
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/306911845

Variability of pycnoclines in a three-layer, large estuary: the Gulf of Finland

Article  in  Boreal Environment Research · August 2016

CITATIONS

9
READS

42

2 authors:

Some of the authors of this publication are also working on these related projects:

Multi-scale physical processes controlling the biogeochemical signal dynamics in the stratified Baltic Sea. View project

INTEGRAL - Integrated carboN and TracE Gas monitoRing for the bALtic sea View project

Taavi Liblik

Tallinn University of Technology

28 PUBLICATIONS   263 CITATIONS   

SEE PROFILE

Urmas Lips

Tallinn University of Technology

82 PUBLICATIONS   925 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Taavi Liblik on 26 August 2016.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/306911845_Variability_of_pycnoclines_in_a_three-layer_large_estuary_the_Gulf_of_Finland?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/306911845_Variability_of_pycnoclines_in_a_three-layer_large_estuary_the_Gulf_of_Finland?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Multi-scale-physical-processes-controlling-the-biogeochemical-signal-dynamics-in-the-stratified-Baltic-Sea?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/INTEGRAL-Integrated-carboN-and-TracE-Gas-monitoRing-for-the-bALtic-sea?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Taavi_Liblik?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Taavi_Liblik?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Tallinn_University_of_Technology?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Taavi_Liblik?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Urmas_Lips?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Urmas_Lips?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Tallinn_University_of_Technology?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Urmas_Lips?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Taavi_Liblik?enrichId=rgreq-5506552e2f78bcdc32f16a39d353d856-XXX&enrichSource=Y292ZXJQYWdlOzMwNjkxMTg0NTtBUzozOTkyNTE3Mzg3NzU1NTNAMTQ3MjIwMDQ0MDI5OQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


BOREAL ENVIRONMENT RESEARCH 22: 27–47 © 2017
ISSN 1239-6095 (print) ISSN 1797-2469 (online) Helsinki 2017

Editor in charge of this article: Kai Myrberg

Variability of pycnoclines in a three-layer, large estuary: 
the Gulf of Finland

Taavi Liblik and Urmas Lips

Marine Systems Institute at Tallinn University of Technology, Akadeemia 15a, EE-12618 Tallinn, Estonia

Received 15 Jan. 2016, final version received 15 Aug. 2016, accepted 15 Aug, 2016

Liblik T. & Lips U. 2017: Variability of pycnoclines in a three-layer, large estuary: the Gulf of Finland. 
Boreal Env. Res. 22: 27–47.

Thirty-five surveys were conducted across the Gulf of Finland from 2006 to 2013 to study 
the characteristics and variability of the two pycnoclines in this stratified estuary. Easterly 
winds caused a shallower position of the upper pycnocline near the southern coast and the 
deeper pycnocline along the northern coast. Westerly winds had an opposite effect. Surfac-
ing of the upper pycnocline (upwelling) was observed several times while the upper mixed 
layer was deeper than 40 m in the case of downwelling. The deeper pycnocline weakened 
and deepened significantly during the southwesterly wind bursts while it was observed at 
shallower depths than 50 m several times during the periods of easterly winds. The upper 
pycnocline was on average 3 m shallower near the southern coast while the deeper pycno-
cline was leveled. The inclination of the upper pycnocline corresponding to the average 
local wind forcing agrees well with the general cyclonic circulation of the upper layer 
in the Gulf of Finland and the water exchange estimates between the gulf and the Baltic 
Proper. An average seasonal inclination of the pycnoclines showed high inter-annual vari-
ability depending on the prevailing wind forcing. Easterly winds caused stronger vertical 
stratification and horizontal gradients across the gulf while in the case of westerly winds, 
horizontal and vertical gradients were weaker.

Introduction

Estuaries are semi-enclosed coastal water bodies 
where oceanic water is diluted by freshwater 
from land. Horizontal density and sea level gra-
dients result in an outflow in the upper layer and 
inflow in the deep layer (Geyer and MacCready 
2014). In contrast to many seas in the world, 
tides do not play an important role in the Baltic 
Sea dynamics (Leppäranta and Myrberg 2009).

The Gulf of Finland is about 400 km long 
and 48–125 km wide a sub-basin of the Baltic 
Sea. There is no sill at the entrance into the gulf 
and water can freely exchange with the open 

Baltic Sea. Depths decrease from > 100 m in the 
western part of the gulf to < 10 m in the eastern-
most part in Neva Bay. Bottom slope perpendic-
ular to the axis of the gulf is generally steeper in 
the southern part of the gulf. This topographic 
feature brings about the different characteristics 
of mesoscale processes along the northern and 
southern coast (Laanemets et al. 2009).

Freshwater input with its main source river 
Neva is at the eastern end of the gulf, while 
saltier water originates from the open Baltic 
Sea in the west, resulting in a typical estuarine 
regime in the gulf. The average river discharge 
to the gulf is around 3500 m3 s–1 (Bergström and 
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Carlson 1994) with maximum flow in spring 
and autumn. Thus, surface salinity increases 
from about 1 g kg–1 in the easternmost part to 
6 g kg–1 at the entrance to the gulf and the 
salinity difference between the bottom and the 
surface layer can reach > 6 g kg–1 (Lips et al. 
2009). The water column in the gulf has one-, 
two- or three-layer thermohaline structure. In the 
deeper (> 70 m) part of the gulf, there is mostly 
a three-layer structure in summer and a two-
layer structure in winter. The two pycnoclines 
separating these layers are the seasonal thermo-
cline around 10–30 m depth, usually appearing 
together with halocline in the same depth range, 
and the deeper, quasi-permanent halocline at 
50–80 m depth (e.g. Alenius et al. 1998, Liblik 
and Lips 2011).

Stratification pattern of the Gulf of Finland, 
including strength and position of both pycno-
clines, is sensitive to the wind forcing as it was 
observed by continuous vertical profiling (Liblik 
and Lips 2012). Wind regime of the gulf consists 
of southwesterly wind dominating in the whole 
Baltic Sea and local wind blowing along the gulf 
axis (Soomere and Keevallik 2003).

The upper pycnocline (UP) separates the 
upper mixed layer from the cold intermediate 
layer in summer and it erodes in autumn due to 
thermal convection and wind mixing. The UP 
can temporarily re-form during calm wind con-
ditions in winter (Liblik et al. 2013), but it com-
pletely establishes in April–May (e.g. Alenius 
et al. 1998), when the upper part of the water 
column is stabilized by thermal and/or haline 
stratification. Thermohaline structure in the 
upper mixed layer and seasonal thermocline vary 
along the gulf (e.g. Alenius et al. 1998, Liblik 
and Lips 2011) and across the gulf (Lips et al. 
2009). Therefore, temporal variations in a cer-
tain location can be quite large (Liblik and Lips, 
2012). Mesoscale processes such as eddies (e.g. 
Zhurbas et al. 2008), up/downwelling (e.g. Lips 
et al. 2009) and relocation of fronts (e.g. Pavel-
son et al. 1997), are mainly responsible for this 
variability. The spatial scale of those processes is 
3–5 times greater than the Rossby radius of baro-
clinic deformation (typically 2–4 km, Alenius et 
al. 2003). Variations in the stratification pattern 
are most prominent when the inclination of the 
thermocline across the gulf is evoked by wind 

forcing (Liblik and Lips 2012). Frequently, the 
inclination is steep enough for shoaling of iso-
pycnals, i.e. for an upwelling event (e.g. Haapala 
1994, Lips et al. 2009, Lehmann et al. 2012). 
Upwelling events along one coast occur simulta-
neously with coupled downwelling events along 
the opposite coast of the gulf (e.g. Laanemets et 
al. 2005, Lips et al. 2009).

