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Abstract. We present and analyze high-resolution observa-1 Introduction

tional data of thermohaline structure and currents acquired in

the Gulf of Finland (Baltic Sea), using an autonomous buoy

profiler and bottom-mounted acoustic Doppler current pro_Vertical stratification of the water column in oceans and seas
filer during July—August 2009. Vertical profiles of tempera- is a key factor shaping the distribution and transport of sub-
ture and salinity were measured in the upper 50-m layer withStances. The Gulf of Finland, a 400-km-long and 48-135-
a 3 h time resolution, and vertical profiles of current velocity Km-wide sub-basin of the Baltic Sea, is dominated by fresh
and direction were recorded with a 10 min time resolution. Water discharge at its eastern end and free water exchange
Although large temporal variations of vertical temperature With the Baltic Proper through its western border (Alenius
and salinity distributions were revealed, it was possible to€t al., 1998). This creates both horizontal and vertical gradi-
define several periods with quasi-stationary vertical thermo-ents of salinity. Surface layer salinity on the Practical Salinity
haline structure. These quasi-stationary stratification patternScale varies from 1-3 in the east to 6 in the west; there is also
persisted for 4-15 days and were dominated by certain phys2 slight decrease across the Gulf from south to north. In sum-
ical processes: upwelling, relaxation of upwelling, estuarineMer, the water column in deeper areas of the Gulf consists
circulation and its wind-induced reversal, and downwelling. Of three layers: upper mixed layer (UML), cold intermediate
Vertical profiles of current velocities supported the conceptl@yer (CIL), and the near-bottom layer, which is saltier and
of synoptic-scale, quasi-stationary periods of hydrophysicaslightly warmer than the CIL. These water layers are sepa-
fields, characterized by distinct layered flow structures and’ated by pycnoclines: the thermocline at 10-20-m depths and
current oscillations. To estimate the contribution of different the permanent halocline at 60-70-m depths.

processes to the changes in stratification, a simple concep- Based on analysis of vertical profiles of temperature and
tual model was developed. The model accounts for heat flud@linity collected in the Gulf from 1987-2008, long-term av-
through the sea surface, wind mixing, wind-induced trans-erage parameters of vertical thermohaline structure in sum-
port (parallel to the horizontal salinity gradient) in the up- Mer (June—August) have been estimated (Liblik and Lips,
per layer, and estuarine circulation. It reproduced observed011). Average UML depth, temperature and salinity were
changes in vertical stratification reasonably well. The largestt2.8m, 15.2C and 5.2, respectively. The base of the thermo-
discrepancies between observations and model results wefdine (BT) was situated on average at 27.2 m, and thickness of
found when water motions across the Gulf and associatedh€ thermocline was 14.4 m. Mean temperature of the coldest

vertical displacements of isopycnals (upwelling or down- point of temperature profiles (CIL temperature) and its depth

cline, defined as the depth of maximum salinity gradient, was
at average depth 67 m. It has been shown that all stratification
parameters reveal temporal variations influenced by different
factors (Liblik and Lips, 2011). For instance, CIL tempera-
ture depended strongly on preceding winter severities and the
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604 T. Liblik and U. Lips: Synoptic-scale quasi-stationary thermohaline stratification patterns

Baltic Sea index in January—February, although it has beeiow basin) and high marine traffic intensity, widespread tech-
shown that denser surface waters sinking from shallow areanologies for water column profiling (like ARGO floats) have
during autumn and spring can also influence CIL temperaturgiot been applied there. An autonomous profiling buoy sta-
the following summer (Chubarenko and Demchenko, 2010)tion was first used in the Gulf in summer 2009. An analysis
Salinity increase in the deep layer observed after the mid-of autonomously collected data, together with phytoplank-
1990s was suggested to be mostly caused by a major infloon sampling and counting results, suggests that phytoplank-
of North Sea waters into the Baltic Sea in 1993. This inter-ton dynamics is to a large extent determined by stratification
rupted stagnation in Baltic Proper deep layers (Maighand  conditions (Lips et al., 2011).

Lass, 1995) and further inflows, as observed in 2003 (Feistel In this study, we present and analyze high-resolution ob-
etal., 2003). servational data of thermohaline structure and currents in the
Mean along-channel circulation in the elongated Gulf of Gulf. The main aim is to define distinct stratification pat-
Finland is characterized by outflow in the upper layer andterns in the water layer from the sea surface to a depth of
inflow in the deeper layer. The intensity or occasional re-40-50 m, including the seasonal thermocline, and to explain

