spring was observed from the whole research
period with following maximum strength of stratification
observed later in August. Similar pattern can be observed
in 1994 which was characterized by the largest river run-off in
spring from the whole period. Although salinity difference
between the UML and DL is considerably lower than in
2010 we suggest that this is due to the rather poor spatial
distribution of the data (data available only from the N part
of the gulf which is not affected by river run-off at the same
level as the S part) and, judging by differences in tempera-
ture and density, the stratification in 1994 was at least as
strong as in 2010.

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). Current study and results obtained
using the CTD profiles from 20 years allows us to foresee
the possible situation and changes in the GoR. We suggest
that if the water temperature will continue to increase then
the warming would generate a stronger stratification condi-
tions in the GoR in summer. Furthermore, stronger stratifica-
tion is likely to favour the oxygen depletion in the deeper
parts of the gulf and following hypoxic or, at some cases, even
anoxic conditions. Thus, the previously detected parts with
low oxygen concentration or no oxygen at all (Hansson et al.,
2009) in the GoR could expand in wider areas. Due to the
projected strong decrease in sea-ice extent (BACC, 2015) the
spring bloom could start earlier with possible shifts in dom-
inating species characteristics as it was already suggested by
Jurgensone et al. (2011). Moreover, with projected increase
in the river run-off in winter (BACC, 2015), the nutrient
amounts will also increase suggesting longer spring blooms
with higher biomass.

Since 1977 there is an evident salinity decrease in the
Baltic Proper and the GoR. Although it is not so pronounced
since the beginning of the 1990s, most of the studies about
future scenarios (see BACC, 2015) predict further salinity
decrease. If so, then increase of freshwater species in the
coastal areas is likely to occur.

While precipitation and evapotranspiration were pro-
jected to increase in the GoR region, the mean annual river
run-off was projected to decrease. However, strong seasonal
changes with shift of the maximum river run-off from spring
to winter were also projected. We suggest that, due to the
above mentioned factors, the salinity minimum usually
observed (in the surface layers) starting from the spring in
the S part of the gulf will also shift in accordance to changes
in the river run-off seasonal dynamics. Earlier maximum river
run-off together with water temperature increase could
benefit for the faster development of permanent stratifica-
tion in the GoR. Strong stratification could be observed
already in May or even earlier as opposed to only partially
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stratified conditions (May) shown in the present study. Due to
the stronger and earlier stratification in spring which hinders
the vertical mixing, riverine water discharging mainly into
the S part of the gulf could be transported for longer dis-
tances away from the coast. Such freshwater dynamics would
have an impact on surrounding water masses by, for example,
bringing more nutrient-rich water in the surface layers and
increasing total suspended matter content in the areas where
it was previously not observed or the effect was minor.

In conclusion, we showed that relatively large inter-
annual variations dominated in the temporal variability of
different UML and DL parameters and no clear long-term
trend could be detected in the GoR during 1993—2012. The
UML mean depth was found to be related to the Baltic Sea
Index. River run-off proved to be a major driving force for the
salinity dynamics and a substantial contributor to enhancing
the strength of the stratification in summer. The analysis of
inter-annual variations in density difference between the
UML and DL revealed that the strongest stratification was
observed in the years with the highest UML mean tempera-
ture and highest river run-off during spring. We suggest that
the predicted water temperature increase and seasonal
changes in river run-off will result in a stronger stratification
in the GoR.
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A regional model of the Gulf of Riga (GoR) with horizontal grid spacing of 0.5 nautical miles was applied
to study the features and driving forces of the whole-basin circulation in the GoR. The initial conditions
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pattern in the summer is determined by a combined effect of the negative wind stress curl, thermal

Keywords: ) density stratification and bottom topography. Positive values of the wind stress curl and a cyclonic cir-
gasl‘f“'ic;le circulation culation pattern prevail during the cold period of the year when seasonal thermocline is absent. During
ulf of Riga

calm periods, the anticyclonic type of circulation is established due to a combined effect of the river
runoff, saltier water inflow into and mixed water outflow from the GoR. Two seasonal baroclinic jet-like
currents are identified in the summer: the Northward Longshore Current in the western GoR and
Southward Subsurface Longshore Current in the eastern GoR. The alteration of the circulation pattern in
the GoR from cyclonic in the cold period of the year to anticyclonic in the summer, and vice versa, was
shown to be observed not every year due to inter-annual variability of wind forcing.

© 2015 Elsevier Ltd. All rights reserved.

Wind stress curl
Current curl

1. Introduction 13 km to the north from the village of Mersrags.

The catchment area of the gulf covers 134,000 km? (Ojaveer

The Gulf of Riga (GoR) is a semi-enclosed basin in the eastern
part of the Baltic Sea with the area of 17,913 km? and volume Vo
=405 km? (Leppiranta and Myrberg, 2009). A specific feature of
the GoR is the presence of two straits - the Irbe Strait (sill depth of
25m and cross-section of 0.4 km?) in the western part and the
Mubhu Strait (sill depth of 5 m and cross-section of 0.04 km?) in the
northern part of the GoR (Fig. 1). The average depth of the GoR is
26 m, which is approximately two times less than that of the Baltic
Sea. The northern part of the GoR is quite shallow and contains
many islands (e.g. Abruka, Kihnu, and Manilaid) and banks. The
Ruhnu Island situated in the central part of the GoR is a con-
tinuation of a relatively large bank - Gretagrund - dividing the
deep-water zone into the western and eastern regions. The deep-
water zone reaches depths of about 56 m in the east of the Ruhnu
Island, although, the deepest spot in the whole gulf is Mersraga
trough (width about 50 m and length 4.5 km) with the depth of
66 m (Stiebrins and Vdling, 1996) which is situated approximately

* Corresponding author.
E-mail address: urmas.lips@msi.ttu.ee (U. Lips).

http://dx.doi.org/10.1016/j.csr.2015.11.008
0278-4343/© 2015 Elsevier Ltd. All rights reserved.

(1995)) with five large rivers discharging into the GoR-Daugava,
Lielupe, Gauja, Pdrnu and Salaca. All these rivers are located in the
southern or eastern part of the GoR. The annual freshwater runoff
into the gulf varies between 17.2 and 55.1 km? (Yurkovskis et al.,
1993) and the average runoff has been stated as Qgjyers=30 km?/yr,
from which 86% fall into the southern part of the gulf (Berzinsh,
1995). The biggest contributor to the freshwater inflow is the
Daugava River, which gives about 70% of the overall river input
into the GoR (Yurkovskis et al., 1993).

Due to substantial river input to the GoR and relatively re-
stricted water exchange with the Baltic Proper (BP), the mean
salinity in the GoR (Sg,r=5.6 g/kg) is by 1.6 g/kg lower than the
mean salinity in the adjacent region of the BP (Sgp=7.2 g/kg). If
assuming the annual balance of water volume and salt content in
the GoR in the form of Qout = Qin + QRivers and QoutScor = QinSpp,
where Q,,c and Q;, are the annual outflow and inflow volume rates
through the straits between the GoR and BP, one can obtain
Qout = QRriversSsp/(Sep — Scor) = 135 km? yr and estimate the water
renewal period for the GoR as V5or/Qout ~ 3 yr (Lilover et al., 1998).

A general cyclonic type circulation scheme with southward
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58°N

57°N

Fig. 1. Map of the Baltic Sea region with the Gulf of Riga highlighted (left panel). Bathymetric map of the Gulf of Riga (right panel). The black dots are the positions of CTD
measurements used for the model validation. Examples of temperature and salinity profiles from CTD stations 165, 111, 125, K2 and 121 are presented in Figs. 4 and 5.

flow at the western side and northward flow at the eastern side of
the GoR has been described based on a rather limited number of
direct measurements (Yurkovskis et al., 1993). This scheme is
consistent with density-driven estuarine circulation in a wide non-
tidal estuary (e.g. Elken et al., 2003). In accordance with this
scheme, most of the freshwater supply in its south-eastern region
propagates to the north along the gulf's eastern shore as a buoyant
coastal plume, while the saltier water entering the gulf mostly
through the Irbe Strait in the northwest corner propagates to the
south along the gulf's western slope as a geostrophically balanced
bottom gravity current.

On the other hand, in a closed, non-stratified basin of variable
depth, the closed circulation loops of depth-averaged currents,
which are called “topographic gyres”, develop in response to
spatially uniform wind impulse (Csanady, 1975). These loops are
paired with downwind currents near the coasts and return flow in
the center (deep part) of the basin. Note that the formation of
“topographic gyres” is related to generation of potential vorticity
by uniform wind forcing over sloping bottom and is not directly
related to bottom friction and rotation. The dynamic effect of the
earth's rotation manifests itself through the cyclonic propagation
of the wind-generated basin-scale topographic wave that appears
in cyclonic rotation of the current velocity vector with the period
of 3-4 days (Raudsepp et al.,, 2003).

Some insight into the variations of the circulation in the
northern part of the Gulf of Riga was obtained from synoptic CTD
surveys performed on monthly basis from May to November, in
1994 (Lips et al.,, 1995). Using the dynamic topography at 5 dbar
relative to 20 dbar, a northward flow was shown to dominate over
the central part of the gulf in May and June with moderate winds
mainly from NE and NW corresponding to the “topographic gyres”.
During calm weather in July and August, the flow was southward
in the eastern gulf and northward in the western gulf corre-
sponding to a whole-basin anticyclonic gyre. The ADCP transect
performed on 17-18 July 1994, over the northern half of the gulf
confirmed the described flow pattern. From September to

November, the flow was mainly northward again, while the wind
was variable in direction, but weak. A presumably anticyclonic
pattern of surface circulation in the GoR was reconstructed from
aerial surveying of currents in August and September 1965 (Bar-
anov, 1970), which corresponds to the findings by Lips et al. (1995).
The reduced surface salinity in the western GoR in comparison to
that in the eastern GoR was also reported by Berzinsh (1980) on
the basis of measurements in August-September 1971-1975. It
corresponds to the transport of the Daugava River runoff by a
whole-basin anticyclonic gyre.

A study of the springtime water circulation in the southern GoR
was recently conducted by Soosaar et al. (2014) based on the re-
sults of a 10-year simulation (1997-2006) using the General Es-
tuarine Transport Model (GETM). Monthly mean currents in the
surface layer of the GoR revealed a double gyre structure domi-
nated either by an anticyclonic or cyclonic gyre in the near-river-
mouth south-eastern part and by a corresponding cyclonic or
anticyclonic gyre in the near-open-sea-exit north-western part of
the gulf. The anticyclonic circulation pattern in the southern GoR
was enhanced by easterly winds but blocked or even reversed by
westerly winds. The authors suggested that such circulation pat-
tern is different from the basic coastal ocean buoyancy-driven
circulation where an anticyclonic bulge develops near the river
mouth and a coastal current is established along the right hand
coast (in the northern hemisphere; see a simple analytical model
by Yankovsky and Chapman (1997)).

We argue that in relation to the whole-basin circulation pat-
terns in the GoR the following open questions still exist: What
kind of whole-basin circulation gyre (cyclonic or anticyclonic) is
typical in the GoR in different seasons? What processes control the
whole-basin circulation pattern in the GoR? Are there any quasi-
permanent, at least in seasonal sense, currents in the GoR?

This work is an attempt to answer these questions based on
numerical experiments with an eddy-resolving circulation model.
In sense of methodology, our approach is similar to that of Schwab
and Beletsky (2003) who, using different model scenarios, have
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Fig. 2. The initial fields of surface layer temperature and salinity in the high-resolution part of the model domain compiled from HIROMB output for May 1, 2012, and from

DAS+GoR data for the period from April 15 to May15, 1996-2012, respectively.

studied the relative importance of various mechanisms re-
sponsible for the large-scale circulation patterns in Lake Michigan
by analyzing the vorticity balance in the lake on a monthly
timescale.

2. Model setup

Here we use the Princeton Ocean Model POM (Blumberg and
Mellor, 1983) to simulate hydrodynamics of the GoR. The POM is a
sigma co-ordinate, free surface, hydrostatic model equipped with a
2.5 moment turbulence closure scheme by Mellor and Yamada
(1982). It uses a traditional central differencing advection scheme;
the time step was 6 and 180 s for the external and internal modes,
respectively. The model domain includes the whole Baltic Sea
closed at the Danish Straits. Digital topography is taken from
(Seifert and Kayser, 1995). The grid cell size along the latitudes and
longitudes, Ax and Ay, is varying spatially from Ax = (1/60)° in the
range of 21-24.6°E and Ay = (1/120)° in the range of 56.933-
59.333°N (or Ax ~ Ay = 0.5 nautical miles=926 m) in the GoR
and its vicinity to Ax = (1/15)° and Ay = (1/30)° elsewhere; there
are 20 sigma layers in the vertical direction. The model is eddy
resolving in the region under investigation where 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 GoR are included to the model: the
Daugava River and the Parnu River with the annual mean volume
rates of 660 m[s and 48 m®[s, respectively (Lepparanta and Myr-
berg, 2009). Since the Lielupe and Gauja, the second and third
largest rivers that contribute to the GoR 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 m?/s. The latter volume rate is the mean runoff of
Latvian rivers into the GoR for 1921-1990, May-October, taken
from http://www.modlab.lv/publications/1998/publ3.htm. There-
fore, one may consider 660 m>3/s and 818 m>/s as the lower and
upper limits for the Daugava River mean flow rate. The seasonal

variations of river runoff are not considered in the model setup.
Each river is incorporated into the model by means of addition of
some amount of freshwater to a grid cell corresponding to the
position of the river mouth at each time step. The added river
water is first placed above the sea water and it is then mixed into
the top layer(s) down to the inflow depth hy, which was taken at
ho=4m and 2m in case of the Daugava and Pdrnu River, re-
spectively. Freshwater supply related to the precipitation and
rivers inflowing to the Baltic Sea outside the GoR is not included to
the model.

The basic model run comprised a one-year period from May 1,
2012 to April 30, 2013. For the initial conditions (temperature and
salinity) we attempted to use 1 n.m. grid output of the High Re-
solution Operational Model for the Baltic (HIROMB, see http://
www.smhi.se/en/Research/Research-departments/Oceanography/
hiromb-1.8372) interpolated to our spatially-varying grid. How-
ever, it was found that the HIROMB output for May 1, 2012 gives
surface layer salinity above 6 g/kg almost everywhere in the GoR,
while all observations available in the GoR during the period of
April-May 2012 showed surface layer salinity below 6 g/kg.
Therefore, it was decided to construct the initial salinity field from
measurements collected in the Data Assimilation System (DAS)
coupled with the Baltic Environmental Database (established and
maintained by Alexander Sokolov and Fredrik Wulff at the Stock-
holm University; see http://nest.su.se/das). The DAS data were
supplemented with the CTD data collected in the GoR by Estonian
and Latvian research institutes (788 CTD profiles from April 15 to
May 15 in 1996-2013). The initial fields of surface layer tem-
perature and salinity in the high-resolution part of the model
domain compiled from HIROMB output and DAS+GoR data, re-
spectively, are shown in Fig. 2.

The numerical integration in prognostic mode started from
zero initial velocities and zero sea surface elevation without any
spin-up period.

Boundary conditions (atmospheric forcing), such as wind stress
that was calculated taking into account atmospheric stability and
precipitation, and total heat flux including solar (short wave) ra-
diation reduced by clouds, long wave (upward) radiation, latent
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and sensible heat fluxes, were formulated based on the output of
the numerical weather prediction forecast system High Resolution
Limited Area Model (HIRLAM; see www.hirlam.org). The output
data from a version of HIRLAM applied at the Estonian Meteor-
ological and Hydrological Institute (Mdnnik and Merilain, 2007)
providing meteorological parameters on an approximately 10 km
horizontal grid with 3 h time step were used by means of bilinear
interpolation to the model grid.

