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3.3. Along-gulf distributions of salinity, oxygen and nutrients

On 9—10 December, a near-bottom saltwater wedge (salinity >9)
was observed at stations A1—A7 (Fig. 3). Accordingly, stratification
was stronger in the western gulf where at station A3 (the western
border of the gulf) the bottom to surface density difference was
2.7 kg m~3 while in the eastern part the density difference was
about 0.9 kg m~3. Fresher water mass, with surface salinities of
5.7—6.0, extended down to 50 m depth at stations A10—A12. The
oxygen and nutrient conditions in the deep layer were related to

the extent of the hypoxic saltwater wedge (Fig. 4a). Phosphate
concentrations in the hypoxic layer varied around 4 pM while
concentrations <2 pM were observed in the near-bottom layer at
the easternmost stations. In the surface layer, phosphate concen-
trations increased from 0.3 uM at station A1 to 0.7 uM in the eastern
part of the transect (Fig. 4e). NOy concentrations were very low in
the hypoxic water and were the highest, up to 10 uM, in the near-
bottom layer at stations A8 and A9 (Fig. 4c). In the surface layer,
NOx concentrations increased from 2 pM to 5 uM from west to east.

The saltwater wedge almost moved out from the gulf by the

Fig. 3. Vertical sections of temperature, salinity, density anomaly and dissolved oxygen concentration on 9—10 December 2013 and on 9—10 January, 3—4 February, 4—5 March 3—4
April and 5—6 May 2014 along the thalweg of the Gulf of Finland from station A1 to station A12 (see Fig. 1). Color scales are shown in the lower panels. A black bold contour line
(panels in the right column) marks the dissolved oxygen concentration of 2.9 mg 1-! (threshold concentration for hypoxia). Concentrations of PO3~ and NOj are indicated as black
dots and concentrations of NH4 as red dots varying in size; scales are shown in the upper panels. Note that concentrations of NHi were not measured on 9—10 December 2013.

Values on the x-axis indicate the distance from the westernmost station Al.
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Fig. 4. Temporal variability of (a) dissolved oxygen, (b) phosphate, (c) NOy, and (d) NH4 concentrations in the near-bottom layer and (e) phosphate and (f) NO concentrations, (g)
0, saturation and (h) Chl a content in the surface layer along the thalweg (A1—A12). Numbers 1-6 and corresponding colors indicate the numbers of the surveys.

second survey and was observed in the near-bottom layer only at
stations A1—A4 on 9—10 January (Fig. 3). In the saltwater wedge,
high NHZ (up to 8 M) and phosphate (up to 4 uM) and low oxygen
(<1 mg 1=") and NOy (<0.3 pM) concentrations were measured. A
weakly stratified water column was observed at stations A5-A12,
where the bottom to surface density difference varied between 0.1
and 0.4 kg m~3. Oxygen concentrations varied from 8 to 12 mg 1/,
phosphate concentrations around 1 pM and NOy concentrations
from 4 to 8 uM while NHj concentrations were very low in the
near-bottom layer (Fig. 4a—d). In general, phosphate and NOy
concentrations in the surface layer along the thalweg had increased
by 0.2—0.3 pM and by 2—3 pM, respectively, if compared to the
previous survey (except at station A8; Fig. 4e and f).

By 3—4 February, the saltwater wedge has filled the near-bottom
layer in the gulf resulting in re-establishment of the halocline at the
depths of 75—80 (Fig. 3). Patches of fresher water (salinity <6) were
observed in the surface layer. In the saltwater wedge, oxygen
concentrations were clearly below the threshold concentration for
hypoxia (2.9 mg 1-!) and high concentrations of NHZ (3—7 uM) and
phosphates (2.5—4 uM) were measured (Fig. 4b and d) while NOx
concentrations were <1 uM. The water column above 75 m was
well oxygenated, phosphate and NOyx concentrations at 60 m depth
varied in the range of 0.7—1.0 uM and 3.5—6.5 pM, respectively. In
the surface layer, phosphate and NOy concentrations varied in a
wide range from 0.4 to 1 pM and from 2 to 8 uM, respectively.

