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The data from five ADCP deployments with duration from one to several months in
various locations of the Gulf of Finland were analyzed. The observations revealed that the
shear maxima of current velocity were strongly linked to the pycnoclines — the seasonal
thermocline or vertical salinity gradient. The shear maxima were not detected when the
quasi-permanent halocline temporarily vanished in winter due to strong SW winds causing
reversed estuarine circulation in the gulf. The kinetic energy spectra of currents revealed the
energy maxima at a broad semi-diurnal frequency band, broad diurnal frequency band, and
low-frequency seiches band. In the periods of strong wind forcing and weak stratification,
the current oscillations coincided with different modes of seiches. During the periods of the
two- or three-layer flow in summer, the inertial oscillations were dominating in the upper

layer while seiches could be more prominent either in the upper layer or the halocline.

Introduction

The Gulf of Finland is an eclongated estuarine
basin, located in the northeastern part of the
Baltic Sea (Fig. 1). The gulf is about 400-km long
and 48-135-km wide, its average and maximum
depths are 37 and 123 m, respectively (Alenius
et al. 1998). Depth decreases from the entrance
to the easternmost part. The average riverine dis-
charge to the gulf, concentrated in its eastern
part, is about 3500 m® s~ (Bergstrom and Carlson
1994). The surface salinity decreases from the
entrance to the east from 5-7 g kg to 0-3 g kg
while the deep layer salinity exceeds 8—10 g kg™
(Alenius et al. 1998). The typical estuarine cir-
culation pattern with an outflow of fresher water
in the upper layer and inflow of saltier water in
the deep layer exists in the gulf. The estuarine
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circulation is intensified by the northeasterly and
northerly winds (Elken ez al. 2003, Liblik and
Lips 2011), while, in the case of strong wester-
lies, it can be altered or even reversed (Elken et
al. 2003). Furthermore, Elken et al. (2014) have
found that the recent increase in the frequency of
circulation reversals could be caused by a shift
in the wind regime with increased frequency of
westerly—southwesterly winds in wintertime.
Vertical stratification in the gulf is variable
and exhibits a clear seasonality. In winter, the
water column in deep enough areas has mostly
two-layer structure with a well-mixed upper layer
extending from the sea surface until the halocline
at the depths of 60—-80 m (e.g., Alenius et al.
1998). However, considerable haline stratifica-
tion may appear in the upper layer during calm
periods (Liblik ef al. 2013), and intensive rever-
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Fig. 1. Map of the study area in the Gulf of Finland. Locations of ADCP deployments (Table 1) and wind measure-
ment locations in Kalbadagrund and Tallinnamadal Lighthouse are shown.

sals of estuarine circulation may cause occasional
stratification collapse events (Liblik et al. 2013,
Elken et al. 2014). As a result, three-, two- and
one-layer stratification regime may occur in the
gulf in winter. In summer, mostly a three-layer
vertical structure exists as the seasonal thermo-
cline develops at the depths of 10-30 m (e.g.,
Alenius et al. 1998, Liblik and Lips 2017).

Based on ten series of current profile record-
ings covering all seasons, Lilover et al. (2017)
reported that, on average, an inflow with nearly
uniform speed throughout the entire water
column existed in the deep central part of the
gulf in winter, while a layered flow structure was
a typical pattern in summer. The vertical struc-
ture of currents seems to be linked to the pres-
ence and location of the seasonal thermocline
(Suhhova et al. 2015) and halocline (Liblik ef al.
2013) while, on the other hand, the changes in
circulation are reflected in the variability of ver-
tical stratification (Liblik and Lips 2012). Thus,
there should exist a strong interplay between the
currents and stratification in the gulf.

Since the gulf is relatively wide, the general
circulation may exhibit a transverse structure.
As it was suggested already by Palmén (1930)
and confirmed by numerical simulations (e.g.,
Andrejev et al. 2004), a quite persistent outflow

exists in the surface and sub-surface layers in the
northern gulf. As a result, the general (residual)
surface circulation is suggested to be cyclonic,
but the occurrence of some sub-cells has been
shown by model experiments (e.g., Andrejev et
al. 2004, Elken et al. 2011). Lips et al. (2017)
suggested that in weakly stratified conditions (in
winter), the flow structure might correspond to
the circulation pattern either driven by spatially
uniform longshore wind in lakes (e.g., Bennet
1974, Winant et al. 2014) or formed due to the
mixing asymmetry in tidal estuaries (Burchard et
al. 2011). The three-layer flow observed in some
summers could correspond to the flow pattern in
the relatively deep fjords where the mixing due
to tidal currents does not occupy the whole water
column (Valle-Levinson et al. 2014). In most
of these suggestions, the vertical mixing due to
current oscillations is assumed to be involved.
Thus, it needs to be studied, what are the most
energetic current oscillations in different forcing
and stratification conditions.