versal of this estuarine circulation pattern depends on preunder what conditions these patterns occur.
vailing winds, which may cause strengthening or weakening
of the vertical stratification (Elken et al., 2003; Liblik and 5 pata and methods
Lips, 2011). Simpson et al. (1990) introduced a model to de-
scribe vertical stratification in a tidal estuary, by adapting en-2.1  Observations
ergy considerations used in the surface heating problem to
describe competition between the stabilizing effect of freshThe CTD data analyzed were collected by an autonomous
water and vertical mixing by tidal and wind stirring. A sim- vertical water column profiler (Idronaut s.r.l) mounted on
ulation of the monthly cycle based on this model, including a specially designed surface buoy (Flydog Solutions LCC).
straining, stirring and estuarine circulation, was in qualitative The buoy was anchored in the central Gulf of Finland, be-
agreement with the principal observed features in Liverpooltween Tallinnamadal and Uusmadal shoals at depth 85m
Bay. Although tidal stirring is not an issue in the Gulf of Fin- (Fig. 1).
land, predicting the development of stratification is an even Vertical temperature and salinity profiles were obtained
more difficult problem. This is because the stratification atusing an Idronaut s.rl OS316 CTD probe. Salinity values
a certain point also very much depends on across-Gulf mowere calculated using algorithms of Fofonoff and Millard
tions of water masses. The latter often leads to pronouncedr. (1983), and are presented without units on the Practical
upwelling or downwelling events along the coasts (Lips et Salinity Scale of 1978. The autonomously collected salinity
al., 2009). In some cases, up to 38 % of the area of the Gulflata were compared with data collected by an OS320plus
surface waters is replaced by upwelled waters (Uiboupin andCTD probe (Idronaut s.r.l) aboard the research vessel, and
Laanemets, 2009). It has been shown by a modelling studyhe quality of salinity data was checked against water sample
that mesoscale processes are dominant dynamical featuremalyses by an Autosal high precision salinometer (Guild-
of the Gulf, especially in its coastal zone (Laanemets et al.Jine). Altogether, 314 CTD profiles in the water layer from
2011). Thus, mesoscale eddies and fronts with characteri2 to 50 m were collected from 30 June through 28 August
tic horizontal scale determined by the internal Rossby radiu2009. Data acquired with vertical resolution about 10cm
(Alenius et al., 2003) create corresponding horizontal vari-were processed and stored for further analysis as vertical pro-
ability of vertical stratification, as has been documented byfiles of temperature, salinity and density, at resolution 0.5m.
repeated across-Gulf surveys (e.g. Lips et al., 2010). CTD profiles were collected with a 3 h temporal resolu-
Simulations of vertical stratification using 3-D numerical tion, but because of maintenance and technical problems,
models are not yet reliable (Myrberg et al., 2010). However,some longer breaks occurred. Data on current velocity and
a number of studies have indicated the importance of verticatlirection were collected by an acoustic Doppler current pro-
thermohaline structure to ecosystem components of the gulfiler (ADCP; Teledyne RD Instruments). The ADCP was
such as phytoplankton species composition (Rantagtal.,  mounted close to the buoy profiler, and was set to separate
1998) and sub-surface maxima of phytoplankton biomass36 vertical bins by 2-m steps. The shallowest bin was at the
(Lips et al., 2010), cyanobacteria blooms (Lips and Lips, depth range 9—11 m and the deepest bin at the range 79-81 m.
2008), distribution of pelagic fish (Stepputtis et al., 2011), Wind data from June to August were obtained from the
macrozoobenthos abundance (Laine et al., 2007), and oxygelifalbadagrund meteorological station (Finnish Meteorologi-
concentrations in the near-bottom layer (Maximov, 2006).cal Institute) in the central Gulf, and other hydrometeorolog-
Thermohaline structure and related processes in the Gulical data (cloudiness, partial pressure of water vapor, relative
have been mainly studied using classical observations aboargumidity, air temperature, solar irradiation) from Harku me-
research vessels. Remote sensing methods and FerryBox syieostation in Estonia (Estonian Meteorological and Hydro-
tems do not reveal vertical structure of the water column. Be-ogical Institute).
cause of the Gulf’'s morphology (a narrow and relatively shal-  Information on the datasets used is summarized in Table 1.
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Table 1. Measurement information.

‘ A
o L) 'L‘
60.2°N ), 2 —I mrom Data type Data availability Measuring
‘ loom From To interval
60°N K"’“"’_"_""g"‘"" CTD profiles 30.06.2009 28.08.2009 3h
| e Current profiles 23.07.2009 31.08.2009 10min
Wind data 01.06.2009 31.08.2009 3h
. “om Cloudiness 01.06.2009 31.08.2009 3h
59.8°N | " Other meteorological data  01.06.2009  31.08.2009 1h
—{50m
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Ocean Data View

502y I - - I i where p(z) is the density profile over the water column of

" 24°E 24.5 25°E 25.5°E 26°E depthk. The stratification parametdt (J m3) is the work
Longitude required to bring about complete mixing of the water column

under consideration. The stratification parameter in estuaries

has usually been estimated over the entire water column. In

the present study, integration was conducted down to depth

40m, which is close to the long-term mean depth of the CIL

2.2  Definitions (the coldest point of the vertical temperature profile) of 42m

(Liblik and Lips, 2011), since the aim was to study changes

Vertical thermohaline structure measured by the buoy pro4n the stratification pattern at depths of the seasonal thermo-

filer in the upper 50-m layer was quantitatively described cline.