In the period between the third and fourth survey, outflow
dominated in the near-bottom layer (Fig. 2b) and the halocline
deepened by 4—5 March (Fig. 3). Fresher water appeared in the

25 m thick surface layer at stations A5—A12 resulting in the hori-
zontal salinity gradient — the surface layer salinity decreased from
6.1 at station A4 to 4.7 at station A12. Hypoxic conditions and low
NOx concentrations (<1 pM) remained in the saltwater wedge.
Concentrations of NHZ (8—10 uM) and phosphates (3—5 pM) were
increased in comparison with the previous survey (Fig. 4a—d). In
the surface layer, phosphate and NOy concentrations were
increased and varied in the ranges from 0.6 to 1.0 uM and from 4 to
10 uM, respectively.

In March 2014, periods of outflow alternated with the periods of
inflow in the near-bottom layer (Fig. 2b) and by 3—4 April, the
halocline was observed in the western part of the gulf but it was
almost absent at the easternmost stations (Fig. 3). Fresher surface
layer was thicker (about 35 m) and had smaller horizontal extent
covering stations from A12 to A6. The saltwater wedge observed at
stations A1—A7, the concentrations of oxygen and NOx remained
very low, while concentrations of NHj increased (9—11 uM) and
concentrations of phosphate decreased (3.3—4 uM) if compared
with the previous survey (Fig. 4a—d). The decrease in phosphate
and NHZ concentrations and increase in NOx concentrations in the
near-bottom layer in the eastern part of the transect occurred most
likely due to the temporary outflow between the surveys. In the
surface layer, phosphate and NOy concentrations, varying in the
range of 0.6—0.8 M and 3—6 uM, respectively, were decreased if
compared with the previous survey.

On 5—6 May, the near-bottom saltwater wedge had the largest
horizontal extent and vertical thickness resulting in a strong
halocline at depths about 60 m at stations A1-A1l. The fresher
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surface layer had extended to station A3 forming a secondary
halocline at depths about 25 m. The bottom to surface density
difference exceeded 3 kg m~> at all stations. In the saltwater wedge,
oxygen concentrations were <0.6 mg 1~ and very low NOy con-
centrations (<0.2 M) were measured at stations A1—A8. Concen-
trations of NHj varied within 7—8 uM and concentrations of
phosphates within 2—4.5 uM (stations A1—A11). The surface layer
was depleted of NOy while phosphate concentrations varied be-
tween 0.2 and 0.3 uM along the thalweg.

Oxygen concentrations in the surface layer increased from
11 mg I~!, measured during the first survey, up to 14.5 mg I~ by the
end of observation period. A similar trend was observed in the
oxygen saturation (Fig. 4g); during the first three surveys oxygen
saturation was below 100% but increased from March to May 2014
to 115%. The observed high saturation was likely caused by the
development of the spring bloom, clearly seen from the increase of
chlorophyll a content in the surface layer (Fig. 4h).

Notably lower temporal variability of all measured parameters
in the near-bottom layer was observed at the westernmost and
easternmost stations in comparison with variability at stations
A4—A11. At the westernmost stations A1—A3, the hypoxic condi-
tions with very low oxygen concentrations (<1 mg 1"1), low NOy
concentrations (<0.3 uM), and high phosphate (3.4—4.1 pM) and
NH{ (5.3—9.5 uM) concentrations in the deep layer were observed
during the whole measurement period. In the near-bottom layer at
the easternmost station Al2, oxygen concentrations
(3.3—11.5 mg 1) were above the threshold level of hypoxia and
coincided with relatively high NOx (4.8—6.9 uM) and low phos-
phate (0.9—2.3 uM) and NHj (0.4—3.9 uM) concentrations during
the whole study period.

Before the onset of the spring bloom, phosphate and NOy con-
centrations increased from west to east in the surface layer varying
from 0.35 to 0.73 pM and 1.7—5.5 uM at station A1 to 0.62—0.95 M
and 4.4—9.9 uM at station A12, respectively.