The energy maxima of current oscillations
in the Gulf of Finland are usually revealed at
a broad semi-diurnal frequency band (BSD),
broad diurnal frequency band (BD) or low-
frequency seiches band (LFS) (Wiibber and
Krauss 1979, Jonsson et al. 2008, Lilover et al.
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2011). The seiches with periods of 11, 13 and
(17) h together with the inertial motions (period
13.9 h) and semi-diurnal tidal constituents S2
(12.0 h) and M2 (12.42 h) contribute to the
BSD band kinetic energy. Seiches with periods
of 19 (20) h (4th mode), 24 (22) h (3rd mode)
and 28 (26) h (2nd mode) and diurnal tidal
constituents K1 (23.93 h) and O1 (25.82 h) are
the contributors into the BD frequency band.
Note that the periods of seiches are cited here
according to Wiibber and Krauss (1979) model,
without parenthesis, the numbers belong to the
entire Baltic and with parentheses to the west-
ern Baltic—Gulf of Finland oscillating system.
The period of the first mode seiche is 31 hours,
and it belongs to the LFS band. Although the
occurrence of current oscillations at the listed
frequency bands in the Gulf of Finland is known,
we lack the knowledge on the vertical distribu-
tion of current oscillation energy.

This study aims to examine the concurring
variability of currents and thermohaline fields
using ADCP (Acoustic Doppler Current Pro-
filer) and CTD (Conductivity, Temperature, and
Depth) measurements in the Gulf of Finland.
We use five ADCP current profile time series,
with duration from one to five month, acquired
at different sites of the gulf in 2010-2014. We
examined the following hypotheses: (1) one-,
two- and three-layer flow regimes can occur
in the gulf depending on the wind forcing, (2)
strong current shear is linked to the two pycno-
clines, and (3) there are differences in the kinetic
energy spectra in different layers when a layered
flow structure has been realized.

Material and methods

Two out of five current measurement series
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analyzed in the present paper were acquired
in summers 2010 and 2011 (moorings ADCP1
and ADCP3, respectively). Mooring ADCP2 was
deployed during the decay of stratification in
autumn 2010. Two last deployments (ADCP4
and ADCPS5) describe the conditions with the
weak seasonal stratification in winter and its
strengthening in spring of 2012 and 2014.

A bottom-mounted ADCP (Workhorse Sen-
tinel, Teledyne RDI, 300 kHz) was deployed at
five locations (see Fig. 1) for the periods of 29
to 148 days (Table 1). Current velocity profiles
were measured over 2-m depth bin with the sam-
pling interval of 10 minutes and 30 minutes (for
ADCP4) as averages of 50 pings. The sea depth
in the deployment locations varied from 67 to
91 m. Due to the surface side lobe effect and
ADCEP ringing distance, the current velocities
were available in the depth range from 62-86 m
to 810 m, depending on the depth of deploy-
ment locations.

CTD profiles acquired using an Ocean Seven
320plus CTD probe (Idronaut S.r.l.) during sev-
eral cruises were applied as background data on
vertical stratification.

Wind data from the Kalbadagrund meteoro-
logical station (Finnish Meteorological Institute)
— a lighthouse in the central part of the Gulf
of Finland (Fig. 1) were used to describe the
local atmospheric forcing conditions from June
2010 until September 2011. The wind speed and
direction measured at the height of 32 m were
available every third hour as a 10 min average.
For the two last measurement periods, wind
data from the Tallinnamadal Lighthouse were
used. Wind speed and direction were measured
at the height of 36 m above the sea level and
were reported every hour as a 5 min average. To
convert the measured wind speed to the standard
10 m height wind speed, the measured values

Table 1. Mooring positions, deployment periods and depth ranges.

Deployment  Longitude (E) Latitude (N) Period Bin depth range (m)  Sea depth (m)
ADCP1 24°37.5° 59°41.0° 1.06.2010-31.08.2010 9-79 84
ADCP2 26°20.8" 59°58.8" 30.09.2010-28.10.2010 8-62 67
ADCP3 24°49.9 59°50.3" 13.07.2011-05.09.2011 9-73 78
ADCP4 23°54.17 59°29.6° 21.12.2011-09.05.2012 10-86 91
ADCP5 24°15.6° 59°35.1° 9.12.2013-06.05.2014 10-82 87
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were multiplied by a height correction coeffi-
cient (0.91 and 0.90, respectively for Kalbadagr-
und and Tallinnamadal; Launiainen and Saarinen
1984). The relationship between the wind and
current velocity during selected measurement
periods is characterized in the paper by the com-
plex vector correlation coefficient according to
Kundu (1976).

The quality of the current velocity data was
checked following the procedure developed
by Book et al. (2007). The time-series were
smoothed with a 1-h moving average filter to get
hourly average values. For the low-frequency
analysis, all series were smoothed with a 36-h
cutoff Butterworth (1930) filter. Time series of
the vertical distribution of current velocity com-
ponents and polar histograms of currents were
analyzed based on the hourly average data. Cur-
rent shear was calculated between the two near-
est velocity horizons over the depth range of 2
m using low-pass filtered data. We defined the
following criterion based on the current shear
square (S%): if S <2 x 10* s, a homogeneous
flow is present, if $* > 2 x10* s, a layered flow
is present.