In order to estimate the relative importance of various me-
chanisms responsible for the formation of large-scale circulation
patterns in the GoR, the basic one-year model run was com-
plemented with a number of scenario studies or numerical ex-
periments. These experiments included model runs with modified
(e.g. flat) bottom topography, zero heat flux, zero atmospheric
forcing (no heat flux and no wind stress), and uniform initial
temperature/salinity distribution with no atmospheric forcing.

The basic, one-year model run was extended to the three-year
period from May 1, 2012 to April 30, 2015 to study the reliability of
revealed circulation patterns. Modified initial TS fields outside the
GoR were applied. Since the maximum depth of the Irbe Strait sill
(approximately 25 m) is well above the permanent halocline level
in the Eastern Gotland Basin (60-70 m), the saltier water overflow
entering the GoR is fed by the Eastern Gotland Basin upper layer
waters with salinity of approximately 7.2 g/kg. Therefore, to model
the circulation in the GoR for a longer period, it is sufficient to
apply a long-term supply of 7.2 g/kg salinity waters through the
Irbe Strait. Such a salt water supply for a relatively long period, ,
can be granted if we consider constant salinity of Sp=7.2 g/kg
everywhere in the Baltic Sea outside the GoR. Indeed, since the
Baltic Sea volume is Vps=21,205 km> and the annual river runoff
to the GoR is Qgog=30 km?/yr (Leppiranta and Myrberg, 2009),
the mean salinity of the artificially closed Baltic Sea will be de-
creased due to the GoR rivers as S(z) = SoVas/(Vas + Qgor7), OF Only
by 0.01 g/kg a year and 0.03 g/kg for a 3 year period. Based on
these estimates, the above-described initial TS fields were mod-
ified to provide constant, 7.2 g/kg salinity and hydrostatically
stable temperature outside the GoR in the closed Baltic Sea.

3. Validation of the model

Since the prognostic model runs started from motionless state
and zero sea surface elevation, the spin-up time should be esti-
mated before the comparison of simulated results with the ob-
servations. To estimate the spin-up time, the basic run started on
May 1, 2012 was complemented by an additional test run started
on June 1, 2012. In the test run, the simulated TS fields from the
basic run on June 1, 2012 and zero velocities and surface elevation
were used as the initial conditions. As seen from the simulated
time series of the specific kinetic energy averaged in the whole
GoR, which were calculated for the basic and test run (Eq and Ej,
respectively), a few days after the start of the test run, the E; time
series became identical to that of E, within 10 percent accuracy
(see Fig. 3). Note that the perfect identity cannot be achieved be-
cause the model is eddy-resolving. Therefore, one may conclude
that the spin-up time of the GoR model under atmospheric forcing
is estimated as a few days. Moreover, even if the atmospheric
forcing is turned off the spin-up time forced by baroclinic density
field will not exceed 10 days (it is shown in Section 4.1 where the
results of the no atmospheric forcing run are presented).

Available CTD data collected from May to August 2012 allowed
us to compare the observed vertical profiles of temperature and
salinity in the GoR with the modeled profiles at the same place
and time (Figs. 4 and 5). In general, the observational and model
data matched well. However, as a rule, the modeled profiles re-
vealed weaker vertical temperature gradient than the observations
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Fig. 3. Time series of the mean specific kinetic energy of GoR waters for the basic
run started on May 1, 2012, from initial TS fields and zero velocities and surface
elevation (Eg, the bold gray curve) and for the run started on June 1, 2012, from the
TS fields obtained from the basic run and zero velocities and surface elevation (Ej,
the thin black curve), as well as the ratio of E/Eq (the bold black curve).

- the temperature difference between the surface and the bottom
layer was almost the same in the model and observations, while
the thermocline was clearly sharper in the observations than in
the model output (Fig. 4). The modeled salinity almost always
slightly exceeded the observed salinity in the GoR. The biggest
differences between the modeled and observed salinity were
found at the coastal stations in the eastern part of the GoR (e.g.
station K2, Fig. 4). It can be attributed to the fact that not all rivers
were included in the model. At the same time, the model simu-
lates well the low salinity water patch near the Daugava River
mouth (e.g. station 165, Fig. 4) and the vertical profiles of tem-
perature and salinity in the western (e.g. station 111, Fig. 4) and
north-eastern part of the open GoR (station 125, Fig. 4). The
maximum salinity differences between the modeled and observed
values exceeded 0.5 g/kg and the maximum temperature differ-
ences exceeded 3 °C at some stations and depths due to the
mentioned discrepancy between the simulated and observed
strength of the seasonal thermocline.

A characteristic development in time in regard of discrepancies
between the model output and observational data can be noticed
by comparison of modeled and observed vertical profiles in the
central part of the GoR (Fig. 5). While in May the modeled surface
layer salinity was close to the observed salinity, the difference did
grow until July and August. At the same time, the difference be-
tween the modeled and observed deep layer salinity decreased
from May to August. The difference between the vertical profiles of
temperature increased in the course of the development of the
seasonal thermocline.

Since the data presented in Fig. 5 show that with Daugava River
runoff being at 660 m>/s the simulated surface salinity displays
growing positive excess relative to the observations, one may
suggest that the growing salinity difference results from an un-
derestimated runoff. However, a model run with the 818 m?/s for
the Daugava River runoff does not change the difference much; the
simulated surface layer salinity in the central part of the GoR de-
creased only by approximately 0.02-0.03 g/kg, while in the eastern
and northern parts of the GoR, i.e. within the pathway of intrinsic
propagation of the Daugava River plume, the salinity decrease was
larger, reaching approximately 0.1 g/kg.

The decrease of bottom salinity and increase of bottom tem-
perature in the central part of the GoR for the period from May 17
to August 7, 2012 (see Fig. 5), was larger in the model (approxi-
mately 0.2 g/kg and 3 °C, respectively) than that from the ob-
servations (0.05 g/kg and 1 °C, respectively). This could probably
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be a result of overestimated vertical mixing (in relation to hor-
izontal advection and mixing) in the model. Both the observed and
modeled changes of the surface salinity, the former being larger
than the latter, were irregular/non-monotonic within the study
period, which could be caused by mesoscale variability.

4. Results

4.1. What governs the changes in circulation pattern in the GoR?
(Mutual statistics of wind stress, wind stress curl and current curl)

An insight into possible causes that form large-scale circulation
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pattern in the GoR can be provided by a vorticity balance
equation (e.g., Ezer and Mellor, 1994; Schwab and Beletsky, 2003)

% _ curl Al div(f;) L curl(quﬁ) +curl] =
ot D 2o D poD

%
- curl] —<,
( poD) M
where f is the Coriolis parameter, p, is the reference density, v is

the depth-averaged current velocity vector, ¢ = curl(\7 ) is the cur-

2
rent vorticity, A is the vertically integrated transport vector,
7 = (1, 7y) and 7y, are the surface (wind) stress and bottom stress
vectors, respectively,

n
b= /4-1 pgz dz @)

is potential energy, H is the still water depth, # is free surface
elevation, D = H + 5 is the water column depth, p is density, g is
gravity acceleration, and z is the vertical coordinate directed up-
ward. The terms in the right hand of (1) describe different effects
on the current vorticity generation: the first term is responsible for
a combined effect of nonlinear advection and horizontal diffusion,
second term for flow divergence at the f-plane, third term for ef-
fect of baroclinicity, fourth term for effect of wind stress curl, and
fiftth term for bottom friction effect. The effect of bottom topo-
graphy is included in the first, third, fourth and fifth terms. To
qualitatively illustrate the effects of wind stress curl and bottom
topography on the current vorticity generation, let us address Eq.
(1) with the fourth term alone
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It follows from (3) that the positive (negative) wind stress curl
generates the positive (negative) current curl. As for the topo-
graphy effect, Eq. (3) says 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 (e.g.,
the negative current curl is generated by a westerly wind blowing
over a water area whose depth increases to the south - in ac-
cordance to Fig. 1, this topography configuration is typical for the
northern part of the GoR).

To consider the relation between the wind stress curl and the
current curl in the GoR, we calculated the mean values of the

% 1 dD

poD? oy’ 3

quantities, ( curl(z /py)) and ( curl(\75)>, as well as the mean values
of wind stress components, (z/p,) and (z/p, ), spatially averaged
over a GoR part where H > 20 m. Keeping in mind further com-
parison of correlation between the wind stress curl and the cur-
rent curl, the time series of ( curl(z/pg)), <curl(\75)>, (txlpo) and
(tylpg ), were preliminary low-pass filtered with the cut-off at the
doubled inertial period, 4z/f = 28. 2 h. Looking at Fig. 1, one can
see that the condition of H > 20 m is satisfied almost everywhere
in the GoR except for a shallow coastal stripe. Note that the spatial
average of the current curl over an entire closed basin is nil, and
the GoR is almost a closed basin. The calculations of (z/pq ), (7y/p ),
and ( curl(z |po)) were based on HIRLAM meteorology interpolated

to the GoR model grid, while the calculation of (curl(\?s)) was
based on the model estimates of current velocity at every grid
nodes interpolated to 5 m level below the sea surface.

Time series of ( curl(\75)), (curl(@ /pg)). (zlpo) and (tylpy ) for the
entire modeling period from May 1, 2012 to April 30, 2013, are
shown in Fig. 6. The most striking feature seen in these time series
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Fig. 6. Thin curves: time series of the 28.2 h averages of the current curl, { curl(Vs)),
wind stress curl, (curl(;/p0)>, and wind stress components, <1X//10> and <ry//70>,
averaged over a deep part of the GoR where H > 20m, for 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).

is the change of the sign of the current curl ( curl(Vs)) from ne-
gative in the summer season to mostly positive in the rest of the
year except for a calm period from mid-February to mid-April,

2013, when (curl(Vs)) was mostly negative again. The second
feature seen with the unaided eye is the increase of positive cor-
relation between (curl(?/p0)> and (curl(Vs)) in the fall - early
winter period from September 15, 2012 to January 15, 2013, the
period when winds were relatively strong. Note that, like
(curl(Vs)), the average value of (curl(r/p,)) was negative
for the summer period ancJ positive for the fall - early
winter  period (curl(z/pg)) = -1.0x 10-1°m/s*  and
1.7 x 1079 m/s?, respectively.

To quantitatively illustrate the above mentioned features scat-
ter plots of [( curl(?/pg)), ( curl(Vs))] drawn for the whole modeling
period from May 1, 2012 to April 30, 2013, and separately for the
fall - early winter and summer season are addressed (Fig. 7, a, b,
and c, respectively). For the entire modeling period of one year, the

correlation coefficient between (curl(?/po)) and ( curl(Vs)) is re-
latively high (r = 0.72), so one may assert that the wind stress curl
is the main contributor to the current curl in the GoR. In the fall -
early winter season, the correlation coefficient between

( curl(?/po)) and (curl(\75)) is even higher (r = 0.79) and a regres-
sion  coefficient b=3.0107s" of the linear dep-

endence of (curl(\Z—,)) =b+a(curl(]p) is relatively small
(b/rms( curl(\75) = 0.27). In the summer season, quite the opposite,

the correlation coefficient between ( curl(z/py)) and (curl(\z;)) is
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Fig. 7. Scatter plots of the 28.2 h averages of the wind stress curl versus the current curl in the GoR drawn for (a) the entire modeling period from May 1, 2012 to April 30,
2013, and separately for (b) the fall - early winter season from September 15, 2012 to January 15, 2013, and (c) for the summer season from June 15 to September 15, 2012.
The panel (d) is the same as (c), but for the no heat flux run (Experiment 2). Values of a, b, and r given on the scatter plot panels are coefficients of the linear regression of

(curl(Vs)) = b + a( curl(;/po) and the correlation coefficient, respectively.

lower (r = 0.61) than that for the entire modeling period and the
regression coefficient (intercept) b = — 9.7 x10-7 s! being nega-
tive is relatively far from zero (b/rms( curl(Vs) = — 0.98). Thus, in
the summer season, a relatively large negative value of the current
curl in the GoR was observed at zero wind stress curl, which
means that some other effect, in addition to the wind stress curl,
contributed to the current vorticity generation.

To identify this additional effect responsible for intensification
of the whole-basin anticyclonic gyre in the GoR in summer we
hypothesize the following possible contributing factors.

First, the summer season was the only season within the
modeling period when the westerly (westerly and south-westerly)
winds prevailed; the values of wind stress components, (z/p, ) and
(ry//;(,). averaged for the period from June 15 to September 15,
2012, were 2.7 x 107> m? s~2 and 1.5 x 10~> m? s~ 2, respectively.
For comparison, during the fall - early winter period, southerly
and south-easterly winds prevailed (see Fig. 6) with the mean
values of (nfpy) and (z[py) of —2.1x10">m’>s~> and
4.8 x 10~°> m? s~2, respectively. According to the GoR topography
(Fig. 1), the southern half of the gulf is relatively deep with H=40-
50 m, while the northern half displays a negative gradient of H in
the northern-north-western direction with an almost uniform
decrease of H from 50 m in the gulf's center to 20 m close to the
southern shore of the Saaremaa Island. In accordance to Eq. (3),

the westerly-south-westerly wind under such topography con-
figuration can generate negative (anticyclonic) vorticity.

Secondly, the summer season is characterized by a strong
density stratification caused by the formation of seasonal ther-
mocline, while in the rest of the year the density stratification is
mostly determined by salinity and is relatively weak. Strong
density stratification in combination with wind forcing implies the
possibility of generation of alongshore baroclinic currents, which
can intensify the whole-basin circulation.

Third, one may suggest that the circulation pattern in the GoR
is governed by water transport through the Irbe Strait and river
runoff.

Following Schwab and Beletsky (2003), we repeatedly re-
produced the basic run of the GoR model for the period from May
1, 2012 to April 30, 2013, subsequently eliminating one or other of
the abovementioned factors.

Experiment 1: elimination of the bottom topography asym-
metry. The real topography of the GoR shown in Fig. 1 was re-
placed by a uniform sea depth of H=30 m (the value close to the
mean depth of GoR) in the offshore areas of the GoR and linear
increase of the depth from the isobath of H=5m to H=30m
within a 10 km wide region along the coast. The time series of

monthly averaged values ( curl(Vs)) for Experiment 1 are shown in
Fig. 8 as the blue line. In accordance to the qualitative
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Fig. 8. Time series of the monthly averages of the current curl, ( curl(Vs)), for the
basic run (the bold gray line), flat bottom topography run (Experiment 1, the blue
line), no heat flux run (Experiment 2, the green line), no wind and no heat flux run
(Experiment 3, the black line).

interpretation of Eq. (3), it is seen that the replacement of real
bottom topography in the GoR by the 30 m depth flat bottom re-

sults in an increase of ( curl(Vs)) in the summer season (when the
westerly-southwesterly winds prevail) relative to the basic run
(the bold gray line). During cold seasons (when the westerly—
southwesterly winds do not prevail), the flat bottom experiment

gives some decrease of (curl(Vs)) relatively to the basic run.
Therefore, Experiment 1 does bring some evidence for an im-
portance of the topographic effect in generation of negative (po-

sitive) values of ( curl(Vs)) in the summer (in cold periods of the
year) in the GoR.