3.4. Temporal variability at the mooring stations

Time series of along-thalweg current velocity component,
salinity and dissolved oxygen concentration revealed migrations of
the near-bottom saltwater wedge at the deep mooring station A6
(Fig. 5¢ and d). Due to the migration of saltwater wedge out from
the gulf, the near-bottom salinity decreased and oxygen concen-
tration increased from the beginning of the measurements until 27
December 2013. The following about three-week period until 13
January corresponded to the situation with well-mixed water col-
umn (see Fig. 3). During the next week, the saltwater wedge moved
back to the east over the measurement site and hypoxic conditions
re-established in the near-bottom layer. It is interesting that during
this period of saline water inflow in the near-bottom layer (until 3
February), the sea level dropped about 1 m in the gulf (Fig. 5a);
thus, in general the outflow from the gulf prevailed. During the next
month (until 3 March), the outflow with variable speed dominated
in the near-bottom layer and as a result salinity decreased and
oxygen concentration increased.

Oscillations of the boundary of the saltwater wedge were re-
flected in short-term variations of salinity and oxygen concentra-
tion at the depth of 5 m above the seabed, i.e. the CTD with oxygen
sensor was located close to the upper boundary of the saltwater
wedge. However, the temperature time series at about 1 m above
the seabed showed that the saltwater wedge remained at the sta-
tion A6 (Fig. 5e). Since 3 March, inflow with large variations of the
near bottom velocity dominated and, by the end of March, the high
saline hypoxic water covered the area. The oxygen and salinity
changes at the mooring station were strongly correlated (r* = 0.94)
during the whole measurement period.

4. Discussion
4.1. Along-gulf flow structure

The typical estuarine circulation pattern consists of an outflow
in the surface layer and an inflow into the estuary in the deeper
layers governed by the down-estuary barotropic pressure gradient
and up-estuary baroclinic pressure gradient. Results of the present
study show that different flow and stratification patterns could
exist in the Gulf of Finland depending on the forcing characteristics.
In the long-term, the core of outflow is located in the subsurface
layer of the northern gulf and inflow in the deeper layers of the
southern gulf (e.g. Andrejev et al., 2004) while in the signal of
temporal variability, a two-layer structure with opposite flows in
the surface and deeper layers arise (Elken et al., 2011). The latter
imply that the estuarine circulation could often be reversed as a
response to the strong westerly-southwesterly wind events (Elken
et al.,, 2003). In extreme cases, especially in winter, vertical strati-
fication could collapse in the central part of the gulf (Liblik et al.,
2013) while, in summer, mostly three-layer stratification exists in
the deep areas (Liblik and Lips, 2011).

Based on the measurement results from winter 2011-2012,
Liblik et al. (2013) noticed that in the case of reversals of the
estuarine circulation, a barotropic flow system was developed in
the central, deep area of the gulf. Within the periods of shorter-
term alterations from the estuarine to the reversed circulation,
the layered flow with opposite directions in the surface and deeper
layers prevailed. Similar general conclusions could also be made on
the basis of the measurements in winter 2013—2014. Current
measurements in the shallow area of the gulf during the latter
study period revealed that in the case of the barotropic flow in the
deep area, currents in opposite direction prevailed in the shallow
area near the southern coast. Two periods with barotropic flow
system could be identified — from the beginning of the study period
until 10 January 2014 and from 11 January until 31 January. Within
these two periods, the average along-thalweg current speed in the
surface layer at the deep mooring was —4.7 cms~! and 12.4 cm s/,
respectively; while the average along-coast current had opposite
direction with a speed of 9.8 cm s~ ! and -8.3 cm s, respectively, at
the shallow mooring. Thus, the flow structure in the first period
was similar to the circulation pattern driven by spatially uniform
longshore wind in lakes with up-wind flow in the center and down-
wind flow along the coasts (Bennet, 1974; Winant et al., 2014). The
flow pattern in the second period agrees with the lateral structure
of the along-estuary flow in weakly stratified tidal estuaries where
the mixing asymmetry and lateral advection could play a significant
role in the estuarine dynamics (Burchard et al., 2011).