For spectral structure investigations of cur-
rent oscillations, rotary spectral analysis tech-
nique (e.g., Emery and Thomson 2004) was
applied to hourly average current data. Dividing
time series into two equal-length segments and
using 50% overlapping between them the calcu-
lated spectrum had 6 degrees of freedom (DoF).
To increase the accuracy of the power spectral
density at a given depth, an average spectrum
over the depth range of 10 m (average of 5
closest spectra) was calculated. As a result, the
calculated spectra had 30 DoF. Current speed
amplitude was defined as the root mean square
of 6*(f) = S Af, where o*(f ) is the signal vari-
ance in a frequency band Af centered at the
frequency f_, and S is the power spectral density
(Emery and Thomson 2004).

Power spectral density (PSD) is usually plot-
ted in coordinates logS(f) versus log(f), where
S(f) is the power spectral density and f the fre-
quency. Such presentation is useful if the spec-
tral slope has to be estimated. We use another
spectral plot in the present paper, namely fS(f)
versus log(f) which is a variance-preserving
form of spectral presentation. In this presenta-
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tion, the energy in every frequency interval is
proportional to the corresponding area under the
spectral line. The use of the linear scale instead
of a logarithmic scale of PSD enables to illumi-
nate the depths and frequencies with elevated
kinetic energy.

Results

General description of wind,
stratification, and currents

Strong seasonal thermocline was observed at
15-25 depth during both summer deployments
in 2010 and 2011. The thermocline weakened
and deepened from 25-30 m to 40-50 m depth
during the measurement period in September-
October 2010 (ADCP2). During both measure-
ment periods in winter—spring 2011/2012 and
2013/2014, weakly stratified conditions pre-
vailed in December—January, but later, vertical
stratification developed and three-layer stratifica-
tion pattern existed by the end of both deploy-
ments.

The average wind speed of the first deploy-
ment was 5.8 m s”!, and the most frequent wind
direction was from the ENE suggesting that
summer 2010 was quite exceptional in respect
of wind forcing — according to the long-term
wind data, the WSW winds prevail in the region
(Keevallik and Soomere 2014). Both, the ENE
and WSW winds were frequent during the third
deployment in summer 2011 while the average
wind speed was 5.7 m s7'. The S and NW winds
with mean speed of 7.3 m s prevailed during
the second (autumn) deployment. The last two
measurement periods were characterized by vari-
able weather conditions, with an average wind
speed of 9.4 m s ! and 8.5 m s' (2011/2012 and
2013/2014, respectively). Several storms from
SW occurred in December—January 2011/2012
and 2013/2014.

The mean current speed during the autumn
2010 and summer 2011 deployments decreased
with the depth, while during the summer 2010
and two winter—spring deployments, currents in
the upper and deep layers were slightly stronger
than in the intermediate layer (Table 2). The
maximum current speed (1 h average) for the
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Fig. 2. (a) Time series of wind vectors subsampled every 3 h from 1 June to 31 August 2010. The scale is shown
by an arrow on the time axis. Time series of the vertical distribution of (b) east-west current velocity component
(u), and (c¢) north—south current velocity component (v) for the deployment ADCP1. Vertical dashed lines indicate

the CTD measurements presented as (d) vertical profiles
selected period which we analyzed in more detail.

deployments was recorded in the upper layer
(the maximum speed was measured in the last
week of December 2011) or in the near-bottom
layer (the maximum speed was measured on 21
December 2013). An exception was the autumn
2010 measurement period when the maximum
current speed was recorded in the intermediate
layer.

of density anomaly. The black rectangle indicates the

Summer 2010

Both pycnoclines (the seasonal thermocline
and quasi-permanent halocline) were present
throughout the first deployment (Fig. 2). A weak
barotropic inflow into the gulf (to the east) was
observed during the first week of June and a
reversal of the estuarine circulation as a reac-

Table 2. Average and maximum values (1 h average) of current speeds (cm s~') at the five locations.

Mean speed

Maximum speed

Near-bottom Intermediate layer Upper

Near-bottom  Intermediate layer Upper

layer (m) layer (20-50 m)  layer (8—11 m) layer (m) layer (20-50 m)  layer (8—11 m)
ADCP1 8.9 (71-79) 8 1.5 34.9 39.7 55.4
ADCP2 5.6 (54-62) 8.4 10.7 25.8 41.7 35
ADCP3 5.0 (65-73) 7.3 11.1 29.3 23.2 413
ADCP4  11.2(78-86) 9.8 12 36.7 48.9 64.6
ADCP5 11.9 (74-82) 9.7 10.7 58.5 50.6 55.1
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tion to the SW wind impulse in mid-June 2010
(Fig. 2). A strong inflow with the current speed
exceeding 50 cm s in the upper 60 m and an
outflow with the maximum speed of 17.2 cm s
below 60 m depth occurred during this circula-
tion reversal. A relatively weak outflow prevailed
in the upper layer, and an inflow was observed
beneath the seasonal thermocline in July 2010.
Alternating in- and outflow events were observed
in the upper and deeper layers in the timescale of
about one week as a reaction to the variable wind
forcing in August 2010. Strong easterly wind
impulses on 23-26 July and 17-19 August 2010
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Fig. 3. Same as Fig. 2,
but for the deployment
ADCP3 from 13 July to 5
September 2011.

caused strong outflow events (likely upwelling jet
along the southern coast) in the upper layer and
upwind flow events in the deeper layer.