by estimating UML depth, BT, thickness of the thermocline,

and depth of the strongest density gradient. The UML depth2-3 Model setup

was defined as the minimum depth where the critegon

> pa+0.25kg T3 was satisfied 4, is density at depth, The temp_oral development &f was modeled as the sum of

and p4 is density at 4-m depth). The BT was defined as thethe following four terms:

maximum depth where the temperature waS°C. Ther- p

mocline thickness was defined as the difference between B'Id— =Sp+ Sm+ Sa+ Se 2

and UML depth, and the depth of the strongest density gra-%

dient was defined as the depth of the largest difference beynere the first term on the right-hand sids, is the time
tween two successive density values, calculated over the 0.3t of change of potential energy of the water column due
m depth step. to upper layer heating or cooling. The second te, is

A number of parameters, such as UML depth, BT depththe decrease of stratification from wind mixing, and the third
and depth of a certain isohaline, were tested for use as quaRerm s, is a parameter describing the decrease or increase of
titative criteria for definition of periods with specific quasi- stratification caused by wind-induced transport in the surface
stationary stratification patterns. Since no parameter Wagayer. The last term on the righfe, is a parameter describing
found perfect, periods characterizing dominance of a fewihe mean estuarine flow that always reinforces the stratifica-
distinct processes were selected qualitatively, based on oligp.
served variations in the vertical temperature and salinity dis-  The first two terms on the righs, andSm, were calculated

tributions (Fig. 2) and TS diagrams (Fig. 3). Mean values of 55 suggested by Simpson et al. (1990):
parameters for a certain period were estimated as arithmetic

Fig. 1. Locations of buoy profiler and ADCP mooring, and
Kalbadagrund and Harku meteorological stations.

averages over all profiles within the period when correspond- ag OToT
ing wind characteristics were calculated, with a time lag of °® = 2—cp; ®)
15h (Elken et al., 2003). w3

Vertical stratification was described by the potential en- s, = —SksPaT- (4)

ergy anomalyP (Simpson and Bowers, 1981; Simpson et

al., 1990) calculated as These terms are dependent on the surface heating/cooling
rate Otot (see below) and wind speédl, respectively. In
the calculations, the depth =40m was considered and
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Depth (m)
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Fig. 2. Temporal variations of vertical distributions of temperature (upper panel) and salinity (lower panel) at the buoy station during summer
2009. Black and white dots in the temperature plot indicate UML and BT depths, respectively.
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Fig. 3. TS diagrams. Temperature and salinity scatter plots, mean TS curves and mean temperature and salinity profiles for five periods: first
and second period®\), second and third periodB), third and fourth periodéC), and fourth and fifth period®). In panel(A), three phases

of first period are indicated by black thin curves; in paft&) the transition period between third and fourth periods is marked by blue dots

and lines. In each plot, black curves and grey dots represent earlier periods and green curves and dots represent later periods. In panels
mean vertical profiles, solid curves represent salinity and dashed curves are temperature.
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the following constants were used: specific heat of seawa- Evaporation was calculated from the specific humidity dif-
ter cp=4000J (kg Cy1, air densitypa=1.3kgnt3, effec-  ference at 2m height and just above sea level. Specific hu-

tive drag coefficients = 10~3 and efficiency of mixing = midity values were calculated as in Maykut (1986), and in-
10-3. Thermal expansion coefficieat was calculated ac- put variables such as air temperature, sea surface temperature
cording to McDougall (1987). and relative humidity were used.

The third termS; was calculated using the equation of Oey
et al. (1987), applied by Pavelson et al. (1997) in the Gulf of

Finland: 3 Results

gpyTxh
Sa -
2fpo

wherepyg is the reference density of seawater (1003 kgn

and f is the Coriolis parametef; depends on wind stress

7, Which can increase seaward flow in the surface layer anJhe IU'\;:L deptlh, Its tem;ljerature ahr}dhsalln.lty,'lgnd the ssa-
thus strengthen stratification, or vice versa. The following as-S0nal thermocline revealed very high variability over the
udy period (Fig. 2). Overall mean temperature in the sur-

sumptions and choices of parameters were made: The most

appropriate wind direction for seaward flow intensification face layer (3m) during July—Augu_st 2099. (169). was
was 25 (Elken et al., 2003; Lips et al., 2008), the along- close to the long-term average, while salinity during July—

Gulf horizontal density gradient, = 5x 10~ kg m* (Ale- August 2009 (4.9) was lower than the average of 1987—

nius et al., 1998), and UML depth was 15m (Liblik and 2008. Mean monthly surface layer temperature and salinity
Lips 201'1’) ’ were lower in July (15.7C and 4.7) and higher in August

The fourth termse was considered constant over the study (18:1°C and 5.2). The mean UML was considerably thin-
period, at 55x 105 Jm3s-L. It corresponds to a permanent ner in July (10.3m) than in August (17.4 m). These estimates
outflow at the rate of 2 cnT# in the upper 15-m layer. were shallower in July and deeper in August relative to av-