Experiment 2: elimination of seasonal thermocline. The basic
prognostic run of the GoR model is performed with zero heat flux

(the green line in Fig. 8). Negative values of ( curl(V5)) have become
closer to zero (but still negative) during the summer season if
compared to the results of the basic run. Removal of the seasonal
thermocline results in some increase of the correlation coefficient

between ( curl(?/po)) and ( curl (\75)) for the period from June 15 to
August 15, 2012 - it was r = 0.71 in Experiment 2 and r = 0.61 in
the basic run. Moreover, the regression coefficient (intercept)

Latitude, N°
T

0.3 (m/s)'?
>

Mean surface circulation and salinity
57+ for the period of June 15 - Sept 15, 2012 r

b= -13107s"
b/rms( curl(Vs) = — 0.15 in Experiment 2 versus b = — 9.7107 s~!

and b/rms( curl(Vs) = — 0.98 in the basic run (cf. Fig. 7, c and d).
Therefore, effect of stratification contributes substantially to an-
ticyclonic circulation in the GoR in the summer season.
Experiment 3: elimination of atmospheric fluxes (no wind
stress, no heat flux). In this case, the large-scale circulation in the
GoR is governed by freshwater inflow from rivers mostly in the
southeast, saltwater inflow from the Irbe Strait, and compensating
mixed water outflow through the Irbe Strait. Water transport
through the Muhu Strait is small in comparison to that through the
Irbe Strait. The saltwater inflow forms a gravitational near-bottom
current contributing, in view of geostrophic equilibration, to cy-
clonic circulation. The freshwater inflow, on the one hand, forms
an anticyclonic bulge, and, on the other hand, a coastal buoyant jet
moving cyclonically, so a priori it is not clear whether the net

became much closer to zero - and

contribution to ( curl(Vs)) is positive or negative. The GoR model
run with the duration of one year with zero wind stress and zero
heat flux showed that the net contribution of freshwater inflow
and water exchange through the straits is negative: the mean
of (curl(Vs))

( curl(\75)) = — 3.2 x 1077s7! (see Fig. 8, the black line). This result
explains partially the appearance of anticyclonic circulation (ne-

value for a one-year period is

gative(curl(\_/;))) in the GoR during calm weather in the period
from mid-February to mid-April 2013. Note that in the no atmo-

spheric forcing case the (curl(Vs)) rises from zero (not seen in
Fig. 8 due to running averaging of the time series) to some nega-
tive asymptotic value during the first 10 days of the simulation
time. Therefore, one may conclude that the spin-up time does not
exceed 10 days in the case without atmospheric forcing.

4.2. The mean currents in the summer and late fall — early winter
seasons

To obtain the seasonally mean fields for the warm and cold
seasons, the main model run output including 3D fields of

Mean surface circulation and salinity
for the period of Nov 1 - Dec 31, 2012

21.5 22 225 23
Longitude, E°

T
235 24 245

T T
215 22 225 23 235 24 245

Longitude, E°

Fig. 9. (a) The mean summertime circulation and salinity in the surface layer of the GoR (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. White horizontal lines across the GoR are

the position of vertical sections presented in Figs. 10 and 11.
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temperature, salinity, density, and x and y components of current
velocity (U and V, respectively) was averaged in time over the
periods from June 15 to September 15, 2012 (when the seasonal
thermocline was present) and from November 1 to December 31,
2012 (when the seasonal pycnocline was already destroyed by the
fall/winter convection but the sea was still ice free). The mean
circulation and salinity in the surface layer (interpolated to 5 m
depth) are presented in Fig. 9a for the summer season and Fig. 9b
for the late fall — early winter season. Current velocities in Fig. 9
are presented in units of (m/s)"/? to visualize the gyres better.
The overall pattern of summertime surface currents in the GoR
is characterized by a whole-basin anticyclonic gyre with enhanced
intensity of currents in the western half-basin where a jet-like
alongshore northward current (for brevity it will be addressed
hereafter as NLC - the Northward Longshore Current) is clearly
identified. The map of surface salinity displays two low salinity
tongues originated from the Daugava River mouth; one is

extended along the western shoreline of the GoR, and the other is
attached to the eastern coast of the GoR. The two low salinity
tongues indicate the two pathways of riverine water transport in
the GoR in summer season.

Fig. 9a displays a low-salinity bulge in the southeast corner of
the gulf where the Daugava, Lielupe and Gauja mouths are located
and two low-salinity tongues originated from the bulge and ex-
tended to the north along the eastern and western coasts; the
latter (the western tongue) is a manifestation of the anticyclonic
circulation. In contrast, the salinity pattern in the surface layer of
the GoR compiled from the observations for the beginning of the
ice-free season (see Fig. 2, the right panel) does not display the
low-salinity tongue along the western coast and one may suggest
that the anticyclonic gyre is not typical in the cold period of the
year. To prove this, we plotted simulated fields of the mean surface
layer currents and salinity averaged for the period from November
1 to December 31, 2012 (Fig. 9b). The result is quite clear: in the
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Fig. 10. Vertical sections of temperature T, salinity S, potential density anomaly , and meridional component of velocity V across the GoR at the latitudes of 57.33°N (right
panels) and 57.63 °N (left panels) averaged over the summertime period from June 15 to September 15, 2012. Position of the sections is shown in Fig. 9a.
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cold period of the year when the seasonal pycnocline is absent, the
summertime anticyclonic gyre in the GoR was replaced by a cy-
clonic gyre with more intense currents in the eastern half of the
gyre. Note that in the late fall - early winter the center of the
whole-basin cyclonic gyre almost coincides with a salinity max-
imum formed east of the Cape Kolka by the saline water inflow
from the Baltic Proper. Thus, the center of the whole-basin cy-
clonic gyre coincides with the mean position of a quasi-permanent
mesoscale cyclonic eddy of the inflow origin, which therefore can
be considered as a part of the gyre. In contrast, there is no such
coincidence in summer when the mean position of a quasi-per-
manent mesoscale cyclonic eddy is located 14 km north of the
Cape Kolka.

The vertical sections of summer mean temperature T, salinity S,
potential density anomaly ¢, and meridional component of velo-
city V across the GoR at the latitudes of 57.33°N and 57.63°N

0 1

U. Lips et al. / Continental Shelf Research 112 (2016) 1-13

(Fig. 10) display the NLC as a narrow, 10-km wide flow with
maximum surface velocity of 0.13 m/s and 0.08 m/s, respectively.
The NLC extends vertically as deep as the base of the seasonal
thermocline. Note that the instant current speed in the NLC (not
shown here) can reach 0.30-0.35 m/s (Lips et al., 2015). A new
feature which was not displayed in the map of mean surface cir-
culation (Fig. 9a) is a subsurface jet-like southward current along
the eastern shore of the GoR with the maximum value of sea-
sonally averaged velocity of 0.06 m/s at approximately 15 m depth
(hereafter the SSLC - Southward Subsurface Longshore Current).
Submergence of the SSLC 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 GoR.
The NLC is characterized by reduced salinity with the position of
salinity minimum somewhat shifted seaward relative to the ve-
locity maximum; another (stronger) salinity minimum is attached
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Fig. 11. The same as in Fig. 10 but at the latitudes of 57.33°N (right panels) and 57.75°N (left panels) for the late fall - early winter period from November 1 to December 31,

2012. Position of the sections is shown in Fig. 9b.
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to the eastern shore and is obviously related with the coastal
buoyant plume of riverine waters.

The vertical sections of temperature T, salinity S, potential
density anomaly and meridional component of velocity V across
the GoR at the latitudes of 57.33°N and 57.75°N, averaged for the
period of November 1-December 31, 2012 (Fig. 11), display a
tongue of overflow saline water moving to the south in the bottom
layer along the western slope of the gulf and the quasi-permanent
mesoscale cyclonic eddy of the inflow origin east of the Cape Kolka
occupying the whole western region. Note that during the late fall
- early winter season the maximum salinity in the bottom layer of
the western region exceeds that of the eastern region just in ac-
cordance with the cyclonic type of the whole-basin circulation. To
the contrary, during the summer season the maximum salinity in
the bottom layer of the western region is lower than that of the
eastern region just in accordance with the anticyclonic type of the
whole-basin circulation (cf. Figs. 10 and 11). One more prominent
feature seen in Fig. 11 is the presence of strong northward currents
along the western and eastern shores of the GoR caused by a
combined effect of the coastal buoyant plume and coastal up-
welling/downwelling formed due to the prevailed southerly winds
during the late fall - early winter 2012.

4.3. Extension of the basic run to the 3 year period

To check whether the above described alteration from the cy-
clonic gyre in the cold period of the year to the anticyclonic gyre in
the summer season is a consistent feature observed in the GoR
every year or it can be violated in some years due to the inter-
annual variability of wind forcing, the basic, one-year run was
extended to the thee-year period of 1 May 2012-30 April 2015.

Low-pass filtered simulated time series of ( curl(Vs)), ( curl(z /py)),
(wlpo) and (zylp,) (Fig. 12) display cyclonic circulation in the GoR
during every cold season of 2012, 2013 and 2014, accompanied
with positive (cyclonic) wind stress curl. As to the anticyclonic
circulation in summer, it is observed in 2012 and to some extent in
2013 (less pronounced), and not observed at all in 2014. Such
outcome is correspondent with the wind stress curl time series:
(curl(r[py)) is negative in summer 2012, mostly negative in
summer 2013 (for a shorter period of mid June-mid August), and
close to nil in summer 2014. Also, it is worth noting that negative
values of ( curl(Vs)) and <curl(?/p0)) in summers 2012 and 2013
were accompanied with westerly and southwesterly winds, while
close to nil values of ( curl(Vs)) and (curl(?/po)) in summer 2014
were accompanied with northwesterly and southerly winds.
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Fig. 12. Low-pass filtered (50 day window running mean) time series of ( curl(V5)>,
(curl(@ [pg)), (wlpo) and (zy/pg) for the extended modeling period from May 1, 2012
to April 30, 2015.
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Fig. 13. Annual cycle of monthly mean values of wind stress curl and wind stress
components averaged in the GoR area of H > 20 m calculated from HIRLAM me-
teorology for the period of 2006-2014.

4.4. Inter-annual variability and the mean annual cycle of wind
stress curl in the GoR area

Keeping in mind the revealed dependence of the current curl to
the wind stress curl, the prevailing atmospheric forcing in the area
on longer time scales needs to be analyzed with respect to the
following questions: (1) What is the general wind stress curl in
summer and winter? (2) To what extent is the seasonal alteration
of the sign of ( curl(z [py)) violated by the inter-annual variability?
To answer the above questions, we addressed HIRLAM meteorol-
ogy for the period 2006-2014 to calculate the mean seasonal cycle
of monthly mean wind stress components and wind stress curl in
the GoR area where H > 20 m (Fig. 13), as well as the time series of
the monthly mean values of (curl(z/py)), (lpo) and (zy/pg)
(Fig. 14).

Fig. 13 clearly displays annual cycle of monthly mean wind
forcing averaged in the area when negative wind stress curl under
prevailing westerly-south-westerly wind stress in the warm sea-
son from May to September changes for positive wind stress curl
under prevailing southerly wind stress in the cold season from
November to March. Thus, we conclude that the mean seasonal
cycle of the wind stress curl contributes to the prevailing antic-
yclonic circulation pattern in the summer and prevailing cyclonic
pattern in the cold season.

Time series of monthly mean values of ( curl(z/py)), (m/po) and
(tylpo) for the period of 2006-2014 calculated from HIRLAM me-
teorology dataset (Fig. 14) reveal that due to the inter-annual
variability of wind forcing in the GoR area the typical pattern with
positive (negative) ( curl(z, Ipo)) at southerly-southeasterly (wes-
terly-southwesterly) winds in the cold (warm) seasons is observed
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Fig. 14. Time series of the monthly mean values of wind stress curl and wind stress
components averaged in the GoR area of H > 20m calculated from HIRLAM me-
teorology for the period of 2006-2014.
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not every year. For example, winter 2006/2007 was characterized
by negative ( curl(z |po)) at strong westerly winds while summers

2011 and 2014 were characterized by close to zero ( curl(z /p,)) at
southerly winds.

5. Discussion and conclusions

A regional, 0.5 nm and 20 sigma layer grid model of the Gulf of
Riga (GoR) was implemented based on the Princeton Ocean Model
code with initial TS fields and atmospheric forcing taken from
HIROMB and HIRLAM output, respectively; the initial state started
from a flat sea at rest. A basic run that covers a one-year period
from May 1, 2012 to April 30, 2013, revealed the following results:

The current velocity curl ( curl(Vs)) and the wind stress curl
(curl@ |po)), both averaged over the deep part of the GoR where
H > 20 m, are positively correlated with the correlation coefficient
as high as 0.72; so the wind stress curl can be considered as a
major contributor to the current velocity curl. In the cold period of
the year when the seasonal thermocline is absent, the correlation

coefficient between ( curl(z/pp)) and ( curl(Vs)) increases to 0.79,
while in the warm period of the year when the seasonal ther-
mocline is developed, it decreases to 0.61. Weakening of the cor-

relation between ( curl (?/p0)> and ( curl(Vs)) in summer can be
explained by the existence of relatively stable baroclinic currents -
the NLC and SSLC, which are expected to be relatively insensible to
the frequent (synoptic) changes of the wind stress curl. Negative

value of (curl(Vs)) in the summer season is determined by a
combined effect of negative ( curl(z/py)), thermal density stratifi-
cation and bottom topography. During calm periods (like one ob-
served from mid-February to mid-April 2013) the negative value of

(curl(Vs)) (that characterizes anticyclonic circulation) is de-
termined by a combined effect of the river runoff, saline/dense
water inflow and mixed water outflow through the Irbe Strait.

The mean summertime surface circulation in the GoR being
developed during the presence of seasonal thermocline and under
the prevalence of westerly winds displays a whole-basin antic-
yclonic gyre with more intense currents in the western half of the
gyre. Two seasonal baroclinic currents are identified: the North-
ward Longshore Current (NLC) in the western part of the GoR and
the Southward Subsurface Longshore Current in the eastern part of
the GoR.

In the cold season of the year (when seasonal pycnocline was
absent and southerly winds prevailed), the anticyclonic gyre in the
GoR was replaced by a cyclonic gyre with more intense currents in
the eastern half of the gyre. As it was shown by the model run of
one year duration the change of the mean surface circulation in
the GoR from anticyclonic in summer to cyclonic in late fall - early
winter was primarily caused by the respective change of the mean
wind stress curl in the area.

In order to generalize the above-mentioned findings the basic
run was extended to the three-year period of 1 May 2012-30 April
2015 and the mean annual cycle and inter-annual variability of the
wind stress curl averaged over the GoR area was analyzed for the
period of 2006-2015. It was shown that the anticyclonic (cyclonic)
gyre in the GoR, being typical for the summer (winter) season, is
probably not developed every summer (winter) depending on the
inter-annual variability of the prevailing wind forcing. For ex-
ample, negative values of ( curl(?/po)) were not typical in summer
2014 and, as a result, the mean anticyclonic gyre was not devel-
oped. To the contrary, winter 2006/2007 was characterized by
mostly negative values of ( curl(z [po)) implying the appearance of
anticyclonic gyre, which is atypical for the cold season.

A model study of the springtime circulation in the GoR was

recently reported by Soosaar et al. (2014). The major finding of the
study was the existence of an anticyclonic gyre in the southern
GoR driven, according to the authors, primarily by the estuarine
type density field and strongly affected by wind forcing (the gyre
was strengthened by the easterly winds and weakened/blocked by
the westerly winds). We argue that it may be considered as a river
plume bulge during the season of large run-off modified by wind
forcing. It is interesting to note that, in accordance with Fig. 13, the
mean value of wind stress curl in April is close to zero, which
would explain why Soosaar et al. (2014) did not find neither cy-
clonic nor anticyclonic whole-basin gyre in the GoR but a double
gyre pattern instead.