Summer 2011

Inflow into the gulf dominated in the upper 30
m layer during the second half of July and in the
intermediate layer at the beginning of August
2011 (Fig. 3). Starting from 10 August, the flow in
the whole water column was rather characterized
by an outflow. Current velocities were relatively
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weak during this period. A longer period of east-
erly wind impulse at the end of July caused an
outflow from the gulf in the upper 20 m layer at
the beginning of August. At the beginning of the
observation period and the end of August, both
the seasonal thermocline and the quasi-permanent
halocline were present in the density profile.

Autumn 2010

The deepest available bin depth (62 m) in the
second deployment (Fig. 4) was shallower than
the location of the quasi-permanent halocline.
However, a strong vertical salinity gradient coin-
cided with the seasonal thermocline. The sea-
sonal thermocline weakened and deepened from
the 25-30 m depth to 40-50 m depth during the
deployment period. In the first three weeks, an
outflow from the gulf prevailed, but rather an
inflow dominated during the last week. The flow
structure mostly had two layers and the flow
separation depth coincided well with the location
of the seasonal thermocline.

13/07 20/07 27/07 03/08 10/08 17/08 24/08 31/08

Winter—spring 2011/2012

The flow during the first month of the fourth
observation period had a barotropic structure
with alternating in- and outflow events. This
structure was a result of the strong south-west-
erly wind that reversed estuarine circulation and
destroyed stratification (Fig. 5). Once stratifica-
tion vanished, a barotropic flow system formed.
In January, the estuarine circulation established
due to calm winds and three-layer flow prevailed
in the gulf. Another estuarine circulation reversal
occurred in February, but in that case, stratifica-
tion was only weakened, but not collapsed. From
March until the end of measurements, a two- or
three-layer flow prevailed. Further details of this
time-series can be found in the paper by Liblik et
al. (2013).

Winter—spring 2013/2014

A similar scenario of the variability of the ver-
tical current structure was observed in winter
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2013/2014. The period from 10 December to
10 January was characterized by a barotropic
flow regime due to strong SW-wind domination
(Fig. 6). After that, when the wind weakened and
turned, first, a barotropic inflow occurred, then
a two-layer and later three-layer flow prevailed
at the measurement site. Further details can be
found in the paper by Lips et al. (2017).

Vertical flow structure

Next, we show that one, two or three layers can
be distinguished in the vertical current structure
in the Gulf of Finland during certain periods. In
summer 2010, the current shear was the strong-
est in the seasonal thermocline (Fig. 7 ADCP1).
The other maximum of shear was from time
to time observed at the halocline depth, which
implies the existence of a three-layer flow in
the water column. Similarly to the first obser-
vation period, the strongest current shear was
observed in the seasonal thermocline in summer
2011 (Fig. 7 ADCP3). The other shear maxi-
mum was observed at the depths around 60 m,
which was probably associated with the pres-
ence of the halocline. Measurements in autumn
2010 showed two-layer flow structure (Fig. 7
ADCP2). During the first half of the observation
period, a strong shear maximum was observed
at around 25 m depth, and its location deepened
due to autumn convection to 40 m by the end
of October. The two winter—spring measure-
ments (ADCP4, ADCPS5) had a similar pattern
of the vertical flow structure (Fig. 7 ADCP4
and ADCPS5). The current shear was weak in
December and the first half of January. Starting
from the second half of January, a strong current
shear was present in the halocline. A local shear
maximum in the upper layer was associated with
the secondary halocline at a depth of 20-25 m.
In order to describe the currents in more
detail in the pure one-, two- and three-layer
flow cases, periods of 10-17 days were selected
(shown by dashed vertical lines in Fig. 7). The
number of layers in each period was defined
from the period-averaged current shear distribu-
tion using the introduced current shear square
criterion. The two summer cases (Fig. 8 ADCP1
and ADCP3) revealed a shear minimum in the
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intermediate layer and maxima in the seasonal
thermocline and quasi-permanent halocline. In
autumn (Fig. 8 ADCP2), there was a strong shear
maximum at mid-depths (3040 m) that sepa-
rated the two layers. In two winter cases (Fig. 8
ADCP4 and ADCPS), no clear maxima could be
detected. Thus, the flow was mostly barotropic
during the two last selected periods. Available
density profiles coincide with the average current
shear distributions. Stratification strength param-
eter — the Brunt-Viisild frequency shows that
the water column was almost mixed during the
two winter periods. Vertical locations of stronger
density stratification in the three other periods
— in summers 2010 and 2011 and autumn 2010
roughly match with the current shear maxima.
The directional distribution of currents in
each analyzed period is presented by polar his-
tograms (current roses, Fig. 9) at the three depth
horizons (the upper layer, intermediate layer,
and deep layer) selected based on the exist-
ing stratification and current shear maxima. The
wind conditions in both typical summer periods
were characterized by a variable along-gulf air
flow, but the three polar histograms of currents
in these periods were rather dissimilar. Northerly
current prevailed in the upper layer during the
selected period in summer 2010 (ADCP1). In the
intermediate layer, the flow was characterized
by weak currents either to ESE or WNW, while
in the deep layer, the flow was directed to NE.
A uniform directional distribution was revealed
in the upper layer during the selected period in
summer 2011 (ADCP3). The flow in the interme-
diate layer and the deep layer was dominated by
westward and northward currents, respectively.
Complex correlation (») between wind vectors
and current vectors revealed high correlation in
the upper 9 m layer, being » = 0.5 (n = 89, p <
0.01) for summer 2010 (ADCP1) and r = 0.7
(n =80, p<0.01) for summer 2011 (ADCP3).
The NW and south winds dominated during
the selected measurement period in autumn 2010
(Fig. 9 ADCP2). The flow in the upper layer and
intermediate layer had a uniform distribution of
current directions. The flow in the deep layer was
dominated by SW currents. The observed similar-
ity of the upper and intermediate layer current
roses in the case of the strong mean shear between
the layers is explained by the phase shift of cur-
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Fig. 7. Low—pass filtered time series of a current shear square (in 10s2) in summer 2010 (ADCP1), summer 2011
(ADCP3), autumn 2010 (ADCP2), winter—spring 2011/2012 (ADCP4), and winter—spring 2013/2014 (ADCP5). Ver-