Since the mean UML temperature does not reveal signif-erage monthly UML depths.from 1987_,2008 (12.1min July
icant regular changes along the Gulf (Alenius et al., 199g-and 14.9m in August). Similar tendencies were revealed by

Liblik, 2012), the advective heat fluxes can be neglected, and€ Mean BT depths. These were slightly shallower in July
total heat flux is represented as follows: (25.1 m) and deeper in August (34.9 m) than the 1987-2008

mean values (26.5 and 31.6 m, respectively). Nevertheless,

(5) 3.1 Temperature and salinity distribution

3.1.1 General description

QOtor = Qsw+ Qww + 0s+ 0L (6)  thermocline thicknesses in both months (14.8 and 17.5m)
were similar to the long-term mean values (14.4 and 16.7 m).
where Qs is short wave radiationQw is net long-wave The strongest density gradient was situated on average at

radiation,Qs is sensible heat flux, and is latent heat flux. ~ 15-m depth in July and 26-m depth in August. Means of the
Short-wave radiation was roughly considered as 90 %strongest gradient in the profiles were 0.38 kgfnin July
(constant sea surface albedo of 10 % was assumed) of meand 0.39 kg m* in August.
sured solar irradiation at Harku Meteostation. The average flow pattern in the study period was charac-
Outgoing long-wave radiation was calculated by the terized by motion to the northeast and east in the upper 60 m,
Stefan—Boltzmann law and incoming long-wave radiation asand to the northwest below that depth. Average current speed
in Omstedt (1990), whereby following the input data were varied from 7.3-12.6 cnTs; it was> 10 cm st in the upper
used: air temperature, sea surface temperature, cloudinedayer above 20 m and in the deep layer below 62 m.
and partial pressure of water vapor. The observed variations in vertical distribution of temper-
Sensible heat flux was calculated with a bulk formula:  ature, salinity and current velocity can be interpreted as the
S result of influences by different hydrophysical processes. A
Os = pacpacawW (Ta— Tw) (7) qualitative description of the processes in response to atmo-
spheric forcing was presented by Lips et al. (2011), and can
be summarized as follows. Southeasterly winds, which are
favorable for upwelling near the southern coast, caused an
upwelling event near that coast during 7—13 July. The up-
welling waters reached the buoy station on 10 July, caus-
ing a temporal temperature decrease and salinity increase
measured by the profiler during 10-12 July (Fig. 2). West—
OL = LawE (8)  southwest winds prevailed in the area from 15 July until the
end of July, deepening the thermocline and generating south-
whereL g,y is the specific heat of evaporation afAds evap-  eastward flow in the 20-m upper layer and northwestward
oration. flow below the thermocline. The appearance of more saline

wherecpa is the specific heat of air (Jkg K1), ¢3,, is the
Stanton numbefTy is air temperature, anfly is sea surface
temperature. Stanton numbers for stalflg X 7,) and un-
stable (3 < Tw) atmospheric boundary layers are 0.66 and
1.13, respectively (Large and Pond, 1982).

Latent heat flux was calculated as follows:

WwWw.ocean-sci.net/8/603/2012/ Ocean Sci., 8, 6634 2012



608 T. Liblik and U. Lips: Synoptic-scale quasi-stationary thermohaline stratification patterns

water in the UML on 26 July was related to this flow struc- Table 2.Mean upper mixed layer depth and mean depth of the base

ture. of the thermocline in different periods.
A period of weak winds was observed during the first

10 days of August. The flow structure was characterized by a Pe”‘t’)d Dot Dominant Mef’g‘ Ut';:'t ) 'V'za“tﬁT( \
. number ales rocesses (5] m (5] m

northward (northwestward) flow in the surface layer, and an P : P P

eastward flow below the thermocline. Temperature increase 1 05.07-12.07" Upweliing _ 8.4 143

. . ipe . 20.07-25.07 Upwelling relaxation 11.0 294

in the gurface layer and strengthening of strat|f|gat|on oc- 5 25.07-28.07  Estuarine circulation 18.4 36.0

curred in response to the calm weather. Strong wind pulses reversal

were observed from 10 August through the end of the mea- 4 81.07-15.08  Estuarine circulation 113 aLs

18.08-29.08 Downwelling 25.8 38.7

surement period. These first caused strong current oscilla-
tions in the whole water column and then, when westerly
and northwesterly winds prevailed, an intense downwelling
event. This event was detected at the measurement site @acasional strong wind pulses from the southeast. The south-
sharp deepening of the UML from 17 to 19 August. westerly winds caused relaxation of the upwelling. Shortly

Considering this qualitative description of the dynamics of thereafter, BT depth began to decline, while UML depth even
the thermohaline structure, five periods were selected fronthinned slightly through the period. The UML depth varied
the entire study period (Table 2), which were related to thefrom 6.5 to 16.0 m and BT from 22.5 to 35.0 m; their mean
following dominant processes: (1) upwelling, (2) relaxation values were estimated at 11.0 m and 29.4 m, respectively, and
of the upwelling, (3) wind-induced reversal of the estuarine mean thermocline thickness was 18.4 m.