In a recent overview of the Baltic Sea physical oceanography
Omstedt et al. (2014) have concluded that strong and stable cy-
clonic gyres exist in both the Baltic Proper and Bothnian Sea (e.g.
Meier, 2007) while the strength and persistence of currents are
lower in the Gulf of Riga, Gulf of Finland (GoF), and Bothnian Bay.
The results of the present study and by Soosaar et al. (2014) de-
monstrate that the circulation pattern in the GoR is largely influ-
enced by the prevailing wind forcing in different seasons and
years. Similarly, several recent model experiments have suggested
that the circulation pattern in the GoF could differ from the clas-
sical cyclonic pattern (e.g. Andrejev et al., 2004) depending on the
considered period (e.g. Elken et al.,, 2011; Soomere et al., 2011).
Current measurements have confirmed the existence of an average
westward flow in the GoF surface layer at the southern slope
(Suhhova et al., 2015), which could be a sign of the existing an-
ticyclonic circulation cells predicted by the numerical experiments
(Lagemaa, 2012; Elken et al., 2011). Note that the wind stress curl
as one of the possible mechanisms contributing to formation of
general circulation patterns has not been analyzed in the GoF
model experiments.

Omstedt et al. (2014) also suggested that one reason for varying
model outcomes in regard of circulation patterns in the GoF and
GoR could be the resolution of models, which often has been too
coarse in comparison with the internal Rossby radius in those
relatively shallow sub-basins of the Baltic Sea. In the present study,
the grid spacing of 0.5 nautical miles was applied, which is less
than the internal Rossby radius in the GoR. However, we noticed
that the model overestimated the thickness of the seasonal ther-
mocline. Although we assume that this drawback has no potential
to affect the main dynamical features discussed in the paper, it has
to be studied further what is causing this alteration of model re-
sults from the observations.

The brief summary of the present study is that the whole-basin
circulation pattern in the GoR is primarily governed by the wind
stress curl and bottom topography in the cold season and by a
combined effect of the wind stress curl, seasonal stratification and
bottom topography in the summer. This conclusion is in ac-
cordance with the results of Schwab and Beletsky (2003) in regard
to the large-scale circulation in Lake Michigan.

Acknowledgments

This work was supported by institutional research funding
[UT19-6 of the Estonian Ministry of Education and Research, the
DoRa program activity 4 “Doctoral studies of talented international
students in Estonian universities”. Victor Zhurbas was supported
by the Russian Science Foundation (Grant # 14-50-00095) and the
Russian Foundation for Basic Research (Grant #15-05-01313).

References

Andrejev, 0., Myrberg, K., Alenius, P., Lundberg, P.A., 2004. Mean circulation and
water exchange in the Gulf of Finland - a study based on three-dimensional



U. Lips et al. / Continental Shelf Research 112 (2016) 1-13 13

modeling. Boreal Environ. Res. 9, 1-16.

Baranov, A.N., 1970. Currents in the Gulf of Riga and Irbe Strait. Collected articles of
the Riga Hydrometeorology Observatory, No. 13, Riga, 86 p. (in Russian).

Berzinsh, V., 1995. Hydrology. In: Ojaveer, E. (Ed.), Ecosystem of the Gulf of Riga
between 1920 and 1990. Estonian Academy Publishers, Tallinn, pp. 7-32.

Berzinsh, V., 1980. Interannual and seasonal changes of water salinity in the Gulf of
Riga. Fishery Studies in the Baltic Sea Basin vol. 15. Avots, Riga, pp. 3-12.

Blumberg, A.E, Mellor, G.L., 1983. Diagnostic and prognostic numerical calculation
studies of the South Atlantic Bight. J. Geophys. Res. 88, 4579-4592.

Csanady, G.T., 1975. Hydrodynamics of large lakes. Annu. Rev. Fluid Mech. 7,
357-386.

Ezer, T., Mellor, G.L., 1994. Diagnostic and prognostic calculations of the North
Atlantic circulation and sea level using a sigma coordinate ocean model. J.
Geophys. Res. 99, 14,159-14,171.

Elken, J., Némm, M., Lagemaa, P., 2011. Circulation patterns in the Gulf of Finland
derived from the EOF analysis of model results. Boreal Environ. Res. 16, 84-102.

Elken, ]., Raudsepp, U., Lips, U., 2003. On the estuarine transport reversals in deep
layers of the Gulf of Finland. J. Sea Res. 49, 267-274.

Fennel, W,, Seifert, T., Kayser, B., 1991. Rossby radii and phase speeds in the Baltic
Sea. Cont. Shelf Res. 11, 23-36.

Lagemaa, P, 2012. Operational forecasting in Estonian marine waters (Ph.D. thesis).
Tallinn University of Technology, TUT Press, pp. 45.

Leppdranta, M., Myrberg, K., 2009. Physical Oceanography of the Baltic Sea. Praxis
Publishing Ltd, Chichester, UK, p. 370.

Lilover, M.-].,, Lips, U., Laanearu, ]., Liljebladh, B., 1998. Flow regime in the Irbe
Strait. Aquat. Sci. 60, 253-265.

Lips, U, Lilover, M.-J., Raudsepp, U., Talpsepp, L., 1995. Water renewal processes and
related hydrographic structures in the Gulf of Riga. In: Elken, J., Toompuu, A.
(Eds.), Hydrographic studies within the Gulf of Riga Project, 1993-1994, EMI
Report Series, pp. 1-34.

Lips, U., Zhurbas, V., Skurda, M., Vili, G., 2015. A numerical study of circulation in
the Gulf of Riga, Baltic Sea. Part II: Mesoscale features and freshwater transport
pathways. Cont. Shelf Res. (submitted for publication)

Mannik, A., Merilain, M., 2007. Verification of different precipitation forecasts

during extended winter-season in Estonia. HIRLAM Newsletter, No. 52,
pp. 65-70.

Meier, H.E.M., 2007. Modeling the pathways and ages of inflowing salt- and
freshwater in the Baltic Sea. Estuar. Coast. Shelf Sci. 74, 610-627.

Mellor, G.L., Yamada, T., 1982. Development of a turbulence closure model for
geophysical fluid problems. Rev. Geophys. Space Phys. 20 (4), 851-875.

Ojaveer, O. (Ed.), 1995. Ecosystem of the Gulf of Riga between 1920 and 1990. Es-
tonian Academy Publishers, Tallinn.

Omstedt, A, Elken, ., Lehmann, A., Leppdranta, M., Meier, H.E.M., Myrberg, K.,
Rutgersson, A., 2014. Progress in physical oceanography of the Baltic Sea during
the 2003-2014 period. Prog. Ocean. 128, 139-171.

Raudsepp, U., Beletsky, D., Schwab, D.J., 2003. Basin scale topographic waves in the
Gulf of Riga. J. Phys. Oceanogr. 33, 1129-1140.

Schwab, D.J., Beletsky, D., 2003. Relative effects of wind stress curl, topography, and
stratification on large-scale circulation in Lake Michigan. ]J. Geophys. Res. 108
(C2), 3044. http://dx.doi.org/10.1029/2001JC001066.

Seifert, T., Kayser, B., 1995. A high resolution spherical grid topography of the Baltic
Sea, Meereswissenschaftliche Berichte (Marine Science Reports), No. 9, pp. 72—
88.

Soomere, T., Delpeche, N., Viikmde, B., Quak, E., Meier, H.E.M., D66s, K., 2011. Pat-
terns of current induced transport in the surface layer of the Gulf of Finland.
Boreal Environ. Res. 16A, 49-63.

Soosaar, E., Maljutenko, I., Raudsepp, U., Elken, J., 2014. An investigation of antic-
yclonic circulation in the southern Gulf of Riga during the spring period. Cont.
Shelf Res. 78, 75-84.

Stiebrins, 0., Vdling, P., 1996. Bottom Sediments of the Gulf of Riga. Geological
Survey of Latvia, Riga.

Suhhova, ., Pavelson, J., Lagemaa, P., 2015. Variability of currents over the southern
slope of the Gulf of Finland. Oceanologia 57, 132-143.

Yankovsky, A.E., Chapman, D.C., 1997. A simple theory for the fate of buoyant
coastal discharges. ]. Phys. Oceanogr. 27, 1386-1401.

Yurkovskis, A., Wulff, F,, Rahm, L., Andrushaitis, A., Rodriguez-Medina, M., 1993. A
nutrient budget of the Gulf of Riga; Baltic Sea. Estuar. Coast. Shelf Sci. 37 (2),
113-127.






Paper 111

Lips, U., Zhurbas, V., Skudra, M., Vili, 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.cs1.2015.12.018.

83






Continental Shelf Research 115 (2016) 44-52

Contents lists available at ScienceDirect

Continental Shelf Research

journal homepage: www.elsevier.com/locate/csr

S conmnenTaL
SHELF RESEARCH

Research papers

A numerical study of circulation in the Gulf of Riga, Baltic Sea. Part II:

@ CrossMark

Mesoscale features and freshwater transport pathways

Urmas Lips **, Victor Zhurbas &b Maris Skudra <, Germo Vili®

2 Marine Systems Institute, Tallinn University of Technology, Akadeemia Road 15A, 12618 Tallinn, Estonia

b Shirshov Institute of Oceanology, 36 Nakhimovsky Avenue, 117997 Moscow, Russia
© Latvian Institute of Aquatic Ecology, Daugavgrivas Street 8, LV-1048 Riga, Latvia

ARTICLE INFO ABSTRACT

Article history:

Received 30 December 2014
Received in revised form

19 October 2015

Accepted 30 December 2015
Available online 2 January 2016

Keywords:
Mesoscale features
Gulf of Riga

River plume
Buoyant jet

Bulge

A regional eddy-resolving model is developed to study mesoscale processes in the Gulf of Riga in relation
to river runoff, saltwater inflow, and atmospheric forcing. A number of mesoscale phenomena are si-
mulated and discussed, such as meandering of coastal buoyant plume/current of riverine waters and
formation and splitting of cyclonic eddies related to the saltwater inflow. It is shown that the Daugava
River discharge forms a surface-advected plume (Yankovsky and Chapman, 1997) consisting of an an-
ticyclonic bulge and coastal buoyant jet. In case of no saltwater inflow and no atmospheric forcing, the
river runoff is distributed between the growing anticyclonic bulge and the coastal current in proportion
of about 7:6. In the summer season, a substantial fraction of freshwater from the anticyclonic bulge can
be transported to the north by the anticyclonic whole-basin circulation gyre leading to the bimodal
transport pathways of the Daugava River plume.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Study of mesoscale processes in the Baltic Sea has a long his-
tory. It was started in the 1970s when regular eddy-resolving CTD
surveys were introduced in the Baltic Proper (Aitsam and Elken,
1982). Since then, various mesoscale structures have been re-
vealed in the Baltic Sea such as intrapycnocline anticyclonic lenses,
sub-surface cyclonic eddies - negative lenses and “ordinary” upper
layer cyclonic and anticyclonic eddies (ReiBmann, 2005, 2006).
The intrapycnocline anticyclonic lenses, which resemble Medi-
terranean water lenses (Meddies) in the Atlantic, were found in
the East Gotland Basin (Elken et al., 1988; Kouts et al., 1990; Elken,
1996; Zhurbas and Paka, 1997), Bornholm Basin and Stupsk Furrow
(Piechura, 2007). The sub-surface cyclonic eddies - negative lenses
usually formed during saline water inflows were observed in the
Arkona Basin (Lass and Mohrholz, 2003), Bornholm Basin and
Stupsk Furrow (Zhurbas et al., 2004, 2012; Piechura, 2007), Gdansk
Basin (Zhurbas et al., 2004) and East Gotland Basin (Zhurbas and
Paka, 1997). Lots of mesoscale eddies, both cyclonic and antic-
yclonic, were observed in infrared images of the Gulf of Finland
during a relaxation period of upwelling/downwelling events
(Zhurbas et al., 2008; Laanemets et al., 2011). Simulation of me-
soscale eddies in the Baltic Sea in the framework of eddy-resolving

* Corresponding author.
E-mail address: urmas.lips@msi.ttu.ee (U. Lips).

http://dx.doi.org/10.1016/j.cs1.2015.12.018
0278-4343/© 2016 Elsevier Ltd. All rights reserved.

circulation models was performed by Zhurbas et al. (2003, 2004,
2006, 2008, 2012) and Laanemets et al. (2011).

The water balance of the Gulf of Riga (GoR), a semi-enclosed
basin in the eastern part of the Baltic Sea, is determined by the
saltwater inflow from the Baltic Proper mainly through the Irbe
Strait in the northwest corner, freshwater inflow mainly in the
southeast corner, 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 and in-
trusions, and coastal buoyant jets. Modeling experiments have
been conducted using eddy-permitting (or even eddy-resolving in
most of the basins) models covering the entire Baltic Sea or part of
it including the Gulf of Riga, however, specific studies on me-
soscale variability in the GoR are almost absent. Raudsepp and
Elken (1999) studied synoptic and mesoscale variability of the Irbe
Strait salinity front revealed by an extensive measurement cam-
paign in the area (Lips and Lilover, 1995). They concluded that the
used model resolution of 2.5 nm was not enough to resolve me-
soscale features, including the relative vorticity associated with
the frontal dynamics.

In a recent study by Soosaar et al. (2014), the monthly circu-
lation patterns in the Gulf of Riga were reproduced using the
General Estuarine Transport Model with the horizontal resolution
of 2 nm. They found that the anticyclonic circulation pattern is
more frequent in the southern GoR in the spring period and the
spreading of Daugava River water along the eastern coast takes
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place less frequently. Based on the measurements in 1993-1995,
Stipa et al. (1999) have reported the presence of an almost ideal
Daugava River plume bulge and an associated jet current along the
eastern coast. A simple model of river plume dynamics has been
developed by Yankovsky and Chapman (1997), and the influence
of background circulation and topography to the plume dynamics
has been studied in idealized conditions (e.g. Schiller and Kour-
afalou, 2010; Fong and Geyer, 2002). However, despite of the re-
ported studies for many other coastal sea areas (e.g. Jurisa and
Chant, 2012; Kourafalou, 2001), similar experiments have not been
carried out to define the role of different forcing factors and pro-
cesses to the spreading of Daugava River waters in the Gulf of Riga.
The objective of this work is as follows:

- to develop a local, high-resolution numerical model capable to
adequately simulate the GoR hydrodynamics at the mesoscale
and, in particular, the dynamics of the Daugava River plume;
based on numerical experiments with different model scenarios,
to investigate the role of different processes, such as intrinsic
buoyant plume dynamics, thermohaline and wind-driven cir-
culation, including coastal upwellings/downwellings, in forma-
tion of mesoscale structures and transport/mixing of the Dau-
gava River plume.

2. Model setup and theoretical background
2.1. Model setup

Details of the model setup are given in the Part I (Lips et al.,
2016); here only the basic features of the applied model are
shortly described. The high-resolution numerical model of the GoR
is based on the Princeton Ocean Model (POM) (Blumberg and
Mellor, 1983), a sigma co-ordinate, free surface, hydrostatic model,
where the subgrid-scale processes are parameterized using the
2.5 closure scheme by Mellor and Yamada (1982). The model do-
main includes the entire Baltic Sea closed at the Danish Straits;
digital topography is taken from (Seifert and Kayser, 1995). The
grid cell size along latitude and longitude, Ax and Ay, is varying
spatially from Ax = (1/60)° and Ay = (1/120)° (or Ax ~ Ay = 0.5
nautical miles=926 m) in the GoR and its vicinity to Ax = (1/15)°
and Ay = (1/30)° in distant parts of the Baltic Sea; there are 20
uniform sigma layers in the vertical direction.