tical dashed lines indicate the selected periods which we analyzed in more detail.
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Fig. 9. Wind roses during the five selected periods and current roses at the selected depths in the upper, interme-
diate, and near-bottom layer. The measured wind direction was turned by 180° to match the wind forcing with the
current direction. Colour scales are shown in the first row.

rent oscillations in the pycnocline. Significant (rn =73, p < 0.001) at the depth of 25 m. Below
vector correlation between the current and wind  that depth, the correlation started to grow again
was found in the sub-surface layer (» = 0.7, n = reaching a value of » = 0.8 at a depth of 34 m.

73, p <0.001). The correlation decreased with the Both selected winter periods were character-
depth until it reached a minimum value of »=0.5  ized by strong winds from the southwest. The
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current roses in the selected period in winter
2011/2012 (Fig. 9 ADCP4) were rather similar
at all depths — the currents to the west domi-
nated in all three layers. In the selected period in
winter 2013/2014 (Fig. 9 ADCPS), the up-wind
flow directed to the SW was present throughout
the water column in this site in the central gulf
while a down-wind flow existed near the coast
(Lips et al. 2017). We suggest that the strong
currents during the periods of weak stratification
were wind induced since a significant correlation
between the wind vectors and current vectors
was revealed throughout the water column.

Current velocity spectra

The vertical distribution of kinetic energy
throughout the water column was examined for
five selected current velocity time series. Simi-
larly to the previous studies, the obtained kinetic
energy spectra revealed the energy maxima at
the broad semi-diurnal frequency band (BSD),
the broad diurnal frequency band (BD), and the
low-frequency seiches band (LFS). However,
these maxima of kinetic energy were not always
present in the spectra in all analyzed periods and
depth ranges.

During the two selected periods of one-
layer (barotropic) flow structure (25 December
2011-10January 2012 and 22 December 2013-2
January 2014), high kinetic energy bands were
assembled in the range from 21 h to 32 h. Signif-
icant peaks were revealed throughout the water
column close to the periods of the 1st and 3rd
mode seiches in 2011/2012 and the 2nd and 3rd
mode seiches in 2013/2014 (Fig. 10 ADCP4 and
ADCPS). Energy level recorded for the period
close to 1st seiche mode for ADCP4 was higher
in the upper layer than in the deeper layers cor-
responding to a current velocity amplitude of
5.6 cm s and 4.6 cm s, respectively (current
spectrum had 30 degrees of freedom (DoF)).
During the selected period in winter 2013/2014,
the highest energy level was recorded at a period
close to the 2nd seiche mode, with the strong-
est oscillations in the upper layer and slightly
weaker in the intermediate layer, with the ampli-
tude of 7.2 cm s! and 6.3 cm s (DoF = 30),
respectively. Hence, during both selected winter
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periods, strong wind forcing and weak stratifica-
tion created favorable conditions for the gen-
eration of current oscillations with the periods of
different mode seiches.

In the selected period of two-layer flow struc-
ture from 12 until 21 October 2010, higher
spectral energy was concentrated in the broad
semi-diurnal frequency band (Fig. 10 ADCP2).
The elevated energy was observed from the
surface layer to 30 m depth and in the depth
range from 36 m to 54 m. Kinetic energy spectra
revealed a higher current oscillations amplitude
of 8.5 cm s7' (DoF = 30) in the layer below the
seasonal thermocline and a lower amplitude of
5.5 cm s7' (DoF = 30) in the upper layer.