circulation, (4) estuarine circulation, and (5) downwelling. Sea surface temperature varied from 14.7 to 16,8
which was clearly higher than in the first period. Salinity

3.1.2 Characterization of selected periods was between 4.6 and 4.8, close to the values in the first
period. Since the temperature difference through the ther-

Upwelling mocline (12.5C) was stronger and the salinity difference

(2.2) weaker than in the first period, the density differ-
In the first period (5—12 July), thermohaline structure was af-ence (3.0 kg m®) was similar to the upwelling period. The
fected by upwelling near the southern coast. This resulted irsecond-period TS diagrams (Fig. 3a and b) show that or-
a thin, cold and saltier UML and shallow BT (Table 2). Mean dinary summer stratification was reestablished in the area.
UML and BT depths and thermocline thickness were 8.4 m,TS curves were mostly straight lines in this period, which
14.3m and 5.9 m, respectively. In temperature and salinitymight indicate that relaxation of the upwelling strongly con-
scatter plots for the first period (Fig. 3a), three groups withtributes to vertical mixing of Gulf of Finland waters (Lips et
characteristic TS distribution are visible (TS dots are groupedal., 2009).
into three clusters). These groups can be regarded as the three
phases in development of the upwelling event, or movemenReversed circulation
of upwelling waters into the study area. The TS curves in-
dicate a slightly larger salinity increase (at fixed tempera-Moderate and strong winds, mostly from the south and west,
ture) at thermocline depths than in the upper layer. Becauserevailed in the third period. The mean E-W wind compo-
of the upwelling event, sea surface temperature declined dument was 5.6 mst and N-S component 1.9 m¥ and mean
ing the period. However, the period-average heat flux into thespeed was 6.7 nT$. The latter is in accord with the observed
sea, estimated using Egs. (6)—(8), was positive (1318)m  flow pattern (Fig. 4), i.e. eastward flow in the upper layer and
Mean temperature in the surface layer was the lowest, andtrong outflow from the Gulf in the deep layer. Mean heat
consequently the temperature difference through the therflux into the sea was 91 W4, which led to a corresponding
mocline (difference between 3 and 40 m) was the smallessurface layer temperature increase during the period. Surface
(9.9°C) of the five periods. The density difference, however, layer temperature and salinity varied from 16.7 to Y7
was still 3.0 kg nT3. The latter was because of high salinity and from 4.9 to 5.2, respectively. The mean salinity dif-
at 40-m depth, which resulted in a very strong salinity differ- ference through the thermocline dropped to 1.6. A slightly
ence through the thermocline. The strongest density gradigreater temperature difference (12 was detected, and
ents in the vertical profiles were at relatively shallow depths;the mean density difference (2.6 kg®) decreased. UML

the mean was only 10.7 m in the first period. and BT depths were 15-19.5 and 34—39.5 m and were on av-
erage 18.4 and 36 m, respectively. Since the BT was deeper

Upwelling relaxation than normal, mean thermocline thickness was as high as
17.6 m.

In the second period, meteorological conditions were charac- The TS diagrams and mean vertical profiles
terized by a clearly positive heat flux (109 WR) and rela-  (Fig. 3b and ¢c) show that upper-layer salinity increased
tively strong winds from the southwest, although there wereremarkably, while salinity at thermocline depths decreased

Ocean Sci., 8, 603614, 2012 Www.ocean-sci.net/8/603/2012/
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Fig. 4. Wind vectors at Kalhdagrund (top panel), u- and v-component of horizontal current velocity (middle and bottom panel) at buoy
station (location in Fig. 1) during summer 2009. Wind vectors and current components were smoothed by running average (24-h window).

relative to the earlier period. These changes correspond to Relatively calm winds and positive heat flux resulted in
the eastward flow in the upper layer and westward flowa shallow UML. Although salinity varied (4.5-5.0) near the
in the thermocline and below (Fig. 4). This flow pattern, overall mean of the study period, sea surface temperature was
known as the reversal of the estuarine circulation (Elken efclearly the highest of the five periods, from 17.4 to 19

al., 2003; Lips et al., 2008), also likely caused the observedThe UML was as shallow as 7.5-10 m during most of the pe-

deepening of the thermocline base (Figs. 2 and 3b). riod. The BT depth was close to 40 m during the first days of
_ _ _ the period, but gradually moved to shallower locations, up to
Estuarine circulation 25-m depth. As a result, the thermocline, which was initially

) , ) >20m, became<10m at some point during the period.
The fourth period was characterized by weak winds from theg;ce the temperature difference (12C) through the wa-

north and northeast. On average, the E-W wind componens, cojumn was clearly the largest of the five periods, owing

1 B
was 1.5m s*, the N-S wind component 0.6m% and the 14 the warm surface layer, the density difference (3.2 k§m
mean wind speed (4.8 m$) was the lowest of the five peri- was also the largest.