Two rivers inflowing to the GoR are included to the model: the
Daugava River and the Parnu River with the annual mean volume
fluxes of 660 m> s~ and 48 m> s~ !, respectively. Since the Lielupe
and Gauja, the second and third largest rivers that contribute to
the freshwater inflow to the GoR, have their mouths within a 20-
km vicinity of the Daugava mouth, the three rivers can be con-
sidered as a single source with the volume flux of 818 m>s—'. The
latter volume flux is the mean runoff of Latvian rivers into the GoR
for 1921-1990, May-October, taken from http://www.modlab.lv/
publications/1998/publ3.htm.

The basic model run comprised the period from May 1 to Oc-
tober 31, 2012. Initial conditions and atmospheric forcing were
compiled from the output of operational models HIROMB (see
http://www.smhi.se/en/Research/Research-departments/Oceano
graphy/hiromb-1.8372) and HIRLAM (Mdnnik and Merilain, 2007),
with the inclusion of data collected in the Data Assimilation Sys-
tem (DAS) coupled with the Baltic Environmental Database (see
http://nest.su.se/das). The DAS data were supplemented with the
CTD data collected in the GoR by Estonian and Latvian research
institutes in 1996-2013 (see Lips et al. (2016) for details).

In order to separate the intrinsic buoyant plume dynamics and
the effects related to the thermohaline circulation and atmo-
spheric forcing, three numerical experiments were performed:

(1) intrinsic propagation of the Daugava River plume (spatially
uniform density distribution, no atmospheric forcing), (2) propa-
gation of the Daugava River plume driven by buoyant plume dy-
namics and thermohaline circulation (real initial fields of tem-
perature and salinity, no atmospheric forcing), and (3) the basic
model run (real initial fields of temperature and salinity and real
atmospheric forcing). Results of these three numerical experi-
ments are addressed in the Sections 3.1, 3.2 and 3.3, respectively.

2.2. Predicted parameters of the Daugava River plume

Based on a simple analytical model developed by Yankovsky
and Chapman (1997), the characteristic offshore width, y, and
depth, hy, of the buoyant plume can be expressed as follows:

¥ =2(3g%ho + v,-z)/[ (2g*ho + viz)llzf], 1

hy = Qf[g*}/2, @)

where g* is the reduced gravity based on the inflow density
anomaly, ho, v, L, and Q = v;hoL are the inflow depth, velocity,
width, and volume flux, respectively, and f is the Coriolis para-
meter. Offshore propagation of the buoyant fluid results from two
competing mechanisms: (1) the radial spread of the lighter water
over the ambient water, being deflected by the Coriolis force and
producing an anticyclonic cyclostrophic plume, and (2) offshore
transport of buoyant water in the frictional bottom boundary layer
that moves the entire plume offshore while maintaining contact
with the bottom (Yankovsky and Chapman, 1997). If h, < hg, then
the bottom friction is of no importance and a purely surface-ad-
vected plume is formed. If h, > hg and the h; isobath is farer off-
shore than y,, then a bottom-advected plume, trapped along the hj,
isobath, is formed. Finally, if h, > hy but the hj, isobath is shore-
ward of y, then an intermediate plume is formed. The purely
surface-advected plume consists of an anticyclonic bulge of riv-
erine water attached to the mouth and a coastal jet-like current of
a smaller, nearly constant offshore width carrying a part of riverine
waters rightwards (in the northern hemisphere). In the case of the
bottom-advected plume, no anticyclonic bulge is formed.

In the case of the Daugava River, the mean annual runoff is
20.8 km® yr~! (Lepparanta and Myrberg, 2009) or Q = 660 m*> s~ !,
g% =0.043 m s~ (at the background salinity of 5.6 gkg~! in the
Gulf of Riga), and f=1.22 x 10~4 s~ !, (at latitude of 57°N), which
yields an estimate of the characteristic depth of the buoyant river
plume as h, ~ 2 m (see Eq. (2)). If taking into account that the
average monthly discharges are ranging between 200 and
1600 m*s~! (e.g. Klavins et al, 2002) then the estimate of h,
varies between 1.1 and 3.0 m, being still less than hg = 4 m (the
average sea depth at the Daugava mouth). Thus, it can be con-
cluded that the Daugava River plume is expected to be referred as
the surface-advected plume since the inflow depth hy=4m is
larger than the estimated characteristic depth of the buoyant
plume. Stipa et al. (1999) made the same conclusion that the
Daugava River discharge forms a surface-advected plume. Soosaar
et al. (2014) suggested that the plume could exhibit a well-de-
veloped bulge at certain months; however, in the conditions of
large discharge and low density anomaly it could be considered as
a bottom-advected plume (maximum h;, of 7.5 m was estimated).

Since the large river discharge and small density anomaly could
not coexist frequently, we assume that the Daugava River plume is
a surface-advected plume. If taking v;=0.25ms~', which
corresponds to the inflow velocity in the case of the average vo-
lume flux and river channel parameters between the jetties, the
characteristic offshore width of the bulge ( y, see Eq. (1)) can be
estimated as 14.9 km. This result is in accordance with the
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estimate of the offshore extension of the bulge of 15 km made by
Stipa et al. (1999). Note that the latter estimates are made under a
steady state assumption while it has been shown that in the ab-
sence of any ambient current, the plume does not reach a steady
state (Fong and Geyer, 2002). Furthermore, variable wind forcing
largely influences the dynamics of river plumes that might lead to
their inherent unsteadiness (e.g. Horner-Devine et al., 2008).

3. Results

3.1. Intrinsic propagation of Daugava River buoyant plume in the
GoR

To simulate intrinsic propagation of the Daugava River plume, a
model run with spatially uniform initial fields of temperature and
salinity at Ty = 10°C and Sp = 5.6 g/kg, respectively, and no at-
mospheric forcing was performed. Fig. 1a shows the simulated
salinity and current velocity distributions in the surface layer of
the GoR at 1 m depth at day 69 from the model run onset. The
Daugava River plume is seen to consist 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 GoR. A transition zone between the bulge and
the northward coastal jet displays wave-like disturbances with
wavelength of ~8km. Otherwise, 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 (at day 69; see Fig. 1a)
is somewhat larger than the theoretical estimate of it (14.9 km).
The discrepancy is not surprising because the theoretical expres-
sion for y, was derived by assuming that the plume is in a steady
state. However, in the present model experiment the bulge ap-
peared to grow in time as it has also been shown in several other
studies, e.g. by Fong and Geyer (2002).
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Fig. 2. Time series of the ratio of freshwater transport by the coastal jet-like cur-
rent to the Daugava River runoff.

Freshwater transport of the coastal jet-like current across a
zonal section y = const can be calculated as

So-Sx,y,2)
Vfreshwater f So V(x,y, 2)dxdz 3)
where integration is provided from the sea surface to the sea
bottom and from the eastern shore of the GoR to a distance greater
than the whole width of the buoyant coastal current. Calculations
for y = 57.56°N (see a white line in Fig. 1) 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 Veshwater/Q paugava = 0.4-0.5 with the mean value of
0.46 (see Fig. 2). 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 case of the absence of
other forcing components (atmospheric forcing and saltwater
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Fig. 1. Plan views of simulated salinity and current velocity in the surface layer (at 1 m depth) of the south-eastern part of the GoR: (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 and (c) -
the same as (b) but for the baroclinic Rossby radius. A white-colored horizontal strait-line segment on (a) and (b) panels is the position of a vertical section shown in Fig. 7.
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Fig. 3. Three successive plan views of surface layer salinity and current velocity

vectors that demonstrate an event of splitting of haline cyclonic eddy on the beam
of the Cape Kolka (numerical experiment with no atmospheric forcing).

inflows) more than half of the river discharge would feed the
growing anticyclonic bulge.

3.2. Mesoscale features of thermohaline circulation (the no atmo-
spheric forcing case)

Due to the salinity difference between the Baltic Proper and the
Gulf of Riga of approximately 1.5 gkg~', a salinity front and a
gravitational (density) current are formed in the Irbe Strait (Fig. 3).
The gravitational flow that transports saltwater eastward from the
Baltic Proper to the GoR is attached to the southern shore between
the Irbe Strait and the Cape Kolka just in accordance with geos-
trophic equilibration. The flow is highly unstable and actually,
presents a chain of mesoscale cyclonic eddies with a core of in-
creased salinity/density. The eddies are generated at the Irbe Strait

gkg

Latitude, N°
N w £ o o ~ -

25.07.2012 13:08

21.5 22 225 23 235 24 245

Longitude, E°

Fig. 4. Plan views of simulated salinity and current velocity in the surface layer (at
5 m depth); the snapshots for the date of 25.07.2012.

sill with the periodicity of 10-15 days and move eastwards along
the southern shore to the Cape Kolka for the period of about 20-30
days with translation velocity of ~0.03 m s~'. While propagating
along the Irbe Strait towards the Cape Kolka, the eddy size (dia-
meter) increases from approximately 10 km to 15 km. On the
beam of the Cape Kolka, the cyclonic eddy splits into two smaller
cyclonic eddies; one of these eddies travels to NE and the other to
SE. Such an event of splitting of a cyclonic eddy is demonstrated in
Fig. 3 by three successive plan views of surface layer salinity and
current vectors.

As shown by Lips et al. (2016) the anticyclonic gyre dominates
the general circulation in the GoR in summer. This circulation
pattern is determined by a combined effect of the prevailing ne-
gative wind curl, thermohaline stratification and bottom topo-
graphy. Note that similar conclusion about the anticyclonic circu-
lation in the upper layer in the southern GoR due to the 3-di-
mensional 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 alongshore distance from the Daugava mouth to the Cape Kolka
(see Fig. 3). 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 ul-
timately finds its way farther 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
caused by thermohaline circulation, some fraction of Daugava
River runoff is still involved in the right-hand coastal jet caused by
intrinsic buoyant plume dynamics in rotating media. However, the
width of the coastal jet and the volume flux involved in case of the
background thermohaline circulation are considerably smaller
than the width and volume flux in case of the pure buoyant plume.
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3.3. Combined effects of forcing mechanisms on plume structure and
transport

It was shown in Lips et al. (2016) that the summer season is
characterized by whole-basin anticyclonic circulation in the GoR
caused by the prevailing negative value of the wind stress curl,
enhanced stratification due to the presence of seasonal thermo-
cline, and bottom topography (see Lips et al. (2016) for details).
The Daugava River plume water can be partly involved in the
anticyclonic circulation and transported to the north along the
western coast, whereas the rest of riverine waters goes to the
north along the eastern coast as a buoyant coastal jet.

A plan view snapshot of simulated currents and salinity in the
surface layer in the GoR for the date of 25.07.2012 is shown in
Fig. 4. The overall circulation pattern is clearly characterized by a
whole-basin anticyclonic gyre with enhanced intensity of currents
in the western half-basin where a jet-like alongshore current can

be identified. In Lips et al. (2016), this seasonal current was named
as the Northward Longshore Current (NLC). Vertical structure of
the NLC is illustrated in Fig. 5 where two modeled zonal transects
of temperature, salinity, density and meridional component of
current velocity across the GoR are presented for the same date.
The analyzed time period was characterized by a moderate SE
wind of about 5 m s~ ! followed by a 2-day period of SW gale with
the wind speed of 15 m s~ '. These winds are favorable for a sea-
level set-down/coastal upwelling along the western shore of the
GoR and surges/coastal downwelling along the opposite, eastern
shore of the GoR. As a result, the NLC has intensified to achieve
instant velocity as high as 0.3-0.4 m s~ !, and the related tongue of
reduced salinity of riverine origin was identified as far as at 58°N;
thus, almost reaching the Saaremaa Island. It is important to note
that the NLC is located in the area of maximum isopycnal slope
and the lateral boundary of the jet has an inclination of the same
sign as that of the isopycnals (i.e. the position of velocity
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(b) Modeled surface salinity for the date of August 6, 2012.

maximum shifts seaward with the depth). 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 down and spreads seaward oc-
cupying an intermediate layer and forming an intrusion with
salinity inversion of approximately 0.1 g kg~ (see Fig. 5). Trans-
port 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 GoR waters.

Using modeled zonal transects of salinity and meridional
component of current velocity shown in Fig. 5, one can roughly
estimate the freshwater transport by the NLC, Veshwater. In ac-

cordance with Fig. 5, Ly,c = 10 km, Hy;c = 20 m, Uy, c = 0.1 ms™,

ASyic = 02gkg™ ", and Sp= 5.6 gkg~! are typical values of the

width, depth and velocity of the NLC, salinity difference between
the GoR background and the NLC, and background salinity, re-
spectively, which yields  Vpestwater = Lnic Hnie Unic ASnic/So =
714 m? s~ . This rough estimate of the freshwater transport by the
NLC (714 m? s~ 1) is close to the river runoff to the GoR applied in
the model ( Qpaugava = const = 660 m> s~'). Therefore, one can
conclude that the NLC has a potential to transport a substantial
part of the river runoff, probably the whole river runoff in the
periods favorable for the NLC intensification.

It is important to note that the existence of a long, almost
reaching the Saaremaa Island, tongue of reduced salinity, fore-
casted by the model in the end of July 2012 (Fig. 4), was confirmed
by in situ measurements. A map of the surface layer salinity drawn
using a scarce set of CTD casts collected from 6 to 9 August 2012
onboard the R/V SALME displays a salinity value below 5 g kg~ ! in
the western GoR at the latitude of Cape Kolka (Fig. 6a). This is in
accordance with the modeled salinity map shown in Figs. 4 and
6b.

Apart from riverine water transport by the NLC and despite of
the anticyclonic pattern of mean circulation in the GoR in summer,
some fraction of the Daugava River runoff makes its way to the
north as a buoyant coastal plume - a jet-like current along the
eastern shore of the GoR. Being adjoined to the lateral boundary,
such a current is expected to be stable (Zhurbas et al., 2006).
However, at some circumstances due to wind forcing this jet-like
current and related salinity front can detach from the shore and

fall into baroclinic instability. Such an event of instability is de-
monstrated in Fig. 1b where the buoyant coastal plume being re-
latively wide displays vigorous meandering with wavelength of
2 = 12-15 km. Our suggestion of baroclinic instability as a possible
cause for the meanders is confirmed by rough estimates of the
baroclinic Rossby radius Ry, = (g*H)!/2/f, where H is the sea depth.
Value of Ry in the meanders was found to be approximately 5 km
(see Fig. 1¢) indicating that the prevailing wavelength of meanders
(2= 24 = 3)Ry) is in accordance with the expression for the
wavelength of the fastest growing mode in a theory by Eady
(1949). Similar meandering pattern of the Po River plume was
previously modeled and observed on infrared images by Cush-
man-Roisin et al. (2007).

This instability/meandering event in the GoR was preceded by a
10-day period of southerly winds prevalence (from May 8 to 18,
2012). Since the first half of May was characterized by weak
temperature stratification in the GoR (the seasonal thermocline
was not yet formed), the southerly, upwelling-favorable winds
could not develop baroclinic longshore jet by the western shore of
the GoR. At the same time, the northward baroclinic flow was
developed along the eastern shore of the GoR where permanent
density stratification is supported by the Daugava River discharge.
As a result, the period was characterized by cyclonic type of cir-
culation in the GoR, which is typical for the cold season (Lips et al.,
2016), that swept off the riverine water bulge from the southern
part of the GoR and distributed it within a relatively wide strip
along the eastern shore. This wide riverine water plume ultimately
became unstable.