Distribution of kinetic energy during the
three-layer flow in summer 2010 (4-15 August)
showed almost equal energy at the BSD and BD
frequencies (Fig. 10 ADCP1). Maximum current
oscillations amplitude estimated from the energy
spectra in the upper 20-m layer was 5.1 cm s
for the BSD and 5.5 c¢cm s for the BD frequency
band (DoF = 30). A prominent BD frequency
peak was present in the intermediate layer but
was absent at the deepest measurement horizons
(at the deepest 20 m). The BSD energy was
present throughout the water column, but with
very low energy in the depth range from 21 m to
51 m. During the selected period with the three-
layer flow structure in summer 2011 (15-25
August), the kinetic energy spectra revealed a
clear energy peak in the upper layer at the BSD
frequency band and the near-bottom layer at the
BD frequency band (Fig. 10 ADCP3) with the
current oscillations amplitude of 4.8 cm s™' and
6.1 cm s, respectively (DoF = 30). All revealed
energy peaks were present in the intermediate
layer, but with low energy.

Thus, the current velocity spectra calcu-
lated for the selected periods with the quasi-
stationary variability of currents revealed clear
energy peaks at various frequencies, in the range
from BSD to LFS frequencies. During the one-
layer flow structure (winter), several modes of
seiches close to the 1st, 2nd and 3rd mode were
observed. During the two-layer (autumn) and
three-layer (summer) flow structure, the tem-
poral variability of currents was influenced by
current oscillations belonging to the broad semi-
diurnal and broad diurnal frequency bands.
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Fig. 11. Vertical distribution of kinetic energy spectra in summer 2010 (ADCP1) and summer 2011 (ADCP3). Verti-
cal dashed lines indicate the oscillation periods of 28.6 h, 25.6 h, 13.9 h, and 12.42 h.

The current velocity spectra for the selected
periods from summers 2010 and 2011 revealed
the energy peaks at similar frequencies. How-
ever, the BD frequencies had higher energy from
the surface to 60 m depth in summer 2010, while
in summer 2011, these frequencies had a higher
energy in the halocline and below it. The second
discrepancy between these two summer periods
was within the range of BSD frequency. An
energy peak at this frequency was present in the
whole water column in the selected period from
summer 2010 while it was distinguishable only
in the upper 50 m in summer 2011. In order to
verify if this disparity existed for the whole time-
series acquired in summers 2010 and 2011, we
calculated the kinetic energy spectra for both full
measurement periods.

Current velocity spectra for summer 2010
showed that the most pronounced peaks for the
15-m-thick upper layer were found in the range
of oscillation periods from 12 to 27 h (Fig. 11
ADCP1). The M, semidiurnal tidal period was
present through the whole water column. A
prominent spectral maximum at a period close to
the local inertial oscillation period (13.9 h) had
higher energy in the upper 50 m depth. Energy
maxima at the BD frequency band were found
in the upper 60 m depth with the almost same
energy level, but this peak was not distinguish-
able in the near-bottom layer.

Similarly, prominent spectral maxima were
found for summer 2011 in the period interval
from 12.3 to 18 h and at a period close to the 2nd
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mode seiches. The broad semi-diurnal frequen-
cies had higher energy in the upper layer if com-
pared to the intermediate layer and did not reveal
an energy maximum in the deepest 20-m-thick
layer. The prominent peak at a period close to
the 2nd mode seiches was present throughout
the water column. The kinetic energy spectra
revealed more energetic oscillations in the upper
layer (upper 10 m) and near-bottom layer, but
there was less energy in the layer from 15 to
40 m (Fig. 11 ADCP3).

Thus the two spectra calculated from the
full data sets support the mismatch of vertical
distributions of kinetic energy spectra between
the two selected time-series in summers 2010
and 2011.

Discussion

The analyzed five current measurement time-
series revealed that one-, two- or three-layer cur-
rent structure could occur in the Gulf of Finland
depending on the wind forcing and stratification.
If we consider the Baltic Sea as an estuarine
system, it can be classified as a strongly strati-
fied estuary based on freshwater flow and mixing
parameters (Geyer and MacCready 2014). The
elongated Gulf of Finland has the main fresh-
water source at its eastern end and free water
exchange with the Baltic Proper through its
western border (Alenius et al. 1998). Thus, the
gulf can be considered as an estuary of the Baltic
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Sea. Our results show that the Gulf of Finland
is rather extraordinary among world estuaries
(Geyer and MacCready 2014) since it can switch
from one- to three-layer flow system over time.
Likewise, in that respect, the Gulf of Finland is
unique in the Baltic Sea. The shallower areas
of the Baltic (e.g., the Gulf of Riga and the Belt
Sea) operate as one- or two-layer systems (e.g.,
Lilover et al. 1998, Jakobsen and Trebuchet
2000) while in the central Baltic two- and three-
layer flow regimes exist (Lass ef al. 2003).