The deeper pycnocline (DP) separates saltier 
bottom water from the rest of the water column. 
This pycnocline is most of the time present in 
the deeper (> 70 m) areas (3000 km2) of the 
gulf, but it can be remarkably weakened in a 
long-term due to the low inflow from the North 
Sea (Liblik and Lips 2011), and at the synoptic 
scale due to the blockage of estuarine circulation 
caused by the southwesterly wind forcing (Elken 
et al. 2003). Estuarine circulation could even be 
reversed and in extreme cases, this could lead 
to the complete vanishing of stratification in the 
gulf (Liblik et al. 2013, Elken et al. 2014) and 
formation of a barotropic flow system (Liblik 
et al. 2013). Cross-gulf inclination of the DP, as 
well as its reaction to wind forcing, have not yet 
been rigorously studied due to lack of necessary 
data. The results from summer 2006 (Lips et al. 
2009) indicated that the inclination of the two 
pycnoclines might be opposite in some cases, 
i.e. if the UP is shallower near the southern coast 
then the DP could be shallower near the northern 
coast. However, the inclination was not esti-
mated and the pycnocline shapes were described 
only by Lips et al. (2009). In this study, we 
tested the hypothesis that the inclinations of the 
two pycnoclines behave differently under the 
changing wind forcing.

The two pycnoclines are physical barriers 
for heat, salt, inorganic and organic substances 
exchange between the three water masses. Thus, 
characteristics, such as inclination or strength of 
the pycnoclines have impacts on marine ecosys-
tems of the gulf. For instance nutrients beneath 
the UP might become available for primary 
production if the UP is uplifted (e.g. Lips et 
al. 2011) while weakening of the DP allows to 
oxygenate of the hypoxic deep layers of the gulf 
(Liblik et al. 2013).

The aims of the present study were (1) to char-
acterize the dynamics of the two pycnoclines, (2) 
to relate the transverse structure of pycnoclines 

IE
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to the forcing and suggest governing dynamics 
behind it, and (3) to map the typical stratification 
patterns in this non-tidal stratified estuary with 
multiple layers. Our results are based on the data 
from measurement campaigns consisting of 35 
oceanographic surveys conducted along transects 
across the Gulf of Finland.

Data and methods

Oceanographic data

The data were collected in 2006–2007 and 
2010–2013 from the central part of the Gulf of 
Finland. The surveys were carried out onboard 
r/v Salme (since 2007), which belongs to the 
Marine Systems Institute at the Tallinn Univer-
sity of Technology; and onboard the tug Kake 
(in 2006). Altogether 35 surveys along a transect 
perpendicular to the gulf axis were conducted. 
Most surveys (30) were carried out from May to 
August; three surveys were conducted in April, 
and one in September and November.

The measurements in 2006–2007 were car-
ried out at 21 sampling stations established along 
a transect following the Tallinn–Helsinki ferry 
route (orange dots in Fig. 1). The original number 

of sampling stations was 27 but the data from 6 
stations inside Tallinn Bay were not considered 
to make the transect comparable with the later 
survey and are not shown in Fig. 1. Since 2010, 
the measurements were carried out at 12 stations 
established along a transect between the Aegna 
Island and Porkkala Peninsula (hereafter AP sta-
tion or transect, respectively) (green line and dots 
in Fig. 1). The data from the 13th station which 
was the shallowest on this transect and closest to 
the Aegna Island were not considered to make the 
transect comparable with the earlier survey and it 
is not shown in Fig. 1.

Vertical profiles of temperature and salin-
ity were obtained using the SBE 19Plus (Sea-
bird, 2006–2007) and OS 320plus (Idronaut s.r.l, 
2010–2013) CTD (conductivity, temperature, 
depth) probes. The probes were regularly sent 
to the manufacturer for maintenance and cali-
bration. In addition, the quality of the salinity 
data was checked against the water sample tested 
with high-precision salinometers, AUTOSAL and 
8410A Portasal (Guidline). Water samples were 
collected with a Rosette sampler. Both CTD 
probes have accuracy better than 0.01 °C and 
0.01 mS cm–1 for temperature and conductivity, 
respectively. Considering the variability range 
of temperature and salinity in the study area 
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(Fig. 2), such measurement accuracy can be con-
sidered more than sufficient.

Meteorological data

Meteorological conditions were characterized 
by wind data from the Kalbådagrund weather 
station (Finnish Meteorological Institute). The 
station is located in the open sea at an off-shore 
lighthouse, approximately 40 km east from the 
transects (Fig. 1). It represents marine wind con-
ditions very well (Keevallik and Soomere 2010), 
as are no obstructions nearby. In order to esti-
mate variation in the UP in the past, the wind 
data from 1981 to 2013 were used in the analy-
sis. The wind speed and direction measurements 
were carried out at an elevation of 32 m above 
the sea surface, and the data were available every 
third hour as 10-min averages. The wind speed 
was adjusted to the reference height of 10 m and 
wind stress was calculated following Large and 
Pond (1981) as:

 τ = ρairCD|U|U10, (1)

where CD is the drag coefficient and U10 is the 
wind speed at the reference height of 10 m.

Calculation procedures

Here we present salinity in absolute values 
(g kg–1). Conversion from the practical salin-
ity to absolute salinity was done according to 
Feistel et al. (2010) using the Gibbs SeaWater 
Oceanographic Toolbox (McDougall and Barker 
2011). Density is presented as potential density 
anomaly σ0.

The raw data that were stored with verti-
cal resolution of 0.5 m were extrapolated from 
the shallowest measurement bin (approx. 1–2 m 
depth) to the surface of each station. To create 
time series covering the entire period 2006–
2013, the 2006–2007 stations were virtually 
translocated parallel to the gulf’s SW-NE axis to 
the 2010–2013 AP transect and then the values 
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measured at those stations were assigned to 
the respective and closest AP stations. Finally, 
the temperature and salinity distributions on a 
regular grid of 12 horizontal locations (distance 
between stations — 2.9 km) and 0.5 m vertical 
bins were created for each survey to be the basis 
for the graphs presented in this paper. Altogether 
420 CTD profiles (12 profiles in each of 35 sur-
veys) were used in the analysis.

To define the depth of the UP, the minimum 
density (ρmin) and the density corresponding to 
the minimum temperature (ρcold) were found for 
each survey. The UP density (ρUP) was defined as 
(ρcold + ρmin)/2 and the depth of the UP at each sta-
tion was defined as the shallowest depth at which 
the density was ≥ ρUP. Although ρUP varied from 
survey to survey, one ρUP value was valid for the 
whole transect. The UP depth was detected only 
if ρUP isopycnal existed at a certain station. Thus 
in case of strong upwelling/downwelling events, 
ρUP and depth of the UP was not detected at all 
stations. The purpose of using such methodology 
was to show the dynamics of the UP along the 
transect. When ρcold – ρmin ≤ 0.5 kg m–3, the UP 
and its depth were not defined for the whole tran-
sect. The UP was not determined for one spring 
survey (4 April 2012), when the inversed thermal 
stratification was observed in the upper layer.

The depth of the center of the deep pycno-
cline (DP) was defined as the shallowest depth 
where salinity was ≥ 8.4 g kg–1. The critical 
value (8.4 g kg–1) was chosen on the basis of 
mean profiles (Liblik and Lips 2011) as the 
strongest salinity gradient was found around this 
salinity value. The UP and DP were calculated 
with 0.5 m vertical resolution.

The strength of the UP was defined as ρcold 
– ρmin and the strength of the DP as ρmax – ρcold, 
where ρmax is the maximum density measured 
during a survey.

The general across-gulf slope of pycnoclines 
for each survey was estimated by calculating 
linear regression between the values of pycno-
cline depth and respective distance from the 
first station. The slope was calculated only if the 
depths of pycnocline centers from at least six sta-
tions were available for the transect. Due to this 
limitation one survey (4 April 2012) was omitted 
from the UP-, and three surveys (8 November 
2011, 20 July 2012 and 13 August 2012) were 

omitted from the DP-slope calculations. Positive 
slope values indicate that the pycnocline was 
deeper near the northern coast while the negative 
ones that it was deeper near the southern coast.

Results

Vertical profiles

Water properties varied in a wide range during 
the surveys (Fig. 2): temperature varied from 
0.2 °C in the intermediate layer to 21.7 °C 
(Fig. 3) in the surface layer, and salinity from 
3.9 g kg–1 in the surface layer to 10.7 g kg–1 in the 
bottom layer (Fig. 4). The total range for density 
was 1.2–8.4 kg m–3 (Fig. 5).