Transverse structure of the buoyant coastal plume of riverine
waters along the eastern shore of the GoR is illustrated by Fig. 7
where salinity and V-component of velocity versus depth and
distance to the shore for a zonal transect at latitude of 57.55°N are
drawn for different meteorological and hydrodynamic conditions.
During and before the meandering event (Fig. 7b-d), the cross-
section area filled with low-salinity water was considerably larger
than that of the ‘pure’ coastal buoyant plume in a numerical ex-
periment with uniform initial temperature and salinity fields and
no atmospheric forcing (Fig. 7a). During strong downwelling event
along the eastern coast, the offshore salinity/velocity front had a
shape with the contours being almost vertical (Fig. 7c); posterior
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Fig. 7. Simulated salinity and V-component of velocity versus depth and distance to the eastern shore of GoR for zonal transect at latitude of 57.55°N (see Fig. 1a and b, for
the position of the transect); (a) - a numerical experiment with uniform initial temperature and salinity fields and no atmospheric forcing (corresponds to Fig. 1a), (b) -
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relaxation of the downwelling was accompanied with thinning of
the plume and spreading it offshore (Fig. 7d).

4. Discussion and conclusions

A regional, 0.5 n.m. and 20 sigma layer grid model of the Gulf of
Riga (GoR) was implemented based on the Princeton Ocean Model
code with initial conditions and atmospheric forcing taken from
HIROMB and HIRLAM output and inclusion of the main rivers.
Different scenario runs, including a basic run of a half-year period
from May 1 to October 31, 2012, no atmospheric forcing run and
no atmospheric forcing run combined with uniform initial ther-
mobhaline fields, brought the following results:

1. The Daugava River runoff forms a surface-advected plume
(Yankovsky and Chapman, 1997) consisting of an anticyclonic
bulge and coastal buoyant jet, i.e. a jet-like coastal current
carrying a fraction of riverine waters rightwards. In the absence
of other forcing factors, e.g. saltwater inflows through the Irbe
Strait and atmospheric forcing, the anticyclonic bulge is growing
in time in accordance with the results of earlier modeling
studies, e.g. by Fong and Geyer (2002). In such no forcing
conditions, the total river runoff is distributed between the
bulge and the coastal current in proportion of about 7:6.

2. In some cases, depending on wind forcing history, the coastal
current widens, detaches from the shore and eventually falls to
instability, displaying vigorous meanders with the wave length
of 2 =12-15km or 1= (2.4 + 3)R,, where Ry is the baroclinic
Rossby radius. Cushman-Roisin et al. (2007) have reported
similar dynamics of a coastal buoyant current originating from
the Po River outflow in the Adriatic Sea and Magdali 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) and Horner-Devine et al. (2008)).

3. In the no atmospheric forcing case, the saltwater inflow through
the Irbe Strait displays vigorous instability; the gravity current
consists of a chain of cyclonic eddies, slowly transported to the
east. On the beam of the Cape Kolka, each cyclone splits into
two smaller cyclones, the one goes to the northeast and the
other to the south. Somewhere in between the Cape Kolka and
Daugava River mouth, the cyclonic eddies meet the riverine
waters carried with the prevailing anticyclonic circulation in the
southern GoR and turn left towards the open gulf. In realistic,
variable wind conditions such evolution of cyclonic eddies was
not a regular process and their occurrence and role in the water
exchange between the open Baltic Sea and the GoR has to be
studied more closely in the future.

4. In the summer season, the anticyclonic type of whole-basin
circulation in the GoR and related Northward Longshore Current
(NLC) in the western GoR are formed (Lips et al, 2016). A
substantial fraction of freshwater from the anticyclonic bulge of
Daugava River waters is involved to the NLC and transported to
the north almost reaching the southern shore of the Saaremaa
Island. Due to the flow convergence, the low-salinity riverine
water sinks down and spreads seaward occupying an inter-
mediate layer and leading to the formation of a low-salinity
intrusion. At the same time, part of the riverine water feeds the
coastal buoyant current directed to the north along the eastern
shore of the GoR. As a result, the coastal buoyant jet flowing to
the right and the whole-basin anticyclonic gyre transporting the
bulge water to the left form the bimodal transport pathways of
the Daugava River plume in the summer. We suggest that in the
cold season when the whole-basin cyclonic gyre prevails (Lips

et al, 2016), most of the Daugava River discharge could be
transported to the north along the eastern shore of the GoR.
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KEYWORDS Summary Thermohaline structure in the Gulf of Riga (GoR) was investigated by a multi-
Salinity; platform measurement campaign in summer 2015. Stratification of the water column was mainly
Thermocline; controlled by the temperature while salinity had only a minor contribution. Buoyant salinity
Gulf of Riga; maxima with variable strength were observed in the intermediate layer of the Gulf of Riga. The
Water exchange; salinity maxima were likely formed by a simultaneous upwelling—downwelling event at the two
Intrusion opposite sides of the Irbe strait. The inflowing salty water did not reach the deeper (> 35 m) parts

of the gulf and, therefore, the near-bottom layer of the gulf remained isolated throughout the
summer. Thus, the lateral water exchange regime in the near bottom layer of the Gulf of Riga is
more complicated than it was thought previously. We suggest that the occurrence of this type of
water exchange resulting in a buoyant inflow and lack of lateral transport into the near-bottom
layers might contribute to the rapid seasonal oxygen decline in the Gulf of Riga.
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1. Introduction

The water exchange regime of semi-enclosed basins largely
determines their physical and ecological nature. The classi-
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The exact water exchange regime and faith of the inflowing
denser water depends on the size and shape of the estuary as
well as its mouth area (Valle-Levinson, 2010). Nevertheless,
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Figure 1

Map and topography of the Gulf of Riga. Color scale shows depth [m] of the study area. Lines show tracks of the RV Salme

thermosalinograph surveys in July (darker gray) and August (brighter gray) 2015. Yellow circle represents the location of the moored
profiler (buoy station), and red circles show locations where the coastal sea surface temperature time-series were acquired. Locations
of Conductivity-Temperature-Depth (CTD) measurements at the Irbe Strait and Ruhnu Deep are shown as dark red and orange squares,
respectively. The location of wind measurements at the Sorve Cape station is shown as a magenta circle. The green box in the inlay map
shows the location of the study area (Gulf of Riga) in the Baltic Sea.

the estuary. Exceptions might appear for the estuaries, which
are separated from the adjacent sea basin by a sill. If the
deeper layers of the estuary are filled with the saline water
originating from the sporadic inflows, then the quasi-contin-
uous water exchange over the sill involves inflowing water,
which is too light to penetrate to the deepest layers of an
estuary. Such regime can be found for several fjords (e.g.
Belzile et al., 2016) and the Baltic Sea (Feistel et al., 2004).
In the present study, we show that such water exchange
regime can seasonally occur in a relatively large but shallow
brackish estuary, the Gulf of Riga (GoR) as well.

The Gulf of Riga is a sub-basin of the eastern Baltic Sea.
The gulf covers the area of 17 900 km?, and its mean depth is
26 m. The deepest (> 50 m) area is in the central part of the
gulf (Fig. 1). The gulf is connected to the Baltic Sea via two
straits: the Irbe Strait in the west with the sill depth of 25 m,
width of 28 km and cross-section of 0.4 km? and the Suur
Strait in the north with the sill depth of 5 m, width of 6 km
and cross-section of 0.04 km?.

The water and salt budgets of the gulf are formed by the
two sources: the saltier water from the open Baltic Sea
(Baltic Proper) and the freshwater from the rivers and due
to precipitation (e.g. Raudsepp, 2001; Skudra and Lips,
2016). The water from the open Baltic flows to the deep
layer of the GoR (Laanearu et al., 2000) while the riverine
water occupies the upper layer. Thus there is a vertical

salinity gradient present in the GoR (Skudra and Lips,
2016). The average river run-off to the gulf has been esti-
mated approximately as 1000 m*s~" (Berzinsh, 1995) while
the average net precipitation to the gulf is about 80 m*s~"
(Omstedt and Axell, 2003). The 86% of the river run-off is
discharged into the southern part of the gulf (Fig. 1, “Main
rivers”) from the Daugava, Lielupe and Gauja rivers
(Berzinsh, 1995). This river discharge, in combination with
the water exchange through the two straits in the northern
part of the gulf, forms the latitudinal salinity gradient (e.g.
Stipa et al., 1999). Due to the strong inter-annual variability
and seasonality of the river run-off, salinity in the gulf varies
remarkably at the same time-scales (e.g. Raudsepp, 2001;
Skudra and Lips, 2016; Stipa et al., 1999). Due to the shal-
lowness of the Irbe and Suur Strait, water from beneath the
permanent halocline of the Baltic Sea (e.g. Reissmann et al.,
2009) cannot penetrate into the GoR. There are strong
salinity fronts at both straits, which change their position
influenced by the wind forcing and sea level differences
between the basins (Astok et al., 1999; Lilover et al., 1998).

The heat budget of the gulf (like the whole Baltic) is driven
by the fluxes through the sea surface. The gulf is stratified
during summers when the temperature exceeds 18°C in the
upper mixed layer (Skudra and Lips, 2016). In autumn—
winter, the water column is mixed down to the bottom
due to the thermal convection. Further, temperature falls

http://dx.doi.org/10.1016/j.0oceano.2016.10.001
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below the temperature of maximum density (Raudsepp,
2001; Stipa et al., 1999), and the gulf is at least partly
covered by ice (Seina and Palosuo, 1996) during winters.

The available modeling studies have shown that the heat
exchange with the atmosphere and the heat content of the
water column can be estimated relatively well in the Baltic
(e.g. Westerlund and Tuomi, 2016). However, to simulate
correct salinity distributions (both, vertical and lateral) and
estimate salt fluxes between the basins and between differ-
ent layers using numerical models is much more complicated
(Lips et al., 2016b; Omstedt et al., 2014). This difficulty
might show that the internal processes responsible for trans-
port and mixing are described not precisely enough in such
stratified, but relatively shallow basins. In the present study,
we analyze the observed salinity distributions and vertical
structures and relate them to the forcing.

Oxygen consumption under conditions of developed ver-
tical stratification in summer could result in poor oxygen
conditions in the near-bottom layer of deep central areas of
the gulf (Aigars et al., 2015; Eglite et al., 2014). It has been
argued based on the analysis of seasonal dynamics of envir-
onmental parameters and biomarkers for instance that the
clam Macoma balthica could be stressed in late summer due
to lower oxygen levels in August in the near-bottom layer of
the Gulf of Riga (Barda et al., 2013). Furthermore, hypoxia at
the water-sediment interface alters the phosphorus flux
between the water column and sediments as well as nitrogen
removal due to denitrification (Yurkovskis, 2004). Due to the
sediment release of phosphorus in hypoxic conditions, the
main pathway of phosphorus removal from the gulf is its
relatively slow export to the Baltic Proper (Miller-Karulis and
Aigars, 2011). Thus, reoccurrence of such poor oxygen con-
ditions and benthic nutrient release could counteract
decreases in the external nutrient load to the gulf similarly
to the deeper Baltic basins including the Gulf of Finland
(Pitkanen et al., 2001).

The main aim of the present study is to present the high-
resolution view on the stratification development in the Gulf
of Riga. Available investigations include the data only from
episodic ship surveys (Stipa et al., 1999) or are concentrated
on the long-term changes in the gulf (Raudsepp, 2001; Skudra
and Lips, 2016). Studies in other basins of the Baltic have
shown that implementing a new type of in situ platforms,
such as moored vertical profilers (Lips et al., 2016a), Argo
floats (Purokoski et al., 2013; Westerlund and Tuomi, 2016) or
underwater gliders (Alenius et al., 2014; Karstensen et al.,
2014), can improve the understanding of thermohaline pro-
cesses. High-resolution continuous temperature—salinity
measurements have not been conducted so far in the Gulf
of Riga. To fill this gap, an autonomous profiler was deployed
in the northwestern part of the gulf from May to September
2015.

2. Material and methods
2.1. Data

The dataset analyzed in the present study was collected from
May to September 2015. Altogether 202 temperature and
salinity profiles were collected by an autonomous vertical
profiler equipped with 0S316plus CTD (Conductivity,

Temperature, Depth) probe (ldronaut S.r.l.). The profiler
has been successfully applied in the Gulf of Finland for
several years now (Lips et al., 2016a). The profiler was set
to collect measurements in a depth range from 2 to 37 m
twice a day. Initial vertical resolution of measurements was
0.1 m, but after the preliminary data processing, the profiles
were stored for analysis purposes with a vertical resolution of
0.5 m. The CTD probe was calibrated by manufacturer right
before the deployment, and the data quality was checked
against shipborne CTD profiles several times during the study.

The shipborne CTD and dissolved oxygen data (0S320plus
CTD, Idronaut S.r.l.) together with the thermosalinograph
(SBE45 MicroTSG, Sea-Bird Electronics; included in the flow-
through system) data were used to study the spatial thermo-
haline fields in the area (Section 3.2). The salinity data was
checked against the water sample analyses using a salin-
ometer 8410A Portasal (Guildline). The oxygen sensor was
calibrated before each survey and was checked against water
sample analyses using an OX 4000 L DO meter (WWR Inter-
national, LLC).

The long-term CTD dataset 1993—2012 compiled by
Skudra and Lips (2016), collected under Estonian and Latvian
national monitoring programs, was extended to 2015. This
dataset together with 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
(Section 3.3).

Coastal temperature measurements at Ruhnu, Haade-
meeste, and Roomassaare, provided by the Estonian Envir-
onmental Agency, were included in data analysis. Likewise,
the level 3 SST (sea surface temperature) product over
European Seas by Copernicus Marine Environment Monitoring
Service (http://marine.copernicus.eu/) was used as back-
ground information. Wind measurements at the Sorve station
were obtained from the Estonian Environmental Agency. The
wind speed and direction, measured at 10 m height, were
available every third hour as a 10 min average.

2.2. Calculations

The upper mixed layer (UML) depth was defined as the
minimum depth where the criterion p, > p3 +0.15 kg m™—3
was satisfied (p, is density at depth z, and ps is density at
3-m depth).

Relative contributions of temperature (ST7) and salinity
(STs) to the vertical stability of the water column were
estimated as:

dT

STr :aﬁp7 (1)
ds

STs =ﬁﬁpv (2)

where « is the thermal expansion coefficient, 8 is the saline
contraction coefficient, pis the water density; dT/dZ and dS/
dZ are the temperature and salinity gradients over the
vertical distance dZ. Temperature and salinity profiles were
both smoothed by 2.5m window before the stability
and intrusion index calculations. Stability (ST) of the water
column was acquired by summation of STrand STs. Total
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(contribution to) stability of the water column was calculated
as vertically integrated STy STs and ST. Likewise, the total
contribution to the stability of the UML was calculated as
vertically integrated ST STs, and ST within the depth range
of the UML.

In order to estimate the intensity of interleaving the
intrusion index as the sum of negative salinity gradients
[gkg™" m~"] was calculated same as by Lips et al. (2016a):

Lods
0 if o=>0

1= zh , (dS\ . d5 (3)
abs<d2>, if a7 <0
where I is the intrusion index, h; and h, are the borders of the
depth interval where the index was calculated. It means if
salinity increases downwards throughout a profile, the index
is zero. Contrary, if there is a strong sub-surface salinity
maximum, the index has a higher value.

The apparent oxygen utilization (AOU) was used to show
the difference between measured dissolved oxygen content
and saturation level:

AOU = DO19o—DOy, 4

where DO,y is oxygen concentration at saturation level
(Weiss, 1970), and DOy is the measured oxygen concentra-
tion.

Salinity values are given as Absolute Salinity [gkg™"],
density as potential density anomaly to a reference pressure
of 0 dbar [o0; kg m~3] and the unit of oxygen values is mg L'
in the present paper. Density values in Section 3.3 are pre-
sented as arithmetic averages at 0—5 m and 32—38 m depth
ranges in the Baltic Proper and in the Gulf of Riga, respec-
tively.