The most common current structure had two
shear maxima and, thus, mostly the three-layer
flow occurred in the gulf. As it was also noticed
in the earlier studies, the current shear maxima
coincide with the two pycnoclines: seasonal ther-
mocline (e.g., Suhhova et al. 2015) and quasi-
permanent halocline (e.g., Liblik et al. 2013).
This feature can be confirmed by the time-series
acquired during all deployments analyzed in the
present study. Strong current shear was also often
observed at 10-20 m depth in winter 2011/2012
when the seasonal thermocline did not exist. This
shear maximum appeared in the periods of east-
erly winds that initiated westward transport of
fresher water in the upper layer and, in turn,
created vertical salinity gradient at the depths of
10-20 m, as also noted by Liblik ez al. (2013). The
advection of fresher water is clearly distinguished
in the vertical section of the salinity (e.g., Liblik et
al. 2013: fig. 3) and current shear (Fig. 7). Similar
surface layer current can be detected based on the
long-term measurements near the northern coast
in the entrance area of the gulf (e.g., Rasmus et al.
2015: fig. 5). While the latter observation agrees
with the classical concept of the cyclonic circula-
tion scheme in the gulf (Palmén 1930, Alenius et
al. 1998), we suggest that the fresher surface cur-
rent can also be observed in the deeper central and
southern parts of the gulf (Fig. 5).

The presented current roses confirm that
the currents and their variability were similar
throughout the water column under conditions of
strong up-estuary wind forcing and weak strati-
fication (Fig. 9 ADCP4 and ADCPS). However,
the down-estuary current was more persistent
in the deeper layers than in the upper layer, as
it was expected in the central, deeper part of
the gulf where the flow was up-wind. For one
of these analyzed winter periods (from winter
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2013/2014), a strong down-wind (up-estuary)
current was observed along the southern coast
at the same time (Lips ef al. 2017). We assume
that two-cell circulation was observed in the
study period, which is typical in semi-enclosed
basins or lakes (Sanay and Valle-Levinson 2005,
Winant et al. 2014). During the reversal of estua-
rine circulation, the up-wind barotropic flow
appeared along the thalweg and downwind baro-
tropic flow along the shores (Lips et al. 2017).

The current roses qualitatively differed
between the layers in the stratified conditions
(Fig. 9 ADCP1, ADCP3, and ADCP2). The cur-
rents were directionally more equally distrib-
uted in the upper layer for the selected summer
periods and both the upper and the intermediate
layer in autumn. The observed narrow current
roses in the deepest layer imply that the currents
were topographically steered. A shallow area
(Uusmadal) is located to the southeast from the
ADCP1 deployment site, and the ADCP3 was
deployed in a deeper area between the bottom
elevations with the depth of 55-60 m to the east
and west from the measurement site. The latter
explains the observed discrepancy between the
orientation of the gulf and near-bottom currents
at ADCP3. This result together with observations
by Lilover ef al. (2017) suggests that channel-
like flow in the near bottom layer is a typical
feature of the Gulf of Finland.

The prominent spectral peaks at periods from
12.4 h to 26 h (summer measurements) and 14 h
to 31 h (winter measurements) indicate the cur-
rent oscillations due to seiches, tides, and iner-
tial currents. These peaks in the current veloc-
ity spectra comprise the local inertial period
(13.9 h) and semidiurnal (12.42 h) and diurnal
(25.8 h) tidal period (Lilover 2012), as well as
seiches-driven current oscillation periods of 16 h
(Lilover 2011), 23 h (Jonsson 2008), 26.4 h,
and 31 h (Wiibber and Krauss 1979). While
prominent peaks close to the inertial frequency
were found in the upper and intermediate layers
during two-layer flow structure in October 2010,
they were almost absent in winter. We assume
that the presence of strong seiches and absence
of inertial oscillation during one-layer flow can
be caused by stormy weather conditions in the
study area during our selected periods (Liblik ez
al. 2013, Lips et al. 2017).
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Wind forcing and disappearance of verti-
cal stratification created favorable conditions
for seiche-induced oscillations in the study area
(Breaker et al. 2010, Simpson et al. 2014). Under
created conditions, the oscillations are expected
to be stronger during winter and autumn peri-
ods (Alford et al. 2012, Simpson et al. 2014).
Barotropic flow system was observed during
these winter periods, which could cause the
absence of inertial oscillations, because of their
baroclinic nature (Maas and van Haren, 1987).
Furthermore, the kinetic energy spectra revealed
the presence of oscillations at the BSD frequen-
cies in the middle of January 2014 after the wind
subsided and layered flow structure occurred.
The presence of near-inertial oscillations was
associated with the re-establishment of stratifica-
tion (Shearman 2005, Rabinovitch, 2009Castillo
etal 2017).

The current velocity spectra for summer peri-
ods also showed that the temporal variability of
currents (in the range of periods from 12.4 to
26 h) is highly influenced by inertial oscillations,
seiches, and tides. In summer 2010, the BD band
energy was at a high level from the surface layer
to the halocline while this local peak of energy
was absent in the near-bottom layer. At the same
time, the BSD band energy peak was present in
the entire water column from the surface to the
near-bottom layer. In summer 2011, the vertical
distribution of kinetic energy in these frequency
bands were reversed. The BD band energy had
high values also in the near bottom layer and
BSD band energy being high from the surface
to the halocline had no peak in the near-bottom
layer (Fig. 11 ADCP1 and ADCP3).