In the temperature field, the most pronounced 
feature was the seasonal thermocline and a warm 
upper mixed layer in summer. The thermocline 
strength, position and inclination varied consid-
erably. For instance, the upper mixed layer tem-
perature in July was > 20 °C (e.g. 22.VII.2010 in 
Fig. 3) or only 13–14 °C (4.VII.2012 in Fig. 3). 
In spring, when thermal stratification was very 
weak (26.IV.2007 in Fig. 3), vertical gradient of 
salinity typically stabilized (26.IV.2007 in Figs. 
4 and 5) the water column. Considerable haline 
stratification (4.IV.2012 in Fig. 4) was present 
even if in the upper layer the temperature was 
close to the temperature of maximum density 
(4.IV.2012 in Fig. 3). Surface water warming 
(e.g., 4.IV.2012 in see Fig. 3) when the upper 
layer temperature was below the temperature of 
maximum density resulted in convective mixing. 
However, if the buoyancy flux due to advection 
of low salinity water in the surface layer had 
been higher than the buoyancy loss due to sur-
face warming, the water column might have still 
be stratified (4.IV.2012 in Fig. 5).

Often strongly inclined thermocline was 
observed, indicating that upwelling events 
occurred near the southern (e.g., 15.VIII.2006 
in Fig. 3) or northern coast (e.g. 28.VI.2011 in 
Fig. 3), being coupled with the downwelling 
events along the opposite coast. Upwellings or 
downwellings were usually visible also in the 
salinity distribution as the seasonal thermocline 
was accompanied with a relatively strong salin-
ity gradient in summer. Upwelled sub-surface 
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water was usually colder and saltier than the 
surrounding ambient surface water while down-
welling water was typically warmer and fresher 
than the ambient water in the same depth range 
(see e.g. 8.VIII.2006 in Figs. 3 and 4). However, 
it was not always the case. For instance, clearly 
shallower thermocline was observed near the 
northern coast on 28.VI.2011 (see Fig. 3), but 
such structure could not be found in the salinity 
distribution (Fig. 4). Furthermore, contrary to 
the previously described tendency, there was rel-
atively fresher water above and within the ther-
mocline depth range at the northern side of the 
gulf. The fresher water was probably transported 
earlier from the eastern part of the gulf before 
the cross-gulf movement caused inclination of 
the thermocline. Latter is a good example of how 
different processes — in this particular case the 
along-gulf advection and vertical movement of 
isopycnals in opposite directions at one and the 

other side of the gulf — simultaneously affect 
the thermohaline structure of the gulf waters.

Wind-generated advection of fresher/saltier 
water from east/west and vertical mixing caused 
surface salinity to vary in the range of 4–6 g kg–1 or 
sometimes even beyond this limit. Similar wind-
driven changes occurred in the deep layer, but the 
changes in salinity were opposite to those in the 
surface layer. In other words, an increase in salinity 
in the surface layer was accompanied by its simul-
taneous decrease in the bottom layer as a result of 
south-westerly wind forcing and vice-versa during 
north-easterly winds. That could lead to near dis-
appearance of haline stratification (e.g. 8.XI.2011 
in Fig. 4) or very strong (e.g. 22.VIII.2006 in 
Fig. 4) haline stratification, respectively. However, 
as winds also evoke previously described inclina-
tion of the pycnoclines and resulting upwelling/
downwelling events, changes in the thermohaline 
fields are often difficult to interpret.



BOREAL ENV. RES. Vol. 22 • Variability of pycnoclines in a three-layer estuary 33

Effects of wind forcing on pycnoclines

In the Baltic Sea, the most frequent winds are 
from SW. For the analysis, we first selected the 
wind component (direction), which best cor-
related with the UP/DP inclination. Later, we 
related and analyzed the UP/DP inclination in 
respect to the wind stress of the selected direc-
tion.

The center of the UP was detected at 382 
out of 420 stations (35 surveys, 12 stations). 
Both, upwellings and downwellings caused dis-
appearance of the UP. For instance, the UP 
shoaled several times near the southern coast 
(e.g. 15.VIII.2006 in Figs. 3–5) and down-
welling strained the UP close to the bottom 
several times near the northern coast in spring, 
when thermal stratification was very weak (e.g. 
22.V.2013 in Figs. 3–5). The center of the UP 
was not detected for the survey on 4.IV.2012, as 
the temperature minimum was found at the sur-
face during this early spring cruise. The average 

depth of the center of the UP was 21 m whereas 
it was 20 m if only May–September surveys 
were taken into account. The range of variability 
of the UP depth was from several to 60 m (see 
Fig. 6a). The deepest UP was observed during 
the only cruise in November. Such a deep UP 
was a combined result of autumn convection 
and strong estuarine circulation reversal event as 
it can be expected from a strong southwesterly 
wind impulse (Table 1). In summer, the center of 
UP was usually not deeper than 30 m (Fig. 6a). 
However, there were two downwelling events 
along the southern coast during which the depth 
of the UP declined down to 41 m and 46 m on 
28.VI.2011 and 20.VII.2012, respectively, while 
on the same dates at the northernmost station 
the centers of the UP were at 14 m and 17 m, 
respectively.

The strength of the UP was strongly related 
to the seasonality of the upper mixed layer 
temperature. The strength was below 0.8 kg m–3 
during all three April surveys while the highest 
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Fig. 4. As Fig. 3, but for salinity (g kg–1).



34 Liblik & Lips • BOREAL ENV. RES. Vol. 22

values (> 4.25 kg m–3) were observed several 
times in August.

The depth of the DP center, defined as the 
depth of 8.4 g kg–1 isohaline, was located on 
average at 60 m, being typically in the range 
from 50 to 70 m (see Fig. 6b). The DP center 
depth < 50 m was observed only in few surveys 
in 2006. Typically, the DP was not found at the 
four northernmost stations as the sea bottom 
is shallower than 60 m there. The only survey, 
during which the isohaline 8.4 g kg–1 was not 
observed, and the DP was not detected at all, was 
conducted in November 2011, when a strong 
reversal event caused disappearance of the halo-
cline. It was the same survey when the deepest 
center of the UP was observed.

The strength of the DP had a slight decreas-
ing tendency from spring to autumn. On top 
of that, seasonal decrease in the DP strength 
and high variability of it were also observed 
(Table 1).

Shallower UPs and DPs were associated with 
the greater strength of pycnoclines (Fig. 6a and 
b, respectively). In case of the UP, the lower 
strength values were recorded when the UP was 
located deeper in the southern part of the gulf.

In order to estimate the general cross-gulf 
inclination of the pycnoclines, linear regressions 
between pycnocline strengths and their distances 
from the southernmost AP station (see Fig. 6a 
and b) were calculated. Positive slope values 
indicate that the a pycnocline was deeper near 
the northern coast while negative values show 
that it was deeper near the southern coast. On 
average, the UP and DP slopes were +0.24 
m km–1 (p < 0.01) and +0.02 m km–1 (n.s.), 
respectively. If only those surveys when the sea-
sonal thermocline was well-established (May–
September) were taken into account, the average 
UP and DP slopes would be +0.21 m km–1 and 
0 m km–1, respectively. The UP was on average 
7–8 m higher at the southernmost station than at 
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described in more detail in the chapter “Selected UP patterns”.

the northernmost station of the (32-km long) AP 
transect. Variability of both pycnocline slopes 
was very high. The UP slope varied in the range 
from –1.0 to +1.6 m km–1 (Fig. 6c) and its stan-
dard deviation was 0.50 m km–1, while the DP 
slope varied from –0.7 to +0.6 m km–1 (Fig. 6d) 
with the standard deviation of 0.30 m km–1. The 
UP (DP) slope value was in 59% (50%) of the 
cases smaller than –0.20 m km–1 or greater than 
+0.20 m km–1. Hence, it shows that inclined pyc-
noclines regularly appeared in the gulf.

According to the mean values and variability 
range of the UP inclination and strength, the ver-
tical gradient of the along-gulf current speed can 
be estimated assuming the geostrophic balance. 
The average inclination of 0.24 m km–1 and the 

thermocline strength of 2.25 kg m–3 suggest a 
difference between the current speed at the sur-
face and in the intermediate layer being as great 
as 4.2 cm s–1. The observed extreme values of 
the UP inclination and strength correspond to the 
current velocity range from –54 cm s–1 (outflow) 
to 19 cm s–1 (inflow) in the surface layer.