3. Results

3.1. Temperature, salinity, density and
stratification time-series at mooring station

3.1.1. General description
Water column structure was determined by the seasonal
thermocline at the beginning of the study period (Fig. 2).
Temperature decreased almost linearly from the base of the
upper layer (9.3—10.0°C) at 15—20 m depth to the near-
bottom layer (4.3—5.5°C). Vertical distribution of salinity
was relatively even and ranged between 5.9 and 6.0 g kg~".
Temporal development of the vertical thermohaline struc-
ture was characterized by a seasonal increase in temperature
due to the atmospheric heat flux and a slight decrease in
salinity in the upper layer in June. By the end of June,
temperature (salinity) gradient from the upper layer to
the near bottom (old winter water) layer was from 15.6 to
5.8°C and from 5.8 g kg™" to 6.0 g kg™", respectively.
Advection of fresher water was observed at the buoy
location in the upper 25 m in the first week of July. Salinity
values below 5.4 g kg~' were registered. At the same time,
water temperature increased in the upper layer, which,
however, cannot be related to the advection. First, the
temperature maxima and salinity minima did not match
exactly in time. Secondly, a simultaneous temperature
increase and decrease after that were registered at all

coastal stations around the gulf, which implies that the
atmospheric heat flux was responsible for this temperature
change.

Further developments in July included a general increase
in the upper layer temperature and intermittent appear-
ances of fresher and saltier patches in the sub-surface layer
at the depth range from 14 to 24 m. Less saline water in the
upper layer and thick sub-surface intrusion of saltier water
after that were observed at the end of July. Upper layer
temperature reached its seasonal maximum of 20.4°C in mid-
August. Upper layer salinity varied around 5.5 g kg~' in the
first half of August and was close to 5.7 g kg™" in the second
half of the month.

Vertical structure in September was characterized by
heat loss to the atmosphere and by advection of fresher
water to the buoy location. A temperature and salinity
decrease in the upper layer, as well as thickening of the
mixed layer, were observed during that period. Thus, it was
the advection of fresher water that dominated over the
vertical transport of salt in the upper layer salt flux. Inter-
estingly, temperatures below 4.5°C were occasionally regis-
tered at the deepest measured horizon of 37 m even in
September.

3.1.2. Stratification

Time series of the water column stability are presented in
Fig. 3a. The higher (red) values mark the location of the
pycnocline while the dark blue color indicates that water is
vertically homogeneous. The seasonal thermocline was the
main contributor to the stability of the water column
(Fig. 3b). There were only a few occasions when the tem-
perature gradients had an opposite effect and caused weak-
ening of the vertical stratification.

Negative stability values due to the vertical salinity
gradient occurred in July and August, and they were espe-
cially strong in the second half of July (Fig. 3c). Those layers
were located in the thermocline and were compensated by
the vertical temperature gradient. It has to be noted that
the layer with inverse salinity gradient was always sur-
rounded by the layers above and below it where the salinity
was increasing with the depth (Fig. 3c). The explanation for
such salinity derived stability distribution was the existence
of sub-surface buoyant saltier water intrusion. Starting from
the sea surface, the following gradients/layers were asso-
ciated with the salinity maxima and could be distinguished:
(1) layer with positive salinity gradient from the ambient
water in the thermocline to the core of maxima layer (red
color); (2) values close to zero that show the location of the
core (white color); (3) layer with negative salinity gradient
between the core and ambient deep layer water (blue
color); (4) values close to zero that show the point (range)
where salt intrusion water merged with the ambient water
(white color); (5) positive salinity gradient in deep water
(red color).

The integrated stability over the water column (Fig. 3d)
showed that the thermal buoyancy dominated while salinity
had a minor importance in the strength of stratification at the
buoy location. The minor role of salinity can be at least partly
related to the fact that the highest salinity (intrusion) was
located in the intermediate layer and not in the bottom layer.
The salty water near the bottom would have increased the
stability over the water column.
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Figure 2 Time series of temperature [°C], salinity [g kg~'] and density anomaly [kg m~3] at the buoy station from 30 May 2015 to
18 September 2015. Black line in the bottom panel is the upper mixed layer (UML) depth. The location of the mooring is shown as yellow

circle in Fig. 1.

The UML depth ranged from a few meters to 35 m during
the study period (Fig. 2c). The UML was mostly stabilized by
the temperature while salinity had occasionally (at the
beginning of July) an opposite effect (Fig. 3e). Salinity and
temperature had a similar contribution to the stability at the
beginning of August.

Time-series of intrusion index (Fig. 3f) show relatively
low values (<0.05) until the beginning of July. It is note-
worthy that intrusion index values differed from zero, most
probably, due to the observed sub-surface freshwater
patches (Fig. 2b). Occasional peaks of intrusion index up
to 0.1 were observed until the beginning of September. The

highest values exceeded 0.2 and occurred in the second half
of July.

3.1.3. Salinity fluctuations

The period with highest intrusion peaks is below described in
more detail. It is noteworthy that immediately before the
appearance of saltwater patches a clear signature of fresher
water was registered at the 15-20m depth (Fig. 4,
19 Jul 12:00). The core of this fresher layer had the salinity
of 5.55-5.60 g kg~", and it lied in between the upper layer
with the salinity of 5.75—5.80 g kg~ ' and deep layer with the
salinity of 5.95 g kg~ ".

http://dx.doi.org/10.1016/j.oceano.2016.10.001
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Figure 3 Temporal development of the following vertical stratification parameters at the buoy station from 30 May to 18 September
2015: stability (a; [kg m~3m~"]) and contribution of temperature (b) and salinity (c) to stability; integrated stability parameters
[kg m~3] for the whole water column (d) and for the upper layer (e); intrusion index (f).

Next, the saltier water (5.80gkg™") appeared in the
upper layer and rapidly (within our profiling interval of
12 h) the fresher water in the sub-surface layer was replaced
by the salinity maximum (Fig. 4, 20 Jul 00:00). The saltier
sub-surface layer was located in the depth range of 11—-25 m
and its core with the salinity of 6.45 g kg~ was located at
17 m depth. The temperature of the core was 14.55°C while
3.5m above the core it was 13.75°C. Thus, the salinity
gradient above the core neutralized the negative buoyancy

due to the vertical temperature distribution. It was opposite
below the core: strong thermocline stabilized the water
column despite the negative salinity gradient. The sub-sur-
face salinity maximum disappeared on 22 July. Fresher sub-
surface water was observed from 23 July to 28 July while
salinity in the upper layer decreased from 5.80 to
5.55 g kg, The saltier water reappeared in the sub-surface
layer on 29 July (Fig. 4 29 July 12:00). The core of the sub-
surface layer was located at 22 m depth and had salinity and
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density anomaly ([kg m~3]; c) as contour lines in profiling station (the location is shown as a yellow circle in Fig. 1).

temperature of 6.30 gkg™" and 17.15°C, respectively. The
core was only slightly (0.15°C) warmer than the layer above.
That temperature change had a minor contribution to the
vertical stratification as salinity increased from 5.70 g kg~"
to 6.30gkg™" in the same depth range. The sub-surface
salinity maximum, though much weaker, was observable until
the end of August.

3.2. Origin of the salt intrusion

The observed saltier water could potentially penetrate to the
GoR from the Baltic Proper via either the Irbe Strait or Suur
Strait. The core of the observed salt maxima layer had the
salinity of 6.45, 6.30gkg ' and temperature of 14.55°C,
16.40°C on 20 July and 29 July, respectively. We can expect
that if the source water has been modified, then it occurred
because of mixing of it with the GoR ambient waters. The
temperature—salinity curves (TS-curves) of the sub-surface
salinity maxima cores indicate that this saltier water was
slightly warmer than the surrounding GoR waters. Thus, if the
observed core has been a subject of mixing, the source water
of the salt maxima layers must have been saltier and slightly
warmer than the observed core at the buoy station. Unfortu-
nately, there were no continuous measurements available in
the straits. Thus, we were not able to capture the entering
process of the saltier waters directly. However, we collected
some shipborne CTD profiles in the Irbe Strait area (Fig. 5).
The other data source was made available by the thermo-
salinograph that autonomously recorded temperature and
salinity of the water pumped from 2 m depth during the

surveys on board RV SALME. The two surveys that were
included in the analysis were conducted on 14—15 July and
7—9 August.

The first survey was conducted through the central part of
the Irbe Strait on 14—15 July while the vessel visited more the
southern part during the second survey; though, one station
in the central part was sampled as well. During the second
survey, the area was visited twice: the first passage on 7—8
August and the second passage on 9 August.

During the both surveys, a strong salinity front was found
in the upper layer in the Irbe Strait area. The front was
captured near the longitude of 22°E by the survey on 14—15
July (Fig. 5). Salinity values below 6.20 g kg~' were observed
toward east from the longitude of 22°E. The front was located
further in the east on 7—9 August. However, due to different
tracks of the two surveys (the latter was conducted along the
southern coast) we cannot confirm, whether it was a spatial
feature or temporal displacement of the front.

The most remarkable feature in the upper layer tempera-
ture dynamics was the colder water observed in the strait on
14—15 July 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 feature (Fig. 5). Since the
Irbe Strait is a topographic barrier between the open Baltic
and the gulf, upwellings in both basins can potentially bring
cold water to the upper layer in the Irbe area. Strong SW
winds (>10ms~") occurred during the period from 5 to
10 July, i.e. favorable forcing for an upwelling in the GoR
along the coast of the Saaremaa Island. Weaker winds from
NW, i.e. from the favorable direction for the upwelling along
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the Latvian coast in the Baltic Proper, prevailed from 11 to
15 July (Fig. 6). The satellite-derived sea surface tempera-
ture, as well as temperature measurements at the coastal
stations and by the onboard thermosalinograph, indicated
that the upwelling occurred in the NW part of the GoR in mid-
July (Fig. 7). Since salinity in the whole water column was
higher in the Baltic Proper than in the core of the upwelled
cold water in the Irbe Strait (6.15gkg™"), this upwelled
water cannot be a pure Baltic Proper water. On the other
hand, the upwelled water was saltier than the GoR water.
Thus, the upwelled water might be a mixture of waters from
the both basins.

The only available profile in the Irbe Strait on 14—15 July
was acquired eastward from the core of the upwelling
(Fig. 5a). The profile revealed three layers: upper layer
(15.00°C and 5.90gkg™"), deep layer (4.70°C and
5.95 g kg~") and salt maxima layer (12.15°C and 6.35 g kg™")
between the former two (Fig. 8). The temperature profile, as

well as the satellite-derived sea surface temperature,
showed that the station was in the upwelling zone but not
in its coldest core area. Relatively low salinity of the upper
layer (upwelled water) and deep layer at the station
indicated that those waters originated from the gulf.
The salt maxima layer at the station and coldest water
in the upper layer observed by the thermosalinograph were
similar. Though, the salt maxima water was slightly colder
and saltier than in the upwelled water at the CTD station.
Thus, the observed salt maxima layer water was likely
mixed with warmer and fresher surface water before
upwelled to the surface as registered by the thermosali-
nograph (Fig. 8).

The structure of the salt maximum was similar to the one
observed at the buoy station, which suggests that the salt
impulse entered the gulf likely via the Irbe Strait. The salt
maxima at the thermocline were much saltier than the water
below and above and the water in those layers was slightly
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Figure 5 Temperature ([°C]; a, b) and salinity ([g kg~']; ¢, d) at 2 m depth acquired by the thermosalinograph on board RV SALME on
14—15 July (a, c) and 7—9 August (b, d). On vertical color bar sea depths [m] are shown.
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warmer than in the thermocline above. The latter indicates
that the salt maxima water originates from the warmer layer
above.

The similar structure of salt intrusion was found in the
central part of the Irbe Strait on 9 August (Fig. 8). At the same
time, high saline >6.7 g kg~' and warm water was observed
in the upper layer in the southern part of the strait
(Figs. 5 and 8). TS-curves suggest that the salt maxima layer
observed in the central part of the strait was a mixture of this
high saline warm water and thermocline water of the GoR.
The possible mechanism that can penetrate the warm and
high saline water deeper is downwelling along the southern
coast of the Irbe Strait. Indeed, SW wind that generates
upwelling along the shore of the Saaremaa Island also causes
downwelling along the southern coast of the strait. 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. 8, this warm, salty
water has pushed over the fresher water. Thus, it likely
caused some vertical mixing there as well.

In an upwelling cell along a boundary, the upwelled water
is typically compensated by an onshore flow in the deeper
layer. In the present case, upwelling occurred in the strait,
which is relatively narrow and shallow. Thus, simultaneously
with the upwelling, a downwelling occurred along the oppo-
site coast, and the downwelled waters (originated from the
Baltic Proper) rather fast reached the seabed. 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 for the salt maxima layer observed in the central strait
on 9 August (blue curve in Fig. 8) had almost the same TS-
characteristics as the warm and saltier water in the southern
part of the Irbe Strait (magenta and green curves in Fig. 8).
Moreover, the same suggestion can be made on the basis of
AOU vs. S curves (Fig. 8). This saltier and warm water was
formed in the Irbe Strait and later spread to the gulf as
upwelling—downwelling system relaxed.

Measurements at the coastal stations and buoy station
reveal the temporal development of the upper layer
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Figure 6 Wind vectors at the S6rve meteorological station in
2015. The location of the station is shown in Fig. 1 as a magenta
circle.

temperature in different parts of the gulf. There were
several synoptic events of cooling (at the beginning of
August) and warming (at the beginning of July) that simul-
taneously occurred at all stations (Fig. 9). Those were
atmospheric heat flux events. The seasonal temperature
increase at Ruhnu and, especially, at the buoy lagged the
other two stations until the end of June. This delay was
related to the slower warming of the open gulf waters

Latitude

In the previous subchapter, we 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.
The pre-condition for the sub-surface buoyant salt maxima
establishment is a specific density range of the saltwater. The
inflowing salty water (or a product of its mixing with the
ambient Gulf of Riga water) should be lighter than the deep
layer water and denser than the upper layer water in the gulf.
The upper layer density (presented as potential density anom-
aly op) in the Baltic Proper in January—April is in a range of
5.5—6.0 kg m~3 (Fig. 10). Water cools down to the tempera-
ture of maximum density (2.6—2.7°C) every winter in the
Gulf of Riga. Salinity over 6.9 gkg™' (at the temperature of
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Figure 7 Satellite-derived sea surface temperature; upper layer temperature registered along the RV SALME track by thermo-
salinograph, at the buoy station and selected coastal stations on 15 July 2015.
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Figure 8 Temperature—salinity (TS) and apparent oxygen utilization (AOU) vs. salinity curves on 14—15 July and 7—9 August. TS-
curves along the vessel track acquired by the Salmebox (a, b) and at selected Conductivity-Temperature-Depth (CTD) stations during
the two analyzed surveys. Thermosalinograph tracks and locations of CTD stations are shown in Fig. 5 (station dots on the map have
same colors as TS dots here). Color bars in the uppermost panel show the longitude.

2.6—2.7°C) would be necessary to reach the density of
5.5 kg m~>. Salinity in the deepest layers of the gulf does
not typically exceed 6.5 g kg~" (Raudsepp, 2001). As shown in
Fig. 10a, average density anomaly at the 32—38 m depth in
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Figure 9 Upper layer water temperature at various locations
in the Gulf of Riga. Coastal stations are shown as bright red
circles and buoy location as a yellow circle in Fig. 1.

the Gulf of Riga is mostly below 5 kg m—3. Thus, if the Baltic
Proper water enters the Gulf of Riga in January—April, it must
dive to the near-bottom layer of the gulf and sub-surface
maxima as such cannot exist during winters.