Although tidal currents do not play a major role in the Baltic
(Kullenberg, 1981; Lilover, 2012), there exist energetic self-
oscillations of the system Baltic Sea — Gulf of Finland in the cur-
rent velocity field (Lilover et al., 2011). The presence of current
oscillations with the periods from 24 to 26 h, which correspond to
the frequency band of seiches (Lilover et al., 2011), was confirmed
by spectral analysis of non-smoothed current velocity time series at
both mooring stations during the mentioned periods in December
2013—January 2014. It is interesting to underline that within the
first period (until 10 January 2014), the amplitude of self-
oscillations up to 20 cm s~ ! was found while later, and as it is in
general (Lilover et al.,, 2011), the characteristic speed of such os-
cillations was about 5 cm s~ . When the saltwater wedge has
reached the central gulf (the area where the mooring was
deployed), the flow structure conversed first to two-layer flow
pattern and later, when also the fresher surface layer appeared at
this measurement site, to three-layer flow pattern. The three-layer
residual flow structure has also been shown for the relatively deep
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fjords where the mixing due to tidal currents does not occupy the
whole water column (Valle-Levinson et al., 2014). We suggest that
in winter 2013—2014, the shift from the barotropic to layered flow
structure occurred due to a decrease in energy of oscillatory cur-
rents and re-stratification of the water column (further decreasing
the mixing effect) when the wind forcing weakened and the rela-
tive role of baroclinic (buoyancy) forcing increased.

4.2. Along-gulf salinity (density) distribution patterns
Not much attention has been paid to the along-estuary distri-

bution patterns of salinity (density) although the oxygen and
nutrient conditions could largely be related to the transport and

retention of fresher and saltier waters inside the estuarine basin
(e.g. Codiga, 2012). Data collected in the Gulf of Finland in winter
2013—2104 revealed large excursions of the boundaries between
the different water masses in the near-bottom layer and the surface
layer in response to the changing wind forcing. In the extreme case,
the strong up-estuary wind event in December 2013—January 2014
flushed the fresher surface layer and the near-bottom saltwater
wedge away from the central gulf. We estimated the positions of
the isohaline 6.0 in the surface layer (5 m depth) and isohaline 9.0
in the deep layer (80 m depth) based on gridded salinity fields from
each survey. It was found that the distance of isohalines 6.0 and 9.0
from the westernmost station A1 correlated well with the cumu-
lative wind stress within a month before the survey. The monthly
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time window was used since it has been shown earlier that the best
correlation between the deep layer stratification (strength of the
halocline) and along-gulf wind stress is achieved when 3—6 weeks
average wind is applied (Liblik and Lips, 2011). The found co-
efficients of determination were as high as 0.62 for fresher surface
layer extent and 0.76 for the near-bottom saltwater wedge extent. A
similar impact of the along-estuary wind straining on layered flow
and vertical stratification has been reported in the case of two-layer
estuaries (Scully et al., 2005) while in the Gulf of Finland the water
column could be better approximated by a three-layer structure.

In many theoretical studies of estuarine circulation, the along-
estuary buoyancy (salinity) gradient has been assumed as a given
(forcing) parameter related to the river discharge although it has
been shown that the horizontal buoyancy gradient itself depends
on other forcing factors as well as on the realized flow regime (e.g.
Geyer and MacCready, 2014). As shown in the present study, the
along-gulf horizontal gradient of salinity varied a lot from survey to
survey with the high spatiotemporal variability in the surface and
near-bottom layer while the variability stayed clearly lower in the
intermediate layer (Fig. 6a). If taking into account the part of the
study area, which could be considered as a channel with a roughly
constant width extending from station A3 to station All, the
following parameters were estimated. The standard deviation of
salinity along the constant depth decreased from 0.36 to 0.40 in the
surface layer (1-10 m) to a minimum of 0.11 in the intermediate
layer (42—48 m) and to the highest value of 1.20 in the deep layer
(79 m; maximum analyzed depth was 82 m, where data at all
stations during all surveys were available). The largest horizontal
salinity differences along the thalweg were found for the surveys
after the major stratification collapse when the near-bottom salt-
water and fresher surface water moved back to the study area — in
February and March 2014, respectively. The survey-based estimates
of the average vertical difference of salinity between the 80 and 5 m
depths (salinity stratification) were correlated with the cumulative
wind stress (r2 = 0.58) as it was also found between the positions of
certain isohalines and cumulative wind stress.