The effect of wind forcing on the inclination 
of the UP was evaluated using a linear regres-
sion analysis (data from 31 surveys in May–
September). Three surveys in April and one in 
November were excluded in order to describe 
the situation when the seasonal thermocline was 
well established. Regressions for all combina-
tions of different periods (up to two months) and 
directions were calculated. The best correlation 
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Table 1. Characteristics of wind forcing and pycnoclines. Two-to-six days before survey mean wind stress was cal-
culated for the UP and 2–6 week mean wind stress for the DP.

Cruise  Date Wind stress Wind stress UP strength DP strength Inclination Inclination
no.  from ENE from NNE (kg m–3) (kg m–3) of the UP of the DP
  (10–2 N m–2) (10–2 N m–2)   (m km–1) (m km–1)
  for the UP for the DP

01 11.VII.2006 –3.04 –1.71 3.65 2.74 –0.03 0.16
02 25.VII.2006 –1.20 –2.36 3.72 2.80 0.19 0.59
03 8.VIII.2006 4.80 –1.38 4.42 2.61 0.68 –0.16
04 15.VIII.2006 3.80 –0.61 4.42 2.65 1.59 -0.20
05 22.VIII.2006 –3.10 0.15 4.46 2.56 0.46 –0.65
06 29.VIII.2006 5.00 0.32 4.25 2.50 0.65 –0.33
07 26.IV.2007 –0.85 –1.22 0.67 3.27 1.03 0.28
08 3.V.2007 2.35 –0.11 0.56 3.45 0.42 –0.42
09 10.V.2007 –3.07 –0.03 0.73 3.32 0.37 0.06
10 17.V.2007 –1.05 0.82 0.75 3.31 0.10 –0.30
11 24.V.2007 –3.14 0.27 0.82 3.17 0.23 –0.23
12 31.V.2007 2.10 –0.18 1.08 3.18 0.56 0.28
13 7.VI.2007 3.57 –0.60 1.55 3.38 0.58 –0.04
14 22.VII.2010 –5.07 –1.45 3.92 2.18 –0.33 –0.17
15 2.VIII.2010 0.72 –1.33 4.78 1.97 0.16 0.24
16 6.IX.2010 1.67 –0.10 3.38 1.57 0.53 –0.26
17 4.V.2011 1.36 –2.10 0.59 2.60 0.16 0.43
18 10.VI.2011 3.97 –1.97 1.30 2.26 0.24 0.38
19 28.VI.2011 –3.38 –2.63 1.92 1.89 –0.85 0.22
20 14.VII.2011 –1.57 –0.82 2.98 2.01 0.05 –0.02
21 8.XI.2011 –6.75 –4.25 1.20 – –0.18 –
22 4.IV.2012 1.77 –1.43 – 3.70 – 0.30
23 23.IV.2012 1.53 –1.36 0.76 2.34 0.93 0.12
24 9.V.2012 –0.27 –0.95 1.26 2.13 0.56 –0.18
25 22.V.2012 –0.25 –1.39 1.28 2.01 0.15 0.07
26 15.VI.2012 –3.41 –1.38 1.83 2.07 0.13 –0.15
27 4.VII.2012 –0.86 –1.18 2.19 1.77 –0.03 –0.02
28 20.VII.2012 –6.55 –1.51 2.44 1.58 –1.03 –
29 13.VIII.2012 –2.64 –2.70 2.30 1.72 0.03 –
30 22.V.2013 10.65 –4.62 0.89 2.36 0.89 0.57
31 11.VI.2013 –0.26 0.52 2.17 2.30 0.19 –0.19
32 12.VI.2013 –0.26 0.52 2.12 2.34 0.17 –0.07
33 2.VII.2013 –2.66 1.25 2.58 2.04 –0.25 –0.16
34 3.VII.2013 –2.66 1.25 2.46 2.04 –0.20 –0.07
35 30.VII.2013 –1.45 –1.12 3.05 2.11 0.07 0.54

(Fig. 6c) between wind forcing and the UP slope 
was found with 2–6 days (before the survey) 
average wind component from ENE (60°–80°). 
Thus, shallower pycnocline near the southern 
coast was associated with ENE wind (Fig. 6c). 
This result was expected, since the western part 
of the Gulf of Finland is ENE–WSW oriented 
and therefore, the Ekman drift caused by the 
ENE winds should cause uplift of isopycnals in 
the southern part of the gulf. The regression line 
(α = 9.99τ + 0.23, where α is the inclination in 
m km–1 and τ is the wind stress in N m–2) slope 

suggests that a 10–2 N m–2 change in wind stress 
results in a 0.1 m km–1 change in the inclination 
of the UP. To simplify, we can assume that there 
is a stationary ENE wind of 5 m s–1 during the 
first period and 5 m s–1 WSW wind during the 
second period. According to the regression equa-
tion, the inclination difference between the two 
periods would be 0.70 m km–1. In the case of the 
first event, the UP would be at the southernmost 
station 18.5 m shallower than at the northern-
most station. In the second event, the UP would 
be 4 m shallower at the northernmost station. 
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It can be expected that in the case of a thinner 
upper mixed layer, the same wind forcing can 
induce stronger inclination than it would be in 
the case of a deeper upper mixed layer. It means 
that the most remarkable outliers below/above 
the regression line in Fig. 6c, are surveys when 
the shallower UP was recorded. The two most 
prominent cases (green and blue dots in Fig. 6c) 
and one typical case (red dot in Fig. 6c) of the 
UP inclination are discussed in more detail in 
the chapter “Selected UP patterns”. It is evident 
from the histogram of the long-term wind stress 
data (Fig. 7a) that even stronger wind impulses 
can occur than those two selected prominent 
cases.

As already mentioned above, the average 
slope of the UP in the data set covering 31 sur-
veys (May–September) was +0.21 m km–1. Mean 
2–6 days pre-survey ENE wind stress calculated 
for 31 surveys was close to zero (–0.002 N m–2; 
see dashed vertical line in Fig. 7a), whereas the 
mean calculated for May–September 1981–2013 
was –0.013 N m–2 (solid vertical black line in 
Fig. 7a). Combining the latter with the corre-

sponding regression line (Fig. 6c), the average 
climatological inclination of the UP would be 
+0.10 m km–1. This estimate suggests that on 
average the UP is 3.1 m higher at the southern-
most station than it is at the northernmost station. 
Without wind forcing, the inclination would be 
+0.23 m km–1, which would give 7.3 m differ-
ence of the UP depth between the northernmost 
and southernmost edges of the AP transect. Thus, 
wind forcing reduces the slope on average by 
4.2 m. It is noteworthy that the 34-surveys (for 
one survey the UP was not detected) average 
UP inclination (+0.24 m km–1) was very close to 
the value corresponding to windless conditions 
(+0.23 m km–1). Therefore, it can be assumed 
that the survey-averaged fields roughly represent 
the density structure in the layer between the sur-
face and intermediate layers without wind forc-
ing. The regression line suggests that wind stress 
of –0.023 N m–2 (vertical orange line in Fig. 7a) 
is needed to level the UP.

For the DP, the best fit (α = –16.20τ – 0.13, 
r2 = 0.46, n = 31, p < 10–4) was found with the 
average wind component from NNE 2–6 weeks 
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before the survey. The regression line (Fig. 6d) 
for the DP is reversed (in comparison with the 
regression line for the UP in Fig. 6c): a –0.16 
m km–1 change in the DP slope is associated 
with wind stress of 10–2 N m–2. The average 
DP-favorable wind stress in the 29 surveys (in 
two surveys the inclination of halocline was not 
detected) in May–September was –0.008 N m–2 
(dashed vertical line in Fig. 7b), which corre-
sponded to the leveled inclination 0 m km–1, i.e. 
such wind stress (orange vertical line in Fig. 7b) 
is needed to level the DP. Climatological average 
for the NNE wind stress was –0.004 N m–2 (solid 
vertical line in Fig. 7b), which suggests –0.07 
m km–1 for the average climatological slope of 
the DP. The AP transect length for the typical DP 
depth (Fig. 6b) is around 17–20 km. Thus, the 
DP is located on average 1.2–1.5 m shallower 
near the northern slope of the gulf. For the wind-
less conditions, this difference is slightly steeper, 
2.2–2.6 m, which shows that the average wind 
forcing decreases the slope by about 1 m.

For the UP and DP, the best correlations with 
wind forcing were found for rather similar wind 
directions. It appears that the wind from NE gen-
erates, though in different time scales, opposite 
inclination of the two pycnoclines — shallower 
UP in the southern part of the gulf and shallower 
DP in the northern part of the gulf (Fig. 6c and d).