ods. Mean heat flux was 48 Wthand the highest daily heat Changes in the TS diagram (Fig. 3c and d) can be ex-
2 . . . .

fluxes, up to 128 Wm¢, were found in this period. Most of -y ained by the influence of estuarine circulation: westward

the time, currents were directed outward from the Gulfin theg . in the upper layer and eastward below the thermo-

upper layer, and into the Gulf in the deeper layer (Fig. 4).  (jine, plus surface warming. The characteristic TS curve was

close to a straight line, because of the salinity increase at

WwWw.ocean-sci.net/8/603/2012/ Ocean Sci., 8, 6634 2012



610 T. Liblik and U. Lips: Synoptic-scale quasi-stationary thermohaline stratification patterns

thermocline depths and formation of a fresher and warmerent speed from 0 to 15 cm$. Flow at thermocline depths

near-surface layer caused by the calm conditions. was stronger and more stable in the upper thermocline (up-
per 25 m), but weak and variable in its deeper part (25—-40 m).
Downwelling The period of observed oscillations coincided well with the

most pronounced spectral peak of current velocity fluctua-
The wind regime in the final period was characterized bytions over the entire study period (26 h). A rapid transition of
strong wind pulses mainly from the west, with mean wind flow structure occurred from 31 July to 1 August: the layered
speed 6.5 mst. Daily mean heat fluxes were close to zero, flow was replaced with an eastward current, synchronously
but on average, heat flux was slightly negativd @ W m2). oscillating in the entire upper 60-m layer, and westward flow
The strong winds from the west caused downwelling nearceased in the deep layer. Later, a typical estuarine circula-
the Estonian coast. As a result, mean UML and BT were thetion scheme was gradually established with westward flow in
deepest of the five periods at 25.8 and 38.7 m, respectivelythe upper layer and eastward flow in deeper layers (Fig. 4).
The maximum density gradient was at an average 30.1-nConsequently, the TS curve straightened (Fig. 3c), although
depth. Owing to changes in wind forcing, there were strongthere were occasional intrusions of saltier waters in the ther-
oscillations in current velocity of amplitude 30cms? in mocline until 2 August.
the entire water column. The study period maximum current
speed 48 cmst was measured at the beginning of this pe- 3.2 Comparison between observed and modeled upper
riod. layer dynamics

Since corresponding isohalines and isopycnals were . i

forced deeper by downwelling, mean salinity and density!" thiS subsection, we present a comparison between mea-
difference were the smallest of the five periods at 1.0 and®Uréd and modeled changes in stratification. Calculation
2.2kgnT3, respectively. The fifth period characteristic TS €chniques were described in Sects. 2.2 and 2.3.
curve (Fig. 3d) was strongly affected by the downwelling | € Stratification parameter (potential energy anonfgly
event. Given the eastward transport in the upper layer angStimated on the basis of vertical density profiles varied
vertical mixing (the TS curve was nearly a straight line from during the study period, as would be intuitively expected
the surface to 40 m), upper-layer salinity was relatively high (Fi9- 6). Both upwelling and downwelling decreased strati-
and the salinity gradient through the thermocline was re|a_f|ca'1t|on. Thg reverseq cwculaﬂop and estuarine qrcula'uon,
tively weak. which dominated during the third and fourth periods, re-
spectively, caused the observed weakening of stratification in
the third period and strengthening in the fourth period. The
modeled stratification agreed well with measurements dur-

The stratification pattern during the third period was influ- ing these two periods; a decreased stratification parameter in

enced by dominant flow to the east in the upper layer and td"€ middle of the study period, followed by an increase due
the west in the thermocline. This resulted in a characteristid® UPPer layer heating and estuarine circulation, are clearly
TS curve (Fig. 3b) with slightly fresher waters in the ther- detectable in the mpdeled str_atlflcauon time-series.

mocline, beneath saltier water in the upper layer. The water 1€ largest discrepancies between modeled and
column had a clearly different characteristic TS curve, whichMeasurement-based = changes of stratification parame-
was almost a straight line in the TS plot. The shift from the (€rS were during the upwelling event. Although the positive
third to fourth period could be defined differently, based on heat fIl_Jx and easterly winds should increase strat|f|cat_|on
TS characteristics and flow structure. As seen in the TS ploficcording to Egs. (3) and (4), passage of an upwelling

(Fig. 3c), saltier water appeared in the upper part of the ther{font through the measurement site probably caused a
mocline (depth range 2025 m, marked as “transition period”rap'd decrease of stratification. The other inconsistency is
in Fig. 3c), and slightly fresher water in its deeper part (30_related to the transition between the fourth and fifth periods,

35m). These changes were in accord with the vertical distri-0" Which the observed stratification decrease was much

bution of current vectors: an eastward flow dominated in the'a'g€r than the modeled one. This could be partially related
upper thermocline, and westward flow in its lower portion. 10 Underestimating stratification strengthening during the
The strongest eastward current was observed in exactly thfPurth period (estuarine circulation) when, according to

same depth range as the aforementioned saltier water (20t_—he measurements, the secoqdary thermqgling was estab-
25m). lished. However, the weakening of stratification caused