Since the stratification and flow structure observed in the Gulf of
Finland varied in large ranges, a comparison of this basin with other
estuaries using the estuarine parameter space introduced by Geyer
and MacCready (2014) was performed. The freshwater Froude
number and mixing parameter were estimated as:

Frf = —UR T
(BgSpsH)?
and
w2 U
(UN()HZ

respectively, where Ug is the river volume flux (value of
110 km? yr’l was used) divided by the cross-section area, Sgs is the
maximum bottom-to-surface salinity difference in the gulf, H is the
depth, Ur is the amplitude of the depth-averaged velocity (self-
oscillations in the gulf), w is the frequency of oscillations, and Ny is
the buoyancy frequency for the maximum bottom-to-surface
salinity difference. The following constants were used: § = —7.7
104 g=981ms 2and Cp = 1.210°°.

The estimated freshwater Froude number for the Gulf of Finland
of about 0.02 was higher than that referred by Geyer and
MacCready (2014) for the Baltic Sea. It is in accordance with the
knowledge that the Gulf of Finland receives more freshwater per a
volume unit than the Baltic Sea (Bergstrom and Carlsson, 1994). The
estimated mixing parameter varied in the range from 0.25 to 1.0 if
the amplitude of oscillation velocity from 0.05 to 0.20 m s~ was
applied. Thus, the gulf should belong to the stratified estuaries, as
expected, except when energetic self-oscillations are generated by
atmospheric forcing (see Fig. 6 by Geyer and MacCready, 2014).

4.3. Oxygen and nutrient conditions in the near-bottom layer
related to saltwater wedge dynamics

Earlier studies by Liblik et al. (2013) and Elken et al. (2014)
showed that in the winter months, when the saline and thermal
stratification is seasonally decreased in the gulf (e.g. Haapala and
Alenius, 1994), the estuarine circulation reversal forced by
westerly-southwesterly wind might lead to the temporary mixing
of the whole water column along the thalweg. Thus, besides of high
wintertime variability in salinity and current velocity, oxygen
concentrations in the near-bottom layer could change dramatically
due to the alternation between the stratified and mixed conditions
(Liblik et al., 2013). The present study also documented the high
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Fig. 6. (a) Vertical profiles of salinity measured at stations A3-A11 in the Gulf of Finland from December 2013 to May 2014. (b) Vertical profiles of salinity (black curves; solid curve
indicates a profile from February 1992 and dashed curve from February 2014) and dissolved oxygen (blue curves). (c) Vertical profiles of phosphates (green curves) and ammonia
(red curves). The profiles in the panels (b) and (c) are measured at the monitoring station H2 in the Northern Baltic Proper (see Fig. 1b). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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variability of near-bottom nutrient conditions whereas the major
changes in nutrient concentrations were associated with the along-
gulf movements of the hypoxic saltwater wedge. This relationship
between the dynamics of saltwater wedge, oxygen and nutrients is
well seen in the graphs where oxygen and phosphate concentration
are plotted against salinity in the near-bottom layer (Fig. 7; only
data from the deepest horizon were used). Similar high linear
correlation was found if data from the two deepest horizons (3—4
and 3—14 m above the seabed) were analyzed — r? = 0.88 between
salinity and dissolved oxygen concentration and r* = 0.86 between
salinity and phosphate concentration. This very high correlation of
oxygen and phosphate concentration with salinity suggests that the
enhanced phosphorus level in the near-bottom layer was mostly
controlled by the saltwater wedge dynamics.