As soon as the surface water in the Baltic Proper gets
lighter due to the seasonal warming in June, the formation of
sub-surface salinity maxima is feasible. In autumn, convec-
tion and wind stirring mix the denser deeper layer water and
lighter upper layer water thoroughly. As a result, the deep
layer temperature increases while salinity and density
decrease. Therefore, sub-surface salinity maxima formation
in October—November is not feasible anymore, and the dense
Baltic Proper water flows to the near-bottom layer of the
gulf. The upper layer water in the Baltic Proper tends to be
lighter than water in the Gulf of Riga at 32—38 m depth during
the timeframe from mid-July to the beginning of September
(Fig. 10a). 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 rather forms buoyant salt maxima. The temporal
variability of the intrusion index, calculated based on the
available full-resolution (0.5 m) CTD casts from the years
1993—2014, confirms latter and shows that the saltwater
intrusions have been observed from mid-July to mid-Septem-
ber (Fig. 10b).

Comparison of the upper layer density in the Baltic Proper
and the Gulf of Riga shows that latter water is always lighter.
Even during the autumn-winter cooling period, when the

http://dx.doi.org/10.1016/j.0ocean0.2016.10.001
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Figure 10

(a) Annual cycle of average potential density anomalies (op; [kg m~>]) 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.

temperature in the Gulf of Riga drops faster than in the Baltic
Proper, latter has still heavier upper layer water. This density
difference shows that the water coming from the Baltic
Proper cannot lie above the Gulf of Riga water.

In conclusion, we suggest 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 intru-
sion (or saltier water patches) if the inflowing water ori-
ginates from the upper layer or the regime resulting in
the near-bottom salt wedge if the inflowing water origi-
nates from the layer beneath the seasonal thermocline can
occur.

4. Discussion and conclusions

The year 2015 was special for the Baltic Sea in two senses.
First, strong barotropic Major Baltic Inflow (Matthaus et al.,
2008) occurred in December 2014 (Mohrholz et al., 2015).
Secondly, the winter 2014/2015 was exceptionally mild in the
Baltic Sea area, and the Gulf of Riga was almost ice-free in
winter (Uotila et al., 2015). However, we do not expect that
these two events had a major impact on the thermohaline
state of the gulf in summer 2015. It takes years to see the
impact of a Major Inflow in the upper layer of the Baltic
Proper (Reissmann et al., 2009), which is a salty water source

for the Gulf of Riga. Despite an exceptionally warm winter,
the gulf was ventilated down to the bottom layer in the
deepest part of the gulf in the Ruhnu Deep (Fig. 11). The mild
winter might have an impact on the river discharge (Apsite
et al., 2013) and, thereby, to the salinity of the gulf though
(Raudsepp, 2001).

High-resolution profiling showed that stratification of the
water column during the study period was mainly controlled
by the temperature while salinity had only a minor impact.
Likewise, the stability of the upper mixed layer was mostly
controlled by the temperature. Nevertheless, the vertical
stratification in spring is mostly created by the freshwater
fluxes, at least in the southern part of the Gulf as suggested
by Stipa et al. (1999). It is worth to perform high-resolution
profiling in spring, to observe the development of stratifica-
tion.

Distinctive sub-surface salt maxima were observed in the
thermocline in July and August 2015. Due to the lack of data,
spatial view on the salt maxima is quite limited. Anyhow, all
three available CTD profiles (not shown here) from July to
August registered in the Ruhnu Deep revealed the occurrence
of salt maxima there. Thus, the maxima can reach the central
or southern part of the gulf. It can be expected that the
patches of sub-surface salt maxima only occasionally reached
or passed the profiling station. In other words, the rapid
disappearance of maxima layer observed at the buoy station
was not a result of vertical mixing.

http://dx.doi.org/10.1016/j.0oceano.2016.10.001
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Figure 11
location of stations is shown as orange circles in Fig. 1.

Likely, the salt maxima are intrusions of waters of differ-
ent origin, e.g. as has been observed in the halocline of the
Bornholm Basin in the vertical temperature distribution (e.g.
Mohrholz et al., 2006). The only evidence of similar salt
maxima in the GoR has been reported and measured earlier
at two stations in the eastern part of the Irbe Strait by Stipa
et al. (1999) on 29 August—1 September 1993. This observa-
tional evidence supports our suggestion that the patches of
salt maxima enter the gulf via the Irbe Strait.

Episodic current measurements have revealed that the
flow regime in the Irbe Strait is two-layered with an inflow in
the deeper layer near the southern coast and an outflow
along the northern coast (Lilover et al., 1998; Talpsepp,
2005). SW winds evoke upwelling in the Gulf of Riga side
of the Irbe Strait along the Saaremaa Island and downwelling
along the southern coast of the Irbe Strait. The upwelled Gulf
of Riga water is replaced by the waters from the deeper
layers of the Irbe Strait, which can be partly the salty and
warm downwelling waters. The downwelling water mixes
with the ambient Gulf of Riga sub-surface water and the
outcome is the sub-surface salt maxima layer. The similar
suggestion was drawn by Stipa et al. (1999) as well: down-
welling 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. Stipa et al. (1999) sug-
gested that downwelling occurred in the Baltic Proper along
the Latvian coast in 1993 when they registered the salinity
maxima in the area. The CTD-stations located closely to each
other are to be sampled to check if only the baroclinic
pressure gradient is needed (Stipa et al., 1999) for the

Dissolved oxygen content (a) and apparent oxygen utilization (AOU, b) profiles in the Ruhnu Deep stations in 2015. The

maxima layer generation, or also the cross-strait downwel-
ling as we suggested in the present study plays a significant
role here.

The salt maxima-favorable coupled upwelling—downwel-
ling situation is evoked by SW winds. Comparison of wind
conditions in July—August 2015 with the climatic averages (in
July—August 1966—2015) shows that summer 2015 was not a
very special year. The favorable SW winds (sector 180—270°
was taken into account) occurred 39% of the time in July—
August while the climatic occurrence of the wind from
the same direction in July—August has been 41%. Likewise,
the occurrence of strong SW winds (if only the winds with the
speed of >5ms~"or >10 ms~') in 2015 was close to climatic
average.

The sub-surface salt maxima formation via the Suur Strait
cannot be excluded. However Vainameri Archipelago is very
shallow (mean depth 5 m) and large area between the open
Baltic and GoR. Distance from 20 m isobath in the Baltic
Proper through Vainameri to 20 m isobath in the GoR is ca
100 km. Thus, only very strong and long-lasting northerly
wind impulse (Otsmann et al., 2001) could cause transport of
saltier water via Vainameri Archipelago to the deeper parts
of the Gulf of Riga. Temperature—salinity profiles during/
after a northerly wind impulse are needed to check the
possibility of this pathway.

The existence of fresher sub-surface waters found at the
buoy station has also been predicted by numerical modeling
(Lips et al., 2016¢) in the western part of the gulf as a result
of convergence between the low-salinity riverine waters
transported from the southern part and waters from the
Baltic Proper. The low salinity waters from the southern part
of the Gulf of Riga can be transported as far as the buoy

http://dx.doi.org/10.1016/j.0ocean0.2016.10.001
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station in the present study and even further to the north due
to the prevailing whole-basin anticyclonic gyre with
enhanced intensity of currents in the western part of the
gulf during the summer period (Lips et al., 2016b).

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. Buoyant temperature maxima
form at the depths of the halocline in the Western Baltic if the
baroclinic inflows occur during summer (e.g. Feistel et al.,
2004). Note that in the Western Baltic case, the halocline
(vertical salinity distribution) stabilizes the water column at
the depth range of the temperature maxima while, in the
Gulf of Riga case, it is the thermocline (temperature), which
compensates the effect of the salinity decrease with the
depth. Since the maxima formation is sensible to wind for-
cing, one might expect that the salt and water balance in the
gulf will be impacted by the suggested wind regime changes
in the future (Christensen et al., 2015).

Such buoyant inflow regime could be found in many semi-
enclosed basins where assill restricts the water exchange with
the open sea with higher salinity/density. Currently, 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.

The comparison of historical density data in the Gulf of
Riga and Baltic Proper showed that the salt water maxima
formation is feasible from June to September. Otherwise (in
October—May), the Baltic Proper water dives to the near-
bottom layer of the gulf and such intrusions do not appear.
The seasonality in the water exchange regime was confirmed
by an analysis of intrusion index: higher values have occurred
from May to September. Thus, likely the maxima layer is a
common feature of the gulf in summer and has not been
noticed earlier (except at two stations by Stipa et al., 1999 in
the Irbe Strait) due to very sparse data, which have been
available.

The salinity measurements together with current mea-
surements and high-resolution modeling are needed to esti-
mate the role of sub-surface salinity maxima in the salt
balance of the gulf. We checked the outputs of the existing
operational models HIROMB-EST (Lagemaa, 2012), which uses
the HIROMB-SMHI (Funkquist, 2001) model outcome at the
open sea boundary, and the HBM (Berg and Poulsen, 2012).
Both models did not capture the salt maxima formation and
constantly underestimated salinity, by 0.6 g kg~ on average,
at least at the profiling location. It is worth to identify if the
incapability of reproducing salt intrusions in the models
might lead to a salinity underestimation in the whole gulf.

The AOU vs. salinity curves (Fig. 8) suggested that source
water for the salt intrusion had almost saturated oxygen
content. This result is not a surprise as the water was
originating from the upper layer of the Baltic Proper. The
Gulf of Riga has a high production (Seppala and Balode, 1999)
and high oxygen consumption (HELCOM, 2009) due to decom-
position 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 inflow-
ing 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 the six dissolved oxygen content and AOU
profiles (Fig. 11) acquired from the Ruhnu Deep (Fig. 1) from
April to August 2015.

Very high dissolved oxygen values were registered on
22 April. The oversaturation in the upper layer due to the
spring bloom was up to 125% or 3.8 mg L' (shown as AOU
negative values in Fig. 11b). Water was saturated in the deep
layer indicating that winter convection reached the bottom.
Oversaturation remained high in the upper layer, but already
1.4—1.9 mg L~ of oxygen was consumed in the deeper layer
by 11 May. A continuous oxygen decline occurred from May to
August in the deep layers and by the measurements on
26 August, the oxygen level was 5.5 mg L' at the tempera-
ture and salinity of 3.9°C and 6.0 gkg™", respectively. The
estimated oxygen consumption (based on the AOU) from
spring to the end of August had been 7.1 mgL™" in the
near-bottom layer. According to the HELCOM (2009),
the oxygen decrease might lead to hypoxia in the Gulf of
Riga but not every year.

5. Conclusions

e Occasionally very strong salinity maxima were observed in
the sub-surface layer.

e The sub-surface salt maxima are intrusions of saline and
warm water from the Baltic Proper.

e The potential mechanism of the maxima formation likely
is a simultaneous upwelling and downwelling event in the
Gulf of Riga side and open sea side of the strait, respec-
tively.

e Due to the buoyant nature of the inflowing water, the
near-bottom layer of the Gulf of Riga remains isolated
from the lateral flows during summers.

e Latter favors the hypoxia formation in the Gulf of Riga.
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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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RESUMEE

Doktoritd6 peamiseks eesmérgiks oli Liivi lahe termohaliinse struktuuri ja selle
muutlikkuse ning ildtsirkulatsiooni  kirjeldamine soéltuvalt erinevatest
mojutavatest teguritest. Liivi laht on Ladnemere alam-bassein mere idaosas, mis
omab piiratud veevahetust tinu kitsastele ja madalatele védinadele ja suhteliselt
suurt magevee juurdevoolu jogedest lahe lounaosas.

Doktorit6 aluseks on sondidega kogutud mdotmiste andmed (mai-august
1993-2012), mille abil on uuritud temperatuuri, soolsuse ja tiheduse jaotuse
pikaajalisi muutusi ja aastate-vahelist muutlikkust ning selle sdltuvust joevee
juurdevoolust ja atmosfadri mojudest (nditeks, La&dnemere indeksi muutustest).
Korge lahutusega mootmisi profileeriva poijaamaga on kasutatud vertikaalse
termohaliinse struktuuri lithiajalise muutlikkuse ja sellega seotud néhtuste
kirjeldamiseks. Numbrilist mudelit POM (Princeton Ocean Model) on
rakendatud Liivi lahele, et uurida basseini-mastaapi tsirkulatsioonimustreid ja
mesomastaapseid nédhtusi, mis on seotud magevee juurdevoolu, hoovuste
ebastabiilsuse ja termohaliinse tsirkulatsiooniga.

Pikaajaliste andmeridade analiilisi pohjal on leitud, et jogedest périnev
magevee juurdevool on peamine tegur, mis méddrab soolsuse muutlikkuse
iilemises segunenud kihis ja mis tugevdab vertikaalset stratifikatsiooni suvel.
Tugevaim vertikaalne stratifikatsioon esines aastatel, mil oli korge temperatuur
ja maksimaalne jogede vooluhulk kevadel. Erinevalt varasematest uuringutest ei
nididanud mdotmisandmed olulist {thesuunalist soolsuse ja temperatuuri trendi
lahes.

Uks peamisi iilesandeid oli seotud lahe iildise tsirkulatsiooni mustritega.
Mudelsimulatsioonid néiitasid, et basseini-mastaapi tsirkulatsioonimustrites
valitseb tsiiklonaalne tsirkulatsioon kiilmal aastaajal ja antitsiiklonaalne
tsirkulatsioon suvel. Modotmiste pohjal médidratud madalam soolsus lahe
ladneosas suvekuudel toetab mudeliga saadud tulemusi antitsiiklonaalse
tsirkulatsiooni esinemisest suvel. Mesomastaapsetest protsessidest esinesid
poorised ja hoovuste meandrid, mis olid seotud nii veevahetusega
(termohaliinse tsirkulatsiooniga) kui joevee levikuga lahe pinnakihis. Daugava
joe sissevoolust moodustus joevee antitsiiklonaalne podris lahe lounaosas ja piki
idarannikut kulgev magedama vee jugahoovus. Oluline osa joeveest kanti suvel
kogu lahte hdlmava antitsiiklonaalse tsirkulatsiooniga pohja poole piki lahe
ladnerannikut.

Veesamba autonoomse profileerijaga kogutud andmetest on tuvastatud
pinna-aluste soolsuse maksimumide ja madala soolsusega intrusioonide
esinemine Liivi lahes. Soolasema vee intrusioonid moodustusid tdenéoliselt
samaaegselt esinevate apvellingu ja daunvellingu tulemusena Irbe véina pohja-
ja ldunaosas. Taolised pinna-alused soolase vee intrusioonid saavad tekkida
ainult suvekuudel, kui Ldidnemere avaosa pinnakihi vee tihedus on piisavalt
madal. Sellise veevahetuse reziimi puhul ei joua Ldéinemere avaosa vesi lahe
pOhjakihti, mis voib viia hilissuveks hapnikutingimuste halvenemiseni lahe
siigavamates piirkondades.

116



Kliimamuutuste stsenaariumid toetavad samuti Liivi lahe pohjalédhedase kihi
hapnikutingimuste halvenemise tdendosust tulevikus, kuna ndevad ette vee
temperatuuri kasvu ja joevoolu kevadise maksimumi nihkumist varasemale
ajale. Selliste muutuste puhul areneb veesamba stratifikatsioon lahes varem ja
on tugevam. Tugevnenud stratifikatsiooni tingimustes on vertikaalne
segunemine veel rohkem parsitud, mis v3ib viia hiipoksiliste alade laienemisele
Liivi lahe pohjas.
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