Flow structure (Fig. 5) during the transition period was PY the downwelling was largely not reproduced, since the
highly variable in the upper 60-m layer, but strong current doWnward motion of isopycnals (and pycnoclines) due to
was almost permanently directed toward the northwest in thd1&arshore convergence of surface waters was not included in
deep layer (below 60-m depth), similar to the third period the model.
of reversed circulation. Flow in the upper layer was affected
by anticyclonic oscillations, which caused variations of cur-

3.1.3 Shift from reversed to estuarine circulation
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Fig. 5. Vertical distribution of horizontal current vectors from 28 July to 2 August 2009 (location in Fig. 1). Current vectors are averaged
over time step 1 h.

350 — characteristic vertical temperature and salinity distributions
and TS curves, and estimated mean parameters of thermo-
haline structure in each period. Mean temperature and salin-
ity in the upper layer and at UML and BT depths over the
entire study period differed only slightly from long-term
means (estimated by Liblik and Lips (2011) on the basis
of data from 1987-2008). Nevertheless, average parame-
ters for certain selected periods greatly differed from each
other and from long-term averages. This shows that prevail-
ing synoptic-scale forcing and related processes significantly
alter the vertical stratification, which in turn could produce
e certain vertical dynamics of the phytoplankton community
77777 Modeled in this stratified estuary (Lips et al., 2011).
g The selected quasi-stationary stratification patterns lasted
from 4 to 15 days and were dominated by distinct hydrophys-
M o w ical processes: upwelling, relaxation of the upwelling, re-
Days from the beginning of June versal of the estuarine circulation, estuarine circulation,

, ' and downwelling. Some of these processes occur on the
Fig. 6. Development of potential energy anomaB)(Modeled (us- . .
ing Eq. 2) and CTD data-estimated (using Eq. 1) potential enerm)"njesosc_:ale and some are related to the estuarine (t_)asm-scale)
anomalies are daily mean values. The first value of modeled stratéirculation pattern, which can be reversed according to the

ification parameter was taken equal to the measurement-based firfevailing wind forcing (Elken et al., 2003). In the reversed
value for synchronizing both time series. circulation case, thermocline thickness increased and strati-

fication weakened, and there was a clear change of the di-

rection of current through the thermocline. Although the lay-
4 Discussion and conclusions ered flow structure was superimposed by remarkable current

oscillations, this observational result supports the suggestion
High-resolution vertical profiling revealed remarkable vari- that the winds, which generate along-Gulf flow in the up-
ation in vertical distributions of temperature and salinity in per layer, cause opposite flow below the thermocline. Sub-
the Gulf of Finland between July and August 2009. Basedsurface biomass maxima in the vertical distribution of phyto-
on known synoptic-scale variability of atmospheric forcing, plankton were detected during this period, at the same ther-
we assumed that variations in vertical thermohaline structuremocline depths (Lips et al., 2011) as the observed change
could reveal the variability characterized by certain quasi-in current direction. Similar links between the vertical struc-
stationary stratification patterns occurring over periods of theture of hydrophysical fields and occurrence of sub-surface
same length (several days). We selected five periods with

P {(Jm-3)

100
I I I
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maxima of phytoplankton biomass have also been observethg to FerryBox data (Lips et al., 2011), the upwelling front
in other regions (e.g. Velo-Suarez et al., 2010). extended a couple of kilometers north of the buoy station.

Temporal changes of TS curves give indications about theThus, it might be expected that in the central Gulf, agreement
circulation pattern in the Gulf of Finland, bearing in mind ex- between model and measurements would remain relatively
isting horizontal gradients of salinity (Lips et al., 2009). If a good. Nevertheless, during major upwelling events, like that
section of the TS curve is shifted to lower (higher) salinities in August 2006 (Lips et al., 2009), the model will miss the
compared with that recorded at the same location and densignificant decrease in stratification.
sity range earlier, a movement of waters from east to west Thus, we suggest that, in certain cases, vertical stratifica-
(west to east) should have occurred. The observed TS-curviton depends strongly on water movement across the Gulf
changes demonstrate the sensitivity of stratification and verand associated vertical displacement of isopycnals. To ad-
tical thermohaline structure to prevailing winds. In periods vance the simple model presented here, an additional term
when the estuarine circulation or its reversal were dominanshould be added to Eq. (2). This term must account for the
processes, changes in stratification were well simulated byvind-induced drift of surface waters across the Gulf, and re-
the wind-dependent layered flow along the Gulf, in oppositesulting convergence or divergence of surface waters and ver-
directions above and below the thermocline (parallel to thetical movement of isopycnals. If the wind impulse or cumu-
average salinity gradient). lative along-Gulf wind stress is strong enough for surfac-