The changes in the phosphorus content in the deep layer be-
tween the consecutive surveys were calculated and compared with
the estimates of sediment release of phosphorus in anoxic condi-
tions and total riverine input of phosphorus to the gulf. The amount
of phosphate-phosphorus in the near-bottom layer varied in large
ranges from survey to survey with a maximum monthly change of
about 2000 tons (Table 1). If assuming that the phosphorus flux in
the hypoxic areas of the central gulf was between 19.0 kg P km 2
yr ! (Lukkari et al., 2009) and 13 kg P km™2 day ! (Pitkinen et al.,
2001), one can estimate the amount of released phosphorus by
multiplying these values by the average hypoxic area extent be-
tween the two consecutive surveys (Table 1). These estimates gave
very different results with a lower limit much smaller than but a
higher limit comparable to the observed changes of the phosphate-
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phosphorus amount in the near-bottom hypoxic layer between the
surveys. Nevertheless, since the correlation between the near-
bottom salinity and phosphate concentration was very strong, the
real fluxes should be between the obtained limit values and
observed changes should mostly be related to the movements of
the saltwater wedge, i.e. lateral transport between the Northern
Baltic Proper and the Gulf of Finland. In the context of the external
load of phosphorus to the gulf, which was estimated as 6370 tons
per year based on the data from 2010 (HELCOM, 2015), the
observed changes in the near-bottom layer were very high — these
could be several times higher than the monthly load to the entire
gulf.

4.4. Wintertime estuarine dynamics and eutrophication effects

Transport of hypoxic waters from the Northern Baltic Proper
into the near-bottom layer of the Gulf of Finland has a major impact
on the environmental conditions in the gulf causing an increase in
phosphate content directly via horizontal advection and indirectly
by creating favorable conditions for sediment release of phos-
phorus. Since the lateral transport of phosphorus in the near-
bottom layer could be larger than the internal and external load,
the conditions in the Northern Baltic Proper determine the condi-
tions in the near-bottom layer of the Gulf of Finland. In the 1980s
and early 1990s, when the stagnation of deep waters of the Baltic
Proper had occurred, lower salinity and phosphate concentrations
than in 2014 were observed in the Northern Baltic Proper (Fig. 7b
and c). Thus, at present, the lateral transport of phosphorus to the
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Fig. 7. (a) Near-bottom oxygen concentration versus salinity and (b) near-bottom phosphate concentration versus salinity with corresponding linear regression lines based on the
measurements at stations A1-A12 (see Fig. 1) in the Gulf of Finland during six surveys from December 2013 to May 2014.

Table 1

Estimated area and volume of hypoxic waters, amount of phosphorus in the deep layer below 60 m depth and estimates of sediment phosphorus release from the hypoxic area
in the Gulf of Finland (between stations A3 and A11, see Fig. 1) based on the six surveys from December 2013 to May 2014. For the phosphorus release estimates the flux
intensities of 19 kg P km~2 yr~' (Lukkari et al., 2009) and 13 kg P km 2 day ! (Pitkinen et al., 2001) were applied.

Survey no Dates Area of hypoxic Volume of hypoxic Amount of Estimates of phosphorus
waters (km?) waters (km?) phosphorus (tons) release (tons/month)

1 9—10 December 2013 760 4.8 2990

2 9-10 January 2014 100 0.4 1990 0.7/168

3 3—4 February 2014 1550 11.0 4010 1.3/322

4 4-5 March 2014 1070 6.1 3740 2.1/511

5 3—4 April 2014 1610 139 3630 2.1/523

6 5-6 May 2014 2620 313 4540 3.4/825




14 U. Lips et al. / Estuarine, Coastal and Shelf Science 195 (2017) 4—15

Gulf of Finland is potentially higher than 25 years ago. If also taking
into account the increased frequency of complete mixing in the
Gulf of Finland in winters (Elken et al., 2014), which creates vertical
fluxes of phosphate-phosphorus, the impact is amplified further.
Wintertime collapses of stratification could temporarily improve
the near-bottom oxygen conditions, but the deep layer phosphorus
will be mixed upward in the water column, thus, likely intensifying
the effects of eutrophication and probability of occurrence of cya-
nobacterial blooms (Pitkdnen et al., 2001; Vahtera et al., 2007).