Selected UP patterns

Three characteristic stratification patterns were 
selected to demonstrate cross-gulf distributions 
during various periods with certain forcing: (1) 
neutral conditions (Fig. 8a–c), (2) upwelling 
along the southern coast (Fig. 8d–f), and (3) 
upwelling along the northern coast (Fig. 8g–i). 
The idea behind this selection of the surveys was 
to have similar surveys in terms of the seasonal 
cycle. As we also aimed to show most distinctive 
patterns, we selected three summer surveys: 30 
July 2013, 15 August 2006 and 20 July 2012.

Neutral conditions

Variable winds from various directions (SE, W 
and NW) before the survey on 30 July 2013 

resulted in a wind stress value (note that wind 
stress was calculated for 4-day periods, Fig. 7a, 
red point “1”) and UP inclination (Fig. 6c, red 
point “1”) close to the long-term average. Thus, 
this survey exemplifies the UP condition in neu-
tral (long-term average) wind conditions. The 
applied linear approximation of the UP depth 
revealed the UP being about 2 m shallower near 
the southern coast than near the northern coast. 
However, a locally deeper UP was observed at a 
distance of 17–21 km from the southernmost sta-
tion while the UP had a relatively shallow posi-
tion near the northern coast. This pattern could 
indicate a westward flow in the southern part 
and eastward in the northern 1/3 of the profile 
and can be associated with a subsurface eddy, 
since isotherms, isohalines and isopycnals were 
doming in the upper layer in the same distance 
range of 17–21 km.

Temperature in the upper layer was rela-
tively even (20.1–20.8 °C; Fig. 7a). Salinity was 
higher near the northern coast (up to 5.8 g kg–1) 
and at the southernmost station (5.7 g kg–1) while 
the minimum (5.4–5.5 g kg–1) was found at the 
distance of 3–17 km (Fig. 7b). The less saline 
water in the most of the southern and middle 
part of the profile was probably a result of the 
westward flow, which was suggested above on 
the basis of the observed UP inclination. The DP 
was relatively shallow, especially in the southern 
part of the profile (51–53 m).

Upwelling near the southern coast

Strong (9–12 m s–1) easterly winds (green dot in 
Fig. 7a) resulted in upwelling near the southern 
coast and downward shift of the UP near the 
opposite coast on 15 August 2006 (Fig. 8d–f). 
Shoaling of the UP was observed in the central 
part of the gulf and the accompanied cross-
gulf (linear) slope of the UP was 1.59 m km–1 
(green point in Fig. 6c). The slopes of isopyc-
nals decreased with the depth and at the depth 
range of the DP, the inclinations of isopycnals 
were opposite to the UP slope, i.e. the DP was 
shallower in the northern part of the gulf. The 
vertical location of the DP was very shallow: 
it varied between 43 and 53 m throughout the 
profile (Fig. 8f). In the downwelling area, upper 
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mixed layer water was unusually fresh. The 
latter in combination with shoaled cold and salt-
ier intermediate layer water in the south caused 
very strong lateral gradients of temperature, 
salinity and density within the upwelling frontal 
area where these parameters varied in ranges of 
8.2–19.5 °C, 3.9–6.2 g kg–1 and 1.3–4.7 kg m3, 
respectively, in the surface layer. Density was 
very high, up to 8.4 kg m–3, in the deep layer. 
Thus, strong easterly (seaward) winds caused 
upwelling near the southern coast and related 
strong vertical and lateral (cross-gulf) gradients.

Upwelling near the northern coast

Downwelling along the southern coast was 
observed (Fig. 8g–i) on 20 July 2012 after 
the period of prevailing westerly winds (blue 
point in Fig. 7a). The upper mixed layer depth 
exceeded 40 m in the downwelling area while 

near the northern coast a much shallower UP 
appeared. The basin-wide slope of the UP was 
–1.03 m km–1 (blue point in Fig. 6c). Intensive 
shoaling of the UP was not observed probably 
because the survey (green line in Fig. 1) was 
not conducted all the way to the Finnish coast. 
Only slight northward decrease of the upper layer 
temperature was observed from the central part 
(16.8 °C) of the transect to the northernmost 
station (15.8 °C). However, temperature mea-
surements on 20 July 2012 along the Tallinn–
Helsinki ferry route at 4 m depth showed that 
the temperature was lower than 13 °C near the 
Finnish coast while it was 16–17 °C in the south-
ern and central parts of the gulf (Kikas and Lips 
2016). Moreover, the peak of upwelling occurred 
a couple of days later when water the tempera-
ture near the northern coast decreased to 11 °C. 
Thus, upwelling of colder water took place in the 
northern part of the gulf and the vertical profile 
presented here describes the onset of the upwell-
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ing. As a consequence of upwelling, slightly 
saltier water (> 5.7 g kg–1) at the northernmost 
station was observed as compared with salinity at 
the four closest stations (in the range 20–29 km; 
Fig 8h). In the southern part of the transect, the 
upper mixed layer salinity up to 6.0 g kg–1 was 
observed. The saltier water in the southern part 
was probably an outcome of eastward advec-
tion along the coast. Thus laterally three water 
types with different properties were observed in 
the upper layer: warm and saltier in the south-
ern half of the transect, cold and fresher at the 
northernmost edge of the transect, and warm and 
freshest water in between (Fig. 8g–i). The latter 
warmer and fresher water appeared as lateral 
density minimum zone in the upper layer. It is 
noteworthy that the temperature (15.8–16.8 °C), 
salinity (5.5–6.0 g kg–1) and density (3.1–3.5 
kg m–3) ranges in the upper layer in this survey 
were much narrower than they were in the previ-
ously-described case, when upwelling along the 
southern coast was observed. The center of the 
DP was located at around 70 m depth, and it was 
present only in the southern part of the transect. 
Thus, the cross-sectional area occupied by water 
beneath the DP was much smaller than in the 
previous case when upwelling near the southern 
coast appeared. Likewise, the density range was 
smaller — maximum density along the transect 
was 7.2 kg m–3.

In conclusion, opposite to easterly winds, 
westerly winds were resulted in upwelling along 
the northern coast and caused much weaker lat-
eral and vertical density gradients in the profile. 
Lateral (in the surface layer), and vertical density 
differences throughout the transect during south-
ern upwelling on 15 August 2006 were 3.3 kg 
m–3 and 7.1 kg m–3, respectively. In the case of 
upwelling along the northern coast on 20 July 
2012, corresponding values were 0.4 kg m–3 and 
4.0 kg m–3; and in the case of neutral situation on 
30 July 2013, 0.5 kg m–3 and 5.2 kg m–3.

Moreover, wind forcing had a great effect on 
the cross-sectional areas occupied by different 
layers. We considered the upper layer from the 
surface to the UP depth, mid-layer from the UP 
to the DP and deep layer from the DP to the 
bottom. The largest area was occupied by the 
mid-layer, it covered 55% of the cross-section 
during neutral conditions and 43% (56%) during 

upwelling near the northern (southern coast), 
respectively. The share of the upper-layer water 
and deep-layer water was nearly equal during 
neutral conditions: 23% and 21%, respectively. 
In case of upwelling near the southern coast, 
the upper layer occupied only 14% and the deep 
layer 30% of the section. During upwelling near 
the northern coast, situation was reversed: the 
upper layer covered 48% of the section while the 
deep layer only 9%. This pattern can also be seen 
in other upwelling events near the northern and 
southern coast (Figs. 2–3).

Pycnocline variations in 1981–2013

In order to estimate past inter-annual pycnocline 
variations, the Kalbådagrund wind data from 
1981–2013 were used in the regression equa-
tions derived for the data presented in Fig. 6c 
and d. Only the data from the period with sea-
sonal thermocline (May–September) were used. 
The UP neutral and upwelling conditions near 
both coasts were distinguished using criteria for 
wind stress based on pycnocline slopes defined 
in this study (see Fig. 6c). Analogously, the 2–6 
day mean ENE wind stress was used. Neutral 
conditions were assumed for wind stress > –0.04 
and ≤ 0.02 N m–2, southern upwelling for wind 
stress > 0.02 N m–2 and northern upwelling for 
wind stress ≤ –0.04 N m–2. Inter-annual varia-
tions in the occurrence of favorable winds for 
northern and southern upwellings as well as for 
neutral conditions are shown in Fig. 9a.