Vertical profiles of current velocities support the concepting of the thermocline (e.g. Haapala, 1994; Uiboupin and
of synoptic-scale, quasi-stationary periods of hydrophysi-Laanemets, 2009), formation and behavior of the upwelling
cal fields. Strong in- and outflow events, with speeds up tofront must also be considered. Since these processes depend
48cms! from/to the Gulf in both the upper and deeper on the along-Gulf wind stress, it is reasonable that the largest
layer, alternated during periods of dominance of differ- mismatches between the model and measurements were in
ent quasi-stationary stratification patterns. Flow structure athe case of easterly winds (Figs. 4 and 6). A series of high-
shorter time scales was often affected by oscillations, withresolution CTD sections across the Gulf, such as those in
the most pronounced spectral peak at 26 h. This is close thips et al. (2009), are needed for parameterization of the
27 h, which is one of the dominant oscillation periods in the influence of upwelling/downwelling on the stratification, as
Gulf of Finland suggested bydsson et al. (2008), and indi- a function of the along-Gulf wind stress and distance from
cated by earlier field studies (e.g. Lilover et al., 2011). shore.

To estimate the contribution of different processes to the The movements across the Gulf seem to be the main rea-
stratification changes, a conceptual model was developedon for inconsistency. However, other sources, such as spatial
following the approach introduced by Simpson (1990). Thevariability of atmospheric forcing, irregular advective heat
model accounts for heat flux through the sea surface, windind salt transport, or parameterization errors might also con-
mixing, wind-induced transport parallel to the horizontal tribute to the mismatches. For instance, meteorological data
salinity gradient in the upper layer, and estuarine circula-for heat flux estimates were obtained from the onshore sta-
tion. The model simulated observed changes in vertical strattion, and sea surface temperature was taken from a single site
ification reasonably well for periods when surface trans-(buoy station). Furthermore, we mostly described the pro-
port along the Gulf prevailed. The wind-induced transport cesses at thermocline depths, knowing that in deeper parts
caused more than half (60 %) of the modeled variability of of the Gulf, the water column has a three-layer structure and
the stratification parameter, whereas buoyancy flux due talynamics should be more complicated. However, we showed
heating/cooling, wind mixing, and estuarine flow contributed that, under certain conditions, the simple stratification model
15%, 9% and 16 %, respectively. Cumulative potential en-is able to simulate the observed changes.
ergy anomaly changes caused by wind mixing and heat- In conclusion, on the basis of high-resolution profiling
ing/cooling had similar magnitudes, but worked against eaclof the water column during July—August 2009, we distin-
other. The latter phenomenon is typical in the study seasonguished quasi-stationary stratification patterns, which lasted
since regional net heat flux in July—August is usually directedfrom 4 to 15 days and were dominated by certain hydrophys-
into the sea, and wind mixing weakens stratification. Tak-ical processes: upwelling, relaxation of the upwelling, wind-
ing that into consideration, the role of wind-induced trans-induced reversal of the estuarine circulation, estuarine circu-
port seems even more important as a driving force of Gulf oflation, and downwelling. Vertical profiles of current veloc-
Finland stratification in summer. ities support the concept of synoptic-scale, quasi-stationary

Although the layered flow along the Gulf explained more periods of hydrophysical fields. Periods with distinct lay-
than half the modeled variability, remarkable discrepanciesered flow structures and current oscillations with prevailing
between modeled and measurement-based changes of pote&t6 h periods were revealed. The layered flow structures and
tial energy anomaly were evident. The largest mismatchesub-mesoscale intrusions of waters with different tempera-
between these modeled and measurement-based changese and salinity along the isopycnals were principal fea-
were during the upwelling event, when the upwelling wa- tures during the period of reversed estuarine circulation and
ters reached the study site (buoy station). However, accordits transformation back to its ordinary configuration. Our
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simple model, in which heat flux through the sea surface,Large W. G. and Pond, S.: Sensible and latent heat flux measure-
wind mixing, wind-induced transport (parallel to the hori-  ments over the ocean, J. Phys. Oceanogr., 12, 464-482, 1982.
zontal salinity gradient) in the upper layer and estuarine cir-Liblik, T.: Variability of thermohaline structure in the Gulf of Fin-
culation were considered, simulated observed changes in the '135“; in S‘;g'{ger’ Ph.D. thesis, Tallinn University of Technology,
vertical stratification reasonably well. The largest discrepan- Pp-, : . o .

cies between observations andymodel resultgwere Whe‘rjl Wé__iblik, T. and Lips, U.: Characteristics and variability of the vertical
ter motions across the Gulf and associated vertical displace- thermohaline structure in the Gulf of Finland in summer, Boreal

. . . . Env. Res., 16A, 73-83, 2011.
ments of isopycnals (upwelling or downwelling) were domi- Lilover, M.-J., Pavelson, J., and@ts, T.: Wind forced currents
nant processes.

over the shallow Naissaar Bank in the Gulf of Finland, Boreal
Env. Res., 16A, 164-174, 2011.
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