Indirectly the influence of the lateral transport in the near-
bottom layer and vertical mixing during the stratification col-
lapses can be seen from the temporal courses of phosphate con-
centration in the surface layer of the study area (Fig. 5e). Between
the first and the second survey, phosphate concentrations
increased significantly along the transect and in February-March
(before the spring bloom) concentrations in the central part of
the transect were as high as at the easternmost stations. Further-
more, the hypoxic area formed by May 2014 in the Gulf of Finland
had very large extent — it was estimated as 2620 km? that is about
twice as large as the area estimated based on similar measurements
in 20112012 (Liblik et al., 2013). According to the environmental
monitoring data (not presented here), the hypoxic layer below
60—70 m depth remained in the gulf until early November 2014.

Nevertheless, the recent major Baltic inflow (Mohrholz et al.,
2015), which has resulted in distinct changes in the oxygen and
nutrient conditions in the deep layers of the Gotland Deep, could
also influence the oxygen conditions in the deep layers of the
Northern Baltic Proper and the near-bottom phosphorus flux into
the Gulf of Finland. The impact of the major Baltic inflows, as well as
more accurate quantification of nutrient fluxes between the Baltic
sub-basins and through the sediment-water interface, could be the
topics of future studies.

5. Conclusions

Targeted measurement campaign from December 2013 to May
2014 revealed the establishment of distinct residual circulation
patterns, large variations in vertical stratification and along-
thalweg salinity distribution as well as dramatic changes in oxy-
gen and nutrient conditions in the Gulf of Finland. In the case of
strong and long enough up-estuary wind event, resulting in a
collapse of vertical stratification, the residual circulation was
established as a barotropic flow system consisting of outflow in the
open gulf and inflow along the coasts. Such flow structure is similar
to the circulation pattern occurring in large lakes with up-wind
flow in the deep areas and down-wind flow in the shallow
coastal areas (Bennet, 1974; Winant et al, 2014). In the periods
without such unidirectional wind forcing, but when the water
column remained weakly stratified, the residual barotropic inflow
in the open gulf (in the deep area) and outflow along the coasts was
established in accordance with the estuarine circulation pattern
largely influenced by mixing asymmetry and lateral advection in
weakly stratified estuaries (Burchard et al., 2011). In the case of
moderate wind forcing, the three-layer vertical stratification and
flow structure developed in the deeper part of the gulf most
probably due to the shift to buoyancy controlled flow in the surface
and near-bottom layer.

We showed that the along-gulf expansion of the fresher water
tongue in the surface layer as well as the up-estuary penetration of
the saltwater wedge in the near-bottom layer followed well the
long-term changes in the cumulative along-gulf wind stress. The
dynamics of the near-bottom saltwater wedge determined the
extent of hypoxic bottoms in the gulf and the nutrient conditions in
the near-bottom layer, which potentially affected the winter pool of
nutrients available for the phytoplankton growth in the next

spring-summer. The firm correlation of both the near-bottom ox-
ygen content and the near-bottom phosphate concentration with
the near-bottom salinity suggests that the transport of phosphorus
from the Northern Baltic Proper overruled possible local fluxes of
phosphorus from the sediments in the Gulf of Finland in winter. The
estimated flux of phosphorus by the saltwater wedge could be
higher than the present monthly waterborne input of phosphorus
into the gulf from all sources (HELCOM, 2015). Taking into account
this amount of transported phosphorus, strengthened vertical
stratification in the Northern Baltic Proper and suggested increase
in the frequency of stratification collapses in the Gulf of Finland
(Elken et al, 2014), we predict that the eutrophication effects
would not diminish significantly in this estuary in the nearest
future.
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