There was a slight seasonality in the occur-
rence of different patterns. Winds producing neu-
tral conditions in the gulf were more frequent in 
summer (June–August, 19–20 days in a month), 
whereas in May and September they occurred 
on 15–16 days in a month. Southern upwelling 
occurred on 3–7 days in a month, with minimum 
in July (3.5 days) and maximum in May (7.5 
days). Northern upwelling had lowest occur-
rence in April–May (6–6.5 days in a month) 
while in summer its occurrence increased and in 
September it was 9 days.

All three types of pycnocline slopes can 
had considerably different occurrence rates. In 
several months, northerly upwelling-favorable 
winds did not occur at all, but months with > 20 
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days with such winds can be found from time 
series as well (July 1987, July 1995 and Sep-
tember 2005). Months without winds generating 
southern upwelling were even more frequent. 
The highest occurrences (> 17 days month) of 
southern upwelling were found for May 1984, 
September 1990, May 1996, and August 2006. 
High occurrence was also found for September 
2001, however only 65% of the wind data were 
available for that month.

Average May–September occurrences in 
1981–2013 were 90, 37 and 26 days for neu-
tral conditions, northern upwelling and southern 
upwelling, respectively. It can be expected that 
in those years when winds generating neutral 
conditions had low occurrence (Fig. 9a), the gulf 
was more dynamic and hydro-physical fields 
were generally more variable. Interestingly, there 
is not always clear negative correlation between 

inter-annual occurrence of upwelling near the 
northern and southern coast. There were several 
years when upwellings at both sides of the gulf 
were more frequent than normally (1995, 2000, 
and 2011) and, therefore, neutral conditions were 
less common. In contrast, occurrences of neutral 
conditions were higher than long-term average 
in several years (1991, 2002–2003) as well.

Based on the regression calculated in this 
study (Fig. 6d), corresponding wind stress for 
the leveled DP is –0.008 N m–2. Monthly aver-
age wind stress was below this value in 25% of 
cases. Annual (May–September) averages were 
in most cases in the range from –0.008 N m–2 
to 0.002 N m–2 (Fig. 9b), which gives the incli-
nation from 0 to –0.16 m km–1. The two most 
extreme years were 1992 (–0.014 N m–2 corre-
sponding to the DP slope of 0.10 m km–1) and 
2003 (0.005 N m–2 corresponding to the DP slope 
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of –0.21 m km–1). It means that in 1992 the halo-
cline was on average 1.6–1.9 m higher near the 
southern coast while in 2003 it was 3.6–4.2 m 
higher near the northern coast.

Nevertheless, no significant long-term trend 
in inclinations of the DP and UP could be 
detected in the wind data analysed by us.

Discussion

In our study we found considerable variations in 
temperature and salinity, as well locations of the 
two pycnoclines.

Winds from ENE were the most favorable 
for the upwelling-event generation along the 
southern coast, but those winds also supported 
westward advection of fresher, riverine water 
in the upper layer and, thus, strengthened the 
UP. WSW winds had an opposite effect: saltier 
water was transported into the gulf in the upper 
layer and haline stratification was reduced. In 
spring, when thermocline was absent, westward 
advection of low-salinity water stabilized the 
water column and separated the upper layer from 
the intermediate layer. Such vertical (haline) 
buoyancy gradient may create pre-conditions for 
spring algal-bloom initiation before the water 
temperature has increased above the temperature 
of maximum water density (2.5–2.9 °C) (Kahru 
and Nõmmann 1990, Lips et al. 2014). 

In our study, we found that in summer the 
UP could either shoal to the surface or pen-
etrate down to 46 m. It means that in the latter 
case, nutriclines were well below the euphotic 
zone (Luhtala and Tolvanen 2013) and, there-
fore, nutrients were not available for primary 
production.

Upwelling at one coast usually means down-
welling near the opposite coast, hence, primary 
production is affected in different ways near 
the southern and northern coasts of the gulf. As 
the effects of upwelling near the southern and 
northern coasts differ in terms of the salt flux and 
resulting buoyancy flux along the gulf, also its 
effects on primary production differ.

In the deep layer, the most prominent feature 
is the penetration/relaxation of the salt wedge 
(Elken et al. 2003), which has lower oxygen 
concentration and might be hypoxic (Liblik et 

al. 2013). In the present study, we found that DP 
depth considerably varies across the gulf. Thus, 
depending on wind conditions, hypoxic salt 
wedge might have considerably different vertical 
location near the northern and southern coasts. 
Long-lasting north-easterly winds might lift up 
the salt wedge towards the northern coastal slope 
to 43 m depth while south-westerly wind pushes 
the salt wedge deeper there. In conclusion, the 
wind not only affects the location of the hypoxic 
salt wedge along the thalweg (Liblik et al. 2013) 
but across the gulf as well.

The mean UP inclination found in this study 
was 0.10 m km–1, i.e. on average the UP was 
approximately 3 m shallower near the southern 
coast. This corresponds to the general circulation 
scheme in the gulf where the residual circula-
tion pattern includes outflow in the upper layer 
as expected from semi-analytical solutions (e.g. 
Valle-Levinson 2008) and as it is observed in 
various locations in the gulf (Liblik and Lips 
2012, Liblik et al. 2013, Suhhova et al. 2015). 
The average inclination of the UP (and the 
regression line in Fig. 7c) might indicate that in 
general, less wind forcing is needed to generate 
upwelling near the southern coast. Laanemets et 
al. (2009) suggested that wind forcing with the 
same strength generates more intense upwelling 
near the southern coast as compared with that 
near the northern coast due to the steeper bottom 
slope along the southern coast.

In the Gulf of Finland salty-water inflows 
from the Baltic Proper in the deep layer, fresh-
water flux is from atmosphere and rivers and 
outflow of the mixture of the two water masses 
is through the upper layer. Water renewal time 
in the gulf is an important factor for many, 
also ecological, processes (e.g. Andrejev et al. 
2004b).

Without wind forcing, the UP would be 
approximately 7 m shallower near the southern 
coast, which is very close to the average inclina-
tion obtained from the 34 surveys. Thus, we can 
assume that the 34-surveys average thermohaline 
structure roughly represents windless situation 
and baroclinic part of the circulation in the gulf. 
Applying the Cunningham (2000) geostrophic 
stream function to the mean temperature–salinity 
field gives the average seaward velocity of 3.6 
cm s–1 in the upper 30-m layer if considering the 



BOREAL ENV. RES. Vol. 22 • Variability of pycnoclines in a three-layer estuary 43

reference pressure at 30 db. In reality, the pre-
vailing wind forcing slows down the estuarine 
circulation (Elken et al. 2003) and reduces the 
UP difference between the two coasts to 3 m 
since the average airflow is towards NE (Keeval-
lik and Soomere 2010). Considering that wind 
slows down the estuarine circulation by approx-
imately 50% and the area of the cross-section 
from Aegna to Porkkala is about 1.05 km2, the 
outflow from the gulf would be 600 km3 y–1. This 
value agrees with the earlier water-balance esti-
mation by Alenius et al. (1998) and suggests the 
water residence time in the gulf to equal 2 years. 
Anyhow the outflow is not uniform throughout 
the gulf. This stems from the fact that the iso-
pycnals are not straight lines across the gulf (see 
Fig. 5 and Stipa 2004). Likewise, Elken et al. 
(2011) suggested that density distribution aver-
aged over several years have curve-like shape, 
especially in the upper layer.

Andrejev et al. (2004a) and Elken et al. 
(2011) suggested that the residual flow field in 
the gulf is characterized by several circulation 
cells. We found variability of local inclinations 
to be high; the strongest UP inclinations that cor-
respond to the strongest seaward flow tended to 
be in two ranges: 3–9 km and 15–26 km. Thus, 
a quite persistent outflow area, as was suggested 
by Andrejev et al. (2004a), might exist in the 
Gulf of Finland while in some cases the most 
intense outflow could exist in the southern part 
of the gulf. Our data, however, did not allow us 
to confirm the findings of Andrejev et al. (2004a) 
with high confidence. Current measurement 
campaign or long-lasting salinity measurements 
across the gulf (Kikas and Lips 2016) probably 
can confirm/refute the existence of a persistent 
residual flow system. It should to be noted that 
our study area is topographically very compli-
cated. Peninsulas, islands and shoals in combi-
nation with strong thermohaline gradients create 
conditions favorable for eddies (e.g. Zhurbas et 
al. 2008). Thus, on top of the estimated basin-
wide baroclinic flow, strong mesoscale variabil-
ity exists.