In order to explain the above-mentioned dis-
crepancy between the two summers, we calcu-
lated kinetic energy spectra of currents measured
in summers 2009 and 2012 at sites very close to
the first deployment in 2010. The current veloc-
ity spectra showed similar results for the three
summer measurements made in the same loca-
tion (2009, 2010 and 2012 measurements). We
suggest that the near-bottom layer was partly
disconnected from the above flow structure in
summer 2011 due to the topographic peculiari-
ties of the exact measurement site. It can also be
qualitatively seen from the current roses (Fig. 9)
as an altered orientation of the near-bottom cur-
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rents and more persistent current direction in
the intermediate layer in summer 2011, which
is similar to the persistency of currents in the
deep, near-bottom layer during the other meas-
urements in stratified conditions (summer and
autumn 2010). However, further studies are
needed to see if different current spectra for
the 2011 measurements are a sign of regular
geographical feature as the measurements were
conducted at the rim area 17 km north of the site
of the other summer measurements.

The estimated kinetic energy spectra of cur-
rents for winter 2013/2014 and both summer
measurements revealed significant peaks with the
period close to the 2nd seiche mode. This peak
could also be related to the diurnal tide period
(O, 25.8 h), as mentioned by Lilover (2011 and
2012). We assume that strong oscillations close
to this local energy maximum period could be a
combination of these two energy sources. How-
ever, the role of tidal forcing in vertical mixing
is considered to be low in the Baltic Sea in com-
parison with the water bodies under tidal influ-
ence (Reissmann et al. 2009, Valle-Levinson et
al. 2014). Similarly to the smaller lakes (Lorke
et al. 2002) and fjords (Arneborg and Liljebladh
2001) with low tidal forcing, seiches, and inertial
oscillations have a relatively higher contribu-
tion in vertical mixing in the Baltic Sea. It is
shown (e.g., Lappe and Umlauf 2016) that the
near-inertial waves together with topographic
waves are the dominant motions that trigger
vertical mixing in the bottom boundary layer in
the central Baltic Sea. The contribution of such
mixing at the sloping bottoms is suggested to be
the main contributor to Baltic deep water mixing
(Holtermann ef al. 2012).

Theoretical studies on the influence of verti-
cal mixing due to current oscillations and its
lateral variability (e.g., due to topography) on the
transverse structure of residual circulation have
mostly considered tidal current oscillations as
the energy source (Burchard et al. 2011, Winant
et al. 2014). The comparison of vertical stabil-
ity and current shear (Fig. 8) indicates that even
though the estimated amplitudes of current oscil-
lations at different prevailed frequency bands
are relatively low (order of 5 cm s'), the mixing
events might frequently occur. Furthermore, as
identified by Lips et al. (2017), the average
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current speed was clearly higher in the coastal
area than in the deepest part of the gulf when
the barotropic flow structure was established
in winter 2013/2014. Thus, the lateral gradient
in mixing effects, which in turn influences the
residual flow structure, could exist in the Gulf of
Finland. However, further studies are needed to
quantify the mixing effects and their impact on
the circulation scheme in the gulf.

We showed that the characteristics of kinetic
energy spectra are linked to the density structure
of the water column. For BSD frequency band,
the measurement ADCP2 is a good example
of the link between the density field (Fig. 8
ADCP2) and kinetic energy spectrum (Fig. 10
ADCP2 left column). Therefore, the changes in
thermohaline structure at different time-scales
(decadal, seasonal, and synoptic) should also
appear in kinetic energy spectra in different
water layers. For instance, one could expect that
the vertical distribution of current spectra in the
Gulf of Finland before the Major Baltic Inflow in
1993 (Matthdus and Lass 1995) were similar to
the two-layer structure due to much weaker strat-
ification through the halocline (Liblik and Lips
2011). It also means that if we observe warmer
but stormy winters (as in winter 2014/2015; see
Uotila et al. 2015) in future, the one-layer flow
system realizes more often in the gulf.

Concluding remarks

The analyzed current measurements revealed the
occurrence of barotropic and layered flow struc-
tures in the Gulf of Finland. The layered flow
structure emerged as both the local shear maxima
in certain layers and the differences in the kinetic
energy spectra of currents between the vertical
layers. We confirmed that the location of shear
maxima of current velocity is strongly linked to
the pycnoclines, including the vertical salinity
gradient appearing in the upper 10-20 m layer
under certain flow structure in the absence of the
seasonal thermocline in winter. The main energy
source of the motions in the gulf is wind. The
energy maxima of current oscillations occurred
at a broad semi-diurnal frequency band, broad
diurnal frequency band, and low-frequency
seiches band, as it has also been found earlier
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in the Gulf of Finland. The frequency composi-
tion differed between the seasons mainly due
to the vertical stratification, as well as between
the layers during a selected period. The kinetic
energy spectra of currents in the periods of
strong wind forcing and weak stratification were
dominated by current oscillations throughout the
water column coinciding with different modes
of seiches. During the periods of the two- or
three-layer residual flow also inertial oscilla-
tions and probably tides remarkably contributed
to the kinetic energy of current oscillations.
We demonstrated that in summer, the inertial
oscillations were dominating in the upper layer
from the surface to either the thermocline or the
halocline. Seiches had higher energy from the
surface to 60 m depth in summer 2010, while
in summer 2011, they had higher energy in the
quasi-permanent halocline and below (it must be
noted that the measurements were conducted at
different locations).
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