The mean DP slope found in our study 
was –0.07 m km–1, which means that the DP is 
located on average 1.2–1.5 m shallower near the 
northern coast. However, due to high variability 
of the DP depth (see Fig. 6d) we cannot confirm 

that this difference between the two coasts really 
exists. The absence of the DP slope means that 
the approximately-same-velocity inflow to the 
gulf exists in the intermediate and near-bottom 
layers.

Pycnoclines inclined across the gulf occur 
regularly, as the UP (DP) slopes were in 59% 
(50%) of the cases lower than –0.20 m km–1 
or higher than +0.20 m km–1. Both pycnoclines 
are sensitive to changes in wind forcing, but 
their reaction times are quite different and the 
inclination directions opposite. The shallower 
UP near the southern coast was associated with 
the seaward (ENE) wind a few days before the 
survey, which is the result of northward, cross-
gulf Ekman drift in the upper layer. Likewise, 
the DP inclination correlated with the seaward 
(NNE) wind, but the reaction time was few 
weeks and as a result the DP was shallower 
near the northern coast. This indicates that the 
exchange flow between the Gulf of Finland and 
the Baltic Proper cannot always be considered a 
two-layer system as in many other estuaries in 
the world (Geyer and MacCready 2014). Three-
layer estuarine circulation systems exist in Juan 
de Fuca Strait (Thomson et al. 2007) and several 
fjords (Valle-Levinson et al. 2014). However, 
the leveled average DP slope suggests that three-
layer circulation is not stationary and depends 
largely on prevailing wind forcing.

Explanation for saltier water appearance at 
the northern coast might be a cyclonic circula-
tion scheme in the deep layer. It implies that if 
the salt wedge is thick enough it does not mix 
(diffuse) vertically in the inner (eastern) part of 
the gulf and the return (seaward) flow can be 
observed at the northern coast as higher salinity 
in the near-bottom layer. Note that sea depths at 
the northern coast of the gulf are smaller than at 
the southern coast. Another explanation might 
be the specific chain of water movements across 
the gulf in the case of easterly winds (Fig. 10): 
(1) the northward Ekman transport in the upper 
layer near the southern coast is compensated by 
(2) upwelling of the intermediate layer water 
near the southern coast and (3) southward flow 
in the intermediate layer which in turn is com-
pensated by (4) the northward flow in the deep 
layer and its upward movement along the north-
ern coastal slope.
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Upwelling-favoring winds for the southern 
and northern coasts had distinct effects on the 
share of water masses in the gulf. Due to differ-
ent characteristics of the upper and deep layers, 
wind generated transport had a pronounced effect 
on water and matter exchange with the Baltic 
Proper. In the case of upwelling near the southern 
coast, outflow prevails in the upper layer and 
cross-sectional area occupied by the upper layer 
water decreases while the area occupied by deep 
layer water increases (Fig. 11, left-hand-side 
panel). Due to different properties of the upper-
layer water (high temperature, low salinity, nutri-
ent depleted and high oxygen) and the deep-layer 
water (low temperature, high salinity, nutrient 
rich and low oxygen) in summer, positive flux of 
nutrients and salt can be expected from the Baltic 
Proper during easterly winds. On the other hand, 
heat and oxygen fluxes are likely negative.

In the case of upwelling near the northern 
coast, inflow to the Gulf of Finland prevails in 
the upper layer. However, this eastward trans-
port is impeded as the gulf fills with water and 

sea level rises in the easternmost part of the 
gulf. Consequently, not only water transported 
towards the south (which results in upwelling 
near the northern coast) causes downwelling 
near the southern coast, but also the convergence 
of the inflowing water contributes to it (Fig. 11, 
right panel). As a result, the area occupied by 
warm and fresher upper-layer water increases 
in the case of upwelling near the northern coast. 
Thus, downwelling near the southern coast pen-
etrates deeper and causes accumulation of the 
warm upper layer water in the gulf. As a result, 
upwellings near the northern coast create posi-
tive lateral heat and oxygen fluxes from the open 
Baltic Sea while salinity and nutrients in the gulf 
decrease due to outflow in the deep layer. Down-
wellings near the southern coast probably reach 
deeper also because of the steeper coastal slope 
(Laanemets et al. 2009).

In the chapter “Selected UP patterns”, we 
analysed one prominent upwelling event near the 
southern coast and one near the northern coast. 
However, as seen in Fig. 7a, even stronger wind 
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Fig. 11. Distribution of 
different water masses: 
upper mixed layer (above 
the UP, black), cold inter-
mediate layer (between 
the UP and DP, grey), and 
deep layer (below the DP, 
white) in the case of east-
erly winds on 15 August 
2006 (left) and westerly 
winds on 20 July 2012 
(right).

impulses that those can occur. Ferry box mea-
surements along the Tallinn–Helsinki transect 
(Kikas and Lips 2016) indicated that the peak 
of the northern upwelling (see also Fig. 8g–i) 
occurred a few days later. Moreover, Uiboupin 
and Laanemets (2009) showed by remote sens-
ing that northerly upwelling could cover around 
half of the gulf surface area.

Past pycnocline variations were estimated 
using regression analysis (see Fig. 6c and d) 
and the Kalbådagrund wind data from 1981–
2013. For the UP, three different conditions were 
separated: neutral, upwelling near the northern 
coast and upwelling near the southern coast. 
Thresholds between the different conditions 
were chosen on the basis of observed pycnocline 
slopes and they were in accordance with remote 
sensing observations (see Table 1 in Uiboupin 
and Laanemets 2009). We found no clear trend in 
occurrences of different conditions.

Conclusions

The two pycnoclines showed considerable 
variations in inclination, strength and depth in 

response to wind forcing in the Gulf of Fin-
land. The most conspicuous result was different 
behavior of the two pycnoclines. The shallower 
UP near the southern coast was associated with 
the seaward (ENE) wind few days before the 
observation. DP inclination correlated best with 
seaward (NNE) wind as well, but the reaction 
time was few weeks and as a result the DP was 
shallower near the northern coast.

In addition, the following conclusions can be 
drawn from our study:

— Pycnoclines inclined across the gulf occur 
regularly, the UP (DP) slopes were in 59% 
(50%) of the cases smaller than –0.20 m km–1 
or greater than +0.20 m km–1.

— On average, the UP was 3 m shallower near 
the southern coast. This result might indi-
cate that less wind force is needed to cause 
upwelling near the southern coast.

— On average, inclination of the DP did not 
differ much from zero, which indicates that 
average velocities of inflow were rather simi-
lar in the deep and intermediate layers.

— The greatest inclinations of the UP and DP 
were steeper than 1.5 m km–1 and 0.6 m km–1, 
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respectively.
 — The UP penetrated down to 46 m near the 

southern coast as a result of a downwelling 
event.

 — The DP was lifted up to 43 m depth at the 
northern coast.

— Haline stratification stabilized the water 
column and separated the upper layer from 
the intermediate layer in spring when sea-
sonal thermocline was not present.

— Easterly winds that generated upwellings 
near the southern coast also caused stron-
ger stratification and horizontal temperature, 
salinity and density gradients across the gulf 
while during westerly winds and upwelling 
near the northern coast, the horizontal and 
vertical gradients were weaker.

— Easterly winds caused outflow in the upper 
layer and relatively shallow downwelling 
along the northern coast while westerly 
winds caused inflow in the upper layer and 
deep downwelling along the southern coast.

— Less wind force was needed to generate 
upwelling along the southern coast of the 
gulf as compared with wind force needed to 
generate upwelling along the northern coast 
of the gulf.

— The average density distribution and respec-
tive geostrophic current estimate confirmed 
the earlier estimates of annual outflow of 
600 km3 in the upper 30-m layer and water 
residence time of 2 years in the gulf.

— No clear trend was found in occurrences of 
wind conditions favorable for different incli-
nations of the UP and DP.

Acknowledgments: We thank the crew of r/v Salme and our 
colleagues Fred Buschmann, Villu Kikas, Nelli Rünk, Irina 
Suhhova, Andres Trei and Germo Väli for their assistance in 
conducting the CTD observations. This work was supported 
by institutional research funding IUT19-6 of the Estonian 
Ministry of Education and Research. The measurement pro-
gram was supported by the Estonian Science Foundation 
(grants ETF9023, ETF8930, ETF6955, and ETF6752). We 
thank Finnish Meteorological Institute for Kalbådagrund 
wind data.

References

Alenius P., Myrberg K. & Nekrasov A. 1998. The physical 
oceanography of the Gulf of Finland: a review. Boreal. 

Env. Res. 3: 97–125.
Alenius P., Nekrasov A. & Myrberg K. 2003. Variability 

of the baroclinic Rossby radius in the Gulf of Finland. 
Cont. Shelf Res. 23: 563–573.

Andrejev O., Myrberg K., Alenius P. & Lundberg P.A. 2004a. 
Mean circulation and water exchange in the Gulf of Fin-
land — a study based on three-dimensional modeling. 
Boreal. Env. Res. 9: 1–16.

Andrejev O., Myrberg K. & Lundberg P.A. 2004b. Age 
and renewal time of water masses in a semi-enclosed 
basin — application to the Gulf of Finland. Tellus A 56: 
548–558.

Bergström S. & Carlsson B. 1994. River runoff to the Baltic 
Sea: 1950–1990. Ambio 23: 280–287.

Cunningham S.A. 2000. Circulation and volume flux of the 
North Atlantic using synoptic hydrographic data in a 
Bernoulli inverse. J. Marine Res. 58: 1–35.

Elken J., Raudsepp U. & Lips U. 2003. On the estuarine 
transport reversal in deep layers of the Gulf of Finland. 
J. Sea Res. 49: 267–274.

Elken J., Nõmm M. & Lagemaa P. 2011. Circulation patterns 
in the Gulf of Finland derived from the EOF analysis of 
model results. Boreal. Env. Res. 16: 84–102.

Elken J., Raudsepp U., Laanemets J., Passenko J., Mal-
jutenko I., Pärn O. & Keevallik S. 2014. Increased 
frequency of wintertime stratification collapse events in 
the Gulf of Finland since the 1990s. J. Mar. Syst. 129: 
47–55.

Feistel R., Weinreben S., Wolf H., Seitz S., Spitzer P., Adel 
B., Nausch G., Schneider B. & Wright D.G. 2010. Den-
sity and absolute salinity of the Baltic Sea 2006–2009. 
Ocean Science 6: 3–24.

Geyer W.R. & MacCready P. 2014. The estuarine circulation. 
Annu. Rev. Fluid Mech. 46: 175–97.

Haapala J. 1994. Upwelling and its influence on nutrient 
concentration in the coastal area of the Hanko Peninsula, 
entrance of the Gulf of Finland. Estuarine, Coastal and 
Shelf Science 38: 507–521.

Kahru M. & Nômmann S. 1990. The phytoplankton spring 
bloom in the Baltic Sea in 1985, 1986: multitude of spa-
tiotemporal scales. Cont. Shelf Res. 10: 329–354.

Keevallik S. & Soomere T. 2010. Towards quantifying vari-
ations in wind parameters across the Gulf of Finland. 
Estonian Journal of Earth Sciences 59: 288–297.

Kikas V. & Lips U. 2016. Upwelling characteristics in the 
Gulf of Finland (Baltic Sea) as revealed by Ferrybox 
measurements in 2007–2013. Ocean Sci. 12: 843–859.

Laanemets J., Pavelson J., Lips U. & Kononen K. 2005. 
Downwelling related mesoscale motions at the entrance 
of the Gulf of Finland: observations and diagnosis. 
Oceanological and Hydrobiological Studies 34: 15–36.

Laanemets J., Zhurbas V., Elken J. & Vahtera E. 2009. 
Dependence of upwelling-mediated nutrient transport on 
wind forcing, bottom topography and stratification in the 
Gulf of Finland: model experiments. Boreal Env. Res. 
14: 213–225.

Large W.G. & Pond S. 1981. Open ocean momentum flux 
measurements over the ocean. J. Phys. Oceanogr. 11: 
324–336.

Lehmann A., Myrberg K. & Höflich K. 2012. A statistical 



BOREAL ENV. RES. Vol. 22 • Variability of pycnoclines in a three-layer estuary 47

approach to coastal upwelling in the Baltic Sea based on 
the analysis of satellite data for 1990–2009. Oceanolo-
gia 54: 369–393.

Leppäranta M. & Myrberg K. 2009. The physical oceanog-
raphy of the Baltic Sea. Springer-Verlag, Berlin, Heidel-
berg, New York.

Liblik T. & Lips U. 2011. Characteristics and variability of 
the vertical thermohaline structure in the Gulf of Finland 
in summer. Boreal Env. Res. 16 (suppl. A): 73–83.

Liblik T. & Lips U. 2012. Variability of synoptic-scale 
quasi-stationary thermohaline stratification patterns in 
the Gulf of Finland in summer 2009. Ocean Science 8: 
603–614.

Liblik T., Laanemets J., Raudsepp U., Elken J. & Suhhova 
I. 2013. Estuarine circulation reversals and related rapid 
changes in winter near-bottom oxygen conditions in the 
Gulf of Finland, Baltic Sea. Ocean Science 9: 917–930.

Lips I., Lips U. & Liblik T. 2009. Consequences of coastal 
upwelling events on physical and chemical patterns in 
the central Gulf of Finland (Baltic Sea). Cont. Shelf Res. 
29: 1836–1847.

Lips I., Rünk N., Kikas V., Meerits A. & Lips U. 2014. 
High-resolution dynamics of spring bloom in the Gulf 
of Finland, Baltic Sea. Journal of Marine Systems 129: 
135–149.

Lips U., Lips I., Liblik T., Kikas V., Altoja K., Buhhalko N. 
& Rünk N. 2011. Vertical dynamics of summer phyto-
plankton in a stratified estuary (Gulf of Finland, Baltic 
Sea). Ocean Dynamics 61: 903–915.

Luhtala H. & Tolvanen H. 2013. Optimizing the use of 
Secchi depth as a proxy for euphotic depth in coastal 
waters: an empirical study from the Baltic Sea. Interna-
tional Journal of Geo-Information 2: 1153–1168.

McDougall T.J. & Barker P.M. 2011. Getting started with 

TEOS-10 and the Gibbs Seawater (GSW) Oceano-
graphic Toolbox. SCOR/IAPSO WG127.

Pavelson J., Laanemets J., Kononen K. & Nõmmann S. 
1997. Quasi-permanent density front at the entrance of 
the Gulf: response to wind forcing. Cont. Shelf Res. 17: 
253–265.

Soomere T. & Keevallik S. 2003. Directional and extreme 
wind properties in the Gulf of Finland. Proceedings 
of the Estonian Academy of Sciences, Engineering 9: 
73–90.

Stipa T. 2004. Baroclinic adjustment in the Finnish coastal 
current. Tellus A 56: 79–87.

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

Thomson R.E., Mihaly S.F. & Kulikov E.A. 2007. 
Estuarine versus transient flow regimes in Juan 
de Fuca Strait. J. Geophys. Res., 112, C09022, 
doi:10.1029/2006JC003925.

Uiboupin R. & Laanemets J. 2009. Upwelling characteristics 
derived from satellite sea surface temperature data in 
the Gulf of Finland, Baltic Sea. Boreal Env. Res. 14: 
297–304.

Valle-Levinson A. 2008. Density-driven exchange flow in 
terms of the Kelvin and Ekman numbers. J. Geophys. 
Res. Oceans 113, C04001, doi:10.1029/2007JC004144.

Valle-Levinson A., Cacares M. & Pizarro O. 2014. Variations 
of tidally driven three-layer residual circulation in fjords. 
Ocean Dyn. 64: 459–469.

Zhurbas V.M., Laanemets J. & Vahtera E. 2008. Modeling 
of the mesoscale structure of coupled upwelling/down-
welling events and the related input of the nutrients to 
the upper mixed layer in the Gulf of Finland. J. Geoph. 
Res. Oceans 113(C5), 10.1029/2007JC004280.

View publication statsView publication stats

https://www.researchgate.net/publication/306911845



